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BACKGROUND: Increased physical activity (PA) may mitigate the negative cardiovascular health effects of sedentary behavior in
adolescents. However, the relationship of PA and sedentary time from childhood with cardiac function in adolescence remains
underexplored. Therefore, we investigated the associations of cumulative sedentary time and PA from childhood to adoles-
cence with cardiac function in adolescence.

METHODS AND RESULTS: Participants were 153 adolescents (69 girls) who were aged 6 to 8years at baseline, 8 to 10years at
2-year follow-up, and 15 to 17 years at 8-year follow-up. Cumulative sedentary time and PA exposure between baseline and
2-year follow-up and between baseline and 8-year follow-up were measured using a combined accelerometer and heart rate
monitor. Cardiac function was assessed using impedance cardiography at 8-year follow-up. The data were analyzed using
linear regression analyses adjusted for age and sex. Cumulative moderate to vigorous PA (standardized regression coefficient
[B]=-0.323 [95% ClI, —0.527 to —0.119]) and vigorous PA (f=-0.295 [95% ClI, —0.508 to —0.083]) from baseline to 8-year follow-
up were inversely associated with cardiac work at 8-year follow-up. Conversely, cumulative sedentary time had a positive as-
sociation (8=0.245 [95% ClI, 0.092-0.398]). Cumulative vigorous PA from baseline to 8-year follow-up was inversely associated
with cardiac work index at 8-year follow-up (8=-0.218 [95% CI, —0.436 to 0.000]).

CONCLUSIONS: Higher levels of sedentary time and lower levels of PA during childhood were associated with higher cardiac
work in adolescence, highlighting the importance of increasing PA and reducing sedentary time from childhood.
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of sedentary behavior from childhood with cardiac
work and cardiac function in adolescence remains
poorly understood.

of sedentary behaviors,! with <20% of them

Adolesoents are adopting increasing amounts
achieving the recommended levels of moderate
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to vigorous physical activity (MVPA).?2 Increased time
spent in sedentary behaviors, defined as “any wak-
ing behaviors spent sitting, reclining, or lying postures
with low energy expenditure,” may increase the risk of
atherosclerotic cardiovascular diseases.* Conversely,
increased physical activity (PA) has been suggested to
counteract the undesirable effects of sedentary behav-
ior on cardiovascular health.> However, the association

Although studies among adults suggest that pro-
longed bed rest negatively alters cardiac structure
and function,®’ observational studies have reported
weak associations between sedentary time and car-
diac structure or function.2-'° In contrast, higher levels
of MVPA and vigorous PA have been associated with
better cardiac functions in adults.'®'" Additionally, high-
and moderate-intensity interval training have been

Correspondence to: Eero A. Haapala, PhD, Sports & Exercise Medicine, Faculty of Sport and Health Sciences, University of Jyvaskyld, Keskussairaalantie,

Jyvaskyla 40014, Finland. Email: eero.a.haapala@jyu.fi

This article was sent to Mahasin S. Mujahid, PhD, MS, FAHA, Associate Editor, for review by expert referees, editorial decision, and final disposition.
Preprint posted on MedRxiv July 23, 2023. doi: https://doi.org/10.1101/2023.07.19.23292912.
Supplemental Material is available at https://www.ahajournals.org/doi/suppl/10.1161/JAHA.123.031837

For Sources of Funding and Disclosures, see page 10.

© 2024 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited.

JAHA is available at: www.ahajournals.org/journal/jaha

J Am Heart Assoc. 2024;13:e031837. DOI: 10.1161/JAHA.123.031837


https://orcid.org/0000-0001-5096-851X
mailto:
https://orcid.org/0000-0001-6933-8809
https://orcid.org/0000-0003-3490-4262
https://orcid.org/0000-0002-6871-8153
https://orcid.org/0000-0002-3738-1586
https://orcid.org/0000-0002-4510-7341
https://orcid.org/0000-0002-1265-7355
https://orcid.org/0000-0002-9199-2871
mailto:eero.a.haapala@jyu.fi
https://doi.org/10.1101/2023.07.19.23292912
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.123.031837
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.ahajournals.org/journal/jaha
http://crossmark.crossref.org/dialog/?doi=10.1161%2FJAHA.123.031837&domain=pdf&date_stamp=2024-03-18

¥202 ‘9z Yore |\ uo Ag Bio'sfeuinofeye//:diy wouy pspeojumoq

Haapala et al

CLINICAL PERSPECTIVE
What Is New?

Increased levels of sedentary behavior raise
the risk of cardiovascular diseases, but little is
known about the role of sedentary time and
physical activity in cardiac work and function in
youth.

e We found that adolescents accumulating higher
levels of sedentary time and lower levels of
physical activity from childhood had higher car-
diac workload compared with their more physi-
cally active peers. However, these associations
were partly explained by adiposity and other
cardiometabolic risk factors.

What Are the Clinical Implications?

e These findings highlight the importance of pro-
motion of a physically active lifestyle and obe-
sity prevention and weight management from
childhood to prevent abnormalities in cardiac
function later in life.

Nonstandard Abbreviations and Acronyms

MVPA
PAEE
PANIC

moderate to vigorous physical activity
physical activity energy expenditure

Physical Activity and Nutrition in
Children

PWV pulse wave velocity

associated with improved resting cardiac function.'?'®
Regular PA has also been associated with reduced
myocardial workload in adults.'® In children and adoles-
cents, however, the role of sedentary time on cardiac
work and function has received far less attention.'*!®
Furthermore, the associations of PA from childhood to
adolescence with cardiac work and function in adoles-
cence has yet to be explored. Cardiac work is closely
correlated with cardiac oxygen consumption and could
be an important preclinical marker of cardiac overload-
ing in youth. As such, it could provide early-stage in-
formation on left ventricular wall stress and risk of left
ventricular hypertrophy and heart failure.'®
Nevertheless, the mechanisms explaining the
associations of sedentary time and PA with cardiac
work and function in youth remain unexplained.'s%18
However, lower cardiac function has been associ-
ated with reduced levels of circulating high-density
lipoprotein (HDL) cholesterol."® Higher serum HDL
particle levels may contribute to cardiac functions
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by reducing myocardial hypertrophy induced by in-
creased left ventricular wall stress, decreasing cell
injury and regulating intracellular signaling path-
ways.?® Moreover, a sedentary lifestyle and phys-
ical inactivity have been found to induce insulin
resistance, increase blood pressure, and arterial
stiffness, potentially increasing cardiac work and
impairing cardiac function.'®1%18

Most pediatric studies on the associations of sed-
entary time and PA with cardiovascular health have
been cross-sectional or have included only a short fol-
low-up period.'®?! In addition, a majority of these stud-
ies have focused on arterial structure and function and
have not explored potential mechanisms or modifying
factors for these associations. Time spent in sedentary
behaviors and PA during childhood could carry over
into adolescence.?>?% The change in cumulative sed-
entary time and PA over this crucial developmental pe-
riod may also affect cardiac work and function. Given
that this is an area that has yet to be fully elucidated,
we examined the relationship of cumulative sedentary
time and PA from childhood to adolescence with car-
diac work and function in adolescence over an 8-year
follow-up period. Moreover, because sedentary time
and PA may have differing effects on cardiac functions
during different development periods,?* we also inves-
tigated whether cumulative sedentary time and PA in
childhood between baseline and 2-year follow-up were
associated with cardiac work and function at 8-year
follow-up.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Study Design

The present longitudinal cohort data are from the
PANIC (Physical Activity and Nutrition in Children)
study, which is an 8-year physical activity and dietary
intervention study and a long-term follow-up study in a
population sample of children from the city of Kuopio,
Finland.?® The main analyses included participants
who had valid data on cardiac work and function at 8-
year follow-up and valid sedentary time and PA data at
least at 1 time point. The Research Ethics Committee
of the Hospital District of Northern Savo approved the
study protocol in 2006 (statement 69/2006). The par-
ents or caregivers of the children gave their written in-
formed consent, and the children provided their assent
to participation. The PANIC study has been performed
in accordance with the principles of the Declaration of
Helsinki as revised in 2008.
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Assessment of Cardiac Work and
Function

Stroke volume (milliliters), cardiac output (liters per min-
ute), and cardiac work (kilogramsxmeters) were meas-
ured after a 15-minute supine rest with the CircMon
B202 impedance cardiography device (JR Medical,
Saku Vald, Estonia) coupled with the Finapress de-
vice.?8?” Cardiac work reflects the work performed by
the left ventricle and is closely correlated with cardiac
oxygen demand."” These measures were also normal-
ized for body surface area and expressed as stroke
index (milliliters per meters squared), cardiac index (lit-
ers per minute per meters squared), and cardiac work
index (kilogramsxmeters per meters squared). A higher
stroke index, cardiac index, and cardiac work index
reflect higher stroke volume, cardiac output, and left
ventricle workload, respectively. The method and elec-
trode configuration (Figure S1) have been described in
detail elsewhere.?® Cardiac work index was calculated
using the formula:

0.0143 x(mean arterial pressure —pulmonary artery
occlusion pressure) x cardiac index.

