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Abstract
Background: Hemophilia is a hereditary X-linked bleeding disorder characterized by deficiency of coagulation factors VIII or IX, leading to

recurrent bleeding episodes, particularly within joints and muscles. In pediatric patients, repeated hemarthroses represent the most significant
clinical manifestation, initiating a cascade of pathological events that culminate in hemophilic arthropathy. This chronic musculoskeletal
complication is a major source of morbidity, resulting in progressive joint destruction, pain, functional impairment, and reduced quality of
life. Despite advances in prophylactic therapies, musculoskeletal complications remain prevalent, particularly in children with severe disease
phenotypes.

The development of inhibitors—neutralizing antibodies against replacement clotting factors—has emerged as one of the most challenging
complications in hemophilia management. Inhibitors compromise the efficacy of standard replacement therapy, leading to poorly controlled
bleeding episodes and increased frequency of hemarthrosis. Consequently, children with inhibitors are at a significantly higher risk of
accelerated joint damage and early onset of arthropathy. The interaction between inhibitor status and musculoskeletal outcomes is complex,
involving increased inflammatory responses, persistent synovitis, and impaired hemostatic control, all of which contribute to disease
progression.

The pathophysiology of hemophilic arthropathy involves recurrent intra-articular bleeding, iron deposition, synovial hypertrophy, and chronic
inflammation, ultimately resulting in cartilage degradation and osteochondral damage. These processes are particularly detrimental in children,
as growing joints are more susceptible to irreversible structural changes. Additionally, various genetic, environmental, and treatment-related
factors—including timing of prophylaxis, treatment adherence, and physical activity—modulate disease severity and progression.

This review aims to provide a comprehensive overview of hemophilic arthropathy in pediatric patients, with a particular focus on the impact
of inhibitors on musculoskeletal outcomes and disease progression. It explores the underlying mechanisms, clinical manifestations, and
contributing risk factors, while highlighting the critical importance of early diagnosis, individualized management strategies, and emerging
therapeutic approaches. Understanding the interplay between inhibitors and joint disease is essential for optimizing long-term musculoskeletal

health and improving functional outcomes in children with hemophilia.

Keywords: Hemophilia; Pediatric hemophilia; Hemophilic arthropathy; Musculoskeletal assessment; Hemarthrosis;

Hemophilia Joint Health Score (HJHS); Ultrasound; Magnetic resonance imaging; Joint evaluation; Early detection
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Introduction

Hemophilia is a congenital X-linked bleeding disorder resulting from deficiency of coagulation factor
VIl (hemophilia A) or factor IX (hemophilia B), leading to impaired thrombin generation and
ineffective clot formation. It predominantly affects males, although females may present as symptomatic
carriers. The severity of the disease is determined by the residual clotting factor level, with severe
hemophilia (<1% activity) being associated with frequent spontaneous bleeding episodes, particularly
into joints and muscles. These recurrent bleeding events represent the hallmark of the disease and are
the primary drivers of long-term morbidity in pediatric patients [1].

In children with hemophilia, musculoskeletal bleeding—especially hemarthrosis—is the most common
clinical manifestation and typically begins early in life, often around the time of ambulation. Repeated
joint bleeding initiates a progressive pathological process characterized by synovial inflammation,
hypertrophy, and recurrent hemorrhage, eventually leading to chronic hemophilic arthropathy. Target
joints, defined by recurrent bleeding episodes, commonly involve the knees, ankles, and elbows, and are
associated with pain, reduced range of motion, and functional disability. Without adequate prevention
and management, these changes can begin in early childhood and progress rapidly, significantly
impairing physical development and quality of life [2].

The pathogenesis of hemophilic arthropathy is multifactorial and involves a complex interplay between
mechanical, inflammatory, and biochemical processes. Following intra-articular bleeding, blood
degradation products—particularly iron—accumulate within the synovium, triggering chronic
inflammation and promoting synovial proliferation. This hypertrophic synovium becomes highly
vascularized and fragile, predisposing to further bleeding and establishing a vicious cycle of joint
damage. Over time, inflammatory mediators and oxidative stress contribute to cartilage degradation and
subchondral bone changes, ultimately resulting in irreversible joint destruction [3].

Despite significant advances in hemophilia care, including the widespread use of prophylactic clotting
factor replacement, musculoskeletal complications remain a major clinical concern. One of the most
critical challenges in modern hemophilia management is the development of inhibitors—neutralizing
alloantibodies directed against infused clotting factors. These inhibitors render standard replacement
therapy ineffective, leading to inadequate control of bleeding episodes. As a result, children with
inhibitors experience more frequent and severe hemarthroses, which accelerates joint deterioration and
increases the risk of early-onset arthropathy [4].

