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Abstract

Background: Children with hemiparetic cerebral palsy (CP) often experience reduced cardio-
pulmonary fitness, limiting functional mobility and participation. Aerobic exercise has been
shown to enhance fitness in pediatric CP.

Objective: To investigate the effect of a designed aerobic exercise program on walking energy
expenditure, aerobic capacity, and functional walking endurance in children with hemiparetic
CP.

Methods: Forty children with hemiparetic CP participated in this randomized controlled study,
their age from 7-12 years and GMFCS I-II. They were randomly assigned to a study group (n =
20) and a control group (n = 20). The control group received the conventional physiotherapy
program based on the neuro-developmental technique 45 minutes (3 sessions/week), while
the study group received the same conventional physiotherapy program provided to control
group besides a supervised designed 12-weeks aerobic exercise program for 45 minutes (3 ses-
sions/week). Outcome measures included Energy Expenditure Index (EEI), maximal oxygen
uptake (VO, max), and the Six-Minute Walk Test (6MWT), assessed pre- and post-intervention.
Data was analyzed using mixed-design MANOVA.

Results: There was a significant reduction in EEI (p < 0.001), a significant increase in VO, max
(p < 0.001), and a significant improvement in 6MWT distance (p < 0.001) in the study group,
whereas changes in the control group were not significant.

Conclusion: The study findings support the integration of designed aerobic exercise training
into pediatric rehabilitation programs to enhance cardiopulmonary fitness and functional out-
comes in hemiparetic CP children.

Keywords

Cerebral palsy, Hemiparesis, aerobic exercise, cardiopulmonary fitness, VO, max, six-minute
walk test.

Resumen

Fundamento: Los nifios con paralisis cerebral hemiparética (PC) a menudo experimentan una
aptitud cardiopulmonar reducida, lo que limita la movilidad funcional y la participacion. Se ha
demostrado que el ejercicio aerébico mejora la condicidn fisica en la PC pediatrica.

Objetivo: Investigar el efecto de un programa de ejercicio aerébico disefiado sobre el gasto
energético al caminar, la capacidad aerébica y la resistencia funcional al caminar en nifios con
pardlisis cerebral hemiparética.

Métodos: En este estudio controlado aleatorizado participaron cuarenta nifios con PC hemipa-
rética, de 7 a 12 afios de edad y GMFC I-1I, asignados aleatoriamente a un grupo de estudio (n
= 20) y a un grupo de control (n = 20). El grupo de control recibié el programa de fisioterapia
convencional basado en la técnica de neurodesarrollo de 45 minutos (3 sesiones / semana),
mientras que el grupo de estudio recibié el mismo programa de fisioterapia convencional pro-
porcionado al grupo de control ademas de un programa de ejercicio aerébico supervisado di-
sefiado de 12 semanas durante 45 minutos (3 sesiones / semana). Las medidas de resultado
incluyeron el Indice de Gasto Energético(IEE), el consumo maximo de oxigeno (VO, max.) y la
Prueba de Caminata de Seis Minutos (6 MWT), evaluada antes y después de la intervencion. Los
datos se analizaron mediante MANOVA de disefio mixto.

Resultados: Hubo una reduccién significativa en la IEE (p < 0,001), un aumento significativo en
el VO, max (p < 0,001) y una mejora significativa en la distancia 6MWT (p < 0,001) en el grupo
de estudio, mientras que los cambios en el grupo de control no fueron significativos.
Conclusion: Los hallazgos del estudio respaldan la integracién del entrenamiento con ejercicios
aerébicos disefiados en los programas de rehabilitacion pediatrica para mejorar la aptitud car-
diopulmonar y los resultados funcionales en nifios con paralisis cerebral hemiparética.

