Universiteit

4 Leiden
The Netherlands

The cardiovascular exercise response in children with overweight or
obesity children measured by cardiovascular magnetic resonance
imaging

Bongers-Karmaoui, M.N.; Hirsch, A.; Budde, R.P.].; Roest, A AW.; Jaddoe, V.W.V.; Gaillard,
R.

Citation

Bongers-Karmaoui, M. N., Hirsch, A., Budde, R. P. J., Roest, A. A. W., Jaddoe, V.W. V., &
Gaillard, R. (2024). The cardiovascular exercise response in children with overweight or

obesity children measured by cardiovascular magnetic resonance imaging. International
Journal Of Obesity, 48(11), 1593-1602. doi:10.1038/s41366-024-01589-1

Version: Publisher's Version

License: Leiden University Non-exclusive license
Downloaded from: https://hdl.handle.net/1887/4303155

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/4303155

EUR Research Information Portal

The cardiovascular exercise response in children with overweight or obesity measured
by cardiovascular magnetic resonance imaging

Published in:
International Journal of Obesity

Publication status and date:
Published: 01/11/2024

DOI (link to publisher):
10.1038/s41366-024-01589-1

Document Version
Publisher's PDF, also known as Version of record

Document License/Available under:
Article 25fa Dutch Copyright Act

Citation for the published version (APA):

Bongers-Karmaoui, M. N., Hirsch, A., Budde, R. P. J., Roest, A. A. W., Jaddoe, V. W. V., & Gaillard, R. (2024). The
cardiovascular exercise response in children with overweight or obesity measured by cardiovascular magnetic resonance
imaging. International Journal of Obesity, 48(11), 1593-1602. https://doi.org/10.1038/s41366-024-01589-1

Link to publication on the EUR Research Information Portal

Terms and Conditions of Use

Except as permitted by the applicable copyright law, you may not reproduce or make this material available to any third party
without the prior written permission from the copyright holder(s). Copyright law allows the following uses of this material
without prior permission:

 you may download, save and print a copy of this material for your personal use only;
 you may share the EUR portal link to this material.

In case the material is published with an open access license (e.g. a Creative Commons (CC) license), other uses may be
allowed. Please check the terms and conditions of the specific license.

Take-down policy

If you believe that this material infringes your copyright and/or any other intellectual property rights, you may request its
removal by contacting us at the following email address: openaccess.library@eur.nl. Please provide us with all the relevant
information, including the reasons why you believe any of your rights have been infringed. In case of a legitimate complaint,
we will make the material inaccessible and/or remove it from the website.

Erasmus University Rotterdam

Making Minds Matter ZGM


https://doi.org/10.1038/s41366-024-01589-1
https://doi.org/10.1038/s41366-024-01589-1
https://pure.eur.nl/en/publications/b518f13a-991e-412f-8d75-6f0dc4f790db

International Journal of Obesity

ARTICLE =

Epidemiology and Population Health

The cardiovascular exercise response in children with
overweight or obesity children measured by cardiovascular
magnetic resonance imaging

Meddy N. Bongers—Karmaoui"z, Alexander Hirsch®*, Ricardo P. J. Budde? Arno A. W. Roest
Romy Gaillard @™

5> Vincent W. V. Jaddoe®'? and

© The Author(s), under exclusive licence to Springer Nature Limited 2024

www.nature.com/ijo

Check for updates

BACKGROUND: Overweight and obesity are among the main causes of cardiovascular diseases. Exercise testing can aid in the early
detection of subtle cardiac dysfunction not present in rest. We hypothesized that the cardiovascular response to exercise is
impaired among children with overweight or obesity, characterized by the inability of the cardiovascular system to adapt to
exercise by increasing cardiac volumes and blood pressure. We performed a cardiovascular stress test to investigate whether the
cardiovascular exercise response is altered in children with overweight and obesity, as compared to children with a normal weight.
SUBJECTS: A subgroup of the Generation R population-based prospective cohort study, consisting of 41 children with overweight
or obesity and 166 children with a normal weight with a mean age of 16 years, performed an isometric exercise.

METHODS: Continuous heart rate and blood pressure were measured during rest, exercise and recovery. Cardiovascular magnetic
resonance (CMR) measurements were performed during rest and exercise.

RESULTS: Higher BMI was associated with a higher resting systolic and diastolic blood pressure (difference: 0.24 SDS (95% Cl 0.10,
0.37) and 0.20 SDS (95% Cl 0.06, 0.33)) and lower systolic and diastolic blood pressure increases from rest to peak exercise
(—0.11 SDS (95% ClI —0.20, —0.03) and —0.07 SDS (95% Cl —0.07, —0.01)). BMI was also associated with a slower decrease in systolic
and diastolic blood pressure during recovery (p values < 0.05). Higher childhood BMI was associated with lower BSA corrected left
ventricular mass, end-diastolic volume and stroke volume (p values < 0.05). There were no associations of childhood BMI with the
cardiac response to exercise measured by heart rate and CMR measurements.

