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Abstract

Background: Central neuropathic pain (CNP) is an excruciating condition, prev-
alent in up to a third of patients with multiple sclerosis (MS). Identifying CNP
among MS patients is particularly challenging considering the ample comorbid
chronic pain conditions and sensory disturbances entailed by the disease. The
aim was to identify sensory features unique to CNP beyond those of chronic pain
and MS.

Methods: Participants were 112 MS patients: 44 with a diagnosis of CNP, 28 with
a diagnosis of chronic musculoskeletal pain (MSP), and 40 pain free. Participants
underwent testing of thermal and mechanical thresholds, thermal grill illusion
(TGI), pain adaptation (PA), and offset analgesia (OA), and chronic pain was
characterized. A two-step cluster analysis was performed, and the association be-
tween the cluster membership and the clinical group membership (CNP, MSP,
pain free) was evaluated.

Results: The CNP and MSP groups were similar in most of the chronic pain vari-
ables (e.g., severity, location and quality) and MS-related variables (e.g., type,
severity and medication intake). The three created clusters had unique sensory
features: (1) ‘Hyposensitivity’ (increased thermal and touch thresholds) charac-
terized the CNP group; (2) ‘Poor inhibition and hyperalgesia’ (worst PA and OA
and decreased TGI threshold) characterized the MSP group; and (3) ‘Efficient
inhibition’ (best PA and OA, smallest sensory loss) characterized the pain-free
group.

Conclusions: The unique sensory features of CNP and MSP provide insight into
their pathophysiology, and evaluating them may increase the ability to provide
individually based interventions. Efficient inhibition may protect MS patients
from chronic pain.

Significance: Cluster analysis among patients with multiple sclerosis (MS) re-
vealed that while central neuropathic pain is associated with thermal and mechan-
ical hypoesthesia, musculoskeletal pain is involved with reduced pain inhibition
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and hyperalgesia; sensory profiles that provide insights into the mechanisms of

these conditions and may promote an individually based pain management.

1 | INTRODUCTION

Multiple sclerosis (MS) and chronic pain are highly co-
morbid (Boneschi et al., 2008; Ferraro et al., 2018). The
more common types of pain are spasticity pain and head-
ache (prevalence rates of 43%-60%), central neuropathic
pain (CNP, 5%-28%), and back pain (10%-20%) (Foley
et al., 2013; Heitmann et al., 2020; O’Connor et al., 2008;
Truini et al., 2013). CNP is considered highly excruciating
and debilitating as well as particularly difficult to man-
age compared with other pain types (Doth et al., 2010;
Osterberg et al., 2005). The lifelong suffering imposed by
CNP limits the patients’ functional capacity and quality of
life (Doth et al., 2010; Failde et al., 2018).

The management of CNP in MS is challenged by the
difficulty in its identification and hence in providing ef-
fective treatment. MS alone produces ample and wide-
spread sensory alterations which may mask those related
to CNP (Grasso et al., 2008; Pompa et al., 2015; Scherder
et al., 2018). Furthermore, widespread pain, often of mus-
culoskeletal origin (due to disuse/overuse injuries, abnor-
mal posture, assistive technology usage, and decreased
mobility) (Truini et al., 2013) may further complicate the
distinction of CNP from other pain types (Feketova et al.,
2017; Kahraman et al.,, 2019). As quantitative sensory
testing (QST) is eminent in characterizing pain condi-
tions and studying their mechanisms (Arendt-Nielsen &
Yarnitsky, 2009; Backonja et al., 2013), a systematic com-
parison of QST results from MS patients with CNP vs.
those with musculoskeletal pain (MSP) may help to dis-
cern the unique features of each condition and shed more
light on their pathophysiology.

We found only one study in which such a comparison
has been conducted: Thermal and touch thresholds were
similar among 29 MS patients with CNP and 15 MS pa-
tients with MSP (Svendsen et al., 2005). The lack of a pain-
free control group and the since-updated CNP diagnostic
criteria, necessitates revisiting this comparison with addi-
tional tests. The QST of MS patients with CNP has been
compared with that of pain-free MS patients. Overall, a
significant reduction in thermal sensibility was reported
among the former, as well as an increased frequency of
allodynia and hyperpathia (Osterberg & Boivie, 2010;
Rivel et al., 2021; Srotova et al., 2020). However, consid-
ering that sensory impairment is an integral sign of MS
and may occur regardless of chronic pain, it is not clear
whether these features are unique to CNP or character-
ize all MS-related chronic pain types. Indeed, MS patients
with chronic pain of unspecified origins had thermal and

pinprick thresholds similar to those of pain-free MS pa-
tients (Fernandez-de-las-Pefas et al., 2015; Grasso et al.,
2008; Pompa et al., 2015).

Thus, because QST of MS patients with CNP has been
compared with that of a single control group, it is unclear
whether CNP in MS has distinct features beyond those of
chronic pain in general or of MS; such features may pro-
mote knowledge about its mechanisms. Furthermore, de-
spite the known association of various chronic pain types
with reduced pain modulation (Arendt-Nielsen et al.,
2018), only one study explored this association among
CNP- and pain-free MS patients (Srotova et al., 2020). The
current study’s aims were therefore to: (1) characterize
the sensory and pain modulation profile of MS patients
with CNP compared with patients with MSP and pain-free
MS patients, and (2) perform a cluster analysis in order to
identify distinctive characteristics of CNP beyond those of
other chronic pain and MS.