Palabras clave

Pardlisis cerebral, hemiparesia, ejercicio aerdbico, aptitud cardiopulmonar, VO, max., prueba
de caminata de seis minutos.
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Introduction
I —
Cerebral palsy (CP) is the most common physical disability in childhood, affecting approximately 2-3
per 1,000 live births worldwide. (McIntyre et al., 2022; Oskoui et al 2013; Graham, et al 2016) Among
the various clinical presentations, hemiparetic CP accounts for approximately 30-40% of all cases and
is characterized by unilateral motor impairment affecting one side of the body. (Hollung et al., 2021;
Himmelmann & Uvebrant, 2014; Krageloh-Mann & Cans, 2009)

Children with hemiparetic CP typically demonstrate better ambulatory capacity than those with bilat-
eral involvement, with the majority classified as Gross Motor Function Classification System (GMFCS)
levels I or II. (Palisano et al 1997). Despite this relative functional advantage, these children have signif-
icant deficits in cardiopulmonary fitness as diminished maximal oxygen uptake (VO, max), elevated en-
ergy expenditure during ambulation, and decreased walking endurance and physical activity participa-
tion that can profoundly impact their long-term health and quality of life. (Wijnhoud et al. 2024;
Verschuren et al 2016; Fowler et al 2007; Verschuren et al 2006; Maltais et al 2014; Bjornson et al 2007)

Reduced fitness levels are associated with decreased participation in physical education and recrea-
tional activities, increased risk of secondary health conditions including obesity and cardiovascular dis-
ease, and lower health-related quality of life. (Santos et al., 2023; Shikako-Thomas et al 2008; Rimmer
& Rowland 2008; Verschuren et al 2012)

Aerobic exercise training has been developed as a promising intervention to address cardiopulmonary
deficits in children with CP. The theoretical rationale is grounded in well-established principles of exer-
cise physiology as the repetitive, submaximal aerobic activity stimulates cardiovascular adaptations in-
cluding increased stroke volume, improved cardiac output, enhanced peripheral oxygen extraction, and
increased oxidative enzyme capacity in skeletal muscle. (Wasserman et al 2012; Rogers et al 2008)
These physiological adaptations translate into improved VO, max, reduced energy cost of movement,
and enhanced functional endurance. (Tauro, Ganesh & Vincent 2024; Damiano & DeJong 2009; Dodd &
Foley 2007)

Although aerobic interventions have been studied in mixed CP cohorts including spastic diplegia, quad-
riplegia, and hemiplegia without subgroup analyses specific to hemiparetic presentations, relatively few
trials have focused specifically on hemiparetic CP, despite its unique gait asymmetry and unilateral
weakness that may differentially influence training response. (Slaman et al 2013; Reedman et al 2017,
Reedman et al 2022)

Moreover, previous studies have often emphasized either functional measures (e.g., 6-minute walk test;
6MWT) or laboratory-based outcomes (VO, peak) in isolation, with limited integration of both physio-
logical and functional endpoints in the same protocol. (Santos et al., 2023; Nsenga et al 2012; Verschuren
& Takken 2010).

Regular physical activity plays a central role in the development and maintenance of cardiorespiratory
fitness. Repeated engagement in aerobic activity stimulates cardiovascular and muscular adaptations
that improve oxygen transport and utilization, thereby enhancing maximal oxygen uptake and exercise
tolerance. In children with cerebral palsy, reduced participation in physical activity due to motor im-
pairments and fatigue often leads to physical deconditioning and lower aerobic capacity. Increasing op-
portunities for structured aerobic activity can help reverse this cycle by improving movement efficiency,
endurance, and overall functional mobility. Consequently, promoting regular aerobic exercise is consid-
ered an important strategy for improving cardiorespiratory fitness and physical functioning in children
with cerebral palsy (Verschuren et al., 2016; Reedman et al., 2022).

The conceptual framework guiding this study suggests that a designed aerobic exercise program, tai-
lored to the needs of children with hemiparetic CP, may reduce walking energy cost (EEI), enhance max-
imal oxygen uptake (VO, max), and improve functional walking capacity (6MWT).

By focusing exclusively on the hemiparetic subtype and using a comprehensive group of validated car-
diopulmonary outcome measures. Therefore, the present study was conducted to investigate the effect
of a designed aerobic exercise program on cardiopulmonary fitness measures in children with hemipa-
retic cerebral palsy.
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Method
|

Study Design

This randomized pre-post controlled trial was conducted from May to August 2025 to investigate the
effects of a designed aerobic exercise program on cardiopulmonary fitness in children with hemiparetic
CP.

