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Abstract

Background: Mucopolysaccharidoses (MPS) represent a heterogeneous group of lysosomal storage disorders characterized by the
accumulation of glycosaminoglycans (GAGs), leading to progressive multisystem involvement and, in several subtypes, significant central
nervous system (CNS) pathology. Neurodevelopmental impairment is particularly prominent in neuronopathic phenotypes such as MPS 1
Hurler, MPS II severe Hunter, and MPS III Sanfilippo syndrome, where early cognitive, language, and behavioral decline precedes structural
neuroimaging abnormalities. The evolving landscape of disease-modifying therapies—including hematopoietic stem cell transplantation
(HSCT) and enzyme replacement therapy (ERT)—has amplified the need for reliable, standardized tools capable of capturing
neurodevelopmental trajectories and correlating them with radiologic biomarkers.

This review aims to systematically examine the neurodevelopmental profiles of children with MPS across relevant subtypes, summarize
validated assessment instruments used in pediatric neurocognitive evaluation, and explore the relationship between clinical developmental
patterns and brain magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) findings. Particular emphasis is placed
on the interplay between neurocognitive decline, white matter integrity, ventricular enlargement, cortical atrophy, and metabolic alterations
detectable through advanced imaging modalities. Understanding these associations is essential for early detection, prognostication, and
monitoring therapeutic response. Despite significant progress, existing literature is limited by methodological heterogeneity, small sample
sizes, inconsistent follow-up durations, and variability in imaging protocols. These gaps underscore the urgent need for harmonized
neurodevelopmental assessment frameworks and longitudinal imaging registries capable of generating reproducible biomarkers. Moreover,
MRI and MRS hold increasing promise for quantifying disease burden, as structural, microstructural, and metabolic anomalies may precede
clinical symptoms.

By integrating pediatric neurodevelopmental assessment with advanced neuroradiologic techniques, this review provides clinicians and
researchers with a comprehensive overview of current knowledge and future directions. Improved understanding of neurodevelopmental
trajectories and their imaging correlates may contribute to earlier diagnosis, refined prognostic models, individualized monitoring strategies,

and the development of imaging-based endpoints in clinical trials for emerging therapies.
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Introduction

Mucopolysaccharidoses (MPS) are a group of inherited lysosomal storage disorders caused by
deficiencies in enzymes responsible for glycosaminoglycan (GAG) degradation, resulting in their
progressive accumulation within multiple tissues, including the central nervous system (CNS).
Neuropathology is particularly pronounced in neuronopathic forms such as MPS I (Hurler phenotype),
MPS 1II (severe Hunter), and MPS III (Sanfilippo syndrome), where early neurodevelopmental
impairment is a defining clinical hallmark. These children often present with developmental delay,
regression, behavioral dysregulation, and cognitive decline, reflecting early and progressive
involvement of cortical and subcortical structures. As treatment modalities such as hematopoietic stem
cell transplantation (HSCT) and enzyme replacement therapy (ERT) continue to advance, understanding
neurodevelopmental trajectories has become essential for improving diagnosis, prognostication, and
therapeutic monitoring [1-4].

Despite increasing recognition of CNS involvement in MPS, the characterization of neurodevelopmental
progression remains incomplete, largely due to variability in age at diagnosis, disease heterogeneity,
treatment timing, and inconsistencies in assessment tools used across studies. Standardized cognitive
and developmental instruments—such as the Bayley Scales of Infant and Toddler Development, the
Wechsler Intelligence Scales, and the Vineland Adaptive Behavior Scales—have been applied to MPS
populations with varying levels of success. These tools are indispensable for tracking developmental
decline, yet challenges arise due to somatic disability, behavioral difficulties, and floor effects affecting
severely impaired children. Thus, there is a critical need to define reliable, repeatable developmental
endpoints tailored to MPS phenotypes to support clinical care and therapeutic trials [5—7].

