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Abstract

To examine feasibility and reproducibility and to evaluate the cardiovascular response to an isometric handgrip exercise in
low-risk pediatric population using Cardiovascular Magnetic Resonance measurements. In a subgroup of 207 children with
amean age of 16 years participating in a population-based prospective cohort study, children performed an isometric hand-
grip exercise. During rest and exercise, continuous heart rate and blood pressure were measured. Cardiovascular magnetic
resonance (CMR) measurements included left ventricular mass, aortic distensibility and pulse wave velocity at rest and left
ventricular end-diastolic and end-systolic volumes, ejection fraction, stroke volume and cardiac output during rest and exer-
cise. 207 children had successful CMR measurements in rest and 184 during exercise. We observed good reproducibility for
all cardiac measurements. Heart rate increased with a mean + standard deviation of 42.6% +20.0 and blood pressure with
6.4% +7.0,5.4%+6.1 and 11.0% + 8.3 for systolic, diastolic and mean arterial blood pressure respectively (p-values < 0.05).
During exercise, left ventricular end-diastolic and end-systolic volumes and cardiac output increased, whereas left ventricu-
lar ejection fraction slightly decreased (p-values < 0.05). Stroke volume did not change significantly. A sustained handgrip
exercise of 7 min at 30-40% maximal voluntary contraction is a feasible exercise-test during CMR in a healthy pediatric
population, which leads to significant changes in heart rate, blood pressure and functional measurements of the left ventricle
in response to exercise. This approach offers great novel opportunities to detect subtle differences in cardiovascular health.
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Introduction patients at increased risks of cardiovascular diseases, even

when clinical symptoms are not yet present [2]. In pediatric

Cardiovascular diseases are a major public health problem
and leading cause of death worldwide [1]. In adults, cardio-
vascular exercise tests are used as a screening tool to identify
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clinical populations, cardiac exercise testing is mostly used
in children with a known cardiac abnormality to evaluate
the severity of the condition, effects of treatment and prog-
nosis [3-5]. During exercise, the response of the circulatory
system is designed to match the higher oxygen requirements
in the exercising muscles by raising heart rate, heart con-
tractility and blood pressure [6]. In both adult and pediatric
populations with cardiac abnormalities and cardiovascular
diseases, an abnormal response of the cardiovascular system
to exercise is associated with poorer cardiovascular health
outcomes and overall reduced quality of life [7-9].
Accumulating evidence suggests that cardiovascular dis-
eases might originate from early life onwards [10]. Early life
exposures during pregnancy and childhood may be associ-
ated with persistent cardiac structural and functional devel-
opmental adaptations, predisposing to increased risks of car-
diovascular dysfunction and diseases in later life [11-13].
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Recent evidence from small pediatric studies suggests that
cardiovascular exercise testing may provide important infor-
mation on cardiovascular health in non-diseased pediatric
populations, which enables detection of subtle cardiovas-
cular dysfunction not yet present in rest [ 14, 15]. The appli-
cation of cardiovascular exercise tests in longitudinal birth
cohort studies may serve as a valuable tool to reveal subtle
cardiovascular developmental adaptations in response to
early life exposures, and to better identify children who are
at a higher risk of cardiovascular diseases and mortality in
later life. CMR during exercise provides superior high reso-
lution image quality and can produce 3D images of all the
cardiac chambers. Several small studies have used CMR to
obtain more detailed insight into cardiac adaptations to exer-
cise and showed differences in cardiac response to exercise
in diseased and non-diseased populations [16—18]. Com-
bined with CMR, Isometric handgrip exercise is the most
feasible physical stressor as it allows scanning without los-
ing image quality due to movement artefacts [19].

Therefore, in a population-based prospective cohort study
from early pregnancy onwards, we performed a cardiovas-
cular stress test induced by isometric handgrip exercise
combined with detailed measurements of the cardiovascu-
lar system. The objectives of this study were to develop a
Cardiac Magnetic Resonance imaging (CMR) exercise study
protocol using an isometric handgrip exercise in children,
to demonstrate the feasibility and reproducibility of this
protocol in a population-based cohort and to evaluate the
cardiovascular response to exercise in a low-risk pediatric
population.

Methods
Study design and subjects

This study was nested in the Generation R Study, a popula-
tion-based prospective cohort study from early pregnancy
onwards in Rotterdam, the Netherlands [20]. Approval for
the study was obtained from the Medical Ethical Commit-
tee of Erasmus MC University Medical Center Rotterdam,
The Netherlands. Written consent was obtained from all
participants. In total, 8879 pregnant women were enrolled
between 2001 and 2005. Of these mothers, a selected sub-
sample of 1184 Dutch mothers had a known gestational age
based on the last menstrual period, 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
210 children visited our research center. The main reasons
for non-participation were claustrophobia, a full school

@ Springer

schedule or concerns regarding research center visits dur-
ing the COVID-19 pandemic. After exclusion of children
with missing blood pressure data during rest, peak exercise
or recovery (n=3), 207 children were available for analysis
(Fig. 1). Mean age + standard deviation (SD) of the children
was 16.2+0.7 years. Based on a priori hypotheses, we over-
sampled children who were overweight or obese according
to the Cole criteria at previous research visits [21] and chil-
dren born small for their gestational age (sex and gestational
age adjusted birth weight below the 10th percentile in the
study cohort) or preterm (born < 37 weeks of gestation) for
future studies in higher risk groups.

Handgrip exercise

This study was conducted in the Generation R MRI research
center in the Erasmus University Medical Center, Rotter-
dam, Netherlands. To provoke a cardiovascular stress reac-
tion, we used a sustained isometric handgrip exercise. Ear-
lier studies have shown that a sustained handgrip of 30% to
40% of the maximal voluntary contraction (MVC) for 7 min
is a feasible exercise that leads to a substantial increase in
heart rate and blood pressure [19]. To measure the MVC,
all participants were tested in the seated position with their
elbow flexed at 90°. Maximal isometric voluntary contrac-
tion of the dominant hand was measured three times using
the calibrated handgrip dynamometer SS56L hand clench
force bulb, which consists of a soft plastic hand bulb which
facilitated squeezing of the bulb with negligible body move-
ment (Fig. 2A). Data on contraction force was analyzed by
a corresponding software (Biopac Systems Inc., Santa Bar-
bara, CA). If the trial measurements were not within 10%
of each other, additional trials were performed until a con-
sistent plateau was reached. The highest of the three values
(kgf/m?) was defined as the subject’s maximal voluntary
contraction (MVC). 30% and 40% MVC were calculated
and taken forward to the cardiovascular exercise test dur-
ing CMR. We used the same MRI-compatible hand bulb,
when the participant was positioned in the MRI scanner to
conduct the handgrip exercise for the cardiovascular exer-
cise test during CMR. Based on previous studies using a
similar isometric handgrip exercise protocol, each volunteer
was asked to sustain a grasp on the handgrip at 30-40%
MVC with the dominant hand for a period of 7 min during
which the cardiovascular exercise response to this exercise
was measured by continuous heart rate and blood pressure
monitoring and repeated CMR scans. The monitoring soft-
ware continuously displayed the handgrip force induced by
the participant (Fig. 2B). An MRI-compatible standalone
mirror above the participant’s eyes enabled the participant to
look outside the scanner in the direction of a beamer, located
behind the scanner, on which the real-time force line was
presented in the graph. The individual target force of 40%
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Fig. 1 Flowchart of the study
participants

n= 299
Children invited for the study.