2 | METHODS

2.1 | Participants

Participants were 112 MS patients in three groups accord-
ing to clinical diagnosis: 44 MS patients had CNP (the
CNP group); 28 MS patients had musculoskeletal pain
(the MSP group) and 40 MS patients were pain-free (the
pain-free group). The MS patients were recruited from
the outpatient clinic in the Multiple Sclerosis Center at
Sheba Medical Center, Tel Hashomer, between the years
2015 and 2018. Only patients with definite MS were re-
cruited. The diagnosis of definite MS was determined by a
neurologist, according to the revised McDonald’s criteria
(Polman et al., 2010). Inclusion criteria for all MS patients
were as follows: (1) diagnosis of MS, (2) disease duration
of at least 1 year, and (3) Age =>18 years, <=75 years (the
latter due to possible changes in sensory sensitivity). MS
patients in the pain-free MS group and healthy controls
had to be free of any acute or chronic pain. Exclusion cri-
teria for all the participants were as follows: (1) pregnancy,
(2) systemic diseases (e.g. diabetes) or concurrent neuro-
logical conditions, (3) skin lesions at the testing sites, (4)
psychiatric diseases (e.g. major depression) or any other
cognitive condition that might interfere with testing and/
or completing the questionnaires. It should be noted that
disability status of the patients or other MS-related com-
plaints were not considered for recruitment in order to
avoid selection biases.
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Eligible participants were approached by the medical
staff of the unit and received information on the study,
both orally and by way of flyers. Those individuals who
agreed to participate in the study contacted the phone
number on the flyers or informed members of the medical
staff. After a short screening interview, they were invited
to a meeting in order to ascertain their eligibility. For the
chronic pain groups, MS patients with pain lasting more
than 6 months were included, provided that the onset of
the pain was subsequent to an established diagnosis of
MS (O’Connor et al., 2008; Truini et al., 2013). The diag-
nosis of CNP and MSP was made by a pain specialist. The
presence of CNP was determined according to its defi-
nition and characteristics with specific relevance to MS
(Widerstrom-Noga et al., 2017) as follows: (1) a diagnos-
tic evaluation confirming MS, (2) continuous or recurrent
pain developed after MS onset, (3) pain duration of at least
3 months, (4) pain is described as being within the area of
the body affected by an MS lesion in the brain or spinal
cord, (5) pain is associated with sensory changes in the
same neuroanatomically plausible distribution, as indi-
cated by the presence of at least one positive sensory sign
(e.g., dynamic mechanical or cold allodynia) or one nega-
tive sensory sign (e.g., elevated thresholds to cold or warm
sensations or a decreased sensation to touch, a pinprick,
or thermal stimuli), and (6) no other diagnosis better ex-
plains the pain. The presence of MSP was determined ac-
cording to its characteristics (Truini et al., 2013): (1) pain
is associated with muscle and/or skeletal system and de-
rives from an abnormal posture or decreased mobility, (2)
pain is not related to peripheral or central nervous lesions,
(3) no other diagnosis better explains the pain.

The study was approved by the institutional review
board of Sheba Medical Center and of Tel Aviv University.
Written informed consent was obtained from all partici-
pants, after they received a full explanation of the study’s
protocol and goals.

2.2 | Procedures
The sample size was estimated a priori as indicated in our
previous publication (Rivel et al., 2021). In short, we con-
sidered expected means and standard deviations of two
main outcome measures (warm sensation threshold and
pain adaptation), « = 0.05, and a statistical power of 80%
(effect size ranged between 0.85 and 0.92). The calcula-
tion yielded a sample size of 14-19 participants per group
but we made efforts to double the sample size due to the
expected variability in these measures among the chronic
pain groups.

Testing took place in a quiet room. Each participant
arrived to a single testing session in which she/he was

w

interviewed regarding demographics, general health sta-
tus, and MS- and pain-related variables and completed
two questionnaires. Sensory testing then commenced
following a training session. Testing included: (1) the
measurement of warm sensation threshold and cold sen-
sation threshold, as indicators of spinothalamic conduc-
tion (Willis & Westlund, 1997); (2) mechanical detection
threshold, as an indicator of the dorsal column/medial
lemniscal conduction (Noback et al., 2012); (3) the ther-
mal grill illusion, as an indicator of central integration
of thermal pathways and pain (Craig & Bushnell, 1994;
Jutzeler et al., 2017); and (4) pain adaptation and offset
analgesia, as indicators of central pain inhibition (D’Agata
et al., 2015; Shulman et al., 2020). Testing was done in a
random order. Participants were given a 2-5-min break
between tests, and the probe of the stimulator was moved
after each stimulation to an adjacent region in order to
prevent changes in skin sensitivity due to stimulation. The
first three aforementioned sensory tests were performed
in the most painful body region: the shin among 80% of
the CNP group and among 70% of the MSP group, and
the arm/forearm among 20% and 30% of these groups,
respectively. Data obtained from the most painful lower
limb sites and the most painful upper limb sites were com-
bined. Among the pain-free group, testing was performed
at the shin, which was the most prevalent painful region
among both chronic pain groups (testing of this group
was conducted after the majority of the participants with
chronic pain completed their testing). Note that the lower
limbs in both the CNP and MSP groups were significantly
more affected by sensory deficits than the upper limbs
(please see supplementary table). Pain adaptation and off-
set analgesia tests were performed in the proximal volar
aspect of the forearm which was pain free and relatively
intact among the majority of the participants. The reason
for choosing this location was that these tests necessitated
a stimulus-response function in order to search for the
temperature that would elicit a particular level of pain.
Such a test is more reliable in a relatively preserved body
region. Among patients for whom this region was painful
or exhibited significant sensory alteration, an adjacent re-
gion was selected.

2.3 | Equipment

2.3.1 | Thermal stimulator

Heat and cold stimuli were delivered using the condi-
tioned pain modulation (CPM) system (Q-Sense-CPM,
Medoc, Ltd., Ramat Yishai, Israel). The computerized
Medoc Q-Sense-CPM system has two thermods with an
active area of 30 X 30 mm and a temperature range from
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20°C to a safety limit of 50°C. Heating or cooling is pro-
duced using a Peltier-based computerized thermal stim-
ulator. The adaptation (baseline) temperature was set to
32°C. The probe was attached to the testing site by means
of a Velcro band. If the testing site was too large, the exam-
iner held the probe gently over the tested skin and verified
that the probe surface made full contact.

2.3.2 | Semmes-Weinstein monofilaments
Mechanical stimuli were applied with Semmes-Weinstein
monofilaments (North Coast Medical, Inc., Morgan Hill,
CA, USA). The kit consists of 20 monofilaments with
sizes ranging between 1.65 and 6.65 units, each attached
to a plastic holder. Vertical bending of the monofilament
produces a calibrated force ranging between 0.008 and
300 grf.

2.4 | Sensory testing

2.4.1 | Thermal sensibility

Warm sensation threshold (WST) and cold sensation
threshold (CST) were measured with the computerized
thermal stimulator, using the method of limits. For each
threshold separately, participants received four succes-
sive stimuli of gradually decreasing or increasing tem-
peratures, starting from a baseline of 32°C, at a rate of
2°C/s. The participants were asked to press a switch (the
computer mouse) when a cold or warm sensation, re-
spectively, was first perceived. Each threshold was cal-
culated as the average of four successive temperatures
in each test (for more details, please see Rivel et al.,
2021). The complete absence of an innocuous thermal
sensation was defined when the participant did not
perceive warming or cooling up to the cut-off values of
43°C or 20°C, respectively. These cut-off values were de-
termined according to (1) the average warm and cold
sensation thresholds of healthy controls +3 standard
deviations from the mean, and (2) the upper tempera-
ture response limit of warm and cold receptors, which
is below the lower temperature response limit of nocic-
eptors, as reported elsewhere (Dodt & Zotterman, 1952;
Iggo, 1969).

