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Abstract

Background: In older adults, elevated gait variability when walking has been associated with both cognitive impairment and future falls. This 
study leveraged 3 existing data sets to determine relationships between gait variability and the strength of functional connectivity within and 
between large-scale brain networks in healthy older adults, those with mild-to-moderate functional impairment, and those with Parkinson’s 
disease (PD).
Method: Gait and resting-state  functional magnetic resonance imaging data were extracted from existing data sets on: (i) 12 older adults without 
overt disease yet with slow gait and mild executive dysfunction; (ii) 12 older adults with intact cognitive-motor function and age- and sex-matched 
to the first cohort; and (iii) 15 individuals with PD. Gait variability (%, coefficient of variation of stride time) during preferred walking speed 
was measured and correlated with the degree of functional connectivity within and between 7 established large-scale functional brain networks.
Results: Regression models adjusted for age and sex revealed that in each cohort, those with less gait variability exhibited greater negative 
correlation between fluctuations in resting-state brain activity between the default network and the dorsal attention network (functionally 
limited older: β = 4.38, p = .027; healthy older: β = 1.66, p = .032; PD: β = 1.65, p = .005). No other within- or between-network connectivity 
outcomes were consistently related to gait variability across all 3 cohorts.
Conclusion: These results provide strong evidence that gait variability is uniquely related to functional connectivity between the default 
network and the dorsal attention network, and that this relationship may be independent of both functional status and underlying brain 
disease.
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The ability to walk safely is essential to maintaining functional in-
dependence in older adults. Walking is a continuous task that re-
quires the repetition of gait cycles, defined as the body movements 
that occur in between 2 consecutive heel strikes of the same foot. 

Similar to heart beat dynamics, no two gait cycles are exactly the 
same, and the degree to which they vary provides important insight 
into health. Specifically, elevated stride time variability is a sensitive 
predictor of future falls (1), frailty (2), and cognitive decline (3–6). 

https://orcid.org/0000-0002-7964-7717
https://orcid.org/0000-0002-7561-3560
mailto:AmyLo@hsl.harvard.edu?subject=


It is also particularly elevated in those suffering from progressive 
neurological diseases including advanced Parkinson’s disease (PD) 
(7,8), Huntington’s disease (7), multiple sclerosis (6,9,10), and cere-
bellar ataxia (11).

Walking requires activation of brain networks to attend to task-
relevant aspects of the body and external environment, and at the 
same time avoid task-irrelevant distractors, in order to make pro-
active and reactive corrections to body movements over time. In a 
previous small study of older adults without overt disease, yet who 
presented with slow gait and mild-to-moderate executive dysfunc-
tion, we observed a significant correlation between gait variability 
and the strength of resting-state functional connectivity between 2 
large-scale cortical networks in the brain; namely, the dorsal atten-
tion network and the default network (12). In those who walked 
with less gait variability, fluctuations in resting state activity within 
these two networks exhibited stronger negative correlation with one 
another. In other words, when one network exhibited an increase in 
activity, the other tended to decrease activity, and vice versa (13–15).

The relationship between the default network and the dorsal at-
tention network is critical to cognitive function, and in particular, 
appears to subserve the ability to engage in a cognitive task and 
sustain performance in that cognitive task over time (16–18). We 
therefore contend that this important aspect of brain function is also 
critical to one’s ability to maintain consistent walking patterns over 
time, as measured by gait variability. As the previously published co-
hort (12) consisted only of a small sample of older adults with clinic-
ally significant functional limitations, the purpose of this study was 
to determine if the observed relationship between gait variability 
and resting-state brain activity of the dorsal attention and default 
networks was also present in (i) healthy older adults matched to 
the original cohort for both age and sex, and (ii) individuals with 
early-stage PD. We examined PD in particular because this disease is 
often associated with marked movement disorder including elevated 
gait variability.

Method

Standard Protocol Approvals, Registrations, and 
Patient Consents
We conducted a secondary analysis of existing data from a cohort of 
functionally limited older adults, healthy older adults and a separate 
cohort of individuals with PD. Each data set included baseline brain 
magnetic resonance imaging (MRI) scan and a gait analysis, con-
ducted similarly to that previously published (12). All participants 
provided written informed consent as approved by the Institutional 
Review Board of either Hebrew SeniorLife (functionally limited and 
healthy older adult cohorts) or the Brigham and Women’s Hospital 
(PD cohort).

