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Abstract

Objective: To analyze the association between cardiorespiratory fitness (CRF) and global and local
brain volumes.
Participants and Methods: We studied 2103 adults (21-84 years old) from 2 independent population-
based cohorts (Study of Health in Pomerania, examinations from June 25, 2008, through September
30, 2012). Cardiorespiratory fitness was measured using peak oxygen uptake (VO2peak), oxygen
uptake at the anaerobic threshold (VO2@AT), and maximal power output from cardiopulmonary
exercise testing on a bicycle ergometer. Magnetic resonance imaging brain data were analyzed by
voxel-based morphometry using regression models with adjustment for age, sex, education, smoking,
body weight, systolic blood pressure, glycated hemoglobin level, and intracranial volume.
Results: Volumetric analyses revealed associations of CRF with gray matter (GM) volume and total
brain volume. After multivariable adjustment, a 1estandard deviation increase in VO2peak was related
to a 5.31 cm3 (95% CI, 3.27 to 7.35 cm3) higher GM volume. Whole-brain voxel-based morphometry
analyses revealed significant positive relations between CRF and local GM volumes. The VO2peak was
strongly associated with GM volume of the left middle temporal gyrus (228 voxels), the right
hippocampal gyrus (146 voxels), the left orbitofrontal cortex (348 voxels), and the bilateral cingulate
cortex (68 and 43 voxels).
Conclusion: Cardiorespiratory fitness was positively associated with GM volume, total brain volume,
and specific GM and white matter clusters in brain areas not primarily involved in movement
processing. These results, from a representative population sample, suggest that CRF might contribute
to improved brain health and might, therefore, decelerate pathology-specific GM decrease.

ª 2019 Mayo Foundation for Medical Education and Research n Mayo Clin Proc. 2020;95(1):44-56
A ccording to the World Health Orga-
nization, dementia is a global
epidemic, with 50 million people

affected and estimated economic costs of
approximately US $818 billion per year glob-
ally.1 Therefore, dementia risk reduction is a
focus of current research in addition to treat-
ment and cure.2 Physical inactivity is
discussed as 1 of 7 risk factors for Alzheimer
disease.3 Cardiorespiratory fitness (CRF),
which refers to the ability of the circulatory
Mayo Clin Proc. n January 2
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and respiratory systems to supply oxygen
during physical activity, represents a major
component of physical fitness and can be
enhanced through regular physical activity.4

Furthermore, CRF is a more valid and objec-
tive measure of physical activity compared
with self-reported physical activity.5

Higher CRF is associated with lower
risks of cardiovascular diseases4,6 and meta-
bolic syndrome,7,8 which overlap with risk
factors for Alzheimer disease3 and vascular
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CARDIORESPIRATORY FITNESS AND GRAY MATTER VOLUME
dementia:9 diabetes mellitus, hypertension,
obesity, depression, smoking, and low
educational level. Moreover, CRF is
inversely associated with depression
severity10 and cancer mortality.11

Current literature suggests a positive
relationship between CRF and gray matter
(GM) volumes of the prefrontal cortex and
the hippocampus.12 Findings concerning
white matter (WM) volumes are heteroge-
neous but point to higher WM volumes,
fewer WM lesions, and improved WM
microstructure in relation to higher physical
fitness.13 Existing studies were often limited
by small study samples (rarely exceeding a
few hundred participants), strongly selected
patient groups (such as those with multiple
sclerosis, heart failure, Alzheimer disease,
or mild cognitive impairment), or restriction
to older adults. Thus, larger, well-powered
studies are needed to provide conclusive ev-
idence for effects of CRF on specific brain
regions.

Given the beneficial effects of physical
activity and exercise on cognitive decline
and dementia, as suggested by meta-
analyses of observational studies,14,15 we
expect that high CRF may counteract brain
atrophy related to brain aging and dementia.
We used data from 2103 adults aged 21 to 84
years from 2 independent population-based
cohorts (Study of Health in Pomerania
[SHIP] and SHIP-Trend)16 to investigate
the association between CRF measurements
as assessed by standardized cardiopulmo-
nary exercise testing (CPET) and brain
volumes. We conducted state-of-the-art
voxel-based morphometry (VBM) analyses
to evaluate potential GM and WM associa-
tions on a more precise level of spatial
resolution.
PARTICIPANTS AND METHODS

