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Abstract

Background/Objective. Position sense, defined as the ability to identify joint and limb position in space, is crucial for balance
and gait but has received limited attention in patients with multiple sclerosis (MS). We investigated lower limb position
sense deficits, their neural correlates, and their effects on standing balance in patients with early MS. Methods. A total of
24 patients with early relapsing-remitting MS and 24 healthy controls performed ipsilateral and contralateral matching
tasks with the right foot during functional magnetic resonance imaging. Corpus callosum (CC) integrity was estimated
with diffusion tensor imaging. Patients also underwent an assessment of balance during quiet standing. We investigated
differences between the 2 groups and the relations among proprioceptive errors, balance performance, and functional/
structural correlates. Results. During the contralateral matching task, patients demonstrated a higher matching error than
controls, which correlated with the microstructural damage of the CC and with balance ability. In contrast, during the
ipsilateral task, the 2 groups showed a similar matching performance, but patients displayed a functional reorganization
involving the parietal areas. Neural activity in the frontoparietal regions correlated with the performance during both
proprioceptive matching tasks and quiet standing. Conclusion. Patients with early MS had subtle, clinically undetectable,
position sense deficits at the lower limbs that, nevertheless, affected standing balance. Functional changes allowed correct
proprioception processing during the ipsilateral matching task but not during the more demanding bilateral task, possibly
because of damage to the CC. These findings provide new insights into the mechanisms underlying disability in MS and
could influence the design of neurorehabilitation protocols.
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Introduction
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The ability to identify the position of lower limbs in space is 2Department of Informatics, Bioengeneering, Robotics and System

critical for ambulation' and balance control.!? As proprio-
ception results from a complex process of integration of sen-
sory inputs from different peripheral receptors, involving the
central nervous system (CNS) at different levels,? it is likely
to be affected in a spatially disseminated disease such as
multiple sclerosis (MS). MS is a chronic demyelinating dis-
ease of the CNS, causing neurological disability, especially
in young adults.* Sensory deficits are predominant in patients
with MS, and among them, proprioceptive impairment is the
most common, involving the lower more than the upper
limbs.>® Moreover, patients with MS frequently have an
impaired control of ankle motion,” which is necessary for
maintaining standing posture and during gait.® Taken alto-
gether, these observations suggest that sensorimotor impair-
ment at the level of the ankle may be a primary factor that
determines mobility and balance impairment in people with
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MS. However, the role of proprioception impairment in
determining disability is often underestimated because of
the limited sensitivity and reproducibility of the conven-
tional clinical measures.” Furthermore, in MS patients,
the investigation of proprioception at the level of the
lower limbs and specifically at the level of the ankle
joints has received little attention so far, especially in
terms of neural correlates. Indeed, previous studies
focused on brain functional activity during active or pas-
sive motor tasks, including both upper limbs and ankle
movements. %12

It has been also reported that position sense at the level
of the ankle, in terms of either behavioral outcome or neu-
ral activity, correlates with balance performance in both
healthy subjects (HS)'*'* and patients with neurological
diseases.!> Although balance impairment characterizes
MS from its early stages'® and it has been extensively
investigated,!”! none of these studies explored the spe-
cific relationship between proprioceptive-related brain
activity and balance ability during quiet standing in MS
patients.

Finally, both the performance of sensory tasks requir-
ing an interhemispheric transfer of information and pos-
tural control rely on the integrity of the corpus callosum
(CC).2%2! The anterior part and midbody of the CC con-
nect higher-order sensory and primary/secondary somato-
sensory areas, respectively, and CC integrity is required
during bimanual coordination movements.?> The CC is
affected from the early stages of MS,? and its microstruc-
tural disruption has been associated with poor postural
control.?! However, no study has examined the relation-
ship between microstructural integrity of the CC and pro-
prioceptive impairment during bilateral sensory tasks
with the lower limbs or during quiet standing in patients
at the early stages of the disease.

