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Introduction: Recent studies of patients with multiple sclerosis (MS) have revealed
disturbances in distinct components of social cognition, such as impaired mentalizing
and empathy. The present study investigated this socio-cognitive profile in MS patients
in more detail, by examining their performance on tasks measuring more fundamental
components of social cognition and any associated disruptions to gray-matter
volume (GMV).

Methods: We compared 43 patients with relapse-remitting MS with 43 age- and
sex-matched healthy controls (HCs) on clinical characteristics (depression, fatigue),
cognitive processing speed, and three aspects of low-level social cognition; specifically,
imitative tendencies, visual perspective taking, and emotion recognition. Using
voxel-based morphometry, we then explored relationships between GMV and these
clinical and behavioral measures.

Results: Patients exhibited significantly slower processing speed, poorer perspective
taking, and less imitation compared with HCs. These impairments were related to
reduced GMV throughout the putamen, thalami, and anterior insula, predominantly in
the left hemisphere. Surprisingly, differences between the groups in emotion recognition
were not significant.

Conclusion: Less imitation and poorer perspective taking indicate a cognitive self-bias
when faced with conflicting self- and other-representations. This suggests that impaired
self-other distinction, and an associated subcortical pattern of GM atrophy, might undetrlie
the socio-cognitive disturbances observed in MS.

Keywords: multiple sclerosis, social cognition, self-other distinction, automatic imitation, visual perspective
taking, voxel-based morphometry, gray-matter volume
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INTRODUCTION

Multiple sclerosis (MS) is a chronic demyelinating disease of the
central nervous system. As part of a complex neurological
symptomatology, MS patients present frequently with
disturbances in various aspects of cognitive functioning;
slower processing speed, impaired episodic memory and
executive function are among the most affected (1, 2). Another
domain in which dysfunction manifests is social cognition
(3)—that is, the broad repertoire of cognitive and affective skills
that allow us to infer others’ mental and emotional states in
order to interact with them effectively (4, 5). Patients’ quality
of life is reduced considerably by disruptions to their social
environment, and so the development of effective interventions
requires a better understanding of the socio-cognitive deficits
that impact negatively on their interpersonal relationships. Since
the range of abilities comprising social cognition span various
levels of complexity, however, a precise characterization of
these impairments is difficult with standard neuropsychological
tests (6).

Unlike the long history of research into general cognitive
impairments in MS, only recently have studies begun to
unveil the nuanced nature of disturbances in social cognitive
abilities exhibited by these patients. The findings of these
studies often converge to reveal difficulties in lower-level
capacities, particularly in the recognition of negatively valenced
facial emotions [e.g., sadness, anger, fear; (7)]. In contrast,
investigations of other higher-level components of social
cognition provide less consistent insights; while some report
that patients are impaired in their ability to attribute mental
(“mentalizing”) and affective states to others [“empathy”; (8,
9)], other studies have observed disturbances only in cognitive
mentalizing (10, 11). Moreover, it remains to be seen whether
impairments in these high-level facets of social cognition result
from disruptions to more fundamental components.

Although the precise structure of social cognition is yet to
be defined, current research suggests a hierarchical organization
in which lower-level mechanisms contribute to or provide
a necessary prerequisite for higher-level processes (4). In
this model, mentalizing is believed to build upon a more
fundamental ability to take anothers perspective. Consistent
with this notion, both perspective taking and mentalizing
engage the superior temporal/temporo-parietal cortices [e.g.,
(12)]. Similarly, emotion recognition is considered a necessary
prerequisite of empathy, and both processes are associated
frequently with brain responses within the insulae and anterior
cingulate cortex (13-15). More recently, we have shown
that empathic expression is mediated by imitative tendencies,
suggesting that a process of emotional simulation might be
necessary for empathy (16).

Furthermore, multiple components of social cognition are
thought to recruit a common mechanism of self-other distinction
(SOD), which enables us to treat independently and distinguish
flexibly between cognitive self and other representations (15, 17).
Without efficient SOD, we might egocentrically misattribute our
own cognitive and affective states onto others. This would be
evident particularly when our own self states are incongruent

with those of others (18), resulting in poor emotion recognition
and empathic awareness, and inappropriate responding in
social situations. Since the viewpoints of other individuals
often conflict with our own, this mechanism is also necessary
when inferring our interaction partners’ perspective—adopting
another’s perspective requires us to detach ourselves from our
own representations (19). On the other hand, dysfunction to
this low-level cognitive mechanism might result in uncontrolled
self-other merging. Humans exhibit an involuntary tendency to
mimic one another during social interaction (20), which appears
to reflect a common neural coding of self- and other-action
[e.g., (21)]. Control of imitative tendencies therefore requires
SOD to differentiate between our own and others’ actions (17,
22); without this mechanism, we might exhibit hyperimitation
[see (17)]. Consistent with the notion of SOD providing a
mechanism common to both perspective taking and mimicry,
past research has demonstrated that the expression of involuntary
imitation is related inversely to perspective-taking performance
(23, 24). Moreover, SOD is associated frequently with brain
activity in the temporo-parietal cortices (15). Disturbances to
SOD might therefore underlie the higher-level socio-cognitive
deficits observed in MS.

Traditionally, MS has been characterized in terms of white
matter (WM) pathology, but recent research indicates that gray
matter (GM) abnormalities can predict dysfunctional social
cognition in this patient population (25). GM atrophy within
deep nuclei and the limbic system is present in the very
early stages of MS (26), and progresses rapidly in all MS
phenotypes (27). This is observed in the thalamus, putamen,
caudate nucleus, globus pallidus, and amygdala (26, 28). While
other brain regions are associated more frequently with social
cognition, these subcortical structures do appear to play an
important role in socio-cognitive functioning; the limbic and
paralimbic system (including amygdala, striatum, temporal pole,
and anterior cingulate) have been implicated in representation
of self and other mental states, for instance, and the dorsal
striatum has been associated with cognitive mentalizing (29).
Correspondingly, disturbances in social cognition also comprise
the symptomatology of Parkinson’s and Huntington’s disease—
disorders characterized partly by disruptions to cortico-basal
ganglia-thalamo-cortical circuits [e.g., (30)]. Focal GM atrophy
among these structures might therefore contribute to the deficits
in social cognition exhibited in MS. Unfortunately, however,
the majority of research in MS has been performed exclusively
at the behavioral or self-report level (8, 9, 11, 31), with
relatively few studies combining this with neuroimaging data
(25, 32, 33).

To achieve a better characterization of the disturbances in
social cognition exhibited by MS patients, the present study
utilized three experimental tasks designed to measure discrete,
low-level socio-cognitive capacities; specifically, in line with the
model described above (4) we measured emotion recognition,
visual perspective taking, and imitative tendencies. To assess
perspective taking, we measured patients’ performance on a
task that required them to infer other person’s viewpoint
when it is incongruent with their own. To examine emotion
recognition we assessed their ability to infer the emotional state
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TABLE 1 | Sample demographics and clinical characteristics.

Groups

MS HC P
Age (mean [SD]) 35.8 (8.0) 34.7 (11.0) 0.585
Males 12 (28 %) 18 (42 %) 0.175
EDSS (median [range]) 2.5 (6) - -
DD (mean [SD]) 7.5 (4.4) - -
LQ (median [range]) 100 (120) 100 (200) 0.177
University degree 24 (56%) 43 (100%) <0.001

of another person from just their eyes. Finally, to quantify
imitative tendencies we measured the degree to which they
imitated the actions of another person automatically, even when
this interfered with another task. Using GM volume (GMYV)
as a metric of brain structure, we then applied voxel-based
morphometry to examine whether any of these behavioral
indices of social cognition were related to patterns of neural
atrophy. Given that MS is associated frequently with a pattern
of GM atrophy throughout deep subcortical nuclei, and the
apparent role of these nuclei in social cognition, we hypothesized
that the degree of GM reduction throughout subcortical
brain structures would be related positively to disruptions
of SOD.