General Population Samples
SHIP consists of 2 independent population-
based samples of adults from a northeastern
German region. In brief, the first sample
(SHIP-0) was examined from 1997 through
2001. SHIP-0 was a stratified cluster-
random sample of 7008 individuals; of the
Mayo Clin Proc. n January 2020;95(1):44-56 n https://doi.org/10.10
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net sample (without migrated or deceased
persons) of 6265 eligible individuals, 4308
(2192 women) participated (response rate,
68.8%). A second examination cycle (SHIP-1)
was conducted from 2002 through 2006 and
comprised 3300 participants. From June 25,
2008, through September 30, 2012, a third
examination cycle was conducted (SHIP-2,
N¼2333). Concurrent with SHIP-2, a new
age- and sex-stratified random sample,
SHIP-Trend-0, of 10,000 individuals (net
sample size of 8826) was drawn and 4420
(2275 women) participated (response rate,
50.1%).16 Examinations for SHIP-Trend-0
were conducted from September 1, 2008,
through September 30, 2012. More details
about the study designs, recruitment, and
procedures have been published elsewhere.16

Individuals from SHIP-2 and SHIP-
Trend-0 were invited to participate in
CPET and whole-body magnetic resonance
imaging (MRI). The CPET was completed
by 3214 participants (SHIP-2: n¼1360
and SHIP-Trend-0: n¼1854). Whole-body
MRIs were acquired from 3317 partici-
pants (SHIP-2, n¼1163 and SHIP-Trend-
0: n¼2154) who were free of any of the
exclusion criteria for MRI (eg, cardiac
pacemakers, pregnancy).17 Complete data
sets (including MRI, CPET, and covariates
for adjustments) were available for 2494
individuals. We excluded individuals with
chronic pulmonary diseases (including
chronic bronchitis, emphysema, phthisis,
and bronchial asthma), which left 2378
participants. The MRI quality control en-
compasses the exclusion of medical condi-
tions (eg, a history of cerebral tumor,
stroke, Parkinson disease, multiple scle-
rosis, epilepsy, hydrocephalus, enlarged
ventricles, pathologic lesions) and tech-
nical reasons (eg, severe movement arti-
facts or strong inhomogeneity of the
magnetic field), which yielded 2139 indi-
viduals. Based on a homogeneity check,
which is implemented as a data quality
check in the Computational Anatomy
Toolbox 12 (CAT12), we excluded another
36 individuals defined as extreme outliers.
The final sample consisted of 2103 partic-
ipants (1104 women).
16/j.mayocp.2019.05.030 45
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All the participants gave written
informed consent, and the ethics committee
of the University of Greifswald approved the
study protocol.

Imaging and VBM
All images were obtained using a 1.5-T
Siemens MRI scanner (MAGNETOM
Avanto; Siemens Healthcare). The brain vol-
umes total GM, total WM, and total brain
volume (TBV) were derived from isotropic
T1-weighted head MRIs with the fully auto-
mated recon-all pipeline of FreeSurfer 5.1.18

For the VBM analyses we used SPM12
(Wellcome Trust Centre for Neuroimaging,
University College London) and CAT12
(developed by Christian Gaser, University
of Jena, http://www.neuro.uni-jena.de) to
preprocess the data and conduct the ana-
lyses. A detailed description of the MRI pa-
rameters and preprocessing of the data can
be found in the Supplemental Appendix
(available online at http://www.
mayoclinicproceedings.org).

Assessment of CRF
Symptom-limited CPET using a calibrated
electromagnetically braked cycle ergometer
TABLE 1. Characteristics of the Study Sample by Sexa

Characteristic Total sam

Age (y), mean � SD 52

Intracranial volume (cm3), mean � SD 1576

Total brain volume (cm3), mean � SD 1151

Cardiorespiratory fitness, mean � SD

VO2peak (mL/min) 1999
VO2@AT (mL/min) 1010
Wmax (W) 162

Relative cardiorespiratory fitness, mean � SDb

VO2peak (mL/min/kg) 25
VO2@AT (mL/min/kg) 12
Wmax (W/kg) 2

School education (% <10 y)

Current smoker (%)

Body weight (kg), mean � SD 79

Systolic blood pressure (mm Hg), mean � SD 127

Glycated hemoglobin (%), mean � SD 5
aVO2peak ¼ peak oxygen uptake; VO2@AT ¼ oxygen uptake at the
bNormalized by body weight.