n=210

Children participated to the study.

n= 89

Were unreachable (n=37), did not
want participate to the study due
to fear for the MR, lack of time,
unwillingness to visit the hospital
during the COVID pandemic,
COVID related symptoms or any
other personal reasons (n=48) or
had a MRI contraindication (n=4).

n= 207

Children with available blood
pressure and heart rate and
cardiac measurements during

n=3

Excluded because:

- there was missing data on the
blood pressure measurement
because the battery of the blood
pressure measurer ran down (n=1)
- there was missing data on the
recovery because the blood
pressure measurement
accidentally stopped too early
(n=1)

- the examination was ended
before start of the exercise due to

exercise

exercise: n= 184

e Available blood pressure and
heart rate data: n= 208

e Available MRI data: n= 209

¢ Available MRI data during

nausea of the participant (n=1)

MVC was shown in the graph to facilitate motivating the
participant to reach the 40% MVC with a minimum of 30%
MVC. Besides the visual feedback, the operators guided and
motivated the participant vocally.

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

We obtained heart rate and blood pressure measurements
during rest, exercise and recovery [5, 6, 22-25]. Heart
rate was continuously measured during the cardiovascular
exercise test by the CareTaker device (Empirical Tech-
nologies Corporation, Charlottesville, Virginia). This is a
physiological sensing system, which consists of a finger

cuff and a pressure line that pneumatically telemeters the
pulsations to an electric pressure sensor outside the scan-
ning room, which converts the pressure pulsations. Sys-
tolic blood pressure, diastolic blood pressure and mean
arterial pressure were measured with the same CareTaker
device (Fig. 2C-E).

We converted the continuous measurements to mean
measurements of heart rate and blood pressure for prede-
fined time-intervals [26, 27]. 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-
ute of the exercise was defined as peak exercise. To measure
the cardiovascular recovery reaction, we calculated the mean
of each 30 s in the first two minutes after exercise cessation
and at the 5th minute after exercise cessation.
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Fig.2 Handgrip exercise force, heart rate and blood pressure moni-
toring. Image of the clench force bulb that was used for the isomet-
ric handgrip exercise (A) and an example of the output of a handgrip
exercise performed by a participant in kgf/m? (B). The upper hori-
zontal black line (arrow) in the figure corresponds to the 40% of the
maximal voluntary contraction of the participant. C-E. Examples of
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a heart rate measurement in beats per minute (C), systolic (blue) and
diastolic (red) blood pressure in mmHg (D) and mean arterial pres-
sure in mmHg (E). The first vertical blue line corresponds to the start
of the exercise and the second vertical blue line to the end of the exer-
cise
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CMR measurements during the cardiovascular
exercise test

Image acquisition was performed on a 3 T clinical MRI
scanner (Discovery MR750w, GE Healthcare, Milwaukee,
WI, USA) using a small torso 16ch body AA coil in com-
bination with the table embedded coil array. The protocol
included breath-hold balanced steady-state free precession
(SSFP) cine imaging and 2D phase contrast images. First,
2D phase contrast images were acquired during breath
hold at the level of the aortic root perpendicular to the
aorta with the following parameters: FOV 360 X 288 mm,
slice thickness 6 mm, matrix size 192 X 160, flip angle
20°, TR 6.0 ms, TE 3.8 ms, NEX 1, ASSET 2, VENC
200 cm/s, views per segment 6 and 30 reconstructed car-
diac phases. Thereafter, both at rest and exercise (starting
at 2 min), standard retrospective ECG-gated short axis
SSFP images were obtained during repeated end-expira-
tory breath holds with coverage from base to apex of the
ventricles. Scan parameters were: 2 slices per breath-hold,
slice thickness 8 mm, inter-slice gap 2 mm, TR 3.1 ms,
TE 1.5 ms, flip angle 45°, NEX 0.5, ASSET 2, field of
view (FOV) 360 x 288 mm, acquired matrix 128 x 180
with 30 reconstructed phases per cardiac cycle. Further-
more, 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. Scan
parameters: FOV 252 X 360 mm, slice thickness 6 mm,
matrix size 160 x 128, flip angle 20°, TR 5.0 ms, TE
3.1 ms, NEX 2, VENC 180 cm/s, views per segment 1
and 100 reconstructed cardiac phases. 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 (scan parameters: FOV 360 X 252 mm,
slice thickness 3.4 mm, TR 1.7 ms, TE 0.8 ms, matrix
size 100 x 192, NEX 4, flip angle 2°). Finally, also SSFP
images were acquired at the level of the pulmonary trunk
for aortic distensibility (FOV 360 X 360 mm, slice thick-
ness 6 mm, TR 3.0 ms, TE 1.1 ms, flip angle 40°, NEX
1, ASSET 2, acquired matrix 160 X 224 with 30 recon-
structed phases per cardiac cycle). Image analyses were
performed by artificial intelligence-based automated anal-
yses and were manually post-processed by two students.
One student measured all ventricular outcomes, the second
student measured aortic outcomes. The student measuring
ventricular outcomes used 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)
and the other student used MASS(R) MR Analytical Soft-
ware System, Leiden, The Netherlands (v. 2021). The
analysis were performed according to the guidelines of the
Society for Cardiovascular Magnetic Resonance (SCMR)

[28]. Both students were trained and closely supervised
by imaging CMR specialized cardiologist with > 20 years
of experience (AH).

On the cine short-axis stack we measured left ventricular
mass (LVM), left ventricular end-diastolic and end-systolic
volume (LVEDV and LVESV respectively) and calculated
stroke volume and ventricular ejection fraction (LVEF).
Automatic segmentation was performed by delineation of
the left endocardial and epicardial borders and then manu-
ally adjusted (Fig. 2A). Papillary muscles and trabecular
tissue were included within the ventricle volumes [5, 29].
Additionally, left ventricular mass—volume ratio (LMVR)
was calculated as LVM divided by LVDV. Cardiac output
was calculated by multiplying stroke volume with heartrate.
For calculation of cardiac output during exercise, mean heart
rate measurements during the 7th minute of exercise were
used. Aortic pulse wave velocity (PWV) and distensibility
were measured using MASS(R). PWV was calculated as
the ratio of distance Ax per time At, where Ax is the length
of the aortic segment measured on the MR image along the
centerline, and At is the time duration needed for the pulse
wave to travel that length through the aorta. To calculate the
At, we identified the maximum upslope of the velocity curve
and calculated the time difference between the moment of
the maximum upslope of the velocity curve in the ascending
and descending aorta (Fig. 3B—D). For the calculation of
the aortic distensibility, minimum and maximum ascend-
ing aortic cross-sectional areas were identified (Fig. 3E, F).
Aortic distensibility (107> mm Hg™!) was calculated using
the following calculation: (maximum area — minimum area)/
(minimum area X AP) x 1.000, where AP is the difference
between systolic and diastolic brachial pulse pressure in
mmHg at time of the distensibility CMR scan.