2.4.2 | Mechanical sensibility

Mechanical detection threshold (MDT) was tested
using the modified method of limits. While partici-
pants were blindfolded, the examiner applied the

Semmes-Weinstein monofilaments in an increasing
order, starting from the smallest one (maximal range
0.064-1.143 mm). The participants were asked to re-
spond the minute they perceived a touch, at which point
they were asked to localize the stimulus perceived. MDT
was the calibrated force of the monofilament first per-
ceived (Zeilig et al., 2012). There was no need for cut-off
values in these tests because all the participants per-
ceived touch.

2.4.3 | The Thermal Grill Illusion (TGI)

The TGI was evoked with the computerized thermal
stimulator, to which two probes were connected. The
probes were placed adjacent to each other. One probe
was set for cooling, and the other was set for warm-
ing. Both probes were activated simultaneously at a
rate of 2°C/s starting from an adaptation temperature
of 32°C, and the participants were instructed to press
the switch when they perceived the first pain sensation,
thus defining the TGI threshold. At that moment, the
temperatures of both the warming and cooling probes
were recorded and stopped, and participants were asked
to indicate the quality of pain (from a list of descriptors:
burning pain, cold pain, mixed burning/cold, and prick-
ing pain) (Defrin et al., 2008). The difference between
the temperatures measured in each probe indicated the
TGI level. Thus, the smaller the difference, the more
sensitive the person was to the TGI.

2.4.4 | Pain inhibition

As pain inhibition has hardly been tested among patients
with MS, we used two pain inhibition tests: pain adapta-
tion (PA) and offset analgesia (OA). PA refers to a gradual
decrease in perceived pain following repeated/constant,
moderate noxious stimuli of fixed intensity (Bauch et al.,
2017; Bingel et al., 2007). OA refers to a sharp decrease in
perceived pain following an increase and then a decrease
in the same magnitude, of a noxious stimulus relative
to initial intensity (Derbyshire & Osborn, 2008; Grill &
Coghil, 2002).

In order to test PA level, participants received a nox-
ious heat stimulus (using the thermal stimulator) at an
intensity equivalent to 5 out of 10, on the numerical
rating scale (NRS). The stimulus was applied for 30 s
during which time the participants were asked to rate
the amount of perceived pain (using the NRS) every
15 s (at times 0, 15 and 30 s). The magnitude of PA was
calculated by subtracting the first NRS rating from the
last (Gruener et al., 2016). The participants were not
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informed of the time that had elapsed from the begin-
ning of stimulation.

To test for OA, participants received a noxious heat
stimulus (using the thermal stimulator) at an intensity
equivalent of 6 out of 10 on the NRS for a duration of
5 s, which then increased by 1°C for a duration of an
additional 5 s and afterwards decreased by 1°C to the
initial intensity (5-6 on the NRS) and remained at that
intensity for 20 additional seconds. The participants
were asked to rate the amount of perceived pain (using
the NRS) at six time points that capture the different
phases of the stimulus: at the peak of the initial inten-
sity (Time 1); at the peak of the 1°C increase (Time 2);
immediately after the 1°C decrease (Time 3) and three
consecutive times during the plateau, every 5 s (Time
4-6 the last rating just near the end of the plateau). The
magnitude of OA was the difference between Tland T3
(Grill & Coghil, 2002). The temperatures that were cho-
sen for the pain adaptation and OA tests were extracted
from individual stimulus-response functions for heat-
pain created for each participant, in which the partic-
ipants rated a series of thermal stimuli (ranging from
40°C to 50°C) using the NRS (for more details, please see
Gruener et al., 2016).

2.5 | Additional data collection

Data on patients’ MS (e.g., Expanded Disability Status
Scale/EDSS, which quantifies disability in MS, dura-
tion, first symptoms appearance and diagnosis, MS type,
motor and sensory dysfunctions, and course) and gen-
eral health status were obtained via a structured inter-
view and from the patients’ medical records. Data on
chronic pain were obtained via a structured interview
that included questions about pain onset, duration,
quality, location in the body (on a body chart), dynamic
characteristics, use of medications, as well as alleviat-
ing and aggravating factors. The number of painful body
regions was counted from the body chart, divided into
13 regions: foot, shin, thigh, buttocks, hand, forearm,
arm, shoulder, abdomen, chest, lower back, upper back,
neck. Participants with chronic pain also rated the mean
chronic pain intensity during the previous month using
the NRS and completed the McGill Pain Questionnaire
(MPQ) (Melzack, 1975), which provides a quantitative
evaluation of the participants’ pain experience as fol-
lows: the pain rating index (PRI) - the total of the val-
ues assigned to the words chosen from a list of 64 pain
descriptors; the number of words chosen (NWC) from
that list; Pleast — the lowest pain intensity (on a Likert-
type scale from 1 to 5); and Pworst - the highest pain
intensity (on a scale of 1 to 5). In addition, the Douleur
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Neuropathique 4 (DN4 questionnaire) (Bouhassira
et al., 2005) was completed.

2.6 | Statistical analysis

Data were processed with IBM SPSS statistics software ver-
sion 27 (IBM New York, USA). First, normal distribution
was evaluated with the Kolmogorov-Smirnov (K-S) test.
Parametric and non-parametric models with interactions
and post hoc corrected comparisons were used in order to test
the effect of group type (CNP group, MSP group, pain-free
group) on demographics (age, sex, education and employ-
ment), MS-related data (MS duration, EDSS and MS course/
type) and sensory testing (WST, CST, TGI, MDT, PA and
OA). As there was a group difference in EDSS, MS duration
and in age, and considering the possible effect of these varia-
bles on the sensory testing, they were entered as covariates in
the models. Data are presented as mean +standard deviation
(SD) for continuous variables and as count (percentage) for
categorical variables. All tests were two-tailed, and statistical
significance was defined as a value of p < 0.05.

