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Abstract Fatigue is one of the most frequent and dis-

abling symptoms in multiple sclerosis (MS). Its patho-

physiology remains poorly understood and objective

measures to quantify fatigue are unavailable to date. To

investigate whether analysis of ocular motor movements

can provide diagnostic information in MS patients with

fatigue, 37 MS patients (21 female, age 44 ± 9 years) and

20 age- and gender-matched healthy controls were pro-

spectively recruited. Fatigue was assessed with the fatigue

severity scale (FSS). Twenty-five MS patients were fati-

gued (defined as FSS C4) and 12 MS patients were not.

Subjects performed a saccadic fatigue task that required

execution of uniform saccades over a period of 10 min.

Saccadic amplitude, latency and peak velocities during the

task were analysed and selected parameters were tested in a

receiver operating characteristic (ROC) analysis. Fatigued

patients showed a significantly larger decrease of saccadic

peak velocity and amplitude when compared to patients

without fatigue and healthy controls. Furthermore, fatigued

patients showed significantly longer latencies compared to

non-fatigued patients and healthy controls. Peak velocity

change over time and latencies correlated with FSS scores.

The best parameter to discriminate between fatigued and

non-fatigued patients was peak velocity change over time

(ROC; area under the curve = 0.857). Assessment of peak

velocity, amplitude and latency in a saccade fatigue task

is a promising approach for quantifying fatigue in MS

patients.
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Charité - University Medicine Berlin, Berlin, Germany

F. Ostendorf

Berlin School of Mind and Brain,

Humboldt University of Berlin, Berlin, Germany

F. Paul

Clinical and Experimental Multiple Sclerosis Research Center,
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Introduction

Fatigue is one of the most common clinical symptoms of

multiple sclerosis (MS) reported by more than 90 % of

patients with substantial negative impact on quality of life

and on employment status [1–7]. Up to two-thirds of

patients consider fatigue to be their most disabling symp-

tom [8]. It is characterized by an overwhelming sense of

tiredness, lack of energy or feeling of exhaustion [9].

Fatigue overlaps with depression and cognitive dysfunction

[10, 11] but may occur independently. Despite its enor-

mous socioeconomic relevance and the burden for the

individual patient, the pathomechanisms involved in fati-

gue are poorly understood and quantification of this sub-

jective symptom is difficult. Thus, estimation of symptom

severity relies on patients’ complaints and self-assessed

questionnaires [8, 10, 12–15]. Recently, quantification of

horizontal saccades in MS patients exhibiting clinical signs

of internuclear ophthalmoparesis (INO) was investigated as

a model for studying fatigue [16]. In a fatigue test where

participants were asked to execute horizontal saccades over

a period of 10 min, deterioration of INO was observed in

some patients and improvement was seen in others. How-

ever, patients were not tested for fatigue, so a possible

association between subjective fatigue displayed on self-

rated questionnaires and eye movement parameters was not

investigated. The goal of our study was to investigate

whether performance of MS patients without INO differs

from healthy controls in a saccadic fatigue task, and

whether fatigue scores affect saccade parameters.

Methods

Study participants

Thirty-seven MS patients fulfilling the 2005 panel criteria

[17] were prospectively recruited from the outpatient clinic

of the Clinical and Experimental Multiple Sclerosis

Research Center at the Charité-University Medicine Berlin

(Table 1). All patients met the following criteria: aged

between 18 and 60 years; expanded disability status scale

(EDSS) between 0 and 6.0 [18]; stable immunomodulatory

therapy for C3 months; no acute relapse; and no systemic

steroid treatment within 30 days prior to enrolment. All

patients underwent a complete neurological examination

by a board certified neurologist and were evaluated with

the multiple sclerosis functional composite (MSFC) [19].

Patients with ocular motor deficits (e.g., saccadic dysmet-

ria, nystagmus, and clinically apparent INO, such as

slowing of the adducting eye or dissociated nystagmus)

were not included. Fatigue was assessed by the fatigue

severity scale (FSS) [8]. In accordance with previous

reports [8, 12, 20], patients with scores C4 were classified

as fatigued. Depression was measured by the 21-item

version of the revised Beck depression inventory (BDI-IA)

[21]. Healthy control individuals without neurological or

psychiatric diseases were recruited via advertisement in the

Charité intranet. Subjects with CNS-effective pharmaco-

therapy that might potentially influence performance on the

saccadic fatigue task (e.g., benzodiazepines, tricyclic

antidepressants, anticonvulsants, etc.) were not included.

The study was approved by the ethics committee of the

Charité-University Medicine Berlin and conducted in

accordance with the Declaration of Helsinki. All patients

and controls gave written informed consent.

