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Highlights

What are the main findings?

e  Pediatric ECMO-associated dyshemostasis is a dynamic network disorder arising from
interactions among developmental hemostasis, endothelial dysfunction, coagulation,
fibrinolysis, inflammation, and circuit-related perturbations.

e Bleeding, thrombosis, and mixed manifestations reflect evolving clinical states of
Integrated Hemostatic Network dysfunction, shaped by patient-specific factors and
circuit-related processes rather than anticoagulation intensity alone.

What are the implications of the main findings?

e  The Integrated Hemostatic Network provides a unified conceptual framework for in-
terpreting ECMO-associated dyshemostasis beyond isolated laboratory abnormalities
and anticoagulation targets.

e Integrating clinical assessment, conventional and functional hemostatic testing, de-
velopmental context, and circuit evaluation may support individualized, mechanism-
directed management and serial reassessment.

Abstract

Pedjiatric extracorporeal membrane oxygenation (ECMO) is associated with complex hemo-
static disturbances arising from interactions among blood—circuit interfaces, developmental
hemostasis, endothelial dysfunction, coagulation, fibrinolysis, inflammation, and disease-
and treatment-related factors. Conventional approaches focused on individual laboratory
abnormalities may not adequately capture this complexity. This review proposes the Inte-
grated Hemostatic Network (IHN) as a unified conceptual framework for understanding
ECMO-associated dyshemostasis and informing precision hemostatic management. This
narrative review synthesized literature identified iteratively through PubMed searches ad-
dressing pediatric ECMO hemostasis and related mechanistic and clinical domains. Priority
was given to pediatric studies, prospective comparative studies, randomized trials, system-
atic reviews, and consensus or guideline documents. Adult and non-ECMO evidence was
considered when relevant pediatric data were limited. The evidence was integrated across
developmental hemostasis, blood—circuit interactions, platelet and von Willebrand factor
biology, coagulation and anticoagulant pathways, fibrinolysis, endothelial dysfunction,
inflammation, complement activation, and hemolysis, with implications for multimodal
monitoring and individualized management. The evidence supports a systems-level inter-
pretation of pediatric ECMO-associated dyshemostasis, in which interacting determinants
evolve over time. Bleeding, thrombosis, and their coexistence may arise from overlapping
disturbances rather than isolated abnormalities or anticoagulation intensity alone. Three
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proposed working hemostatic states—bleeding-predominant, thrombosis-predominant,
and mixed bleeding-thrombotic—provide a conceptual structure for clinical assessment
and therapeutic reasoning but are not validated biological categories, prediction models, or
treatment algorithms. The IHN integrates developmental and clinical context, laboratory
and functional assessment, anticoagulant effects, and patient and circuit findings to support
longitudinal interpretation beyond isolated laboratory targets. By explicitly integrating
these interacting determinants and their temporal evolution, the IHN provides a unified
conceptual architecture for understanding pediatric ECMO-associated dyshemostasis. Its
clinical utility requires prospective multicenter evaluation to establish reproducibility and
determine whether its application improves patient-centered outcomes.

Keywords: pediatric ECMO; Integrated Hemostatic Network; dyshemostasis; hemostasis;
anticoagulation; thromboinflammation; bleeding; thrombosis; precision hemostasis

1. Introduction

Extracorporeal membrane oxygenation (ECMO) provides life support for neonates
and children with refractory respiratory or circulatory failure but remains associated with
substantial morbidity and mortality, including neurological injury [1-4]. Blood—circuit
interactions and mechanical forces activate coagulation, platelets, complement, leukocytes,
and endothelial pathways, contributing to the hemostatic and inflammatory disturbances
associated with ECMO [5,6].

ECMO-associated dyshemostasis cannot be adequately described as a uniform “ECMO
coagulopathy.” Developmental factors, underlying disease, systemic inflammation, hemol-
ysis, anticoagulation, and circuit characteristics interact dynamically, producing bleeding,
thrombosis, or both [7-10]. Although established biological models and pediatric ECMO
guidance support a multifactorial understanding and multimodal assessment, they do not
provide an explicit systems-level architecture linking these determinants to the evolving
clinical expression of dyshemostasis [11-13].

This review proposes the Integrated Hemostatic Network (IHN), a conceptual frame-
work that explicitly integrates developmental, biological, laboratory, functional, clinical,
and circuit determinants and their temporal interactions. Its novelty lies not in recognizing
the multifactorial nature of dyshemostasis or the value of multimodal monitoring, but in
organizing these interconnected elements into a unified and potentially testable framework.
The IHN encompasses platelet—-von Willebrand factor-endothelial biology, coagulation and
endogenous anticoagulant mechanisms, fibrinolysis, blood—circuit interactions, mechanical
forces, hemolysis, complement, innate immunity, and inflammation. Developmental stage,
underlying disease, procedures, ECMO configuration, and therapies may modify their
relative contributions over time.

The framework proposes three working hemostatic states—bleeding-predominant,
thrombosis-predominant, and mixed bleeding—thrombotic—to organize the clinical as-
sessment of dyshemostasis. These remain unvalidated constructs rather than established
biological categories, prediction models, or treatment algorithms. Their reproducibility,
biological basis, relationship to outcomes, and clinical utility require investigation. This
review examines the biological basis of the IHN, ECMO-associated disturbances, their
clinical manifestations, and the potential integration of multimodal assessment to inform
individualized hemostatic management.
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2. Literature Identification and Evidence Synthesis

This article is a narrative review developed to provide a conceptual synthesis of dyshe-
mostasis during pediatric ECMO and to propose the Integrated Hemostatic Network (IHN)
framework. The literature was identified iteratively through PubMed searches addressing
the principal domains of the review, including pediatric ECMO hemostasis, develop-
mental hemostasis, coagulation, platelet and von Willebrand factor biology, endothelial
dysfunction, thromboinflammation, fibrinolysis, hemolysis, anticoagulation monitoring,
transfusion, and circuit-related hemostatic disturbances. Initial references included the
literature underlying the institutional pediatric ECMO hemostasis protocol and were sup-
plemented by targeted searches addressing specific mechanistic and clinical questions that
emerged during development of the review. Reference lists of relevant publications were
also examined to identify additional pertinent studies.

Priority was given to pediatric ECMO studies and, when available, prospective com-
parative studies, randomized trials, systematic reviews, and consensus or guideline docu-
ments. Adult ECMO and non-ECMO studies were included when they provided relevant
mechanistic or methodological evidence; their indirect applicability to pediatric ECMO was
considered during synthesis. Because this was a narrative rather than systematic review, no
exhaustive study-level search or formal risk-of-bias assessment was performed. Evidence
was interpreted according to study design, population, biological or clinical context, and
relevance to pediatric ECMO, with attention to distinguishing established findings from ob-
servational associations, mechanistic evidence, and expert consensus. Conceptual elements
of the IHN framework were identified separately from directly supported clinical evidence.

3. Physiology and Ontogeny of the Integrated Hemostatic Network

Hemostasis is a dynamic, spatially organized process that preserves blood fluidity
while enabling localized clot formation, stabilization, and resolution. It depends on coor-
dinated interactions among the endothelium and von Willebrand factor (vWF), platelets,
coagulation and endogenous anticoagulant systems, and fibrinolysis [14-17]. Rather than
functioning as isolated pathways, these components operate as an integrated biological
system regulated by blood flow, cellular interactions, and inflammatory signaling.

The endothelium regulates this equilibrium by limiting platelet activation and coagu-
lation under physiological conditions while supporting appropriate fibrinolysis. Vascular
injury disrupts this balance, enabling vWF-mediated platelet adhesion and tissue factor-
dependent coagulation, while activated platelets provide a surface for coagulation reactions
and thrombin links platelet activation, coagulation, and fibrin formation [18-22]. Coagula-
tion is also functionally coupled to inflammation and innate immunity, with tissue injury,
infection, and exposure to artificial surfaces capable of activating endothelial, platelet,
coagulation, complement, and inflammatory pathways [23,24]. The IHN therefore en-
compasses vascular, hemostatic, inflammatory, and immune processes that collectively
influence hemostatic balance.

Ontogeny as a Modifier of the Integrated Network

The components of the IHN undergo substantial developmental changes from fetal
life through childhood and adolescence. Developmental hemostasis reflects age-dependent
differences in procoagulant and anticoagulant proteins, platelet biology, endothelial path-
ways, and fibrinolysis and represents a developmentally regulated equilibrium rather than
simply an immature form of adult hemostasis [25-28].

Developmental stage may modify multiple components of the IHN simultaneously.
Neonates and young infants differ from older children in coagulation-factor concentrations,
endogenous anticoagulant pathways, platelet biology, and fibrinolysis [25-28]. In parallel,
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the impact of ECMO exposure is influenced by body size, circuit surface area, priming
volume, and the ratio between extracorporeal and circulating blood volume [29]. Critical
illness, inflammation, infection, surgery, trauma, transfusion, and organ dysfunction may
further perturb this developmentally regulated system [29].

The principal developmental modifiers and their potential relevance to pediatric
ECMO are summarized in Table 1.

Table 1. Developmental modifiers of the Integrated Hemostatic Network and their relevance to

pediatric ECMO.
Domain Developmental or Clinical Consideration Potential Relevance to Pediatric ECMO
Concentrations of several coagulation factors
vary with developmental stage. Vitamin Alters the baseline sensitivity and reference
Coagulation K-dependent factors and contact-pathway intervals of conventional assays (PT, aPTT, and
factors factors are relatively low at birth, whereas factor ~ TT), potentially mimicking or masking
VIII and von Willebrand factor are generally circuit-induced factor consumption.
preserved or elevated
Antithrombin and proteins C and S are
physiologically reduced in neonates compared . .
with adults, but their developmental trajectories zivifir?sr;ftlifggeﬁz;f: m:z(i?lfll:relnce the
differ: antithrombin approaches adult levels pot &t /P y
Endogenous ) . - heparin, whose activity depends on
. during early infancy, whereas proteins C and S . . . .
anticoagulant mature more eradually throushout childhood antithrombin. Anticoagulation measurements
pathways . & Y & ’ should be interpreted in the context of
These differences contribute to the developmental hemostasis and assa
developmentally balanced neonatal hemostatic charactiris tics y
system and may influence the response to ’
anticoagulant therapy during ECMO
Platelet number is generally adequate at birth,
although platelet responsiveness differs from Stand.ard platelet counts un(.ierrepres-e nt
that of adults. Higher von Willebrand factor functional hemostatic capacity, especially as
Platelet biology . . . . mechanical shear stress from the circuit
concentrations and differences in its multimer selectively depletes high-molecular-weisht
distribution may partly compensate for reduced y oep & &
. vWEF multimers.
responses to some platelet agonists
Developmental differences in fibrinolytic
Plasminogen concentrations are relatively low at rTgUIatl(?? may mflgeﬁce f1br1p persistence and
birth, while t-PA and PAI-1 levels and activity clot stability, Ppotentially cont'nbutmg to
vary with developmental age. These differences oxygenator .ﬁb.rm ac.cgmulatlon Whe?
o . . fibrinolysis is insufficient or to bleeding when
Fibrinolysis may alter the balance between plasmin

generation and inhibition, although their net
effect on fibrinolytic capacity cannot be inferred
from individual components alone

fibrin degradation is excessive. The clinical
expression depends on the interaction between
developmental hemostasis, ECMO-associated
coagulation and inflammatory disturbances,
and anticoagulant therapy.

Patient—circuit
relationship

Body size, circuit surface area, priming volume,
and the ratio of extracorporeal to circulating
blood volume vary with patient size

Causes profound immediate hemodilution
upon cannulation—abruptly diluting clotting
factors and platelets—while amplifying contact
activation per unit of blood exposed.

4. Pathobiology of ECMO-Associated Dyshemostasis

ECMO-associated dyshemostasis reflects the dynamic interaction between extracor-
poreal exposure and the patient’s underlying biological state. Rather than producing a
uniform “ECMO coagulopathy,” ECMO perturbs multiple interconnected components of
the IHN, with the magnitude and direction of these effects changing over time. These

https:/ /doi.org/10.3390/children13101441


https://doi.org/10.3390/children13101441

Children 2026, 13, 1441

5 of 36

effects may act in opposing directions, allowing prothrombotic stimuli to coexist with
impaired effective hemostasis.

