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Abstract

Anemia in children is a prevalent condition worldwide, often resulting in impaired oxygen delivery to tissues and
organs. Beyond its classical effects, anemia influences the delicate balance of the hemostatic system, leading to a
spectrum of coagulation abnormalities. This review explores the complex interactions between oxygen transport
deficits and hemostatic dysregulation in pediatric anemia, highlighting how hypoxia-driven mechanisms contribute to
altered platelet function and coagulation factor expression. The pathophysiological mechanisms underlying
hemostatic disturbances in anemic children involve hypoxia-induced endothelial activation, modulation of platelet
reactivity, and variations in coagulation protein levels. These changes create a paradoxical environment where
children are simultaneously at risk for bleeding and thrombotic complications, depending on the anemia type and
severity. Clinical conditions such as sickle cell disease exemplify this dual risk, underscoring the need for
comprehensive hemostatic evaluation in affected pediatric populations.
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Introduction

Anemia is a pervasive global health problem,
particularly in pediatric populations, affecting
millions of children worldwide. Defined by a
reduction in hemoglobin concentration or red
blood cell mass, anemia leads to impaired oxygen
transport and tissue hypoxia, which can have
profound consequences on growth, development,
and overall health [1-2]. In children, anemia arises
from diverse etiologies including nutritional
deficiencies (such as iron, folate, or vitamin B12),
inherited hemoglobinopathies, chronic infections,
and bone marrow disorders. While the clinical
manifestations of anemia primarily revolve
around fatigue, pallor, and developmental delays,
its influence extends to the regulation of
hemostasis, a relationship that 1is often
underrecognized but clinically significant [3-
4].Hemostasis is a tightly regulated physiological
process that maintains blood fluidity while
preventing excessive bleeding through a balance
between procoagulant and anticoagulant forces.
The coagulation cascade, platelet function, and
endothelial integrity work in concert to preserve
vascular integrity after injury. Disruptions in this
balance can result in bleeding tendencies or
thrombotic events. In the context of anemia, this
equilibrium is perturbed due to the complex
interactions between impaired oxygen delivery
and alterations in vascular and hematological
function. Pediatric patients with anemia thus
represent a unique subset in whom hemostatic
dysregulation warrants careful evaluation [5-6].

The connection between oxygen transport and
hemostatic function is mediated largely by tissue
oxygenation status. Hypoxia, a consequence of
anemia, acts as a biological stressor that triggers
endothelial cell activation, inflammation, and
oxidative stress. These changes alter the
expression of key molecules such as tissue factor,
thrombomodulin, and nitric oxide, all of which
influence coagulation pathways. Moreover,
hypoxia-inducible factors (HIFs) regulate genes
involved in both erythropoiesis and coagulation,
linking oxygen sensing mechanisms directly with
hemostatic control. This pathophysiological
crosstalk 1s particularly relevant in pediatric
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anemia, where chronic hypoxia may exacerbate
hemostatic imbalance [7-8].Platelets, the cellular
mediators of primary hemostasis, are also affected
by anemia-induced hypoxia. Evidence suggests
that hypoxic conditions enhance platelet adhesion
and aggregation, increasing thrombotic potential
in some cases. Conversely, certain forms of
anemia are associated with thrombocytopenia or
qualitative platelet defects due to marrow
suppression or nutrient deficiencies. This dual
effect complicates clinical prediction of bleeding

or clotting risks in anemic children and
underscores the mneed for individualized
assessment [9-11].

Coagulation  factor  abnormalities  further

compound the hemostatic challenges in anemic
children. Iron deficiency anemia, for example, is
linked to decreased levels of von Willebrand
factor and factor VIII, predisposing patients to
mucocutaneous bleeding. In contrast, hemolytic

anemias such as sickle cell disease are
characterized by chronic inflammation and
endothelial ~ dysfunction that promote a

hypercoagulable state. These divergent effects
illustrate how different anemia etiologies can
variably influence coagulation factor synthesis
and activity, highlighting the heterogeneity of
hemostatic dysfunction in this population [12-
13].Clinically, hemostatic  dysregulation in
anemic children manifests as an increased risk for
both hemorrhagic and thrombotic complications,
which can contribute significantly to morbidity
and mortality [14-15]. For instance, children with
sickle cell anemia have heightened risks of stroke
and  vaso-occlusive crises linked  to
hypercoagulability, while those with iron
deficiency may experience excessive bleeding
during surgical procedures or trauma. Despite
this, routine coagulation testing often fails to
capture subtle hemostatic abnormalities related to
anemia. This diagnostic gap emphasizes the
importance of integrating hemostatic assessment
with anemia evaluation for comprehensive
clinical care [16-17]].