In order to examine whether the CNP group exhibited
unique features as compared with the rest of the MS co-
hort, a two-step cluster procedure was conducted. Instead
of predicting an outcome, two-step cluster models uncover
patterns in a data set and classify the entire data set into
natural groups (clusters) that would otherwise not be ap-
parent. Thus, records within a group or cluster tend to be
similar to each other, but records in different groups are
dissimilar. The two-step cluster analysis was chosen for
classification because it can handle mixed-field types and
is able to handle large datasets efficiently. It also provides
the importance of predictor variables included in the anal-
ysis (Gelbard et al., 2007). The classification is established
according to the data (in the present case, the results of the
sensory tests), irrespective of previously known groups/
diagnoses or outcome measures, while the strength of
the contribution of each sensory test to the classification
(predictor importance) is taken into account. The first
step makes a single pass through the data, during which
it compresses the raw input data into a manageable set of
subclusters. The second step uses a hierarchical clustering
method to progressively merge the subclusters into larger
and larger clusters, without requiring another pass through
the data. The number of clusters was pre-determined to
three as we were interested in examining the associations
between natural groups (clusters) defined by the clustering
procedure and the three clinically diagnosed groups. The
model’s fit was assessed by Schwarz’s Bayesian informa-
tion criterion (BIC) and evaluated by the average silhouette
coefficient, which evaluates cluster cohesion and separa-
tion measures (Kaufman & Rousseeuw, 2005).
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Following the two-step clustering procedure in which
individuals were assigned a cluster membership, a cross-
tabs analysis was performed in order to test the association
(x*) and the strength of the association (Cramer’s V-r..) be-
tween the cluster membership and the group membership
(CNP, MSP, pain free). Multivariate ANOVA (MANOVA)
as well as y* analyses were performed in order to detect
differences between the clusters in demographics and in
MS-related variables. In order to compare QST data within
and between clusters, and following the approach of Baron
et al. (2017), the results were z-transformed, based on sen-
sory testing done among 34 healthy participants using the
same methods and by the same examiner (data on this
group are detailed in Rivel et al., 2021. In short, the sample
comprised 27 healthy females and seven healthy males, at
a mean age of 43.68 + 11.25 and mean education years of
16.24 + 2.49, free of any acute or chronic pain, and in good
general health). The data are presented +95% confidence
intervals. Z scores of ‘0’ represent the mean value of the
healthy participants, whereas z scores above or below ‘0’
indicate a gain or loss of function, respectively, for sensory
thresholds, and efficient or inefficient pain inhibition, re-
spectively, for OA and pain adaptation.

TABLE 1 Characteristics of the study groups

MS patients with

CNP
Participants (number) 44
Age (years, m+SD) 42.7 (10.7)
Sex (females, %) 29 (64.4)
Employment (yes, %) 18 (40.9)*
Education (years, m+SD) 14.2 (2.3)
MS (years, m+SD) 9.6 (6.5)""
EDSS (m+SD) 4.3 (2.00*"
MS Type (RR, %)" 39 (88.6)
IMiDs (yes, %) 38 (86.4)
Steroids (yes, %) 14 (31.8)

Pain medications

NSAIDs (yes, %) 14 (29.8)*"

Antiepileptics (yes, %) 11 (25.0)
Medical marijuana (yes, %) 8(18.1)
Opioids (yes, %) 6(13.6)
SNRI (yes, %) 6(13.6)

3 | RESULTS

3.1 | Characteristics of the study groups
Table 1 describes the characteristics of the three MS groups:
CNP, MSP and pain free. The two chronic pain groups (CNP
and MSP) did not differ in sociodemographic data, although
the MSP group was significantly older than the pain-free
group. A significantly smaller percentage of patients in
both chronic pain groups were employed, compared with
the percentage in the pain-free group. The two chronic
pain groups did not differ in MS-related variables except for
the duration of the disease, which was significantly longer
among the MSP group, and both groups had a significantly
higher EDSS score than did the pain-free group. The eti-
ologies among patients with MSP were spasticity-related
pain (n = 16), non-radicular back pain (n = 7), articular
pain (n = 8), myofascial pain (n = 4), fibromyalgia (n = 1)
and seven people had dual etiologies. Pain medication in-
take was similar for the two chronic pain groups except
for NSAIDs, which were used by a greater proportion in
the CNP than the MSP group. The NSAID medications in-
cluded paracetamol, dipyrone, and ibuprofen.

MS patients with

MSP MS patients pain free =~ ANOVA#
28 40

48.0 (12.0)*" 39.3 (12.2) <0.05
21 (75.0) 24 (57.1) 0.31
14 (50.0>" 34(81.0) <0.01
14.4 (3.7) 15.0 (2.5) 0.40
16.6 (9.0)°" 10.9 (6.4) <0.01
5.0 (1.7)°" 3.1(1.7) <0.01
19 (67.9)>" 39(97.5) <0.01
24 (88.9) 32(80.0) 0.62
6(22.2) 18 (45.0) 0.12
4(14.8) 1(2.4) <0.01
5(18.5) — 0.49
3(11.1) — 0.37
1(3.7) — 0.14
2(7.4) — 0.49

Note: MS=Multiple Sclerosis, CNP=central neuropathic pain, MSP=musculoskeletal pain, m=mean, SD=Standard Deviation, EDSS=Expanded Disability
Status Scale, RR=Relapsing Remitting (“the rest are secondary progressive MS), IMiDs=Immunomodulatory drugs, NSAIDs=Non-steroidal anti-inflammatory
drugs, SNRI=Serotonin/noradrenaline reuptake inhibitors, #p-values of ANOVA effects (parametric and non-parametric tests). Asterisks are post hoc
corrected two-tailed t-tests (for parametric variables) or corrected two-tailed Mann-Whitney tests (for non-parametric variables) between each two groups: 1=
MS patients with central neuropathic pain vs. MS patients with musculoskeletal pain, 2= MS patients with central neuropathic pain vs. MS patients without
pain, 3= MS patients with musculoskeletal pain vs. MS patients without pain (*p < 0.05, **p < 0.01).
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3.2 | Chronic pain characteristics

Table 2 presents data on the chronic pain characteristics
among MS patients with CNP and those with MSP. Chronic
pain severity on average, as well as chronic pain severity
at its worst, were similar in magnitude for the two groups,
although the indices of the MPQ showed a trend towards
being higher in the CNP group. The level of pain interfer-
ence and the duration of chronic pain were also similar for
the two groups. The only significant difference between the
two chronic pain groups was in the number of painful body
regions: the CNP group exhibited a greater number than did
the MSP group, suggesting more widespread pain among
the former. Generally, in both groups, chronic pain was lo-
cated especially in the legs. The most frequent painful region
among the CNP group was the shin (39 patients/88.6%), and
among the MSP group, the shin and thigh (15/53.6% each,
p < 0.01 compared to CNP). Patients of both groups also had
headaches: The prevalence of headaches in the CNP group
was 33.3% (15/45), and in the MSP group it was 7% (2/28,
p < 0.05). The quality of CNP was described as heat or burn-
ing by the majority of the CNP group (28/63.6%), followed
by sharp (24/54.5%) and radiating (19/43.2%). Patients with
MSP described the pain mostly as sharp (15/53.6%) but also
as radiating (12/46.4%) and burning (10/35.7%, p < 0.05
compared with CNP).