CONCLUSION: Childhood BMI is, across the full range, associated with a blunted blood pressure response to static exercise but
there were no differences in cardiac response to exercise. Our findings suggest that adiposity may especially affect the vascular

exercise reaction without affecting cardiac response.

International Journal of Obesity; https://doi.org/10.1038/541366-024-01589-1

INTRODUCTION

The overweight and obesity prevalence has increased sub-
stantially in children and adolescents worldwide and is a major
contributor to the incidence of cardiovascular diseases later in
life [1-4]. Already from childhood onwards, adiposity seems to
lead to subclinical cardiovascular adaptations, which predis-
pose to an increased risk of diseases later in life [5-8].
Previously, we have shown that a higher childhood body mass
index (BMI) was associated with a higher blood pressure, right
ventricular end-diastolic volume (RVEDV), left ventricular end-
diastolic volume (LVEDV) and left ventricular mass (LVM) in a
resting state [9, 10].

Exercise testing of the cardiovascular system may be used as an
additional tool in the early detection of cardiovascular dysfunction,
as it can reveal subtle pathology that is not present at rest [11-13].
Ideally, multiple cardiovascular measurements are obtained during
rest, exercise and recovery to obtain an adequate evaluation of the
response of the cardiovascular system to exercise. These
measurements include heartrate and blood pressure response
and changes in ventricular volumes, stroke volume, ejection
fraction and cardiac output. Previous studies have mainly focused
on heart rate and blood pressure measurements to determine an
abnormal cardiovascular response to physical exercise in small
clinical studies in children with obesity [14-16]. A study in 20
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children with obesity and 20 children with a normal weight aged
12-16 years old, found that children with obesity had a higher
resting diastolic blood pressure, but a lower increase after an
isometric handgrip exercise [17]. However, these results are not
consistent, and several studies reported no differences in blood
pressure or heart rate response in children with overweight or
obesity as compared to children with a normal weight [18-21].
Cardiac imaging during exercise would allow for more detailed
structural and functional cardiac measurements [22, 23]. Thus far,
no population-based paediatric cohort studies with detailed
cardiovascular stress response measurements using CMR are
available. We hypothesized that detailed measurements of the
cardiovascular system during exercise in children among different
BMI levels will reveal an affected cardiovascular exercise response
in children with overweight or obesity, characterized by the
inability of the cardiovascular system to adapt to exercise by
increasing cardiac volumes and blood pressure. These effects may
not be limited to childhood overweight and obesity, but rather
present across the full range of childhood BMI.

Therefore, in a subgroup of 207 children participating in a
population-based prospective cohort study, we performed a
cardiovascular stress test induced by isometric handgrip exercise
combined with detailed Cardiac Magnetic Resonance (CMR)
measurements of the cardiovascular system to study whether
the cardiovascular exercise response differs by childhood con-
current BMI. We examined the associations of childhood BMI
across the full range and in clinical subgroups.

METHODS

Study design and subjects

This study was nested in the Generation R Study, a population-based
prospective cohort study from early pregnancy onwards in Rotterdam, the
Netherlands [24]. Approval for the study was obtained from the Medical
Ethical Committee of Erasmus University Medical Center Rotterdam, The
Netherlands. The study has been performed in accordance with the ethical
standards in the 1964 Declaration of Helsinki. Written informed consent
was obtained from all participants. In total, 8879 pregnant women were
enrolled between 2001 and 2005. Of these mothers, a selected subsample
of 1184 Dutch mothers, gave birth to a singleton live born child and had
children with detailed assessments of fetal growth from first trimester
onwards, postnatal growth and cardiovascular development until late
childhood. We invited a random subgroup of 299 children from this
sample to participate in the cardiovascular exercise test, of which 211
children visited our research center. The main reasons for non-participation
were claustrophobia, a full school schedule or concerns regarding research
center visits during the COVID-19 pandemic. After exclusion of a child with
a MRI contraindication (n=1) and children with missing blood pressure
data during rest, peak exercise or recovery (n=3), 207 children were
available for analysis (Supplementary Fig. 1). Mean age (95% range) of the
children was 16.2 (15.0-17.4) years. Based on a priori hypotheses, we
oversampled children who were overweight or had obesity at previous
research visits for this study [25].