Participants
Functionally limited older adults
This previously reported cohort was recruited into a double-blinded, 
pilot randomized controlled trial testing the effects of noninvasive 
brain stimulation on cognitive-motor function (NC02436915) (19). 
Participants included men and women aged 65 years who presented 
with slow preferred walking speed (4-m over-ground preferred 
walking speed <1.0 m/s) and mild-to-moderate cognitive “executive” 
dysfunction (Trail-Making Test [TMT] B time within the bottom 25th 
percentile of age- and education-based norms). Twelve participants 
also completed baseline structural and functional brain imaging and 

were included in this secondary analysis (76.2 ± 9.5 years; 4 males 
and 8 females). Full details of this cohort subset have been published 
elsewhere (12). Briefly, exclusion criteria for the parent trial included 
the inability to walk independently, severe arthritis, pain, peripheral 
neuropathy, or other symptoms that may have affected walking per-
formance, a Mini-Mental State Examination score <24, a clinical 
history of stroke, PD, or other physician-diagnosed neurological 
disorders, self-report of physician-diagnosed schizophrenia, bipolar 
disorder or other psychiatric illness, or depressive symptoms as in-
dicated by a Geriatric Depression Scale >9. Those who completed 
baseline MRIs also presented without any contraindication to this 
imaging.

Healthy older adults
We then recruited 12 participants matched to the functionally 
limited cohort for both sex and age (74.7 ± 7.7 years old, 4 males 
and 8 females). Specifically, we first divided 12 cases in the function-
ally limited older adults cohort into 2 sex (ie, male, female) and 3 
age (ie, 65–74, 75–84, 85, and above) categories. We then recruited 
“healthy” older adults to ensure equal numbers of healthy and 
functionally limited participants in each of the 6 possible sex–age 
categories. All healthy participants, however, were required to have 
a 4-m preferred walking speed ≥1.0 m/s and normal executive func-
tion defined by TMT B time ≥25th percentile of age- and education-
based norms.

PD cohort
This cohort was originally recruited into a pilot study of the 
long-term impact of a 6-month Tai Chi training program in indi-
viduals with PD (NCT02418780). Briefly, participants included men 
and women aged 40–75 years who were diagnosed with idiopathic 
PD within 10 years and had limited disease progression (ie, Hoehn 
and Yahr stages 1–2.5). Exclusion criteria included diagnosis of 
atypical parkinsonism, history of stroke, head trauma, brain tumor, 
brain injury, seizures or other central nervous system conditions, 
orthopedic impairments, or other diseases that may contribute to 
gait disturbance or parkinsonism, history of severe hypertension or 
diabetes not currently controlled by medication, family history of 
seizures or unexplained loss of consciousness, current history of de-
mentia or severe psychiatric illness that predated or was deemed un-
related to PD, DSM-V criteria for alcohol or substance abuse within 
the past 6 months or 10+ years of heavy alcohol use, acute illness 
requiring hospitalization within the past 3 months, history of deep 
brain stimulation or other brain surgery, regular use of walking aid, 
lack of English fluency, use of medications that affect cerebral vas-
cular tone, or any contraindications to MRI. Fifteen participants 
(63.2 ± 6.5 years old, 8 males 7 females) with both neuroimaging 
and gait data were included for the secondary analysis.

Data Acquisition
All participants completed baseline MRIs and gait assessments as 
follows:

Resting-state functional MRI data acquisition
Functionally limited older adults and healthy older adults cohorts
MRIs were acquired with a GE Signa HDxt 3 Tesla system with an 
8-channel head coil for the functionally limited older adults cohort 
and a GE Discovery 3T MR750 system with a 32-channel head coil 
for the healthy older adults cohort. Both scanners were located within 
the Center for Advanced MR Imaging at the Beth Israel Deaconess 
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Medical Center. Although the scanners were different, the setting, 
sequence parameters, and MRI technician were the same. Standard 
structural imaging was first acquired (MDEFT sequence acquired ax-
ially with: 1.000 × 0.9375 × 0.9375 mm3 resolution; 6.616 ms repe-
tition time (TR), 2.84 ms echo time (TE); 15 deg flip angle; 1100 ms 
inversion time) followed by 3 6-minute runs of resting-state functional 
magnetic resonance imaging (rs-fMRI) blood-oxygen-level-dependent 
(BOLD) sequences (3 × 3. 75 × 3.75 mm3, 3200 ms TR, 30 ms TE, 90 
deg flip angle, 52 axial slices). Participants visually fixated on a cross 
within the MR bore and were asked to not think of anything specific 
for the entire period of the resting runs.

