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ABSTRACT | BACKGROUND: Exercise therapy is widely prescribed for children with hypermobility spectrum disorder (HSD), yet
intervention studies consistently report substantial inter-individual variability in functional outcomes. Mean-based efficacy analyses
dominate the literature and obscure mechanistic differences in sensorimotor control that may constrain rehabilitation responsive-
ness. OBJECTIVE: To determine whether baseline sensorimotor control and movement variability predict functional responsiveness
to structured exercise in children with HSD. METHODS: In this prospective, single-group interventional study, 48 children aged 9-12
years with HSD completed an 18-week structured exercise program emphasizing proprioceptive training, neuromuscular control,
and functional task practice. Functional performance was assessed using the Pediatric Outcomes Data Collection Instrument (PODCI)
Sports & Physical Function domain. Baseline joint position sense error, gait step-time variability, and inter-joint coordination variabi-
lity were examined as predictors of functional improvement using multivariable regression, responder classification, and phenotype-
-stratified analyses. RESULTS: Functional performance improved significantly following intervention (mean A PODCI = 10.2 + 5.4
points; p < 0.001). Baseline joint position sense error, gait step-time variability, and inter-joint coordination variability independently
predicted functional gains and together explained a substantial proportion of inter-individual variance (adjusted R? = 0.43; model p
< 0.001). Higher baseline proprioceptive error and greater movement variability were associated with attenuated improvement (p <
0.05). Phenotype stratification demonstrated a graded response pattern. CONCLUSION: Exercise responsiveness in pediatric HSD
is constrained by baseline sensorimotor control and movement variability rather than uniform exercise exposure, supporting phe-
notype-informed rehabilitation strategies.
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RESUMO | INTRODUGAO: A terapia com exercicios é amplamente prescrita para criancas com transtorno do espectro da hipermobilidade
(TEH), porém estudos de intervencdo relatam consistentemente uma variabilidade interindividual substancial nos resultados funcionais. Ana-
lises de eficacia baseadas em médias dominam a literatura e podem mascarar diferencas nos mecanismos de controle sensério-motor que
podem limitar a resposta a reabilitagdo. OBJETIVO: Avaliar se o controle sensério-motor basal e a variabilidade do movimento predizem a
resposta funcional ao exercicio estruturado em criancas com TEH. METODOS: Neste estudo prospectivo, intervencionista e de grupo Unico,
48 criangas de 9 a 12 anos com TEH participaram de um programa de exercicios estruturado de 18 semanas com énfase em treinamento
proprioceptivo, controle neuromuscular e pratica de tarefas funcionais. O desempenho funcional foi avaliado utilizando o dominio Esportes e
Funcdo Fisica do Instrumento de Coleta de Dados de Resultados Pediatricos (PODCI). O erro de propriocepcdo articular basal, a variabilidade
do tempo de passo da marcha e a variabilidade da coordenacdo interarticular foram avaliados como preditores de melhora funcional utili-
zando regressdo multivariavel, classificacdo de respondedores e andlises estratificadas por fenétipo. RESULTADOS: O desempenho funcional
melhorou significativamente apés a intervenc¢do (A PODCI médio = 10,2 + 5,4 pontos; p < 0,001). O erro de propriocepgdo basal, a variabilida-
de do tempo de passo da marcha e a variabilidade da coordenacdo interarticular previram independentemente os ganhos funcionais e, em
conjunto, explicaram uma proporcdo substancial da variancia interindividual (R? ajustado = 0,43; modelo p < 0,001). Um erro proprioceptivo
basal mais elevado e uma maior variabilidade do movimento foram associados a menores ganhos (p < 0,05). A estratificacdo do fendtipo
demonstrou um padréo de resposta gradual. CONCLUSAO: A responsividade ao exercicio em criancas com transtorno do espectro da hiper-
mobilidade é limitada pelo controle sensério-motor basal e pela variabilidade do movimento, em vez de uma exposi¢do uniforme ao exercicio,
o que reforca a importancia de estratégias de reabilitacdo informadas pelo fenétipo.

PALAVRAS-CHAVE: Hipermobilidade Articular. Crianca. Propriocepgdo. Atividade Motora.