Parallel to neurodevelopmental assessment, neuroimaging—particularly brain magnetic resonance
imaging (MRI) and magnetic resonance spectroscopy (MRS)—has emerged as a complementary
approach to characterize CNS involvement. MRI findings frequently include white matter abnormalities,
ventricular enlargement, corpus callosum thinning, and cortical atrophy, while MRS can reveal
metabolic disturbances such as altered N-acetylaspartate (NAA) and myo-inositol levels, reflecting
neuronal injury and gliosis. However, relationships between imaging markers and clinical
developmental trajectories remain insufficiently defined, with available studies limited by small cohorts,
cross-sectional designs, heterogeneous imaging protocols, and limited longitudinal follow-up. These
gaps underscore the need for integrative frameworks combining detailed neurodevelopmental
assessment with imaging biomarkers to improve early detection and guide emerging treatments [8—11].
Neurodevelopmental Impairment in MPS: Clinical Features and Trajectories

Children with neuronopathic forms of MPS display characteristic neurodevelopmental trajectories
marked initially by delayed acquisition of milestones, followed by progressive cognitive decline. In
MPS I Hurler and severe MPS 11, developmental delays often emerge within the first two years of life,
whereas MPS III typically manifests with early speech delay and later regression in cognitive and
adaptive functions. Longitudinal studies demonstrate that, without treatment, decline accelerates during
early childhood, resulting in profound impairment by school age. Behavioral disturbances such as
hyperactivity, sleep disruption, and autistic-like features are especially prevalent in MPS III and often
precede measurable cognitive decline. Understanding the timing and pattern of neurodevelopmental
regression is critical for assessing treatment response and planning supportive interventions [12—14].
Neurodevelopmental profiles differ between MPS subtypes, reflecting differences in the nature,
location, and severity of CNS substrate accumulation. MPS III, for example, is characterized by
primarily cortical and hippocampal dysfunction leading to rapid cognitive deterioration, whereas
children with severe MPS II display more variable trajectories influenced by genotype and residual
enzyme activity. In MPS I Hurler, early brain involvement is often identified through delayed expressive
language, impaired problem-solving, and slowed motor development, with regression occurring as GAG
accumulation increases. Even in attenuated forms traditionally considered “non-neuronopathic,” subtle
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cognitive deficits, executive dysfunction, and academic difficulties are increasingly recognized. These
distinctions underscore the need for phenotype-specific developmental monitoring protocols [15-17].
In addition to cognitive decline, motor development is significantly affected across neuronopathic MPS
disorders. Children frequently exhibit hypotonia, impaired coordination, delayed gross motor
milestones, and progressive motor regression due to both CNS pathology and musculoskeletal disease.
Joint stiffness, skeletal dysplasia, and endurance limitations may confound pure neurodevelopmental
assessments, complicating interpretation of standardized motor scales. Thus, collaborative evaluation
involving neurology, physical therapy, and metabolic specialists is essential for differentiating primary
neurodevelopmental impairment from secondary physical limitations. Such multidisciplinary
assessment strategies are increasingly emphasized in contemporary clinical guidelines for MPS
management [18-20].

Standardized Neurodevelopmental Assessment Tools in MPS

Accurate measurement of neurodevelopment in MPS requires the use of standardized, validated
instruments capable of capturing both early developmental variability and later regression. The Bayley
Scales of Infant and Toddler Development (BSID) remains the most widely used tool for infants and
young children with MPS I, II, and III because of its sensitivity to early delays in cognitive, language,
and motor domains. However, BSID scores frequently exhibit floor effects in more severely affected
children, limiting its ability to differentiate between levels of impairment as disease progresses.
Researchers have emphasized the need to interpret scores longitudinally rather than cross-sectionally,
as developmental age equivalents and rates of change provide more clinically meaningful insights than
composite scores alone [21-23].

