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Abstract: Pulmonary stenosis (PS) affects cardiopulmonary function and exercise performance.
Cardiopulmonary exercise testing (CPET) together with transthoracic echocardiography (TTE) can
measure exercise performance, PS progression, and treatment effects. We assessed exercise capacity
in PS patients using these methods. We enrolled 28 PS patients aged 6-35 years who received surgery,
balloon pulmonary valvuloplasty, and follow-up care. The control population was selected by a 1:1
matching on age, sex, and body mass index. Baseline and follow-up peak pulmonary artery pulse
wave velocity (PAV) were compared using TTE. Initial CPET revealed no significant differences in
anaerobic metabolic equivalent (MET), peak oxygen consumption (VO,), and heart rate recovery
between the two groups, nor were significant differences in pulmonary function identified. Within the
PS group, there were no significant differences in MET, peak VO,, and heart rate recovery between
the baseline and final CPET. Similarly, no significant differences were observed between the baseline
and final PAV. The exercise capacity of patients with properly managed PS was comparable to that
of healthy individuals. However, during the follow-up, declining trends in pulmonary function,
aerobic metabolism, and peak exercise load capacity were observed among adolescents with PS. This
study provides long-term data suggesting that PS patients should be encouraged to perform physical
activity. Regular reevaluation should also be encouraged to limit performance deterioration.

Keywords: valvular heart disease; pulmonary hypertension; cardiopulmonary exercise testing; sports
cardiology; rehabilitation

1. Introduction

Pulmonary stenosis (PS) is the narrowing of the valve located between the right
ventricle and pulmonary arteries. It is one of the most common congenital heart diseases
(CHD); it reduces blood flow through the valve and can be seen in children [1,2]. PS affects
1 out of 2000 live births and accounts for 8% of all CHD cases. An echocardiography
helps determine the structure of the pulmonary valve (PV) and quantify disease severity.
A quantitative assessment of PS severity is primarily dependent on the transpulmonary
pressure gradient (TPG). The TPG was found to be <36 mmHg (peak velocity < 3 m/s)
in mild PS, 36-64 mmHg (peak velocity 3-4 m/s) in moderate PS, and >64 mmHg (peak
velocity > 4 m/s) in severe PS [3]. The severity of PS determines the need and timing of
appropriate intervention and conservative management [4,5].

J. Cardiovasc. Dev. Dis. 2023, 10, 31. https://doi.org/10.3390/jcdd 10010031

https://www.mdpi.com/journal/jedd


https://doi.org/10.3390/jcdd10010031
https://doi.org/10.3390/jcdd10010031
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcdd
https://www.mdpi.com
https://orcid.org/0000-0003-4443-7768
https://orcid.org/0000-0002-5714-8570
https://doi.org/10.3390/jcdd10010031
https://www.mdpi.com/journal/jcdd
https://www.mdpi.com/article/10.3390/jcdd10010031?type=check_update&version=1

J. Cardiovasc. Dev. Dis. 2023, 10, 31

2 0f 10

Patients with mild PS show no symptoms of valve disease. Generally, adult patients
with mild PS show no progression of stenosis, and most patients have a continuously high
functional status. Numerous patients, especially symptomatic patients, with moderate
PS receive definitive therapy in childhood. Severe PS mostly occurs in childhood and is
characterized by right ventricular failure and cyanosis. Regardless of symptomatology,
adults with severe PS usually receive early treatment with surgery or balloon pulmonary
valvuloplasty (BPV) [3]. After successful treatment, the prognosis remains positive in
adulthood [6-8].

Clinicians restrict patients with CHD from performing activities because the dangers
of increased activity cannot be overlooked. Nevertheless, it is commonly believed that
promoting physical activity is beneficial to the health and well-being of children and adults
with CHD [9]. Cardiopulmonary exercise testing (CPET) is the gold standard method for
evaluating exercise capacity to formulate recommendations based on the clinical status of
individual patients. CPET provides noninvasive, dynamic measurements that can be used
for diagnostic, prognostic, and evaluative purposes. However, in the existing studies, there
is a lack of data regarding longitudinal examinations of exercise capacity in patients with
PS. During progressive CPET, the measurement of maximum oxygen consumption (VO,
max) is universally accepted for aerobic fitness assessment [10]. Patients suffering from
decreased peak VO, have a higher risk of heart failure and sudden death [11].

In this study, we aimed to examine the functional results of PS patients undergoing
appropriate management using serial follow-up CPET. Furthermore, we aimed to detail
the effects of PS on patient exercise capacity.

2. Materials and Methods
2.1. Patient Selection and Data Collection

We retrospectively examined the medical records of patients with isolated PS, which
were obtained from the Pediatric Outpatient Department of Kaohsiung Veteran General
Hospital in Taiwan. Thirty patients with PS were enrolled in this study between December
2013 and January 2022. The study included patients who were aware of the steps involved
in treadmill exercise testing and could complete the test without demonstrating abnormal
electrocardiographic findings or symptoms. Patients with other CHDs (e.g., ventricular
septal defect, atrial septal defect, and patent ductus arteriosus) and those with current or a
history of arrhythmia were excluded. All patients had a typical form of PS. Patients who
underwent surgery or BPV had severe or moderate PS with progressive symptoms while
those who received follow-up care had mild or asymptomatic moderate PS. Current guide-
lines were applied while managing the patients [3]. After body composition measurements,
all patients underwent CPET and pulmonary function tests.

