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Abstract

Background: Gait impairments increase with advancing age and can lead to falls and loss of independence. Brain atrophy
also occurs in older age and may contribute to gait decline. We aimed to investigate global and regional relationships of
cerebral gray and white matter volumes with gait speed, and its determinants step length and cadence, in older people.

Methods: In a population-based study, participants aged >60 years without Parkinson’s disease or brain infarcts underwent
magnetic resonance imaging and gait measurements using a computerized walkway. Linear regression was used to study
associations of total gray and white matter volumes with gait, adjusting for each other, age, sex, height and white matter
hyperintensity volume. Other covariates considered in analyses included weight and vascular disease history. Voxel-based
morphometry was used to study regional relationships of gray and white matter with gait.

Results: There were 305 participants, mean age 71.4 (6.9) years, 54% male, mean gait speed 1.16 (0.22) m/s. Smaller total
gray matter volume was independently associated with poorer gait speed (p=0.001) and step length (p<<0.001), but not
cadence. Smaller volumes of cortical and subcortical gray matter in bilateral regions important for motor control, vision,
perception and memory were independently associated with slower gait speed and shorter steps. No global or regional
associations were observed between white matter volume and gait independent of gray matter volume, white matter
hyperintensity volume and other covariates.

Conclusion: Smaller gray matter volume in bilaterally distributed brain networks serving motor control was associated with
slower gait speed and step length, but not cadence.
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also atrophy with age [14,15], but their contribution to gait has
received much less attention. Although smaller total brain volumes
are associated with slower gait speed in healthy older people [8],

Introduction

Gait speed has recently been identified as an important vital

sign in aging individuals [1] due to its associations with falling,
cognitive decline [2] and death [3]. Age may affect several
characteristics of gait including speed and its determinants, step
length and cadence [4]. Gait speed, step length and cadence can
be easily measured in clinical settings and provide information as
to why a person may have gait difficulty. Although slower gait may
be influenced by age-related change in sensorimotor factors [5,6],
there is good evidence that it relies on central neural control [7].
Therefore gait may depend significantly on the integrity of the
brain as one gets older.

A greater burden of cerebrovascular lesions, such as white
matter hyperintensities (WMH) [8,9,10,11,12] and brain infarcts
[9,13] occur frequently in older age, and are associated with
slower gait speed and step length. Cerebral gray and white matter
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there is limited knowledge regarding the regional effects of brain
atrophy on gait. This issue has been examined only in a few studies
[16,17,18,19]. Reduced cortical thickness in prefrontal, supple-
mentary motor, inferior parietal, cingulate and visual association
areas was associated with poorer gait speed, step length and
cadence in a clinical sample of patients with cerebrovascular
disease [19]. In two other studies [16,17], a region-of-interest
approach was used to demonstrate associations of smaller volumes
of dorsolateral prefrontal and parietal lobe gray matter with step
length [16], and of left cerebellar and prefrontal gray matter with
gait speed [17]. Although informative, these studies did not adopt
a whole-brain approach and hence may have been limited in their
ability to provide a comprehensive regional analysis. The use of
voxel-based morphometry (VBM) can address this limitation by
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adopting an unbiased voxel-wise exploration of the whole brain to
identify regional associations of gray and white matter volumes
with gait.

The aim of this study was to identify global and regional
associations of gray and white matter volume with gait speed, and
its determinants step length and cadence. We chose these gait
measures because it is of direct clinical interest (in diagnosing and
treating gait disorders) whether slower gait speed is the result of
shorter steps, slower cadence or a combination of both. We
hypothesized that smaller volumes of gray and white matter in
regions important for motor control would preferentially be
associated with slower gait speed, smaller step length and slower
cadence.

Methods

Ethics statement

The Southern Tasmanian Human Research Ethics Committee
and the Monash University Human Research Ethics Committee
approved the study and written informed consent was obtained
from all participants. The study was conducted according to the
principles expressed in the Declaration of Helsinki.

