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Abstract

Higher moderate-to-vigorous intensity (MVPA) may preserve brain structural integrity, but
evidence is mostly cross-sectional and relies on absolute PA measures. We examined longitudinal
associations of absolute MVPA using population-level activity count thresholds and relative
MVPA using individual heart rate reserve (HRR) via Actiheart with subsequent changes in

brain diffusion tensor imaging (DTI) over average 3.8 years in 248 initially cognitively normal
individuals (56-91 years). DTI markers included areas important for memory (temporal areas),
executive (prefrontal cortex, superior longitudinal fasciculus), and motor function (precentral
gyrus, putamen, caudate, body of corpus callosum). Associations of MVPA with changes in

DTI markers were examined using linear mixed-effects models, adjusted for demographics and
apolipoprotein e4 carrier status. Each additional 22 minutes of relative MVPA per day was
significantly associated with less decline in fractional anisotropy of uncinate fasciculus and
cingulum-hippocampal part and with less increase in mean diffusivity of entorhinal cortex and
parahippocampal gyrus. Absolute MVPA was not associated with DTI changes. More time spent
in relative MVVPA by HRR may prevent brain microstructural decline in selected temporal areas.
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Introduction

While it has been well established that regular participation in physical activity (PA) is
associated with preserved brain structure in old age (Domingos et al., 2021), the intensity
level that is most beneficial to brain health is less conclusive (Domingos et al., 2021;

Sexton et al., 2016). Recent studies have provided new evidence regarding the intensity level
associated brain health. Several studies have suggested that engaging in PA, especially at
moderate-to-vigorous intensity (MVPA), may produce more benefits for cognition and brain
structure than light intensity PA among older adults (Burzynska et al., 2014; Burzynska
etal., 2020; Erickson et al., 2019; Ikuta et al., 2019; Machida et al., 2021; Northey

et al., 2020; Palta et al., 2021). However, not all studies have found consistent results.

Other data shows time spent in MVPA is not associated with brain structure or function,
such as total brain volume, hippocampal volume, or functional integrity of brain networks
(Spartano et al., 2019; Varma et al., 2015; Voss et al., 2016). These discrepancies may be
due to different thresholds used to define the intensity of movement. We have previously
hypothesized that the intensity of exercise associated with preservation of aerobic capacity
and cardiovascular health with aging is heterogeneous across individuals and here we extend
the same hypothesis to the brain (Schrack et al., 2018). Our hypothesis is based on the

idea that to perform the same quantity of activity, an older person may need to engage in
greater effort with more exertion than a younger person due to different aerobic capacity and
health conditions. One feasible approach to address such heterogeneity is to quantify relative
intensity levels as the individual heart rate reserve expressed as the percent difference
between maximal heart rate and resting heart rate (Ozemek et al., 2013; Schrack et al., 2018;
Shephard, 2001). This method assesses an individual’s relative intensity while accounting
for aerobic capacity (Astrand et al., 1973; Karvonen et al., 1957; Tanaka et al., 2001).

While previous neuroimaging studies have shown that higher MVPA is associated with
greater brain volumes in the dorsolateral prefrontal cortex and hippocampus and fewer
lacunar (Domingos et al., 2021; Northey et al., 2020; Palta et al., 2021), data on
microstructural integrity of the brain are limited, especially concerning longitudinal changes
with aging (for review see (Sexton et al., 2016)). Studying microstructural integrity in
aging is critical as some studies have shown age-related degeneration in microstructural
integrity is associated with cognitive decline and predicts future risk of neurodegenerative
disorders, such as Alzheimer’s disease (AD) (Fellgiebel et al., 2006; Scola et al., 2010;
Weston et al., 2015). With aging, DTI measures may be more sensitive to vascular-related
brain changes than conventional volumetric measures (Hugenschmidt et al., 2008). Several
previous studies examined the relationship between PA and brain microstructure via
diffusion tensor imaging, but most were cross-sectional and did not examine individualized
PA levels (Burzynska et al., 2014; Gons et al., 2013; Kim et al., 2020; Strommer et al.,
2020; Tian et al., 2014; Tian et al., 2015). Specifically, among older adults, more PA
participation has been associated with higher fractional anisotropy of the temporal areas
(Burzynska et al., 2014; Tian et al., 2015), including uncinate fasciculus (Strommer et al.,
2020) and the hippocampal part of the cingulum (Tian et al., 2015) and with lower mean
diffusivity of the medial temporal lobe and the cingulate cortex (Tian et al., 2014). More
PA participation has also been associated with higher fractional anisotropy of other white
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matter tracts, including external capsule, anterior limb of the internal capsule, (Strommer

