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Abstract

Background: Larger brain volumes are often associated with more free-living physical activity (PA) in cognitively normal older adults. Yet,
whether greater brain volumes are associated with more favorable (less fragmented) PA patterns, and whether this association is stronger than
with total PA, remains unknown.

Methods: Brain magnetic resonance imaging and wrist-worn accelerometer data were collected in 301 participants (mean age = 77 [SD = 7] years,
59% women) enrolled in the Baltimore Longitudinal Study of Aging. Linear regression models were fit to examine whether brain volumes (cc)
were cross-sectionally associated with: (a) total daily PA minutes and (b) activity fragmentation (mean number of PA bouts / total PA minutes x
100). Sensitivity analyses were conducted by adjusting for counterpart PA variables (eg, fragmentation covariate included in the PA minutes model).
Results: Greater white matter volumes in the parietal and temporal lobes were associated with higher daily PA minutes (2.6 [SE = 1.0]
and 3.8 [0.9] min/day, respectively; p < .009 for both) after adjusting for demographics, behavioral factors, medical conditions, gait speed,
apolipoprotein E e4 status, and intracranial volume. Greater temporal white matter volume was associated with lower fragmentation (-0.16%
[0.05], p = .003). In sensitivity analyses, observed associations between brain volumes and daily PA minutes remained significant while
associations with fragmentation no longer remained significant.

Conclusions: Our results suggest white matter brain structure in cognitively normal older adults is associated with the total amount of PA
and, to a lesser extent, the PA accumulation patterns. More work is needed to elucidate the longitudinal relationship between brain structure
and function and PA patterns with aging.
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With aging, the volume of brain gray and white matter declines, have focused largely on changing health behaviors such as increasing
and the ventricles increase in size (1-4). Brain atrophy is associated physical activity (7,8).

with a higher risk of mild cognitive impairment and dementia, par- The relationship between physical activity and brain health may
ticularly Alzheimer’s disease and related dementias (5,6). Efforts to be bidirectional (8). A large body of evidence shows that increasing
mitigate and even prevent cognitive decline that results in dementia volitional physical activity may slow cognitive decline and protect
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against brain atrophy (9), largely observed in the frontal, parietal,
and temporal lobes (10). Possible biological mechanisms include
brain-derived neurotrophic factor expression (11) and cardiovas-
cular health through its role in supporting angiogenesis, neurogen-
esis, neuroplasticity, and synaptogenesis (12). Yet, little work has
examined brain characteristics that influence total daily physical ac-
tivity and its accumulation throughout the day (8). This is important
because brain atrophy, low daily physical activity, and greater sed-
entary behavior are all associated with adverse health outcomes
(13-15).

Upon reaching older ages, it is likely that brain structural in-
tegrity may influence the amount of physical activity in which
older adults engage, as well as the way they cycle through states
of physical activity and inactivity throughout the day (eg, “activity
fragmentation”), which may be attributable to the perception of
activity-related fatigue and limitations in physical function (16,17).
Activity fragmentation can be operationalized using continuously
collected physical activity data from wrist-worn accelerometers—
portable, noninvasive devices that objectively measure daily physical
activity over long periods of time. Activity fragmentation is more
strongly associated with physical fatigability (18), low physical func-
tion and endurance (18), cancer history (19), and increased risk of
mortality (20) than total daily physical activity. Moreover, activity
fragmentation appears to occur before overall declines in physical
activity and physical functioning (18) and may thus act as an early
marker of adverse health conditions—such as accelerated brain at-
rophy—in older adults. Whether lower brain volumes (global or
regional) are associated with higher activity fragmentation remains
unexplored.

Using brain magnetic resonance imaging (MRI) and object-
ively measured physical activity from accelerometers, this study
aimed to characterize the degree to which brain volumes are asso-
ciated with physical activity in terms of both amount of physical
activity and patterns of physical activity accumulated throughout
the day in well-functioning and cognitively normal older adults.
We hypothesized that higher brain volumes are associated with (a)
higher total daily physical activity and (b) lower fragmentation of
physical activity.

Method

Study Design and Population

Objective physical activity and brain MRI data were collected
in the Baltimore Longitudinal Study of Aging (BLSA) between
February 2015 and June 2018 (Supplementary Figure 1). The
BLSA is an ongoing continuously enrolled cohort study primarily
focused on studying normative aging in humans that is con-
ducted by the National Institute on Aging’s Intramural Research
Program. Details of the BLSA and the enrollment criteria are pub-
lished elsewhere (21). Briefly, the BLSA recruits persons aged 20
and older with no cognitive impairment, functional limitations, or
major chronic disease (except hypertension or cancer within the
past 10 years). Once enrolled, BLSA participants are followed up
for life. Participants undergo comprehensive health, cognitive, and
functional assessments during a 3-day stay at the NIA’s Clinical
Research Unit located at Harbor Hospital in Baltimore, Maryland.
Visits are regularly scheduled every 1-4 years depending on the
participant’s age. Trained and certified staff administer all as-
sessments following standardized protocols. All participants pro-
vided written informed consent, and the study protocol has been

approved by the National Institute for Environmental Health
Sciences Internal Review Board.

Of 423 participants with brain MRI and wrist-worn
accelerometry, 421 (99%; mean age = 71 [SD = 18] years) pro-
vided valid accelerometer data. Those younger than 65 years of age
(n = 106; mean age = 54 [18] years) and those exhibiting cogni-
tive impairment (7 = 14; mean age = 82 [8] years) were excluded.
The final analytic sample included 301 participants (Supplementary
Figure 1).

Accelerometer Variables

Participants were fitted with a wrist-worn Actigraph GT9X monitor
(Actigraph, Pensacola, FL) during the last day of their BLSA clinic
visit. The monitor, which contains a tri-axial accelerometer sensor,
was positioned on the nondominant wrist. Participants were in-
structed to wear the Actigraph monitor for 7 consecutive days, 24
hours per day. The monitor collects wrist movement in units of
gravity (g) at a sampling rate of 80 Hz per second. After the col-
lection period, participants returned the Actigraph monitor to the
Clinical Research Unit via express mail. Data were downloaded
and preprocessed into 1-minute epoch level activity counts (unitless
quantities of movement) using ActiLife Software (version 6.13.4).

