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Fatigued patients with multiple sclerosis have impaired

central muscle activation

AK Andreasen, | Jakobsen, T Petersen and H Andersen

Background The pathogenesis of fatigue in multiple sclerosis (MS) is poorly understood.

Objective To elucidate the role of central motor activation we hypothesized that patients with
primary fatigue have impaired central motor function and increased fatigability as compared to
secondary fatigued and non-fatigued patients.

Methods Sixty patients with relapsing remitting MS and an Expanded Disability Status Scale score < 3.5
were recruited and grouped as fatigued (Fatigue Severity Scale (FSS) = 5.0) or non-fatigued (FSS < 4.0).
Nineteen patients were primary fatigued, 20 secondary fatigued and 21 non-fatigued. Maximal
voluntary contraction, central activation and peripheral activation were determined by percutaneous
twitch interpolation of the right quadriceps muscle.

Results Maximal voluntary contraction was similar between groups but did relate to scores of
fatigue. Peripheral activation was similar in all groups. Central activation was impaired in both
groups of fatigued patients compared to non-fatigued patients being 0.96(0.05) in primary fatigued
and 0.96(0.04) in secondary fatigued versus 0.99(0.1) in non-fatigued patients. The impairment of
central motor activation was related to degree of fatigue in all patients. During fatiguing exercise
there was a similar loss of strength, without any time differences between the three groups.
Conclusion We conclude that impaired central motor activation is involved in MS-fatigue. Multiple
Sclerosis 2009; 15: 818-827. http://msj.sagepub.com
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Introduction

Fatigue is a complaint in the majority of patients
with multiple sclerosis (MS) [1]. It can be described
as “a subjective lack of physical and/or mental
energy” [2]. An obvious physiological explanation
for muscle fatigue is dysfunction of the motor sys-
tem or of its neural activation.

Physiological muscle fatigue is associated with an
exercise-induced reduction of maximal voluntary
strength. It arises due to altered properties within
the muscle or because the central nervous system
fails to drive the motor neurons sufficiently. When
the central neuronal drive is suboptimal, activation
of the muscle is incomplete and maximal voluntary
strength remains smaller than true maximal muscle
force evoked at direct muscle stimulation [3].

Patients with MS have reduced muscle perfor-
mance [4-6], disuse being a characteristic finding

in several studies of patients with a variety of phys-
ical disabilities [7-9]. In accordance with the patho-
physiological mechanisms of MS, it is suggested
that excessive physiological motor fatigue is of
central origin rather than a consequence of intra-
muscular changes such as impaired contractile
properties or metabolic dysregulation [10,11].
Impairment of central muscle activation has been
shown in MS [12-14], and mechanisms underlying
fatigue in MS have been related to impaired intracor-
tical inhibition [15] and altered cortical activation
during a motor task [16-18]. Hitherto, however, no
studies have been able to establish an association
between central muscle activation and subjective
fatigue in MS [19,20].

Because development of effective treatment strat-
egies against MS fatigue are warranted a better
understanding of the underlying pathophysiology
should be studied using quantifiable clinical,
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electrophysiological, and neuropsychological com-
ponents [21]. Multiple etiologies of MS fatigue
have been linked in a model encompassing both
biological and psychological aspects. It suggests
that the MS disease process with inflammation
and demyelination is the primary trigger but also
cognitive-behavioral variables such as anxiety,
depressed mood, and reduced activity induces
fatigue [22]. To investigate the relationship between
fatigue and central muscle activation in MS, we
conducted a study that takes several potentially
fatigue inducing factors into account. A distinction
was made between patients in whom nothing else
than MS per se could explain the fatigue and
patients who possibly were fatigued as a conse-
quence of secondary factors such as poor sleep,
depression, pain, and spasticity.

The hypothesis of the study was that in MS, cen-
tral muscle activation and fatigability during exer-
cise are more impaired in primary fatigued patients
than in secondary and nonfatigued (NF) patients.
The study included mildly and moderately disabled
patients only. Fatigue was rated using the Fatigue
Severity Scale (FSS) [23] and strength was measured
at isometric dynamometry applying a percutaneous
twitch interpolation technique [24,25].