Eye movement recording and analysis

Eye movements were recorded by using infrared oculography

(JAZZ-novo, Ober Consulting, Poznan, Poland). The JAZZ-

novo system is a portable and light-weight, head-mounted

system that records the average position of both eyes. Data

were sampled at a frequency of 1,000 Hz. Subjects sat 50 cm

away from a 2200 CRT-monitor with a 110-Hz-refresh rate.

Stimuli were white dots (luminance, 12 Cd/m2) seen against

a homogenous, black background (luminance, 1 Cd/m2).

Experiments were run in an otherwise darkened room. Sub-

jects performed an ocular motor ‘‘fatigue task’’ [16] that

required stereotyped execution of horizontal 20�-saccades

over a period of 10 min. Saccades were made in response to a

circular visual stimulus (0.5�), alternating at 1.0 Hz between

positions 10� to the left and 10� to the right of the midline.

Saccades were analysed offline, using Jazz Manager-

Software (Ober Consulting, Poznan, Poland). Saccade

latency was defined as the time from stimulus jump to

corresponding saccade onset (as defined by a velocity cri-

terion; threshold of 35�/s). As the stimuli appeared in a

regular and temporally predictive manner, saccades were

increasingly generated in anticipation of target onset. As

those predictive saccades were executed before target

appearance, their latencies were negative. [22]. Only sac-

cades targeting a circular area around target location (radius,

4�; corresponding amplitude range for valid saccades,

16–24�) were included in the analysis of saccade amplitude,

peak velocity and latency (exclusion rates, MS fatigue

16.7 %, MS non-fatigue 15.2 %, healthy controls 12.7 %).

Mean values of these measures were calculated for saccades

performed in six consecutive bins of 100 s. To evaluate the

temporal dynamics of saccade parameters, differences in

mean values between task bins were calculated.

Statistical analysis

Group differences in gender were analysed by using

Pearson’s Chi-square test. All other cohort statistics were
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calculated using Mann–Whitney U tests. Baseline and

overall group differences in the fatigue task were analysed

using non-parametric Kruskal–Wallis tests. Time-depen-

dent group differences in the fatigue task were analysed

using Brunner’s non-parametric analysis for longitudinal

data [23]. Results from the Brunner analysis are given as

group differences and group 9 time interaction effects

from the ANOVA type model for small sample sizes. The

correlation between FSS scores and results of the fatigue

task were analysed using Spearman’s Rho analyses.

Finally, selected parameters from the fatigue task were

tested for their discriminatory power between patients with

low and high FSS scores using ROC analyses. Brunner

analysis was performed with R Project 2.14.1 64-bit [24]

using the macro F1_LD_F1.r. All other statistical analyses

were performed with IBM SPSS Statistics 20 (IBM, Ar-

monk, NY, USA). Throughout all figures, means and

standard errors of the mean (SEM) were used. A p value

\0.05 indicated statistical significance. All tests should be

understood as constituting exploratory data analysis, in

such a way that no previous power calculation or adjust-

ments for multiple testing were made.

Results

Out of 37 total patients, 25 were fatigued and 12 were not,

as defined by FSS score. Healthy controls, MS patients

with fatigue and MS patients without fatigue did not differ

with respect to gender, age and visual acuity (all p [ 0.22;

Table 1). Furthermore, fatigued and non-fatigued patients

did not differ in EDSS (p = 0.09), MSFC (p = 0.73),

PASAT (p = 0.47), BDI (p = 0.19) and time since diag-

nosis (p = 0.53) (Table 1).

Differences in saccade latency, amplitude and peak

velocity

Figure 1 shows representative saccades made at the

beginning and the end of the fatigue task for a healthy

control and a fatigued MS patient. In overall mean per-

formance, fatigued patients showed a larger latency com-

pared to non-fatigued patients and healthy controls

(Kruskal–Wallis test, p = 0.004), whereas amplitude

(p = 0.89) and peak velocity (p = 0.46) did not differ

between groups (Table 2). Brunner analysis confirmed the

overall difference in latency (p = 0.004) across all time

bins. While healthy controls and non-fatigued patients did

not differ in the generation of predictive saccades with

increasingly negative latencies, fatigued MS patients

showed markedly longer latencies during the entire task.

Furthermore, fatigue patients showed a more pronounced

decrease of saccadic peak velocity (p = 0.002) and

amplitude (p = 0.042) when compared to patients without

fatigue and healthy controls over time (Fig. 2; Table 2).