Images of 30 randomly selected participants were ana-
lyzed twice by the same student to obtain intra-observer
reproducibility. Both students performed their offline meas-
urements twice, with an interval of two weeks to prevent
recall bias. After the first reproducibility set, we observed a
scope for improvement in the reproducibility of the disten-
sibility measurements. The student was again trained by the
same cardiologist (AH). After this training, the reproduc-
ibility test was repeated in another 30 random participants.
All images were assessed for quality by the students. If there
were any doubts on image quality, images were assessed by
the cardiologist (AH). If images did not have enough quality,
images were excluded from the analysis.

Statistical analysis
First, differences in heart rate and blood pressure measure-
ments between rest and exercise were calculated using a

paired sample T-test. Differences in subject characteristics
between boys and girls were assessed by Student's t-tests

@ Springer
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Fig.3 Example of the cardiac MRI images obtained during rest and
exercise. A Left ventricle chamber quantification in short axis slices
that cover the whole left ventricle. The left ventricle endocardium and
left ventricle epicardium are delineated in systole and diastole, during
rest and during exercise. B-D. Measurement of the pulse wave veloc-
ity (PWYV). The contours of the ascending and descending aorta were
drawn to measure the blood flow in ml/s (B, C). PWV was calculated
as the ratio of distance Ax per time At, where Ax is the length of the
aortic segment measured on the MR image data along the centerline
(D), and At is the time duration needed for the pulse wave velocity

for independent samples for continuous variables and chi-
square tests for proportions. Second, we examined repro-
ducibility for all CMR measurements following Bland and
Altman analyses [30, 31]. We plotted the measurements with
the line of equality to explore the degree of agreement [30,
31]. Intraclass correlation coefficients (ICC) with a 95%
confidence interval and the coefficients of variation (CV)
were calculated for each measurement to evaluate consen-
sus within the observer [30, 31]. Intra-observer variability
was quantified calculating the mean difference in percentage
measurement error with the 95% limits of agreement (mean
difference [%] + 1.96 SD) for all CMR measurements in rest
and during exercise. Finally, differences in cardiac meas-
urements between rest and exercise were examined using
a paired sample T-test. The analyses were performed using
the Statistical Package of Social Sciences version 24.0 for
Windows (SPSS Inc., Chicago, IL, USA).

Results
Subject characteristics
Table 1 shows the population characteristics. Mean

age was 16 years and 54% were boys. Mean resting sys-
tolic blood pressure was 117 + 11 mmHg, mean resting
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to travel that length through the aorta. To calculate the At, we identi-
fied the time point of the maximum flow upslope of the ascending
aorta and the maximum flow upslope of the descending aorta and
calculated the At between these two time points in ms. E-F Calcula-
tion of the aortic distensibility. The minimum (E) and maximum (F)
ascending aortic cross-sectional areas were measured. Aortic disten-
sibility (10 mm Hg™") was calculated using the following calcula-
tion: (maximum area — minimum area)/(minimum area X AP) x 1000,
where AP is the brachial pulse pressure in mmHg

diastolic blood pressure was 69+ 8 and mean resting heart
rate was 66 +9 beats per minute (bpm). Median LVM
was 86 (95% range: 61-132)grams, mean resting LVEDV
172 +31 ml, resting LVESV 79 + 16 ml, resting stroke vol-
ume 94 + 18 ml/heartbeat, resting LVEF 54% + 4, LMVR
0.51+0.05, CO 6+ 1.2 I/min, mean aortic distensibility
was 10.8 +3.010~* mmHg and median PWV was 3.9 (95%
range: 2.0-9.3)m/s. All participants were motivated during
the exercise and completed the entire 7 min exercise pro-
tocol of a consistent handgrip exercise at 30-40% MVC.
Mean contraction during the cardiovascular exercise test
was 2055 +423kgf/m?, which was 33.4% of the mean MVC.
Mean contraction during the exercise was higher for boys
than girls (p <0.05).

Heart rate and blood pressure measurements
during the cardiovascular exercise test

Table 2 shows the summarized changes in cardiovascular
measurements in response to the exercise test from rest
to peak exercise and to the 5th minute of the recovery. In
the total group, mean heartrate increased during exercise
with 42.6% +20.0, systolic blood pressure with 6.4% +7.0,
diastolic blood pressure with 5.4% +6.1 and mean arterial
blood pressure with 11.0% + 8.3 (all p-values < 0.05). Dur-
ing recovery, heart rate declined by 32.4% + 9.9 from peak
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Table 1 Characteristics of the study participants (n=207)
Total (n=207) Girls (n=96) Boys (n=111) P-value
Child characteristics
Age, mean (SD), years 16.2 (0.7) 16.3 (0.6) 16.2 (0.7) 0.09
Dominant hand, n right (%) 192 (92.8) 90 (93.8) 102 (91.9) 0.76
Maximal voluntary contraction, mean (SD), kgf/m2 6162 (1610) 5575 (1076) 6669* (1816) <0.001
Mean contraction during exercise, mean (SD), kgf/m2 2055 (423) 1894 (296) 2196.8 (467)* <0.001
Resting systolic blood pressure, mean (SD), mmHg 116.7 (11.9) 113.6 (11.1) 119.3 (12.0)* <0.001
Resting diastolic blood pressure, mean (SD), mmHg 68.9 (8.5) 70.6 (8.2) 67.5 (8.5) 0.02
Resting mean arterial blood pressure, mean (SD), mmHg 84.2 (8.8) 84.9 (8.4) 83.6 (9.1) 0.29
Resting heart rate, mean (SD), bpm 67 (9) 68 (9) 66 (9) 0.15
CMR measurements
Left ventricular mass, median (95%), gram 86 (61-132) 77 (58-95) 101 (67-133)* <0.001
Left ventricular mass/BSA, median (95%), gram/2 49 (35-67) 44 (5) 54 (7)* <0.001
Left ventricular end-diastolic volume at rest, mean (SD), ml 172 (31) 156 (19) 187 (33)* <0.001
Left ventricular end-diastolic volume at rest/BSA, mean (SD), ml/m2 96 (11) 90 (9) 101 (11)* <0.001
Left ventricular end-systolic volume at rest, mean (SD), m2 79 (16) 71 (10) 86 (17)* <0.001
Left ventricular end-systolic volume at rest /BSA, mean (SD), ml/m2 44 (7) 41 (5) 47 (7)* <0.001
Stroke volume, mean (SD), ml/heart beat 94 (18) 85 (13) 103 (17)* <0.001
Stroke volume/BSA, mean (SD), ml/heart beat/m2 52 (7) 49 (6) 55 (6)* <0.001
Left ventricular ejection fraction at rest, mean (SD), % 54 (4) 54 (4) 55 (5) 0.73
Left ventricular mass—volume ratio, mean (SD) 0.51 (0.05) 0.49 (0.04) 0.53 (0.05)* <0.001
Cardiac output, mean (SD), I/min 6.2 (1.2) 5.7 (1.0) 6.6 (1.1)* <0.001
Cardiac index, mean (SD), I/min/m2 3.5(0.6) 3.3(0.5) 3.6 (0.6)* <0.001
Aorta distensibility, mean (SD), 1073 mmHg 11 (3) 12 (3) 10 (2)* <0.001
Regional area change (RAC), mean (SD), % 33(5) 33 (5) 33 (5) 0.26
Pulse wave velocity, median (95%) m/s 3.9 (2.0-9.3) 3.8 (2.0-9.8) 4.0 (2.0-9.3) 0.89