MATERIALS AND METHODS

Sample

We recruited 43 patients with relapsing-remitting MS
consecutively from the Department of Neurology at St.
Anne’s University Hospital, Czech Republic, and 43 healthy
controls (HCs) matched on age, sex, and handedness (for details
on demographics, see Table 1). Handedness was assessed with
the revised version of the Edinburgh Handedness Inventory (34);
a laterality quotient (LQ) was calculated as (right-left)/(right +
left) x 100. Physical disability was assessed in MS patients with
the Expanded Disability Status Scale [EDSS; (35)]. All patients
had been diagnosed according to the revised McDonald criteria
(36), and had no other neurological or psychiatric diagnoses.
Patients reporting mild to moderate depressive symptoms were
included in the study, but the extent of symptoms reported by
the two groups were not statistically different (see below). The
minimum duration in education was 12 years (i.e., completion
of secondary education). Importantly, the availability of disease-
modifying treatment for MS patients in the Czech Republic
is currently limited to those meeting certain criteria. For this
reason, only 36 of these asymptomatic patients (84%) were
undergoing treatment: interferon beta la (n = 9), interferon
beta 1b (n = 3), fingolimod (n = 6), glatiramer acetate (n = 6),
dimethyl fumarate (n = 6), teriflunomide (n = 3), natalizumab
(n = 2), and daklizumab (n = 1). The experiment was approved
by the Institutional Review Board of St. Annes University
Hospital, and all individuals provided written informed consent
prior to participating.

Procedure

Participants underwent behavioral assessment prior to brain
scanning, which took place no longer than seven months
afterwards (M = 5.2 months; SD = 1.6). Importantly, no relapses
were presented during these examination periods. The test
battery was performed in a single session lasting ~1 h, with each
assessment administered in the order in which they are described
below. Implicit task-performance measures were obtained before
explicit and self-report assessments so that the latter could not
influence the former.

Cognitive Processing Speed

To screen for possible cognitive impairment, we employed a
paper version of the Symbol Digit Modalities Test [SDMT; (37)].
This test has been established as a reliable and valid measure of
cognitive processing speed in MS patients, and the best predictor
of cognitive dysfunction in this population given the influence of
processing speed on other cognitive functions (38, 39).

Imitative Tendencies

To measure imitative tendencies we employed a computerized
stimulus-response compatibility procedure (40), whereby
participants are required to execute finger-lifting actions in
response to a colored dot (imperative stimulus) while observing
task-irrelevant finger actions performed by a stimulus hand
(Figure 1A). The degree to which participants are faster and
more accurate at executing finger movements signaled by
the imperative stimulus when they observe simultaneous
matching (compatible) compared with opposing (incompatible)
movements is referred to as automatic imitation, and is
considered an experimental measure of spontaneous mimicry;
higher scores represent greater imitative tendencies. Importantly,
Genschow et al. (41) report high split-half reliability (0.86) for
this compatibility effect.

All trials began with a warning stimulus, comprising a model’s
pronated right hand with all fingers resting on a flat surface but
rotated 90° counter-clockwise from the participants’ perspective.
At this point, the participant depressed both the left and right
directional arrows on a standard keyboard with the index and
middle finger of their right hand, respectively. After 800, 1,600, or
2,400 ms, selected randomly, the warning stimulus was replaced
with an end-point image of the same stimulus hand performing
either an index or middle finger extension. In this end-point
image, a red or green dot was presented between the index
and middle finger. The color of this dot signaled whether the
participant should move their own index or middle finger (e.g.,
green = index finger, red = middle finger; the color-finger
pairing was counterbalanced across participants). In response to
the imperative stimulus, the participant lifted the corresponding
finger as quickly as possible, thereby releasing a key. The trial then
ended with a blank screen lasting 1,000 ms. The task consisted
of three trial types: compatible (the same finger action was
signaled and observed), incompatible (opposite finger actions
were signaled and observed), and baseline (movement was
signaled but not observed). Overall, the paradigm comprised 70
trials—30 compatible, 30 incompatible, and 10 baseline trials—
with accuracy and response time (RT) measured on each trial.
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Experimental

Warning
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FIGURE 1 | Examples of experimental stimuli for (A) the Stimulus-response compatibility procedure and (B) the Director Task. (A) A right stimulus hand was
presented at a 90° counter-clockwise rotation. In this example, a green dot (imperative stimulus) signals that the participant should lift index finger. Whether the
observed finger movement was the same or different to the one signaled by the imperative stimulus defined the condition (Compatible [Com.] or Incompatible

[Ilncom.], respectively). (B) An audible instruction given by the Director asked the participant to move one of the items to a new box (“Move the smallest apple one box
down”). On experimental trials (Exp.), the instruction referred to an object that created a discrepancy between the Director’s and participants’ perspectives, while no
such discrepancy existed on control trials; no distractor object was present in Cont. 7, and in Cont. 2 the instruction referred to a different object (“Move the biggest

Supplementary Information.

apple one box down”). Written informed consent was obtained from the individual for the publication of this image. For full instructions, see the

It is important to emphasize that we used a right stimulus hand
rotated 90° counter-clockwise. Since participants responded
with their right hands, this stimulus isolated imitative- from
any confounding spatial-compatibility effects to provide a pure
measure of imitative tendencies (24).

Perspective Taking

The Director task was used to assess individuals’ ability to
differentiate between their own visual perspective and that of
another when the two viewpoints conflict [visual perspective
taking; e.g., (42)]. Recently we observed that both RTs and
accuracy demonstrated excellent split-half reliability in each
condition [> 0.96; (16)].

As illustrated in Figure 1B, the stimulus consisted of a grid of
shelves forming 16 boxes, with a different object placed in each
of eight boxes. On each trial, the participant received a recorded
verbal instruction from a female “Director” to move one of the
objects to a different box. The Director sat behind the shelves and

therefore could not see the contents of five boxes with opaque
backs, which were visible only from the participants (front)
perspective. On experimental trials, the instruction referred to
an object that created a discrepancy between the Director’s and
participants’ perspectives (e.g., “Move the smallest apple one box
down,” when the director could see only the medium-sized apple).
To perform the instruction correctly on these experimental trials,
the participant had to discount any “distractor” objects not
visible to the Director (e.g., they were required to move the
medium-sized apple rather than the smallest). In both control
conditions, there was no conflicting object to discount: the
distractor was replaced with a non-conflicting object in the
first control condition (Cont.1), and in the second (Cont.2) the
Director’s instruction changed so as to render the distractor
irrelevant (e.g., “Move the biggest apple one box down”). Each
condition comprised 20 trials presented randomly. The audio
recordings of instructions were equivalent across all trials [mean
3.26 (SD .22) sec]. Participants responded by clicking with the
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mouse on the box where the object should be moved. Errors
involved selection of the wrong (e.g., distractor) object or wrong
location, the latter including omission of left-right switching
(moving the target object left one box when they were instructed
to move it rightwards, or vice versa). Any potential difference
in perspectives was emphasized on practice trials that included
a front and rear view of the shelves (see Supplementary Material
for instructions given to participants).

