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Background: Children with congenital heart defects (CHD) commonly experience decreased exercise capacity due to structural heart abnormalities, surgical interventions, and parental-and physician-imposed activity restrictions. This reduced activity can lead to physical deconditioning, impaired quality of life, and increased cardiovascular risk later in life. While exercise-based rehabilitation is highly recommended, significant knowledge gaps persist regarding the long-term impact of structured exercise on diverse CHD subtypes, optimal modalities, and standardized protocols for implementation. This meta-analysis assesses the effect of structured exercise rehabilitation programs on functional and health-related outcomes in children with CHD.



Methods: A comprehensive search was done using PubMed/MEDLINE, Embase, and Web of Science until April 23, 2025, for randomized controlled trials (RCTs) and observational studies which compares exercise or cardiac rehabilitation with standard of care or no rehabilitation intervention in pediatric CHD patients. Key outcomes included changes in exercise duration, peak oxygen uptake (peak VO2), peak workload, heart rate, and other cardiopulmonary parameters. Data were analyzed and pooled using random-effects models, with heterogeneity evaluated via I2 statistics. Risk of bias (RoB) was assessed using RoB 2 for RCTs and ROBINS-I for observational studies, and evidence certainty was assessed using the GRADE approach.



Results: Ten studies (5 RCTs, 5 observational) comprising of 378 patients were included. Exercise rehabilitation significantly elevated exercise duration [MD = 0.55, 95% CI: (0.01, 1.09); p = 0.04; I2 = 0%]. No significant advancement was seen in peak VO2 [MD = 1.14, 95% CI: (−1.07, 3.34); p = 0.31; I2 = 69%], peak workload, heart rate, or other cardiopulmonary parameters. Heterogeneity was high for several outcomes, especially peak workload and VO2, which was settled in sensitivity analyses for specific subgroups. Evidence certainty was moderate due to heterogeneity and study limitations.



Conclusion: Exercise rehabilitation moderately enhances exercise duration in pediatric CHD patients but does not notably enhance most cardiopulmonary parameters. High heterogeneity reflects outcomes variability by CHD subtype and intervention protocol. Standardized, multicenter trials are required to improve and optimise exercise prescriptions and evaluate long-term benefits.
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1 Introduction

A congenital heart defect (CHD), also referred to as a congenital heart anomaly, congenital cardiovascular malformation, or congenital heart disease, is a structural abnormality of the heart or major blood vessels that is present at birth (1). CHD poses a significant challenge in pediatric healthcare, substantially contributing to infant morbidity and mortality on a global scale (2). In 2015, congenital heart disease accounted for approximately 303,300 deaths, marking a decline from 366,000 deaths reported in 1990 (3).

Patients with congenital heart diseases (CHD) typically exhibit several physiological complications, including reduced aerobic capacity, exertional breathlessness, cardiovascular and peripheral muscle deconditioning, as well as muscle weakness and atrophy (4). Within the context of this condition, exercise intolerance and fatigue are widely acknowledged as significant consequences of CHD (5). It is well established that sedentary lifestyles are linked to a higher risk of morbidities, including obesity, metabolic disorders, and cardiorespiratory risk factors later in adulthood. Promoting a more active lifestyle, along with implementing (6). Alarmingly, children with CHD have been shown to engage in lower levels of daily physical activity (7) and exhibit diminished exercise capacity, which has been linked to a lower health-related quality of life (8).

Current public health recommendations advise at least 60 min of moderate-to-vigorous physical activity each day for children and adolescents (9). Enhancing physical activity can boost cardiopulmonary fitness, and improved cardiopulmonary fitness, in turn, may encourage greater physical activity (10). Exercise training programs, whether home-based or facility-based, may enhance VO2 levels in patients with CHD (11) and may also enhance health-related quality of life (HRQOL) in overweight and obese children (12) In 2013, the American Heart Association endorsed physical activity for children and adults with congenital heart defects. These recommendations were largely adapted from those for healthy individuals, as specific guidelines tailored to this patient group are still absent. It was further concluded that, aside from patients with severe rhythm disorders, there is no evidence to support exercise restrictions. Although no specific advice was provided regarding types of exercise or sports, a general reduction in sedentary behavior was encouraged (13).

