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ARTICLE INFO ABSTRACT

Keywords: Background: Despite the prevalence of dual-task (e.g., walking while talking) deficits in people with multiple
Multiple sclerosis sclerosis (MS), no neuroimaging studies to date have examined neuronal networks used for dual-task processing
Dual'tf“k ) or specific brain areas related to dual-task performance in this population. A better understanding of the re-
Neuroimaging lationship among underlying brain areas and dual-task performance may improve targeted rehabilitation pro-
Supplementary motor area The obiecti £ thi d . lationships b . . d clinical
Walking grams. The objective of this study was to examine relationships between neuroimaging measures and clinica

measures of dual-task performance, and reported falls in persons with MS.

Materials and methods: All participants completed measures of dual-task performance, a fall history, and neu-
roimaging on a 3T MRI scanner. Spearman correlations were used to examine relationships among dual-task
performance, falls and neuroimaging measures.

Results: Eighteen females with relapsing-remitting MS [mean age = 45.5 + 8.2 SD; mean symptom dura-
tion = 12.3 + 6.7 years; Expanded Disability Status Scale median 2.25 (range 1.5-4)] participated in this study.
Structural imaging measures of supplementary motor area (SMA) interhemispheric connectivity were sig-
nificantly related to dual-task walking variability.

Conclusions: The SMA interhemispheric tract may play a role in dual-task performance. Structural neuroimaging
may be a useful adjunct to clinical measures to predict performance and provide information about recovery
patterns in MS. Functional recovery can be challenging to objectively report in MS; diffusion tensor imaging
could show microstructural improvements and suggest improved connectivity.

1. Introduction utilized fMRI to examine neuronal networks. Among healthy adults, the

supplementary motor area (SMA) which is located just anterior to the

Individuals with Multiple Sclerosis (MS), a debilitating neurode-
generative disease, experience declines in walking ability [1] and
cognitive function [2]. Up to 60% [3] of individuals with relapsing
remitting MS (RRMS) report cognitive impairments. Divided attention,
the ability to respond to multiple stimuli simultaneously, is one of the
most common domains affected [4]. Difficulty dividing attention during
gait motor-cognitive (i.e. a motor task paired with a simultaneous
cognitive task) dual-tasks [5] has been linked with falls in MS [6].

A better understanding of the underlying neural network re-
sponsible for successful dual-task performance may provide insight into
the etiology of falls in the MS population. This is particularly important
given a large body of evidence suggesting that dual-task practice in
rehabilitation results in improvements in function [7,8]. Prior work has

primary motor cortex and traditionally associated with planning and
initiation of bimanual and sequential movements [9], has been linked
with dual-tasking [10,11], task switching [12], and interlimb co-
ordination [13]. Similarly, dual-tasks are associated with activation of
SMA [14] and other prefrontal regions [14,15] in elderly adults. Dual-
task walking is associated with greater functional connectivity in the
SMA and prefrontal regions compared to single-task walking in elderly
adults on resting state fMRI [16]. Structural neuroimaging has not been
explored in the context of dual-task performance. Diffusion tensor
imaging (DTI) quantifies the diffusion of water within tissues to provide
an in vivo model of white matter integrity and microstructural damage
[17]. The primary outcomes of DTI are fractional anisotropy (FA), mean
diffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD);
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higher FA and lower MD, AD and RD values indicate a greater degree of
white matter integrity. Damage to white matter tracts affecting neu-
ronal networks in the SMA could be related to dual-task deficits in
people with MS.

Despite the prevalence of dual-task deficits in people with MS, no
structural neuroimaging studies to date have examined the relationship
among specific brain areas and dual-task processing. Therefore, the
objectives of this study were to a) determine brain activation patterns in
the SMA with fMRI and connectivity between interhemispheric SMA
with DTL; and b) examine relationships between neuroimaging (i.e.,
structural and functional) measures, and clinical measures of dual-task
performance, as well as reported falls. We hypothesized that greater
activation during a motor task and/or axonal integrity of the SMA
would be related to better dual-task performance and fewer reported
falls in individuals with MS.

2. Materials and methods

Participants were recruited from a parent study exploring training
effects of video-game exercise. The inclusion criteria were dictated by
the parent study, and all data analyzed for this study was assessed at
baseline in a single laboratory session. Inclusion criteria included
30-59 years of age, a diagnosis of RRMS using the 2010 McDonald
criteria [18], physically inactive (no > 30 min of structured exercise
weekly), and an Expanded Disability Status Scale (EDSS) score between
1.0 and 5.5. Participants were excluded if they were unable to receive
an MRI or reported an orthopedic, neurologic or cognitive impairment
that would limit participation in study assessments. All eligible in-
dividuals with MS participated in a single testing session that included a
mobility assessment and a multi-modal 3T MRI. This study was ap-
proved by the Institutional Review Board at The Ohio State University.
All participants signed consent forms prior to participation. Study data
were collected and managed using REDCap (Research Electronic Data
Capture) tools hosted at The Ohio State University [19].

2.1. Clinical measures of dual-task performance

2.1.1. GaitRite

Gait parameters were acquired with the GAITRite electronic
walkway (V3.9, MAP/CIR Inc.; Franklin, NJ), which records spatio-
temporal measures of gait and is reliable and valid for use in individuals
with MS [20]. Individuals ambulated across the GAITRite for three
trials of each of two conditions: forward at their self-selected comfor-
table pace (FW) and forward with a cognitive task of serial 3 subtrac-
tion starting at 97 (FWC). Trials for each condition were averaged and
coefficients of variability (CV) were calculated (where CV = mean/
standard deviation). We a priori chose to examine a minimal number of
spatial and temporal measures (i.e. stride length, stance time, double
support % and their CVs) as well as velocity. These measures were
chosen because stride length, stance time, and double support have
been shown to relate to balance measures in older adults [21], in-
dividuals with MS [22], and other neurodegenerative disorders [23].

