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Abstract: Individuals with mitral valve prolapse (MVP) have exercise intolerance even without mitral
valve regurgitation. Mitral valve degeneration may progress with aging. We aimed to evaluate
the influence of MVP on the cardiopulmonary function (CPF) of individuals with MVP through
serial follow-ups from early to late adolescence. Thirty patients with MVP receiving at least two
cardiopulmonary exercise tests (CPETs) using a treadmill (MVP group) were retrospectively analyzed.
Age-, sex-, and body mass index-matched healthy peers, who also had serial CPETs, were recruited
as the control group. The average time from the first CPET to the last CPET was 4.28 and 4.06 years
in the MVP and control groups, respectively. At the first CPET, the MVP group had a significantly
lower peak rate pressure product (PRPP) than the control group (p = 0.022). At the final CEPT, the
MVP group had lower peak metabolic equivalent (MET, p = 0.032) and PRPP (p = 0.031). Moreover,
the MVP group had lower peak MET and PRPP as they aged, whereas healthy peers had higher peak
MET (p = 0.034) and PRPP (p = 0.047) as they aged. Individuals with MVP had poorer CPF than
healthy individuals as they develop from early to late adolescence. It is important for individuals
with MVP to receive regular CPET follow-ups.

Keywords: floppy mitral valve; valvular heart disease; aerobic fitness; exercise capacity;
cardiopulmonary exercise testing; peak rate pressure product; early adolescence; late adolescence

1. Introduction

Mitral valve prolapse (MVP), also known as floppy mitral valve syndrome, is a com-
mon valvular heart disease disorder that affects up to 3% of the general population [1], and
the prevalence is approximately 3.36% in the overall Taiwanese population [2]. MVP repre-
sents the most common cause of primary mitral regurgitation (MR) in Western countries [3],
and the severity of MVP can range from small or no leakage to severe MR. Although the
Framingham Heart Study has shown that MVP is regarded as a benign condition with a low
incidence of complications in the general population, 4% of MVP cases can be associated

J. Cardiovasc. Dev. Dis. 2023, 10, 167. https://doi.org/10.3390/jcdd10040167 https://www.mdpi.com/journal/jcdd

https://doi.org/10.3390/jcdd10040167
https://doi.org/10.3390/jcdd10040167
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/0000-0001-6951-1712
https://doi.org/10.3390/jcdd10040167
https://www.mdpi.com/journal/jcdd
https://www.mdpi.com/article/10.3390/jcdd10040167?type=check_update&version=1


J. Cardiovasc. Dev. Dis. 2023, 10, 167 2 of 11

with significant MR [4]. Moreover, studies have uncovered several associated adverse
events, including ischemic stroke [5], bacterial endocarditis [6], lethal arrhythmia [7], and
sudden MVP-related cardiac death [4].

Given that the overall prognosis of MVP is benign and most individuals with MVP
are asymptomatic, many patients with MVP do not seek medical help until complications
occur [8]. Based on a large community-based study by Freed et al., the prevalence of
adverse sequelae commonly associated with MVP was lower than that previously indicated
by literature [9]; therefore, a renewed interest in stratifying the risk of MVP is advocated for
because of recent new findings [8], including anatomo-pathological findings of MVP [10]
and newly developed multimodality imaging of MVP [11]. Moreover, MVP is not observed
in newborns, and its prevalence is approximately 0.3% in children and 0.6% in adoles-
cents [12], which is much lower than that of the general population, suggesting that MVP
is a progressive degenerative disease. Furthermore, pathophysiologic evidence shows that
MVP is the primary myxomatous degeneration of one or both mitral valve leaflets. Over
time, the patient may develop mitral annular dilatation, resulting in further cardiac systolic
function worsening [12]. Therefore, individuals with MVP may need long-term and regular
follow-ups for possible complications.

The degree of MR and ejection fraction is the major predictor of mortality in MVP [13].
Most methods used to evaluate the degree of MR and left ventricular function are imple-
mented with patients at rest. However, as symptoms are frequently related to physical
activity or exercise, there may be a poor correlation with indexes of the left ventricular
function obtained at rest [14]. Cardiopulmonary exercise tests (CPETs) can obtain infor-
mation about the integration among the cardiovascular, pulmonary, and musculoskeletal
systems and the changes in the functional aerobic capacity due to pathological conditions
during exercise [15]. CPET is considered the gold standard in assessing aerobic capacity
and formulating function-based prognostic stratification among different nondiseased or
diseased populations [16].

Studies suggest that individuals with MVP may have exercise intolerance [17]. They
may present with symptoms that limit their exercise performance at school or work or may
feel subjectively strained when performing physical activity. The underlying mechanisms
of exercise intolerance in patients with MVP remain unclear. Autonomic dysfunction [18],
a hyperadrenergic state [19], reduced left ventricular filling [20], catecholamine excess [20],
or combinations thereof have been reported by studies. Nevertheless, the pathophysiologic
basis underlying most of the associations remains controversial. Moreover, MVP symptoms
are frequently disproportionate to objective findings through exhaustive clinical and labo-
ratory investigation. Although several studies have observed that advanced MR impairs
exercise tolerance independent of left ventricular ischemia and dysfunction [21,22], little is
known regarding the influence of trivial or mild MR on exercise capacity.