Despite the growing recognition of the benefits of physical activity in children with congenital heart defects (CHD), there remains a lack of consolidated evidence regarding the effectiveness of structured exercise rehabilitation programs in this vulnerable population. Individual studies have reported varying degrees of improvement in cardiopulmonary fitness, exercise capacity, and health-related quality of life (HRQOL), yet discrepancies in study design, intervention types, and outcome measures have limited the generalizability of findings (5, 7, 8). Moreover, there is currently no standardized guideline specifically tailored for exercise rehabilitation in pediatric CHD patients. Therefore, a comprehensive meta-analysis is needed to systematically evaluate the impact of exercise-based rehabilitation programs on functional and health-related outcomes in children with CHD. By synthesizing available data, this study aims to provide stronger evidence to inform clinical practice, promote physical activity interventions, and ultimately enhance the long-term health and quality of life of children living with congenital heart defects.



2 Methods


2.1 study design and protocol registration

The meta-analysis was conducted according to the guidelines provided by the Cochrane Handbook for Systematic Reviews of Interventions and reported according to the preferred Reporting items for systematic review and meta-analysis (PRISMA) statement (14). (Figure 1).


[image: Flowchart detailing the systematic review process: Identification phase finds 40 records from PubMed (11), Embase (23), and Web of Science (6). Six duplicates are removed. Screening phase screens 34 records, excluding 10. Retrieval sought for 24 reports; none are unretrieved. Eligibility assessment excludes 14: wrong population (6), animal studies (3), irrelevant outcomes (5). Ten new studies are included in the review.]
FIGURE 1
PRISMA flow diagram illustrating the study selection process for inclusion in this meta-analysis.




2.2 data resources and search strategy

We systematically searched PubMed/MEDLINE, Embase, and Web of Science from their inception until 23 April 2025 to identify studies comparing exercise or cardiac rehabilitation with standard of care or no rehabilitation intervention in pediatric patients with CHD. A combination of the following Medical Subject Headings (MeSH) and keywords were used: “exercise therapy,” “cardiac rehabilitation,” “heart defects, congenital,” and “long QT syndrome.” Bibliographies of all included articles were also searched to identify additional relevant studies. Only studies that were published in the English language were included. This review did not consider gray literature, such as dissertations and unpublished studies. The detailed search strategy is provided in Supplementary Table S1.



2.3 study selection and eligibility criteria

Articles retrieved from the systematic search were exported to Rayyan AI, where duplicates were screened and removed. Titles and abstracts of the remaining articles were reviewed independently by two reviewers (U.A. and F.H.). Full texts of potentially eligible articles were assessed based on predefined criteria. Any disagreements during the review process were resolved independently through discussion with a third reviewer (S.R). The eligibility criteria were as follows: (1) Population: patients diagnosed with CHD; (2) Intervention: exercise or cardiac rehabilitation; (3) Comparator: standard of care; (4) Study Designs: Randomized controlled trials (RCTs) and observational studies; and (5) Outcomes: Studies reporting at least one relevant outcome.



2.4 data extraction and outcomes

Two authors (S,R. and.U.A) conducted data extraction independently using a predetermined Microsoft Excel spreadsheet. Any conflicts during the extraction process were resolved by a third author (F.H). Data were extracted from the study text, tables, and figures, with raw values estimated from percentages where necessary.

The extracted data included baseline characteristics such as country, study design, sample size, age, sex, BMI, CHD type, NYHA functional class, oxygen saturation, prior surgeries, baseline VO2, QOL tool and medication/devices.



2.5 Quality assessment

The quality of the included studies was assessed using appropriate tools based on their study design. For RCTs, the Revised Cochrane Risk of Bias Tool for Randomized Trials (RoB 2) (SupplementaryFigure S1, S2) (15) was used, evaluating bias across five domains: randomization process, deviations from intended interventions, missing outcome data, measurement of outcomes, and selection of reported results. Each study's overall risk of bias was categorized as low, some concerns, or high risk.

For observational studies, the Risk of Bias in Non-Randomized Studies of Interventions (ROBINS-I) tool (16) was applied, assessing bias across seven domains: confounding, selection of participants, classification of interventions, deviations from intended interventions, missing data, measurement of outcomes, and selection of reported results. The overall risk of bias was classified as low, moderate, serious, or critical.