2.1.2. Walking While Talking Test (WWTT)

Walking While Talking Test (WWTT) is a reliable and valid test to
identify older individuals at high risk for falls [24]. The test is per-
formed and timed under three conditions: 1) walk 40 ft with a 180° turn
at the midpoint; 2) condition 1 + recite the alphabet aloud (WWTT-
Simple); 3) condition 1 + recite alternate letters of the alphabet aloud
(WWTT-Complex) [24]. Poor performance on the WWTT-Complex
(> 335) accurately predicts elderly fallers [24] and is related to falls in
other neurodegenerative conditions [25].

2.1.3. Timed Up and Go (TUG)
Timed Up and Go (TUG) requires the participant to stand from a
chair, walk 10 ft, turn, walk back and sit down [26]. The TUG is reliable
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in MS [27]. The TUG-Cognitive requires performance of the TUG with a
simultaneous serial-3 subtraction task; this modification of the TUG
measures dual-task performance. A time of > 15 s to complete the TUG-
Cognitive accurately predicts fallers in MS with a sensitivity of 73%
[28].

2.2. Fall history

All participants self-reported the number of falls in the past week,
past 2 months, and past 6 months.

2.3. MRI acquisition

All participants with MS were scanned on the same Siemens 3T
Magnetom Trio scanner. High resolution structural images were col-
lected using a 3D magnetization prepared rapid gradient echo imaging
(MPRAGE) protocol (160 contiguous axial slices; TE/TR/TI 4.68/2000/
950 ms; 256 mm FOV; 1.0 X 1.0mm? in-plane resolution). To identify
white matter lesions, a T2-weighted fluid attenuated inversion recovery
(FLAIR) (60 axial slices; TE/TR 7.3/14000ms; 256 mm FOV;
0.8 x 0.8mm? in-plane resolution) was acquired. Diffusion tensor
images were acquired in the axial plane (TE/TR 85/8300 ms; 288 mm
FOV; voxel sizes 2.0 X 2.0mm?; b-values 0 and 800 s/mm?) with dif-
fusion gradients in 64 directions.

Functional images (34 slices, TE/TR 28/2000 ms; 220 mm FOV;
voxel size 3.4 x 3.4mm?) were collected in a block design with 40s
epochs of active ankle movement, alternating with rest. During each
active epoch, the participants dorsi- or plantar-flexed their right ankle
in response to arrows pointing up or down, separated by a rest cue,
presented at 1 Hz. Ankle dorsiflexion fMRI paradigms have been pre-
viously utilized in individuals with MS [29] and stroke [30]. We a priori
chose to examine only the SMA, rather than all motor areas, with
functional imaging.

2.4. Imaging analysis

2.4.1. Lesion load analysis

T2 FLAIR images were processed to localize white matter hyper-
intensities (Jim 6.0, Xinapse Systems, Essex, UK). Lesions were identi-
fied manually to create a ROI mask, which was applied to a fuzzy
connectivity algorithm [31] to extend the manually identified regions
into a 3D representation of lesions based on fuzzy affinity between
adjacent voxels. The fuzzy connectedness threshold was set to 0.62 with
an associated probability weighting set at 0.25. The fuzzy connected-
ness value measures each manually selected region of interest's location
and size to an MS lesion template created by the Xinapse research team,
while affinity, or probability weighting between pixels, takes into ac-
count the degree of adjacency among voxels as well as the similarity of
their intensity values.

2.4.2. Functional magnetic resonance imaging analysis

Motion correction [32], non-brain removal [33], and spatial
smoothing were applied to allow for measurement of the functional
activation in each of our participants in response to the ankle-motor
task (fMRIB, Oxford, UK) [34]. Functional images from each participant
were spatially co-registered with their high resolution image and a
standard MNI152 brain using the affine transform tool [35] to create
subject-specific stereotaxic templates and reduce registration bias due
to individual differences in brain structure.

First level analysis of functional scans was carried out with
Z > 2.33 and a corrected cluster significance threshold of p = .01.
EDSS was entered as a covariate, but did not significantly contribute to
the group analysis. ROI analysis of the SMA was calculated using FSL's
Featquery and predefined masks from the Harvard Oxford Cortical
Probability Atlas (MNI152 space with FLIRT normalization). Mean (i.e.,
mean activation of all voxels) and peak z-statistics (i.e., voxel with peak
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Fig. 1. fMRI data from individuals with MS showing A) group peak activation in the SMA (X = 41, Y = 60, Z = 67) between the active (ankle dorsiflexion) and rest
conditions in coronal, sagittal and axial planes. Region of interest analyses performed in FSL Featquery with a 5 mm spherical region of interest mask of the SMA
formed around the SMA peak activation voxel. Tractography models in representative participants demonstrating successful modeling of the B) interhemispheric
SMA (coronal view) and C) interhemispheric V4 (axial view) connectivity. Supplementary Motor Area (SMA).

activation) were calculated; peak z statistic was considered to represent
the underlying neural activity [36].

2.4.3. Diffusion tractography reconstruction

Images were corrected for head movement and eddy current dis-
tortion. The tensor model was then fitted to the preprocessed diffusion
images to generate FA and eigenvector images (fMRIB Diffusion
Toolbox). SMA activity during the fMRI was used to localize the SMA
region of interest along with the Harvard-Oxford Cortical Probability
Atlas for tractography. Masks were created to standardize tractography
across participants. Seed and target masks were created in the sagittal
plane to track from the left SMA to the right SMA. Eighty-eight voxel
seed and target masks were placed 8 mm from the midline in the jux-
tapositional lobule cortex (Harvard-Oxford Cortical Probability Atlas).
Both a 119-voxel mask corresponding to the middle one-third of the
corpus callosum and the subject's individual white matter mask were
used as waypoint masks. An axial/frontal exclusion mask was applied
below the level of the corpus callosum to improve the sensitivity of the
tractography. Finally, a termination mask was applied 2 mm lateral to
the target mask, and probabilistic tractography was used to model the
SMA interhemispheric tract.

