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Abstract

Thrombotic microangiopathies (TMAs) represent a diverse group of disorders characterized
by microvascular thrombosis, hemolytic anemia, and organ dysfunction. In children, the
differentiation of TMAs is critical due to their overlapping clinical presentations and distinct
therapeutic implications. This review explores the key diagnostic criteria, etiological factors,
and pathophysiological mechanisms underlying pediatric TMAs, including hemolytic
uremic syndrome (HUS), thrombotic thrombocytopenic purpura (TTP), and secondary TMAs
associated with infections, malignancies, or autoimmune conditions. We emphasize the
role of advanced diagnostic tools, such as genetic and complement pathway analyses, and
highlight emerging biomarkers for improved classification. Furthermore, therapeutic
strategies, ranging from plasma exchange to complement inhibitors, are discussed in the
context of recent clinical advances. By elucidating the nuances in TMA subtypes, this review
aims to guide clinicians and researchers toward timely, targeted interventions that improve
outcomes in affected children.
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Introduction

Thrombotic microangiopathy (TMA) is a complex clinical syndrome characterized by
microvascular endothelial injury, leading to the formation of thrombi within small blood vessels.
These thrombi cause organ dysfunction due to ischemia and microangiopathic hemolytic anemia.
In children, TMA encompasses several distinct disorders, including hemolytic uremic syndrome
(HUS) and thrombotic thrombocytopenic purpura (TTP), which vary in etiology,
pathophysiology, and clinical presentation [1].
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One of the most common causes of TMA in children is Shiga toxin-producing Escherichia coli

(STEC)-associated HUS, accounting for the majority of cases. This condition typically follows
gastrointestinal infections and results in significant morbidity and mortality if not managed
promptly. Understanding the epidemiology of STEC-HUS has been pivotal in reducing its impact

through preventive measures and early intervention [2].

Non-STEC HUS, a less common but equally serious form of TMA in children, is often linked to
dysregulation of the complement system. Advances in genetic testing have identified mutations
and polymorphisms in complement-regulating proteins, such as factor H, factor I, and membrane
cofactor protein, in affected individuals. This understanding has paved the way for targeted
therapies, including complement inhibitors [3].

TTP, another form of TMA, is characterized by a deficiency in the von Willebrand factor-cleaving
protease ADAMTS13. In children, TTP may be congenital or acquired, with the congenital form
resulting from biallelic mutations in the ADAMTS13 gene. Diagnosis and treatment rely on
identifying the severe deficiency of ADAMTS13 and prompt initiation of plasma exchange or
administration of recombinant ADAMTS13 [4].

In addition to primary forms, secondary TMA may occur in association with malignancies,
infections, autoimmune diseases, or certain medications. The management of secondary TMA
involves addressing the underlying condition while providing supportive care to mitigate
microvascular damage and end-organ complications [5].

The clinical manifestations of TMA in children are often nonspecific and may include fatigue,
pallor, bruising, and oliguria. Laboratory findings such as thrombocytopenia, elevated lactate
dehydrogenase, schistocytes on a blood smear, and acute kidney injury are critical for diagnosis.
Recognizing these features early is essential to initiate appropriate treatment and improve outcomes

[G].

Advancements in therapeutic interventions have significantly altered the prognosis of pediatric
TMA. Eculizumab, a monoclonal antibody targeting C5 in the complement cascade, has
revolutionized the treatment of complement-mediated HUS. Similarly, recombinant ADAMTS13
holds promise for congenital TTP, offering a targeted approach that reduces the burden of lifelong
plasma exchange [7].

Epidemiological studies have highlighted regional and seasonal variations in the incidence of TMA,
particularly STEC-HUS. Public health initiatives focusing on food safety, water quality, and
hygiene have been instrumental in reducing the burden of TMA in children. However, disparities
in healthcare access and diagnostic capabilities remain challenges in low-resource settings [8].

Research efforts continue to unravel the molecular mechanisms underlying TMA, exploring
pathways beyond complement and ADAMTS13. Studies investigating endothelial dysfunction,
platelet activation, and immune-mediated injury are broadening our understanding and opening

new avenues for treatment [9].

