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Abstract

Background and Objectives: Traumatic hemorrhage remains the leading cause of preventable
death following major injury, with most hemorrhage-related fatalities occurring within the
first hours after trauma. During this early phase, trauma-induced coagulopathy (TIC) fre-
quently develops as an independent pathophysiological response, affecting up to one-third
of severely injured patients and being strongly associated with increased morbidity and
mortality. Over the past two decades, TIC has been recognized as a complex endogenous
process rather than a simple consequence of dilution, hypothermia, or acidosis, prompt-
ing a paradigm shift in early trauma resuscitation. Materials and Methods: This narrative
review analyzes the current literature on the pathophysiology of TIC and the evolution of
hemostatic resuscitation strategies. Key topics include the mechanisms underlying early
coagulopathy; its clinical impact, and the evidence supporting contemporary therapeutic
approaches. Published data on balanced transfusion strategies, whole blood transfusion,
fibrinogen replacement, cryoprecipitate, prothrombin complex concentrates, tranexamic
acid and viscoelastic-guided resuscitation were reviewed, along with relevant international
guidelines. Results: Emerging evidence supports early, balanced, and targeted hemostatic
resuscitation to mitigate the effects of TIC and improve outcomes in bleeding trauma
patients. Balanced transfusion ratios, prompt correction of fibrinogen deficiency, early
antifibrinolytic therapy and selective use of coagulation factor concentrates have been
associated with reduced transfusion requirements and improved survival. Viscoelastic
testing enables rapid, individualized assessment of coagulation abnormalities, although its
availability and implementation remain inconsistent across trauma systems. Conclusions:
Early recognition and aggressive, structured management of trauma-induced coagulopathy
are essential to reduce preventable deaths from traumatic hemorrhage. While advances
in hemostatic resuscitation have improved outcomes, significant challenges remain in
standardizing treatment protocols and expanding access to viscoelastic diagnostics. Ongo-
ing research and system-level optimization are needed to further refine and disseminate
evidence-based strategies for the management of TIC.
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1. Introduction

Traumatic hemorrhage remains a major global health burden and continues to ac-
count for a substantial proportion of early deaths following severe injury. The temporal
distribution of trauma mortality is characterized by a marked concentration of deaths
within the first minutes to hours after injury, with hemorrhage representing the leading
cause of potentially preventable mortality [1]. Within this narrow therapeutic window,
the prompt recognition and treatment of coagulopathy are critical, as delays in correcting
hemostatic derangements are strongly associated with increased mortality. Historically,
trauma-associated coagulopathy (TIC) was largely attributed to iatrogenic factors, includ-
ing hemodilution, hypothermia, and acidosis occurring during resuscitation [2]. However,
evidence accumulated over the past 15 years has clearly demonstrated that TIC is driven by
a complex interplay of shock and hypoperfusion, endothelial dysfunction, activation of the
protein C pathway, hyperfibrinolysis, platelet dysfunction and acute dysregulation of the
coagulation cascade [3,4]. Because TIC is present on hospital admission in approximately
one-quarter to one-third of severely injured patients, it has become a central focus in the
evolution of modern trauma resuscitation strategies [5]. The emergence of hemostatic
resuscitation represents a fundamental paradigm shift in trauma care. Rather than relying
on large volumes of crystalloids and delayed blood product administration, contemporary
management emphasizes early and balanced transfusion of plasma, platelets and red blood
cells, along with rapid correction of fibrinogen deficiency and selective use of coagula-
tion factor concentrates [6,7]. These strategies are integrated with adjunctive measures
such as permissive hypotension and damage control surgery, which aim to limit ongoing
bleeding and physiological exhaustion until definitive hemostasis can be achieved. In
parallel, viscoelastic hemostatic assays, including rotational thromboelastometry (ROTEM)
and thromboelastography (TEG), have assumed an increasingly prominent role in guiding
resuscitation, as they provide real-time, functional assessment of clot formation, strength,
and fibrinolysis [7]. This narrative review synthesizes current knowledge regarding the
pathophysiological mechanisms of trauma-induced coagulopathy, available diagnostic
modalities and the therapeutic components of hemostatic resuscitation. It also examines
the strength of the evidence supporting these approaches, including findings from major
randomized controlled trials, and reviews recommendations from contemporary interna-
tional trauma guidelines [8,9]. By integrating mechanistic insights with clinical data, this
review aims to provide a comprehensive overview of modern hemostatic resuscitation and
its implications for improving survival in patients with severe traumatic injury.

2. Materials and Methods

This review was conducted as a narrative synthesis of the contemporary literature on
trauma-induced coagulopathy and hemostatic resuscitation. A targeted literature search
was performed using PubMed /MEDLINE and Scopus to identify relevant publications.
The literature search was initiated in January 2025 and completed in April 2026. Only
articles published in English were considered. The search strategy combined predefined
keywords including: “trauma-induced coagulopathy”, “acute traumatic coagulopathy”,
“TIC”, “traumatic hemorrhage”, “hemostatic resuscitation”, “damage control resuscita-
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tion”, “balanced transfusion”, “plasma-to-red blood cell ratio”, “whole blood transfusion”,
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“fibrinogen deficiency”, “fibrinogen concentrate”, “cryoprecipitate”, “tranexamic acid”,
“viscoelastic testing”, “ROTEM”, “TEG”, and “trauma guidelines for major bleeding”.
Boolean operators (AND/OR) were applied to refine the search strategy.