Two reviewers (F.H and S.R.) independently assessed the risk of bias, resolving disagreements through discussion, with a third reviewer (U.A) consulted if necessary. This systematic assessment ensured the reliability and validity of the included studies.


2.5.1 Grade assessment

Grading of Recommendations, Assessment, Development, and Evaluation (GRADE) tool, specifically the GRADEpro Guideline Development Tool (17), was used by two independent authors (M.A.A. and U.A.) to rate the degree of certainty in the evidence in this meta-analysis, classifying it from high to very low (18). Any discrepancies were discussed and settled by agreement.




2.6 statistical analysis and sensitivity analysis

Review Manager 5.4 was used to perform statistical analysis. Treatment effects for binary outcomes were compared using a pooled risk ratio (RR) with 95% confidence intervals (CI), while continuous outcomes were analyzed using mean differences (MD) with 95% CI. The Cochran Q test and I2 statistics were used to assess heterogeneity, with P-values < 0.10 and I2 > 50% considered indicative of significant heterogeneity (19). The DerSimonian and Laird random-effects model was applied to all outcomes (20). A p-value of <0.05 indicates statistical significance for clinical endpoints. The stability of the pooled estimates was assessed through a leave-one-out analysis, where each study was sequentially removed, and the remaining dataset was re-analyzed to ensure that no single study unduly influenced the aggregated effect sizes.




3 Results


3.1 Search results

The search identified 40 records: 11 from PubMed, 23 from Embase, and 6 from Web of Science. After removing 6 duplicate records, 34 records remained for title and abstract screening. Following the screening process, 10 records were excluded, and 24 full-text articles were assessed for eligibility. Of these, 14 were excluded (6 due to wrong population, 3 animal studies, and 5 for irrelevant outcomes), resulting in 10 studies being included in the final review (5 RCTs and 5 observational studies).



3.2 Study characteristics

This meta-analysis comprises a total of 10 included studies that met the inclusion criteria, composed of 5 randomized controlled trials (RCTs), 3 controlled intervention studies, 1 prospective interventional study, and 1 pilot feasibility study. The publication dates of the studies ranged from 2000 to 2024. All 10 studies were included in both descriptive and statuses analyses. In total, 868 pediatric patients with congenital heart disease were recruited from all studies, consisting of various intervention types such as structured exercise training and cardiac rehabilitation. The sample sizes among each study approximated from 14 to 163 participants. Detailed baseline characteristics of the included studies are summarized separately (Table 1).



TABLE 1 Baseline characteristics of studies included in the meta-analysis, detailing study design, patient demographics, CHD types, interventions, and key clinical parameters.



	Study ID
	Country/Setting
	Design
	Sample Size
	Duration of exercise intervention
	Age (mean ± SD)
	Sex (% male)
	BMI/Height/Weight
	CHD Type Breakdown
	NYHA/Functional Class
	Oxygen Saturation
	Prior surgeries/interventions
	Baseline VO2/6MWT/CPET
	QoL tool & baseline scores
	Medications/Devices





	Hedlund et al. (21)
	Sweden
	Prospective interventional
	30 Fontan, 25 controls
	12 weeks
	14.2 ± 3.2
	53.3%
	BMI: 18.3 ± 2.2
	100% Fontan
	N/R
	Not reported
	Fontan at median 2.4 yrs
	VO2: 35.0 ± 5.1 mL/kg/min; 6MWT: 590.7 ± 65.5 m
	PedsQL: 70.9 ± 9.9 (child), 65.1 ± 18.0 (parent)
	3 pacemakers, most on aspirin or enalapril



	Moalla et al. (22)
	France/Tunisia
	RCT
	18
	12 weeks
	13.5 ± 1.0
	N/R
	N/R
	ToF, TGA, ASD, Fontan
	NYHA Class II–III
	Not reported
	Surgical correction; LVEF <40%
	MVC: 101.6 ± 14.0 N·m
	 N/R
	No pacemakers; on diuretics, ACE-I



	Dulfer et al. (8)
	Netherlands
	RCT
	91 (54 int., 37 ctrl.)
	12 weeks
	15.2 ± 3.
	72.2%
	N/R
	50% Fontan, 50% ToF
	N/R
	N/R
	All surgically repaired
	Peak VO2: 82.4% predicted
	TACQOL baseline provided
	Not specified