Recently, our team observed that patients with MVP had similar exercise capacity (as
indicated by peak metabolic equivalent [MET] measured during CPET); however, they
had significantly lower peak rate pressure product (PRPP) values than healthy peers.
The reduced PRPP indicates compromised coronary perfusion and subtle left ventricular
function impairment in patients with MVP [23]. To our best knowledge, this is the first
study in the literature that uses this method in patients with MVP. Moreover, since MVP
results from mitral valve myxomatous degeneration and laxity, the MR of MVP patients
may change over time. To date, little is known regarding exercise capacity, which is
measured directly by CPET. Therefore, we aimed to observe the difference in physiologic
responses to exercise testing between patients with MVP (without or with mild/moderate
MR) and their healthy peers, from early to late adolescence, through serial follow-up.

2. Materials and Methods
2.1. Participant Characteristics

This was a retrospective cohort study, and the data were obtained from one medical
center in Southern Taiwan (which has more than 20 years of experience in cardiopul-
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monary exercise testing and cardiopulmonary rehabilitation, performing more than
1500 cases of CPET for adults and around 500 cases of CPET for children per year). From
July 2012 to June 2022, all children and adolescents aged 5–18 years referred from the
Pediatric Cardiology Outpatient Clinic to the Department of Rehabilitation for CPET
with the diagnosis of MVP were recruited. MVP diagnosis was made through a two-
dimensional echocardiographic study by one well-experienced cardiologist (K.P.W.).
MR severity was initially graded following consensus guidelines based on a four-point
scale, as recommended by the American Society of Echocardiography, including mild
(1+/4+), moderate (2+/4+), moderate to severe (3+/4+), and severe (4+/4+) [24]. All
the recruited participants were required to meet the following additional inclusion cri-
teria: participants who (A) underwent at least two symptom-limited treadmill exercise
tests at an interval of more than 1 year, (B) completed transthoracic echocardiographic
examination with preserved left ventricular ejection fraction (LVEF), and (C) underwent
standard 12–lead electrocardiogram. Given that the aim of this study was to evaluate if
there is any earlier change in the cardiopulmonary function in MVP patients without the
development of advanced MR, MVP patients with co-existing advanced (moderate-to-
severe and severe) MR were excluded. The other exclusion criteria included participants
with (A) other congenital heart diseases (e.g., patent ductus arteriosus, ventricular
septal defect, pulmonary artery stenosis, and atrial septal defect); (B) preexisting pul-
monary disease; (C) significant arrhythmia; (D) significant coronary artery disease; and
(E) missing data or incomplete exercise tests. To avoid the potential association between
developmental aspects or body composition and exercise capacity [25,26], we recruited
not only age- and sex-matched controls but also body mass index (BMI)-matched chil-
dren and adolescents referred to the Pediatric Cardiology Outpatient Clinic in the same
recruitment period for chest pain or dyspnea on exertion. Those in the control group
needed to undergo CPET and have normal findings following echocardiography and a
12–lead electrocardiogram by cardiologists after medical records were reviewed by two
experienced clinicians (G.B.C. and M.H.H.).

Although this was a retrospective study, we needed to recruit as many eligible
participants as possible. We did a sample size estimation based on the statistical G*Power
software (version 3.1.9.2, for Windows). Considering the study purpose, a two-tailed
test with 0.8 effect size (high effect size as indicated in the study by Guimarães et al. [14],
which showed that Cohen’s d was 0.87 for peak VO2 mL/kg/min), alpha of 0.05, and
power of 0.80 with equally sized groups, was used [27] and yielded a sample size of 52,
with 26 participants in each group to detect the effect.

All recruited participants completed transthoracic echocardiographic examination
and standard 12–lead electrocardiogram at the Pediatric Cardiology Outpatient Clinic
before their referral to the Rehabilitation Department. Within two weeks after the referral,
the participants underwent body composition measurement, followed by a pulmonary
function test and a symptom-limited treadmill exercise test. Patients’ characteristics and
demographic variables, including age, sex, body weight and height, BMI, body fat, blood
pressure, and pulse rate during rest, were recorded. The study was conducted following
the principles outlined in the Helsinki Declaration and was approved by the Institutional
Review Board of Kaohsiung Veterans General Hospital (number: VGHKS17-CT11-11). The
study adhered to the STROBE checklist.

2.2. Cardiopulmonary Exercise Testing

To measure their exercise capacity, all participants underwent the symptom-limited
exercise test, which was composed of a treadmill, a flow module, a gas analyzer, and
an electrocardiographic monitor (Metamax 3B, Cortex Biophysik GmbH Co., Leipzig,
Germany). The entire testing process was supervised by a physiatrist who had more than
20 years of experience in CPET (K.L.L.). We used the Bruce ramp protocol suggested by
the American College of Sports Medicine during the entire CPET [28]. The exercise test
was terminated when the participants demonstrated subjectively unbearable symptoms,
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when they could no longer continue, or when they attained maximal effort as indicated by
the ACSM [28]. Oxygen consumption (VO2) and carbon dioxide production (VCO2) were
measured using the breath-by-breath method during the exercise test. Furthermore, blood
pressure (BP), HR, HR reserve (defined as peak HR minus baseline HR), and respiratory
exchange ratio (RER, calculated as VCO2/VO2) were measured throughout the exercise
test. Peak VO2 was the maximum oxygen uptake measured at peak exercise. Peak oxygen
pulse was calculated as peak VO2 divided by peak HR. Peak oxygen pulse is a measure
for stroke volume and peripheral oxygen extraction during exercise. Measured VO2 was
divided by a constant 3.5 mL · kg−1·min−1 to derive METs. The anaerobic threshold (AT)
was determined using the VE/VO2 and VE/VCO2 methods [29]. PRPP was defined as
peak systolic BP multiplied by peak HR.