Sample Size Calculation

The sample size was calculated using G*Power 3.1 software (Heinrich Heine University, Diisseldorf, Ger-
many). Based on previous exercise intervention studies in children with CP, a mean improvementin VO,
max. of 4-6 mL.kg *.min™" is considered clinically meaningful. (Lauglo et al 2016). Using an expected
moderate effect size (f = 0.25), a = 0.05, and power (1-3) = 0.80 for MANOVA (within and between in-
teraction, 2 groups x 2 time points), the required sample size was 34 participants (17 per group).

To account for an estimated 15% dropout rate, the target recruitment was increased to 40 participants
(20 per group). This sample size was considered adequate to detect significant changes across the three
dependent variables (EEI, VO, max, 6MWT), while maintaining appropriate statistical power.

Subjects

Forty children diagnosed as hemiparetic CP were recruited from the outpatient clinic, Faculty of Physi-
cal Therapy, Cairo University according to the following criteria that align with previous aerobic training
trials in CP that emphasized safety, ambulatory status, and ability to complete exercise assessments.
(Verschuren et al 2016)

Inclusion Criteria
¢ Their age ranged from 7-12 years.
¢ Their GMFCS levels were I-11 (ambulant without assistive devices).
 They can follow simple verbal instructions and complete treadmill/field assessments.

» Have stable medical condition with no orthopedic surgery or botulinum toxin injections within the
past 6 months.

Exclusion Criteria
« Severe cognitive impairment that may interfere with test compliance.
» Epilepsy, cardiopulmonary, or metabolic disease contraindicating exercise.
¢ Orthopedic deformities or musculoskeletal injuries limiting safe participation.
« Participation in another structured exercise or rehabilitation research trial during the study period.
Randomization and Allocation

Following baseline testing, participants were randomly assigned to either the intervention or control
group using a computer-generated randomization sequence with a 1:1 allocation ratio. The randomiza-
tion sequence was generated by a researcher not involved in participant recruitment or assessment and
was concealed using sequentially numbered, opaque, sealed envelopes. (Fig. 1). Due to the ethical con-
siderations, there were no participants blinding as the children's parents signed informed consent form
after clear explanation of the study protocol, in addition the treating therapists were not blinded to
group allocation.

Ethical Considerations

This randomized controlled trial was registered at (ClinicalTrials.gov.ID: NCT06423476). Ethical ap-
proval was obtained from the Ethical Committee, Faculty of Physical Therapy, Cairo University (No.
P.T.REC/012/004368). The study was conducted in accordance with the principles outlined in the Dec-
laration of Helsinki for human research. Informed consent was obtained from the parents of each child,
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who were thoroughly informed on the study protocol, objectives, and potential benefits along with their
right to decline participation or withdraw at any time, with a commitment to maintaining the confiden-
tiality of their information. Participants were monitored throughout for safety, and sessions were su-
pervised by experienced pediatric physiotherapists.

Figure 1. CONSORT Flow diagram

A for eligibility (n=50) ‘

Enroliment

Excluded (n=10)
+ Not meeting inclusion criteria (n=6)
+ Declined to participate (n=4)

Randomized (n=40)

i L Allocation ) l

Allocated to Control group (n=20) Allocated to Study group (n=20)
Received the conventional physiotherapy program based Received the conventional physictherapy program
on the neuro-developmental technique, including provided to the control group in addition to a 12-
stretching, balance training, strengthening exercises, and week aerobic exercise program. (3 sessions/week,
gait training. (3 sessions/week 45 minutes/session) 45 minutes/session)

Follow-Up
Lost to follow-up (n=0) Lost to follow-up (n=0)
Discontinued intervention (n=0) Discontinued intervention (n=0)
Analysis |
Analysed (n=20) Analysed (n=20)
+ Excluded from analysis (n=0) + Excluded from analysis (n=0)

Outcome Measures
1. Energy Expenditure Index (EEI)