Participants with at least 3 valid days were included in this ana-
lysis (22). A valid day was defined as having less than 10% missing
data. After valid wear periods were determined, each accelerometer
minute was label as either “active” if activity counts within that
minute reached a threshold of at least 1853 counts per minute or
“nonactive/sedentary” if the activity was less than 1853 counts per
minute for that minute (23). Activity bouts were defined as con-
tiguous minutes registering as active. Nonactive bouts were defined
as contiguous minutes registering as nonactive.

Two summary variables were derived: (a) total active minutes per
day and (b) activity fragmentation. Total active minutes per day were
calculated by summing the total number of active minutes and calcu-
lating the mean across valid wear days for each participant. Activity
fragmentation was operationalized as the active-to-sedentary transi-
tion probability, calculated as the reciprocal of the average activity
bout length for each participant (18,24). “Low,
“high” categories were derived for both total active minutes and ac-
tivity fragmentation at their respective tertiles.

» <«
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Brain Imaging

A 3T Philips Achieva MRI scanner was used for brain imaging.
T1-weighted brain scans were acquired using a MPRAGE (mag-
netization prepared rapid gradient echo) sequence (repetition
time [TR] = 6.8 msec, echo time [TE] = 3.2 msec, flip angle = 8°,
image matrix = 256 x 256, 170 slices, pixel size = 1 x 1 mm, slice
thickness = 1.2 mm).

Anatomical labels and brain volumes (global and regional) were
obtained using the Multi-atlas region Segmentation using Ensembles
of registration algorithms and parameters (MUSE) approach (25,26).
A priori brain regions of interest for this study included total brain,
frontal, parietal, temporal, and occipital lobes and the hippocampus
in units of a cubic centimeter (cc). Also, gray and white matter vol-
umes were examined within total brain and the lobar regions.

Covariates

Certified and trained study staff collected from participants self-
reported age, sex, self-identified race, and years of education. Body
mass index (kg/m?) was calculated using measured weight (kg) and
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height (m). Usual gait speed (m/s) was measured over a 6-m course,
with the faster of 2 trials used for analysis. Participants self-reported
whether they were ever told by a physician or other health profes-
sional that they had any of the following conditions: cardiovascular
disease including angina, myocardial infarction, congestive heart
failure, peripheral arterial disease, and vascular-related procedures;
hypertension or high blood pressure; stroke and transient ischemic
attack; high cholesterol or triglycerides; chronic bronchitis, emphy-
sema, chronic obstructive pulmonary disease, or asthma; diabetes,
glucose intolerance, or high blood sugar; cancer, malignant growth,
or malignant tumor; arthritis or osteoarthritis. Responses were
summed and categorized into a morbidity index score (0, 1, and 2+
morbid conditions). Depressive symptoms were measured using the
20-item Center for Epidemiologic Studies-Depression scale, ranging
from 0 to 60 where a higher score represents higher depressive symp-
toms (27). Apolipoprotein E (APOE) e4 carrier status was defined
as the presence of at least 1 e4 allele versus 0. Baseline intracra-
nial volume (cc), estimated at age 70 years using linear mixed-effects
models, was used as a covariate (28). In brief, intracranial volume
was the outcome variable with age, time from baseline, and sex
treated as predictors. Random effects were included for the intercept
and interval.

Statistical Approach
Baseline participant characteristics were descriptively examined by
overall sample and low, medium, and high physically active groups.
Differences in participant characteristics by groups were tested using
analysis of variance for continuous variables and the chi-squared
test for categorical variables. Descriptive statistics were calculated
for accelerometer characteristics for the entire sample and by low,
medium, and high groups of total physical activity (active minutes/
day) and activity fragmentation (%).

Multivariable linear regression models were used for all analyses.
In all models, each brain volume measure was treated as the inde-
pendent variable and each physical activity metric as the dependent
variable. Separate linear multivariable regression models were
constructed to estimate the association between the brain volume
variable (cc) and the continuous physical activity metric (eg, active
minutes/day or activity fragmentation, %). Covariates were added
successively to models. To test whether the association between
brain volumes and activity fragmentation was stronger than for total
active minutes per day, similar linear regression models were con-
structed and further adjusted for tertiles of the other physical activity
metric (eg, active minutes per day or activity fragmentation). These
tertile variables were used to (a) adjust for the degree of fragmen-
tation in the model of active minutes per day and (b) adjust for the
volume of daily activity in the model of activity fragmentation, while
avoiding collinearity between the continuous variables of time spent
active and daily fragmentation (r = -0.77). The correlation between
the tertile variables of time spent active and daily fragmentation in
this sample was r = -0.61. Although the tertile analysis accounts for
the shared and unique variance that occurs between the 2 physical
activity metrics, a sensitivity analysis was also performed to adjust
for only the unique variance of each counterpart physical activity
variable. Fragmentation adjusted for the time spent active and time
spent active adjusted for fragmentation were calculated by using the
residuals from 2 separate univariate linear regression models, re-
spectively. For example, to calculate fragmentation adjusted for the
time spent active, fragmentation was regressed on time spent active
and the resulting residuals were used as an adjusted fragmentation
covariate.

Statistical significance was determined using two-tailed hy-
pothesis testing with an alpha level = 0.05. All statistical analyses
were performed using STATA software (v. 14.2; Stata Corporation,
College Station, TX).

Results

Of the 301 BLSA participants, the mean age was 77 (SD = 7) years,
59% were women, and 21% self-identified as Black (Table 1).
Participants had a mean of 17 years of education, body mass index of
27 kg/m?, Center for Epidemiologic Studies-Depression score aver-
aging 4.7, and a usual gait speed of 1.1 m/s. The average number of
morbid conditions was approximately 2 with hyperlipidemia, osteo-
arthritis, and hypertension having the highest prevalence (>62%).
Approximately 24% of participants were APOE e4 carriers. Baseline
intracranial volume estimated at age 70 years averaged around 1390
cc for the sample. Participants tended to be older and men across
tertiles of decreasing physical activity. Those in the lowest tertile of
physical activity tended to have a higher prevalence of self-reported
cardiovascular disease, diabetes, and osteoarthritis and have larger
intracranial volumes.