To facilitate the comparisons of the selected patient CPET parameters, a control popu-
lation was chosen from a database of healthy individuals undergoing CPET at the Veteran
General Hospital of Kaohsiung; this population had no cardiac anomalies or underlying
diseases. The control population was matched with the patient population in a 1:1 ratio in
terms of age, sex, and body mass index (BMI) using MedCalc (version 14.12.0; MedCalc,
Ostend, Belgium). Informed consent was obtained from all the patients” parents before
the examinations.

2.2. Treadmill Exercise Testing

The American College of Sports Medicine (ACSM) [12] has indicated that tread-
mill exercise testing can be conducted from three years of age. All patients underwent
symptom-limited CPET involving a treadmill, a flow module, a gas analyzer, and an elec-
trocardiographic monitor (Metamax 3 B; Cortex Biophysik GmbH Co., Liepzig, Germany);
the Bruce protocol was adopted. During testing, oximetry, blood pressure, and heart rate
(HR) were monitored. The ACSM [13] has indicated that the test should be terminated
when the patient exhibits unbearable symptoms, can no longer proceed, or has performed
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the maximum amount of exercise possible. Oxygen consumption (VO,) was measured
using a breath-by-breath method.

The metabolic equivalent (MET) value (i.e., 3.5 mL of oxygen per kilogram of body
mass per minute [14]) was measured after VO,. The peak and anaerobic threshold (AT)
of the MET were described as the maximum MET and MET at AT throughout the exer-
cise test, respectively. The AT was based on the ventilatory equivalents of the oxygen
ratio (i.e., expired volume [VE]/VO;) and ventilation/carbon dioxide production slope
(i.e., VE/volume of exhaled carbon dioxide [VCO,]) [15]. The respiratory gas exchange ra-
tio (RER) was calculated as VCO,/VO,. HR recovery (HRR) was calculated by subtracting
the HR measured a minute after testing from the maximum HR measured throughout the
test. VO, max was defined under three circumstances: the RER was >1.1, the peak HR was
>200 bpm, or the HR was >85% of the age-predicted maximum [12,16,17].

2.3. Pulmonary Function Testing

Pulmonary function tests were conducted through spirometry at rest and included
measurements of the forced vital capacity (FVC), forced expiratory volume in 1 s (FVE1),
and maximal voluntary ventilation (MVV).

2.4. Transthoracic Echocardiography (TTE)

Standard TTE examinations were performed combined with CPET to measure peak
pulmonary arterial pulse wave velocity (PAV) and ejection fraction (EF). The primary
approach used during the evaluation of PS severity was a continuous Doppler evaluation
of flow velocity. Pediatric cardiologists at the Veteran General Hospital of Kaohsiung
performed all the examinations using a sector probe with a frequency of >5 MHz, according
to the standard measurement methods for pediatric echocardiography outlined by the
American Society of Echocardiography [18]. The analysis included the highest velocities
and EFs. The values obtained during the first and last examinations were compared.

2.5. Statistical Analyses

All analyses were performed using the Statistical Package for the Social Sciences for
Windows (version 24.0; IBM Corp., Armonk, NY, USA). Continuous data was expressed as
mean =+ standard deviation, and categorical variables were presented as absolute numbers
or percentages. Before each analysis, normality and homoscedasticity were carefully
checked. We used paired f-test to compare the basic characteristics and results of the initial
examination between the patients with PS and controls. We also compared the results
between the first and last exercise tests and echocardiographic examinations in patients
with PS by paired t-test. Statistical significance was set at p < 0.05.

3. Results
3.1. Patient Characteristics

A total of 30 patients fulfilled the inclusion criteria; however, two patients were
excluded because one had patent ductus arteriosus, and the other had L-transposition of
the great arteries. Of the remaining 28 patients, 3 underwent surgery, 16 underwent BPV,
and 9 received follow-up care. Moreover, 28 healthy participants with the same age, sex,
and BMI as those of the patients were selected as controls. Figure 1 shows the patient
selection process.
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Participants with diagnosis of pulmonary stenosis recruited
retrospectively from the database of cardiopulmonary exercising
testing

(n=121)

Participants who met the inclusion criteria
(n=30)

Reasons for exclusion
1 with patent ductus arteriosus —
1 with L-transposition of the great arteries

PV stenosis patients eligible for analysis
(n=28)

Age, sex, and body mass index-matched
healthy controls —
(n=28)

Final analysis

Figure 1. Patient selection process.

The average age was 14.50 & 5.63 years in the control group (39% were girls); the
participants were 14.46 + 6.80 years old at the time of the first CPET and 18.89 + 8.05 years
old at the time of the final CPET (Table 1). No difference in the baseline characteristics was
observed between the control and PS groups at the time of the first CPET, except for SBP.
Resting SBP was significantly higher in the control group, but the data in both the PS and
control groups are within the normal range (Tables 2 and 3).