TABLE 2 Chronic pain characteristics among the CNP and
MSP groups

MS patients MS patients
with CNP with MSP p-value
NRS of average 7.22(1.89) 6.68 (1.98) 0.25
pain (0-10)
PRI total (0-64) 27.15(11.61)  21.74(9.76) 0.08
PRI sensory 8.03 (3.06) 6.48 (2.95)
PRI affective 2.41 (1.25) 2.04 (1.58)
PRI evaluative 1.46 (0.55) 1.34 (0.57)
Worst pain 4.38 (0.88) 4.22(0.74) 0.23
severity (1-5)
Number of painful 8.07 (4.16) 3.29 (2.19) <0.01
regions (0-22)
Pain interference 17.13 (7.79) 15.80 (7.40) 0.50
(0-30)
Pain duration 6.20 (5.36) 6.35(6.63) 0.92
(years)
DN4 questionnaire 5.39(1.38) 1.39 (1.73) 0.00
(0-10)

Note: MS=Multiple Sclerosis, CNP=Central neuropathic pain,
MSP=Musculoskeletal pain, SD=Standard Deviation, NRS=Numerical
rating scale, PRI=Pain rating index from the McGill pain questionnaire,
NWC=Number of words chosen from the McGill pain questionnaire, p-
values of corrected two-tailed t-tests or Mann-Whitney U test (for worst pain
severity).

w

With regard to allodynia assessed during physical ex-
amination, mechanical allodynia was evoked in about a
third of the CNP group (12/27% participants) and in about
a fifth of the MSP group (6/21.4%) (p = 0.47). Cold allo-
dynia was evoked in a third of the CNP group (12/27%
participants) and in about 14% of the MSP group (4/28)
(p = 0.21). In total, 21/45 of the CNP group had either
mechanical or cold allodynia or both allodynia types, and
7/28 had it/them in the MSP group (p = 0.06).

3.3 | Comparison between groups in
sensory testing

3.3.1 | Thermal and mechanical sensibility
Analysis of covariance (ANCOVA) revealed a significant
effect of group type on warm, F(2,112) = 5.503, p < 0.01,
and cold thresholds, F(2,112) = 13.085, p < 0.0001. Post
hoc comparisons revealed that the CNP group had sig-
nificantly higher warm and cold thresholds compared
with both the MSP (p < 0.01 and p < 0.01, respectively)
and pain-free groups (p < 0.05 and p < 0.01, respec-
tively) (Figure 1la and b, respectively). With regard to
touch threshold, ANCOVA revealed no significant dif-
ferences between the groups, F(2,112) = 0.175, p = 0.840
(Figure 1c).

3.3.2 | Thermal grill illusion

Figure 1d presents the differences in TGI level between
the groups. ANCOVA revealed a significant effect of
group type on TGI level, F(2,112) = 5.880, p < 0.01. Post
hoc comparisons revealed that the CNP group had a sig-
nificantly higher TGI level compared with the MSP group
(p < 0.01) and a trend towards a higher TGI compared
with the pain-free group (p = 0.058).

3.3.3 | Pain inhibition

Figure 2 presents the two pain inhibition tests. ANCOVA
revealed a significant effect of group type on pain adap-
tation, F(2,112) = 3.153, p < 0.05. Post hoc comparisons
revealed that the CNP group had a significantly decreased
pain adaptation compared with the pain-free group
(p < 0.01); however, no significant differences were found
between the CNP and MSP groups (p = 0.214) (Figure
2a). With regard to OA, ANCOVA revealed no significant
group effect, F(2,112) = 0.645, p = 0.527) (Figure 2b).
Chronic pain severity as measured with the MPQ cor-
related significantly with pain adaptation level only in
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FIGURE 1 Warm (a) and cold (b) thresholds as well as the thermal grill delta (d) were increased among the CNP group compared with
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1= CNP vs. MSP, 2= CNP vs. pain free ("p = 0.057, *p < 0.05, **p < 0.01). Bars denote group mean +SE. CNP=central neuropathic pain,

MSP=musculoskeletal pain

=

(a) CNP SP Pain-free

NN

Pain adptation (ANRS)

(b) CNP MSP Pain-free
0 7

. 7

n

2 7

S /

<

B 3 A

't |

g

s 44

3 |

&

@) -5 4
-6 -

FIGURE 2 Pain adaptation was reduced among the CNP group compared with the pain-free group (a; *p < 0.05). However, there were
no group differences in offset analgesia (b). Bars denote group mean +SE. CNP=central neuropathic pain, MSP=musculoskeletal pain,

NRS=Numerical rating scale

the CNP group (PRI: r = 0.35, p=0.032; NWC: r = 0.33,
p = 0.041); namely, the worse the pain severity, the worse
the pain inhibition level (positive values for pain adapta-
tion suggest lack of pain reduction). No such correlation
was found for the MSP group nor for OA in the CNP or
MSP groups.

