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ABSTRACT 

Background and Objective: Pulmonary hypertension associated with congenital heart disease involves pulmonary 
vascular remodeling and increased right ventricular afterload, impairing functional capacity and worsening outcomes. 
Although exercise rehabilitation improves function in pulmonary hypertension, its effects on echocardiographic right 
ventricular hemodynamics are unclear. This study evaluated a six-week exercise program in adults. 

Methods: pre–post study enrolled 14 adults with pulmonary hypertension and congenital heart disease. Participants 
underwent exercise training three times weekly for six weeks. Echocardiography before/after intervention assessed 
pulmonary artery systolic pressure, tricuspid regurgitation velocity, mean pulmonary artery pressure, and pulmonary 
vascular resistance. Paired t-tests or Wilcoxon signed-rank tests were applied by distribution. 

Results: Following the intervention, pulmonary artery systolic pressure decreased significantly from 83.93 ± 31.80 to 
68.55 ± 24.45 mmHg (p = 0.044), while mean pulmonary artery pressure declined from 53.20 ± 19.39 to 43.81 ± 14.91 
mmHg (p = 0.044). Pulmonary vascular resistance also decreased significantly from 0.45 (0.05–0.60) to 0.33 (0.07–0.59) 
Wood units (p = 0.039). Tricuspid regurgitation maximum velocity showed a reduction from 4.22 ± 0.95 to 3.78 ± 0.83 
m/s, although the difference did not reach statistical significance (p = 0.055). 

Conclusion: A six-week structured exercise program was associated with improved right ventricular hemodynamics in 
adults with pulmonary hypertension associated with congenital heart disease, supporting exercise rehabilitation as a safe 
adjunct to standard medical therapy. 
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INTRODUCTION 
Congenital heart disease (CHD) is the most common 
congenital anomaly worldwide, affecting approximately 
8–10 per 1,000 live births. Advances in pediatric 
cardiology, cardiac surgery, and perioperative care have 
enabled more than 90% of children with CHD to survive 
into adulthood, resulting in a rapidly expanding population 
of adults with congenital heart disease (ACHD) [1,2].  
Pulmonary hypertension (PH) remains one of the most 
serious long-term complications in adults with CHD 
because persistent systemic-to-pulmonary shunts, residual 
cardiac lesions, and pulmonary vascular remodeling 

progressively increase pulmonary arterial pressure and 
right ventricular afterload [3,4]. CHD-associated PH is 
associated with reduced exercise capacity, impaired 
quality of life, right ventricular dysfunction, frequent 
hospitalization, and increased mortality, making early 
identification and appropriate management essential [5]. 
Since right ventricular adaptation is the strongest 
determinant of prognosis in PH, serial assessment of right 
ventricular hemodynamics has become an important 
component of patient follow-up [6,7]. 
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Exercise intolerance is a cardinal manifestation of PH 
associated with CHD and results from impaired right 
ventricular contractile reserve, elevated pulmonary 
vascular resistance, endothelial dysfunction, and abnormal 
skeletal muscle metabolism [8]. Although patients with PH 
were previously advised to avoid physical exertion 
because of concerns regarding adverse cardiovascular 
events, growing evidence indicates that supervised 
exercise training is safe and improves functional capacity, 
exercise tolerance, and health-related quality of life in 
clinically stable patients [9]. Consequently, contemporary 
international guidelines recommend individualized 
exercise rehabilitation as an adjunct to optimal medical 
therapy in selected patients with pulmonary hypertension 
[10,11]. Recent systematic reviews and meta-analyses 
have further demonstrated that structured exercise 
programs improve cardiopulmonary performance without 
increasing the risk of clinical deterioration [12]. 

Transthoracic echocardiography remains the most widely 
used non-invasive imaging modality for evaluating right 
ventricular hemodynamics through pulmonary artery 
systolic pressure (PASP), tricuspid regurgitation maximum 
velocity (TR Vmax), mean pulmonary artery pressure 
(mPAP), and pulmonary vascular resistance (PVR) [13]. 
Although exercise training has consistently been shown to 
improve functional outcomes, evidence regarding its effect 
on echocardiographic right ventricular hemodynamic 
parameters in adults with CHD-associated PH remains 
limited because previous studies have included 
heterogeneous patient populations, small sample sizes, and 
varying exercise protocols [14,15].  Therefore, this study 
aimed to evaluate the effects of a six-week structured 
exercise program on echocardiographic right ventricular 
hemodynamic parameters, including PASP, TR Vmax, 
mPAP, and PVR, in adults with pulmonary hypertension 
associated with congenital heart disease. 