4.1. Blood—Circuit Interaction, Mechanical Stress, and Thromboinflammation

The extracorporeal circuit continuously exposes blood to non-endothelialized surfaces
and altered flow conditions. Adsorption of plasma proteins to artificial materials creates
a biologically active blood-surface interface involving platelet, coagulation, complement,
and inflammatory pathways, while pumps, cannulae, oxygenators, circuit geometry, and
flow conditions further modify blood and cellular behavior [30,31].

Altered shear is particularly relevant to the vWF-platelet axis. Excessive or sus-
tained shear may promote loss of high-molecular-weight vWF multimers and contribute
to acquired von Willebrand syndrome, impairing primary hemostasis [32,33]. Mechanical
exposure may also activate platelets while altering receptor and signaling function and
contributing to platelet consumption and dysfunction [34,35]. Thus, platelet activation and
impaired platelet-mediated hemostasis may coexist during ECMO.

These circuit-derived perturbations occur within a host environment already shaped
by critical illness. Inflammation, hypoxemia, ischemia—reperfusion injury, infection, tissue
injury, and the underlying endothelial state may modify the response to extracorporeal
exposure, while interactions among endothelial, platelet, coagulation, complement, and
inflammatory pathways may sustain thromboinflammatory activity [23,24].

4.2. Hemolysis, Fibrinolysis, and Hemostatic Reserve

Mechanical erythrocyte injury releases cell-free hemoglobin, heme, and other products
that may alter endothelial, platelet, vascular, and inflammatory biology [36,37]. Hemol-
ysis may therefore represent both a marker of mechanical blood trauma and a potential
contributor to the dyshemostatic environment.

Fibrinolytic regulation is influenced by coagulation activation, endothelial and inflam-
matory signaling, and the underlying disease state [38]. Alterations in fibrinolytic and
related markers have been described in pediatric ECMO, while prospective adult data sug-
gest an association between fibrinolytic abnormalities and bleeding complications [39,40].
These findings support the concept that fibrinolysis may shift toward either excessive
fibrin breakdown or impaired fibrin clearance during ECMO, with the balance changing
over time.

Continuous circuit exposure, bleeding, platelet activation and consumption, and
coagulation-factor depletion may progressively reduce hemostatic reserve [41,42]. Hemo-
static reserve refers to the remaining quantitative and functional capacity to maintain
effective hemostasis under ongoing biological and mechanical stress.

4.3. Anticoagulation Within the Dyshemostatic Network

Systemic anticoagulation is necessary because the extracorporeal circuit provides a
persistent nonphysiological surface that promotes coagulation activation and thrombosis.
However, anticoagulation primarily modulates the coagulation cascade and cannot cor-
rect disturbances involving platelet function, fibrinogen availability, endothelial integrity,
fibrinolysis, or inflammation [43,44]. Thus, thrombosis may develop despite apparently ad-
equate anticoagulation, whereas clinically significant bleeding may occur without excessive
anticoagulant effect [45].

4.4. Dynamic Network Perturbation

The magnitude and direction of ECMO-associated dyshemostasis are influenced by de-
velopmental stage, ECMO configuration, underlying disease, preceding cardiopulmonary
bypass, cannulation approach, circuit characteristics, circuit-to-patient size relationship,
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duration of support, inflammatory and endothelial states, mechanical forces, organ dys-
function, and therapeutic interventions. These factors modify network behavior, and their
relative contribution may change throughout ECMO support.

Consequently, bleeding and thrombosis may occur separately, sequentially, or simulta-
neously, involving the patient, the circuit, or both. The clinical expression of dyshemostasis
may evolve as the relative contribution of individual network components and modifiers
changes over time.

5. Proposed Clinical Hemostatic States in ECMO-Associated Dyshemostasis

ECMO-associated dyshemostasis may be clinically expressed through three proposed
working hemostatic states: bleeding-predominant, thrombosis-predominant, and mixed
bleeding—thrombotic. These states provide a pragmatic framework for integrating clinical
manifestations, laboratory and functional hemostatic findings, and patient- and circuit-
related factors to characterize the prevailing clinical expression of dyshemostasis. By
contextualizing these findings within the Integrated Hemostatic Network, the framework
supports interpretation of the underlying hemostatic disturbances, assessment of their
clinical implications, and longitudinal reassessment to inform surveillance, preventive
measures, and individualized management. The states are dynamic and context-dependent,
and patients may transition between them as their clinical condition and hemostatic balance
evolve. They represent conceptual clinical constructs rather than validated biological
categories or predictive tools.

5.1. Thrombosis-Predominant Hemostatic State

The thrombosis-predominant state describes situations in which thrombogenicity or
established thrombosis is the principal current clinical concern. It may arise from patient-
or circuit-related prothrombotic factors, coagulation activation, inadequate anticoagulant
effect, low-flow or stasis conditions, progressive circuit or oxygenator thrombus formation,
patient thrombosis, or an evolving thrombotic trajectory [10,45].

Potential contributing mechanisms include persistent thrombin generation, platelet
activation, endothelial disturbance, impaired endogenous anticoagulant mechanisms, al-
tered fibrinolysis, complement activation, inflammation, hemolysis, and circuit-related
blood trauma.

Thrombosis should not automatically be interpreted as evidence of inadequate antico-
agulation. Patient- and circuit-related contributors should be assessed before increasing
anticoagulant intensity, particularly when a reversible source of thrombogenicity can
be identified.

5.2. Bleeding-Predominant Hemostatic State

The bleeding-predominant state describes situations in which bleeding susceptibility
or established bleeding is the principal current clinical concern. It may be recognized before
overt bleeding when clinical characteristics, acquired risk factors, objective hemostatic
abnormalities, or trajectory indicate substantial bleeding vulnerability [10,45].

Potential contributing mechanisms include thrombocytopenia or platelet dysfunction,
acquired von Willebrand abnormalities, hypofibrinogenemia, coagulation-factor depletion,
dysregulated fibrinolysis, endothelial injury, hemodilution, and anticoagulant effect. When
bleeding occurs, these mechanisms should be considered together with its severity, tra-
jectory, source, and relationship to procedures or ECMO rather than attributing bleeding
automatically to excessive anticoagulation.

Neonatal or preterm status, recent cardiopulmonary bypass or major surgery, post-
cardiotomy ECMO, and anticipated high-risk invasive procedures may substantially in-
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crease bleeding vulnerability [25-29,45,46]. These contexts may therefore influence clini-
cal assessment even before overt bleeding or a single diagnostic laboratory abnormality
becomes apparent.

5.3. Mixed Bleeding—Thrombotic Hemostatic State

The mixed bleeding—thrombotic state describes situations in which bleeding vulnera-
bility or bleeding and thrombogenicity or thrombosis are simultaneously relevant to clinical
management. It may present as concurrent manifestations, such as active bleeding with
progressive circuit thrombosis, or as objective evidence of processes favoring both bleeding
and thrombosis before overt complications develop [10,45].

This state reflects the coexistence of mechanisms that impair effective hemostasis and
those that promote thrombosis, including platelet dysfunction or activation, platelet con-
sumption, endothelial injury, coagulation activation, depletion or dysfunction of coagula-
tion factors and fibrinogen, altered fibrinolysis, inflammation, hemolysis, and circuit-related
blood trauma.

The mixed state should not be interpreted simply as a rationale for selecting an
intermediate anticoagulation target. Instead, the mechanisms and trajectories contributing
to both processes should be assessed in parallel, with attention to reversible contributors
and avoidance of additional bleeding, thrombotic, or circuit-related harm.

Figure 1 provides a visual synthesis of the Integrated Hemostatic Network framework
and its relationship to the prevailing clinical hemostatic state.

Integrated Hemostatic Network in Pediatric ECMO

Components, Modifiers, and Clinical Hemostatic States

KEY MODIFIERS Components of the Integrated CLINICAL HEMOSTATIC STATES

Underlying Disease >
and Clinical Context =SS S

ECMO-Related

and Therapies
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Figure 1. Integrated Hemostatic Network in Pediatric ECMO: components, modifiers, and clinical
hemostatic states. The network integrates platelet, endothelial, coagulation, fibrinolytic, inflamma-
tory /complement, hemolytic, and circuit-related components. Key modifiers include developmental
factors, underlying disease and clinical context, procedural and mechanical factors, ECMO-related
factors, and medications and therapies. The resulting clinical expression is represented as bleeding-
predominant, thrombosis-predominant, or mixed bleeding—thrombotic states.

5.4. From Hemostatic-State Recognition to Integrated Assessment

Hemostatic risk, dyshemostatic processes, and clinical hemostatic states are related
but distinct concepts. Hemostatic risk may be substantial before an overt bleeding or
thrombotic complication develops, whereas dyshemostatic processes and their clinical
expression may evolve over time in response to changes in circuit condition, inflammation,
hemolysis, surgery, transfusion, organ function, anticoagulation, and recovery from the
underlying disease [45].
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Characterization of the prevailing hemostatic state provides a framework for organiz-
ing clinical assessment and determining monitoring needs. Laboratory, viscoelastic, clinical,
and circuit findings should therefore be interpreted together to characterize the prevailing
state and its potential mechanisms [12,13,45]. Because the state is dynamic, reassessment is
required when clinically important changes occur.

6. Precision Monitoring of Dyshemostasis During Pediatric ECMO

Precision monitoring during pediatric ECMO requires integration of developmental
and clinical context, patient- and circuit-related findings, anticoagulant effect, functional
hemostatic measurements, and the trajectory of bleeding or thrombosis. The objective is
not simply to obtain multiple laboratory measurements, but to characterize the prevail-
ing hemostatic state, identify potentially relevant mechanisms, and recognize clinically
meaningful changes over time. The interpretation of individual measurements therefore
depends on the context in which they are obtained.

6.1. Clinical and Developmental Context

Neonates and preterm infants have a developmentally distinct hemostatic system,
while their smaller circulating blood volume and the relationship between circuit volume
and patient blood volume may further influence the biological and clinical effects of ECMO
exposure [25-29]. Recent cardiopulmonary bypass is also associated with reductions in
platelet count, fibrinogen concentration, and related functional measures in children and
represents an important bleeding-risk context for postcardiotomy ECMO [46]. Current
pediatric consensus similarly emphasizes assessment of coagulation status before major or
high-risk procedures during ECMO [13,47].

These factors should therefore be considered modifiers of monitoring interpretation,
rather than separate laboratory abnormalities. The same result may have different clinical
significance in a stable older child, a neonate, a patient immediately after CPB, or a patient
undergoing a high-risk procedure.

6.2. Laboratory and Functional Assessment

The principal modalities used during pediatric ECMO are summarized in Table 2.
Their roles are complementary: anticoagulation assays primarily estimate drug effect,
whereas VET, platelet and fibrinogen measurements, and clinical and circuit assessment pro-
vide additional information about hemostatic competence and the consequences of dyshe-
mostasis.

Table 2. Laboratory and functional markers for precision monitoring of dyshemostasis during
pediatric ECMO.

Monitoring Primary Information Important Limitations Potential Contribution to
Modality Provided P Monitoring
Not specific for UFH; affected by Provides rapid bedside

Activated clotting
time (ACT)

Whole-blood assessment
of clot initiation;
commonly used for
bedside UFH monitoring

thrombocytopenia, platelet
dysfunction, hypofibrinogenemia,
coagulation-factor deficiencies,
hypothermia, hemodilution, anemia,
inflammation, and assay
characteristics

information on clot initiation
but should be interpreted
with complementary
laboratory and clinical
findings
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Table 2. Cont.

Monitoring Primary Information T Potential Contribution to
. . Important Limitations .

Modality Provided Monitoring

Functional assessment of  Strongly influenced by reagent, . .