Values are observed data and represent means (SD), medians (95% range) or numbers of subjects (valid %). Differences in subject characteristics
between the boys and girls were evaluated using assessed by Student’s t-tests for independent samples for continuous variables and chi-square

tests for proportions

*P-value < 0.05 for difference between girls and boys

exercise to the 5™ minute after cessation, systolic blood
pressure declined by 4.9% + 7.0, diastolic blood pressure by
4.3%+ 6.1 and mean arterial blood pressure by 8.4% +7.8.
Boys had a higher systolic blood pressure during rest and
recovery and a lower increase in systolic blood pressure
in response to exercise. Girls had a higher diastolic blood
pressure during rest and exercise (all p-values < 0.05). Mean
blood pressure and heart rate patterns during rest, exercise
and recovery are shown in Fig. 4. Supplemental Table 1
shows heart rate and blood pressure values at each specified
time point of the cardiovascular exercise test.

Reproducibility CMR measurements

All 207 participants had good quality CMR measure-
ments during rest and n= 184 during exercise (89%). Most
excluded scans had a low quality because of breathing arte-
facts or failed ECG-triggering. Intra-observer ICCs for all
measurements in rest and exercise were excellent (> 0.89)

with CVs below 11%, except for LVEF for which we
observed lower ICCs (0.69 in rest and 0.63 during exercise)
(Supplemental table S2). Intra-observer analyses showed
that all cardiac and aorta measurements lie in close proxim-
ity and evenly scattered around the lines of equality (Sup-
plemental figure S1). The mean differences for all meas-
urements in rest and exercise were below 8.1%, with limits
of agreement from —35.2% to 28.9%. For distensibility, we
observed an excellent reproducibility with an ICC of 0.99
and a mean CV of 2 after a more extensive second training
of the grading student (Supplemental table S2).

CMR measurements during the cardiovascular
exercise test

During exercise, LVEDV/BSA increased from 96+ 11 to
101 + 15 ml/m?, LVESV/BSA from 44 +7 to 48 + 10 ml/
m? and cardiac index from 3.5+0.6 to 4.9 + 1.0 1/min/
m? whereas LVEF decreased from 54% +4 to 52%/ +6
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Table 2 Differences in cardiovascular measurements between rest
and peak exercise

Rest Exercise*** Mean difference Recovery
rest to exercise®

Heart rate, mean (SD), bpm

Total 66 (9) 94 (12) 27 (11) 63 (9)

Girls 67 (8) 95 (12) 28 (13) 65 (9)

Boys  65(9) 92 (12) 27 (11) 62 (8)
Systolic blood pressure, mean (SD), mmHg

Total 117 (12) 124 (14) 7(8) 119 (13)

Girls 113 (11) 122 (15) 9(8) 115 (12)

Boys 119 (12)** 125 (13) 6 (8)** 123 (13)**
Diastolic blood pressure, mean (SD), mmHg

Total 69 (8) 72 (9) 44 70 (9)

Girls 70 (8) 74 (8) 4(4) 71 (8)

Boys 68 (8)** 70 (9)** 34) 69 (9)
Mean arterial blood pressure, mean (SD), mmHg

Total 84 (9) 93 (11) 9(7) 87 (10)

Girls 85 (8) 94 (10) 10 (7) 86 (9)

Boys 83 (9) 92 (11) 9(7) 87 (10)
Left ventricular end-diastolic volume/BSA, mean (SD), ml/m2

Total 96 (11) 101 (15) 5(10) Na

Girls 90 (9) 94 (12) 4 (10) Na

Boys 101 (11)** 107 (14)** 5(10) Na
Left ventricular end-systolic volume/BSA, mean (SD), ml/2

Total 44 (7) 48 (10) 47 Na

Girls 41 (5) 45 9) 4(7) Na

Boys 47 (7)** 51 (10)** 4 (6) Na
Stroke volume/BSA, mean (SD), ml/heart beat/m2

Total 52 (7) 52(9) <1 Na

Girls 49 (6) 49 (8) <1 Na

Boys 55 (6)** 56 (9)** <1(8) Na
Left ventricular ejection fraction, mean (SD), %

Total 54 (4) 52 (6) -2(5 Na

Girls 54 (4) 52 (6) -2(5 Na

Boys 54 (5) 52 (6) -20) Na
Left ventricular ejection fraction relative to heartrate, mean (SD) %/bpm

Total 0.8 (0.1) 0.6 (0.1) —-0.3(0.1) Na

Girls 0.8 (0.1) 0.6 (0.1) —-0.3(0.1) Na

Boys 0.8 (0.1) 0.6 (0.1) -0.3(0.1) Na
Cardiac index, mean (SD), I/min/m2

Total 3.5 (0.6) 4.9 (1.0 1.5(0.9) Na

Girls 3.3(0.5) 4.6 (0.9) 1.3 (0.9) Na

Boys 3.6 (0.6)** 5.2 (1.0)** 1.5(0.8) Na

Cardiovascular measurements in rest, peak exercise, recovery (if
applicable) and the difference between rest and peak exercise. Recov-
ery was defined as the 5th minute of recovery after cessation of the
exercise. All volumetric measurements (except for LVEF) were cor-
rected for BSA

*Mean differences from rest to exercise were p<0.001 for all val-
ues in the total group, girls and boys, except for stroke volume for
which differences were not significant. Differences in cardiovascular
outcomes between the boys and girls were evaluated using Student’s
t-tests for independent samples

**P-value < 0.05 for difference between girls and boys

*#*For systolic, diastolic an mean arterial blood pressure and heart
rate, the mean value in the 7™ minute of the exercise was used (peak
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Table 2 (continued)

exercise)

(Table 2) (all p-values <0.001). Change in LVEF was inde-
pendent of heartrate. Corresponding percentage changes
were 5.0% + 10.6 for LVEDYV, 10.1% + 15.9 for LVESV,
42.2% +27.7 for cardiac output and — 4.0% + 9.5 for LVEF.
Stroke volume did not change significantly in response to
exercise. Boys had a higher LVEDYV, LVESY, stroke volume
and cardiac output than girls both in rest and during exercise
(all p-values < 0.05), both absolute and corrected for BSA.
Supplemental table S3 shows the correlation coefficients
between cardiac outcomes.

