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In May 2024, the Division of Blood Diseases and Resources of the National Heart, Lung, and

Blood Institute (NHLBI) hosted a hybrid workshop on “Extracorporeal membrane

oxygenation (ECMO)-induced coagulopathy: strategic initiatives for research and clinical

practice.” The event brought together clinicians, scientists, bioengineers, and policymakers

to address the challenges of ECMO-associated coagulopathy and explore novel therapeutic

approaches. Through expert presentations and collaborative discussions, the workshop

focused on innovative anticoagulation strategies, precision medicine, and advanced

diagnostics to enhance patient care. The discussions also identified critical research gaps

and opportunities for future interdisciplinary collaboration. This summary reviews the

current state of knowledge and outlines future research directions for improving ECMO-

induced coagulopathy management.
Introduction

In May 2024, the Division of Blood Diseases and Resources of the National Heart, Lung, and Blood
Institute of the National Institutes of Health hosted a 2-day hybrid workshop titled “Extracorporeal
membrane oxygenation (ECMO)-induced coagulopathy: strategic initiatives for research and clinical
practice.” Contributing clinicians, scientists, technology developers, and government agency repre-
sentatives were included in the planning and orchestration of the workshop (supplemental Table 1),
which brought together a multidisciplinary group of experts, including hematologists, critical care
physicians, surgeons (trauma, thoracic, and pediatric), basic and translational scientists, and bio-
engineers whose clinical and research interests included the management of ECMO and associated
coagulation and hemostasis. The meeting focused on the complex challenges associated with coa-
gulopathy in ECMO, novel therapeutic approaches, and the potential impact of collaborative research
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for improving patient outcomes. Through expert presentations,
panel discussions, and interactive sessions, attendees explored
innovative anticoagulation strategies, the role of precision medi-
cine, and the use of advanced diagnostic and modeling tools to
improve the care of patients receiving ECMO support. Attendees
also identified critical research gaps and opportunities for future
interdisciplinary collaborations. This workshop summary reviews
current knowledge in ECMO-induced coagulopathy, examines
current and future research opportunities, and identifies key gaps
discussed during the workshop.

Background

ECMO is a potentially lifesaving intervention for patients with
severe cardiac and/or respiratory failure that is refractory to less
invasive therapies. Briefly, the use of this resource-intensive therapy
has increased over the past decades.1 Although first established
for neonatal and pediatric care, more recently, the H1N1 influenza
and then COVID-19 pandemics greatly expanded the use of
ECMO, which is now predominantly used in adult patients with
respiratory failure or cardiogenic shock, or as a rescue therapy for
cardiopulmonary arrest in selected populations.1,2 The combination
of critical illness of the supported patient populations, circuit
surface-blood interactions, and the use of systemic anticoagulants
to mitigate circuit thrombosis results in coagulopathies that pose
challenges to patient management, with patients suffering the
consequences of this care.3 Common ECMO-related hemorrhage
events include cannulation and surgical site bleeding, gastroin-
testinal tract, pulmonary, and intracranial hemorrhage. Thrombotic
events include circuit tubing or component clotting, deep vein
thrombosis, pulmonary embolism, and ischemic stroke.1,4,5 In
addition to coagulopathic complications, ECMO is associated with
an innate immune and inflammatory response, complicating the
patient’s underlying disease and management.6,7 Importantly,
neonates and children who receive ECMO are disproportionately
affected by hemostatic adverse events.1,8,9 Overall, these compli-
cations make understanding and managing anticoagulation critical
to advancing the use of ECMO technologies across the lifespan.
The increasing use of ECMO, especially during the COVID-19
pandemic, underscores the urgency for refined research and
enhanced clinical protocols to improve outcomes for the vulnerable
patient population who receive this care. Recent advancements in
understanding the pathophysiology of ECMO-induced coagulo-
pathies have highlighted the roles of contact pathway activation,
platelet dysfunction, fibrinolysis, and inflammatory responses.3-11

Despite these insights, significant gaps remain in our ability to
effectively predict, diagnose, and manage ECMO-associated
complications.

Epidemiology

The risk of ECMO-related coagulopathy is influenced by several
factors, including the patient’s underlying conditions, such as
sepsis, trauma, and postcardiotomy status, as well as the mode of
ECMO used. According to analyses of the Extracorporeal Life
Support Organization (ELSO) registry, reported bleeding rates
range from 60% to 70% depending on the cohort.1 Thrombotic
events occur in 30% to 40% of patients and vary depending on the
study, type of ECMO, or population analyzed.1 For example,
compared with venovenous (VV) ECMO used for respiratory sup-
port, venoarterial (VA) ECMO, used for cardiac support, is
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associated with higher risks of thrombotic complications such as
ischemic strokes and circuit clots.1 Increased clotting with VA
ECMO is thought to be due to multiple factors that may be related
to low cardiac pulsatility, shock liver/hepatic dysfunction, post-
cardiotomy status, more turbulent flow, higher shear stress, and
return flow delivered directly to the systemic arterial system. Other
factors, such as fibrinolytic activity, which potentiate bleeding risk,
arise in both VA and VV ECMO. Thus, risks of bleeding and
thrombosis are associated with ECMO use in general but are also
highly associated with the type of ECMO support. In this context,
however, it is important to note that the indications for VV and VA
ECMO are different, and, as such, the underlying indication may
also contribute to differences in the coagulopathy observed.
Furthermore, anticoagulation strategies often differ for VV and VA
ECMO, with therapeutic anticoagulation being a larger focus in VA
ECMO because of the increased risk of clinically relevant throm-
bosis, whereas patients receiving VV ECMO can often be
managed safely off anticoagulation for intervals.10

Current standards of care

Managing ECMO-related hemostatic derangement requires anti-
coagulation to prevent thrombosis and coagulopathy. Unfractio-
nated heparin (UFH) is the most common anticoagulant used.11-15