Emotion Recognition

A paper version of the Reading the Mind in the Eyes Test
[RMET; (43)] was employed to measure participants’ ability to
infer the emotional state of others. Although the task is employed
frequently as a measure of affective mentalizing, it is considered
by some scholars to measure only the first stage of this process—
emotion recognition (44). This task contains 36 images depicting
the eye region of actors’ emotional facial expressions. Facial
expressions represent complex emotional states with positive
(e.g., playful, interested), negative (e.g., hostile, suspicious), and
neutral valence (e.g., reflective, pensive). Each image is presented
sequentially, and participants are required to select one of four
labels that best match the expression without a time limit. A sum
of correct responses is used as a measure of success.

Depression

All participants completed the Beck Depression Inventory [BDI-
II; (45)]. Using 21 items, this self-report instrument assesses
cognitive, affective, physiological and motivational symptoms of
depression experienced over the preceding 2 weeks. Scores of 20—
28 indicate moderate depression. The BDI-II has been found to
be a valid and reliable instrument for the evaluation of depressive
symptoms in MS (46).

Fatigue

Patients and controls completed the Modified Fatigue Impact
Scale [MFIS; (47)], a self-report instrument that assesses the
degree to which physical, cognitive, and psychosocial fatigue
experienced over the preceding 4 weeks has affected every-
day functions.

MRI Acquisition

High-resolution T1-weighted anatomical images were acquired
on a 1.5T Siemens Symphony scanner, using a standard 32-
channel array head coil and an MPRAGE sequence: 176 sagittal
slices (slice thickness = 1.17 mm); TR = 1,700 ms, TE = 3.93 ms,
TI = 1,100 ms, flip angle = 15°; in plane matrix size 256 x
256, resampled to 512 x 512, FOV = 246 x 246 mm, in-plane
resolution = 0.48 x 0.48 mm.

Statistical Analyses

Behavioral Data

Differences between the groups were assessed using parametric
or non-parametric t-tests, depending on the normality of
variable distributions. Independent-samples ¢- and Mann-
Whitney U-tests were employed to contrast MS patients
with HCs. Since normality was violated for the majority of
the variables, associations between them were examined by

Spearman correlation coefficients, all of which were entered
into a multivariate bootstrapping procedure (1,000 iterations) to
obtain 95% confidence intervals (CIs). These intervals provide an
estimate of population values for each coefficient, providing an
alternative measure of significance; CIs including zero should be
considered unreliable.

For calculating measures of imitative tendencies and
perspective taking, we employed an approach that we have
used previously to investigate relationships between these
two components of social cognition (16, 24). The strength of
imitative tendencies was expressed as the difference in response
time (RT) between the incompatible relative to the compatible
condition, and perspective-taking performance was expressed
as the difference in RT and accuracy on the experimental
relative to the control conditions. Importantly, there was
no evidence of a speed-accuracy trade-off for perspective
taking in this sample (p = 0.165), so relative measures for
RT and accuracy scores were calculated separately. For both
measures, responses on the control condition were regressed
from those in the corresponding experimental condition(s),
resulting in residualized scores that reflect the difference
between the conditions: specifically, greater residuals reflect
poorer performance (slower RTs and poorer accuracy in the
experimental relative to the control conditions. It is important
to emphasize that measures of both imitation and perspective
taking are relative (RTs on incompatible vs. compatible trials,
and experimental vs. control trials, respectively), and should
therefore be uninfluenced by any differences in processing speed
between MS patients and HCs. The statistical analyses were
performed using SPSS 24 software.

Neuroimaging Data
To compare GMV between the brains of HCs and MS patients
we analyzed MR images with the optimized VBM pipeline
provided in FSL (48). This analysis pipeline produces results
that converge closely with those from the Statistical Parametric
Mapping platform (49).

First, the anatomical images were brain-extracted and
segmented into GM, WM and cerebrospinal fluid using FAST
(50), and the resulting GM partial-volume maps were affine-
registered to the MNI-152 standard space template using FLIRT
(51). The registered GM images from the entire sample (both
HCs and MS patients) were then concatenated and averaged, and
flipped along the x-axis. By re-averaging each mirror image to
the MNI-152 template, a first-pass left-right symmetric, study-
specific “affine” GM template was created. This step avoids
introducing any bias during the registration process. Second,
all native GM images were re-registered non-linearly to the
affine template with FNIRT (52), concatenated, averaged, and
flipped along the x-axis. Symmetric, study-specific “non-linear”
GM templates were then created by averaging both mirror
images, and native GM partial-volume maps were registered
to their corresponding non-linear template. Importantly, this
optimized protocol modulates each registered GM image to
compensate for any contraction/enlargement due to the non-
linear transformation; specifically, each voxel of each image
was multiplied by the Jacobian of the warp field [see (53)].
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Since this modulation does not include the affine part of
the registration, however, no correction for total intracranial
volume is needed (48). The modulated GM images were
then smoothed with an isotropic Gaussian kernel with a
sigma of 3 mm.

General Linear Modeling (GLM) was then applied to the
resampled, smoothed and modulated GM images to assess
localized differences between the HC and MS group. Since
MS is characterized by localized WM lesions, appearing as
hypointensities on T1 images that can result in an overestimation
of GMV, we added to these group comparisons a covariate
of no interest representing subject-specific values of mean
WM calculated from the corresponding partial-volume
map. Subsequently, by adding measures from patients’
clinical assessment or behavior on each experimental task
as covariate regressors in further GLM analyses, we examined
whether localized GMV in the MS group was related to
clinical characteristics or socio-cognitive performance. Using
randomize (37), all resulting statistical maps were thresholded
with permutation-based non-parametric inference; 5,000
permutations were performed with threshold-free cluster
enhancement (54), and family-wise error (FWE)-corrected for
multiple comparisons.

RESULTS

The values below present means (£SD).

Clinical Assessment

The MS patients performed worse than the HCs on the SDMT
(56.42 [£9.26] vs. 69.21 [£10.00]; f(g4) = 6.154; p < 0.001, d =
1.33), and reported greater fatigue on the MFIS (29.65 [12.99]
vs. 18.72 [£13.59]; U = 518.00; p < 0.001; r = 0.38). Although
the MS group also expressed more depression (10.53 [£8.20] vs.
7.35 [1£6.06]), this difference was not statistically significant (p =
0.055; r = 0.21; see Figure 2A).

Behavioral Performance
Five MS patients and three HCs were excluded from the analyses
of perspective-taking performance because they achieved a
score of zero in the experimental condition of the Director
Task, suggesting a misunderstanding of task instructions. Both
imitation and perspective taking differed between the groups:
compared with HCs, patients showed significantly less imitation
(23.78 [£30.22] vs. 38.97 [+32.89] ms; £(g4) =2.23, p = 0.028; d
= 0.48), and both longer response time (0.21 [£1.14] vs. —0.20
[£0.79]; U = 525.00, p = 0.019; r = 0.27) and poorer accuracy in
perspective taking (—0.20 [£0.97] vs. 0.20 [£0.99]; U = 649.00,
p =0.017, r = 0.26). Surprisingly, however, emotion recognition
was similar in the MS patients and HCs (24.74 [£3.44] vs. 25.81
[£3.57]); U = 731.50, p = 0.094; r = 0.18; See Figures 2B,C).
Correlations between the clinical assessments and socio-
cognitive measures revealed significant relationships only
between disease duration and accuracy in perspective taking
(p@6) = —0.36; p = 0.026; CI = [—0.62, —0.06]). No associations
emerged with respect to other measures of social cognition
(p = 0.086), or self-reported fatigue and depression (p >
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FIGURE 2 | Comparisons between the HC and MS group in (A) clinical
assessment and cognitive processing speed, (B) emotion recognition and
imitative tendencies, and (C) response time and accuracy in visual perspective
taking. *o < 0.05.

