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Abstract: With advancements in cardiopulmonary rehabilitation over the past few decades, the sur-
vival rate of patients with congenital heart disease (CHD) has increased. However, the Cardiopul-
monary fitness (CPF) of these patients is poor. Here, we aimed to investigate CPF in preschoolers
with CHD (aged 4 to 6 years) using cardiopulmonary exercise testing. We retrospectively compared
102 healthy preschoolers with 80 preschoolers with CHD. The latter had lower peak oxygen con-
sumption, oxygen consumption at anaerobic threshold and metabolic equivalent at anaerobic
threshold. The same result was observed in boys with CHD, but not in girls, when sex was sub-
analyzed. Considering the body composition, children with CHD had a lower fat-free mass index
(FFMI) than their healthy peers. Healthy preschoolers with a normal body mass index (BMI) had
higher anaerobic threshold and peak metabolic equivalent values than overweight or underweight
children. This was categorized under the BMI reference of the Ministry of Health and Welfare in
Taiwan. In conclusion, the CPF difference between the CHD and healthy groups was identified as
early as in preschool age, and better CPF in healthy preschoolers within the normal BMI range sug-
gests the importance of weight control in young children.

Keywords: preschoolers; congenital heart disease; exercise testing; cardiopulmonary fitness; sex
difference; fat-free mass index

1. Introduction

Congenital heart disease (CHD), defined as any structural abnormalities of the heart
or great vessels that is presented at birth, is a common birth defect worldwide. CHD af-
fects 0.8-1% of live births [1]. The prevalence of CHD in China is approximately 9 per 1000
live births [2]. In the United States, CHD affects around 40,000 births annually [3]. There
are two common groups of CHD, namely acyanotic (“pink”) and cyanotic (“blue”) CHDs.
Acyanotic heart diseases include atrial septal defect (ASD), ventricular septal defect
(VSD), atrioventricular septal defect, patent ductus arteriosus, and aortic and pulmonary
valve stenosis. Cyanotic heart diseases include tetralogy of Fallot (TOF), transposition of
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great arteries and truncus arteriosus. VSD, one of the most common lesion types, accounts
for 50-60% of CHD cases [4].

With the development of prenatal screening techniques and medical and surgical ad-
vancements, the mortality rate of CHD has declined globally [1]. Corrective surgeries have
increased the survival rates of children with CHD; however, comorbidities persist in other
systems, such as pulmonary, neurodevelopmental and psychiatric problems [5-7]. The
exercise capacity of CHD survivors is an emerging issue. Whether children with CHD are
able to sustain similar levels of intensity in physical activities with peers is a question
frequently raised by families and health practitioners [8,9]. A previous study examined
the symptoms, parental health concerns, and activity levels of pre-school children using
questionnaires and accelerometers. Children with CHD had comparable physical activity
habits and screen and activity time amounts as age- and sex-matched controls [9]. One
Canadian study using accelerometers and questionnaires reported that children with
CHD spent similar amounts of time engaged in moderate to vigorous physical activity
[10]. Conversely, parental overprotection might prevent children with CHD from per-
forming the same activities as other children of the same age [11].

The aforementioned studies focused on physical activity, defined by the World
Health Organization as any body movement requiring energy expenditure. To enable a
more precise and objective evaluation, cardiopulmonary exercise testing (CPET) is the
golden standard for measuring cardiopulmonary fitness (CPF) and the functional capa-
bilities of the heart, lungs and muscles relative to the demands of specific exercise rou-
tines. This measurement has been used in several patients with cardiopulmonary diseases
[12]. In the CHD population, previous studies evaluated CPF with conflicting results.
However, most studies focused on adults and adolescents [13-15]. To our knowledge, no
study has evaluated CPF in preschoolers with CHD. Moreover, differences in body com-
position and sex may be crucial factors that influence exercise capacity. Our previous stud-
ies revealed that preschoolers with a higher fat-free mass index (FFMI) had significantly
higher aerobic fitness levels, and girls had significantly better CPF during CPET [16-18].
Thus, we aimed to evaluate the exercise capacity of preschool children with CHD using
CPET and assess whether sex or excess body fat influences CPET performance.