Participants

We derived the sample from the Tasmanian Study of Cognition
and Gait (TASCOG), a population-based study of brain aging.
Tasmania is an island state of Australia and southern Tasmania
has a total population of 239,444 people, including 46,159 aged >
60 years [20]. Beginning in January 2005, we randomly selected
residents between 60 and 86 years from the southern Tasmanian
electoral roll. Participants were excluded if they lived in a nursing
home or could not undergo magnetic resonance imaging (MRI),
resulting in 395 eligible participants. For this analysis, we also
excluded participants with MRI scans of insufficient quality
(n=17), those who were unable to walk without aids (n = 18) and
those with a history of Parkinson’s disease (n =2) or a brain infarct
on MRI (defined as hypointensity =3 mm in diameter on T1-
weighted and FLAIR images, with a surrounding hyperintense rim
on FLAIR) n=53) to avoid their confounding effects on gait.
Those with a self-reported history of stroke but without MRI
evidence of infarction (n = 16), were retained for this analysis.

Gait Measures

We measured gait using the 4.6 metre GAITRite system (CIR
Systems Inc), an electronic walkway with excellent validity [21].
Participants performed 6 walks at preferred pace and the following
gait variables were averaged over the walks by the GaitRite
software: speed, cadence and step length. Gait speed is the distance
travelled divided by ambulation time (cm/sec); cadence is the
number of steps taken per minute (steps/min); step length is the
perpendicular distance between the heel of one footfall to the heel
of the next footfall (cm). As there were no significant differences
between left and right step lengths (p = 0.72), we used the average
of both in further analyses.

MRI

We obtained MRI scans using a single 1.5 T General Electric
scanner with the following sequences: High-resolution T1
weighted spoiled gradient echo (TR35 ms, TE 7 ms, flip angle
35°%, field of view 24 cm, 120 contiguous slices with images
interpolated to give isotropic voxel size 1 mm®); T2 weighted fast
spin echo (TR 4300 ms; TE 120 ms; NEX 1; turbo factor 48;
voxel size 0.90x0.90x3 mm); FLAIR (TR=8802 ms, TE=
130 ms, TI=2200 ms, voxel size 0.50%0.50x8 mm); axial
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gradient echo (GRE, TR=0.8 ms; TE=0.015; flip angle 30°;
voxel size =0.9x0.9%7 mm).

MRI Processing and Segmentation

Gray and white matter were segmented using both T1 and
GRE sequences in a multispectral approach to avoid misclassifi-
cation of deep gray matter structures that may occur if only T1
sequences were used. The higher contrast of these structures in
GRE scans was used to correct their contrast in T'1 weighted scans
as follows: Linear transformations between T'1, GRE and standard
space were estimated using FMRIB’s Linear Image Registration
Tool [22]. An atlas of deep cortical structures was first transformed
to T1 space and thresholding was performed using the intensity
histogram segmentation method of Otsu [23] to remove cerebro-
spinal fluid. The resulting mask was transformed to GRE space
followed by further thresholding to more accurately separate deep
white and gray matter. The ensuing mask of deep gray matter was
transformed back to T1 space and the gray matter regions were
reset to 80% of the original brightness. The unified segmentation
procedure implemented in the Statistical Parametric Mapping
(SPM) software version 5 [24] were applied to this corrected T'1
weighted scan. This software uses an expectation-maximization
based approach to simultaneously classify each voxel of a T1
weighted scan, estimate a nonlinear transformation to standard
Montreal Neurological Institute (MNI) space, and correct any
MRI bias field inhomogeneities. The process produces standard
space tissue probability maps of gray and white matter modulated
by the transformation function to preserve tissue volume for each
subject. We used previously validated semi-automated methods to
segment WMH [10,25]. Maps of normal appearing white matter
were then created by marking locations corresponding to WMH as
empty in the SPM-derived white matter probability maps. All
tissue probability maps were smoothed using an isotropic Gaussian
kernel, full width at half maximum =8 mm, prior to VBM
analysis. Tissue volumes (total gray matter, white matter, WMH)
were calculated by integrating the corrected tissue classification
maps and applying voxel-counting algorithms.

Other measurements

Height was obtained using a Leicester height stadiometer.
Weight was obtained using a Heine Portable Professional Adult
Scale 737. Blood pressure was measured using an Omron M4
sphygmomanometer in a sitting position. Physical activity levels
were obtained using a Yamax Digi-Walker SW-200 pedometer
worn over 7 consecutive days. Self-reported history of hyperten-
sion, hypercholesterolemia, ischemic heart disease, smoking
history, diabetes mellitus, stroke, current psychoactive and
blood-pressure lowering medications were obtained using a
standardized questionnaire. Independence in activities of daily
living was obtained using the Lawton’s Instrumental Activities of
Daily Living Scale (brief version) [26].

