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A B S T R A C T

Background and Aim: The basal ganglia are critical for planned locomotion, but their role in age-related gait
slowing is not well known. Spontaneous regional co-activation of brain activity at rest, known as resting state
connectivity, is emerging as a biomarker of functional neural specialization of varying human processes, in-
cluding gait. We hypothesized that greater connectivity amongst regions of the basal ganglia would be associated
with faster gait speed in the elderly. We further investigated whether this association was similar in strength to
that of other risk factors for gait slowing, specifically white matter hyperintensities (WMH).
Methods: A cohort of 269 adults (79–90 years, 146 females, 164 White) were assessed for gait speed (m/sec) via
stopwatch; brain activation during resting state functional magnetic resonance imaging, WMH, and gray matter
volume (GMV) normalized by intracranial volume via 3T neuroimaging; and risk factors of poorer locomotion
via clinical exams (body mass index (BMI), muscle strength, vision, musculoskeletal pain, cardiometabolic
conditions, depressive symptoms, and cognitive function). To understand whether basal ganglia connectivity
shows distinct clusters of connectivity, we conducted a k-means clustering analysis of regional co-activation
among the substantia nigra, nucleus accumbens, subthalamic nucleus, putamen, pallidum, and caudate. We
conducted two multivariable linear regression models: (1) with gait speed as the dependent variable and con-
nectivity, demographics, WMH, GMV, and locomotor risk factors as independent variables and (2) with basal
ganglia connectivity as the dependent variable and demographics, WMH, GMV, and locomotor risk factors as
independent variables.
Results: We identified two clusters of basal ganglia connectivity: high and low without a distinct spatial dis-
tribution allowing us to compute an average connectivity index of the entire basal ganglia regional connectivity
(representing a continuous measure). Lower connectivity was associated with slower gait, independent of other
locomotor risk factors, including WMH; the coefficient of this association was similar to those of other locomotor
risk factors. Lower connectivity was significantly associated with lower BMI and greater WMH.
Conclusions: Lower resting state basal ganglia connectivity is associated with slower gait speed. Its contribution
appears comparable to WMH and other locomotor risk factors. Future studies should assess whether promoting
higher basal ganglia connectivity in older adults may reduce age-related gait slowing.
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1. Introduction

Slow gait speed is common in the elderly and increases the risk of
adverse mobility outcomes and traumatic falls, leading to both rapidly
rising medical costs and declining capacity for independent living
(Studenski, 2019). Although physical therapy may provide short-lasting
benefits, the long-term management of mobility disturbances in the
elderly has proven difficult.

While age-related changes in peripheral nervous and musculoske-
letal systems are well-known contributors of gait slowing (Alexander,
1996), recent evidence suggests an important role for the central ner-
vous system (CNS), in particular cerebral small vessel disease (cSVD)
(see reviews (Holtzer et al., 2014; Seidler et al., 2010; Tian et al., 2017;
Wennberg et al., 2017; Wilson et al., 2019)). One theory to explain age-
related gait slowing is that in older age peripheral and musculoskeletal
systems’ impairments make walking more demanding. As these de-
mands increase, they eventually exceed the capacity of the CNS to
continue habitual locomotion control. In turn, decreased habitual
control may result in a greater need to pay attention while walking (Wu
and Hallett, 2005). cSVD-related damage to white matter tracts may
also reduce the availability of CNS resources for effective habitual lo-
comotor control, thus magnifying the mismatch between demands and
resource availability. Identifying the CNS resources that promote ef-
fective habitual control of walking in older age is important as this may
inform future therapeutic interventions.

The basal ganglia are a logical candidate for habitual control of
locomotion (Nutt et al., 1993). The basal ganglia are comprised of gray
matter nuclei located in the brainstem (substantia nigra) and sub-
cortical areas (putamen, pallidum, caudate, nucleus accumbens, sub-
thalamic nucleus), interconnected with each other to form a highly
correlated motor control system that works to create synchronous
motor movements in a fluid manner. Animal studies and human disease
models show that the basal ganglia control planned initiation and ex-
ecution of coordinated sequences of musculoskeletal activations
(Panigrahi et al., 2015) to carry out overlearned tasks such as walking
(Wu and Hallett, 2005).

There is an initial indication that basal ganglia would be associated
with walking performance in older age. We and others have found that
slower gait was associated with smaller gray matter volume (Dumurgier
et al., 2012; Rosano et al., 2008a, 2007; Stijntjes et al., 2016) and lower
dopaminergic neurotransmission via Positron Emission Tomography
(PET) of the basal ganglia (Bohnen and Cham, 2006; Bohnen et al.,
2009; Cham et al., 2007, 2011; Cham et al., 2008). However, the
neuroimaging methods used in prior studies do not completely capture
the complexity of basal ganglia function or connectivity. While volu-
metric measures reflect advanced neuronal loss in individual regions,
PET or other similar imaging is limited to a specific element of neuro-
transmission. To understand the contribution of the basal ganglia to
locomotion, it is important to examine how individual regions function
together.