et al., 2020), superior longitudinal fasciculus, inferior fronto-occipital fasciculus, (Tian

et al., 2015), the genu (Strommer et al., 2020) and body of the corpus callosum (Kim

et al., 2020), and with lower mean diffusivity, radial diffusivity, and axial diffusivity of
widespread white matter tracts (Gons et al., 2013). To date, only one study examined the
longitudinal change in white matter microstructural integrity and found that compared to
inactive persons, those who were active had less increase in the mean diffusivity of the
uncinate fasciculus. Notably, this study did not find cross-sectional associations (Maltais et
al., 2020). Moreover, this study did not differentiate between absolute and relative intensities
which may have underestimated the association between PA and microstructure (Mann et al.,
2013; Shephard, 2001).

In the present study, we aimed to extend prior literature by examining the longitudinal
change in microstructural integrity of both gray matter and white matter and investigating

its relationship with both absolute and relative MVPA in a sample of initially cognitively
normal and well-functioning community-dwelling adults aged 55 or older. We hypothesized
that higher MVVPA would be associated with less decline in microstructural integrity with
aging, indicated by less increase in mean diffusivity and less decline in fractional anisotropy.

Methods

2.1 Study Population

Participants were drawn from the Baltimore Longitudinal Study of Aging (BLSA). BLSA
is a prospective cohort study with continuous enrollment that began in 1958 (Ferrucci,
2008). BLSA participants are community-dwelling adults. At the enrollment, participants
must be free of cognitive impairment, functional limitations, chronic diseases, and cancer
within the past 10 years to be eligible for the study. Enrolled participants receive regularly
scheduled comprehensive health, cognitive, and functional evaluations over a 3-day visit

to the National Institute on Aging (NIA) Clinical Research Unit at Harbor Hospital in
Baltimore, Maryland. Visits occur every 4 years for persons younger than 60, every 2 years
for persons aged 60 to 79, and annually for persons aged 80 or older. In this study, data
were collected between June 2008 and December 2017, and the first concurrent assessment
of Actiheart and brain microstructural imaging markers of mean diffusivity and fractional
anisotropy was considered “baseline”. We analyzed 248 participants aged 55 or older who
were cognitively normal (i.e. free of cognitive impairment or dementia) and had gait

speed = 1 m/sec at baseline and had baseline data on Actiheart accelerometer and one

or more measures of microstructural imaging markers by diffusion tensor imaging (DTI).
Exclusion criteria at baseline included diagnoses of mild cognitive impairment (MCI) or
dementia, slow gait speed (< 1 m/sec), and age younger than 55 years old. Diagnoses of
cognitive impairment and dementia follow standard BLSA procedures, described previously
(Driscoll et al., 2009). MCI was determined using the Petersen criteria (Petersen et al., 1997)
which is a standardized and commonly used test for MCI diagnosis. BLSA diagnoses of
dementia and Alzheimer’s disease have continued to follow the Diagnostic and Statistical
Manuel, the third edition, revised (DSM-I11-R) and the National Institute of Neurological
and Communication Disorders and Stroke-Alzheimer’s Disease and Related Disorders
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Association (NINCDS-ADRDA) criteria, respectively (American Psychiatric Association,
1987)(McKhann et al., 1984).

The BLSA protocol was approved by the Institutional Review Board of the National
Institutes of Health. Participants provided written informed consent at each BLSA visit.