Subjects and methods

Subjects

During May 2006 — October 2007, patients who
attended the MS outpatient clinic at Aarhus Univer-
sity Hospital or at the Hospital of Viborg County
were recruited. Inclusion criteria were relapsing—
remitting MS [26,27], age of 18-55 and an Kurtzke
Expanded Disability Status Scale score (EDSS score)
<3.5 [28]. Due to subsequent examinations, right
handedness and normal function of the right arm
were also required. Exclusion criteria were demen-
tia, concomitant major medical illness, a clinical
MS attack within the last 4 weeks, change of medi-
cal treatment within the last 3 weeks, magnetic res-
onance imaging contraindications, pregnancy, and
living more than 65 km from the study site.
According to severity of fatigue, patients fulfill-
ing the inclusion criteria were stratified into two
groups. Fatigue was quantified with the MS-
specific one-dimensional questionnaire (FSS),
which contains nine items rated on a 7-point Likert
scale. Patients with a FSS mean score > 5.0 were con-
sidered fatigued, whereas patients with a FSS mean
score < 4.0 were characterized as NF. Patients with a
FSS mean score between four and five were
excluded [29-31]. Subsequently, fatigue was catego-
rized as primary fatigue (PF) or secondary fatigue
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(SF). Primary fatigued patients were without any
other fatigue-related complications or events.
Fatigued patients who fulfilled one or more of the
following items were categorized as secondary
fatigued: Poor sleep (Pittsburgh sleep quality
index > 5) [32], poor well-being (WHO-5, Well-Being
Index score <9) [33,34], depression (Major Depres-
sion Inventory score (MDI)=>26) [35], pain (two
positive scores out of three; intensity (Visual Analog
Scale (VAS) score > 3), frequency (at least once a
week) and at least moderate pain according to The
North American Research Committee on Multiple
Sclerosis (NARCOM'’s) pain questionnaire) [36],
infection (symptomatic infection within three
weeks, cystitis upon examination (leucocytes > 10°
or nitrite) and elevated CRP), spasticity (Modified
Ashworth Scale score > 3) [37], and tiredness due to
pharmaceutical side effects.

The study was conducted in accordance with
Note for Guidance on Good Clinical Practice (GCP)
(CPMP/ICH/135/95). Monitoring of the study was
performed by the GCP-Unit at Aarhus University
Hospital. The regional scientific ethical committee,
the Danish Medicines Agency, and the Danish Data
Protection Agency approved the protocol. Data
were collected from November 2006 to December
2007.

Study design

At attendance, the sequence of examinations was
case story interview, EDSS assessment (Neurostatus
by L. Kappos (version 03/2002)), neuropsychologi-
cal examination, and isometric dynamometry of
the right quadriceps muscle including twitch inter-
polation, followed by a six-minute walk test (6-
MWT). After the examinations, patients at home
answered and returned by mail the questionnaires
concerning secondary fatigue and a wvalidated
Danish version of the Multidimensional Fatigue
Inventory (MFI-20) [38]. MFI-20 is developed to
measure fatigue among cancer patients and assesses
five dimensions of fatigue (general, physical, and
mental fatigues, reduced activity, and reduced moti-
vation) [39]. According to the Neurostatus, symp-
toms of fatigue during motor activity or fatigue
limits daily activities by more than 50% and adds
to the EDSS. Therefore, fatigue was excluded
from the pyramidal- and cerebral-functional system
scores providing a corrected EDSS (Cor. EDSS). To
distinguish fatigue from muscle weakness, spasticity
and ataxia patients with a low degree of physical
disability were recruited. EDSS scores were 3.5 or
less, indicating that all patients had preserved walk-
ing performance. Walking distance was determined
with the 6-MWT and performed in accordance with
the guidelines of the American Thoracic Society [40].
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Eventually, just before- and after-walking partici-
pants were asked to rate their current fatigue at a
10-point Borg Scale.

Isometric dynamometry with percutaneous twitch
interpolation

Isometric dynamometry with percutaneous twitch
interpolation of the right quadriceps muscle was
performed using a Biodex System 3 PRO® (Biodex
Medical Systems, Inc., Shirley, NY, USA). The back
chair was positioned at 85 degrees from the hori-
zontal plane. The center of rotation was through
the lateral femoral condyle, the arm of the dyna-
mometer being fixed just proximal to the malleoli.
The test position was at 90-degree flexion at the
knee joint, and straps were placed to stabilize the
trunk, pelvis, thigh, and shin. Electrical stimula-
tions were applied with two surface electrodes (8 x
12 cm). They were placed transversely to a line
between the anterior superior iliac spine and the
proximal edge of the patella bone at the intersec-
tions of the upper and middle parts and at the mid-
dle and lower parts of the right thigh.