Pulmonary artery occlusion pressure was assumed
to be 6mmHg, and 0.0143 is the conversion factor
of pressure from millimeters of mercury to centime-
ters of water, volume to density of blood (in kilograms
per liter), and centimeters to meters.?” Beat-to-beat
blood pressure used to assess mean arterial pres-
sure was measured using the Finapress device and
was analyzed using the Cafts program. Cardiac out-
put measured using the CircMon whole-body im-
pedance cardiography agree reasonably well with
3-dimensional ultrasound measurement and the ther-
modilution method.?®?829 |mpedance cardiography
has also shown reasonable validity and reproducibility
in youth.30-32

Assessment of Sedentary Time and
Physical Activity

A uniaxial accelerometer with a built-in heart rate sen-
sor (Actiheart; CamNtech, Papworth, United Kingdom)
was attached to the chest via ECG electrodes and used
to assess sedentary time and PA. The device was set
to record body movement and heart rate in 60-second
epochs. The participants were instructed to carry on
with their usual behavior and to wear the monitor dur-
ing all daily activities, including sleep, shower, sauna,
and swimming, as described previously.3334 The par-
ticipants were therefore requested to wear the device
continuously for a minimum of 4 consecutive days,
2 on weekdays and 2 on the weekend, because the
activity patterns of school children are known to vary
markedly between weekdays and weekend days.® At
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baseline, the median monitor wear time was 104 hours
(minimum-maximum 52-212 hours), at 2-year follow-
up 101 hours (48-171hours), and at 8-year follow-up
170hours (65-425hours). We accepted sedentary
time and PA data for statistical analyses if there were
at least 48hours of activity recording in weekday and
weekend day hours that included at least 12hours
from morning (3am—9am), noon (9av—3pPwm), afternoon
(83Pm—9pPwm), and night (9rm—3 am) to avoid potential bias
from overrepresenting specific times and activities of
the days.®® This resulted in at least 12hours of wear
data from morning (3amM—9Am), noon (9 am—3pwm), after-
noon/evening (3pv—9 pPv), and night (9 Pm—3 am).

Upon retrieving and downloading the data from
the device, heart rate data were first corrected for
noise.” Subsequently, they were individually cal-
ibrated with sleeping heart rate and parameters ob-
tained from maximal exercise tests3®3° performed
by the Ergoselect 200 K electromagnetic bicycle er-
gometer (Ergoline, Bitz, Germany) and the Cardiosoft
V6.5 Diagnostic System ECG device (GE Healthcare
Medical Systems, Freiburg, Germany). The heart rate
data were finally combined with trunk acceleration
data in a branched equation model to estimate activity
intensity time series.“® Monitor nonwear was acknow!-
edged by prolonged O acceleration lasting >90 minutes
accompanied by nonphysiological heart rate, and ac-
tivity estimates were adjusted during summarization to
minimize diurnal bias arising from nonwear. PA energy
expenditure (PAEE) was calculated by integrating the
intensity time series, where time distribution of activity
intensity was generated by using standard metabolic
equivalent tasks (METs) in 0.5 increments. Sleep du-
ration was analyzed from the Actiheart recordings by
a trained exercise specialist and confirmed by a phy-
sician, where necessary.®* The time of falling asleep
was defined as accelerometer counts decreasing to O
and heart rate to a plateau level. The time of waking up
was defined as accelerometer counts increasing and
remaining >0 and heart rate increasing and remaining
above the plateau level. We defined sedentary time as
time spent in activity <1.5 METs excluding sleep and
light PA, moderate PA, and vigorous PA as time spent
in activity >1.5 and <4.0 METs, >4.0 and <7.0 METs,
and >7.0 METs, respectively, by defining 1 MET as
71.2J/min per kilogram. MVPA included moderate PA
and vigorous PA. The cutoffs have been commonly ap-
plied in investigations of PA among children and youth.
Accelerometers with built-in heart rate monitoring ca-
pabilities have been found to be more accurate in esti-
mating PAEE than either method alone in children,*42
explaining 86% of variance in PA energy expenditure
variance.*

We used the area under the curve (AUC) approach
for sedentary time and PA measured at baseline, 2-
year follow-up, and 8-year follow-up to use all of the
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data collected over the 8-year period and to describe
the exposure to sedentary time and PA from childhood
to adolescence.*® The AUCs were determined using
an additive mixed model.** The modeling allowed the
inclusion of a nonlinear effect that was modeled by
cubic spline in addition to random intercept for indi-
viduals.*® For this study, the AUC variables for seden-
tary time and PA were defined separately for childhood
(from baseline to 2-year follow-up) and from childhood
to adolescence (from baseline to 8-year follow-up).

Because the AUC approach used to quantify cumu-
lative sedentary time and PA uses estimated data, we
also performed the AUC analyses among 81 partici-
pants (28 girls, 53 boys) who had valid and complete
data on sedentary time and PA at all 3 time points.
We performed additional supplemental analyses using
mean sedentary time and PA from baseline to 2-year
follow-up and from baseline to 8-year follow-up among
81 participants (28 girls, 53 boys) who had valid and
complete data for sedentary time and PA in all time
points. This was performed to account for the reduc-
tion in the reliability of the data due to the long interval
from the assessment of sedentary time and PA from
childhood to adolescence.*®

Assessment of Modifying Factors
Whole body mass was measured twice, with the chil-
dren having fasted for 12hours, emptied the bladder,
and standing in light underwear by a calibrated InBody
720 bioelectrical impedance device (Biospace, Seoul,
South Korea) to an accuracy of 0.1kg. The mean of
these 2 values was used in the analyses. Stature was
measured 3 times with the children standing in the
Frankfurt plane without shoes using a wall-mounted
stadiometer to an accuracy of 0.1cm. The mean of
the nearest 2 values was used in the analyses. Body
mass index was calculated by dividing body mass (kil-
ograms) by body height (meters squared). Body mass
index—SD score was calculated based on Finnish refer-
ence data.” The prevalence of overweight and obesity
was defined using the cutoff values provided by Cole
et al.*® Total fat mass and body fat percentage (BF%)
were measured by the Lunar dual-energy x-ray ab-
sorptiometry device (GE Medical Systems, Madison,
WI) using standardized protocols.*®

Systolic blood pressure was measured from the
right arm using the Heine Gamma G7 aneroid sphyg-
momanometer (Heine Optotechnik) to an accuracy
of 2mmHg. The measurement protocol included a
5-minute seated resting period followed by 3 measure-
ments with 2-minute intervals in between. The average
of all 3 values was used in the analyses. Pulse wave ve-
locity (PWV) was measured with the CircMon B202 im-
pedance cardiography device (JR Medical, Saku Vald,
Estonia). The participants were asked to rest for 15
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minutes in a supine position before the measurement.
The CircMon software estimates the foot of the im-
pedance cardiography signal that coincides with pulse
transmission in the aortic arch. The distal impedance
plethysmogram was recorded from the popliteal artery
at the knee joint level. Using the measured pulse transit
time (At) and assessed distance (L) between these 2
sites, the CircMon software calculates PWV using the
equation: PWV (m/s)=L/At.%°

A research nurse took blood samples in the morn-
ing, after children had fasted overnight for at least
12hours. Blood was immediately centrifuged and
stored at a temperature of —75 °C until biochemical
analyses. Plasma glucose was measured by a hex-
okinase method, and serum insulin was measured by
an electrochemiluminescence immunoassay. Intra-
assay and interassay coefficient of variation for the in-
sulin analyses were 1.3% to 3.5% and 1.6% to 4.4%,
respectively. Insulin resistance was assessed using
Homeostatic Model Assessment for Insulin Resistance
and the formula®":

fasting serum insulin x fasting plasma glucose
22.5 '

The Nightingale high-throughput nuclear magnetic
resonance spectroscopy platform was used to assess
HDL cholesterol, average HDL diameter, and the con-
centrations of extra-large, large, medium, and small
HDL particles, and the concentration of apolipoprotein
A1.52

A research physician assessed pubertal status
using a 5-stage scale described by Marshall and
Tanner.?%%* We used testicular volume assessed by
an orchidometer to assess pubertal status in boys and
breast development to assess pubertal status in girls.