Against this background, we planned this study with 3
specific aims. The first aim was to assess distal lower
limbs proprioception, in terms of both behavioral perfor-
mance and neural activity, in patients with early relapsing-
remitting MS (eRR-MS). Specifically, we investigated the
proprioceptive-related brain activity using functional MRI
(fMRI) during ipsilateral and contralateral matching
tasks?* performed with the lower limbs. The second aim of
our study was to determine whether, in eRR-MS patients,
the functional neural correlates of proprioception and
behavioral performance during the matching tasks were
related to postural control during quiet standing, thus
investigating the impact of proprioceptive deficits on bal-
ance. Finally, as a third aim, we tested the hypothesis that
the structural damage in the CC could affect the perfor-
mance during both proprioceptive matching task requiring
bilateral coordination and quiet standing, since the early
stages of the disease.

Material and Methods

Participants

Outpatients with eRR-MS and gender- and age-matched HS
were prospectively enrolled. The inclusion criteria were the
following: (1) right or mixed foot dominance (Waterloo
inventory score > —6),2 (2) no previous history of musculo-
skeletal injuries at the lower limbs level, (3) no previous
intense performance of sport activities that involved the lower
limbs extensively, and (4) no other neurological or psychiatric
disorder. eRR-MS patients were selected according to the
McDonald criteria 2017%¢ and with the following additional
inclusion criteria: (5) disease duration of less than 5 years and
(6) no relapses in the 3 months previous to the examination.

We screened 34 eRR-MS patients. However, 5 patients
were excluded because they were left footed and 3 of them
because they suffered a relapse before the examination. Of
the 26 patients, 2 were excluded from the analysis: the first
one because she did not complete the MRI scan, the second
one because of the poor image quality resulting from motion
artifacts. Thus, the final sample size of our study included 48
individuals: 24 with eRR-MS and 24 age- and gender-
matched HS.

Patients with eRR-MS underwent clinical evaluation,
including Expanded Disability Status Scale (EDSS) and
assessment of the upright standing ability by means of a
WII balance board, within 2 days of MRI acquisition.

The study conforms to the standard of the declaration of
Helsinki and was approved by the local ethical committee
(CER Liguria, No. 222REG2017). All participants provided
written informed consent prior to participation in the study.

fMRI Experimental Setup and Protocol

For all participants, we evaluated the distal lower limb pro-
prioception inside the magnetic resonance (MR) environ-
ment by using the MR-compatible setup described in
Iandolo et al?’ (see supplementary information [SI] and
Figures 1A and 1B for further details). We asked the partici-
pants to perform ipsilateral and contralateral matching tasks
with the right foot during fMRI. In addition, participants
performed ipsilateral and bilateral active motor tasks
involving the same dorsiplantar flexion movements needed
to perform the matching tasks. In both the active motor
tasks and the matching tasks, we used a block fMRI design
with 4 blocks of rest (30 s each) alternated with 4 blocks of
foot movements for the motor task and 6 blocks of rest
alternated with 6 blocks of position matching for the pro-
prioceptive task. All participants performed the following
tasks (Figure 1D and SI for further details):

e Unilateral and bilateral active motor tasks (ACTIVE-
UNILAT and ACTIVE-BILAT, respectively). Partici-