Discussion

We performed a cardiovascular exercise test with detailed
cardiovascular measurements in a pediatric population-
based cohort study. We showed that a sustained handgrip
exercise of 7 min at 30-40% MVC is a feasible exercise
method in a healthy pediatric population to induce a cardio-
vascular exercise response. This handgrip exercise leads to
significant increases in heart rate, blood pressure and cardiac
left ventricular volumes.

Stress inducement by physical exercise requires major
cardiovascular adaptations to maintain an adequate perfusion
of the body. Cardiovascular exercise tests are widely used in
clinical practice to reveal subtle cardiovascular pathology [3,
32-34]. In addition to common measurements, CMR dur-
ing exercise tests improves the value of the cardiovascular
exercise tests as it allows detailed assessment of the struc-
tural and functional cardiac response to exercise without
geometric assumptions of the ventricles [33, 35, 36]. There
are multiple methods available to induce the cardiovascu-
lar response to exercise. However, combined with CMR,
cycling cannot be combined with long breath holds and a
treadmill exercise is not feasible within the MRI. Isometric
handgrip exercise is the most feasible physical stressor in
combination with CMR as it allows scanning without losing
image quality due to movement artefacts [19]. This is the
first large pediatric population-based cohort study exploring
the cardiovascular effects of an isometric handgrip exercise
combined with detailed cardiovascular measurements [19].

The effects of isometric handgrip exercise on only sim-
ple measurements of the cardiovascular exercise response
have been assessed by several small studies in children. In
a population based study among 32 healthy children with a
mean age of 15 years examining the cardiovascular exercise
response to submaximal isometric handgrip, a sustained
isometric handgrip exercise of 4 min at 25% MVC was per-
formed, which led to an increase in heart rate of 25.7%, in
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Fig.4 Blood pressure and heart rate response during rest, exercise
and recovery. Mean measurements of systolic blood pressure, dias-
tolic blood pressure, mean arterial blood pressure and heart rate dur-
ing rest, exercise and recovery over time (minutes). Time points were:

systolic blood pressure of 12.7% and diastolic blood pres-
sure of 24.6% [37]. In other small clinical pediatric studies
among children aged 10 to 18 years ranging from n=19 to
n=47, heart rate increased up to 18 bpm, systolic blood
pressure increased by 15 mmHg and diastolic blood pressure
by 16 mmHg, induced by an isometric handgrip exercise at
varying intensities and durations from 30 s to 4 min [38—43].
As compared to these studies, our exercise protocol led to
stronger effects on increases in heart rate, but lower effects
on increases in blood pressure.

We observed a steep decline in heart rate and blood pres-
sure after cessation of the exercise, and after 5 min cessa-
tion heartrate was lower and blood pressure was still higher
than before exercising. In line with our findings, a study
in 27 children aged 12 years measured the cardiovascular
recovery reaction after a 3-min isometric handgrip exercise
at 30%MVC and showed that the mean arterial pressure
was slightly higher and heart rate was lower after a 3-min
recovery than before exercising [38]. Differences between
our study and previous studies may be explained by differ-
ences in exercise protocol and cardiovascular assessment.
Compared to previous studies, our exercise protocol was
much longer to ensure that all CMR images were made while
the cardiovascular system was at a stress state. Also, in our
study, participants were in a supine position and had to hold

Diastolic blood pressure

» SRRaRIE

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Time (minutes)

Heart rate

-
)
o

Rest Exercise Recovery

-
=
o

%]
o

,_.
8
=
_
4
—_
_
S

Heart rate (BPM)
S 8
4
—_—
—N
—_
—

Nipoog
b

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

a
=]
—t

[
o

Time (minutes)

mean of 5 min rest before the start of the cardiovascular exercise test,
mean of each minute of the 7-min exercise, mean of each 30 s in the
first two minutes after exercise cessation and the mean of the 5th min-
ute after exercise cessation

their breath for cardiac imaging. Systemic vascular resist-
ance at the start of supine exercise is lower and increases less
than during erect exercise, therefor blood pressure changes
are lower during supine exercise [44, 45]. This may, at least
partly, explain the differences between our results and those
from previous studies. Thus, we showed that a sustained
isometric handgrip exercise of 7 min at 30-40%MVC leads
to a significant rise in heart rate and blood pressure, enabling
the assessment of a cardiovascular exercise reaction by a
simple, low-cost exercise.

In research settings, only few studies have investigated
the cardiovascular stress response with exercise CMR in
healthy populations and involved only adults. In the vast
majority, an MRI compatible cycle or push—pull ergometer
was used as exercise modality. A meta-analysis of 17 previ-
ous exercise CMR studies with a total of 226 healthy adult
subjects, showed an increase in both heart rate and stroke
volume in reaction to various forms of dynamic exercises
(e.g. cycle, treadmill or custom made modality). The change
in stroke volume was driven by a reduction in left ventricu-
lar end-systolic volume, with no change in left ventricular
end-diastolic volume. Left ventricular ejection fraction
slightly increased [46]. There are only a few studies with
relatively small sample sizes, examining the cardiovascu-
lar reaction on an isometric handgrip exercise measured
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by CMR. A study exploring the cardiovascular response to
an isometric handgrip exercise of 6-8 min at 30% MVC
in 53 healthy subjects with a mean age of 45 years found
an increase in stroke volume from 78 to 80 ml/heartbeat
[35]. A study in 333 healthy subjects with a mean age of
53 years old explored the cardiovascular response to an iso-
metric handgrip exercise of 3 min at 40% MVC measured
by echocardiography. They found an increase in LVEDV,
LVESYV and stroke volume and a small decrease in ejection
fraction [47]. This study showed that younger subjects had
a much higher increases in LVESV and LVEDV. A study in
75 healthy participants aged 38.8 +10.9 years, examined the
effects of an isometric bicep exercise at 35% of maximum
biceps force on ventricular outcomes measured by CMR.
This study also showed an increase in LVEDV and LVESV
(6.0% and 20.8%, respectively), decrease in LVEF (-6.3%)
and unchanged stroke volume in response to exercise [48].
In line with these studies in adult populations, we observed
significant changes in LVEDV, LVESV, LVEF and cardiac
output in response to isometric handgrip exercise. Stroke
volume however remained unchanged. The small decrease
in LVEF is in contrast with the effects of a dynamic exercise
which increases LVEF [49]. This can be explained by the
increase in systemic vascular resistance during isometric
exercise, whilst it decreases in response to dynamic exer-
cise [50]. As a result, isometric exercise causes a larger
increase in afterload, which limits LV ejection through the
force velocity relationship [26]. Of all good quality CMR
measurements during rest, we were able to use 184 CMR
scans (89%) of good quality obtained during exercise. Due
to time restriction, we scanned two slices per breath-hold
resulting in longer breath-holds of maximal 15 s which were
not feasible for some of the participants during the exercise,
leading to breathing artefacts. Also, the ECG triggering of
the scanner failed in some of the participants during the
exercise causing low quality images which were not suitable
for further analyses. We observed a good to excellent intra-
observer reproducibility for the majority of volumetric and
functional cardiac and aortic measurements obtained during
rest and the cardiovascular exercise test [51]. Only for LVEF,
reproducibility was moderate. To improve reproducibility,
we repeated a part of the training and applied stricter rules
for identifying the left ventricular basal slice, including the
rule that the basal slice may be defined by at least 50% of
the blood volume surrounded by myocardium [28]. Thus,
our study shows that CMR during exercise is feasible in
pediatric populations and leads to significant increases in
LVEDV, LVESYV and cardiac output with the strongest effect
on LVEDV and LVESV. LVEF slightly decreased, in line
with earlier research examining the effects of an isometric
exercise.