The review included randomized controlled trials, prospective and retrospective ob-
servational cohort studies, trauma registry analyses and international guideline documents
considered relevant to contemporary trauma resuscitation practice. Particular attention
was given to landmark trials evaluating transfusion strategies and antifibrinolytic therapy
in trauma patients, including CRASH-2 [7], CRASH-3 [10], PROPPR [11], PAMPer [12], and
COMBAT [13], as well as to the European Guideline on the Management of Major Bleeding
and Coagulopathy Following Trauma [8]. Studies were selected based on their clinical rele-
vance, methodological quality, and contribution to the understanding of trauma-induced
coagulopathy, viscoelastic hemostatic testing, fibrinogen replacement strategies, balanced
component therapy, whole blood transfusion, and coagulation factor concentrates. Case
reports, conference abstracts without full-text availability, non-English publications, studies
focused exclusively on non-traumatic coagulopathy, and articles judged to provide limited
relevance to the topic were excluded. Additional articles were identified through manual
screening of the reference lists of key publications.

Given the narrative nature of this review, no formal systematic review methodology,
meta-analysis, or structured risk-of-bias assessment was performed.

3. Pathophysiology of Trauma-Induced Coagulopathy

TIC is now recognized as a complex and dynamic hemostatic disorder arising from
the combined effects of severe tissue injury and hemorrhagic shock [3,4]. Rather than
representing a purely hypocoagulable state, TIC involves the simultaneous activation and
dysregulation of multiple coagulation and fibrinolytic pathways, with temporal evolution
from an early hemorrhagic phenotype toward a potentially prothrombotic state during later
phases of resuscitation and recovery. The pathophysiological alterations associated with
TIC develop rapidly after injury, often preceding therapeutic interventions. In the early
phase, extensive tissue injury triggers systemic thrombin generation through activation of
the tissue factor pathway, leading to widespread coagulation activation that may resemble
disseminated intravascular coagulation (DIC)-like processes [3-5]. This early procoagulant
response occurs concurrently with consumption of coagulation factors, fibrinogen, and
platelets, ultimately contributing to impaired clot formation and uncontrolled bleeding.
Hypoperfusion and shock play a central role in the initiation of early TIC by activating
the protein C pathway, resulting in proteolytic degradation of critical coagulation cofac-
tors, particularly factors Va and VIlla [3-5]. At the same time, depletion of endogenous
anticoagulant proteins, including antithrombin, further contributes to dysregulated throm-
bin generation and loss of physiologic hemostatic balance. Shock-induced endothelial
injury [14] also contributes substantially to TIC pathophysiology through shedding of the
endothelial glycocalyx, a key regulator of vascular permeability, inflammation, and anti-
coagulant activity. Glycocalyx degradation promotes capillary leak, amplifies endothelial
dysfunction, and exacerbates both hemorrhage and systemic coagulation activation. Hy-
perfibrinolysis represents another hallmark feature of early TIC [15]. Reduced inhibition of
fibrinolysis, largely mediated by suppression of plasminogen activator inhibitor-1 (PAI-1),
results in excessive plasmin generation and accelerated fibrin clot degradation. Clinically,
hyperfibrinolysis is associated with severe hemodynamic instability and is a strong pre-
dictor of early mortality from hemorrhage [15]. However, fibrinolytic activity in trauma
is highly dynamic. While early hyperfibrinolysis contributes to uncontrolled bleeding,
many patients subsequently transition to a state of fibrinolytic shutdown characterized
by impaired fibrin breakdown and increased thrombotic risk. This later phenotype has
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been associated with venous thromboembolism, organ dysfunction, and adverse outcomes,
highlighting the evolving nature of TIC over time. Platelet dysfunction further contributes
to impaired hemostasis in trauma patients. Although platelet counts may initially remain
within normal ranges, qualitative defects in platelet activation, adhesion, and aggregation
are frequently present [16]. This functional impairment correlates with injury severity and
shock burden and contributes significantly to defective clot stability and persistent bleeding.
As resuscitation progresses, additional iatrogenic and environmental factors, including
excessive crystalloid administration, hypothermia, metabolic acidosis, and dilutional co-
agulopathy, contribute to the development of late TIC. These factors impair enzymatic
reactions within the coagulation cascade, worsen platelet dysfunction, and further reduce
circulating coagulation factor concentrations. The interaction between early endogenous co-
agulation disturbances and later iatrogenic derangements results in a rapidly evolving and
highly heterogeneous coagulopathic state. Importantly, while hemorrhage predominates
during the initial phase after trauma, many patients subsequently develop a prothrombotic
phenotype driven by persistent thrombin generation, fibrinolytic shutdown, endothelial
dysfunction, and inflammation. Recognition of TIC as a dynamic process involving both
bleeding and thrombosis has important implications for monitoring strategies and targeted
hemostatic interventions throughout trauma resuscitation (Figure 1).