For older children, the Wechsler Intelligence Scale for Children (WISC) and Wechsler Preschool
and Primary Scale of Intelligence (WPPSI) are often used to evaluate global intellectual functioning.
However, the motor and attentional demands of these tests may disadvantage children with
musculoskeletal limitations, behavioral dysregulation, or sensory impairments common in MPS.
Adaptive behavior assessment tools, such as the Vineland Adaptive Behavior Scales (VABS), offer a
complementary perspective by evaluating communication, daily living skills, and socialization based on
caregiver report. VABS has demonstrated particular value in MPS III, where severe behavioral and
attention problems often prevent reliable performance-based cognitive testing. These tools together
provide a multidimensional understanding of functional abilities across disease stages [24-26].
Behavioral and neuropsychiatric manifestations significantly influence developmental assessment
outcomes in MPS, necessitating tools specifically suited for evaluating behavioral phenotypes.
Instruments such as the Child Behavior Checklist (CBCL) and Aberrant Behavior Checklist (ABC)
have been used to quantify hyperactivity, sleep disturbance, aggression, and autistic-like behaviors
commonly seen in neuronopathic MPS, especially MPS III. Such behavioral metrics are crucial both for
clinical characterization and for evaluating response to emerging CNS-targeted therapies. Increasingly,
experts advocate for disease-specific assessment batteries that integrate cognitive testing, adaptive
functioning measures, behavioral scales, and caregiver-centered outcomes to enable more precise
monitoring throughout the disease course [27-28].

Behavioral, Cognitive, and Adaptive Function Profiles Across MPS Subtypes

Behavioral symptoms are among the earliest and most prominent manifestations in several
neuronopathic MPS types, particularly MPS II and MPS III. Children often present with hyperactivity,
impulsivity, sleep disturbance, and autistic-like behaviors long before cognitive decline becomes
measurable on standardized tests. In MPS III, behavioral dysregulation typically emerges between ages
2 and 4, with characteristic features including motor restlessness, anxiety, and severe sleep
fragmentation, which substantially burden families and complicate formal neurodevelopmental testing.
These behavioral changes reflect early neuropathological involvement of limbic and cortical regions,
correlating with early structural and metabolic abnormalities on neuroimaging. Early recognition of
these behavioral patterns assists clinicians in differentiating MPS from idiopathic developmental
disorders and contributes to more accurate prognostic counseling [29-31].
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Cognitive decline in MPS follows subtype-specific trajectories that reflect underlying neuropathology
and residual enzyme activity. In MPS I Hurler, cognitive development often plateaus between 1224
months of age, followed by progressive deterioration if untreated. In contrast, children with severe MPS
IT may experience a slow initial developmental course with later regression, while those with attenuated
forms often maintain near-normal cognition into school age. MPS III is characterized by a distinct
pattern where early language delay precedes global cognitive decline, and loss of skills occurs rapidly
during early childhood. Longitudinal studies have highlighted that regression often accelerates during
periods of heightened neuroinflammatory activity, suggesting a biochemical influence on
neurodevelopmental trajectories. These cognitive patterns are crucial for designing clinical trials,
particularly those evaluating CNS-directed therapies where developmental endpoints must align with
expected disease progression [32-34].

Adaptive functioning, as measured by tools such as the Vineland Adaptive Behavior Scales, often
declines earlier and more rapidly than cognitive scores, providing a sensitive marker of functional
deterioration. Declines in daily living skills, communication, and socialization are commonly
documented in MPS II and III, reflecting both cognitive regression and the compounding impact of
behavioral disturbances. Adaptive behavior assessments capture real-world functioning, making them
especially valuable for children unable to complete performance-based cognitive tests due to anxiety,
inattention, or motor limitations. Moreover, adaptive functioning trajectories have demonstrated strong
correlations with caregiver burden and overall quality of life, reinforcing their importance in both
clinical monitoring and therapeutic decision-making. In emerging clinical trials, adaptive functioning is
increasingly used as a co-primary outcome, complementing cognitive endpoints to provide a holistic
view of patient benefit [35-37].

Impact of Disease-Modifying Therapies on Neurodevelopmental Trajectories

The introduction of hematopoietic stem cell transplantation (HSCT) has transformed outcomes in
MPS 1 Hurler, particularly when performed early in life. Multiple cohorts have demonstrated that
transplantation before 2—2.5 years of age, ideally before significant cognitive decline, can stabilize or
partially preserve neurodevelopmental function, although most children remain below population
norms. Neurocognitive outcomes are strongly influenced by pre-transplant developmental status, age at
HSCT, and donor chimerism, with better results observed in those transplanted pre-symptomatically or
soon after diagnosis through family screening. Nevertheless, even successfully transplanted patients
may experience residual deficits in processing speed, executive function, and academic performance,
reflecting persistent or prior CNS injury despite systemic metabolic correction [38—40].