Patterns of spontaneous regional co-activation at rest, also known as
resting state connectivity, are emerging as biomarkers of parenchyma
integrity and its functional neural role (Fox and Lancaster, 2002; Smith
et al., 2009). For simplicity, we henceforth simply refer to resting state
connectivity as connectivity – and other types of connectivity will be
explicitly stated, e.g., structural connectivity. Higher co-activation at
rest among regions is interpreted as a measure of higher intrinsic
connectivity or cohesiveness between those regions. Initial evidence
suggests that higher connectivity between basal ganglia and other re-
gions predicts better motor performance in patients with Parkinsonian
Syndromes (Filippi et al., 2019) and in healthy adults (Boyne et al.,
2018; Zwergal et al., 2012). However, prior studies have not accounted
for the contribution of impairment of other age-related factors influ-
encing locomotion including muscle strength (McLean et al., 2014),
vision (Chaudhry et al., 2010), joint pain (White et al., 2013), and
obesity (Vincent et al., 2010) as well as WMH and brain volume (Rosso

et al., 2017). While individual associations are important, quantifying
the relative strength of the association in comparison to these loco-
motor risk factors provides additional information.

While connectivity of the basal ganglia (both within the basal
ganglia and with other regions) declines with older age (Bonifazi et al.,
2018; Griffanti et al., 2018; Manza et al., 2015; Mathys et al., 2014), its
association with slower gait among community dwelling older adults is
not known. Most studies relating connectivity with gait speed have
examined inter-network connectivity among cortical sensorimotor re-
gions (Crockett et al., 2017; Di Scala et al., 2019; He et al., 2016; Hsu
et al., 2018, 2014; Hugenschmidt et al., 2014; Liem et al., 2017; Lo
et al., 2018; Poole et al., 2019; Taniwaki et al., 2007; Yuan et al., 2015)
or between cortical motor and default mode networks (see review
(Wilson et al., 2019)).

In this study, we characterized the connectivity among the regions
of the basal ganglia with the goal to identify clusters of connectivity
that would be associated with gait slowing in the elderly. We examined
a diverse cohort of community-dwelling older adults without neuro-
degenerative diseases, and with a rich characterization of locomotor
risk factors, including muscle strength (McLean et al., 2014), vision
(Chaudhry et al., 2010), joint pain (White et al., 2013), and obesity
(Vincent et al., 2010) but also WMH and brain volume (Rosso et al.,
2017). We hypothesized that lower connectivity among the regions of
the basal ganglia would be associated with slower gait speed. This was
based on evidence that: (1) basal ganglia are involved in automatic gait
and promoting fluidity of gait; (2) basal ganglia connectivity declines
with age and in patient populations appears to be positively correlated
with motor performance; and (3) slow gait has been associated with
smaller gray matter volume and lower dopaminergic neurotransmission
in the basal ganglia. In addition to examining whether this association
would be significant after adjusting for WMH, a marker of cSVD, and
other locomotor risk factors, we quantified and compared the stan-
dardized parameter estimates of connectivity with that of such factors.

2. Methods

2.1. Participants and study design

Health ABC (Aging, Body, Composition) is a longitudinal study to
investigate changes in physical and cognitive changes in elderly in-
dividuals who were healthy at baseline (1997–1998). Participants
(70–79 years old) were recruited to community-based settings from
Pittsburgh, PA and Memphis, TN from 1997 to 1998 (Simonsick et al.,
2001). Participants were followed annually and completed assessments
of physical and cognitive health (Houston et al., 2008). All data is
available by request at https://healthabc.nia.nih.gov/.

A set of the participants in Pittsburgh (n = 325) on years 10 and 11
(2006–2008) were recruited to complete MRI scanning if they met in-
clusion criteria: no assistive devices for walking, eligible for MR scan-
ning (e.g., no metal in body), had a mobility measure on the previous
visit, and no history of neurological or psychological illnesses
(Nadkarni et al., 2014; Rosso et al., 2014). While all participants had
resting state MRI data collected, a set of these participants had poor
coverage of the brain or signal dropout identified visually in the basal
ganglia (n = 44) while another set did not have gait measures (n = 10)
so they were excluded from further analysis. A total of n = 271 par-
ticipants were included in our final analysis.

2.2. Population characteristics

Gait speed was obtained at time of the brain MRI by asking parti-
cipants to walk along a 20 m corridor at their usual-paced walking
speed from a standing start. This was repeated three times, and the
average of the three passes was computed. Participants were instructed
to walk “as you normally would.” Walking time was recorded by
stopwatch and converted to speed in meters per second. Demographics
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were obtained at study entry.
Other factors influencing gait slowing were collected close to the