	Amedro et al. (23)
	France
	Multicenter RCT
	142
	12 weeks
	17.4 ± 3.4
	48%
	BMI: 21.8 ± 3.6 (int.), 20.9 ± 4.0 (ctrl.)
	Mixed CHD; VO2 max <80%
	NYHA I–III
	N/R
	All repaired CHD
	VO2 < 80% predicted
	PedsQL self-reported: 71.6 ± 15.2 (int.)
	4% with pacemaker; 28% on meds



	Rhodes et al. (24)
	USA
	Controlled longitudinal
	33 (15 rehab, 18 control)
	12 weeks
	12.5 ± 2.
	∼60%
	N/R
	Complex CHD (mostly Fontan, ToF)
	Functional limitations noted
	Variable
	≥1 open-heart surgery
	VO2: ∼25 ml/kg/min; Work rate ∼63% predicted
	CHQ used
	1.8 meds/patient; 2.7 surgeries/patient



	Callaghan et al. (25)
	UK
	RCT
	163
	16 weeks
	Mean 8.4
	61.3%
	N/R
	Mixed CHD; cyanotic/acyanotic
	NYHA I–II
	∼95%–98%
	All post-op or repaired
	Peak EST duration 4.5 ± 1.9 min (cyanotic group)
	N/R
	N/R



	Jacobsen et al. (26)
	USA
	Pilot feasibility study
	14
	12 weeks
	10 ± 1.15
	57%
	N/R
	36% dominant left ventricle (Fontan)
	N/R
	Measured pre/post-activity
	Fontan completion before enrollment
	Shuttle Test; VO2max estimated via formula
	Parent PedsQL: Physical function improved
	No adverse events; high adherence



	Klausen et al. (27)
	Denmark
	RCT
	158
	52 weeks
	14.6 ± 1.3
	58%
	BMI: ∼21 (girls), ∼19.5 (boys)
	Mixed complex CHD
	N/R
	N/R
	Multiple surgeries; stratified by VO2
	VO2: girls 37.5, boys 47.9 mL/kg/min
	Generic QoL: ∼80/100
	N/R



	Fredriksen et al. (28)
	Norway
	Controlled intervention study
	129
	2 weeks
	13 ± 1.73
	∼50%
	N/R
	Various CHD types
	N/R
	N/R
	All operated
	Peak VO2: improved post training
	Child Behavior Checklist: improved internalizing
	N/R



	Duppen et al. (29)
	Netherlands
	RCT
	90
	12 weeks
	Mean 15
	73%
	Weight: 55 kg
	52% ToF, 48% Fontan
	NYHA Class II in 24%
	O2 sat: 97%–98%
	Multiple; Fontan at 3 yrs, ToF at 6 months
	VO2 increased 5.0% post-exercise (only ToF significant)
	HRQoL not primary focus
	7% on meds; arrhythmia hx in 8%









TABLE 2 Other secondary pooled outcomes.



	Outcome
	Number of pooled studies
	Effect size [95% confidence interval]
	Overall effect P value
	Heterogeneity (I2, P value)





	Change in exercise (moderate/severe)
	2
	MD: 0.31 [−5.84, 6.47]
	0.92
	50%; P = 0.16



	Change in peak respiratory rate
	2
	MD: 4.64 [−7.28, 16.57]
	0.45
	82%; P = 0.02



	Change in peak systolic blood pressure
	2
	MD: 0.55 [−0.36, 1.46]
	0.24
	0%; P = 0.56



	Change in VAT%
	2
	MD: 5.32 [−5.21, 15.68]
	0.32
	89%; P = 0.002



	Change in peak VO2
	2
	MD: 4.98 [−6.31, 16.27]
	0.39
	91%; P = 0.001









3.3 Risk of bias assessment

The risk of bias assessment categorized Duppen 2015 (29), Dulfer 2014 (8), Amedro 2024 (23) and Callaghan 2021 (RCTs) (25) as low risk while Klausen 2016 (RCT) (27) had some concerns due to deviations from intended interventions, bias due to missing outcomes and measurement of outcomes. Hedlund 2017 (21), Jacobsen 2016 (26), Rhodes 2006 (24), Fredriksen 2000 (28) and Moalla 2012 (22) (observational studies) had moderate concerns at least in 1 domain. Supplementary Figures S1–S4 report the detailed bias assessment.