2.3. Pulmonary Function Test

All participants underwent pulmonary function tests with measurement of the forced
vital capacity (FVC), forced expiratory volume in 1 s (FEV1), and maximal voluntary venti-
lation (MVV) at rest by spirometry. We divided the measured FVC by the predicted FVC
(FVCP), the measured FEV1 by the predicted FEV1 (FEV1P), and the measured MVV by
the predicted MVV (MVVP). We calculated the predicted values of the abovementioned pa-
rameters based on the spirometric reference equations for healthy children and adolescents
in Taiwan [30].

2.4. Statistical Analysis

All analyses were performed using Statistical Package for the Social Sciences for
Windows, version 19.0 (IBM Corp., Armonk, NY, USA). Continuous data were presented
as means ± standard deviations, and categorical variables were presented as absolute
numbers or percentages. Normality and homoscedasticity were examined before each
analysis. The percentage of change of each CPET variable between the first and final
testing (% of ∆ CPET variable) was calculated as each final CPET variable minus each
corresponding first CPET variable and subsequently divided by each corresponding first
CPET variable. The comparisons of the basic characteristics, first CPET, final CPET, and
the % of ∆ CPET between the patients with MVP and the controls were made using the
independent t-test for normally distributed variables and the Mann–Whitney U test for
non-normally distributed variables. For the intragroup comparisons between the initial and
final values for the exercise test variables of each group, the paired Student t-test and the
Wilcoxon signed-rank test were used for normally and non-normally distributed variables,
respectively. A p-value of ≤0.05 was considered statistically significant.

3. Results

Thirty-six patients met the inclusion criteria. Among them, two, one, and three patients
had preexisting pulmonary disease, incomplete medical records, and incomplete results of
exercise testing, respectively. Therefore, 30 patients with MVP were recruited for the final
analysis (MVP group). Among them, 12 (40%), 14 (46.7%), and 4 (13.3%) patients had no
MR, mild MR, and moderate MR, respectively. Thirty age-, sex-, and BMI-matched healthy
peers were thus retrieved from our database as the control group.

3.1. Demographic Characteristics

The mean ages of the MVP and control groups were 13.28 ± 3.24 and 13.62 ± 2.65 years,
respectively, at the time of receiving the first CPET (p = 0.675). The average time from
the first CPET to the last CPET was 4.28 ± 2.55 and 4.06 ± 2.18 years in the MVP and
control groups, respectively (p = 0.721). The demographic characteristics of the MVP
and control groups are presented in Table 1. No statistically significant difference in
age, sex, body height, body weight, BMI, resting SBP, resting DBP, and resting HR was
noted between the MVP and control groups (Table 1).
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Table 1. Demographic characteristics of patients with mitral valve prolapse and control group.

MVP (n = 30) Control (n = 30) p Value a

Age at first CPET(y) 13.28 ± 3.24 13.62 ± 2.65 0.675
Height (cm) 153.52 ± 11.72 158.38 ± 11.06 0.121
Weight (kg) 49.89 ± 14.57 53.09 ± 10.11 0.353

BMI (kg/m2) 20.88 ± 4.66 21.08 ± 3.14 0.853
Resting HR (bpm) 87.72 ± 15.25 86.38 ± 11.74 0.719

Resting SBP (mmHg) 114.79 ± 12.31 114.86 ± 18.44 0.988
Resting DBP (mmHg) 67.93 ± 7.27 64.64 ± 7.70 0.125

Time from first to last CPET (y) 4.28 ± 2.55 4.06 ± 2.18 0.721
Data are the mean ± standard deviation. MVP, mitral valve prolapse; BMI, body mass index; HR, heart
rate; SBP, systolic blood pressure; DBP, diastolic blood pressure. a Refers to the p value of independent
t-test (variables with normal distribution) or Mann–Whitney U-test (variables with non-normal distribution)
between the two subgroups.

3.2. Data of Pulmonary Function Tests

No statistically significant difference in all the routine examined parameters of
spirometry (e.g., FVC, FVCP, FEV1, FEV1P, MVV, and MVVP) was observed between the
MVP and control groups at both the first and final CPET (Table 2, upper rows). Moreover,
no significant difference in % of ∆ FVC, % of ∆ FVCP, % of ∆ FEV1, % of ∆ FEV1P, % of
∆ MVV, and % of ∆ MVVP was observed between the two groups (Table 3, upper rows).

3.3. Data of CPET

The comparisons of CPET variables between the two groups are shown in Table 2
(lower rows). At the first CPET, no statistically significant differences were observed in
the routine parameters measured during the CPET, including HR at AT (AT HR), MET
at AT (AT MET), peak MET, peak HR, peak RER, peak diastolic and systolic BP, and
peak oxygen pulse, except for PRPP, of which the MVP group presented with a lower
value (27,048.00 ± 3488.07 vs. 29,905.05 ± 4081.12, p = 0.022) (Table 2, left columns).

At the final CPET, the MVP group had lower peak MET (8.48 ± 1.76 vs. 9.66 ± 1.99,
p = 0.032) and PRPP than the control group (26,805.89 ± 3103.76 vs. 29,894.21 ± 6053.24,
p = 0.031). No statistically significant differences were observed in the other routine
parameters measured during the CPET (Table 2, left columns). Notably, the peak RER
of the MVP and control groups were 1.18 ± 0.09 and 1.22 ± 0.14 (p = 0.188) in the first
CPET and 1.17 ± 0.12 and 1.20 ± 0.14 (p = 0.451) in the last CPET, respectively, indicating
that both the MVP and control groups could reach maximal effort during the CPET.