To determine specificity of the SMA tract's relationship to dual-task
walking, we chose another interhemispheric tract to serve as a control
tract that would be unlikely to be involved in dual-tasking but crosses at
the corpus callosum. The Harvard-Oxford Cortical Probability Atlas was
used to localize V4, part of the visual system important for recognizing
shapes. Forty voxel seed and target masks were created in the sagittal
plane in the occipital fusiform gyrus to track from left V4 to right V4. A
120-voxel mask corresponding to the posterior one-third of the corpus
callosum and the participant's individual white matter mask were used
as waypoints. An axial exclusion mask placed below the supratentorium

at the level of the superior cerebellum was applied. Finally, a termi-
nation mask was applied 2 mm lateral to the target mask, and prob-
abilistic tractography was used to model the V4 interhemispheric tract.

2.5. Statistical analyses

Statistical analyses were performed using SPSS version 25.
Descriptive statistics were used to examine dual-task performance and
neuroimaging measures. Normality of the data were assessed using
Shapiro-Wilk tests. To examine relationships among clinical measures
of dual-task performance, falls, and acquired neuroimaging measures
Spearman correlations were used, with values of p < .05 considered
significant; post-hoc analyses were not completed for this exploratory
study, but bootstrapping analysis was performed to calculate 95%
confidence intervals.

3. Results

Eighteen females with RRMS [mean age = 45.5 + 8.2 SD (range
32-57); mean symptom duration = 12.3 *+ 6.7 years (2-29); EDSS
median 2.25 (1.5-4), 5 African-American, 13 Caucasian; and 17/18 on
disease modifying therapies] participated in this study.

3.1. Lesion load analysis

The total number of lesions per participant in all regions was
25.7 *+ 19.0 (1-75). The lesions were found predominantly in juxta-
cortical regions 12.2 + 12.0 (0-45) and periventricular regions
12.4 + 10.5 (1-49). Total lesion area (2594.0 = 1733.5mm?) and
volume (9.36 + 6.21 ml) did not correlate with clinical measures of
dual-task nor were they related to EDSS score.
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3.2. Functional MRI

The mean group effect of ankle dorsiflexion vs. rest indicated that
participants had significant peak activation in only the SMA (X = 41,
Y = 60, Z = 67) for this single motor task. The SMA demonstrated a
positive signal change between active and rest phases, with an average
signal change of mean (SD) 4.06(1.51)% and a peak signal of
6.73(2.32)% (Fig. 1A). The group average maximum z-scores across the
SMA region of interest well exceeded the preset 2.33 z-score for
p < .01 significance.

3.3. Structural MRI

Tractography was successful in all participants; diffusion measures
in the interhemispheric SMA (Fig. 1B) for this MS cohort were FA mean
(SD): 0.346 (0.029); AD: 1.44 (0.113) 10~ >mm?/s; RD: 0.911 (0.116)
10" *mm?/s and MD: 1.09 (0.114) 10 > mm?/s.

3.4. Relationships among fMRI measures and clinical performance

Both lower mean and peak z-score of the SMA demonstrated mod-
erate correlation with slower TUG-Cognitive times (r = —0.461;
p = .063; 95%CI: -0.833 to 0.081; and r = —0.456; p = .076; 95%CI:
-0.802 to 0.096), but were unrelated to FWC, WWTT, or reports of falls
at any time point.

3.5. Relationships among structural MRI measures and clinical performance

DTI measures demonstrated robust relationships with FWC varia-
bility. AD was associated with FWC step length CV (r = 0.490;
p = .039; 95%CI: -0.022 to 0.834), FWC stance time CV (r = 0.559;
p = .016; 95%CI: 0.032 to 0.897), and FWC double support time CV
(r = 0.501; p = .034; 95%CI: 0.004 to 0.817), with higher variability
associated with higher AD values. Similarly, RD was significantly re-
lated to FWC stance time CV (r = 0.579; p = .012; 95%CI: 0.033 to
0.873) while MD was significantly related to both FWC stance time CV
(r = 0.593; p = .009; 95%CI: 0.086 to 0.872) and FWC double support
time CV (r = 0.501; p = .034; 95%CI: -0.029 to 0.781) (Fig. 2). FA was
not related to FWC measures; and interestingly, no DTI measures were
related to spatiotemporal (i.e., stance time, step length or double sup-
port time) measures of walking, or reports of falls at any time point.
However, clinical dual-task performance was related to falls, with
higher BWC stride length and velocity significantly related to fewer
reports of falls at 6 months (r = —0.678; p = .003 and r = —0.483;
p = .050, respectively).

To examine the specificity of the interhemispheric SMA tract dif-
fusion measures, we modeled the V4 interhemispheric tract (Fig. 1C),
which crosses in the splenium [37], and found no significant or
trending correlations between any of the tract-specific diffusivity
measures and the clinical measures of dual-task.

4. Discussion

As hypothesized, we found that structural and functional neuroi-
maging measures correlated with dual-task measures. Significant acti-
vation of the SMA region was demonstrated during the performance of
an ankle dorsiflexion task (albeit not a dual-task) with fMRI. Some data
has suggested that activation in the SMA in persons with MS may be a
result of maladaptive plasticity, with increased activation linked to
poorer performance. One study found increased activation in the SMA
on a hand flexion/extension task compared to healthy adults [38]. Our
data demonstrated only moderate, non-significant correlations among
lower mean and peak z-stat for SMA and poor dual-task performance on
one clinical measure (TUG-Cognitive) which is in line with newer work
demonstrating reduced activation of the SMA was indicative of poorer
performance and worse fatigue [39]. Structural imaging results showed
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Fig. 2. Dual-task walking variability is significantly related to structural mea-
sures of supplementary motor area connectivity. Greater coefficients of varia-
bility of stance time during forward dual-task walking were significantly cor-
related with A) greater axial diffusivity (r = 0.559; p = .016; 95%CI: 0.032 to
0.897); B) greater radial diffusivity (r = 0.579; p = .012; 95%CIL: 0.033 to
0.873); and C) greater mean diffusivity (r = 0.593; p = .009; 95%CI: 0.086 to
0.872).

that participants who demonstrated greater variability in spatio-
temporal parameters during FWC had higher interhemispheric SMA
AD, RD and MD values, indicating lower white matter integrity. This
relationship was not observed in the V4 interhemispheric tract, sug-
gesting that the SMA tract may be specifically related to dual-task
walking in individuals with MS, rather than a function of a damaged
corpus callosum. These results support animal work suggesting that AD
and RD may demonstrate more specific relationships to white matter
pathology than FA [40], with RD modulated by myelin and AD specific
to axonal degeneration [41,42]. Among persons with MS, AD has been
strongly linked to axonal degeneration; indeed, corpus callosum AD
correlates strongly with EDSS [43].