UFH is monitored routinely with anti–factor Xa (anti-FXa) levels or
activated partial thromboplastin time (aPTT), and less commonly in
the modern era with activated clotting time.11,16 Direct thrombin
inhibitors (DTIs) are increasingly used in patients receiving ECMO
who have heparin-induced thrombocytopenia (HIT), those at
increased risk of HIT, or to avoid antithrombin repletion.11,14 The
most commonly used DTI, bivalirudin, is a polypeptide with a half-
life of ~30 minutes in individuals with normal renal function. Arga-
troban, a synthetic molecule, is used often in patients with renal
failure and has a longer half-life (~2 hours). Both DTIs provide
predictable pharmacokinetics, require aPTT or alternate monitoring
at a higher cost than UFH, and lack a reversal agent. Standard
coagulation testing includes platelet counts, fibrinogen levels, and
clotting assays for bleeding management. Viscoelastic tests (eg,
rotational thromboelastometry or thromboelastography) are
increasingly used in association with coagulation management
algorithms for anticoagulation and bleeding management.16 When
patients on ECMO support are recognized to have bleeding;
therapy may include transfusion of platelets; fresh frozen plasma;
fibrinogen repletion with cryoprecipitate or concentrates; and
reduction of, or stopping, the anticoagulation.17 Thrombotic com-
plications may be recognized as changes in the circuit, membrane
lung, or clinical examination. When present in the ECMO circuit,
thromboses disrupt laminar flow causing local turbulence, which
damages red blood cells and leads to hemolysis. Clinically,
hemolysis is evaluated by serial measurements of free hemoglobin
and lactate dehydrogenase levels and managed by increasing
anticoagulation therapy. Affected patients may require circuit and/
or oxygenator replacement because of hemolysis, which is both a
result of circuit thrombosis and an important contributor to
coagulopathy.

Definitive guidelines for anticoagulation management during
ECMO are variably implemented, bleeding complications pose
major challenges, and most data are based on retrospective
observational studies. Additionally, definitions for bleeding and
anticoagulation complications have only recently been
MAY 2025 • VOLUME 2, NUMBER 2
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proposed.18-21 The recent PROTECMO study (Prospective
Observational Study on Transfusion Practice in Patients Receiving
VV ECMO) was a prospective, observational, 41-center study that
analyzed blood product use and transfusion thresholds by exam-
ining coagulation management and patient outcomes of 652 adult
patients receiving 8471 ECMO days.22 In 77% of patients, UFH
was initially used and was continued for 73% of patients
(6221 days), monitored by aPTT on 86% of days, with a median
result of 52 seconds. After an initial bleeding event, the median
aPTT decreased by 5.3 seconds. Bleeding occurred on 1202 days
(16.5%), and 52.5% of patients developed ≥1 bleeding event,
which resulted in death in 1.6% (10 patients). Cannulation site
bleeding was the most frequent cause, but this varied over time
and risk was increased based on the length of support. Bleeding
during ECMO was associated with increasing intensive care unit–
related mortality risk. Although prolonged aPTTs were associated
with bleeding risk, doses of heparin administered did not correlate
with aPTTs. Moreover, aPTT targets ranged between 40 and 60
seconds and monitoring frequency changed during anticoagulation
therapy, demonstrating a lack of consistent anticoagulant man-
agement in patients receiving ECMO.23

COVID-19 and coagulopathy

ECMO deployment for COVID-19–associated refractory respira-
tory failure and/or cardiogenic shock dysfunction was an important
therapeutic rescue for patients in intensive care units, failing con-
ventional respiratory or other support.24 ELSO data noted ECMO
outcomes in patients with COVID-19 varied based on institutional
experience, patient selection, and timing of institution.25 As widely
reported, the admission coagulopathy in patients with COVID-19 is
consistent with hypercoagulability as evidenced by increased levels
of fibrinogen, D-dimers, von Willebrand factor (VWF), and multiple
biomarkers of thromboinflammation and coagulation activation.26

However, the coagulopathy of patients on ECMO is associated
with an increased risk of both thrombotic and bleeding events,
depending on underlying disease severity and duration of ECMO
support. A recent registry report of 1248 patients with COVID-19
on ECMO reported that 38% developed coagulopathy, 54%
experienced hemorrhagic complications, 35% thrombotic compli-
cations, and 11% of patients were reported to experience both
bleeding and thrombotic complications. The intensive care unit
hazard ratio for mortality was higher in those with hemorrhagic-only
complications (49.4%) than 42% in patients with multiorgan failure,
21% with respiratory failure, and 8.9% who developed subsequent
septic shock.27

Challenges and lessons learned from COVID-19

The COVID-19 pandemic provided challenges in ECMO man-
agement because of the large number of patients with acute lung
injury and the variability of resources available for their treatment.
Further, ECMO outcomes for patients with COVID-19 have been
similar to those with other severe respiratory diseases, indicating
that acute lung injury and underlying respiratory pathology present
consistent challenges, especially with initially limited immunity and
therapeutic agents for the severe acute respiratory syndrome
coronavirus 2. Heterogeneity in practice patterns and resources
suggested the utility of optimizing protocols to improve patient
outcomes. However, the lack of high-quality, randomized,
controlled trial data on ECMO use in patients with COVID-19 limits
VTH
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the ability to develop evidence-based guidelines. Institutional
experience plays a crucial role, with higher volume centers gener-
ally achieving better results, underscoring the necessity for ongoing
data collection and analysis to continually refine ECMO
practices.25

The pandemic also highlighted the critical role of interdisciplinary
collaboration in managing complex ECMO cases. Integrating
insights from various specialties, including critical care, infectious
disease, hematology, cardiology, and surgery has been essential for
optimizing patient care. Adaptive trial designs and Bayesian statis-
tical methods have been suggested to better handle the uncer-
tainties and integrate prior knowledge into study analyses, offering a
more flexible approach to research in rapidly evolving situations like a
pandemic.28 These approaches could significantly enhance the
ability to develop robust clinical guidelines and improve patient
outcomes in future pandemics and other critical care scenarios.