Electrical conduction was improved with a
power-leading gel and surface electrodes were fas-
tened with tape and bandaged. Familiarization to
the isometric tests served as warm-up, patients
being instructed to perform consistent maximal
voluntary contractions (MVCs) lasting 4s with
abrupt relaxation leading to a marked plateau. The
stimulus intensity was determined carefully for
each participant. During the tests, standardized ver-
bal instructions were provided and the force trace
depicted on the computer monitor served as visual
feedback [41,42].

Initially, it was attempted to investigate the right
tibialis anterior muscle but a pilot setup showed
that the Biodex System 3 PRO® was not suitable
for the twitch interpolation method applied for
that muscle, probably due to inertia of the system.
Instead, the quadriceps muscle was tested twitch
recordings being optimized by positioning the
knee at 90 degree of flexion.

Twitch

Stimuli were given with increasing current until a
maximal twitch torque was obtained from the rest-
ing muscle (pretwitch). During the isometric tests,
supramaximal stimuli were applied using 110% of
the pretwitch current. An external Stimulator Digi-
timer® model DS7 (Digitimer Ldt, Welwyn Garden
City, UK) with a 400-volt output delivered paired
stimuli separated by 10 ms intervals at a stimulus
duration of 200 ps.

Multiple Sclerosis 2009; 15: 818-827

Baseline motor testing

Baseline motor testing consisted of four MVCs, each
lasting 4 s separated by rest intervals of 120 s. A sin-
gle MVC is shown in Figure 1. At the end of each
contraction, a supramaximal stimulus was imposed
giving rise to a superimposed twitch. As soon as the
force fell to baseline values, a posttwitch was eli-
cited. MVC was compared to a large pool of data
from 150 healthy subjects collected in our labora-
tory using a test position at 70 degrees of flexion
at the knee joint. The MVC was corrected for age,
weight, height, and gender, relative MVC being the
ratio MVC: MVC-expected.

Central activation and peripheral activation

Central activation (CA) was defined as 1 — (super-
imposed twitch: posttwitch ratio) x 100, indicating
that a small superimposed twitch reflects a high CA.
Peripheral activation (PA) is the posttwitch: pre-
twitch ratio, indicating that a small posttwitch
reflects a small PA. The maximal value of each
patient was used for statistical analysis.

Fatiguing exercise tests

To investigate MVC, CA, and PA as a function of
time changes during repetitive contractions over a
fixed time interval were recorded. The exercise regi-
men was composed of eight MVCs each of 4 s dura-
tion with a 2 s of rest interval between contractions,
followed by a sustained 15 s MVC (Figure 2). Super-
imposed and posttwitch stimuli followed 4th and
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Figure 1 An illustrative example of a baseline maximal vol-
untary contraction with superimposed percutaneous twitch
interpolation. Time zero corresponds to the time for super-
imposed paired stimulation.
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Figure 2 An illustrative example of the exercise test of eight
MVC-repetitions followed by a maximal voluntary contrac-
tion lasting for 15s. Time for electrical stimulations are
marked with boxes.

8th MVC and the prolonged MVC. This composi-
tion was the maximum exercise tolerated by sub-
jects at a pilot setup. To minimize peripheral fatigue
(e.g., lactate accumulation), the duration of the pro-
longed contraction was limited to 15 s.

Statistics

ANOVA was used to compare demographic data,
disease duration, time since last attack, and baseline
motor values of the three groups. In case of signifi-
cance, pairwise analyses were conducted (t-test).
The distributions of voluntary activation of MVCs
were constrained to values at or below 100% and
data were reported as medians of trials [3]. We
found a considerable difference between parametric
and nonparametric testing. Consequently, permu-
tation testing was conducted taking the upper
limit into account. This led to an even higher sig-
nificance level than following ANOVA, favoring
parametric testing. Repeated-measures ANOVA was
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used to test isometric data, Kruskal-Wallis test to
evaluate differences between EDSS scores and
fatigue scale scores, and Spearman’s rank correla-
tion to evaluate correlations between baseline
motor parameters and fatigue scale scores.