L o Provides an estimate of

. . intrinsic/common platform, and calibration; affected by .
Activated partial . ! L anticoagulant effect but
. coagulation pathways; coagulation-factor deficiencies or : e
thromboplastin S . . requires assay-specific
. commonly used for UFH  consumption, inflammation, liver . . .

time (aPTT) interpretation and correlation

and bivalirudin
monitoring

dysfunction, hemodilution, inhibitors,

. ith oth
and developmental hemostasis With other meastres

Anti-factor Xa

Relatively direct estimate
of UFH activity through
inhibition of factor Xa

Depends on antithrombin availability
and assay methodology; may be
affected by hemolysis,
hyperbilirubinemia,
hypertriglyceridemia, and
preanalytical or platform-specific
factors; does not assess global
hemostasis

Helps characterize UFH effect
but should not be interpreted
as a measure of overall
hemostatic competence

Heparin
concentration

Estimate of circulating
heparin exposure

May provide complementary
information when
anticoagulation assays are
discordant

Does not necessarily reflect biological
anticoagulant effect; methods may
not be interchangeable

Viscoelastic testing

Dynamic whole-blood
assessment of clot

Pediatric ECMO thresholds are not
standardized; results depend on
platform, reagents, sampling and

Provides functional
information on clot formation,

(VET; initiation, propagation, reanalvtical conditions platelet-fibrin interaction, and
TEG/ROTEM) strength, stability, and S Y . fibrinolysis that complements
lysis evelopn}e.nfcal hemostasis, and plasma-based assays
reproducibility
Interpretation requires comparison
T with the corresponding native assay; May help determine whether
EeEpl:fEZ[sé- ﬁ}igfi’jﬁ;ﬁ:;gﬁ;ﬁlgfn does not independently characterize delayed clot initiation is
modified VET heparin effect overall hemostatic competence; substantially attributable to
pediatric ECMO-specific therapeutic heparin effect
thresholds are not established
FIBTEM/ Estimates the contribution Does not independently characterize Helps distinguish impaired
functional of fibrin to whole-blood platelet contribution or overall fibrin contribution from
fibrinogen clot firmness hemostatic competence; platelet-related or other causes
platform-specific of reduced clot strength
Influenced by platform, reagent, May identify altered
VET lysis Assess clot stability and ~ sampling, and analytical conditions; fibrinolysis not captured by
parameters fibrinolytic activity pediatric ECMO thresholds remain  conventional coagulation

insufficiently established assays

Platelet count

Quantifies circulating
platelets

Provides quantitative
information that should be
interpreted in relation to
potential mechanisms of
platelet loss and clinical
context

Does not assess platelet function;
thrombocytopenia may coexist with
qualitative dysfunction

Platelet function
testing

Assesses selected aspects
of platelet activation and
function

Aggregometry, flow cytometry, and
platelet-mapping techniques
interrogate different aspects of
platelet biology and are not
interchangeable; availability is
limited

May identify qualitative
platelet dysfunction not
apparent from platelet count
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Table 2. Cont.

Monitoring Primary Information Important Limitations Potential Contribution to
Modality Provided P Monitoring
Quantifies fibrinogen
o e . Does not directly assess the concentration,
Fibrinogen Quantifies circulating : D o P
concentration fibrinogen functional contribution of fibrinogen complementing fibrin-based
& to whole-blood clot strength VET parameters and clinical
assessment
o Limited utility for UFH monitoring; May identify clinically
Assesses extrinsic and affected by factor deficiency, liver .
. N relevant coagulation-factor
PT/INR common-pathway dysfunction, vitamin K status, abnormalitios rather than
coagulation activity hemodilution, and assay side UFH dosin
characteristics & &
Provides complementary  Limited availability; calibration and .

. ’ . May provide complementary
dTT/plasma- assessment of direct methodology vary; therapeutic information when monitorin
diluted thrombin  thrombin inhibitor effect, ranges and outcome-based targets o ! &

. . X o . : bivalirudin, particularly when
time particularly when aPTT is remain insufficiently established; APTT is discordant

discordant results may be discordant with aPTT
Calibration, availability, and .
. e ., . May provide a

T Drug-calibrated methodology vary; optimal pediatric .
Bivalirudin- assessment of bivalirudin ECMO therapeutic ranges and drug-calibrated assessment of
calibrated dTT P & bivalirudin effect in selected

anticoagulant effect

outcome-based targets remain

unestablished

settings

Ecarin-based
assays

Mechanistically specific
assessment of direct
thrombin inhibition

Limited availability, lack of

standardization, and sparse pediatric

ECMO outcome data

May provide complementary
assessment of DTI effect when
available

Clinical and circuit
assessment

Detects bleeding,
thrombosis, circuit fibrin
deposition, oxygenator
dysfunction, flow
abnormalities, hemolysis,
and evolving clinical
manifestations

Context-dependent and cannot
independently define the underlying

hemostatic mechanism

Establishes the clinical
relevance and trajectory of
laboratory and functional
abnormalities and
distinguishes patient- from
circuit-related manifestations

No individual modality provides a complete assessment of hemostasis during pediatric ECMO.
Interpretation should consider developmental stage, underlying disease, ECMO configuration, recent
surgery or cardiopulmonary bypass, anticoagulant exposure, clinical manifestations, and patient-
and circuit-related findings. VET and DTI-monitoring approaches remain incompletely standardized
in pediatric ECMO, and no single assay or numerical value has been established as a universal
therapeutic target.

6.2.1. Conventional Anticoagulation Assays

ACT provides rapid whole-blood information on clot initiation but is not specific
for UFH and is influenced by platelet count and function, fibrinogen, coagulation factors,
temperature, hemodilution, anemia, inflammation, and assay characteristics [12,48,49]. It
should therefore be interpreted as a measure of clot initiation rather than a direct measure
of heparin effect.

aPTT is widely used to monitor UFH and is also frequently used for bivalirudin.
However, its relationship with anticoagulant activity is not fixed and depends on
reagent and platform characteristics, calibration, and the patient’s underlying hemo-
static status [12,43,50]. Coagulation-factor deficiencies or consumption, inflammation,
liver dysfunction, hemodilution, inhibitors, and developmental hemostasis may alter
aPTT independently of anticoagulant exposure or modify its response to treatment. Con-
sequently, aPTT should be interpreted using assay-specific institutional targets and in
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conjunction with clinical findings and complementary measures of anticoagulant effect and
hemostatic competence.

Anti-Xa provides a relatively direct estimate of UFH activity through inhibition of
factor Xa by the UFH-antithrombin complex. Its interpretation depends on antithrombin
availability and assay methodology [51,52]. Assay configurations also differ in whether
antithrombin is supplemented exogenously, which can influence measured anti-Xa activity
and complicate comparisons across platforms [43,51]. Chromogenic measurements may
be affected by hemolysis, hyperbilirubinemia, hypertriglyceridemia, and other preanalyti-
cal or platform-specific factors [12,53]. Anti-Xa reflects UFH activity rather than overall
hemostatic competence.

Heparin concentration provides an estimate of circulating heparin exposure but does
not necessarily reflect biological anticoagulant effect, and methods are not directly inter-
changeable [54]. It may therefore provide complementary information when conventional
anticoagulation assays are discordant.

6.2.2. Viscoelastic Testing

Viscoelastic testing (VET), including TEG and ROTEM, provides a dynamic whole-
blood assessment of clot initiation, propagation, strength, stability, and lysis. It incorpo-
rates contributions from fibrin and platelets and can therefore complement plasma-based
coagulation assays. Pediatric ECMO evidence remains limited and heterogeneous, with in-
terpretation influenced by age, clinical condition, ECMO configuration, platform, reagents,
sampling and preanalytical conditions [55-59]. Reproducibility is also an important limita-
tion, and universal pediatric ECMO thresholds or VET-guided anticoagulation algorithms
have not been established.

FIBTEM or functional fibrinogen assays may help characterize the contribution of
fibrin to reduced clot firmness, while heparinase-modified assays may help assess the
contribution of heparin to delayed clot initiation. VET findings should nevertheless be
interpreted as complementary functional information rather than as automatic indications
for anticoagulant adjustment [12,43,59].

The principal value of VET within the IHN is therefore its ability to identify functional
patterns that may help explain abnormalities detected by conventional assays—for example,
distinguishing impaired clot strength from isolated prolongation of clot initiation—rather
than providing a standalone therapeutic target.

6.2.3. Platelet, Fibrinogen, and PT/INR Assessment

Platelet count provides quantitative information but does not characterize platelet
function. Thrombocytopenia may coexist with qualitative dysfunction related to circuit-
associated shear and blood—surface interactions [34,35]. Functional methods such as aggre-
gometry, flow cytometry, and platelet-mapping techniques may provide complementary
information when available, but they interrogate different aspects of platelet biology and
should not be considered interchangeable [60,61].

Acquired von Willebrand abnormalities may further impair platelet adhesion through
loss of high-molecular-weight vVWF multimers under high shear [32,62]. Importantly, vWF
antigen concentration, functional activity, and high-molecular-weight vWF multimers
distribution represent distinct measures and should not be conflated.

Plasma fibrinogen concentration provides quantitative information, whereas fibrin-
based VET measures assess the contribution of fibrin to whole-blood clot firmness; these
measurements are therefore complementary rather than interchangeable [57,63,64].
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PT/INR primarily reflects extrinsic and common-pathway coagulation activity and
has limited utility for UFH monitoring. Abnormal results should be interpreted in relation
to potential coagulation-factor deficiency, liver dysfunction, vitamin K status, hemodilution,
and other relevant clinical circumstances rather than prompting reflexive modification of
UFH [12,43].

6.2.4. Monitoring Direct Thrombin Inhibitor Effect

Among direct thrombin inhibitors, bivalirudin is the principal DTI addressed in this
review and is increasingly used as an alternative to UFH in selected pediatric ECMO
patients [65]. Its antithrombin-independent inhibition of circulating and clot-bound throm-
bin may be particularly relevant when UFH is problematic because of heparin resistance,
antithrombin deficiency, or heparin-induced thrombocytopenia. Renal function, flow
conditions, low-flow or stagnant states, and interpatient variability may influence its
anticoagulant effect [66,67].

Monitoring remains challenging. aPTT is widely used but is influenced by coagulation-
factor concentrations, inflammation, inhibitors, heparin contamination, reagent characteris-
tics, and platform-specific factors, and no universal assay or therapeutic range has been
established [43,67].

Dilute thrombin time (dTT), including modified assays based on plasma dilution,
provides an alternative measure of DTI effect and may offer greater analytical sensitivity
and less susceptibility to some of the limitations of aPTT in selected settings [67,68]. Pedi-
atric mechanical circulatory support data demonstrate substantial discordance between
aPTT and bivalirudin-calibrated dTT. In one pediatric ECLS study, dTT correlated strongly
with ecarin chromogenic testing, whereas substantial discordance was observed between
dTT and heparinase-modified aPTT [68]. A subsequent pediatric VAD and ECMO cohort
further evaluated bivalirudin-calibrated dTT [69]. These findings support dTT as a poten-
tially useful complementary assay but do not establish an optimal therapeutic range or
demonstrate outcome benefit from dTT-guided therapy.

Ecarin-based assays provide a mechanistically specific approach to assessing direct
thrombin inhibition but have limited availability, methodological variability, and limited
pediatric ECMO outcome data [43,67,68].

Accordingly, when bivalirudin is used, the monitoring strategy should be selected
according to local laboratory capability and assay characteristics. Analytical performance
or correlation with drug concentration should not be equated with clinical outcome ben-
efit, and current pediatric ECMO evidence does not establish a preferred DTI assay or
therapeutic range [43].

6.3. Integrated Hemostatic Patterns

The added value of the IHN framework is not simply the use of multiple monitoring
modalities, but the interpretation of their relationships within a dynamic biological system.
No individual test provides a comprehensive representation of hemostasis during ECMO;
laboratory, functional, clinical, and circuit findings should therefore be interpreted as
interconnected signals rather than isolated abnormalities. Table 3 illustrates this distinction
by contrasting an assay-centered approach with an integrated interpretation based on
concordance, discordance, underlying mechanisms, clinical context, and temporal trajectory.
The table is intended as a conceptual framework for interpretation rather than a validated
diagnostic or treatment algorithm.
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Table 3. From Multimodal Monitoring to an Integrated Hemostatic Network Approach.