Pathophysiology

The pathophysiology of ECMO-related coagulopathy involves com-
plex interactions between the underlying injury and/or issue requiring
cardiopulmonary support, associated multiorgan dysfunction (eg,
shock, or liver or hepatic dysfunction), and the interface between the
ECMO circuit and the patient’s blood.6 The interaction of blood with
the nonendothelial surface of the ECMO circuit initiates contact
activation, leading to thrombin generation, consumptive coagulop-
athy, and thromboinflammation.29-31 In particular, VWF undergoes
shear-induced changes, altering its activity and amplifying the effects
of endothelial activation and damage.3,32 Platelets also become
activated because of mechanical injury from extracorporeal support,
which may contribute to bleeding and/or thrombosis. Platelet acti-
vation, hemolysis, and thromboinflammation promote thrombotic and
inflammatory responses. Systemic inflammatory responses
contribute to coagulopathy and are associated with complement
activation and neutrophil extracellular trap (NET) formation, contrib-
uting to a perturbed inflammatory milieu and poor outcomes
including thrombotic and bleeding complications.33

Role of platelets, endothelium, and

mechanical forces

Platelets, the endothelium, and mechanical forces are important in
understanding ECMO-related bleeding and thrombosis. These
components interact with the ECMO circuit, contributing to the
complex hemostatic imbalances observed in patients, which are
discussed hereafter.

Platelet dynamics

Platelets are a critical component of hemostasis. Centrifugal
ECMO pumps, particularly at low flow rates used to support chil-
dren on ECMO, increase shear stress that causes hemolysis, and
alters VWF.34,35 Shear stress leads to conformational changes in
VWF, which can cause loss of high-molecular-weight (HMW) VWF
multimers due to proteolysis by ADAMTS-13. This phenotype
resembles that of acquired von Willebrand disease type 2A and
prophylactic treatment with desmopressin of patients on ECMO to
increase VWF release from endothelial cells has been used with
some effect.36 Often coinciding with the loss of HMW VWF is a
reduction in the peripheral platelet count and platelet dysfunction.
Interestingly, measured changes occur and resolve within hours of
ECMO-INDUCED COAGULOPATHY: NHLBI WORKSHOP REPORT 3



ECMO onset and discontinuation, respectively.37 ECMO-
associated thrombocytopenia was shown to be related to proteo-
lytic degradation of the platelet receptor for VWF glycoprotein-Ibα
(GPIbα), and inhibiting this event could be a novel approach to
reducing thrombocytopenia during ECMO. However, it is currently
unclear how shear forces induce GPIbα shedding, because it
occurs independently of VWF-GPIbα interaction, platelet activa-
tion, or coagulation.38 In addition to platelet receptor shedding, a
prior study demonstrated a reduced ability to activate GPIIb-IIIa in
the blood from patients supported with ECMO, which could
contribute to ECMO-induced coagulopathy. Platelet hypofunction
is observed in almost all patients on ECMO.39 In addition to the
shedding of important surface receptors such as GPIbα and GPV,
the observed changes include impaired aggregation response to
various agonists and defective granule secretion.40,41 Whether
these functional changes contribute to clinical complications, such
as bleeding, remains to be established. It is also not clear what
causes these defects. Platelet hypofunction could be platelet
“exhaustion” due to previous platelet stimulation, resulting from
continuous exposure to abnormal flow conditions, exposure to
heme, or abnormal coagulation activity and thrombin generation.
Platelet changes may also be influenced by methods of procure-
ment, processing, pathogen reduction, and storage.

Platelets are implicated in thrombotic complications associated
with ECMO. The ECMO circuit is a procoagulant surface that
triggers thrombin formation and coagulation. Platelets are activated
by shear stress and thrombin, and they likely contribute to circuit
thrombosis by binding to fibrin(ogen) and contracting the clot.
Platelets can also serve as a procoagulant surface,42 but this has
not been investigated in the context of ECMO. Moreover, platelets
are important drivers of immunothrombosis,43 a complication
frequently seen in patients on ECMO. However, very little infor-
mation on platelet-leukocyte aggregate formation and platelet-
dependent leukocyte activation in patients on ECMO is available.

Endothelial activation and injury

Multiple inflammatory mediators, including anaphylatoxins (C3a,
C5a), thrombin, bradykinin, and cytokines (tumor necrosis factor α
and interleukin-1β) are generated by the primary disease process
and blood interfacing with the ECMO circuit, and these induce a
complex response with profound impact on the endothelium.6 The
endothelial response is characterized by a biphasic activation
pattern in which complement-driven endothelial activation results
in transient P-selectin expression from Weibel-Palade bodies
(early phase), and then cytokine-mediated endothelial activation
leads to sustained upregulation of adhesion molecules (E-selectin)
and chemokines, facilitating leukocyte adhesion and trans-
migration (late phase). Other patterns of insult demonstrated early
after VA ECMO cannulation in adults include an increase in sys-
temic inflammation (tumor necrosis factor α), endothelial injury
(soluble thrombomodulin) or activation (soluble E-selectin,
angiopoietin-2), glycocalyx shedding (syndecan-1), and platelet
activation (sCD40L, soluble P-selectin).44 Endothelial injury and
apoptosis contribute to the systemic prothrombotic state, espe-
cially in patients with COVID-19 but also in other scenarios of
acute injury, and these events increase the risk of thrombotic and/
or bleeding complications. Mechanical stress from the ECMO
circuit can also directly damage endothelial cells, further promot-
ing thromboinflammation and coagulopathy.
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Fibrinolysis in ECMO

Fibrinolysis is important in maintaining vascular patency by con-
trolling hemostasis to limit clot formation and mediate clot resolu-
tion. Dysregulation may result in either bleeding or thrombosis. The
fibrinolytic system is activated after ECMO initiation because of
activation of FXII (contact activation).45,46 In a recent study, higher
levels of fibrinolytic activation occurred in patients who experienced
hemorrhagic events, and plasma markers of fibrinolytic activity were
increased before severe bleeding.46 Other factors contributing to
hyperfibrinolysis during ECMO include neutrophil elastase, which is
elevated in the blood after ECMO.47

Impaired clot structure appears to be another contributor to
hyperfibrinolytic bleeding in patients on ECMO. Activated FXIII
cross-links fibrin monomers and links α2-antiplasmin to fibrin, making
the clot stronger and more resistant to lysis.48 Acquired FXIII defi-
ciency occurred in 69% of patients on ECMO and was indepen-
dently associated with bleeding severity (P = .03).49 Platelets
contain most of the circulating plasminogen activator inhibitor 1,
which they release when activated within the clot to protect it
from premature lysis. Patients undergoing ECMO with anti-
coagulation may have the additional risk of impaired clot structure,
because clots formed in the presence of various therapeutic anti-
coagulants are more susceptible to degradation by plasmin.3

