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Abstract

Background: The potential neuroprotective effects of regular physical activity on brain structure
are unclear, despite links between activity and reduced dementia risk.

Objective: To investigate the relationships between regular moderate to vigorous physical
activity and quantified brain volumes on magnetic resonance neuroimaging.

Methods: A total of 10,125 healthy participants underwent whole-body MRI scans, with brain
sequences including isotropic MP-RAGE. Three deep learning models analyzed axial, sagittal,
and coronal views from the scans. Moderate to vigorous physical activity, defined by activities
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increasing respiration and pulse rate for at least 10 continuous minutes, was modeled with brain
volumes via partial correlations. Analyses adjusted for age, sex, and total intracranial volume, and
a 5% Benjamini-Hochberg False Discovery Rate addressed multiple comparisons.

Results: Participant average age was 52.98 + 13.04 years (range 18-97) and 52.3% were
biologically male. Of these, 7,606 (75.1%) reported engaging in moderate or vigorous physical
activity approximately 4.05 + 3.43 days per week. Those with vigorous activity were slightly
younger (p < 0.00001), and fewer women compared to men engaged in such activities (o=
3.76e-15). Adjusting for age, sex, body mass index, and multiple comparisons, increased days of
moderate to vigorous activity correlated with larger normalized brain volumes in multiple regions
including: total gray matter (Partial £ = 0.05, p=1.22e-7), white matter (Partial #=0.06, p=
9.34e-11), hippocampus (Partial #=0.05, p=5.96e-7), and frontal, parietal, and occipital lobes
(Partial R=0.04, p< 1.06e-5).

Conclusions: Exercise-related physical activity is associated with increased brain volumes,

indicating potential neuroprotective effects.

Keywords
Alzheimer’s disease; brain volumes; deep learning; magnetic resonance imaging; physical activity

INTRODUCTION

Physical activity reduces dementia risk by positively impacting brain health. One large study
of 78,430 adults in the UK Biobank showed that as little as 3,800 steps per day—Iess

than half of the often recommended daily amount of 10,000—translated to a 25% reduction
of incident dementia [1]. A meta-analysis of over 250,000 individuals noted that physical
activity was significantly associated with a decreased incidence of all-cause dementia and
Alzheimer’s disease (AD), even in follow-ups longer than 20 years [2]. Even light intensity
physical activity has been related to a reduced risk of dementia [3]. Increasing physical
activity therefore represents a promising non-pharmacological intervention to reduce risk for
AD [4].

Multiple mechanisms exist by which physical activity is thought to reduce the rate of
age-related cognitive decline and AD. These include the promotion of cardiovascular health,
increased brain-derived neurotrophic growth factor, higher insulin sensitivity, and lower
neuroinflammation [5]. A key approach to track the influence of physical activity on the
brain is through quantitative neuroimaging of structural volumes [6-8].

While the Centers for Disease Control recommends 150 minutes of moderate physical
activity a week or 75 minutes of vigorous physical activity a week or equivalent combination
[9], considerable difficulties exist with adherence. This challenge was illustrated in one
survey where only 23% of U.S. adults aged 18 to 64 years met these guidelines between
2010-2015 [10]. A recent study also did not find substantial improvements in these metrics
with only 28% of U.S. adult meeting the recommendations in metropolitan centers—a
number that dropped to 16% in rural areas [11]. Thus, understanding the potential brain
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health benefits of lower thresholds of physical activity can have public health implication as
such levels are more likely to be successfully adhered.

We have previously shown that higher physical activity, as quantified by the number of city
blocks walked at the equivalent of about a quarter mile a day, is related to larger brain
volumes including those targeted by AD pathology such as the hippocampus and precuneus
in cognitively normal [12] as well as persons with mild cognitive impairment and AD

[13]. Our prior work has also demonstrated that higher kilocalorie expenditure from leisure
activities predicts larger brain volumes compared to non-active individuals across normal
cognition, mild cognitive impairment, and AD [14]. This work was replicated in the larger
UK Biobank cohort of 10,083 participants in which increased physical activity was related
to elevated gray matter volume, larger white matter volume as well as higher hippocampal
volumes [15].

