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Abstract

Background: Walking speed during fast-paced walking task has been associated with cognitive function. It is unclear what underlying brain
structures are related to fast-paced walking. We investigated the association of gray matter (GM) density with fast-paced walking speed and
usual-paced walking speed.

Methods: We collected data from 284 older adults from a subset of the Health, Aging, and Body composition study (mean age = 83 [SD =2.8],
58% women, 41% black). Voxel-wise analyses on magnetic resonance imaging data identified regions of the brain where GM density was
associated with fast-paced walking speed. We then extracted GM density for all identified regions and modeled the association with fast-
paced walking speed after adjusting for demographic factors, clinical factors, and cognitive function. Analyses were repeated for usual-paced
walking. Regions with beta coefficients >0.3 m/s were considered to be meaningfully correlated.

Results: GM density of clusters from cortical regions in the right middle and superior frontal gyrus, right postcentral gyrus, and left superior
temporal gyrus were positively correlated with fast-paced walking speed in adjusted models. Adjustment for cognitive function had little
impact on the findings. Caudate was correlated with usual paced walking speed at coefficient 0.3 m/s after adjustment of demographic factors
and clinical factors, but not after further adjustment of cognitive function.

Conclusions: Fast-paced walking speed was correlated with GM density of right middle and superior frontal gyrus, right postcentral gyrus,
and left superior temporal gyrus, and could potentially provide evidence about subclinical structural change of brain related to aging.

Keywords: Structural magnetic resonance imaging, Mobility, Health, aging, and body composition study

Slower walking speed is associated with risk of adverse outcomes,
including mobility disability, cognitive decline, mortality, falls, and
institutionalization, as well as worse brain integrity in older adults
(1-4). To date, most studies on walking in older adults have focused
on walking speed under usual conditions.

It has recently been shown that walking speed during tasks
asking participants to walk as fast as possible may also be important
for detecting clinical outcomes in older adults. Evidence suggests
that fast-paced walking speed is associated with aging-related ad-
verse events (5). Fast-paced walking challenges locomotor adaption
and requires faster processing and integration of multiple inputs and
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motor response. Fast-paced walking speed also requires more ac-
tive neural control than usual-paced walking (6). Previous studies
suggest that fast-paced walking speed was associated with cogni-
tive function and can predict changes in cognitive function during
follow-up in older adults (7-10).

Previous evidence suggests that usual walking speed was associ-
ated with brain structure and integrity in older adults. Slower usual
walking speed in older adults without any diagnosed neurological
diseases was associated with lower gray matter (GM) and white
matter (WM) volume, increased white matter hyperintensity burden,
lower fractional anisotropy (FA), and increased mean diffusivity of
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both sensory- or motor-related regions and higher-order regions (see
review (11)). Fewer studies have assessed the neural correlates of
fast-paced walking speed. A previous study suggests that fast-paced
walking speed was associated with total cerebral volume and not as-
sociated with hippocampal volume in healthy older adults (1). Fast-
paced walking speed was also correlated with GM volume in right
caudate nucleus, bilateral thalamus, and left putamen among older
adults with memory problems (12).

In this study, we investigated the association of GM density, a
measure related to both volume and cortical thickness, with fast-
paced walking speed and usual-paced walking speed. We conducted
voxel-wise regression to identify regions of the brain where GM
density was associated with fast-paced walking speed among older
adults using the Health, Aging, and Body composition (Health ABC)
study (13). We hypothesized that GM density of regions associated
with executive function and memory would be associated with fast-
paced walking speed but not to usual-paced walking speed.

Methods

Study Population

The Health ABC study is a longitudinal cohort study that investi-
gated physical and cognitive functional change among the elderly
who were physically and cognitively healthy at baseline. Participants
aged 70-79 were recruited in community-based settings from
Pittsburgh, PA (7 = 1,501) and Memphis, TN (nz = 1,574) from 1997
to 1998 (14). Demographic information was obtained at baseline.
Participants were followed annually and completed questionnaires
and performance tests for the evaluation of body composition,
health status, and adverse health outcomes (15).