Hypofibrinolysis may contribute to thrombotic complications. As
observed in ECMO and COVID-19, it is possible to have an initially
high level of activation or a sustained elevated level of D-dimer
while exhibiting an overall hypofibrinolytic state. Hypofibrinolysis
may result from a higher molar ratio of plasminogen activator
inhibitor 1 to tissue plasminogen activator,50 but the production of
more resistant clots may also contribute. NETs, histones, and DNA
also affect clot structure, slowing lysis.51 NETs are present in
patient blood and thrombi collected from the ECMO circuit.52,53

Plasmin also has systemic effects that may contribute to a throm-
botic phenotype, including thrombin generation, syndecan-1
cleavage, and matrix metalloproteinase activation, contributing to
glycocalyx degradation and endothelial damage.54 Additionally,
plasmin influences acute inflammatory responses and is a potent
C1 esterase activator.55 The specific mechanisms underlying
fibrinolytic dysfunction and the potential interactions with the
inflammatory response, endothelium, or other systems during
ECMO have not yet been well characterized. Additionally, the
impact of the underlying disease process and other patient-specific
factors requires further study.

Lysine analog antifibrinolytic agents have been used to treat
ECMO-associated hyperfibrinolytic bleeding.56-58 More recently,
tranexamic acid has been used, with topical, IV, and intrabronchial
routes of administration reported.59,60 The use of catheter-directed
thrombolysis in conjunction with ECMO for severe pulmonary
embolism has been successful, whereas systemic thrombolysis
with ECMO was associated with poor outcomes.61 Currently,
diagnostic and therapeutic options for managing fibrinolytic
dysfunction during ECMO are limited.

Effects of artificial (nonendothelial) surfaces within

the pump

The interaction between the ECMO circuit’s blood and non-
endothelial surfaces initiates the surface-dependent activation of
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FXII and the contact pathway, contributing to consumptive coa-
gulopathy.62 Circuit components, such as connectors and branch
circulatory networks, are a nidus for thrombus formation.63-65

Research on modifying ECMO circuit surfaces to reduce their
procoagulant activity, such as using biocompatible nitric oxide–
releasing coatings, is ongoing to minimize protein adsorption and
platelet adhesion to reduce clot formation within the circuit.66 The
primary focus is on the oxygenator, tubing, and connectors. Inno-
vative approaches to mitigate these effects include adjusting the
mechanical aspects of the circuit tubing, pump, and other agents
are under investigation.67,68

Anticoagulation in ECMO

Effective anticoagulation strategies are a critical component of
ECMO therapy because of the need to maintain circuit patency
and prevent thrombotic complications; however, anticoagulation is
especially challenging given the need to also avoid bleeding.13,69

UFH

UFH is the mainstay anticoagulant in ECMO because of its titrat-
ability, short half-life, ability to inhibit thrombin and FXa, and ability
to be used with renal dysfunction.14,69-71 Monitoring UFH includes
anti-FXa/heparin levels, aPTT, or often both.13,16,69 UFH is titrated
to balance the risk of thrombosis against bleeding. Disadvantages
of UFH include the need for antithrombin as a cofactor, the
potential for heparin resistance, and the potential of HIT, necessi-
tating alternative anticoagulants that include DTIs. Finally, the
supply chain for producing the world’s supply of UFH requires
more than a billion pigs each year; the tremendous amount of
greenhouse gases released because of this process has led to
calls for the development of environmentally sustainable antico-
agulants to help combat the climate crisis and limit its negative
effects on global health.72

Coagulation monitoring

Anticoagulation management requires monitoring the anticoagulant
effects.16,69 In addition to aPTT and anti-FXa levels, activated
clotting time is also less commonly used. Other tests of hemostatic
function include platelet counts. In patients with bleeding, visco-
elastic testing is frequently used to examine whole blood coagu-
lation function in patients on ECMO and guide potential therapies.
Hemolysis and the membrane lung pressure gradient are evaluated
as part of this monitoring. The choice of monitoring tools and
testing frequency can significantly affect patient outcomes,
necessitating a tailored approach based on individual patient
needs and institutional protocols.

Management of bleeding and thrombotic

complications

Bleeding and thrombotic complications are prevalent among
patients on ECMO, especially because they are critically ill, often
have multiorgan dysfunction/injury, and have impaired responses to
normal hemostatic function.1 When patients bleed, UFH is
frequently paused, or additional therapies are considered, including
desmopressin, VWF repletion, and fibrinogen repletion, often as
cryoprecipitate or factor concentrates to restore hemostatic bal-
ance.17 Platelet transfusions may be given in patients with throm-
bocytopenia.17,73,74 Thrombotic complications, including circuit
clotting, deep vein thrombosis, and ischemic stroke, necessitate
VTH
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careful adjustments in anticoagulation therapy. Patients who will
need surgical procedures while on ECMO, patients with poly-
trauma, and infants and children present additional challenges.74-76

Balancing the selection of anticoagulants and dosing strategies is
essential to prevent thrombosis without exacerbating bleeding
risks. DTIs and FXa inhibitors are used in specific clinical scenarios
to effectively manage thrombosis. Integrating these strategies is
vital to optimizing patient outcomes in the ECMO setting. Unfor-
tunately, very little controlled or comparative data suggest the
superiority of specific approaches. Retrospective data suggest
that, under some circumstances, the incidence of circuitry and
patient thrombosis is comparable for patients whether they
received continuous systemic anticoagulation or remain anticoag-
ulant free while on ECMO.77

Clinical and research challenges

Challenges in ECMO management include the lack of standardized
protocols and definitions for anticoagulation, bleeding, and
thrombotic events, which complicate data interpretation and,
potentially, best practices.78 Additionally, the limited high-quality
data and the scarcity of randomized controlled trials in patients
on ECMO hinder the development of robust clinical guidelines
because most of the current data are based on retrospective
observational analysis, especially for anticoagulation. Prospective
studies commonly examine the pharmacodynamics and pharma-
cokinetics of different anticoagulants for ECMO. One of the
problems in developing clinical trials randomizing patients on
ECMO is the heterogeneity of the many underlying disease pro-
cesses that necessitate ECMO support, which is a major influence
in determining meaningful outcomes.