We explored potential differences between girls and boys,
as earlier studies describe different physical reactions to
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exercise according to sex [52]. In girls, systolic blood pres-
sure increased more during exercise and decreased faster
after cessation of the exercise compared to boys. This is
in contrast with earlier pediatric and adult studies finding
stronger effects of exercise on heart rate and blood pressure
in men [47, 53] These differences may be due to the age
of assesment and our exercise protocol. Further studies are
needed to examine the differences in cardiovascular exercise
reaction and explore the potential underlying mechanisms
explaining differences in exercise response between boys
and girls.

Future research

The findings from our study offer great opportunities for
future research examining the effects of early life exposures
on childhood cardiovascular development as a sustained iso-
metric handgrip exercise can reveal subtle functional adapta-
tions of the cardiovascular system that may not be present
at rest. These results could aid in finding better screening
modalities to identify children that are at an increased risk of
future cardiovascular diseases and mortality. These findings
are also important from a clinical perspective as these find-
ings provide insight into the potential to perform an isomet-
ric handgrip exercise during cardiac MR scanning to induce
a cardiovascular exercise response when pharmacological
stressors are contraindicated or undesirable. However, 11%
of our CMR scans during exercise were not of sufficient
quality for assessment and were excluded from our analysis.
Newer CMR techniques allow for real-time free breathing
scanning during exercise with preservation of the image
quality [54]. A recent study even successfully developed
a free-breathing and ECG free real-time cine for exercise
CMR [55]. This offers great opportunities for future CMR
exercise studies.

In the current study we measured PWV during rest.
Future studies should include measurements of PWV dur-
ing rest and exercise to obtain a more complete overview of
the cardiovascular exercise response. These PWV measure-
ment should include additional calculation methods, like the
location specific flow-area method (PWV,,). This method
correlates very well to the method used in the current study
and allows for the calculation of regional differences in
stiffness between the ascending and descending aorta [57].
Additionally by using phase contrast MRI-derived flow and
area waveforms, wave intensity analysis can be performed
to obtain a non-invasive measurement of the arterial wall
stiffness without the use of breath holds [58]. More infor-
mation on cardiac functioning during exercise could also be
obtained by adding strain measurements to the analysis. This
method differentiates between active and passive movement
of myocardial segments and detects early subclinical signs
of myocardial dysfunction [56, 59].
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In this study we found a small decrease in LVEF, which
is contrary to the effects of dynamic exercise. Future stud-
ies should compare an isometric handgrip exercise with
dynamic exercise to explore which method is more effec-
tive in discovering small subclinical differences in cardio-
vascular exercise reaction.

Conclusion

A sustained handgrip exercise of 7 min at 30—-40% MVC
is a feasible exercise in a healthy pediatric population,
which leads to reproducible cardiovascular system meas-
urements. This handgrip exercise leads to significant
increases in heart rate, blood pressure, LVEDV, LVESYV,
and cardiac output. This approach offers great research
opportunities for future population studies assessing cardi-
ovascular health and dysfunction in pediatric populations.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10554-023-02950-7.

Acknowledgements The Generation R Study is conducted by the Eras-
mus Medical Center in close collaboration with the School of Law and
Faculty of Social Sciences of the Erasmus University Rotterdam, the
Municipal Health Service Rotterdam area, Rotterdam, the Rotterdam
Homecare Foundation, Rotterdam and the Stichting Trombosedienst
and Artsenlaboratorium Rijnmond (STAR), Rotterdam. We gratefully
acknowledge the contribution of participating mothers, general practi-
tioners, hospitals, midwives and pharmacies in Rotterdam.

Author contributions All authors made contributions to qualify as an
author according to the criteria stated in the Publication Ethics, and all
authors are responsible for the reported research. All authors have read
and approved the submission of the manuscript; the manuscript has not
been published and is not being considered for publication elsewhere,
in whole or in part, in any language.

Funding The Generation R Study is financially supported by the Eras-
mus Medical Center, Rotterdam, the Erasmus University Rotterdam
and the Netherlands Organization for Health Research and Devel-
opment. Romy Gaillard received funding from the Dutch Diabetes
Foundation (Grant No. 2017.81.002), the Netherlands Organization
for Health Research and Development (NWO, ZonMW, Grant No.
543003109, NWO, ZonMw 09150172110034)) and from the Euro-
pean Union’s Horizon 2020 research and innovation programme under
the ERA-NET Cofund action (no 727565), EndObesity, ZonMW the
Netherlands (no. 529051026). Vincent Jaddoe received a grant from
the Netherlands Organization for Health Research and Development
(NWO, ZonMw-VIDI 016.136.361) and a European Research Council
Consolidator Grant (ERC-2014-CoG-648916).