The intragroup comparisons of CPET variables at the first and last CEPTs of each group
are presented in Table 2. No statistically significant differences were observed in all the
routine parameters measured during the CPET of each group except that the peak oxygen
pulse was higher in the last CPET than in the first CPET in both of the groups (Table 2, left
columns). Peak oxygen pulse is a measure of peak oxygen consumed per peak heartbeat.
Therefore, it’s reasonable to observe these results since peak oxygen consumption increases
as ageing.

The change of CPET variables during the serial tests is demonstrated in Table 3. The
average number of exercise tests was 2.21 ± 0.63 and 1.98 ± 0.67 (p = 0.176) per patient in
the MVP and control groups, respectively. We observed that participants in the MVP group
had lower peak MET and PRPP, whereas healthy peers had higher peak MET and PRPP as
they develop into late adolescence. Statistically significant differences were observed in
the % of ∆ peak MET (−5.25% ± 17.25% vs. 5.56% ± 16.58%, p = 0.034) and % of ∆ PRPP
(−4.39% ± 13.44% vs. 9.19% ± 31.75%, p = 0.047) (Table 3, lower rows).
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Table 2. Findings of the initial cardiopulmonary exercise testing among patients with mitral valve prolapse.

First CPET Last CPET Comparisons between the 1st
and the Last CPET

MVP (n = 30) Control (n = 30) p Value a MVP (n = 30) Control (n = 30) p Value a MVP
p Value b

Control
p Value b

FVC (L) 2.93 ± 0.57 3.03 ± 1.17 0.653 3.12 ± 0.48 3.27 ± 1.07 0.587 0.168 0.192
FVCP (%) 99.75 ± 21.23 98.15 ± 21.45 0.791 90.95 ± 12.65 95.44 ± 21.32 0.432 0.081 0.434
FEV1 (L) 2.38 ± 0.61 2.70 ± 11.12 0.212 2.72 ± 0.38 2.93 ± 1.09 0.431 0.093 0.233

FEV1P (%) 100.03 ± 20.70 101.09 ± 24.55 0.867 92.66 ± 11.58 94.66 ± 29.83 0.734 0.100 0.207
FEV1/FVC (%) 88.75 ± 80.5 88.96 ± 6.83 0.920 87.05 ± 5.36 88.81 ± 9.15 0.475 0.069 0.332

MVV (L) 67.60 ± 22.30 79.05 ± 35.00 0.136 74.75 ± 13.64 84.10 ± 25.78 0.188 0.140 0.245
MVVP (%) 100.75 ± 50.26 103.63 ± 57.82 0.834 81.80 ± 24.94 97.66 ± 54.99 0.156 0.069 0.684

AT HR (bpm) 146.72 ± 12.07 140.35 ± 13.05 0.065 141.33 ± 11.98 143.55 ± 12.50 0.485 0.146 0.336
AT MET 6.29 ± 1.43 6.25 ± 0.77 0.898 6.87 ± 5.46 6.92 ± 1.29 0.968 0.299 0.142

peak MET 9.11 ± 2.27 9.29 ± 1.78 0.744 8.48 ± 1.76 9.66 ± 1.99 0.032 * 0.235 0.451
peak HR (bpm) 179.48 ± 9.41 177.81 ± 11.01 0.546 175.77 ± 12.12 177.91 ± 7.94 0.422 0.191 0.973

peak RER 1.18 ± 0.09 1.22 ± 0.14 0.201 1.17 ± 0.12 1.20 ± 0.14 0.451 0.717 0.246
peak SBP (mmHg) 161.82 ± 21.76 155.96 ± 28.78 0.400 158.88 ± 20.60 164.96 ± 35.36 0.475 0.318 0.304
peak DBP (mmHg) 81.32 ± 20.07 76.96 ± 17.55 0.401 78.38 ± 15.34 80.65 ± 18.95 0.612 0.526 0.437

PRPP 27048.00 ± 3488.07 29905.05 ± 4081.12 0.022 * 26805.89 ± 3103.76 29894.21 ± 6053.24 0.031 * 0.777 0.367
peak oxygen pulse (mL/beat) 8.71 ± 2.82 9.68 ± 2.45 0.182 9.95 ± 2.16 10.92 ± 2.49 0.131 0.007 * 0.004 *

Data are the mean ± standard deviation; MVP, mitral valve prolapse; FVC, functional vital capacity; FVCP, percentage of predicted forced vital capacity; FEV1, forced expiratory
volume at 1 min; FEV1P, percentage of predicted forced expiratory volume at 1 min; MVV, maximal voluntary ventilation; MVVP, percentage of predicted maximal voluntary
ventilation; MET, metabolic equivalent; AT MET, MET at the point of anaerobic threshold; peak MET, largest MET during whole exercise testing; peak VO2, peak oxygen
consumption; % of peak predicted, percentage of predicted peak VO2; HR, heart rate; peak RER, largest respiratory exchange ratio during whole exercise testing; SBP, systolic blood
pressure; DBP, diastolic blood pressure; PRPP, peak rate pressure product. a Refers to the p value of independent t-test (variables with normal distribution) or Mann–Whitney U-test
(variables with non-normal distribution) between the two subgroups. b Refers to the p value of paired t-test (variables with normal distribution) or Wilcoxon signed-rank test
(variables with non-normal distribution) of each group. * p value < 0.05.



J. Cardiovasc. Dev. Dis. 2023, 10, 167 7 of 11

Table 3. Comparison of the change of variables of the last from the first cardiopulmonary exercise
testing between the mitral valve prolapse group and the control group.