Conventional Multimodal Monitoring Integrated Hemostatic Network Approach

Combines complementary laboratory and Interprets complementary findings as interconnected manifestations of a

functional assays

dynamic biological network

Focuses primarily on individual Focuses on relationships, concordance, discordance, and temporal
measurements and predefined targets trajectories across measurements

Anti-Xa or aPTT assesses anticoagulant

effect

Discordance among assays prompts consideration of anticoagulant
exposure, antithrombin availability, coagulation-factor abnormalities,
inflammation, assay characteristics, and clinical context

Interprets thrombocytopenia according to potential
mechanisms—including consumption, hemodilution, bleeding,

Platelet count identifies thrombocytopenia inflammation, sequestration, and circuit-related activation—and in

relation to platelet function, vWF-endothelial interactions, anticoagulant
effect, circuit findings, and clinical trajectory

Fibrinogen concentration identifies

hypofibrinogenemia

Interprets fibrinogen abnormalities in relation to fibrin formation, clot
strength, and fibrinolysis, while considering consumption, dilution,
bleeding, inflammation, and coagulation activation

Interprets VET patterns as functional manifestations of interacting

VET characterizes clot initiation, strength, processes, such as impaired fibrin contribution, platelet dysfunction,

and lysis

anticoagulant effect, or combined abnormalities, in relation to clinical and
circuit findings

Circuit inspection identifies fibrin
deposition, thrombus formation, or other

circuit abnormalities

Distinguishes patient thrombosis, circuit fibrin deposition, oxygenator
dysfunction, and circuit thrombosis, and interprets each in relation to
anticoagulant effect, platelet and coagulation abnormalities, hemolysis,
inflammation, and clinical trajectory

An abnormal finding prompts further

assessment

Interprets the overall pattern in relation to mechanism, clinical context,
and trajectory to determine whether surveillance, reassessment, or
targeted intervention is warranted

The IHN approach is a conceptual framework for integrating heterogeneous laboratory, functional,
clinical, and circuit information. It is not a validated diagnostic or treatment algorithm.

6.4. Discordance Among Anticoagulation Assays

Discordance among ACT, aPTT, and anti-Xa may provide clinically useful information
because these assays are influenced by different biological and analytical factors. aPTT may
be affected by coagulation-factor abnormalities, consumption, hemodilution, developmen-
tal hemostasis, inflammation, inhibitors, acute-phase changes, and reagent- or platform-
specific characteristics. Anti-Xa is more directly related to UFH activity but depends
on antithrombin availability and assay methodology and may be affected by hemolysis,
hyperbilirubinemia, hypertriglyceridemia, and preanalytical factors [12,43,47,50-53].

Discordant results should therefore not automatically be interpreted as inadequate or
excessive UFH effect or used as a reflexive trigger for anticoagulant adjustment. Instead,
discordance should prompt consideration of its biological and analytical determinants and
correlation with other measures of hemostatic competence, clinical manifestations, and
circuit findings. Anticoagulation assays remain in-vitro surrogates and do not reproduce the
full interaction among blood, endothelium, inflammation, and the extracorporeal circuit.

6.5. Dynamic Integrated Monitoring

Integrated monitoring should be guided by the clinical trajectory rather than pre-
defined laboratory targets. New or worsening bleeding, thrombosis, circuit dysfunction,
major procedures, changes in anticoagulant requirements, hemolysis, or evolving organ
dysfunction should prompt reassessment. Interpretation should account for developmental
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stage, recent surgery or cardiopulmonary bypass, ECMO configuration, circuit-to-patient
size, and changes in the underlying disease [12,13,45,47].

Serial assessment is important because a single measurement provides only a cross-
sectional description of a dynamic system. Changes over time, concordance or discor-
dance among measurements, and new clinical or circuit findings may provide information
not captured by an isolated result. Laboratory and viscoelastic testing (VET) findings
should be interpreted alongside platelet and fibrinogen status and the clinical and circuit
trajectory [12,13].

Integrated monitoring does not require routine measurement of every IHN component.
Its principal value is interpretative: available measurements are considered as intercon-
nected signals within the same biological system, with reassessment guided by the evolving
clinical and circuit context.

7. Precision Hemostatic Management During Pediatric ECMO

Precision hemostatic management translates the integrated assessment of the pre-
vailing hemostatic state into mechanism-directed intervention. Rather than correcting
laboratory abnormalities in isolation, therapeutic decisions should target clinically rele-
vant disturbances while considering their potential effects on bleeding, thrombosis, and
circuit integrity.

The therapeutic approach should address the mechanisms identified through in-
tegrated assessment, with the choice and intensity of intervention determined by the
prevailing hemostatic state and the anticipated benefits and risks of treatment.

The principal therapeutic domains are:

Anticoagulant selection and intensity;

Targeted blood-component and hemostatic therapy;
Transfusion stewardship;

Circuit-directed management;

Management of systemic drivers of dyshemostasis;
Procedural and Surgical Source Control;
Minimization of iatrogenic hemostatic burden; and

PN WD

Serial reassessment and therapeutic adaptation.

These domains are complementary rather than sequential. Their relative importance
may change as the patient’s biological condition, circuit status, anticoagulant effect, and
clinical manifestations evolve.

7.1. Anticoagulant Selection and Intensity
7.1.1. Unfractionated Heparin Anticoagulation

Unfractionated heparin (UFH) remains the conventional first-line anticoagulant during
pediatric ECMO. Anticoagulation aims to limit clinically consequential patient and circuit
thrombosis while minimizing bleeding. Its intensity should be individualized through
integrated interpretation of anticoagulation assays, the clinical hemostatic state, and patient-
and circuit-related factors rather than determined by a single laboratory value [12,43].

When clinically significant bleeding develops, anticoagulant intensity should be re-
assessed in relation to bleeding severity and source, circuit function, and competing throm-
botic risk. Conversely, progressive thrombosis or circuit thrombogenicity should prompt
reassessment of anticoagulant effect and potentially reversible contributors before anticoag-
ulation is intensified [12,43].

The commonly used ELSO reference framework includes an anti-Xa range of approx-
imately 0.30-0.70 U/mL and an activated partial thromboplastin time (aPTT) range of
approximately 60-90 s [12]. These values should be regarded as reference ranges rather
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than universally validated pediatric therapeutic targets. The absence of a universal target
reflects developmental and clinical heterogeneity, differences in ECMO indications and
circuit conditions, and biological and analytical variability among anticoagulation assays.
Available pediatric evidence has not established that a single laboratory target consistently
optimizes bleeding and thrombotic outcomes across these diverse clinical settings [43,70].

Developmental stage is particularly relevant to anticoagulation because age-dependent
differences in endogenous anticoagulant pathways, coagulation-factor concentrations, and
the interpretation of conventional coagulation tests may influence assessment of UFH
effect. These differences do not, however, establish age-specific UFH dosing adjustments
or therapeutic targets. The principal developmental and clinical modifiers relevant to
anticoagulation are summarized in Table 4.

Table 4. Developmental and Clinical Modifiers Relevant to Anticoagulation During Pediatric ECMO.

Domain Developmental or Clinical Consideration Potential Relevance to Anticoagulation
Developmental differences may modify endogenous
Antithrombin and proteins C and S exhibit regulation of coagulation and the response to
Endogenous age-dependent concentrations and anticoagulant therapy. Reduced antithrombin
anticoagulant maturation trajectories, with particularly  availability may attenuate unfractionated heparin
pathways low levels during the neonatal period activity, while anticoagulation measurements require
,26]. interpretation in the context of developmenta
[25,26] interpretation in th text of developmental
hemostasis and assay characteristics.
. . Age-related baseline differences may affect
Coagulation Procoagulant-factor concentrations vary . . .
factors during development [25,26] conventional coagulation tests, particularly aPTT, and
e complicate interpretation of anticoagulant effect.
Antithrombin UFH activity depends on antithrombin Antithrombin activity may warrant assessment when
availabili availability [12] UFH responsiveness appears inadequate or
ty y ik anticoagulation measurements are discordant.
Body size and \]?(())1?1 };fézz’n irfﬁlé tres;tlit)fi)cfeeiﬁ:cg;lrgsgagl to The relative magnitude of circuit exposure may differ
circuit-to-patient circula ti,n blood volume var w?th atient 2CTOSS pediatric age and size groups and should
relationship size [29] & y P inform interpretation of the clinical context.
Clinical indication ECMO indication, bleeding or thrombotic ~Anticoagulation intensity should be individualized
and hemostatic manifestations, recent surgery, organ according to the evolving clinical state and competing
state function, and circuit conditions vary among bleeding and thrombotic risks rather than
patients [12,43]. developmental stage alone.

The interpretation of UFH monitoring requires consideration of the biological and
analytical limitations of each assay. Anti-Xa activity, aPTT, activated clotting time, and
viscoelastic testing provide different, partially overlapping information and are not inter-
changeable. Discordance between measurements should prompt assessment of preanalyti-
cal factors, assay characteristics, antithrombin availability, coagulation-factor concentra-
tions, inflammation, hemolysis, and other patient-specific influences before treatment is
adjusted [12,43,47,50-53].

When anticoagulation measurements are discordant, their interpretation should ac-
count for the biological processes measured by each assay and the limitations of the avail-
able methods. For example, a low anti-Xa result accompanied by a prolonged aPTT does not
necessarily indicate insufficient UFH effect. Antithrombin availability, coagulation-factor
concentrations, inflammation, hemolysis, and assay-specific interference may contribute
to this pattern. Similarly, progressive circuit thrombosis despite apparently adequate
anticoagulation should prompt evaluation of flow, stasis, cannula configuration, and me-
chanical integrity rather than automatic escalation of UFH [12,43,47,50-53]. The clinical
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application of these principles requires integrating anticoagulation measurements with the
patient’s hemostatic state and circuit findings. Table 5 summarizes clinical contexts that
should prompt reassessment of UFH anticoagulation intensity and the key considerations
to address before modifying treatment.

Table 5. Clinical Contexts Prompting Reassessment of UFH Anticoagulation Intensity.

Clinical Context

Considerations Before Modifying UFH Intensity

Clinically significant bleeding

Reassess anticoagulant effect and monitoring-assay validity, including
antithrombin availability when relevant to UFH activity. Evaluate circuit flow
and stasis, cannula position, evidence of circuit dysfunction or thrombus
progression, hemolysis, and ongoing coagulation or platelet activation.
Integrate these findings to identify potentially correctable contributors before
adjusting anticoagulation intensity.

Stable clinical course

Maintain the institutionally established anticoagulation strategy and
monitoring plan, with serial integration of laboratory, clinical, and circuit
findings and reassessment if the clinical trajectory changes.

Progressive patient or circuit

thrombosis

Reassess anticoagulant effect and monitoring-assay validity, including
antithrombin availability when relevant to UFH activity. Evaluate circuit flow
and stasis, cannula position, evidence of circuit dysfunction or thrombus
progression, hemolysis, and ongoing coagulation or platelet activation.
Integrate these findings before considering changes in anticoagulation intensity.

Discordant anticoagulation assays

Assess potential biological, analytical, and preanalytical causes of discordance.
Repeat or confirm testing when appropriate and interpret results in the context
of the patient’s clinical condition, circuit findings, and concurrent hemostatic
abnormalities. Determine which assay, or combination of assays, best informs
UFH activity in the specific clinical context before adjusting anticoagulation
intensity.

Mixed bleeding and thrombotic

manifestations

Characterize the severity and trajectory of both bleeding and thrombotic
manifestations and assess their potentially coexisting or interacting
mechanisms. Reassess anticoagulant effect and the broader hemostatic profile,
including the bleeding source, flow and stasis, cannula position, circuit
pathology, hemolysis, developmental and systemic contributors, and recent
surgery or procedures. Prioritize clinically consequential, potentially reversible
contributors and individualize management according to the dominant
mechanisms and immediate clinical risks, rather than assuming that an
intermediate anticoagulation target will adequately address both processes.

This table provides a conceptual framework for interpreting clinical contexts that may influence UFH
management. It does not define state-specific therapeutic targets or constitute a validated pediatric
ECMO anticoagulation algorithm.