landolo et al

D MOTOR TASKS

7)1 -] e—

ACTIVE UNILAT ACTIVE BILAT

CMA-R

I O MOVEMENT

\ ACTIVE MOVEMENT \ ’
[ PASSIVE MOVEMENT
TOP VIEW
BBl PASSIVE AND ACTIVE
MOVEMENT F

Figure |. A. Custom-made MR compatible passive device used during the magnetic resonance imaging (MRI) experimental protocol.
The numbers indicate (1) the adjustable tight platform; (2) the foot platforms that allow for each foot independently | degree-of-
freedom movement in the sagittal plane; (3) the 2 rails (2 per side) that allow the thigh platform and the foot platforms to slide
relative to one another to fit different participants’ anthropometries; (4) the MR compatible optical encoder was attached to each
platform’s axis of rotation. B. An overview of a participant outside the MR environment. The thighs and the feet were firmly strapped
to the corresponding platform with VELCRO straps. C. The 4 presented platform positions (PF14, PF7, REF, and DF7) that the
participants were required to match during each matching task. The angle values on the right show the rotation values of the platform
with respect to the BAS position from which each trial started. D. Task functional MRI protocols during motor and matching tasks.
Rest and block duration was 30 s each. Tasks were randomized across patients. Overview of the patient and the feet position during
the balance control task (E and F). Figure adopted with permissions from landolo et al. (landolo, Bellini and Saiote, 2018).

pants actively moved the right foot in the sagittal plane,
during ACTIVE-UNILAT, or both feet in phase,
during ACTIVE-BILAT, by synchronizing with a
metronome set at 1 Hz.

e Ipsilateral matching task with the right-dominant
foot (IMA-R). The operator passively moved the
foot from the starting position (Figure 1C, BAS) to
one of the 4 target positions (Figure 1C) and then
back to the BAS position. Subsequently, participants
were asked to reach the target position with the same
foot and then return to the BAS position.

e Contralateral matching task with the right-dominant
foot (CMA-R). An operator moved the left nondomi-
nant foot to 1 of the same 4 positions as in the IMA-R
task. The participant had to reach the selected posi-
tion with the contralateral right-dominant foot and
go back to the BAS location with both feet.

During the matching tasks, participants were required to
keep their eyes closed. See SI for further details about

matching task description and foot position during the
tasks.

Behavioral Analysis of the Matching
Performance

As an indicator of the matching performance, we computed
the constant error (CE)—that is, the difference between the
position reached by the matching foot and the target posi-
tion, both measured in terms of angular rotations of the foot
platforms. The values computed for each trial were aver-
aged across repetitions and across targets, obtaining a single
measure of the overall performance to correlate with the
fMRI data in each task (IMA-R and CMA-R), with the
structural damage of the CC as well as with the parameter
assessing the balance performance. This measure indicates
a systematic error: a negative value corresponds to an
undershoot of the target positions, and a positive value to an
overshoot; if the CE is zero, there is no systematic error.
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Assessment of the Upright Standing Ability of
eRR-MS Patients

During the neurological examination, all eRR-MS patients
underwent also a test aiming at evaluating their standing
balance. They stand upright and barefoot on a Nintendo WII
Balance Board (WBB, Nintendo, Kyoto, Japan), with the
arms relaxed along the sides of the body, the heels separated
by about 2 cm, and the feet abducted at 20° (see Figures 1E
and 1F).?® They were asked to remain as still as possible for
3 trials, each lasting 40 s. We asked participants to keep
their eyes closed during the 3 testing trials to increase reli-
ance on proprioception and to eliminate visual cues.!>!8

Then, for each trial, we estimated the root mean square
of the anteroposterior oscillations of the center of pressure
(RMS, , [mm]). We chose this parameter because it is influ-
enced by the responses of the muscle spindle, and thus, it is
strictly related to proprioceptive information; an increment
of this parameter reflects poor balance performance.'
Moreover, RMS, , has been indicated to be among the most
reliable parameters when using a WBB in HS and patients
with MS.? No learning effects were observed across the 3
trials and, as already described in a previous study?®, we
averaged the obtained values. See SI for additional informa-
tion about data analysis from the WBB.

MRI Acquisition and Image Processing

All participants underwent MRI at 1.5 T Signa Excite
(Signa Excite General Electric Healthcare, WI, USA) with
8 channels phased-array head coil. The protocol included
the following: (1) high-resolution fast spoiled gradient echo
3D T1-weighted sequence, (2) spin-echo dual-echo proton
density—weighted and T2-weighted sequence, (3) single-
shot echo-planar imaging sequence for fMRI during active
motor and matching tasks, and (4) an axial single-shot spin
echo diffusion tensor imaging (DTI) sequence. MRI
sequences details and fMRI and DTI data processing are
described in SI.