Difference (%) between the First and the Last CPET

MVP (n = 30) Control (n = 30) p Value a

FVC (L) 0.12 ± 0.21 0.21 ± 0.41 0.409
FVCP (%) −0.06 ± 0.18 −0.22 ± 0.20 0.565
FEV1 (L) 0.13 ± 0.32 0.23 ± 0.51 0.472

FEV1P (%) −0.08 ± 0.21 −0.60 ± 0.25 0.832
FEV1/FVC (%) −0.03 ± 0.06 −0.02 ± 0.09 0.764

MVV (L) 0.36 ± 0.54 0.29 ± 0.55 0.738
MVVP (%) −0.03 ± 0.63 −0.17 ± 0.52 0.483

AT HR (bpm) −0.04 ± 0.10 0.05 ± 0.10 0.002
AT MET −0.03 ± 0.23 0.07 ± 0.22 0.127

peak MET −5.25 ± 17.25 5.56 ± 16.58 0.034 *
peak HR (bpm) −0.03 ± 0.07 0.00 ± 0.07 0.134

peak RER 0.00 ± 0.13 −0.02 ± 0.12 0.597
peak SBP (mmHg) −0.02 ± 0.14 0.09 ± 0.28 0.084
peak DBP (mmHg) −0.27 ± 0.27 0.15 ± 0.28 0.025

PRPP −4.39 ± 13.44 9.19 ± 31.75 0.047 *
peak oxygen pulse (mL/beat) 22.14 ± 38.65 15.54 ± 25.13 0.462

Data are the mean ± standard deviation. MVP, mitral valve prolapse; FVC, functional vital capacity;
FVCP, percentage of predicted forced vital capacity; FEV1, forced expiratory volume at 1 min; FEV1P, percent-
age of predicted forced expiratory volume at 1 min; MVV, maximal voluntary ventilation; MVVP, percentage of
predicted maximal voluntary ventilation; MET, metabolic equivalent; AT MET, MET at the point of anaerobic
threshold; peak MET, largest MET during whole exercise testing; peak VO2, peak oxygen consumption; % of
peak predicted, percentage of predicted peak VO2; HR, heart rate; peak RER, largest respiratory exchange
ratio during whole exercise testing; SBP, systolic blood pressure; DBP, diastolic blood pressure; PRPP, peak
rate pressure product. a Refers to the p value of independent t-test (variables with normal distribution) or
Mann–Whitney U-test (variables with non-normal distribution) between the two subgroups. * p value < 0.05

4. Discussion

To our knowledge, our study is the first to investigate exercise capacity through
serial CPETs of patients with MVP. We observed that participants with MVP had com-
parable exercise capacity with their healthy peers in early adolescence, except that they
had lower PRPP. However, as they develop into late adolescence, along with PRPP, pa-
tients with MVP had lower peak MET than their peers. Furthermore, we observed that
peak MET and PRPP gradually decreased in the MVP group, whereas both variables
increased in the control group.

Several studies and one recent meta-analysis have proven that adolescents with con-
genital heart disease have lower exercise capacity than matched healthy controls [31].
However, literature discussing the exercise intolerance of patients with MVP is limited.
Centikaya et al. observed that children with MVP more frequently report arrhythmia and
syncope than the normal population [32]. Other studies reported abnormal exercise tests
by recognizing abnormal electrocardiography [33] or due to lower exercise duration [18]
instead of directly comparing the VO2. None of these studies used the CPET results as
indicators to compare precise exercise capability. Our study used the CPET data to perform
comparisons and noted that early adolescents with MVP had similar peak MET though sig-
nificantly lower PRPP than healthy peers. PRPP could be considered an accurate reflection
of the myocardial oxygen demand and workload [34,35]. Santos et al. reported that myocar-
dial oxygen uptake increases when eccentric left ventricular hypertrophy occurs, leading to
coronary blood flow reserve exhaustion [36]. Moreover, we observed that among patients
with Kawasaki disease, those without coronary artery involvement had higher PRPP than
those with coronary artery dilation [37]. Therefore, lower PRPP may indicate compromised
coronary perfusion and subtle left ventricular function impairment in patients with MVP.

Furthermore, our study demonstrated that along with PRPP, late adolescents with
MVP had lower peak MET than healthy controls. Patients with MVP may develop MR
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as they age since there may be potential for mitral valve prolapse and loss of leaflet
apposition [17]. It is well known that MR severity may progress, even to left ventricular
overload and dysfunction when approaching its advanced stage in some patients with
MVP [38,39]. Studies performing CPET have proven that similar to at-rest severe MR,
exercise-induced changes in MR severity may limit the stroke volume adaptation during
exercise and therefore contribute to exercise capacity limitation among patients with heart
failure with reduced LVEF [40,41]. However, we only recruited patients with MVP with
preserved LVEF; our study excluded moderate-to-severe and severe MVP patients, and
there were only patients with mild (46.7%) and moderate MR (13.3%) in the MVP group,
suggesting that younger patients with MVP could experience earlier changes as they
age before the reduced LVEF can be detected. One study used cardiovascular magnetic
resonance to compare patients with MVP with preserved ejection fraction and a control
group. The authors reported that significant basal inferolateral hypertrophy, left ventricular
dilatation, and exaggerated posterior annular displacement were noted, even in the absence
of significant MR or overt MVP [42]. Some altered geometry and mechanics the mitral
annulus as mentioned above may account for a repetitive mechanical stretch to the valve
and left ventricular myocardium, progressively leading to myxomatous degeneration and
arrhythmogenic myocardial scars in patients with MVP [43]. Moreover, patients with MVP
may have increased energy demand due to repeated traction-associated higher myocardial
work state, which accounts for the lower PRPP and peak MET we observed among the
older adolescents in this study [44].