The incidence of inhibitor development is particularly high in patients with severe hemophilia A,
affecting up to 30% of this population, while it is less common in hemophilia B. The presence of
inhibitors not only complicates treatment strategies but also imposes a significant burden in terms of
healthcare costs, treatment complexity, and patient outcomes. Bypassing agents and immune tolerance
induction have improved management; however, their variable efficacy and associated challenges mean
that joint bleeding is often not optimally controlled in these patients [5].

In pediatric populations, the impact of inhibitors extends beyond increased bleeding frequency to include
alterations in the inflammatory milieu of the joint, potentially exacerbating synovial pathology and joint
damage. Moreover, the early onset of joint disease in children with inhibitors interferes with normal
growth, physical activity, and psychosocial development. This underscores the importance of early
identification of high-risk patients and implementation of tailored therapeutic strategies aimed at
preserving joint health [6].

Although numerous studies have explored hemophilic arthropathy and its clinical consequences, there
remains a significant gap in understanding the precise relationship between inhibitor development and
musculoskeletal outcomes in children. Most available data focus either on general joint disease
progression or on inhibitor epidemiology, with limited integration of both aspects in a pediatric context.
Additionally, variability in assessment tools and outcome measures further complicates the evaluation
of disease burden and progression [7].

Therefore, this review aims to comprehensively examine hemophilic arthropathy in pediatric patients,
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with a particular emphasis on the impact of inhibitors on musculoskeletal outcomes and disease
progression. It seeks to integrate current knowledge on pathophysiology, clinical manifestations, and
contributing risk factors, while highlighting the unique challenges posed by inhibitors. Addressing this
knowledge gap is essential for improving early intervention strategies, optimizing individualized care,
and ultimately enhancing long-term functional outcomes and quality of life in children with hemophilia
[8].

Pathophysiology of Hemophilic Arthropathy in Children

Hemophilic arthropathy represents the end result of a complex and progressive pathological process
initiated by recurrent hemarthrosis, which begins early in life in children with moderate to severe
hemophilia. The deficiency of coagulation factors VIII or IX impairs the formation of the tenase
complex, leading to inadequate thrombin generation and ineffective clot stabilization. Consequently,
even minor trauma or spontaneous vascular injury within the joint space can result in prolonged
bleeding. The synovial joints, particularly those subjected to mechanical stress such as the knees, ankles,
and elbows, are especially vulnerable to repeated hemorrhagic episodes, establishing the foundation for
chronic joint disease [9].

The earliest pathological event in hemophilic arthropathy is intra-articular bleeding, which introduces
blood components into the joint cavity. Normally, a single joint bleed may be cleared efficiently;
however, in hemophilia, recurrent bleeding overwhelms the synovial clearance mechanisms. Blood
breakdown products, particularly iron in the form of hemosiderin, accumulate within synovial
macrophages. This iron deposition is a key driver of synovial inflammation, promoting oxidative stress
and triggering the release of pro-inflammatory cytokines. Over time, this results in persistent synovitis
characterized by synovial hypertrophy and hyperplasia [10].

Synovial inflammation plays a central role in perpetuating joint damage. The inflamed synovium
becomes highly vascularized due to neoangiogenesis, driven by factors such as vascular endothelial
growth factor (VEGF). These newly formed blood vessels are structurally fragile and prone to rupture,
thereby increasing the likelihood of recurrent bleeding even in the absence of significant trauma. This
creates a vicious cycle in which bleeding leads to inflammation, and inflammation predisposes to further
bleeding. The chronicity of this process is particularly detrimental in children, whose joints are still
developing and are more susceptible to structural alterations [11].

At the cellular level, macrophages within the synovium exhibit distinct phenotypic changes in response
to repeated bleeding. Initially, a pro-inflammatory (M1) macrophage response predominates,
characterized by the release of cytokines such as tumor necrosis factor-alpha, interleukin-1p, and
interleukin-6. These mediators contribute to cartilage degradation by stimulating chondrocytes to
produce catabolic enzymes and reactive oxygen species. Subsequently, a shift toward an anti-
inflammatory (M2) macrophage phenotype occurs, which promotes tissue remodeling and angiogenesis
but may also contribute to abnormal synovial proliferation and fibrosis. This imbalance between
inflammatory and reparative processes further accelerates joint deterioration [12].

Cartilage damage is another critical component of hemophilic arthropathy and can occur early in the
disease course. Blood exposure within the joint is directly toxic to cartilage, with studies demonstrating
that even short-term exposure to blood can induce chondrocyte apoptosis and impair matrix synthesis.
Iron-mediated oxidative stress and the formation of hydroxyl radicals exacerbate this damage, leading
to progressive loss of cartilage integrity. In pediatric patients, the vulnerability of growing cartilage
further amplifies the impact of these pathological processes, resulting in earlier and more severe joint
degeneration compared to adults [13].

