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Abstract
Purpose: To compare the strength of associations between different indices 
of cardiorespiratory fitness (CRF) and brain health outcomes in children with 
overweight/obesity.
Methods: Participants were 100 children aged 8–11 years. CRF was assessed 
using treadmill exercise test (peak oxygen uptake [V̇O2peak], treadmill time, and 
V̇O2 at ventilatory threshold) and 20- metre shuttle run test (20mSRT, laps, run-
ning speed, estimated V̇O2peak using the equations by Léger et al., Mahar et al., 
and Matsuzaka et  al.). Intelligence, executive functions, and academic perfor-
mance were assessed using validated methods. Total gray matter and hippocam-
pal volumes were assessed using structural MRI.
Results: V̇O2peak/body mass (β = 0.18, 95% CI = 0.01–0.35) and treadmill time 
(β = 0.18–0.21, 95% CI = 0.01–0.39) were positively associated with gray mat-
ter volume. 20mSRT laps were positively associated with executive functions 

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.
© 2023 The Authors. Scandinavian Journal of Medicine & Science In Sports published by John Wiley & Sons Ltd.

Clinical trial registration: ClinicalTrial.gov ID: NCT02295072. 

Section Specialty Area: Section III: Health, Disease & Physical Activity, Senior Section Editor: Mark Hamer.  

https://doi.org/10.1111/sms.14549
www.wileyonlinelibrary.com/journal/sms
mailto:
https://orcid.org/0000-0003-1227-2460
https://orcid.org/0000-0002-2493-9528
mailto:
https://orcid.org/0000-0003-2001-1121
mailto:eero.a.haapala@jyu.fi
mailto:ortegaf@ugr.es
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fsms.14549&domain=pdf&date_stamp=2023-12-13


2 of 12 |   HAAPALA et al.

1  |  INTRODUCTION

Nearly 30% of children in European countries are living 
with overweight/obesity, and the prevalence may be in-
creasing.1 Childhood overweight/obesity is associated 
with impaired brain health.2 Some evidence also suggests 
that higher levels of cardiorespiratory fitness (CRF) are 
associated with improved executive functions, academic 
performance, and enhanced brain characteristics, such 
as improved functional connectivity and increased hip-
pocampal volume (hereafter referred to as brain health 
outcomes) in children and adolescents.3,4 However, the 
variety of methodologies used to assess CRF3,4 may have 
clouded our understanding of the importance of CRF for 
young people's brain health outcomes.

Previous research has identified positive associations 
between CRF assessed using the 20- metre shuttle run 
(20mSRT) or treadmill exercise tests and brain health 
outcomes in youth.5 Alternatively, studies that have 
used other measures of CRF, such as peak power output 
in the cycle ergometer exercise test, have not observed 
such associations.6–11 Moreover, CRF assessed by a 1.6- 
km run, but not CRF assessed by physical work capacity 
at a heart rate of 170, was positively associated with ac-
ademic performance in a random sample of apparently 
healthy children.7 This issue is further complicated with 
the different equations used to calculate V̇O2peak from 
indirect submaximal and maximal exercise testing.12 For 
example, there are at least 15 different equations used to 
estimate V̇O2peak using results from the 20mSRT.13 The 
use of different estimation equations may increase the 
uncertainty in the associations between CRF and brain 
health outcomes.10

Most studies that have explored associations between 
directly measured V̇O2peak and brain health outcomes 
have used V̇O2peak normalized for body mass (BM).14 
However, the ratio standard approach has been criticized 
in the literature because it is often invalid in removing the 
effect of body size on V̇O2peak

15 leading to underestimated 
V̇O2peak in children with overweight/obesity.15 Therefore, 
normalizing the indicators of CRF using allometrically 
modeled lean body mass (LBM) has been recommended.16 
Some studies suggest no association between V̇O2peak nor-
malized for LBM and brain health outcomes,6,17 yet others 
have observed such a link.18 To our knowledge, the effects 
of the scaling approach on the associations between di-
rectly measured V̇O2peak and brain health outcomes have 
yet to be comprehensively investigated in children with 
increased adiposity.