Linear regression of total gray and white matter volume
with gait measures

Multivariable linear regression was used to model the associ-
ations of total gray and normal appearing white matter volumes
with each of the gait measures. Each model was first adjusted for
age, sex and height (height being related to both head size and
gait). Then, we additionally adjusted for vascular risk factors
(weight, blood pressure, physical activity or self-reported vascular
medical history) and medication use only if they changed the
coeflicient of the brain measure by more than 10% [27]. Finally,
volumes of WMH, and then either normal appearing white matter
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(for gait regressions with gray matter), or gray matter (for gait
regressions with normal appearing white matter) were added to the
models. Statistical interaction between brain measures and other
covariates was assessed by a test of the coefficient of the respective
product terms (e.g. gray matter volume X sex, or gray matter
volume X white matter volume). Non-linearity in associations was
assessed by adding a term for the square of the relevant brain
measure in the model and testing its significance. Analyses were
conducted using STATA version 10.0 (StataCorp, College Station,
TX).

VBM analysis

VBM was used to determine the distributions of gray or white
matter voxels that were associated with the gait measures based on
multiple regression methods adopted in SPM software. In each
model, we first adjusted for age, sex, and height. In our linear
regression described in the previous section, we found that weight
was a potential confounder only in the associations between white
matter volume and gait. Therefore, in addition to age, sex and
height, we adjusted for weight in VBM regressions of white matter
volume. Finally in each model, adjustment was made accordingly
for other brain measures. For example, regressions of gray matter
with gait were adjusted for normal appearing white matter and
vice versa, and both adjusted for WMH to remove any residual
confounding by the latter. A false discovery rate of 0.05 was used
to correct for multiple comparisons.

Results

Characteristics of the sample are provided in Table 1. The
mean age of the sample was 71.4 (6.9) years, 54% were male and
the mean gait speed was 1.16 (0.22) m/s. The sample response rate
was 35% (395/719). Non-responders were more likely to be older
and report a history of hypertension (both p<<0.001). Compared
with the full sample, those excluded for the presence of MRI brain
infarcts were older (p<<0.001), walked with poorer gait speed,
cadence and step length (all p<<0.05) and had smaller volumes of
gray (p =0.002) and white matter (p =0.02).

Linear regression of total brain gray and white matter
volumes with gait measures

After adjustment for age, sex and height, smaller total gray
matter volume was associated with slower gait speed (f 0.08, 95%
CI 0.04, 0.13; p<<0.001) and smaller step length (B 0.04, 95% CI
0.02, 0.05; p<<0.001), but not with cadence (B 0.02, 95%CI
—0.01,0.04; p=0.12). Adjustment for weight, blood pressure,
physical activity or vascular history (hypertension, hypercholester-
olemia, ischemic heart disease, smoking history, diabetes mellitus,
and stroke) and current psychoactive or blood-pressure lowering
medications did not alter the associations and were therefore not
included in the models. The addition of WMH volume and
normal appearing white matter volume only minimally altered the
associations (Table 2).

Total normal appearing white matter volume was not associated
with gait speed (B 0.03, 95%CI —0.01, 0.07; p =0.09), step length
(B 0.01, 95%CI —0.00, 0.03; p=0.11) or cadence (B 0.01, 95%CI
—0.01, 0.03; p=0.33) after adjustment for age, sex and height.
After additional adjustment for weight, smaller normal appearing
white matter volume was associated with slower gait speed (B 0.04
95% CI 0.00, 0.08; p=0.03) and step length (B 0.02 95%CI 0.00,
0.03; p=10.03), but not with cadence (§ 0.01 95% CI—0.01, 0.03;
p=0.27). Adjustment for blood pressure, medications, physical
activity or medical history did not alter the associations and were
therefore not included in the models. However, further adjustment
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Table 1. Characteristics of Participants in the TASCOG
(n=305).