Results

Patient characteristics

Medical records of 906 patients were screened. In
all, 195 patients fulfilled the inclusion criteria and
were contacted by mail. One hundred sixteen
patients responded and subsequently 23 patients
were excluded (Figure 3). To ensure a similar num-
ber of participants in the three study groups, 33
consecutive responders with secondary fatigue
were not included. Sixty patients were investigated,
including 19 with primary fatigue, 20 with second-
ary fatigue, and 21 NF patients. Among patients
with secondary fatigue, only four fulfilled three
fatigue criteria, one fulfilled two criteria, and 15 ful-
filled one criteria. Twelve secondary fatigued
patients had poor sleep, six complained of pain,
four had poor well-being scores, three had
medical-induced fatigue, two had a high depression
score, and two had recent urinary tract infection,
whereas none had a spasticity score above two.
Scores were missing in three patients at the MFI-20
questionnaire, in two at the general fatigue sub-
scale, and in one at the mental fatigue subscale.
Primary and secondary fatigued patients scored sig-
nificantly higher at all the MFI-20 subscales com-
pared with NF patients (Table 1).

Sex, age, height, and weight did not differ
between the three groups (Table 2). NF patients
had a lower EDSS score than fatigued patients but
the EDSS difference corrected for fatigue (Cor. EDSS)
was not significant between groups. Furthermore,
there was no difference of disease duration between
groups, whereas “time since last attack” was longer
for NF than for secondary fatigued patients.

Table 1 Fatigue scores in 60 MS patients
Primary fatigue Secondary fatigue Nonfatigue

FSS score 6.3 (5.0-7.0) 6.2 (5.0-7.0) 3.1 (1.0-4.0)*
General fatigue score 14.5 (9.0-20.0) 14.0 (9.0-20.0) 6.5 (4.0-11.0)*
Physical fatigue score 12.0 (8.0-18.0) 13.0 (4.0-18.0) 7 (4.0-13.0)*
Mental fatigue score 11.0 (5.0-19.0) 12.5 (4.0-19.0) 7.0 (4.0-15.0)*
Reduced activity score 8.0 (4.0-18.0) 12.0 (6.0-20.0) 6.0 (4.0-16.0)*
Reduced motivation score 7.0 (4.0-14.0) 8.5 (5.0-17.0) 5.0 (4.0-8.0)*

FSS, fatigue severity scale.

Multidimensional Fatigue Inventory subscale scores for general, physical and mental fatigues, reduced activity and reduced motiva-

tion. Data are median (range).
Kruskal-Wallis: *P < 0.001.
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Figure 3 Recruitment of patients.

Walking speed

Primary and secondary fatigued MS patients walked
shorter distance during the 6-MWT than NF MS
patients (P <0.001). The NF patients walked 623
(74) m, whereas primary fatigued patients walked
525 (85)m and secondary fatigued patients 562
(69) m (the values are reported as mean (SD)). For
all patients, the walking distance was related to the
ESS score as well as to all the five subscales of MFI-20.

Maximal voluntary contraction

One primary fatigued patient with a runner’s knee
and one secondary fatigued patient with joint
hypermobility were excluded from isometric
dynamometry. The MVC was similar between
groups with an absolute force of the quadriceps
muscle of 148 (32) Nm in PF, 159 (78) Nm in SF,
and 173 (49) Nm in NF (P=0.39). In Figure 44,

Table 2 Demographics and disability scores in 60 MS patients

Responders >| Inclusions

56 exclusions

Reasons for exclusion:

3.5 <EDSS on examination (n, 2)
4 <FSS score > 5 (n, 6)
Cannabis smoking (n, 1)

Delayed consent (n, 1)
Hyperthyroidism (n, 1)
Left-handed (n, 1)

Modiodal treatment (n, 1)

Non included secondary fatigue (n, 33)
Pregnancy (n, 1)

Rejected (n, 8)

Secondary progressive MS (n, 1)

the relative MVCs are depicted. The ratios support
the nonsignificant difference of force between
groups 0.74 (0.14) in PF, 0.75 (0.21) in SF, and
0.77 (0.11) in NF (P=0.89). From baseline and
throughout the exercise test (Figure 4B), the MVC
declined within each group (P < 0.001) but to a sim-
ilar extend between groups (P=0.42) and with
respect to time (P = 0.43).