Table 1. Demographic characteristics of patients with pulmonary valve stenosis.

First CPET Last CPET p-Value
Sex (male:female) 17:11 17:11 N/A
Age (years) 14.46 + 6.80 18.89 + 8.05 N/A
Height (cm) 150.03 £+ 21.17 160.23 + 16.65 N/A
Body weight (Kg) 47.94 £+ 17.66 58.70 + 17.39 N/A
BMI (Kg/m?) 20.46 + 3.64 22.32 £4.27 0.001 *
Body fat (%) 20.72 £ 843 22.31 £9.51 0.186
Resting SBP (mmHg) 110.07 £+ 15.02 120.32 £ 12.75 0.004 *
Resting DBP (mmHg) 66.04 £ 11.80 70.86 + 8.55 0.083
Resting HR (bpm) 85.04 £ 11.85 82.14 £ 11.89 0.409

BMI, body mass index; DBP, diastolic blood pressure; SBP, systolic blood pressure; HR, heart rate; * p-value < 0.05.
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Table 2. Patient demographic characteristics.

PS Group First CPET Control Group p-Value
Sex (male:female) 17:11 17:11 N/A
Age (years) 14.46 £ 6.80 14.50 £+ 5.63 0.981
Height (cm) 150.03 £ 21.17 156.39 + 14.97 0.240
Body weight (Kg) 47.94 + 17.66 49.90 + 14.31 0.660
BMI (Kg/m?) 20.46 + 3.64 20.15 £ 3.51 0.750
Body fat (%) 20.72 + 8.43 19.22 £ 8.79 0.620
Resting SBP (mmHg) 110.07 £+ 15.02 121.00 £ 18.32 0.020 *
Resting DBP (mmHg) 66.04 £+ 11.80 69.39 + 12.49 0.295
Resting HR (bpm) 85.04 +11.85 83.14 £+ 18.31 0.652

BMI, body mass index; DBP, diastolic blood pressure; SBP, systolic blood pressure; HR, heart rate; * p value < 0.05.

Table 3. Comparison of cardiopulmonary testing and pulmonary function testing in the first examination.

PS Group Control Group p-Value
AT MET 6.17 £ 1.57 6.22 £1.32 0.899
AT HR (bpm) 135.26 + 14.10 139.85 + 14.61 0.326
Peak VE (L) 42.31 £12.40 47.30 & 14.95 0.150
Peak MET 9.08 £2.19 9.27 £1.78 0.723
Peak HR (bpm) 173.43 £ 16.42 174.86 + 15.18 0.762
Peak RER 1.16 £+ 0.09 1.14 £ 0.08 0.314
Peak SBP (mmHg) 168.00 + 38.37 158.00 + 27.56 0.267
Peak DBP (mmHg) 83.29 +24.34 72.79 £ 12.36 0.043 *
ASBP (mmHg) 57.93 + 39.28 51.11 +37.13 0.452
ADBP (mmHg) 17.25 + 25.02 12.00 £+ 18.51 0.338
HRR at 1 min (bpm) 28.29 + 14.65 24.87 +10.83 0.393
Peak VO, (mL/kg/min) 31.78 £ 7.68 3244 +6.23 0.723
FVC (L) 3.26 £ 1.56 2.76 £0.94 0.733
FVCP (%) 104.47 £+ 26.53 99.62 + 18.07 0.758
FVE1 (L) 2.72 £1.18 2.45 £ 0.85 0.810
FVE1P (%) 103.13 4 26.13 100.52 + 14.56 0.563
FEV1/FVC (%) 85.31 +9.40 88.41 +7.46 0.807
MVV (L) 55.93 £ 19.48 66.98 + 24.60 0.244
MVVP (%) 91.59 £+ 37.76 80.52 £ 20.19 0.078

AT, anaerobic threshold; AT MET, metabolic equivalent at the point of anaerobic threshold; DBP, diastolic blood
pressure; HR, heart rate; HRR, heart rate recovery; Peak MET, maximal metabolic equivalent during exercise testing;
RER, respiratory exchange threshold; SBP, systolic blood pressure; ASBP, the change in systolic blood pressure from
rest to exercising; ADBP, the change in diastolic blood pressure from rest to exercising; * p-value < 0.05.

3.2. Serial CPET and Pulmonary Function Testing in the PS Group

CPET was performed at an average age of 14.46 years in the first CPET and 18.89 years
in the last CPET (Table 4). The RER (first CPET: 1.16 + 0.09, last CPET: 1.18 + 0.12) indicated
that all participants undergoing CPET achieved a maximum level.