time of the MRI visit (< 6 months) and included: body mass index
(BMI, kg/m2), quadriceps muscle strength (via kin-com), eyesight (self-
report, 1-excellent to 6-completely blind), and joint pain (knee, back,
other sites, via self-report, present/absent). Isokinetic strength of the
right knee extensors (unless injured) was determined at 60 deg/s with a
dynamometer (Kin-Com, Chattanooga, TN) with three repetitions
(maximal torque was recorded) (Goodpaster et al., 2001). Prevalent
cardiometabolic conditions that are often associated with physical
function were ascertained from interviews with the participants and
confirmed by use of medication: cardiovascular disease (prevalent
myocardial infarction, angina, congestive heart failure, stroke and
peripheral arterial disease), hypertension (including prevalent treated
hypertension and blood pressure level), diabetes, chronic obstructive/
restrictive pulmonary disease, and osteoarthritis (hip, knee and un-
specified site). Participants were coded as having hypertension if they
had systolic blood pressure greater than 140 mm Hg or diastolic blood
pressure greater than 90 mm Hg or self-reported hypertension diag-
nosis/antihypertension medication use at MRI. Participants were de-
fined as having diabetes if their fasting plasma glucose was> 126 mg/
dL or 2-hour post-challenge>200 Hg/dL or self-reported a diabetes
diagnosis or diabetes medication use (Yaffe et al., 2009). Each condi-
tion was coded as present/absent; a composite score indicating burden
of cardiometabolic conditions was created by summing these condi-
tions, ranging from 0 (no cardiometabolic conditions) to 5 (all five
cardiometabolic conditions present). Depressive symptoms were de-
scribed at the time of MRI based on the 20-item Center for Epidemio-
logic Studies-Depression (CES-D) scale (Andresen et al., 1994). The
Modified Mini-Mental State Examination (3MSE) was used to assess
general cognitive function at the time of MRI (Teng and Chui, 1987).
The Digit Symbol Substitution Test (DSST) was also administered at the
same time to assess processing speed (Wechsler, 1955).

2.3. MRI acquisition

MRI scans were obtained at the MR Research Center of the
University of Pittsburgh using a 3T Siemens Tim Trio MR Scanner and a
Siemens 12-channel head coil. An axial, whole-brain T1-weighted
magnetization prepared rapid gradient echo (MPRAGE) was collected
with repetition time (TR) = 2300 ms, echo time (TE) = 3.43 ms, flip
angle (FA) = 9 deg, field of view (FOV) = 224x256, 1 mm3 isotropic
resolution, no gap, and no acceleration. An axial, whole-brain fluid
attenuated inversion recovery (FLAIR) sequence was collected to ap-
propriately identify white/gray matter as well as WMH, a marker of
cSVD. This sequence had TR = 9160 ms, TE = 90 ms, FA = 150 deg,
FOV = 212x156, 1x1x3mm resolution, 3 mm gap, and no acceleration.
We collected an axial, whole brain (excluding the cerebellum) echo-
planar imaging (EPI) sequence to measure blood-oxygen dependent
responses during resting state. This sequence had a TR = 2000 ms,
TE = 34 ms, FA = 90 deg, FOV = 128x128, 2x2x3mm resolution, and
no acceleration.

2.4. Structural and functional image processing

Structural Image Processing for Transformation to a Standard
Anatomical Space. All processing steps were conducted in SPM12 unless
otherwise noted (Penny et al., 2011) (Wellcome Centre for Human
Neuroimaging, London, UK). All image space interpolation was per-
formed using 4th degree B-spline method and the similarity metric for
registrations was mutual information (for motion correction) or nor-
malized mutual information (coregistration between different image
types). FLAIR images were coregistered to the MPRAGE (12 degree of
freedom transformations) then a multi-spectral segmentation was con-
ducted of both the MPRAGE and coregistered FLAIR into 6 tissues: gray
matter, white matter, cerebrospinal fluid (CSF), skull, soft-tissue, and

air. Default values were used for the segmentations in SPM except the
number of Gaussians for white matter was set to 2 to include WMH.
Segmentation also outputs a deformation field, which can be used to
normalize functional images to a standard anatomical space (Montreal
Neurological Institute, MNI, space). We created an automated mask by
combining threshold maps of gray matter, white matter, and CSF
(probability of 0.1) then conducting image filling and image closing (in
MATLAB, MathWorks Inc, Natick MA). The total volume of this was
extracted and represented the intracranial volume (ICV). We then
computed the total gray matter volume (GMV) by counting voxels
where the gray matter probability was highest compared to other tis-
sues.
Segmentation of FLAIR Imaging to Compute WMH Volume. We used a

semi-automated segmentation procedure for identifying WMH on the
FLAIR (Wu et al., 2006). This method identifies seeds above a specified
standard deviation of intensities and then uses fuzzy connectedness to
grow the seeds. One highly trained analyst (5+ years of experience)
viewed the segmentation per individual and ensured that WMH were
extracted appropriately. The log of the WMH volume was used as a
measure of WMH burden as WMH volume measures are typically
skewed and the log WMH is more normally distributed.
Resting State Preprocessing. Resting state data underwent slice-time