PD cohort
This cohort completed MRIs in a Siemens 3.0 Skyra MRI scanner 
with a 20-channel head coil at the Brigham and Women’s MRI 
Research Center (BWMRC). Structural imaging was first acquired 
(MPRAGE sequence: 0.94 × 0. 9 × 0.94 mm3 resolution; 1170 ms 
TR; 2.84 ms TE; 9 deg flip angle; field of view = 240 mm; 224 cor-
onal slices with thickness = contiguous 0.9 mm), followed by 2 to 
4 7-minute runs of rs-fMRI BOLD sequences, depending on time 
constraints and patient compliance (3000 ms TR, 30 ms TE, 3 mm 
slices). Participants were asked to close their eyes and were asked 
to let their mind freely wander without focusing on any particular 
thoughts for the entire period of the resting runs.

Gait assessment
Functionally limited older adults and healthy older adults cohorts
Gait assessments were acquired using the same protocol for both 
cohorts. Participants performed one practice and 5 official trials of 
over-ground walking at self-selected comfortable speed on a 60-foot 
oval indoor track with a 16-foot GAITRite mat placed along one 
side (CIR systems, Inc., Franklin, NJ, 100 Hz sampling frequency). 
Participants walked approximately 1.25 times around the track such 
that they passed over the mat twice per trial. Participant instructions 
were as follows: “When I say go, walk across the mat and then con-
tinue 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.” Participants 
were encouraged to rest as much as needed in between walking 
trials. All participants completed 4–5 walking trials.

PD cohort
Participants completed 2, 90-second trials of continuous over-
ground walking at self-selected comfortable speed along a long cor-
ridor (~35 m). Gait performance was captured through the Shimmer 
wearable sensor system (Shimmer Research, Dublin, Ireland) com-
prised of instrumented shoe insoles and inertial sensors placed on the 
waist and both wrists, thighs, and ankles.

Timed Up and Go test
In addition to gait data, all participants in each cohort also com-
pleted the Timed Up and Go (TUG) test of mobility. In this test, par-
ticipants began in a seated position, stood up from a chair, walked 
for a 3-m distance at a comfortable pace, turned around, walked 
back to the chair, and sat down. Participants performed the TUG 
test twice and the averaged time needed to complete the trials was 
calculated and used for analysis.

Data Analysis
We applied the same methods to process and analyze both resting 
state functional connectivity and gait across all 3 cohorts.

Resting-state fMRI data analysis
Resting-state BOLD signals were processed with custom software 
combining a mix of FSL, SPM, and 4dfp routines, which has been pre-
viously employed in prior projects (20–22). This pipeline performed 
commonly accepted standard preprocessing steps (23)  including 
spatial normalization to the MNI template, slice-time correction, 
motion-correction, and bandpass filtered for low-frequency data 
(0.08–2 Hz) spatial smoothing (7  mm FWHM). Ventricles, white 
matter, and the global signal nuisance signals were regressed from 
the time series.

After preprocessing, 7 networks were identified based on a 
previously defined and highly replicated parcellation from 1000 
brains (20) including the visual, somatomotor, dorsal attention, 
ventral attention, limbic, frontoparietal control, and default net-
works. Due to our main hypothesis, we focused only on the func-
tional connectivity between the dorsal attention network and 
the default network. Time series were extracted from each of 
the abovementioned 7 network masks to calculate the strength 
of within- and between-network functional connectivity. The 
strength of the within-network functional connectivity was deter-
mined by the magnitude of the z-transferred Pearson correlation 
coefficients of the averaged time series of each voxel’s time series 
within each network mask. The strength of the between-network 
functional connectivity was determined by the magnitude of the 
z-transformed Pearson correlation coefficients between averaged 
time series from each of the network masks.