Compared to maximal exercise, submaximal exercise 
testing is better tolerated, safer, and more appropriate for 
children with increased adiposity.19 Therefore, submaxi-
mal testing may be a more feasible approach for investi-
gating the link between CRF and brain health outcomes in 
this population, but submaximal indices of CRF have been 
almost completely omitted in previous studies.3,18 V̇O2 at 
the ventilatory threshold (VT) is widely used submaximal 
indicator of CRF20 and could have a different association 
with brain health outcomes than V̇O2peak. However, to the 
best of our knowledge, only one study has investigated 
the associations between V̇O2 at the VT and brain health 
outcomes in youth with normal weight, showing a posi-
tive association between V̇O2 at the VT and brain health 
outcomes.18

While we have previously observed that laps com-
pleted in the 20- metre shuttle run test and estimated 

(β = 0.255, 95% CI = 0.089–0.421) and academic performance (β = 0.199–0.255, 95% 
CI = 0.006–0.421), and the running speed was positively associated with executive 
functions (β = 0.203, 95% CI = 0.039–0.367). Estimated V̇O2peak/Léger et al. was posi-
tively associated with intelligence, executive functions, academic performance, 
and gray matter volume (β = 0.205–0.282, 95% CI = 0.013–0.500). Estimated 
V̇O2peak/Mahar et al. and V̇O2peak/Matsuzaka et al. (speed) were positively associated with 
executive functions (β = 0.204–0.256, 95% CI = 0.031–0.436).
Conclusion: Although V̇O2peak is considered the gold standard indicator of 
CRF in children, peak performance (laps or running speed) and estimated 
V̇O2peak/Léger et al. derived from 20mSRT had stronger and more consistent asso-
ciations with brain health outcomes than other indices of CRF in children with 
overweight/obesity.

K E Y W O R D S
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V̇O2peak are positively associated with brain health 
outcomes in children with overweight/obesity,8–11 no 
previous study has comprehensively investigated the 
magnitude of the associations between several indices of 
CRF and a broad set of brain health outcomes. The pres-
ent study contributes to the existing evidence by com-
paring the associations of different CRF indices with 
brain health outcomes, specifically focusing on (1) labo-
ratory versus field- based; (2) measured versus estimated 
V̇O2peak; (3) different equations to estimate V̇O2peak; (4) 
different scaling approaches; (5) V̇O2peak versus peak 
performance; and (6) maximal versus submaximal indi-
ces. Therefore, the aim of our study is to compare the 
strength of associations between different indices of 
CRF and brain health outcomes, including intelligence, 
executive function, academic performance, and total 
gray matter and hippocampal volumes in children with 
overweight/obesity.

2  |  METHODS

2.1 | Study design and population

We used baseline data from the ActiveBrains trial (Clini 
calTr ial. gov ID: NCT02295072),21 conducted in children 
aged 8–11 years with overweight/obesity. The recruit-
ment occurred mainly at the pediatric units of the two 
main hospitals in Granada, Spain, from November 1, 
2014 to June 30, 2016. The assessments in the study were 
carried out in three waves and over 5–6 days for differ-
ent outcome measures in the following order: (1) brain 
health outcomes, (2) field- based physical fitness testing, 
(3) cardiometabolic risk factors, (4) maximal incremental 
treadmill test, (5) laboratory- based strength testing, ques-
tionnaires, and body composition (note that in the first 
wave, consisting 20% of the whole sample, body composi-
tion was assessed at the same day than the cardiometa-
bolic risk factors). Children with any medical condition 
that would affect the results of the evaluations or that 
limit the normal capacity to do exercise were excluded. 
A total of 100 children (40 girls) had complete data and 
were included in the analyses of the present study. For 
the current analyses, we estimated that 97 observations 
were needed to observe the correlation of 0.25 at the 
power of 0.80 when statistical significance level was set 
at p < 0.05. The parents or legal guardians of the children 
provided written informed consent to participate in the 
trial. The ActiveBrains project was approved by the ethics 
committee of the University of Granada (Reference: 848, 
February 2014).

2.2 | Assessment of indices of 
cardiorespiratory fitness

2.2.1 | Maximal indices obtained from the 
incremental treadmill exercise test

V̇O2peak and a treadmill time were assessed during a maxi-
mal incremental treadmill test (h/p/cosmos sports and 
medical gmbh, Nussdorf- Traunstein, Germany) at the 
Andalusian Centre of Sports Medicine. Respiratory gas 
exchange was analyzed using a calibrated gas analyzer 
(General Electric Corp), and the breath- by- breath data 
were averaged over 10 s. Participants walked on a tread-
mill at a constant speed (4.8 km/h) with a 6% slope with 
grade increments of 1% every minute until volitional ex-
haustion. We defined a maximal effort in the incremental 
treadmill exercise test as meeting three out of four follow-
ing criteria: achieving >85% of aged- predicted maximal 
heart rate, a respiratory exchange ratio of ≥1.0, volitional 
fatigue (i.e., >8 points in the OMNI scale), and a pla-
teau in the V̇O2 during the last two exercise work rates 
(<2.0 mL × kg BM−1 × min−1).21 Heart rate was measured 
an electrocardiogram. Before the treadmill exercise test, 
the OMNI scale was explained to children to ensure that 
they understood the meaning of each category of the scale. 
However, because of uncertainty about the secondary in-
dicators of maximal effort in children,22 we performed 
the analysis with the complete sample that performed the 
incremental treadmill exercise test and provided V̇O2peak 
values. We also ran sensitivity analyses in the subsample 
of children that met the criteria for maximal effort.