In addition to cartilage destruction, subchondral bone changes play a significant role in disease
progression. Chronic inflammation and altered joint biomechanics disrupt the balance between bone
formation and resorption, primarily through dysregulation of the RANK/RANKL/osteoprotegerin
pathway. This leads to increased osteoclastic activity and subchondral bone loss, followed by the
formation of cysts, erosions, and joint deformities in advanced stages. These structural changes
contribute to pain, stiffness, and reduced joint function, further impairing mobility and quality of life
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[14].

The presence of inhibitors significantly exacerbates the pathophysiological cascade of hemophilic
arthropathy. Inhibitors neutralize infused clotting factors, resulting in suboptimal hemostatic control and
increased frequency of bleeding episodes. Consequently, patients with inhibitors experience more
persistent synovitis and accelerated joint damage. Additionally, the immune response associated with
inhibitor development may alter the intra-articular inflammatory environment, further promoting
synovial proliferation and tissue destruction. This highlights the critical role of inhibitors as a modifier
of disease severity and progression [15].

Overall, hemophilic arthropathy in children is the result of a self-perpetuating cycle involving recurrent
bleeding, chronic inflammation, and progressive structural joint damage. The interplay between
synovitis and osteochondral destruction underscores the importance of early intervention to interrupt
this cycle. Understanding these mechanisms provides a foundation for developing targeted therapeutic
strategies aimed at preserving joint integrity and improving long-term musculoskeletal outcomes in
pediatric patients with hemophilia, particularly those complicated by inhibitor development [16].
Clinical Manifestations of Musculoskeletal Involvement in Pediatric Hemophilia

Musculoskeletal bleeding represents the hallmark clinical feature of hemophilia in children and is the
primary determinant of long-term morbidity. The pattern and severity of bleeding vary with age, disease
severity, and treatment adequacy. While neonates may present with soft tissue or intracranial bleeding,
joint bleeding becomes increasingly prominent as children begin to crawl and walk. Hemarthrosis
typically emerges in early childhood and progresses in frequency and severity in patients with severe
hemophilia, particularly in the absence of effective prophylaxis. These recurrent bleeding episodes
initiate a cascade of joint damage that defines the clinical course of hemopbhilic arthropathy [17].
Hemarthrosis most commonly affects large synovial joints, particularly the knees, ankles, and elbows,
which account for approximately 80% of joint bleeds. The initial episodes may present with subtle
symptoms such as tingling or discomfort, followed by pain, swelling, warmth, and reduced range of
motion. In young children, irritability and refusal to bear weight may be early indicators. If not promptly
treated, repeated bleeding leads to the development of “target joints,” defined as joints experiencing
recurrent hemorrhage over a short period. These joints become the epicenter of progressive structural
damage and functional decline [18].

With repeated hemarthroses, chronic synovitis develops, characterized by persistent joint swelling and
hypertrophy of the synovial membrane. Clinically, this manifests as joint stiffness, decreased mobility,
and recurrent pain, even in the absence of acute bleeding. Over time, the joint undergoes structural
remodeling, including cartilage degradation and bone changes, leading to deformities such as flexion
contractures and joint instability. In pediatric patients, these changes can significantly impair normal
growth and development, affecting gait patterns and physical activity levels [19].

Pain is a central feature of hemopbhilic arthropathy and may be acute, associated with active bleeding, or
chronic due to established joint damage. Chronic pain often leads to reduced physical activity, muscle
weakness, and further joint instability, creating a cycle of deterioration. Children may adapt their
movements to minimize discomfort, resulting in abnormal biomechanics that exacerbate joint stress and
accelerate degeneration. This functional limitation can extend beyond physical health, impacting
psychosocial well-being and participation in daily activities [20].

Muscle hemorrhages represent another important component of musculoskeletal involvement,
accounting for a significant proportion of bleeding episodes. These are often associated with trauma or
invasive procedures and commonly affect muscles such as the iliopsoas, quadriceps, and calf muscles.
Clinically, muscle bleeds may present with localized pain, swelling, and limited movement. Severe cases
can lead to complications such as compartment syndrome, nerve compression, and muscle contractures,
which further contribute to long-term disability if not adequately managed [21].

The presence of inhibitors significantly alters the clinical presentation and severity of musculoskeletal
manifestations. Children with inhibitors experience more frequent and less controllable bleeding
episodes due to the reduced efficacy of standard replacement therapy. As a result, hemarthroses tend to
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be more severe, prolonged, and recurrent, accelerating the progression to chronic arthropathy.
Additionally, these patients often require alternative treatments such as bypassing agents, which may
not provide the same level of bleed prevention, further increasing the risk of joint deterioration [22].
Functional impairment becomes increasingly evident as joint damage progresses. Limitations in range
of motion, muscle atrophy, and joint deformities collectively impair mobility and independence. These
changes are often measurable by school age in children with severe disease and may progress into
adolescence if not adequately addressed. Importantly, studies have shown that joint range of motion
limitations can occur even in patients with fewer clinically apparent bleeding episodes, suggesting the
presence of subclinical joint damage [23].