While these studies suggest that physical activity can strengthen structural brain reserve
through mechanisms that can be tracked by larger brain volumes on magnetic resonance
imaging (MRI) scans, several gaps in knowledge need to be addressed. First, the intensity of
physical activity has not been explored in large datasets. Second, the imaging studies done
have focused on midlife to older cohorts and not those encompassing a larger age range of
adulthood. Third, prior imaging studies have lacked a cohesive approach to evaluating brain
regions that can be influenced by physical activity intensity. Thus, we hypothesized that in a
large cohort increased physical activity intensity will relate to larger brain volumes in terms
of 1) whole brain parenchyma, gray matter, and white matter; 2) lobar volumes: frontal,
temporal, and parietal lobes; and 3) regions at early risk for AD pathology, specifically the
hippocampus, posterior cingulate gyrus, and precuneus.

MATERIALS AND METHODS

Participant MR imaging

All analyses were done with IRB approval (Advarra, WPBP-001). Participants were scanned
on 1.5T whole body Philips Ingenia Ambition, Siemens Espree and Aera scanners at

the following locations: Vancouver, BC, Canada; Redwood City, CA; Los Angeles, CA;
Minneapolis, MN; Boca Raton, FL; Dallas, TX. Each participant received a hon-contrast
whole body MRI scan that has been previously detailed in prior work [16]. Brain sequences
included sagittal 3D T1 MPRAGE, axial 2D FLAIR, and time-of-flight MRA.

Evaluation of physical activity (exercise)

Prior to imaging, participants completed intake questionnaires including 1) demographic
information (age, sex); 2) available medical history (hypertension, type 2 diabetes mellitus);
3) self-reported physical activity information. For physical activity, participants were asked
to report if they engaged in moderate to vigorous aerobic exercise at least 10 minutes a day.
Sedentary behavior was defined by a lack of this regular activity. Physical activity intensity
was defined with standard CDC definitions [17]. Moderate physical activity intensity was
defined as engaging in activities that increased heard rate and respiratory rate that would
allow for contemporaneous talking but not singing during the activity. Such activities could
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include brisk walking, bicycling less than 10 miles per hour, and water aerobics. Vigorous
physical activity intensity by contrast does not permit for speaking a few words without
pausing to respire. Such activities include jogging, running, swimming laps, and bicycling
more than 10 miles per hour. Participants were asked to report the number of days they
engaged in such physical activity in a 14-day period. Participants were dichotomized into
Exercise and non-Exercise groups if they engaged in 5 days of moderate to vigorous self-
reported physical activity in a 14-day period or an average of 2.5 days per week. This
threshold was intentionally selected so as it define a level of physical activity that could be
attained by more individuals as this threshold is far lower than the 150 minute of physical
activity recommended over 5 days per week by the current Centers for Disease Control
guidelines [9, 18].

MRI volumetric measurement of regional brain volumes

To generate the respective regional volumetric of the brain from 3D T1-weighted MRI
scans, we used FastSurfer network [19]. FastSurfer is a fast and substantially verified deep
learning pipeline that can analyze structural MRIs of the human brain in a completely
automated fashion. As a result, it produces outputs that are compatible with FreeSurfer

and enables scalable big-data analysis as well as time-sensitive clinical applications such

as the localization of structures during the process of image acquisition or the extraction

of quantitative measures. FastSurfer Convolutional Neural Network (CNN) is composed of
three fully convolutional neural networks that operate on coronal, axial, and sagittal 2D slice
stacks, as well as a final view aggregation that combines the advantages of 3D patches and
2D slices. Specifically, the three CNNs capture the 2D features of the brain in each plane.
After the three networks have processed the 2D slices the final stage of the FastSurfer CNN
architecture to produce a 3D segmentation of the brain. Thus, the three CNNs, each of which
represents a deep learning model, are used for brain segmentation and the advantage of

this approach is that it reduces the time to segment brain volumes to 1 min compared to

