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Abstract

Upper and lower limb impairments are common in people with multiple sclerosis

(pwMS), yet difficult to clinically identify in early stages of disease progression. Tasks

involving complex motor control can potentially reveal more subtle deficits in early

stages, and can be performed during functional MRI (fMRI) acquisition, to investigate

underlying neural mechanisms, providing markers for early motor progression. We

investigated brain activation during visually guided force matching of hand or foot in

28 minimally disabled pwMS (Expanded Disability Status Scale (EDSS) < 4 and pyra-

midal and cerebellar Kurtzke Functional Systems Scores ≤ 2) and 17 healthy controls

(HC) using ultra-high field 7-Tesla fMRI, allowing us to visualise sensorimotor net-

work activity in high detail. Task activations and performance (tracking lag and error)

were compared between groups, and correlations were performed. PwMS showed

delayed (+124 s, p = .002) and more erroneous (+0.15 N, p = .001) lower limb track-

ing, together with lower cerebellar, occipital and superior parietal cortical activation

compared to HC. Lower activity within these regions correlated with worse EDSS

(p = .034), lower force error (p = .006) and higher lesion load (p < .05). Despite no dif-

ferences in upper limb task performance, pwMS displayed lower inferior occipital

cortical activation. These results demonstrate that ultra-high field fMRI during com-

plex hand and foot tracking can identify subtle impairments in lower limb movements

and upper and lower limb brain activity, and differentiates upper and lower limb

impairments in minimally disabled pwMS.
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1 | INTRODUCTION

Multiple sclerosis (MS) is a progressive disease of the central nervous

system characterised by neuroaxonal inflammation, demyelination

and degeneration. Motor impairments are common and disabling, and

include tremor, muscle weakness, loss of fine motor control, ataxia

and loss of mobility (Coghe et al., 2019). Walking difficulties are a typ-

ical hallmark of MS and occur in most people with MS (pwMS) (80%)

within 10–15 years (Souza et al., 2010), and upper limb impairments

also eventually occur in up to 80% as well (Johansson et al., 2007), yet

are less well clinically studied. Also, the degree of impairment of upper

and lower limbs correlates only moderately (Coghe et al., 2019),

suggesting at least partially divergent mechanisms of progression. Elu-

cidating such mechanisms is important for formulating personalised

treatment strategies, especially early in the disease when clinical signs

of disability are minimal yet efficacious treatment has the best chance

of avoiding significant neurological decline.

Lesion pathology and axonal loss in important sensorimotor path-

ways in the brain and spinal cord such as the corticospinal tracts (CST)

(Hubbard, Wetter, Sutton, Pilutti, & Motl, 2016; Kerbrat et al., 2020)

and corpus callosum (CC) (Iandolo et al., 2020; Kolasa et al., 2019;

Ozturk et al., 2010) has been shown to correlate with disability as

measured with clinical tests (Kerbrat et al., 2020; Kolasa et al., 2019),

gait (Hubbard et al., 2016) and proprioception. However, complex

motor control involves multi-modal sensory inputs including visual

and proprioceptive (Iandolo et al., 2020) information that are inte-

grated and recurrently connected to motor outputs and fine-tuned by

sub-cortical structures such as the thalamus and cerebellum. Thus, it

is likely that contributing factors to the progression of motor impair-

ments in people with MS include both structural damage to key sen-

sorimotor structures, as well as adaptive neurophysiological changes

in broader sensory, motor and sub-cortical brain networks.

Functional MRI (fMRI) provides a useful means of studying

changes in brain activity and putative neural compensations that con-

tribute to the rate of progression of motor impairments. Task-based

fMRI reveals regional brain activation indirectly via local changes in

blood flow in the cortex driven by neural activity. Such studies have

shown that changes in activation can predate changes in sensorimotor

impairments and could provide early indicators of subsequent neuro-

logical decline (Filippi et al., 2004). Multiple studies in MS have

reported altered patterns of brain activation with increased activation

seen in regions typically devoted to simple (Filippi et al., 2004;

Mezzapesa, Rocca, Rodegher, Comi, & Filippi, 2008; Rocca

et al., 2003, 2005) and more complex motor tasks (Filippi et al., 2004;

Rocca et al., 2005) as well as decreased activation in patients with

greater disability (Ciccarelli et al., 2006) and over time (Pantano

et al., 2005). The evolution of increased and decreased activation

changes through the course of the disease is still unknown. However,

key shortcomings of the extant literature lies in the type of task and

the stronger focus on hand function (Mezzapesa et al., 2008; Rocca

et al., 2003, 2005), which can easily be performed during scanning

with simple tasks involving flexion and extension of the hand or fin-

gers (Mezzapesa et al., 2008; Rocca et al., 2003, 2005). As such, there

is little known about the neural changes accompanying tasks involving

complex motor control that provide better models of day-to-day

motor functions.