Pathophysiology of Trauma-Induced Coagulopathy (TIC)
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THE TWO PHASES: Temporal Evolution of TIC

Phase 1: Early TIC (Hypocoagulable) Immln Phase 2: Late TIC (Hypercoagulable)
Occurring within minutes to the first 24 hours, this phase After the initial insult, PAI-1 ievels surge to inhibit lysis,
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due to microvescular thrombosis.

Figure 1. Pathophysiology of TIC. Severe trauma triggers a complex systemic response characterized
by tissue injury, hemorrhage, hypoperfusion, and systemic inflammation.

4. Clinical Impact and Epidemiology

The presence of TIC on hospital admission is a powerful and independent predictor
of adverse outcomes in severely injured patients. Individuals presenting with TIC have
substantially higher transfusion requirements, are more likely to require massive transfu-
sion protocols and experience increased rates of multi-organ dysfunction and failure [17].
Reported mortality rates among patients with TIC range from approximately 40% to as high
as 80% in the most severely injured populations, underscoring the profound clinical impact
of early coagulopathy [17]. TIC is more frequently observed in patients with severe physio-
logical derangement, including profound hypotension, marked metabolic acidosis reflected
by an elevated base deficit, severe traumatic brain injury, penetrating mechanisms of injury,
and extensive soft tissue damage [18]. The strong association between TIC and both injury
severity and shock highlight its role as an early marker of systemic insult rather than a late
complication of resuscitation. Importantly, early recognition of TIC and prompt initiation
of targeted, hemostatic therapy have been associated with improved clinical outcomes.
These findings emphasize the need for systematic and early assessment of coagulation
status during the initial phases of trauma care, enabling timely, goal-directed interventions
aimed at mitigating ongoing hemorrhage and preventing downstream complications.

5. Diagnostic Modalities in TIC

Conventional laboratory tests, including prothrombin time (PT), activated partial
thromboplastin time (aPTT), fibrinogen concentration and platelet count, have long been
used to assess coagulation status in trauma patients [5]. However, these assays have impor-
tant limitations in the acute trauma setting. Turnaround times are often prolonged, and the
results reflect isolated components of the coagulation cascade rather than the integrated,
functional performance of whole blood. Moreover, conventional tests are insensitive to
dynamic abnormalities such as impaired clot strength, platelet dysfunction, and hyperfibri-
nolysis, which are key features of trauma-induced coagulopathy [5]. Viscoelastic hemostatic
testing has emerged as a valuable adjunct in the evaluation and management of TIC. Tech-
niques such as rotational thromboelastometry (ROTEM) and thromboelastography (TEG)
provide rapid, real-time, functional assessment of clot initiation, propagation, strength,
and breakdown [19]. Unlike conventional coagulation assays, viscoelastic tests can rapidly
identify major hemostatic abnormalities, including hypofibrinogenemia, impaired clot
strength, and pathologic fibrinolysis, often within minutes of sample acquisition. These
characteristics make viscoelastic testing particularly well suited for the acute management
of bleeding trauma patients, enabling individualized, goal-directed resuscitation [19]. Sev-
eral observational studies and growing clinical experience suggest that viscoelastic-guided
resuscitation improves the precision of transfusion strategies, reduces unnecessary expo-
sure to blood products, and facilitates earlier achievement of hemostasis [20]. Although
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high-quality randomized data remain limited, the integration of viscoelastic testing into

trauma resuscitation algorithms has been increasingly endorsed by international guidelines

to optimize hemostatic therapy in patients with severe hemorrhage (Figure 2).

Diagnostic Modalities in
Trauma-Induced Coagulopathy

Trauma-Induced Coagulopathy (TIC) is a critical, early hemostatic disturbance. Identifying TIC is
vital but complex, relying on a combination of tests to detect qualitative defects and fibrinolysis.
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Figure 2. Diagnostic approach to TIC. The diagnostic workup of trauma patients integrates clinical

assessment, conventional laboratory testing, and viscoelastic hemostatic assays. Standard laboratory

parameters (including hemoglobin, platelet count, prothrombin time, activated partial thrombo-

plastin time, fibrinogen levels, and base deficit) provide indirect assessment of coagulation status

and tissue hypoperfusion. Viscoelastic tests such as thromboelastography (TEG) and rotational

thromboelastometry (ROTEM) allow real-time, whole-blood evaluation of clot initiation, propagation,

strength, and fibrinolysis, enabling rapid identification of specific coagulopathic phenotypes and

guiding targeted transfusion strategies.
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However, although standard viscoelastic assays provide indirect information on
platelet contribution to clot formation, they are limited in their ability to accurately assess
qualitative platelet dysfunction. In trauma patients, platelet counts may remain within nor-
mal ranges despite substantial impairment in platelet activation, adhesion, and aggregation.
Consequently, abnormalities in platelet function may not be fully captured by conven-
tional viscoelastic assays alone. More advanced platelet-focused platforms, including TEG
PlateletMapping and ROTEM platelet assays, may offer additional information; however,
their clinical role in routine trauma resuscitation remains incompletely defined and they are
not universally available. This limitation is clinically relevant, as trauma-associated platelet
dysfunction has emerged as an important contributor to persistent bleeding and adverse
outcomes despite apparently adequate clot strength on standard viscoelastic testing.