There was no significant difference in patient exercise capacity between the first and last
examinations, including in AT MET (first CPET: 6.17 £ 1.57, last CPET: 5.91 + 1.46, p = 0.312),
peak MET (first CPET: 9.08 & 2.19, last CPET: 8.77 & 2.10, p = 0.432), peak VO, (first CPET:
31.78 £ 7.68, last CPET: 30.69 £ 7.36, p = 0.432), and HRR (first CPET: 28.29 £ 14.65, last CPET:
27.64 £ 1143, p = 0.797) (Table 4). Moreover, the first and last examinations also measured
peak HR (first CPET: 173.43 £ 16.42, last CPET: 172.36 & 13.05, p = 0.704), resting HR (first
CPET: 85.04 + 11.85, last CPET: 82.14 & 11.89, p = 0.409), peak systolic blood pressure (first
CPET: 168.00 = 38.37, last CPET: 165.96 £ 29.52, p = 0.828), and peak diastolic blood pressure
(DBP) (first CPET: 83.29 + 24.34, last CPET: 90.07 & 18.68, p = 0.232). Additionally, there
was no significant difference in pulmonary function between the first and last examinations.
However, a declining trend of peak VO,% (from 74.20% =+ 17.47% to 69.84% =+ 16.77%),
FVCP% (from 104.47% =+ 26.53% to 92.72% =+ 13.49%), and FVE1P% (from 103.13% =+ 26.13%
to 91.34% =+ 15.15%) among PS patients was observed. Electrocardiography with exercise
revealed no evidence of ischemia, arrhythmia, or continuous VPCs.



J. Cardiovasc. Dev. Dis. 2023, 10, 31

6 of 10

Table 4. Comparison between the initial and final exercising testing and pulmonary function testing
data in patients with pulmonary valve stenosis.

First CPET Last CPET p-Value
AT MET 6.17 £ 1.57 591 £ 1.46 0.312
AT HR (bpm) 135.26 + 14.10 132.89 + 14.32 0.406
Peak VE (L) 42.31 £12.40 48.83 £ 15.04 0.019*
Peak MET 9.08 + 2.19 8.77 £2.10 0.432
Peak HR (bpm) 17343 +£16.42 172.36 £ 13.05 0.704
Peak RER 1.16 £ 0.09 1.18 £ 0.12 0.455
Peak SBP (mmHg) 168.00 £ 38.37 165.96 £ 29.52 0.828
Peak DBP (mmHg) 83.29 £24.34 90.07 £ 18.68 0.232
HRR at 1 min (bpm) 28.29 £ 14.65 27.64 £11.43 0.797
Peak VO, (ml/kg/min) 31.78 £7.68 30.69 £ 7.36 0.432
Peak VO, (% predicted) 7420 +17.47 69.84 + 16.77 0.155
FVC (L) 3.26 £ 1.56 3.23 £1.05 0.901
FVCP (%) 104.47 £ 26.53 92.72 £ 13.49 0.104
FVE1 (L) 272 £1.18 271+ 0.77 0.972
FVE1P (%) 103.13 £ 26.13 91.34 £15.15 0.143
FEV1/FVC (%) 85.31 £9.40 85.02 £ 8.22 0.896
MVV (L) 55.93 4+ 19.48 75.80 £ 26.61 0.008 *
MVVP (%) 91.59 £ 37.76 89.45 + 56.94 0.877

AT, anaerobic threshold; AT MET, metabolic equivalent at the point of anaerobic threshold; DBP, diastolic blood
pressure; HR, heart rate; HRR, heart rate recovery; Peak MET, maximal metabolic equivalent during exercise
testing; RER, respiratory exchange threshold; SBP, systolic blood pressure; * p-value < 0.05.

3.3. TTE

TTE was performed at the same time as CPET. There was no significant difference
in PAV between the first and last examinations (first examination group: 1.88 4 0.45, last
examination group: 1.88 4= 0.47, p = 0.962). The EF was similar between the first and last
examinations (first examination group: 67.46 £ 7.88, last examination group: 69.20 £ 9.46,
p = 0.556). In addition, our patients were not subjected to impaired RV function. TTE,
performed by the pediatric cardiologist, revealed normal sized ventricles without significant
impaired RV function. Table 5 presents the results of TTE.

Table 5. Corresponding transthoracic echocardiographic findings of the first and last cardiopul-
monary exercise testing in participants with pulmonary valve stenosis.

First CPET Last CPET p-Value
LVIDd (cm) 416 +0.68 4.28 +£0.61 0.177
LVIDs (cm) 247 £0.45 2.53 £0.39 0.465
LA (cm) 2154044 2.35 4 0.56 0.091
AO (cm) 1.89 £0.32 2.03 +0.39 0.019 *
AOV (m/sec) 1.04 £ 0.10 1.05+£0.20 0.723
PAV (m/sec) 1.88 +£0.45 1.88 £ 0.47 0.962
EF (%) 67.46 £ 7.88 69.20 +9.46 0.556

Data are expressed as mean =+ standard deviation (95% confidence interval). LVIDd, diastolic left ventricular (LV)
internal diameter; LVIDs, systolic left ventricular internal diameter; LA, diameter of left atrium; AO, diameter of aortic
root; AOV, peak aortic velocity; PAV, peak pulmonary arterial pulse wave velocity; EE, ejection fraction; * p < 0.05.