BMI and weight status

In our Generation R research center (Erasmus MC, Rotterdam, The
Netherlands), height and weight were measured without shoes and heavy
clothing. BMI (kg/mz) and body surface area (BSA) were calculated using
the Haycock formula [26, 27]. We obtained sex- and age-specific BMI
standard deviation scores (SDSs) based on Dutch reference growth curves
[28]. Childhood overweight and obesity status were defined according to
age- and sex-specific cut-off points according to the Cole criteria [25]. Due
to the small numbers, children with obesity (n=10) and children with
overweight (n=31) were merged into one group of children with
overweight or obesity (n = 41).

Continuous heart rate and blood pressure measurements
during the cardiovascular exercise test

To provoke a cardiovascular stress reaction, we used a sustained
isometric handgrip exercise. The exercise protocol has been described in
detail earlier [29]. Briefly, the maximal voluntary contraction (MVC) of the
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dominant hand was measured using a handgrip dynamometer. During
CMR examination, each volunteer was asked to sustain a grasp on the
handgrip at 30-40% MVC for 7 min. During the entire examination, heart
rate and blood pressure were continuously measured by the CareTaker
finger cuff system (Empirical Technologies Corporation, Charlottesville,
Virginia). Outcomes of interest were mean heart rate, systolic, diastolic
and mean arterial blood pressure at prespecified time-intervals. We
calculated the mean of 5 min rest before the start of the cardiovascular
exercise test and mean of each minute of the 7-min exercise. The 7th
min of the exercise was defined as peak exercise response. To measure
the cardiovascular recovery reaction, we calculated the mean of each
305 in the first 2 min after exercise cessation and the mean of the 5th
min after exercise cessation [29].

CMR measurements during the cardiovascular exercise test
Cardiac measures were obtained by CMR, as described previously [29].
Briefly, cardiac measurements were obtained using a wide-bore GE
Discovery MR 750 3T scanner (GE Healthcare, Milwaukee, MI, USA) in
resting state and during exercise. The protocol included balanced
steady-state free precession (SSFP) cine imaging and 2D phase contrast
images. During rest, first we acquired localizer images. Followed by
standard retrospective ECG-gated end expiration breath-held SSFP scans
with coverage from base to apex of the ventricles with a slice thickness
of 8 mm and interslice gap of 2 mm. All breath-holds lasted less than 15 s
per breath hold. The short axis stack SSFP cine images was repeated
during exercise. Furthermore, free-breathing high temporal resolution
2D phase contrast images of the ascending and descending aorta were
acquired at the level of the pulmonary trunk at rest for pulse wave
velocity measurements of the aorta. To determine the length of the
aortic segment between the two aortic levels, sagittal angulated 3D
SPGR images were acquired in a single breath hold. Finally, also SSFP
images were acquired at the level of the pulmonary trunk for aortic
distensibility.

Image analyses were performed by semi-automated analyses, which
were manually post-processed by two trained students using software
from Medis Medical Imaging Systems bv Leiden, The Netherlands: Medis
Suite (v.3.2.60.6Q), QMass (v.8.1.98.2) and Qflow (v.8.1.98.2). The analysis
were performed according to the guidelines of the Society for
Cardiovascular Magnetic Resonance (SCMR) [30]. Both students were
trained and closely supervised by a CMR specialized cardiologist (>20 years
of experience in CMR). One student measured all ventricular outcomes,
whereas the second student measured aortic pulse wave velocity (PWV)
and aorta distensibility. We observed good reproducibility for all CMR
measurements during rest and stress with coefficients of variation varying
from 2 to 11 and a mean intra-class correlation coefficient (ICC) of 0.90 +/—
0.12 [29].

On the cine short-axis stack we measured left ventricular mass (LVM)
during rest and left ventricular end-diastolic and end-systolic volume
(LVEDV and LVESV respectively) and calculated stroke volume and
ventricular ejection fraction (LVEF) during rest and exercise. Additionally,
left ventricular mass—volume ratio (LMVR) was calculated as LVM divided
by LVDV. Cardiac output was calculated by multiplying stroke volume
with heartrate. PWV was calculated as the ratio of distance Ax per time
At, where Ax is the length of the aortic segment measured on the 2D
phase contrast images along the centerline, and At is the time duration
needed for the pulse wave to travel that length through the aorta. Aortic
distensibility (107> mm Hg™") at the level of the pulmonary trunk, was
calculated using the following calculation: (maximum area — minimum
area)/(minimum area x AP) x 1000, where AP is the difference between
systolic and diastolic brachial pulse pressure in mmHg at time of the
distensibility sequence was performed.

