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Gait speed and gait variability are clinically meaningful markers of locomotor control that
are suspected to be regulated by multiple supraspinal control mechanisms. The purpose
of this study was to evaluate the relationships between these gait parameters and
the functional connectivity of brain networks in functionally limited older adults. Twelve
older adults with mild-to-moderate cognition “executive” dysfunction and relatively slow
gait, yet free from neurological diseases, completed a gait assessment and a resting-
state fMRI. Gait speed and variability were associated with the strength of functional
connectivity of different brain networks. Those with faster gait speed had stronger
functional connectivity within the frontoparietal control network (R = 0.61, p = 0.04).
Those with less gait variability (i.e., steadier walking patterns) exhibited stronger negative
functional connectivity between the dorsal attention network and the default network
(R = 0.78, p < 0.01). No other significant relationships between gait metrics and the
strength of within- or between- network functional connectivity was observed. Results
of this pilot study warrant further investigation to confirm that gait speed and variability
are linked to different brain networks in vulnerable older adults.
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INTRODUCTION

Age-related decline in locomotor control often leads to falls and adversely affects one’s quality
of life and independence. Locomotor control is most commonly assessed by measuring average
preferred gait speed and/or gait variability (i.e., the degree of steadiness about the average of a given
stride parameter over consecutive strides). Intriguingly, these two metrics are often uncorrelated
(Hollman et al., 2011; Lord et al., 2013) and may be independently influenced by experimental
stressors (Hausdorff, 2005, 2007). It seems reasonable to hypothesize, therefore, that gait speed and
gait variability may be regulated by fundamentally different functional networks within the brain.

The relationships between metrics of gait and brain function during walking have been
challenging to establish primarily because current neuroimaging tools are sensitive to head and
body movements (Hamacher et al., 2015; Wittenberg et al., 2017). Alternatively, resting-state
functional magnetic resonance imaging (rs-fMRI) is a powerful tool that enables estimation of
functional organization within the brain (Biswal et al., 1995; van den Heuvel and Pol, 2010)
and subsequently, determination of how this organization is linked with function and behavior
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(Lee et al., 2013; Cruz-Gómez et al., 2014; Connolly et al., 2016).
Rs-fMRI can be used to identify highly replicable functional
networks (Fox and Raichle, 2007; Yeo et al., 2011) and to
quantify the patterns of functional connectivity within and
between networks (Yeo et al., 2011), providing a reliable and
measureable tool to assess cortico-cortical connectivity and its
link with complicated human behaviors such as gait (Yuan et al.,
2015). Moreover, as rs-fMRI is a “task-free” tool, it minimizes
physical movements and avoids confounding from unrelated
cortical processes present during the execution of a given task
(Yeo et al., 2011).

Recent studies have demonstrated that slow gait speed
associates with alterations in the function of the frontoparietal
control network (Yuan et al., 2015; Jor’dan et al., 2017) – a
network closely linked to executive function. Yuan et al. (2015)
reported that functional connectivity within a cluster of frontal
and parietal regions was related to gait speed in healthy adults;
however, they did not report on the strength or direction of this
relationship. Moreover, no studies to date have used rs-fMRI to
establish links between fundamentally different properties of gait
(i.e., speed and variability) and the functional connectivity of
established brain networks. The objective of this study was thus to
establish the relationship between clinically important measures
of locomotor control and the strength of resting-state functional
connectivity within and between functional brain networks in
older adults. To accomplish this objective, we performed an
analysis of an existing dataset collected from a small sample of
ambulatory, non-demented older adults with mild-to-moderate
cognitive-motor deficits. We hypothesized that gait speed and
variability would be dependent upon distinct functional networks
within the brain.

MATERIALS AND METHODS

We conducted a secondary analysis of baseline data from of a
double-blinded, pilot randomized controlled trial on the effects
of non-invasive brain stimulation on older adults. Inclusion
criteria for that study included men and women who (1) were
aged 65 years or older, (2) walked relatively slowly as indicated
by a 4 m over-ground preferred walking speed of less than
1.0 m/s (Guralnik et al., 1995), and (3) exhibited mild-to-
moderate cognitive “executive” dysfunction as indicated by a
Trail Making Test (TMT) B time below the 25th percentile of
age- and education-based norms (Tombaugh, 2004). The TMT
test is considered as an index of executive function (Arbuthnott
and Frank, 2000). In Part A, participants were asked to connect
a series of numbers in sequential order on a sheet of paper as
quickly and accurately as possible. In Part B, participants were
asked to connect numbers or letters in alternating sequence (e.g.,
1, A, 2, B, etc.). The time taken to complete each part was
recorded. Participants were given up to 300 s to complete each
part of the TMT test.