A subset (7 = 325) of the Pittsburgh site who participated in the
clinical visit at Year 10 or Year 11 (2006-2008) completed magnetic
resonance imaging (MRI) scanning if they met the inclusion criteria:
(i) no assistive devices for walking; (ii) eligible for a 3T MRI scan;
(iii) had a mobility measure at the previous visit; (iv) no medical his-
tory of neurological or psychological illnesses (16,17). Participants
with valid MR measures were included in our analysis (7 = 312).
Participants who did not complete the fast-paced walking speed task
were excluded (7 = 20, 6%). Participants with missing covariates,
including education, body mass index (BMI), depression severity
score (Center for Epidemiologic Studies Depression Scale, CES-D),
or digit symbol substitution task (DSST) score were excluded from
the analyses (n = 8, 2%). Our final data set included 284 (87%)
participants from the Health ABC MRI subset. Distribution of the
demographics and clinical variables were similar between the ori-
ginal subset and our final data set (not shown).

MRI Measures

MRI scans were obtained at the MR Research Center of the University
of Pittsburgh using a 3 T Siemens Tim Trio MR Scanner and a Siemens
12-channel head coil. An axial, whole-brain T1-weighted magnetiza-
tion prepared rapid gradient echo (MPRAGE) was collected with
repetition time (TR) = 2,300 ms, echo time (TE) = 3.43 ms, flip
angle (FA) = 9°, field of view (FOV) = 224 x 256, 1 mm? isotropic
resolution, no gap, and no acceleration. An axial, whole-brain fluid
attenuated inversion recovery (FLAIR) sequence to appropriately
identify white/gray matter were also collected. This sequence had
TR = 9160 ms, TE = 90 ms, FA = 150°, FOV = 212 x 156, 1 x 1 x
3 mm resolution, 3 mm gap, and no acceleration.

All processing steps were conducted in SPM12 (18). All image
space interpolation was performed using fourth degree B-spline
method and similarity metric for registrations was mutual infor-
mation (for motion correction) or normalized mutual information
(coregistration between different image types). FLAIR images were
coregistered to the MPRAGE (12 degree of freedom transform-
ations) then a multispectral segmentation was conducted of both the
MPRAGE and coregistered FLAIR into six tissues: GM, WM, cere-
brospinal fluid, skull, soft-tissue, and air. Default values were used
for the segmentations in SPM. Native space segmentations of the
GM were input into the diffeomorphic anatomical registration using
exponentiated lie algebra (DARTEL) algorithm using the standard
pipeline for generating a study-specific template and normalizing
each segmentation to that template (19). This generates a study-
specific GM template through iterative coregistrations and averages,
then coregisters each map to the final template. This outputs a GM
density map, which is highly associated with volume and cortical
thickness, and is considered to reflect the amount of GM locally
(20). This is because when a single participant’s GM is coregistered
to a standard space (like MNI), the GM has to be compressed or
expanded depending on whether the MNI space GM is smaller or
larger, respectively. When it is compressed the density goes up and
when it is expanded the density goes down—thus a greater volume
and cortical thickness results in a greater density.

Walking Speed Measures

Walking tests were performed within 6 months of the MRI scan.
Participants were asked to walk along a 20 m corridor from a
standing start during both the usual-paced walking task and the
fast-paced walking task. Participants were instructed to walk “as
you normally would” and “as fast as you can,” respectively (14).
Time to finish the tasks was recorded by stop watch and converted
to speed in m/s. The fast-paced walking speed obtained was treated
as the outcome.

Covariates

Demographics, clinical information, and cognitive function were
obtained at baseline of the Health ABC Study or the time of MRL
Demographic characteristics included age at the time of MRI
measurement, as well as sex, race, education, and body mass index
(BMI) obtained at baseline. BMI (kg/m?) was calculated from self-
reported height and weight values at the time of MRI. Clinical in-
formation included cardiovascular disease (CVD), stroke or TIA
(transient ischemic attack), hypertension, diabetes, and depression.
History of CVD and stroke or TIA was identified from the ques-
tionnaire as ever having the event at baseline and was updated by
self-report annually. Participants were defined as having hyperten-
sion if they had a systolic blood pressure >140 mm Hg or dia-
stolic blood pressure >90 mm Hg or self-reported a hypertension
diagnosis or antihypertension medication use at the time of MRI
measurement. Participants were defined as having diabetes if their
tasting plasma glucose was >126 mg/dL or 2-hour postchallenge
>200 Hg/dL, or self-reported a diabetes diagnosis or diabetes
medication use (21). Depressive symptoms were described at the
time of MRI based on the 20-item CES-D scale (22). The Modified
Mini-Mental State Examination (3MSE) was used to assess general
cognitive function at the time of MRI (23). The digit symbol substi-
tution test (DSST) was also administered at the same time to assess
processing speed (24).
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Statistical Analysis