Peripheral activation

Three patients could not accept twitch stimulation.
PA during MVC of the quadriceps muscle was simi-
lar in primary and secondary fatigued MS patients
as well as in fatigued versus NF MS patients
(Figure SA). PA was 1.02 (0.08) in PF, 1.04 (0.11)
in SF, and 1.05 (0.14) in NF. Throughout the
exercise test, PA decreased within each group
(P=0.001) (Figure 5B) but to a similar degree with

Primary fatigue (n=19)

Secondary fatigue (n=20) Nonfatigue (n=21)

Age, years 43 (27-53)
Height, cm 172 (158-191)
Weight, kg 68 (46-93)
Disease duration, years 5.0 (1-14)
Time since last attack, years 2 (0-7)
EDSS score 3.0 (1.0-3.5)
Cor. EDSS score 2.5 (1.0-3.5)

39 (24-52) 39 (23-53)
171 (160-187) 174 (160-190)
70 (52-102) 72 (57-97)
3.5 (0-16) 3.0 (0-9)
1 (0-6)* 3 (0-10)
2.5 (2.0-3.5) 2.0 (1.5-3.5)*
2.0 (1.5-3.5) 2.0 (1.5-3.5)

EDSS, expanded disability status scale; Cor. EDSS, Corrected EDSS.

Data are median (range).
ANOVA: *P < 0.05.
Kruskal-Wallis: **P < 0.01.
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Figure 4 (A) Relative maximal volunary contraction (Relative
MVC) (mean(SE)) at baseline in primary fatigued patients (PF),
secondary fatigued patients (SF) and non-fatigued patients (NF).
(B) Absolute maximal voluntary contraction (Absolute MVC)
(mean(SE)) at baseline (0) after 4th MVCrepetition (1), after
8th MVC-repetition (2) and after a prolonged MVC of 15 s (3).
*P < 0.001 compared to baseline within the same patient group.

respect to time (P =0.41) without any group differ-
ences (P=0.97).

Central activation

Figure 6A shows that CA during MVC of the quad-
riceps muscle was significantly impaired in primary
fatigued MS patients (P =0.009) and in secondary
fatigued MS patients (P=0.002) compared to NF
MS patients. CA was 95.9 (5.1) in PF, 95.8 (4.4) in
SF, and 99.2 (0.99) in NF (P =0.01). CA was similar
in the two fatigued groups (P=0.93). In Figure 7,
the distributions of CA are presented for each
patient in the three groups. It appears that the dis-
tribution of CA is skewed to the left towards lower
values in primary and in secondary fatigued
patients. During the fatiguing exercise test, CA fell
to a similar extend (P = 0.45) without any difference
between groups (P=0.10). Within each group,

http://msj.sagepub.com
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Figure 5 (A) Peripheral activation (PA) (mean(SE)) at base-
line in primary fatigued patients (PF), secondary fatigued
patients (SF) and non-fatigued patients (NF). (B) Peripheral
activation (PA) (mean(SE)) at baseline (0) and after 4th
MVC-repetition (1), 8th MVC-repetition (2) and after a pro-
longed MVC for 155 (3). *P<0.001 compared to baseline
within the same patient group.

there was a significant reduction of CA from base-
line to the end of exercise (P =0.001) (Figure 6B).

Relationships between fatigue and baseline motor
performances

For all patients, FSS scores of fatigue were related to
CA without any relationship to neither PA nor rela-
tive MVC (Table 3). For the MFI-20 subscales, the
physical fatigue scores related to CA and to relative
MVC but not to PA (Table 3). Also, the general fatigue
subscale of MFI-20 related to CA (r =-0.37; P=0.01).

Discussion
Our main finding is that subjectively fatigued MS

patients have impaired central muscle activation
compared to NF patients. The reduced CA is found

Multiple Sclerosis 2009; 15: 818-827
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Figure 6 (A) Central activation (CA) (mean(SE)) at baseline
in primary fatigued patients (PF), secondary fatigued patients
(SF) and non-fatigued patients (NF). § P<0.01. (B) Central
activation (CA) (mean(SE)) at baseline (0) after 4th MVC-rep-
etition (1), 8th MVC-repetition (2) and after a prolonged
MVC for 155 (3). * P<0.001 compared to baseline within
the same patient group.

in primary- and secondary fatigued patients and
occurs a few seconds after onset of MVC.