0.257; see Table S1). As expected, there were no significant
relationships between cognitive processing speed (SDMT scores)
and any measure of socio-cognitive performance (p > 0.217, see
Table S2).
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TABLE 2 | Results of voxel-based morphometry analyses, presenting peak voxels
of clusters in which gray matter volume was higher in the HC relative to the MS
group (HC > MS; ppywe < 0.01), or associated with imitation (IMI),
perspective-taking performance (VPT) or clinical characteristics (EDSS;

PFWE < 0.05).

Label # Voxels Peak X y z

HC > MS  Thalamus R 10638 500 15 -26 3

Insula/opercular cortex R 2532 4.52 47 5 1

Temporal pole R 1740 4.68 40 10 -82

Planum temporale R 1168 416 55 =25 18

Caudate nucleus L 160 406 -20 3 17

Insula (posterior) R 25 3.28 40 —-16 -2

IMI Thalamus L 236 3.73 -10 22 10

Insula (anterior) L 5 347 32 24 10

VPT Putamen L 8 3.23 -26 4 -8

EDSS Amygdala L 59 4.02 -22 -4 -14

R 40 4.54 16 -4 —-14

Caudate L 40 454 16 -4 —-14
Neuroanatomy

A whole-brain GLM analysis revealed a diffuse collection of
cortical and subcortical regions in which GMV was reduced
in MS patients relative to HCs, after accounting for variability
in mean WMV (p < 0.01, FWE-corrected): this encompassed
right lateral temporal cortex and the amygdala; and the bilateral
amygdala, caudate nucleus, pallidum, putamen, thalamus, and
hippocampus. We refer to this herein as GMgyeray, and these
results are presented in Table2 and Figure 3A. Interestingly,
only cognitive processing speed (SDMT scores) was related with
GMyerai-higher processing speed was associated with more
GMV throughout this pattern of brain regions (p(4;) = 0.36, p
=0.019; CI = [0.01, 0.63]; see Figure 4A).

When adding clinical measures as covariates in GLM analyses
of MS patients, neither disease duration nor SDMT scores
showed significant associations with localized GMV. Scores on
the EDDS, however, were associated negatively with GMV in the
bilateral amygdalae and left caudate nucleus (p < 0.05, FWE-
corrected). In terms of performance on the experimental tasks,
accuracy in perspective taking was associated positively with
GMYV in a small ventral aspect of the left putamen (N = 38; p <
0.05, FWE-corrected). To investigate relationships between brain
structure and behavior on the tasks expressed as response time,
we added SDMT scores as an additional covariate of no interest;
although we observed no significant relationships between task
performance and cognitive processing speed, this allowed us to
identify brain-behavior relationships that were independent of
general processing speed. Response times in perspective taking
showed no significant associations with GMV, but the degree
of imitative tendencies demonstrated on the stimulus-response
compatibility procedure was associated positively with GMV in a
large portion of the left thalamus and left anterior insula cortex
(N = 43; p < 0.05, FWE-corrected). These results are presented
in Figure 3B and Table 2, and Figure 4 plots selected significant
brain-behavior relationships across the MS sample.
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FIGURE 3 | Results of voxel-based morphometry (VBM) analyses. (A) Brain
regions expressing greater gray-matter volume (GMV) in the HC relative to MS
group (p < 0.01, FWE-corrected). (B) Brain regions in which GMV was
associated positively with imitation measured on the Stimulus-response
compatibility procedure (IMI) and accuracy of visual perspective taking on the
Director Task (VPT), and negatively with clinical scores (EDDS; p < 0.05,
FW-corrected). VBM results are presented on the Colin template in MNI space,
neurological orientation, with values presenting the x, y, or z coordinate of the
corresponding slice.

Finally, since our sample varied in achieved education level
(see Table 1), we investigated whether this might have influenced
the above findings; specifically, we compared both GMV and
behavioral performance between the 19 patients with secondary
school education and 24 with university degrees. Using the exact
same parameters with randomize, no significant differences were
observed between these two patient subgroups. The same (null)
result was obtained when contrasting cognitive, socio-cognitive,
and self-report scores (p > 0.140).

DISCUSSION

This study sought to achieve a better characterization of the
disruptions to social cognition observed in MS by investigating
lower-level facets of socio-cognitive abilities, and examining the
neuroanatomical correlates of any impairments. Our findings
indicate that, behaviorally, patients with relapse-remitting MS
exhibit less involuntarily imitation toward the actions of others
compared with HCs, and find it more difficult to adopt
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FIGURE 4 | Scatter plots illustrating significant brain-behavior relationships for the MS group. (A) Positive association between cognitive processing speed (SDMT)
and the overall pattern of relative GMV decline (GMgyerqy; left), and negative association between EDSS scores and GMV in the left amygdala (left). (B) Positive
associations between accuracy in perspective taking and GMV in the left putamen (left), and imitative tendencies and GMV in the left thalamus (middle) and left
insula (right).

another individual’s perspective when it differs from their own.
Furthermore, this behavioral pattern is associated with reduced
GMV in the patient group within deep brain nuclei, revealing a
potential neuroanatomical correlate.

To our knowledge, this is the first neurobehavioral
investigation of imitative tendencies and visual perspective
taking in a neurological population. On the basis of our own
and others’ previous research, we interpret the pattern of
behavior exhibited by our sample of MS patients to reflect
impaired self-other distinction [SOD; (4, 16, 24)]. Efficient
perspective-taking performance is shown by individuals who can
switch flexibly between altercentric and egocentric viewpoints,
and report a balanced attentional focus between the self and
others during social interactions (55). In contrast, MS patients
appear to fall back on a default cognitive state of self-bias
when faced with competing self- and other-representations
(56)—they appear to be less able to detach themselves from their
own self-perspective in order to infer conflicting viewpoints.
Likewise, MS patients are less influenced by others’ actions.
Interestingly, we observed the same pattern of behavior in a
large healthy sample; specifically, poorer perspective taking and
reduced imitation was observed in individuals characterized by
an inflexible personality profile compared with those exhibiting
more flexibility (16). In this light, the disturbances presented
by MS patients in high-level socio-cognitive capacities, such as

mentalizing, might reflect dysfunction to a more fundamental,
low-level cognitive mechanism responsible for distinguishing
flexibly between self and other representations.

In contrast to previous research (8, 25, 57), MS patients
performed equally as well as HCs on a task measuring emotion
recognition (RMET). While this might indicate that emotion
recognition is preserved in this sample of MS patients, it
may simply highlight an important difference between the
three experimental tasks we employed; namely, their differential
requirements for fast and flexible switching between self and
other representations: While successful performance on the
Director Task (DT) and Stimulus-response Compatibility (SRC)
procedure necessitates swift SOD, the RMET involves a selection
of one of four choices describing the mental states expressed
by eyes, placing less demands on SOD flexibility. In a similar
vein, differential performance on these tasks could result from
their different demands on executive function; both the DT and
SRC procedure are essentially response inhibition tasks, whereby
successful performance necessitates the speeded selection of
relevant and suppression of irrelevant information [e.g., (58)].
This is less true of the RMET. Indeed, we suggested that
individual differences in cognitive control might underlie the
opposing behaviors we observed previously between flexible and
inflexible personality profiles (16). It is particularly noteworthy
that we also observed equivalent empathic responses between
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these two profiles. Since the present study did not perform a
thorough assessment of executive functioning in MS patients, we
are unable to make further claims about its influence of SOD.
However, recent research points to the functional independence
of executive dysfunction and impairments to social cognition in
the MS population [see (59)].