1. Introduction

Hypermobility spectrum disorder (HSD) in childrenis characterized by generalized joint hypermobility accompanied
by pain, functional limitation, and reduced participation in physical activity'. Beyond musculoskeletal laxity,
accumulating evidence?? indicates that pediatric HSD is associated with impairments in sensorimotor integration,
including reduced proprioceptive acuity, altered neuromuscular coordination, and excessive movement variability
during functional tasks. These features suggest that HSD involves fundamental disturbances in motor control
rather than isolated mechanical instability.

Exercise-based physiotherapy is widely recommended as first-line management and is considered safe and
beneficial at the population level. However, despite standardized protocols and satisfactory adherence, functional
outcomes following exercise intervention are highly heterogeneous. A substantial proportion of children
demonstrate limited or inconsistent improvement, raising questions about the assumption that all children with
HSD possess equivalent capacity for rehabilitation-induced motor adaptation®.

Most intervention studies in pediatric hypermobility are designed around an efficacy-based approach, examining
whether exercise interventions produce improvements in functional outcomes®. While this approach establishes
overall benefit, it is conceptually limited because mean treatment effects mask mechanistically meaningful inter-
individual differences. Consequently, heterogeneity in response is often attributed to nonspecific factors such as
motivation or adherence rather than to differences in sensorimotor organization”.

From a motor control perspective, effective rehabilitation depends on reliable sensory feedback and stable motor
output®. Children with HSD frequently exhibit impaired joint position sense, reflecting reduced proprioceptive
fidelity, alongside excessive temporal and inter-joint movement variability, indicating unstable motor coordination®.
Although some movement variability is necessary for motor exploration, excessive or poorly structured variability,
often conceptualized as sensorimotor noise, constrains motor learning by limiting the nervous system’s ability
to extract consistent task-relevant information. In such contexts, conventional exercise programs may be less
effective despite adequate exposure.

Despite the relevance of these mechanisms, objective measures of proprioception and movement variability are
rarely incorporated into pediatric hypermobility intervention studies. It therefore remains unclear whether these
characteristics simply change following exercise or actively constrain the magnitude of functional improvement
achievable through rehabilitation.
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A phenotype-based framework offers a means to
address this gap. In rehabilitation science, a phenotype
represents a reproducible pattern of sensorimotor
organization that constrains learning capacity and
treatment response. In pediatric HSD, the interaction
between proprioceptive accuracy and movement
variability may define a clinically meaningful
sensorimotor phenotype that is distinct from pain
severityor jointlaxity and moredirectly related to motor
adaptability. Childhood is a critical developmental
period characterized by heightened neural plasticity
and sensitivity to motor learning constraints'.
Understanding how baseline sensorimotor phenotype
influences rehabilitation outcomes may therefore
inform early, individualized intervention strategies
with long-term functional implications.

Therefore, the primary aim of this study was to
determine whether baseline sensorimotor control
and movement variability predict functional
responsiveness to a structured exercise intervention
in children with HSD. A secondary aim was to
examine whether distinct sensorimotor phenotypes
demonstrate graded differences in exercise-induced
functionalimprovement.Itishypothesizedthatgreater
baseline proprioceptive error and higher movement
variability would constrain functional gains, resulting
in phenotype-dependent responsiveness.

2. Methods
2.1 Study design

This was a prospective, single-group interventional
study with pre-post assessments conducted over
an 18-week intervention period. The design allowed
evaluation of within-participant changes in functional
performance, sensorimotor control, and movement
variability following a standardized exercise program.
The study is reported in accordance with the
TREND (Transparent Reporting of Evaluations with
Nonrandomized Designs) checklist™.

2.2 Ethical approval and trial registration

The study protocol was approved by the Institutional
Ethics Committee of Alva's College of Physiotherapy

and Research Centre (Approval No: ACP/OP/
IEC/2024122091). Written informed consent was
obtained from parents or legal guardians, and written
assent was obtained from all participating children.
The trial was prospectively registered with the
Clinical Trials Registry of India (CTRI Registration No.:
CTRI/2024/07/070333). The trial registration specified
pre-post changes in functional and sensorimotor
outcomes. Predictive regression analysis and
phenotype stratification procedures were conducted
as secondary exploratory analysis.

2.3 Sample size estimation

An a priori sample size calculation was performed
using G*Power software (version 3.1). Assuming a
moderate-to-large effect size (Cohen's d = 0.6) for
pre-post change in functional performance, 42
participants were required to achieve 80% power at
an alpha level of 0.05. Allowing for 15% attrition, a
target sample of 50 participants was recruited.