Statistical Analysis

Statistical analyses were performed using the SPSS
statistical software, version 28.0 (IBM, Armonk, NY).
The characteristics of participants were presented
as means (SDs) or medians (interquartile ranges),
or percentages for normally distributed continuous
variables, continuous variables with skewed distri-
butions, or categorical variables, respectively. The
characteristics between those included in the analy-
ses and those excluded were compared using the
Student t test for normally distributed continuous
variables, the Mann-Whitney U test for continuous
variables with skewed distributions, or the x? test
for categorical variables. Before the analyses, we
performed square root or natural logarithm trans-
formation for skewed variables. The associations of
cumulative sedentary time and PA with the meas-
ures of cardiac work and function were investigated
using linear regression analyses adjusted for age
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and sex. The data were corrected for multiple com-
parisons using the Benjamini-Hochberg false discov-
ery rate using the false discovery rate value of 0.1.
These data were further adjusted for possible modi-
fiers of the associations including pubertal status,
BF%, Homeostatic Model Assessment for Insulin
Resistance, systolic blood pressure, arterial stiffness,
or HDL characteristics, which were entered into the
models separately. We replaced the missing data on
these measures by multiple imputation using 10 im-
puted data sets. To study the modifying effect of sex
on the associations of cumulative sedentary time and
PA with measures of cardiac work and function, we
included a sex x sedentary time or sex x PA interac-
tion term in the models. For the current 3 predictor
analyses, we estimated that 121 observations were
needed to observe a small effect size (°=0.05) at the
power of 0.80 when statistical significance level was
set at P<0.05.%% We considered standardized regres-
sion coefficients between 0.10 and 0.29, between
0.30 and 0.49, and >0.50 to describe small, medium,
and large effect sizes, respectively.®®

RESULTS

Participants

Altogether, 736 children aged 6 to 8years from pri-
mary schools of Kuopio were invited to participate in
the baseline examination in 2007 to 2009. A total of
512 children, who represented 70% of those invited,
participated in the baseline examinations. Six children
were excluded from the study at baseline because
of physical disabilities that could hamper participa-
tion in the intervention or had no time or motivation
to attend the study. Based on data from the Finnish
national school health examinations, the participants
did not differ in sex distribution, age, or body mass
index—SD score from all other children who started the
first grade in 2007 to 2009. We conducted the main
analyses for 153 participants (69 girls, 84 boys) who
had valid data on cardiac work and function at 8-year
follow-up and valid sedentary time and PA data at least
at 1 time point (Figure 1). Participants included in the
analyses did not differ in age, sex distribution, pubertal
status, body mass index—-SD score, or BF% at 8-year
follow-up from those excluded from the analyses (all
P>0.160).

Characteristics of Participants

The participants’ characteristics at 8-year follow-up
are presented in the Table 1. In general, girls had
more advanced pubertal development, higher BF%,
and accumulated less MVPA and vigorous PA than
boys.
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Associations of Cumulative Sedentary
Time With Cardiac Work and Function

A cumulative sedentary time from baseline to 2-year
follow-up and from baseline to 8-year follow-up was di-
rectly associated with cardiac work at 8-year follow-up
after adjustment for age and sex (Figure 2, Table S1).
These associations remained also after false discovery
rate correction of 0.1.

Effect of Modifying Factors on the Associations
of Cumulative Sedentary Time With Cardiac Work
and Function

The associations of cumulative sedentary time from
baseline to 2-year follow-up (8=0.154 [95% CI, —0.005
to 0.312]) and from baseline to 8-year follow-up
(B=0.153 [95% ClI, —0.005 to 0.310]) with cardiac work
attenuated after further adjustment for BF%.

Modifying Effect of Sex on the Associations of
Cumulative Sedentary Time With Cardiac
Work and Function

Higher cumulative sedentary time from baseline to 2-
year follow-up and from baseline to 8-year follow-up
were associated with lower stroke volume index in girls
(B=-0.257 [95% ClI, —0.496 to —0.018]) but not in boys
(B=0.178 [95% ClI, —0.038 to 0.394], £=0.009 for inter-
action). Further adjustment for PWV attenuated the in-
verse association between sedentary time and stroke
volume index in girls (8=—0.213 [95% CI, —0.458 to
0.031)). In these analyses, the standardized regression
coefficients were identical for both time points.

Associations of Cumulative Physical
Activity With Cardiac Work and Function
Cumulative MVPA and PAEE from baseline to 2-year
follow-up and from baseline to 8-year follow-up were
inversely associated with cardiac work and cardiac
index after adjustment for age and sex (Figure 2,
Table S1). Cumulative vigorous PA from baseline to 2-
year follow-up and from baseline to 8-year follow-up
was inversely associated with cardiac work and car-
diac work index. These associations also remained
after false discovery rate 0.1 correction.

Effect of Modifying Factors on the
Associations of Cumulative Physical Activity
With Cardiac Work and Function

Further adjustment for BF% at 8-year follow-up at-
tenuated the associations of cumulative MVPA
(B=-0.205 [95% CI, —0.439 to 0.029] and =-0.187
[95% CI, —0.400 to 0.027] for cumulative exposures
from baseline to 2-year-follow-up and from baseline
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736 children aged 6-9 years were
invited to participate

512 children, who accounted for 70% of
the invited, participated in the baseline
assessments

|

Excluded (n=8)

|

Baseline
n=504 children

|

-Physical disabilities or
withdrawal

Dropped out during 2-year
follow-up (n=66)

|

2-year follow-up
n=440 children

|

-Moved elsewhere (n=5)
-No time or motivation (n=22)
-Unknown reason (n=39)

Dropped out during 8-year
follow-up (n=162)
-Moved elsewhere (n=16)

|

8-year follow-up
n=277 adolescents

Analytical sample in the present study
n=153

-No time or motivation (n=107)
-Health reason (n=4)
-Unknown reason (n=35)

Excluded (n=124)

-Missing or unvalid data on
sedentary time and physical
activity (n=124)

-Of those with missing
sedentary time and physical
activity data, a total of 50
also had missing data on
cardiac work and function

Figure 1. Flowchart of the study.

to 8-year follow-up, respectively), cumulative vigor-
ous PA (f=-0.171 [95% CI, —-0.385 to 0.054] and
B=-0.165 [95% CI, —0.382 to 0.468]), and cumula-
tive PAEE (8=-0.163 [95% CI, —0.363 to 0.037] and
B=-0.158 [95% CI, —0.351 to 0.035]) with cardiac
work.

J Am Heart Assoc. 2024;13:e031837. DOI: 10.1161/JAHA.123.031837

The association between cumulative vigorous PA
and cardiac work index attenuated after further ad-
justment for BF% at 8-year follow-up (8=-0.203 [95%
Cl, —-0.443 to 0.036] and B=-0.197 [95% ClI, —0.429
to 0.035]), Homeostatic Model Assessment for Insulin
Resistance at 8-year follow-up (8=-0.225 [95% ClI,
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Table 1. Basic Characteristics

Physical Activity and Cardiac Function

Characteristic All Girls Boys
Age, y 15.8 (15.5-16.1) 15.8 (15.4-16.1) 15.8 (15.5-16.2)
Height, cm 171.9 (8.1) 166.6 (5.4) 176.3 (7.2)
Weight, kg 59.5 (54.6-67.0) 57.2 (52.7-63.1) 63.3 (56.2-73.2)
BMI 20.6 (18.8-22.0) 20.9 (19.4-21.9) 20.1 (18.5-22.1)
BMI-SDS 0.03 (0.9) 0.16 (0.9) -0.08 (1.0)
Prevalence of overweight/obesity (%) 16.7 14.5 16.7
Pubertal status (%)

3 7.5 1.5 12.7

4 56.8 52.2 60.8

5 35.6 46.3 26.6
Body fat percentage 24.2 (13.2-30.6) 29.5 (24.6-34.3) 14.6 (10.7-22.8)
HOMA-IR (n=143) 2.2 (1.7-3.1) 2.3 (1.8-3.1) 2.1 (1.6-3.3)
Systolic blood pressure, mmHg 113 (11) 110 (8) 116 (12)
Pulse wave velocity (m/s) (n=145) 5.7 (6.5-6.1) 5.7 (6.5-6.1) 5.7 (6.4-6.0)
HDL cholesterol (mmol/L) (n=148) 1.4 (0.2 1.5(0.2) 1.2(0.2
Concentration of HDL particles 0.015 (0.001) 0.016 (0.002) 0.014 (0.001)
(mmol/L) (n=148)
Average HDL diameter (nm) (n=148) 9.7 (0.2)

Concentration of extra-large HDL
particles (mmol/L) (n=148)

0.0002 (0.0002-0.0003)

0.0002 (0.0002-0.0003)

0.0002 (0.0001-0.0002)

Concentration of large HDL particles
(mmol/L) (n=148)

0.001 (0.001-0.002)

0.002 (0.001-0.002)

0.001 (0.001-0.002)

Concentration of medium HDL 0.004 (0.001) 0.004 (0.001) 0.003 (0.001)
particles (mmol/L) (n=148)

Concentration of small HDL particles 0.009 (0.001) 0.010 (0.001) 0.009 (0.001)
(mmol/L) (n=148)

Apolipoprotein Al (g/L) (n=148) 1.4 (0.18) 1.5(0.18) 1.3(0.13)
Sedentary time, min/d 604 (139) 609 (142) 601 (139)
Light physical activity, min/d 321 (117) 321 (124) 322 (113)
Moderate to vigorous physical activity, 39 (20-68) 25 (19-45) 51 (26-71)
min/d

Vigorous physical activity, min/d 5 (1-19) 2 (0-6) 9 (1-26)
Physical activity energy expenditure, 55.9 (22.5) 51.9 (19.6) 59.1 (24.39)
kd/kg per d

Cardiac work, kgxm 51 (1.3 4.9 (11) 5.2(1.4)
Cardiac work index, kgxm/m? 2.9(0.7) 3.0(0.7) 2.9(0.7)
Stroke volume index, mL/m? 421 (6.3) 42.2 (6.1) 421 (6.6)
Cardiac index, L/min per m? 2.9(0.5) 3.0 (0.5) 2.9(0.5)

The data are means and SDs or medians and interquartile ranges. P values for the differences between girls and boys are from the Student ¢ test, Mann-
Whitney U test, or x? test. BMI indicates body mass index; BMI-SDS, body mass index—SD score; HDL, high-density lipoprotein; and HOMA-IR, Homeostatic
Model Assessment for Insulin Resistance.