In line with previous research, our measures of social
cognition were not associated with self-reported depression
(3, 7-9), fatigue (11), or cognitive decline [(8, 11); but see
(3)]. This suggests that these frequent symptoms of MS do
not predict disturbances in social cognition on their own.
Additionally, we observed no relationships between physical
disability and our measures of socio-cognitive performance. In
contrast, poorer accuracy in perspective taking was associated
with disease duration.

Turning now to our neuroanatomical findings, the pattern of
GMV reduction we have observed in MS patients aligns closely
with previous studies; these structural alterations occurred in the
thalamus, putamen, caudate nucleus, globus pallidus, and the
amygdala, structures in which GM atrophy frequently appears
first and progresses rapidly (26-28). Furthermore, relationships
between gray matter and task performance in a selection of
these deep brain structures implicate them in the socio-cognitive
impairments exhibited by MS patients; reduced GMV was
associated with poorer perspective taking in the left putamen, and
reduced automatic imitation in the thalami and the left anterior
insula (AI), independent of cognitive processing speed. Although
the neuroanatomical basis of socio-cognitive disturbances in
MS remains understudied (60), these results do converge with
studies in the healthy population: First, brain function within
the dorsal striatum is reported during the cognitive aspect of
mentalizing (29), when differentiating between social actions
performed by the self and others, and when processing social
behavior in general (61). Second, recent research indicates that
intact functioning of thalamus is critical for dynamic integration
of information across various cortical networks (62), including
those implicated in socio-cognitive and -affective processes [e.g.,
mentalizing; see (29)]. Interestingly, this region seems to be
integral for behavioral flexibility (63)—a role that may extend
to flexible self-other switching. Third, previous research has
associated brain function within the AI with imitative tendencies
(5), as well as processes of interoception, empathy, and social
awareness (64). Although the majority of existing studies have
linked AT with affective components of social cognition, the left
Al has been reported to be activated by both emotional and
cognitive aspects (13).

It is noteworthy that all GM areas associated significantly
with social cognition were localized primarily to the left
hemisphere. Although this observation is in line with other
findings reporting a predominantly left-lateralized network
of brain regions associated with other aspects of social
cognition (65), research into the lateralization of disturbances
exhibited by MS patients remains scarce and inconsistent
(25); socio-cognitive processes have been related to GMV
throughout both left and right hemisphere (33, 65). Interestingly,
previous research has indicated that cognitive flexibility is
associated with brain regions in the left hemisphere (66),

while self-referential processing is linked primarily with the
right (67). As such, it might be that our results reflect a
selective deficit of cognitive flexibility and preserved self-
processing. This finding, then, presents a new avenue of
investigation in MS.

Given the potential for functional neuroimaging as an
evaluative tool for the early detection of brain alterations in MS,
future studies should explore the brain networks engaged by the
two experimental tasks we have used to reveal disruptions in
SOD. It is important to acknowledge that we have investigated
GM volume in what is primarily a WM disorder. While patterns
of GM pathology appear to be associated more heavily with
cognitive dysfunction in MS than concomitant WM lesions
(68), diffuse WM abnormalities are likely to result in the
disconnection of brain networks supporting social cognition
(32). Interestingly, Plata-Bello et al. (69) report decreased
functional connectivity in the brains of MS patients relative
to HCs during action observation/execution. Future research
should investigate whether the subcortical pattern of GMV
reduction that we have observed in MS is related to a loss of
WM integrity.

It is important to acknowledge aspects of our study that might
limit the generalization of the present results. First, we examined
only one index of cognitive functioning—scores on the SDMT.
Although this is considered a gold-standard screening tool in
MS, and a reliable predictor of cognitive decline in MS (38, 39),
we were unable to explore relationships between social cognition
and other, more general cognitive domains. As alluded to earlier,
the DT and SRC procedure are believed to require response
inhibition (58). A more detailed neuropsychological examination
of cognitive performance might provide better insights into the
relationship between this aspect of executive function and low-
level components of social cognition. Second, the group of MS
patients recruited in this study differed significantly in their level
of educational attainment from those in the HC group. While
this difference did not manifest in either behavioral performance
or our metric of brain structure, the results of the present
study should be treated with caution until they are replicated
in comparisons of more educationally balanced MS patients and
healthy controls. Third, behavioral assessment was performed 5
months prior to brain scanning on average. While substantial
GM atrophy is unlikely to occur during this time interval in
MS patients with cognitive reserve (70), it is possible that new
WM lesions could have developed. On a related note, because
this study recruited a sample of asymptomatic MS patients,
a non-routine MRI protocol was performed that involved the
acquisition of only T1-weighted images. Lesions of WM appear
as hypointensities on T1 images, resulting potentially in an
overestimation of GMV. We have attempted to control for this
by adding estimates of total WMV calculated from the same T1
image as a covariate of no interest. This is a crude approach,
however, and much more accurate methods are available; with
the addition of T2-weighted images, automated WM lesion-
detection tools (71) can provide accurate estimates of focal
lesion load, allowing for lesion masking that improves volumetric
estimation [e.g., (25)]. As such, although the brain-behavior
relationships we have observed in the present study converge
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closely with previous research, our findings require replication
in future research that addresses these limitations.

In conclusion, our study revealed a potential low-
level cognitive mechanism underlying the socio-cognitive
disturbances exhibited by patients with MS; at the behavioral
level, the performance of MS patients indicated increased
self-bias when faced with conflicting self- and other-
representations—while emotion recognition seems to be
preserved, they showed poorer perspective taking and less
involuntary imitation. These selective behavioral impairments
were associated with a pattern of reduced GMV that encompasses
deep brain nuclei, pointing toward a neuroanatomical correlate
for this socio-cognitive profile. Future research should build on
our findings by clarifying the influence of structural alterations
in these discrete brain structures on SOD, and how this manifests
in other socio-cognitive capacities.

ETHICS STATEMENT

The experiment was approved by the Institutional Review Board
of St. Anne’s University Hospital, and all individuals written
informed consent prior to participating.

REFERENCES

1. Chiaravalloti ND, DeLuca J. Cognitive impairment in multiple sclerosis.
Lancet Neurol. (2008) 7:1139-51. doi: 10.1016/S1474-4422(08)70259-X

2. Sumowski JE Benedict R, Enzinger C, Filippi M, Geurts JJ, Hamalainen
P, et al. Cognition in multiple sclerosis: state of the field and priorities
for the future. Neurology. (2018) 90:278-88. doi: 10.1212/WNL.000000000
0004977

3. Bora E, Ozakbas S, Velakoulis D, Walterfang M. Social cognition in
multiple sclerosis: a meta-analysis. Neuropsychol Rev. (2016) 26:160-72.
doi: 10.1007/511065-016-9320-6

4. Happé F, Cook JL, Bird G. The structure of social cognition: in(ter)dependence
of sociocognitive processes. Ann Rev Psychol. (2017) 68:243-67.
doi: 10.1146/annurev-psych-010416-044046

5. Frith CD, Frith U. Mechanisms of social cognition. Ann Rev Psychol. (2012)
63:287-313. doi: 10.1146/annurev-psych-120710-100449

6. Henry JD, Von Hippel W, Molenberghs P, Lee T, Sachdev PS. Clinical
assessment of social cognitive function in neurological disorders. Nat Rev
Neurol. (2016) 12:28-39. doi: 10.1038/nrneurol.2015.229