Overall, the clinical manifestations of musculoskeletal involvement in pediatric hemophilia reflect a
continuum from acute bleeding episodes to chronic joint disease and disability. The severity and
progression of these manifestations are strongly influenced by the presence of inhibitors, timing of
treatment initiation, and adequacy of prophylaxis. Early recognition and comprehensive management
are essential to prevent irreversible joint damage and to preserve functional outcomes in this vulnerable
population [24].

Role of Inhibitors in Disease Progression and Musculoskeletal Outcomes

The development of inhibitors represents one of the most significant complications in the management
of pediatric hemophilia and has profound implications for musculoskeletal health. Inhibitors are
neutralizing alloantibodies directed against infused clotting factors, most commonly factor VIII, and
less frequently factor IX. Their presence renders standard replacement therapy ineffective by reducing
factor recovery and shortening its half-life. Consequently, achieving adequate hemostasis becomes
challenging, leading to increased frequency, severity, and duration of bleeding episodes, particularly
within joints [25].

In pediatric patients, inhibitors typically develop early in the course of treatment, most commonly within
the first 50 exposure days to clotting factor concentrates. The incidence is highest among children with
severe hemophilia A, affecting approximately 20-30% of patients, while it remains significantly lower
in hemophilia B. The early onset of inhibitors is particularly concerning because it coincides with a
critical period of musculoskeletal development, during which joints are highly susceptible to damage.
This temporal relationship contributes to the early establishment of joint disease in affected children
[26].

The presence of inhibitors fundamentally alters the natural history of hemophilia by exacerbating
bleeding tendencies. Inhibitor-positive patients experience more frequent hemarthroses, which are often
more difficult to control and may persist longer than in patients without inhibitors. This results in
prolonged exposure of joint tissues to blood, intensifying synovial inflammation and accelerating the
pathological processes underlying hemophilic arthropathy. The inability to effectively prevent or rapidly
control joint bleeds places these patients at a significantly higher risk of developing target joints and
chronic joint disease [27].

From a pathophysiological perspective, inhibitors may also influence the intra-articular environment
beyond their effect on hemostasis. The immune response associated with inhibitor formation involves
activation of T cells and B cells, leading to the production of pro-inflammatory cytokines. This
heightened immune activity may amplify synovial inflammation and contribute to a more aggressive
form of arthropathy. Additionally, persistent immune activation may interfere with normal tissue repair
mechanisms, further promoting joint deterioration [28].

Management of patients with inhibitors requires the use of alternative therapeutic strategies, including
bypassing agents such as activated prothrombin complex concentrates and recombinant activated factor
VII. While these agents can achieve hemostasis, their efficacy is variable and less predictable compared
to standard factor replacement therapy. This unpredictability may result in suboptimal bleed control,
allowing continued joint damage. Furthermore, the lack of reliable laboratory monitoring tools for these
agents complicates dose optimization and clinical decision-making [29].

Immune tolerance induction (ITI) remains the only established strategy for eradicating inhibitors, aiming
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to restore responsiveness to factor replacement therapy. Although ITI is successful in a significant
proportion of patients with hemophilia A, it is resource-intensive, requires prolonged treatment
durations, and is not universally effective. During the period of ITI, patients remain vulnerable to
bleeding complications, which can further compromise joint health. Additionally, ITI is less successful
in hemophilia B and may be associated with severe adverse reactions, limiting its applicability in this
subgroup [30].

The introduction of non-factor therapies, such as emicizumab, has transformed the management
landscape for patients with inhibitors. By mimicking the function of factor VIII and providing more
stable hemostatic coverage, these agents have demonstrated significant reductions in bleeding rates.
Early evidence suggests that improved bleed control with such therapies may help preserve joint health
and reduce the progression of arthropathy. However, long-term data on musculoskeletal outcomes,
particularly in pediatric populations, are still emerging and require further investigation [31].

Overall, inhibitors serve as a critical modifier of disease severity in pediatric hemophilia, with a
substantial impact on musculoskeletal outcomes. Their presence not only increases bleeding frequency
but also accelerates joint damage through both mechanical and immunological mechanisms. Addressing
inhibitor development through preventive strategies, early detection, and optimized management is
essential to mitigate their detrimental effects and improve long-term joint health in children with
hemophilia [32].

Determinants and Risk Factors of Hemophilic Arthropathy Progression in Children

1. Disease Severity and Baseline Factor Levels

The severity of hemophilia, defined by residual plasma levels of factor VIII or IX, remains the most
fundamental determinant of musculoskeletal outcomes. Children with severe hemophilia (<1% activity)
exhibit spontaneous and recurrent hemarthroses beginning early in life, often coinciding with the onset
of ambulation. This early exposure of joints to repeated bleeding establishes the foundation for
progressive arthropathy. However, clinical heterogeneity exists, as patients with similar factor levels
may demonstrate markedly different joint outcomes, indicating that factor deficiency alone is
insufficient to fully predict disease progression [33].