2.3 Physical activity via Actiheart accelerometer

2.4

Physical activity was measured using the Actiheart accelerometer, which assesses both heart
rate and uniaxial activity counts in 1-minute epochs (Actiheart, CamNtech, Cambridge,
United Kingdom). On the last day of their BLSA clinic visit, participants were fitted with an
ActiHeart monitor and were instructed to wear the Actiheart accelerometer for 7 consecutive
days at all times except when bathing or swimming. The ActiHeart monitor was positioned
horizontally on the chest at the third intercostal space with two standard electrocardiogram
electrodes. At the end of the 7 days, participants were instructed to return the Actiheart
accelerometer via express mail. Data were then downloaded using commercial software
(Actiheart, version 4.0.32) to obtain heart rate in beats per minute and PA in counts per
minute. A minimum of three days of valid wear time was required for inclusion in this
analysis.

Time spent in relative MVPA was determined using an individualized threshold of

intensity based on heart rate reserve (Karvonen et al., 1957). Details of relative MVPA

were previously published (Schrack et al., 2018). First, individual heart rate reserve was
calculated using the “Karvonen formula,” which expresses heart rate reserve as the percent
difference between an individual’s maximal heart rate and resting heart rate. After defining
individual heart rate reserve, activities at the minute level were categorized into sedentary/
sleep, light, moderate, or vigorous intensities as follows: when minute-level PA was at <20%
heart rate reserve, it was considered as sedentary/sleep, 20-39% as light intensity, 40-59%
as moderate intensity, and 260% as moderate to vigorous intensity.

Time spent in absolute levels of exertion was determined using population-based activity
count thresholds; < 10 activity count per minute as sedentary/sleep; 10-95 activity counts
per minute as light intensity, 95-234 as moderate, and >234 as vigorous.

Imaging acquisition

Neuroimaging data were acquired on one of three comparable 3T Philips Achieva scanners
at the Kennedy Krieger Institute (KKI) or the National Institute on Aging (NIA) in
Baltimore, Maryland. Imaging evaluations for each participant included a T1-weighted
magnetization-prepared rapid gradient-recalled echo (MPRAGE) scan, an interleaved proton
density and T2-weighted dual-echo scan, a fluid-attenuated inversion recovery (FLAIR)
scan, and two DTI scans. The MPRAGE protocol was as follows: number of slices = 170,
voxel size = Immx1mmxZ1.2mm, reconstruction matrix = 256x256, flip angle = 8 degrees
and TR/TE = 6.5ms/3.1ms. DTI acquisition protocol was identical for KKI scanners:
number of gradients = 32, number of b0 images = 1, max b-factor = 700 s/mm?2, TR/TE

= 6801/75 msec, number of slices = 65, voxel size = 0.83 x 0.83 x 2.2 mm, reconstruction
matrix = 256 x 256, acquisition matrix = 96 x 95, field of view = 212 x 212 mm, flip angle
= 90°. DTI acquisition protocol for the NIA scanner was: number of gradients = 32, number
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of b0 images = 1, max b-factor = 700 s/mm?, TR/TE = 7454/75 msec, number of slices = 70,
voxel size = 0.81 x 0.81 x 2.2 mm, reconstruction matrix = 320 x 320, acquisition matrix =
116 x 115, field of view = 260 x 260 mm, flip angle = 90°. Each DTI acquisition included
two b0 images, which were averaged in k-space. Two separate DTI acquisitions with NSA =
1 were obtained and then combined offline (as explained in Image processing below) for an
effective NSA = 2 to improve signal-to-noise ratio (Lauzon et al., 2013).

2.5 Diffusion tensor imaging processing

DTI processing follows the standard practice for tensor fitting and quality assessment

and is explained in detail in earlier publications (Lauzon et al., 2013; Tian et al., 2016).
Briefly, the individual diffusion-weighted volumes were affine co-registered to a minimally
weighted (b0) target to compensate for eddy current effects and physiological motion. The
gradient tables were corrected for the identified rotational component using finite strain
(Alexander et al., 2001). To combine the two DTI sessions with different and unknown
intensity normalization constants, each diffusion-weighted image was normalized by its own
reference image before tensor fitting. To improve robustness, iteratively reweighted least
squares fitting with outlier rejection using RESTORE (Chang et al., 2005) as implemented
in CAMINO (Cook et al., 2006) was used to estimate tensors on a voxel-wise basis. QC was
performed to remove scans with either excessive motion or images that had globally high
diffusion measure bias after reviewing the distributions of QC summary statistics generated
by our pipeline (Lauzon et al., 2013). Out of 1,404 sessions with two diffusion tensor
imaging acquisitions, 20 sessions were identified as outliers during QC process, leaving
1,384 good quality DTI sessions for analysis (Williams et al., 2019).