60 min using FreeSurfer [20] upon which FastSurfer is based. This time saving feature is
quite impactful for rapidly segmenting brain volumes in a large number of scans such as in
the cohort evaluated in this work. FastSurfer CNN was trained over 134 participants aged
27-66 and was used to segment 96 distinct regional brain volumes. The FastSurfer CNN was
trained on a random sample of available participant scans spanning young adult, midlife,
and later life individuals. As the individual scans were randomly sampled, no additional
inclusion criteria were applied except that the scans had to be available for the randomly
sampled individuals. Scan exclusion criteria were any large structural lesions that could
interfere with the computational training process. All MRI brain volumes were conformed
to standard slice orientation and resolution (1 mm isotropic) before feeding to the different
deep learning networks.

MRI volumetric measurement of intracranial volume (ICV)

To correct for the differences in the head size of the subjects, a separate deep learning
model was trained to segment ICV. To estimate the total intracranial volume, we used

60 participants and annotated the intracranial compartment of these individuals manually
according to Fig. 3. We used these labeled data to train the nnUNet [21] for intracranial
mask generation. As noted above, nnUNet is a self-configuring method for deep learning-
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based medical image segmentation. It includes preprocessing, network architecture, training,
and post-processing for any new task with segmentation quality inspected on renderings of
ICV segmentation using the MITK tool [22].

Statistical analyses

RESULTS

All statistical analyses were done in Python using sklearn and the scipy library [23]. Two
sample t-tests were done to compare brain volumes between physically active or exercise
and non-active or non-exercise groups. Regression analyses were done adjusting for age

and sex to understand the relationship between number of days of physical activity and
brain regions as defined in the Exercise and Non-Exercise categories. In alignment with our
hypothesis, the brain regions evaluated from MR neuroimaging were: 1) total gray matter
volume; 2) total white matter volume; Lobar volumes: 1) frontal; 2) temporal; 3) parietal; 4)
occipital; and early AD regions: 1) hippocampus; 2) posterior cingulate gyrus; 3) precuneus.
Partial correlation coefficients are computed from the residuals of the regression model
while adjusting for covariates. Scatterplots relating the total number of days of exercise with
selected brain volumes (hippocampus, posterior cingulate, precuneus, and cerebellum) was
also done adjusting for age and sex as well with history of hypertension and type 2 diabetes
mellitus in a separate set of scatterplots. A subset of analyses evaluated the relationship
between moderate and vigorous physical activity intensity separately with gray matter, white
matter, AD risk regions, and the cerebellum. All analyses were done on ICV adjusted brain
volumes and statistically comparisons accounted for age and sex as covariates. Additionally,
Benjamini-Hochberg False Discovery Rate of 5% controlled for multiple comparisons [24—
26].

Participant demographics are shown in Table 1.

Physically active persons from exercise tended to be younger with a higher proportion of
Caucasian individuals and lower rates of hypertension and type 2 diabetes.

Figure 1 shows box plots in of whole brain volumes compared between physically active
and non-active individuals with the two-sample t-tests results. The physical active group
had statistically significant larger gray matter and white matter volumes than the non-active
group. There were no statistically significant differences in ventricular volumes.

The box plots in Fig. 2 show similar statistically significant differences across physically
active versus non-active persons in brain lobar volumes as well as the cerebellum.

Finally, the box plots in Fig. 3 show that in three regions vulnerable to AD
neurodegeneration [27], larger volumes are observed in the physically active group for the
hippocampus, posterior cingulate gyrus, and precuneus. The effect sizes in these areas were
comparable to those noted in other larger brain regions.

Table 2 shows a summary of linear regression of number of days of physical activity and
normalized (brain region divided by ICV) brain regions. Displayed are both standardized
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and unstandardized beta weights, partial correlation coefficients, and p-values adjusted for
multiple comparisons with FDR.

In evaluating the influence of exercise intensity and sedentary behavior on brain volumes,
we first recharacterize the description of the cohort based upon these physical activity level
and intensity as shown in Table 3.