Statistical Analysis

The statistical analysis was performed with SPSS (version
20.0), except for the fMRI section, performed with FSL. Prior
to all statistical testing, we tested (Kolmogorov-Smirnov test)
the hypothesis that the demographic, behavioral, and DTI data
were normally distributed. We used Levene’s and Mauchly’
tests to verify, respectively, the homogeneity of variances for
all the above-mentioned independent measures and the sphe-
ricity assumption for the behavioral indicator (i.e. CE) com-
puted during the matching task.

Demographic and Clinical Data. Differences in age and gen-
der between the 2 groups were assessed with the unpaired
t-test and y test, respectively.

Proprioceptive Matching Performance. To investigate significant
difference during matching tasks, we performed a repeated-
measures ANOVA with 1 between-subjects factor, i.e. Group
(eRR-MS vs HS), and 2 within-subject factors, i.e. Task
(CMA-R and IMA-R) and Position (DF7, REF, PF7, and
PF14). When the sphericity assumption was rejected, we
applied the Greenhouse-Geisser correction. Then, based on the
ANOVA results, we used a Tukey’s honest significant differ-
ence post hoc test to further investigate significant differences
among the 4 target positions and an unpaired #-test to investi-
gate specific differences between the 2 groups—HS and eRR-
MS patients—in each task. A Pearson correlation coefficient
was used to assess the relationship between CE during CMA-R
and RMS,, , within the eRR-MS group.

Functional Magnetic Resonance Imaging. To strictly investigate
position sense-related activity, we chose to contrast the
matching tasks neural response with the purely active motor
neural response, using 2-sample paired #-tests (IMA-R >
ACTIVE-UNILAT, CMA-R > ACTIVE-BILAT), as per-
formed in our previous study.?’ Results were converted to
Z-values, and then a threshold of Z =3.1 for cluster formation
and a significance threshold of P = .0001 (cluster corrected
using Gaussian random field theory [GRFT]) were applied. In
all the group-level analyses, we added age and gender as
covariates for the HS group and age, gender, and disease dura-
tion for the eRR-MS group. To compare the activity during
IMA-R and CMA-R between the HS and eRR-MS groups, we
used the unpaired #-test. A threshold of Z =2.3 for cluster for-
mation and a significance threshold of P =.01 (cluster cor-
rected using GRFT) were used.

The correlations between brain activations of eRR-MS
patients (IMA-R and CMA-R) and the behavioral measure
CE during the 2 matching tasks were modeled separately, with
age, gender, and disease duration as covariates. A threshold of
Z =2.3 for cluster formation and using a significance thresh-
old of P =.01 (cluster corrected using GRFT) were applied.
We performed the same correlation analysis for the HS group,
using age and gender as covariates.

In addition, to test the a priori hypothesis that there is a
correlation between the balance parameter during quiet
standing (RMS, ;) and proprioceptive-related brain activity
in the eRR-MS group, we used the same correlation analy-
sis as above (for the CE). We selected the brain activity
measured during CMA-R because for both fulfilling this
task and maintaining balance during quiet standing, the pro-
prioceptive representation of both legs is needed.

DTl Metrics and Behavioral Parameters. An unpaired #-test
was used to assess differences in fractional anisotropy (FA)
and mean diffusivity (MD) values of the CC between HS
and eRR-MS. Moreover, partial correlation between the
DTI metrics and CE during CMA-R was assessed in the 2
groups separately and in the HS + eRR-MS group, adding
age and gender as covariates, using the Pearson correlation
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Table |I. Demographic, Clinical, and Behavioral Data.?