BLSA participants wore the wrist physical activity monitor for
a mean of 6 days for approximately 24 hours per day (Table 2).
Participants averaged 7 hours per day in an active state with an ac-
tivity fragmentation level of 25%. Compared to the low activity
tertile, those in the high activity tertile engaged in approximately 3.5
more hours of activity per day. For fragmentation, those in the high
fragmentation tertile averaged a 30.8% probability of transitioning
from an active to a sedentary state, compared to a 19.4% probability
in the low fragmentation tertile.

Total brain, gray matter, and white matter volumes and total,
gray, and white matter volumes in the frontal, parietal, and tem-
poral lobes were all associated with total time spent in daily activity
(Table 3, Model 1), after adjusting for intracranial volume. After full
covariate adjustment (Table 3, Model 3), for every 1 cc higher in
total brain volume, 0.35 (SE = 0.13; p = .006) more minutes per day
were spent in daily physical activity. This association with physical
activity time was largely detected in the white matter (0.72 [0.23]
min/day; p = .002), particularly in the parietal (2.60 [1.00] min/day;
p =.008) and temporal lobes (3.83 [0.94] min/day; p < .001).

Total brain, gray matter, and white matter volumes, total, gray,
and white matter volumes in the frontal and temporal lobes, and
total and white matter volumes in the parietal lobe were all asso-
ciated with daily activity fragmentation (Table 4, Model 1), after
adjusting for intracranial volume. After full covariate adjustment
(Table 4, Model 3), for every 1 cc higher in total brain volume,
there was an associated 0.02% (SE = 0.007; p = .023) lower ac-
tivity fragmentation. This association was observed in total white
matter (-0.03% [0.013]; p = .013), particularly in the temporal lobe
(=0.16% [0.052]; p = .003).

Fully adjusted associations presented in Table 3 were attenu-
ated between (a) total brain, (b) total white matter, (c) total and
white matter in the parietal lobe, and (d) total and white matter in
the temporal lobe with total time spent in daily activity, after add-
itionally adjusting for tertiles of fragmentation in full covariate
models (Table 5). Furthermore, the association between gray
matter in the parietal lobe and total time spent in daily activity
lost significance. In contrast, fully adjusted associations presented
in Table 4 between brain volumes and activity fragmentation all
lost significance after additionally adjusting for tertiles of ac-
tive minutes per day in full covariate models (Table 5). However,
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Table 1. Overall Participant Characteristics and by Daily Physical Activity
p Value
High Daily Active Medium Daily Active Low Daily Active for
Overall (7 = 301) Minutes (7 = 100) Minutes (7 = 100) Minutes (7 = 101) Trend
Age in years, mean (SD) 77.2(7.2) 75.5(7.2) 77.9 (7.1) 78.1 (6.9) .01
Women, 72 (%) 177 (58.8) 69 (69.0) 65 (65.0) 43 (42.6) <.001
Black, 7 (%) 4(21.3) 27 (27.0) 21 (21.0) 16 (5.8) .07
Years of education, mean (SD) 17 1(2.5) 16.9 (2.5) 17.3 (2.6) 17.2 (2.4) .38
Body mass index, kg/m?, 1 (%) 27 0 (4.6) 27.1(4.7) 26.3 (4.4) 27.7 (4.7) .37
No. of morbid conditions, 7 (%) 5(1.3) 2.5(1.2) 2.3(1.2) 2.5(1.5) .98
0 6(5.3) 2 (2.0) 8 (8.0) 6(5.9) .16
1 2(17.3) 17 (17.0) 16 (16.0) 19 (18.8) .87
2 or more 233 (77.4) 81 (81.0) 76 (76.0) 76 (75.3) .57
Hypertension, 7z (%) 143 (47.5) 56 (56.0) 41 (41.0) 46 (45.5) .09
Stroke or TIA, 7 (%) 0 (6.6) 5(5.0) 6 (6.0) 9(8.9) 51
Cardiovascular disease, 7 (%) 3(11.0) 4 (4.0) 13 (13.0) 16 (15.8) .02
Hyperlipidemia, 7 (%) 187 (62.1) 63 (63.0) 59 (59.0) 65 (64.4) .72
Pulmonary disease, 72 (%) 2 (10.6) 9(9.0) 8 (8.0) 15 (14.9) 23
Diabetes, 7 (%) 9 (16.3) 23 (23.0) 8 (8.0) 18 (17.8) .01
Cancer, 7 (%) 100 (33.2) 29 (29.0) 32 (32.0) 39 (38.6) .33
Osteoarthritis, 7 (%) 175 (58 1) 65 (65.0) 61 (61.0) 49 (48.5) .05
MMSE score ranging from 0 to 28.5 (1. 28.6 (1.4) 28.5(1.4) 28.5(1.3) .64
30, mean (SD)
CES-D score ranging from 0 to 4.7 (4.6) 4.9 (4.5) 4.2 (4.1) 5.0(5.1) .76
25, mean (SD)
Usual gait speed, m/s, mean (SD) 1(0.2) 1(0.2) 1.1 (0.2) 1(0.2) 48
Apolipoprotein E e4 risk allele, 71 (23.6) 23(23.0) 20 (20.0) 28 (27.7) 43
n (%)
Intracranial volume, cc, mean 1389.6 (132.1) 1360.1 (129.6) 1375.5 (118.3) 1432.8 (137.6) <.001
(SD)

Notes: TIA = transient ischemic attack; MMSE = Mini-Mental State Examination where higher scores represent the higher cognitive mental state (51) (12 = 298);

CES-D = Center for Epidemiological Studies-Depression where higher scores represent higher depressive-like symptoms (27).

when adjusting for only the unique variance of the counterpart
physical activity metric, the statistically significant associations
found for both time spent active and fragmentation remain robust
(Supplementary Table 1).