Mayo Clin Proc. n January 2
(Ergoselect 100; Ergoline) was performed
according to a modified Jones protocol: 3
minutes of rest, 1 minute of unloaded
cycling at 60 revolutions per minute, step-
wise increase in workload of 16 W/min until
symptom limited or terminated due to chest
pain or electrocardiographic abnormalities,
and 5 minutes of recovery.19 Gas exchange
and ventilatory variables were analyzed
breath by breath averaged over 10-second in-
tervals using a VIASYS Healthcare system
(Oxycon Pro, Combitox mask). Peak oxygen
uptake (VO2peak), oxygen uptake at the
anaerobic threshold (VO2@AT), and
maximal power output (Wmax) were deter-
mined as previously described.20

Statistical Analyses
Detailed characteristics of the study partici-
pants stratified by sex are given in Table 1.
Associations of VO2peak, VO2@AT, and
Wmax (modeled as continuous covariates)
and brain volumes were examined using
multivariable truncated regression models21

in Stata 14.1 (StataCorp LLC). Multivariable
fractional polynomials22 were used to test for
nonlinear associations. Because linearity was
established in all the models, we report
ple (N¼2103) Men (n¼999) Women (n¼1104)

.3�13.1 52.1�13.4 52.5�12.8

.2�162.3 1683.1�133.2 1479.5�120.0

.7�118.6 1225.1�103.7 1085.3�88.3

.6�656.6 2460.6�7.4 1582.4�366.1

.1�283.6 1166.1�281.7 868.9�198.7

.0�52.2 198.3�46.3 129.1�31.4

.3�7.2 28.5�7.4 22.3�5.5

.9�3.3 13.5�3.5 12.3�3.0

.1�0.6 2.3�0.6 1.8�0.5

16.3 16.1 16.4

21.6 23.6 19.8

.4�15.0 87.4�12.8 72.2�13.1

.6�17.2 133.8�15.4 122.1�16.8

.3�0.7 5.4�0.8 5.2�0.7

anaerobic threshold; Wmax ¼ maximal power output.
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regression coefficients per 1estandard devia-
tion (SD) increase in VO2peak, VO2@AT,
and Wmax. All the models were adjusted for
age (modeled continuously using restricted
cubic splines), sex (male, female), educa-
tional level (<10, 10, >10 years in school),
smoking status (never, former, current),
body weight (continuous), systolic blood
pressure (continuous), glycated hemoglobin
level (continuous), intracranial volume
(continuous) (except for the model for
TBV23), and cohort (SHIP-2, SHIP-Trend-0).

For the VBM analyses, we used SPM12 to
analyze the preprocessed GM and WM
segments. For each exposure variable
(VO2peak, VO2@AT, and Wmax), we
conducted a linear regression model with
the same set of covariates, including intra-
cranial volume. In addition, VBM analyses
were adjusted for the index of quality rating
generated during preprocessing in CAT12.
We used the Masking Toolbox24 to define
explicit masks to limit the number of voxels
entering the VBM analyses on GM and WM.

The statistical threshold for significant
voxels was set to a familywise errore
corrected peak-level P (Ppeak,FWE)<.05. The
labeling of the significant clusters was per-
formed using the xjView toolbox (http://
www.alivelearn.net/xjview) on the basis of
the automated anatomical labeling atlas.25

Unless otherwise mentioned, only clusters
with a cluster size of at least 30 voxels are pro-
vided, which exceeds the estimated expected
number of voxels given in the SPM12 report
for this data set.

To evaluate the decline of CRF with
aging and the age-related decline of the brain
volumes, we tested the interaction of CRF
measures and age in VBM analyses with the
same set of covariates as for the main effects
VBM analyses but using age as a linear term
in the interaction model. For these VBM
analyses, we set the statistical threshold for
significant voxels after correction for multi-
ple testing to Ppeak,FWE<.025 because we
performed a 2-sided test for effects of the
interaction term. The adjusted brain
volumes, used for illustrative purposes of
the interaction, were obtained by calculating
the residuals of the brain volumes in a linear
Mayo Clin Proc. n January 2020;95(1):44-56 n https://doi.org/10.10
www.mayoclinicproceedings.org
regression adjusting for the same set of cova-
riates excluding age and the CRF measure.

Often, CRF measures are being analyzed
as ratios (ie, VO2peak to body weight) with
the aim of removing confounding effects of
body weight on CRF. To be able to compare
the results with the existing literature, we
evaluated the association of relative fitness
measures (VO2peak to body weight,
VO2@AT to body weight, and Wmax to body
weight ratios) with segmented brain volumes
(total GM, total WM, and TBV) and in the
VBM analyses. We used the same set of
confounders except for body weight.