4. Discussion

This is the first study to investigate cardiopulmonary function and aerobic fitness in
patients with PS through serial CPET and echocardiographic evaluations. This retrospective
cohort study revealed that there were no significant differences in peak VO,, peak and
AT HR, and HRR measured during the first examination between the PS and control
groups. Nevertheless, this study found that peak DBP among PS patients was significantly
higher than that in the healthy controls. Raised blood pressure (BP) has been commonly
recorded as a determining risk factor for stroke and a main risk factor for coronary heart
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disease [19]. Physicians tend to view diastolic blood pressure (DBP) elevation as more
significant than systolic blood pressure (SBP) elevation because it has a closer relation
to end-organ damage [20]. DBP is primarily determined based on cardiac output and
peripheral vascular resistance. An increase in cardiac output and a decrease in peripheral
vascular resistance are influenced by vasodilation of the resistance vessels within the
skeletal muscles during exercise. An inappropriately high cardiac output or impaired
vasodilation of the resistance vessels within the skeletal musculature causes an increase in
DBP during exercise [21]. In our study, we observed a mild decrease in HR without high
cardiac output but significantly higher DBP in the PS group. Based on previous studies, it
is reasonable to assume that vasodilation of the resistance vessels is poor in this population.
Moreover, the AT HR of the PS patients was slightly lower than that of the controls. Von
Scheidt et al. [22] detected an impaired chronotropic response in patients with CHD in 2016.
Their cohort comprised 103 pediatric patients with CHD, and the peak HR was lower in
the CHD group than in the control group. Our findings are consistent with those of the
aforementioned studies.

Previous studies have established that patients with PS have lower exercise tolerance.
As a case in point, a study on exercise capacity by Goldberg et al. [23] showed that children
with PS had a relatively lower maximum endurance time than those who had no cardiac
anomalies. Ikkos et al. [24] aimed to find the correlation between working capacity and PV
area and found that patients with a PV area index < 0.3 cm?/m? had a lower maximum
working capacity. They concluded that reduced exercise tolerance in children with PS is
linked to decreased stroke volume and cardiac output. In contrast, our study indicated that
the exercise capacity of pediatric patients with PS receiving proper management could be
comparable to that of healthy individuals. Although disease progression was benign and
without a significant increase in PAV among this study’s PS patients, we observed a trend
of declining peak VO,%, FVCP%, and FVE1P% among these participants after long-term
follow-up. With normal growth in children and youngsters, there is a rise in peak VO,,
pulmonary function, and respiratory muscle strength [25-27]. This discrepancy between
childhood and adolescence CPET and pulmonary tests findings might be owing to how the
body’s physiology at different developmental stages responds to physical activity and the
influences of PS on the circulatory system in the long run.

The findings of this study around the encouraging results of proper PS management
are consistent with those of previous studies. Voet et al. [28] reviewed cases involving
patients undergoing surgery or BPV; they examined the long-term prognosis of treated PS,
while patients receiving BPV were followed up for an average of 6 years. They discovered
that both surgery and BPV were safe and successful in alleviating TPG. According to
the current eligibility and disqualification recommendations for competitive sports for
patients with PS, which were proposed by Van Hare et al. [29], competitive athletes with
PS who have been treated with surgery or BPV have achieved adequate relief from PS
(gradient < 40 mmHg by Doppler evaluation) and can participate in all competitive sports.
Nevertheless, these studies were focused on hemodynamic changes instead of a functional
assessments of exercise capacity. Patients with CHD are often unaware of their aerobic
limitations because they have suffered from abnormal physiology since birth [11]. In
2021, Teng et al. [30] assessed exercise capacity in 84 children with PS by conducting
treadmill CPET combined with TTE before and after catheterization and follow-up care;
among these children, 43 were treated with BPV, and 41 received follow-up care. The
CPET and pulmonary function test results of PS patients treated with BPV and under
follow-up care were compared with those of 84 healthy children. Unfortunately, the study
provided insufficient longitudinal data. By performing a comprehensive cardiopulmonary
assessment, our study directly measured exercise capacity, and based on long-term follow-
up data, it has provided further evidence indicating that PS patients can confidently
engage in moderate-to-vigorous physical activity since their peak exercise capacity is much
higher than that of the minimum recommended vigorous-intensity physical activity levels
according to this study’s observations; however, they should receive regular reevaluation
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to guarantee optimal health. In addition, there are certain limitations associated with the
data on exercise capacity in pediatric patients who were treated with BPV or who received
follow-up care; thus, it is difficult to find any data on exercise capacity of pediatric patients
treated with surgical valvotomy.

Moreover, previous studies have shown that the reasons for diminished physical
activities are multifactorial and could be linked to restrictions imposed by concerned
parents [31,32]. The findings in this study have shed new light on the exercise capacity of
children with PS and provided convincing data that may address parents’ concerns and
encourage them to motivate their children to engage more in physical activities. After
proper management and cardiac follow-up care, children with PS might be able to engage
in physical education classes at school without worrying that they are inferior to their peers.