Enzyme replacement therapy (ERT) has become standard of care for several MPS types, including
MPS I (attenuated), MPS 11, and MPS VI, and is highly effective for somatic manifestations; however,
its impact on neurodevelopment is limited by poor blood-brain barrier penetration of intravenous
enzyme. In severe neuronopathic phenotypes, conventional ERT does not prevent cognitive decline,
although improvements in endurance, organomegaly, and joint mobility may indirectly support
participation in developmental activities. Real-world data suggest that combining early HSCT (for MPS
I) with ongoing ERT can optimize somatic outcomes while maintaining the best possible
neurodevelopmental trajectory, but does not fully normalize cognitive function. These limitations have
driven the development of CNS-targeted approaches, including intrathecal or intracerebroventricular
ERT, designed to deliver enzyme directly to the brain [41-43].

Emerging gene therapy and OCNS-directed treatments are reshaping expectations for
neurodevelopmental outcomes in neuronopathic MPS. Early-phase trials of intrathecal ERT in MPS II
and gene therapy approaches in MPS III have shown preliminary signals of slowed cognitive decline or
partial stabilization in some patients, particularly when initiated early in the disease course. Interpreting
these results, however, requires careful selection of neurodevelopmental endpoints and robust natural
history comparators, as variability in baseline function and behavioral symptoms can obscure true
treatment effects. Long-term follow-up is essential to determine whether these therapies alter lifetime
trajectories rather than transiently modifying test performance. As these modalities progress, aligning
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standardized developmental batteries with biomarker and imaging endpoints will be critical for
demonstrating clinically meaningful neuroprotection [44—47].

Neuroimaging in MPS: Structural MRI Findings and Clinical Correlates

Structural brain MRI provides critical insights into the neuropathology of MPS, with characteristic
abnormalities observed across neuronopathic subtypes. White matter changes, typically appearing as
periventricular or deep white matter hyperintensities on T2-weighted images, are among the most
frequently reported findings. These alterations may reflect delayed myelination, demyelination, or
gliosis resulting from GAG accumulation and secondary inflammatory processes. Ventricular
enlargement and cortical or cerebellar atrophy are also common and tend to progress with disease
severity. Studies in MPS I and II have demonstrated correlations between ventricular size and cognitive
impairment, suggesting that structural imaging markers may help identify children at risk for rapid
developmental decline. However, variability in imaging timing and sequences complicates direct
comparison across studies [48—50].

In MPS III, MRI findings often include significant cortical thinning, hippocampal volume loss, and
enlargement of perivascular spaces, reflecting pronounced cortical and basal ganglia involvement.
Research has shown that progressive cortical atrophy is associated with worsening cognitive and
adaptive functioning, reinforcing the value of MRI as a biomarker of neurodegeneration. Additionally,
diffusion-weighted imaging (DWI) and diffusion tensor imaging (DTI) studies have revealed
microstructural abnormalities in white matter tracts even before overt atrophy becomes evident on
conventional MRI. These subtle changes demonstrate the sensitivity of advanced imaging modalities in
detecting early CNS pathology that may precede measurable neurodevelopmental regression. The
integration of quantitative MRI techniques is increasingly advocated for clinical trials targeting
neuroprotection [51-53].

Establishing reliable correlations between MRI features and neurodevelopmental outcomes remains
challenging due to the heterogeneity of imaging protocols, age ranges, and disease severity.
Nevertheless, several studies have proposed potential imaging biomarkers, including corpus callosum
thickness, cerebellar volume, and T2 hyperintensity burden, which correlate variably with cognitive
performance across MPS types. Efforts toward standardized MRI scoring systems, such as those
developed for MPS I and II, aim to harmonize assessment of disease burden and progression. These
scoring tools provide structured methods for semi-quantitative evaluation, facilitating comparison across
centers and enabling their use as potential endpoints in therapeutic studies. Continued refinement and
validation of such imaging frameworks will be crucial for translating structural MRI findings into
actionable clinical insights [54-56].