EEI was calculated as the ratio of walking heart rate minus resting heart rate to walking speed
(beats/m), obtained during a standardized 6-minute submaximal treadmill walk. This measure has been
validated for assessing walking economy in children with CP. (Garcia et al 2016)

2. Maximal Oxygen Uptake (VO, max)

V0, max was measured using a metabolic cart (breath-by-breath gas analysis) during a graded treadmill
exercise test. The modified Balke protocol adapted for children with CP was used, which is feasible and
reliable in this population. Criteria for VO, max attainment included volitional fatigue, plateau in VO,
despite workload increase, respiratory exchange ratio 21.0, and peak HR 285% of age-predicted maxi-
mum. (Marinov et al 2003).

3. Six-Minute Walk Test (6MWT)

The 6MWT was performed according to the American Thoracic Society guidelines on a 30-meter indoor
track. Distance walked was recorded in meters. The 6MWT has demonstrated strong reliability and va-
lidity in ambulant children with CP. (Romeo et al 2022)

Intervention: Designed Aerobic Exercise Program

The control group received the conventional physiotherapy program based on the neuro-developmental
technique, including stretching, balance training, strengthening exercises, and gait training (3 ses-
sions/week, 45 minutes/session).

The intervention group received the conventional physiotherapy program provided to the control group
in addition to a 12-week aerobic exercise program (3 sessions/week, 45 minutes/session). (Tauro,
Ganesh & Vincent 2024). The sessions were conducted individually under physiotherapist supervision
and structured as follows:
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Each session initiated with a five-minute warm-up that included stretching exercises targeting the legs,
thighs, and arms, along with breathing exercises. This was followed by 35 minutes of cardiovascular
endurance training, which included 15 minutes on the treadmill, 15 minutes utilizing a gym ball, and 5
minutes of using a bicycle ergometer, ending with a five-minute cooldown. The intensity of the exercises
was in accordance with the guidelines set by the American College of Sports Medicine (ACSM), with
HRmax progressively increasing from 64% to 95% throughout the duration of the program. Specifically,
HRmax was established at 65% during the first and second weeks, 70% during the third and fourth
weeks, 75% during the fifth and sixth weeks, 80% during the seventh and eighth weeks, 85% during the
ninth and tenth weeks, and 90% during the eleventh and twelfth weeks. (Mendola, 2025)

Statistical Analysis

Data was analyzed using SPSS version 12. Normality was checked with Shapiro-Wilk tests. Descriptive
statistics (mean + SD) were calculated. Multivariate analysis of variance (MANOVA) was used because
the study involved several correlated dependent variables measured repeatedly over time. MANOVA
accounts for intercorrelations among outcomes, reduces the risk of Type I error, and allows evaluation
of group, time, and interaction effects within a single statistical model. Statistical significance was set at
p < 0.05. All analyses were conducted on an intention-to-treat basis, with participants analyzed accord-
ing to their randomized group assignment. In the event of missing data, multiple imputation procedures
would be employed; however, complete data were obtained for all participants who completed the
study.

Results
|

Demographic Data

The study included forty children with hemiparetic CP, evenly distributed between the control and study
groups. The demographic characteristics indicated that there were no statistically significant differ-
ences observed between groups, which confirmed that both groups were well-matched at baseline. (Ta-
ble 1).

Table 1. Demographic characteristics

Variable Control (mean * SD) Study (mean # SD) p-value
Age (years) 89+15 9.1+1.6 0.68
Gender (M/F) 12/8 11/9 0.75
Height (cm) 131.8+8.2 1324 +75 0.81
Weight (kg) 309+59 31561 0.74
GMFCS 1/11 12/8 13/7 0.74
Inferential Analysis

A 2 x 2 mixed multivariate analysis of variance (MANOVA) was conducted to examine the effects of
group (study vs. control) and time (pre- vs. post-treatment) on the outcome variables. Because aerobic
capacity may naturally change with growth and maturation in children, participants in both groups were
closely matched for age, and the short intervention period minimized the likelihood that maturational
changes substantially influenced VO, max values. Thus, any observed differences between groups over
time should be interpreted within the context of this controlled design rather than attributed solely to
age-related physiological development.