~0.451 to 0.002] and B=-0.218, [95% Cl, —0.437 to Modifying Effect of Sex on the Associations of

0.001]), or PWV at 8-year follow-up (f=—0.191 [95% Cumulative Phy§icaIActivity With Cardiac

Cl, ~0.141 to 0.033] and p=—0.185 [95% Cl, ~0.413to  Work and Function

0.031]). Cumulative light PA (8=0.257 [95% ClI, 0.020-0.494] ver-
The associations of cumulative MVPA (f=-0.217 sus B=-0.120 [95% CI, —0.338 to 0.097], P=0.026 for

[95% ClI, -0.448 to 0.014] and p=-0.198 [95% ClI, interaction) and cumulative vigorous PA (8=0.237 [95%

—-0.408 to 0.013]) and cumulative PAEE (=-0.181[95%  CI, 0.000-0.474] versus =-0.048 [95% ClI, -0.367 to

Cl, =0.374 to 0.011] and f=-0.175 [95% CI, -0.362 to  0.171], P=0.059 for interaction) from baseline to 2-year

0.011])) with cardiac index attenuated after further ad-  follow-up and from baseline to 8-year follow-up were di-

justment for PWV at 8-year follow-up. rectly associated with stroke volume index in girls but
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Cardiac work index (kg x m/mz)
Exposure from 0-2
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ST —eo— * ST —eo— *
LPA— |—0—| LPA- |—.—|
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| T | T | | | i | |
~0.75-0.50 -0.25 0.00 0.25 0.50 -0.75-0.50 -0.25 0.00 0.25 0.50

Cardiac work (kg x m)
Exposure from 0-8

-0.75 -0.50 -0.25 0.00 0.25 0.50

Standardized regression coeffient (95% Cl)

Cardiac work index (kg x m/m2)
Exposure from 0-8

Standardized regression coeffient (95% Cl)

Figure 2. Associations of indices of cumulative sedentary time and physical activity from
baseline to 2-year follow-up and from baseline to 8-year follow-up with cardiac work and cardiac

work index at 8-year follow-up.

Data are standardized regression coefficients with their 95% Cls adjusted for age and sex. Exposure
from 0 to 2 denotes cumulative sedentary time or physical activity from baseline to 2-year follow-up,
and exposure from 0 to 8 denotes cumulative sedentary time or physical activity from baseline to 8-year
follow-up. *P<0.05. LPA indicates light physical activity; MVPA, moderate-to-vigorous physical activity;
PAEE, physical activity energy expenditure; ST, sedentary time; and VPA, vigorous physical activity.

not in boys. In these analyses, the standardized regres-
sion coefficients were identical for both time points.

Supplemental Analyses

Cumulative sedentary time from baseline to 2-year
follow-up and from baseline to 8-year follow-up was
directly associated with cardiac work, cardiac work

J Am Heart Assoc. 2024;13:e031837. DOI: 10.1161/JAHA.123.031837

index, and cardiac index at 8-year follow-up (Table S2).
Cumulative MVPA from baseline to 2-year follow-up and
from baseline to 8-year follow-up was inversely associ-
ated with cardiac work. A higher PAEE from baseline to
2-year follow-up and from baseline to 8-year follow-up
was associated with lower cardiac work, cardiac work
index, and cardiac index.
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A higher mean sedentary time from baseline to
8-year follow-up was associated with higher car-
diac work, cardiac work index, and cardiac index
(Table S3). A higher mean MVPA from baseline to 8-
year follow-up was inversely associated with cardiac
work. Average PAEE from baseline to 2-year follow-up
and from baseline to 8-year follow-up was associated
with lower cardiac work. A higher average PAEE from
baseline to 8-year follow-up was associated with lower
cardiac work index and cardiac index.

Further adjustment for BF%, Homeostatic Model
Assessment for Insulin Resistance, and PWV at 8-year
follow-up attenuated the association between MVPA
and cardiac work. Further adjustment for systolic blood
pressure and PWV at 8-year follow-up attenuated the
associations of sedentary time or PAEE with cardiac
work index, respectively.

DISCUSSION

We observed that higher cumulative sedentary time
and lower cumulative MVPA, vigorous PA, and PAEE
in childhood and from childhood to adolescence were
associated with higher cardiac work in adolescence.
However, only cumulative vigorous PA was inversely
associated with the cardiac work index. Nevertheless,
these associations of sedentary time and PA with
cardiac work attenuated after controlling for BF%.
Interestingly, when we applied tighter inclusion criteria
for sedentary time and PA data in the supplemental
analyses, lower levels of sedentary time and higher
PAEE were associated with lower cardiac work index
independent of BF% but not systolic blood pressure
or PWV. Therefore, our findings suggest that higher
cumulative sedentary time and lower cumulative PA
in childhood and from childhood to adolescence are
associated with higher cardiac work in adolescence.
Furthermore, the effect sizes for all associations were
considered small to medium.

Our findings suggest that higher levels of seden-
tary time are associated with higher cardiac work and
cardiac oxygen demand. Higher levels of sedentary
time have been associated with higher left ventricular
mass in adolescents' and adults,'® indicating possible
pathophysiological alterations underlying left ventricu-
lar hypertrophy and higher cardiac oxygen consump-
tion.'® As such, the enlargement in cardiac muscle and
left ventricular size may explain the present findings of
a direct association between sedentary time and car-
diac work. On the other hand, MVPA has also been
positively associated with a left ventricular mass in
adolescents.'® However, this could be attributed to a
positive cardiac adaptation known as athlete’s heart.
Long-term endurance training increases left ventric-
ular mass in youth®® and adults®” and reduces left
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ventricular wall stress, thereby decreasing cardiac ox-
ygen demand.®® This is supported by the inverse re-
lationship we found between cumulative vigorous PA
and cardiac work index.

In line with previous studies in adults,”® we found
that higher levels of PA were associated with lower
cardiac work. Moreover, our current observations
suggest that at least moderate-intensity PA, but not
light-intensity PA, was inversely associated with car-
diac work. It is likely that similar to adults, an inten-
sity threshold for PA in youth needs to be met before
beneficial cardiac adaptations® occur. These findings
align with observations that higher-intensity PA is more
effective in improving cardiovascular function, such as
maximal oxygen uptake,®® and endothelial function in
youth.®" Nevertheless, we observed an inverse asso-
ciation between PAEE and cardiac work, suggesting
that the total volume of PA with sufficient intensity is an
important determinant of cardiac work as well.

Our findings, in line with the results of some previ-
ous studies,*®®? suggest that sedentary time and PA
have weak, if any, associations with resting stroke vol-
ume and cardiac output at best. Nevertheless, we ob-
served that sedentary time was directly and PAEE was
inversely associated with cardiac index. These results
could be related to alterations in cardiac structures and
cardiovascular regulation.'®'®% However, differences
in resting heart rate are the most plausible explana-
tion for these observations, because youth with higher
levels of sedentary time and lower PAEE have higher
resting heart rates directly contributing to higher car-
diac output.

The associations between sedentary time, PA, and
cardiac work were attenuated after controlling for BF%
and may partially explain the observed associations
of sedentary time and PA with cardiac work. Obesity
increases the cardiac work levels®® and has a tightly
interwoven relationship with increased sedentary time
in youth.8485 Moreover, decrease in PA levels has also
been documented to mediate body mass gain in ado-
lescents.®® As such, the independent role of sedentary
time in the alterations of cardiac work and function re-
mains to be completely established.'® Notwithstanding,
in adults with obesity, weight loss has been associ-
ated with reduced left ventricular mass.®” Therefore,
preventing increased adiposity, insulin resistance, and
arterial stiffness by reducing sedentary time and in-
creasing PA may reduce cardiac workload in youth.