V̇O2peak (L/min) was ratio scaled for BM (V̇O2peak 
mL × kg BM−1 × min−1) and allometrically modeled 
BM (V̇O2peak mL × kg body mass−b × min−1) and LBM 
(V̇O2peak mL × kg lean mass−b × min−1). Allometric scal-
ing of V̇O2peak was performed by the log- linear regression 
model23 with BM or LBM as an independent variable and 
V̇O2peak as a dependent variable. V̇O2peak, BM and LBM 
were log- transformed, and least squares regression with 
the equation ln (V̇O2peak) = lnY/b ln(X) was used to ob-
tain the scaling exponent b. The scaling exponent b for 
BM was 0.70 (95% confidence interval [CI] = 0.60–0.81) 
and for LBM 0.87 (95% CI = 0.77–0.98). These power func-
tion ratios removed the associations of V̇O2peak with BM 
(r = −0.023, 95% CI = −0.219 to 0.174, p = 0.810) and LBM 
(r = −0.016, 95% CI = −0.212 to 0.181, p = 0.872), suggest-
ing the validity of scaling CRF for body size. To test if the 
slope of the association of BM or LBM with V̇O2peak was 
similar in boys and girls, we added the interaction term 
to the model. The interaction of sex with BM or LBM to 
V̇O2peak was not statistically significant (p > 0.122).
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2.2.2 | Maximal indices obtained from the 
20- metre shuttle run test

Twenty- metre SRT was performed at the Sport and Health 
University Research Institute (iMUDS), University of 
Granada, and supervised by experienced researchers. 
Participants were required to run between two lines 20- m 
apart while keeping pace with a prerecorded audio. The 
participants performed the test individually. One re-
searcher ran with the participant to help keep the pace 
and reach maximal effort. The initial speed was 8.5 km/h, 
which was increased by 0.5 km/h each minute (1 min = ap-
proximately 1 stage). The CRF was recorded as completed 
laps and the speed at the final stage. We also estimated 
V̇O2peak using the equations by Léger et  al.,24 Mahar 
et  al.,25 and Matsuzaka et  al.26 to assess whether using 
different equations to estimate V̇O2peak can be used inter-
changeably to investigate the associations between esti-
mated CRF and brain health outcomes. The equation by 
Léger et al.24 is the most widely used equation to estimate 
V̇O2peak in youth, allowing comparisons between previous 
studies. Furthermore, the equations by Mahar et al.25 and 
Matsuzaka et al.26 have been suggested to provide better 
prediction accuracy of V̇O2peak than other equations.13,25

2.2.3 | Submaximal indices obtained 
from the incremental treadmill exercise test

V̇O2 at VT was determined using the data acquired during 
the maximal incremental treadmill test by two sports phy-
sicians. The VT was defined as a point where the increase 
in the ventilatory equivalent for V̇O2 occurs without an 
increment in the ventilatory equivalent for carbon dioxide 
production. The threshold was confirmed by inspecting 
the nonlinear increase in ventilation relative to oxygen 
uptake. V̇O2 at VT was normalized for BM and allometri-
cally modeled LBM using the V̇O2peak approach.18

2.3 | Assessment of brain 
health outcomes

Brain health outcomes were assessed at the Mind, Brain, 
and Behavior Research Centre, at the University of Granada, 
by trained researchers. Total intelligence was assessed using 
the Spanish version of Kaufman Brief Intelligence test meas-
uring verbal and nonverbal intelligence.21 Normal scores 
from verbal and nonverbal intelligence subtests were used 
to calculate a composite intelligence score.

Executive functions including cognitive flexibility, in-
hibition, and working memory were assessed using the 
Design Fluency Test and the Trail Making Test, a modified 

version of the Stroop Color- Word Test (paper- pencil ver-
sion), and a modified version of the Delayed Non- Match- 
to- Sample computerized task, respectively. The executive 
function composite z score was calculated as the renor-
malized mean of the z scores for cognitive flexibility, inhi-
bition, and working memory.8

Academic performance was assessed using the Spanish 
version of the Woodcock- Johnson III Tests of Achievement. 
Total academic performance was defined as an overall per-
formance based on reading, mathematics, and writing.11

Total gray matter volume (cm3) and hippocampal 
(mm3) volume were assessed by structural magnetic res-
onance imaging (Siemens Trio de 3 T, Magnetom Trio, 
Siemens Medical Systems, Erlangen, Germany). All im-
ages were collected on a 3.0 Tesla Siemens Magnetom 
Tim Trio scanner (Siemens Medical Solutions, Erlangen, 
Germany) with a 32- channel head coil. High- resolution 
T1- weighted images were acquired using a 3D MPRAGE 
(magnetization- prepared rapid gradient echo) pro-
tocol.9 Acquisition parameters were as follows: rep-
etition time (TR) = 2300 ms, echo time (TE) = 3.1 ms, 
inversion time (TI) = 900 ms, flip angle = 9°, field of view 
(FOV) = 256 × 256, acquisition matrix = 320 × 320, 208 
slices, resolution = 0.8 × 0.8 × 0.8 mm, and scan duration 
of 6 min and 34 s.