Declarations

Conflict of interest We state that we have no financial commitments
regarding this publication, or any other conflict of interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long

as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Ritchey MD, Loustalot F, Bowman BA, Hong Y (2014) Trends
in mortality rates by subtypes of heart disease in the United
States, 2000-2010. JAMA 312(19):2037-2039

2. Michael L, Erika Sivarajan F, Mark W, Paul K (2005) Exercise
testing in asymptomatic adults. Circulation 112(5):771-776

3. Washington RL, Bricker JT, Alpert BS, Daniels SR, Deckel-
baum RJ, Fisher EA et al (1994) Guidelines for exercise testing
in the pediatric age group. From the Committee on Atheroscle-
rosis and Hypertension in Children, Council on Cardiovascular
Disease in the Young, the American Heart Association. Circula-
tion 90(4):2166-2179

4. Stephens P Jr, Paridon SM (2004) Exercise testing in pediatrics.
Pediatr Clin North Am 51(6):1569-1587

5. Rhodes J, Ubeda Tikkanen A, Jenkins KJ (2010) Exercise test-
ing and training in children with congenital heart disease. Cir-
culation 122(19):1957-1967

6. Fletcher GF, Ades PA, Kligfield P, Arena R, Balady GJ, Bittner
VA et al (2013) Exercise standards for testing and training: a
scientific statement from the American Heart Association. Cir-
culation 128(8):873-934

7. Schultz MG, La Gerche A, Sharman JE (2017) Blood pressure
response to exercise and cardiovascular disease. Curr Hypertens
Rep 19(11):89

8. Redfors B, Pibarot P, Gillam LD, Burkhoff D, Bax JJ, Lindman
BR et al (2017) Stress testing in asymptomatic aortic stenosis.
Circulation 135(20):1956-1976

9. Massin MM (2014) The role of exercise testing in pediatric
cardiology. Arch Cardiovasc Dis 107(5):319-327

10. Lurbe E, Ingelfinger J (2021) Developmental and early life ori-
gins of cardiometabolic risk factors: novel findings and implica-
tions. Hypertension 77(2):308-318

11. Wright CM, Parker L, Lamont D, Craft AW (2001) Implications
of childhood obesity for adult health: findings from thousand
families cohort study. BMJ 323(7324):1280-1284

12. Barker DJ (1995) Fetal origins of coronary heart disease. BMJ
311(6998):171-174

13. Gluckman PD, Hanson MA, Cooper C, Thornburg KL (2008)
Effect of in utero and early-life conditions on adult health and
disease. N Engl J Med 359(1):61-73

14. Bjelakovic L, Vukovic V, Jovic M, Bankovic S, Kostic T, Rado-
vanovic D et al (2017) Heart rate recovery time in metaboli-
cally healthy and metabolically unhealthy obese children. Phys
Sportsmed 45(4):438-442

15. Jankowski M, Niedzielska A, Brzezinski M, Drabik J (2015)
Cardiorespiratory fitness in children: a simple screening test for
population studies. Pediatr Cardiol 36(1):27-32

16. von Knobelsdorff-Brenkenhoff F, Hennig P, Menza M, Dier-
inger MA, Foell D, Jung B et al (2016) Myocardial dysfunction
in patients with aortic stenosis and hypertensive heart disease
assessed by MR tissue phase mapping. J Magn Reson Imaging
44(1):168-177

@ Springer


https://doi.org/10.1007/s10554-023-02950-7
http://creativecommons.org/licenses/by/4.0/

2586

The International Journal of Cardiovascular Imaging (2023) 39:2575-2587

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Hays AG, lantorno M, Schar M, Mukherjee M, Stuber M, Ger-
stenblith G et al (2017) Local coronary wall eccentricity and
endothelial function are closely related in patients with ath-
erosclerotic coronary artery disease. J Cardiovasc Magn Reson
19(1):51

Deanfield JE, Halcox JP, Rabelink TJ (2007) Endothelial func-
tion and dysfunction: testing and clinical relevance. Circulation
115(10):1285-1295

Bongers-Karmaoui MN, Jaddoe VWYV, Roest AAW, Gaillard R
(2020) The cardiovascular stress response as early life marker of
cardiovascular health: applications in population-based pediat-
ric studies-a narrative review. Pediatr Cardiol 41(8):1739-1755
Kooijman MN, Kruithof CJ, van Duijn CM, Duijts L, Franco
OH, van IMH, et al (2016) The generation R study: design and
cohort update 2017. Eur J Epidemiol 31(12):1243-1264

Cole TJ, Bellizzi MC, Flegal KM, Dietz WH (2000) Estab-
lishing a standard definition for child overweight and obesity
worldwide: international survey. BMJ 320(7244):1240-1243
Stephens P (2017) Sudden cardiac death in the young: the value
of exercise testing. Cardiol Young 27(S1):S10-S18

Diller GP, Dimopoulos K, Okonko D, Uebing A, Broberg CS,
Babu-Narayan S et al (2006) Heart rate response during exercise
predicts survival in adults with congenital heart disease. ] Am
Coll Cardiol 48(6):1250-1256

Paridon SM, Mitchell PD, Colan SD, Williams RV, Blaufox A,
Li JS et al (2008) A cross-sectional study of exercise perfor-
mance during the first 2 decades of life after the Fontan opera-
tion. J Am Coll Cardiol 52(2):99-107

Norozi K, Wessel A, Alpers V, Arnhold JO, Binder L, Geyer
S et al (2007) Chronotropic incompetence in adolescents and
adults with congenital heart disease after cardiac surgery. J Card
Fail 13(4):263-268

Mortensen KH, Jones A, Steeden JA, Taylor AM, Muthurangu V
(2016) Isometric stress in cardiovascular magnetic resonance-a
simple and easily replicable method of assessing cardiovascular
differences not apparent at rest. Eur Radiol 26(4):1009-1017
Morshedi-Meibodi A, Larson MG, Levy D, O’Donnell CJ,
Vasan RS (2002) Heart rate recovery after treadmill exercise
testing and risk of cardiovascular disease events (The Framing-
ham Heart Study). Am J Cardiol 90(8):848-852
Schulz-Menger J, Bluemke DA, Bremerich J, Flamm SD, Fogel
MA, Friedrich MG et al (2013) Standardized image interpreta-
tion and post processing in cardiovascular magnetic resonance:
Society for Cardiovascular Magnetic Resonance (SCMR) board
of trustees task force on standardized post processing. J Cardio-
vasc Magn Reson 15:35

Suinesiaputra A, Bluemke DA, Cowan BR, Friedrich MG,
Kramer CM, Kwong R et al (2015) Quantification of LV func-
tion and mass by cardiovascular magnetic resonance: multi-
center variability and consensus contours. J Cardiovasc Magn
Reson 17(1):63

Bland JM, Altman DG (2003) Applying the right statistics:
analyses of measurement studies. Ultrasound Obstet Gynecol
22(1):85-93

Bland JM, Altman DG (1986) Statistical methods for assessing
agreement between two methods of clinical measurement. Lancet
1(8476):307-310

Gibbons RJ, Balady GJ, Bricker JT, Chaitman BR, Fletcher GF,
Froelicher VF et al (2002) ACC/AHA 2002 guideline update for
exercise testing: summary article. A report of the American Col-
lege of Cardiology/American Heart Association Task Force on
Practice Guidelines (Committee to Update the 1997 Exercise Test-
ing Guidelines). J] Am Coll Cardiol 40(8):1531-1540

Paridon SM, Alpert BS, Boas SR, Cabrera ME, Caldarera LL,
Daniels SR et al (2006) Clinical stress testing in the pediatric
age group: a statement from the American Heart Association

@ Springer

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Council on Cardiovascular Disease in the Young, Committee on
Atherosclerosis, Hypertension, and Obesity in Youth. Circulation
113(15):1905-1920