Gait data analysis
Gait variability and gait speed were derived from each trial based 
upon concatenated footfalls from passes over the instrumented mat 
(ie, functionally limited older adults and healthy older adults) or 
the wearable sensor system (ie, PD). Gait variability, stride-to-stride 
time variability, was defined as the coefficient of variation about the 
mean stride times of the right foot. Each gait metric was averaged 
across all available trials for each participant. Both the GAITRite 
and Shimmer systems have demonstrated high concurrent validity 
and test–retest reliability (24,25).

Statistical Analysis
Descriptive statistics were used to summarize participant charac-
teristics including age, sex, BMI, TUG time, TMT A and B scores, 
gait speed, gait variability and the strength of the dorsal attention 
network, and default network functional connectivity. Linear re-
gression analyses were used to determine the correlation between 
gait variability and functional connectivity outcomes, in each cohort 
separately. Models were completed with and without adjusting for 
age and sex. The level of statistical significance was set at 0.05. All 
analyses were performed using the JMP software version 14 (SAS 
Institute, Cary, NC).

Data Availability
The study data are available and will be shared at the request of 
other investigators for purposes of replicating results.

Results

Characteristics of the 3 cohorts have been summarized in Table 1. 
As expected, the PD cohort was significantly younger than both 
the healthy and functionally limited older adult cohorts. The func-
tionally limited older adult cohort exhibited worse performance 
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in mobility (ie, TUG, gait speed, gait variability) and cognition (ie, 
TMT A and B) as compared to the other two cohorts. The healthy 
older adult and PD cohorts did not differ significantly in gait speed, 
gait variability, TUG, TMT A, or TMT B scores.

Figure 1 illustrates the negative correlation between the dorsal 
attention network and the default network in two representative 
participants (Figure 1). Subject A represents a strong negative cor-
relation between these two networks, whereas subject B represents a 
weak negative correlation.

All 3 cohorts exhibited significant correlation between the 
magnitude of gait variability and the strength of negative correl-
ation between the dorsal attention and default networks. In each 
cohort, those with lower (better) gait variability exhibited greater 
strength of negative correlation between the dorsal attention net-
work and the default network; that is, more consistent anti-phase 
fluctuations in network activity (Figure 2). After adjusting for age 
and sex, the relationship between gait variability and the strength 
of this functional connectivity remained significant within each 
cohort (Healthy older adults: B  =  1.66, p  =  .032, Functionally 
limited older adults: B = 4.38, p = .027, and Individuals with PD: 
B = 1.65, p = .005).

No other within- or between-network connectivity outcomes 
were consistently related to gait variability across all 3 cohorts. 
Several between-network connectivity outcomes, especially those re-
lated to the default network, were also correlated with gait variability 
in one or more of the cohorts. Specifically, lower gait variability was 
associated with (i) stronger negative correlation between the default 
network and the somatomotor network in the healthy older cohort 
(B  =  1.47, p  =  .017) and the PD cohort (B  =  1.31, p  =  .017), (ii) 
stronger negative correlation between the default network and the 
ventral attention network for the healthy older adult cohort (B = 1.70, 
p = .006), (iii) stronger negative correlation between the default net-
work and the frontoparietal control network for the healthy older 
adult cohort (B = 1.65, p = .010), and (iv) stronger negative correl-
ation between the default network and the limbic network in the PD 
cohort (B = 1.31, p = .034). No other significant correlation between 
gait variability and resting state functional connectivity was found to 
be stronger than the above-mentioned relationships.

Discussion

Despite its sensitivity to aging, functional status, and adverse health 
outcomes, the neural substrate of gait variability remains poorly 
understood. Our results suggest that gait variability is linked to 
the degree to which resting-state activity fluctuations in the dorsal 

attention and default networks are negatively correlated with one 
another. Across 3 heterogeneous cohorts—healthy older adults, 
older adults with mild-to-moderate cognitive-motor limitations, 
and individuals with PD—those who walked with less gait vari-
ability exhibited greater negative correlation between these two 
networks.

The dorsal attention network has been implicated in a variety of 
externally directed processes, including orienting one’s attention to-
ward external targets and goal-oriented tasks. The default network 
is involved in a variety of internally directed processes, including 
mind-wandering, self-reflection, and conceptual processing. 
Negative correlation between the dorsal attention network and the 
default network is thus believed to represent an intrinsic and dy-
namic aspect of functional brain organization reflecting one’s ability 
to switch between external, attention-demanding cognitive functions 
and internal, self-related thinking processes (13,26–28).