Therefore, viscoelastic assays should be interpreted within the broader clinical context
and, when appropriate, integrated with conventional laboratory parameters and dedicated
platelet function testing.

6. Principles of Hemostatic Resuscitation

The concept of hemostatic resuscitation reflects a shift toward early, targeted and
coordinated management of hemorrhagic shock [21]. It is based on the understanding
that minimizing hemodilution, correcting coagulopathy and restoring effective circula-
tion must occur simultaneously [22]. Permissive hypotension seeks to maintain a level
of blood pressure sufficient to preserve perfusion to vital organs while avoiding disrup-
tion of forming clots [23]. This approach is particularly relevant in penetrating trauma
but is contraindicated in traumatic brain injury, where adequate cerebral perfusion must
be maintained. Limiting crystalloid administration is a cornerstone of modern trauma
care. Excessive infusion of crystalloids contributes to dilutional coagulopathy, exacerbates
edema, induces hypothermia and worsens acidosis, collectively feeding into the lethal triad
that historically contributed to poor outcomes. Contemporary guidelines [8] recommend
minimizing crystalloid use in favor of early use of blood products. Damage control surgery
complements hemostatic resuscitation by prioritizing rapid control of bleeding and contam-
ination, followed by temporary stabilization rather than definitive repairs. This approach
aims to interrupt the cycle of worsening shock, coagulopathy and hypothermia that often
leads to a downward spiral if prolonged surgery is attempted in unstable patients [24].

7. Transfusion Strategies: Early Balanced Transfusion as the Cornerstone
of Modern Trauma Resuscitation

Transfusion strategies in trauma have undergone a profound evolution over the
past two decades, shifting from a sequential approach, traditionally based on the initial
administration of red blood cells followed by delayed plasma and platelet supplementation,
toward early, balanced resuscitation paradigms. This transition reflects an improved
understanding of trauma-induced coagulopathy as an early and dynamic process requiring
prompt correction. The PROPPR trial [11] provided high-level evidence supporting this
paradigm shift. In this study, patients were randomized to receive transfusion ratios
of either 1:1:1 or 1:1:2, where these ratios refer to the relative proportions of plasma,
platelets, and red blood cells administered (i.e., one unit of each component in the 1:1:1
group versus a relative predominance of red blood cells in the 1:1:2 group). Although
no significant difference in overall mortality was observed between the two strategies,
patients receiving plasma, platelets, and red blood cells in a 1:1:1 ratio experienced fewer
early deaths due to exsanguination and achieved hemostasis more frequently. These
findings reinforce the concept that early, balanced administration of blood components
mitigates the progression of coagulopathy, enhances hemostatic control, and improves early
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clinical outcomes. Collectively, this evidence has established balanced transfusion as the
cornerstone of modern damage control resuscitation and provides the physiological and
clinical foundation for the growing interest in whole blood-based resuscitation strategies.

Nevertheless, the use of fixed-ratio transfusion strategies has important limitations
that should be acknowledged. Empirical balanced transfusion protocols may not ade-
quately address the marked heterogeneity of coagulation abnormalities observed in trauma
patients and may expose some patients to unnecessary plasma or platelet administration.
In particular, fixed-ratio approaches may fail to sufficiently correct severe hypofibrinogen-
emia, which is one of the earliest and most clinically relevant coagulation abnormalities
in major trauma. Because fresh frozen plasma contains relatively low concentrations of
fibrinogen, large plasma volumes may be required to achieve meaningful fibrinogen re-
placement, potentially contributing to dilutional effects, volume overload, and delayed
correction of critical fibrinogen deficiency. Accordingly, contemporary trauma guidelines
increasingly recognize that fresh frozen plasma alone is often insufficient for the treatment
of severe fibrinogen depletion and recommend early targeted fibrinogen supplementation
using fibrinogen concentrate or cryoprecipitate in selected patients. In addition, growing
evidence supports individualized hemostatic resuscitation guided by viscoelastic testing,
allowing therapy to be tailored according to specific coagulation deficits rather than re-
lying exclusively on empiric fixed-ratio transfusion protocols. Therefore, while balanced
transfusion remains a central component of modern damage control resuscitation, current
practice is progressively evolving toward more personalized, goal-directed approaches that
integrate balanced component therapy with early coagulation monitoring and targeted
factor replacement. This evolving paradigm has also provided part of the physiological and
clinical rationale underlying renewed interest in whole blood-based resuscitation strategies.