2. Recurrent Hemarthrosis and Target Joint Formation

Recurrent joint bleeding is the central pathogenic driver of hemophilic arthropathy. The concept of the
“target joint,” defined as a joint experiencing >4 bleeding episodes within six months, reflects a state of
chronic synovial vulnerability. Each episode of hemarthrosis contributes to iron deposition, synovial
hypertrophy, and inflammatory activation, perpetuating a self-sustaining cycle of bleeding and joint
damage. Importantly, even subclinical or unrecognized bleeds can initiate this cascade, emphasizing that
joint deterioration may occur despite apparently low bleeding frequency [34].

3. Impact of Inhibitors on Musculoskeletal Deterioration

The presence of inhibitors is one of the most critical modifiers of disease severity and a major
determinant of poor musculoskeletal outcomes. Inhibitors neutralize infused clotting factors, resulting
in inadequate hemostatic control and increased frequency of bleeding episodes. Consequently, children
with inhibitors experience prolonged and recurrent hemarthroses, which significantly accelerate
synovial inflammation and osteochondral destruction.

Furthermore, the immune response associated with inhibitor development may contribute to a pro-
inflammatory intra-articular environment, amplifying synovial proliferation and angiogenesis.
Clinically, this translates into earlier onset of target joints, more rapid progression to chronic
arthropathy, and greater functional impairment compared to inhibitor-negative patients [35].

4. Timing and Adequacy of Prophylaxis
Early initiation of prophylactic therapy is the cornerstone of preventing hemophilic arthropathy. Primary
prophylaxis, initiated before the onset of joint bleeding (typically before age 2—3 years), has been shown
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to significantly reduce bleeding frequency and preserve joint integrity. In contrast, delayed or
suboptimal prophylaxis allows recurrent hemarthroses to occur during critical periods of joint
development, resulting in irreversible structural damage.

Recent evidence suggests that maintaining higher trough levels of clotting factor (>3-5%) may provide
superior joint protection compared to the historically accepted threshold of 1%. However, achieving
these targets remains challenging in many settings due to limited access to factor concentrates and
variability in treatment adherence [36].

5. Genetic Susceptibility and Inflammatory Modifiers

Beyond the primary coagulation defect, genetic factors play a significant role in modulating
susceptibility to joint damage. Polymorphisms associated with increased expression of pro-
inflammatory cytokines, particularly tumor necrosis factor-alpha (TNF-a), have been linked to more
severe arthropathy. Additionally, variations in genes involved in innate immune pathways, angiogenesis,
and cartilage metabolism may influence the rate of joint deterioration.

These findings suggest that hemophilic arthropathy is not solely a mechanical consequence of bleeding
but also involves genetically mediated inflammatory responses that determine disease severity and
progression [37].

6. Environmental and Lifestyle Factors

Environmental influences, including physical activity, access to healthcare, and treatment adherence,
significantly impact musculoskeletal outcomes. While high-impact activities may increase the risk of
joint bleeding, structured physical activity and physiotherapy are essential for maintaining muscle
strength, joint stability, and overall function. Early rehabilitation following hemarthrosis is particularly
important in preventing contractures and long-term disability.

In addition, disparities in healthcare access, particularly in low-resource settings, contribute to delayed
diagnosis, inadequate prophylaxis, and higher rates of arthropathy. These factors underscore the
importance of comprehensive care models in improving outcomes [38].

7. Body Mass Index and Mechanical Stress

Increased body mass index (BMI) is an important and often underrecognized risk factor for joint
deterioration. Excess weight places additional mechanical stress on weight-bearing joints, particularly
the knees and ankles, exacerbating joint damage and accelerating degenerative changes. Obesity is also
associated with reduced physical activity and impaired muscle support, further contributing to joint
instability and bleeding risk.

Conversely, maintaining a healthy BMI and promoting appropriate physical conditioning can
significantly improve joint outcomes and reduce disease burden in pediatric patients [39].

8. Treatment-Related Factors and Emerging Therapies

Treatment-related variables, including type of factor product, dosing regimen, and adherence, play a
crucial role in determining musculoskeletal outcomes. The development of inhibitors, as well as
variability in response to bypassing agents, can significantly compromise treatment efficacy. Emerging
therapies, such as non-factor agents like emicizumab, offer more consistent hemostatic control and have
shown promise in reducing bleeding rates, particularly in patients with inhibitors.

However, long-term data on their impact on joint health and disease progression in children remain
limited, highlighting the need for ongoing research and longitudinal studies [40].