The MRI images were analyzed with FreeSurfer 
software version 5.3.0 (http:// surfer. nmr. mgh. harva rd. 
edu) and FMRIB's Software Library (FSL) version 5.0.7. 
(FMRIB analysis group, Oxford, UK). We used the stan-
dard processing pipeline known as recon- all that has 
been previously described and well- validated to assess 
total and gray matter volume27–29 and a semiautomated 
model- based subcortical segmentation tool which uses 
the Bayesian framework from shape and appearance mod-
els obtained from manually segmented images of hippo-
campal volumes described in detail previously.30 Before 
preprocessing, we visually checked each individual image 
for acquisition artifacts and four children were excluded 
due to motion noise. In addition, outputs were visually in-
spected by two assessors and when an additional opinion 
was needed, another assessor inspected the outputs.

2.4 | Assessment of body size and 
composition

BM (kg) and height (cm) were measured using an electronic 
scale (SECA861, Hamburg, Germany) and a precision sta-
diometer (SECA225, Hamburg, Germany), respectively. 
Both measurements were performed twice and averaged. 
Dual energy X- ray absorptiometry (DXA) was used to meas-
ure whole body fat mass (kg), body fat percentage (BF%), 
and LBM (kg). The Norland XR- 46 (software version 3.9.6, 
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Medical System, Inc., Fort Atkinson, Wisconsin) scanner 
was used in the first wave (16 participants) while the Hologic 
Discovery Wi (software version APEX 4.0.2, Hologic Series 
Discovery QDR, Bedford, Massachusetts) was used in the 
second and third wave (84 participants). Subsequent analy-
ses were completed by the same researcher following rec-
ommendations from the International Society of Clinical 
Densitometry.31 These analyses were performed separately 
for each DXA device to eliminate the potential error associ-
ated with using two different DXA devices.

2.5 | Other assessments

Somatic maturity status in terms of time to peak height ve-
locity was calculated using the equations by Moore et al.32 
The participants were classified as pre-  (<−1 years), circa 
(−1 to 1 years), and post (>1 years) peak height velocity.

Parental education was reported as: no elementary 
school, elementary school, middle school, high school, 
and university completed. Parents responses were com-
bined into a trichotomous variable: none, one of the par-
ents, or both had a university degree.

2.6 | Statistical analyses

Statistical analyses were performed using the SPSS sta-
tistical software, version 27.0 (IBM corp. Armonk, NY, 
USA). All continuous variables were checked for normal-
ity by observing histograms and using the Kolmogorov–
Smirnov test. The associations between the indices of CRF 
and brain health outcomes were investigated using linear 
regression analyses adjusted for sex, somatic maturity 
status, and parental education. These data were further 
adjusted for BF%. We further investigated the modifying 
effects of sex and BF% on the associations between indices 
of CRF and brain health outcomes including sex × CRF or 
BF% × CRF interaction term to the model. The data were 
reported using standardized regression coefficients and 
95% confidence intervals. We considered standardized re-
gression coefficients between 0.10 and 0.29, between 0.30 
and 0.49 are medium, and ≥0.50 to describe small, me-
dium, and large effect sizes, respectively.33

3  |  RESULTS

3.1 | Characteristics of participants

Participants' characteristics are reported in Table 1. A total 
of 66 of 100 (%) children met the criteria for maximal effort 
in the treadmill exercise test. Specifically, 95%, 29%, 88%, 

and 67% of children met the criteria for heart rate, respira-
tory exchange ratio, volitional fatigue, and plateau in the 
V̇O2, respectively. Children who did not meet the criteria 
for maximal effort did not differ in absolute V̇O2peak, V̇O2peak 
normalized for kg LBM, treadmill time, absolute or normal-
ized V̇O2 at VT, or in maximal OMNI score from those who 
met the criteria (p > 0.115). However, those who did not 
meet the criteria for maximal effort had lower peak respira-
tory exchange ratio (mean difference −0.05, 95% CI = −0.07 
to −0.03, p < 0.001), peak heart rate (mean difference − 6.9, 
95% CI = −11.7 to −2.1, p = 0.006), and higher V̇O2peak nor-
malized for kg BM−1 (mean difference 3.0, 95% CI = 1.1–4.9, 
p = 0.002) than those who met the criteria.