RESULTS
The analyses included 2103 individuals (1104
women) aged 21 to 84 years (mean� SD age,
52.34�13.10 years). See Supplemental
Figure 1 (available online at http://www.
mayoclinicproceedings.org) for a visual
impression of the age distribution. Further
sample characteristics stratified by sex are
provided in Table 1.

Associations Between CRF and Brain
Volumes
Volumetric analyses revealed consistent
positive associations of measures of CRF
with TBV and GM volume but not with total
WM volume (Table 2). The 1-SD changes in
VO2peak, VO2@AT, and Wmax were associ-
ated with 5.31 cm3 (95% CI, 3.27 to 7.35
cm3), 1.79 cm3 (95% CI, 0.22 to 3.36 cm3),
and 5.70 cm3 (95% CI, 3.61 to 7.80 cm3) in-
creases in GM volume, respectively. The TBV
was higher by 19.93 cm3 (95% CI, 13.82 to
26.03 cm3), 7.70 cm3 (95% CI, 2.98 to 12.43
cm3), and 21.38 cm3 (95% CI, 15.09 to 27.66
cm3) per 1-SD change in VO2peak, VO2@AT,
and Wmax, respectively. Figure 1 illustrates the
associations of the CRF measure VO2peak
with the multivariable-adjusted brain GM vol-
ume, WM volume, and TBV.

Whole-Brain VBM Analyses on CRF Mea-
sures for GM and WM
The VBM analyses for exposures VO2peak
and Wmax revealed several significant
(Ppeak,FWE�.05) clusters that were positively
associated with GM (Table 3 and Figure 2).
16/j.mayocp.2019.05.030 47
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TABLE 2. Association Between Cardiorespiratory Fitness and Segmented Brain Volumes in the 2103 Study Participantsa,b

Cardiorespiratory fitness

Volume (cm3), ßt (95% CI) [P value]

Gray matter White matter Total brain

VO2peak (mL/min, per 1 SD) 5.31 (3.27 to 7.35) [<.001] 0.27 (e1.99 to 2.54) [.81] 19.93 (13.82 to 26.03) [<.001]

VO2@AT (mL/min, per 1 SD) 1.79 (0.22 to 3.36) [.03] e0.36 (e2.09 to 1.37) [.68] 7.70 (2.98 to 12.43) [.001]

Wmax (W, per 1 SD) 5.70 (3.61 to 7.80) [<.001] 0.09 (e2.24 to 2.42) [.94] 21.38 (15.09 to 27.66) [<.001]
aßt ¼ truncated regression coefficient per study-specific standard deviation, truncated at minimum and maximum of dependent variable; SD ¼ standard deviation;
VO2peak ¼ peak oxygen uptake; VO2@AT ¼ oxygen uptake at the anaerobic threshold; Wmax ¼ maximal power output.
bValues are adjusted for age (modeled continuously using restricted cubic splines), sex (male, female), educational level (<10, 10, >10 years in school), smoking status (never,
former, current), body weight (continuous), systolic blood pressure (continuous), glycated hemoglobin level (continuous), intracranial volume (continuous; not in the model
for total brain volume), and cohort (Study of Health in Pomerania [SHIP]-2, SHIP-Trend-0). One regression model was run for each exposure-outcome combination.
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The high correlation between VO2peak
and Wmax (Pearson correlation coefficient
r¼0.92) explains the large overlap of the
significant clusters for both exposures.
Mainly regions in the hippocampus/para-
hippocampus, the temporal gyrus, the fusi-
form gyrus, the cingulate cortex, the
orbitofrontal cortex, the cerebellum, the
left caudate nucleus, and the left thalamus
were associated with the CRF functions
VO2peak and Wmax.

The VBM analyses on VO2@AT revealed
only 1 significant cluster that correlated posi-
tively with GM and exceeded a cluster size of
at least 30 voxels: left middle temporal gyrus
(65 voxels, Ppeak,FWE¼.003, [e65, e29, e3])
(Table 3).

The whole-brain VBMs on WM yielded
only a few statistically significant clusters
that correlated positively with Wmax (268
voxels in the left putamen, pallidum, and
insula; 64 sublobar voxels close to the
right pallidum; and 10 voxels in the left ol-
factory cortex and putamen). Detailed re-
sults are summarized in Supplemental
Table 1 (available online at http://www.
mayoclinicproceedings.org).