Discussion

Our results show that higher brain volumes in the parietal and tem-
poral lobes, largely in white matter, are associated with higher daily
physical activity and lower activity fragmentation in well-functioning
older adults. The positive associations between brain volumes and
the total amount of daily activity remained even after adjusting for
activity fragmentation. In contrast, the inverse associations between
brain volumes and fragmentation did not remain significant, after
adjusting for daily activity minutes. Together, these results suggest
that age-related brain atrophy may be reflected in reductions of total
daily physical activity accumulation and, to a lesser extent patterns
of accumulation, in well-functioning older adults without cognitive
impairment.

Studies using objectively measured physical activity show asso-
ciations with both global and regional brain structures (29-32), pri-
marily observed in the gray matter of the hippocampus (33,34). Along
with emerging aerobic physical activity intervention trials (35,36), these
findings suggest physical activity can influence brain health. However, it
can be postulated that declining cerebral blood flow, brain metabolism,
neuroplasticity, and neurogenesis that occurs with structural brain at-
rophy may partly contribute to age-related declines in everyday phys-
ical activity patterns (12). Yet, to the best of our knowledge, only one

study led by Arnardottir et al. (30) showed that measurements of either
gray or white matter, measured at baseline and over time, were asso-
ciated with future accelerometer-derived measures of physical activity
in older adults. Our findings add to the growing body of literature, by
elucidating strong associations between daily activity quantities and
patterns and white matter. It is important to note that the low physical
activity group had the highest proportion of individuals carrying the
APOE e4 allele, a genetic risk factor for Alzheimer’s disease and related
dementias (37), which might suggest low physical activity may serve as
a marker of impending impairment, warranting further longitudinal
confirmation. Interestingly, the current study found no associations
between gray matter, particularly in the frontal lobe or hippocampus,
and physical activity. This difference is likely due to the fairly high
usual gait speed—a hallmark indicator of survival (38) and promising
marker of lower dementia incidence (39)—observed in this sample of
older adults. Additionally, our study examines physical activity broadly
as routine movement-based behavior performed throughout the day
whereas other studies linking gray matter and frontal lobe regions re-
lated to motor function with physical activity focus largely on exercise
(ie, physical activity intended for health benefits) and markers of car-
diorespiratory fitness (40).

Previously, Spartano et al. (29) found no associations between
light-intensity physical activity (the most common type of physical ac-
tivity in older adults) and hippocampal volume or gray matter in 2354
participants whose mean age was 53 years; almost 25 years younger
on average than the BLSA participants in this study. Furthermore, they
found that light-intensity physical activity was more strongly related
to white matter, specifically to white matter hyperintensities. This
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Table 2. Accelerometer Characteristics, n = 301

Mean (SD) Minimum Maximum
Days of device wear time 5.9(0.4) 3 11
Device wear time, h/day 23.9(0.2) 22.7 24
Hours spent physically active (h/day) 7.0 (1.6) 3.4 11.7
Low physical activity (z = 101) 5.2(0.7) 3.4 6.1
Medium physical activity (7 = 100) 7.0 (0.4) 6.2 7.6
High physical activity (nz = 100) 8.7.(0.9) 7.7 11.7
Activity fragmentation, % 24.9 (5.3) 12.9 45.7
Low fragmentation (r = 101) 19.4 (2.3) 12.9 22.5
Medium fragmentation (7 = 100) 24.5 (1.1) 22.5 26.7
High fragmentation (1 = 100) 30.8 (3.7) 26.7 45.7

Notes: Hours spent active and activity fragmentation were tertiled to determine low, medium, and high categories. Activity fragmentation was operationalized

as the active-to-sedentary transition probability, calculated as the reciprocal of the average daily activity bout length for each participant (18,24).

Table 3. Association Between Brain Region (cc) and Total Daily Activity (min/day), n = 301

Model 1 Model 2 Model 3
Beta Coefficient (SE) in units of min/day
Total brain 0.38 (0.11)*** 0.33 (0.13)** 0.35 (0.13)**
Gray matter 0.50 (0.17)** 0.30 (0.23) 0.35 (0.22)
White matter 0.73 (0.20)*** 0.74 (0.23)** 0.72 (0.23)**
Ventricles -0.14 (0.27) 0.06 (0.29) 0.11 (0.29)
Frontal 0.73 (0.26)** 0.50 (0.34) 0.49 (0.33)
Gray 1.03 (0.47)* 0.30 (0.59) 0.32 (0.58)
White 1.17 (0.45)* 1.01 (0.53) 0.96 (0.53)
Parietal 1.86 (0.52)*** 1.54 (0.61)* 1.81 (0.60)**
Gray 2.55(0.84)** 1.64 (1.00) 2.31 (0.99)*
White 2.68 (0.92)** 2.48 (1.00)* 2.60 (1.00)**
Temporal 2.14 (0.50)*** 2.07 (0.59)** 1.94 (0.59)**
Gray 2.00 (0.81)* 1.19 (0.93) 1.11 (0.93)
White 3.88 (0.86)*** 4.02 (0.94)%** 3.83 (0.94)***
Occipital 0.96 (0.60) 0.33 (0.68) 0.41 (0.67)
Gray 1.12 (0.92) -0.26 (1.07) -0.01 (1.05)
White 2.45 (1.36) 1.93 (1.43) 1.86 (1.42)
Hippocampus 8.27 (7.66) 0.50 (8.68) 2.40 (8.65)
Cerebellum (7 = 282) 1.04 (0.56) 0.76 (0.60) 0.80 (0.59)

Notes: Model 1 adjusted for intracranial volume (cc). Model 2: Model 1

+ age (years), sex, race, education (years). Model 3: Model 2 + body mass index

(kg/m?), depressive symptoms, usual gait speed (m/s), number of morbid conditions, Apolipoprotein E4 status.