7. Cotter J, Firth J, Enzinger C, Elliott R, Drake R]J. Social cognition in multiple
sclerosis A systematic review and meta-analysis. Neurology. (2016) 87:1727-
36. doi: 10.1212/WNL.0000000000003236

8. Neuhaus M, Bagutti S, Yaldizli 0O, Zwahlen D, Schaub S, Frey B, et al
Characterization of social cognition impairment in multiple sclerosis. Eur J
Neurol. (2018) 25:90-6. doi: 10.1111/ene.13457

9. Raimo S, Trojano L, Pappacena S, Alaia R, Spitaleri D, Grossi D,
et al. Neuropsychological correlates of theory of mind deficits in
patients with multiple sclerosis. Neuropsychology. (2017) 31:811-21.
doi: 10.1037/neu0000372

10. Isernia S, Baglio F, D’Arma A, Groppo E, Marchetti A, Massaro D. Social mind
and long-lasting disease: focus on affective and cognitive theory of mind in
multiple sclerosis. Front Psychol. (2019) 10:218. doi: 10.3389/fpsyg.2019.00218

11. Roca M, Manes E Gleichgerrcht E, Ibanez A, Gonzalez De Toledo ME,
Marenco V, et al. Cognitive but not affective theory of mind deficits in mild
relapsing-remitting multiple sclerosis. Cogn Behav Neurol. (2014) 27:25-30.
doi: 10.1097/WNN.0000000000000017

12. Schurz M, Aichhorn M, Martin A, Perner J. Common brain areas engaged
in false belief reasoning and visual perspective taking: a meta-analysis

AUTHOR CONTRIBUTIONS

KC: experimental design, behavioral data analyses, manuscript
preparation. DJS: experimental design, neuroimaging data

analyses, manuscript preparation. KS: recruitment and
data collection, manuscript preparation. MD: clinical
evaluation, manuscript preparation. RM: neuroimaging

data analysis. JV: data collection. MB: experimental design,
manuscript preparation.

FUNDING

This study has received funding from Czech Science Foundation
(project No. GA15-16738S). We acknowledge the core
facility MAFIL, CEITEC MU, supported by the MEYS CR
(LM2015062 Czech-Biolmaging).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2019.00525/full#supplementary-material

of functional brain imaging studies. Front Hum Neurosci. (2013) 7:1-14.
doi: 10.3389/fnhum.2013.00712

13. FanY, Duncan NW, de Greck M, Northoff G. Is there a core neural network in
empathy? An fMRI based quantitative meta-analysis. Neurosci Biobehav Rev.
(2011) 35:903-11. doi: 10.1016/j.neubiorev.2010.10.009

14. Fusar-Poli P, Placentino A, Carletti F, Landi P, Allen P, Surguladze S, et al.
Functional atlas of emotional faces processing: a voxel-based meta-analysis
of 105 functional magnetic resonance imaging studies. ] Psychiatry Neurosci.
(2009) 34:418-32.

15. Lamm C, Bukowski H, Silani G. From shared to distinct self-other
representations in empathy: evidence from neurotypical function and socio-
cognitive disorders. Philos Transac R Soc B Biol Sci. (2016) 371:20150083.
doi: 10.1098/rstb.2015.0083

16. Shaw DJ, Czekoové K, Pennington CR, Qureshi AW, gpila’kové B, Salazar M,
et al. You # Me: individual differences in the structure of social cognition.
Psychol Res. (2018). doi: 10.1007/s00426-018-1107-3

17. Steinbeis N. The role of self-other distinction in understanding others’
mental and emotional states: neurocognitive mechanisms in children
and adults. Philos Transac R Soc B Biol Sci. (2016) 371:20150074.
doi: 10.1098/rstb.2015.0074

18. Silani G, Lamm C, Ruff CC, Singer T. Right supramarginal gyrus is crucial to
overcome emotional egocentricity bias in social judgments. ] Neurosci. (2013)
33:15466-76. doi: 10.1523/J]NEUROSCI.1488-13.2013

19. Epley N, Keysar B, Van Boven L, Gilovich T. Perspective taking as
egocentric anchoring and adjustment. J Pers Soc Psychol. (2004) 87:327-39.
doi: 10.1037/0022-3514.87.3.327

20. Chartrand TL, Lakin JL. The
human behavioral mimicry. Ann Rev Psychol.
doi: 10.1146/annurev-psych-113011-143754

21. Catmur C, Walsh V, Heyes C. Associative sequence learning: the role of
experience in the development of imitation and the mirror system. Philos
Transac R Soc B Biol Sci. (2009) 364:2369-80. doi: 10.1098/rstb.2009.0048

22. de Guzman M, Bird G, Banissy MJ, Catmur C. Self-other control processes in
social cognition: from imitation to empathy. Philos Transac R Soc B Biol Sci.
(2016) 371:20150079. doi: 10.1098/rstb.2015.0079

23. Santiesteban I, Banissy MJ, Catmur C, Bird G. Enhancing social ability
by stimulating right temporoparietal junction. Curr Biol. (2012) 22:2274-7.
doi: 10.1016/j.cub.2012.10.018

antecedents and consequences of

(2013)  64:285-308.

Frontiers in Neurology | www.frontiersin.org

May 2019 | Volume 10 | Article 525


https://www.frontiersin.org/articles/10.3389/fneur.2019.00525/full#supplementary-material
https://doi.org/10.1016/S1474-4422(08)70259-X
https://doi.org/10.1212/WNL.0000000000004977
https://doi.org/10.1007/s11065-016-9320-6
https://doi.org/10.1146/annurev-psych-010416-044046
https://doi.org/10.1146/annurev-psych-120710-100449
https://doi.org/10.1038/nrneurol.2015.229
https://doi.org/10.1212/WNL.0000000000003236
https://doi.org/10.1111/ene.13457
https://doi.org/10.1037/neu0000372
https://doi.org/10.3389/fpsyg.2019.00218
https://doi.org/10.1097/WNN.0000000000000017
https://doi.org/10.3389/fnhum.2013.00712
https://doi.org/10.1016/j.neubiorev.2010.10.009
https://doi.org/10.1098/rstb.2015.0083
https://doi.org/10.1007/s00426-018-1107-3
https://doi.org/10.1098/rstb.2015.0074
https://doi.org/10.1523/JNEUROSCI.1488-13.2013
https://doi.org/10.1037/0022-3514.87.3.327
https://doi.org/10.1146/annurev-psych-113011-143754
https://doi.org/10.1098/rstb.2009.0048
https://doi.org/10.1098/rstb.2015.0079
https://doi.org/10.1016/j.cub.2012.10.018
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Czekoova et al.