The WM VBM analyses on VO2peak and
VO2@AT did not reveal any statistically sig-
nificant results.
Analyses of CRF and Age-Related Decline of
the Brain Volume
Studying the interaction of CRF and age on
the GM using VBM analyses, we found that
the association effects of VO2peak and
Wmax on clusters in the left (VO2peak: 352
Mayo Clin Proc. n January 2
voxels; Wmax: 472 voxels) and right
(VO2peak: 156 voxels; Wmax: 184 voxels)
hippocampal region were significantly
increased by age. The hippocampal clusters
associated with the interaction of Wmax

with age overlapped with significant results
of the main effect analysis for Wmax (left:
10 voxels, right: 38 voxels).

To illustrate these findings we extracted
the GM volume of 2 spheres with a radius
of 5 mm surrounding the significant peak
voxels in the left [e26, e21, e11] and right
[27, e18, e12] hippocampus for all 2103
participants and plotted the association of
CRF measurements and the adjusted brain
volumes (see the Participants and Methods
section) by age tertiles (Supplemental
Figure 2, available online at http://www.
mayoclinicproceedings.org).

We further revealed significant interac-
tions for CRF and age for a cluster in the
left thalamus (VO2peak: 48 voxels) and in
the right middle frontal and superior frontal
gyrus (VO2peak: 354 voxels, Wmax: 302 vox-
els). Detailed results are summarized in
Supplemental Table 2 (available online at
http://www.mayoclinicproceedings.org). The
VBM analysis of the interaction of VO2@AT
with age did not reveal any statistically
significant results.
Associations of Relative CRF Measures With
Global and Local GM Volumes
Volumetric analyses revealed positive asso-
ciations of total GM volume with the rela-
tive CRF measures VO2peak to body
weight and Wmax to body weight ratios
020;95(1):44-56 n https://doi.org/10.1016/j.mayocp.2019.05.030
www.mayoclinicproceedings.org
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FIGURE 1. Association between peak oxygen uptake (VO2peak) and brain volumes. The brain volumes were multivariable adjusted
for age (modeled continuously using restricted cubic splines), sex (male, female), educational level (<10, 10, >10 years in school),
smoking status (never, former, current), body weight (continuous), systolic blood pressure (continuous), glycated hemoglobin level
(continuous), intracranial volume (continuous; not in the model for total brain volume), and cohort (Study of Health in Pomerania
[SHIP]-2, SHIP-Trend-0).

CARDIORESPIRATORY FITNESS AND GRAY MATTER VOLUME
and of TBV with VO2peak to body weight
ratio. The 1-SD changes in VO2peak to
body weight and Wmax to body weight ra-
tios were associated with 3.08 cm3 (95%
CI, 1.44 to 4.72 cm3) and 2.87 cm3 (95%
CI, 1.20 to 4.54 cm3) increases in GM vol-
ume, respectively. Also, TBV was higher
by 6.88 cm3 (95% CI, 1.88 to 11.88 cm3)
per 1-SD change in VO2peak to body
weight. We detected no significant associa-
tions of the relative CRF measures
(VO2peak to body weight, VO2@AT to
body weight, and Wmax to body weight ra-
tios) with total WM volume (Supplemental
Table 3, available online at http://www.
mayoclinicproceedings.org).

The VBM analyses for exposures
VO2peak to body weight and Wmax to body
weight ratios revealed several significant
(Ppeak,FWE�.05) clusters that were positively
Mayo Clin Proc. n January 2020;95(1):44-56 n https://doi.org/10.10
www.mayoclinicproceedings.org
associated with GM volume (Supplemental
Table 4, available online at http://www.
mayoclinicproceedings.org). Comparing
these results with the results from the VBM
analysis of VO2peak and Wmax we found
an overlap of 78 voxels in the left middle
temporal gyrus that are significantly associ-
ated with VO2peak and VO2peak to body
weight ratio. For the CRF measures Wmax

and Wmax to body weight ratio, the overlap
of the significant results sums up to 395 vox-
els distributed in 5 clusters located in the left
middle temporal gyrus (215 voxels), the left
gyrus rectus (22 voxels), the left orbital part
of the superior and inferior frontal gyrus (64
voxels), the left angular gyrus (47 voxels),
and the left insula (47 voxels). The
VO2@AT to body weight ratio revealed no
significant associations in the volumetric an-
alyses and the VBM analysis.
16/j.mayocp.2019.05.030 49
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TABLE 3. VBM Results for Cardiorespiratory Fitnessa,b