3.2 | Associations of indices of  
cardiorespiratory fitness with brain 
health outcomes

The associations between indices of CRF and brain health 
outcomes are presented in Figure 1. V̇O2peak normalized 
for kg BM−1 or kg BM−0.70 and a longer treadmill time 
were positively associated with total gray matter volume. 
Brain health outcomes were not statistically significantly 
associated with V̇O2peak or V̇O2 at VT measured during the 
incremental treadmill exercise test.

Laps completed in the 20mSRT were positively asso-
ciated with executive functions and academic perfor-
mance. Higher speed at the final stage of the 20mSRT 
was associated with better executive functions. Estimated 
V̇O2peak/Léger et  al. was positively associated with intelli-
gence, executive functions, academic performance, and 
gray matter volume. Higher estimated V̇O2peak/Mahar et  al. 
and V̇O2peak/Matsuzaka et  al. (speed) was positively associated 
with executive functions. All statistically significant as-
sociations were small in magnitude (standardized regres-
sion coefficient ranging from 0.183 to 0.256).

Most of the abovementioned associations between 
the indices of CRF with brain health outcomes remained 
materially unchanged after further adjustment for BF% 
(Table 2). However, the association of V̇O2peak normalized 
for kg BM−1 or kg BM−0.70, a treadmill time, and estimated 
V̇O2peak/Léger et  al. with total gray matter volume were no 
longer statistically significant after adjustment for BF%.

3.3 | Sex and body fat percentage as 
moderators of the associations between 
indices of cardiorespiratory fitness and 
brain health outcomes

In girls, completed laps and final speed on the 20mSRT, 
and estimated V̇O2peak/Leger et al. were positively associated 
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T A B L E  1  Characteristics of participants.

All Girls Boys

Age (years)a 10.1 (9.2–11.0) 9.9 (8.9–10.5) 10.3 (9.3–11.2)

Height (cm) 144.0 (8.3) 142.8 (9.4) 144.7 (7.4)

Weight (kg) 55.8 (11.0) 54.5 (11.5) 56.7 (10.7)

Lean mass (kg) 29.2 (5.2) 27.8 (5.7) 30.1 (4.6)

Fat mass (kg) 24.5 (7.0) 24.6 (7.0) 24.4 (7.1)

Body fat percentage 43.9 (5.6) 45.3 (6.0) 43.0 (5.2)

Prevalence of overweight, % 74.0 75.0 73.3

Prevalence of obesity, % 26.0 25.0 26.7

Time to peak height velocity (years) −2.3 (1.0) −1.6 (1.0) −2.7 (0.8)

Prepeak height velocity, <−1 years (%) 90 75 100

Circa peak height velocity, −1 to 1 years (%) 10 25 0

Post peak height velocity, >1 years (%) 0 0 0

Parental education (university degree, %)

Neither parent 66 57.5 71.7

One parent 18 20.0 16.7

Both parents 16 22.5 11.7

Cardiopulmonary exercise test

Plateau in V̇O2 during incremental treadmill exercise 
test (%)

67 75 61.7

Peak respiratory exchange ratio 0.96 (0.06) 0.98 (0.06) 0.94 (0.05)

Peak heart rate (beats/minute) 193 (12) 198 (10) 189 (12)

OMNI score (min – Max)b 10 (3–10) 10 (3 to 10) 10 (4 to 10)

Proportion of children meeting the criteria for 
maximal effort (%)1

66 75 60

V̇O2peak (mL/min−1) 2058 (359) 1984 (351) 2108 (359)

V̇O2peak (mL × BM−1 × min−1) 37.4 (4.7) 36.9 (4.3) 37.7 (5.0)

V̇O2peak (mL × BM−0.70 × min−1) 123.8 (13.8) 121.4 (12.0) 125.5 (14.8)

V̇O2peak (mL × LBM−0.87 × min−1) 110.4 (9.8) 111.3 (9.3) 109.8 (10.1)

Treadmill time (min)a 8.1 (6.4 to 10.0) 8.4 (6.6 to 9.3) 8.0 (6.3 to 11.0)

V̇O2 at VT (mL × min−1) 1696 (339) 1.601 (341) 1759 (325)

V̇O2 at VT (mL × min- 1)/V̇O2peak (mL/min−1) (%)* 83.8 (79.8 to 87.7) 81.6 (77.5 to 85.5) 84.7 (80.1 to 88.2)

V̇O2 at VT (mL × BM−1 × min−1) 30.8 (4.9) 29.8 (4.8) 31.5 (5.0)

V̇O2 at VT (mL × LBM−0.81 × min−1)a 110.2 (105.0 to 117.0) 108.5 (104.9 to 113.7) 111.7 (105.0 to 119.7)

20- metre shuttle run test

Peak heart rate during 20- metre shuttle run test, n = 98 197 (10.2) 200 195

20- m SRT laps (n)a 14 (11 to 20.8) 12 (10 to 17) 14.5 (12.0 to 23.8)