Age, mean (SD) 714 (6.9)
Males, n (%) 165 (54.1)
Height (cm) 166.9 (9.3)
Weight (kg) 771 (14.3)
Diastolic blood pressure (mmHg) 142.9 (22.3)
Systolic blood pressure (mmHg) 80.9 (12.7)
Independent in activities of daily living (%)* 291 (95.4)
Physical activity (steps per day), mean (SD) 6293.3 3171.8
Self-reported medical history

Hypertension, n (%) 145 (47.5)
Diabetes, n (%) 26 (8.5)
Ischemic heart disease, n (%) 35 (11.5)
Hypercholesterolemia, n (%) 116 (38.0)
Stroke 16 (5.3)
Ever smoker, n (%) 152 (49.8)
Arthritis, n (%) 128 (42.2)
Psychoactive medication, n (%) 51 16.6%
Blood pressure lowering medication, n (%) 149 48.9%
Gait measures, mean (SD)

Gait speed, cm/sec 1.16 (0.22)
Cadence, steps/min 110.8 (10.9)
Step length, cm 62.5 9.2)
Brain volume (ml), mean (SD)

Total brain volume 1437.8 (141.3)
Gray matter volume 483.6 (62.2)
White matter volume 572.5 (64.6)
WMH volume 10.9 (7.7)

*Lawton’s Instrumental Activities of Daily Living Scale =22/24; SD = standard
deviation; WMH = white matter hyperintensities.
doi:10.1371/journal.pone.0084909.t001

for the gray matter and WMH volumes rendered all associations
for white matter volume non-significant (Table 2).

All associations for gray and white matter volumes were linear
and no interactions were observed between covariates.

VBM of gray matter with gait

After covarying for age, sex and height, smaller gray matter
volume in bilateral frontal, cingulate, insula, temporal, parahip-
pocampal, parietal, occipital and cerebellar areas were associated
with slower gait and shorter steps. Smaller volumes of subcortical
gray matter in the thalamus, caudate nucleus, putamen and
claustrum were also similarly associated with these gait measures.
Adjustment for normal appearing white matter removed the
associations of gray matter with gait speed in the right precuneus,
left caudate nucleus, left thalamus, left inferior occipital and left
inferior temporal lobes. Further adjustment for WMH removed
the associations in the right superior parietal and right inferior
occipital lobes, right cuneus, right insula and left anterior cingulate
areas. Associations with step length were only slightly attenuated in
these areas, but all remained (Figure 1). No regional associations
were found between gray matter volume and cadence. Table S1
(supporting information) provides Talairach coordinates for peak
associations of smaller gray matter volumes with gait speed and
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Model 2 Additionally adjusted for WMH and

gray matter volume

B

305).

White matter volume, ml
Model 1 Adjusted for age, sex,

height and weight

B

Model 2 Additionally adjusted for WMH and normal

appearing white matter volume
B

Model 1 Adjusted for age,

sex and height

B

Table 2. Associations between gray and white matter volume and gait measures adjusted for covariates (n

Gray matter volume, ml

P value

(95% ClI)

P value

P value (95% Cl)

(95% ClI)

P value

(95% ClI)

Gait variable

0.07
0.06
0.35

(—0.0,0.08)
(—0.00,0.02)
(—=0.01, 0.03)

0.04
0.01
0.01

03
03

0.

(0.00, 0.08)

0.04
0.02

0.001

(0.03, 0.13)

0.08
0.04

0.

<0.001

(0.04,0.13)

0.08
0.04

0.

Gait speed (cm/sec)

0.

<0.001 (0.00, 0.03)

(0.02, 0.05)

<0.001

(0.02,0.05)

Step length (cm)

0.27

(—0.01, 0.03)

1

0.0

(—0.06, 0.04) 0.15

02

0.12

(—0.01,0.04)

02

Cadence (steps/min)

beta coefficient; CI = confidence intervals.

white matter hyperintensities; 3
doi:10.1371/journal.pone.0084909.t002

WMH =
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step length, the relevant structures involved, and their principal
functions that may influence gait. Step length remained associated
with smaller gray matter volume in frontal, cingulate, insula,
temporal, parahippocampal, parietal, occipital and cerebellar
areas, as well as the thalamus, caudate nucleus, putamen and
the claustrum. Gait speed was associated with similar areas of gray
matter except that areas tended to be smaller and no associations
were found in the superior parietal lobe or caudate nucleus.

VBM of white matter with gait

After adjusting for age, sex, height and weight, smaller volumes
of normal appearing white matter in corticospinal tracts, forceps
major, forceps minor, inferior fronto-occipital fasciculus, inferior
and superior longitudinal fasciculus, uncinate fasciculus, cingulum
and the anterior thalamic radiation were associated with slower
gait speed and shorter steps. However, all these associations
disappeared when gray matter and WMH volume were added to
the models as covariates.