Statistical analysis

First, we compared population characteristics between children who
were overweight or had obesity and children with a normal weight
using Student’s t-tests for independent samples for continuous
variables and chi-square tests for proportions. Differences in cardiovas-
cular measurements between rest and stress were calculated using a
paired sample t-test. Second, we used linear mixed-effects models with
cubic splines to model the heart rate, systolic blood pressure, diastolic
blood pressure and mean arterial pressure development from rest to
recovery among children with a normal weight and children with
overweight or obesity. Based on findings from previous studies, we
tested whether associations between weight group and cardiovascular
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exercise response were different according to sex [31, 32]. As the
interaction was significant, we included an interaction of weight group
with sex in the models. The final models included age, sex and weight-
group as fixed effects and time as random effect. We further examined
the associations of childhood BMI across the full range and in clinical
categories with differences in resting, peak and recovery heart rate and
blood pressure and functional CMR measurements at rest and exercise
using linear regression models. These models were adjusted for
childhood age and sex. Analyses with functional cardiac measurements
were performed with cardiac outcomes in absolute values and adjusted for
BSA, as cardiac measurements are highly dependent on body size with lean
body mass being the strongest predictor of cardiac dimensions [33]. By
adjusting cardiac outcomes for BSA, we aimed to further examine the
effects of excessive childhood body fat on cardiac measurements and not
only of body size. We constructed BSA adjusted SDS for the cardiac
measures using generalized additive models for location, size and shape
(GAMLSS) in R, version 4.0.3 (R Core Team, Vienna, Austria). GAMLSS is a
flexible statistical framework that models the distributional properties of
the data, including location (mean), scale (standard deviation), and shape
(skewness and kurtosis), allowing for heteroscedasticity and non-linear
relationships. By fitting GAMLSS to the data, we were able to
simultaneously model the mean and variance of the MRl measurements
as functions of BSA, thereby adjusting for differences in body size
independent of age [34, 35. Left ventricular ejection fraction (LVEF) and
LMVR were standardized as observed value mean/standard deviation.
Statistical analyses were performed using R, version 4.0.3 (R Core Team,
Vienna, Austria) and SPSS software (IBM-SPSS Statistics, Version 28.0.
Armonk, NY: IBM Corp.).

M.N. Bongers-Karmaoui et al.

RESULTS

Subject characteristics

Table 1 shows the population characteristics. In total, 41 overweight
or children with obesity were included and 144 children with a
normal weight were included. Median BMI was 26.4 kg/m? (95%
range 23.5-38.4 kg/m?) in the group of children with overweight or
obesity and 20.0kg/m? (95% range 16.1-23.8) in the group of
children with a normal weight. There were no differences in MVC
and mean voluntary contraction during the exercise between
children with overweight or obesity and children with a normal
weight. Children with overweight or obesity had a higher resting
diastolic blood pressure and mean arterial blood pressure and also a
higher resting LVEDV, LVESV, stroke volume and cardiac output, as
compared to children with a normal weight (p value < 0.05). Ejection
fraction was lower in children with overweight or obesity as
compared to children with a normal weight (p value < 0.05).

Childhood BMI and differences in heart rate and blood
pressure in response to exercise

Figure 1 shows the longitudinal patterns of heart rate and blood
pressure from rest to recovery, in response to exercise. In children
with a normal weight and children with overweight or obesity,
heart rate showed a steep increase at start of the exercise and a
steep decline at cessation. There were no differences in heart rate
response between children with a normal weight and children

Table 1. Characteristics of the study population (n = 207).
Children with overweight or Children with a normal weight P value
obesity (n =41) (n=166)

Child Characteristics
Age, mean (SD), years 16.2 (0.8) 16.2 (0.7) 0.62
Sex, n boys (%) 21 (51) 89 (54) 0.78
BMI, kg/m?, median (95%) 26.4 (23.8-38.4) 20.0 (16.1-23.8) <0.001
Dominant hand, n right (%) 40 (98) 153 (92) 0.22
Maximal voluntary contraction, mean (SD), kgf/m2 6277 (1505) 6148 (1616) 0.64
Mean contraction during exercise, mean (SD), kgf/m2 2085 (404) 2052 (421) 0.65
Resting heart rate, mean (SD), bpm 69 (10) 66 (8) 0.09
Resting systolic blood pressure, mean (SD), mmHg 119 (12) 116 (12) 0.11
Resting diastolic blood pressure, mean (SD), mmHg 72 (8) 68 (8) 0.02
Resting mean arterial blood pressure, mean (SD), mmHg 87 (9) 83 (8) 0.03