Patients (n = 24) HS (n = 24)
Age 32.50 = 6.76 30.75 = 4.54
Gender |7 Females; 7 males |5 Females; 9 males
Waterloo Scale score 75*79 11.82 = 491
Disease duration (months) 38.17 = 2477 —
EDSS (median; range) | (0-3.5) —
s-FSS (median; range) 0 (0-2) —
CE CMA-R (degrees) 10.89 = 4.56 838 £ 296
CE IMA-R (degrees) 6.33 = 2.53 6.59 = 2.69
RMS,, (mm) 496 = 1.73 —
T2-LV (mL) 243 *+ 2.65 —
TI-LV (mL) 1.89 = 1.85 —
CCFA 0.64 = 0.03 0.66 = 0.03
CC MD (X10?% mm?s) 0.77 £ 0.02 0.75 £ 0.02

Abbreviations: CE, constant error; CMA-R, contralateral matching task performed with the right foot; EDSS, Expanded Disability Status Scale; FA,
fractional anisotropy; HS, healthy subject; IMA-R, ipsilateral matching task performed with the right foot; MD, mean diffusivity; RMS ,;, root mean
square of the antero-posterior direction; s-FSS, sensory functional system score; TI-LV, lesion volume in T |-weighted sequence; T2-LV, lesion volume

in T2-weighted sequence.
?Means * SDs are reported if not otherwise specified.

coefficient. The latter test was also used to assess the rela-
tionship between diffusion metrics and the quiet standing
parameter (i.e. RMS, ;) in the eRR-MS group.

Results

Participants

Demographic and clinical characteristics of all participants
included in the analysis are reported in Table 1. The median
sensory functional system score (s-FSS) in the eRR-MS
group was 0 (range: 0-2). The demographic data as well as
the behavioral and DTI parameters were normally distributed
(P > .05 in all cases). Age and gender did not significantly
differ between the 2 groups: #46) = —1.05, P = .298, and
x(1) = 0.375, P = .540 for age and gender, respectively.

Behavioral Performance During Matching Tasks
and During Quiet Standing

The sphericity assumption was verified for both the group
and task factors (P > .05) but not for the positions factor
[x%(2) = 66.78, P < .001]. Thus, for the latter case, we
adopted the Greenhouse-Geisser correction (¢ = 0.54).
Both populations systematically overshot the target posi-
tion. eRR-MS patients had a greater CE than HS during the
CMA-R task, whereas during the IMA-R task, the 2 groups
showed similar performance (Figure 2): Group X Task
effect, F(1,46) = 7.26, P = .010; Group effect, F(1, 46) =
1.98, P = .170. Mean and SD CE values during CMA-R
were 10.89° = 4.56° and 8.38° * 2.96° for eRR-MS and
HS, respectively, with the unpaired #-test highlighting a sig-
nificant difference (r = 2.26; P = .029). Mean and SD val-
ues for CE during IMA-R were 6.33° % 2.53° and 6.59° =

2.69° for eRR-MS and HS, respectively (unpaired #-test: ¢ =
—0.35; P = .730). The CE during CMA-R was greater than
during IMA-R for both populations [task effect: F(1, 46) =
38.31; P <.001].

The performance of eRR-MS related to postural control
during quiet standing, i.e. the RMS,,,, is reported in Table 1.
RMS,, significantly correlated with CE during CMA-R (r
= 0.510; P = .015).

Brain Activations During Matching and Motor
Tasks in eRR-MS and HS

Single-Group  Analysis. Brain activity for both eRR-MS
patients and HS groups is reported in Tables S1 and Table
S2 for matching and motor tasks, respectively. See SI for a
summary of brain regions involved.

Within-Group Analysis in eRR-MS Patients

(1) IMA-R > ACTIVE-UNILAT: the activation clusters
involved the bilateral frontal areas, superior and infe-
rior parietal lobule (SPL and IPL, respectively), pri-
mary somatosensory cortex (S1), right supramarginal
gyrus (SMQG), and left precuneus (Figure 3, Table S3).
CMA-R > ACTIVE-BILAT: the contrast revealed
several clusters covering parietal and frontal areas,
in particular the bilateral postero-medial frontal cor-
tex, right SPL, SMG, and S1, while the precuneus
was activated bilaterally (Figure 3, Table S3).
(3) CMA-R vs IMA-R: see Table S4.