Gait variability has been shown to differentiate between both in-
dividuals with MS and healthy controls and MS fallers and non-fallers
[44], as well as being linked to disability level, fatigue, and attention in
persons with MS [45]. Therefore, the association between SMA DTI
measures with gait variability (CVs) is particularly relevant, and re-
presents a novel finding among persons with MS. A recent imaging
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study demonstrated relationships among increased gait variability and
lower hippocampal and putamen volumes in MS fallers, but no DTI
measures or tract-specific imaging was performed [46]. The relation-
ship between higher gait variability and poorer SMA tract integrity and
not with gait speed and spatiotemporal measures builds upon work by
Hausdorff et al., who reported that gait variability (also referred to as
unsteadiness or inconsistency and arrhythmicity of stepping) was clo-
sely associated with risk of falls in the elderly and in people with Par-
kinson's disease, whereas measures of gait speed and average gait cycle
timing did not discriminate future fallers from non-fallers [47,48]. They
proposed that there may be different neural mechanisms for control of
gait variability than for control of speed and average gait cycle timing
[47]. Although we did not demonstrate a relationship between SMA
tract integrity and falls in our cohort, this may be due to retrospective
fall reporting rather than the prospective fall reporting used by Haus-
dorff et al. [47,48]. Our findings suggest that SMA tract might have
important contributions to maintenance of both spatial and temporal
variability during dual task walking in individuals with MS.

Interestingly, although structural integrity of the SMA as measured
by DTI was linked to gait variability, the SMA neuroimaging measures
were not related to numbers of reported falls. This is surprising, as poor
dual-task performance has been linked to falls in persons with MS [6].
One possible reason is that in addition to dual-task ability, many dif-
ferent factors, such as motor control, sensory function and vision con-
tribute to fall-risk [49]. Further, because of the retrospective nature of
falls recall, we do not know the circumstances surrounding the reported
falls, or whether any of these falls occurred while participants were
dual-tasking. It is also possible that people with MS are aware of their
dual-task deficits and compensate for them by slowing down, utilizing
assistive devices to prevent falls, or avoiding dual-task situations.

There is limited work demonstrating relationships among imaging
markers and dual-task performance in persons with MS. Our findings
extend work demonstrating relationships among greater postural sta-
bility and lower corpus callosum RD [50], as well as lower AD and RD
of the superior and middle cerebellar peduncles [51]. Better integrity of
the pyramidal tract on DTI has been linked with lower disability in MS
[52] and relationships among SMA and dual-task performance on the
WWTT in elderly adults have been reported [14]. These results indicate
the potential for white matter tractography to predict functional per-
formance and provide important information about recovery patterns in
MS.

In addition to a small sample size, lesion load analysis demonstrated
a high variability between the number and size of lesions across par-
ticipants that was unrelated to functional performance. While this may
be related to the inherent variability of MS lesions, it is also likely that
many of our participants had lesions in their spinal cord, which were
not evaluated in this study and may impact performance on outcome
assessments. Further, it has been established that 1.5T and 3 T have
relatively low sensitivity in identifying MS lesions [53,54]. There is a
likelihood that smaller lesions might have gone undetected; however,
all lesions were identified by one independent rater. Another limitation
of this study is that a single motor task was utilized for the fMRI portion
of the study. Future work should examine the relationship of dual-tasks
in the scanner to clinical measures of dual-task and fall reports.

5. Conclusions

This study correlated structural and functional imaging measures
with clinical measures to gain a better understanding of the neural
circuitry that underlies dual-task performance in MS. Our results sug-
gest that the SMA interhemispheric tract plays a role in dual-task per-
formance. Given improvements possible with dual-task training [7,8],
DTI may be a useful adjunct to clinical measures to predict performance
and provide information about recovery patterns in MS [50-52; 55-59].
Functional recovery is challenging to objectively report in MS; struc-
tural imaging could show microstructural improvements. Future work

163

Journal of the Neurological Sciences 396 (2019) 159-164

in this area should include a larger sample size, addition of matched
controls, and use of a dual-task requiring both cognition and motor
components during the fMRI to better define areas related to dual-task
and improve the focus for connectivity studies.

Conflicts of interest and source of funding

All authors declare no conflicts of interest.

This project was supported by Award Number Grant
8TL1TR000091-05 to Dr. Fritz from the National Center for Advancing
Translational Sciences. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the
National Center for Advancing Translational Sciences of the National
Institutes of Health. In addition, Dr. Kloos received funding for this
project from an Ohio State University Center for Clinical and
Translational Sciences (CCTS) 2011 Collaborative Pilot Grant.

An earlier version of this work was published to OhioLink as part of
Dr. Fritz's doctoral thesis, and presented at the 2015 Combined Sections
Meeting of the American Physical Therapy Association.

Acknowledgements

The authors gratefully acknowledge Dr. Alexandra Borstad for
helpful discussions on image processing and analyses, Drs. Aaron Boster
and Jacqueline Nicholas for EDSS assessments, and all of our partici-
pants.

References

[1] J.H. Noseworthy, C. Lucchinetti, M. Rodriguez, B.G. Weinshenker, Medical pro-
gress: multiple sclerosis, New Engl. J. Med. 343 (2000) 938-952, https://doi.org/
10.1056/NEJM200009283431307.