Resting CMR measurements
Left ventricular mass, median (95%), gram 95 (68-113) 85 (60-125) 0.01
Left ventricular mass/BSA, median (95%), gram/m? 47 (9) 50 (8) 0.01
Left ventricular end-diastolic volume, mean (SD), ml 188 (26) 168 (25) <0.001
Left ventricular end-diastolic volume/BSA, mean (SD), ml/m? 92 (12) 98 (11) 0.03
Left ventricular end-systolic volume, mean (SD), ml 89 (15) 76 (14) <0.001
Left ventricular end-systolic volume /BSA, mean (SD), ml/m? 44 (7) 44 (6) 1.00
Left ventricular mass-volume ratio, mean (SD) 0.50 (0.05) 0.52 (0.05) 0.03
Stroke volume, mean (SD), ml/heart beat 100 (16) 92 (115) <0.01
Stroke volume/BSA, mean (SD), ml/heart beat/m? 49 (7) 53 (7) <0.001
Left ventricular ejection fraction, mean (SD), % 53.0 (4.1) 54.8 (4.0) 0.01
Cardiac output, mean (SD), I/min 6.8 (1.1) 6.0 (1.1) <0.001
Cardiac index, mean (SD), I/min/m? 3.3 (0.5) 3.5 (0.6) 0.13
Aorta distensibility, mean (SD) '>>mmHg 11.1 (2.4) 10.7 (3.2) 0.50
Pulse Wave Velocity, median (95%), m/sec 4.1 (2.0-9.7) 3.8 (2.0-9.3) 0.57

Values are observed data and represent means (SD), medians (95% range) or numbers of subjects (valid %). Differences in subject characteristics between the
children with overweight or obesity and children with a normal weight were evaluated using assessed by Student’s t-tests for independent samples.
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Trajectories of heart rate and blood pressure values over time were T=0 is the beginning and T =7 the end of the exercise,

Values were estimated from linear mixed models with 7-knot splines. P values for differences in trajectory between children with and
without overweight or obesity were p: 0.187 for heartrate (A), p: 0.002 for systolic blood pressure (B), p:0.001 for diastolic blood pressure (C)

and p <0.001 for mean arterial pressure (D).

with overweight or obesity throughout the exercise. Children with
overweight or obesity started with a higher blood pressure than
children with a normal weight at rest. In both children with a
normal weight and children with overweight or obesity, systolic
and diastolic blood pressure showed a small pressure drop in the
first minute of exercise with an increase thereafter. This drop was
more pronounced in children with a normal weight than children
with overweight or obesity, with a higher increase thereafter. After
cessation of the exercise, children with a normal weight recovered
faster towards resting levels of blood pressure than children with
overweight or obesity. In the 5th minute of the recovery, systolic
and diastolic blood pressure were still higher than resting blood
pressure before exercise in children with overweight or obesity
(p < 0.05). A similar pattern was present for mean arterial pressure.
P values for differences in trajectories between children with and
without overweight or obesity were p=0.187 for heartrate,
p =0.002 for systolic blood pressure, p = 0.001 for diastolic blood
pressure and p <0.001 for mean arterial pressure. Patterns were
more pronounced in girls than in boys.

Table 2 shows the cross-sectional associations of childhood BMI
with differences in heart rate and blood pressure in response to
exercise. Childhood BMI was not associated with differences in
resting heart rate, peak exercise heart rate or recovery heart rate.
Higher childhood BMI was associated with a higher resting systolic
blood pressure and lower increase from rest to peak exercise
(difference: 0.24 SDS (95% Cl 0.10, 0.37) and —0.11 SDS (95% Cl
—0.20, —0.03) respectively). Similarly, higher childhood BMI was
associated with a higher resting diastolic blood pressure and
lower increase from rest to peak exercise (difference: 0.20 SDS
(95% Cl 0.06, 0.33) and 0.07 SDS (95% Cl —0.07, —0.01)
respectively. Similar associations were found for mean arterial
blood pressure (p value < 0.05). During recovery, higher childhood

SPRINGER NATURE

BMI was associated with a lower decreases in systolic blood
pressure, diastolic blood pressure and mean arterial blood
pressure from cessation onwards (all p values < 0.05). After 5 min
rest, a higher childhood BMI was still associated with a lower
decrease in systolic blood pressure (difference: —0.11 SDS (95% Cl
—0.21, 0.—0.02), diastolic blood pressure (difference: —0.08 SDS
(95% ClI —0.16, —0.01), and mean arterial blood pressure
(difference: —0.13 SDS (95% ClI —0.23, —0.02). Categorized
analyses showed a similar pattern, with an adverse blood pressure
response in children with overweight or obesity as compared to
children with a normal weight. Table 3 shows that no associations
of childhood BMI or childhood overweight/obesity with aortic
distensibility or PWV were present.