Magnetic Resonance Spectroscopy (MRS) in  MPS: Metabolic Alterations and
Neurodevelopmental Significance

Magnetic resonance spectroscopy (MRS) provides non-invasive quantification of brain metabolites and
has become an important tool for detecting early biochemical changes in MPS before structural
abnormalities become apparent on MRI. Several studies have shown reductions in N-acetylaspartate
(NAA), a marker of neuronal integrity, in MPS 1, II, and III, reflecting neuronal loss or dysfunction
associated with progressive GAG accumulation. Elevated myo-inositol (mlIns), indicative of gliosis,
and altered choline (Cho) levels, related to membrane turnover and inflammation, have also been
reported. These metabolic shifts correlate with clinical severity and cognitive impairment, suggesting
that MRS may serve as a sensitive biomarker for CNS injury and disease progression. Importantly,
metabolite abnormalities can appear even in early childhood, reinforcing the utility of MRS in
identifying subclinical neurological involvement [57-59].

Longitudinal MRS studies in MPS III have demonstrated progressive decline in NAA/creatine
(NAA/Cr) ratios, alongside increases in mlns/Cr, paralleling cognitive deterioration and behavioral
regression. Such metabolic patterns reflect a combination of neuronal loss, demyelination, and
neuroinflammation—pathologic hallmarks of Sanfilippo syndrome. Notably, children with more rapid
neurodevelopmental decline show steeper reductions in NAA, reinforcing MRS as a potential tool for
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monitoring therapeutic response in clinical trials. Investigators have also suggested that elevations in
glutamine/glutamate peaks may reflect excitotoxic processes, although this remains less consistently
documented. These findings support the growing recognition of MRS as a mechanistic biomarker
capable of capturing both neuronal and glial contributions to neurodegeneration in MPS [60-62].

The role of MRS is expanding as CNS-directed therapies, including gene therapy and intrathecal enzyme
replacement, increasingly require sensitive, quantifiable CNS biomarkers. Early clinical trials have
incorporated MRS endpoints to assess whether metabolic normalization accompanies therapeutic
intervention. For example, pilot studies in neuronopathic MPS II have shown preliminary stabilization
of NAA levels following intrathecal ERT, although long-term significance remains uncertain.
Challenges persist, including limited standardization of acquisition protocols, variability in voxel
placement, and the need for normative pediatric reference ranges across developmental stages. Despite
these challenges, consensus is emerging that MRS—when combined with MRI and neurodevelopmental
testing—offers a powerful, complementary tool for assessing disease burden and monitoring treatment
efficacy in neuronopathic MPS [63—65].

Correlating Neurodevelopmental Measures With MRI/MRS Biomarkers

Understanding the relationship between neurodevelopmental performance and neuroimaging
biomarkers is critical for interpreting disease progression and therapeutic response in MPS. Several
studies have demonstrated correlations between cognitive decline and structural MRI changes, such
as ventricular enlargement, cortical thinning, and corpus callosum atrophy. In MPS I and II, increased
T2 white matter hyperintensity burden has been linked with poorer cognitive and adaptive outcomes,
suggesting that demyelination and gliosis contribute directly to clinical impairment. Similarly,
hippocampal volume reduction in MPS III correlates with deficits in memory and early language skills.
Despite these observations, variability across age groups, phenotypes, and imaging methods complicates
the establishment of universal imaging—cognition relationships, highlighting the need for harmonized
protocols across research centers [66—68].

Magnetic resonance spectroscopy (MRS) provides an additional layer of insight by quantifying
metabolic disturbances that directly reflect neuronal viability and glial activation. Declines in N-
acetylaspartate (NAA), observed in MPS 1, II, and III, correlate strongly with global cognitive
impairment and neurodevelopmental regression. Elevated myo-inositol (mIns) levels, reflecting gliosis,
have been associated with behavioral dysregulation and disease severity in Sanfilippo syndrome. The
NAA/Cr and mlIns/Cr ratios have emerged as sensitive biomarkers capable of distinguishing early
neurodevelopmental decline even before visible structural degeneration appears on MRI. These
relationships support MRS as a promising tool for monitoring therapeutic impact, particularly in clinical
trials targeting CNS involvement where subtle metabolic improvements may precede clinical gains [69—
71].