Lower limb studies are more difficult to perform and thus limited

in number. Two studies have investigated auditory-cued foot exten-

sion flexion in clinically isolated syndrome (CIS) (Filippi et al., 2004) or

primary progressive MS (Ciccarelli et al., 2006) and found increased

brain activation. A recent study investigating lower limb position

sense in early relapsing–remitting MS (RRMS) demonstrated func-

tional activation changes with unchanged ipsilateral proprioception

performance, suggesting potential cortical reorganisation to perform

correctly (Iandolo et al., 2020). Thus, little is known about brain activ-

ity changes in MS during a complex lower limb motor control that

could contribute to loss of mobility and falls, and there are to the best

of our knowledge, no studies to date that directly compare upper and

lower limb motor control using an identical task, so potential neuro-

physiological differences contributing to the differential progression

of upper and lower limb disabilities remain poorly understood.

This study aimed to compare brain activations associated with

the performance of a complex motor control task with the hand or

foot between healthy control (HC) subjects and pwMS with minimal

clinical disability. We hypothesised that, in the absence of overt clini-

cal impairments, patients would nonetheless display deficits in the

upper and lower limb motor control that would be associated with

altered functional brain activity. Moreover, as is evident clinically in

pwMS, we expected to observe differences in the degree of func-

tional impairment between upper and lower limbs that would be asso-

ciated with differences in the degree of activation differences

between controls and patients. The motor task involved a controlled

visually guided contraction of the ankle dorsiflexors (tibialis anterior)

or finger/thumb flexors muscles (Mayhew, Porcaro, Tecchio, &

Bagshaw, 2017; Shanahan, Hodges, Wrigley, Bennell, & Farrell, 2015),

chosen to activate a broad network involved in integrating complex

proprioceptive and visual inputs to accurate track a moving target. In

addition, we used ultra-high field 7 Tesla (7T) MRI to perform simulta-

neous multi-slice fMRI at near anatomical MRI resolution (1.24 mm

isotropic) with high temporal resolution (1.7 s) resulting in higher

accuracy and sensitively (Hale et al., 2010) to detect subtle and focal

activation differences between groups that are potentially

undetectable by clinical field strength imaging systems.

2 | METHODS

2.1 | Participants

Twenty-eight participants with RRMS (mean age = 41.9 ± 10.0 years;

23 women) were recruited from the Royal Melbourne Hospital, Mel-

bourne, Australia. Inclusion criteria at time of recruitment were: diag-

nosis with clinically definite MS according to the revised 2010

McDonald criteria (Polman et al., 2011), no relapses during the

6 months prior and no to minimal clinical disability, that is, Expanded

Disability Status Scale (EDSS) < 4, and Kurtzke Functional Systems
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Scale (FSS) for pyramidal and cerebellar function ≤ 2 (Kurtzke, 1983).

Exclusion criteria were: any neurological condition other than MS,

orthopaedic conditions causing disability of the lower limbs (including

painful osteoarthritis), and coexisting cardiovascular disease. Seven-

teen HC (mean age = 39.3 ± 7.3 years; 10 women) with no reported

history of neurological disorders were recruited for comparisons.

PwMS received standard of care, were on disease modifying treat-

ments and did not undergo a relapse at least 6 months prior testing.

No treatment information was recorded for a single patient. Approval

was obtained from the Melbourne Health Human Research Ethics

Committee and all participants provided a voluntary written consent

prior to participation.

2.2 | MRI acquisition

Image acquisition was conducted using a whole body Magnetom 7T

MRI system (Siemens Healthcare, Erlangen, Germany) with a single-

channel transmit and 32-channel receive head coil (Nova Medical,

Wilmington, MA). Two runs of fMRI were acquired (upper and lower

limb motor tasks performed in separate runs) with the following

parameters: repetition time (TR) = 1,700 ms; echo time

(TE) = 34.4 ms; flip angle (FA) = 65�; multiband slice acceleration fac-

tor = 6; fat suppression; GRAPPA phase acceleration factor = 2;

120 slices; 1.24 mm isotropic resolution; 165 volumes; image

matrix = 168 × 168) (Moeller et al., 2010). In addition, a three-

dimensional T1-weighted structural image (MP2RAGE:

TR = 4,900 ms; TE = 2.89 ms; inversion time (TI) = 700/2,700 ms;

FA = 5/6�; 192 slices; GRAPPA phase acceleration factor = 4; phase

encoding direction = AP; voxel size = 0.9 mm isotropic; image

matrix = 256 × 256) was used for brain volumetric measurements. A

fluid-attenuated inversion recovery (FLAIR) scan was acquired for

lesion identification (TR = 10,000 ms; TE = 96 ms; TI = 2,600 ms;

FA = 145�; 45 axial slices; GRAPPA phase acceleration factor = 3;

voxel size = 1.2 × 1.2 × 3.0 mm, image matrix = 192 × 192).

2.3 | Anatomical MRI processing

Anatomical MRI processing involved lesion detection and brain seg-

mentation. White matter (WM) lesions were detected and marked on

the MP2RAGE image using a semi-automated thresholding technique

in MRIcron (https://www.nitrc.org/projects/mricron) with the FLAIR

image used as a reference to avoid inclusion of CSF. Next, lesion maps

were used to lesion fill the MP2RAGE images using SLF software

(http://atc.udg.edu/nic/slfToolbox/index.html) in Statistical Paramet-

ric Mapping (SPM, version 8), which were subsequently used as input

for brain segmentation analyses using FreeSurfer version 6.0-patch

(https://surfer.nmr.mgh.harvard.edu). From FreeSurfer analysis, the

total WM, cortical grey matter, deep grey matter and ventricular vol-

umes were used for statistical analysis and normalised by total intra-

cranial volume. We chose to also include spinal cord cross-sectional

area as an important marker of spinal cord damage that could affect

motor control. Spinal cord cross-sectional area at the level of the

superior margin of the odontoid peg was marked manually and mea-

sured on MP2RAGE images using Horos (v4.0, www.horosproject.org)

(Supplementary Figure 1).