correction, motion correction, co-registration to the skull-stripped
structural image, normalization with the generated deformation field,
and smoothing with an 8 mm Gaussian kernel. We then conducted
wavelet despiking using the BrainWavelet Toolbox, which uses data-
driven and a locally-adaptive denoising method to deal with motion
artefacts (Patel et al., 2014). We conducted no scrubbing of scan vo-
lumes, instead interpolated across motion artefacts using the wavelet
procedure. To account for effects of no interest, we regressed the fol-
lowing features per voxel using SPM: 6 parameters of motion, 5 ei-
genvariates of white matter and cerebrospinal fluid (i.e., CompCor)
(Behzadi et al., 2007), and sinusoids corresponding to unwanted fre-
quencies outside of the band-pass in resting state (i.e., a band-pass filter
0.008–0.15 Hz). This was done using in-house software written in
MATLAB. By doing this in one step, we did not reintroduce artifact/
noise into our signal (Lindquist et al., 2019). We did not conduct global
signal regression due to its controversial nature, where it has been
shown to have negative and positive impacts (Murphy and Fox, 2017).
ROI-to-ROI Connectivity. Using a custom script in MATLAB, we

conducted region-of-interest (ROI)-based connectivity analysis for each
participant using the following ROIs of the basal ganglia (left and right
hemispheres separate): caudate, dorsal caudal putamen, dorsal rostral
putamen, ventral rostral putamen, nucleus accumbens, pallidum, sub-
stantia nigra, and subthalamic nucleus (Di Martino et al., 2008; Tomasi
and Volkow, 2014). These locations in MNI space were taken directly
from these two manuscripts. We did not separate the internal and ex-
ternal globus pallidus, due to the low resolution of the functional data.
These ROIs were created with a 10 mm sphere around the locations
determined from several previous studies (Di Martino et al., 2008;
Tomasi and Volkow, 2014). ROI-to-ROI based connectivity was com-
puted by computing the eigenvariate of each region and calculating
their correlation. This represents the weighted mean across all voxels
that explains the maximum amount of variance, which is obtained
using principal components analysis. This resulted in 120 unique pairs
of connectivity for each participant, which were input into the k-means
clustering analysis. The regions and an example of the connectivity
matrix are shown in Fig. 1a and Fig. 1b, respectively.

2.4 K-means clustering analysis
Our clustering analysis was conducted with MATLAB 2016b

(MathWorks Inc, Natick MA) using the k-means clustering algorithm
with squared Euclidean distance as our distance metric. We first com-
puted the number of expected clusters using the Calinski-Harabasz (also
known as variance ratio) criterion, which is the ratio between the
“between cluster sum-of-squares” and “within cluster sum-of-squares”
(Caliński and Harabasz, 1974). The ratio is evaluated for increasing
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numbers of clusters. The optimal solution should be given by the first
local maximum of the ratios. We conducted clustering of our data with
1,000 repetitions and group each individual into a cluster. We re-
evaluated our clusters using connectivity data that were standardized to
a mean equal to zero and a standard deviation of one, but that did not
alter our solution. We used a Silhouette plot (Rousseeuw, 1987), where
each value indicates how close each point in one cluster is to points in
the neighboring clusters – thus large Silhouette values indicate a good
separation. Large numbers of negative Silhouette values indicate a poor
fit or that a larger/smaller number of clusters is needed.

We then conducted analysis to test the stability of these solutions
using bootstrapping. We randomly resampled our data 5,000 times
without replacement only including 75% of the sample. We repeated
the k-means clustering analysis each time and then computed the ad-
justed Rand index (Rand, 1971) to measure the similarity between
clustering within the resampled data compared to the entire data. The
adjusted Rand index corrects for chance clusters and ranges from zero
to one, where a value of 1 indicates perfect agreement between each
solution. We then repeated this analysis with 50% of the sampling each
time to determine the stability of our solutions. Since we identified two
clusters with generally high and generally low basal ganglia con-
nectivity without spatially distributed differences (see results), we
calculated a mean basal ganglia connectivity measure across all 120
connectivity pairs.

As there were concerns that two of the regions (dorsal caudal pu-
tamen and ventral rostral putamen) were overlapping with other re-
gions, we conducted an additional sensitivity analysis. We excluded the
dorsal caudal putamen and ventral rostral putamen then reconducted
the clustering without these regions in the connectivity pairs (i.e., 66
connectivity pairs).

2.5. Statistical analysis

We conducted all analyses in SPSS 26 (IBM Corp, Armonk NY). We
conducted two multivariable linear regression analyses to understand

(1) what factors influenced gait speed and (2) what factors influenced
the basal ganglia connectivity measure. In the first analysis we re-
gressed gait velocity (dependent variable) onto the following factors
(all collected around the time of MRI): age, race, education, BMI, car-
diometabolic conditions index score, depression, total intracranial vo-
lume, gray matter volume, WMH volume, Digit-Symbol Substitution
score (DSST), eyesight, quadriceps strength, self-reported joint knee
pain, and average basal ganglia connectivity. As an exploratory analysis
we investigated whether WMH moderated the association between gait
and basal ganglia connectivity by testing for the interaction of WMH by
basal ganglia connectivity. In the second analysis, we regressed average
basal ganglia connectivity (dependent variable) onto all of the factors
above except gait speed.