2.4 Study setting

The study was conducted in the pediatric
physiotherapy outpatient department and motion
analysislaboratories of Alva’s College of Physiotherapy
and Research Centre, Moodbidri, Dakshina Kannada,
Karnataka, India. Assessments were performed in a
controlled laboratory environment, while exercise
sessions were delivered in dedicated pediatric
rehabilitation  outpatient  department  under
supervision of licensed physiotherapists.

2.5 Participants

Children were recruited consecutively through
outpatient referrals between December 2024 and
February 2025. Screening was performed by a senior
pediatric physiotherapist with over five years of
experience in hypermobility assessment. Inclusion
criteria were: age 9-12 years; diagnosis of generalised
HSD according to 2017 international criteria; and
generalized joint hypermobility defined by a Beighton
score >5/9. Exclusion criteria included hypermobile
Ehlers-Danlos syndrome, other heritable connective
tissue disorders, neurological or developmental
conditions affecting movement, cardiopulmonary
disease, recent lower-limb injury or surgery (within 6
months), or participation in structured physiotherapy
within the preceding 3 months.

J. Physiother. Res., Salvador, 2026;16:6668
https://doi.org/10.17267/2238-2704rpf.2026.e6668 | ISSN: 2238-2704

y -


https://doi.org/10.17267/2238-2704rpf.2026.e6668

2.6 Outcome measures

All outcomes were assessed at baseline and post-
intervention by trained assessors not involved in
intervention delivery.

2.7 Primary outcome
2.7.1 Functional performance

Functional performance was measured using the
Pediatric Outcomes Data Collection Instrument
(PODCI), Sports & Physical Function domain. The
PODCI is a validated parent-reported measure
with scores ranging from 0 to 100, higher scores
indicating better function. The instrument
demonstrates excellent internal consistency
(Cronbach’s a = 0.90-0.95), test-retest reliability
(ICC = 0.86-0.94), and responsiveness in pediatric
musculoskeletal populations®,

2.8 Secondary outcomes
2.8.1 Joint position sense

Knee joint position sense was assessed using
an active joint repositioning test measured with
a digital goniometer (Halo medical devices,
Australia). Participants were blindfolded to remove
visual input. The absolute angular error (degrees)
averaged across three trials was used for analysis.
This method demonstrates good reliability in
children (ICC = 0.78-0.91)%.

2.8.2 Gait step-time variability and inter-joint coor-
dination variability

Spatiotemporal gait parameters and three-
dimensional kinematic data were captured using
an eight camera Vicon Vero motion capture system
(Vicon Motion Systems Ltd., Oxford, UK), operating
at a sampling frequency of 100Hz. Reflective 16-mm
retroreflective markers were placed on standardized
anatomical landmarks according to a modified plug-
in gait full-body model, and marker trajectories
were reconstructed using Vicon Nexus software
(version 2.9). Step-time variability was expressed as
the coefficient of variation (%) of step times during
overground walking at self-selected speed. Inter-
joint coordination variability was quantified using

continuous relative phase analysis, with variability
calculated as the standard deviation across gait
cycles. These measures are well-validated and
demonstrate high reliability in research and clinical
contexts (ICC = 0.80-0.92)'4">,

2.8.3 Physical activity level

Physical activity was assessed using the Physical
Activity Questionnaire for Older Children (PAQ-C), a
validated'® self-report instrument (ICC = 0.75-0.82).

2.9 Assessor training and blinding

Assessors underwent standardized training prior
to data collection to ensure consistency. Outcome
assessors were blinded to participants’ adherence
status and responder classification. Blinding of
participants and therapists was not feasible due to
the nature of the intervention.

2.10 Intervention

Participants completed an 18-week structured
exercise program consisting of two supervised
sessions and one home-based session per week,
with each session lasting 45-60 minutes. This
structured exercise program was developed by the
authors, informed by existing literature, to address
proprioception, muscle strength, neuromuscular
control, and functional performance in hypermobile
children. The program included: sensory and
proprioceptive training; progressive strengthening
oflower-limbandtrunkmusculature;neuromuscular
control and movement retraining; and functional
task practice. Progression was individualized based
on symptom tolerance and performance. Pain and
fatigue were monitored using standardized scales
during sessions. The exercise program is detailed

in the Appendix.