Within this evolving framework, renewed interest has emerged in whole blood-based
resuscitation strategies, particularly the use of low-titer group O whole blood (LTOWB).
Whole blood offers several theoretical and practical advantages compared with conven-
tional component therapy, including delivery of red blood cells, plasma, platelets, and
coagulation factors in physiologic proportions within a single product, reduced exposure
to additives and anticoagulants, lower donor exposure, and simplified transfusion logistics.
Military experience during recent conflicts has further contributed to the resurgence of
whole blood transfusion, particularly in settings characterized by massive hemorrhage
and limited logistical resources [25]. Several retrospective civilian and military studies
have suggested that whole blood transfusion may improve early hemostatic resuscitation
and reduce blood product utilization; however, the available evidence remains heteroge-
neous and largely observational [25,26]. Systematic reviews and meta-analyses comparing
whole blood with balanced component therapy have not consistently demonstrated a
clear mortality benefit, largely due to variability in study design, patient populations,
transfusion protocols, and types of whole blood used [25,26]. Furthermore, important
practical limitations remain, including restricted product availability, storage constraints,
concerns regarding ABO compatibility and alloimmunization, and variability in platelet
preservation during storage. Consequently, although whole blood represents a promising
strategy within modern damage control resuscitation, current evidence remains insufficient
to establish clear superiority over optimized component-based therapy. Ongoing research
is expected to better define which trauma populations may derive the greatest benefit from
whole blood transfusion and how it can be most effectively integrated with goal-directed
hemostatic resuscitation strategies.
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8. Fibrinogen Replacement

Fibrinogen plays a central role in clot formation and hypofibrinogenemia is a common
and early manifestation of trauma-induced coagulopathy [27]. During ongoing hemorrhage,
fibrinogen levels decline rapidly, often reaching critically low thresholds before signifi-
cant depletion of other coagulation factors occurs. Standard plasma contains relatively
low fibrinogen concentrations, approximately 2 g per liter, necessitating large volumes to
achieve meaningful hemostatic correction [27,28]. This limitation underscores the need
for concentrated fibrinogen replacement strategies in the management of bleeding trauma
patients. Fibrinogen concentrate offers several practical advantages, including rapid avail-
ability, precise dosing, and predictable enhancement of clot firmness [27,28]. Evidence
from observational studies indicates that timely fibrinogen replacement improves clot
mechanical properties and reduces ongoing hemorrhage. Cryoprecipitate, while effective,
requires thawing and may not be immediately accessible in all clinical settings, limiting its
utility in time-critical situations. Viscoelastic hemostatic assays, such as the FIBTEM test in
rotational thromboelastometry, provide a functional assessment of fibrinogen contribution
to clot strength and can guide targeted replacement therapy, as low FIBTEM amplitudes
strongly correlate with hypofibrinogenemia [28]. The optimal timing and modality of fib-
rinogen replacement in trauma remain active areas of investigation. Some trauma centers
have incorporated early administration of fibrinogen concentrate into first-line hemostatic
resuscitation protocols, whereas others use a viscoelastic-guided approach to determine the
need for replacement [29-31]. Although definitive randomized controlled trials are limited,
the biological rationale and accumulating observational evidence support early correction
of fibrinogen deficits as a key component of modern trauma resuscitation.

9. Coagulation Factor Therapy

Prothrombin complex concentrates (PCC) have gained increasing attention in trauma
settings [32]. PCC provides rapid replacement of vitamin K-dependent coagulation fac-
tors and is well established for the urgent reversal of warfarin-associated coagulopathy.
Compared with fresh frozen plasma, PCC allows faster correction of coagulation factor
deficiencies while avoiding the delays associated with plasma thawing and administration
of large transfusion volumes.

However, the role of PCC in trauma patients without preexisting anticoagulant expo-
sure remains less clearly defined. Although prolonged prothrombin time (PT) or elevated
international normalized ratio (INR) may reflect trauma-induced coagulopathy, these con-
ventional laboratory abnormalities alone are not considered sufficient surrogate markers
for PCC administration in bleeding trauma patients. TIC is a complex and heterogeneous
disorder involving variable degrees of thrombin generation, fibrinogen depletion, platelet
dysfunction, fibrinolytic abnormalities, and factor consumption, which may not be ad-
equately characterized by PT/INR measurements alone. Consequently, indiscriminate
PCC administration based solely on PT prolongation may expose patients to unnecessary
thrombotic risk without effectively addressing the predominant hemostatic deficit.

Current evidence therefore supports a more individualized approach to PCC use,
ideally guided by viscoelastic testing, evidence of delayed thrombin generation, persistent
coagulopathy despite appropriate plasma and fibrinogen replacement, or specific clinical
scenarios such as anticoagulant reversal [33-36]. In addition, concerns regarding throm-
boembolic complications persist, particularly in trauma patients who may subsequently
transition toward a hypercoagulable phenotype during later phases of resuscitation.

Recombinant activated factor VII (rFVIla) has also been explored as a hemostatic
adjunct in trauma [37]. Although rFVIla may enhance thrombin generation and improve
clot formation, routine use is not recommended because randomized studies have failed
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to demonstrate consistent survival benefit, while concerns regarding arterial and venous
thromboembolic complications remain significant. Current guidelines therefore reserve
rFVIla as a rescue therapy for selected patients with life-threatening hemorrhage that
persists despite definitive surgical control, correction of hypothermia and acidosis, and
optimization of other coagulation abnormalities [38,39].

10. Antifibrinolytic Therapy

The role of tranexamic acid in trauma was firmly established by the CRASH-2 trial [7],
which demonstrated that early administration, within three hours of injury, reduces death
from bleeding. The benefit is greatest when administered as soon as possible after injury,
while administration after three hours may be harmful. Tranexamic acid acts by inhibiting
plasminogen activation and slowing the breakdown of fibrin clots, thereby counteracting
hyperfibrinolysis, one of the central mechanisms of TIC. In traumatic brain injury, the
CRASH-3 trial [10] provided evidence that early administration of TXA reduces head
injury-related mortality in patients with mild to moderate TBI. These findings underscore
the importance of early recognition and prompt treatment of fibrinolytic abnormalities
in trauma.