Cluster size (in voxels) AAL regions
Brodmann

areas Ppeak,FWE t score Cohen's D

Stereotaxic coordi-
nates (mm)

x y z

VO2peak
228 L middle temporal gyrus 22, 21 <.001

.003
5.45
5.22

0.24
0.23

e65
e66

e45
e32

5
e2

348 L gyrus rectus, L medial orbital frontal gyrus 11, 25, 32 <.001
.009

5.43
4.96

0.24
0.22

e5
e11

36
47

e17
e15

146 R parahippocampal gyrus 35, 28, 36 .004 5.15 0.23 18 e14 e30
83 L thalamus e .006 5.06 0.22 e8 e21 18
46 L medial superior frontal cortex, L anterior cingulate cortex,

R anterior cingulate cortex
9 .009 4.98 0.22 0 42 24

68 L middle cingulate cortex, R middle cingulate cortex,
R supplementary motor area

31, 24 .01
.02

4.87
4.82

0.21
0.21

0
e2

e5
e17

47
45

43 R middle cingulate cortex, L medial superior frontal cortex,
L supplementary motor area, R medial superior frontal cortex

32 .02 4.79 0.21 5 24 38

VO2@AT

65 L middle temporal gyrus 21 .003 5.20 0.23 e65 e29 e3

Wmax

624 L middle temporal gyrus, L superior temporal gyrus 21, 22 <.001
<.001
.005

6.51
5.99
5.10

0.29
0.26
0.22

e68
e68
e65

e33
e42
e20

0
5
e6

1812 L gyrus rectus, R gyrus rectus, L medial orbital frontal gyrus, L superior
frontal gyrus (orbital part), L caudate nucleus, L olfactory cortex, L
inferior frontal gyrus (orbital part), R superior frontal gyrus (orbital part),
R medial orbital frontal gyrus

11, 25, 47,
10, 32

<.001
<.001
<.001

5.90
5.79
5.66

0.26
0.25
0.25

e6
e11
8

35
23
29

e17
e12
e17

290 L angular gyrus 39, 40, 7 <.001 5.78 0.25 e53 e66 39
748 L inferior temporal gyrus, L fusiform gyrus, L parahippocampal gyrus, L

temporal pole (middle gyrus), L middle temporal gyrus
20, 21, 36,
28, 38, 35

<.001
<.001
.005

5.65
5.55
5.09

0.25
0.24
0.22

e35
e44
e42

e2
5
e2

e38
e36
e44

1289 R parahippocampal gyrus, R hippocampus, R fusiform gyrus, R temporal
pole (middle gyrus), R inferior temporal gyrus, R amygdala, R temporal
pole (superior gyrus), R cerebellum 4_5

36, 35, 28,
38, 20

<.001
<.001
<.001

5.64
5.64
5.62

0.25
0.25
0.25

36
24
33

e23
e12
0

e18
e12
e38

264 L Cerebellum 4_5, L fusiform gyrus, L cerebellum 6, L lingual gyrus 37, 19 .001 5.39 0.24 e21 e51 e15
134 L thalamus d .002 5.30 0.23 e8 e21 18
337 L hippocampus, L parahippocampal gyrus 28, 35 .003

.005
5.21
5.08

0.23
0.22

e24
e21

e15
e18

e12
e23

80 R middle temporal gyrus, R inferior temporal gyrus 21, 20 .004
.006

5.15
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DISCUSSION
Countries worldwide are facing aging soci-
eties. And it is essential to identify strategies
to slow brain aging and help preserve brain
structure and functionality in older individ-
uals. Cardiorespiratory fitness is considered
a key factor reducing the risk of death, car-
diovascular morbidity, several cancers, and
possibly brain atrophy.

Well-powered randomly selected popula-
tion samples with deeply phenotyped mea-
sures of the brain are necessary to provide
robust evidence for an effect of CRF on
GM and WM volume on a high spatial reso-
lution analyses. Based on population-based
data from the 2 SHIP cohorts, we contrib-
uted to closing this gap by analyzing struc-
tural MRI data and parameters of CRF as
measured by CPET in a large sample.