2. Materials and Methods
2.1. Subjects” Characteristics

This retrospective cross-sectional study was conducted in a single medical center lo-
cated in southern Taiwan from February 2018 to February 2022. We enrolled two groups
of preschoolers, one with known CHD and a control group that included age-, sex-, and
body mass index (BMI)-matched children referred to the cardiopulmonary rehabilitation
outpatient clinic during the same period due to dyspnea on exertion or chest pain. The
preschoolers in the control group had no previous history of CHD or diagnosis with any
cardiopulmonary disease after a series of examinations, including echocardiography and
12-lead electrocardiography. All participants underwent CPET at Kaohsiung Veterans
General Hospital, Taiwan.

The inclusion criteria were as follows:

1. Aged4to 6 years;
Understood the CPET steps; and
No signs of acute infection or fever 3 days prior to the CPET.

w N

The exclusion criteria were as follows:

Acquired heart diseases such as Kawasaki disease;
Failure to complete CPET due to muscle fatigue;
Known concurrent pulmonary disease; and
Refusal to participate.

Ll

All preschoolers underwent a body composition examination prior to the CPET. All
data of the included preschoolers were reviewed by a physiatrist (K-L LIN, who had more
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than 15 years’ experience administering CPET). The parents of all participants provided
informed consent prior to the body composition measurement and CPET. This study was
approved by the Institutional Review Board of Kaohsiung Veterans General Hospital (No.
VGHKS17-CT11-11) and conducted in accordance with the Helsinki Declaration.

2.2. Anthropometry and Body Composition

Zeus 9.9 PLUS (Jawon Medical Co., Ltd., Kungsang Bukdo, Korea) was used to per-
form the body composition analysis via vector bioelectrical impedance analysis (VBIA).
The tetrapolar electrode method (in which electrodes were attached to the bilateral hands,
soles, and ankles) was used. After entering the participants” basic data, including height,
weight, age and sex, the analyzer calculated the body mass index (BMI) and fat mass index
(FMI). The participants were categorized into four groups (underweight, normal, over-
weight, and obese) according to the age- and sex-specific reference BMI values suggested
by the Ministry of Health and Welfare in Taiwan [19]. BMI was defined as body weight
(kg) divided by height squared (m?), FMI was defined as fat mass (FM) (kg) divided by
height squared (m?), and FFMI was defined as the difference between the body weight
and FM divided by height squared (m?).

2.3. Cardiopulmonary Exercise Testing (CPET)

A treadmill was used for the CPET. According to previous studies and the 11th edi-
tion of the American College of Sports Medicine (ACSM) guidelines, the treadmill is use-
ful in a wide range of patient ages and sizes compared to the cycle ergometer, which re-
quires additional attention and volitional effort to maintain the cadence. [20] A treadmill
can be used safely from 3 years of age [21,22], and yields higher peak oxygen uptake
(VOzpeak) and maximal heart rate [12].

The test was supervised by an experienced physiatrist (K-L LIN), and all children
and parents were familiar with the CPET steps before starting. We performed graded
symptom-limited CPET using the ramped Bruce protocol with a flow module, gas ana-
lyzer, and electrocardiographic monitor (Metamax 3B, Cortex Biophysik GmbH Co., Leip-
zig, Germany). The test was terminated when the preschoolers demonstrated subjective
unbearable symptoms; could no longer continue; or attained maximal effort as indicated
by the ACSM criteria. To be considered as maximal effort, the preschoolers must have
achieved at least 1 of the following criteria: (1) peak respiratory exchange ratio (RER) >
1.1, and (2) peak heart rate (HR) > 85% of the age-predicted maximum [12]. Oxygen uptake
(VO2) and carbon dioxide production (VCO2) were measured using the breath-by-breath
method. Blood pressure and heart rate were also measured. Metabolic equivalent (MET)
is considered equivalent to 3.5 mL of oxygen per kilogram of body mass per minute [23].
Peak MET was defined as the maximal MET throughout CPET. Anaerobic threshold (AT)
was determined using the ventilatory equivalents for Oz and CO: methods [24].