2.11 Intervention fidelity, adherence, and safety

Session attendance was recorded, and home
program adherence was monitored using exercise
logs. Intervention fidelity was ensured through
standardized protocols and periodic supervision.
Adherence was defined as completion of > 80%
of prescribed sessions. Adverse events were
documented throughout the study.
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2.12 Data management and quality control

Data were double-entered and checked for accuracy.
Outliers were examined for potential data entry
errors. Missing data were minimal (< 5%) and handled
using complete-case analysis.

2.13 Data analysis

Statistical analyses were conducted using IBM SPSS
Statistics (version 27). Normality was assessed
using the Shapiro-Wilk test. Pre-post changes were
analyzed using paired t-tests. Associations between
baseline phenotype variables and functional
improvement were assessed using Pearson
correlation coefficients. Multiple linear regression
was used to identify independent predictors of
functional gains. Predictor variables were selected
a priori based on theoretical relevance and
prior literature supporting associations between
sensorimotor control and rehabilitation outcomes.
The number of predictors included in the model
was restricted to maintain an acceptable subject-
to-variable ratio (approximately 8:1) to reduce the
risk of overfitting in this sample (n = 48). Model
assumptions were assessed using variance inflation
factors, residual inspection, and the Durbin-Watson
statistic. Multicollinearity was considered absent
if VIF < 5. In addition to the included predictors,
other potentially relevant factors such as pain
fluctuation during the intervention, psychosocial
characteristics, and individual adherence variability
were not incorporated into the regression model in
order to limit model complexity given the sample
size. These variables were monitored descriptively
but were not included in predictive modelling.
Responder classification was defined a priori as
a change in PODCI Sports & Physical Function
score greater than 10 points (A PODCI > 10). This
threshold was selected based on previously
reported minimally clinically important difference
(MCID) estimates for PODCI domains in paediatric
musculoskeletal populations. In the absence of
HSD-specific MCID validation, the 10-point cut-off
was chosen to represent a clinically meaningful
improvement beyond measurement error and to
align with prior rehabilitation research using similar
criteria. Statistical significance was set at p < 0.05.

2.14 Phenotype stratification procedure

Phenotype stratification was performed to explore
graded differences in functional responsiveness
based on baseline sensorimotor and movement
variability characteristics. Baseline joint position
sense error and inter-joint coordination variability
were dichotomized using sample-specific median
values to classify participants as “low” or “high”
impairment.

Participants were then categorized into four
phenotypic groups;

(1) Low sensorimotor-low variability,
(2) Low sensorimotor-high variability,
(3) High sensorimotor-low variability,
(4) High sensorimotor-high variability.

This stratification approach was selected to allow
balanced subgroup comparisons and to examine
potential graded response patterns. Phenotype
classification was exploratory in nature and
was not used in primary regression modelling.
Subgroup comparisons were conducted using one-
way ANOVA. Phenotype stratification was not pre-
specified in the trial registration and should be
interpreted as exploratory.

3. Results
3.1 Participant characteristics

A total of 48 children with hypermobility spectrum
disorder were included in the analysis. The mean
age was 10.6 £ 1.1 years, and 30 participants (62.5%)
were female. The mean Beighton score was 6.6 + 1.1,
indicating generalized joint hypermobility. Baseline
pain intensity was 3.7 + 1.3 on the numeric pain rating
scale, with a mean pain duration of 12.4 + 5.6 months.
Baseline functional performance, assessed using the
PODCI Sports and Physical Function domain, was 72.1
+ 9.5. Sensorimotor assessment revealed a mean
joint position sense error of 4.9 + 1.4°, gait step-time
variability of 6.5 + 2.0%, and inter-joint coordination
variability of 13.9 + 4.1%. Physical activity levels,
measured using the PAQ-C, indicated moderate
activity (2.8 + 0.6) (Table 1).
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Table 1. Baseline Demographic, Clinical, and Sensorimotor Characteristics of Children with Hypermobility Spectrum Disorder (n = 48)

Baseline Demographic and Clinical Characteristics (n = 48)

Variable Mean (SD) / Frequency (Percentage)

Age in years 10.6 (1.1)
Sex (Female) 30 (62.5%)
Height in centimetre 142.3(7.8)
Weight in kilograms 38.9(6.5)
Body Mass Index (kg/m?) 19.1 (2.2)
Beighton score (0 - 9) 6.6 (1.1)

Pain duration in months 12.4 (5.6)
Pain intensity (NPRS) 3.7(1.3)