A previous National Heart, Lung, and Blood Institute and US
Department of Defense meeting developed consensus recom-
mendations for primary outcomes in mechanical circulatory sup-
port, including ECMO.18 The report recommended a primary
ECMO outcome using a 5-point ordinal bleeding and thrombosis
severity score adapted from the Common Terminology Criteria for
Adverse Events, version 5.0. The authors suggested that their
composite risk scores would be important for affecting clinical trial
design and further facilitating investigation comparability. The
report also suggested that disseminating management and global
consensus definitions guidelines could reduce the heterogeneity of
patients and help standardize primary outcomes for future ECMO
research. Further work was undertaken to define a core outcome
set for ECMO,79,80 and, more recently, the ECMO-CENTRAL
(ECMO Core Elements Needed for Clinical Trials, Regulatory
Processes, and Quality of Life) academic research consortium
leveraged an international panel of 165 stakeholders to define
adverse events associated with ECMO.19,21

Challenges in biomarker identification

Identifying reliable biomarkers for ECMO-related coagulopathy is
complex because of the multifactorial nature of the condition and
the diverse patient populations involved. Several factors influence
patient blood parameters, including age, nutrition, hereditary fac-
tors, and underlying pathologies such as sepsis and oncologic
diseases. The use of anticoagulants and blood products further
complicates biomarker interpretation. Sampling variability, including
the timing and location of sample collection, can also affect
baseline and the affect assessments of ECMO, making the
ECMO-INDUCED COAGULOPATHY: NHLBI WORKSHOP REPORT 5



interpretation of these biomarkers challenging. Standard bio-
markers such as D-dimer, which indicate both clot burden and
bleeding, are often nonspecific, complicating the distinction
between thrombotic and bleeding events.81 Device-related bio-
markers also present significant challenges. Biomarkers specific to
ECMO circuit components, such as fibrin and platelet deposition,
polymorphonuclear leukocytes, NETs, and VWF, must be accu-
rately measured and interpreted.53,82-84 Spatial analysis (3
dimensional) of these biomarkers is crucial to understanding their
distribution and impact on the ECMO circuit, yet this area remains
underdeveloped.85,86 These biomarkers’ accurate measurement
and spatial analysis are critical for enhancing device design to
reduce or create nonclotting surfaces. Compounding this is a lack
of large “natural history” characterization cohorts. Indeed, the
current data and total numbers of patients on whom sampling and
assay have been performed are very small and largely heteroge-
neous, preventing an adequate view of the thromboinflammatory
milieu of ECMO. Although problematic, this represents one of the
best opportunities for advancement in this field.

To effectively integrate biomarkers into clinical practice, it is
essential to prioritize which biomarkers and mechanistic markers to
study, particularly in the context of limited sample volumes from
pediatric patients.84 Advanced multiomics approaches or targeted
analyses are needed to effectively use these small sample volumes.
This prioritization ensures that the most informative and clinically
relevant biomarkers are identified and validated, thereby improving
the management and outcomes of patients on ECMO.

Biomarkers

Standard coagulation tests used to monitor coagulation status and
guide anticoagulation have limitations, and improved analytical
tools are needed for more accurate and timely data. Identifying and
validating biomarkers for ECMO-related coagulopathy may improve
the diagnosis, monitoring, and management of coagulopathic
complications in patients on ECMO.87 Biomarkers may provide
insights into the underlying mechanisms of coagulopathy, guide
anticoagulation therapy, and predict patient outcomes. Biomarkers
should be considered for future clinical studies, and device-related
biomarkers should be included to examine coagulopathic compli-
cations associated with ECMO circuits. Changes in platelet counts
may indicate platelet adhesion and aggregation on circuit compo-
nents.88 Platelet activation can be assessed by evaluating integrin
activation and α-granule secretion, which are influenced by ECMO
surface interactions. Flow-based models that incorporate surface
characteristics, such as microfluidics, are critical to studying
platelet function above and beyond standard ex vivo platelet
function assays.63,89 Polymorphonuclear leukocytes indicate
inflammatory responses and their role in thrombosis, whereas NETs
may serve as a biomarker contributing to thrombosis and inflam-
mation, highlighting their role in circuit clotting.90 Changes in VWF
levels with a reduction in HMW-VWF reflect increased shear rates
and potentially circuit thrombosis. Thrombin generation assays
would provide biomarker evaluation for thrombotic risks and
bleeding management, in addition to D-dimer levels, which are
important for fibrinolysis and potential clot formation.91

Biomarkers such as antithrombin, syndecans, and DNA markers
are being explored for their potential to gauge endothelial health
and predict coagulopathic complications.45,92 Studies of
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endothelial injury, platelet dysfunction, and systemic inflammation in
ECMO-related coagulopathy are ongoing.78,93 Extracellular vesi-
cles, predominantly derived from platelets and endothelial cells
under high shear-stress conditions, can also be biomarkers of
coagulation and inflammatory pathways.94 However, their inter-
pretation is complicated by their diverse origins and the lack of
standardized measurement techniques. Moreover, accurately
measuring these biomarkers and understanding their spatial dis-
tribution within the circuit remains challenging.

Novel anticoagulation strategies

Preclinical studies and clinical trials evaluating additional antico-
agulants are in progress. These include studies evaluating the
efficacy of FXI/FXIa inhibitors and FXII/FXIIa inhibitors, each of
which has shown promise in reducing bleeding risks while pre-
venting thrombosis for thromboembolic prophylaxis.95-99 These
novel agents aim to reduce the overall coagulopathic burden
without increasing the risk of severe bleeding.71,100 In particular,
inhibiting FIX, FXI, or FXII may decrease or eliminate coagulation
activation stemming from blood exposure to nonendothelial ECMO
circuit surfaces.101 This attenuation may reduce the need for
potent anticoagulants such as UFH, although tissue factor–
mediated coagulopathy in ECMO due to inflammation and innate
immune system activation may still necessitate some level of con-
ventional anticoagulation in addition to inhibiting contact activation.
Therefore additional anticoagulant strategies that more effectively
limit thrombin generation, coagulation factor consumption, and
associated inflammation are also being explored. These include the
development of potent, rapid-onset, yet rapidly reversible inhibitors
of FX/FXa as well as combinations of such inhibitors.102-104

Preclinical animal models

Preclinical animal studies are pivotal in ECMO research, providing
critical insights into the mechanisms of ECMO-related coagulop-
athy and evaluating the safety and efficacy of novel therapies
before clinical application. Studies have used various animal
models, each chosen for its specific advantages. Collectively, these
studies are beginning to bridge the gap between basic research
and clinical practice and ensure that new treatments and strategies
will be both practical and safe for patients.