Although the natural history of MVP is benign, MVP is the main cause of surgical
intervention for severe MR in developed countries [45]. Chronic MR may cause pulmonary
hypertension with subsequent heart failure and an increased risk of arrhythmias [46].
Patients with MVP also have an increased predisposition to arrhythmogenic sudden cardiac
death [44]. Therefore, it is important to detect ventricular function abnormalities among
patients with MVP early; we assumed that PRPP could be a potential indicator. However,
further prospective studies regarding the association between PRPP and left-ventricular-
related parameters are warranted.

Given the results of our study, we encourage all children and adolescents with MVP
to engage in exercise. According to the consensus by the American Heart Association
and American College of Cardiology, physically active individuals with MVP who have
mild-to-moderate MR are encouraged to engage in any type of competitive sports; however,
those with left ventricular systolic dysfunction, arrhythmias on Holter recording, or a
family history of SCD can only participate in low-intensity competitive sports [47]. Exercise
capacity quantification of patients with MVP using CPET is also important. During the
CPET evaluation, the self-efficacy of patients with MVP is established by performing com-
parable physical fitness. Furthermore, physicians could distinguish exercise limitation due
to anxiety alone from organic disease and prescribe a tailor-made exercise recommendation.

Our study had some limitations. First, this was a retrospective study. There may be
variation in follow-up timing; however, all our recruited participants received CPET within
days following complete echocardiography. Second, we only recruited participants from
one medical center in Southern Taiwan; therefore, the results may not be applicable to
the general population, and a larger cross-national study is needed for further evaluation.
Third, although the final count of analyzed participants was more than the estimated
minimum sample size, our sample size remained small with a retrospective nature. Fourth,
those who had moderate-to-severe and severe MR were excluded from our study. Patients
with MVP with prominent symptoms may directly seek surgical help instead of running
through a detailed examination, which contributed to referral bias. Lastly, the participants
in our study were referred by cardiovascular outpatient clinics and presented with variable
symptoms, which may contribute to selection bias. Future prospective and cross-national
studies using cardiac magnetic resonance findings or echocardiographic measurement for
better prolapse severity quantification with a larger sample size are warranted.
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5. Conclusions

Early adolescents with MVP had exercise capacities comparable to their healthy peers,
except for PRPP. However, as they aged, the peak exercise load capacity of late adolescents
was significantly lower than that of controls. This discrepancy in the CEPT between early
and late adolescents may be because of altered geometry and mechanics resulting from
mitral valve degeneration. More investigations are needed to further understand the
complex interaction between anatomical, pathophysiological, and hemodynamic aspects in
patients with MVP. Moreover, it is important for adolescents with MVP to undergo CPET
and engage in exercise.
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5. Karakurum, B.; TopÇU, S.; Yildirim, T.; KarataŞ, M.; Turan, I.; Tan, M.; Benli, S. Silent cerebral infarct in patients with mitral valve
prolapse. Int. J. Neurosci. 2005, 115, 1527–1537. [CrossRef]

6. DeSimone, D.C.; DeSimone, C.V.; Tleyjeh, I.M.; Correa de Sa, D.D.; Anavekar, N.S.; Lahr, B.D.; Sohail, M.R.; Steckelberg, J.M.;
Wilson, W.R.; Baddour, L.M. Association of Mitral Valve Prolapse with Infective Endocarditis Due to Viridans Group Streptococci.
Clin. Infect. Dis. 2015, 61, 623–625. [CrossRef] [PubMed]

7. Yontar, O.C.; Karaagac, K.; Tenekecioglu, E.; Tutuncu, A.; Demir, M.; Melek, M. Assessment of ventricular repolarization
inhomogeneity in patients with mitral valve prolapse: Value of T wave peak to end interval. Int. J. Clin. Exp. Med. 2014,
7, 2173–2178. [PubMed]

8. Alenazy, A.; Eltayeb, A.; Alotaibi, M.K.; Anwar, M.K.; Mulafikh, N.; Aladmawi, M.; Vriz, O. Diagnosis of Mitral Valve Prolapse:
Much More than Simple Prolapse. Multimodality Approach to Risk Stratification and Therapeutic Management. J. Clin. Med.
2022, 11, 455. [CrossRef]

9. Freed, L.A.; Levy, D.; Levine, R.A.; Larson, M.G.; Evans, J.C.; Fuller, D.L.; Lehman, B.; Benjamin, E.J. Prevalence and clinical
outcome of mitral-valve prolapse. N. Engl. J. Med. 1999, 341, 1–7. [CrossRef]

10. Perazzolo Marra, M.; Basso, C.; De Lazzari, M.; Rizzo, S.; Cipriani, A.; Giorgi, B.; Lacognata, C.; Rigato, I.; Migliore, F.; Pilichou,
K.; et al. Morphofunctional Abnormalities of Mitral Annulus and Arrhythmic Mitral Valve Prolapse. Circ. Cardiovasc. Imaging
2016, 9, e005030. [CrossRef]

https://doi.org/10.1146/annurev-med-022811-091602
https://doi.org/10.1038/s41598-021-81648-z
https://doi.org/10.3390/diagnostics11030467
https://doi.org/10.1136/heartjnl-2017-312932
https://doi.org/10.1080/00207450590957836
https://doi.org/10.1093/cid/civ375
https://www.ncbi.nlm.nih.gov/pubmed/25963288
https://www.ncbi.nlm.nih.gov/pubmed/25232403
https://doi.org/10.3390/jcm11020455
https://doi.org/10.1056/NEJM199907013410101
https://doi.org/10.1161/CIRCIMAGING.116.005030