2.6 Regions of interest

In this study, we focused on fractional anisotropy (FA) of white matter ROIs and mean
diffusivity (MD) of gray matter ROIs. FA describes the degree of anisotropy of water
molecules and can be used as an indirect measure of white matter integrity (Jones et

al., 2013). Higher FA values may indicate higher integrity, and lower FA values may
indicate lower integrity. MD describes the magnitude of water diffusion within tissues in
all directions and can be used as an indirect measure of gray matter integrity (Jones et al.,
2013). Lower MD values may indicate higher integrity, and higher MD values may indicate
lower integrity. To segment gray matter regions, we used multi-atlas registration with the
BrainCOLOR protocol using 35 manually labeled atlases from NeuroMorphometrics (Klein
et al., 2010). The labels of ROIs obtained from the T1 image for each visit were affine
registered to the diffusion image and used to extract region-specific average MD measures.
To segment white matter, the Eve White Matter atlas (Lim et al., 2013) was combined with
corresponding WM labels from the multi-atlas segmentation (Klein et al., 2010), and an
FA mapped MRI. The WM labels were then intersected with WM segmentation and the
resulting labels are iteratively grown to fill the remaining WM space from the multi-atlas
labels. The WM labels of ROIs obtained from the T1 image for each visit were affine
registered to the FA image and used to extract region-specific average FA measures.

Based on literature and anatomical locations, we selected bilateral ROIs important for
memory (white matter: uncinate fasciculus, hippocampal part of the cingulum; gray matter:
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hippocampus, parahippocampal gyrus, entorhinal cortex,), executive function (white matter:
superior longitudinal fasciculus; gray matter: prefrontal cortex including inferior, superior,
middle, medial frontal, and orbitofrontal cortices), and motor function (white matter: the
body of the corpus callosum; gray matter: precentral gyrus, putamen, caudate).

2.7 Statistical analysis

We examined the association of absolute or relative MVPA with changes in each
neuroimaging marker of interest using linear mixed-effects models. Models were adjusted
for baseline age, sex, race, years of education, body mass index, handedness, apolipoprotein
e4 carrier status, and the scanner type. Random effects included interval and intercept.
Measures of PA and DTI were computed as standardized Z scores.

Because individuals with fewer daily activities may have physical functional limitations, we
adjusted for baseline gait speed as sensitivity analyses. As we examined multiple regions of
interest (11 ROIs), we set significance at two-tailed p<0.01.

3. Results

At baseline, the overall sample of 248 participants had a mean age of 71.3 years with a mean
gait speed of 1.26 m/sec. Those with repeated measures of DTI had a mean age of 71.8 years
with a mean gait speed of 1.25 m/sec at baseline (n=206) (Table 1). Those with only one
DTI assessment (n=42) and those with repeated DTI did not differ in sample characteristics
(n=206). There were no significant differences in baseline FA or MD measures between
those with repeated DTI and those with only one DTI assessment, or between scanner types
(all p>0.01).

After adjustment, there were no significant cross-sectional associations between absolute or
relative MVPA and any neuroimaging marker of interest (all p>0.01) (Table 2).

Longitudinally, each additional standard deviation time spent in relative MVPA per day
(i.e. 22 minutes) was significantly associated with less decline in microstructural integrity
of ROIs localized in the temporal area. Specifically, each additional 22 minutes of relative
MVPA per day was associated with 0.0015 less annual decline in FA of the uncinate
fasciculus, 0.0017 less annual decline in FA of the hippocampal part of the cingulum,
0.000003 less annual increase in MD of the parahippocampal gyrus, and 0.000008 less
annual increase in MD of the entorhinal cortex (all p<0.01) (Table 2, Figure 1). These
longitudinal associations remained similar with additional adjustment for baseline gait speed
(B (SE), p-value for FA of the uncinate fasciculus=0.032 (0.012), 0.009; B (SE), p-value
for FA of the hippocampal part of the cingulum=0.032 (0.013), 0.016; p (SE), p-value for
MD of the parahippocampal gyrus=—0.021 (0.009), 0.017; B (SE), p-value for MD of the
entorhinal cortex=—0.030 (0.012), 0.011). Time spent in relative MVPA was not associated
with changes in other ROIs (all p>0.01) (Table 2). Time spent in absolute MVPA was not
significantly associated with changes in any neuroimaging markers (all p=0.01) (Table 2).
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4. Discussion