The multivariate analysis demonstrated a significant overall effect of time (Wilks’ A = 0.42, F (3, 33) =
15.2,p < 0.001,n?* = 0.58), indicating that the combined outcome variables changed across the interven-
tion period. A significant group effect was also identified (Wilks’ A = 0.77, F (3,33) =3.3,p =0.03,1% =
0.23), suggesting differences between the study and control groups across the measured variables. Im-
portantly, a significant group x time interaction was observed (Wilks’ A =0.48,F (3,33) =11.8,p < 0.001,
n? = 0.52), indicating that the pattern of change over time differed between groups.

For the Energy Expenditure Index (EEI), no statistically significant difference was detected between the
groups at baseline (p = 0.73). Following the intervention period, a significant between-group difference
\\H(é fr ]
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emerged (p < 0.001), with the study group demonstrating lower EEI values compared with the control
group. The MANOVA interaction effect indicated that the reduction in EEI across time was significantly
greater in the study group, suggesting improved gait efficiency associated with participation in the in-
tervention program (Table 2).

Similarly, baseline VO, max values did not differ significantly between the study and control groups (p
=(.78). Post-treatment comparisons revealed a significant difference between-group favoring the study
group (p < 0.001). The significant interaction effect from the MANOVA analysis indicated that changes
in aerobic capacity over time differed between groups, with the study group demonstrating a greater
increase in VO, max relative to the control group (Table 2). These findings should be interpreted as an
association between participation in the intervention and improvements in aerobic capacity, rather than
as direct causal evidence.

For the Six-Minute Walk Test (6MWT), baseline walking distance did not differ significantly between
the groups (p = 0.85). After the treatment period, a highly significant difference between-groups was
observed (p < 0.001). The MANOVA interaction effect demonstrated that functional walking capacity
improved to a greater extent in the study group, whereas the control group showed minimal change
over the same period (Table 2).

These results indicate that participants in the intervention group exhibited greater improvements in
gait efficiency, aerobic capacity, and functional walking performance across the study period compared
with the control group, while controlling baseline equivalence and potential confounding related to age-
matched participant characteristics.

Table 2. Pre and post treatment comparison of EEl, VO2 max, and 6 MWT in both groups A, and B.
1. EE] (Beat/m)

Group Pre Post Mean Diff P Value
Control 0.64 +0.10 0.61+0.12 -0.03 0.21
Study 0.65+0.11 0.49 +0.09 -0.16 <0.001*
Mean Diff -0.01 0.12
P-value 0.73 <0.001*
2. VO, max, (ml/kg/min)
Group Pre Post Mean Diff P- value
Control 27.6+5.0 28.1+4.8 0.5 0.42
Study 27.2+4.6 33.5+5.2 6.3 <0.001*
Mean Diff 0.4 -5.4
P-value 0.78 <0.001*
3.  6MWT, (meters)
Group Pre Post Mean Diff P- value
Control 373.1+£40.8 379.8 £39.2 6.7 0.18
Study 375.6 £42.1 431.2 +44.7 55.6 <0.001*
Mean Diff -2.5 -51.4
P-value 0.85 <0.001*
Discussion

The present study examined the effects of a specifically designed aerobic exercise program on cardio-
pulmonary fitness in children with hemiparetic CP who have been underrepresented in previous exer-
cise intervention studies. The results demonstrate that children in the study group achieved significant
improvements in all measured outcomes with reduced EE], increased VO, max, and greater distance in
the 6MWT compared with the control group. These findings support the hypothesis that structured aer-
obic exercise provides meaningful physiological and functional benefits in this population.