However, a major unresolved limitation in the clinical use of antifibrinolytic therapy
is the inability to reliably identify which patients truly exhibit clinically relevant hyperfib-
rinolysis at the time of presentation. Conventional viscoelastic assays such as TEG and
ROTEM have limited sensitivity for detecting fibrinolytic activation, as hyperfibrinolysis
is often transient, spatially heterogeneous, and may occur below the detection threshold
of standard assays. As a result, clinically significant fibrinolytic activity may go unrecog-
nized, while TXA continues to be administered in a largely empiric and non-individualized
manner. In this context, emerging diagnostic strategies such as tissue plasminogen ac-
tivator (tPA)-augmented viscoelastic assays represent a promising development toward
functional, patient-specific assessment of fibrinolytic potential. By exogenously challenging
the coagulation system with tPA, these modified assays unmask a latent susceptibility
to fibrinolysis that may not be apparent under baseline conditions, thereby providing a
more sensitive and dynamic evaluation of fibrinolytic reserve. This approach may help to
better stratify patients at risk of dysregulated fibrinolysis and ultimately refine indications,
timing, and dosing of tranexamic acid. Recent evidence supporting this concept and its
potential clinical implications is discussed in detail by Moore et al. [40], who highlight how
tPA-modified assays could bridge the gap between empiric antifibrinolytic therapy and
precision-guided haemostatic resuscitation, although clinical validation and integration
into trauma algorithms remain ongoing challenges.

11. Damage Control Surgery and Endovascular Approaches

Damage control surgery (DCS) consists of abbreviated operative procedures aimed at
rapid haemostasis and contamination control in physiologically unstable patients, thereby
limiting operative time and preventing progression of coagulopathy, hypothermia, and
acidosis. This staged approach, including techniques such as temporary abdominal closure,
packing, and rapid control of major injuries, improves survival in exsanguinating hemor-
rhage, particularly when integrated with early hemostatic resuscitation [21,22]. Endovascu-
lar techniques provide complementary options for selected sources of non-compressible
hemorrhage. Resuscitative endovascular balloon occlusion of the aorta (REBOA) may
be used as a temporary adjunct to achieve proximal hemorrhage control and maintain
perfusion to the heart and brain; however, its use requires strict patient selection, significant
operator expertise, and careful consideration of occlusion time due to the risk of distal
ischemia and reperfusion injury. Importantly, REBOA should be regarded as a bridge to
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definitive surgical or endovascular hemorrhage control rather than a definitive therapy.
Targeted angioembolization represents an established minimally invasive option for defini-
tive bleeding control in pelvic, solid organ, and selected vascular injuries, contingent on
rapid access to interventional radiology and multidisciplinary coordination [41-44].

Overall, modern hemorrhage control strategies should integrate DCS and endovascu-
lar techniques within a physiology-driven framework, where early procedural intervention
is combined with hemostatic resuscitation and viscoelastic-guided transfusion to optimize
survival while minimizing progression of trauma-induced coagulopathy.

12. Integration of Viscoelastic Diagnostics into Hemostatic Resuscitation

Viscoelastic testing (VET) enables an individualized approach to trauma resuscita-
tion [20,45]. Rather than applying uniform transfusion ratios, clinicians can tailor therapy
to correct specific deficits. When low fibrinogen levels are detected, early administration of
fibrinogen concentrate can restore clot firmness. If clot amplitude is reduced despite ade-
quate fibrinogen, platelet dysfunction may require platelet transfusion. Prolonged clotting
times may signal factor deficiencies that can be treated with plasma or PCC. Excessive clot
breakdown requires antifibrinolytic therapy. Several studies have shown that VET-guided
therapy can reduce the number of blood products administered, support faster correction
of coagulopathy, and improve outcomes. Although implementation varies internationally,
viscoelastic diagnostics represent a cornerstone of contemporary hemostatic resuscitation
where available [46-50].

However, the interpretation of VET parameters is not always directly translatable
into effective correction of in vivo haemostasis, particularly in the case of PCC-guided
strategies. Recent evidence has highlighted that VET-derived clotting time parameters
only partially reflect thrombin generation capacity, and that PCC administration guided
exclusively by these thresholds may result in variable and sometimes insufficient restoration
of haemostatic potential, raising concerns about potential overtreatment without consistent
physiological benefit [49]. These limitations underscore a fundamental disconnect between
simplified viscoelastic surrogates and the complexity of enzymatic coagulation.