*p <.05,**p <.01, ***p <.001.

suggests that myelination degradation may affect connections between
gray matter structures (41) that potentially contribute to shrinking
daily physical activity routines (29). One possible explanation is that
temporal lobe deterioration may lead to impaired memory retrieval
(42) and/or auditory and visual processes (43) while parietal lobe deg-
radation may involve compromised spatial awareness, sensory input,
and perception (44), all of which may promote decreased confidence
and self-efficacy to perform daily activities. Another possible explan-
ation is that the integrity of white matter, its role in functional connect-
ivity for motor function, and related white matter tracts that connect
the brain to the musculoskeletal system are compromised (32), an area
that has been implicated with gait speed decline in older adults (45—
48). Together, these deteriorations may affect the higher-order mental
(planning/organizing, intent, and spatial awareness) and physical (co-
ordination, balance, movement) functioning needed to maintain rou-
tine physical activity participation.

Temporal white matter and total parietal lobe volumes were
also associated with activity fragmentation—a novel pattern of

objectively measured physical activity. However, our findings suggest
the possibility that these brain regions have more robust associations
with total active minutes per day than with daily fragmentation. One
explanation is that certain types of sedentary behavior captured by
activity fragmentation may be associated with better cognition and
brain structure, such as sitting to read a book (49) or resting to re-
cover from higher intensity activity. Another possible explanation is
that age-related activity fragmentation may only detect more prox-
imal prodromal symptoms of brain-related diseases and dementias
that were not observed in this sample of well-functioning, cogni-
tively intact older adults. Lastly, the association between brain vol-
umes and fragmentation may be stronger earlier in life (eg, later
stages of midlife). Collectively, further research is needed to under-
stand the context of fragmentation performed throughout the day,
and longer follow-up is needed to evaluate whether fragmentation
occurs with early symptoms of mild cognitive impairment and pro-
gression to Alzheimer’s disease and other dementias in more cogni-
tively impaired populations.



Journals of Gerontology: MEDICAL SCIENCES, 2021, Vol. 76, No. 8 1509
Table 4. Association Between Brain Region (cc) and Daily Activity Fragmentation (%/day), n = 301
Model 1 Model 2 Model 3
Beta Coefficient (SE) in units of %/day
Total brain -0.02 (0.006)** -0.01 (0.007)* -0.02 (0.007)*
Gray matter -0.03 (0.010)** -0.02 (0.013) -0.02 (0.012)
White matter -0.03 (0.012)** -0.03 (0.013)* -0.03 (0.013)*
Ventricles 0.02 (0.016) 0.01 (0.016) -0.0002 (0.016)
Frontal -0.04 (0.015)** -0.03 (0.019) -0.03 (0.018)
Gray -0.07 (0.027)* -0.04 (0.033) -0.03 (0.032)
White -0.05 (0.026)* -0.05 (0.030) -0.05 (0.029)
Parietal -0.08 (0.030)* -0.06 (0.034) -0.08 (0.033)*
Gray -0.12 (0.048)* -0.06 (0.056) -0.10 (0.055)
White -0.09 (0.053) -0.09 (0.057) -0.11 (0.055)
Temporal ~0.11 (0.029)%** ~0.11 (0.034)** ~0.09 (0.033)**
Gray -0.13 (0.046)** -0.10 (0.052) -0.08 (0.051)
White -0.15 (0.050)** -0.17 (0.054)** -0.16 (0.052)**
Occipital ~0.05 (0.034) ~0.02 (0.038) ~0.02 (0.037)
Gray -0.07 (0.052) 0.01 (0.060) -0.008 (0.058)
White -0.11 (0.078) -0.09 (0.081) -0.10 (0.078)
Hippocampus ~0.52 (0.436) ~0.21 (0.490) ~0.28 (0.478)
Cerebellum (7 = 282) -0.03 (0.032) -0.01 (0.034) -0.01 (0.033)

Notes: Model 1 adjusted for intracranial volume (cc). Model 2: Model 1 + age (years), sex, race, education (years). Model 3: Model 2 + body mass index (kg/

m?), depression, usual gait speed (m/s), number of morbid conditions, and Apolipoprotein E4 status.

p<.05; % p < .01, ***p < .001.

Table 5. Association Between Brain Region and Each Activity
Metric Adjusted for Each Other, Mean (SD), n = 301

Physical Activity Fragmentation
Amount (min/day)* (%/day)*
Beta Coefficient (SE)
Total brain 0.20 (0.09)* -0.01 (0.005)
Gray matter 0.12 (0.17) -0.01 (0.010)
White matter 0.46 (0.18)* -0.02 (0.010)
Ventricles 0.15 (0.21) -0.003 (0.01)
Frontal 0.21 (0.25) 0.02 (0.014)
Gray matter -0.07 (0.43) -0.04 (0.025)
White matter 0.57 (0.39) -0.03 (0.023)
Parietal 1.21 (0.45)** -0.04 (0.026)
Gray matter 1.20 (0.73) -0.06 (0.042)
White matter 2.02 (0.75)** -0.06 (0.043)
Temporal 1.11 (0.45)* -0.03 (0.026)
Gray matter 0.36 (0.70) -0.04 (0.040)
White matter 2.46 (0.71)** -0.04 (0.043)
Occipital -0.20 (0.51) -0.02 (0.029)
Gray matter -0.65 (0.79) -0.03 (0.045)
White matter 0.33 (1.08) -0.06 (0.062)
Hippocampus -3.27 (6.53) -0.36 (0.375)
Cerebellum 0.70 (0.44) 0.003 (0.025)
(n=282)

Notes: All models adjusted for intracranial volume (cc), age (years), sex,
race (white vs other), education (years), body mass index (kg/m?), depression,
usual gait speed (m/s), number of morbid conditions, and Apolipoprotein E4
status.

tAdditionally adjusted for tertiles of fragmentation.

*Additionally adjusted for tertiles of time spent active.

*p<.05,"*p < .01, ***p < .001.

Our cross-sectional findings cannot confirm temporality and
warrant a longitudinal investigation into the sensitivity of daily
physical activity patterning with brain aging. Other limitations

included restricted generalizability of results to well-functioning
older adults, unknown activity context of the accelerometer data
(eg, sitting vs standing), collection of activity from the wrist may
not capture light lower body movements as accurately as ankle
or hip monitors, different intensities of physical activity were not
assessed and may have different associations with the brain, and
accelerometer-based activity thresholds may misclassify activity
performed by oldest-old as sedentary. Study strengths include
large sample size, use of MRI for brain imaging, and extracting
both traditional and novel measures of physical activity patterns
from accelerometer data.