J. Cardiovasc. Dev. Dis. 2023, 10, 167 10 of 11

11. Miller, M.A.; Adams, D.H.; Pandis, D.; Robson, P.M.; Pawale, A.; Pyzik, R.; Liao, S.L.; El-Eshmawi, A.; Boateng, P.; Garg, J.; et al.
Hybrid Positron Emission Tomography/Magnetic Resonance Imaging in Arrhythmic Mitral Valve Prolapse. JAMA Cardiol. 2020,
5, 1000–1005. [CrossRef] [PubMed]

12. Delling, F.N.; Vasan, R.S. Epidemiology and pathophysiology of mitral valve prolapse: New insights into disease progression,
genetics, and molecular basis. Circulation 2014, 129, 2158–2170. [CrossRef] [PubMed]

13. Sutton, M.S.J.; Weyman, A.E. Mitral Valve Prolapse Prevalence and Complications. Circulation 2002, 106, 1305–1307. [CrossRef] [PubMed]
14. Guimarães, G.V.; Bellotti, G.; Mocelin, A.O.; Camargo, P.R.; Bocchi, E.A. Cardiopulmonary exercise testing in children with heart

failure secondary to idiopathic dilated cardiomyopathy. Chest 2001, 120, 816–824. [CrossRef]
15. Fletcher, G.F.; Ades, P.A.; Kligfield, P.; Arena, R.; Balady, G.J.; Bittner, V.A.; Coke, L.A.; Fleg, J.L.; Forman, D.E.;

Gerber, T.C.; et al. Exercise standards for testing and training: A scientific statement from the American Heart Associa-
tion. Circulation 2013, 128, 873–934. [CrossRef]

16. Glaab, T.; Taube, C. Practical guide to cardiopulmonary exercise testing in adults. Respir. Res. 2022, 23, 9. [CrossRef]
17. Gati, S.; Malhotra, A.; Sharma, S. Exercise recommendations in patients with valvular heart disease. Heart 2019,

105, 106–110. [CrossRef]
18. Bashore, T.M.; Grines, C.L.; Utlak, D.; Boudoulas, H.; Wooley, C.F. Postural exercise abnormalities in symptomatic patients with

mitral valve prolapse. J. Am. Coll. Cardiol. 1988, 11, 499–507. [CrossRef]
19. Styres, K.S. The phenomenon of dysautonomia and mitral valve prolapse. J. Am. Acad. Nurse Pract. 1994, 6, 11–15. [CrossRef]
20. Gokhale, S.G.; Gokhale, S. High prevalence of ‘mitral valve prolapse syndrome’ (MVPS) among older children and adolescents in

a contained population. Int. J. Cardiol. 2013, 168, 4307–4308. [CrossRef]
21. Szymanski, C.; Levine, R.A.; Tribouilloy, C.; Zheng, H.; Handschumacher, M.D.; Tawakol, A.; Hung, J. Impact of mitral

regurgitation on exercise capacity and clinical outcomes in patients with ischemic left ventricular dysfunction. Am. J. Cardiol.
2011, 108, 1714–1720. [CrossRef]

22. Kampaktsis, P.N.; Albert, B.J.; Kim, J.; Xie, L.X.; Brouwer, L.R.; Tehrani, N.H.; Villanueva, M.; Choi, D.Y.; Szulc, M.;
Ratcliffe, M.B.; et al. Impact of Mitral Regurgitation Severity and Cause on Effort Tolerance–Integrated Stress Myocardial
Perfusion Imaging and Echocardiographic Assessment of Patients with Known or Suspected Coronary Artery Disease
Undergoing Exercise Treadmill Testing. J. Am. Heart Assoc. 2019, 8, e010974. [CrossRef]

23. Huang, M.-H.; Tuan, S.-H.; Tsai, Y.-J.; Huang, W.-C.; Huang, T.-C.; Chang, S.-T.; Lin, K.-L. Comparison of the Results of
Cardiopulmonary Exercise Testing between Healthy Peers and Pediatric Patients with Different Echocardiographic Severity of
Mitral Valve Prolapse. Life 2023, 13, 302. [CrossRef]

24. Zoghbi, W.A.; Adams, D.; Bonow, R.O.; Enriquez-Sarano, M.; Foster, E.; Grayburn, P.A.; Hahn, R.T.; Han, Y.; Hung, J.;
Lang, R.M.; et al. Recommendations for Noninvasive Evaluation of Native Valvular Regurgitation: A Report from the American
Society of Echocardiography Developed in Collaboration with the Society for Cardiovascular Magnetic Resonance. J. Am. Soc.
Echocardiogr. 2017, 30, 303–371. [CrossRef]

25. Rowland, T.W. Developmental aspects of physiological function relating to aerobic exercise in children. Sports Med. 1990,
10, 255–266. [CrossRef]

26. Pepera, G.; Hadjiandrea, S.; Iliadis, I.; Sandercock, G.R.H.; Batalik, L. Associations between cardiorespiratory fitness, fatness,
hemodynamic characteristics, and sedentary behaviour in primary school-aged children. BMC Sports Sci. Med. Rehabil. 2022,
14, 16. [CrossRef] [PubMed]

27. Faul, F.; Erdfelder, E.; Lang, A.G.; Buchner, A. G*Power 3: A flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav. Res. Methods 2007, 39, 175–191. [CrossRef] [PubMed]

28. Ferguson, B. ACSM’s Guidelines for Exercise Testing and Prescription 9th Ed. 2014. J. Can. Chiropr. Assoc. 2014, 58, 328.
29. Washington, R.L. Cardiorespiratory testing: Anaerobic threshold/respiratory threshold. Pediatr. Cardiol. 1999, 20, 12–15. [CrossRef]
30. Chang, S.M.; Tsai, H.J.; Tzeng, J.Y.; Yeh, K.W.; Chen, L.C.; Lai, S.H.; Liao, S.L.; Hua, M.C.; Tsai, M.H.; Huang, J.L.; et al.