Stronger negative correlation between the dorsal attention net-
work and default network has been linked to greater ability to 
sustain one’s attention to a given task over time, an ability fun-
damental to higher-level cognitive functions such as learning and 
memory (17,18,29). Sustained attention, or sustained perform-
ance, refers to moment-to-moment fluctuations in cognitive behav-
ioral performance over time and is most often quantified by the 
degree of intertrial variability in performance during a continuous 
cognitive task, such as the gradual-onset continuous performance 
task (gradCPT) (18) or the Eriksen flanker task (17). In the same 
light, gait variability captures the degree of temporospatial fluctu-
ation in (one aspect of) system output during the continuous task 
of walking. Our results suggest that those with lower gait vari-
ability, that is, more consistent stride timing over time, also exhibit 
stronger negative correlation between the dorsal attention network 
and the default network. Intriguingly, both gait variability and 
sustained attention have been linked to falls (1,30), frailty (2,31), 
and Alzheimer’s disease (32–34). We thus contend that the mag-
nitude of gait variability over a bout of walking similarly reflects 
one’s ability to consistently monitor task-relevant information, and 
avoid “mind-wandering” and task irrelevant stimuli, and is thus de-
pendent upon the functionality of the same neural substrates that 
give rise to sustained attention—the reciprocal-like interaction be-
tween the dorsal attention and default networks.

There is mounting evidence that gait variability is correlated 
with multiple cortical, subcortical, and white matter elements of 
the brain (35). In particular, elevated stride time variability has 
been linked to atrophy of the right parietal cortex (36) and thal-
amus (37), smaller global white matter volume (38), and reduced 

Table 1. Basic Characteristics (mean ± SD) of Study Participants

Healthy Older Adults  
(N = 12)

Functionally Limited Older 
Adults (N = 12)

Individuals With Parkinson’s 
Disease (N = 15)

Age (y/o) 74.7 ± 7.7 76.2 ± 9.5 63.2 ± 6.2*
Sex 4M8F 4M8F 8M7F
BMI (kg/m2) 28.8 ± 5.7 30.2 ± 5.8 25.9 ± 5.2
TUG (sec) 9.3 ± 2.1 16.0 ± 5.3* 8.1 ± 1.8
Gait speed (m/s) 1.2 ± 0.2 0.7 ± 0.2* 1.3 ± 0.2
Gait variability (%) 2.1 ± 0.8 4.7 ± 1.6* 2.4 ± 0.6
TMT A (sec) 28.4 ± 6.3 66.0 ± 32.0* 41.1 ± 19.9
TMT B (sec) 67.0 ± 27.3 247.5 ± 118.6* 83.8 ± 31.3
Hoehn & Yahr stage NA NA 2.1 ± 0.2

Notes: BMI = body mass index; TMT = Trail Making Test; TUG = Timed Up and Go test.
* indicates the variable within this cohort is significantly different from the other two cohorts.
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integrity of thalamo-cortical white matter tracts (37). These brain 
regions and tracts are in fact well-aligned with the anatomical re-
gions of and connections between the dorsal attention network 
and the default network. Both of these networks include various 
parietal regions: the dorsal attention network includes the superior 
parietal lobule and the inferior parietal sulcus; and the default net-
work includes the angular gyrus of the parietal lobe. Furthermore, 
both the dorsal attention network and the default network project 
to different sub-nuclei in the thalamus (39). Results of the current 
study are thus corroborated by these known anatomic links to gait 
variability and provide a potential functional pathway through 
which such structural characteristics may disrupt locomotor 
control in older adults and in those with progressive neurologic 
disease.

Our results suggest that the interplay between the dorsal at-
tention network and default network plays an essential role in 
regulating gait variability beyond older adults with cognitive and 
motor limitations. The observed correlation in healthy older adults 
suggests that functional interactions between these two networks 
may underlie gait variability even in the absence of clinically sig-
nificant cognitive-motor decline. The same observation in the co-
hort with PD suggests that the communication between these two 

networks may contribute to gait variability even in the presence 
of a progressive neurological disease that, at least initially, spares 
these two cortical networks (40–42). Indeed, the present PD co-
hort consisted of patients at younger age and a relatively early 
disease stage as signified by comparatively similar gait variability 
and other aspects of functional performance to the healthy cohort. 
Future studies are therefore needed to examine if the observed 
relationship holds in later disease stages, where the progressive 
neurologic damage of PD may uniquely disrupt cortical network 
function.