In summary, our findings suggest that brain morphometry and
physical activity are intrinsically linked, and that sensitive and
important structural brain changes potentially indicative of sen-
sorimotor loss may be detected through objective patterns of phys-
ical activity deterioration in older adults. More work is needed to
examine accelerometry with other aspects of the brain, such as net-
work connectivity (50). Future studies are needed to further eluci-
date the dynamic, bidirectional relationship between the brain and
patterns of physical activity as aging occurs.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.

Funding

This research was supported by the Intramural Research Program of the
National Institute on Aging of the National Institutes of Health. Data used
in the analyses were obtained from the Baltimore Longitudinal Study of
Aging, a study performed by the National Institute on Aging Intramural
Research Program. A.A.W. is supported by RO1AG061786, U01AG057545,
P30AG059298, and P30AG021334. J.A.S. is supported by RO1AG061786
and U01AG057545. A.P.S. is supported by U0TAG0575435.



1510

Journals of Gerontology: MEDICAL SCIENCES, 2021, Vol. 76, No. 8

Acknowledgments

We thank all the participants in the Baltimore Longitudinal Study of Aging for

their willingness to participate.

Conflict of Interest

E.M.S., A.P.S., L.E, and J.A.S. currently serve on the editorial board for the
Journal of Gerontology: Medical Sciences. A.P.S. received an honorarium

from Springer Nature Switzerland AG for Guest Editing a Special Issue of

Current Sleep Medicine Reports. Other authors have no conflicts of interest

to disclose.

References

1.

10.

13.

14.

15.

Resnick SM, Pham DL, Kraut MA, Zonderman AB, Davatzikos C.
Longitudinal magnetic resonance imaging studies of older adults:
a shrinking brain. | Newurosci. 2003;23:3295-3301. doi:10.1523/
JNEUROSCI.23-08-03295.2003

Courchesne E, Chisum HJ, Townsend J, et al. Normal brain development
and aging: quantitative analysis at in vivo MR imaging in healthy volunteers.
Radiology. 2000;216:672—682. doi:10.1148/radiology.216.3.r00au37672
Pfefferbaum A, Mathalon DH, Sullivan EV, Rawles JM, Zipursky RB,
Lim KO. A quantitative magnetic resonance imaging study of changes
in brain morphology from infancy to late adulthood. Arch Neurol.
1994;51:874-887. doi:10.1001/archneur.1994.00540210046012

. Armstrong NM, An Y, Beason-Held L, et al. Sex differences in brain

aging and predictors of neurodegeneration in cognitively healthy
older adults. Neurobiol Aging. 2019;81:146-156. doi:10.1016/j.
neurobiolaging.2019.05.020

Fotenos AF, Snyder AZ, Girton LE, Morris JC, Buckner RL. Normative
estimates of cross-sectional and longitudinal brain volume decline in
aging and AD. Neurology. 2005;64(6):1032-1039. doi:10.1212/01.
WNL.0000154530.72969.11

. Jack CR Jr, Wiste HJ, Weigand SD, et al. Age-specific and sex-specific preva-

lence of cerebral B-amyloidosis, tauopathy, and neurodegeneration in cog-
nitively unimpaired individuals aged 50-95 years: a cross-sectional study.
Lancet Neurol. 2017;16:435-444. doi:10.1016/S1474-4422(17)30077-7
Swan GE, DeCarli C, Miller BL, Reed T, Wolf PA, Carmelli D. Biobehavioral
characteristics of nondemented older adults with subclinical brain at-
rophy. Neurology. 2000;54:2108-2114. doi:10.1212/wnl.54.11.2108
Stillman CM, Erickson KI. Physical activity as a model for health neurosci-
ence. Ann N'Y Acad Sci. 2018;1428:103-111. doi:10.1111/nyas.13669
Benedict C, Brooks SJ, Kullberg J, et al. Association between physical ac-
tivity and brain health in older adults. Neurobiol Aging. 2013;34:83-90.
doi:10.1016/j.neurobiolaging.2012.04.013

Haeger A, Costa AS, Schulz JB, Reetz K. Cerebral changes improved
by physical activity during cognitive decline: a systematic review
on MRI studies. Newuroimage Clin. 2019;23:101933. doi:10.1016/.
nicl.2019.101933

. Marosi K, Mattson MP. BDNF mediates adaptive brain and body re-

sponses to energetic challenges. Trends Endocrinol Metab. 2014;25:89—
98. d0i:10.1016/j.tem.2013.10.006

. Bherer L, Erickson KI, Liu-Ambrose T. A review of the effects of physical

activity and exercise on cognitive and brain functions in older adults. J
Aging Res. 2013;2013:657508. doi:10.1155/2013/657508

Pirttild T, Jarvenpdd R, Laippala P, Frey H. Brain atrophy on computer-
ized axial tomography scans: interaction of age, diabetes and general mor-
bidity. Gerontology. 1992;38(5):285-291. doi:10.1159/000213342
Physical Activity Guidelines Advisory Committee. Physical Activity
Guidelines for Americans. Washington, DC: US Department of Health and
Human Services; 2008;(Journal Article):15-34.

Tkram MA, Vernooij MW, Vrooman HA, Hofman A, Breteler MMB.
Brain tissue volumes and small vessel disease in relation to the risk
of mortality. Neurobiol Aging. 2009;30(3):450-456. doi:10.1016/j.
neurobiolaging.2007.07.009

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

Simonsick EM, Glynn NW, Jerome GJ, Shardell M, Schrack JA,
Ferrucci L. Fatigued, but not frail: perceived fatigability as a marker
of impending decline in mobility-intact older adults. | Am Geriatr Soc.
2016;64(6):1287-1292.