3.4 | Cluster analysis

The clusters analysis exhibited a fair cohesion and sep-
aration (average silhouette = 0.3) and a good ratio of
sizes (ratio = 1.18) between the three clusters. Table 3
presents the QST predictors according to level of their
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TABLE 3 Between-cluster comparison of QST predictors (ordered according to prediction importance), sociodemographic and MS-

related factors

Cluster 1

Number 37 (33%)
QST predictors in descending order of importance
Cold sensation (°C, m+SD) 22.54 (3.05)1"%"

Offset analgesia (°C, m+SD) —3.73(1.89)" "

Warm sensation (°C, m+SD)

Pain adaptation (°C, m+SD)
Thermal grill (°C, m+SD)
Mechanical detection (mm, m+SD)
Demographics and MS-related factors
Age (years, m+SD)

Sex (females, %)

Employment (yes, %)

Education (years, m+SD)

MS (years, m+SD)

EDSS score (m+SD)

MS Type (RR, %)*

42.37 (2.07)7%
—3.13(2.15)*"
19.78 (5.22)'""
0.67 (1.14)"*

37.98 (9.68) %"
26 (65)

27 (67.5)

14.48 (3.44)
11.08 (6.83)
3.21 (1.73)"*"
37(92.5)

Cluster 2 Cluster 3 ANOVA#
35(31.2%) 40 (35.7%)

28.72 (1.63) 29.53 (1.31) <0.0001
—2.12(1.27)*" —5.67 (1.75) <0.0001
38.20 (2.61) 37.74 (2.56) <0.0001
—2.64 (1.77)*" —5.45(1.44) <0.001
15.82 (4.05)* 18.18 (5.64) <0.01
0.33(0.33) 0.25 (0.35) <0.01
4457 (13.84) 45.73 (11.13) <0.01
26 (74.3) 19 (51.4) 0.13
20 (57.1) 17 (45.9) 0.16
14.83 (2.54) 14.33(2.17) 0.74
12.25(9.05) 11.87 (7.41) 0.80
413 (2.22) 4.77 (1.62) <0.01
29 (82.9) 29 (78.4) 0.21

Note: MS=Multiple Sclerosis, m=mean, SD=mean =+ standard deviation, EDSS=Expanded Disability Status Scale, RR=Relapsing Remitting (“the rest are
secondary progressive MS). #p-values of ANCOVA effects (EDSS, MS duration and age as covariates). Asterisks are post hoc corrected 2-tailed t-tests between
each two clusters: 1= Cluster 1 vs. Cluster 2, 2= Cluster 1 vs. Cluster 3 (*p<0.05, **p<0.01, ***p<0.001).

prediction importance (in descending order) and the
differences between the three clusters in the QST data
using ANCOVA. Cluster 1 consisted of 40 patients and
was characterized by the highest thermal and touch
thresholds compared with Clusters 2 and 3, and a higher
TGI threshold than Cluster 2. Thus, Cluster 1 was termed
‘hyposensitivity’. In contrast, Cluster 2 was characterized
by the poorest level of pain inhibition compared with
Clusters 1 and 3, and the lowest TGI threshold; hence
it was termed ‘poor inhibition & hyperalgesia’. Cluster 3
had the best pain inhibition levels compared with both
Clusters 1 and 2, and the lowest thermal and mechanical
thresholds. Thus, this cluster was termed ‘efficient inhi-
bition’. Table 3 also presents the demographic data and
MS-related factors among the three clusters. The only
significant difference between the clusters was seen in
age and EDSS score; the patients in Cluster 1 were about
7 years younger and had lower EDSS scores compared
with the patients in both Clusters 2 and 3, who were
similar. Nevertheless, ANCOVA revealed that neither
EDSS nor age had a significant effect on the between-
cluster differences in the sensory testing.

Figure 3a presents the QST profiles of the three clus-
ters as mean z scores +95% confidence interval. Negative
z values in the case of WST, CST, MDT and TGI repre-
sent loss of function, namely hypoesthesia and hypoal-
gesia, respectively, and in the case of PA and OA these
represent less efficient inhibition. Positive z values in the

case of WST, CST, MDT and TGI reflect gain of function,
namely hyperesthesia and hyperalgesia, respectively, and
in the case of PA and OA these represent more efficient
pain inhibition. The dashed lines represent a 95% confi-
dence interval for normative values (healthy participants
—1.96 < z < +1.95), and the values of the MS groups are
significantly different from those of healthy participants,
if their 95% confidence interval does not cross the zero
line.

Thus, for innocuous thermal sensations (WST, CST),
all the clusters exhibited decreased sensitivity, although
Cluster 1 exhibited the greatest deficit, compared with that
of Clusters 2 and 3, especially in CST, followed by Cluster
2. For touch sensation (MDT), Clusters 2 and 3 exhibited
close to normal mean z-scores, and Cluster 1 exhibited
a slight decrease in sensitivity (mean z-score = —0.852).
For TGI level, Cluster 1 exhibited loss of function, namely
hypoalgesia, whereas Cluster 2 exhibited a gain of func-
tion, namely hyperalgesia. Cluster 3 exhibited values close
to zero. In the pain inhibition tests, Cluster 1 exhibited a
mean z-score close to zero, suggesting values close to those
of healthy controls, whereas Cluster 3 exhibited a positive
mean z-score in both PA and OA, suggesting values of pain
inhibition that were highly efficient (a comparison of PA
and OA raw values of Cluster 3 with those of healthy con-
trols resulted in significantly better values for the former
group; p < 0.01 for both). Cluster 2 exhibited a negative
mean z-score, specifically in the OA test, reflecting poorer
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pain inhibition than normal values. Overall, Cluster 1 ex-
hibited significant deficits in thermal sensitivity; Cluster 2
exhibited significant deficits in pain inhibition as well as
hyperalgesia; and Cluster 3 exhibited the smallest sensory
deficit and the best pain inhibition profile (Figure 3a).

Figure 3b-d describes the percentage of patients in
each cluster whose QST data were outside the 95% confi-
dence interval after transforming the data into z-scores. In
Cluster 1, more than 80% of patients had reduced innocu-
ous thermal sensitivity, and more than 40% had reduced
sensitivity to the TGI (Figure 3b). In Cluster 2, between
40 and 60% of patients had reduced innocuous thermal
sensitivity; however, more than 70% had an increased sen-
sitivity to the TGI. Moreover, 20%-40% had reduced pain
inhibition (Figure 3c). In Cluster 3, less than 40% had re-
duced innocuous thermal sensitivity, whereas more than
40% had more efficient pain inhibition (Figure 3d).

Table 4 presents the two-step number cross tabulation
of the comparison between clinical grouping (CNP, MSP,
pain free) and cluster grouping. As can be seen, the major-
ity of the patients (72.9%) who were classified into Cluster
1= ‘hyposensitivity’ belonged to the CNP group, and the
rest were divided between the MSP and pain-free group.
The majority of the patients (45.7%) who were classified
into Cluster 2= ‘poor inhibition & hyperalgesia’ belonged
to the MSP group, and the rest were equally divided be-
tween the CNP and pain-free group. The majority of the
patients (57.5%) who were classified into Cluster 3= ‘effi-
cient inhibition’ belonged to the pain-free MS group. This
classification was significant at the 0.05 level.