M.P. Amato, E. Portaccio, B. Goretti, V. Zipoli, B. Hakiki, M. Giannini, L. Pasto,
L. Razzolini, Cognitive impairment in early stages of multiple sclerosis, Neurol. Sci.
(Suppl. 2) (2010) S211-S214, https://doi.org/10.1007/s10072-010-0376-4.

J. Guimaraes, M.J. S4, Cognitive dysfunction in multiple sclerosis, Front. Neurol. 3
(74) (2012) 1-8, https://doi.org/10.3389/fneur.2012.00074.

S.M. Rao, G.J. Leo, L. Bernardin, F. Unverzagt, Cognitive dysfunction in multiple
sclerosis I: frequency, patterns, and prediction, Neurology 41 (5) (1991) 685-691,
https://doi.org/10.1212/WNL.41.5.685.

F. Hamilton, L. Rochester, L. Paul, et al., Walking and talking: an investigation of
cognitive-motor dual tasking in multiple sclerosis, Mult. Scler. 15 (10) (2009)
1215-1227, https://doi.org/10.1177/1352458509106712.

D.A. Wajda, R.W. Motl, J.J. Sosnoff, Dual task cost of walking is related to fall risk
in persons with multiple sclerosis, Neurol. Sci. 335 (1-2) (2013) 160-163, https://
doi.org/10.1016/j.jns.2013.09.021.

N.E. Fritz, F.M. Cheek, D.S. Nichols-Larsen, Motor-cognitive dual-task training in
persons with neurologic disorders: a systematic review, J. Neurol. Phys. Ther. 39 (3)
(2015) 142-153, https://doi.org/10.1097/NPT.0000000000000090.

D.A. Wajda, A. Mirelman, J.M. Hausdorff, J.J. Sosnoff, Intervention modalities for
targeting cognitive-motor interference in individuals with neurodegenerative dis-
ease: a systematic review, Expert. Rev. Neurother. 17 (3) (2017) 251-261, https://
doi.org/10.1080/14737175.2016.1227704.

L. Lundy-Ekman, Neuroscience: Fundamentals for Rehabilitation, 3rd Ed., St. Louis,
MO, Saunders Elsevier, 2007.

H. Johansen-Berg, P.M. Matthews, Attention to movement modulates activity in
sensor-motor areas, including primary motor cortex, Exp. Brain Res. 142 (2002)
13-24, https://doi.org/10.1007/500221-001-0905-8.

R.A. Adcock, R.T. Constable, J.C. Gore, P.S. Goldman-Rakic, Functional neuroa-
natomy of executive processes involved in dual-task performance, Proc. Natl. Acad.
Sci. U. S. A. 97 (7) (2000) 3567-3572, https://doi.org/10.1073/pnas.060588897.
M.E.S. Rushworth, K.A. Hadland, D. Gaffan, R.E. Passingham, The effect of cingu-
late cortex lesions on task switching and working memory, J. Cogn. Neurosci. 15 (3)
(2003) 338-353, https://doi.org/10.1162/089892903321593072.

F. Debaere, S.P. Swinnen, E. Beatse, S. Sunaert, P. Van Hecke, J. Duysens, Brain
areas involved in interlimb coordination: a distributed network, Neurolmage 14
(2001) 947-958, https://doi.org/10.1006/nimg.2001.0892.

H.M. Blumen, R. Holtzer, L.L. Brown, Y. Gazes, J. Verghese, Behavioral and neural
correlates of imagined walking and walking-while-talking in elderly, Hum. Brain
Mapp. 35 (2014) 4090-4104, https://doi.org/10.1002/hbm.22461.

E. Al-Yahya, H. Johansen-Berg, U. Kischka, M. Zarei, J. Cockburn, H. Dawes,
Prefrontal cortex activation while walking under dual-task conditions in stroke: a
multimodal imaging study, Neurorehabil. Neural Repair 30 (6) (2015) 591-599,
https://doi.org/10.1177/1545968315613864.

J. Yuan, H.M. Blumen, J. Verghese, R. Holtzer, Functional connectivity associated
with gait velocity during walking and walking-while-talking in aging: a resting-state
fMRI study, Hum. Brain Mapp. 36 (2015) 1484-1493, https://doi.org/10.1002/

[2]

[3]

[4]

[5]

[6]

[71

[8]

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]


https://doi.org/10.1056/NEJM200009283431307
https://doi.org/10.1056/NEJM200009283431307
https://doi.org/10.1007/s10072-010-0376-4
https://doi.org/10.3389/fneur.2012.00074
https://doi.org/10.1212/WNL.41.5.685
https://doi.org/10.1177/1352458509106712
https://doi.org/10.1016/j.jns.2013.09.021
https://doi.org/10.1016/j.jns.2013.09.021
https://doi.org/10.1097/NPT.0000000000000090
https://doi.org/10.1080/14737175.2016.1227704
https://doi.org/10.1080/14737175.2016.1227704
http://refhub.elsevier.com/S0022-510X(18)30468-4/rf0045
http://refhub.elsevier.com/S0022-510X(18)30468-4/rf0045
https://doi.org/10.1007/s00221-001-0905-8
https://doi.org/10.1073/pnas.060588897
https://doi.org/10.1162/089892903321593072
https://doi.org/10.1006/nimg.2001.0892
https://doi.org/10.1002/hbm.22461
https://doi.org/10.1177/1545968315613864
https://doi.org/10.1002/hbm.22717

N.E. Fritz et al.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

hbm.22717.

Y. Ge, M. Law, R.I. Grossman, Applications of diffusion tensor MR imaging in
Multiple Sclerosis, Ann. N. Y. Acad. Sci. 1064 (2005) 202-219, https://doi.org/10.
1196/annals.1340.039.