Anticoagulation is one modifiable component of the Integrated Hemostatic Network
(IHN), not a substitute for addressing other contributors to dyshemostasis. Decisions
about UFH intensity should therefore be integrated with assessment of platelet-related
abnormalities, fibrinogen depletion, fibrinolytic disturbances, endothelial injury, hemolysis,
inflammation, and circuit-related thrombogenicity [12,43].

7.1.2. Direct Thrombin Inhibitors

UFH remains the conventional first-line anticoagulant during pediatric ECMO, but
intravenous direct thrombin inhibitors (DTIs), particularly bivalirudin, provide an alter-
native when UFH is unsuitable or when an appropriate UFH effect cannot be reliably
achieved or interpreted. Bivalirudin directly inhibits circulating and clot-bound thrombin
independently of antithrombin, distinguishing it pharmacologically from UFH. This mech-
anism may be relevant in selected patients with impaired UFH responsiveness associated
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with reduced antithrombin activity. Bivalirudin may also be considered in patients with
suspected or confirmed heparin-induced thrombocytopenia or clinically important heparin
resistance despite evaluation of reversible causes [65].

Observational pediatric studies suggest that bivalirudin can provide effective antico-
agulation during ECMO, although the available evidence remains heterogeneous [43]. A
recent systematic review and meta-analysis of 12 studies involving 770 pediatric patients
found that bivalirudin was associated with lower odds of major bleeding (OR 0.20, 95%
CI 0.12-0.32), systemic thrombosis (OR 0.42, 95% CI 0.23-0.75), neurologic events (OR
0.47, 95% CI 0.29-0.78), and in-hospital mortality (OR 0.57, 95% CI 0.41-0.79), whereas
circuit thrombosis, on-ECMO mortality, and time within the therapeutic anticoagulation
range did not differ significantly from UFH [71]. However, these findings require cautious
interpretation because the evidence was predominantly observational and was graded as
low or very low certainty. A pediatric randomized pilot trial reported similar time within
the prespecified therapeutic anticoagulation range and similar bleeding outcomes, but
circuit changes for thrombosis occurred in 6 of 16 patients receiving bivalirudin versus
none of 14 receiving heparin [72]. Taken together, these findings support bivalirudin as
a potential alternative to UFH in selected patients but do not establish its superiority or
justify its routine preferential use.

Dosing and monitoring remain incompletely standardized. Bivalirudin requirements
may vary with age, renal function, ECMO configuration and indication, flow conditions,
and clinical trajectory, while concomitant Continuous Renal Replacement Therapy (CRRT)
may further modify drug disposition and dosing requirements [73-75]. Low-flow or
stagnant circuit conditions may also alter the effective anticoagulant environment and
should be considered when interpreting apparent changes in anticoagulant effect [65,66].
The absence of a universally accepted pediatric ECMO dosing regimen or therapeutic
target reflects the limited pediatric evidence defining the relationship between bivalirudin
exposure, laboratory monitoring results, and clinical outcomes; substantial variability in
patient characteristics and circuit conditions; and the lack of standardized monitoring
strategies validated across pediatric ECMO populations [43,73-75].

Switching from UFH to a DTI does not correct the broader disturbances of the IHN.
Platelet dysfunction, acquired von Willebrand abnormalities, fibrinogen depletion, altered
fibrinolysis, endothelial injury, hemolysis, inflammation, and circuit thrombogenicity may
persist despite effective thrombin inhibition. DTI therapy should therefore be interpreted
as modification of the anticoagulant component of the IHN, with anticoagulant-effect
measurements considered alongside other hemostatic, clinical, and patient- and circuit-
level findings.

7.1.3. Antithrombin

Antithrombin (AT) is a major endogenous anticoagulant that inhibits thrombin and
factor Xa. Its anticoagulant activity is markedly enhanced by heparin; therefore, unfrac-
tionated heparin (UFH) responsiveness depends partly on AT availability and functional
activity [76,77].

AT activity is physiologically lower in neonates and young infants and may be further
reduced during ECMO through hemodilution, consumption, reduced synthesis, or redistri-
bution [25,78,79]. Low AT should therefore be interpreted as a potential modifier of UFH
responsiveness rather than as an independent indication for replacement.

Current evidence does not support routine AT supplementation solely to normalize
AT activity. The PEACE consensus found insufficient evidence to recommend routine AT
monitoring or replacement in pediatric ECMO [77]. Supplementation may be considered
in selected patients with persistently inadequate UFH responsiveness when reduced AT
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activity plausibly contributes, after evaluating anticoagulation assay validity, sampling
issues, UFH administration, and other reversible causes of apparent heparin resistance.
The decision should incorporate the clinical and circuit trajectory, UFH requirements, and
competing bleeding and thrombotic risks [77,80].

The response to AT supplementation is variable in critically ill children. The increase
in plasma AT activity depends on baseline AT activity, body weight, disease state, and
extracorporeal support; consequently, a given dose may produce different increments in
AT activity across patients [78,79]. This variability limits the predictability of weight-based
dosing and supports reassessment of AT activity and UFH effect when supplementation
is administered. A low AT value alone does not establish a need for replacement, and
the available evidence does not establish that routine supplementation improves clinically
important outcomes [77,80].

AT should therefore be regarded as one modifiable determinant of UFH responsiveness
within the Integrated Hemostatic Network (IHN), rather than as an isolated therapeutic
target. Increasing AT activity will not necessarily correct thrombosis when platelet activa-
tion, inflammation, endothelial injury, impaired fibrinolysis, blood-surface interactions, or
circuit-related stasis also contribute to the process.

7.2. Targeted Blood-Component and Hemostatic Therapy

Blood-component and factor replacement therapy should be directed toward achiev-
ing adequate hemostatic competence rather than normalizing isolated laboratory values.
Therapeutic decisions should be guided by the prevailing clinical hemostatic state, inter-
preted in the context of the clinical indication, procedural requirements, and the anticipated
effects of treatment on the overall hemostatic balance. The principal therapeutic options
and clinical considerations are summarized in Table 6.

Table 6. Targeted Blood-Component and Hemostatic Therapy During Pediatric ECMO.

Intervention Clinical Context Key Considerations
In clinically relevant bleeding, the PEACE consensus
suggests considering a platelet count of at least > 100 x 10°
cells/L; a higher threshold may be considered when platelet
. L . dysfunction is suspected. Similar targets may be considered
Clinically significant bleeding; . . . .
g . during the periprocedural period after cardiopulmonary
postcardiotomy ECMO during the b for hich-bleedi sk d h
eriprocedural period; or a ypass or for high-bleeding-risk procedures. These
Platelet b . : ! recommendations are based on limited pediatric evidence
. high-bleeding-risk procedure, . . .
transfusion . . and should be individualized. Consider platelet count and
particularly when thrombocytopenia . . : . .
o trajectory, functional platelet information and VET-derived
or clinically relevant platelet . fibri
dysfunction is present clot strength when available, fibrinogen status,

y ’ developmental stage, anticoagulant effect, and thrombotic
risk. In nonbleeding patients outside these specific contexts,
no universally validated pediatric ECMO transfusion
threshold has been established.

The PEACE consensus considers an initial plasma
transfusion reasonable when INR is greater than 1.5in a
patient with clinically relevant bleeding. Interpret INR in the
Clinically significant bleeding with context of bleeding severity and trajectory, developmental
Plasma suspected or demonstrated deficiency hemostasis, anticoagulant effect, and the likely cause of

of multiple coagulation factors.

prolongation. Consider fibrinogen and VET findings when
available. Repeated plasma transfusions solely to correct
INR may not improve outcomes; avoid transfusion solely to
normalize an isolated laboratory abnormality.
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Table 6. Cont.

Intervention Clinical Context Key Considerations
For patients after cardiopulmonary bypass and those
undergoing high-bleeding-risk procedures, the PEACE
consensus suggests considering fibrinogen levels above 150
Clinically significant bleeding mg/ d.L dunpg the perlproceduljal p.erlod. In' penprgcedural
. . _ bleeding, this target may be maintained until bleeding
associated with reduced fibrinogen - A
a . - . ; ceases or decreases to minimal or moderate severity. These
Fibrinogen concentration or impaired functional . o o
o o . are weak recommendations based on limited pediatric
concentrate/ fibrin contribution; postcardiotomy . . .
.. . . evidence, not a universal threshold for all ECMO patients.
cryoprecipitate  ECMO during the periprocedural

period; or a high-bleeding-risk
procedure.

Fibrinogen concentrate provides a more standardized dose;
cryoprecipitate provides variable fibrinogen together with
additional hemostatic proteins, including factor VIII and
von Willebrand factor. Individualize according to bleeding
severity and trajectory, procedural risk, and available
functional assessment.

RBC transfusion

Clinically significant anemia, active
bleeding, or inadequate oxygen
delivery

Restrictive strategies using a threshold around 7 g/dL have
been supported in selected stable critically ill children,
although pediatric ECMO patients were not represented in
the major randomized trials.

Exceptional rescue therapy for

Consider only after source control and conventional
multimodal therapy. Provides concentrated coagulation

pec refractory, life-threatening bleeding  factors and may increase thrombotic risk, which is
particularly relevant during ECMO.
Consider only after source control and conventional
FVITa Exceptional rescue therapy for multimodal therapy. Potent thrombin generation may
refractory, life-threatening bleeding ~ promote patient and circuit thrombosis; use should therefore
be highly restricted.
. o . Tranexamic acid or e-aminocaproic acid may be considered
Clinically significant bleeding or . . .
e . . L > as part of multimodality blood management. Evidence or
Antifibrinolytic  anticipated high risk of bleeding, e . R . .
: . . . ! clinical suspicion of excessive fibrinolysis may provide
therapy particularly in surgical or high-risk

procedural settings

additional support. Potential thrombotic risk should be
considered.

7.2.1. Platelet Therapy

Platelet transfusion should be considered when thrombocytopenia or clinically rel-
evant platelet dysfunction contributes to impaired hemostatic competence. The PEACE
consensus suggests considering maintenance of platelet counts above 100 x 10°/L in
three specific contexts: postcardiotomy ECMO during the periprocedural period, high-
bleeding-risk invasive procedures, and clinically significant bleeding [45,47]. These rec-
ommendations are based on low- or very-low-quality pediatric evidence and should be
individualized according to the severity and trajectory of bleeding, developmental stage,
recent surgery or cardiopulmonary bypass, procedural risk, and other evidence of impaired
hemostasis.

In nonbleeding patients outside these defined contexts, platelet transfusion thresh-
olds vary among pediatric ECMO programs, and no universally validated threshold has
been established [81,82]. This uncertainty reflects the limited evidence linking specific
platelet-count thresholds to improved clinical outcomes. A universally validated platelet
transfusion threshold has not been established for pediatric ECMO because available
studies provide limited evidence linking specific platelet-count thresholds to clinically
meaningful outcomes. Moreover, platelet count alone does not capture platelet function
or overall clot strength, and transfusion requirements vary with bleeding status, develop-
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mental stage, procedural context, and competing thrombotic risk. The ECSTATIC study
evaluated the feasibility of comparing two prophylactic platelet transfusion thresholds but
was not designed to establish the efficacy or safety of either strategy [83]. Accordingly,
platelet count should inform, but not independently determine, transfusion decisions in
nonbleeding pediatric ECMO patients.

7.2.2. Plasma Therapy

In patients with clinically significant bleeding or an anticipated high-risk procedure,
plasma may be considered when a clinically relevant deficiency of multiple coagulation fac-
tors is suspected or demonstrated and contributes to bleeding or increased bleeding risk. In
patients with clinically relevant bleeding, the PEACE consensus considers an initial plasma
transfusion reasonable when the INR is greater than 1.5 [45]. This recommendation should
be interpreted in the clinical context, as an isolated prolonged INR does not necessarily
establish a clinically relevant coagulation-factor deficiency. INR may also be influenced by
anticoagulant effect, developmental hemostasis, liver dysfunction, vitamin K deficiency,
factor consumption or dilution, and assay-related factors. Repeated plasma transfusions
solely to correct the INR may not improve outcomes [45]. Plasma should therefore be used
to address clinically relevant coagulation-factor deficiency rather than to normalize an
isolated laboratory abnormality.