Childhood BMI and differences in CMR measurements in
response to exercise

Figure 2 graphically shows all differences in CMR measurements in
rest and exercise among children with a normal weight and
children with overweight or obesity. In both children with a
normal weight and children with overweight or obesity, LVEDV,
LESV and cardiac index increased from rest to exercise following a
similar pattern. LVEF slightly decreased during exercise and stroke
volume remained equal from rest to exercise in both children with
overweight or obesity and children with a normal weight. Thus,
LVEF and BSA corrected LVEDV and stroke volume were lower in
children with overweight or obesity than in children with a normal
weight at rest and remained lower during the exercise.

Table 3 shows the associations of childhood BMI across the full
range and in clinical categories with BSA corrected SDS scores of
the cardiac measurements. During rest, higher childhood BMI was
associated with a lower BSA-adjusted LVM, LVEDV, LMVR and
lower stroke volume per SDS increase in BMI (p values < 0.05), but
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Table 3. Associations of childhood BMI with differences in CMR measurements between rest and exercise.

LV mass, SDS
Normal weight
Overweight/obesity
BMI, SDS

LV end-diastolic volume, SDS

Normal weight
Overweight/obesity
BMI, SDS

LV end-systolic volume, SDS

Normal weight
Overweight/obesity
BMI, SDS

LV mass-volume ratio, SDS

Normal weight
Overweight/obesity
BMI, SDS

LV stroke Volume, SDS
Normal weight
Overweight/obesity
BMI, SDS

LV ejection fraction, SDS
Normal weight
Overweight/obesity
BMI, SDS

LV cardiac index, SDS
Normal weight
Overweight/obesity
BMI, SDS

Aortic distensibility, SDS
Normal weight
Overweight/obesity
BMI, SDS

Aortic pulse wave velocity, SDS

Normal weight
Overweight/obesity
BMI, SDS

Rest

Ref
—0.27 (—0.53, 0.00)

—0.18 (—0.29, —0.07)*

Ref
—0.13 (—0.43, 0.17)

—0.13 (-0.26, —0.01)*

Ref
—0.03 (—0.35, 0.29)
—0.13 (-0.26, 0.01)

Ref

—0.36 (—0.68, —0.04)*
—0.20 (—0.33, —0.07)*

Ref

—0.42 (-0.72, —0.12)*
—0.17 (-0.29, —0.05)*

Ref
—0.01 (—0.35, 0.34)
0.01 (—=0.13, 0.15)

Ref
—0.16 (—0.49, 0.17)
—0.07 (—0.20, 0.07)

Ref
0.09 (—0.23, 0.42)
0.01 (—0.13, 0.14)

Ref
0.11 (—0.26, 0.47)
0.00 (—0.15, 0.15)

Difference rest -
exercise

NA
NA
NA

Ref
—0.01 (—0.29, 0.27)
—0.05 (—=0.17, 0.07)

Ref
—0.08 (—0.37, 0.21)
—0.04 (—0.16, 0.09)

NA
NA
NA

Ref
—0.02 (—0.31, 0.28)
—0.08 (—0.20, 0.05)

Ref
—0.01 (—0.37, 0.36)
0.01 (—0.14, 0.17)

Ref
0.05 (—0.30, 0.40)
—0.06 (—0.21, 0.08)

NA
NA
NA

NA
NA
NA

Values represent regression coefficients (95% confidence interval) from linear regression models that reflect differences in resting CMR measurements and in
the delta of the measurements (from rest to exercise) between children with a normal weight (n = 166) and overweight or obesity (n =41) children in the
categorical analysis and per 1 SDS increase in BMI in de continuous analysis. All cardiac measurements were transformed to BSA corrected SDS scores. For LV
ejection fraction and LV mass-volume ratio we did not create a BSA-adjusted SDS, but standardized this measure as (observed value mean)/standard deviation.

All coefficients are corrected for age and sex.
BMI body mass index, LV left ventricular, SDS standard deviation score.
*P value < 0.05.

not with resting LVESV, LVEF and cardiac index. Children with
overweight or obesity had a lower stroke volume and LMVR
compared to children with a normal weight (p value < 0.05).
During exercise, there was a trend towards an association of
childhood BMI with lower increases in LVESV, LVEDV and stroke
volume, although not significant. These associations were in
similar direction as compared to BSA-unadjusted cardiac out-
comes. Supplementary Tables 1 and 2 show the associations with
BSA corrected absolute cardiac measurements and non-BSA
adjusted cardiac measurements respectively. Childhood BMI was

SPRINGER NATURE

not associated with differences in cardiac measurements from rest
to exercise.

DISCUSSION

In this population-based cohort study among 207 children with a
mean age of 16 years, we observed that children with overweight
or obesity had a higher resting blood pressure and an impaired
blood pressure response to handgrip exercise, characterized by
lower increases in systolic and diastolic blood pressure during
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Fig. 2 Differences in cardiac measurements between rest and exercise. All volumetric measurements (except for LVEF) were corrected for

BSA.

exercise and a prolonged recovery time, as compared to children
with a normal weight. This pattern was present across the full
range of childhood BMI. No differences in heartrate or change in
cardiac volumes and ejection fraction in response to exercise were
present in children with overweight or obesity as compared to
children with a normal weight.