The scope of this study was limited in some aspects. First, it is open to bias owing
to its retrospective nature, and the timing of follow-up varied because of poor follow-up
compliance in the real world. Second, the test termination criteria that were adopted were
based on the ACSM guidelines [12]. However, we found that there is a lack of studies
that have formulated criteria for achieving VO, max when performing exercise testing
in children with CHD. Third, we recruited the control group through an age-, sex-, and
BMI-matching method, but differences in body composition might have existed between
the PS and control groups. Fourth, this study was performed at a single center and had
a relatively small sample size; thus, the results might not apply to the entire country’s
population. Further research should be performed with large-scale studies involving a
wider range of patients in order to shed more light on the effects of PS.

5. Conclusions

In this study, based on an adequate evaluation, the exercise capacity of patients with
properly managed PS was found to be comparable to that of healthy individuals. PS
patients may confidently engage in moderate-to-vigorous physical activity since their
peak exercise capacity is much higher than that of the minimum recommended vigorous-
intensity physical activity levels according to the observations made in this study. Despite
the encouraging long-term outcomes observed in this study, during follow-up, a decreasing
trend was discovered in pulmonary function, aerobic metabolism, and peak exercise load
capacities among adolescents with PS. Thus, we recommend that PS patients regularly
receive reevaluation to guarantee optimal health. This study offers insights that provides
the basis for performing further larger cross-national or multicenter studies on PS patients.

Author Contributions: Conceptualization, C.-H.Y. and K.-L.L.; methodology, C.-H.Y.; software,
L.-Y.T,; validation, M.-W.L.; formal analysis, C.-H.Y.; investigation, S.-W.T.; resources, K.-L.L. and
K.-PW.,; data curation, C.-H.Y., K.-PW. and L.-Y.T.; writing—original draft preparation, C.-H.Y.;
writing—review and editing, C.-H.Y.; supervision, K.-L.L.; project administration, K.-L.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Kaohsiung Veterans General Hospital
(no. VGHKS17-CT11-11, approval date: 8 September 2022).

Informed Consent Statement: Informed consent was obtained from the parents of all subjects
involved in the study.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors, without undue reservation.

Acknowledgments: We are grateful to all subjects and their parents for participating in this study.
We sincerely acknowledge the Department of Pediatrics of Kaohsiung Veterans General Hospital for
their kind patient referral.

Conflicts of Interest: The authors declare no conflict of interest.



J. Cardiovasc. Dev. Dis. 2023, 10, 31 90of 10

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Botto, L.D.; Correa, A.; Erickson, ].D. Racial and temporal variations in the prevalence of heart defects. Pediatrics 2001, 107, E32.
[CrossRef] [PubMed]

Hayes, C.J.; Gersony, W.M.; Driscoll, D.].; Keane, ].F.; Kidd, L.; O’Fallon, W.M.; Pieroni, D.R.; Wolfe, R.R.; Weidman, W.H. Second
natural history study of congenital heart defects. Results of treatment of patients with pulmonary valvar stenosis. Circulation
1993, 87 (Suppl. S2), 128-137. [PubMed]

Baumgartner, H.; Bonhoeffer, P.; De Groot, N.M.; de Haan, F.; Deanfield, J.E.; Galie, N.; Gatzoulis, M.A.; Gohlke-Baerwolf, C.;
Kaemmerer, H.; Kilner, P; et al. ESC Guidelines for the management of grown-up congenital heart disease (new version 2010).
Eur. Heart J. 2010, 31, 2915-2957. [CrossRef] [PubMed]

Drossner, D.M.; Mahle, W.T. A management strategy for mild valvar pulmonary stenosis. Pediatr. Cardiol. 2008, 29, 649-652.
[CrossRef]

Nugent, E-W.; Freedom, R.M.; Nora, ].J.; Ellison, R.C.; Rowe, R.D.; Nadas, A.S. Clinical course in pulmonary stenosis. Circulation
1977, 56 (Suppl. S1), 138-147.

Stanger, P.; Cassidy, S.C.; Girod, D.A.; Kan, J.S.; Lababidi, Z.; Shapiro, S.R. Balloon pulmonary valvuloplasty: Results of the
valvuloplasty and angioplasty of Congenital Anomalies Registry. Am. J. Cardiol. 1990, 65, 775-783. [CrossRef]

Garty, Y,; Veldtman, G.; Lee, K.; Benson, L. Late outcomes after pulmonary valve balloon dilatation in neonates, infants and
children. J. Invasive Cardiol. 2005, 17, 318-322.