Isometric strength of the quadriceps muscle was
similar in primary fatigued, in secondary fatigued,
and in NF patients. However, in the total group of
all fatigued and NF patients, the degree of fatigue
was related to isometric strength (Table 3). Further-
more, the walking distance during a 6-min perfor-
mance was shorter in primary and in secondary

fatigued patients than in NF patients. The 6-MWT
is a complex measure closely reflecting activities of
daily living but did relate to the FSS and all the MFI-
20 subscores.

During the exercise tests, there was a significant
within-group reduction of MVC, PA, and CA, with-
out any differences between groups. The repetitive
contractions during the exercise test challenged the
participants. They performed work with high inten-
sity, but at the same time, the test required a great
effort with respect to coordination between rest and
contraction periods. The variation of MVC, PA, and
CA during repetitive contractions was considerable
and standard deviations were overlapping. During
exercise, the central muscle activation decreased
especially in fatigued patients (Figure 6B), and this
difference between fatigued and NF patients might
well increase further if a longer exercise period had
been applied. It is possible that a larger study group
and a prolongation of the exercise test would have
augmented the differences between groups. How-
ever, we chose the present regimen for the purpose
of allowing blood to perfuse into the relaxed muscle
during short periods of rest and, thereby, minimize
the production of anaerobic metabolic products.
Findings from this study suggest that an end point
defined by a relative reduction in baseline MVC
force could be an alternative. Furthermore, a setup
without intermediate electrical stimulations might
well have been appropriate. Due to the large differ-
ence of performance during the 6-MWT between
fatigued and NF patients, it would be interesting
to quantify CA after a fatiguing regimen of 6 min
similar to the 6-MWT. The biological meaning of a
mild reduction in baseline CA is uncertain. The
exercise test could not produce a significant differ-
ence between fatigued and NF subjects, whereas the
6-min walking test separated the two groups. It is
possible, therefore, that the baseline reduction in
CA is associated with muscle fatigue.

Due to the small experimental differences in the
degree of knee flexion between the healthy subjects
composing our normal material and the MS
patients (70 and 90 degrees, respectively), the rela-
tive strength in MS might be slightly underesti-
mated. To reduce discomfort, we decided to stimu-

Table 3 Relationship between fatigue scores and baseline motor parameters in 58 MS patients

MVC (n=58) PA (n=55) CA (n=55) 6-MWT (n=60)
FSS -0.28* 0.04 -0.26* —-0.42**
Physical fatigue (MFI-20) —0.35%** -0.02 —0.37*** -0.27*

MVC, maximal voluntary contraction; PA, peripheral activation; CA, central activation; 6-MWT, six-minute walk test; FSS, fatigue

severity scale; MFI-20, multidimensional fatigue inventory.
Data are correlation coefficients.

Spearman’s rank correlation: *P < 0.05.

Spearman’s rank correlation: **P < 0.001.

Spearman’s rank correlation: ***P < 0.01.
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Figure 7 Distribution of individual values of central activa-
tion (CA, %) of primary (n, 17), secondary (n, 19) and non
fatigued (n, 19) patients with multiple sclerosis.

late the muscle percutaneously instead of via the
femoral nerve [9], possibly leading to slight overes-
timation of true voluntary activation [19].

We found that PA during muscle contractions
was similar in primary and secondary fatigued
patients and similar to the activation level in NF
patients. To determine PA, we applied electrical
stimulation during rest before and just after MVC.
The mean PA in all groups was higher than one,
reflecting that the contraction has intramuscular
potentiating effects.

http://msj.sagepub.com
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Causality models encompassing both physiologi-
cal and cognitive factors [2,22,43] supported the
argument for the distinction between primary and
secondary fatigued groups. Consequently, a battery
to distinguish between primary and secondary
fatigue was constructed, which of course cannot
identify primary fatigue in secondary fatigued
patients. Rating depressive symptoms and poor
well-being a cutoff corresponding to moderate
depression was used. No patients fulfilled the core
symptoms for depression and, consequently, no
diagnosis of depression could be established. We
considered signs of depression and poor sleep as
risk factors for lack of motivation during isometric
testing. It was assumed that distinction between
patients with primary and secondary fatigue would
lead to a cohort of patients with pure physical
fatigue without lack of motivation. It is our experi-
ence though that patients were highly motivated
during test performances in all groups, an observa-
tion supported by the finding of similar MVCs in
the two groups of fatigued patients.