Our study established three important findings. We found that more time spent in relative
MVPA based on individual heart reserve was associated with slower decline of brain
microstructural integrity in aging, indicated by less decline in fractional anisotropy and
less increase in mean diffusivity. More importantly, the relationship of relative MVPA
with change in microstructural integrity is localized in temporal areas known to be
important for memory, and not in other brain areas of interest. Interestingly, time spent
in absolute MVVPA was not associated with the change in microstructural integrity. We
also found that in this sample of well-functioning adults aged 55 or older, there were no
cross-sectional associations of microstructural integrity with neither relative nor absolute
MVPA. Collectively, these results suggest that time spent in relative MVPA may be an
important contributor to preserving brain microstructure in selected temporal areas.

Our study advanced prior research in several aspects. We examined both relative and
absolute MVPA, extended the longitudinal assessment of microstructural integrity in both
gray matter and white matter, and focused on early microstructural changes in a sample of
initially cognitively normal and well-functioning adults aged 55 or older.

Our longitudinal findings in temporal areas are consistent with previous cross-sectional DTI
studies reporting the relationship between PA and uncinate fasciculus (Maltais et al., 2020;
Tian et al., 2014). The use of relative MVPA allowed us to identify additional brain areas
that were longitudinally associated with PA, including the hippocampal part of the cingulum,
parahippocampal gyrus, and entorhinal cortex. While exercise is a subcategory of physical
activity, our findings are in line with the beneficial effects of exercise on brain structure

and function in temporal areas as well as memory shown in several intervention studies
(Erickson et al., 2011; Nagamatsu et al., 2013; Smith et al., 2013). It has been hypothesized
that exercise-induced angiogenesis, blood rheological changes, and neurogenesis may be
particularly beneficial in these watershed brain areas, and this hypothesis has been supported
by both animal and human exercise intervention studies (Duzel et al., 2016; Gauthier et al.,
2015). We also examined other gray matter and white matter areas of interest important

for executive function and motor function, but we did not find an association with relative
MVPA.. Our findings seem to be in line with previous report that the relationship between
PA and cognition is specific to memory function (Rathore & Lom, 2017).

The different results obtained when using an individualized, relative measure versus a direct,
absolute measure of MVVPA may have important clinical implications. The relative measure
of MVPA based on cardiac reserve quantifies the effort required for accomplishing a certain
level of PA at the individual level and, therefore, our findings suggest that it is the level of
personalized effort that is important for brain integrity protection. Our findings are in line
with one recent study reporting the relative proportion of time spent in MVVPA compared to
sedentary behaviors and light intensity PA is associated with greater hippocampal volume
(Machida et al., 2021). The traditional approach using the absolute threshold may have
underestimated MVPA in older age because light activities in younger age may require
moderate to vigorous effort in older age. The relative threshold using individual heart

rate reserve accounts for individual differences in aerobic capacity and functional abilities.
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Previous findings have suggested that intensity levels by an individualized physiological
threshold may best characterize activities with aging to avoid systematic biases (Schrack et
al., 2018). Future studies examining the relationship of PA with brain health should consider
individualized thresholds to quantify intensity levels.

Consistent with recent results, we did not observe cross-sectional associations of DTI
markers with MVPA using either absolute or relative thresholds (Maltais et al., 2020).
Although some previous DTI studies reported significant cross-sectional associations with
PA (Gons et al., 2013; Tian et al., 2015), we noted that our sample characteristics may

be different. Because we focused on a sample of initially cognitively normal and well-
functioning adults aged 55 or older, the sample at baseline may be more homogeneous and
the cross-sectional association may not be detected. Our null cross-sectional findings also
highlight the importance to investigate within-individual longitudinal changes to detect the
development and changes in microstructural degeneration.