20- m SRT speed (minutes)a 8.5 (8.5 to 9.0) 8.5 (8.5 to 9.0) 8.8 (8.5 to 9.5)

V̇O2peak/Léger et al. 40.8 (0.3) 40.7 (2.8) 40.8 (2.8)

V̇O2peak/Mahar et al. 34.4 (5.1) 31.8 (4.3) 36.2 (4.9)

V̇O2peak/Matsuzaka et al. (speed) 34.8 (4.6) 33.2 (4.4) 35.7 (4.6)

V̇O2peak/Matsuzaka et al. (laps) 29.5 (2.9) 28.8 (2.9) 29.9 (3.0)

Brain health outcomes

Total gray matter volume (cm3) 729.1 (65.0) 692.6 (57.3) 753.5 (58.3)

Hippocampal gray matter volume (mm3) 7050.2 (693.6) 6757.5 (630.1) 7245.3 (669.3)
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with academic performance with medium to large effect 
sizes (Table S1). In boys, these associations were statisti-
cally nonsignificant with small effect sizes (Table S1).

Laps in the 20mSRT were directly associated with ex-
ecutive functions with medium effect sizes in children 
with lower BF% (below median) but the associations in 
children with higher BF% (at or above median) were weak 
and statistically nonsignificant (Table S2). Laps and speed 
at the final stage in the 20mSRT had positive association 
with medium effect size with academic performance in 
children with higher BF% but the association in children 
with lower BF% was weak and statistically nonsignificant. 
V̇O2peak/Leger et al. was positively associated with gray matter 
volume with medium effect size in children with higher 
BF% but not in children with lower BF%.

3.4 | Sensitivity analyses

The associations between the indices of CRF and brain 
health outcomes remained materially unchanged after ex-
cluding children who did not reach three of four criteria 

for maximal effort during the incremental treadmill exer-
cise test from the analyses (Table S3).

4  |  DISCUSSION

Our main findings were that (1) directly measured V̇O2peak 
and V̇O2 at VT were not associated with behavioral brain 
health outcomes, (2) V̇O2peak estimated from 20mSRT 
performance using the equation by Leger et al. in 198824 
had stronger and more consistent associations with brain 
health outcomes than other indices of CRF, and (3) five 
out of six indices derived from the 20mSRT were posi-
tively associated with executive functions. Collectively, 
our findings suggest that while CRF is positively associ-
ated with brain health in children with overweight/obe-
sity, not all measures of CRF are associated with brain 
health. Furthermore, the effect sizes for all associations 
were considered small.

Consistent with some previous studies in children,3,7,34 
we found positive associations of CRF with brain health 
outcomes, particularly with executive functions. The high 

All Girls Boys

Total intelligence score 98.0 (11.9) 99.9 (12.0) 96.7 (11.7)

Total executive functions −0.03 (0.75) −0.20 (0.70) 0.09 (0.77)

Total academic performance 109.1 (11.8) 109.3 (13.4) 109.0 (10.7)

Abbreviations: 20- m SRT, 20- metre shuttle run test; LBM, lean body mass; mL, milliliter; BM, body mass; V̇O2, oxygen uptake; V̇O2peak, peak oxygen uptake; 
VT, ventilatory threshold.
Note: The data are means and standard deviations. p Value for the differences between girls and boys from Student's t- test, Mann–Whitney U- test, or chi- square 
test. Maximal effort was defined as meeting three out of four following criteria: achieving >85% of aged- predicted maximal heart rate, a respiratory exchange 
ratio of ≥1.0, volitional fatigue (i.e., >8 points in the OMNI scale) and a plateau in the oxygen uptake during the last two exercise work rates (<2.0 mL/kg/min). 
V̇O2peak/Léger et al., V̇O2peak/Mahar et al., V̇O2peak/Matsuzaka et al. (speed), and V̇O2peak/Matsuzaka et al. (laps), peak oxygen uptake estimated from the 20- metre shuttle run test 
using the equations by Léger et al.,24 Mahar et al.,25 and Matsuzaka et al.,26 respectively.
aMedians and interquartile ranges.
bMedian and minimum and maximum values.