Kimball TR (2002) Pediatric stress echocardiography. Pediatr
Cardiol 23(3):347-357

von Knobelsdorff-Brenkenhoff F, Dieringer MA, Fuchs K,
Hezel F, Niendorf T, Schulz-Menger J (2013) Isometric hand-
grip exercise during cardiovascular magnetic resonance imag-
ing: set-up and cardiovascular effects. ] Magn Reson Imaging
37(6):1342-1350

Hays AG, Hirsch GA, Kelle S, Gerstenblith G, Weiss RG, Stuber
M (2010) Noninvasive visualization of coronary artery endothelial
function in healthy subjects and in patients with coronary artery
disease. J Am Coll Cardiol 56(20):1657-1665

Laird WP, Fixler DE, Huffines FD (1979) Cardiovascular
response to isometric exercise in normal adolescents. Circulation
59(4):651-654

Dipla K, Zafeiridis A, Koidou I, Geladas N, Vrabas IS (2010)
Altered hemodynamic regulation and reflex control during exer-
cise and recovery in obese boys. Am J Physiol Heart Circ Physiol
299(6):H2090-H2096

Gumbiner CH, Gutgesell HP (1983) Response to isometric exer-
cise in children and young adults with aortic regurgitation. Am
Heart J 106(3):540-547

Mehta SK, Super DM, Anderson RL, Harcar-Sevcik RA, Bab-
jak M, Liu X et al (1996) Parental hypertension and cardiac
alterations in normotensive children and adolescents. Am Heart J
131(1):81-88

Woehrle E, Harriss AB, Abbott KC, Moir ME, Balestrini CS,
Fischer LK et al (2018) Concussion in adolescents impairs heart
rate response to brief handgrip exercise. Clin J Sport Med. https://
doi.org/10.1097/JSM.0000000000000635

Nageswari KS, Sharma R, Kohli DR (2007) Assessment of respir-
atory and sympathetic cardiovascular parameters in obese school
children. Indian J Physiol Pharmacol 51(3):235-243
Goulopoulou S, Fernhall B, Kanaley JA (2010) Developmental
changes in hemodynamic responses and cardiovagal modulation
during isometric handgrip exercise. Int J Pediatr. https://doi.org/
10.1155/2010/153780

Counihan PJ, Frenneaux MP, Webb DJ, McKenna WJ (1991)
Abnormal vascular responses to supine exercise in hypertrophic
cardiomyopathy. Circulation 84(2):686-696

Bevegird BS, Shepherd JT (1967) Regulation of the circulation
during exercise in man. Physiol Rev 47(2):178-213

Beaudry RI, Samuel TJ, Wang J, Tucker WJ, Haykowsky MJ,
Nelson MD (2018) Exercise cardiac magnetic resonance imaging:
a feasibility study and meta-analysis. Am J Physiol Regul Integr
Comp Physiol 315(4):R638-R645

Cauwenberghs N, Cornelissen V, Christle JW, Hedman K, Myers
J, Haddad F et al (2021) Impact of age, sex and heart rate vari-
ability on the acute cardiovascular response to isometric handgrip
exercise. ] Hum Hypertens 35(1):55-64

Mortensen KH, Jones A, Steeden JA, Taylor AM, Muthurangu V
(2016) Isometric stress in cardiovascular magnetic resonance—a
simple and easily replicable method of assessing cardiovascular
differences not apparent at rest. Eur Radiol 26(4):1009-1017
Lurz P, Muthurangu V, Schievano S, Nordmeyer J, Bonhoeffer P,
Taylor AM et al (2009) Feasibility and reproducibility of biven-
tricular volumetric assessment of cardiac function during exercise
using real-time radial k-t SENSE magnetic resonance imaging. J
Magn Reson Imaging 29(5):1062-1070

Steeden JA, Atkinson D, Taylor AM, Muthurangu V (2010)
Assessing vascular response to exercise using a combination of
real-time spiral phase contrast MR and noninvasive blood pressure
measurements. J Magn Reson Imaging 31(4):997-1003


https://doi.org/10.1097/JSM.0000000000000635
https://doi.org/10.1097/JSM.0000000000000635
https://doi.org/10.1155/2010/153780
https://doi.org/10.1155/2010/153780

The International Journal of Cardiovascular Imaging (2023) 39:2575-2587

2587

51.

52.

53.

54.

55.

Koo TK, Li MY (2016) A guideline of selecting and reporting
intraclass correlation coefficients for reliability research. J Chiropr
Med 15(2):155-163

Armstrong N, Tomkinson G, Ekelund U (2011) Aerobic fitness
and its relationship to sport, exercise training and habitual physi-
cal activity during youth. BrJ Sports Med 45(11):849-858
Matthews KA, Stoney CM (1988) Influences of sex and age
on cardiovascular responses during stress. Psychosom Med
50(1):46-56

Nakamori S, Fahmy A, Jang J, El-Rewaidy H, Neisius U, Berg
S et al (2020) Changes in myocardial native T1 and T2 After
exercise stress: a noncontrast CMR pilot study. JACC Cardiovasc
Imaging 13(3):667-680

Morales MA, Assana S, Cai X, Chow K, Haji-valizadeh H, Sai E
et al (2022) An inline deep learning based free-breathing ECG-
free cine for exercise cardiovascular magnetic resonance. J Car-
diovasc Magn Reson 24(1):47

56.

57.

58.

59.

Murray J, Bennett H, Bezak E, Perry R, Boyle T (2022) The eftect
of exercise on left ventricular global longitudinal strain. Eur J
Appl Physiol 122(6):1397-1408

Vulliémoz S, Stergiopulos N, Meuli R (2002) Estimation of
local aortic elastic properties with MRI. Magn Reson Med
47(4):649-654

Schifer M, Wilson N, Ivy DD, Ing R, Abman S, Browne LP et al
(2018) Noninvasive wave intensity analysis predicts functional
worsening in children with pulmonary arterial hypertension. Am
J Physiol Heart Circ Physiol 315(4):H968-H977

Dandel M, Lehmkuhl H, Knosalla C, Suramelashvili N, Hetzer
R (2009) Strain and strain rate imaging by echocardiography -
basic concepts and clinical applicability. Curr Cardiol Rev
5(2):133-148

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Physical exercise and cardiovascular response: design and implementation of a pediatric CMR cohort study
	Abstract
	Introduction
	Methods
	Study design and subjects
	Handgrip exercise
	Continuous heart rate and blood pressure measurements during the cardiovascular exercise test
	CMR measurements during the cardiovascular exercise test
	Statistical analysis

	Results
	Subject characteristics
	Heart rate and blood pressure measurements during the cardiovascular exercise test
	Reproducibility CMR measurements
	CMR measurements during the cardiovascular exercise test

	Discussion
	Future research

	Conclusion
	Anchor 18
	Acknowledgements 
	References