7.2.3. Fibrinogen Replacement

Fibrinogen replacement addresses a distinct component of hemostatic competence.
Fibrinogen concentrate or cryoprecipitate may be considered when reduced fibrinogen
concentration or impaired functional fibrin contribution contributes to clinically significant
bleeding or is relevant to a high-risk procedure [77]. Fibrinogen concentrate provides a
more standardized fibrinogen dose, whereas cryoprecipitate provides a variable amount
of fibrinogen together with additional hemostatic proteins, including factor VIII and von
Willebrand factor [84].

For pediatric ECMO patients after cardiopulmonary bypass and those undergoing
high-bleeding-risk procedures, the PEACE consensus suggests considering fibrinogen
levels above 150 mg/dL during the periprocedural period. In the setting of periprocedural
bleeding, higher transfusion thresholds may be maintained until bleeding ceases or de-
creases to minimal or moderate severity [47]. These are weak recommendations based on
low- or very-low-quality pediatric evidence and should not be interpreted as a universal
therapeutic threshold.

A universally validated fibrinogen threshold has not been established for pediatric
ECMO because pediatric evidence linking specific fibrinogen concentrations to bleeding
control, thrombotic complications, or other clinically meaningful outcomes remains limited.
In addition, fibrinogen concentration does not fully capture functional fibrin contribution to
clot formation, and the relevance of a given value depends on bleeding severity, procedural
context, developmental stage, and the broader hemostatic state. The available periprocedu-
ral recommendations should therefore be interpreted as context-specific guidance rather
than as a universal transfusion threshold.

The optimal fibrinogen target remains uncertain and should be individualized ac-
cording to bleeding severity and trajectory, procedural risk, and available functional
assessment [12,77].
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7.2.4. Red Blood Cell Transfusion

RBC transfusion should be guided by the clinical context and adequacy of oxygen
delivery rather than hemoglobin concentration alone. Relevant considerations include
hemodynamic status, ongoing blood loss, oxygen delivery and consumption, ECMO
support, and the patient’s clinical trajectory.

In hemodynamically stable critically ill children without active bleeding or evidence of
inadequate oxygen delivery, restrictive transfusion strategies using a hemoglobin threshold
of approximately 7 g/dL have been supported by randomized pediatric critical care data
and subsequent consensus recommendations [85,86]. However, these major trials excluded
pediatric ECMO patients. Pediatric ECMO-specific observational data also suggest that
transfusion practice can be restrictive in selected patients, but do not establish a univer-
sal hemoglobin threshold or demonstrate an outcome benefit for a specific transfusion
strategy [87,88]. Accordingly, during pediatric ECMO, hemoglobin concentration should
not be the sole trigger for RBC transfusion. Decisions should reflect the clinical scenario
and adequacy of systemic or regional oxygen delivery, considered alongside hemoglobin
concentration; ongoing bleeding, ECMO mode and indication, and the patient’s evolving
clinical course provide important context. Current evidence does not establish a single
hemoglobin threshold for RBC transfusion in pediatric ECMO [81].

7.2.5. Rescue Hemostatic Therapies

PCC and rFVIla should be reserved for exceptional rescue in refractory, life-threatening
bleeding after source control and conventional multimodal therapy. Pediatric ECMO
evidence remains limited, and the potential for patient and circuit thrombosis should be
considered [45,89]. Neither should be used simply to correct an abnormal coagulation test
in the absence of clinically significant bleeding.

7.2.6. Antifibrinolytic Therapy

Tranexamic acid or e-aminocaproic acid may be considered in patients with clinically
significant bleeding or those anticipated to be at high risk of bleeding, particularly in
surgical or high-risk procedural settings, as part of a multimodality blood-management
strategy [90]. Evidence or clinical suspicion of excessive fibrinolysis may provide additional
support for treatment, and VET findings may contribute when available. The potential
for thrombotic complications should be considered, particularly in patients with active or
progressive patient or circuit thrombosis.

7.3. Transfusion Stewardship and Transfusion as a Biological Perturbation

Transfusion may be lifesaving during active hemorrhage, clinically significant anemia,
or clinically relevant hemostatic deficits. However, transfusion requirements should be
interpreted in relation to the underlying hemostatic disturbance. In pediatric ECMO,
transfusion exposure is common and substantial, while optimal thresholds remain
incompletely defined.

Observational studies in pediatric and adult ECMO populations have reported associa-
tions between greater RBC, plasma, or platelet transfusion exposure and adverse outcomes,
including mortality, bleeding, and thrombosis [91-94]. These associations do not establish
causality because transfusion exposure is strongly influenced by illness severity, bleeding,
surgery, ECMO duration, and other clinical factors.

Transfused components may modify the intravascular hemostatic and inflamma-
tory environment. During storage, RBCs undergo metabolic and membrane changes,
while platelets may develop storage-related changes in activation, function, and mem-
brane integrity. These changes may alter the biological effects of transfused compo-
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nents; however, their specific clinical consequences during pediatric ECMO remain
incompletely defined [95,96].

Platelet transfusion exposure has been associated with subsequent bleeding and throm-
bosis in pediatric ECMO cohorts, and platelet transfusion has also been associated with
changes in oxygenator function in selected patients [92,97]. These associations highlight the
complex relationship between transfusion exposure, the underlying hemostatic disturbance,
and circuit behavior during ECMO.

Transfusion stewardship should therefore focus on indication, timing, dose, and
reassessment, rather than on minimizing transfusion irrespective of clinical need. Each
transfusion should address a defined physiological or hemostatic problem, followed by
reassessment of its intended effect and consideration of whether additional exposure
is justified.

7.4. The ECMO Circuit as an Active Therapeutic Target

The ECMO circuit should be regarded as an active component of the hemostatic
environment rather than merely as a life-support device. Continuous blood exposure to
artificial surfaces and nonphysiological flow conditions can promote platelet and contact
activation, complement activation, inflammation, hemolysis, and shear-mediated blood
trauma. Abnormal flow, stasis, excessive shear, and cannula-related disturbances may fur-
ther promote thrombin generation and fibrin deposition. These effects may persist despite
systemic anticoagulation, while progressive circuit thrombosis may amplify consumption
and mechanical blood trauma. The circuit can therefore function both as a source and an
amplifier of dyshemostasis within the IHN [98,99].

Circuit management should address cannula configuration and position, blood flow
and drainage, pump conditions, and mechanical integrity while minimizing unnecessary
blood-biomaterial exposure. Circuit-related findings should be interpreted alongside an-
ticoagulant effect, platelet and fibrinogen status, hemolysis, patient condition, and the
trajectory of circuit performance. These elements provide a framework for identifying po-
tentially modifiable circuit-related contributors to hemostatic disturbances and prioritizing
targeted corrective measures. Table 7 summarizes circuit-based strategies for hemostatic
optimization during pediatric ECMO.

Table 7. Circuit-Based Strategies for Hemostatic Optimization During Pediatric ECMO.

Circuit Strategy

Primary Mechanism Addressed Potential Hemostatic Implication

Biocompatible circuit surfaces

and coatings

May reduce some components of platelet,
coagulation, complement, and
inflammatory activation; the magnitude of
clinical benefit remains uncertain

Reduce blood-surface interactions,
protein adsorption, and contact
activation

Minimize unnecessary
blood-biomaterial interface

May limit coagulation, platelet, and

Reduce artificial-surface exposure . L
inflammatory activation

Reduce priming volume when

feasible

May help preserve circulating hemostatic
substrate concentrations and potentially
reduce transfusion requirements

Limit hemodilution and unnecessary
artificial-surface exposure

Optimize cannula size and
position

Improve drainage and reduce
abnormal flow and shear

May reduce flow instability, mechanical
blood trauma, and hemolysis

Optimize pump speed and blood

flow

Balance adequate support and

drainage against excessive shear and
stasis

May limit shear-mediated blood injury
while maintaining effective circuit function

Prevent recurrent suction or
chattering events

Reduce excessive negative pressures
and flow instability

May reduce hemolysis and mechanical
blood trauma
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Table 7. Cont.
Circuit Strategy Primary Mechanism Addressed Potential Hemostatic Implication
Avoid unnecessary circuit Reduce additional blood-biomaterial May limit additional coagulation,
manipulation and air exposure complement, and inflammatory activation

Avoid unnecessary circuit or
oxygenator exchanges

May reduce additional
thromboinflammatory activation when
exchange is not clinically necessary

Avoid renewed blood-biomaterial
exposure and procedural burden

Promptly investigate progressive Identify evolving circuit pathology

fibrin deposition or circuit

May facilitate recognition of increasing
thrombotic burden, hemolysis, or

and its mechanical and hemostatic . .
oxygenator dysfunction and inform

thrombosis consequences S

subsequent circuit management

May reduce ongoing circuit-related
Circuit or oxygenator Remove or replace a component thrombogenicity and mechanical blood
intervention when clinically compromising circuit function or injury when the circuit has become a
consequential patient support clinically significant source of

dyshemostasis

These strategies are presented as mechanistic and clinical considerations rather than as validated
interventions with established effects on pediatric ECMO outcomes.

Circuit findings should therefore be interpreted as part of the evolving hemostatic
process rather than as isolated indicators of anticoagulant adequacy. Progressive fibrin
deposition, increasing oxygenator pressure gradients, flow instability, recurrent suction
events, or increasing hemolysis may indicate evolving circuit pathology. Circuit or oxygena-
tor exchange should be considered when abnormalities become clinically consequential,
particularly when associated with worsening oxygenator function, significant hemolysis,
inability to maintain adequate flow, or compromised patient support. Because exchange
creates a new blood-biomaterial interface, its expected clinical benefit should outweigh the
additional biological and procedural burden [98].

Importantly, circuit thrombosis should not automatically be interpreted as inadequate
systemic anticoagulation. Before increasing UFH intensity, clinicians should assess whether
anticoagulant effect is adequate and whether mechanical contributors are present, including
low flow or stasis, cannula malposition or drainage obstruction, excessive shear, recurrent
suction, or other circuit abnormalities.

A thrombotic circuit finding may therefore reflect inadequate anticoagulation, a me-
chanical problem, blood-surface interactions, excessive shear, inflammation, or several in-
teracting mechanisms. Increasing systemic anticoagulation without addressing a reversible
mechanical contributor may fail to correct the underlying disturbance while potentially
increasing bleeding risk. Circuit management is consequently an upstream and potentially
reversible component of precision hemostasis, complementary to rather than a substitute
for anticoagulation and targeted hemostatic therapy.

7.5. Management of Systemic Drivers of Dyshemostasis

Hemostatic management cannot be separated from the physiological conditions in
which hemostasis operates. Hypothermia, acidosis, hypocalcemia, shock, severe inflamma-
tion, infection, hepatic or renal dysfunction, ongoing tissue injury, and impaired perfusion
may alter hemostatic pathways and modify the effects of anticoagulant and hemostatic
therapies [45,100].

These abnormalities should be regarded as contributors to dyshemostasis rather than
unrelated supportive-care issues. However, the management of systemic physiological
disturbances should remain proportionate to the clinical problem: the objective is not to
normalize every physiological variable solely because it may influence hemostasis, but to
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maintain conditions compatible with survival, adequate organ function, and recovery while
addressing reversible disturbances that may contribute to bleeding, thrombosis, impaired
circuit function, or altered responses to therapy.

7.6. Procedural and Surgical Source Control

Local and surgical control of bleeding is an integral component of hemostatic manage-
ment during ECMO. Cannulation-site bleeding, postoperative bleeding, vascular-access
bleeding, chest-tube losses, and procedure-related hemorrhage may persist despite cor-
rection of systemic abnormalities when a structural source remains uncontrolled [47,100].
Unnecessary invasive procedures should therefore be avoided whenever clinically feasible,
and the indication, timing, and bleeding risk of necessary procedures should be considered
before intervention [47].

When clinically significant bleeding is temporally related to a procedure or surgical
source, temporary reduction or suspension of systemic anticoagulation may be considered
while definitive source control is pursued, provided the competing risk of patient or circuit
thrombosis is assessed [47]. Perioperative anticoagulation management should therefore
be individualized according to the severity and source of bleeding, procedural urgency
and bleeding risk, current hemostatic state, ECMO configuration and circuit condition, and
thrombotic risk.