Participants were excluded if they (1) could not stand
or ambulate unassisted, (2) had a clinical history of stroke,
Parkinson’s disease, or other physician-diagnosed neurological
disorders, (3) had a score of 18 or lower on the Mini-Mental

State Examination (MMSE) (Folstein et al., 1975; Tombaugh and
McIntyre, 1992) (to ensure that enrolled participants were able
to understand and complete the study protocol), (4) had self-
report of physician-diagnosed schizophrenia, bipolar disorder or
other psychiatric illness, (5) had severe depressive symptoms as
indicated by a Geriatric Depression Scale (GDS) score > 12 (van
Marwijk et al., 1995), (6) had severe arthritis or lower-extremity
pain, or (7) had physician-diagnosed peripheral neuropathy
affecting the lower extremities.

Seventeen of 201 screened individuals were included in the
parent study. Of these, 12 participants were eligible for and
completed a baseline brain MRI scan and included in this analysis
(Mean ± SDage = 76.2 ± 9.5 years; 4 males and 8 females). The
five participants who did not complete the MRI were ineligible
due to the presence of potentially unsafe ocular implants.

All participants signed an informed consent form and the
study was approved by the Hebrew SeniorLife Institutional
Review Board.

Data Acquisition and Analysis
Data analyzed in the current study were acquired during a
screening visit, a baseline assessment and a functional MRI scan
of the brain. Screening tests included MMSE, the TMT Parts
A and B, and the Four Meter Walk Test (see inclusion and
exclusion criteria above). Eligible participants then completed
a gait assessment and resting-state fMRI measurement on two
separate days separated by less than a week. Prior to obtaining
a gait assessment, we also measured resting blood pressure and
heart rate.

Gait Assessment
Participants completed an established protocol (Jor’dan et al.,
2017), in which they performed one practice and five official
trials of over-ground walking at preferred speed on a 60-foot oval
indoor track with a 16-foot GAITRite mat placed along one side
(CIR systems, Inc., Franklin, NJ, United States, 100 Hz sampling
frequency). Participants walked approximately 1.25 times around
the track such that they passed over the mat twice per trial.
Across all participants, the fewest number of GAITRite-identified
strides was 15. Previous reports have indicated that as few as
10 strides is sufficient for accurate estimation of both gait speed
(Hollman et al., 2010) and stride time variability (Perera et al.,
2016; Kroneberg et al., 2017). Participant instructions were as
follows:

“When I say go, walk across the mat and then continue walking
until I tell you to stop. Walk at your normal speed, as if you were
walking down the street to go to the store”.

Average gait speed (m/s) and stride-to-stride time variability
(%) were derived from each trial based upon concatenated
footfalls from both passes over the mat. Gait speed was obtained
by dividing the distance traveled (over the mat) by time. Gait
variability (%) was defined as the coefficient of variation (CoV)
about the mean right stride time. We chose to focus on stride time
because stride time variability is reliable over time (Hausdorff,
2005; Brach et al., 2008) and sensitive to important health
outcomes including falls in older adults (Brach et al., 2001;
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FIGURE 1 | Resting-state functional connectivity of the frontoparietal control network. The standard map (A) of the frontoparietal control network derived from a
large sample of healthy adults (Yeo et al., 2011) was used as a functional seed to determine the strength of functional connectivity within this network of the older
adults with slow gait and executive dysfunction (B). Warmer colors indicate stronger connectivity. The black outlined region represents the region selected for
visualization of the voxel-wise analysis depicted in Figures 4A,B.

FIGURE 2 | Resting-state functional connectivity between dorsal attention network and default network. The standard maps (A) of the dorsal attention network
(green) and the default network (red) derived from a large sample of healthy young adults (Yeo et al., 2011) were used as functional seeds to determine the strength
of functional connectivity between these networks of the older adults with slow gait and executive dysfunction (B). Warmer colors represent regions with stronger
in-phase functional connectivity to the default network; cooler colors represent regions with stronger anti-phase functional connectivity to the default network. The
black outlined region represents the region selected for visualization of the voxel-wise analysis depicted in Figures 4C,D.
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Hausdorff et al., 2001) and those with neurological disorders
(Hausdorff et al., 1998; Sheridan et al., 2003; Balasubramanian
et al., 2009). Each gait metric was averaged across the five trials for
each participant. Participants were encouraged to rest between
each walking trial to avoid potential fatigue. The GAITRite
system has demonstrated high concurrent validity and test-retest
reliability (McDonough et al., 2001; Bilney et al., 2003).