To address this gap, recently proposed algorithm-based approaches derived from
large real-life trauma cohorts have moved beyond isolated parameter correction toward
integrated, stepwise haemostatic protocols. These contemporary algorithms typically
combine sequential decision nodes based on VET variables (e.g., fibrin-based clot strength,
clotting time, and fibrinolysis indices) with predefined thresholds that trigger specific
interventions in a structured order—most commonly fibrinogen replacement first, followed
by platelet therapy if clot amplitude remains reduced, and selective use of plasma or PCC
only in cases of persistent clotting time prolongation after correction of fibrinogen and
platelet deficits. Antifibrinolytic therapy is incorporated early when fibrinolytic activation
is detected or strongly suspected. In addition, these protocols emphasize reassessment
after each intervention, reflecting the dynamic nature of trauma-induced coagulopathy
rather than a single-point decision model. Such structured, algorithm-driven VET-guided
strategies have been shown in recent cohort-based studies to improve standardization of
haemostatic resuscitation and reduce variability in transfusion practice, while maintaining
individualized treatment principles in real-world trauma settings [50]. Importantly, these
approaches also implicitly acknowledge the limitations of PCC responsiveness within VET
frameworks, restricting its use to more refractory or persistent coagulation factor deficits
rather than early or isolated clotting time abnormalities.

Overall, VET remains a cornerstone of contemporary haemostatic resuscitation; how-
ever, its optimal use increasingly depends on structured, algorithm-based interpretation
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rather than isolated parameter-driven decision-making, particularly with respect to the
cautious and context-dependent use of PCC.

13. Clinical Guidelines and Consensus Recommendations

Guidelines from major international trauma organizations consistently define the core
principles of modern hemostatic resuscitation, providing formal recommendations for the
early management of trauma-induced coagulopathy (TIC). Across these guidelines, there is
strong agreement that initial management should include rapid identification of patients
at risk of TIC, immediate administration of tranexamic acid in eligible patients within
the recommended time window, and early initiation of balanced transfusion strategies
using plasma, platelets, and red blood cells in appropriate ratios. In addition, both the
European and international guideline frameworks formally recommend early correction of
hypofibrinogenemia, either with fibrinogen concentrate or cryoprecipitate, when laboratory
or viscoelastic evidence of reduced clot strength is present. The use of viscoelastic testing
(TEG or ROTEM) is explicitly endorsed in several guidelines as a preferred tool to guide
goal-directed transfusion and to individualize haemostatic therapy in bleeding trauma pa-
tients. Formal recommendations also consistently address adjunctive principles of damage
control resuscitation. These include minimization of crystalloid administration, prevention
of hypothermia and acidosis, and early implementation of damage control surgery as part
of a coordinated strategy to prevent progression of coagulopathy and physiological col-
lapse. Regarding procedural haemorrhage control, guidelines recommend consideration of
resuscitative endovascular balloon occlusion of the aorta (REBOA) and angioembolization
only in selected patients with non-compressible haemorrhage, emphasizing that these
techniques should be integrated within a multidisciplinary pathway and used as adjuncts
rather than standalone interventions.

Several major guidelines provide detailed frameworks:

e  European guideline (6th edition): Offers comprehensive recommendations on diagnos-
tics, transfusion ratios, coagulation factor replacement, and integration of procedural
interventions, emphasizing proactive management of coagulopathy [8].

e  American College of Surgeons—Committee on Trauma (ACS-COT): Recommends
early balanced transfusion, massive transfusion protocols, antifibrinolytic therapy, and
the incorporation of damage control surgery and hemostatic resuscitation principles
into ATLS algorithms [51].

e  Eastern Association for the Surgery of Trauma (EAST): Provides evidence-based
guidance for transfusion strategies, factor replacement (fibrinogen, PCC), use of
rFVIla as rescue therapy, and VET-guided individualized management [52].

e  World Society of Emergency Surgery (WSES): Advocates a global, physiology-driven
approach integrating systemic hemostatic resuscitation, procedural hemorrhage con-
trol, viscoelastic diagnostics, and stepwise factor replacement [9].

14. Special Considerations in Subpopulations

The principles of hemostatic resuscitation apply broadly across trauma populations,
but certain subgroups, such as patients with traumatic brain injury (TBI), geriatric patients
and pediatric patients, require tailored approaches to optimize outcomes. In patients with
TBI, permissive hypotension is generally contraindicated, as maintaining adequate cerebral
perfusion pressure is essential to prevent secondary brain injury. Early administration of
tranexamic acid (TXA) appears to confer benefit in patients with mild to moderate TBI,
reducing hemorrhagic progression and mortality, whereas its efficacy in severe TBI is less
clear, and timing of administration is critical, ideally within the first 3 h of injury [53-55].
Older adults often present with comorbidities and may be receiving anticoagulant or an-
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tiplatelet therapy, which complicates hemostasis and increases the risk of hemorrhage. In
these patients, rapid reversal protocols are paramount. Prothrombin complex concentrates
(PCC) are recommended for vitamin K antagonists, idarucizumab for dabigatran, and
andexanet alfa for factor Xa inhibitors. Timely reversal, in conjunction with targeted hemo-
static resuscitation, can mitigate bleeding complications and improve outcomes [56,57].
Children exhibit distinct physiological responses to hemorrhage, including a more rapid de-
cline in fibrinogen levels and increased sensitivity to hypovolemia. Additionally, evidence
guiding transfusion ratios, factor replacement, and viscoelastic monitoring in children
is more limited, necessitating careful extrapolation from adult data and individualized
clinical decision-making [58-63]. Tailoring hemostatic resuscitation strategies to these
subgroups, considering age, preexisting comorbidities, anticoagulation status, and type of
injury, enhances the effectiveness of early interventions and supports improved survival
across diverse trauma populations.