Reference equations for spirometry in healthy Asian children aged 5 to 18 years in Taiwan. World Allergy Organ. J. 2019,
12, 100074. [CrossRef] [PubMed]

31. Villaseca-Rojas, Y.; Varela-Melo, J.; Torres-Castro, R.; Vasconcello-Castillo, L.; Mazzucco, G.; Vilaró, J.; Blanco, I. Exercise Capacity
in Children and Adolescents with Congenital Heart Disease: A Systematic Review and Meta-Analysis. Front. Cardiovasc. Med.
2022, 9, 990. [CrossRef]

32. Cetinkaya, M.; Semizel, E.; Bostan, O.; Cil, E. Risk of vasovagal syncope and cardiac arrhythmias in children with mitral valve
prolapse. Acta Cardiol. 2008, 63, 395–398. [CrossRef] [PubMed]

33. Michaelides, A.P.; Liakos, C.I.; Antoniades, C.; Tsiachris, D.L.; Soulis, D.; Dilaveris, P.E.; Tsioufis, K.P.; Stefanadis, C.I. ST-Segment
Depression in Hyperventilation Indicates a False Positive Exercise Test in Patients with Mitral Valve Prolapse. Cardiol. Res. Pract.
2010, 2010, 541781. [CrossRef]

34. Nelson, R.R.; Gobel, F.L.; Jorgensen, C.R.; Wang, K.; Wang, Y.; Taylor, H.L. Hemodynamic predictors of myocardial oxygen
consumption during static and dynamic exercise. Circulation 1974, 50, 1179–1189. [CrossRef] [PubMed]

35. Gobel, F.L.; Norstrom, L.A.; Nelson, R.R.; Jorgensen, C.R.; Wang, Y. The rate-pressure product as an index of myocardial oxygen
consumption during exercise in patients with angina pectoris. Circulation 1978, 57, 549–556. [CrossRef]

https://doi.org/10.1001/jamacardio.2020.1555
https://www.ncbi.nlm.nih.gov/pubmed/32936270
https://doi.org/10.1161/CIRCULATIONAHA.113.006702
https://www.ncbi.nlm.nih.gov/pubmed/24867995
https://doi.org/10.1161/01.CIR.0000031759.92250.F3
https://www.ncbi.nlm.nih.gov/pubmed/12221042
https://doi.org/10.1378/chest.120.3.816
https://doi.org/10.1161/CIR.0b013e31829b5b44
https://doi.org/10.1186/s12931-021-01895-6
https://doi.org/10.1136/heartjnl-2018-313372
https://doi.org/10.1016/0735-1097(88)91523-9
https://doi.org/10.1111/j.1745-7599.1994.tb00888.x
https://doi.org/10.1016/j.ijcard.2013.04.187
https://doi.org/10.1016/j.amjcard.2011.07.045
https://doi.org/10.1161/JAHA.118.010974
https://doi.org/10.3390/life13020302
https://doi.org/10.1016/j.echo.2017.01.007
https://doi.org/10.2165/00007256-199010040-00004
https://doi.org/10.1186/s13102-022-00411-7
https://www.ncbi.nlm.nih.gov/pubmed/35109902
https://doi.org/10.3758/BF03193146
https://www.ncbi.nlm.nih.gov/pubmed/17695343
https://doi.org/10.1007/s002469900383
https://doi.org/10.1016/j.waojou.2019.100074
https://www.ncbi.nlm.nih.gov/pubmed/31709028
https://doi.org/10.3389/fcvm.2022.874700
https://doi.org/10.2143/AC.63.3.1020318
https://www.ncbi.nlm.nih.gov/pubmed/18664032
https://doi.org/10.4061/2010/541781
https://doi.org/10.1161/01.CIR.50.6.1179
https://www.ncbi.nlm.nih.gov/pubmed/4430113
https://doi.org/10.1161/01.CIR.57.3.549


J. Cardiovasc. Dev. Dis. 2023, 10, 167 11 of 11

36. Dos Santos, P.B.; Simões, R.P.; Goulart, C.D.L.; Roscani, M.G.; Marinho, R.S.; Camargo, P.F.; Arbex, R.F.; Casale, G.; Oliveira,
C.R.; Mendes, R.G.; et al. Eccentric Left Ventricular Hypertrophy and Left and Right Cardiac Function in Chronic Heart
Failure with or without Coexisting COPD: Impact on Exercise Performance. Int. J. Chron. Obstruct. Pulmon. Dis. 2021, 16,
203–214. [CrossRef] [PubMed]

37. Tuan, S.H.; Su, H.T.; Chen, C.H.; Liou, I.H.; Weng, T.P.; Chen, G.B.; Lin, K.L. Analysis of Exercise Capacity of Children with
Kawasaki Disease by a Coronary Artery z Score Model (ZSP Version 4) Derived by the Lambda-Mu-Sigma Method. J. Pediatr.
2018, 201, 128–133. [CrossRef]
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