2.4 | Pre-MRI testing

Immediately prior to the MRI scan session, the upper and lower limb

tasks were explained and practiced in a room outside the 7T scanner

using a similar experimental setup as in the scanner. During this prac-

tice session, the maximum voluntary contraction (MVC) was per-

formed to tailor contraction intensity to each participant's strength.

The participants were asked to squeeze a sphygmomanometer cuff,

used to measure force production, with their fingers or by isometric

dorsiflexion against a constraint of their foot as strongly as possible

for several seconds. All participants performed the task once at a max-

imum of 5% of MVC as it was found to activate the movement related

network activation with minimal head motion (Shanahan et al., 2015).

2.5 | Force matching task participant and
apparatus setup

Participants performed a visually guided force-matching task adapted

from a previous study and using same apparatus (Shanahan

et al., 2015). A flowchart showing connectivity of the various appara-

tus used in the experiment is shown in Supplementary Figure 2. Setup

of the participant in the scanner for upper limb task was that the cuff

was held in the right hand between the thumb and fingers with the

hand resting on the chest for support and to limit head movement

(Figure 1). The lower limb task setup involved the following: the par-

ticipant's right thigh was supported by the scanner bed, lower leg

supported by a pillow and the plantar surface of foot resting against

the footplate of an MRI compatible rig, all to restrict movement

around the ankle with minimal head motion. A sphygmomanometer

cuff was positioned over the dorsum of the right foot as close as pos-

sible to the metatarsal heads without covering the toes (Figure 1).

Between the upper and lower limb fMRI runs, an experimenter

entered the MRI room and removed the cuff from the participant's

right hand and positioned it over the foot. The hand run always pre-

ceded the foot run in order to minimise repositioning of the subject

between runs when removing the cuff from the foot, which we found

to cause head movement.

2.6 | Visually guided force-matching motor task

The task involved a controlled, low force contraction of either the

right ankle dorsiflexors (tibialis anterior) or the right finger/thumb

flexor (hand) muscles in independent fMRI runs (Figure 1). Task design

involved 4 (45 s) contraction blocks interleaved with 5 (27 s) periods

of rest. During the contraction block, the force target moved up and
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down in a simple harmonic motion with a frequency of 0.125 Hz indi-

cating a target contraction intensity from 0 to 5% of MVC. Partici-

pants were instructed to match the sinusoidal target force as

accurately as possible. The onset of each contraction block was initi-

ated by an MRI trigger to ensure accurate timing between the experi-

ment and MRI data collection. Both target force and the force

produced by the participant were displayed (Figure 1) at the rear of

the scanner bore using an LCD projector and viewed through a head-

coil mounted mirror. During the rest block, the target force did not

move, and participants were asked to relax completely with their

eyes open.

2.7 | Upper and lower limb behavioural task
parameters

Two behavioural task parameters (lag and error) were computed from

the force data acquired during MRI testing using a custom MATLAB

script. Lag was defined as the delay between the task cue and the

response produced by the participants. Lag was calculated as the max-

imum cross-correlation between the cue and response time series,

expressed in milliseconds (ms). The error was corrected for MVC and

lag and was defined as the root mean square difference between the

cue and the lag-corrected response time series, expressed in Newtons

(N). The root mean square error is commonly used to calculate the

overall difference of measured signal (tracking) from an ideal signal

(stimulus waveform).

2.8 | fMRI pre-processing

Due to the cortical specificity and detailed activation patterns evident

at 7T, we chose to create a study-specific template script using

Advanced Neuroimaging Tool (ANTS, v.2.3.1, http://stnava.github.io/

ANTs/) (Figure 2). Using 7T imaging and simultaneous multi-slice

imaging allowed us to collect fMRI data at near anatomical resolution

(1.25 mm isotropic). Therefore, to avoid an unnecessary registration

step and therefore avoid additional registration error, we chose to

make a template directly from the fMRI data. This also allowed us to

identify brain regions in the template that were affected by magnetic

field distortions and signal loss (i.e., inferior temporal and orbitofrontal

cortices) and to interpret our statistical maps in terms of these distor-

tions. The template creation involves four iterative co-registrations of

an example fMRI volume from each participant (HC and MS). Each

F IGURE 1 Force-matching task during functional MRI acquisition. (a) The task presented to the participants. The white line slowly moved up
and down during a task block and the participants were asked to follow the white line as accurately as possible with the pink by squeezing and
releasing their fingers or pulling their foot up and down to make the pink line hit the white line. (b) The MR compatible rig used to stabilise the
foot and lower leg during the ankle motor task, that is, ankle dorsiflexion to match a force indicator displayed to the participant, is shown on the
left. The sphygmomanometer cuff was either positioned over the dorsum of foot close as possible to metatarsal heads without covering toes or
held in the right hand between the thumb and fingers (shown on the right image). (c) The blue line reflects the force in four contraction blocks
interleaved with five periods of rest. The pink line is an example of the force produced by the participant to match the force indicator displayed
on the black screen (white line)
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co-registration iteration involved rigid body (n = 20), affine (n = 50) and

deformable non-linear (n = 20) co-registration calculations followed by

averaging of the resultant warped images to create an updated target

template. The final template was linearly registered to MNI-152 space

for use in fMRI results overlays and coordinate reporting.