Interpretation main findings

Accumulating evidence suggests that childhood overweight and
obesity can lead to minor cardiovascular structural and functional
changes that track into adulthood [5-8]. These permanent
adaptations in structure, physiology and function of cardiovascular
systems, predispose to an increased risk of cardiovascular disease
in later life [36-39].

Most previous studies focused on cardiovascular differences
among children with obesity, in rest only. In this study we explored
the associations of childhood BMI across the full range and in clinical
categories (overweight and obesity) with cardiovascular outcomes
during rest and exercise. At rest, we observed a higher blood
pressure in children with overweight or obesity compared to
children with a normal weight, whereas heartrate was not different.
We also showed that BMI across the full range, was associated with a
higher resting blood pressure. Partly in line with our findings, a large
cross-sectional study in 9167 children aged 5 to 17 years old,
examined the associations of obesity with cardiovascular risk factors
and showed a strong relationship between childhood obesity and
higher blood pressure. A study in 2460 children with a mean age of
15 years showed that children with obesity had a higher heart rate
than children without obesity [40]. These studies defined obesity as

International Journal of Obesity

a BMI >95th percentile. Possibly, stronger associations of childhood
BMI with heart rate are only present in the those with clinical obesity
but not below this clinical threshold. Our study population only
included a low number of children with obesity.

In line with previous studies, we further observed that a higher
childhood BMI is related with a higher childhood LVM, LVEDV,
LVESV, stroke volume and cardiac output and a lower LMVR in rest
[33]. We found no associations of childhood BMI with aortic
distensibility or PWV. CMR measurements are strongly influenced by
body size without reflecting an underlying disease process per se.
Studies correcting for BSA show that, after correction, differences in
LVM and ventricular dimensions related to obesity are no longer
significant [41, 42]. In our study, we observed that higher childhood
BMI was associated with a lower BSA adjusted LVM, LVEDV and
stroke volume. This suggests that, not excessive fat mass, but rather
lean mass is an important determinant of cardiac size. In a previous
study done by our research group at the age of 9 years, we showed
that, independently of childhood BMI, higher lean mass index was
associated with a higher in LVEDV and LVM, whereas higher fat mass
index and visceral adiposity index were associated with lower LVEDV
and LVM [9]. A study among 201 children from 6 to 17 years old,
suggested that not total body fat, but lean body mass is the main
determinant of LVM in childhood [43]. Lean body mass is associated
with an increase in blood volume, leading to a higher preload and
thus increase in LVM and LVEDV, whereas adipose mass is less
metabolically active [44]. Similarly, a study in 243 children with a
mean age of 11 years, found that body fat as measured by suprailiac
skinfold thickness was inversely associated with LVM, which
persisted into adolescence [43, 45].

SPRINGER NATURE
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Exercise testing of the cardiovascular system could aid in the
early detection of subtle cardiovascular adaptations, not yet
present in rest [11-13]. In this unique study, we continuously
measured systolic, diastolic and mean arterial blood pressure
during exercise and recovery and LVM and volumes during
exercise. No other studies have ever conducted a cardiovascular
exercise stress test combined with CMR measurements in children.
We observed that higher childhood BMI is associated with a
blunted stress reaction of systolic and diastolic blood pressure
during isometric handgrip exercise. Higher BMI was associated
with lower increases in blood pressure during exercise and a
prolonged recovery. Remarkably, these effects were not solely
present in children with overweight or obesity, but rather present
across the full range of BMI. Earlier studies have shown that
obesity is characterized by a higher sympathetic nervous system
activity, but with less variability during the day and in response to
stressors [46-48]. A study in 40 normotensive women with obesity
with a mean age of 32 years and 15 age-matched normotensive
lean women, measured muscle sympathetic nerve activity during
rest and during a static exercise at 30%MVC. They found a higher
resting sympathetic nerve activity in women with obesity, but a
lower increase during exercise than in lean women [49]. During
exercise, the muscle metaboreflex activates the sympathetic nerve
system which elicits an increase in blood pressure [50].
Presumably the muscle metaboreflex control of sympathetic
nerve activity is blunted in individuals with overweight or obesity
[49]. Also in children, research has already shown that obesity is
associated with nervous system dysfunction and an impaired
baroreflex sensitivity with less variation [51]. Decreased baroreflex
sensitivity contributes to the development and progression of
many cardiovascular diseases [52]. We also observed an associa-
tion of higher BMI with a slower decrease in blood pressure during
recovery after cessation of the exercise, exposing the left ventricle
to prolonged increased afterload. A study in 14 boys with obesity
and 13 boys with a normal weight of 11-12 years old showed that
baroreflex sensitivity returned to baseline levels in a 3 min
recovery period after isometric handgrip exercise in boys with a
normal weight, but remained elevated in boys with obesity [53].
This mechanism is highly involved in the blood pressure
regulation during exercise [54]. The latter study also observed a
reduced capacity for total peripheral resistance adaptations from
exercise to recovery in boys with obesity compared with boys with
a normal weight [53]. These findings, together with the findings of
the current study, suggest an early vascular dysfunction in
children with overweight or obesity and children with obesity.