2)

Between-Group Analysis. (1) Matching tasks: differences
between eRR-MS patients and HS were detected between
cortical activations during IMA-R but not CMA-R (see
Table 2, Figure S1). (2) Motor tasks: see SI and Table S5.
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Figure 2. On the left: constant error for the 4 target angular positions (DF7, REF, PF14, and PF7) presented during the matching
tasks. Error bars represent the standard error (mean * SE). On the right: mean group differences (eRR-MS vs HS, black and gray
lines, respectively) in constant error for the 2 matching tasks (CMA-R and IMA-R). Filled circles and bars indicate means and SEs.

Abbreviations: CMA-R, contralateral matching task performed with the right foot; eRR-MS, early relapsing-remitting multiple sclerosis; HS, healthy

subjects; IMA-R, ipsilateral matching task performed with the right foot.

Brain-Behavior Correlations

In eRR-MS, during IMA-R, CE negatively correlated
with brain activity at the level of the right S1 and SPL,
whereas it positively correlated with brain activity at the
level of the right frontal areas (Table S6, Figures 4A and
4B). In contrast, the CE during CMA-R positively corre-
lated with an activation cluster at the level of the left
motor and premotor area and S1 (Table S6, Figure 4C).
Moreover, the RMS,, inversely correlated with cortical
activation during CMA-R, in particular with activity at
the level of the right SPL and IPL and primary motor cor-
tex (Table S7, Figure 4D). No cortical or subcortical acti-
vation related to CE was found during either IMA-R or
CMA-R in the HS group.

CC Diffusion Tensor Metrics and Relationship
With Behavioral Performance During CMA-R
and During Quiet Standing

Mean FA and MD values extracted from the CC (reported
in Table 1) showed significant difference between eRR-MS
patients and HS: unpaired #-test, #(46) = 3.015, P = .004,
and #46) = —3.522, P = .001, respectively. Moreover,
when considering both eRR-MS patients and HS, the FA
and MD of the CC correlated with behavioral performance
in terms of CE during CMA-R (r = —0.298, P = .044, and
r = 0.335, P = .023, respectively), but no significant

correlation was found when the 2 groups were considered
separately. No significant correlations were found between
FA or MD of the CC and RMS, , for the eRR-MS group.

Discussion

In this work, we describe the behavioral and neural corre-
lates of the position sense of the lower limb in eRR-MS
patients as well as their relationship with balance perfor-
mance during quiet standing. In summary, we found that
eRR-MS patients presented a worse systematic matching
error than controls during the contralateral but not during
the ipsilateral task. However, compared with HS, eRR-MS
patients showed a functional reorganization involving the
parietal areas during the ipsilateral matching task whereas
no differences between the 2 groups were found during
CMA-R. Moreover, both the behavioral metric and the neu-
ral activity during CMA-R correlated with the performance
during quiet standing. Lastly, the worse performance during
the contralateral task correlated with the damage at the level
of the CC.

Position Sense Deficits and Their Neural
Correlates During Lower Limb Matching Tasks
In our study, both groups had a greater error during the con-

tralateral than during the ipsilateral matching tasks, and this
may be explained by the greater complexity of the former,
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IMA-R>ACTIVE-UNILAT in eRR-MS

Figure 3. Clusters of activations resulting from the contrasts IMA-R > ACTIVE-UNILAT (top) and CMA-R > ACTIVE-BILAT
(bottom), thus reflecting position sense neural correlates without the motor component of the task in the eRR-MS group. The results
are cluster corrected for multiple comparisons (Z = 3.1; P < .0001) and are shown in MNI space. Note the cortical activity in the
bilateral frontoparietal areas, more widespread during IMA-R > ACTIVE-UNILAT.

Abbreviations: ACTIVE-UNILAT, unilateral active motor task; ACTIVE-BILAT, bilateral active motor task; CMA-R, contralateral matching task
executed with the right foot; eRR-MS, early relapsing-remitting multiple sclerosis; IMA-R, ipsilateral matching task executed with the right foot.