4 | DISCUSSION

The results show that although the clinical characteristics
of the two chronic pain groups were mostly similar, clus-
ter analysis based on QST revealed their unique features.

4.1 | Clinical features of CNP versus MSP
The CNP and the MSP groups were almost indistinguish-
able in chronic pain-related features; average and highest
chronic pain severity, pain duration and pain interfer-
ence levels, as also reported for neuropathic and non-
neuropathic pain groups in neuromyelitis optica (NMO)
(Valerio et al., 2020). Burning pain quality was more
frequent among CNP than MSP patients, aligning with
Svendsen et al. (2005). However, sharp pain and radiating
pain were mutual qualities. The lower limbs were the most
painful body regions for both CNP and MSP groups, align-
ing with Svendsen et al. and with others who studied MS
patients with MSP (Kahraman et al., 2019; ShayestehAzar

etal., 2015). Yet patients with CNP exhibited a more wide-
spread chronic pain than those with MSP, and greater
prevalence of headaches, which corresponds with Moisset
et al. (2013). Both the chronic pain groups had a similar
mechanical or cold allodynia frequency, consistent with
Valerio et al. (2020), although those with CNP tended to
have a somewhat greater allodynia rate, as reported by
Svendsen et al. Importantly, although patients with CNP
met its diagnostic criteria (Widerstrom-Noga et al., 2017),
the overlap in the pain characteristics between CNP and
MSP challenges the distinction between them. This situa-
tion is particularly true for MS patients due to the diffuse
spread of MS lesions, and hence of related symptoms.

The CNP and MSP groups also had similar MS-
related characteristics including EDSS, MS type and
MS-medication intake, corroborating previous re-
ports (Boneschi, 2008; Kahraman et al., 2019; Kalia &
O'Connor, 2005). The MSP group, however, had a lon-
ger disease duration similar to Kahraman et al. report.
Given that MSP is often secondary to the MS manifes-
tations, MSP may require a longer disease duration to
emerge. Fewer patients in both the CNP and the MSP
groups were employed compared with the pain-free
group, perhaps due to the added disability imposed by
chronic pain (Grant et al., 2019). Both the CNP and
the MSP groups had higher EDSS scores compared
with the pain-free group, in line with previous reports
(Heitmann et al., 2015; Kahraman et al., 2019; Pompa
et al., 2015; Truini et al., 2012) which may result from
greater fatigue, disability and depression due to the pain
(Heitmann, 2020; Kahraman et al., 2019). Nevertheless,
EDSS or disease duration did not affect the differences
between the groups in the sensory testing.

4.2 | Sensory profile of CNP versus MSP

QST revealed significant differences between the CNP
and MSP groups; innocuous thermal sensations and
TGI thresholds were higher in the former, and the MSP
group resembled the pain-free group. Of note is that sen-
sory thresholds among both groups were measured in the
shins, which were also the most painful region and the
region most sensory-affected in both groups, suggesting
these regions were comparable. Aligning with Srotova
et al. (2020), we recently reported spinothalamic altera-
tions among CNP patients compared to pain-free MS pa-
tients (Rivel et al., 2021), which correspond with altered
laser-evoked potentials in these patients (Truini et al.,
2012). Here we show that this quality occurs beyond the
existence of chronic pain and of MS, and is unique to
CNP. Of note is that only in the CNP group there was an
asymmetry in sensory thresholds between painful and
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FIGURE 3 (a)Sensory profiles of the
three clusters presented as mean z-scores
+95% confidence interval: dashed lines
represent 95% confidence interval for
healthy participants (—1.96 < z < +1.96).
Values are significantly different from
those of healthy participants, if their 95%
confidence interval does not cross the
zero line. (b-d) Values are frequencies
of patients with abnormal QST (beyond
95% CI of healthy participants) within
Cluster 1(B), Cluster 2 (C) and Cluster

3 (D) (asterisks signify comparison to
expected, normal values 2.5%; *p < 0.05,
#p < 0.01, ***p < 0.001). For WST,

CST, MDT, and TGI, negative bars
indicate loss of sensibility (hypoesthesia,
hypoalgesia), and positive bars indicate
gain of sensibility (hyperesthesia,
hyperalgesia). For OA and PA, negative
bars indicate poor pain inhibition, and
positive bars indicate efficient pain
inhibition. WST=Warm sensation
threshold, CST=Cold sensation threshold,
MDT=Mechanical detection threshold,
TGI=Thermal grill illusion, OA=0ffset
analgesia, PA=Pain adaptation
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TABLE 4 Quantified presentation of the association of cluster
membership and clinical groups

Clinical groups
Two step cluster CNP MSP pain free
number count (%) count (%) count (%)
Cluster 1 (n=37) 27 (72.9)a 3(8.1)b 7(18.4)b
Cluster 2 (n=35) 9(25.7)a 16 (45.7)b 10 (28.6)a
Cluster 3 (n=40) 8(20.0)a 9(22.5)a 23 (57.5)b

Note: CNP=MS patients with central neuropathic pain, MSP=MS patients
with musculoskeletal pain, pain free=MS patients without pain. Two-step
number cross tabulation: each subscript letter (a,b) denotes a subset of
clinical group categories whose column proportions (i.e., within clusters)
do not differ significantly from each other at the 0.05 level (in bold are the
unique groups within every cluster).

pain-free body regions, as also reported by Osterberg
and Boivie (2010), which is an additional unique feature
of this group. Svendsen et al. (2005) reported no differ-
ences in thermal and touch thresholds between CNP and
MSP groups. However, our study defined CNP based on
the diagnostic criteria of the American Pain Society Pain
Taxonomy (AAPT), which did not exist in 2005, possibly
explaining the inconsistency.

To our knowledge, the current study is the first, in
which pain inhibition tests were compared between two
chronic pain groups with MS. The CNP and MSP groups
had similar pain adaptation and offset analgesia. Although
the CNP group had worse pain adaptation than did the
pain-free group, offset analgesia was similar for these two
groups, corresponding with Srotova et al. (2020) who re-
ported conditioned pain modulation that was similar in
CNP and pain-free MS patients. Combined, the results
suggest that although CNP in MS may be associated with
deficient pain modulation, this trait may not be unique to
CNP, but rather typifies chronic pain in general.