fMRI data were pre-processed with the following procedures using

FEAT (FSL, FMRIB, Oxford, UK, v.6.0.3): rigid body head motion correc-

tion (FMRIB Linear Registration Tool), high pass filtering (cut off 100 s)

and nonlinear spatial smoothing (SUSAN, extent threshold 2.5 mm)

(Figure 2). Volumes affected by excessive motion (mean relative dis-

placement from previous volume > 0.5 mm) were censured from subse-

quent analyses. The number of volumes deleted during lower and upper

limb movements did not differ between HC (average upper = 4.2,

lower = 4.5) and pwMS (average upper = 3.0, lower = 3.4).

2.9 | fMRI statistical analyses

We performed a three-level analysis (run, subject, group) using FEAT,

model-based fMRI data toolbox based on general linear modelling. For

each subject, two run level analyses were performed (upper limb and

lower limb task) including three translation and three rotational

motion parameters as covariates. Two group-level analyses were

performed. First, the main effect of the task was compared between

HC and pwMS for upper and lower limbs separately including hand

dominance as covariate as it could potentially influence the fMRI sig-

nal. Where significant clusters were detected, post hoc correlations

were performed in SPSS to investigate the relationship between the

max z-stat values extracted from the clusters (using fslstats from the

FSL software library) and task performance (lag and force error), volu-

metrics using and clinical disability (EDSS) using partial (rank) correla-

tion, including hand dominance, sex and age as covariates. To

contextualise the effects of hand dominance, the group analyses were

repeated without hand dominance as a covariate.

Second, differences in activation associated specifically with

upper or lower limb task performance were investigated. For each

participant, subject level analyses were performed on unthresholded

run-level activation maps to calculate activation maps specific to

either upper or lower limb movements using the following contrasts:

upper > lower and lower > upper. Higher level analyses including hand

dominance as covariate were subsequently performed to calculate sig-

nificant mean activation maps for upper and lower limbs specifically,

and to compare these activation patterns between groups.

All group level statistical analyses employed FLAME 1 mixed

effects analysis, and significant voxels were identified using family

wise error correction with a threshold of z-stat > 2.3 and cluster wise

F IGURE 2 Study-specific template
creation and functional MRI (fMRI)
processing steps. (a) A study-specific
template was created using Advanced
Neuroimaging Tools (v.2.3.1, http://
stnava.github.io/ANTs/)
buildtemplateparallel script and
involved four iterative co-registrations
of an example fMRI volume from each

participant (45 participants in total).
(b) An example of a participant to
template registration with the red line
indicating the central sulcus. (c) The
accuracy of template registrations of
all subjects is visualised here. The
coefficient of variations (CoV) of the
fourth iteration was calculated with
yellow reflecting high variability
between participants, and towards
orange more accurate overlap in
registrations
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significance of p < .05. A mask of the mean activation maps of all partic-

ipants was created and used for all analyses in post-stats to ensure that

only brain regions found to be significantly active during the upper or

lower limb tasks were included. Brain regions were identified using the

peak coordinates and the intersection between suprathreshold regions

of activation and regions of interest contained within the Brainnetome

atlas (Fan et al., 2016), cerebellar regions using SUIT (included in FSL

6.0.1, FMRIB 2012, https://fsl.fmrib.ox.ac.uk/fsl/) and brainstem

regions using Swenson atlas of the brainstem (https://www.dartmouth.

edu/�rswenson/Atlas/BrainStem/index.html).

2.10 | Statistical analyses

Statistical analyses were performed using SPSS (version 26; IBM

Corp., Armonk, NY). Demographics, brain volumetrics and task param-

eters were compared between HC and pwMS with independent sam-

ple t tests, or Mann–Whitney U tests when violations of the

assumption of normality occurred (based on Kolmogorov–Smirnov

testing and histogram inspection). Partial correlations were performed

to investigate relations between the lag and force error of the upper

limb and lower limb and between upper and lower limb task perfor-

mance. In addition, partial correlations were performance between

task performance measures, brain volumetrics and clinical disability. If

non-normally distributed, partial rank correlations were performed.

For all correlation analyses, age, sex and hand dominance were

included as covariates. p-values were corrected using false discovery

rate and were considered statistically significant <.05.