MATERIALS AND METHODS 

Study Design and Participants 
This single-arm interventional study employed a pre–post 
design to evaluate the effects of a six-week structured 
exercise program on right ventricular hemodynamic 
echocardiographic parameters in adults with pulmonary 
hypertension associated with congenital heart disease. The 
study was conducted at the Integrated Cardiac Center, Dr. 
Wahidin Sudirohusodo Hospital, Makassar, Indonesia, 
between May and July 2025.  Eligible participants were 
consecutive adult outpatients diagnosed with pulmonary 
hypertension associated with congenital heart disease 
based on right heart catheterization and transthoracic 
echocardiography. Patients were enrolled consecutively 
until the required sample size was achieved. All 
participants provided written informed consent before 
enrollment. 

Eligibility Criteria 
Participants were eligible if they were aged ≥18 years, had 
pulmonary hypertension confirmed by right heart 
catheterization, and had congenital heart disease 

confirmed by echocardiography and/or right heart 
catheterization. Patients were excluded if they had 
significant left-sided heart disease, severe pulmonary 
disease, acute coronary syndrome within the preceding 40 
days, percutaneous coronary intervention within two 
weeks, coronary artery bypass grafting within the previous 
three months, intracardiac thrombus or recent embolic 
events, resting heart rate >90 beats/minute, exercise-
induced arrhythmias or significant conduction 
disturbances, acute myocarditis or pericarditis, 
hypertrophic cardiomyopathy, anemia (hemoglobin <11 
g/dL), severe musculoskeletal or neurological disability 
limiting exercise participation, thrombophlebitis, 
uncontrolled systemic disease including thyrotoxicosis, 
renal failure, or diabetes mellitus, active malignancy, 
aortic aneurysm, severe psychiatric disorders, or inability 
or unwillingness to participate in the rehabilitation 
program. Participants with adherence below 80% or those 
who failed to complete the follow-up evaluation were 
considered dropouts. 

Sample Size 
The sample size was calculated using the formula for 
paired continuous outcomes based on the expected 
clinically meaningful change, pilot-study standard 
deviation, and a two-sided confidence level of 95% (Z = 
1.96). The minimum required sample size was 16 
participants. Assuming a dropout rate of 20%, the target 
enrollment was increased to 20 participants to preserve 
statistical power and improve the reliability of the study 
findings. 

Exercise Intervention 
Before initiating the intervention, all participants 
underwent baseline clinical assessment, including 
demographic data collection, medical history, medication 
review, anthropometric measurements, resting heart rate, 
and blood pressure evaluation. Standardized 
cardiovascular rehabilitation education was provided to all 
participants, including medication adherence, smoking 
cessation, cardiovascular risk factor modification, dietary 
counseling, stress management, and exercise education. 

Each participant received an exercise package consisting 
of a 1-kg dumbbell, an incentive spirometer, a digital 
sphygmomanometer, a pulse oximeter, an exercise 
logbook, and educational materials. The intervention 
consisted of supervised low-intensity exercise training 
performed three sessions per week for six consecutive 
weeks, with each session lasting approximately 30 minutes 
under the supervision of the cardiac rehabilitation team at 
the Integrated Cardiac Center, Dr. Wahidin Sudirohusodo 
Hospital. Exercise adherence was monitored using 
individual logbooks that were reviewed regularly 
throughout the intervention period. 

Echocardiographic Assessment 
Comprehensive transthoracic echocardiography was 
performed before initiation of the exercise program and 
repeated after completion of the six-week intervention 
using a GE Vivid E95 ultrasound system. The evaluated 
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right ventricular hemodynamic parameters included PASP, 
TR Vmax, mPAP, and PVR. PASP was estimated from the 
peak TR Vmax using the modified Bernoulli equation with 
estimated right atrial pressure. Mean pulmonary artery 
pressure was subsequently derived from PASP using a 
validated echocardiographic method, whereas PVR was 
estimated non-invasively using the ratio of TR Vmax to 
the right ventricular outflow tract velocity–time integral 
according to established echocardiographic 
recommendations. All examinations were performed 
following the current British Society of Echocardiography 
and ESC/ERS guideline recommendations by experienced 
cardiologists using standardized imaging protocols. 