Aim

This review aims to critically examine the
pathophysiological mechanisms underlying
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hemostatic dysregulation in anemic children,
emphasizing the interplay between impaired
oxygen transport and coagulation function.

Methods

This narrative review was conducted to synthesize
and critically appraise existing evidence on the
relationship between anemia and hemostatic
dysregulation in pediatric populations, with
particular emphasis on the mechanistic links
between impaired oxygen transport and
coagulation function. A comprehensive and
iterative literature search was performed across
major biomedical databases, including PubMed,
Scopus, Web of Science, and Google Scholar,
covering publications from database inception to
the most recent available literature.Search terms
were developed using a combination of Medical
Subject Headings (MeSH) and free-text keywords
related to the core concepts of the review. These
included “pediatric anemia,” “childhood anemia,”
“hemostasis,” “coagulation,” “platelet function,”
“iron deficiency anemia,” “hypoxia,” and
“developmental hemostasis.” Boolean operators
were applied to refine and expand the search
strategy. Reference lists of relevant articles and
key reviews were manually screened to identify
additional studies not captured in the initial
search.

Eligible sources included original research
articles, clinical observational studies,
mechanistic and translational studies, systematic
reviews, and authoritative narrative reviews
focusing on children and adolescents. Studies
conducted exclusively in adult populations were
excluded wunless they provided fundamental
mechanistic insights directly applicable to
pediatric physiology. No restrictions were placed
on study design, reflecting the exploratory and
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integrative nature of a narrative review.
Publications in English were prioritized due to
accessibility and consistency of
interpretation.Data  extraction was performed
narratively, with emphasis on themes rather than
quantitative synthesis. Information was organized
around predefined domains, including
developmental aspects of pediatric hemostasis,
the physiological role of red blood cells in
coagulation, platelet abnormalities in anemic
states, coagulation pathway alterations, and
clinical manifestations of bleeding or thrombosis.
Particular attention was given to variations

according to anemia etiology, severity, and
chronicity.The = evidence = was interpreted
descriptively and  contextually, allowing

integration of basic science, clinical, and public
health perspectives. Given the narrative design,
no formal risk-of-bias assessment or meta-
analytic techniques were applied. Instead, greater
weight was assigned to studies with clear
methodology, pediatric relevance, and biological
plausibility. This approach enabled a holistic
understanding of hemostatic dysregulation in
anemic children and identification of knowledge
gaps to guide future research.

Pathophysiology of Hemostatic Dysregulation
in Anemia

The pathophysiological mechanisms underlying
hemostatic ~ dysregulation in anemia are
multifactorial and revolve primarily around the
effects of impaired oxygen transport on the
vascular endothelium, platelet function, and
coagulation pathways. Anemia reduces the
oxygen-carrying capacity of blood, resulting in
tissue hypoxia that triggers compensatory and
maladaptive  biological responses impacting
hemostasis(Table 1) [18-19].
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Table 1: Pathophysiology of Hemostatic Dysregulation in Anemia

Pathophysiological Underlying Process Hemostatic Clinical Implications in

Mechanism Consequences Children

Reduced hematocrit Decreased red blood cell | Impaired platelet | Prolonged bleeding time,
mass and blood viscosity | margination and | mucocutaneous bleeding

adhesion

Altered blood rheology | Reduced shear stress at | Diminished platelet | Easy bruising, epistaxis
vessel wall activation

Increased nitric oxide | Reduced hemoglobin- | Inhibition of platelet | Functional platelet defects

bioavailability mediated nitric  oxide | aggregation despite normal or high
scavenging counts

Hypoxia-induced Upregulation of hypoxia- | Enhanced thrombin | Risk of thrombosis

endothelial activation inducible  factors and | generation chronic or severe anemia
tissue factor