3 | RESULTS

3.1 | Demographics and clinical characteristics

The demographics, clinical measures and brain and lesion volumes are

presented in Table 1. PwMS were all diagnosed with RRMS and had a

TABLE 1 Demographic, clinical, MRI and task performance characteristics

Healthy controls (n = 17) MS patients (n = 28) p-value p-value FDRcorrec

Demographics

Sex, F/Ma 10/7 23/5 .086 .151

Age 39.29 (7.34) 41.75 (10.01) .385 .415

Disease duration 6.50 (3.94)

Dominant hand, R/La 14/3 27/1 .108 .168

MVC hand 74.14 (16.53) 61.09 (13.51) .006 .014b

MVC foot 73.80 (18.71) 51.69 (20.42) .001 .014b

Disability scores

EDSSc 1.5 (1.0, 1.5)

Pyramidal FSSc 1.0 (0.0, 1.0)

Cerebellar FSSc 0.0 (0.0, 1.0)

Volumetric data

WMVd, % ICV 33.48 (3.78) 29.74 (3.70)b .002b .007b

CGMVd, % ICV 31.55 (3.09) 29.45 (2.30)b .014b .028b

DGMVd, % ICV 5.94 (0.81) 5.29 (0.64)b .005b .014b

Ventriclesd, % ICV 2.06 (1.17) 2.65 (1.28)b .130 .182

Lesion volume, log mm3 3.10 (0.64)

Spinal cord C1/C2 CSA, mm2 69.81 (6.82) 70.71 (10.27) .752 .752

Task parameters

Upper limb lag, ms 184.71 (113.75) 216.07 (90.08) .201 .256

Upper limb force error, N 0.31 (0.07) 0.34 (0.10) .296 .345

Lower limb lag, ms 142.35 (116.49) 266.43 (120.68)b .002b .009b

Lower limb force error, N 0.30 (0.05) 0.45 (0.16)b .001b .007b

Note: All variables were tested using independent samples t test and values represent means and SDs unless denotes otherwise.

Abbreviations: CGMV, cortical grey matter volume; DGMV, deep grey matter volume; EDSS, Expanded Disability Status Scale; F, females; FDR, false

discovery rate; FSS, Functional System Score; ICV, intracranial volume; L, left; M, males; MS, multiple sclerosis; MVC, maximum voluntary contraction; R,

right; WMV, white matter volume.
aChi-square test.
bSignificant difference between people with multiple sclerosis and healthy controls at p < .05.
cMedian and interquartile range.
dBrain volumes were normalised for intracranial volume.
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mean disease duration of 6.4 years (SD = 3.9), median EDSS of 1.5

(interquartile range = 1, 1.5). No differences between groups were

observed for age, sex or hand dominance. Compared to HC, pwMS

displayed significantly reduced WM volume (p = .002), cortical grey

matter volume (p = .014) and deep grey matter volume (p = .005). No

differences were observed for ventricular volume and spinal cord

cross-sectional area.

3.2 | Motor task performance

PwMS displayed lower hand (−13.05 N, U = 132.00, p = .013) and

foot (−22.11 N, t(43) = −3.63, p = .001) MVC and a higher force error

(+0.15 N, U = 91.00, p = .001) and a longer lag (+124 s, t(43) = −3.39,

p = .002) during the lower limb task but not during the upper limb task

(Table 1, Figure 3). In both pwMS and HC, no correlations between

force error and lag were found for either upper or lower limbs. Upper

and lower limb force error did significantly correlate in pwMS

(p = .028, r = .440), but not in HC (p = .351, r = .270). Upper limb lag

was significantly associated with lower limb lag in HC only (p < .001,

r = .902), but not in pwMS (p = .332, r = .202) (Figure 3). No correla-

tions were observed between task parameters (lag and force error)

and EDSS.

3.3 | Disease related functional activation changes

Main patterns of activation are shown in Figure 4. During the lower

limb task, pwMS displayed reduced activation in three ipsilateral

(right) cerebellar clusters including I–IV, V, VI, Crus I/II, (Vermis) VI

and brainstem, compared to controls (Figure 5, Table 2). In addition,

reduced activation was observed in three ipsilateral (right) cerebrum

clusters within the superior parietal lobule (Brodmann area (BA) 7

[objects in space in relation to body] and BA 5 [somatosensory pro-

cesses and movement]), inferior temporal gyrus (BA 37 [processing

colour, face/body recognition], BA 39 [body image] and V5/MT+

[visual motion]) and inferior occipital gyrus [object recognition, BA

37, V5/MT+]) in pwMS compared to HC (Figure 5, Table 2). During

F IGURE 3 The functional force
tracking task parameters. These plots
demonstrate the group differences in
task performance (lag and force error)

and the correlations between the upper
and lower limb performance. Each circle
reflects a participant, and the healthy
controls (HC) are visualised in orange
and people with multiple sclerosis
(MS) in blue. (a,b) People with MS
showed significantly longer lag (+124 s,
p = .002) and higher force error
(+0.15 N, p = .001) during lower limb
force tracking, compared to HC. (c,d)
No differences in performance were
observed during upper limb
movements. (e,f) Upper and lower limb
lag correlated significantly in HC
(p < .001, r = .902), but not in MS
(p = .322, r = .202). Force error of the
upper and lower limb did significantly
correlate in MS (p = .028, r = .440), but
not in HC (p = .351, r = .270). Excluding
positive and negative outliers in HC
(lower limb and upper limb lag) and MS
patients (lower limb force error) gave
similar results and changed p-values
minimally
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the upper limb task, reduced activation was observed within the infe-

rior occipital gyrus (visual processing area) in pwMS compared to

controls.