3.4 Meta analysis of primary endpoints


3.4.1 Change in the exercise duration from baseline

2 studies comprising 256 patients (exercise = 137, control = 119) assessed change in the exercise duration over 12 and 16 weeks respectively from baseline. The pooled analysis revealed that the exercise group was associated with a significantly higher change in the exercise duration from baseline [MD = 0.55, 95% CI: (0.01, 1.09); p = 0.04]. No substantial heterogeneity was observed (I2 = 0%, p = 0.38), indicating high consistency across studies (Figure 2).


[image: Forest plot showing two studies comparing exercise and control groups. Fredriksen 2000 reports a mean difference of 0.16 with a confidence interval of -0.88 to 1.20. Callaghan 2021 shows a mean difference of 0.70 with a confidence interval of 0.07 to 1.33. Overall effect size is 0.55 with a confidence interval of 0.01 to 1.09. The analysis indicates no significant heterogeneity with an I-squared of zero percent.]
FIGURE 2
Forest plot showing the pooled mean difference (MD) for change in exercise duration (minutes) from baseline comparing exercise rehabilitation vs. standard care or no intervention.




3.4.2 Change in peak Vo2/mL/kg/min from baseline

5 studies comprising 378 patients (exercise = 204, control = 174) assessed change in Peak VO2/mL/kg/min over 12 weeks from baseline. The results revealed no statistically significant difference between the 2 groups in terms of change in Peak VO2/mL/kg/min from baseline [MD = 1.14, 95% CI: (−1.07,3.34); p = 0.31]. Substantial higher heterogeneity was observed indicating variability across the studies (I2 = 69%, p = 0.01) (Figure 3).


[image: Forest plot showing a meta-analysis comparing exercise and control groups across five studies. Each study's mean difference with ninety-five percent confidence interval is displayed. The overall effect size is 1.14 with a confidence interval of negative 1.07 to 3.34, indicating no significant difference. Heterogeneity is notable with I-squared at sixty-nine percent.]
FIGURE 3
Forest plot presenting the pooled mean difference (MD) for change in peak VO₂ (mL/kg/min) from baseline comparing exercise rehabilitation vs. standard care or no intervention.





3.5 Meta-analysis of secondary endpoints


3.5.1 Change in exercise/ mod/ severe from baseline

2 studies comprising 209 patients (exercise = 110, control = 99) assessed change in exercise/ mod/ severe from baseline over 12 and 16 weeks respectively. The pooled analysis revealed no significant difference between exercise and control groups [MD = 0.31, 95% CI: (−5.84, 6.47); p = 0.92]. Moderate heterogeneity was observed indicating variability across the studies (I2 = 50%, p = 0.16) (Supplementary Figure S5).



3.5.2 Change in peak workload from baseline

4 studies comprising 285 patients (exercise = 149, control = 136) assessed change in peak workload from baseline over 12 weeks. The analysis revealed no significant difference between exercise and control groups [MD = 5.03, 95% CI: (−0.78, 10.83); p = 0.09]. Substantial higher heterogeneity was observed indicating variability across the studies (I2 = 99%, p = 0.00001). The removal of Hedlund et al. resolved heterogeneity, resulting in a significant improvement in workload in the intervention arm (MD: 7.01; 95%CI: 6.08, 7.94; P < 0.0001) (Figure 4).
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FIGURE 4
Forest plot illustrating the pooled mean difference (MD) for change in peak workload from baseline comparing exercise rehabilitation vs. standard care or no intervention. (Sensitivity analysis excluding Hedlund et al. is indicated.).




3.5.3 Change in peak heart rate from baseline

4 studies 4 studies comprising 285 patients (exercise = 149, control = 136) assessed change in Peak heart rate from baseline over 12 weeks. The analysis revealed no significant difference between exercise and control groups [MD = 0.20, 95% CI: (−1.93,2.32); p = 0.86]. Low heterogeneity was observed indicating consistency across the studies (I2 = 15%, p = 0.32) (Supplementary Figure S6).