The management of TMA in children requires a multidisciplinary approach, involving pediatric
nephrologists, hematologists, and intensive care specialists. Early recognition and tailored

interventions are crucial to improving survival rates and reducing long-term complications, such
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as chronic kidney disease and neurological deficits. Continued advancements in diagnostics,

therapeutics, and public health strategies hold the key to mitigating the burden of TMA in this
vulnerable population [10].

The etiology of TMA in children is multifactorial. Hemolytic uremic syndrome (HUS) is the most
common cause in pediatric populations, typically triggered by infection with Shiga toxin-
producing Escherichia coli (STEC) [11]. In contrast, atypical HUS (aHUS) is often associated

with genetic or acquired dysregulation of the complement system [12].

Other causes of pediatric TMA include thrombotic thrombocytopenic purpura (TTP), secondary
TMA associated with systemic conditions such as malignancies, bone marrow transplantation, and
autoimmune diseases [13]. Drug-induced TMA, though less common, has also been reported in
children, with agents such as calcineurin inhibitors being implicated [14].

Inherited and acquired deficiencies in the ADAMTS13 enzyme are central to the etiology of TTP.
ADAMTS13 deficiency leads to the accumulation of ultra-large von Willebrand factor multimers,
which promote platelet aggregation and microvascular thrombosis [15].

Risk factors for TMA in children vary by underlying cause. For STEC-HUS, ingestion of
contaminated food or water is a primary risk factor. Children under the age of five are particularly

vulnerable due to immature immune responses [16].

Genetic predispositions play a significant role in aHUS. Mutations in genes regulating the
complement system, such as CFH, CFI, and MCP, increase susceptibility to complement-
mediated endothelial injury and microvascular thrombosis [17].

Environmental and systemic triggers, including infections, pregnancy, and medications, can
exacerbate the risk of TMA in genetically predisposed children. Such triggers may act by enhancing
complement activation or inducing endothelial injury [18].

In TTP, the presence of autoantibodies against ADAMTS13 is a major risk factor. These
autoantibodies inhibit ADAMTS13 activity, leading to pathological thrombosis in the

microvasculature [19].

Pathophysiologically, TMA is characterized by endothelial injury, platelet activation, and
microvascular thrombosis. Endothelial damage, caused by toxins, autoantibodies, or complement
activation, is the initial step in most cases of TMA [20].

In STEC-HUS, Shiga toxin binds to endothelial cells, inducing apoptosis and inflammatory
responses. The resulting endothelial injury promotes the formation of microvascular thrombi
composed of platelets and fibrin [21].

Complement-mediated TMA, as seen in aHUS, involves dysregulated complement activation on
endothelial surfaces. This results in excessive formation of the membrane attack complex, leading
to endothelial damage and prothrombotic conditions [22].
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Platelet activation and aggregation are pivotal in TTP. The accumulation of ultra-large von

Willebrand factor multimers, due to deficient ADAMTS13 activity, provides a substrate for
platelet adhesion and thrombus formation [23].

In secondary TMA, systemic conditions such as malignancy or transplantation can lead to
endothelial activation and damage. This creates a prothrombotic milieu and contributes to the

development of TMA [24].

The clinical manifestations of TMA reflect the underlying pathophysiology, with
thrombocytopenia, microangiopathic hemolytic anemia, and organ dysfunction being hallmark
features. Renal impairment is particularly prominent in STEC-HUS and aHUS [25].

Neurological symptoms, ranging from confusion to seizures, are common in TTP and can result

from microvascular ischemia in the central nervous system [26].

Laboratory findings in TMA include elevated lactate dehydrogenase (LDH), schistocytes on
peripheral smear, and low haptoglobin levels, reflecting intravascular hemolysis. Reduced

ADAMTS13 activity confirms TTP, while complement studies aid in diagnosing aHUS [27].

Understanding the interplay between genetics, environmental triggers, and systemic factors is
crucial for early diagnosis and tailored treatment of TMA in children. Therapeutic strategies differ
by etiology and may include plasmapheresis, complement inhibitors, and supportive care [28].