Summary Insight

The progression of hemophilic arthropathy in children is multifactorial, involving a dynamic interaction
between biological, clinical, and environmental determinants. Among these, inhibitors represent a
pivotal factor that amplifies disease severity and accelerates joint damage. A comprehensive
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understanding of these risk factors is essential for early risk stratification, individualized management,
and the development of targeted interventions aimed at preserving musculoskeletal health [41].
Assessment of Musculoskeletal Involvement in Pediatric Hemophilia

Accurate assessment of musculoskeletal status in children with hemophilia is essential for early
detection of joint disease, monitoring progression, and guiding therapeutic interventions. Hemophilic
arthropathy often begins with subtle or subclinical changes that may not be clinically apparent until
significant structural damage has occurred. Therefore, a comprehensive evaluation strategy integrating
clinical examination, imaging modalities, functional assessment tools, and emerging biomarkers is
critical to capture the full spectrum of joint involvement and optimize patient outcomes [42].

Clinical assessment remains the cornerstone of musculoskeletal evaluation and is typically performed
by experienced hematologists and physiotherapists. It involves systematic examination of joint swelling,
pain, range of motion, muscle strength, and functional performance. Several standardized scoring
systems have been developed to quantify joint health, among which the Hemophilia Joint Health Score
(HJHS version 2.1) is the most widely validated and utilized, particularly in pediatric populations. The
HJHS evaluates multiple domains including swelling, muscle atrophy, crepitus, joint pain, strength, and
gait, providing a comprehensive measure of joint status. Lower scores indicate better joint health, and
the tool has demonstrated excellent inter-observer reliability and sensitivity in detecting early joint
changes [43].

Despite its utility, clinical examination alone may underestimate early or subclinical joint damage,
particularly in children receiving prophylaxis who may not exhibit overt bleeding episodes. This
limitation has driven the increasing use of imaging modalities to complement clinical assessment.
Conventional radiography, although historically used, is limited in detecting early-stage arthropathy, as
it primarily identifies late structural changes such as joint space narrowing, subchondral cysts, and bone
deformities. The Pettersson scoring system remains a standard method for grading radiographic severity;
however, its sensitivity to early disease is poor [44].

Magnetic resonance imaging (MRI) is considered the gold standard for detecting early joint changes in
hemophilia. It allows detailed visualization of soft tissue structures, including synovial hypertrophy,
cartilage integrity, and early osteochondral damage. MRI-based scoring systems, such as the Denver
score and those developed by the International Prophylaxis Study Group, enable comprehensive
evaluation of disease severity. However, the use of MRI in pediatric populations is limited by cost,
accessibility, and the frequent need for sedation, making it less practical for routine or repeated
assessments [45].

Musculoskeletal ultrasonography has emerged as a valuable, non-invasive, and accessible tool for joint
assessment in hemophilia. It offers real-time visualization of synovial hypertrophy, joint effusion, and
early structural changes without the need for radiation or sedation. The Hemophilia Early Arthropathy
Detection with Ultrasound (HEAD-US) protocol provides a standardized scoring system that evaluates
both disease activity and structural damage. Ultrasound has demonstrated good correlation with MRI
findings and is particularly useful in point-of-care settings for detecting acute hemarthrosis and
monitoring disease progression [46].

Functional assessment is an essential component of musculoskeletal evaluation, as it reflects the real-
life impact of joint disease on daily activities and participation. Tools such as the Functional
Independence Score in Hemophilia (FISH), the Hemophilia Activities List (HAL), and pediatric
adaptations of these instruments provide valuable insights into patient mobility, self-care, and overall
functional capacity. These assessments align with the World Health Organization’s International
Classification of Functioning, Disability and Health (ICF) framework, ensuring a holistic evaluation of
disease burden beyond structural joint damage [47].

In addition to clinical and imaging tools, there is growing interest in the use of biomarkers to assess joint
health and predict disease progression. Biomarkers related to cartilage degradation (such as CTX-Il and
COMP), bone turnover, and angiogenesis (such as VEGF) have shown potential in reflecting underlying
pathological processes. However, their clinical application remains limited due to variability, lack of
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specificity, and insufficient validation in large pediatric cohorts. As such, biomarkers are currently
considered adjunctive tools rather than primary assessment methods [48].

The presence of inhibitors further complicates the assessment of musculoskeletal status. Inhibitor-
positive patients often exhibit more rapid progression of joint damage, necessitating more frequent and
detailed evaluations. Additionally, variability in bleeding patterns and treatment responses may obscure
the relationship between clinical findings and underlying joint pathology. This highlights the importance
of integrating multiple assessment modalities to achieve an accurate and comprehensive evaluation in
this high-risk group [49].

Overall, the assessment of musculoskeletal involvement in pediatric hemophilia requires a
multidimensional approach that combines clinical expertise with advanced diagnostic tools. Early
detection of joint changes, particularly in children with inhibitors, is crucial for implementing timely
interventions and preventing irreversible damage. Continued refinement of assessment methods and
integration of novel technologies will further enhance the ability to monitor disease progression and
improve long-term outcomes in this population [50].