Study Variables 
The independent variable was participation in the six-week 
structured exercise program. The primary outcome 
variables were changes in PASP, TR Vmax, mPAP, and 
PVR measured by transthoracic echocardiography. 
Demographic and clinical characteristics, including age, 
sex, body mass index, comorbidities, and socioeconomic 
status, were recorded as potential confounding variables. 

Statistical Analysis 
Statistical analyses were performed using IBM SPSS 
Statistics version 21. Continuous variables were expressed 
as mean ± standard deviation, whereas categorical 
variables were presented as frequencies and percentages. 
Baseline and post-intervention echocardiographic 

measurements were compared using appropriate paired 
statistical tests according to data distribution. All statistical 
tests were two-tailed, and a p-value <0.05 was considered 
statistically significant. The study findings were presented 
as text accompanied by tables and figures where 
appropriate. 

Ethics Approval and Consent to Participate 
The study was conducted in accordance with the principles 
of the Declaration of Helsinki and was approved by the 
Health Research Ethics Committee, Faculty of Medicine, 
Hasanuddin University, Makassar, Indonesia (Approval 
No. 1001/UN4.6.4.5.31/PP36/2025; Protocol No. 
UH25100843). Written informed consent was obtained 
from all participants before enrollment in the study. 

RESULTS 

Baseline Characteristics 
A total of 14 patients completed the study and were 
included in the final analysis. The mean age was 32.0 ± 
8.3 years, with a predominance of female participants 
(78.6%). Overall, participants had a relatively low body 
mass index, with a mean value of 19.6 ± 2.9 kg/m². Most 
patients had atrial septal defect (78.6%), whereas 
ventricular septal defect and patent ductus arteriosus were 
less common. Bidirectional shunting was observed in the 
majority of participants (78.6%), and the mean defect 
diameter was 3.0 ± 1.8 cm. Baseline demographic and 
clinical characteristics are summarized in Table 1. 

 

Table 1. Baseline demographic and clinical characteristics of the study participants (n = 14) 
Characteristic Value (n = 14) 

Age, years 32.0 ± 8.3 
Female sex, n (%) 11 (78.6) 
Body mass index, kg/m² 19.62 ± 2.91 
Congenital heart disease diagnosis, n (%) 

 

Atrial septal defect 11 (78.6) 
Ventricular septal defect 2 (14.3) 
Patent ductus arteriosus 1 (7.1) 
Shunt direction, n (%) 

 

Bidirectional shunt 11 (78.6) 
Left-to-right shunt 3 (21.4) 
Defect size, cm 2.96 ± 1.79 

Echocardiographic Findings 
Comprehensive echocardiographic findings before and 
after the six-week exercise intervention are presented in 
Supplementary Table 1. Overall, the intervention was 
associated with favorable trends in right heart remodeling 
and pulmonary hemodynamics. Structural assessment 
demonstrated reductions in right atrial and right 
ventricular dimensions, including decreases in basal, mid-
cavity, and longitudinal right ventricular diameters, 
accompanied by a reduction in the main pulmonary artery 
diameter. In contrast, left ventricular systolic function 
remained unchanged throughout the study period, with a 
preserved ejection fraction before and after the 
intervention. Right ventricular functional indices showed a 

trend toward improvement, as reflected by increases in 
tricuspid annular plane systolic excursion, lateral S′ 
velocity, and fractional area change. 

Pulmonary hemodynamic parameters also demonstrated 
improvement following exercise training. The mean TR 
Vmax decreased from 4.22 ± 0.95 to 3.78 ± 0.83 m/s, 
accompanied by reductions in TR pressure gradient (74.10 
± 32.02 vs. 60.09 ± 24.49 mmHg), PASP (83.93 ± 31.80 
vs. 68.55 ± 24.45 mmHg), mPAP (53.20 ± 19.39 vs. 43.81 
± 14.91 mmHg), and PVR (0.37 ± 0.18 vs. 0.32 ± 0.17 
Wood units). In addition, pulmonary valve acceleration 
time increased from 102.54 ± 28.32 to 121.07 ± 31.95 ms, 
suggesting improved pulmonary vascular hemodynamics. 
Complete echocardiographic measurements are provided 
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in Supplementary Table 1. Overall, these findings indicate 
favorable cardiac remodeling and improvements in 
pulmonary hemodynamics and right ventricular 
performance following the six-week exercise program. 