The characteristics of the study population are presented as mean
(standard deviation) for continuous variables and count (percentage)
for categorical variables. Unadjusted associations between the
sample’s characteristics and fast-paced walking speed are reported as
Spearman correlation coefficients for continuous variables and mean
difference from independent #-test for categorical variables.

Voxel-wise analyses tested the associations between fast-paced
walking speed and GM density from the entire brain using SnPM
(25). SnPM computed nonparametric p values corrected using a
cluster-wise inference method (cluster forming threshold of p <.001)
that controlled the family wise error rate (FWE) at a = 0.05. This
analysis was done in the whole brain and did not exclude any re-
gions. Next, we extracted the average GM density of clusters sig-
nificantly associated with fast-paced walking speed by utilizing the
automated anatomical labeling atlas (26).

For each region, the association between GM density and fast-
paced walking speed was modeled using nested linear models with
adjustment for (i) demographics (age, sex, race, education, and BMI),
(ii) plus clinical variables (cardiovascular disease, stroke or TIA,
hypertension, diabetes, and depression), and (iii) plus cognitive func-
tion (3MSE and DSST scores). Demographics and clinical variables
were adjusted in the models as potential confounders. 3MSE and
DSST scores were included in the fully adjusted model in order to
test whether this association was independent of cognitive function.
Lastly, a cutoff point of 0.3 m/s was chosen for the point estimate
of fast-paced walking speed change per SD change of GM density to
suggest a meaningful association between the regional GM density
and fast-paced walking speed after the full adjustment. This cutoff
was selected to represent a medium effect, which approximates the
average effect of 14-year change of age on the change of fast-paced
walking speed in our study sample. Regression analyses were con-
ducted in SAS 9.4. The same analyses were repeated for usual-paced
walking speed and GM density.

Results

Participants were on average 83 years old (SD = 2.8), 58% women
and 41% black. Average walking speed was 1.0 m/s (SD = 0.21) for
usual-paced walking and 1.4 m/s (SD = 0.34) for fast-paced walking.
Greater usual-paced walking speed was correlated with greater fast-
paced walking speeds (r = .58, p < .0001). Participants who were fe-
male, black, had a lower level of education, or had a history of knee
pain were more likely to have a slower fast-paced walking speed.
In addition, those who were older, had greater BMI, greater depres-
sive symptoms (CES-D), worse cognitive function (3MSE or DSST
score), had hypertension, or had diabetes also were more likely to
have a slower fast-paced walking speed (Table 1).

In the unadjusted voxel-wise analyses, greater fast-paced walking
speed was positively correlated with greater GM density in clusters
from: the frontal and temporal lobe, pre- and postcentral gyrus, in-
ferior parietal lobule, precuneus gyrus, lingual, parahippocampal
and fusiform gyrus, calcarine cortex, middle occipital gyrus,
supramarginal and angular gyrus, Rolandic operculum, insular
cortex, cingulum, hippocampus, amygdala, and cerebellum (Figure 1,
Supplementary Table 1, and Supplementary Figure 1). Regions cor-
related with usual-paced walking speed are shown in Figure 1,
Supplementary Table 2, and Supplementary Figure 3. Clusters from
insula, cerebellum, parahippocampus, calcarine, middle and in-
ferior frontal, temporal, middle occipital, amygdala, fusiform gyrus,

Table 1. Characteristics of the Study Population and Association
With Fast-Paced Walking Speed (n = 284): Health, Aging, and Body
Composition Study, 2010-2011