Rao, PS.; Galal, O.; Patnana, M.; Buck, S.H.; Wilson, A.D. Results of three to 10 year follow up of balloon dilatation of the
pulmonary valve. Heart 1998, 80, 591-595. [CrossRef]

Takken, T.; Giardini, A.; Reybrouck, T.; Gewillig, M.; Hovels-Giirich, H.H.; Longmuir, PE.; McCrindle, B.W.; Paridon, S.M.;
Hager, A. Recommendations for physical activity, recreation sport, and exercise training in paediatric patients with congenital
heart disease: A report from the exercise, basic & translational research section of the European association of cardiovascular
prevention and rehabilitation, the European congenital heart and lung exercise group, and the association for European paediatric
cardiology. Eur. J. Prev. Cardiol. 2012, 19, 1034-1065. [CrossRef]

Inuzuka, R.; Diller, G.P; Borgia, F,; Benson, L.; Tay, E.L.; Alonso-Gonzalez, R.; Silva, M.; Charalambides, M.; Swan, L.; Dimopoulos,
K.; et al. Comprehensive use of cardiopulmonary exercise testing identifies adults with congenital heart disease at increased
mortality risk in the medium term. Circulation 2012, 125, 250-259. [CrossRef]

Diller, G.P.; Dimopoulos, K.; Okonko, D.; Li, W.; Babu-Narayan, S.V.; Broberg, C.S.; Johansson, B.; Bouzas, B.; Mullen, M.J.;
Poole-Wilson, P.A; et al. Exercise intolerance in adult congenital heart disease: Comparative severity, correlates, and prognostic
implication. Circulation 2005, 112, 828-835. [CrossRef] [PubMed]

Medicine, A.C.S.; Swain, D.P.,; Brawner, C.A. ACSM’s Resource Manual for Guidelines for Exercise Testing and Prescription, 7th ed.;
Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2012; pp. 439444, ISBN 978-160-913-956-8.

Pescatello, L.S.; Arena, R.; Riebe, D.; Thompson, P.D.; Swain, D.P. ACSM’s Guidelines for Exercise Testing and Prescription, 9th ed.;
Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2013; ISBN 978-146-983-436-8.

Jetté, M.; Sidney, K.; Bliimchen, G. Metabolic equivalents (METS) in exercise testing, exercise prescription, and evaluation of
functional capacity. Clin. Cardiol. 1990, 13, 555-565. [CrossRef] [PubMed]

Washington, R.L. Cardiorespiratory testing: Anaerobic threshold/respiratory threshold. Pediatr. Cardiol. 1999, 20, 12-15,
discussion 16. [CrossRef]

Figueroa-Colon, R.; Hunter, G.R.; Mayo, M.S.; Aldridge, R.A.; Goran, M.I.; Weinsier, R.L. Reliability of treadmill measures and
criteria to determine VO2max in prepubertal girls. Med. Sci. Sports Exerc. 2000, 32, 865-869. [CrossRef] [PubMed]

Paridon, S.M.; Alpert, B.S.; Boas, S.R.; Cabrera, M.E.; Caldarera, L.L.; Daniels, S.R.; Kimball, T.R.; Knilans, T.K.; Nixon, PA;
Rhodes, J.; et al. Clinical stress testing in the pediatric age group: A statement from the American Heart Association council on
cardiovascular disease in the young, committee on atherosclerosis, hypertension, and obesity in youth. Circulation 2006, 113,
1905-1920. [CrossRef] [PubMed]

Jian, W.; Gao, Y.; Hao, C.; Wang, N.; Ai, T; Liu, C.; Xu, Y.; Kang, J.; Yang, L.; Shen, H.; et al. Reference values for spirometry in
Chinese aged 4-80 years. J. Thorac. Dis. 2017, 9, 4538-4549. [CrossRef] [PubMed]

The Fifth Report of the Joint National Committee on Detection. Evaluation, and treatment of high blood pressure. Arch. Intern.
Med. 1993, 153, 154-183. [CrossRef]

Rutan, G.H.; McDonald, R.H.; Kuller, L.H. A Historical perspective of elevated systolic vs. diastolic blood pressure from an
epidemiological and clinical trial viewpoint. J. Clin. Epidemiol. 1989, 42, 663—673. [CrossRef]

Brett, S.E.; Ritter, ].M.; Chowienczyk, PJ. Diastolic blood pressure changes during exercise positively correlate with serum
cholesterol and insulin resistance. Circulation 2000, 101, 611-615. [CrossRef]

von Scheidt, E; Meier, S.; Kramer, J.; Apitz, A.; Siaplaouras, J.; Bride, P.; Kaestner, M.; Apitz, C. Heart rate response during
treadmill exercise test in children and adolescents with congenital heart disease. Front. Pediatr. 2019, 7, 65. [CrossRef]
Goldberg, S.J.; Mendes, F.; Hurwitz, R. Maximal exercise capability of children as a function of specific cardiac defects. Am. J.
Cardiol. 1969, 23, 349-353. [CrossRef] [PubMed]