While our k-means clustering analysis was conducted with the full
271 participants, due to missing non-imaging data (e.g., in other clin-
ical and demographic variables) we conducted statistical regression in a
reduced set (total sample size of 219 participants). We also verified that
the solution of the k-means clustering was not altered when in-
vestigating the more limited sample of 219 participants (not shown).
Additionally, we tested whether the sample excluded (n = 52) sig-
nificantly differed on any of the demographic/clinical variables (pair-
wise deletion of missing data) and found that they did not differ from
the complete sample (not shown). We verified that: variance inflation
factors were below 2; data were normally distributed (q-q plots); and
that the assumption of homoscedasticity was met. Unstandardized as
well as standardized estimates are reported (variables are standardized
prior to regression by subtracting the mean and dividing by the stan-
dard deviation).

In our analyses, we did not adjust for sex, as it was highly collinear
(variance inflation factors greater than 5) with quadriceps strength and
as we are attempting to understand gait speed, we concluded that we
would include quadriceps strength over sex in our models. Instead, we
conducted exploratory analyses that included sex instead of quadriceps
strength.

Fig. 1. (A) Regions-of-interest (ROIs) used of the basal ganglia overlaid on an average structural image of participants in the study. (B) An example of a single
participant’s connectivity matrix, which generates 120 unique connectivity pairs (8 regions and 2 hemispheres, 16 × 16 total connections but half used since
connectivity is bidirectional and not including diagonal since values equal one). Values represent the Pearson correlation coefficient between any pair of eigenvariate
timeseries; negative values often represent low correlation rather than anticorrelation since they may be a product of covariate signal regression rather than a true
anticorrelation.
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3. Results

Table 1 shows the demographic and clinical information from our
data. We estimated the total number of clusters using the Variance
Ratio criterion and found that the optimal number of clusters was equal
to two (see Fig. 2a). This resulted in good separation for most in-
dividuals in our sample which can be visualized by plotting the distance
between each cluster centroid (see Fig. 2b) as well as with a Silhouette
plot (see Fig. 2c) (Rousseeuw, 1987). We found that larger numbers of
clusters resulted in lower Silhouette values as well as more negative
values (not shown). We found that the two major clusters corresponded
to low and high connectivity across the entire basal ganglia without
spatially distributed differences (Fig. 3a). We conducted an in-
dependent t-test for each pairwise connectivity between the two clus-
ters and found that the high connectivity group was significantly higher
than the low connectivity group in all pairwise regions (result not
shown).

We found that our clusters were highly stable; adjusted Rand indices
were greater than 0.8 in 93% of the 5,000 bootstrap samples and ad-
justed Rand index were greater than 0.9 in 62% of those samples
(Fig. 2d). Resampling with 50% of the sample resulted on average with
a lower adjusted Rand index, but still showed 80% above an adjusted
Rand index of 0.8. We plot the connectivity matrix of a participant with
low and one with high connectivity across the entire basal ganglia
(Fig. 3b and c, respectively). Since we identified two clusters with
generally high and generally low basal ganglia connectivity without
spatially distributed differences, we calculated a mean basal ganglia
connectivity measure across all 120 connectivity pairs. We found that
the mean basal ganglia connectivity was highly correlated to the
grouping, as would be expected. The mean allows for a more con-
tinuous measure of connectivity such that participants with con-
nectivity that is on the boundary between groups can be more accu-
rately classified. Due to close spatial proximity to other regions,
sensitivity analyses excluding dorsal caudal putamen and ventral rostral
putamen yield a similar clustering solution: the average connectivity of
the basal ganglia with and without these pairs were significantly cor-
related [r(270) = 0.94, p < 0.001].

We conducted a regression with gait speed as the outcome and
connectivity, demographic factors, central nervous system factors, as
well as other factors related to gait speed as predictors. This model

explained 32% of the variance in gait speed [F(14,205) = 6.9,
p < 0.001, r2 = 0.32]. We found that slower gait speed was associated
with being Black race (compared to White race), greater BMI, lower
quadricep strength, greater WMH volume, and lower basal ganglia
connectivity (see Table 2, Fig. 4). The size of the association with gait
was similar but opposite for WMH compared to average basal ganglia
connectivity (Table 2, compare standardized regression coefficients).
The interaction of basal ganglia connectivity by WMH was not sig-
nificant (not shown).

We conducted several exploratory analyses to include the following
variables in regression models predicting gait speed: a) 3MSE due to the
associations of cognitive function with mobility, and found it was not
significantly associated with gait speed; b) sex instead of quadriceps
strength, and found sex was associated with gait speed, similar to
quadriceps strength; c) interaction of sex with WMH and of sex with
basal ganglia connectivity, and found neither was significant (not
shown).

We then conducted a regression with connectivity as the outcome,
and demographic factors, central nervous system factors, as well as
other factors related to gait speed as predictors. This model explained
13% of the variance in connectivity [F(13,206) = 2.3, p < 0.01,
r2 = 0.13]. We found that lower connectivity was associated with lower
BMI and greater WMH (see Table 3, Fig. 5).