Discussion

This study provides novel voxel-based data on the regional
associations of gray and white matter volume with gait in older
people. Bilateral and largely symmetrical regions of smaller gray
matter volume in areas relevant to motor control were associated
with slower gait speed and shorter steps, but not cadence. Some of
the associations between regional gray matter volumes and gait
may be explained by reduced volumes of normal appearing white
matter or the presence of WMH. After controlling for covariates
including gray matter and WMH volumes, normal appearing
white matter was not independently associated with any of the gait
measures.

These results are consistent with the notion that gait requires the
complex interaction of distributed brain cortical networks [7,28]
important for initiating (basal ganglia, supplementary motor area),
regulating (basal ganglia) and executing movement (pre-motor,
supplementary and primary motor areas), somatosensory function
(parietal cortex, precuneus [29]), relaying sensory information
(thalamus), visual processing (occipital cortex, cuneus) and balance
(precentral and prefrontal cortex, cerebellum, subcortical nuclei).
They are also consistent with the understanding that areas serving
attention and cognitive control (prefrontal, insula, temporal lobe,
subcortical nuclei, limbic structures) [30,31,32,33] are important
for regulating gait. These findings add substantially to evidence
from previous region-of-interest studies [16,17,18], in which fewer
regional associations were reported for gait speed and step length,
namely in the cerebellum, prefrontal, motor and parietal cortices.
In contrast to a previous study in patients with cerebral small vessel
disease, we found that gray matter was unrelated to cadence [19].
This difference in results may be explained by the fact that we used
a population-based sample and excluded those with MRI brain
infarct. Alternatively cadence may have a different neurological
basis compared with step length [34]. In support of this view,
others that have suggested that cadence may be influenced more
by the brainstem and spinal cord, rather than the cerebral cortex
[35,36]. Although smaller white matter volumes involving major
frontal projection and association white matter tracts were related
to poorer gait speed and step length these associations were
completely accounted for by the variations in gray matter or
WMH volumes. Therefore, they may reflect the distribution of
gray matter regions connected by these tracts, or alternatively the
disconnection of these tracts by WMH.

There may be several mechanisms underlying brain atrophy in
older age [37]. Infarcts, WMH, vascular and lifestyle risk factors
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VOXEL-BASED MORPHOMETRY - REGIONAL
ASSOCIATIONS BETWEEN GRAY MATTER

ATROPHY AND GAIT
Speed (cm/sec)

T value

Step length (cm)

Right lateral sagittal view

Right medial sagittal view

Axial view
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Figure 1. Voxel-based morphometry - regional associations between gray matter atrophy and gait.

doi:10.1371/journal.pone.0084909.9g001

[38,39] have been associated with brain atrophy. The observed
associations between gray matter volume and gait in our study
were independent of these factors, suggesting that primary
neurodegenerative mechanisms may be more likely at play.
Neuronal apoptosis, oxidative stress and inflammation [40], or
other pathological processes such as beta-amyloid and tau
accumulation [41], are all known to contribute to neurodegener-
ation in older age. However, given that we only had self-reported
measures of cardiovascular history, we cannot completely discount
the possibility that unmeasured cardiovascular factors such as
arterial stiffness [42] may explain some of the observed
associations. Understanding the underlying mechanisms of age-
related brain atrophy will be important in order to preserve gait in
old age, particularly when gait becomes more reliant on cognitive
control to compensate for decline in peripheral sensorimotor
function [43]. Physical and cognitive activity, as well as controlling
mid-life vascular risk may assist in preventing gray matter loss
[38,44], with the consequent potential to preserve walking speed
and step length in later life.

Our study has the following strengths. We obtained sensitive
and accurate measurements of brain structure and gait. We used
VBM in a large sample to provide an unbiased voxel-wise regional
exploration of the whole brain while correcting carefully for
multiple comparisons. While studying the associations of either
gray or white matter with gait, we controlled for one or the other,
thus being able to draw conclusions about their relative effects.
There are also limitations to this study. The cross-sectional design
does not allow causal inferences to be made, with the possibility
that slower gait may precede brain atrophy, although longitudinal
follow-up in our cohort may shed more light on this matter. We
excluded people with self-reported prior Parkinson’s disease, and
hence the potential exists for the presence of undetected or
subclinical Parkinson’s disease in the sample which may have
confounded the association between brain measures and gait. But
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