This study has limitations. First, the BLSA population is healthier than the general
population which may affect the generalizability of the findings. Second, the sample size is
modest with a relatively wide age range between 56 and 91. Future studies of larger samples
in older age are needed to confirm our findings. Third, findings from this observational study
do not establish causation. This study has several strengths. First, the study population is
well-characterized community-dwelling adults aged 55 or older. The rigorous adjudication
of cognitive impairment and dementia and assessment of 6-meter gait speed allow us

to identify initially cognitively unimpaired and well-functioning participants. Second, the
inclusion of MVPA using the relative threshold of individual heart rate reserve advances
prior knowledge on PA intensities with brain health in older age. Third, the examination

of multiple areas of interest allows us to determine regional specificity. We note that this
study focused on a priori defined regions of interest involved in different cognitive domains,
rather than an empirically based discovery study. Future studies of whole brain voxel-based
analyses are needed to confirm our findings. We also note that as DT assesses different
aspects of diffusion, FA and MD are indirect measures of microstructural integrity.

5. Conclusions

Funding:

In conclusion, more time spent in MVPA at 60% or above of individual heart rate reserve

is associated with less microstructural decline, especially in selected temporal areas. MVPA
using the absolute threshold of activity counts does not predict microstructural changes.
Future intervention studies aimed at preserving brain health should consider individualized
thresholds to define intensity levels of physical activity among older persons.

This work was supported entirely by the Intramural Research Program of the National Institute on Aging. JAS was
supported by grant U01AG057545.
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Highlights
. Relative moderate-to-vigorous physical activity prevents microstructural
decline.
. This longitudinal association is localized to selected temporal areas.
. Absolute moderate-to-vigorous activity is not associated with microstructure.
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Figure 1. Brain areas associated with relative moderate-to-vigorous physical activity.
uncinate fasciculus (from a RecobundlesX template) (red); tail of the cingulum, leading

to the hippocampal region (from a RecobundlesX template) (lemon green); 1016 ctx-
Ih-parahippocampal (wmparc, freesurfer) (magenta); 1006 ctx-lh-entorhinal (wmparc,
freesurfer) (violet) The regions of interest and cortical surfaces were extracted from a
population average template (mni152nlin2009c) using Freesurfer (ctx-lh-parahippocampal
and ctx-lh-entorhinal, 1016/2016 and 1006/2006 respectively). The bundles of interest are
from a population average template (https://zenodo.org/record/5165374#.YjyHUdDMKUK).
Manual segmentations of streamlines from 20 BIL&GIN (Mazoyer et al., 2016) and 20
UKBioBank (Alfaro-Almagro et al., 2018) were co-registered, cleaned and merged to create
a representation of their spatial extend. Visualization is done in the MI-Brain software
(Rheault et al., 2016).
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Baseline participants’ characteristics

Table 1.

Overall sample

Those with repeated DTI

(n=248) (n=206)