Wanigatunga AA, Simonsick EM, Zipunnikov V, et al. Perceived fatig-
ability and objective physical activity in mid- to late-life. ] Gerontol A Biol
Sci Med Sci. 2018;73:630-635. doi:10.1093/gerona/glx181

Schrack JA, Kuo PL, Wanigatunga AA, et al. Active-to-sedentary be-
havior transitions, fatigability, and physical functioning in older adults.
] Gerontol A Biol Sci Med Sci. 2019;74:560-567. doi:10.1093/gerona/
aly243

. Wanigatunga AA, Gresham GK, Kuo PL, et al. Contrasting characteris-

tics of daily physical activity in older adults by cancer history. Cancer.
2018;124:4692-4699. doi:10.1002/cncr.31745

Wanigatunga AA, Di J, Zipunnikov V, et al. Association of total daily
physical activity and fragmented physical activity with mortality in
older adults. JAMA Netw Open. 2019;2:¢1912352. doi:10.1001/
jamanetworkopen.2019.12352

Kuo PL, Schrack JA, Shardell MD, et al. A roadmap to build a phenotypic
metric of ageing: insights from the Baltimore Longitudinal Study of Aging.
J Intern Med. 2020;287:373-394. d0i:10.1111/joim.13024

Matthews CE, Ainsworth BE, Thompson RW, Bassett DR Jr.
Sources of variance in daily physical activity levels as measured
by an accelerometer. Med Sci Sports Exerc. 2002;34:1376-1381.
do0i:10.1097/00005768-200208000-00021

Koster A, Shiroma EJ, Caserotti P, et al. Comparison of sedentary estimates
between activPAL and hip- and wrist-worn actigraph. Med Sci Sports
Exerc.2016;48:1514-1522. doi:10.1249/MSS.0000000000000924

Di J, Spira A, Bai ], et al. Joint and individual representation of domains
of physical activity, sleep, and circadian rhythmicity. Stat Biosci. Published
online April 15,2019;11:371-402. d0i:10.1007/s12561-019-09236-4
Doshi ], Erus G, Ou Y, et al.; Alzheimer’s Neuroimaging Initiative. MUSE:
MUlIti-atlas region Segmentation utilizing Ensembles of registration algo-
rithms and parameters, and locally optimal atlas selection. Neuroimage.
2016;127:186-195. doi:10.1016/j.neuroimage.2015.11.073

Erus G, Doshi J, An Y, Verganelakis D, Resnick SM, Davatzikos C.
Longitudinally and inter-site consistent multi-atlas based parcellation of
brain anatomy using harmonized atlases. Neuroimage. 2018;166:71-78.
doi:10.1016/j.neuroimage.2017.10.026

Radloff LS. The CES-D scale: a self-report depression scale for research
in the general population. Appl Psychol Meas. 1977;1(3):385-401.
doi:10.1177/014662167700100306

Bilgel M, An Y, Helphrey J, et al. Effects of amyloid pathology and
neurodegeneration on cognitive change in cognitively normal adults.
Brain. 2018;141:2475-2485. d0i:10.1093/brain/awy150

Spartano NL, Davis-Plourde KL, Himali JJ, et al. Association of
accelerometer-measured light-intensity physical activity with brain volume:
the Framingham Heart Study. JAMA Netw Open. 2019;2(4):e192745-
€192745. do0i:10.1001/jamanetworkopen.2019.2745

Arnardottir NY, Koster A, Domelen DRV, et al. Association of change
in brain structure to objectively measured physical activity and seden-
tary behavior in older adults: Age, Gene/Environment Susceptibility-
Reykjavik Study. Behav Brain Res. 2016;296:118-124. doi:10.1016/.
bbr.2015.09.005

. Halloway S, Arfanakis K, Wilbur J, Schoeny ME, Pressler SJ.

Accelerometer physical activity is associated with greater gray matter
volumes in older adults without dementia or mild cognitive impairment.
J Gerontol B Psychol Sci Soc Sci. 2019;74(7):1142-1151. doi:10.1093/
geronb/gby010

Tian Q, Glynn NW, Erickson KI, et al.; Health ABC Study. Objective
measures of physical activity, white matter integrity and cognitive status
in adults over age 80. Behav Brain Res. 2015;284:51-57. doi:10.1016/j.
bbr.2015.01.045

Varma VR, Chuang Y-F, Harris GC, Tan EJ, Carlson MC. Low-intensity
daily walking activity is associated with hippocampal volume in older
adults. Hippocampus. 2015;25(5):605-615. doi:10.1002/hipo.22397


https://doi.org/10.1523/JNEUROSCI.23-08-03295.2003
https://doi.org/10.1523/JNEUROSCI.23-08-03295.2003
https://doi.org/10.1148/radiology.216.3.r00au37672
https://doi.org/10.1001/archneur.1994.00540210046012
https://doi.org/10.1016/j.neurobiolaging.2019.05.020
https://doi.org/10.1016/j.neurobiolaging.2019.05.020
https://doi.org/10.1212/01.WNL.0000154530.72969.11
https://doi.org/10.1212/01.WNL.0000154530.72969.11
https://doi.org/10.1016/S1474-4422(17)30077-7
https://doi.org/10.1212/wnl.54.11.2108
https://doi.org/10.1111/nyas.13669
https://doi.org/10.1016/j.neurobiolaging.2012.04.013
https://doi.org/10.1016/j.nicl.2019.101933
https://doi.org/10.1016/j.nicl.2019.101933
https://doi.org/10.1016/j.tem.2013.10.006
https://doi.org/10.1155/2013/657508
https://doi.org/10.1159/000213342
https://doi.org/10.1016/j.neurobiolaging.2007.07.009
https://doi.org/10.1016/j.neurobiolaging.2007.07.009
https://doi.org/10.1093/gerona/glx181
https://doi.org/10.1093/gerona/gly243
https://doi.org/10.1093/gerona/gly243
https://doi.org/10.1002/cncr.31745
https://doi.org/10.1001/jamanetworkopen.2019.12352
https://doi.org/10.1001/jamanetworkopen.2019.12352
https://doi.org/10.1111/joim.13024
https://doi.org/10.1097/00005768-200208000-00021
https://doi.org/10.1249/MSS.0000000000000924
https://doi.org/10.1007/s12561-019-09236-4
https://doi.org/10.1016/j.neuroimage.2015.11.073
https://doi.org/10.1016/j.neuroimage.2017.10.026
https://doi.org/10.1177/014662167700100306
https://doi.org/10.1093/brain/awy150
https://doi.org/10.1001/jamanetworkopen.2019.2745
https://doi.org/10.1016/j.bbr.2015.09.005
https://doi.org/10.1016/j.bbr.2015.09.005
https://doi.org/10.1093/geronb/gby010
https://doi.org/10.1093/geronb/gby010
https://doi.org/10.1016/j.bbr.2015.01.045
https://doi.org/10.1016/j.bbr.2015.01.045
https://doi.org/10.1002/hipo.22397