Several significant post hoc correlations were identified between

peak z-stat values extracted from significant clusters and task perfor-

mance variables, lesion volume and EDSS (Figure 5). Lesion volume

correlated negatively with peak z-stat values from the clusters within

inferior temporal gyrus (BA 37, BA 39 and V5/MT+) (r = −.476,

p = .019), superior parietal lobule (BA 5 and 7) (r = −.460, p = .024)

and brainstem and cerebellar right I–IV and V (r = −.474, p = .019). A

negative relation was found between clinical disability (EDSS) and

peak z-stat values from the brainstem and cerebellar right I–IV and V

cluster (r = −.417, p = .034). Lower limb force error correlated posi-

tively with the inferior occipital gyrus (V5/MT+ and BA 37) cluster

peak z-stat values (r = .541, p = .006).

We observed a range of moderate correlations between brain

volumetrics, motor performance and clinical disability (Supplementary

Table 1).

Group analysis without hand dominance included as covariate

resulted in lower cerebellar Crus I/II activation and increased cortical

M1/premotor activation during lower limb movements, but no signifi-

cant change was observed during upper force tracking

(Supplementary Figure 3).

3.4 | Activation patterns related to upper and
lower limb movements specifically

In both pwMS and HC activity specific to lower limb movements was

observed in the contralateral medial primary somatosensory cortex

and M1, whereas activation patterns related to upper limb move-

ments were observed in lateral precentral gyrus, consistent with

known somatotopy. Within the cerebellum, activity specific to upper

limb movements was seen largely in the ipsilateral V-VI and lower limb

activation was observed in the ipsilateral I–IV. Activation within the

primary sensorimotor cortices and cerebellum largely overlapped and

were not significantly different between group (Figure 4).

4 | DISCUSSION

In the present study, we aimed to investigate the complex upper and

lower limb motor control in pwMS with minimal sensorimotor impair-

ments using ultra-high field fMRI and a visually guided force-matching

task. We found that pwMS displayed altered task performance and

reduced activation of several regions within the cerebellum (I–IV, V,

VI, Crus I/II), occipital and superior parietal cortices during lower limb

movements, compared to HC, with the level of activation related to

F IGURE 4 Average activation
maps. (a) The mean activation maps
during the upper and lower limb
visually guided force-matching tasks.
(b) Activation patterns specifically
related to either lower limb
(lower > upper) or upper limb
(upper > lower) movements. The
main effects for healthy controls

(mustard yellow) and people with
multiple sclerosis (orange) are
presented in an overlayed manner
with the overlap between groups
presented in petroleum blue
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F IGURE 5 Functional brain activity changes in minimally disabled people with multiple sclerosis. (a–e) During the lower limb force-matching
task, compared to healthy controls, people with multiple sclerosis (pwMS) displayed hypoactivation within several clusters located in right:
(a) cerebellum (I–IV), (b) inferior occipital gyrus (V5/MT+ and Brodmann area (BA) 37), (c) inferior temporal gyrus (V5/MT+, BA 37 and 39),

(d) superior parietal lobule (BA 5 and 7), (e) cerebellum (I–IV, VI, Vermis VI, Crus I/II) and brainstem (anterior of fourth ventricle). Correlations were
found with lower limb force error, lesion load and Expanded Disability Status Scale (EDSS) scores. (f) During upper limb force tracking, pwMS
displayed lower brain activity within the inferior occipital cortex, compared to controls. Maximum z-stat values are plotted on the x-axis and
variables of interest (EDSS, lesion load, task performance) on the y-axis
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task performance, clinical disability and lesion load. During the upper

limb task, motor performance was preserved in pwMS, yet activity

within the inferior occipital cortex was lower compared to controls.

4.1 | Lower limb functional activation changes

We detected several small loci with reduced activation within the

cerebrum and cerebellum during a visually guided force matching in

pwMS, compared to HCs. Activation changes were associated with

lower limb force error, a metric of sensorimotor integration, and EDSS

scores, suggesting a role of functional disturbances in clinical disability

early in the disease. We observed cortical changes during lower limb

movements in visual-motor regions including BA 5 and 7, involved in

somatosensory association processes including visuomotor attention

and location of objects in space (integration proprioception and

vision), as well as during foot and hand movements in the occipital

cortex including BA 37, occipital pole (primary visual processes) and

middle temporal visual area (processing of motion). Reduced activa-

tion was observed in the occipital during upper limb movement as

well. Unexpectedly this was the only identified difference during the

upper limb force tracking and potentially reflects differences in visual

attention required to maintain tracking. In addition to cortical changes,

we observed reduced cerebellar Crus I/II and cerebellar I–IV, V and VI

TABLE 2 MNI coordinates and
anatomical description

Peak MNI coordinates

Description anatomical regions (peak and overlap) X Y Z

Lower limb movements (MS < HC)

Rostral area 7 (superior parietal lobule) 23.84 −60.04 61.01

Intraparietal area 7 (superior parietal lobule)

Lateral area 5 (superior parietal lobule)

Caudal area 7 (superior parietal lobule)

Ventrolateral area 37 (inferior temporal gyrus) 52.87 −63.98 −1.56

V5/MT+ (lateral occipital cortex)

Dorsolateral area 37 (middle temporal gyrus)

Ventrolateral area 37 (inferior temporal gyrus)

Rostrodorsal area 39 (inferior parietal lobule)

Inferior occipital gyrus (lateral occipital cortex) 40.30 −79.71 −12.83

V5/MT+ (lateral occipital cortex)

Lateroventral area 37 (fusiform gyrus)

Medioventral area 37 (fusiform gyrus)

Cerebellar right I–IV 2.81 −44.55 −3.50

Left I–IV

Cerebellar right VI 7.66 −79.77 −19.06

Right Crus I/II

VI

Vermis VI

Brainstem (anterior of fourth ventricle, reticular

formation, etc.)