3.5.4 Change in peak o2 pulse from baseline

3 studies comprising 230 patients (exercise = 119, control = 111) assessed change in peak o2 pulse from baseline over 12 weeks. The analysis revealed no significant difference between exercise and control groups [MD =0.43, 95% CI: (−1.41,2.28); p = 0.65]. Substantial higher heterogeneity was observed indicating variability across the studies (I2 = 72%, p = 0.03). Removal of Rhodes et al. significantly resolved the heterogeneity, and resulted in a significantly lower O2 pulse in the exercise group (MD: −0.18; 95%CI: −0.27, −0.09) (Supplementary Figure S7).



3.5.5 Change in peak RER from baseline

3 studies comprising 161 patients (exercise = 88, control = 73) assessed change in peak RER from baseline over 12 weeks. The analysis revealed no significant difference between exercise and control groups [MD =0.02, 95% CI: (−0.01,0.04); p = 0.30]. Mild heterogeneity was observed indicating consistency across the studies (I2 = 30%, p = 0.24) (Supplementary Figure S8).



3.5.6 Change in peak respiratory rate from baseline

2 studies comprising 88 patients (exercise = 45, control = 43) assessed change in peak respiratory rate from baseline over 12 weeks. The analysis revealed no significant difference between exercise and control groups [MD = 4.64 95% CI: (−7.28,16.57); p = 0.45]. Substantial higher heterogeneity was observed indicating variability across the studies (I2 = 82%, p = 0.02) (Supplementary Figure S9).



3.5.7 Change in peak systolic blood pressure from baseline

2 studies comprising 212 patients (exercise = 106, control = 106) assessed change in peak systolic blood pressure from baseline over 12 weeks. The analysis revealed no significant difference between exercise and control groups [MD = 0.55 95% CI: (−0.36,1.46); p = 0.24] as shown in Table 2. No heterogeneity was observed indicating consistency across the studies (I2 = 0%, p = 0.56) (Supplementary Figure S10).



3.5.8 Change in VAT % from baseline

2 studies comprising 157 patients (exercise = 76, control = 81) assessed change in VAT % from baseline over 12 weeks. The analysis revealed no significant difference between exercise and control groups [MD = 5.32 95% CI: (−5.21,15.68); p = 0.32]. Substantial higher heterogeneity was observed indicating variability across the studies (I2 = 89%, p = 0.002) (Supplementary Figure S11).



3.5.9 Change in VE/VCO2 from baseline

4 studies comprising 289 patients (exercise = 152, control = 137) assessed change in VE/VCO2 from baseline over 12 weeks. The results revealed no statistically significant difference between exercise and control groups [MD = −0.63 95% CI: (−1.83,0.57); p = 0.30]. Moderate heterogeneity was observed across the studies (I2 = 35%, p = 0.20) (Supplementary Figure S12).



3.5.10 Change in peak VO2% from baseline

2 studies comprising 157 patients (exercise = 76, control = 81) assessed change in peak VO2% from baseline over 12 weeks. The results revealed no statistically significant difference between exercise and control groups [MD = 4.98 95% CI: (−6.31,16.27); p = 0.39]. Substantial higher heterogeneity was observed indicating variability across the studies (I2 = 91%, p = 0.001) (Supplementary Figure S13). As compared to absolute VO2 peak (mL·kg⁻1·min⁻1) which quantifies the maximal oxygen uptake relative to body weight, reflecting an individual's cardiorespiratory fitness independent of age or sex. Peak VO2% is expressed as a percentage of predicted, therefore normalizes this value against population reference standards, enabling comparison across ages, sexes, and disease severities. Clinically, the normalized % predicted peak VO2 provides a more meaningful indicator of functional impairment and prognostic risk in pediatric CHD.




3.6 Certainty of evidence

The GRADE approach, using the GRADEpro Guideline Development Tool, was employed to assess the certainty of evidence. A detailed assessment is shown in Supplementary Table S2.




4 Discussion

Our analysis concluded that there was no statistically significant improvement in the hemodynamic and cardiac profile following intervention with rehabilitative therapies in children with CHDs. While rehabilitation improved duration in exercise significantly on follow-up, change in other cardiometabolic parameters like oxygen consumption, peak heart rate, workload, respiratory rate and blood pressure remained similar in both groups. Peak workload improved following exercise among children with CHDs other than Fontan physiology.