Resting-State MRI Acquisition and Analysis
Participants completed the MRI within a GE Signa HDxt 3
Tesla system with an 8-channel head coil within the Center for
Advanced MR Imaging at the Beth Israel Deaconess Medical
Center. Standard structural imaging was first acquired [MDEFT
(Modified Driven Equilibrium Fourier Transform) sequence
acquired axially with: 1.000 mm × 0.9375 mm × 0.9375 mm
resolution; 6.616 ms TR, 2.84 ms TE; 15◦ flip angle; 1100 ms
inversion time] followed by three 6-min runs of rs-fMRI BOLD
sequences (3 mm × 3.75 mm × 3.75 mm, 3.2 s TR, 30 ms TE,
90◦ flip angle, 52 axial slices). Only two runs were available for
three participants and in these cases, outcomes were derived from
the two available runs. During the resting-state runs, participants
were asked to fixate a cross within the MR bore for the entire
duration of the resting run.

Resting-state fMRI were analyzed using a custom combination
of software packages as previously described (Eldaief et al.,
2011; Yeo et al., 2011; Halko et al., 2014). Acquired data were
preprocessed with the following steps: spatial normalization
to the MNI template, slice-time correction, motion-correction,
and bandpass filtered for low frequency data (<0.1 Hz) spatial
smoothing (7 mm FWHM). Ventricles, white matter and the
global signal nuisance signals were regressed from the time-series.

After preprocessing, seven networks were identified based on
a previously defined parcellation from 1,000 brains (Yeo et al.,
2011) and observed spontaneous activity within and between
these seven networks. These seven highly replicated networks
included: visual, somatomotor, limbic, dorsal attention, ventral
attention, frontoparietal control, and default networks. These
entire networks were selected as regions of interest to extract
time-series. All functional connectivity measures were expressed
as z-transformed Pearson correlation coefficients between time-
series. For between-network connectivity (e.g., between dorsal
attention network and default network), z-transformed Pearson
correlation coefficients were computed between time-series from
each of the network masks. For within-network connectivity, the
mean z-transformed Pearson correlation coefficient was taken
of the average time-series with each voxel’s time-series within
the network mask. The strength of functional connectivity refers
to the magnitude of Pearson correlation coefficients between
the fMRI time-series among each spatial location. To create
voxelwise maps of network connectivity, z-transformed Pearson
correlation coefficients were computed for each voxel against
the mean time-course from the network of interest. These maps
were inspected to confirm that the spatial organization of these
networks were similar to those observed in healthy controls, as
can be observed in Figures 1 and 2. For display, these voxelwise
maps were projected onto an average cortical surface within the
Human Connectome Viewer.

TABLE 1 | Clinical characteristics of study participants.

Measure Mean ± SD Range

Age (y/o) 76.2 ± 9.5 66–93

4-Meter Walk Test (m/s) 0.7 ± 0.2 0.46–0.99

TMT – part A (sec) 66.0 ± 32.0 23.9–139.2

TMT – part B (sec) 247.5 ± 118.6 97.3–300.0

MMSE (pts) 25.3 ± 3.2 19–29

GDS (pts) 3.8 ± 3.1 0–9

Systolic BP (mmHg) 150.4 ± 21.5 116.0–178.0

Diastolic BP (mmHg) 71.5 ± 10.8 65.5–80.5

TMT, Trail Making Test; MMSE, Mini-Mental State Examination; GDS, Geriatric
Depression Scale; BP, blood pressure.

Statistical Analysis
Descriptive statistics were used to summarize participant
characteristics and study outcomes including gait speed, gait
variability and the strength of both within- and between-network
functional connectivity. Bivariate analyses were used to test our
primary hypothesis by determining the correlations between gait
metrics and functional connectivity outcomes. Those functional
connectivity variables that were significantly associated with gait
outcomes were then entered into a regression model in order
to adjust for participant age. The level of statistical significance
for this proof-of-principle analysis was set at 0.05 after adjusting
for age. Finally, secondary voxel-wise analyses were performed to
localize individual collections of voxels that were correlated with
gait metrics. The significant threshold was set at 0.001 to account
for multiple comparisons among brain voxels. As this was an
exploratory aim, no cluster-wise correction was applied. These
secondary analyses enabled us to visually compare the location of
voxel clusters and validated network-level relationships between
functional connectivity and locomotor control relationships.