Polman CH, Reingold SC, Banwell B, Clanet M, Cohen JA, Filippi M, Fujihara K,
Havrdova E, Hutchinson M, Kappos L, Lublin FD, Montalban X, O'Connor P,
Sandberg-Wollheim M, Thompson AJ, Waubant E, Weinshenker B, Wolinsky JS.
Diagnostic criteria for multiple sclerosis: 2010 revisions to the McDonald criteria.
Ann. Neurol. 69(2): 292-302. doi: https://doi.org/10.1002/ana.22366.

P.A. Harris, R. Taylor, R. Thielke, J. Payne, N. Gonzalez, J.G. Conde, Research
electronic data capture (REDCap) - a metadata-driven methodology and workflow
process for providing translational research informatics support, J. Biomed. Inform.
42 (2) (2009) 377-381, https://doi.org/10.1016/].jbi.2008.08.010.

U. Givon, G. Zeilig, A. Achiron, Gait analysis in multiple sclerosis: characterization
of temporal-spatial parameters using GAITRite functional ambulation system, Gait
Posture 29 (2009) 138-142, https://doi.org/10.1016/j.gaitpost.2008.07.011.

R.L. Cromwell, R.A. Newton, Relationship between balance and gait stability in
healthy older adults, J. Aging Phys. Act. 12 (1) (2004) 90-100, https://doi.org/10.
1123/japa.12.1.90.

A. Kalron, A. Achiron, The relationship between fear of falling to spatiotemporal
gait parameters measured by an instrumented treadmill in people with multiple
sclerosis, Gait Posture 39 (2) (2014) 739-744, https://doi.org/10.1016/j.gaitpost.
2013.10.012.

AK. Rao, L. Muratori, E.D. Louis, C.B. Moskowitz, K.S. Marder, Spectrum of gait
impairments in presymptomatic and symptomatic Huntington's disease, Mov.
Disord. 23 (8) (2008) 1100-1107, https://doi.org/10.1002/mds.21987.

J. Verghese, H. Buschke, L. Viola, M. Katz, C. Hall, G. Kuslansky, R. Lipton, Validity
of divided attention tasks in predicting falls in older individuals: a preliminary
study, J. Am. Geriatr. Soc. 50 (2002) 1572-1576, https://doi.org/10.1046/j.1532-
5415.2002.50415.

N.E. Fritz, K. Hamana, M. Kelson, A. Rosser, M. Busse, L. Quinn, Motor-cognitive
dual-task deficits in individuals with early-mid stage Huntington disease, Gait
Posture 49 (2016) 283-289, https://doi.org/10.1016/j.gaitpost.2016.07.014.

D. Podsiadlo, S. Richardson, The timed —Up & Go: a test of basic functional mo-
bility for frail elderly persons, J. Am. Geriatr. Soc. 39 (1991) 142-148, https://doi.
org/10.1111/j.1532-5415.1991.tb01616.

Y.C. Learmonth, L. Paul, A.K. McFadyen, P. Mattison, L. Miller, Reliability and
clinical significance of mobility and balance assessments in multiple sclerosis, Int. J.
Rehabil. Res. 35 (1) (2012) 69-74, https://doi.org/10.1097 /MRR.
0b013e328350b65f.

Y. Nilsagard, E. Denison, L.G. Gunnarsson, K. Bostrom, Factors perceived as being
related to accidental falls in persons with multiple sclerosis, Disabil. Rehabil. 31
(2009) 1301-1310, https://doi.org/10.1080/09638280802532639.

O. Ciccarelli, A.T. Toosy, J.F. Marsden, C.M. Wheeler-Kingshott, D.H. Miller,

P.M. Matthews, A.J. Thompson, Functional response to active and passive ankle
movements with clinical correlations in patients with primary progressive multiple
sclerosis, J. Neurol. 253 (2006) 882-891, https://doi.org/10.1007/s00415-006-
0125-z.

C. Enzinger, H. Johansen-Berg, H. Dawes, M. Bogdanovic, J. Collett, C. Guy,

S. Ropele, U. Kischka, D. Wade, F. Fazekas, P.M. Matthews, Functional MRI cor-
relates of lower limb function in stroke victims with gait impairment, Stroke 39
(2008) 1507-1513, https://doi.org/10.1161/STROKEAHA.107.501999.

J.K. Udupa, S. Samarasekera, Fuzzy connectedness and object definition: theory,
algorithms, and application in image segmentation, Graph Models Im. Proc. 58
(1996) 246-261, https://doi.org/10.1006/gmip.1996.0021.

M. Jenkinson, P. Bannister, M. Brady, S. Smith, Improved optimization for the ro-
bust and accurate linear registration and motion correction of brain images,
NeuroImage 17 (2002) 825-841, https://doi.org/10.1006/nimg.2002.1132.

S.M. Smith, Fast robust automated brain extraction, Hum. Brain Mapp. 17 (2002)
143-155, https://doi.org/10.1002/hbm.10062.

S.M. Smith, M. Jenkinson, M.W. Woolrich, C.F. Beckmann, T.E. Behrens,

H. Johansen-Berg, et al., Advances in functional and structural MR image analysis
and implementation as FSL, Neurolmage 23 (S1) (2004) S208-5219, https://doi.
org/10.1016/j.neuroimage.2004.07.051.

M. Jenkinson, S. Smith, A global optimization method for robust affine registration
of brain images, Med. Image Anal. 5 (2001) 143-156, https://doi.org/10.1016/
$1361-8415(01)00036-6.

0.J. Arthurs, S.J. Boniface, What aspect of the fMRI BOLD signal best reflects the
underlying electrophysiology in human somatosensory cortex? Clin. Neurophysiol.
114 (2003) 1203-1209, https://doi.org/10.1016/51388-2457(03)00080-4.

M.C. Putnam, M.S. Steven, K.W. Doron, A.C. Riggall, M.S. Gazzaniga, Cortical
projection topography of the human splenium: hemispheric asymmetry and in-
dividual differences, J. Cognit. Neurosci. 22 (8) (2009) 1662-1669.