Mean + SD or N (%) range Mean + SD or N (%) range
Age, years 71.3+84 56 - 91 71.8+84 56 — 91
Women 126 (51) - 104 (50) -
Black 54 (22) - 43 (21) -
Education, years 17.7+27 7-25 178+ 2.7 7-25
Body mass index, kg/m 2 26.8+4.4 17.7-39.2 265+4.1 17.8-38.3
Mini mental state exam 28.6 £ 1.3 (n=222) 24-30 28.6 + 1.3 (n=187) 24-30
Right-handedness 206 (83) - 185 (90)
Apolipoprotein e4 carriers 65 (26) - 46 (22) -
Gait speed, m/sec 1.26 £0.17 1.00-1.83 1.25+0.17 1.00-1.83
Relative MVPA, min/day 15+22 0-143 16 + 22 0-143
Absolute MVPA, counts/day 32+23 0-268 32+23 1-105
Number of monitor wear days 5211 3-7 53+1.1 3-7
Follow-up interval, years 38+24 0-9 47+18 1-9
Number of visits per person 28+13 1-7 32+11 2-7
Neuroimaging markers
FA of uncinate fasciculus 0.352+0.042 0.238-0.447 0.352+0.041 0.238-0.444
FA of hippocampal part of cingulum 0.388+0.050 0.267-0.514 0.386+0.051 0.267-0.514
FA of superior longitudinal fasciculus 0.444+0.030 0.360-0.536 0.444+0.030 0.360-0.536
FA of body of the corpus callosum 0.517+0.042 0.359-0.605 0.517+0.040 0.400-0.602
MD of hippocampus 0.0013+0.0002 0.0010-0.0019 0.0013+0.0002 0.0010-0.0019
MD of parahippocampal gyrus 0.0013+0.0001 0.0010-0.0018 0.0013+0.0001 0.0010-0.0018
MD of entorhinal cortex 0.0014+0.0003 0.0009-0.0023 0.0014-0.0003 0.0010-0.0023
MD of prefrontal cortex 0.0012+0.0001 0.0010-0.0016 0.0012+0.0001 0.0010-0.0016
MD of precentral gyrus 0.0011+0.0001 0.0009-0.0015 0.0011+0.0001 0.0009-0.0015
MD of putamen 0.0008+0.0001 0.0007-0.0013 0.0008+0.0001 0.0007-0.0013
MD of caudate 0.0009+0.0001 0.0006-0.0013 0.0009+0.0001 0.0006-0.0013

Note: MVVPA= moderate-to-vigorous physical activity. FA=fractional anisotropy. MD=mean diffusivity.
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Table 2.

Page 16

Associations of moderate-to-vigorous physical activity (MVPA) with microstructural neuroimaging markers of

interest (n=248)

Independent variable: relative MVPA

Independent variable: absolute MVPA

Cross-sectional

Longitudinal

B (SE), p-value

Cross-sectional

Longitudinal

B (SE), p-value

ROIls important for memory

FA in uncinate fasciculus

FA in hippocampal part of the cingulum

MD in hippocampus

MD in parahippocampal gyrus

MD in entorhinal cortex

ROIls important for executive function

FA in superior longitudinal fasciculus

MD in prefrontal cortex

ROIls important for motor function

FA in body of the corpus callosum
MD in precentral gyrus
MD in putamen

MD in caudate

-0.072 (0.057)
0.21

-0.107 (0.052)
0.04

~0.005 (0.043)
0.92

-0.028 (0.051)
0.58

-0.005 (0.053)
0.93

-0.017 (0.064)
0.79

~0.046 (0.046)
031

-0.044 (0.057)
0.44

-0.020 (0.049)
0.68
-0.016 (0.053)
0.77

~0.010 (0.055)
0.86

0.035 (0.012)
0.005

0.034 (0.013)
0.01

-0.011 (0.007)
0.09

-0.021 (0.009)
0.01

-0.030 (0.012)
0.01

0.003 (0.009)
0.76

0.001 (0.009)
0.95

0.015 (0.010)
0.14

-0.018 (0.013)
0.17

-0.007 (0.006)
0.28

~0.017 (0.009)
0.06

0.034 (0.060)
057

0.057 (0.055)
0.30

-0.095 (0.044)
0.03

-0.095 (0.053)
0.07

-0.015 (0.056)
0.78

0.027 (0.067)
0.68

-0.077 (0.048)
011

0.135 (0.060)
0.02

-0.092 (0.051)
0.07
-0.048 (0.056)
0.39

0.001 (0.058)
0.98

-0.007 (0.014)
0.62

0.006 (0.014)
0.66

0.0003 (0.007)
0.97

-0.007 (0.010)
0.50

0.013 (0.013)
031

-0.011 (0.010)
0.25

0.018 (0.010)
0.06

-0.001 (0.012)
0.96

0.031 (0.014)
0.03
0.005 (0.007)
0.42

-0.004 (0.010)
0.66

Note. Measures of PA and DTI were computed as standardized Z scores. ROlIs=regions of interest. FA=fractional anisotropy. MD=mean diffusivity.
The prefrontal cortex includes inferior, superior, middle, medial frontal, and orbitofrontal cortices. Higher values of FA and lower values of MD
indicate higher microstructural integrity. Lower values of FA and higher values of MD indicate lower microstructural integrity. Bold number

reflects associations at two-tailed p<0.01.
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