Despite encouraging findings, challenges persist in defining robust and reproducible MRI and MRS
biomarkers that correlate consistently with developmental outcomes. Small sample sizes, heterogeneous
disease stages, and differences in sedation practices complicate longitudinal imaging studies in pediatric
MPS populations. Moreover, neurodevelopmental data are often limited by floor effects in standardized
testing for severely affected children. To address these limitations, recent multicenter collaborations
have emphasized the development of integrated imaging—clinical models, combining MRI
volumetrics, MRS metabolic ratios, diffusion metrics, and standardized developmental scoring. Early
applications of such models in MPS I and III suggest improved predictive accuracy for identifying early
neurocognitive decline and assessing response to emerging therapies. Continued validation of these
multimodal approaches will be essential for the future of precision monitoring in MPS care [72—-74].
Role of Disease Severity, Phenotype, and Genotype in Neurodevelopmental Qutcomes
Neurodevelopmental trajectories in MPS are heavily influenced by disease phenotype, with
neuronopathic forms demonstrating earlier and more pronounced CNS involvement. For example,
children with MPS 1 Hurler experience rapid neurodevelopmental decline if untreated, whereas
attenuated MPS 1 patients often retain near-normal cognition but may still develop subtle deficits in
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processing speed or executive function. Similarly, severe MPS II presents with marked developmental
regression, while attenuated MPS II exhibits a spectrum of outcomes ranging from normal intelligence
to mild deficits. MPS III remains the most profoundly neurodegenerative of the MPS disorders, with
nearly all affected children experiencing progressive cognitive and behavioral deterioration beginning
in early childhood. These phenotype-specific patterns are essential for counseling families, designing
clinical trials, and interpreting treatment response [75-77].

Genotype—phenotype correlations in MPS have provided greater clarity in predicting
neurodevelopmental outcomes, although considerable variability persists. In MPS I, certain mutations
in IDUA—such as W402X and Q70X—are strongly associated with the severe Hurler phenotype and
early CNS involvement. In MPS II, mutations leading to complete loss of /DS enzyme activity typically
produce the severe neuronopathic subtype. MPS III subtypes (A-D), caused by distinct enzymatic
deficiencies, also differ in disease severity, with MPS IIIA generally progressing more rapidly than IT11B
or IIIC. Despite these associations, environmental factors, modifier genes, and timing of treatment
significantly modulate outcomes, emphasizing that genotype should be interpreted alongside clinical
and biochemical indicators when forecasting neurodevelopmental progression [78—80].

Disease severity further influences the manifestation of somatic complications that can complicate
neurodevelopmental assessment. Children with more severe phenotypes often experience profound
musculoskeletal restrictions, sleep disturbances, hearing loss, and respiratory disease, all of which
indirectly affect cognitive performance. For instance, chronic sleep disruption in MPS III exacerbates
behavioral dysregulation and reduces attention span, impacting cognitive test reliability. Additionally,
sensory deficits such as conductive hearing loss or corneal clouding can impair communication and
language acquisition, complicating differentiation between primary neurocognitive deficits and
secondary impairments. Clinical frameworks increasingly recommend incorporating assessments of
somatic disease burden when interpreting neurodevelopmental scores in MPS populations [81-83].
Longitudinal Monitoring: Integrating Clinical and Imaging Tools

Longitudinal monitoring of children with MPS is essential for understanding disease progression and
optimizing therapeutic interventions. Standardized neurodevelopmental assessments such as the Bayley
Scales, Wechsler Intelligence Scales, and the Vineland Adaptive Behavior Scales provide quantifiable
metrics of cognitive, language, motor, and adaptive trajectories over time. However, their interpretation
must account for the heterogeneous progression seen across MPS subtypes and the tendency for
performance-based scores to reach floor levels in more severe phenotypes. Integrating longitudinal data
allows clinicians to identify inflection points in developmental decline, detect early regression, and
adjust management strategies such as timing of HSCT or evaluating eligibility for emerging CNS-
directed therapies [84—86].