5.88 −37.43 −33.12

Cerebellar right I–IV

Cerebellar right V

Medioventral area 37 (fusiform gyrus)

Upper limb movements (MS < HC)

Inferior occipital gyrus (lateral occipital cortex) 25.03 −93.81 −10.71

Occipital polar cortex (lateral occipital cortex)

Note: This table shows the location of the max z-stat of the significant clusters (group differences) in MNI

coordinates. Cortical and subcortical regions are localised using the Brainnetome atlas (Fan et al., 2016),

cerebellar regions using SUIT (included in FSL 6.0.1, FMRIB 2012, https://fsl.fmrib.ox.ac.uk/fsl/) and

brainstem regions using Swenson atlas of the brainstem (https://www.dartmouth.edu/�rswenson/Atlas/

BrainStem/index.html).

Abbreviations: BA, Brodmann area; HC, healthy controls; LL, lower limb; MS, multiple sclerosis; UL,

upper limb.
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activation during lower limb force tracking. Cerebellar Crus I/II are

suggested to be primarily involved in higher-level cognitive processes.

These regions are included in cerebral networks involving cognitive

control (Buckner, Krienen, Castellanos, Diaz, & Yeo, 2011) and activa-

tion within Crus I/II was reported higher during a cognitive compared

to a motor task (Stoodley, Valera, & Schmahmann, 2012). Besides cog-

nitive control, lesions in these regions have been associated with

worse motor task performance in stroke patients (Stoodley, MacMore,

Makris, Sherman, & Schmahmann, 2016). Cerebellar I–IV and VI are

suggested to be primarily involved in sensorimotor processes. Lobule

IV and VI, along with V VIIIB map to the somatosensory cerebral net-

work encompassing hand and foot representations (Buckner

et al., 2011). Overall, the areas implicated by our study include both

sensorimotor and visual-motor regions, and activation changes were

associated with lower limb force error, together suggesting that motor

control impairments in MS are related to dysfunctions in visuomotor

integration.

This is one of the first studies to use a complex motor control task

in MS (Boonstra et al., 2018; Boonstra et al., 2019). Previous func-

tional task imaging studies have used simple motor tasks such as fin-

ger tapping (Filippi et al., 2004; Lee et al., 2000; Mezzapesa

et al., 2008; Reddy et al., 2000; Rocca et al., 2003, 2005) and foot

flexion and extension or increased complexity by performing a task

with both hand and foot (Filippi et al., 2004). Using simple motor tasks

resulted in increased activation in motor regions such as M1 (Filippi

et al., 2004; Lee et al., 2000; Reddy et al., 2000, 2002; Rocca

et al., 2005), often interpreted to be a compensatory mechanism in

response to the pathological damage, and reduced cerebellar activa-

tion in patients with worse disability (Ciccarelli et al., 2006) and over

time (Pantano et al., 2005). To determine whether changes in activa-

tion are adaptive or maladaptive and are predictive of progressive

decline would require longer term follow-up that was outside the

scope of the current study. In contrast to more simple tasks, increas-

ing complexity resulted in more widespread activation in supplemen-

tary motor area, thalamus, and frontal regions. Compared to controls,

CIS patients displayed cortical and subcortical activity changes, but no

cerebellar differences (Filippi et al., 2004), potentially due to clinical

field strength used. Imaging at higher field strengths and a task involv-

ing complex motor control revealed more subtle deficits in early

stages, providing markers for early motor progression.

4.2 | Pathological factors influencing lower limb
functional impairments

The aim of this study was to investigate functional mechanisms

underlying impairments in movements, so we did not undertake

detailed structural investigations. However, we did identify gross atro-

phy of cortical and deep grey matter and WM and the extend of corti-

cal and cerebellar activation was negatively correlated with the lesion

load, that is, the higher the lesion volume the lower the brain activity.

These results suggest that structural damage within the brain could

explain activation and behaviour changes observed during lower limb

movements specifically. Besides the thalamus and precentral gyrus

(M1), areas important in motor control, the cerebellum is one of the

first regions to become atrophic in relapse-onset disease (Eshaghi

et al., 2018), possibly affecting brain function. The cortical regions on

the other hand were not within the somatotopically mapped lower

limb regions identified in the lower > upper contrast, but in

visuomotor integration areas and therefore cannot be attributable to

reduced sensory input or motor output to lumbar spinal cord motor

neurons. In addition, we did not observe differences in cervical spinal

cord cross-sectional area between patients and controls. We were

unable to fully characterise cervical cord lesions due to the limited

field of view afforded by the use of a transmit/receive head coil nec-

essary for 7T imaging. However, lesions are primarily observed in the

cervical spinal cord (59%) (Weier et al., 2012), clearly affecting both

upper and lower limb function and early MS spinal cord lesions are

often asymptomatic (Granella et al., 2019) and do not predict disability

progression (Dekker et al., 2017).