Baseline sensorimotor, physical activity and functional status

Measure Mean (SD)
Joint position sense error in degrees 4.9 (1.4)
Gait step-time variability 6.5(2.0)
Inter-joint coordination variability 13.9 (4.1)
PAQ-C 2.8(0.6)
PODCI Sports & Physical Function 72.1(9.5)

3.2 Effect of structured exercise intervention

Following the 18-week structured exercise intervention, significant improvements were observed across all pri-
mary and secondary outcome measures (Table 2). The PODCI Sports & Physical Function score increased from
72.1 £ 9.5 at baseline to 82.3 + 8.7 post-intervention, corresponding to a mean increase of 10.2 £ 5.4 points (t =
13.1, p <0.001). Significant improvements were also observed in sensorimotor and movement variability measu-
res. Joint position sense error decreased by 1.3 + 0.8° (p < 0.001). Gait step-time variability decreased by 1.6 £ 1.0%
(p < 0.001), and inter-joint coordination variability decreased by 3.1 + 2.0% (p < 0.001). These changes indicate
statistically and clinically meaningful improvements in functional performance, proprioception, and movement
control following the intervention.

Table 2. Differences in functional, sensorimotor, and movement variability outcomes following the structured exercise intervention

Baseline Mean

Outcome +5D Post Mean + SD Mean Change (8) t (df = 47) p-value
PODCI Sports & Physical Function 72.1+95 82.3+8.7 10.2+5.4 13.1 <0.001
Joint position sense error (°) 49+14 3.6+1.2 -1.3+0.8 -11.3 <0.001
Gait step-time variability (%) 6.5+2.0 49+1.7 -1.6+1.0 -10.8 <0.001
Inter-joint coordination variability (%) 13.9+4.1 10.8+3.6 -3.1+2.0 -10.6 <0.001

*significance if p < 0.05.
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3.3 Associations between phenotype variables and functional gains

Baseline joint position sense error (r = - 0.46, p < 0.05), gait step-time variability (r = - 0.59, p < 0.05), and inter-
joint coordination variability (r = - 0.43, p < 0.05) were negatively correlated with functional gains, indicating that
higher baseline sensorimotorimpairmentand movementvariability were associated with smallerimprovements.
Positive correlations were observed between A PODCI and baseline physical activity level measured by PAQ-C
(r = 0.28, p < 0.05), baseline PODCI score (r = 0.31, p < 0.05), and age (r = 0.19, p < 0.05), suggesting that
children who were more active, functionally better at baseline, and slightly older tended to demonstrate greater
functional improvement (Table 3).

Table 3. Correlation matrix between baseline phenotype variables and functional gain

Baseline variable r with A PODCI

Joint position sense error -0.46*
Gait step-time variability -0.59*
Inter-joint coordination variability -0.43*
PAQ-C score +0.28*
Baseline PODCI +0.31*
Age +0.19*

*significance if p < 0.05.

3.4 Predictors of functional improvement

The overall multiple linear regression analysis model was statistically significant (F(6,41) = 6.89, p < 0.001) and
explained 50% of the variance in A PODCI (adjusted R? = 0.43). Diagnostic testing indicated no multicollinearity
(maximum VIF = 1.64) and acceptable autocorrelation (Durbin-Watson = 2.01).

Baseline joint position sense error (8 = - 0.28, p = 0.007), gait step-time variability (8 = -0.30, p = 0.005), and
inter-joint coordination variability (8 = —-0.26, p = 0.012) emerged as significant negative predictors of functional
improvement. Baseline PODCI score was a significant positive predictor (8=0.22, p = 0.030). PAQ-C score (p = 0.11)
and age (p = 0.19) were not significant predictors in the multivariable model (Table 4).