Association With

Mean (SD) or  Fast Pace Walking
Characteristics 1 (%) Speed (m/s)* p Value
Age (year) 3 (2. -0.15 .01
Female 164 (58%) -0.23 (0.04) <.0001
Black 116 (41%) ~0.16 (0.04) <.0001
Education >high school 146 (51%) 0.16 (0.04) <.0001
BMI 7 (4.4) -0.27 <.0001
CVD 0 (28%) ~0.02 (0.05) 59
Stroke or TIA 1(7.4%) -0.09 (0.08) 24
Hypertension 256 (90%) -0.16 (0.05) <.0001
Diabetes 3 (26%) ~0.09 (0.05) .05
CES-D 6(5.9) -0.17 .004
Knee paint 122 (43%) -0.19 (0.11) <.0001
3MSE score 3(6.7) 0.23 <.0001
DSST 7 (13) 0.25 <.0001
Usual-paced walking 0(0.21) 0.58 <.0001
speed* (m/s)
Fast-paced walking 1.4 (0.34)
speed (m/s)

Note: 3MSE = Modified Mini-Mental State Examination; BMI = body mass
index; CES-D = Center for Epidemiologic Studies-Depression; CVD = cardio-
vascular disease; DSST = digit symbol substitution test; TIA = transient ische-
mic attack.

*Spearman correlation coefficient for continuous variable and group mean
difference (SD) from ¢-test for categorical variable.

Knee pain (in the past month) was evaluated during the visit at Year 10.

For usual-paced walking speed, 7 = 269 participants.

0 t-statistic 5.8

Figure 1. (A) Association between gray matter density and fast-paced walking
speed unadjusted and (B) regions that remained significant after adjusting for
demographic variables, clinical morbidities, and cognitive function—including
those with smaller effect sizes, ie, <0.3 m/s. (C) Association between gray
matter density and usual-paced walking speed unadjusted and (D) regions
that remained significant after adjusting for demographic variables, clinical
morbidities, and cognitive function—including those with smaller effect sizes,
ie, <0.3 m/s. Color bar indicates value of the t-statistic testing the association
between gray matter density and fast- (A and B) or usual-paced (C and D)
walking speed. Full color version is available within the online issue.
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lingual gyrus, and precuneus, were correlated with both fast-paced
and usual-paced walking speed. Fast-paced walking speed but not
usual-paced walking was correlated with GM density in clusters
from precentral gyrus and inferior parietal lobule. In addition, usual-
paced walking speed but not fast-paced walking speed was associ-
ated with GM density in clusters from cuneus, caudate, putamen,
gyrus rectus, and superior occipital gyrus (Supplementary Figure 5).

Regions that were significantly associated with fast-paced
walking speed after adjustment for demographic variables, clinical
morbidities, and cognitive function are given in Table 2, Figure 1,
and Supplementary Figure 2. After further adjusting for covariates,
fast-paced walking speed was positively correlated at coefficient 0.3
m/s with GM density of clusters in: right middle and superior frontal
gyrus, right postcentral gyrus, and left superior temporal gyrus.
Adjustment for cognitive function had little impact on the findings.
We found no association between fast-paced walking speed with GM
density of prefrontal and hippocampal regions or with basal ganglia
(Figure 1 and Table 2). Regions that are significantly associated
with usual-paced walking after covariates adjustment are shown in
Supplementary Table 3, Figure 1, and Supplementary Figure 4. Usual
paced walking speed was positively correlated with GM density of
left caudate region at coefficient 20.3 m/s after adjustment of demo-
graphics and morbidities, but not after further adjusting for cogni-
tion. In addition, no regions were associated with both usual and
fast-paced walking speed after adjustment (Supplementary Figure

6). In general, the effect size of GM density of each region on usual-
paced walking was smaller than fast-paced walking speed.

Discussion

We found that fast-paced walking speed was positively associated
with GM density in cortical regions including right middle and
superior frontal gyrus, right postcentral gyrus, and left superior
temporal gyrus. Associations were robust to adjustment for demo-
graphic factors, clinical factors, and cognitive function. Our hypoth-
esis was accurate, as fast-paced walking speed but not usual-paced
walking speed, was associated with clusters related to executive
function (27). However, no memory-related clusters were associated
with fast-paced or usual-paced walking speed.