In parallel with clinical evaluation, serial MRI contributes valuable insights into the structural evolution
of CNS involvement. Progressive white matter hyperintensities, ventricular enlargement, and cortical
atrophy can be tracked over time, offering objective markers of neurodegeneration. Studies in MPS |
and III have highlighted strong associations between progressive MRI abnormalities and worsening
cognitive or adaptive function, supporting the use of imaging as a surrogate indicator of neurological
decline. Quantitative MRI techniques, including volumetrics and diffusion tensor imaging (DTI),
enhance the sensitivity of monitoring by detecting subtle microstructural alterations before conventional
MRI changes emerge. These imaging modalities are increasingly incorporated into natural history
studies and interventional clinical trials [87—89].

Magnetic resonance spectroscopy (MRS) further enriches longitudinal monitoring by detecting evolving
metabolic disturbances that may precede structural degeneration. Declines in N-acetylaspartate (NAA)
and rising myo-inositol (mlns) ratios correlate with neuronal loss and gliosis, providing early
biochemical evidence of CNS involvement. In MPS III, serial MRS measurements have demonstrated
strong correlations between worsening NAA/Cr ratios and cognitive decline, reinforcing MRS as a
dynamic biomarker of disease severity. Integrating longitudinal MRS with MRI and
neurodevelopmental data generates a multidimensional disease profile, allowing tracking of therapeutic
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response with greater analytic precision. This multimodal approach is essential for the evaluation of
novel therapies, where changes in metabolic signatures may appear well before measurable
improvements in clinical function [90-92].

CONCLUSION

Neurodevelopmental impairment remains one of the most challenging and clinically significant aspects
of mucopolysaccharidoses, with profound implications for quality of life, caregiver burden, and long-
term functional outcomes. Across MPS subtypes, particularly the neuronopathic forms, neurocognitive
decline emerges early and progresses relentlessly without timely intervention. The heterogeneity in
disease onset, progression, and clinical expression underscores the importance of individualized,
longitudinal monitoring using standardized developmental assessments. Such tools remain
indispensable for identifying early developmental deviation, tracking rates of regression, and guiding
clinical decision-making regarding therapeutic strategies including HSCT, ERT, and emerging CNS-
directed treatments.

Neuroimaging—both structural MRI and metabolic MRS—has advanced our ability to characterize and
quantify CNS involvement in MPS. MRI provides detailed visualization of white matter abnormalities,
cortical atrophy, hippocampal changes, and ventricular enlargement, all of which reflect the underlying
neurodegenerative processes. MRS complements these findings by detecting early metabolic
disturbances that serve as sensitive markers of neuronal loss and gliosis, often preceding overt clinical
or structural changes. When integrated with neurodevelopmental assessments, imaging biomarkers offer
powerful multidimensional insight into disease burden and progression, enabling more precise
prognostication and improved evaluation of therapeutic efficacy.

As therapeutic options expand, particularly with the emergence of gene therapy, intrathecal enzyme
delivery, and novel molecular approaches, the need for robust and harmonized outcome measures
becomes increasingly urgent. Multimodal frameworks that combine developmental testing, quantitative
imaging, metabolic biomarkers, and caregiver-reported outcomes will be essential for capturing the full
spectrum of disease evolution and treatment impact. Establishing standardized imaging protocols,
reducing variability in neurodevelopmental testing, and validating biomarker thresholds across centers
represent key next steps for the field.

Ultimately, improving neurodevelopmental outcomes in children with MPS will require early diagnosis,
timely initiation of CNS-targeted therapy, and comprehensive interdisciplinary monitoring. By bridging
clinical evaluation with advanced neuroimaging and metabolic profiling, clinicians and researchers can
refine prognostic models, optimize treatment pathways, and move closer to altering the natural history
of these devastating disorders. This integrative approach not only enhances scientific understanding but
also holds the promise of meaningful and measurable improvements in the lives of affected children and
their families.
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