2.4. Statistical Analysis

SPSS for Windows version 21.0 (IBM Corp., Armonk, NY, USA) was used for the
analyses. Continuous data are presented as mean * standard deviation and categorical
variables as absolute numbers or percentages. We checked the normality and homogene-
ity of variances and outliers before the analyses. All the comparisons of healthy controls
and preschoolers with CHD were performed using an independent-t test. We used the
chi-Squared test or Fisher’s exact test to compare the percentage of excessive adiposity
between the healthy control group and preschoolers with CHD. One-way analysis of var-
iance was used for intragroup comparisons of subjects with different FM values, while an
independent-t test was used for intergroup comparisons of the healthy and CHD groups.
Post-hoc tests were performed to analyze the variance among different BMI groups. Sta-
tistical significance was set at p <0.05.
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3. Results
3.1. Patients’ Demographic Characteristics

After the exclusion of outliers in the control group and those for whom data were
missing, 182 preschoolers were included in the study. Among them, 102 children were in
the control group (56 boys, 46 girls) and 80 were in the CHD group (48 boys, 32 girls). The
most common CHD types were ASD (n = 17), VSD (n = 18) and TOF (n = 18). Table 1
presents the preschoolers’ baseline demographic characteristics. The mean ages of the to-
tal healthy group, boys and girls were 5.65 + 0.59, 5.68 £ 0.61 and 5.61 + 0.58 years, respec-
tively. The mean ages of the total CHD group, boys, and girls were 5.78 + 0.4, 5.88 + 0.33
and 5.63 + 0.61, respectively. The mean FFMI of the control group was significantly higher
than that of the CHD group (p = 0.041). There were no significant intergroup differences
in terms of height, weight, BMI, body fat, FM, FMI and FEM. However, we observed a
tendency, approaching statistical significance (p = 0.061), for the mean BMI of the CHD
group to be lower than that of the healthy group for both boys and girls.

3.2. Comparisons of Cardiopulmonary Fitness between CHD and Control Groups

Table 2 compares the CPF levels of the CHD and healthy groups by BMI. The VOzpeak
and AT VO: were recorded as absolute oxygen consumption (mL/min), while peak MET
and AT represented the relative aerobic capacity (mL/min/kg). The percentage of meas-
ured VOzpeak to the predicted value was calculated and compared with the healthy sub-
jects. A value of 100% was considered normal, while a value of 280% was considered de-
sirable. Peak rate pressure product (RPP), expressed as resting heart rate (in bpm) multi-
plied by systolic blood pressure (in mmHg), represents the myocardial oxygen uptake
during the CPET [12].

Irrespective of sex, the mean peak RER value was 1.14 in both groups (p = 0.815),
suggesting that maximal oxygen exercise efforts were reached. Metabolic equivalent at
anaerobic threshold (AT MET), AT VO: and VOzpeak were significantly higher in the con-
trol group versus CHD group (p = 0.015, 0.005 and 0.048, respectively). There were no
significant intergroup differences in peak MET, PD, peak RPP, or heart rate recovery. Sim-
ilar results were observed in the boys but not girls.
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Table 1. Baseline characteristics of all recruited preschool children.
Age Height BMI Body fat FMI FFMI
Weight (kg) U (%) N (%) O (%) F (%) FM (kg) FFM (kg)
(years) (cm) (kg/m?) (%) (kg/m?) (kg/m?)
Control-total
(N =102) 5.6+0.6 1185+7.2 22.0+55 15.6 +3.1 13.6 +7.5 28.4 56.9 5.9 7.9 34+26 24+1.8 20.0+4.8 14.0+2.1
CHD-total
(N =50) 5.8+0.5 118.7+9.2 21.2+6.0 14.8+23 12.7 +5.3 31.3 61.3 5.0 1.3 3.0+2.3 20+1.1 19.2+5.0 13.2+1.9
p value @ 0.108 0.836 0.334 0.061 0.447 0.363 b 0.454 0.155 0.417 0.041*
Control-boys
(N =56 5.7+0.6 119.6 +8.9 23.1+6.5 16.0+3.5 11.6 + 6.8 21.4 60.7 5.4 10.7 3.1+28 21+2.0 21.6+59 147 +2.4
=5
CHD-boys
(N =48) 5.9+0.3 1184 +6.7 21.1+54 149+25 109 +5.1 354 58.3 4.2 2.1 27+21 1.8+1.2 19.9+49 13.7+2.1
p value 2 0.148 0.465 0.092 0.060 0.661 0.302° 0.540 0.382 0.238 0.079
Control-girls
(N =46) 5.6+0.6 117.2+4.0 20.7 £3.7 15.0+2.3 159+7.7 37.0 52.2 6.5 4.3 37+24 27+1.7 181+1.7 13.0+1.1
CHD-girls
(N=32) 5.6+0.6 119.2+10.2 21.3+7.0 14.8+2.1 14.5+4.95 25.0 65.6 6.3 0 34+25 22+1.0 18.6 +5.1 12.7+1.5
p value 2 0.905 0.295 0.604 0.585 0.400 0.419° 0.612 0.226 0.646 0.317