Multicomponent interventions targeting several
unhealthy behaviors and cardiometabolic risk factors
may have more usefulness in preventing cardiovas-
cular diseases from the time of youth.®® Accordingly,
it has been suggested that cardiovascular health is
largely influenced by sedentary behaviors, PA, diet
quality, environment, sleep, and mental well-being.®®
Therefore, a combination of reducing sedentary time,
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increasing PA, and improving diet and sleep quality
from childhood should be the first line of cardiovas-
cular disease prevention.”%=2 In addition, reducing en-
vironmental pollution” and mental health disorders™
are also critical components for cardiovascular health
improvement and the prevention of cardiovascular dis-
ease risk in youth.

The strengths of the present study include an 8-
year follow-up among a relatively large sample of
adolescents using valid and reproducible methods
to assess sedentary time, PA, and cardiac work and
function. We also controlled for several possible con-
founding factors, allowing us to investigate their role
in the associations of sedentary time and PA with
cardiac work and function. However, due to missing
data on sedentary time and PA at the 8-year follow-up
stage, data from 45% of the participants were omit-
ted from the analyses. Furthermore, the sample size
was also relatively small for sex-specific associations,
which decreased the statistical power to detect sig-
nificant associations. There are also several other lim-
itations that need to be noted. Firstly, the nature of
the study means that causality cannot be ascertained.
Secondly, we assessed cardiac work and function
only in adolescence and not throughout childhood
to adolescence. Thirdly, we were not able to assess
the role of posture or sit-to-stand transitions or pro-
longed sitting in cardiac work and function, although
they have been associated with cardiovascular health
in adults.” Moreover, sedentary time assessed by the
Actiheart monitor may also underestimate the time
spent in sedentary behaviors,’®’” because it is placed
on the chest as opposed to being on the thigh, which
would provide a more accurate assessment. In addi-
tion, indices of cumulative sedentary time and PA from
baseline to 8-year follow-up do not capture possible
fluctuations in sedentary time and PA between 2-year
and 8-year follow-up and therefore may over- or un-
derestimate overall exposure to sedentary time and
PA in some participants.

Finally, we are aware that cardiac magnetic res-
onance imaging or echocardiography, as the gold
standard methods to measure stroke volume and
cardiac output, could have increased the validity of
our findings. However, stroke volume and cardiac
output measured using impedance cardiography
show a reasonable level of agreement with other
methods.?6282° Moreover, the easily available as-
sessment of cardiac work using impedance cardiog-
raphy could have clinical value, because increased
cardiac workload may increase the risk of heart fail-
ure.'® Regardless, there are no clinical thresholds for
increased cardiac workload for pediatric populations,
and therefore the interpretations should be made
cautiously. Our sample included apparently healthy
White adolescents, and therefore our findings may
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not be directly generalizable to other populations.
Nevertheless, the levels of sedentary time and PA in
our study sample were comparable to those of larger
study population of Finnish adolescents.!

In conclusion, higher cumulative sedentary time,
lower cumulative MVPA, and cumulative vigorous PA
from middle childhood to adolescence were associated
with higher cardiac work in adolescence. However, ad-
iposity and other cardiometabolic risk factors partially
explain these associations. Our results highlight the
importance of increasing PA and obesity prevention
from childhood to decrease the risk of cardiac-related
abnormalities later in life. Long-term observational and
intervention studies are required to establish the role of
PA increase and sedentary time reduction in cardiac
functions in children and adolescents, and to investi-
gate possible sex-differences in the associations and
effects.

ARTICLE INFORMATION
Received July 18, 2023; accepted February 16, 2024.

Affiliations

Faculty of Sport and Health Sciences, University of Jyvaskyla, Jyvaskyla,
Finland (E.A.H., E.L.); Institute of Biomedicine, School of Medicine,
University of Eastern Finland, Kuopio, Finland (E.A.H., M.H.L., TA.L);
Faculty of Medicine, University of Helsinki, Finland (M.H.L.); Foundation
for Research in Health Exercise and Nutrition, Kuopio Research Institute
of Exercise Medicine, Kuopio, Finland (K.S., T.A.L.); Institute of Public
Health and Clinical Nutrition, University of Eastern Finland, Kuopio,
Finland (J.A.L.); Department of Medicine, Wellbeing Services County
of Central Finland, Jyvaskyld, Finland (J.A.L.); Department of Clinical
Physiology, Tampere University Hospital and Faculty of Medicine and
Health Technology, Tampere University, Tampere, Finland (M.K.); MRC
Epidemiology Unit, University of Cambridge School of Clinical Medicine,
Cambridge, United Kingdom (S.B.); and Department of Clinical Physiology
and Nuclear Imaging, University of Eastern Finland and Kuopio University
Hospital, Kuopio, Finland (T.A.L.).

Acknowlegments

Author contributions: E.A.H., conceptualization, formal analysis, writing origi-
nal draft, funding acquisition. M.H.L., conceptualization, writing review and
editing. E.L., writing review and editing. K.S., methodology, investigation,
writing review and editing. J.A.L., methodology, investigation, writing review
and editing. M.K., methodology, writing review and editing. S.B., methodol-
ogy, writing review and editing. TAL, supervision, funding acquisition, project
administration, methodology, investigation, writing review and editing. All au-
thors approved the final version of the article.

Sources of Funding

The PANIC study has been supported financially by grants from the
Research Council of Finland, Ministry of Education and Culture of Finland,
Ministry of Social Affairs and Health of Finland, Research Committee of
the Kuopio University Hospital Catchment Area (State Research Funding),
Finnish Innovation Fund Sitra, Social Insurance Institution of Finland, Finnish
Cultural Foundation, Foundation for Pediatric Research, Diabetes Research
Foundation in Finland, Finnish Foundation for Cardiovascular Research, Juho
Vainio Foundation, Paavo Nurmi Foundation, Yrjé Jahnsson Foundation, and
the city of Kuopio.

Disclosures
None.

Supplemental Material
Tables S1-S3
Figure S1

10



¥202 ‘9z Yore |\ uo Ag Bio'sfeuinofeye//:diy wouy pspeojumoq

Haapala et al

REFERENCES

1.

J Am Heart Assoc. 2024;13:e031837. DOI: 10.1161/JAHA.123.031837

Kokko S, Martin L. Lasten ja nuorten likuntakdyttdytyminen Suomessa
2022 (LIITU) [The Finnish School-aged Physical Activity monitoring
study]. Valtion liikuntaneuvoston julkaisuja; 2023:1. Accessed April
10, 2023. https://www.liikuntaneuvosto.fi/lausunnot-ja-julkaisut/liitu
-2022/

Guthold R, Stevens GA, Riley LM, Bull FC. Global trends in insuffi-
cient physical activity among adolescents: a pooled analysis of 298
population-based surveys with 1.6 million participants. Lancet Child
Adolesc Health. 2019;4:23-35. doi: 10.1016/52352-4642(19)30323-2
Tremblay MS, Aubert S, Barnes JD, Saunders TJ, Carson V, Latimer-
Cheung AE, Chastin SFM, Altenburg TM, Chinapaw MJM. Sedentary
behavior research network (SBRN)—terminology consensus project
process and outcome. Int J Behav Nutr Phys Act. 2017;14:75. doi:
10.1186/512966-017-0525-8

Jingjie W, Yang L, Jing Y, Ran L, Yiging X, Zhou N. Sedentary time
and its association with risk of cardiovascular diseases in adults: an
updated systematic review and meta-analysis of observational studies.
BMC Public Health. 2022;22:286. doi: 10.1186/s12889-022-12728-6
van Sluijs EMF, Ekelund U, Crochemore-Silva |, Guthold R, Ha A, Lubans
D, Oyeyemi AL, Ding D, Katzmarzyk PT. Physical activity behaviours
in adolescence: current evidence and opportunities for intervention.
Lancet. 2021;398:429-442. doi: 10.1016/S0140-6736(21)01259-9
Platts SH, Martin DS, Stenger MB, Perez SA, Ribeiro LC, Summers R,
Meck JV. Cardiovascular adaptations to long-duration head-down bed
rest. Aviat Space Environ Med. 2009;80:A29-A36. doi: 10.3357/ASEM.
BR03.2009

Westby CM, Martin DS, Lee SMC, Stenger MB, Platts SH. Left ven-
tricular remodeling during and after 60days of sedentary head-
down bed rest. J Appl Physiol. 2016;120:956-964. doi: 10.1152/
japplphysiol.00676.2015

Gibbs BB, Reis JP, Schelbert EB, Craft LL, Sidney S, Lima J, Lewis CE.
Sedentary screen time and left ventricular structure and function: the
CARDIA study. Med Sci Sports Exerc. 2014;46:276-283. doi: 10.1249/
MSS.0b013e3182a4df33

Thangada ND, Patel KV, Peden B, Agusala V, Kozlitina J, Garg S,
Drazner MH, Ayers C, Berry JD, Pandey A. Cross-sectional associ-
ations of objectively measured sedentary time, physical activity, and
fitness with cardiac structure and function: findings from the Dallas
heart study. J Am Heart Assoc. 2021;10:e015601. doi: 10.1161/
JAHA.119.015601