4. Discussion

In this analysis of community dwelling older adults, we identified a
robust cluster of connectivity among the regions of the basal ganglia,
which was significantly and positively associated with gait speed. This
association was significant after adjusting for other risk factors for gait
slowing, including WMH, a marker of cSVD. The association between
connectivity and gait speed appeared similar to that of WMH, as in-
dicated by the comparable size of the standardized regression estimates.
We also found that the size of the association (i.e., standardized ß) with
connectivity was somewhat comparable, albeit less strong, to that of
other age-related risk factors for gait slowing. Taken together, our re-
sults highlight the basal ganglia connectivity as a potential correlate for
gait slowing, in conjunction with WMH and peripheral factors.

4.1. Basal ganglia connectivity and gait speed

It is generally well accepted that walking with age becomes both
slower (Studenski et al., 2011) and less ‘automated’, with greater en-
gagement of attention (Atkinson et al., 2007; Hausdorff et al., 2005;
Holtzer et al., 2006, 2012; Inzitari et al., 2007; Martin et al., 2012;
Montero-Odasso et al., 2012; Rosano et al., 2008b, 2005, 2012; Rosso
et al., 2013; Yogev-Seligmann et al., 2008) and prefrontal resources
(Bolandzadeh et al., 2014; Chen et al., 2017; Herold et al., 2017;
Holtzer et al., 2015; Mirelman et al., 2017). Greater CNS integrity has
been associated with better walking characteristics in older adults (see
reviews (Holtzer et al., 2014; Seidler et al., 2010; Tian et al., 2017;
Wennberg et al., 2017; Wilson et al., 2019)), although for the most part
associations have small effect sizes and lack specificity (e.g., may be
more associated with cognitive function in general rather than gait).

Evidence for a link between connectivity and gait speed is recent,
and primarily for cortical networks (Boyne et al., 2018; Crockett et al.,
2017; Di Scala et al., 2019; He et al., 2016; Hsu et al., 2018, 2014;
Hugenschmidt et al., 2014; Liem et al., 2017; Lo et al., 2018; Poole
et al., 2019; Taniwaki et al., 2007; Yuan et al., 2015; Zwergal et al.,
2012), with few studies examining subcortical regions and basal ganglia
in particular (Boyne et al., 2018; Zwergal et al., 2012). Previous studies
have shown both higher and lower connectivity in relation with faster
gait. For instance, better walking performance has been associated with
lower inter-network connectivity between sensorimotor and default
mode network in older adults and in Parkinson patients and also with
increases in functional connectivity among subcortical sensorimotor

Table 1
Characteristics of the sample.

Total Sample (N = 269*)

Gait Speed, meters per second 0.92 (0.18)

Demographics
Age, years 82.89 (2.7)
Female Sex, N (%) 146 (57%)
Education ≤ High school, N (%) 107 (40%)
Black Race, N (%) 105 (41%)

Central Nervous System Factors
Average Basal Ganglia Connectivity 0.1 (0.49)
White Matter Hyperintensity Volume (normalized by total

white matter volume)
0.35 (0.04)

Gray Matter Volume (normalized by total intracranial
volume)

0.28 (0.02)

Digit Symbol Substitution Test 37.1 (13.2)
Modified Mini-Mental Examination (3MSE) 93.1 (6.7)
Depressive Symptom Severity (CES-D) 6.7 (6.2)

Other Factors related to gait speed
Body Mass Index, kg/m2 27.34 (4.49)
Peak Quadriceps Muscle Strength, kg 82 (30.35)
Excellent/Good Eyesight, N (%) 182 (68%)
Joint Pain Presence, N (%) 164 (64)
Cardiometabolic index 0/1/2/3/4/5, N 19/132/53/49/

11/4

*Means (standard deviation) are reported, unless otherwise noted.
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regions (Crockett et al., 2017; Shine et al., 2013; Thibes et al., 2017).
This has been interpreted as a mechanism to keep task-related networks
focused and preventing “distracting” communications from task-irre-
levant networks. While our results add to the literature on the central
control of mobility by underscoring the relevance of higher con-
nectivity of the basal ganglia, future studies including both cortical and
subcortical connectivity measures are needed to better understand
these complex relationships.

4.2. Associations of WMH and BMI with gait speed and connectivity

Basal ganglia resting state connectivity was inversely associated
with WMH volume, and both had significant and opposite effects on
gait. The association of WMH with gait speed remained similar after
adjustment for connectivity and vice versa, and their interaction was
not significant, indicating their influence on gait may be via distinct
pathways. One potential mechanism through which WMH may affect
basal ganglia connectivity is via degeneration of myelin and axons
connecting the basal ganglia and the cortex (Scarpelli et al., 1994;

Fig. 2. (A) Variance Ratio criterion by number of clusters. Optimal clustering should be given by the first local maximum of the ratios, in our case a value of 2 clusters
was returned. (B) Each individual has a distance between each cluster centroid (in our case two clusters), and a plot of distance to cluster 1 against distance to cluster
2 helps visualize the separation of the two clusters. (C) Silhouette plot displays the Silhouette value for each individual and is a measure of how close each point in
one cluster is to points in the neighboring clusters. Most points have a moderate level of separation in both clusters, however a small number of points in cluster 1 are
not well separated. (D) Histogram of adjusted Rand index across the 5,000 random resampling (sampling either 75% or 50% of original data). Adjusted Rand index is
a measure of similarity between our original clustering and clustering with only a subset of the sample.