RESULTS

The clinical characteristics of study participants were
summarized in Table 1. The spatial topography of the network
organization of the frontoparietal control network (Figure 1)
and default network-dorsal attention network “anticorrelation”
(Figure 2) showed similarity to previously described spatial
organization of these networks when observed in healthy
participants (Fox et al., 2005; Vincent et al., 2008; Yeo et al.,
2011). Gait speed (Mean ± SD: 0.74 ± 0.17 m/s) and gait
variability (Mean ± SD: 5.07 ± 2.72%) were not significantly
correlated with one another (R=−0.24, p= 0.45). These metrics
were correlated with the strength of functional connectivity
within or between unique brain networks (Figure 3). Specifically,
those with faster gait speed had stronger functional connectivity
within the frontoparietal control network (R = 0.61, p = 0.04,
Figure 3A). This relationship was independent of age (adjusted
p = 0.05). Gait speed was not significantly correlated with
functional connectivity either within or between any other brain
networks. In contrast, those with steadier gait (i.e., less stride time
variability) exhibited stronger negative functional connectivity
between the dorsal attention network and the default network
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FIGURE 3 | Gait speed (A,C) and variability (B,D) correlations with resting-state functional connectivity within cognitive networks: frontoparietal control (A,B) and
default-dorsal attention (C,D). Participants who walked with greater gait speed tended to have stronger functional connectivity within the frontoparietal control
network (A). Those who exhibited less stride time variability tended to have stronger functional connectivity between the dorsal attention network and the default
network (greater negative values reflect stronger anti-phase connectivity, D). No other correlations between walking metrics and resting-state network connectivity
reached significance (B,C; all other correlations not pictured).

(R = 0.78, p < 0.01, Figure 3D). In other words, less variable
gait was linked to a greater degree of anti-phase correlation in
BOLD signals between these two networks. This relationship also
remained significant after adjusting for age (adjusted p < 0.01).
Gait variability was not correlated with the strength of functional
connectivity within the frontoparietal control network (p = 0.97,
Figure 3B) or any other analyzed within- or between- network
connectivity measure.

Secondary voxel-wise analyses identified the locations where
the strength of functional connectivity correlated with gait speed
or variability, confirming a spatial organization consistient with
increases within network for gait speed and between-network for
gait variability. Several regions within the frontoparietal control
network correlated with gait speed were found primarily located
within the bilateral middle frontal gyrus [MNI coordinates:
+39, +44, +11; −41, +42, 0; −40, +21, +23] (Figures 4A,C).
In contrast, a between-network voxelwise correlation was

found in the dorsal attention network, when correlating
the strength of voxels connectivity with the default network
functional connectivity against gait variability (Figures 4B,D).
This region was located within the right superior parietal sulcus
[MNI coordinates: +30, −48, +53]. None of these clusters
remained significant after adjusting for multiple comparisons.
However, their locations help confirm that the aforementioned
relationships between functional connectivity and gait metrics
at the network-level stemmed from more focal, voxel-level
relationships within the larger functional networks.

DISCUSSION

This study examined the relationship among two common
metrics of locomotor control and the functional connectivity
of established large-scale brain networks in older adults with
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FIGURE 4 | Voxel-wise analysis of within-network (A,B) and between-network (C,D) correlation of functional connectivity with gait speed (A,C) or gait variability
(B,D). In each panel, warmer colors represent voxels whose strength of functional connectivity correlated with gait speed or variability, when seeding either the
frontoparietal control network (A,B) or the default network (C,D). Black outlines indicate the within-network regions of the frontoparietal control network (A,B) or
dorsal attention network (C,D). Within frontoparietal control network, voxelwise functional connectivity is more strongly associated with gait speed (A) than gait
variability (B). In contrast, between-network functional connectivity from the default network to the dorsal attention network (black outline) is less strongly associated
with gait speed (C) but more strongly associated with gait variability (D).

slow gait and executive dysfunction. The results suggest that gait
speed and variability were associated with separate functional
brain networks: gait speed was correlated with the strength
of functional connectivity within the frontoparietal control
network, whereas gait stride time variability was correlated with
the strength of anti-phase functional connectivity between the
dorsal attention network and the default network. Exploratory
voxel-wise analyses further suggest that gait speed was specifically
linked to the functional connectivity of the bilateral middle
frontal gyri within the frontoparietal control network. Gait
variability, on the other hand, was primarily linked to the right
superior parietal sulcus within the dorsal attention network.