4.3 | Lower and upper limb performance in pwMS
with minimal impairments: Different processes?

In our study using a motor control task we were able to differentiate

between upper and lower limb performance and brain activity. PwMS

displayed delayed and more erroneous force tracking compared to HC

for lower but not upper limbs. Whereas during upper limb force track-

ing only a single region differed between groups, multiple clusters

were observed during lower limb movements in pwMS. These lower

limb changes were also clinically meaningful as activation correlated

significantly with markers of clinical disability including EDSS severity

and lesion load, these associations were not found with upper limb

activation. Together, this suggests that, at least in part, divergent

pathological processes drive progression of upper and lower limb

impairments. This interpretation is supported by a previous study

showing only a moderate correlation between a hand-to-mouth task

and walking revealed using advanced kinematic analyses (Coghe

et al., 2019). Also, clinical observations of pwMS often report impair-

ments in lower limb function early in the disease (Benedetti

et al., 1999; Kister et al., 2013; Martin et al., 2006). Potentially, lower

limb impairments precede upper limb disability, which would require a

longitudinal design to investigate.

4.4 | Force-matching for studying visuomotor
integration in pwMS

Here, we used a force matching task to elicit submaximal contractions

of the tibialis anterior (lower limb task) or hand flexion (upper limb

task) performed in separate runs adapted from a study (Shanahan

et al., 2015). With this task, we aimed to model not only basic sensori-

motor behaviour, but complex motor control behaviours required for

daily life. Similar tasks have been used previously to study the basic

neurophysiology involved in visuomotor control (Keisker, Hepp-Reymond,
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Blickenstorfer, & Kollias, 2010; Mayhew et al., 2017), showing that

visual feedback resulted in stronger activation, that scaled with MVC.

Stronger correlations were found between activation and behavioural

performance when participants performed low MVC contractions

(10%), potentially due to greater neuronal recruitment required for

finer motor control. We used an MVC of 5% that was selected to both

increase the difficulty of the task, and to minimise head motion,

resulting in the activation of a broad network of visual and oculomo-

tor, premotor and motor areas. We conclude that force-matching

tasks provide a relatively straightforward means to investigate com-

plex visuomotor integration.

4.5 | Methodological considerations and
limitations

In this study, we used ultra-high field MRI with the goal of detecting

more specific activation loci with better accuracy due to high sensitiv-

ity. For low-resolution fMRI data, large spatial smoothing kernels are

commonly used to enhance signal-to-noise ratio and to minimise the

effects of misregistration. However, this also reduces accuracy as it

can lead to incorrect estimation of true spatial localisation and there-

fore Type-I error (Heidemann et al., 2012; Sacchet & Knutson, 2013).

We therefore chose to create a study-specific template to improve

the accuracy of spatial co-registrations and therefore we were able to

use very limited smoothing in our data (2.5 mm). To conclude, using

ultra-high field and a study-specific template led to identification of

detailed activation patterns specific to movement without losing

sensitivity.

The comprehensive study design involving both MRI testing and

laboratory gait analysis in two different locations resulted in long

assessment times and a relatively small sample size. Future studies

including a larger sample size would be recommended to confirm find-

ings. Despite the sample size, we used focused inclusion criteria which

resulted in a relatively homogeneous group of patients and the motor

performance assessments at 7T were sensitive enough to detect sub-

tle changes in brain activity in patients with minimal disabilities. While

there are significant advantages for the use of ultra-high field for fMRI

such as higher raw signal to noise ratio (Yoo et al., 2018), stronger sus-

ceptibility effects (Ladd et al., 2018), and signal more closely attribut-

able to venules than feeding veins (Cheng, 2018), worse magnetic

field inhomogeneities can lead to signal dropout and warping around

the inferior temporal and orbitofrontal cortices. For the current study,

these areas were not of major interest and the study-specific template

demonstrated the very high signal-to-noise ratio across the brain with

very little signal loss in areas of interest such as the sensorimotor cor-

tices and cerebellum.

Hand but not foot dominance was recorded during testing. Even

though in the majority of people dominance of the hand and foot are

similar (Barut, Ozer, Sevinc, Gumus, & Yunten, 2007), we recommend

including both as covariates in future studies as well as the use of vali-

dated dominance assessments.

5 | CONCLUSION

These results demonstrate that ultra-high field fMRI during complex

hand and foot tracking can identify subtle impairments in movement

and brain activity in otherwise minimally impaired pwMS, with differ-

ential effects for upper and lower limb impairments. Minimally dis-

abled pwMS displayed altered lower limb movements and brain

activation with preserved upper limb function but altered brain activa-

tion. Our findings demonstrate an important link between the

impaired lower limb motor control and altered neuronal activity within

regions related to sensorimotor integration in the parietal cortex and

fine motor control in the cerebellum.
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