Advances in genetic testing have improved the identification of complement mutations in aHUS,
facilitating targeted therapies such as eculizumab, a monoclonal antibody against complement
component C5 [29].

Despite therapeutic advances, the prognosis of TMA in children varies. Early recognition and
management are essential to mitigate long-term complications, such as chronic kidney disease and
neurological deficits [30].

Research into the molecular mechanisms of TMA continues to inform novel therapeutic
approaches. Targeting specific pathways, such as complement activation or platelet aggregation,
holds promise for improving outcomes in pediatric TMA [31]. TMA in children encompasses a
diverse group of syndromes with shared pathological features. Etiology, risk factors, and
pathophysiology differ by subtype, necessitating a comprehensive approach to diagnosis and
management to optimize outcomes [32].

Thrombotic microangiopathy (TMA) represents a spectrum of syndromes characterized by
microangiopathic hemolytic anemia, thrombocytopenia, and end-organ damage due to
microvascular thrombosis. Diagnosing TMA in children requires a detailed evaluation of clinical
presentation, laboratory findings, and potential underlying causes [33].

Clinical Presentation: Pediatric TMA often manifests with nonspecific symptoms such as fatigue,
pallor, and petechiae. Organ-specific signs, such as acute kidney injury (AKI), neurological deficits,
or gastrointestinal symptoms, are also common [34].
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Laboratory Diagnosis: A hallmark of TMA is microangiopathic hemolytic anemia, indicated by

schistocytes on a peripheral blood smear. Thrombocytopenia and elevated lactate dehydrogenase

(LDH) levels support the diagnosis [35].

Differential Diagnosis: Differential considerations include hemolytic uremic syndrome (HUS),
thrombotic thrombocytopenic purpura (T'TP), and secondary TMAs associated with infections,
malignancies, or medications [306].

Role of ADAMTS13: Measurement of ADAMTS13 activity helps differentiate TTP from other
TMAEs. Severe deficiency (<10%) strongly suggests TTP, a rare condition in children but critical
to identify due to its unique treatment approach [37].

Infectious Causes: Post-diarrheal HUS, primarily caused by Shiga toxin-producing Escherichia coli
(STEC), is the most common TMA in children. Stool culture and Shiga toxin assays are essential
diagnostic tools [38].

Complement Testing: Complement-mediated TMAs, such as atypical hemolytic uremic syndrome
(aHUS), require complement factor and genetic analyses. Identification of mutations in
complement regulatory proteins confirms the diagnosis [39].

Renal Implications: TMA frequently involves the kidneys, leading to AKI. Urinalysis may reveal
proteinuria and hematuria, while renal biopsy can provide histological confirmation of TMA with
evidence of endothelial damage and thrombi [40].

Neurological Involvement: Neurological symptoms, such as seizures or encephalopathy, are often
present in severe TTP and aHUS. Brain imaging may be necessary to assess for ischemic or

hemorrhagic lesions [41].

Genetic Testing: For suspected hereditary TMAs, next-generation sequencing of TMA-associated
genes, such as CFH, CD46, or ADAMTS13, is recommended [42].

Biomarkers: Emerging biomarkers, including soluble C5b-9 and syndecan-1, are being explored

for their diagnostic utility in TMAs [43].

Role of Biopsy: Tissue biopsy, particularly renal, provides definitive evidence of endothelial injury,
fibrin deposition, and microvascular thrombosis when the diagnosis remains uncertain [44].

Cardiac Assessment: Cardiac involvement in TMA can present as myocardial dysfunction or
arrhythmias. Echocardiography and cardiac biomarkers like troponin may assist in diagnosis [45].

Hematological Evaluation: Bone marrow biopsy is rarely required but may be necessary in cases
with atypical presentations or suspicion of malignancy [46].

Infectious Workup: Serological tests for viruses (e.g., HIV, CMV, EBV) and bacterial cultures are

critical to rule out infectious causes of TMA [47].