BMI: body mass index; U (%), percentage of underweight subjects; N (%), percentage of normal weight subjects; O (%), percentage of overweight subjects; F (%),
percentage of obese subjects; FM, fat mass; FMI, fat mass index; FFM, fat-free mass; FFMI, fat-free mass index. 2 All the comparisons between normal controls and
preschoolers with congenital heart disease were carried out by independent-t test except p values marked with b, which were analyzed by Fisher’s exact test for
the comparison percentage of excessive adiposity between normal controls and preschoolers with congenital heart disease. * p value < 0.05
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Table 2. Comparisons of cardiopulmonary fitness between subjects with underweight, normal, and overweight body mass index.
AT MET ATVO: Peak MET PeakVO: Peak PD Peak RPP
p Value p Value p p
Control CHD p Value ?Control CHD b Control CHD b Control CHD p Value® Control CHD Value Control CHD Value
b
Boys and Girls
Total (N = , 0161+ 5503+ . 10.4 + 8289+ 763.7 . 805+ 76.0+ 29,568.2 + 25,025.8 =
102:80) 81+1575+1.6 0.015 1564 1507 0.005* 10.8+1.9 20 0.160 mal 2125 0.048 177 13 0.124 333885 5672.6 0.231
UN= 508.9 + 488.1+ 10.6 + 686.0+ 677.4+ 828+ 770+ 27,350.8 + 23,451.0 = .
29.25) 79+1476+19 0.643 1069 1576 0.569 10.6+1.7 23 0.962 1287 193.0 0.190 179 16 0.282 7498.0 5790.1 0.038
N (N= , 0318+ 5685+ . 10.5 + 850.0 = 790.8 = 814+ 767% 31,635.4 + 25,524.8 +
57:48) 84+1575+x14 0.005 1356 1306 0.018* 11.2+2.0 19 0.065 150 2086 0.164 176 215 0.211 440693 55511 0.338
764.0 £+ 663.4 + 1023.6 + 902.0 + 722+ 664+ 26,000.2 + 27,512.5
ON=167)73+1.0 65+1.8 0.436 1736 2029 0.312 9.8+1.2 89+2.0 0.458 1957 2925 0.161 167 182 0.815 65422 54929 0.312
<0.001 <0.001
pvaluea 0.028*4 0.289 Sc(i(z 0.015 *« 0.031 %4 0.157 ch(z 0.022* 0.141 0.521 0.775 0.178
Boys
Total (N = 651.6 + 538.6 + 10.3 + 887.6+ 7573+ 705+ 659+ 26,262.3 + 24,311.7 +
2+16 73+1. . * .001* 10922 17 .010* 154 .
seag) 2 E16 7316 00097 ol g5y 00017 1092 22 U178 ossg a062 00T qz9 190 91 5ms3y 59057 00B
U(N-= 5172+ 463.1+ 10.5 + 690.7 £+ 663.6 = 66.7+ 683+ 27,522.3 + 21,9445 +
12:17) 78+2073+1.6 0.807 1402 1261 0.308 10.4+2.2 20 0.947 1659 1870 0.658 125 15.5 0.707 7104.7 53852 0.057
N(N= . 0007+ 5574+ . 105+ 8923+ 78l.6+ 735+ 65.6% 25,627.6 + 25,271.4 +
33,27) 8.6+1474+1.6 0.004 1942 1311 0.003* 11.5x£2.3 9 0.081 2517 186.0 0.058 145 011 0.086 45566 6042.8 0.794
7829+ 797.4+ 1051.8 = 1062.3 + 649+ 549+ 26,844.7 + 28,768.3 +
ON=11;4)72+1.0 6.5£2.2 0.866 2033 1805 0.735 9.7+09 8.6+2.6 0.865 m31 1729 0.866 117 16.8 0.612 7690.5 20807 0.612
<0.001 0.003
pvaluea 0.029*4 0.660 veo 0.001%ed 0.044 *<¢ 0.400 0.002 *ee 0.129 0.534 0.592 0.072
Girls
Total (N = 573.7 + 567.4+ 567.4 + 769.6 + 7732+ 926+ 91.2% 33,521.0 + 260,96.9 =
46;32) 79+13 77+16 0576 1351 1533 0.847 10.6+15 153.3 0.612 163.6 2045 0.935 141 145 0.669 19,0740 52106 0.398
503.0+ 5413+ 541.3 + 682.7+ 706.7 £ 942+ 954+ 27,229.8 + 266,52.3 +
=17,8)79+1.0 83 +2. 44 771 10.7+1.2 7 . . ! ! 907
UN=178)7.9£10 83£23 0448 ) 5099 O 07212 1099 978 4o00 2152 %8 410 20 98 g3 seoes O
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N(N= 8.0+ 592.0+ 582.7 + 529.7 + 790.0 + 803.0 = 926+ 915+ 39,896.0 + 258,62.6 +
24;21) 15.6 77+1.7 0419 143.0 136.5 0825 10.7+16 136.5 0.545 167.7  239.6 0831 15.7 10.4 0-835 67,651.5 49448 0.349
- 7262+ 529.4 + 529.4 + 9672+ 741.7 + . 868+ 779+ 24,311.2 + 262,56.7 +
O(N=53) 75+13 6.5+1.7 0.456 992 1281 0.101 99+1.9 2391 0.653 1269 1298 0.025 16.5 1.0 0.453 33731 8028.6 0.456
pvaluea  0.671 0.254 0.002 %< 0.744 0.544 0.283 0.001 *<d  0.583 0.597  0.205 0.660 0.938