M. Filippi, M.A. Rocca, D.M. Mazzapesa, A. Falini, B. Colombo, G. Scotti, G. Comi, A
functional MRI study of cortical activations associated with object manipulation in
patients with MS, Neurolmage 21 (3) (2004) 1147-1154, https://doi.org/10.1016/
j-neuroimage.2003.10.023.

M.A. Rocca, A. Meani, G.C. Riccitelli, B. Colombo, M. Rodegher, A. Falini, G. Comi,

164

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Journal of the Neurological Sciences 396 (2019) 159-164

M. Filippi, Abnormal adaptation over time of motor network recruitment in mul-
tiple sclerosis patients with fatigue, Mult. Scler. 22 (9) (2016) 1144-1153, https://
doi.org/10.1177/1352458515614407.

A.L. Alexander, J.E. Lee, M. Lazar, A.S. Field, Diffusion tensor imaging of the brain,
Neurotherapeutics 4 (3) (2007) 316-329, https://doi.org/10.1016/j.nurt.2007.05.
011.

S.K. Song, S.W. Sun, M.J. Ramsbottom, C. Chang, J. Russell, A.H. Cross,
Dysmyelination revealed through MRI as increased radial (but unchanged axial)
diffusion of water, Neurolmage 17 (2002) 1429-1436, https://doi.org/10.1006/
nimg.2002.1267.

M.D. Budde, M. Xie, A.H. Cross, S.K. Song, Axial diffusivity is the primary correlate
of axonal injury in the EAE spinal cord: a quantitative pixelwise analysis, J.
Neurosci. 29 (9) (2009) 2805-2813, https://doi.org/10.1523/JNEUROSCI.4605-
08.2009.

CdeM Rimkus, TdeF Junqueira, D. Callegaro, M.C. Otaduy, CdaC Leite, Segmented
corpus callosum diffusivity correlates with the Expanded Disability Status Scale
score in the early stages of relapsing-remitting multiple sclerosis, Clinics
(SaoPaulo). 68 (8) (2013) 115-120, https://doi.org/10.6061/clinics/2013(08)09.
R. Mofateh, R. Salehi, H. Negahban, M. Mehravar, S. Tajali, Effects of cognitive
versus motor dual-task on spatiotemporal gait parameters in healthy controls and
multiple sclerosis patients with and without fall history, Mult. Scler. Relat. Disord.
18 (2017) 8-14, https://doi.org/10.1016/j.msard.2017.09.002.

M.J. Socie, J.J. Sosnoff, Gait variability and multiple sclerosis, Mult. Scler. Int. 2013
(2013) 645197, https://doi.org/10.1155/2013/645197.

A. Kalron, G. Allali, A. Achiron, Neural correlates of gait variability in people with
multiple sclerosis with fall history, Eur. J. Neurol. (2018), https://doi.org/10.1111/
ene.13689 epub ahead of print.

J.M. Hausdorff, M.E. Cudkowicz, R. Firtion, J.Y. Wei, A.L. Goldberger, Gait varia-
bility and basal ganglia disorders: stride-to-stride variations of gait cycle timing in
Parkinson's disease and Huntington's disease, Mov. Disord. 13 (1998) 428-437,
https://doi.org/10.1002/mds.870130310.

J.M. Hausdorff, D.A. Rios, H.K. Edelberg, Gait variability and fall-risk in commu-
nity-living older adults: a 1-year prospective study, Arch. Phys. Med. Rehabil. 82 (8)
(2001) 1050-1056, https://doi.org/10.1053/apmr.2001.24893.

Y. Nilsagérd, C. Lundholm, E. Denison, L.G. Gunnarsson, Predicting accidental falls
in people with multiple sclerosis—a longitudinal study, Clin. Rehabil. 23 (2009)
259-269, https://doi.org/10.1177,/0269215508095087.

D.S. Peterson, G. Geetanjali, F.B. Horak, B.W. Fling, Corpus callosum structural
integrity is associated with postural control improvement in persons with multiple
sclerosis who have minimal disability, Neurorehab. Neural. Res. 31 (4) (2017)
343-353, https://doi.org/10.1177/1545968316680487.

L. Prosperini, E. Sbardella, E. Raz, M. Cercignani, F. Tona, M. Bozzali, N. Petsas,
C. Pozzilli, P. Pantano, Multiple sclerosis: white and gray matter damage associated
with balance deficit detected at static posturography, Radiology 268 (1) (2013)
181-189, https://doi.org/10.1148/radiol.13121695.

M. Wilson, C.R. Trench, P.S. Morgan, L.D. Blumhardt, Pyramidal tract mapping by
diffusion tensor magnetic resonance imaging in multiple sclerosis: improving cor-
relations with disability, J. Neurol. Neurosurg. Psychiatry 74 (2003) 203-207,
https://doi.org/10.1136/jnnp.74.2.203.

A.S. Nielson, R.P. Kinkel, E. Tinelli, T. Benner, J. Cohen-Adad, C. Mainero, Focal
cortical lesion detection in multiple sclerosis: 3 Tesla DIR versus 7 Tesla FLASH-T2,
J. Magn. Reson. Imaging 35 (3) (2012) 537-542, https://doi.org/10.1002/jmri.
22847.

K. Kollia, S. Mandrwald, N. Putzki, M. Schlamann, J.M. Theysohn, O. Kraff,

M.E. Ladd, M. Forsting, I. Wanke, First clinical study on ultra-high-field MR imaging
in patients with multiple sclerosis: comparison of 1.5T and 7T, Am. J. Neuroradiol.
30 (4) (2009) 699-702.

L. Bonzano, A. Tacchino, G. Brichetto, L. Roccatagliata, A. Dessypris, P. Feraco,
M.L.L. De Carvalho, M.A. Battaglia, G.L. Mancardi, M. Bove, Upper limb motor
rehabilitation impacts white matter microstructure in multiple sclerosis,
NeuroImage 90 (2014) 107-116, https://doi.org/10.1016/j.neuroimage.2013.12.
025.