In this study, we examined the whole brain to capture a wide
network or regions related to fast-paced walking speed in older
adults without neurological and psychological diseases. The brain
regions from cortical, subcortical, and cerebellum identified from the
unadjusted analyses where GM density was correlated with either
fast-paced or usual-paced walking speed may reflect the functions
of brain related to mobility (28). Clusters from cortical, subcortical,
and cerebellum regions were correlated with both fast-paced and
usual-paced walking speed. This could reflect the correlation be-
tween two walking measures, which was measured as 0.58 in our
sample. On the other hand, these two measures were not perfectly

Table 2. Association Between Fast-Paced Walking Speed and Gray Matter Density

Model 1* Model 2t Model 3*
Region MNI coordinates (x, y, z) B (p value)
Right angular gyrus 62,-50, 36 0.23 (.01) 0.22 (.01) 0.21 (.02)
Right cerebellum 4-5 24,-50, -20 0.14 (.04) 0.13 (.06) 0.12 (.08)
Right cerebellum 6 26,-56,-18 0.13 (.03) 0.12 (.05) 0.11 (.08)
Left cerebellum crus 2 -38, -66,-38 0.11 (.04) 0.10 (.06) 0.09 (.10)
Right cerebellum crus 2 44, -68, -40 0.13 (.04) 0.11 (.07) 0.10 (.09)
Left middle orbital frontal gyrus -8,38,-12 0.13 (.03) 0.11 (.07) 0.09 (.14)
Right middle orbital frontal gyrus 10,42, -6 0.14 (.03) 0.13 (.06) 0.10 (.12)
Right middle frontal gyrus 28, 54,2 0.35 (.001) 0.35 (.001) 0.31 (.01)
Right superior frontal gyrus 14, 68,24 0.37 (.01) 0.36 (.01) 0.31 (.04)
Right fusiform gyrus 26,-52,-16 0.17 (.04) 0.15 (.07) 0.13 (.14)
Left lingual gyrus -16,-66,2 0.11 (.05) 0.11 (.06) 0.10 (.08)
Right lingual gyrus 16,-48,4 0.20 (.03) 0.19 (.03) 0.18 (.04)
Right insula 38,10, 10 0.24 (.05) 0.20 (.11) 0.14 (.30)
Right paracentral lobule 8,-36, 60 0.24 (.05) 0.22 (.08) 0.21 (.09)
Right inferior parietal gyrus 60, -40, 46 0.25 (.01) 0.23 (.01) 0.23 (.01)
Right postcentral gyrus 64,0, 18 0.38 (.04) 0.36 (.05) 0.35 (.05)
Right precuneus 14, -40, 58 0.21 (.03) 0.20 (.05) 0.19 (.05)
Right Rolandic operculum 44, -14, 16 0.15 (.04) 0.13 (.09) 0.11 (.14)
Left supramarginal gyrus -44, -34,26 0.23 (.005) 0.22 (.01) 0.19 (.02)
Right supramarginal gyrus 66,-36, 38 0.17 (.03) 0.14 (.07) 0.11 (.16)
Left middle temporal gyrus -58,-38,12 0.21 (.03) 0.19 (.06) 0.16 (.10)
Right middle temporal gyrus 70, -18, -6 0.22 (.04) 0.20 (.06) 0.15 (.19)
Right superior temporal pole 34,10, -24 0.31 (.01) 0.30 (.02) 0.26 (.04)
Left superior temporal gyrus -54,-38,14 0.37 (.001) 0.34 (.004) 0.31 (.01)
Right superior temporal gyrus 68,-18, -4 0.31 (.02) 0.27 (.04) 0.24 (.06)

Notes: Corresponding coefficients () and p values are shown across three nested models. 3MSE = Modified Mini-Mental State Examination; BMI = body mass

index; CES-D = Center for Epidemiologic Studies-Depression; DSST = digit symbol substitution test; TIA = transient ischemic attack.

*Model 1: general linear model adjusting for demographics (age, sex, race, education, and BMI).

Model 2: based on Model 1, further adjusting for morbidities (cardiovascular disease, stroke or TIA, hypertension, diabetes, and CES-D score).
*Model 3: based on Model 2, further adjusting for cognition (3MSE and DSST scores).
SThe coefficient of 1 SD change of regional gray matter density on fast-paced walking speed and the corresponding p value.
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correlated, and each was correlated with specific regions. Fast-paced
walking speed was correlated with parietal regions, and usual-paced
walking speed was correlated with regions of basal ganglia and oc-
cipital. This may indicate that different mechanisms of neuronal con-
trol were involved in fast-paced walking than usual-paced walking.
It was suggested that involved a higher conscious control than usual-
paced walking (10).