The present findings of positive relation-
ships between the 3 CRF measures (VO2peak,
VO2@AT, and Wmax) and segmented brain
volumes (total GM volume and TBV) are in
line with the previous literature.12,26

Zooming into a fine spatial resolution,
VBM analyses on GM segmentations
revealed several large clusters of voxels
with Ppeak,FWE<.05 that were positively asso-
ciated with CRF. Thus, VO2peak and Wmax

were significantly associated with greater
GM volumes in the hippocampus/parahippo-
campus, the temporal gyrus, the fusiform
gyrus, the cingulate cortex, the orbitofrontal
cortex, the cerebellum, the left caudate
nucleus, and the left thalamus.

The present findings in the hippocampus
and the orbitofrontal cortex, which is a part
of the prefrontal cortex, are in line with the
most robustly replicated results throughout
the physical activity and CRF literature
related to brain volumes.12,26,27 The hippo-
campus itself plays a central role in
memory-related functions (coding of mem-
ories, long-term memory, and retrieval)28

and in stress regulation.29 Hippocampus at-
rophy was found to be associated with
several diseases and disorders, such as Alz-
heimer disease,30 depression,31 and schizo-
phrenia.32 The orbitofrontal cortex is
involved in decision making for emotional
and reward-related behaviors.33 Potential
16/j.mayocp.2019.05.030 51
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FIGURE 2. Results of the voxel-based morphometry (VBM) analyses of peak oxygen uptake (VO2peak)
and maximal power output (Wmax). The VBM analyses revealed significant (familywise errorecorrected
peak-level P<.05) positive associations of VO2peak and Wmax with gray matter (N¼2103). The 2 VBM
analyses were adjusted for age (modeled continuously using restricted cubic splines), sex (male, female),
educational level (<10, 10, >10 years in school), smoking status (never, former, current), body weight
(continuous), systolic blood pressure (continuous), glycated hemoglobin level (continuous), intracranial
volume (continuous), cohort (Study of Health in Pomerania [SHIP]-2, SHIP-Trend-0), and Computational
Anatomy Toolbox 12 quality measure index of quality rating. Significant clusters with a cluster size of at
least 30 voxels are pictured.
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endocrinal mechanisms of anti-inflammatory
factors and neurotrophins such as brain-
derived neurotrophic factor that have been
found to be linked to increased physical ac-
tivity and CRF34,35 might play a major role
in neuroplastic effects, neuromodulation,
and recovery, which might lead to improved
brain health and slower cognitive decline.36

In addition, the observed interaction of
age with VO2peak and Wmax on the hippo-
campal volume indicates a stronger benefit
of higher CRF in those 45 years and older.

Significant parts of 3 larger clusters
(right hemisphere: 182 voxels out of 1289
voxels; left hemisphere: 210 voxels out of
748 voxels; and 68 voxels out of 264 voxels)
associated with Wmax lie in the right and left
fusiform gyri, respectively. The fusiform
gyrus is involved in face recognition,37 is
seriously atrophied in various forms of
dementia,38 and was found to be linked
with alexithymia.39

The lack of well-powered studies that
conducted VBM analyses using measures of
CRF as exposure variables rather than type
Mayo Clin Proc. n January 2
and intensity of physical activity based on
self-reports or short time measurement via
actimeters makes it difficult to find corre-
sponding valid results. In addition, CRF is
not only affected by continuous aerobic
physical activity but also by behavioral risk
factors, genetics, and comorbid condi-
tions.40,41 Batouli and Saba42 gave a good
overview of the current literature about
physical activity and CRF markers, but their
conclusion that "at least eighty percent of
the brain gray matter is modifiable by phys-
ical activity" cannot be supported by the
findings from our well-powered and repre-
sentative analyses.

A previous study by Verstynen et al43 of
179 individuals found a positive association
of CRF (as assessed by VO2peak) with the
volume of the caudate nucleus that we can
support with the finding in the left caudate
nucleus. Furthermore, Whiteman et al,44

who conducted a VBM analysis of VO2peak
on 33 individuals, revealed several clusters
in the inferior and middle temporal gyrus
of the right hemisphere that we support
020;95(1):44-56 n https://doi.org/10.1016/j.mayocp.2019.05.030
www.mayoclinicproceedings.org
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and extend with the present bilateral find-
ings for these brain regions.