L. Prosperini, M.C. Piattella, C. Gianni, P. Pantano, Functional and structural brain
plasticity enhanced by motor and cognitive rehabilitation in multiple sclerosis,
Neural. Plast. 481574 (2015), https://doi.org/10.1155/2015/481574.

L. Prosperini, F. Fanelli, N. Petsas, E. Spardella, F. Tona, E. Raz, D. Fortuna, F. De
Angelis, C. Pozzilli, P. Pantano, Multiple sclerosis: changes in microarchitecture of
white matter tracts after training with a video game balance board, Radiology 273
(2) (2014) 529-538, https://doi.org/10.1148/radiol.14140168.

1. Ibrahim, J. Tintera, A. Skoch, F. Jirt, P. Hlustik, P. Martinkova, K. Zvara,

K. Rasova, Fractional anisotropy and mean diffusivity in the corpus callosum of
patients with multiple sclerosis: the effect of physiotherapy, Neuroradiology 53
(2011) 917-926, https://doi.org/10.1007/s00234-011-0879-6.

N.E. Fritz, J. Keller, P.A. Calabresi, K.M. Zackowski, Quantitative measures of
walking and strength provide insight into brain corticospinal tract pathology in
multiple sclerosis, Neuroimage Clin. 14 (2017) 490-498, https://doi.org/10.1016/
j-nicl.2017.02.006.


https://doi.org/10.1002/hbm.22717
https://doi.org/10.1196/annals.1340.039
https://doi.org/10.1196/annals.1340.039
https://doi.org/10.1002/ana.22366
https://doi.org/10.1016/j.jbi.2008.08.010
https://doi.org/10.1016/j.gaitpost.2008.07.011
https://doi.org/10.1123/japa.12.1.90
https://doi.org/10.1123/japa.12.1.90
https://doi.org/10.1016/j.gaitpost.2013.10.012
https://doi.org/10.1016/j.gaitpost.2013.10.012
https://doi.org/10.1002/mds.21987
https://doi.org/10.1046/j.1532-5415.2002.50415
https://doi.org/10.1046/j.1532-5415.2002.50415
https://doi.org/10.1016/j.gaitpost.2016.07.014
https://doi.org/10.1111/j.1532-5415.1991.tb01616
https://doi.org/10.1111/j.1532-5415.1991.tb01616
https://doi.org/10.1097/MRR.0b013e328350b65f
https://doi.org/10.1097/MRR.0b013e328350b65f
https://doi.org/10.1080/09638280802532639
https://doi.org/10.1007/s00415-006-0125-z
https://doi.org/10.1007/s00415-006-0125-z
https://doi.org/10.1161/STROKEAHA.107.501999
https://doi.org/10.1006/gmip.1996.0021
https://doi.org/10.1006/nimg.2002.1132
https://doi.org/10.1002/hbm.10062
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1016/S1361-8415(01)00036-6
https://doi.org/10.1016/S1361-8415(01)00036-6
https://doi.org/10.1016/S1388-2457(03)00080-4
http://refhub.elsevier.com/S0022-510X(18)30468-4/rf0180
http://refhub.elsevier.com/S0022-510X(18)30468-4/rf0180
http://refhub.elsevier.com/S0022-510X(18)30468-4/rf0180
https://doi.org/10.1016/j.neuroimage.2003.10.023
https://doi.org/10.1016/j.neuroimage.2003.10.023
https://doi.org/10.1177/1352458515614407
https://doi.org/10.1177/1352458515614407
https://doi.org/10.1016/j.nurt.2007.05.011
https://doi.org/10.1016/j.nurt.2007.05.011
https://doi.org/10.1006/nimg.2002.1267
https://doi.org/10.1006/nimg.2002.1267
https://doi.org/10.1523/JNEUROSCI.4605-08.2009
https://doi.org/10.1523/JNEUROSCI.4605-08.2009
https://doi.org/10.6061/clinics/2013(08)09
https://doi.org/10.1016/j.msard.2017.09.002
https://doi.org/10.1155/2013/645197
https://doi.org/10.1111/ene.13689
https://doi.org/10.1111/ene.13689
https://doi.org/10.1002/mds.870130310
https://doi.org/10.1053/apmr.2001.24893
https://doi.org/10.1177/0269215508095087
https://doi.org/10.1177/1545968316680487
https://doi.org/10.1148/radiol.13121695
https://doi.org/10.1136/jnnp.74.2.203
https://doi.org/10.1002/jmri.22847
https://doi.org/10.1002/jmri.22847
http://refhub.elsevier.com/S0022-510X(18)30468-4/rf0265
http://refhub.elsevier.com/S0022-510X(18)30468-4/rf0265
http://refhub.elsevier.com/S0022-510X(18)30468-4/rf0265
http://refhub.elsevier.com/S0022-510X(18)30468-4/rf0265
https://doi.org/10.1016/j.neuroimage.2013.12.025
https://doi.org/10.1016/j.neuroimage.2013.12.025
https://doi.org/10.1155/2015/481574
https://doi.org/10.1148/radiol.14140168
https://doi.org/10.1007/s00234-011-0879-6
https://doi.org/10.1016/j.nicl.2017.02.006
https://doi.org/10.1016/j.nicl.2017.02.006

	Supplementary motor area connectivity and dual-task walking variability in multiple sclerosis
	Introduction
	Materials and methods
	Clinical measures of dual-task performance
	GaitRite
	Walking While Talking Test (WWTT)
	Timed Up and Go (TUG)

	Fall history
	MRI acquisition
	Imaging analysis
	Lesion load analysis
	Functional magnetic resonance imaging analysis
	Diffusion tractography reconstruction

	Statistical analyses

	Results
	Lesion load analysis
	Functional MRI
	Structural MRI
	Relationships among fMRI measures and clinical performance
	Relationships among structural MRI measures and clinical performance

	Discussion
	Conclusions
	Conflicts of interest and source of funding
	Acknowledgements
	References