Platelet quantitative | Reactive thrombocytosis | Imbalanced primary | Paradoxical bleeding or

changes in iron deficiency hemostasis thrombotic events

Erythrocyte membrane | Phosphatidylserine Procoagulant surface | Microthrombosis

alterations exposure on damaged red | for coagulation | hemolytic anemias
cells complexes

Inflammatory milieu Cytokine-mediated Procoagulant and | Thromboinflammatory
endothelial dysfunction antifibrinolytic shift | complications

Reduced coagulation | Nutritional deficiency or | Impaired secondary | Increased  bleeding  risk

factor synthesis chronic disease hemostasis during stress or surgery

Endothelial Activation and Dysfunction

Hypoxia induced by anemia plays a central role in
endothelial cell activation and dysfunction. Under
normal oxygen conditions, the endothelium
maintains an anticoagulant surface through the
expression of molecules such as thrombomodulin
and nitric oxide. However, hypoxia shifts this
balance by upregulating procoagulant factors like
tissue factor and von Willebrand factor (VWF)
and downregulating anticoagulant mediators. This
endothelial activation promotes a prothrombotic
state, contributing to microvascular occlusions
and increased thrombin generation. Furthermore,
hypoxia-inducible factors (HIFs) orchestrate gene
expression changes in endothelial cells that
modulate vascular permeability, inflammation,
and coagulation factor production, linking oxygen
sensing directly to hemostatic control [20-21].

Platelet Count and Function Alterations
Platelets are highly sensitive to changes in oxygen

tension. In anemia-associated hypoxia, platelets
may exhibit enhanced reactivity, with increased
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aggregation and adhesion capacity that favor
thrombus formation. This heightened platelet
activity is thought to be mediated by increased
intracellular calcium signaling and the release of
prothrombotic substances such as thromboxane
A2. Conversely, some anemic states—particularly
those involving bone marrow suppression or
nutritional deficiencies—lead
thrombocytopenia or dysfunctional platelets with
impaired aggregation responses. The net effect on
platelet-mediated primary  hemostasis
depends on the specific anemia etiology and
severity, contributing to variability in bleeding or
clotting risk among pediatric patients [22-23].

Coagulation Factor Imbalance

Anemia influences the coagulation cascade by
altering the levels and activity of coagulation
factors. Iron deficiency anemia, one of the most
common pediatric forms, has been associated with
decreased plasma concentrations of factor VIII
and vWF, key components in clot formation and
platelet adhesion. This reduction can prolong
bleeding time and increase hemorrhagic risk. On

to

thus
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the other hand, chronic hemolytic anemias such as
sickle cell disease provoke a hypercoagulable
state characterized by elevated tissue factor
expression, increased thrombin generation, and
impaired fibrinolysis. Inflammatory mediators
released during hemolysis exacerbate endothelial
dysfunction and coagulation activation. Thus,
anemia can simultaneously produce bleeding
tendencies and prothrombotic risk depending on
the underlying cause and pathophysiology [24-
25].

Hemodynamic and Rheological Changes

Anemia induces compensatory hemodynamic
responses including increased cardiac output and
blood flow velocity to maintain tissue
oxygenation. These changes affect shear stress on
vessel walls, which in turn influences platelet
activation and coagulation factor interactions.
Additionally, anemia modifies blood viscosity
and red blood cell deformability, which can alter
microcirculatory flow and predispose to vascular
stasis or turbulence—conditions that favor clot
formation. These rheological alterations further
complicate the hemostatic landscape in anemic
children, particularly in those with coexisting
vascular or inflammatory conditions [26].

Interaction Between Hypoxia and
Inflammation

Hypoxia in anemia also promotes a pro-
inflammatory milieu, which interacts with

coagulation pathways in a bidirectional manner.
Inflammatory cytokines such as interleukin-6 and
tumor necrosis factor-alpha induce endothelial
activation and increase expression of adhesion
molecules, facilitating leukocyte and platelet
interactions that enhance thrombus formation.
Chronic inflammation, common in many anemic
states, can suppress natural anticoagulants and
impair fibrinolysis, further tipping the balance
towards hypercoagulability. This complex
interplay underscores the need to consider both
hypoxic and inflammatory components when
evaluating hemostatic dysfunction in pediatric
anemia [27].
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Clinical Implications