Social Cognition in Multiple Sclerosis

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Shaw DJ, Czekéova K, Porubanova M. Orthogonal-compatibility effects
confound automatic imitation: implications for measuring self-other
distinction. Psychol Res. (2017) 81:1152-65. doi: 10.1007/s00426-016-0814-x
Batista S, D’Almeida O, Afonso A, Freitas S, Macario C, Sousa L,
et al. Impairment of social cognition in multiple sclerosis: amygdala
atrophy is the main predictor. Mult (2017a) 23:1358-66.
doi: 10.1177/1352458516680750

Audoin B, Zaaraoui W, Reuter F, Rico A, Malikova I, Confort-Gouny §, et al.
Atrophy mainly affects the limbic system and the deep grey matter at the first
stage of multiple sclerosis. J Neurol Neurosurg Psychiatry. (2010) 81:690-5.
doi: 10.1136/jnnp.2009.188748

Eshaghi A, Prados F, Brownlee W, Altmann DR, Tur C, Cardoso M]J. Deep
grey matter volume loss drives disability worsening in multiple sclerosis. Ann
Neurol. (2017) 83:210-22. doi: 10.1002/ana.25145

Datta S, Staewen TD, Cofield SS, Cutter GR, Lublin FD, Wolinsky JS,
et al. Regional gray matter atrophy in relapsing remitting multiple sclerosis:
Baseline analysis of multi-center data. Mult Scler Relat Disord. (2015) 4:124-
36. doi: 10.1016/j.msard.2015.01.004

Abu-Akel A, Shamay-Tsoory S. Neuroanatomical and neurochemical
bases of theory of mind. Neuropsychologia. (2011) 49:2971-84.
doi: 10.1016/j.neuropsychologia.2011.07.012

Poletti M, Enrici I, Adenzato M. Cognitive and affective theory of
mind in neurodegenerative diseases: neuropsychological, neuroanatomical
and neurochemical levels. Neurosci Biobehav Rev. (2012) 36:2147-64.
doi: 10.1016/j.neubiorev.2012.07.004

Kraemer M, Herold M, Uekermann J, Kis B, Wiltfang J, Daum I, et al.
Theory of mind and empathy in patients at an early stage of relapsing
remitting multiple sclerosis. Clin Neurol Neurosurg. (2013) 115:1016-22.
doi: 10.1016/j.clineuro.2012.10.027

Batista S, Dineen R, Vilisaar J, Hlinka ], Bradshaw C, Morgan P, et al.
Disconnection as a mechanism for cognitive dysfunction in multiple sclerosis.
Neurology. (2017b) 89:38-45. doi: 10.1212/WNL.0000000000004060

Chalah MA, Kauv P, Lefaucheur JP, Hodel J, Créange A, Ayache SS. Theory
of mind in multiple sclerosis: a neuropsychological and MRI study. Neurosci
Lett. (2017) 658:108-13. doi: 10.1016/j.neulet.2017.08.055

Milenkovic S, Dragovic M. Modification of the Edinburgh
Handedness inventory: a replication study. Laterality. (2013) 18:340-8.
doi: 10.1080/1357650X.2012.683196

Kurtzke JF. Rating neurologic impairment in multiple sclerosis: an
expanded disability status scale (EDSS). Neurology. (1983) 33:1444.
doi: 10.1212/WNL.33.11.1444

Polman CH, Reingold SC, Banwell B, Clanet M, Cohen JA, Filippi M, et al.
Diagnostic criteria for multiple sclerosis: 2010 Revisions to the McDonald
criteria. Ann Neurol. (2011) 69:292-302. doi: 10.1002/ana.22366

Winkler AM, Ridgway GR, Webster MA, Smith SM, Nichols TE. Permutation
inference for the general linear model. Neurolmage. (2014) 92:381-97.
doi: 10.1016/j.neuroimage.2014.01.060

Benedict RHB, DeLuca J, Phillips G, LaRocca N, Hudson LD, Rudick R,
et al. Validity of the Symbol Digit Modalities Test as a cognition performance
outcome measure for multiple sclerosis. Mult Scler J. (2017) 23:721-33.
doi: 10.1177/1352458517690821

Langdon D, Amato M, Boringa I, Brochet B, Foley F, Fredrikson S,
et al. Recommendations for a Brief International Cognitive Assessment
for Multiple Sclerosis (BICAMS). Mult Scler ] (2012) 18:891-8.
doi: 10.1177/1352458511431076

Brass M, Bekkering H, Wohlschlidger A, Prinz W. Compatibility between
observed and executed finger movements: comparing symbolic, spatial,
and imitative cues. Brain Cogn. (2000) 44:124-43. doi: 10.1006/brcg.2000.
1225

Genschow O, Van Den Bossche S, Cracco E, Bardi L, Rigoni D, Brass M.
Mimicry and automatic imitation are not correlated. PLoS ONE. (2017)
12:1-21. doi: 10.1371/journal.pone.0183784

Keysar B, Barr DJ, Balin JA, Brauner JS. Taking perspective in conversation:
the role of mutual knowledge in comprehension. Psychol Sci. (2000) 11:32-8.
doi: 10.1111/1467-9280.00211

Baron-Cohen S, Wheelwright S, Hill J, Raste Y, Plumb I. The * * Reading
the Mind in the Eyes * > Test Revised Version : a study with normal
adults, and adults with asperger syndrome or high-functioning autism.

Scler.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

] Child Psychol Psychiat Assoc Child Psychol Psychiatry. (2001) 42:241-51.
doi: 10.1111/1469-7610.00715

Oakley BEM, Brewer R, Bird G, Catmur C. Theory of mind is not theory of
emotion. ] Abnorm Psychol. (2016) 125:1-25. doi: 10.1037/abn0000182

Beck AT, Steer RA, Brown GK. Beck Depression Inventory-II: Manual. San
Antonio, TX: Psychological Corporation (1996).

Sacco R, Santangelo G, Stamenova S, Bisecco A, Bonavita S, Lavorgna L,
et al. Psychometric properties and validity of Beck Depression Inventory II
in multiple sclerosis. Eur ] Neurol. (2016) 23:744-50. doi: 10.1111/ene.12932
Kos D, Kerckhofs E, Carrea I, Verza R, Ramos M, Jansa J. Evaluation of the
modified fatigue impact scale in four different European countries. Mult Scler
J. (2005) 11:76-80. doi: 10.1191/1352458505ms11170a

Good CD, Scahill RI, Fox NC, Ashburner J, Friston KJ, Chan D, et al.
Automatic differentiation of anatomical patterns in the human brain:
validation with studies of degenerative dementias. Neurolmage. (2002) 17:29-
46. doi: 10.1006/nimg.2002.1202

Douaud G, Smith S, Jenkinson M, Behrens T, Johansen-Berg H, Vickers ], et al.
Anatomically related grey and white matter abnormalities in adolescent-onset
schizophrenia. Brain. (2007) 130:2375-86. doi: 10.1093/brain/awm184
Zhang Y, Brady M, Smith S. Segmentation of brain MR images
through a hidden Markov random field model and the expectation-
maximization algorithm. IEEE Transac Med Imaging. (2001) 20:45-57.
doi: 10.1109/42.906424

Jenkinson M, Bannister P, Brady M, Smith S. Improved optimization for the
robust and accurate linear registration and motion correction of brain images.
NeuroImage. (2002) 17:825-41. doi: 10.1006/nimg.2002.1132

Andersson JLR, Jenkinson M, Smith, S. Non-linear registration, aka spatial
normalisation. In: FMRIB Technial Report TRO7JA2. Oxford Centre for
Functional Magnetic Resonance Imaging of the Brain, Department of Clinical
Neurology, Oxford University, Oxford (2007).