Whenever feasible, definitive source control should be pursued concurrently with
correction of clinically relevant systemic hemostatic deficits. Decisions regarding antico-
agulation interruption, transfusion, fibrinogen replacement, and antifibrinolytic therapy
should be individualized according to the procedural context and the evolving bleeding
and thrombotic condition of the patient and circuit.

7.7. Minimization of latrogenic Hemostatic Burden

Minimizing iatrogenic hemostatic burden is an integral component of precision man-
agement. Anticoagulation, transfusion, invasive procedures, repeated blood sampling, and
circuit manipulation may each be clinically necessary but may also introduce additional
bleeding, thrombotic, or procedural risk. This is particularly relevant in pediatric ECMO
because of limited circulating blood volume, substantial circuit-to-patient volume ratios,
and repeated exposure to invasive interventions [100].

The potential contribution of each intervention to cumulative iatrogenic burden should
therefore be considered alongside its expected clinical benefit. Practical strategies include
limiting unnecessary blood sampling, avoiding unnecessary procedures, planning nec-
essary interventions according to bleeding and thrombotic risk, reviewing medications
that may impair platelet or coagulation function, avoiding unnecessary transfusion, and
minimizing avoidable circuit manipulation.

The objective is not to withhold necessary interventions, but to ensure that each
intervention has a defined clinical purpose, that potential harms are considered, and that
its effects are reassessed within the evolving IHN.

7.8. Serial Reassessment and Therapeutic Adaptation

Precision hemostatic management is a dynamic, iterative process rather than a se-
quence of fixed interventions. The clinical hemostatic state, laboratory profile, circuit
condition, and underlying physiological drivers may change rapidly, and an intervention
directed at one component of the IHN may modify others [43,44].

Therapeutic decisions should therefore be revisited after clinically meaningful changes
in bleeding, thrombogenicity, anticoagulant effect, transfusion exposure, circuit perfor-
mance, systemic physiology, or procedural status. Reassessment should determine whether
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the intended effect was achieved and whether the mechanisms contributing to dyshemosta-
sis remain active, have evolved, or have become reversible [43-45,47].

Persistent bleeding despite correction of an apparent coagulation abnormality should
prompt reconsideration of the underlying mechanism rather than automatic escalation
of hemostatic therapy. Surgical or procedural bleeding, platelet dysfunction, fibrinolytic
abnormalities, anticoagulation intensity and its concordance with the intended therapeutic
target, circuit-related injury, and systemic drivers should be reconsidered as potential
contributors. Conversely, new or progressive thrombosis should prompt reassessment of
anticoagulant effect and potentially reversible patient- or circuit-related contributors before
intensifying anticoagulation [44,45].

Therapeutic adaptation should follow the evolving clinical and biological context, with
treatment escalated, de-escalated, redirected, or discontinued according to the observed
response and the mechanisms that remain clinically relevant.

7.9. Toward Precision Hemostasis

The objective of precision hemostasis is not to normalize laboratory values or elim-
inate every biological response to extracorporeal support, but to achieve sufficient co-
ordinated hemostatic function to control clinically relevant bleeding, limit patient and
circuit thrombosis, preserve circuit integrity, and minimize treatment-related iatrogenic
burden. This requires consideration of clinical manifestations, anticoagulant effect, platelet
and fibrinogen contribution, functional hemostatic assessment, circuit condition, develop-
mental and disease context, and potentially reversible systemic or mechanical contribu-
tors [12,13,29,44,98,100].

The IHN framework provides a conceptual and testable platform for integrating devel-
opmental, biological, laboratory, functional, clinical, and circuit determinants and translat-
ing their relationships into mechanism-directed interventions and sequential reassessment.
Its potential clinical application includes structured assessment of dyshemostasis, iden-
tification of reversible mechanisms, selection of targeted interventions, and adaptation
of therapy according to the evolving clinical and biological context. Although the exist-
ing literature supports the biological rationale for integrated assessment and multimodal
monitoring, the proposed systems-level integration has not been validated as a clinical
decision-making algorithm. Prospective studies are needed to determine whether this
approach improves clinical decision-making and patient outcomes.

8. Current Evidence and Limitations

Evidence supporting hemostatic management in pediatric extracorporeal membrane
oxygenation (ECMO) remains limited and heterogeneous. The literature is dominated
by retrospective observational studies, single-center cohorts, and studies with variable
definitions of bleeding, thrombosis, and anticoagulation-related outcomes. In a systematic
literature review, Drop et al. identified substantial heterogeneity in study populations,
ECMO circuits, anticoagulation protocols, monitoring practices, and transfusion triggers,
with conflicting findings across several domains of hemostatic management [101]. More
recently, a systematic review and meta-analysis of pediatric ECMO studies identified 69
distinct bleeding definitions, demonstrating how differences in outcome ascertainment
can affect reported bleeding prevalence and limit comparisons across studies [102]. Con-
sequently, findings from individual cohorts and pooled analyses should be interpreted
in light of their methodological limitations and the clinical heterogeneity of pediatric
ECMO populations.

To provide an overview of the evidence informing current practice, Table 8 summarizes
principal studies, systematic reviews, and consensus recommendations across five clinically

https:/ /doi.org/10.3390/children13101441


https://doi.org/10.3390/children13101441

Children 2026, 13, 1441

26 of 36

relevant domains: bleeding and overall hemostatic complications; hemostatic monitoring;

hemostatic factor replacement, blood component transfusion, and adjunctive therapies;

anticoagulation with bivalirudin versus unfractionated heparin; and antithrombin supple-

mentation. Evidence sources are grouped by clinical domain rather than ranked solely by

study design, because consensus recommendations and observational studies often inform

decisions in areas where comparative trials are unavailable. The table also distinguishes

direct pediatric evidence from findings extrapolated from adult ECMO populations and

highlights the limitations that constrain clinical interpretation.

Table 8. Evidence Base and Limitations of Hemostatic Management Strategies in Pediatric ECMO.

Clinical Domain  Evidence Source Study D.e51gn and Mal.n F{ndlngs Relevant to Limitations and Implications
Population Pediatric ECMO
Challenges in Identified substantial Predominance of
Bleeding and Maintaining the Systematic review of heterogeneity in hemostatic observational studies and
overall hemostatic Hemostatic Balance in pediatric ECMO complications, risk factors,  inconsistent outcome
complications Children Undergoing studies anticoagulation practices, definitions limit comparisons
ECMO and clinical outcomes. and generalizability.
Identified substantial Inconsistent definitions and
Bleeding Definitions in  Systematic review Var%a‘pl.hty in bleeding outcomt.e ascertainment limit
N . . definitions and reported comparisons across cohorts
Pediatric ECMO Studies and meta-analysis : : .
bleeding prevalence across  and interpretation of pooled
pediatric ECMO studies. estimates.
Coagulation in Pedl.atrlc . . Identified variability in Inconsistent reporting apd
. ECMO: A Systematic Systematic review of . o outcome definitions limit
Hemostatic . . . coagulation monitoring, . .
monitorin Review of Studies Shows pediatric ECMO reparting practices. and comparisons between studies
& Lack of Standardized studies P &P ’ and the establishment of
. transfusion thresholds. .
Reporting universal targets.

PEACE: Anticoagulation
Monitoring and Targets

Systematic-review-
informed consensus

Addresses interpretation
and use of ACT, aPTT,
anti-Xa, and complementary
monitoring approaches.

Available pediatric evidence
does not establish a single
optimal monitoring strategy or
universally applicable
therapeutic targets.

Hemostatic Factor
Replacement,
Blood Component
Transfusion, and
Adjunctive
Therapies

PEACE: Monitoring and
Replacement of
Antithrombin,
Fibrinogen, and von
Willebrand Factor

Systematic-review-
informed consensus

Addresses laboratory
assessment and replacement
of selected hemostatic
components during
pediatric ECMO.

Evidence remains insufficient
to define universally
applicable replacement
thresholds or support routine
antithrombin
supplementation.

PEACE: Prophylactic
Transfusion Strategies in
Children Supported by
Extracorporeal
Membrane Oxygenation

Systematic-review-
informed consensus

Provides a framework for
platelet and other
blood-component
transfusion decisions in the
context of bleeding risk and
clinical circumstances.

Consensus recommendations
informed by limited pediatric
evidence.

PEACE: Antifibrinolytic
and Adjunct Hemostatic

Systematic-re
view-informed

Evaluates antifibrinolytics
and adjunctive therapies,
including prothrombin
complex concentrate and

Limited pediatric evidence
and potential thrombotic
complications support

Agents consensus . . selective, mechanism-directed
& recombinant activated factor
use.
VIL
Multlcel}ter Evaluated the feasibility of =~ Designed to assess feasibility
randomized . . .
e comparing platelet rather than establish efficacy,
ECSTATIC feasibility trial . .. .
. . . transfusion thresholds of 5  safety, or superiority of either
involving 50 children 9
.. and 9 x 107 /L. threshold.
receiving ECMO
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Table 8. Cont.

.. . . Design an Main Findings Relevan e e ..
Clinical Domain  Evidence Source Study esign a d amn dings Relevant to Limitations and Implications
Population Pediatric ECMO
. . . . Pil ign and limi
Anticoagulation: Pilot randomized Directly compared ot des.g and ted
o 9. L T sample size preclude
bivalirudin versus . controlled trial in bivalirudin with o .

. McMichael . . definitive conclusions
unfractionated neonatal and unfractionated heparin in revarding comparative efficac
heparin pediatric ECMO pediatric ECMO. garcing comp y

and safety.
Systematic review Bivalirudin was associated . .
. . . Observational evidence
and meta-analysis; 12 with lower odds of major . S
. . . predominated, limiting causal
studies, 770 neonatal bleeding and systemic ; . . 2.
. L . s interpretation. The findings
Liu et al. and pediatric thrombosis. No significant . .
. . . . . suggest potential benefit but
patients, including  differences were found in do not establish superiorit
one RCT and 11 circuit thrombosis or time - P Y
. . . . over unfractionated heparin.
observational studies within the therapeutic range.
. . No significant overall
Systematic review . . .
. differences were found in Heterogeneity and
and meta-analysis; 11 . . . .
Lo . bleeding, thrombosis, or predominantly observational
studies, including . . . .
. . mortality. The pediatric evidence limit causal
Antithrombin . one RCT and 10 ) . I
. Elliott et al. . . subgroup showed an interpretation. The pediatric
supplementation observational studies; L 1 .
. association between finding represents a potential
seven studies ) . .
antithrombin safety signal rather than

involved pediatric

populations definitive evidence of harm.

supplementation and
increased thrombotic events

The pediatric context is particularly important when interpreting this evidence. De-
velopmental hemostasis, body size, circulating blood volume, the circuit-to-patient blood-
volume relationship, preceding cardiopulmonary bypass, concurrent continuous renal
replacement therapy, and disease-specific factors may modify both hemostatic biology and
the interpretation of laboratory measurements. These factors complicate the extrapola-
tion of adult ECMO findings to neonates and children. The systematic review by Drop
et al. [101] identified substantial variation in the populations and clinical practices rep-
resented in pediatric studies, reinforcing the need for prospective multicenter research
with standardized outcome definitions and more consistent reporting. Blood-sampling
burden and the feasibility of repeated testing are additional considerations when evaluating
monitoring strategies in children.

Evidence supporting anticoagulation and functional hemostatic monitoring is simi-
larly heterogeneous. Activated clotting time (ACT), activated partial thromboplastin time
(aPTT), anti-factor Xa assays, and viscoelastic testing (VET) interrogate different aspects of
anticoagulant effect or hemostatic function and are subject to distinct biological, analytical,
and preanalytical limitations. Drop et al. documented a lack of standardized reporting of
coagulation testing and related variables in pediatric ECMO studies [103]. The Pediatric
Extracorporeal Membrane Oxygenation Anticoagulation CollaborativE (PEACE) consensus
recommendations address the interpretation and use of anticoagulation monitoring assays
and therapeutic targets in this population [43]. However, the available evidence does not
establish a single optimal monitoring strategy or universally applicable therapeutic ranges.
Pediatric VET studies also vary in platforms, reagents, sampling conditions, reference
ranges, and clinical endpoints [55-59]. VET should therefore be considered complementary
to conventional laboratory tests and clinical assessment rather than a validated standalone
guide to anticoagulation or hemostatic therapy.