Figure 4 adds additional information by showing the histogram of sedentary behavior and
physical activity intensity across age.

Scatterplots for selected regions also show that increasing number of exercise dates relates
to larger brain volume even when adjusting for age, sex, hypertension, and type 2 diabetes
mellitus (Supplementary Figures 1 and 2).

The regression results for the analysis of Moderate and Vigorous Physical activity
correlations with brain volumes are displayed in Table 4.

DISCUSSION

The study aimed to investigate whether moderate to vigorous physical activity may be
related to potential neuroprotective effects, specifically improved brain volumes. We found
across 10,125 brain MRI scans that a higher number of days of moderate to vigorous
physical activity predicted larger normalized brain volumes in multiple regions, including
total gray matter volume, total white matter volume, hippocampus, frontal cortex, parietal
lobes, and occipital lobe. Our study suggests that engaging in exercise-related physical
activity is associated with increased brain volumes from the whole brain to lobar and finally
AD risk regional level. We did not find smaller cerebral ventricle size as has been suggested
in prior work from the Framingham study [28], although our regression results do suggest
that there were non-statistically significant decreasing ventricle size with physical activity.
Differences in these results compared to our study may reflect the relative sensitivity of
physical activity metrics as well as the cross-sectional design that may not capture ventricle
change as sensitively as longitudinal studies [29]. However, another study correlating
minutes of physical activity with brain volumes in the Baltimore Longitudinal Study of
Aging found similar results to our study, a trending lower cerebral ventricle size that was not
statistically significant [30]. Our findings are thus overall consistent with previous research
that has found a positive association between physical activity and regional brain volumes
[31].

Physical activity has been linked to a reduced risk of dementia, while loss of brain volume
as measured by MRI is a marker of neurodegeneration [27]. The benefits of physical activity
for improved brain tissue classes and structures has been demonstrated in prior work [32].
One study in 963 late life participants with an average age of 74.1 years showed larger gray
and white matter volumes as well as smaller ventricular size related to increased physical
activity from walking even when accounting for body mass index [13]. These findings were
replicated in a similar sized cohort when considering a variety of leisure activities and
related caloric expenditure to larger MRI analyzed brain volumes [14]. Increased physical
activity has also been shown to positively impact the hippocampus and precuneus, both
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regions shown to be improved with frequent physical activity in our study [12]. The UK
Biobank also found in 10,083 persons that increased physical activity related to larger total
gray and white volumes [15] as well as increased right hippocampal volume. Another study
found that wearable technology tracking physical activity related to larger hippocampal and
parahippocampal volumes as well as increased functional connectivity between the frontal
gyrus, cingulate gyrus, and the inferior occipital lobe [8]. Higher self-reported physical
activity in 134 cognitively unimpaired older adults 65 years or older related to larger gray
matter volume, improved cerebral glucose metabolism but not with amyloid deposition [33].

The mechanisms by which physical activity can improve brain volumes include neurotrophic
growth factors, neuroinflammation, and reduction of amyloid and tau. Exercise has been
shown to induce neurogenesis in the hippocampus through increased levels of brain derived
neurotrophic growth factor [34, 35]. Physical activity is also thought to improve brain
integrity though inflammatory mechanisms. This was illustrated in one study where higher
physical activity was related to lower levels of TNF-a, a marker of inflammation, that in
turn were related to MRI defined volumes of the inferior parietal lobule [36]. Physical
activity was also shown to reduce the burden of neuroinflammation in AD, Parkinson’s
disease, amyotrophic lateral sclerosis, and multiple sclerosis [37]. Also, physical activity has
been shown to reduce amyloid and tau, which are key pathological features of AD [38, 39].