Brockett et al45 observed an increase in
the body area of astrocytes in the hippocam-
pus, medial prefrontal cortex, and orbito-
frontal cortex when they compared
running with sedentary behavior in an ani-
mal exercise model. This is of particular
interest because we observed several signif-
icant clusters in the orbitofrontal cortex
that were positively associated with
VO2peak and Wmax.

The results of the VBM analyses on
VO2peak andWmax showed great spatial over-
lap, which could be explained by the high cor-
relation between VO2peak and Wmax

(r¼0.92). Particularly notable is the fact that
the clusters for Wmax were much larger than
those for VO2peak. Maximal power output is
a marker for exhausting activities that require
intense muscle work and power, whereas
VO2peak characterizes the maximum oxygen
uptake capacity of the lung.46 Therefore, a po-
tential explanation for this observation is the
increased activation of muscle cellerelated
pathways that release neurotrophic myokines
or metabolites into the blood circulation and
promote the production of various factors
from nonmuscle tissues such as the liver,
which might further contribute to the expres-
sion of neurotrophins such as brain-derived
neurotrophic factor in the brain.47

An alternative explanation is that motiva-
tional and emotional individual differences,
which could be directly associated with the
increased GM volumes found in the present
study, are responsible for higher physical
activities and, therefore, higher CRF. Thus,
higher CRF would be the result of differ-
ences in brain structure and function and
not vice versa. Longitudinal analyses would
be needed to differentiate between these 2
rivaling hypotheses.

In contrast to VO2peak and Wmax,
VO2@AT showed much weaker associations
with segmented brain volumes of total GM
volume and TBV and with local brain
regions in the VBM analyses. Thus, the
anaerobic/aerobic threshold is probably not
relevant to the CRF-related muscle-brain
communication.
Mayo Clin Proc. n January 2020;95(1):44-56 n https://doi.org/10.10
www.mayoclinicproceedings.org
Most of the clusters revealed by the VBM
analyses on CRF parameters are not primarily
associated with the motor cortex or move-
ment processing. Only 2 small clusters of
68 and 43 voxels, associated with VO2peak,
comprise small parts of the supplementary
motor area in the right and left hemisphere,
respectively, and 1 cluster was located in
the cerebellum (264 voxels associated with
Wmax), which might also play a role in move-
ment processing.48 Physical exercises that go
along with higher CRF could be so broadly
distributed over a wide range of activities in
the present study participants that potential
neuroplastic changes in the motor brain sys-
tem were not locally specific enough to yield
volumetric signals. Furthermore, the review
by Voelcker-Rehage and Niemann49 provides
a detailed overview of the structural and func-
tional effects of different types of physical
activity, which are not located only in motor
areas of the brain.

Although we did not detect a significant
association between CRF and total WM vol-
ume in volumetric analysis, the VBM ana-
lyses revealed 3 clusters with a positive
relationship between the CRF marker Wmax

and WM volume. Because VBM analyses on
structural MRI data are not the favored
approach to study WM alterations, we
recommend using diffusion tensor imaging
analyses in future research.

We studied 2 methodical approaches to
take the dependence of the CRF measures
from the body composition into account:
the adjustment for body weight as a covari-
able in regression models and relative CRF
measure normalized body weight (ie,
VO2peak to body weight ratio). The results
for VO2peak and Wmax for the global brain
volumes (total GM volume and TBV) are
similar but with smaller effects when the
ratio method was applied. Both methods
revealed several significant clusters in the
VBM analyses. The clusters are spread differ-
ently over the brain for both methods but
share a certain amount of overlap. A poten-
tial explanation might be the violation of
one of the critical assumptions made by the
ratio method (linearity and zero intercept),
which might introduce a bias.50,51
16/j.mayocp.2019.05.030 53
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The present study has several limitations
that need to be considered when interpreting
the findings. First, CPET and MRI were
assessed in a cross-sectional design. Conse-
quently, reverse causation (ie, individuals
with greater brain volumes have higher
CRF) cannot be excluded. Second, although
we adjusted for a variety of confounding fac-
tors, residual confounding due to other
unmeasured factors cannot be ruled out.
Third, due to the exclusion criteria for
ergometer testing and MRI, a potential bias,
compared with the randomly selected gen-
eral population sample, might have been
introduced. Thus, longitudinal studies are
required in the future.
CONCLUSION
The results of this study support the hypoth-
esis that higher CRF is associated with larger
brain volumes in several brain regions that
are not primarily connected to motor-
related functions. Older people seem to
have a stronger benefit in the memory-
sensitive hippocampal region by higher CRF.
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