Although large-scale data collections such as the Human 
Connectome Aging data sets exist to establish the relationship be-
tween the dorsal attention network and default network, these data 
sets do not include gait variability. Thus, while our present analyses 
are limited in sample size, this concern is mitigated by the fact that 
this study reproduces a prior finding (12). Testing the reproducibility 
of the relationship between the dorsal attention-default network 
and gait viability was the primary aim of this study. Secondary post-
hoc analyses of other network relationships confirmed this primary 
measure as the strongest relationship observed. Future studies with 
higher spatial and temporal resolution imaging protocols and indi-
vidualized network parcellations are needed to identify if these cross-
subject relationships are the product of large scale dysconnectivity 
throughout the networks or changes in topographical organization 
as gait variability increases.

Recent evidence now suggests that the interactions between 
the dorsal attention and default networks are more sophisticated 
than previously believed. We now know that these networks are 
not strictly antagonistic and can vary across default subsystems, 
time, and cognitive states. For example, interactions between these 
two networks can be modulated by other brain networks, such as 
the frontoparietal control network, under various cognitive states 
(43,44). Our current results suggest that the complex and dynamic 
interactions between the dorsal attention and default networks at 
least partially play a role in regulating walking under relatively 
simple task conditions (ie, walking at preferred speed with no add-
itional cognitive effort). Future studies are therefore warranted to 
delineate how interactions between the dorsal attention and default 
networks relate to gait in more complicated conditions (eg, cogni-
tive “dual” tasking), as well as how other brain networks including 
the frontoparietal control network might influence dorsal atten-
tion and default network interactions as they relate to locomotion 
control.

Imaging and gait data from each cohort included in this study 
were obtained on different MR scanners, methods, and via dif-
ferent gait assessment tools. These differences limited our ability 
to combine data sets or compare functional connectivity values 
across cohorts. On the other hand, such differences suggest that 
the consistent, observed link between gait variability and brain 
connectivity was in fact independent of the methods used for meas-
urement and analysis. The same global signal regression was used 
for preprocessing resting-state data in all 3 cohorts. One limita-
tion for using global signal regression is this method may result in 
shifting a centered value from a slightly positive value (eg, ~ 0.2) to 
around zero (eg, ~ 0) (45–48), potentially leading a more negative 
correlation between the dorsal attention and default networks and 
reducing the sensitivity of detecting true correlations. However, 
direct comparisons between global and nonglobal preprocessing 
methods on resting-state data indicate that these methodological 
differences do not significantly impact observed correlations be-
tween the dorsal attention and default networks (45). Lastly, the 

Figure 1. Demonstration of the interaction between the dorsal attention 
network (green color) and the default network (crimson color) from two 
subjects in the Parkinson’s cohort. Subject A  exhibited relatively strong 
negative correlation between the dorsal attention network and the default 
network, that is, the correlation value between 2 networks was −0.864 and 
the stride time variability was low (1.98%). We selected 3 time points in the 
fluctuation of the BOLD signal time series to highlight time points with high 
dorsal attention network and low default network (a), equal dorsal attention 
and default networks (b), and low dorsal attention network and high default 
network (c) activity illustrating the connectivity correlation. Subject B exhibited 
relatively weak correlation strength between activity of the dorsal attention 
network and the default network, that is, the correlation value between two 
networks was 0.013 and the stride time variability was high (3.87%). We 
selected 3 time points (d–f) in the fluctuation of the BOLD signal time series to 
highlight how similar time epochs do not differentiate the default and dorsal 
attention networks activity. LH = left hemisphere; RH = right hemisphere.
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current work utilized cross-sectional data sets and gait variability 
values obtained from walking at each participant’s preferred speed. 
Larger-scale confirmatory studies are thus needed to investigate 
whether changes in the functional connectivity between the dorsal 
attention and default networks are linked to changes in gait vari-
ability over time, and whether this aspect of functional connect-
ivity predicts gait variability in habitual and/or more challenging 
walking conditions.
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