Prevention and Management of Hemophilic Arthropathy in Children

Prevention of hemophilic arthropathy remains the cornerstone of modern hemophilia care, particularly
in pediatric populations where early intervention can significantly alter long-term outcomes. The
primary goal is to prevent joint bleeding and thereby interrupt the cascade leading to synovitis, cartilage
damage, and irreversible joint destruction. Among all strategies, early initiation of prophylactic therapy
has consistently demonstrated the greatest impact on preserving joint health and maintaining functional
independence [51].

Prophylaxis involves the regular administration of clotting factor concentrates to maintain circulating
factor levels sufficient to prevent spontaneous bleeding. Current recommendations emphasize the
initiation of primary prophylaxis before the onset of joint disease, typically before the age of 2—3 years
or prior to the second joint bleed. Evidence has shown that early prophylaxis significantly reduces
bleeding frequency and prevents the development of target joints. Moreover, maintaining higher trough
levels (>3-5%) has been associated with improved joint protection compared to traditional lower
thresholds [52].

Different prophylactic regimens have been described, including primary, secondary, and tertiary
prophylaxis. Primary prophylaxis is initiated before joint damage occurs, while secondary prophylaxis
begins after initial bleeding episodes but before established arthropathy. Tertiary prophylaxis is
implemented after joint disease has already developed, aiming to prevent further progression. Although
all forms provide benefit, early initiation yields the most favorable outcomes in terms of joint
preservation and physical function [53].

In patients with inhibitors, prevention and management strategies become significantly more complex.
Standard factor replacement therapy is ineffective, necessitating the use of bypassing agents such as
activated prothrombin complex concentrates or recombinant activated factor VII. While these agents
can control acute bleeding, their efficacy is variable and less predictable, which may result in ongoing
subclinical bleeding and progressive joint damage. This highlights the need for optimized treatment
protocols and close monitoring in this high-risk population [54].

Immune tolerance induction (ITI) represents the only established strategy for eradicating inhibitors and
restoring responsiveness to factor replacement therapy. ITI involves the regular administration of high
doses of clotting factor over an extended period, with success rates ranging from 70% to 90% in
hemophilia A. However, the process is resource-intensive, requires long-term commitment, and is not
universally successful. During ITI, patients remain vulnerable to bleeding episodes, which may further
compromise joint health [55].

The advent of non-factor therapies, particularly emicizumab, has transformed the prophylactic landscape
for patients with hemophilia A, including those with inhibitors. Emicizumab is a bispecific monoclonal
antibody that mimics the function of factor VIII, providing more stable hemostatic control through
subcutaneous administration. Clinical trials have demonstrated a significant reduction in bleeding rates
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and improved patient adherence due to its convenient dosing schedule. Early evidence suggests that such
therapies may play a critical role in preserving joint health, although long-term musculoskeletal
outcomes in children require further evaluation [56].

Supportive management strategies are equally important in the prevention and treatment of hemophilic
arthropathy. The RICE protocol (rest, ice, compression, elevation) remains a fundamental approach in
the acute management of hemarthrosis, aiming to reduce bleeding, pain, and inflammation. In addition,
physiotherapy plays a vital role in maintaining joint mobility, strengthening periarticular muscles, and
preventing contractures. Early rehabilitation following bleeding episodes is essential to restore function
and minimize long-term disability [57].

Pharmacological management of pain and inflammation must be carefully tailored in hemophilia
patients. Selective cyclooxygenase-2 inhibitors are preferred for pain control due to their lower impact
on platelet function compared to traditional nonsteroidal anti-inflammatory drugs. Adjunctive therapies
such as desmopressin may be useful in selected patients with mild hemophilia A, enhancing endogenous
factor VIII release and improving hemostasis in specific clinical scenarios [58].

Lifestyle modifications and patient education are critical components of comprehensive care.
Encouraging safe physical activity, maintaining a healthy body weight, and promoting adherence to
prophylactic regimens can significantly reduce bleeding risk and improve joint outcomes.
Multidisciplinary care involving hematologists, physiotherapists, orthopedic specialists, and
psychosocial support teams is essential to address the complex needs of pediatric patients and optimize
long-term quality of life [59].

In summary, the prevention and management of hemophilic arthropathy in children require an integrated
approach that combines early prophylaxis, effective management of inhibitors, advanced therapeutic
options, and supportive care strategies. Particular attention must be given to children with inhibitors, as
they represent a high-risk group for rapid disease progression. Ongoing advancements in therapy offer
promising opportunities to further improve musculoskeletal outcomes and transform the natural history
of hemophilia [60].