The significant reduction in EEI observed in the study group represents a clinically important improve-
ment in walking efficiency that address one of the most functionally limiting impairments in children
with hemiparetic CP who demonstrate an elevated energy cost of ambulation which contributes to rapid
fatigue during community mobility, and limited participation in physical activities, thereby perpetuating
a cycle of deconditioning. (Balemans et al 2017; Carlon et al 2013)
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The study indicates that the aerobic exercise program significantly reduces EEI, this can be induced by
promoting physiological adaptations which include enhanced cardiovascular fitness, improved gait me-
chanics, and reduced cardiovascular stress during walking. Alongside, the neuromuscular adaptations
such as better motor unit recruitment and decreased co-contraction of antagonist muscles contribute to
these improvements, resulting in efficient movement strategies and enhanced lower limb strength,
which minimize compensatory movements and energy expenditure.

Our findings are supported by Abd El-Nabie and Abd El-Monem (2019), who reported that there was an
improvement in energy efficiency following twelve weeks of treadmill training in a mixed sample of
children with hemiparetic and diplegic CP. Similarly, our findings are parallel with Mukherjee et al,,
(2025), who indicated that integrated aerobic exercise into rehabilitation programs for a mixed cohort
of children with CP significantly improved cardiopulmonary endurance and physical fitness with signif-
icant reduction of EEL

The considerable improvement in VO, max may be achieved through enhancing both central oxygen
delivery and peripheral oxygen utilization. These adaptations may include allowing the heart to pump
more oxygenated blood per beat while lowering the resting heart rate and the heart rate response to
submaximal tasks. (Wasserman et al 2012; Rogers et al 2008). Associated by improved ability of mus-
cular system to extract oxygen and increases mechanical efficiency, which reduces the energy cost re-
quired for movements.

This comes in agreement with Nsenga et al, (2013), who reported that children with CP who engaged in
aerobic training program had a significant improvement in oxygen consumption highlighting the im-
portance of integrating that type of exercise into the regular rehabilitation for such population. In addi-
tion, this is supported by a systematic review and meta-analysis study conducted by Soares et al., (2023)
and highlighted that aerobic exercises are more effective than usual care or other interventions in im-
proving mobility, aerobic capacity, and balance in CP.

The significant improvement in 6MWT distance in the study group represented a clinically significant
enhancement in functional walking endurance, that correlates strongly with community mobility, par-
ticipation in physical activities, and health-related quality of life. This is likely induced by both physio-
logical factors represented by improved aerobic capacity and reduced energy expenditure that delay
onset of fatigue while walking alongside with the biomechanical factors represented by enhanced mus-
cular endurance and potentially enhanced gait efficiency that may contribute to the ability to maintain
walking speed over the six-minute test duration. (Scholtes et al 2012)

This is consistent with Chrysagis et al. (2012), who reported significant improvements in both walking
speed and endurance following a structured treadmill training program in ambulatory adolescents with
CP, suggesting that repetitive, submaximal aerobic loading can enhance locomotor efficiency and cardi-
ovascular tolerance during ambulation. In addition, Nsenga et al. (2012), documented significant im-
provements in 6MWT performance after an aerobic conditioning program in children with CP classified
as GMFCS levels I and 1], indicating enhanced functional walking capacity following cardiovascular train-
ing.

Several limitations should be considered when interpreting these findings, including restricted gener-
alizability due to the inclusion of only children with hemiparetic CP classified as GMFCS I-II, complete
participant and treating therapists blinding were not feasible due to ethical and practical considerations
related to the nature of the intervention, which may have introduced potential expectancy or perfor-
mance bias, the absence of long-term follow-up to determine maintenance or detraining effects, and the
lack of broader patient-centered outcomes assessment such as participation, quality of life, and psycho-
social functioning. These factors highlighted the need for larger, multi-centered trials including diverse
CP subtypes and severity levels, long-term follow-up studies, comprehensive outcome measures, mech-
anistic assessments, and scalable intervention models.
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Conclusions

This study provides evidence that a structured 12-week aerobic exercise program, an evidence-based,
safe, and effective intervention significantly improved cardiopulmonary fitness in children with hemi-
paretic cerebral palsy. This support integrating structured aerobic exercise program into pediatric re-
habilitation practice has the potential to enhance functional outcomes, prevent secondary complica-
tions, and improve long-term health conditions for children with hemiparetic CP.
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