Table 4. Multiple linear regression predicting exercise-Induced functional gains (A PODCI) from baseline sensorimotor,
movement variability, physical activity, and demographic variables

Predictor B (95% Cl) SE B t p VIF
Joint position sense error (°) -1.21 (-2.08, -0.34) 0.43 -0.28 -2.81 0.007* 1.51
Gait step-time variability (%) -1.38 (-2.31, -0.45) 0.46 -0.30 -3.00 0.005* 1.64
Inter-joint coordination variability (%) -0.79 (-1.39, -0.19) 0.30 -0.26 -2.63 0.012* 1.56
Baseline PODClI score +0.27 (0.04, 0.50) 0.12 +0.22 2.25 0.030* 1.39
PAQ-C score +0.98 (-0.21, 2.17) 0.61 +0.15 1.61 0.11 1.34
Age (years) +0.42 (-0.22, 1.06) 0.32 +0.12 1.31 0.19 1.28

R?=10.50, Adjusted R?=0.43, F(6.41) = 6.89, Durbin-Watson = 2.01, Max VIF = 1.64.
*significance if p < 0.05.
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3.5 Intervention adherence and feasibility

Participants completed an average of 31.4 + 3.9 out of 36 prescribed sessions, corresponding to an adherence
rate of 87.2 + 10.8%. Thirty-nine children (81.3%) achieved adherence of at least 80%. Home-based exercise
completion averaged 84.6 + 12.1%. Missed sessions were primarily due to pain or fatigue and were reported by
9 participants (18.8%) (Table 5).

Table 5. Intervention adherence and home-based exercise completion in children with hypermobility spectrum disorder

Variable Value

Prescribed sessions (18 weeks) 36
Completed sessions, mean + SD 31.4+39
Adherence rate (%) 87.2+10.8
> 80% adherence, n (%) 39 (81.3%)
Home-based sessions completed (%) 84.6 +12.1
Missed sessions due to pain/fatigue, n (%) 9 (18.8%)

3.6 Responder analysis

Based on the predefined responder criterion (A PODCI > 10 points), 30 participants were classified as responders
and 18 as non-responders. Responders demonstrated significantly lower baseline joint position sense error (p =
0.002), gait step-time variability (p = 0.001), and inter-joint coordination variability (p = 0.004), as well as higher
baseline physical activity levels (p = 0.03). Age did not differ significantly between groups (p = 0.42) (Table 6).

Table 6. Comparison of sensorimotor, movement variability, physical activity, and age between responders and non-responders

Variable Responders (n = 30) Non-responders (n = 18) P
A PODCI 13.6+4.2 49+2.1 0.000*
Joint position sense error (°) 43+1.1 58+1.4 0.002*
Gait step-time variability (%) 57+1.6 79+2.1 0.001*
Inter-joint coordination variability (%) 125+34 16.3+4.5 0.004*
PAQ-C score 3.0+06 25+05 0.03
Age (years) 10.7+1.0 104+1.2 0.42

*significance if p < 0.05.
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3.7 Phenotype-based differences in functional gains

Participants were categorized into four sensorimotor-movement variability phenotypes. One-way ANOVA
revealed a significant effect of phenotype on A PODCI (p < 0.001). The Low sensorimotor-Low variability
group demonstrated the greatest functional gains, followed by the Low sensorimotor-High variability, High
sensorimotor-Low variability, and High sensorimotor-High variability groups. Post-hoc analyses indicated
significantly greater improvements in the Low sensorimotor-Low variability group compared with the High
sensorimotor-High variability group (Table 7).

Table 7. Exercise-induced functional gains (A PODCI) across sensorimotor-movement variability phenotypes

Phenotype A PODCI Mean SD ANOVA
Low sensorimotor - Low variability 14.1+4.6
Low sensorimotor - High variability 9.8+4.9
0.000*
High sensorimotor - Low variability 8.6 +4.1
High sensorimotor - High variability 52+3.0

*significance if p < 0.05.

3.8 Safety and adverse events

The intervention was well tolerated. Transient post-exercise soreness was reported by 11 participants (22.9%),
and temporary pain flare lasting more than 24 hours was reported by 4 participants (8.3%). Six sessions (12.5%)
required modification due to fatigue or discomfort. No participants discontinued the intervention, and no serious
adverse events were reported (Table 8).

Table 8. Adverse events reported during the structured exercise intervention

Event n (%)

Transient post-exercise soreness 11 (22.9%)
Temporary pain flare (>24 h) 4 (8.3%)
Session modification required 6 (12.5%)
Exercise discontinuation 0
Serious adverse events 0
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4. Discussion

This study demonstrates that an 18-week structured
exercise intervention was associated  with
clinically meaningful improvements in functional
performance, proprioception, and movement control
in children with HSD. While previous studies'®
have established exercise as a cornerstone of
management in pediatric hypermobility, the present
findings extend existing evidence by demonstrating
that baseline sensorimotor and movement variability
characteristics significantly predicted the magnitude
of functional improvement within this sample. These
findings support a phenotype-informed perspective
beyond prior efficacy-focused investigations.