Secondary fatigue was categorized as signs of
poor sleep, poor well-being, depression, pain, infec-
tion, spasticity, or tiredness related to pharmaceuti-
cal side effect in MS patients with a FSS score = 5. As
subjects with short disease duration and low degree
of disability were included secondary fatigue was
expected to be predominant in some patients. In
this cross-sectional study, it was not possible to
include reliable longitudinal data on the relation-
ship between the secondary factors and the report
of fatigue. However, FSS data indicate that fatigue
levels were quite similar in primary and secondary
fatigued patients and that the effect of secondary
factors did not lead to a significant increase of
fatigue.

The FSS fatigue score was used to define patients
as fatigued and NF. The fatigue characterization was
further expanded using the MFI-20 fatigue scores.
In the group of all patients, CA correlated with the
FSS and with general fatigue and physical fatigue of
the MFI-20. Ng, etal. have studied the functional
relationships of central and peripheral muscle
alterations in patients with MS applying a twitch
interpolation technique [19]. They found that
weakness and walking impairment, but not fatigue,
were related to impaired central muscle activation
in MS. The lack of an association between fatigue
and central muscle activation may be explained
only by the wider range of disability (EDSS scores:
1.5-6) applied in their study of 16 patients.

Evaluation of physiological factors contributing
to motor fatigue at the spinal level shows that
motor unit discharge usually declines too rapidly
to maintain a maximal evocable force. Accompa-
nying this decline are changes of the properties of
most classes of muscle receptors and of the reflexes
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that they influence. It is likely that there is a net
reduction in spinal reflex facilitation and an
increase of inhibition during isometric MVC, lead-
ing to a condition at which motorneurons are
harder to drive maximally by volition. Given that
transcranial stimulation of the motor cortex can
add progressively more force to the voluntary per-
formance, and physiological central fatigue during
isometric MVCs also contains a supraspinal compo-
nent. This component can be differentiated from
changes occurring locally at the level of the motor
cortex during and after fatiguing voluntary contrac-
tions [3].

Demyelination associated with MS causes slow-
ing of nerve conduction and conduction block,
and demyelinated central nervous system axons
might well be unable to transmit trains of high-
frequency electrical impulses [44]. Conduction
block and slowing of conduction of the primary
central motor pathways have been carefully investi-
gated but seems unable to explain increased central
fatigue in MS. In the peripheral nervous system,
neuromuscular transmission has been found to be
normal in MS [8,20,45].

A physiological association between peripheral
muscle fatigue and supraspinal fatigue has been
established. If muscle tissue at the end of a fatiguing
contraction is prevented from recovery by ischemia,
the restoration of the supraspinal component of
fatigue will not take place [46,47]. One possible
explanation for this phenomenon is that firing
from fatigue sensitive muscle afferents acts
upstream to the motor cortex and, thereby, impair
the voluntary descending drive, leading to avoid-
ance of high-frequency fatigue and preservation of
maximal strength [48]. As suggested by Sheean,
et al. [20], this may play a role in MS-related central
motor fatigue.

Leocani, etal. recorded EEG during a simple
motor task, and Liepert, et al. applied TMS in mildly
disabled fatigued and NF MS patients. Both studies
conclude that fatigued MS patients show signs of
intracortical hyperactivity and of impaired cortical
inhibitory circuits [15,49]. Studies using MR spec-
troscopy, fMRI, and PET have found a relationship
between fatigue and diffuse axonal dysfunction or
dysfunction of cortical and subcortical circuits
[16,17,50].

In previous studies [7,9,12], the metabolic prop-
erties of muscles of moderately to highly disabled
MS patients showed signs of deconditioning. If the
altered metabolic muscle properties are related to
supraspinal fatigue, training should be further
investigated as a treatment strategy. However, we
found a direct relationship between decreased
central motor activation and fatigue in patients
without a sedentary lifestyle due to loss of walking
performance. Since fatigue is related to altered

Multiple Sclerosis 2009; 15: 818-827

cortical activity and diffuse axonal dysfunction, it
is likely that there is a direct connection between
fatigue and neuronal dysfunction. If so, treatment
strategy should be directed toward the development
of disease-modifying therapies.

Our observation of an impaired CA in fatigued
patients with MS suggests that impaired cortical
motor activation is a neurobiological substrate
underlying fatigue in MS, independent on whether
patients can be categorized as primary or secondary
fatigued.
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