CHD, congenital heart disease; U, underweight, N, normal body mass index, O, overweight and obesity; AT MET, metabolic equivalent at anaerobic threshold;
Peak MET, peak metabolic equivalent during exercise testing; AT VO2, oxygen consumption at anaerobic threshold; Peak VO, peak oxygen consumption during
exercise testing; peak PD, percentage of measured peak oxygen consumption to predicted value; RPP, rate pressure product.* p value < 0.05, ® intra-group com-
parisons between subjects with different body adiposity by one-way analysis of variance, ? inter-group comparisons between normal control and preschooler with
congenital heart disease by independent-t test. Post-hoc analysis via the Bonferroni test found significant difference between © overweight and underweight, 9
overweight and normal, © normal and underweight.
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3.3. Comparisons of Cardiopulmonary Fitness among Different BMIs

Table 2 compares CPF levels by BMI groups (underweight, normal, and over-
weight/obese) defined by the Ministry of Health and Welfare in Taiwan [19]. Among the
healthy preschoolers, the normal BMI group has a significantly higher AT (p = 0.028) and
peak MET (p = 0.03) than the underweight and overweight/obese groups. This result was
not observed in children with CHD. Similarly, a subgroup analysis by sex showed that
healthy boys with a normal BMI had a significantly higher AT (p = 0.029) and peak MET
(p =0.044) than healthy boys in the other BMI groups, whereas healthy girls with a normal
BMI did not.

4. Discussion

This observational study revealed that preschoolers with CHD had lower VOzpeax,
ATVO:z and AT MET values than their healthy peers. Considering body composition, pre-
schoolers with CHD had a lower FFMI than their healthy counterparts, while healthy pre-
schoolers with a normal BMI had higher AT and peak MET values than those classified as
underweight or overweight/obese.