Subgroup Analysis by Congenital Heart Disease 
Diagnosis 
Subgroup analyses according to the underlying congenital 
heart disease diagnosis are presented in Table 2. Across all 
diagnostic subgroups, the six-week exercise training 
program demonstrated a consistent trend toward improved 
pulmonary hemodynamic parameters, including reductions 
in TR Vmax, PASP, mPAP, and PVR. The largest 
subgroup, comprising patients with atrial septal defect 
(ASD; n = 11), showed decreases in TR Vmax (4.18 ± 

0.90 to 3.88 ± 0.67 m/s), PASP (81.38 ± 29.61 to 70.06 ± 
21.72 mmHg), mPAP (51.64 ± 18.06 to 44.74 ± 13.25 
mmHg), and PVR (0.38 ± 0.18 to 0.34 ± 0.18 Wood units) 
following the intervention. Similar improvements were 
observed among patients with ventricular septal defect 
(VSD; n = 2), who demonstrated reductions in TR Vmax, 
PASP, mPAP, and PVR after exercise training. The single 
participant with patent ductus arteriosus (PDA) likewise 
exhibited decreases across all measured hemodynamic 
parameters, including TR Vmax, PASP, mPAP, and PVR. 
Owing to the very small sample sizes in the VSD and PDA 
subgroups, these findings should be interpreted as 
descriptive and hypothesis-generating rather than 
inferential, and no formal between-group statistical 
comparisons were performed. 

 

Table 2. Changes in primary echocardiographic hemodynamic parameters according to congenital heart disease 
diagnosis before and after the six-week exercise program 

Variable ASD (n = 11) VSD (n = 2) PDA (n = 1) 
Pre Post Pre Post Pre Post 

TR Vmax (m/s) 4.18 ± 0.90 3.88 ± 0.67 4.00 ± 1.57 3.15 ± 1.90 5.26 4.00 
PASP (mmHg) 81.38 ± 29.61 70.06 ± 21.72 80.63 ± 55.47 58.48 ± 53.06 118.67 72.00 
mPAP (mmHg) 51.64 ± 18.06 44.74 ± 13.25 51.18 ± 33.83 37.67 ± 32.36 74.38 45.92 

PVR (Wood units) 0.38 ± 0.18 0.34 ± 0.18 0.29 ± 0.26 0.19 ± 0.17 0.46 0.35 
Data are presented as mean ± standard deviation. Owing to 
the very small number of participants in the VSD (n = 2) 
and PDA (n = 1) subgroups, these results are descriptive 
only and were not subjected to formal between-group 
statistical comparisons. 

Effect of the Six-Week Exercise Program on Right 
Ventricular Hemodynamics 
Changes in the primary echocardiographic hemodynamic 
parameters following the six-week exercise program are 
summarized in Table 3. Overall, the intervention was 
associated with significant improvements in pulmonary 
hemodynamics. PASP decreased significantly from 83.93 
± 31.80 mmHg at baseline to 68.55 ± 24.45 mmHg after 
the intervention, corresponding to a mean reduction of 
15.38 ± 25.76 mmHg (p = 0.044). Similarly, mPAP 

declined significantly from 53.20 ± 19.39 mmHg to 43.81 
± 14.91 mmHg, with a mean decrease of 9.38 ± 15.71 
mmHg (p = 0.044). 

TR Vmax also decreased following exercise training, from 
4.22 ± 0.95 m/s to 3.78 ± 0.83 m/s; however, this 
reduction did not reach statistical significance (p = 0.055). 
In contrast, PVR demonstrated a significant reduction, 
with the median value decreasing from 0.45 (0.05–0.60) to 
0.33 (0.07–0.59) Wood units (Z = −2.062, p = 0.039). 
Collectively, these findings indicate that the six-week 
exercise program was associated with significant 
improvements in pulmonary arterial pressure and 
pulmonary vascular resistance, whereas the reduction in 
TR Vmax showed a favorable but non-significant trend.