Journals of Gerontology: MEDICAL SCIENCES, 2021, Vol. 76, No. 8

151

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Hamer M, Sharma N, Batty GD. Association of objectively measured
physical activity with brain structure: UK Biobank study. | Intern Med.
2018;284:439-443. doi:10.1111/joim.12772

Erickson KI, Voss MW, Prakash RS, et al. Exercise training increases
size of hippocampus and improves memory. Proc Natl Acad Sci U S A.
2011;108:3017-3022. doi:10.1073/pnas. 1015950108

Colcombe SJ, Erickson KI, Scalf PE, et al. Aerobic exercise training in-
creases brain volume in aging humans. | Gerontol A Biol Sci Med Sci.
2006;61:1166-1170. doi:10.1093/gerona/61.11.1166

Kim J, Basak JM, Holtzman DM. The role of apolipoprotein E in Alzheimer’s
disease. Neuron. 2009;63(3):287-303. doi:10.1016/j.neuron.2009.06.026
Studenski S, Perera S, Patel K, et al. Gait speed and survival in older adults.
JAMA. 2011;305:50-58. d0i:10.1001/jama.2010.1923

Dumurgier J, Artaud F, Touraine C, et al. Gait speed and decline in gait
speed as predictors of incident dementia. | Gerontol A Biol Sci Med Sci.
2017;72:655-661. doi:10.1093/gerona/glw110

Erickson KI, Leckie RL, Weinstein AM. Physical activity, fitness, and
gray matter volume. Neurobiol Aging. 2014;35:520-528. doi:10.1016/.
neurobiolaging.2014.03.034

Bartzokis G, Lu PH, Tingus K, et al. Lifespan trajectory of myelin integ-
rity and maximum motor speed. Neurobiol Aging. 2010;31:1554-1562.
doi:10.1016/j.neurobiolaging.2008.08.015

LR, Stark CE, Clark RE. The
Annu  Rev  Neurosci.  2004;27:279-306.
neuro.27.070203.144130

Beauchamp MS, Lee KE, Argall BD, Martin A. Integration of auditory
and visual information about objects in superior temporal sulcus. Newuron.
2004;41:809-823. doi:10.1016/s0896-6273(04)00070-4

medial temporal lobe.
doi:10.1146/annurev.

Squire

44,

45.

46.

47.

48.

49.

50.

S1.

Bisley JW. Parietal lobe. In: Vonk ], Shackelford T, eds. Encyclopedia
of Animal Cognition and Bebavior. Springer International Publishing;
2017:1-5. doi:10.1007/978-3-319-47829-6_1252-1

Rosario BL, Rosso AL, Aizenstein H]J, et al.; Health ABC Study. Cerebral
white matter and slow gait: contribution of hyperintensities and normal-
appearing parenchyma. | Gerontol A Biol Sci Med Sci. 2016;71:968-973.
doi:10.1093/geronalglv224

Rosano C, Kuller LH, Chung H, Arnold AM, Longstreth WT
AB.
aging abnormalities predict physical functional decline in high-
functioning older adults. | Am Geriatr Soc. 2005;53:649-654.
doi:10.1111/5.1532-5415.2005.53214.x

Srikanth V, Phan TG, Chen J, Beare R, Stapleton JM, Reutens DC. The lo-
cation of white matter lesions and gait—a voxel-based study. Ann Neurol.
2010;67:265-269. doi:10.1002/ana.21826

Seidler R, Erdeniz B, Koppelmans V, Hirsiger S, Mérillat S, Jancke L.
Associations between age, motor function, and resting state sensorimotor

Jr, Newman Subclinical brain magnetic resonance im-

network connectivity in healthy older adults. Neuroimage. 2015;108:47-
59. doi:10.1016/j.neuroimage.2014.12.023

Bookheimer SY, Zeffiro TA, Blaxton T, Gaillard W, Theodore W. Regional
cerebral blood flow during object naming and word reading. Hum Brain
Mapp. 1995;3(2):93-106. doi:10.1002/hbm.460030206

Stillman CM, Donofry SD, Erickson KI. Exercise, fitness and the aging
brain: a review of functional connectivity in aging. Arch Psychol.
2019;3(4):1-23. doi:10.31296/a0p.v3i4.98

Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical
method for grading the cognitive state of patients for the clinician. J
Psychiatr Res. 1975;12:189-198. doi:10.1016/0022-3956(75)90026-6


https://doi.org/10.1111/joim.12772
https://doi.org/10.1073/pnas.1015950108
https://doi.org/10.1093/gerona/61.11.1166
https://doi.org/10.1016/j.neuron.2009.06.026
https://doi.org/10.1001/jama.2010.1923
https://doi.org/10.1093/gerona/glw110
https://doi.org/10.1016/j.neurobiolaging.2014.03.034
https://doi.org/10.1016/j.neurobiolaging.2014.03.034
https://doi.org/10.1016/j.neurobiolaging.2008.08.015
https://doi.org/10.1146/annurev.neuro.27.070203.144130
https://doi.org/10.1146/annurev.neuro.27.070203.144130
https://doi.org/10.1016/s0896-6273(04)00070-4
https://doi.org/10.1007/978-3-319-47829-6_1252-1
https://doi.org/10.1093/gerona/glv224
https://doi.org/10.1111/j.1532-5415.2005.53214.x
https://doi.org/10.1002/ana.21826
https://doi.org/10.1016/j.neuroimage.2014.12.023
https://doi.org/10.1002/hbm.460030206
https://doi.org/10.31296/aop.v3i4.98
https://doi.org/10.1016/0022-3956(75)90026-6