Current state of animal models

Animal models in ECMO research vary in size and type, addressing
different research needs. Small animals, such as rats and rabbits,
are commonly used for basic mechanistic studies because of their
ease of handling, cost-effectiveness, and ability to provide detailed
insights into fundamental biological processes.105-107 Although
primarily aimed at evaluating the benefit of ECMO for the under-
lying disease, these models have great potential for exploration of
the fundamental biological mechanisms underlying ECMO-related
coagulopathy, such as thromboinflammation and the activation of
specific coagulation pathways. Although some limitations exist,
including interspecies differences in systems such as complement
and potentially platelet function, these models are suitable for
exploitation to study thromboinflammation. In contrast, large animal
models, mainly pigs and sheep, are used to achieve clinically
relevant outcomes.66,108-110 A nonhuman primate model of platelet
deposition and fibrin formation within an extracorporeal membrane
oxygenator has been used for preclinical studies of contact
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Table 1. Strategic future directions

Patient Circuit and components Anticoagulation Monitoring

Preclinical roadmap • Develop better ECMO animal
models reflecting risks of bleeding
and clotting, integrating patient
data for accuracy.

• Use technologies such as
CRISPR to develop large animal
models that are more human-like.

• Create a translational roadmap for
developing novel therapies that
includes timing and integration
with clinical studies, uses clinical
trial tools, and ensures continuous
improvement through data
integration.

• Support the development of
ECMO circuit component
technology to reduce clinical
burdens and improve patient care.

• Develop animal models of the
hemostatic changes from
prenatal, perinatal and infancy, as
well as during other physiological
changes, for example, pregnancy
and older age.

• Identify mechanisms underlying
fibrinolytic dysfunction and
factors contributing to
hemorrhagic and thrombotic
complications.

• Understand the role of DNA and
nucleic acid–containing damage-
associated molecular patterns in
triggering immune responses and
its complex interaction in ECMO-
induced inflammation.

• Understand the mechanisms of
fibrinolytic (enzymatic) balance
and clot structure in determining
overall fibrinolytic dysfunction.

Technology • Develop optimized circuits using
flow dynamics principles, which
reduce sheer stress, platelet and
coagulation activation, absorb
identified activators, use biofilm
coatings, and incorporate smart
circuit capabilities.

• Develop noninvasive sampling
techniques to address concernswith
obtaining postmortem samples.

• Create tools to monitor the
anticoagulation/clotting state,
including detection/imaging tools,
circulating probes, and
assessment of circuit deposits.

• Develop diagnostics to mitigate or
prevent fibrinolytic dysfunction
during ECMO.

Clinical definitions and
protocols

• Develop and implement
standardized definitions for
bleeding and thrombotic events.

• Define and support technical
standards for electronic data
exchange of machine-
interpretable data expressing
ECMO-related data, for example,
fast health care interoperability
standards.

• Establish and implement clinical decision support tools for managing
ECMO-related coagulation and coagulopathy.

Patients and populations • Focus on specific research needs
of pediatric populations,
developing ECMO technology
and procedures that cater to their
unique requirements.

• Identify at-risk patient populations
for developing hemorrhagic or
thrombotic phenotypes related to
fibrinolytic dysfunction.

• Support the development of
ECMO circuit component
technology to improve patient
outcomes, especially in small
children for whom devices
optimized for low-flow states are
lacking.

Pathophysiology • Develop advanced monitoring
techniques using omics
technologies to subphenotype
patients on ECMO to better tailor
therapeutic approaches.

• Integrate precision medicine
approaches through clinical
practice and research to develop
targeted therapies, ensuring
treatments are optimized for
specific patient populations.

• Identify a preclinical roadmap
with reference to impact on
coagulation requirements.

• Use multiomics approaches to
identify and validate biomarkers
for better diagnosis, monitoring,
and management of ECMO-
related coagulopathies and
thromboinflammation.

• Develop tools for rapid biomarker
assessment to enable timely and
tailored therapeutic interventions,
facilitating precision medicine.

• Improved understanding of
coagulation factors, endothelial
markers, and developing methods
to identify platelet function
changes.

• Address thrombocytopenia,
immune signaling pathways, and
platelet adhesion issues observed
in models.

Pharmacologic therapies • Develop robust models to inform
bleeding or clotting risk to risk
stratify patient populations in
which anticoagulation-free or low-
dose anticoagulation for ECMO
can be applied.

• Explore the development and
clinical application of novel
anticoagulants that target specific
proteases within the coagulation
pathways.

• Explore the development and
clinical translation of
anticoagulation approaches that
more effectively reduce thrombin
generation, coagulation factor
consumption, and
thromboinflammation.

• Investigate the use of combination
anticoagulation therapies, drawing
parallels with strategies used in
cancer therapies and HIV to
optimize patient outcomes.

• Develop novel anticoagulants that
reduce carbon cost compared
with UFH to limit contribution to
global warming/climate change.

• Develop diagnostics and drugs or
other therapies to mitigate or
prevent fibrinolytic dysfunction
during ECMO.
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Table 1 (continued)

Patient Circuit and components Anticoagulation Monitoring

Collaboration and clinical
trial design

• Foster collaborative interdisciplinary networks to support ECMO research and data sharing, and establish centralized networks and resource centers such as
a common animal blood bank and biorepository.

• Encourage interprofessional partnerships, including critical care, cardiology, hematology, and bioengineering, to effectively address complex challenges of
ECMO treatment.

• Define and support technical standards for electronic data exchange of machine-interpretable data expressing ECMO-related scientific knowledge, for
example, fast health care interoperability standards.