The frontoparietal control network is critically involved in
executive function (Alvarez and Emory, 2006; Damoiseaux
et al., 2006; Reineberg et al., 2015). Executive function is an
umbrella term for a series of cognitive processes that give
rise to goal-oriented behavior such as response inhibition,
shifting of attention and working memory (Testa et al., 2012;
Reineberg et al., 2015; Reineberg and Banich, 2016). Each of these
subcomponents of executive function is governed by specific
brain regions within and beyond the frontoparietal control
network (Miyake et al., 2000; Miller and Cohen, 2001; Alvarez
and Emory, 2006; Reineberg et al., 2015; Connolly et al., 2016;
Reineberg and Banich, 2016). Our observation that those with
faster gait speed have stronger functional connectivity within
the frontoparietal control network—and particularly the middle
frontal gyri—suggests that this widely assessed characteristic of
locomotor control depends upon the integrity of communication

within a collection of brain regions linked to executive function.
This result is supported by previous studies (Yuan et al., 2015;
Jor’dan et al., 2017) that gait speed was correlated with functional
connectivity of the frontoparietal control network. However,
their works either did not specify the strength or direction of this
gait speed – brain network relationship (Yuan et al., 2015) or did
not investigate the link between gait variability and functional
brain networks (Jor’dan et al., 2017). Our results strengthen
the notion that gait speed is dependent upon the integrity of
the frontal control network. Furthermore, we found that gait
variability is correlated with the between-network functional
connectivity.

The degree of anti-phase functional connectivity between the
dorsal attention and default networks has been linked to one’s
ability to allocate attention to a given task and sustain it over time
(Esterman et al., 2014; Dixon et al., 2017). Specifically, individuals
with stronger anti-phase activity between these networks, as
measured during rest, tend to exhibit less “intra-individual
variability” in behavioral performance; that is, they have less
variation in reaction time to a congruent or incongruent stimulus
when presented visually at random time intervals. This outcome
is considered an index for how efficiently one is able to allocate
and sustain attentional resources (Bellgrove et al., 2004; Kelly
et al., 2008) and exaggerated intra-individual variability is often
viewed as a hallmark of attentional impairments (West et al.,
2002; Kelly et al., 2008; Duchek et al., 2009). Our observations
indicate that those with stronger anti-correlated resting brain
activity between the dorsal attention network and the default
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network have less gait variability. Together, these results
suggest that gait variability (or steadiness) is at least in
part reliant upon one’s ability to sustain their attention over
time, and at the physiologic level, dissociate the activity of
these two networks. This notion is supported by previous
studies demonstrating that as compared to walking under
normal conditions, walking while simultaneously completing an
attention-demanding task (e.g., mental arithmetic) increases gait
variability, especially in those individuals with Parkinson’s disease
(Hausdorff et al., 2003; Yogev et al., 2005) or Alzheimer’s disease
(Sheridan et al., 2003).

While the current preliminary results provide proof-of-
principle that gait speed and gait variability are linked to
different brain networks, the small sample size limited our
ability to identify more specific brain regions associated with
gait metrics. Moreover, participants in this study presented
with a common aging phenotype of relatively slow gait and
mild-to-moderate cognitive impairment, yet did not suffer
from dementia or other major neurological or musculoskeletal
disorder. Future studies are warranted with larger sample sizes
and a wider range of clinical populations to further identify
and delineate relationships between functional connectivity
and gait. As hypertension may affect resting-state functional
connectivity in older adults (D’Esposito et al., 2003; Son
et al., 2015), future studies are needed to examine the role
of this and other cardiovascular and cerebrovascular outcomes
on the current observed relationships. Moreover, in this
study, we only examined gait during walking under normal,

quiet conditions. Future studies should thus investigate the
relationships between one’s ability to walk while performing
a cognitive “dual” task, as related gait outcomes provide an
accurate estimation of cognitive excitability (Hobert et al., 2017)
and have been linked to future falls and dementia in older
adults.
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