Similar uncertainty applies to transfusion and factor-replacement thresholds. PEACE
recommendations provide a structured framework for prophylactic blood component
transfusion in neonates and children receiving ECMO, but they are based on a systematic-
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review-informed consensus process rather than definitive comparative trials establishing
the superiority of specific thresholds [80]. The same distinction is important when con-
sidering replacement of antithrombin, fibrinogen, and von Willebrand factor, as well as
antifibrinolytic agents and other adjunctive hemostatic therapies [89]. Although consensus
recommendations can guide clinical decisions, the evidence remains insufficient to define
universally applicable replacement thresholds or support routine use of every intervention
in all patients.

This limitation is particularly relevant to platelet transfusion. The ECSTATIC feasibility
trial prospectively evaluated the feasibility of comparing restrictive and liberal prophylactic
platelet transfusion thresholds in children receiving ECMO [82]. However, the study was
designed primarily to assess feasibility and was not powered to establish the efficacy,
safety, or superiority of a specific platelet threshold. Accordingly, its findings should not be
interpreted as definitive evidence in favor of either strategy. Decisions about platelet and
fibrinogen replacement must still account for active bleeding, procedural requirements,
developmental stage, and the overall clinical hemostatic state.

Evidence concerning antithrombin supplementation and other factor-directed inter-
ventions is also inconclusive. In a systematic review and meta-analysis of ECMO studies,
Elliott et al. found no statistically significant overall differences in bleeding, thrombotic
events, or mortality associated with antithrombin supplementation; however, the pedi-
atric subgroup showed an association between supplementation and increased thrombotic
events [80]. These findings cannot establish causality because of potential confounding
by indication and residual confounding, but they argue against assuming that laboratory
correction or routine supplementation necessarily improves clinical outcomes. Evidence
for antifibrinolytic therapy, prothrombin complex concentrate, recombinant activated factor
VII, and other factor-directed interventions remains limited; their use should be guided by
the suspected mechanism of dyshemostasis, developmental stage, procedural context, and
competing thrombotic risk [45,47,89].

Uncertainty also persists regarding the comparative effectiveness of anticoagulant
agents. Although unfractionated heparin remains widely used, direct thrombin inhibitors
such as bivalirudin have increasingly been investigated as alternatives. A pediatric system-
atic review and meta-analysis published in 2026 reported associations between bivalirudin
use and lower odds of major bleeding and systemic thrombosis compared with heparin,
but the evidence base consisted predominantly of observational studies [71]. These pooled
associations are clinically relevant but do not establish causal benefit or demonstrate the su-
periority of bivalirudin, particularly given potential confounding by indication, differences
in anticoagulation protocols, and heterogeneity in outcome definitions. Larger prospective
multicenter studies and adequately powered randomized trials are needed to establish
comparative effectiveness and safety.

Bleeding and thrombotic complications remain incompletely characterized in pediatric
ECMO [10,102]. Variability in bleeding definitions may contribute to differences in reported
bleeding prevalence. Similarly, the detection of patient thrombosis depends on the clinical
indications for imaging, surveillance practices, availability of diagnostic modalities, and the
ability to distinguish patient thrombosis from circuit fibrin deposition, circuit thrombosis,
and oxygenator dysfunction. These sources of heterogeneity may influence both event
detection and reporting, contributing to variability in reported complication rates [10].
Consequently, the absence of a clinically detected thrombotic event should not necessarily
be interpreted as evidence that thrombotic activity was absent.

Finally, the bleeding-predominant, thrombosis-predominant, and mixed hemostatic
states proposed within the Integrated Hemostatic Network (IHN) framework are working
clinical constructs intended to organize clinical reasoning and generate testable hypotheses.
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Their reproducibility across clinicians and institutions, predictive value, and potential role
in guiding treatment remain unknown. Although individual components of the IHN—
including platelet and endothelial dysfunction, coagulation and fibrinolytic abnormalities,
complement activation, inflammation, hemolysis, and circuit-related disturbances—have
each been implicated in ECMO-associated dyshemostasis, their temporal relationships
and relative contributions remain incompletely characterized in pediatric ECMO. The
IHN should therefore be regarded as a hypothesis-generating framework whose ability to
improve clinical decision-making or patient outcomes requires prospective evaluation.

9. Future Perspectives

The next phase of pediatric ECMO hemostasis research should move beyond isolated
laboratory abnormalities toward longitudinal, multimodal characterization of dyshemosta-
sis. The central question is whether integrated clinical, laboratory, functional, biological,
and circuit information can identify clinically meaningful changes early enough to support
mechanism-directed intervention and improve outcomes.

9.1. Define Longitudinal Trajectories of Dyshemostasis

Prospective longitudinal studies should characterize the temporal evolution of platelet,
coagulation, fibrinolytic, endothelial, inflammatory, hemolytic, and circuit-related vari-
ables throughout ECMO support. Studies should incorporate developmental stage and
use harmonized definitions of bleeding, thrombosis, circuit thrombosis, and oxygenator
dysfunction. Such datasets could determine whether reproducible trajectories correspond
to the proposed working hemostatic states and identify transitions between them.

9.2. Determine the Clinical Value of Multimodal Monitoring

Future studies should establish whether integrated monitoring provides earlier or
more accurate recognition of clinically relevant dyshemostasis than conventional assay-
based strategies. This requires evaluating whether multimodal information changes clinical
decisions and, importantly, whether such changes translate into improved patient or circuit
outcomes. The incremental value of VET, platelet-function assessment, DTI-specific assays,
and selected biological markers should be assessed within this broader clinical context
rather than as isolated tests.

9.3. Test Adaptive, Mechanism-Directed Treatment Strategies

The IHN framework generates a testable hypothesis that anticoagulation and hemo-
static therapy could be adapted according to the evolving clinical, laboratory, functional,
and circuit context rather than fixed laboratory targets alone. Prospective studies could
compare conventional target-based strategies with adaptive approaches incorporating
bleeding or thrombotic trajectory, assay concordance or discordance, functional hemostatic
findings, and circuit status. Similar evaluation is needed for platelet and fibrinogen replace-
ment, antithrombin supplementation, antifibrinolytic therapy, and other factor-directed
interventions.

9.4. Validate the Systems-Level IHN Architecture

Multicenter mechanistic studies are needed to determine whether the proposed rela-
tionships among developmental, biological, laboratory, clinical, and circuit determinants
are reproducible across pediatric ECMO populations. Longitudinal designs should eval-
uate interactions among network components and identify trajectories that are clinically
meaningful and potentially actionable. Harmonized definitions, laboratory methodologies,
and data collection will be essential, while analyses should account for developmental
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stage, ECMO configuration, underlying disease, preceding cardiopulmonary bypass, and
institutional practice.

9.5. Define Pediatric-Specific Modifiers

Future research should explicitly examine how age, developmental hemostasis, body
size, circulating blood volume, circuit-to-patient blood-volume ratio, ECMO configura-
tion, preceding cardiopulmonary bypass, renal function, CRRT, and underlying disease
modify dyshemostasis and treatment response. Pediatric feasibility is also important:
blood-sampling requirements, assay turnaround time, sample volume, and the availability
of specialized functional assays may substantially influence the clinical applicability of
multimodal monitoring.

9.6. Evaluate Data Integration and Artificial Intelligence

High-dimensional longitudinal datasets may provide an opportunity to identify com-
plex interactions and time-dependent patterns that are difficult to recognize using con-
ventional approaches. Machine-learning and other analytical methods could be explored
for this purpose, but their value should be assessed beyond predictive performance alone.
Future studies should address interpretability, calibration, robustness across developmental
stages and ECMO configurations, external validation, and—most importantly—whether
such approaches improve clinical decisions and patient outcomes.

Ultimately, the field should progress from reactive correction of isolated laboratory
abnormalities toward anticipatory, mechanism-directed precision hemostasis. Such an
approach would integrate developmental and disease context, evolving clinical trajectory,
anticoagulant effect, functional hemostasis, circuit condition, and selected biological signals
to identify clinically important changes and support targeted therapeutic adaptation.

10. Conclusions

ECMO-associated dyshemostasis in children is a dynamic disturbance of an inter-
connected Integrated Hemostatic Network rather than a simple consequence of excessive
or insufficient anticoagulation. Developmental hemostasis, blood—circuit interactions,
platelet and endothelial dysfunction, coagulation and fibrinolytic pathways, complement,
inflammation, hemolysis, and other biological processes interact continuously to shape the
evolving hemostatic state.

Bleeding, thrombosis, and mixed manifestations represent different clinical expres-
sions of these interacting disturbances. The proposed bleeding-predominant, thrombosis-
predominant, and mixed hemostatic states provide a framework for describing this evolving
clinical expression and for organizing the relationships among underlying mechanisms,
clinical findings, and therapeutic considerations.

Precision hemostatic management extends beyond normalization of individual labora-
tory values toward mechanism-directed and dynamically reassessed intervention. Anti-
coagulant effect, platelet and fibrinogen contribution, functional hemostatic assessment,
clinical manifestations, circuit condition, developmental and disease context, and poten-
tially reversible systemic or mechanical contributors may each provide complementary
information about the evolving hemostatic state.

The central contribution of the IHN framework is the explicit integration of these
interacting determinants into a unified, dynamic, and testable systems-level architecture for
pediatric ECMO. Its conceptual advance lies not simply in recognizing the multifactorial
nature of dyshemostasis or in combining multiple monitoring modalities, but in framing
their relationships and temporal evolution as components of a single system that can
generate clinically testable hypotheses.
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Future research should determine whether this integrated perspective can identify
reproducible patterns of evolving dyshemostasis, support earlier recognition of clinically
important changes, and enable more targeted and adaptive therapeutic strategies. Such
studies may ultimately clarify whether systems-level integration can translate into better
patient-centered outcomes in pediatric ECMO.

Author Contributions: Conceptualization, L.EP.d.L.; Investigation, L.EP.d.L., LA.M., D.V.L. and
PTXK.Y.; Writing—Original Draft Preparation, L.EP.d.L.; Writing—Review & Editing, L.EP.d.L.,
ILAM.,, D.VL. and PTXK.Y,; Visualization, L.EP.d.L.; Supervision, L.EP.d.L.; Domain-specific exper-
tise in pediatric hematology, I.A.M.; Critical review, clinical expertise, and substantive revision of
the manuscript, D.V.L. and P.T.K.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors gratefully acknowledge Luci Meire Pivelli Usberco, for her insti-
tutional leadership and sustained support for the implementation, development, and continuous
improvement of the pediatric ECMO program at Hospital SEPACO. During the preparation of this
manuscript, the authors used ChatGPT (GPT-6 OpenAl) for language editing, refinement of scientific
wording, organization of the manuscript, editorial review, and generation of the figures. The authors
critically reviewed and edited the generated output and take full responsibility for the content of
this publication.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ACT activated clotting time

aPTT activated partial thromboplastin time
AT antithrombin

CPB cardiopulmonary bypass

CRRT continuous renal replacement therapy
dTT dilute thrombin time

DTI direct thrombin inhibitor

ECLS extracorporeal life support

ECMO extracorporeal membrane oxygenation
ELSO Extracorporeal Life Support Organization

FIBTEM fibrin-based thromboelastometry
HEPTEM  heparinase-modified thromboelastometry

ITHN Integrated Hemostatic Network
INR international normalized ratio
PAI-1 plasminogen activator inhibitor-1
PCC prothrombin complex concentrate
PEACE Pediatric ECMO Anticoagulation CollaborativE
PT prothrombin time

RBC red blood cell

RCT randomized controlled trial
rFVIla recombinant activated factor VII
ROTEM rotational thromboelastometry
TEG thromboelastography
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t-PA tissue plasminogen activator
1T thrombin time

UFH unfractionated heparin

VAD ventricular assist device
VET viscoelastic testing

vWF von Willebrand factor
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