Table 2. Differences in Brain Activation During IMA-R
Between eRR-MS and HS.

MNI Coordinates

CA
Location Location X y z  ZScore Side
eRR-MS patients > HS
IPL Area hlP3  -38 -50 56 3.94 L
IPL Area hlP2 =50 -38 42 3.35 L
PostCg Area | -30 -42 66 32 L
HS > eRR-MS patients
MCC -4 -40 38 4.67 L
MCC 2 -30 44 3.51 R

Abbreviations: CA, cytoarchitectonic; eRR-MS, early relapsing-remitting
multiple sclerosis; HS, healthy subject; IMA-R, ipsilateral matching task
performed with the right foot; IPL, inferior parietal lobule; PostCg,
postcentral gyrus; MCC, midcingulate cortex.

which is associated with a higher likelihood of error.>*?’
Moreover, eRR-MS patients had worse proprioceptive per-
formance than HS during the contralateral but not during
the ipsilateral matching task. This latter finding is relevant
from a clinical point of view because it indicates that con-
tralateral matching tasks can reveal subtle position sense
deficits that are below the sensitivity of the standard clinical
examination, as shown by the normal median s-FSS in our
population of eRR-MS patients. Moreover, this result high-
lights the limits of the most used rating scale for assessing
disability in MS—the EDSS—in properly evaluating deep
sensation deficits. In fact, in the EDSS, position sense is
scored together with other somatosensory modalities, thus
making its impact on disability not easy to estimate. The
introduction of a quantitative measure of proprioceptive
deficits in clinical practice could help overcome this limit.
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A. IMA-R CE

Brain-behavior correlations in eRR-MS

C.CMA-R CE

Figure 4. Clusters resulting from the correlation between BOLD signal and behavioral parameters during matching tasks (CMA-R
and IMA-R CE) and during quiet standing (RMS,;) in the eRR-MS patient group. The results are cluster corrected for multiple
comparisons (Z = 2.3; P < .01) and are shown in MNI space. Brain activity during IMA-R presented both negative and positive
correlations with the CE (A and B, respectively), whereas during CMA-R, only a positive correlation was found (C). RMS,, negatively

correlated with brain activity during the CMA-R task (D).

Abbreviations: CE, constant error; CMA-R, contralateral matching task executed with the right foot; eRR-MS, early relapsing-remitting multiple
sclerosis; IMA-R, ipsilateral matching task executed with the right foot; RMS,,, root mean square of the anteroposterior oscillations of the center of

pressure.

Although an indirect quantitative characterization of the
proprioceptive impairment in patients with MS, using pos-
turographic or electrophysiological measurements, has
been suggested by previous studies,’®*! matching tasks
allow a direct assessment of position sense and a quantifica-
tion of the related deficits.?*

As for the neural correlates of position sense, a pre-
dominant frontoparietal activity was detected in eRR-MS
patients when the contrasts between matching tasks and
pure motor tasks (IMA-R > ACTIVE-UNILAT and
CMA-R > ACTIVE-BILAT) were examined. Frontal
areas play a role not only in sensory attentional and

spatially oriented processing, but also in working memory
processing,3?-* whereas parietal regions are involved in
the processing of proprioceptive information,* reorient-
ing*® and recognition of a matching position during visu-
ally guided tasks,?” and in the modulation of spinal motor
output during movement preparation.®

Another relevant and novel finding of our study is the
observation of a significant increase of brain activity in
patients, compared with HS, during the ipsilateral match-
ing task. This result, in combination with the absence of
significant differences in behavioral performance between
the two groups for this task, suggests an efficient supplying
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functional reorganization occurring during the perfor-
mance of a simpler task, such as the ipsilateral matching
task. Conversely, during the contralateral matching task,
the modulation of functional activity was not accomplished
or not sufficient, resulting in a compromised behavioral
performance.