Previous studies have been limited. One study focused on asso-
ciations of fast-paced walking speed with total brain volume and
hippocampal volume (1) and only adjusted for age. Another study
assessed regional GM volume associated with faster fast-paced
walking speed (12), but only participants having memory complaints
were recruited—limiting its generalizability to older populations
without impairment of cognitive function.

After adjustment for demographic variables, clinical factors, and
cognitive function, we observed that faster fast-paced walking speed
was associated with GM density in right middle and superior frontal
gyrus, right postcentral gyrus, and left superior temporal gyrus.
These regions are specifically related to executive, somatosensory,
and vestibular function (27,29,30). In a previous study of resting-
state functional connectivity and walking, greater resting-state func-
tional connectivity between the midbrain locomotor region and right
superior frontal gyrus was associated with greater walking capacity,
indicating that superior frontal gyrus was a relevant locomotor area
(31). This is consistent with our finding, where fast-paced walking
was a measure of walking capacity and was related to the structure
of superior frontal gyrus. Right postcentral gyrus is a somatosensory
region that facilitates the automatic process of walking (32), and
has been identified to be related to walking in studies investigating
brain activation (33,34). Previous studies using functional near-
infrared spectroscopy observed increased activation in superior
temporal gyrus during postural control and balance, indicating that
this area is involved in dynamic balance (35,36). Our study suggests
that superior temporal gyrus could play a role in fast-paced walking
through balance control. However, future studies are needed to
verify the results by analyzing functional associations with the brain.

Associations tended to be lateralized to the right hemisphere
for fast-paced walking. Right hemisphere dominance for vestibular
and ocular motor structures in right-handed volunteers has been
previously reported in a positron emission tomography study (37).
Another study using electroencephalography also observed in-
creased right hemispheric engagement related to ventral attention
(38). A previous review suggested a lateralized model for motor con-
trol: the left cortex is specialized for predictive control while the
right cortex is specialized for impedance control specifying velocity
and position-based impedance (39). Our results are consistent with
previous evidence suggesting the increased engagement of the right
hemisphere during the fast walking process that may be associated
with increased engagement of vestibular function and impedance
control.

Adjustment for covariates including demographics, morbidities,
and cognitive function did not attenuate the associations of GM
density of middle and superior frontal gyrus, right postcentral gyrus,
and left superior temporal gyrus, with fast-paced walking speed. The
association of usual-paced walking speed with regional GM density
was not as robust to the adjustment of covariates. In addition, no re-
gions were associated with both usual and fast-paced walking speed
after adjustment. This may indicate (i) the association of fast-paced
walking but not usual-paced walking was independent of age, sex,
race, education, BMI, and morbidities, CVD, stroke or TIA, hyper-
tension, diabetes, and depression. (ii) Cognitive function represented

by 3MSE and DSST scores is not likely to be a mediator between
GM density and fast-paced walking speed. This may not hold true
for usual-paced walking speed. 3) Although there’s overlap of brain
regions related to usual- and fast-paced walking speed in consistent
with the correlation between the two walking measures, this overlap
could be largely explained by covariates that may be common causes
of the brain and mobility.

Fast-paced walking speed but not usual-paced walking speed was
correlated with GM density of superior frontal gyrus. Compared
with usual-paced walking, fast-paced walking was more strongly
correlated with GM density of clusters in general. Our results are
consistent with previous hypotheses that (i) fast-paced walking, but
not usual-paced walking, was associated with cognitive function in
older adults (7-10) and may be related to cognitive execution (27);
(ii) complex walking like fast-paced walking provides greater levels
of variability and allows difference in fitness to be identified, which
would not be identified in usual-paced walking (9); and (iii) fast-
paced walking necessitates a higher level of conscious control and
thus is more closely correlated with cortical structure than usual-
paced walking (10).