Hemostatic dysregulation in anemic children
carries significant clinical consequences, as it
predisposes this vulnerable population to a
complex spectrum of bleeding and thrombotic

complications. Recognizing these risks is
essential for clinicians to optimize management
strategies and improve pediatric outcomes

[28].Children with anemia face a paradoxical
hemostatic state where both hemorrhagic and
thrombotic events can occur depending on the
underlying anemia type, severity, and concurrent
conditions. For example, iron deficiency anemia,
the most widespread form globally, is often
associated with mild coagulation factor
deficiencies, such as reduced von Willebrand
factor and factor VIII levels, which can manifest
clinically as mucocutaneous bleeding, prolonged
bleeding times, and increased bleeding during
surgical interventions or trauma. Such bleeding
risks can complicate routine procedures like
venipuncture or minor surgeries, necessitating
careful hemostatic  assessment  prior to
intervention [29].

Conversely, chronic hemolytic anemias—most
notably  sickle cell disease—present a
hypercoagulable  milieu  characterized by
endothelial activation, platelet hyperreactivity,
and increased thrombin generation. This
prothrombotic tendency contributes to serious
complications such as vaso-occlusive crises,
stroke, and pulmonary embolism, which
significantly impact morbidity and mortality.
Children with sickle cell anemia thus require
vigilant monitoring for thrombotic events and
may benefit from prophylactic anticoagulation or
antiplatelet therapies, although these interventions
carry their own bleeding risks and must be
judiciously applied [30-31].Additionally, anemia-
induced hemostatic dysfunction complicates
clinical management by influencing transfusion
strategies. Blood transfusions aimed at correcting

anemia may inadvertently exacerbate
hypercoagulability or provoke immune-mediated
reactions affecting  coagulation. Hence,

transfusion thresholds and protocols must be
individualized, balancing the need to improve
oxygen delivery against the potential for
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promoting thrombosis [32-33].The co-existence
of anemia and other comorbidities such as
infections, malnutrition, or chronic inflammation
further amplifies hemostatic abnormalities,
complicating diagnosis and treatment. In
resource-limited  settings, = where  anemia
prevalence is high and access to advanced
coagulation testing is limited, these challenges are
even more pronounced, highlighting the need for
simple, reliable clinical tools to assess bleeding
and clotting risk [34-35].

Diagnostic Considerations

Accurate diagnosis of hemostatic dysregulation in
anemic children is essential but often challenging
due to the complex interplay between oxygen
transport deficits and coagulation abnormalities.
Traditional coagulation tests, while useful, may
not fully capture the nuanced hemostatic changes
associated with various forms of anemia,
necessitating a more integrative and sophisticated
diagnostic approach [36].Standard laboratory
assessments such as complete blood count (CBC)
provide foundational information on hemoglobin
levels, red blood cell indices, and platelet counts,
which are critical in identifying anemia type and
severity. However, platelet quantity alone may
not reflect functional abnormalities that contribute
to bleeding or thrombosis risk. Therefore, platelet
function assays—including platelet aggregation
studies and flow cytometry for activation
markers—can offer valuable insight into
qualitative platelet defects commonly observed in
anemic states, especially those related to hypoxia-
induced platelet hyperreactivity or dysfunction
[37].

Routine coagulation profiles including
prothrombin time (PT), activated partial
thromboplastin time (aPTT), and fibrinogen levels
serve as initial screening tools to detect gross
abnormalities in coagulation pathways. Yet, these
tests may not reveal subtle imbalances or
hypercoagulable states frequently present in
chronic anemia. Measurement of specific
coagulation factors, such as von Willebrand factor
and factor VIII, is particularly important in iron
deficiency anemia, where deficiencies contribute
to bleeding risk. Additionally, assays evaluating

37

natural anticoagulants like protein C, protein S,
and antithrombin III may help identify acquired
deficiencies  that  exacerbate  thrombotic
predisposition [38].Advanced global hemostasis
assessments such as thromboelastography (TEG)
or rotational thromboelastometry (ROTEM)
provide dynamic real-time evaluation of clot
formation, stability, and fibrinolysis, offering a
more comprehensive picture of hemostatic
function. These modalities have shown promise in
detecting both hypo- and hypercoagulable states
in anemic children and may guide individualized

management decisions, particularly in
perioperative  settings or severe anemia
[39].Assessment  of  oxygenation  status—

including pulse oximetry and arterial blood gas
analysis—should be integrated with hemostatic
testing to contextualize coagulation abnormalities
within the severity of hypoxia. Additionally,
biomarkers of endothelial activation (e.g., soluble
thrombomodulin, E-selectin) and inflammation
(e.g., C-reactive protein, interleukins) can further
elucidate the pathophysiological mechanisms
driving coagulation disturbances and assist in risk
stratification [40].