Good CD, Johnsrude IS, Ashburner J, Henson RNA, Friston KJ, Frackowiak
RSJ. A voxel-based morphometric study of ageing in 465 normal adult human
brains. NeuroImage. (2001) 14:21-36. doi: 10.1006/nimg.2001.0786

Smith  SM, Nichols TE. Threshold-free enhancement:
addressing  problems of smoothing, threshold dependence and
localisation in  cluster inference. Neurolmage. (2009) 44:83-98.
doi: 10.1016/j.neuroimage.2008.03.061

Bukowski H, Samson D. New insights into the inter-individual variability in
perspective taking. Vision. (2017) 1:8. doi: 10.3390/vision1010008

Bird G, Viding E. The self to other model of empathy: Providing a new
framework for understanding empathy impairments in psychopathy,
autism, and alexithymia. Neurosci Biobehav Rev. (2014) 47:520-32.
doi: 10.1016/j.neubiorev.2014.09.021

Banati M, Sandor J, Mike A, Illes E, Bors L, Feldmann A, et al. Social cognition
and Theory of Mind in patients with relapsing-remitting multiple sclerosis.
Eur ] Neurol. (2010) 17:426-33. doi: 10.1111/j.1468-1331.2009.02836.x
Zhang R, Geng X, Lee TMC. Large-scale functional neural network correlates
of response inhibition: an fMRI meta-analysis. Brain Struct Function. (2017)
222:3973-90. doi: 10.1007/s00429-017-1443-x

Batista S, Freitas S, Afonso A, Macério C, Sousa L, Cunha L, et al. Theory of
mind and executive functions are dissociated in multiple sclerosis. Arch Clin
Neuropsychol. (2018) 33:541-51. doi: 10.1093/arclin/acx101

Di Filippo M, Portaccio E, Mancini A, Calabresi P. Multiple sclerosis and
cognition: synaptic failure and network dysfunction. Nat Rev Neurosci. (2018)
19:599-609. doi: 10.1038/s41583-018-0053-9

Béez-Mendoza R, Schultz W. The role of the striatum in social behavior. Front
Neurosci. (2013) 7:233. doi: 10.3389/fnins.2013.00233

Hwang K, Bertolero MA, Liu WB, D’Esposito M. The human thalamus is an
integrative hub for functional brain networks. ] Neurosci. (2017) 37:5594-607.
doi: 10.1523/JNEUROSCI.0067-17.2017

Saalmann YB, Kastner S. The cognitive thalamus. Front Syst Neurosci. (2015)
9:39. doi: 10.3389/fnsys.2015.00039

Uddin LQ, Nomi ]S, Hébert-Seropian B, Ghaziri J, Boucher O. Structure
and function of the human insula. J Clini Neurophysiol. (2017) 34:300-6.
doi: 10.1097/WNP.0000000000000377

Mike A, Strammer E, Aradi M, Orsi G, Perlaki G, Hajnal A, et al.
Disconnection mechanism and regional cortical atrophy contribute
to impaired processing of facial expressions and theory of mind in

cluster

Frontiers in Neurology | www.frontiersin.org

May 2019 | Volume 10 | Article 525


https://doi.org/10.1007/s00426-016-0814-x
https://doi.org/10.1177/1352458516680750
https://doi.org/10.1136/jnnp.2009.188748
https://doi.org/10.1002/ana.25145
https://doi.org/10.1016/j.msard.2015.01.004
https://doi.org/10.1016/j.neuropsychologia.2011.07.012
https://doi.org/10.1016/j.neubiorev.2012.07.004
https://doi.org/10.1016/j.clineuro.2012.10.027
https://doi.org/10.1212/WNL.0000000000004060
https://doi.org/10.1016/j.neulet.2017.08.055
https://doi.org/10.1080/1357650X.2012.683196
https://doi.org/10.1212/WNL.33.11.1444
https://doi.org/10.1002/ana.22366
https://doi.org/10.1016/j.neuroimage.2014.01.060
https://doi.org/10.1177/1352458517690821
https://doi.org/10.1177/1352458511431076
https://doi.org/10.1006/brcg.2000.1225
https://doi.org/10.1371/journal.pone.0183784
https://doi.org/10.1111/1467-9280.00211
https://doi.org/10.1111/1469-7610.00715
https://doi.org/10.1037/abn0000182
https://doi.org/10.1111/ene.12932
https://doi.org/10.1191/1352458505ms1117oa
https://doi.org/10.1006/nimg.2002.1202
https://doi.org/10.1093/brain/awm184
https://doi.org/10.1109/42.906424
https://doi.org/10.1006/nimg.2002.1132
https://doi.org/10.1006/nimg.2001.0786
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.3390/vision1010008
https://doi.org/10.1016/j.neubiorev.2014.09.021
https://doi.org/10.1111/j.1468-1331.2009.02836.x
https://doi.org/10.1007/s00429-017-1443-x
https://doi.org/10.1093/arclin/acx101
https://doi.org/10.1038/s41583-018-0053-9
https://doi.org/10.3389/fnins.2013.00233
https://doi.org/10.1523/JNEUROSCI.0067-17.2017
https://doi.org/10.3389/fnsys.2015.00039
https://doi.org/10.1097/WNP.0000000000000377
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Czekoova et al.

Social Cognition in Multiple Sclerosis

66.

67.

68.

69.

70.

multiple sclerosis: a structural MRI study. PLoS ONE. (2013) 8:e82422.
doi: 10.1371/journal.pone.0082422

Barbey AK, Colom R, Grafman . Architecture of cognitive
flexibility revealed by lesion mapping. Neurolmage. (2013) 82:547-54.
doi: 10.1016/j.neuroimage.2013.05.087

Uddin LQ, Iacoboni M, Lange C, Keenan JP. The self and social cognition:
the role of cortical midline structures and mirror neurons. Trends Cogn Sci.
(2007) 11:153-7. doi: 10.1016/j.tics.2007.01.001

Geurts JJG, Calabrese M, Fisher E, Rudick RA. Measurement
and clinical effect of grey matter pathology in multiple sclerosis.
Lancet  Neurol.  (2012) 11:1082-92. doi: 10.1016/S1474-4422(12)
70230-2

Plata-Bello ], Pérez-Martin Y, Castaion-Pérez A, Modrofio C, Farifia H,
Hernandez-Martin E, et al. The mirror neuron system in relapsing remitting
multiple sclerosis patients with low disability. Brain Topogr. (2017) 30:548-59.
doi: 10.1007/s10548-017-0558-y

Modica CM, Bergsland N, Dwyer MG, Ramasamy DP, Carl E, Zivadinov
R, et al. Cognitive reserve moderates the impact of subcortical gray matter

71.

atrophy on neuropsychological status in multiple sclerosis. Mult Scler. (2016)
22:36-42. doi: 10.1177/1352458515579443

Schmidt P, Gaser C, Arsic M, Buck D, Forschler A, Berthele A,
et al. An automated tool for detection of FLAIR-hyperintense white-
matter lesions in multiple sclerosis. NeuroImage. (2012) 59:3774-83.
doi: 10.1016/j.neuroimage.2011.11.032

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Czekéovd, Shaw, Saxunovd, Dufek, Marelek, Vanicek and Brdzdil.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Neurology | www.frontiersin.org

12

May 2019 | Volume 10 | Article 525


https://doi.org/10.1371/journal.pone.0082422
https://doi.org/10.1016/j.neuroimage.2013.05.087
https://doi.org/10.1016/j.tics.2007.01.001
https://doi.org/10.1016/S1474-4422(12)70230-2
https://doi.org/10.1007/s10548-017-0558-y
https://doi.org/10.1177/1352458515579443
https://doi.org/10.1016/j.neuroimage.2011.11.032
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Impaired Self-Other Distinction and Subcortical Gray-Matter Alterations Characterize Socio-Cognitive Disturbances in Multiple Sclerosis
	Introduction
	Materials and Methods
	Sample
	Procedure
	Cognitive Processing Speed
	Imitative Tendencies
	Perspective Taking
	Emotion Recognition
	Depression
	Fatigue
	MRI Acquisition
	Statistical Analyses
	Behavioral Data
	Neuroimaging Data


	Results
	Clinical Assessment
	Behavioral Performance
	Neuroanatomy

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