Negative findings also merit attention. We did not find a signifi-
cant association of fast-paced walking speed with memory-related
areas (eg, hippocampus) after adjustment with cognitive function.
This is surprising given the association of fast-paced walking with
dementia (28,40). Associations were also not significant with basal
ganglia, which is involved in the automatic control of voluntary
movements (41). Basal ganglia was observed to be associated with
usual walking speed among older adults in previous studies, where
a combined effect of the neurodegenerative process may be involved
(12,42). Only the caudate was associated with usual-paced walking,
while many studies have found the association of walking speed
with GM volume in motor-related regions such as precentral gyrus,
frontal, basal ganglia, hippocampal, and cerebellar regions. The
negative findings could be explained by several reasons. As a more
demanding task, it is possible that a different mechanism is involved
in fast-paced walking that is different from usual-paced walking or
complex walking tasks (10). We only studied GM density, which
may not sufficiently describe the age-related changes in brain correl-
ated with fast-paced walking. For example, there could be changes
in other brain imaging parameters, including WM volume and in-
tegrity, brain activity, subclinical manifestations (eg, micro-bleeding,
-amyloid), and functional connectivity, before the changes of GM
density could be detected. Previous study identified associations of
slower walking speed with lower WM microstructure in thalamic ra-
diations (43). The associations of slower walking speed with greater
WM hyperintensities were observed in basal ganglia and thalamic
radiation (44-47). A previous study using florbetapir PET observed
significant association between f-amyloid in putamen and slow gait
speed (48). It is also important to put the results of GM density in
the context of other modalities because of compensatory mechan-
isms and functional reserve of the brain. Our voxel-wise multiple
comparisons correction reflect the latest in the field (49), which may
also influence the results we have observed. We used a cutoff of 0.3
m/s to select the regions in multivariate-adjusted linear regressions,
thus we focused on the effect size instead of hypothesis testing re-
sults (p values). Inconsistencies may also result from different sample
of participants. Specifically, if those who were unable to complete
fast-paced walking had different GM density profiles than our study
sample. Finally, our sample is a relatively healthy sample whose
range in usual walking speed (0.47-1.64 m/s) may be lower com-
pared with clinical samples.
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There is the need to find simple markers to detect early dementia
risk in older adults. Traditional methods like MRI and cognitive as-
sessments are either invasive or require lots of time and specialist
input. Gait measures are relatively simple yet important measures
in the older population. Usual walking speed is a simple measure,
but its association with brain integrity might not be strong enough
at the individual level. More complex motor tasks, such as dual task
walking, are promising because of their potential to reflect changes in
the central nervous system to a greater extent compared with usual
walking speed (8). However, dual task walking is complicated to
administer and difficult to standardize. Fast gait may be a good com-
promise, as previous evidence suggest that it reveals cognitive char-
acteristics, and it requires relatively simple and consistent protocol
compared with other complex walking tasks (8-10). Our study indi-
cates that fast gait does reflect integrity in certain brain regions, but
not those that are memory-related. This may suggest that fast-paced
gait speed alone is not helpful for detecting risk of memory-related
dementia. However, it could be helpful to detect other general signs
of advanced brain aging or problems with executive function.

There are several limitations in our study. We used a selective
population: only participants who survived and completed MRI
scanning in Year 10 or Year 11 and had complete data profile
were included from the Health ABC study. In addition, the age
range of our study sample is narrow with the average age of 83
(SD = 2.8), preventing generalization to the younger elderly. Our
study is cross-sectional and so any associations are nontemporal and
noncausal. Longitudinal studies may help explain the causal rela-
tionships among these variables. Last, we only investigated the asso-
ciation with GM density. Other brain imaging parameters should be
assessed to further understand the neural correlates associated with
fast-paced walking speed. As a result, it is important to interpret our
results with caution, as they need to be put in the context of other
neural modalities.

In this study, we conducted voxel-wise analyses between fast-
paced walking speed and GM density, which allows for the com-
parisons across the entire brain with a high regional specificity and
without prior region-specific assumptions. Our study sample is rela-
tively large in size with sufficient sampling of male and black partici-
pants. While we did not investigate associations with WM structural
integrity, we have collected diffusion weighted imaging data and
plan to conduct future analyses to investigate the association be-
tween WM integrity and gait speed.

Conclusion

Our study adds to the current evidence of the neural correlates of
fast-paced walking speed. We identified several clusters in the brain
including right middle and superior frontal gyrus, right postcentral
gyrus, and left superior temporal gyrus independent of demo-
graphic variables, clinical factors, and cognitive function among
older adults. The association of frontal and temporal gyri with fast-
paced but not usual-paced walking speed may explain previously
observed associations between fast-paced walking speed and cog-
nitive function (8-10).
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