• Implement adaptive clinical trial designs that can respond to evolving clinical scenarios and emerging data, enhancing the flexibility and efficiency of research
efforts; lessons can be learnt from the approaches used during the COVID-19 pandemic to develop robust research strategies for ECMO and other critical
care scenarios.

• Consider innovative clinical trial designs including implementation strategies to reduce the time between evidence generation and adoption of best practices
into clinical care.
pathway inhibitors.95 These models are thought to reasonably
closely mimic human physiological responses, making them ideal
for evaluating ECMO’s impact on coagulation, survival metrics,
histological changes, and organ damage and repair biomarkers.111

However, a significant limitation in using large animals is the
restricted availability of blood resources to support the animals
during ECMO experiments, because there are no established
blood banks for these animals, complicating long-term and high-
volume studies.

Challenges and gaps

One of the primary challenges in using animal models for ECMO
research is accurately replicating human hemostasis, coagulo-
pathies, and responses to ECMO. Although providing valuable
mechanistic insights, small animal models often lack the physio-
logical complexity seen in humans. Large animal models offer
closer physiological parallels but face practical issues such as
limited availability of blood products and resources. Additionally,
the need for sophisticated and long-term monitoring systems to
assess the chronic impacts of ECMO on coagulation remains a
significant hurdle. The variability in how different animal species
respond to ECMO complicates the translation of findings to human
clinical practice. Researchers must carefully consider these dif-
ferences and continuously refine their models to ensure they pro-
vide meaningful and translatable insights. Integrating multiple
studies, including in vivo, in vitro, and computational approaches is
essential to comprehensively understand ECMO-related
coagulopathy.

Adult special populations

Against this background of complexity of basic and translational
science complexity, ECMO is clinically deployed only when
patients are perceived to be at risk of mortality without invasive
support, so the entire ECMO population is a vulnerable group.
However, several special populations should be considered as
priorities for clinical and research advances. For example, gravid
and early postpartum patients pose specific anatomic changes,
increased cardiovascular demands, and significant potential for
hemorrhagic and thrombotic complications, all complicated further
when ECMO is considered a lifesaving therapy. Patients with
hematologic disorders and oncologic diagnoses present unique
challenges because of factors such as cytopenia and hypercoag-
ulability,112 and patients supported on ECMO after traumatic or
burn injury may benefit from particular attention.113 Those patients
who receive extracorporeal cardiopulmonary resuscitation may
present an additional population at risk of organ injury complication,
8 LEVY et al 100064
ECMO-associated coagulopathy, and be at higher risk of neuro-
logic consequences during ECMO support.

Neonatal and pediatric population

Pediatric and neonatal patients account for 40% of ECMO runs
(https://www.elso.org/registry/internationalsummaryandreports/
internationalsummary.aspx), making this group by far the largest
special population. Children supported with ECMO continue to
experience higher rates of adverse events associated with ECMO
than equivalently supported adults.1,19 This is likely multifactorial,
including the challenges of miniaturization of the technology,
availability of devices for optimal cannulation strategy, the hetero-
geneous populations supported, and the small numbers of patients
supported with ECMO at any individual center.1,34,35,114 Neonates
and infants also have age-related changes in the coagulome,
requiring nuanced and tailored approaches to anti-
coagulation.75,115,116 There have been many initiatives to organize
pediatric ECMO stakeholders through a collaborative research
network, PediECMO, an organization between the Pediatric Acute
Lung Injury and Sepsis Investigators and ELSO, and in association
with other professional organizations and research groups. The
Pediatric ECMO Anticoagulation Collaborative consensus confer-
ence brought together international stakeholders to assess avail-
able evidence and derive mainly expert consensus-based guidance
for the clinical management of pediatric ECMO, including an
algorithm for dosing and monitoring of UFH.13 Recognizing the lack
of evidence to inform practice, 20 Pediatric ECMO Anticoagulation
Collaborative clinical research priorities were developed and
prioritized.78 Consensus adverse events for pediatric ECMO have
been defined according to the ECMO-CENTRAL academic
research consortium process for use in clinical trials and regulatory
evaluation of ECMO device components.19,21 The pediatric ECMO
community is coming together for important studies of neuro-
developmental outcome after ECMO (ClinicalTrials.gov identifier:
NCT05388708), to identify biomarkers of brain injury on ECMO
(ClinicalTrials.gov identifier: NCT05041712), as well as clinical
trials addressing blood product transfusion practices (Clinical-
Trials.gov identifier: NCT05405426), optimal platelet thresholds on
ECMO (ClinicalTrials.gov identifier: NCT05796557), and the use
of hydrogen gas to reduce neurologic injury after extracorporeal
cardiopulmonary resuscitation (ClinicalTrials.gov identifier:
NCT05574296).117

Current and ongoing challenges

The complexity of ECMO-related coagulopathy presents several
clinical and research challenges. Clinically, managing the hemo-
static imbalances caused by these factors requires precise
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Table 2. Key opportunities and future directions

Standardization and protocol development

Standardized definitions: develop and implement standardized definitions for bleeding and thrombotic events to improve consistency across institutions and enhance data interpretation.

Clinical protocols: establish and implement clinical decision support tools for managing ECMO-related coagulopathy, ensuring best practices are integrated and widely adopted.

Ethical and logistical considerations

Tailored research: focus on specific research needs of pediatric populations, developing ECMO technology and procedures that cater to their unique requirements.

Noninvasive sampling techniques: develop noninvasive sampling techniques or alternative methods to address ethical concerns and logistical challenges associated with obtaining
postmortem samples.

VV vs VA ECMO: identify commonalities and differences between VV and VA ECMO to understand the impact on coagulation and treatment needs.

Collaboration and data sharing

Centralized networks: to support ECMO research and data sharing, foster interdisciplinary collaborations, and establish centralized networks and resource centers, such as a common animal
blood bank and a biorepository.

Collaborative efforts: encourage interprofessional partnerships, including critical care, cardiology, hematology, and bioengineering, to tackle the complex challenges of ECMO treatment
effectively.

Toward learning health care systems: define and support technical standards for electronic data exchange of machine-interpretable data expressing ECMO-related scientific knowledge, for
example, fast health care interoperability standards.