Ikkos, D.; Jonsson, B.; Linderholm, H. Effect of exercise on pulmonary stenosis with intact ventricular septum. Br. Heart ]. 1966,
28,316-330. [CrossRef] [PubMed]


http://doi.org/10.1542/peds.107.3.e32
http://www.ncbi.nlm.nih.gov/pubmed/11230613
http://www.ncbi.nlm.nih.gov/pubmed/8425320
http://doi.org/10.1016/j.repce.2012.05.004
http://www.ncbi.nlm.nih.gov/pubmed/20801927
http://doi.org/10.1007/s00246-007-9191-y
http://doi.org/10.1016/0002-9149(90)91387-L
http://doi.org/10.1136/hrt.80.6.591
http://doi.org/10.1177/1741826711420000
http://doi.org/10.1161/CIRCULATIONAHA.111.058719
http://doi.org/10.1161/CIRCULATIONAHA.104.529800
http://www.ncbi.nlm.nih.gov/pubmed/16061735
http://doi.org/10.1002/clc.4960130809
http://www.ncbi.nlm.nih.gov/pubmed/2204507
http://doi.org/10.1007/s002469900383
http://doi.org/10.1097/00005768-200004000-00021
http://www.ncbi.nlm.nih.gov/pubmed/10776908
http://doi.org/10.1161/CIRCULATIONAHA.106.174375
http://www.ncbi.nlm.nih.gov/pubmed/16567564
http://doi.org/10.21037/jtd.2017.10.110
http://www.ncbi.nlm.nih.gov/pubmed/29268524
http://doi.org/10.1001/archinte.1993.00410020010002
http://doi.org/10.1016/0895-4356(89)90010-3
http://doi.org/10.1161/01.CIR.101.6.611
http://doi.org/10.3389/fped.2019.00065
http://doi.org/10.1016/0002-9149(69)90514-1
http://www.ncbi.nlm.nih.gov/pubmed/4888012
http://doi.org/10.1136/hrt.28.3.316
http://www.ncbi.nlm.nih.gov/pubmed/5936964

J. Cardiovasc. Dev. Dis. 2023, 10, 31 10 of 10

25.

26.

27.

28.

29.

30.

31.

32.

Armstrong, N.; Welsman, ].R. Assessment and interpretation of aerobic fitness in children and adolescents. Exerc. Sport Sci. Rev.
1994, 22, 435-476. [CrossRef] [PubMed]

Sharma, G.; Goodwin, J. Effect of aging on respiratory system physiology and immunology. Clin. Interv. Aging. 2006, 1, 253-260.
[CrossRef] [PubMed]

Ware, J.H.; Dockery, D.W.; Louis, T.A.; Xu, X.P; Ferris, B.G,, Jr.; Speizer, EE. Longitudinal and cross-sectional estimates of
pulmonary function decline in never-smoking adults. Am. J. Epidemiol. 1990, 132, 685-700. [CrossRef] [PubMed]

Voet, A; Rega, F; de Bruaene, A.V.; Troost, E.; Gewillig, M.; Van Damme, S.; Budts, W. Long-term outcome after treatment of
isolated pulmonary valve stenosis. Int. |. Cardiol. 2012, 156, 11-15. [CrossRef]

Van Hare, G.F,; Ackerman, M.].; Evangelista, ]J.A.; Kovacs, R.J.; Myerburg, R.J.; Shafer, KM.; Warnes, C.A.; Washington, R.L.
American Heart Association Electrocardiography and Arrhythmias Committee of Council on Clinical Cardiology, Council
on Cardiovascular Disease in Young, Council on Cardiovascular and Stroke Nursing, Council on Functional Genomics and
Translational Biology, and American College of Cardiology. Eligibility and Disqualification Recommendations for Competitive
Athletes with Cardiovascular Abnormalities: Task Force 4: Congenital Heart Disease: A Scientific Statement From the American
Heart Association and American College of Cardiology. Circulation 2015, 132, e281-e291. [CrossRef]

Teng, L.Y,; Tsai, S.W.; Hsiao, C.Y.; Sung, W.H.; Lin, K.L. Cardiopulmonary function assessment in children with pulmonary valve
stenosis. Front. Pediatr. 2021, 9, 802645. [CrossRef]

Reybrouck, T.; Mertens, L. Physical performance and physical activity in grown-up congenital heart disease. Eur. J. Cardiovasc.
Prev. Rehabil. 2005, 12, 498-502. [CrossRef]

Casey, FA.; Craig, B.G.; Mulholland, H.C. Quality of life in surgically palliated complex congenital heart disease. Arch. Dis. Child.
1994, 70, 382-386. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1249/00003677-199401000-00016
http://www.ncbi.nlm.nih.gov/pubmed/7925551
http://doi.org/10.2147/ciia.2006.1.3.253
http://www.ncbi.nlm.nih.gov/pubmed/18046878
http://doi.org/10.1093/oxfordjournals.aje.a115710
http://www.ncbi.nlm.nih.gov/pubmed/2403109
http://doi.org/10.1016/j.ijcard.2010.10.038
http://doi.org/10.1161/CIR.0000000000000240
http://doi.org/10.3389/fped.2021.802645
http://doi.org/10.1097/01.hjr.0000176510.84165.eb
http://doi.org/10.1136/adc.70.5.382

	Introduction 
	Materials and Methods 
	Patient Selection and Data Collection 
	Treadmill Exercise Testing 
	Pulmonary Function Testing 
	Transthoracic Echocardiography (TTE) 
	Statistical Analyses 

	Results 
	Patient Characteristics 
	Serial CPET and Pulmonary Function Testing in the PS Group 
	TTE 

	Discussion 
	Conclusions 
	References