Impact of Hemophilic Arthropathy on Functional Outcomes and Quality of Life in Children
Hemophilic arthropathy has profound consequences on functional status and overall quality of life in
pediatric patients, extending beyond structural joint damage to affect physical, psychological, and social
domains. As joint disease progresses, children experience increasing limitations in mobility,
participation in daily activities, and independence. These functional impairments often begin early in
life and may persist into adulthood, highlighting the long-term burden of musculoskeletal complications
in hemophilia [61].

One of the earliest functional consequences of joint involvement is a reduction in range of motion, which
can be detected even in children with relatively few clinically apparent bleeding episodes. Progressive
joint stiffness, muscle weakness, and pain contribute to impaired gait and reduced physical performance.
In severe cases, joint deformities such as flexion contractures and limb length discrepancies may
develop, further limiting mobility and increasing energy expenditure during movement. These changes
can significantly interfere with normal growth and physical development [62].

Muscle atrophy is a common and often underappreciated consequence of chronic joint disease.
Recurrent bleeding and pain lead to reduced use of affected limbs, resulting in muscle wasting and
decreased strength. This, in turn, compromises joint stability and increases the risk of further bleeding,
creating a vicious cycle of deterioration. In pediatric patients, muscle weakness can have lasting effects
on motor development and coordination, potentially delaying milestones and limiting participation in
physical activities [63].

Pain is a central determinant of functional limitation and quality of life in children with hemophilic
arthropathy. Acute pain associated with bleeding episodes is often severe and requires prompt
management, while chronic pain resulting from established joint damage can persist even in the absence
of active bleeding. Chronic pain may lead to avoidance of movement, reduced physical activity, and
decreased engagement in school and recreational activities. Over time, this can contribute to physical
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deconditioning and further functional decline [64].

The psychosocial impact of hemophilic arthropathy is particularly significant in children and
adolescents. Limitations in physical activity and participation may lead to social isolation, reduced self-
esteem, and emotional distress. Children with visible joint deformities or functional impairments may
experience stigma or difficulty integrating with peers. Additionally, the chronic nature of the disease
and the need for ongoing treatment can place a psychological burden on both patients and their families
[65].

Quality of life assessments in pediatric hemophilia have consistently demonstrated a strong correlation
between joint health and overall well-being. Increased frequency of joint bleeding and greater severity
of arthropathy are associated with poorer health-related quality of life scores. Tools such as the
Haemophilia Activities List (HAL), Pediatric HAL, and Functional Independence Score in Hemophilia
(FISH) provide valuable insights into the functional limitations experienced by patients and help guide
individualized care plans [66].

The presence of inhibitors further exacerbates the impact on functional outcomes and quality of life.
Children with inhibitors often experience more frequent and severe bleeding episodes, leading to earlier
and more extensive joint damage. This results in greater functional impairment, increased pain, and
higher treatment burden. Additionally, the complexity of managing inhibitors, including frequent
hospital visits and invasive procedures, can further disrupt daily life and contribute to psychological
stress [67].

Educational and occupational implications should also be considered, as chronic joint disease may affect
school attendance, academic performance, and future career opportunities. Frequent medical
appointments and physical limitations can interfere with regular schooling, while long-term disability
may influence vocational choices. Early intervention and supportive measures are essential to minimize
these impacts and promote optimal development [68].

Overall, hemophilic arthropathy significantly compromises functional outcomes and quality of life in
pediatric patients, with effects that extend across multiple domains of health and development. The
burden is particularly pronounced in children with inhibitors, who are at increased risk of rapid disease
progression and disability. A comprehensive, multidisciplinary approach that addresses both physical
and psychosocial aspects is essential to improve long-term outcomes and ensure holistic care for this
vulnerable population [69].

Conclusion

Hemophilic arthropathy remains a major determinant of morbidity in children with hemophilia, arising
from a complex interplay between recurrent joint bleeding, chronic synovial inflammation, and
progressive osteochondral damage. Despite advances in prophylactic therapies, joint disease continues
to develop, particularly in patients with severe disease and those complicated by inhibitor formation.
Inhibitors represent a critical modifier that not only compromises hemostatic control but also accelerates
musculoskeletal deterioration, leading to earlier onset of joint damage, increased functional impairment,
and reduced quality of life. Early identification of high-risk patients and timely intervention are therefore
essential to interrupt the cycle of bleeding and joint destruction.

A comprehensive, multidisciplinary approach integrating early prophylaxis, optimized inhibitor
management, advanced imaging, and functional assessment is fundamental to preserving joint health in
pediatric patients. Emerging therapies, including non-factor agents, offer promising opportunities to
improve bleeding control and potentially alter disease trajectory, especially in inhibitor-positive
populations. However, continued research is needed to better understand long-term musculoskeletal
outcomes and refine individualized treatment strategies. Ultimately, improving awareness, early
detection, and targeted management will be key to minimizing disability and enhancing lifelong
outcomes for children with hemophilia.
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