Berdy AE, Upadhya B, Ponce S, Swett K, Stacey RB, Kaplan R, Vasquez
PM, Qi Q, Schneiderman N, Hurwitz BE, et al. Associations between
physical activity, sedentary behaviour and left ventricular structure and
function from the echocardiographic study of Latinos (ECHO-SOL).
Open Heart. 2021;8:6001647. doi: 10.1136/openhrt-2021-001647
Turkbey EB, Jorgensen NW, Johnson WC, Bertoni AG, Polak JF, Roux
AVD, Tracy RP, Lima JAC, Bluemke DA. Physical activity and physi-
ological cardiac remodelling in a community setting: the multi-ethnic
study of atherosclerosis (MESA). Heart. 2010;96:42-48. doi: 10.1136/
hrt.2009.178426

Eskelinen J-J, Heinonen |, Loyttyniemi E, Hakala J, Heiskanen MA,
Motiani KK, Virtanen K, Parkka JP, Knuuti J, Hannukainen JC, et al.
Left ventricular vascular and metabolic adaptations to high-intensity in-
terval and moderate intensity continuous training: a randomized trial in
healthy middle-aged men. J Physiol. 2016;594:7127-7140. doi: 10.1113/
JP273089

Valenzuela PL, Ruilope LM, Santos-Lozano A, Wilhelm M, Kréankel N,
Fiuza-Luces C, Lucia A. Exercise benefits in cardiovascular diseases:
from mechanisms to clinical implementation. Eur Heart J. 2023;44:1874—
1889. doi: 10.1093/eurheartj/ehad170

Barnett TA, Kelly AS, Young DR, Perry CK, Pratt CA, Edwards NM,
Rao G, Vos MB; American Heart Association Obesity Committee
of the Council on Lifestyle and Cardiometabolic Health; Council on
Cardiovascular Disease in the Young; and Stroke Council. Sedentary
behaviors in Today’s youth: approaches to the prevention and
Management of Childhood Obesity: a scientific statement from the
American Heart Association. Circulation. 2018;138:¢142—-e159. doi:
10.1161/CIR.0000000000000591

Agbaje AO. Associations of accelerometer-based sedentary time, light
physical activity and moderate-to-vigorous physical activity with rest-
ing cardiac structure and function in adolescents according to sex,
fat mass, lean mass, BMI, and hypertensive status. Scand J Med Sci
Sports. 2023;33:1399-1411. doi: 10.1111/sms.14365

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Physical Activity and Cardiac Function

Dini FL, Galeotti GG, Terlizzese G, Fabiani |, Pugliese NR, Rovai I. Left
ventricular mass and thickness. Heart Fail Clin. 2019;15:159-166. doi:
10.1016/j.hfc.2018.12.013

Lavie CJ, Ozemek C, Carbone S, Katzmarzyk PT, Blair SN. Sedentary
behavior, exercise, and cardiovascular health. Circ Res. 2019;124:799—
815. doi: 10.1161/CIRCRESAHA.118.312669

Kerr NR, Booth FW. Contributions of physical inactivity and seden-
tary behavior to metabolic and endocrine diseases. Trends Endocrinol
Metab. 2022;33:817-827. doi: 10.1016/j.tem.2022.09.002

Mangner N, Scheuermann K, Winzer E, Wagner |, Hoellriegel R, Sandri
M, Zimmer M, Mende M, Linke A, Kiess W, et al. Childhood obesity:
impact on cardiac geometry and function. JACC Cardiovasc Imaging.
2014;7:1198-1205.

Diab A, Ripoll CV, Guo Z, Javaheri A. HDL composition, heart failure,
and its comorbidities. Front Cardiovasc Med. 2022;9:846990. doi:
10.3389/fcvm.2022.846990

Konigstein K, Klenk C, Appenzeller-Herzog C, Hinrichs T, Schmidt-
Trucksass A. Impact of sedentary behavior on large artery structure
and function in children and adolescents: a systematic review. Eur J
Pediatr. 2020;179:17-27. doi: 10.1007/s00431-019-03497-3

van Ekris E, Wijndaele K, Altenburg TM, Atkin AJ, Twisk J, Andersen
LB, Janz KF, Froberg K, Northstone K, Page AS, et al. On behalf of
the international Children’s accelerometry database (ICAD) collabora-
tors. Tracking of total sedentary time and sedentary patterns in youth:
a pooled analysis using the international Children’s accelerometry da-
tabase (ICAD). Int J Behav Nutr Phys Act. 2020;17:65. doi: 10.1186/
$12966-020-00960-5

Telama R, Yang X, Leskinen E, Kankaanpaa A, Hirvensalo M, Tammelin
T, Viikari JSA, Raitakari OT. Tracking of physical activity from early
childhood through youth into adulthood. Med Sci Sports Exerc.
2014;46:955-962. doi: 10.1249/MSS.0000000000000181

Dallaire F, Sarkola T. Growth of cardiovascular structures from the fetus
to the young adult. Adv Exp Med Biol. 2018;1065:347-360.

Lakka TA, Lintu N, Vaist6 J, Viitasalo A, Sallinen T, Haapala EA, Tompuri
TT, Soininen S, Karjalainen P, Schnurr TM, et al. A 2 year physical ac-
tivity and dietary intervention attenuates the increase in insulin resis-
tance in a general population of children: the PANIC study. Diabetologia.
2020;63:2270-2281. doi: 10.1007/s00125-020-05250-0

Kédbi T, Turjanmaa VM, Uusitalo AJ. Whole-body impedance car-
diography in the measurement of cardiac output. Crit Care Med.
1997;25:779-785. doi: 10.1097/00003246-199705000-00012

Kangas P, Tahvanainen A, Tikkakoski A, Koskela J, Uitto M, Viik J,
Kahoénen M, Kédbi T, Mustonen J, Porsti |. Increased cardiac work-
load in the upright posture in men: noninvasive hemodynamics in men
versus women. J Am Heart Assoc. 2016;5:e002883. doi: 10.1161/
JAHA.115.002883

Kddbi T, Kaukinen S, Ahola T, Turjanmaa VMH. Non-invasive mea-
surement of cardiac output: whole-body impedance cardiography
in simultaneous comparison with thermodilution and direct oxygen
Fick methods. Intensive Care Med. 1997;23:1132-1137. doi: 10.1007/
5001340050469

Koskela JK, Tahvanainen A, Haring A, Tikkakoski AJ, llveskoski E, Viitala
J, Leskinen MH, Lehtiméaki T, Kadhdnen MA, Koobi T, et al. Association of
resting heart rate with cardiovascular function: a cross-sectional study
in 522 Finnish subjects. BMC Cardiovasc Disord. 2013;13:102. doi:
10.1186/1471-2261-13-102

McGrath JJ, O’Brien WH. Pediatric impedance cardiography: temporal
stability and intertask consistency. Psychophysiology. 2001;38:479—
484. doi: 10.1111/1469-8986.3830479

Pianosi P, Garros D. Comparison of impedance cardiography with in-
direct fick (CO2) method of measuring cardiac output in healthy chil-
dren during exercise. Am J Cardiol. 1996;77:745-749. doi: 10.1016/
S0002-9149(97)89210-7

Nederend |, ten Harkel ADJ, Blom NA, Berntson GG, de Geus EJC.
Impedance cardiography in healthy children and children with con-
genital heart disease: improving stroke volume assessment. Int J
Psychophysiol. 2017;120:136-147. doi: 10.1016/}.ijpsycho.2017.07.015
Brage S, Brage N, Franks PW, Ekelund U, Wareham NJ, Brage S, Brage
N, Franks PW, Ekelund U, Wareham NJ. Reliability and validity of the
combined heart rate and movement sensor Actiheart. Eur J Clin Nutr.
2005;59:561-570. doi: 10.1038/sj.ejcn.1602118

Collings PJ, Westgate K, Vaistd J, Wijndaele K, Atkin AJ, Haapala EA,
Lintu N, Laitinen T, Ekelund U, Brage S, et al. Cross-sectional asso-
ciations of objectively-measured physical activity and sedentary time
with body composition and cardiorespiratory fitness in mid-childhood:

11


https://www.liikuntaneuvosto.fi/lausunnot-ja-julkaisut/liitu-2022/
https://www.liikuntaneuvosto.fi/lausunnot-ja-julkaisut/liitu-2022/
https://doi.org//10.1016/S2352-4642(19)30323-2
https://doi.org//10.1186/s12966-017-0525-8
https://doi.org//10.1186/s12889-022-12728-6
https://doi.org//10.1016/S0140-6736(21)01259-9
https://doi.org//10.3357/ASEM.BR03.2009
https://doi.org//10.3357/ASEM.BR03.2009
https://doi.org//10.1152/japplphysiol.00676.2015
https://doi.org//10.1152/japplphysiol.00676.2015
https://doi.org//10.1249/MSS.0b013e3182a4df33
https://doi.org//10.1249/MSS.0b013e3182a4df33
https://doi.org//10.1161/JAHA.119.015601
https://doi.org//10.1161/JAHA.119.015601
https://doi.org//10.1136/openhrt-2021-001647
https://doi.org//10.1136/hrt.2009.178426
https://doi.org//10.1136/hrt.2009.178426
https://doi.org//10.1113/JP273089
https://doi.org//10.1113/JP273089
https://doi.org//10.1093/eurheartj/ehad170
https://doi.org//10.1161/CIR.0000000000000591
https://doi.org//10.1111/sms.14365
https://doi.org//10.1016/j.hfc.2018.12.013
https://doi.org//10.1161/CIRCRESAHA.118.312669
https://doi.org//10.1016/j.tem.2022.09.002
https://doi.org//10.3389/fcvm.2022.846990
https://doi.org//10.1007/s00431-019-03497-3
https://doi.org//10.1186/s12966-020-00960-5
https://doi.org//10.1186/s12966-020-00960-5
https://doi.org//10.1249/MSS.0000000000000181
https://doi.org//10.1007/s00125-020-05250-0
https://doi.org//10.1097/00003246-199705000-00012
https://doi.org//10.1161/JAHA.115.002883
https://doi.org//10.1161/JAHA.115.002883
https://doi.org//10.1007/s001340050469
https://doi.org//10.1007/s001340050469
https://doi.org//10.1186/1471-2261-13-102
https://doi.org//10.1111/1469-8986.3830479
https://doi.org//10.1016/S0002-9149(97)89210-7
https://doi.org//10.1016/S0002-9149(97)89210-7
https://doi.org//10.1016/j.ijpsycho.2017.07.015
https://doi.org//10.1038/sj.ejcn.1602118

¥202 ‘9z Yore |\ uo Ag Bio'sfeuinofeye//:diy wouy pspeojumoq

Haapala et al

35.

36.

37.

38.

39.

40.

4.

42.

43.

44

45.

46.

47.

48.

49.

50.

51.

52.

J Am Heart Assoc. 2024;13:e031837. DOI: 10.1161/JAHA.123.031837

the PANIC study. Sports Med. 2017;47:769-780. doi: 10.1007/
540279-016-0606-x

Brooke HL, Corder K, Atkin AJ, van Sluijs EMF. A systematic literature
review with meta-analyses of within- and between-day differences in
objectively measured physical activity in school-aged children. Sports
Med. 2014,44:1427-1438. doi: 10.1007/s40279-014-0215-5

Brage S, Westgate K, Wijndaele K, Godinho J, Griffin S, Wareham
N. Evaluation of a Method for Minimising Diurnal Information Bias in
Objective Sensor Data. ICAMPAM; 2013. (conference proceeding).
Stegle O, Fallert SV, MacKay DJC, Brage S. Gaussian process ro-
bust regression for noisy heart rate data. IEEE Trans Biomed Eng.
2008;55:2143-2151. doi: 10.1109/TBME.2008.923118

Brage S, Ekelund U, Brage N, Hennings MA, Froberg K, Franks PW,
Wareham NJ. Hierarchy of individual calibration levels for heart rate
and accelerometry to measure physical activity. J Appl Physiol.
2007;103:682-692. doi: 10.1152/japplphysiol.00092.2006

Lintu N, Viitasalo A, Tompuri T, Veijalainen A, Hakulinen M, Laitinen T,
Savonen K, Lakka TA. Cardiorespiratory fitness, respiratory function
and hemodynamic responses to maximal cycle ergometer exercise test
in girls and boys aged 9-11years: the PANIC study. Eur J Appl Physiol.
2015;115:235-243. doi: 10.1007/s00421-014-3013-8

Brage S, Brage N, Franks PW, Ekelund U, Wong M-Y, Andersen LB,
Froberg K, Wareham NJ. Branched equation modeling of simultane-
ous accelerometry and heart rate monitoring improves estimate of di-
rectly measured physical activity energy expenditure. J Appl Physiol.
2004;96:343-351. doi: 10.1152/japplphysiol.00703.2003

Corder K, Brage S, Mattocks C, Ness A, Riddoch C, Wareham NJ,
Ekelund U. Comparison of two methods to assess PAEE during six
activities in children. Med Sci Sports Exerc. 2007;39:2180-2188. doi:
10.1249/mss.00013e318150dff8

Corder K, Brage S, Wareham NJ, Ekelund U. Comparison of PAEE
from combined and separate heart rate and movement models in
children. Med Sci Sports Exerc. 2005;37:1761-1767. doi: 10.1249/01.
mss.0000176466.78408.cc

Lai C-C, Sun D, Cen R, Wang J, Li S, Fernandez-Alonso C, Chen W,
Srinivasan SR, Berenson GS. Impact of long-term burden of excessive
adiposity and elevated blood pressure from childhood on adulthood left
ventricular remodeling patterns: the Bogalusa heart study. J Am Coll
Cardiol. 2014;64:1580-1587. doi: 10.1016/j.jacc.2014.05.072

Lin X, Zhang D. Inference in generalized additive mixed models by
using smoothing splines. J Royal Stat soc Series B: Stat Methodol.
1999;61:381-400. doi: 10.1111/1467-9868.00183

Wood S. Generalized Additive Models: an Introduction with R. 2nd ed.
Chapman & Hall/CRC; 2017. doi: 10.1201/9781315370279

Hakala JO, Rovio SP, Pahkala K, Nevalainen J, Juonala M, Hutri-
Kahonen N, Heinonen OJ, Hirvensalo M, Telama R, Viikari JSA, et al.
Physical activity from childhood to adulthood and cognitive perfor-
mance in midlife. Med Sci Sports Exerc. 2019;51:882-890. doi: 10.1249/
MSS.0000000000001862

Saari A, Sankilampi U, Hannila M-L, Kiviniemi V, Kesseli K, Dunkel
L. New Finnish growth references for children and adolescents
aged O to 20years: length/height-for-age, weight-for-length/height,
and body mass index-for-age. Ann Med. 2011;43:235-248. doi:
10.3109/07853890.2010.515603

Cole TJ, Lobstein T. Extended international (IOTF) body mass index cut-
offs for thinness, overweight and obesity. Pediatr Obes. 2012;7:284—
294. doi: 10.1111/1.2047-6310.2012.00064.x

Tompuri TT, Lakka TA, Hakulinen M, Lindi V, Laaksonen DE, Kilpeléinen
TO, Jaaskeldinen J, Lakka H-M, Laitinen T. Assessment of body com-
position by dual-energy X-ray absorptiometry, bioimpedance analysis
and anthropometrics in children: the physical activity and nutrition in
children study. Clin Physiol Funct Imaging. 2015;35:21-33. doi: 10.1111/
cpf12118

Koéobi T, Kéhénen M, livainen T, Turjanmaa V. Simultaneous non-
invasive assessment of arterial stiffness and haemodynamics—a
validation study. Clin Physiol Funct Imaging. 2003;23:31-36. doi:
10.1046/).1475-097X.2003.00465.x

Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner
RC. Homeostasis model assessment: insulin resistance and g-cell
function from fasting plasma glucose and insulin concentrations in man.
Diabetologia. 1985;28:412-419. doi: 10.1007/BF00280883

Soininen P, Kangas AJ, Wirtz P, Suna T, Ala-Korpela M. Quantitative
serum nuclear magnetic resonance metabolomics in cardiovascular ep-
idemiology and genetics. Circulation: Cardiovasc Gen. 2015;8:192-206.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

Physical Activity and Cardiac Function

Marshall WA, Tanner JM. Variations in pattern of pubertal
changes in girls. Arch Dis Child. 1969;44:291-303. doi: 10.1136/
adc.44.235.291

Marshall WA, Tanner JM. Variations in the pattern of pubertal changes
in boys. Arch Dis Child. 1970;45:13-23. doi: 10.1136/adc.45.239.13
Cohen J. Statistical Power Analysis for the Behavioral Sciences. 2nd ed.
Hillsdale, NJ: L. Erlbaum Associates; 1988:1-567.

Rowland T. Morphologic features of the “Athlete’s heart” in children:
a contemporary review. Pediatr Exerc Sci. 2016;28:345-352. doi:
10.1123/pes.2015-0239

Morrison BN, George K, Kreiter E, Dixon D, Rebello L, Massarotto RJ,
Cote AT. Effects of endurance exercise training on left ventricular struc-
ture in healthy adults: a systematic review and meta-analysis. Eur J Prev
Cardiol. 2023;30:772-793. doi: 10.1093/eurjpc/zwad023

Heinonen |, Kalliokoski KK, Hannukainen JC, Duncker DJ, Nuutila P,
Knuuti J. Organ-specific physiological responses to acute physical ex-
ercise and long-term training in humans. Physiology. 2014;29:421-436.
doi: 10.1152/physiol.00067.2013

Hellsten Y, Nyberg M. Cardiovascular adaptations to exercise training.
Compr Physiol. 2015;6:1-32. doi: 10.1002/cphy.c140080

Armstrong N, Barker AR. Endurance training and elite young athletes.
Med Sport Sci. 2011;56:59-83.