We found further evidence in support of the occurring
functional reorganization. In fact, in eRR-MS, we found a
negative correlation between CE during IMA-R and activ-
ity in the right parietal areas, but a positive correlation with
right frontal areas. This result could further support a fron-
toparietal functional reorganization, at the level of the right
hemisphere, underlying the lower rate of proprioceptive
errors. Moreover, the positive correlation between CE dur-
ing IMA-R and the right frontal cortex activation could
imply the role of spatial attention® in the execution of the
task. In contrast, we could speculate that the positive cor-
relation found between postcentral and precentral gyrus
activation and CE during CMA-R represents an inefficient
attempt to improve task performance.

No correlations were found in the HS group between
brain functional activity and behavioral parameters during
the matching tasks, further suggesting that the findings in
the eRR-MS group are indicative of mechanisms of func-
tional plasticity.

Correlations With Behavioral Parameters During
Quiet Standing

In eRR-MS patients, the amplitude of the anteroposterior
oscillations of the center of pressure (RMS,;) during quiet
standing correlated positively with the errors (CE) during
CMA-R, suggesting that the position sense deficits, mea-
sured with matching tasks, affect balance during quiet stand-
ing. The amplitude of the postural sway displayed also an
inverse correlation with activations in different brain areas,
and specifically at the level of the right parietal lobe, sug-
gesting that this area, involved in the position sense process-
ing, is related to the proprioception component undergirding
balance performance.

Behavioral Performance During Matching Tasks
and CC Diffusion Tensor Metrics

The behavioral performance during CMA-R was signifi-
cantly associated with the mean FA and MD values of the
CC, leading us to speculate that during a bilateral task, such
as the contralateral matching task, structural damage at the
level of the CC prevents an efficient interhemispheric trans-
fer of information as well as a functional cortical reorganiza-
tion to compensate and guarantee a normal behavioral
performance. Interestingly, results from previous studies
seem to support this interpretation. In fact, a correlation
between sensorimotor cortex functional connectivity and

structural alterations of the CC, measured by means of DTI
parameters, has already been reported in patients with eRR-
MS.# Likewise, in a DT study on HS, bimanual task perfor-
mance in the absence of augmented visual feedback was
significantly correlated with CC structural properties.*!

We should acknowledge a few limitations of our
study—first of all, the relatively small sample size of our
patient group that included only those in the early stage of
the disease. Although our approach and our findings are
novel, they will have to be confirmed in larger populations
of patients and at different stages of the disease. Admittedly,
the lack of availability of postural control parameters in
our control group limits the interpretation of the relation-
ship observed between quiet standing behavioral measures
and brain activity during matching tasks. However, the
measurement of patients’ postural control parameters has
been instrumental to the assessment of the impact of our
findings on balance. Moreover, our MRI protocol did not
include sequences for the structural and functional assess-
ment of spinal cord integrity, thus, precluding the investi-
gation of the contribution of spinal cord abnormalities to
proprioception processing. Lastly, although we performed
this analysis on patients with low disability, the assess-
ment of position sense by matching tasks on a sample of
patients with moderate or severe disability could be influ-
enced by their cognitive abilities, in particular in terms of
attention. Therefore, cognitive assessment would be use-
ful to exclude patients with attention impairment or to cor-
rect the results accordingly. At moderate or severe stages
of the disease, other methods of proprioception assess-
ment, such as the active movement extent discrimination
apparatus, which requires less memory and attention,*
would be more appropriate.

Conclusions

Our study characterized the behavioral and neural corre-
lates of position sense at the lower limbs in patients with
early MS, revealing subtle deficits, which, nonetheless,
were related to balance ability during quiet standing.
Position sense processing relied on frontoparietal regions
activation and a functional modulation occurred since the
ecarly stages of MS, possibly prevented by the CC damage
for the contralateral task.

We believe that these findings are of great interest as
they could provide a better insight into the pathophysiologi-
cal mechanisms underlying disability in MS and facilitate
the design of adequate protocols for detecting position
sense deficits and for planning neurorehabilitation training
that involves sensory functions.
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