Drug-Induced TMA: A thorough medication history is crucial, as drugs like calcineurin inhibitors
and chemotherapeutic agents can induce TMA [48].
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Autoimmune Screening: Autoimmune conditions such as systemic lupus erythematosus (SLE) can

be associated with TMA. Testing for ANA, anti-dsDNA, and antiphospholipid antibodies is
warranted [49].

Pregnancy-Associated TMA: In adolescent females, pregnancy-related conditions like preeclampsia
and HELLP syndrome should be considered [50].

Imaging Studies: Doppler ultrasound of renal vessels or CT angiography may be helpful in
detecting vascular abnormalities associated with TMA [51].

Interdisciplinary Approach: Collaboration between nephrologists, hematologists, and intensivists
is often required for the comprehensive evaluation of pediatric TMA [52].

Prognostic Indicators: Early recognition of TMA subtype and prompt initiation of targeted therapy
are crucial in improving outcomes. Delayed diagnosis significantly increases morbidity and

mortality [53].

TMA in children can arise from primary conditions, such as complement-mediated HUS or
hereditary TTP, or secondary to infections, autoimmune diseases, and certain medications.
Escherichia coli O157:H7-associated HUS remains the most common cause of TMA in pediatric
populations [55]. Accurate diagnosis requires laboratory and clinical evaluation. Key diagnostic
markers include elevated lactate dehydrogenase, schistocytes on a peripheral blood smear, low
haptoglobin, and thrombocytopenia [56].

Initial Management Strategies

Supportive care is the cornerstone of initial TMA management in children. Volume management,
control of hypertension, and dialysis are critical interventions, particularly in cases of severe renal

involvement [57].
Role of Plasma Exchange

Plasma exchange therapy is the first-line treatment for TTP. It helps to remove autoantibodies
against ADAMTS13, restoring enzymatic activity and preventing platelet aggregation [58].

Complement Inhibitors

Eculizumab, a monoclonal antibody targeting C5, is a breakthrough treatment for complement-
mediated HUS. It effectively halts the complement cascade, reducing endothelial injury and
thrombosis [59].

Antibiotics in Shiga Toxin-Producing E. coli (STEC)-HUS

Antibiotic use in STEC-HUS is controversial. Some studies suggest antibiotics may increase toxin
release and worsen outcomes, while others show potential benefits when administered early [60].

Anti-Inflammatory Therapies

Corticosteroids and immunosuppressants, such as rituximab, have been explored in refractory TTP
and secondary TMA linked to autoimmune diseases [61]. Recent advances include targeted
therapies like caplacizumab, a nanobody against von Willebrand factor, which accelerates platelet
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normalization in TTP [62]. Identifying mutations in complement regulatory proteins and

ADAMTS13 is crucial for diagnosis and guiding therapy. Genetic insights inform prognosis and
family counseling [63].

Continuous renal replacement therapy (CRRT) and peritoneal dialysis are often necessary for
severe renal impairment. Early initiation of renal support improves outcomes [64]. Regular
monitoring for relapses, renal function, and hypertension is essential. Patients with complement-

mediated HUS often require lifelong follow-up [65].

Access to advanced therapies like eculizumab is limited in low-resource settings, necessitating
reliance on supportive care and plasma exchange [66]. Early identification of risk factors, such as
severe renal failure and high complement activation, helps predict outcomes and guide treatment

intensity [67].

Children’s physiological responses and medication tolerances differ from adults, requiring age-
appropriate dosing and monitoring protocols [68]. The chronic nature and frequent
hospitalizations associated with TMA necessitate psychological support for patients and families
[69]. Preventing STEC infections through improved hygiene and food safety practices reduces the
incidence of STEC-HUS [70].

HSCT-associated TMA is a severe form seen post-transplant. Strategies include optimizing
immunosuppressive regimens and using complement inhibitors [71]. Relapses are common in
complement-mediated HUS. Maintenance therapy with complement inhibitors or prophylactic
plasma exchange may be required [72]. Research into novel complement inhibitors and alternative
therapies offers hope for improved outcomes. Gene-editing technologies like CRISPR may enable
curative approaches [72].
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