Bond B, Weston K, Wiliams C, Barker AR. Perspectives on high-
intensity interval exercise for health promotion in children and ado-
lescents. Open Access J Sports Med. 2017,8:243-265. doi: 10.2147/
OAJSM.S127395

Pluim BM, Zwinderman AH, van der Laarse A, van der Wall EE. The
athlete’s heart. Circulation. 2000;101:336-344. doi: 10.1161/01.
CIR.101.3.336

Rowland TW. Effect of obesity on cardiac function in children and ado-
lescents: a review. J Sports Sci Med. 2007;6:319-326.

Schnurr TM, Viitasalo A, Eloranta A-M, Damsgaard CT, Mahendran Y,
Have CT, Vaistd J, Hjorth MF, Christensen LB, Brage S, et al. Genetic
predisposition to adiposity is associated with increased objectively as-
sessed sedentary time in young children. Int J Obes. 2018;42:111-114.
doi: 10.1038/ij0.2017.235

Carson 'V, Hunter S, Kuzik N, Gray CE, Poitras VJ, Chaput J-P, Saunders
TJ, Katzmarzyk PT, Okely AD, Connor Gorber S, et al. Systematic review
of sedentary behaviour and health indicators in school-aged children
and youth: an update. Appl/ Physiol Nutr Metab. 2016;41:5240-S265.
doi: 10.1139/apnm-2015-0630

Brown T, Moore TH, Hooper L, Gao Y, Zayegh A, ljaz S, Elwenspoek
M, Foxen SC, Magee L, O’'Malley C, et al. Interventions for preventing
obesity in children. Cochrane Database Syst Rev. 2019;23:CD001871.
doi: 10.1002/14651858.CD001871.pub4

Karason K, Wallentin |, Larsson B, Sjostrom L. Effects of obesity and
weight loss on left ventricular mass and relative wall thickness: sur-
vey and intervention study. BMJ. 1997;315:912-916. doi: 10.1136/
bmj.315.7113.912

Alosaimi N, Sherar LB, Griffiths P, Pearson N. Clustering of diet, physical
activity and sedentary behaviour and related physical and mental health
outcomes: a systematic review. BMC Public Health. 2023;23:1572. doi:
10.1186/512889-023-16372-6

Hu C, Tkebuchava T. SEEDIi1.0-3.0 strategies for major noncommuni-
cable diseases in China. J Integr Med. 2017;15:265-269. doi: 10.1016/
S2095-4964(17)60355-8

Lloyd-Jones D, Allen N, Anderson C, Black T, Brewer L, Foraker R,
Grandner M, Lavretsky H, Perak A, Sharma G, et al. Life’s essen-
tial 8: updating and enhancing the American Heart Association’s
construct of cardiovascular health: a presidential advisory from the
American Heart Association. Circulation. 2022;146:18-43. doi: 10.1161/
CIR.0000000000001078

Steinberger J, Daniels SR, Hagberg N, Isasi CR, Kelly AS, Lloyd-Jones
D, Pate RR, Charlotte P, Shay CM, Towbin JA, et al. Cardiovascular
health promotion in children: challenges and opportunities for
2020 and beyond: a scientific statement from the American Heart
Association.  Circulation.  2016;134:e236-e255.  doi:  10.1161/
CIR.0000000000000441

Kaikkonen JE, Mikkila V, Raitakari OT. Role of childhood food patterns
on adult cardiovascular disease risk. Curr Atheroscler Rep. 2014;16:443.
doi: 10.1007/s11883-014-0443-z

Shrivastav A, Swetanshu, Singh P. The impact of environmental toxins
on cardiovascular diseases. Curr Probl Cardiol. 2024;49:102120. doi:
10.1016/j.cpcardiol.2023.102120

12


https://doi.org//10.1007/s40279-016-0606-x
https://doi.org//10.1007/s40279-016-0606-x
https://doi.org//10.1007/s40279-014-0215-5
https://doi.org//10.1109/TBME.2008.923118
https://doi.org//10.1152/japplphysiol.00092.2006
https://doi.org//10.1007/s00421-014-3013-8
https://doi.org//10.1152/japplphysiol.00703.2003
https://doi.org//10.1249/mss.0b013e318150dff8
https://doi.org//10.1249/01.mss.0000176466.78408.cc
https://doi.org//10.1249/01.mss.0000176466.78408.cc
https://doi.org//10.1016/j.jacc.2014.05.072
https://doi.org//10.1111/1467-9868.00183
https://doi.org//10.1201/9781315370279
https://doi.org//10.1249/MSS.0000000000001862
https://doi.org//10.1249/MSS.0000000000001862
https://doi.org//10.3109/07853890.2010.515603
https://doi.org//10.1111/j.2047-6310.2012.00064.x
https://doi.org//10.1111/cpf.12118
https://doi.org//10.1111/cpf.12118
https://doi.org//10.1046/j.1475-097X.2003.00465.x
https://doi.org//10.1007/BF00280883
https://doi.org//10.1136/adc.44.235.291
https://doi.org//10.1136/adc.44.235.291
https://doi.org//10.1136/adc.45.239.13
https://doi.org//10.1123/pes.2015-0239
https://doi.org//10.1093/eurjpc/zwad023
https://doi.org//10.1152/physiol.00067.2013
https://doi.org//10.1002/cphy.c140080
https://doi.org//10.2147/OAJSM.S127395
https://doi.org//10.2147/OAJSM.S127395
https://doi.org//10.1161/01.CIR.101.3.336
https://doi.org//10.1161/01.CIR.101.3.336
https://doi.org//10.1038/ijo.2017.235
https://doi.org//10.1139/apnm-2015-0630
https://doi.org//10.1002/14651858.CD001871.pub4
https://doi.org//10.1136/bmj.315.7113.912
https://doi.org//10.1136/bmj.315.7113.912
https://doi.org//10.1186/s12889-023-16372-6
https://doi.org//10.1016/S2095-4964(17)60355-8
https://doi.org//10.1016/S2095-4964(17)60355-8
https://doi.org//10.1161/CIR.0000000000001078
https://doi.org//10.1161/CIR.0000000000001078
https://doi.org//10.1161/CIR.0000000000000441
https://doi.org//10.1161/CIR.0000000000000441
https://doi.org//10.1007/s11883-014-0443-z
https://doi.org//10.1016/j.cpcardiol.2023.102120

¥202 ‘9z Yore |\ uo Ag Bio'sfeuinofeye//:diy wouy pspeojumoq

Haapala et al

74. Winning A, McCormick MC, Glymour MM, Gilsanz P, Kubzansky LD.
Childhood psychological distress and healthy cardiovascular lifestyle
17-35years later: the potential role of mental health in primordial pre-
vention. Ann Behav Med. 2018;52:621-632. doi: 10.1093/abm/kax001

75. Dunstan DW, Dogra S, Carter SE, Owen N. Sit less and move more
for cardiovascular health: emerging insights and opportunities. Nat Rev
Cardiol. 2021;18:637-648. doi: 10.1038/s41569-021-00547-y

J Am Heart Assoc. 2024;13:e031837. DOI: 10.1161/JAHA.123.031837

76.

7.

Physical Activity and Cardiac Function

Saint-Maurice PF, Kim Y, Welk GJ, Gaesser GA. Kids are not little
adults: what MET threshold captures sedentary behavior in children?
Eur J Appl Physiol. 2016;116:29-38. doi: 10.1007/s00421-015-3238-1
Judice PB, Santos DA, Hamilton MT, Sardinha LB, Silva AM. Validity
of GT3X and Actiheart to estimate sedentary time and breaks using
ActivPAL as the reference in free-living conditions. Gait Posture.
2015;41:917-922. doi: 10.1016/j.gaitpost.2015.03.326

13


https://doi.org//10.1093/abm/kax001
https://doi.org//10.1038/s41569-021-00547-y
https://doi.org//10.1007/s00421-015-3238-1
https://doi.org//10.1016/j.gaitpost.2015.03.326

	Accumulating Sedentary Time and Physical Activity From Childhood to Adolescence and Cardiac Function in Adolescence
	METHODS
	Study Design
	Assessment of Cardiac Work and Function
	Assessment of Sedentary Time and Physical Activity
	Assessment of Modifying Factors
	Statistical Analysis

	RESULTS
	Participants
	Characteristics of Participants
	Associations of Cumulative Sedentary Time With Cardiac Work and Function
	Effect of Modifying Factors on the Associations of Cumulative Sedentary Time With Cardiac Work and Function
	Modifying Effect of Sex on the Associations of Cumulative Sedentary Time With Cardiac Work and Function

	Associations of Cumulative Physical Activity With Cardiac Work and Function
	Effect of Modifying Factors on the Associations of Cumulative Physical Activity With Cardiac Work and Function
	Modifying Effect of Sex on the Associations of Cumulative Physical Activity With Cardiac Work and Function

	Supplemental Analyses

	DISCUSSION
	Acknowlegments
	Sources of Funding
	Disclosures
	References