We did not find a difference cardiac response between children
with overweight or obesity and children with a normal weight.
During exercise, we found a trend towards an association of BMI
with lower increases in LVEDV, LVESV, cardiac output and stroke
volume, although not significant. This is in line with a meta-
analysis of 7 studies with a total of 287 adolescents with obesity
and 126 adolescents with a normal weight that reported no
difference in peak heart rate between both groups. A study
among 13 girls with obesity with a mean age of 13.6 years and a
BMI of >30 compared to 13 girls with a normal weight, examined
the cardiac response to exercise measured by echocardiography
and found that peak exercise cardiac output, stroke volume and
aortic velocity were higher in girls with obesity compared to girls
with a normal weight. However, after adjustment for BSA, no
significant differences were present [20]. Possibly, obesity
primarily affects the muscle metaboreflex and baroreflex sensitiv-
ity that influences vascular resistance and blood pressure, without
leading to an altered cardiac response in children with obesity.
The cohort group in the present study consisted of relatively
healthy children with lower obesity grades and the amount of
children with obesity is relatively small. Studies in more affected
children with higher obesity grades should determine whether the
cardiac response is affected by obesity in higher risk groups.

SPRINGER NATURE

Addition of lean mass measurements can differentiate the
association of excessive fat mass from lean body mass on
cardiovascular function.

Although the isometric handgrip exercise led to significant
changes in CMR measurements, possibly these changes were too
marginal to reveal subtle differences in cardiac adaptation to
exercise in children with overweight or obesity. Newer CMR
techniques allow for real-time free breathing and ECG-free
scanning during exercise with preservation of the image quality
[55, 56]. These techniques allow for different types of exercise to
higher exertions. The cardiovascular exercise response can differ
depending on exercise type and body position [57]. Previous
exercise studies have published increases, decreases or no
significant changes in LV volumes in response to exercise [58].
Future studies should examine the effects of different exercise
modalities and different exercise protocols to aim greater changes
in CMR measurements to enable a more detailed measurement on
the cardiovascular exercise response. These studies should also
include measurements of the right ventricle and ventricular
diastolic function to obtain a more detailed measurement of the
cardiac function.

Strengths and limitations

This study is the first study examining the cardiovascular response
to exercise in a non-diseased childhood population with detailed
CMR measurements. Also, to our knowledge, no other studies
measured a continuous heart rate and blood pressure during rest,
exercise and recovery in a relatively large group of children.
However, this subgroup of our cohort, compromised a relatively
healthy population in comparison to the general population and
consisted only participants with a Dutch nationality. This may
affect the generalizability of our results. Studies in higher risk
groups and population based studies should determine whether
similar associations are present in other study populations.
However, our results suggest that even in children with lower
grades of obesity, there is an adjustment of the cardiovascular
system to the excessive bodyweight. This underscores the
importance of early intervention and prevention strategies in
addressing cardiovascular health in pediatric populations. More-
over it suggest that our new CMR exercise protocol is sensitive
enough to detect differences in cardiovascular exercise response,
even in children with lower risks of developing cardiovascular
diseases. One percent of our CMR scans during exercise were of
insufficient quality for assessment and were excluded from our
analysis. These exclusions were mainly due to breathing artefacts
or ECG triggering problems. Studies using newer CMR techniques
without the use of an ECG and breath-holds probably leads to
higher image quality during exercise.

CONCLUSION

Higher childhood BMI is across the full range associated with
higher resting blood pressure and an impaired blood pressure
reaction to isometric handgrip exercise with a prolonged increased
afterload during recovery. This suggest that children with over-
weight or obesity are not fully able to adapt their vascular system
to stress. No associations of childhood BMI with changes in CMR
and heart rate measurements in response to exercise were present
suggesting that there are no effects of BMI on the cardiac
response. Future studies in children with higher obesity grades
should determine whether the cardiac response is also affected by
obesity in higher risk groups and whether this response is
associated with later cardio metabolic morbidity and mortality.

DATA AVAILABILITY
The datasets generated during and/or analysed during the current study are available
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