Physical activity intensity and sedentary behavior varied with declined with age. The fact
that sedentary behavior was also reduced with increasing age may suggest a survivor effect
whereby such individuals may not live to older age categories. Our finding of moderate
physical activity being the intensity level of exercise most correlated to brain regions is
reflected by prior work. One randomized exercise intervention noted improved volumes of
the hippocampus and prefrontal cortex from moderate intensity exercise over the course of

6 months to 1 year [40]. An earlier randomized clinical trial of moderate intensity exercise
intervention versus passive stretching also found increased hippocampal volumes [41]. As
little as a single session of moderate intensity exercise induced increased hippocampal
activity with functional MRI, higher brain-derived neurotrophic growth factor, and improved
long term memory tests; a repeat test with high intensity exercise did not produce these
effects [42]. Our findings in context with prior work may suggest that a progressively higher
intensity of physical activity does not necessary drive the correlation to larger brain volumes.

Due to the multiple mechanisms through which physical activity can improve brain volumes,
there are important implications for this approach for optimizing brain health and improving
dementia. Indeed, physical inactivity is noted as in important risk factor for dementia in

later life [43]. A structured exercise program is recommended as part of the brain health
focus for dementia prevention in a European clinical setting [44]. In the United States,
physical activity for dementia prevention is tailored to men and women, with men being
recommended an equal to greater region of resistance training to cardiovascular training
while for women comparatively more cardiovascular training is recommended [45, 46].

As noted, we intentionally applied a lower threshold of physical activity on brain volumes
in our analyses compared to what is formally recommended as these guidelines have
poor adherence. This is not only observed in minutes of physical activity per week. For
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example, the common recommendation of walking 10,000 steps per day. A 2010 study

of 2,522 U.S. citizens on average found that on average this cohort only achieved little

over half of this recommended amount, at 5,117 steps per day [47]. Even when specific
programs attempt to promote additional physical activity of steps walked the results do not
fulfill the recommended physical activity metrics. This reality is reflected in a 2016 study
where an 8-week employee challenge to improve physical activity with pedometers to track
steps walked only found that the 3,820 participants walked an average of 6,886 steps per
day—well below the 10,000 recommended standard [48]. Concurrently, the brain health
benefits of physical activity are evident at thresholds far below the standard public health
recommendations and this may represent an opportunity to improve outcomes even given the
lack of adherence to official recommendations [1].

The strengths of our study are its large sample size, quantified high resolution brain
volumes, and availability of physical activity frequency as well as intensity. The deep
learning approach for volumetric quantification with FastSurfer CNN is also a strength as
this approach permitted decreased time to segment brain volumes compared to the usual
Freesurfer method. The main weakness of this study is in its cross-sectional design. Self-
reporting of physical activity is a study limitation as no specific data are available to verify
or support the extend of reported activity. Another limitation is that self-reported physical
activity measured in the past two weeks does not reflect a lifetime of exercise/activity levels,
a key limitation of this work. Our threshold of physical activity, while intentionally selected
to identify attainable levels that may be related to larger brain volumes, does result in an
unbalanced sample though this would also be a potential issue with a higher threshold.
Also, the correlation we identify between physical activity and brain volumes may not be
solely attributable to physical activity alone though our prior work adjusting for covariates
did not reveal a confounding influence [12-14]. We lacked a full characterization of such
co-variates in this study to additionally confirm earlier observations. We additionally lacked
AD biomarker measures to evaluate the influence of physical activity to these important
hallmarks of AD pathology.

With respect to neuroimaging methods, while all images were acquired on 1.5T MRI
systems we did not use image harmonization software. Thus, our results may potentially be
over or underestimated due to potential batch effects [49]. However, batch effects are usually
most pronounced when multiple small neuroimaging datasets are combined into one larger
sample as opposed to our large dataset aggregated over a relatively small number of sites
[50]. Future work should focus on determining the best image harmonization approach for
this dataset. Additional directions should also seek to link brain changes in our cohort to
generalized and domain specific cognitive changes over time.

Our findings suggest that physical activity may have a positive effect on brain volumes

and potential neuroprotective effects that can occur with such changes. Further research is
needed to investigate the specific mechanisms underlying the relationship between physical
activity and brain health.
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Whole brain volume comparisons between exercise and non-exercise groups. GM, gray
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Histograms of physical activity intensity and sedentary status by age.
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