T A B L E  1  (Continued)

F I G U R E  1  Associations of indices of cardiorespiratory fitness with brain health outcomes. Data are standardized regression coefficients 
with their 95% confidence intervals adjusted for sex, time to peak height velocity, and parental education. V̇O2peak, peak oxygen uptake; 
mL, milliliter; BM, body mass; LBM, lean body mass; V̇O2, oxygen uptake; VT, ventilatory threshold; 20- m SRT, 20- metre shuttle run 
test;V̇O2peak/Léger et al., V̇O2peak/Mahar et al., V̇O2peak/Matsuzaka et al. (speed), and V̇O2peak/Matsuzaka et al. (laps), peak oxygen uptake estimated from the 
20- metre shuttle run test using the equations by Léger et al.,24 Mahar et al.,25 and Matsuzaka et al.,26 respectively.
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malleability of executive functions and their sensitivity to 
changes in CRF in childhood3,35,36 may explain why we 
observed the most consistent associations between CRF 
and executive functions. Nevertheless, supporting the ev-
idence from one previous study,7 we observed that peak 
performance in the field- based running tests is more 
strongly associated with behavioral brain health outcomes 
than laboratory- measured indices of CRF. Different deter-
minants of peak performance and measured V̇O2peak may 
explain our findings. Maximal stroke volume and cardiac 
output are the strongest determinants of V̇O2peak, whereas 
a combination of V̇O2peak, body composition, agility, mo-
tivation, and self- regulation determining 20mSRT perfor-
mance may contribute to its stronger associations with 
brain health outcomes.37 However, V̇O2peak normalized for 
body mass has been positively associated with executive 
functions and academic performance in children with over-
weight and low levels of CRF (mean V̇O2peak = 27 mL × kg 
BM−1 × min−1).14 While the reason for these contrasting 
findings is unclear, a higher directly measured V̇O2peak may 
contribute to brain health, particularly in children with 
very low CRF. Furthermore, the larger sample size may 
have contributed to the statistically significant associations 
found in the study by Davis and Cooper.14

V̇O2peak normalized for BM, treadmill time, and esti-
mated V̇O2peak/Léger et al. were the only indices of CRF pos-
itively associated with gray matter volume. However, the 
associations of V̇O2peak normalized for BM and treadmill 
time with gray matter volume were explained by BF%. As 
we also observed that V̇O2peak normalized for LBM was 
not associated with gray matter volume, our results sug-
gest that body adiposity is an important confounder for 
the associations between CRF and brain health outcomes 
in children with overweight/obesity. Previous studies in 
children and adults reporting positive associations be-
tween CRF and gray matter volume after controlling for 
several confounding factors partially supported our find-
ings.9,38,39 However, it is important to note that none of 
these studies considered DXA- derived BF% in their analy-
ses. Nevertheless, peak performance in the 20mSRT quan-
tified by laps or running speed was not associated with 
gray matter volume. Gray matter plays an important role 
in the controlling functions related to memory, emotions, 
and movement.40,41 However, it also has complicated 
maturation- related development and associations with 
behavioral brain health outcomes, such as executive func-
tions.40,41 Although our results suggest that a phenotype 
with high peak performance and favorable body compo-
sition may benefit brain health, further longitudinal stud-
ies with larger sample sizes clarifying the role of different 
indices of CRF in the gray matter volume are warranted.

In contrast to some previous findings,42,43 we found 
no associations between the different indices of CRF and T
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hippocampal volume. Although the hippocampus is im-
portant for learning and memory functions and maybe 
sensitive to changes in CRF,42,44 also some previous stud-
ies have found weak associations between CRF and hippo-
campal volume.42 However, the reason for these weak and 
nonsignificant associations is unknown. While Aghjayan 
et al.42 speculated that these mixed findings could be re-
lated to the assessment of CRF, we showed nonsignificant 
associations between indices of CRF and hippocampal 
volume using a variety of CRF measures. Therefore, the 
association between CRF and hippocampal volume re-
quires further clarification.

Our findings indicate that using different equations to 
estimate V̇O2peak from 20mSRT performance influences 
the associations between CRF and brain health outcomes. 
Therefore, our results suggest that the direct measures 
from the 20mSRT, such as laps or maximal running speed, 
are more appropriate for examining associations between 
CRF and brain health outcomes. Nevertheless, if any 
equation is to be used in relation to brain health outcomes, 
our findings showed that the Leger equation provides 
the most consistent associations with different measures 
of brain health. The reason for different findings in our 
population may be due to the different variables in each 
equation. Whereas the equation by Léger et al.24 uses only 
age and maximal running speed in the equation, the equa-
tions by Mahar et al.25 and Matzuzaka et al.,26 developed 
in populations including mainly children with normal 
weight, also include body mass index. Including a mea-
sure of adiposity in the equation may introduce a larger 
error in the estimation of V̇O2peak among children with 
overweight/obesity.

Contrary to our previous study among adolescents and 
young adults,18 we found no associations between V̇O2 at 
VT and brain health outcomes. Submaximal indices of 
CRF may be differently related to brain health outcomes in 
adolescents and young adults than in children. Moreover, 
it is also possible that different tasks used to assess brain 
health may influence findings. Nevertheless, absolute V̇O2 
at VT, but not relative, has been positively associated with 
gray matter volume in adults.39 However, the association 
between absolute V̇O2 at VT and gray matter volume was 
weaker than the associations with the maximal indices 
of CRF.39 Our findings suggest that V̇O2 at VT is less im-
portant for brain health compared to peak performance in 
children.