Therapeutic Approaches

Management of hemostatic dysregulation in
anemic children requires a comprehensive
approach targeting both the underlying anemia
and the associated coagulation abnormalities.
Treatment strategies must be individualized,
considering the anemia etiology, severity, and the
patient’s bleeding or thrombotic risk profile, to
optimize outcomes while minimizing
complications [41].

Correction of Anemia

The cornerstone of therapy is correction of the
anemia to restore adequate oxygen delivery,
which can indirectly ameliorate hemostatic
disturbances. Nutritional supplementation with
iron, folate, or vitamin B12 remains the primary
intervention for deficiency anemias. Oral iron
therapy is generally preferred for mild to
moderate iron deficiency anemia, while
intravenous formulations may be indicated in
cases of malabsorption or severe anemia.
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Hemoglobinopathies, such as sickle cell disease,
often require more complex management
including  hydroxyurea  therapy,  chronic
transfusions, or bone marrow transplantation to
reduce hemolysis and improve red blood cell
function [42-43].Blood transfusions can rapidly
correct severe anemia and improve oxygenation;
however, they must be judiciously administered
as they carry risks of alloimmunization, iron
overload, and paradoxically, exacerbation of
hypercoagulability. Transfusion thresholds should
be carefully considered, particularly in children
with underlying thrombotic predispositions [44].

Management of Coagulation Abnormalities

Therapeutic interventions targeting hemostatic
dysfunction depend on whether bleeding or
thrombotic tendencies predominate. For bleeding
risk  associated with  coagulation  factor
deficiencies or platelet dysfunction, supportive
measures include administration of clotting factor
concentrates, desmopressin (which can elevate
von Willebrand factor and factor VIII), or platelet
transfusions as clinically indicated. Nutritional
rehabilitation to correct deficiencies can also
improve platelet and coagulation factor function
[45].In cases where hypercoagulability prevails,
as commonly seen in hemolytic anemias like
sickle cell disease, prophylactic or therapeutic
anticoagulation may be warranted. Low-dose
aspirin is frequently employed to reduce platelet
aggregation and prevent vaso-occlusive events,
while low molecular weight heparin or direct oral
anticoagulants may be considered for thrombotic
complications. The risk-benefit ratio of
anticoagulant therapy must be carefully balanced
against potential bleeding risks, particularly in
pediatric patients [46].

Adjunctive and Supportive Therapies

Addressing  underlying  inflammation  and
endothelial ~ dysfunction is an emerging
therapeutic strategy. Anti-inflammatory agents
and antioxidants may help mitigate endothelial
activation and reduce prothrombotic stimuli,
though clinical evidence in pediatric anemia is
limited. Emerging molecular therapies targeting
hypoxia-inducible pathways and coagulation
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signaling offer potential for more precise
modulation of hemostatic balance [47-48].

Monitoring and Multidisciplinary Care

Regular monitoring of hemoglobin levels,
coagulation parameters, and clinical status is
essential to guide therapy adjustments and prevent
complications. Multidisciplinary collaboration
involving pediatric hematologists, cardiologists,
and coagulation specialists enhances
comprehensive care, particularly for children with
complex anemia syndromes [48].

Conclusion

Hemostatic dysregulation in anemic children
represents a complex and clinically significant
interplay between impaired oxygen transport and
coagulation abnormalities. The diverse
mechanisms  triggered by anemia-induced
hypoxia—including  endothelial  dysfunction,
platelet alterations, and coagulation factor
imbalances—create a  dynamic  hemostatic
environment that predisposes to both bleeding and
thrombotic complications. Recognizing these
interactions is critical for accurate diagnosis, risk
stratification, and individualized management in
pediatric patients. Integration of advanced
diagnostic tools and comprehensive clinical
assessment is necessary to optimize therapeutic
strategies that address both anemia correction and
coagulation stabilization.
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