4.1 Functional improvements following exercise
intervention

The observed improvement of 10.2 points in
the PODCI Sports and Physical Function domain
exceeds commonly reported thresholds for
clinically meaningful change and is comparable to
or greater than improvements reported in previous
pediatric hypermobility intervention studies™°,
Randomized and cohort studies*-2* in children with
joint hypermobility and hypermobile Ehlers-Danlos
syndrome have typically reported modest-to-
moderate functional gains following strengthening
and neuromuscular exercise programs, with
substantial inter-individual variability in outcomes.
A noteworthy limitation of this research is its
reliance on mean group data, which overlooks the
factors driving the diverse responses observed in
individual children.

In contrast, the present study not only confirms the
effectiveness of structured exercise but also provides
evidence that variability in treatment response is
systematically related to baseline sensorimotor and
movement control characteristics. This addresses a
critical gap in the literature, where heterogeneous
outcomes have often been attributed to poor
adherence, pain severity, or psychosocial factors
without objective motor control profiling.

4.2 Sensorimotor and movement variability
adaptations

Consistent with earlier work*#, children in this
study demonstrated significant reductions in joint
position sense error following intervention. Impaired
proprioception has been well documented in children
and adolescents with generalized joint hypermobility,
and previous studies have shown that proprioceptive-
focused training can partially improve joint position
sense. However, most prior investigations assessed
proprioception as an isolated outcome and did not
examine its relationship with functional gains.

The present findings extend this evidence by
demonstrating that proprioceptive improvement
occurs alongside reductions in gait step-time
variability and inter-joint coordination variability.
Excessive movement variability has been reported
in hypermobile populations and is thought to
reflect impaired neuromuscular control and
reduced movement stability. By showing concurrent
improvements across proprioceptive and variability
measures, thisstudysupportstheconceptthatexercise
facilitates broader sensorimotor reorganization
rather than isolated sensory adaptation.

4.3 Baseline phenotype as a predictor of
responsiveness

A central and novel contribution of this study is the
demonstrationthatbaseline sensorimotorimpairment
and movement variability were significant negative
predictors of functional improvement. Children with
larger joint position sense errors and higher gait and
inter-joint variability at baseline experienced smaller
gains in PODCI scores. This findings are consistent
with  motor learning and neurorehabilitation
literature®?’, which suggests that excessive variability
and unreliable sensory feedback may be associated
with reduced learning efficiency.

Importantly, this relationship has not been previously
demonstratedin pediatric HSD. Prior exercise trials?22
in hypermobility have not incorporated objective
motor control measures into predictive models,
limiting insight into factors associated with differential
responsiveness. The present results provide empirical
evidence that sensorimotor phenotype was more
strongly associated with treatment response than
age or general activity level within this cohort.
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4.4 Physical activity, age and their relative
influence

Although baseline physical activity level and age
showed positive associations with functional
improvement in univariate analyses, neither variable
remained significant in the multivariable model.
Within the relatively narrow pediatric age range
examined, baseline sensorimotor characteristics
demonstrated stronger associations with functional
gains than demographic factors. This may explain the
inconsistent findings in earlier studies®*-*' that did not
account for baseline motor phenotype.

4.5 Responder analysis and phenotype
stratification

Responder analysis further supports the predictive
role of baseline sensorimotor control. Responders
demonstrated better baseline proprioception and
lower movement variability than non-responders.
The phenotype-based subgroup analysis revealed
a graded response pattern, with greater functional
gains observed in children with lower baseline
impairment. This stratified pattern suggests that
children with HSD may present with distinct motor
control phenotypes associated with differential
responsiveness to structured exercises. However,
given the study design, these findings should be
interpreted as associative rather than causal and
warrant confirmation in controlled trials.

4.6 Clinical Implications and comparison with
current practice

Current clinical recommendations for pediatric
hypermobility = emphasize  exercise therapy
but provide limited guidance on stratifying
interventions. The present findings suggest that
baseline sensorimotor assessment may help identify
children who are more or less likely to demonstrate
functional improvement following standardized
exercise programs. Children presenting with more
pronounced sensorimotor deficits may potentially
benefit from targeted or staged interventions.