Fig. 3. (A) Histogram of connectivity (mean zero and standard deviation of 1) across all pairwise connectivity, which indicates that cluster 2 has low basal ganglia
connectivity while cluster 1 has high basal ganglia connectivity. Connectivity matrix of a single participant with low basal ganglia connectivity (B) and high basal
ganglia connectivity (C) is shown to demonstrate the differences between clusters.
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Table 2
Regression explaining variance in Gait Speed (dependent variable).

Independent Variables Unstandardized ß Standard Error Standardized ß t-value p-value

Intercept 1.508 0.494 3.1 0.003

Main independent variable
Average Basal Ganglia Connectivity* 0.373 0.186 0.123 2.0 0.046

Demographic Factors
Age (years) −0.007 0.004 −0.092 −1.5 0.134
Race (Ref Cat - White)* −0.090 0.025 −0.239 −3.6 <0.001
Education(Ref Cat – Less than High School) −0.014 0.017 −0.056 −0.9 0.395

Other Factors Related to Gait Speed
BMI (kg/m2)* −0.011 0.003 −0.255 −3.9 <0.001
Cerebrovascular Index −0.007 0.011 −0.037 −0.6 0.549
Joint Knee Pain (Ref Cat - Yes) −0.048 0.024 −0.119 −2.0 0.051
Quadricep Strength (kg)* 0.002 0.000 0.265 4.1 <0.001
Eyesight (1–6) 0.005 0.015 0.021 0.3 0.736

Central Nervous System Factors
Intracranial Volume (cm3) 0.000 0.000 −0.022 −0.3 0.764
Normalized Gray Matter Volume 0.138 0.556 0.017 0.2 0.805
Normalized WMH Volume* −0.052 0.020 −0.160 −2.6 0.011
Digit Symbol Substitution Test 0.001 0.001 0.068 1.0 0.322
Depression (CES-D) −0.002 0.002 −0.066 −1.1 0.278

Significant factors are bolded*.

Fig. 4. Slower gait speed was associated with greater BMI (A), lower quadricep strength (B), greater WMH volume (C), lower average basal ganglia connectivity (D),
and being Black race compared to White race (E).
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Scheltens et al., 1995); this in turn may result in a reconfiguration of the
connections within the basal ganglia. Although tract-specific WMH load
has been shown to be associated with altered connectivity (Langen
et al., 2017), for the most part, prior studies focused on cortical con-
nectivity and not the basal ganglia (Cheng et al., 2017; Zhu et al.,
2019), or examined enlarged perivascular space in the basal ganglia
gray matter instead of WMH (Acharya et al., 2019); moreover, prior
studies examined WMH-connectivity associations in the context of
cognitive and not motor function. Future studies should examine tract-
specific WMH to better understand how WMH influences basal ganglia
connectivity and mobility. It is also possible WMH and connectivity
may share risk factors, in other words they may be concurrent mani-
festations of age-related brain changes that are independent of each
other, rather than being causally linked. Of note, the associations of
connectivity with cardiometabolic factors commonly associated with
WMH were all non-significant (Shaaban et al., 2019). Longitudinal
studies need to assess whether basal ganglia connectivity and WMH
have non-overlapping risk/protective factors.

The positive association of BMI with basal ganglia connectivity in
the presence of its inverse association with gait speed, is seemingly
counterintuitive. Prior studies (Coveleskie et al., 2015; Kullmann et al.,
2012) showed hyperconnectivity of the reward network within the
basal ganglia in individuals who are obese; however, these studies did
not examine the influence of BMI on basal ganglia connectivity as a
whole, nor its associations with mobility. Perhaps basal ganglia hy-
perconnectivity in individuals who are obese may help compensate for

the negative biomechanical effects of higher BMI on locomotion. Fur-
ther studies should examine the spatial distribution of BMI-related
hyperconnectivity and its influence on gait.

4.3. Negative results and limitations

Our connectivity analyses indicate the lack of spatially distinct
clusters of connectivity within the basal ganglia. We would have ex-
pected the sensorimotor subregions to be more strongly correlated
compared to, for example, the limbic and sensorimotor subregions. We
instead found only two distinct clusters of globally high and low con-
nectivity among all regions of the basal ganglia. It is possible that the
grouping of basal ganglia connectivity (high vs. low across all pairwise
connections) was dependent on spatial resolution. Therefore, it is pos-
sible a greater spatial resolution would have resulted in greater number
of groups within the basal ganglia. Future studies need to investigate
whether a higher resolution fMRI sequence would identify greater
number of clusters and spatial patterns among individual regions of the
basal ganglia.

One important note about our results is that we did not find an
association between cognitive function and gait speed in our results,
even though we have previously shown that these are associated in the
parent cohort (Rosano et al., 2005) of 3,705 participants. This study
examined a subsample of the parent cohort, and this may decrease our
ability to detect those effects. Another reasoning is that cognitive
function and factors like WMH and volume may include similar

Table 3
Regression explaining variance in Basal Ganglia Connectivity (dependent variable).