In accordance with previous research, our study showed that children with CHD had
poorer CPF as assessed by CPET. Villaseca-Rojas et al. reviewed 19 articles and stated that
children aged 5-17 years with CHD have worse VOzpeak, maximum workload, ventilatory
equivalent for CO:z slope, Oz pulse, and maximal heart rate values. This difference was
even greater among adolescents [25]. Our study findings support Villaseca-Rojas’s find-
ings that younger children with CHD had lower VOzpear, AT VO2 and AT MET values.
There are several possible factors related to the poorer exercise capacity among preschool-
ers with CHD: congenital structural abnormalities, hemodynamics differences in individ-
uals with CHD, late complications, and the influence of surgery (such as a nidus causing
arrhythmia) [26]. Moreover, parental overprotection and physician caution might prevent
children with CHD from engaging in the same physical activity levels as their peers [11].
Since the VOzpeak data in this study were not adjusted for body weight, the intergroup
differences in body weight may have influenced the results. MET might be a better marker
of CPF than VO2. The lower MET at AT in preschoolers with CHD suggests poorer exer-
cise capacity [24].

In our study, the FFMI was higher in the control versus CHD group. The mean BMI
in preschoolers with CHD was insignificantly lower than that of the healthy controls. Pre-
vious studies reported that the risk of obesity in children with CHD increased over time,
especially in patients with mild CHD [27,28]. Adipose composition varies among coun-
tries and age groups. A Danish national study analyzing the prevalence of underweight
or obesity in 1-15-year-old children summarized that the median BMI was slightly lower
for CHD individuals than the general population for both sexes [29]. Interestingly, a study
conducted in Taiwan reported a shift in BMI from underweight to overweight with in-
creasing age. The study showed a higher underweight prevalence in first graders versus
a higher proportion of overweight/obesity in adolescents, especially in males [30]. Thus,
being underweight at a young age should not be an excuse for a sedentary life; rather,
encouraging preschoolers with CHD to participate in appropriate physical activity is nec-
essary for their future health.

In our previous work [16], preschoolers with excess body adipose tissue according to
BMI and FFMI classifications showed a poorer ability to achieve maximal effort during
CPET, as evidenced by the lower oxygen uptake efficiency slope. However, in contrast to
previous results that showed no significant difference in AT or peak MET, the current
study showed higher AT and peak MET values in the normal BMI group. On the other
hand, higher AT and peak MET in the normal BMI group were not seen in the CHD pre-
schoolers. Poor cooperation and motivation among preschoolers and the relatively small
number of participants may have contributed to the different results.
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Finally, we observed that preschoolers with CHD had a lower VOzpeak, AT VO2 and
AT MET than healthy controls. Similar results were found among CHD boys but not in
girls with CHD. Our previous study [31] suggested the discrepancy in peak VO2 between
sexes was noted as early as at preschool age. This study showed similar results in pre-
schoolers with CHD. Consistent with our research on children with TOF [18] and Kawa-
saki disease [32], the affected girls had better CPF than the affected boys. Self-efficacy,
cultural differences, and gender stereotypes in sports participation may have contributed
to this finding. Self-efficacy is believed to be reduced in patients with heart disease. A
cross-sectional study using objective assessments, questionnaires, and interviews sug-
gested that the environment and family influence the positive perception of activity par-
ticipations [33]. A patriarchal culture affecting some families, with overprotection of boys
and social expectation differences, might have led to those results.

The main strength of the current study is that it is the first to analyze CPF in pre-
schoolers with CHD using CPET. Nevertheless, it had some limitations. First, this was a
single-center study of participants from southern Taiwan only, and regional differences
should be considered. Moreover, although our investigation of a relatively young popu-
lation made our study unique, we could not confirm the representativeness of our re-
cruited participants because of a lack of comparable reference values. Second, the study
included a relatively small number of participants compared to some national database
studies. Third, the control group included preschoolers who had symptoms such as pal-
pitations and dyspnea, but no evidence of cardiopulmonary disease. Some problems
might not have been found with the current medical technology. In addition, we did not
analyze the CPET results by CHD types or severities. Finally, the theory of sex-based dif-
ferences and cultural perspectives has not been proven by qualitative surveys such as pe-
dometers or questionnaires.

5. Conclusions

To the best of our knowledge, this study is the first to evaluate CPF in children with
CHD aged 4-6 using CPET. The CPF difference between healthy and CHD patients was
identified as early as preschool age. Moreover, better CPF in healthy preschoolers within
the normal BMI range suggests the importance of weight control in young children. These
results suggest that promoting an active lifestyle to prevent future functional deteriora-
tion and to reduce the gap between CHD and healthy children is essential. Future larger
and prospective investigations of the exercise capacity of healthy versus diseased pre-
schoolers are warranted.
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