4.7 Safety and feasibility in context of existing
literature

The high adherence rates and low incidence of
adverse events observed are consistent with

previous pediatric hypermobility exercise studies
and confirm that structured exercise is safe and
acceptable when appropriately monitored. The
absence of serious adverse events reinforces
existing evidence that progressive exercise does
not exacerbate symptoms in this population and
supports its broader clinical implementation.

4.8 Strength, limitations and directions for future
research

A major strength of this study is the integration
of objective sensorimotor and movement
variability measures with functional outcomes,
enabling phenotype-based analysis of treatment
responsiveness.  However, the  single-group
interventionaldesignwithoutacontrolgroupprecludes
causal inference. The observed relationships between
baseline phenotype and functional improvement
should therefore be interpreted as associative and
predictive within the studied sample.

Although the sample size was adequate for the
planned regression analyses, the inclusion of
multiple predictors in a relatively small cohort
increases the potential risk of model overfitting and
coefficient instability. While diagnostic testing did
not indicate multicollinearity or major assumption
violations, the predictive model should be considered
preliminary and requires validation in larger,
independent samples. The sample size may also limit
generalizability to broader pediatric HSD populations.
The responder threshold was derived from published
MCID estimates in pediatric musculoskeletal
populations rather than HSD-specific validation and
therefore should be interpreted cautiously pending
population-specific validation.

Psychosocial variables were not assessed and may
interact with sensorimotor phenotypes, potentially
influencing responsiveness to intervention.

Future randomized trials should evaluate whether
phenotype-tailored exercise interventions produce
superior outcomes compared with standardized
programs and should examine the long-term stability
of sensorimotor improvements. Incorporating
neurophysiological or biomechanical markers may
further clarify mechanisms underlying responsiveness.
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5. Conclusion

An 18-week structured exercise program was
associated with clinically meaningful functional
improvement in  children with hypermobility
spectrum disorder, accompanied by significant
reductions in proprioceptive error and movement
variability. Baseline sensorimotor and movement
variability = measures independently predicted
functional gains, suggesting that heterogeneity
in exercise responsiveness is associated with
underlying sensorimotor control characteristics
rather than demographic factors within this sample.
These findings support consideration of phenotype-
informed approaches to exercise prescription.
Incorporating objective sensorimotor assessment
may assist in individualizing rehabilitation strategies;
however, controlled trials are required to determine
whether phenotype-tailored interventions produce
superior clinical outcomes.
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Appendix - Sensorimotor-Integrated exercise program for children with
Hypermobility Spectrum Disorder

Table A1. Phase 1: Sensorimotor Stabilization (Weeks 1-6)

Component Exercises Dose Progression Strategy Targeted Mechanism

Joint proprioception Joint repositioning (knee/ankle), limb 2x10reps Reduced visual input Proprioceptive acuity
matching, laser-guided repositioning

Static balance Single-leg stance, tandem stance, semi-squat 3 x 30 sec Narrow base of Postural stability
holds support
Dynamic balance Step-and-reach, obstacle stepping 2 x 8 reps Increased reach Sensory integration
distance
Perturbation Manual nudges, elastic band pulls 2 x 6 perturbations Unpredictable direction Reactive control

Note: To establish basic proprioceptive reliability, postural stability, and low-load neuromuscular control.

Table A2. Phase 2: Neuromuscular Integration (Weeks 7-12)

Muscle Group Exercises Initial Load Progression Targeted Mechanism
Core Front plank, side plank, bird 20-30 sec Unstable surfaces Trunk stability
dog
Hip Step-ups, lateral band walks ~ Body weight Resistance bands Proximal control
Knee Split squats, lunges Body weight Increased depth Sagittal control
Ankle Single-leg heel raises, wobble 2 x 12 Reduced hand support Distal control
board shifts

Note: To integrate proprioceptive input with coordinated force production and inter-joint control during multi-segmental tasks.

Table A3. Phase 3: Functional variability and transfer (Weeks 13-18)

Component Exercises Dose Progression Strategy Targeted Mechanism
Dual-task balance Balance with ball toss, 3 x30sec Increased complexity Attentional sharing
cognitive tasks
Multidirectional tasks Lateral stepping, agility cones 2 x 10 reps Speed variation Motor adaptability
Functional transfer Sit-to-stand, stair negotiation, 2 x 8 reps Environmental variability Real-world transfer

obstacle navigation

Note: To promote robustness of motor control under variable and dual-task conditions and facilitate transfer to daily functional activities.
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