Independent Variables Unstandardized ß Standard Error Standardized ß t-value p-value

Intercept 0.156 0.184 0.8 0.397

Demographic Factors
Age (years) −0.001 0.002 −0.032 −0.5 0.639
Race (Ref Cat - White) 0.002 0.009 0.019 0.2 0.806
Education(Ref Cat – Less than High School) −0.005 0.006 −0.055 −0.7 0.461

Other Factors Related to Gait Speed
BMI (kg/m2)* 0.002 0.001 0.158 2.2 0.032
Cerebrovascular Index 0.004 0.004 0.064 0.9 0.361
Joint Knee Pain (Ref Cat - Yes) 0.017 0.009 0.131 1.9 0.056
Quadricep Strength (kg) 0.000 0.000 0.036 0.5 0.624
Eyesight (1–6) 0.000 0.006 0.005 0.1 0.946

Central Nervous System Factors
Intracranial Volume (cm3) 0.000 0.000 −0.134 −1.6 0.111
Normalized Gray Matter Volume 0.073 0.208 0.028 0.4 0.725
Normalized WMH Volume* −0.020 0.007 −0.186 −2.7 0.008
Digit Symbol Substitution Test 0.000 0.000 −0.028 −0.4 0.712
Depression (CES-D) −0.001 0.001 −0.089 −1.3 0.193

Significant factors are bolded*.

Fig. 5. Lower average basal ganglia connectivity is significantly associated with lower BMI (A) and greater WMH volume (B).
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variance. Lack of an association with cognitive function does not refute
many past results that show there is an association between gait and
cognitive function.

Limitations of this study urge caution in interpreting our results. It is
important to recognize that usual-paced walking speed is just one
measure of gait, which is a complex process with multiple components.
Future studies should use a number of different measures of gait re-
peated several times to fully comprehend the complexity of gait-related
impairments. While we focused on the co-activation of the regions of
the basal ganglia, which has not been examined in detail, we did not
examine the regions that are known to work with the basal ganglia in
motor control, notably the thalamus, the sensorimotor cortices and the
cerebellum. We also did not examine whether the associations are
driven exclusively by the motor networks that are associated with the
basal ganglia. It could be that the associative components or reward-
related components are contributing to these associations; but we are
unable to distinguish these in such a study. Our study is cross-sectional
in nature, so it is unclear how these factors change longitudinally, and
all associations are bidirectional in nature, thus we could not identify
causal pathways. In addition, our sample consists of primarily older
adults with a narrow age range of an average age of 83 (SD = 2.8),
preventing generalization to the younger elderly.

4.4. Implications of our findings

Our data of higher connectivity in the presence of both age-related
impairments (e.g. higher WMH and higher BMI) and faster gait indicate
a potential compensatory role for the connectivity among the regions of
the basal ganglia. One implication of our results is that there may be
potential treatment options to modify resting state connectivity to im-
prove gait speed. There is emerging evidence that connectivity of the
basal ganglia to the cortex may increase after exposure to certain
neuroprotective factors (Chirles et al., 2017; Gard et al., 2015;
McGregor et al., 2018; Yin et al., 2018) or levodopa (Gao et al., 2017).
Thus, individuals with impairments in both connectivity of the basal
ganglia and gait speed may benefit from treatment with levodopa,
while individuals with normal gait speed and low connectivity or ab-
normal gait speed and high connectivity (where gait impairment may
not be related to basal ganglia impairment) may not benefit. One past
study in PD showed that gait speed improved after administration of
levodopa (Curtze et al., 2015), though not to levels in individuals
without PD. Another study showed that in individuals with late-life
depression who had slowed processing and gait speed that treatment
with levodopa increased both the availability of dopamine in the brain
(as measured by positron emission tomography) and improved gait
speed, processing speed, and depressive symptoms (Rutherford et al.,
2019). Thus, it is possible that if we identify individuals who have gait
impairment and lower basal ganglia connectivity, we may be able to
more effectively personalize treatments, i.e., only treat with levodopa
when impairment is associated with basal ganglia dysfunction as they
stand to benefit most from that treatment. Furthermore, this may have
even greater benefits in individuals with PD or late-life depression.

5. Conclusion

The field of gerontology is increasingly recognizing the need to
identify neural biomarkers of mobility control, especially in older
adults without neurological diseases, to design preventions and treat-
ments of age-related mobility impairments (Rosso et al., 2013; Sorond
et al., 2015; Varma et al., 2016). Our results provide a potential me-
chanistic model whereby higher connectivity in the basal ganglia may
positively influence gait speed. An implication of this finding is that
higher connectivity of the basal ganglia may provide resilience against
the detrimental effects of common locomotor risk factors by favoring
automated motor control. It may also be interpreted as a compensatory
response, however due to the cross-sectional nature of our study that is

unclear. Resilience due to the basal ganglia integrity is a potentially
promising area of inquiry. Unlike WMH and brain structural impair-
ments, connectivity of the basal ganglia is modifiable, and can serve as
a target for interventions. Future studies could investigate if those with
low (but not high) basal ganglia connectivity and gait impairment could
benefit from interventions targeting this system.
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