 

Table 3. Changes in primary echocardiographic hemodynamic parameters following the six-week exercise program (n = 
14) 

Variable Baseline Post-intervention Change 95% CI p value 
PASP (mmHg) 83.93 ± 31.80 68.55 ± 24.45 −15.38 ± 25.76 0.50 to 30.26 0.044 
TR Vmax (m/s) 4.22 ± 0.95 3.78 ± 0.83 −0.44 ± 0.78 −0.01 to 0.89 0.055 
mPAP (mmHg) 53.20 ± 19.39 43.81 ± 14.91 −9.38 ± 15.71 0.31 to 18.46 0.044 

PVR (Wood units)† 0.45 (0.05–0.60) 0.33 (0.07–0.59) — — 0.039 
† Data are presented as median (range) and were analyzed 
using the Wilcoxon signed-rank test (Z = −2.062). 

DISCUSSION 
The present study demonstrated that a six-week structured 
exercise program was associated with significant 
improvements in pulmonary hemodynamics, as evidenced 
by reductions in PASP, mPAP, and PVR, whereas TR 
Vmax showed a favorable but statistically non-significant 
decrease. These findings suggest that short-term exercise 

training may reduce right ventricular afterload and 
improve pulmonary vascular function in adults with 
pulmonary hypertension associated with congenital heart 
disease. Although the study included a relatively small 
cohort, the consistent direction of change across all 
hemodynamic parameters supports the potential role of 
exercise rehabilitation as an adjunctive therapy in this 
high-risk population. 
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The baseline characteristics of the study population were 
consistent with previous registries of pulmonary 
hypertension associated with congenital heart disease. 
Participants were predominantly young adults and female, 
with atrial septal defect representing the most common 
underlying lesion. These findings are consistent with the 
COHARD-PH registry reported by DInarti et al., which 
identified atrial septal defect as the predominant 
congenital heart lesion among Indonesian adults with 
pulmonary hypertension, with a marked female 
predominance [16]. Similarly, Kaemmerer et al. reported 
that pulmonary hypertension develops most commonly in 
patients with unrepaired or late-repaired systemic-to-
pulmonary shunts, particularly atrial septal defects, where 
chronic left-to-right shunting promotes progressive 
pulmonary vascular remodeling and increased pulmonary 
vascular resistance [4]. The high proportion of 
bidirectional shunting observed in the present study further 
reflects advanced pulmonary vascular disease, 
emphasizing the importance of adjunctive non-
pharmacological interventions that may improve right 
ventricular adaptation despite established vascular 
remodeling [17]. 

The significant reduction in PASP represents one of the 
principal findings of this study. Elevated PASP reflects 
increased right ventricular systolic afterload and is closely 
associated with disease severity and prognosis in 
pulmonary hypertension. The observed reduction is 
biologically plausible because regular exercise has been 
shown to improve endothelial function through increased 
nitric oxide bioavailability, attenuation of oxidative stress, 
and suppression of inflammatory signaling, thereby 
promoting pulmonary vasodilation and reducing vascular 
stiffness. These findings are in line with Mereles et al. 
(2006), who demonstrated that supervised exercise 
training significantly improved pulmonary hemodynamics 
and exercise capacity in patients with severe pulmonary 
hypertension [18]. Similar improvements have also been 
reported by Ehlken et al., who found that exercise-based 
rehabilitation enhanced clinical status and functional 
performance without increasing adverse cardiovascular 
events [19]. Collectively, these studies support the concept 
that structured exercise may favorably modify pulmonary 
vascular physiology beyond improving functional capacity 
alone. 