Rehabilitative interventions and exercise are generally considered to be safe in children with CHDs (30). Guidelines necessitate equal duration of exercise as their healthy counterparts, recommending 60 min of moderate-to-vigorous exercise (31). We recorded a significantly higher endurance in the form of longer duration of exercise among children receiving any rehabilitative intervention. Similar conclusions were drawn by Callaghan et al., who noted a significant improvement in exercise tolerance (25). Previous studies, such as those by Keteyian et al., have similarly demonstrated that exercise training increases exercise capacity in heart failure patients, likely due to peripheral adaptations (e.g., enhanced skeletal muscle oxidative capacity) rather than central cardiac improvements alone (32). However, the improvement demonstrated might be too limited; future studies should assess whether this translates to meaningful functional benefits in daily life.

Further, we noted no improvement in peak VO2 between the two groups during stress tests. This implies exercise rehabilitation may not have improved respiratory reserve significantly. The insignificance persisted despite the removal of any study, while heterogeneity was in-resolvable. This may be due to the different follow-up periods across different groups, along with the variability in patient population. The pre-existing activity of the child may play a role as well; children who may have already been exercising regularly may not have demonstrated any significant benefit over and above their pre-existing baseline conditions. The variability may stem from differences in CHD severity, exercise modality, or the length and intensity of intervention protocols. Our findings was consistent with a Cochrane systematic review by Wadey et al. (33), pooled data revealed a mean difference in peak VO₂ of ∼1.9 ml·kg⁻1·min⁻1 (95% CI −0.22 to 3.99) favouring intervention vs. control (moderate-certainty evidence) and a mean improvement in submaximal cardiorespiratory fitness (CRF) of ∼2.05 ml·kg⁻1·min⁻1 (95% CI 0.05–4.05) (moderate-certainty). Individuals with CHD appear to lead to small but measurable improvements in CRF and muscular strength, and modest increases in daily physical activity, with no serious adverse events reported.

No significant difference was noted in peak workload in our analysis. For peak workload, heterogeneity was resolved on removal of Hedlund et al., which resulted in a significantly improved workload. Hedlund et al. analyzed children with Fontan physiology only, suggesting that exercise may not have a significant role in improving parameters among patients with this disease (21).

Our analysis also noted no significant improvement in peak heart rate. Given the chronotropic incompetence often seen in CHD—especially post-Fontan or in those on beta-blockers—exercise-induced modulation of peak heart rate may be blunted (34). This suggests that heart rate metrics alone may be suboptimal markers of training response in this cohort.

No change was noted in peak systolic blood pressure across both groups. The lack of change is consistent with prior observations that blood pressure responses in pediatric CHD populations are tightly autoregulated unless impaired ventricular function exists (35).

While a clinically significant improvement in exercise duration was noted, most cardiopulmonary parameters showed no statistically significant differences between exercise and control groups. However, this does not negate the potential benefits of physical training in pediatric CHD populations. Subgroup-specific improvements and the high variability suggest that outcomes may depend heavily on the underlying defect type, surgical status, baseline fitness, and exercise protocol. Given the high heterogeneity in several outcomes, standardized, multicenter randomized trials are urgently needed, stratifying participants by CHD subtype and tailoring intervention intensity accordingly. Further, long-term follow-up is essential to assess whether early changes in exercise capacity translate to improved morbidity, quality of life, and survival in adulthood.

Despite the insignificance noted in our analysis, individualized and structured aerobic exercise prescriptions have emerged as critical adjuncts in the management of pediatric patients with CHD, demonstrating clinically significant benefits across both cyanotic and non-cyanotic phenotypes (22, 28). This may be due to differences across exercise administered. Some exercise parameters may not have demonstrated statistically significant changes due to limitations in their sensitivity to capture early or subtle functional improvements, especially in pediatric populations. For instance, measures like peak VO2 or peak heart rate may not reflect peripheral muscular adaptations or psychosocial benefits resulting from exercise training (30). Moreover, chronotropic incompetence, prevalent in certain CHD subtypes or post-surgical states, may inherently limit heart rate responsiveness during exertion, thus masking improvements in cardiovascular efficiency (33). The duration of follow-up in most studies was relatively short (typically under 6 months), which may not have been sufficient to detect structural or physiological changes that evolve over longer periods. Additionally, variability in test protocols, inconsistent definitions of outcome measures, and potential ceiling effects in children who were already physically active at baseline could further dilute observable effects.