4.3 | Distinct clusters among the
MS cohort

Given the variability in QST among MS patients and the
clinical overlap between the CNP and MSP groups, and
considering the importance of QST in phenotyping pain
conditions and studying their mechanisms (Arendt-
Nielsen & Yarnitsky, 2009; Backonja et al., 2013), QST-
based cluster analysis was applied. Three distinct clusters
were identified: Cluster 1 was characterized by the highest
thermal, TGI and mechanical thresholds, hence termed
‘hyposensitivity’ and reflected the CNP group. Cluster
2 was characterized by the poorest pain adaptation and
offset analgesia, and by the lowest TGI threshold, hence
termed ‘poor inhibition and hyperalgesia’. The majority

of the patients in this cluster (although not the vast major-
ity) belonged to the MSP group. Thus, although both CNP
and MSP groups had alterations in thermal sensibility it
was of an opposite direction: loss of function in the CNP
group (Cluster 1), and some loss in the innocuous range
but gain in the noxious range in the MSP group (Cluster
2). The classification of these patients into Clusters 1 or
2 may provide an additional approach in understanding
the mechanisms of each of these chronic pain conditions,
and may help in their differentiation.

Functional deficits in spinothalamic conduction were
reported among MS patients with CNP based on a com-
parison with pain-free patients (Rivel et al., 2021; Srotova
et al.,, 2020) and are supported by the present findings
in Cluster 1. Mechanical hypoalgesia, however, was pre-
viously reported for MS patients with chronic pain, but
not specifically CNP (Ferndndez-de-Las-Pefias et al.,
2015). A sensory profile similar to that of Cluster 1 was
reported for people with CNP due to other etiologies al-
though not in all cases (e.gDefrin et al., 2001; Klit et al.,
2011; Ofek & Defrin, 2007; Tuveson et al., 2009) and there-
fore may characterize a CNP subtype. MS lesions along
the spinothalamic-thalamocortical pathways, as well
as in brain regions that receive their input, may lead to
pathological processes in the vicinity of, and within, deaf-
ferented nociceptive neurons, and in turn, to CNP emer-
gence (He et al., 2021; Poncet-Megemont et al., 2019; Wu
et al., 2013). Unexpectedly, however, poor pain inhibition
did not characterize the CNP group in the cluster analysis,
despite reports of poor inhibition among other CNP pa-
tients (Albu et al., 2015; Gruener et al., 2016, 2020; Naugle
et al., 2020; Tuveson et al., 2009). However, these studies
did not compare CNP patients with other chronic pain
types and, therefore, whether their findings were unique
to CNP was unclear.

Poor inhibition and thermal hyperalgesia (Cluster 2)
characterized the majority of the MSP patients. A recent
systematic review has concluded that poor CPM and hy-
peralgesia characterize multiple musculoskeletal condi-
tions (Georgopoulos et al., 2019). These features can be
associated with each other, but causative relations can-
not be deduced from the present study. PA and OA reflect
the function of endogenous pain inhibition mechanisms
(D’Agata et al., 2015; Shulman et al., 2020; Zhang et al.,
2018), the alterations of which - owing to MS-lesions
- may contribute to enhanced activity and reactivity of
spinal nociceptive neurons, hence to centrally mediated
hyperalgesia (Campbell & Meyer, 2006). Hyperalgesia
can also result from sensitized nociceptors (Treed et al.,
1992; Woolf, 2011), which in MS may occur due to sec-
ondary consequences of the disease, including poor pos-
ture and/or balance, muscle weakness and muscle spasm
(Brola et al., 2014; Truini et al., 2013). At the same time,
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continuous hyperalgesia may also weaken inhibitory con-
trol. Either of these processes may lead to chronification
of MSP in MS.

Pain-free MS patients (Cluster 3) were characterized
by some degree of thermal hypoesthesia along with very
efficient pain inhibition, which was better than that found
in healthy participants. Previous studies have reported
that pain-free MS patients exhibit some sensory alter-
ations, although to a far lesser extent than those with CNP
(Osterberg & Boivie, 2010; Rivel et al., 2021; Srotova et al.,
2020). Thus, while the damages in the somatosensory
system of pain-free MS patients may be insufficient to po-
tentially induce neuropathic pain, their descending pain
inhibition is highly efficient, a dual trait that may pro-
tect them from chronic pain (Arendt-Nielsen et al., 2018;
Georgopoulos et al., 2019). Of note, whereas the pain-free
group was younger than the two chronic pain groups,
the mean age of the participants in Cluster 3 was higher
than that of Cluster 1. Probably, the inclusion of patients
with MSP increased the mean age of Cluster 3; however,
the age range of the participants in the current study was
not expected to induce any effects on the QST data (e.g.,
Lautenbacher et al., 2017).

Notably, the top three QST indices that best classified
the three clusters were cold and warm sensation thresh-
old, and offset analgesia. Thus, instead of conducting a
full QST battery, perhaps these three indices are sufficient
to distinguish between CNP and MSP in MS. This differ-
entiation is particularly difficult among MS patients be-
cause of the nature of the disease: MS lesions can cause
widespread damages in the somatosensory and motor sys-
tems, which in turn may lead to a plethora of symptoms
that may resemble both CNP and MSP. Thus, in addition
to the existing guidelines and diagnostic criteria for CNP
or MSP in MS, an economical use of QST can help clini-
cians tailor individually based pain management.

4.4 | Limitations and summary

Several limitations should be considered, first, although
predetermining cluster number allowed for analysing the
association with the three clinical groups, future studies,
with larger samples, may favour automatic determination
of cluster number. Second, although the clinical diagnosis
of CNP and MSP was based on accepted criteria, the very
nature of MS may affect the certainty of their diagnosis.
Third, although the participants were cognitively capable
of completing the sensory tests, response latencies and
MS-related cognitive alterations may have affected the
QST data. Fourth, data were obtained from the most pain-
ful body region within each patient; however, this does
not preclude the possibility that additional regions not

w

covered by the testing were painful. In summary, whereas
MS patients with CNP are characterized by functional
interruption of the spinothalamic/thalamocortical path-
ways, those with MSP are characterized by hyperalgesia
and poor pain inhibition; each unique profile can be a
target for pain management interventions. Minor soma-
tosensory alterations and very efficient pain inhibition
may protect MS patients from chronic pain.
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