Performance in the 20mSRT and estimated 
V̇O2peak/Léger et al. was positively associated with academic 
performance in girls but not boys. While the reason for 
these sex differences is unclear, girls may have better mo-
tivation towards achieving high peak performance and ac-
ademic performance than boys. Moreover, we also found 
that better performance in the 20mSRT was associated 

with better academic performance and a higher estimated 
V̇O2peak/Léger et  al. with larger gray matter volume in chil-
dren with higher BF%. These findings suggest that peak 
performance is more important for brain health than di-
rectly measured V̇O2peak and that the importance of peak 
performance is accentuated in children with high BF%. 
It can be speculated that peak performance may protect 
against obesity- induced deterioration of brain health in 
children by decreasing, for example, insulin resistance 
and systemic low- grade inflammation and improving ce-
rebral blood flow.45,46 However, the 20mSRT performance 
was more strongly associated with executive functions 
in children with lower BF% than their peers with higher 
BF%. Executive functions refer to higher- order cognitive 
processes essential for goal- directed behavior.36 As such, 
while this association is counterintuitive, the association 
may be related to reverse causality, as children with lower 
BF% and better executive functions may be more moti-
vated and willing to run longer in the 20mSRT. However, 
this finding should be interpreted with caution because 
the association was not uniform across all measures de-
rived from the 20mSRT.

The strengths of our study include the comprehen-
sive assessment of CRF using laboratory-  and field- based 
measures. Moreover, we also utilized a comprehensive as-
sessment of brain health outcomes, including behavioral 
measures and structural brain imaging. However, some 
potential limitations should be acknowledged. The lim-
itations of our study include the possibility that indices 
of CRF would be differently associated with other brain 
structures than total gray matter and hippocampal volume 
used in this study. However, a detailed analysis of brain 
structures was beyond the scope of this study. Gray matter 
and hippocampal volumes have been positively associated 
with academic performance.9,47 We also investigated the 
associations of indices of CRF with brain health outcomes 
in a sample of children with overweight/obesity. Whether 
the associations would be similar among children with 
lower levels of adiposity or clinical conditions is unknown. 
Only 66% of the children met the predetermined criteria 
for the maximal effort in the treadmill exercise test used 
to assess V̇O2peak. Therefore, it is possible that all children 
did not achieve their true maximal cardiorespiratory ca-
pacity on this test. However, the results remained materi-
ally unchanged in the sensitivity analyses, which included 
only those children who met the predetermined criteria 
for maximal effort, suggesting that the primary analyses 
provided robust results. Furthermore, the sample size was 
relatively small particularly in the sex- stratified analyses. 
Finally, our study was cross- sectional, precluding any 
causal interpretations.

In conclusion, we found that better peak performance 
in the 20mSRT, expressed as laps and final speed achieved, 
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were positively associated with executive functions and 
academic performance in children with overweight/
obesity. Alternatively, directly measured V̇O2peak normal-
ized for either BM or LBM had weak, if any, associations 
with brain health outcomes. Compared with the other 
equations, V̇O2peak estimated using Leger and colleagues' 
equation24 provided the strongest associations with brain 
health outcomes. We did not find any associations between 
brain health outcomes and submaximal indicators of CRF 
(e.g., V̇O2 at VT). Finally, our results suggest that differ-
ent measures of CRF cannot be used interchangeably in 
studies investigating associations between CRF and brain 
health in children. Future longitudinal studies are war-
ranted to investigate whether our results can be replicated. 
Moreover, studies investigating the mechanisms how dif-
ferent indices of CRF influence brain health are needed.

5  |  PERSPECTIVE

Even though previous studies have shown that higher 
CRF is associated with improved brain health in chil-
dren, various methodologies used to assess CRF may have 
clouded our understanding of the importance of CRF for 
young people's brain health outcomes. Thus, studies using 
different field tests and equations to estimate peak oxygen 
uptake from these tests and inappropriate scaling proce-
dures to normalize measured peak oxygen uptake have 
provided evidence that children with better ability to run 
prolonged periods may have better brain health than other 
children. Our findings that peak performance measured 
using the 20- metre endurance shuttle run test had con-
sistent positive associations with brain health outcomes. 
Moreover, these results also indicate that true CRF as a 
measure of cardiovascular capacity to deliver oxygen and 
skeletal muscle aerobic capacity may not be relevant for 
brain health in children and that a physical ability com-
bining endurance, motor skills, and body composition 
may be beneficial for brain health. These findings suggest 
that while CRF is positively associated with brain health 
in children with overweight/obesity, not all measures of 
CRF are associated with brain health.
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