Consistent with the reduction in PASP, both mPAP and 
PVR decreased significantly following the intervention. 
Because mPAP and PVR are fundamental indicators of 
pulmonary vascular load, simultaneous improvement in 
these parameters suggests a reduction in pulmonary 
vascular resistance rather than isolated changes in right 
ventricular performance. These findings are consistent 
with those reported by Firdaus et al., who observed 
significant reductions in mPAP following a structured 
exercise program in adults with congenital heart disease–
associated pulmonary hypertension, although the 
magnitude of improvement in the present study was 
greater [20]. Likewise, Grünig et al. demonstrated that 

exercise rehabilitation reduced pulmonary vascular 
resistance while improving exercise tolerance and quality 
of life in patients with pulmonary hypertension [21]. 
Recent meta-analyses have further confirmed that 
structured exercise training improves pulmonary vascular 
function through enhanced endothelial responsiveness, 
increased skeletal muscle oxidative capacity, and 
improved peripheral oxygen utilization, collectively 
reducing cardiopulmonary workload during physical 
activity. 

Unlike the other hemodynamic parameters, the reduction 
in TR Vmax did not achieve statistical significance despite 
showing a consistent downward trend. This finding should 
be interpreted cautiously. Because PASP is derived from 
the tricuspid regurgitant velocity together with estimated 
right atrial pressure, relatively small changes in velocity 
may still translate into clinically meaningful reductions in 
calculated pulmonary artery pressure. Furthermore, 
Doppler-derived measurements are influenced by 
insonation angle, signal quality, and regurgitant jet 
characteristics, which may contribute to greater 
measurement variability. The borderline statistical 
significance observed in the present study (p = 0.055) 
therefore likely reflects limited statistical power rather 
than absence of a physiological response, particularly 
given the concordant reductions observed in PASP, mPAP, 
and PVR. 

Several mechanisms may explain the observed 
hemodynamic improvements following exercise training. 
Experimental and clinical studies have demonstrated that 
regular aerobic exercise enhances endothelial nitric oxide 
synthase activity, increases nitric oxide availability, 
suppresses endothelin-1 signaling, reduces oxidative 
stress, and promotes anti-inflammatory cytokine 
production. These adaptations improve pulmonary 
vascular compliance and reduce right ventricular afterload. 
Exercise also improves skeletal muscle efficiency and 
respiratory muscle performance, thereby lowering 
ventilatory demand and reducing cardiovascular stress 
during physical activity [13]. Together, these central and 
peripheral adaptations provide a plausible explanation for 
the favorable hemodynamic changes observed after only 
six weeks of intervention. 

Overall, the present findings support the incorporation of 
structured exercise rehabilitation into the multidisciplinary 
management of adults with pulmonary hypertension 
associated with congenital heart disease. Beyond 
improving functional capacity, exercise appears to confer 
measurable benefits on pulmonary hemodynamics and 
right ventricular loading conditions, highlighting its 
potential role as a complementary strategy alongside 
guideline-directed medical therapy. 

LIMITATIONS 
This study has several limitations. First, the single-arm 
pre–post design without a control group limits causal 
inference and precludes definitive attribution of the 
observed hemodynamic improvements solely to the 
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exercise intervention. Second, the relatively small sample 
size may have reduced the statistical power to detect 
significant changes in certain echocardiographic 
parameters, particularly tricuspid regurgitation maximum 
velocity (TR Vmax), which demonstrated only borderline 
significance. Third, the relatively short follow-up period 
precluded assessment of the long-term sustainability of the 
observed hemodynamic improvements and their impact on 
clinical outcomes. Finally, hemodynamic parameters were 
evaluated using transthoracic echocardiography rather than 
repeat right heart catheterization, although 
echocardiography remains the preferred non-invasive 
modality for serial assessment in routine clinical practice. 
Nevertheless, the consistent improvement observed across 
multiple echocardiographic indices provides supportive 
evidence for the beneficial effects of exercise training. 
Future multicenter randomized controlled trials with larger 
sample sizes, longer follow-up, and invasive 
hemodynamic validation are warranted to confirm these 
findings and determine whether the observed short-term 
improvements translate into sustained reverse remodeling 
and improved long-term clinical outcomes. 

CONCLUSIONS 
A six-week structured exercise program was associated 
with overall improvements in right ventricular 
hemodynamics in adults with pulmonary hypertension 
associated with congenital heart disease, indicating 
reduced pulmonary vascular load and enhanced right 
ventricular adaptation. These findings support the 
incorporation of structured exercise rehabilitation as a safe 
and complementary strategy alongside standard medical 
therapy to optimize cardiovascular function in this patient 
population. Further large-scale randomized controlled 
studies are warranted to validate these findings and 
determine their long-term clinical implications. 
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