Adaptive clinical trials and flexible research approaches

Adaptive trial designs: implement adaptive clinical trial designs that can respond to evolving clinical scenarios and emerging data, enhancing the flexibility and efficiency of research efforts.

COVID-19 lessons: apply lessons from the adaptive trial approaches used during the COVID-19 pandemic to develop robust research strategies for ECMO and other critical care scenarios.

Innovative trial design for implementation: consider clinical trial designs to include implementation strategies to reduce the time between evidence generation and adoption of best practices
into clinical care.

Focused research on patient population heterogeneity

Subphenotyping: develop advanced monitoring techniques using omics technologies to subphenotype patients on ECMO, enhancing understanding diverse patient groups and tailoring
therapeutic approaches accordingly.

Precision medicine: integrate precise patient data into clinical practice and research to develop targeted therapies, ensuring treatments are optimized for specific patient populations.

Enhanced biomarker research and validation

Reverse translation: use multiomics approaches (genomics, proteomics, etc) to identify and validate biomarkers for better diagnosis, monitoring, and management of ECMO-related
coagulopathies and thromboinflammation.

Rapid assessment tools: develop tools for rapid biomarker assessment to enable timely and tailored therapeutic interventions, facilitating precision medicine.

Understanding ECMO-induced coagulopathies: focus on coagulation factors, endothelial markers, and developing methods to manage platelet function changes.

Innovative anticoagulation strategies

Novel anticoagulants: explore the development and clinical application of novel anticoagulants that target specific proteases within the coagulation pathways (eg, FIX, FXI, and FXII inhibitors)
to minimize bleeding risks while effectively preventing thrombosis. Explore the development and clinical translation of anticoagulant approaches that more effectively reduce thrombin
generation, coagulation factor consumption, and associated thromboinflammation. Develop novel anticoagulants that can support ECMO at significantly reduced carbon cost compared
with UFH to limit climate change and combat its negative impact on planetary health.

Combination therapies: investigate the efficacy of combinatory anticoagulation therapies, drawing parallels with strategies used in HIV and cancer treatments to optimize patient outcomes.

Risk stratification directed therapy: develop robust models to inform individual bleeding or clotting risk to identify patient populations in whom anticoagulation-free, or low-dose anticoagulation
for ECMO can safely be applied.

Targets for coagulopathy and platelet dynamics

Platelet dynamics: address thrombocytopenia, immune signaling pathways, and platelet adhesion issues observed in models.

DNA and immune response: understand the role of DNA and nucleic acid–containing damage-associated molecular patterns in triggering immune responses and its complex interaction in
ECMO-induced inflammation.

Technological innovations in ECMO

Integrated circuits and smart technologies: develop circuits optimized using flow dynamics principles, which reduce sheer stress, platelet and coagulation activation, absorb identified
activators, use biofilm coatings, and incorporate smart circuit capabilities.

Monitoring systems: create tools to monitor the anticoagulation/clotting state, including detection/imaging tools, circulating probes, and assessment of circuit deposits.

Engineering advancements: support the development of ECMO circuit component technology to reduce clinical burdens and improve patient care, especially in small children for whom
devices optimized for low-flow states are lacking.

Advancement in animal model development

Representative animal models: develop better ECMO animal models reflecting risks of bleeding and clotting, integrating patient data for accuracy.

Developmental hemostasis models: develop animal models of the hemostatic changes from prenatal, perinatal and infancy, as well as during other physiological changes, for example,
pregnancy and older age.

Preclinical roadmap: create a translational roadmap for developing novel therapies that includes timing and integration with clinical studies, uses clinical trial tools, and ensures continuous
improvement through data integration.

Gene-editing technologies: use technologies such as CRISPR to develop large animal models that are more human-like.
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Table 2 (continued)

Fibrinolytic dysfunction

Understand mechanisms: conduct research to identify mechanisms underlying fibrinolytic dysfunction and factors contributing to hemorrhagic and thrombotic complications.

Enzymatic function vs clot structure: understand the relative roles of fibrinolytic (enzymatic) balance and clot structure in determining overall fibrinolytic function.

At-risk patient populations: identify patient populations at risk for developing hemorrhagic or thrombotic phenotypes related to fibrinolytic dysfunction.

Diagnostics and therapeutics: develop diagnostics and drugs or other therapies to mitigate or prevent fibrinolytic dysfunction during ECMO.
monitoring and tailored therapeutic interventions complicated by
the variability in patient responses. Elucidating the underlying
mechanisms by which these forces induce coagulopathy will require
sophisticated in vitro and in vivo models that accurately replicate
human physiology across the lifespan. Preclinical animal models
replicating the age-related differences in the neonatal and infant
coagulant require significant resources and support.100 Developing
biocompatible ECMO circuit materials and advanced monitoring
technologies remain a critical gap. Finally, the heterogeneity of the
patient population treated with ECMO presents challenges to
clinical trial design that requires use of novel and sophisticated trials
that account for heterogeneity of treatment effect and use tools
such as adaptive design to tackle this complex problem.118 Ulti-
mately, advancing translational and clinical knowledge necessitates
a multidisciplinary research approach with insights from hematol-
ogy, critical care medicine, cardiology physicians, and translational
scientists with expertise in cell biology, pharmacology, bioengi-
neering, and other disciplines, as shown in Table 1.

Conclusions

The workshop on ECMO-related coagulopathy convened, leading
experts to address the multifaceted challenges of managing
coagulation disorders in patients on ECMO. Discussions high-
lighted the critical need for standardized definitions and protocols,
the development of advanced monitoring and diagnostic tools, and
the exploration of novel anticoagulation strategies. Emphasis was
placed on using “omics” technologies to identify and validate bio-
markers, improving animal models to support novel therapeutic and
device development, and fostering interdisciplinary collaboration.
The workshop underscored the importance of adaptive clinical
trials and innovative engineering approaches to enhance ECMO
therapy for patients of all ages. Key opportunities and future
directions were identified to drive research and improve clinical
outcomes, ensuring that advancements in ECMO technology and
protocols are informed by robust scientific evidence tailored to
diverse patient populations. Table 2 lists key opportunities and
future directions for consideration.
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