Thus, while statistical differences were not detected in several cardiopulmonary parameters, these findings do not necessarily negate the presence of meaningful clinical or functional benefits. Evidence underscores the need for precision-based exercise dosing, integrating baseline cardiopulmonary assessment, residual lesion status, and chronotropic competence. In a mediation analysis of adolescents with complex CHD, higher exercise capacity (as measured by peak VO₂) fully mediated the positive relationship between physical activity and both self- and parent-reported health-related quality of life (HRQoL). These findings suggest that structured aerobic training may enhance psychosocial and functional domains of HRQoL primarily via improved cardiorespiratory fitness (36).

Ultimately, such exercise paradigms contribute to improved quality of life, reduced hospitalization, and long-term cardiovascular resilience in pediatric CHD populations. Programs should ideally be supervised, multidisciplinary, and personalized, taking into account growth, developmental milestones, and psychological well-being. Incorporating motivational interviewing, family engagement, and school-based physical activity programs may improve adherence and optimize benefits.



5 Limitations

This study is restricted by several limitations. First, the small number of studies (n = 10) included, and their small sample sizes restrict statistical power and generalizability. Second, high heterogeneity in most outcomes, especially peak VO2 and workload, indicated differences and variability in study design, CHD subtypes, and intervention protocols, obscuring the synthesis of results. Third, the consideration of both RCTs and observational studies brings potential bias, as observational studies are more prone to interfering. Fourth, the insufficiency of standardized exercise protocols across studies obstructs direct comparisons and the advancement of specific guidelines. Finally, the short follow-up time in most studies prevents evaluation of long-term outcomes, such as morbidity, mortality, or sustained quality of life enhancements.



6 Future directions

Future research should emphasize on large-scale, multicenter randomized controlled trials to tackle the current evidence gaps. These trials should categorize participants by CHD subtype (e.g., Fontan vs. tetralogy of Fallot) and adapt exercise intensity and modality to personalized patient characteristics. Uniform treatment protocols, comprising duration, frequency, and type of exercise (e.g., aerobic vs. resistance training), are necessary to decrease heterogeneity and improve comparability. Adoption of pediatric cardiopulmonary exercise testing Z-scores (CPET Z-scores) in future analyses could reduce inter-study heterogeneity and enhance comparability without necessarily changing the direction of results. It also helps overcome the limitations of %predicted values based on linear models that are not reliable for extreme weight children (37).

Long-term follow-up studies are necessary to assess whether early enhancements in exercise capacity interpret to reduced morbidity, enhanced quality of life, and improved survival in adulthood. Additionally, including patient-centered outcomes, such as health-related quality of life and psychosocial quality, could contribute to a more holistic evaluation of exercise benefits. Multidisciplinary team approaches incorporating motivational interviewing, family involvement, and school-based physical activity efforts may enhance compliance and optimize outcomes. Finally, evaluating the role of wearable technology and tele-rehabilitation could improve the accessibility and personalization of exercise interventions for pediatric CHD patients.



7 Conclusion

This meta-analysis shows that exercise-based rehabilitation programs notably improve exercise duration in children with congenital heart defects (CHD), but they do not provide statistically considerable improvements in most cardiopulmonary parameters, such as peak VO2, workload, heart rate, or blood pressure. The noted increase in exercise duration indicated potential for improved physical endurance, but the absence of constant improvements across other evaluated outcomes reflects the difficulty of utilizing exercise interventions in this population. High heterogeneity among studies, likely caused by differences in CHD subtypes, baseline fitness, and intervention strategies, highlights the need for more standardized, multicenter randomized controlled trials. Future research should aim on adapting exercise programs to specific CHD subtypes, maximizing intervention intensity, and assessing long-term effects on morbidity, quality of life, and survival. Monitored, multidisciplinary, and personalized rehabilitation programs, including family and school-based engagement, are suggested to increase adherence and clinical advantages in pediatric CHD patients.
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