15. Discussion

Despite major advances in the understanding and management of trauma-induced
coagulopathy (TIC), its clinical translation remains constrained by the difficulty of capturing
a rapidly evolving and highly heterogeneous haemostatic state with currently available
diagnostic tools. In practice, most therapeutic strategies still rely on surrogate markers that
only partially reflect the underlying biology, which can lead to a degree of empiricism even
within otherwise structured resuscitation pathways. This is particularly relevant in the
earliest phases of trauma care, where time-critical decisions must often be made before a
stable and complete haemostatic profile can be established.

Although viscoelastic testing has clearly improved bedside assessment of coagulation,
important limitations persist in its ability to resolve the full complexity of trauma-related
haemostatic derangements. Certain clinically relevant phenotypes, particularly those
involving subtle fibrinolytic activation or qualitative platelet dysfunction, may remain
undetected or underestimated. This diagnostic uncertainty inevitably influences treat-
ment decisions and contributes to variability in clinical practice, despite the apparent
standardization introduced by point-of-care testing.

A similar issue emerges when considering factor-based therapies, especially prothrom-
bin complex concentrates. While viscoelastic parameters provide a practical framework
for guiding therapy, they do not always correspond to actual in vivo thrombin generation,
which raises concerns about the biological adequacy of correction in some patients. This
gap between laboratory improvement and true physiological restoration remains one of
the central unresolved issues in goal-directed haemostatic resuscitation, and it complicates
the definition of optimal thresholds for intervention.

Antifibrinolytic therapy is affected by a related problem: the inability to reliably and
consistently identify patients with clinically significant fibrinolysis at presentation. Stan-
dard viscoelastic assays are often insensitive to low-grade or transient fibrinolytic activity,
which may still be clinically relevant. As a result, treatment decisions with tranexamic
acid continue to rely largely on early empirical administration rather than precise phe-
notypic stratification, despite increasing recognition that fibrinolysis is not a uniform or
binary phenomenon.

More recently, algorithm-based approaches derived from real-world trauma cohorts
have attempted to reduce variability by structuring viscoelastic-guided therapy into repro-
ducible decision pathways. These represent an important step toward standardization, but
they still largely depend on fixed thresholds and sequential logic that may not fully reflect
the continuous and adaptive nature of coagulation dynamics in vivo. Their external valid-
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ity also remains limited by heterogeneity in patient populations, institutional protocols,
and resource availability.

Against this background, future progress is likely to depend on moving beyond
single-modality assessment toward more integrated and dynamic models of haemostasis.
This includes the development of more sensitive functional assays capable of probing
fibrinolytic reserve and thrombin generation under physiological challenge, as well as the
incorporation of multimodal data streams that extend beyond clot-based metrics alone. In
parallel, data-driven approaches such as machine learning may help to better integrate
complex physiological signals and support earlier identification of haemostatic phenotypes
that are not readily apparent with current tools.

Ultimately, the major unmet need remains the transition from protocol-driven to
truly adaptive and patient-specific resuscitation strategies. Achieving this will require not
only improved diagnostics, but also prospective validation of individualized treatment
algorithms with outcomes that extend beyond transfusion efficiency to include organ
dysfunction, thrombotic risk, and long-term recovery. Figure 3 is a summary of therapeutic
approaches for hemostatic resuscitation in TIC.
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Figure 3. Therapeutic strategies for trauma-induced coagulopathy (TIC). Management of trauma-
induced coagulopathy is based on early, goal-directed resuscitation aimed at controlling hemorrhage
and restoring hemostatic competence. Initial treatment includes rapid hemorrhage control and
implementation of damage control resuscitation principles, with early administration of blood
products using either balanced component therapy (e.g., 1:1:1 ratio of plasma, platelets, and red
blood cells) or whole blood when available. Adjunctive therapies include early administration of
antifibrinolytic agents such as tranexamic acid, fibrinogen supplementation (via cryoprecipitate or
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fibrinogen concentrate), and targeted replacement of coagulation factors guided by viscoelastic
testing (e.g., TEG or ROTEM). Correction of contributing factors such as hypothermia, acidosis, and
hypocalcemia is essential to optimize coagulation function. Advanced strategies may include the use
of prothrombin complex concentrates in selected cases. A multimodal, individualized approach is
required to rapidly reverse coagulopathy, limit ongoing bleeding, and improve clinical outcomes.

16. Conclusions

Trauma-induced coagulopathy represents a major driver of morbidity and mortality in
severely injured patients, and its early recognition and correction are essential to improving
outcomes. Hemostatic resuscitation combines a series of coordinated interventions aimed at
restoring effective hemostasis, including balanced transfusion, early fibrinogen replacement,
targeted factor therapy, antifibrinolytic treatment, and minimal crystalloid administration.
Complemented by permissive hypotension, damage control surgery, and viscoelastic-
guided therapy, this approach has transformed trauma care and reduced preventable
deaths. Continued refinement and broader implementation of these strategies, guided by
emerging evidence and technological advances, will be essential for further improving
survival after severe trauma.
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