Correlation of latency, amplitude and peak velocity

with FSS in MS patients

Inspection of the data shows a similar decrease of saccade

peak velocity between bin 1 and 2 in all groups. We

therefore calculated the correlation of FSS scores with

Table 1 Demographic and

clinical characteristics

FSS fatigue severity scale, BDI
Beck depression inventory,

EDSS expanded disability status

scale, MSFC multiple sclerosis

functional composite, SEM
standard error of the mean

MS non-fatigue (12) MS fatigue (25) Healthy controls (20)

Gender (%)

Male 5 (41.7) 11 (44) 8 (40)

Female 7 (58.3) 14 (56) 12 (60)

Age

Mean ± SEM (range) 45 ± 2 (31–57) 43 ± 2 (26–58) 41 ± 2 (25–57)

Visus

Mean ± SEM (range) 1.03 ± 0.11 (0.36–1.6) 1.0 ± 0.06 (0.32–1.6) 0.92 ± 0.07 (0.45–1.6)

FSS

Mean ± SEM (range) 2.58 ± 0.2 (1.11–3.89) 5.53 ± 0.1 (4.11–7) 1.69 ± 0.11 (1–2.44)

BDI

Mean ± SEM (range) 7 ± 1 (1–15) 10 ± 1 (1–25) 2 ± 1 (0–9)

Time since diagnosis (months)

Mean ± SEM (range) 86 ± 13 (33–160) 113 ± 17 (6–345)

EDSS

Median (range) 2.0 (0–6) 2.9 (0–6)

MSFC

Mean ± SEM (range) 0.06 ± 0.2 (-1.48–0.93) -0.03 ± 0.14 (-1.6–1.1)
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change in peak velocity between bin 6 and 2. Change in

peak velocity correlated with FSS scores in MS patients

(Spearman’s Rho analysis, Rho = -0.468, p = 0.004).

Correlation of saccade latency with FSS scores was

strongest in bin 4 (Spearman’s Rho = 0.385, p = 0.019).

A correlation between change in amplitude and FSS failed

to reach significance (bin 6 minus bin 2, Rho = -0.300,

p = 0.071). Importantly, MSFC did not show a significant

correlation with any of the observed parameters (latency,

bin 4, Rho = 0.131, p = 0.438; change in peak velocity,

bin 6 minus bin 2, Rho = 0.177, p = 0.294; change in

amplitude, bin 6 minus bin 2, Rho = -0.17, p = 0.314).

For a summary of correlation analyses see Table 3.

ROC analysis in MS patients

Parameters that showed the highest group differences in the

previous analyses were selected for further ROC curve

analysis, i.e., amplitude change between time bin 6 and 2,

peak velocity change between time bin 6 and 2, and latency

at bin 4. From these parameters, peak velocity change

discriminated best between MS patients with and without

fatigue (AUC = 0.857, SE = 0.062, p = 0.001), followed

by latency (AUC = 0.785, SE = 0.075, p = 0.006) and

amplitude change (AUC = 0.727, SE = 0.097, p = 0.027).

This means, in our cohort, MS patients would be classified

as fatigued or non-fatigued at a peak velocity change cutoff

of -37.3�/sec with a sensitivity of 60 % at a specificity of

92 % (supplementary Fig. 1).

Discussion

Our study is the first to correlate ocular motor fatigue with

subjective fatigue in MS patients and healthy controls. The

most relevant findings are a significantly larger decrease of

Fig. 1 Representative recordings of horizontal saccades. Data of a

healthy control (a) and an MS patient with fatigue (b) are shown for

saccades made at the beginning (time bin 1, left) and the end (time bin

6, right) of the saccade fatigue task. The control subject (a) shows no

relevant change of saccade amplitude or peak velocity between time

bin 1 and time bin 6. For saccade latencies, a marked reduction is

observed with negative latencies at time bin 6 (predictive saccades).

The fatigued MS patient also shows little difference in saccade

amplitude between time bins 1 and 6, while peak velocity is

substantially reduced. Saccade latencies are reduced to a much lesser

extent in comparison to the healthy control subject
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saccade peak velocity and amplitude in MS patients with

fatigue compared to non-fatigued MS patients and healthy

controls over the course of a 10-min saccade fatigue task.

Moreover, throughout the task, saccade latencies were

longer in MS patients with fatigue than in non-fatigued

patients and healthy controls. Latency and peak velocity

changes over time correlated with FSS scores, with peak

velocity changes over time discriminating best between

fatigued and non-fatigued patients. These differences

between MS patients with and without fatigue cannot be

explained by a higher degree of neurological disability,

cognitive impairment or depression in the fatigued group

since EDSS, MSFC (taken as a whole, and PASAT in

particular) and BDI did not differ between groups.

The study of saccades has a long tradition in MS

research (e.g., [25, 26]). Recently, Matta et al. [16] applied

a saccade fatigue test to investigate ocular disconjugacy in

MS patients with INO. The authors found a change in

conjugacy between minute 1 and minute 10 of the saccade

test in the majority of patients. Interestingly, conjugacy

increased (i.e., INO worsened) in patients with mild INO

while it decreased in patients with more severe INO. The

authors concluded that these seemingly paradoxical results

may be explained by adaptive mechanisms of vergence in

patients with more severe INO. While Matta et al. [16]

focused on patients with INO and did not assess fatigue in

their cohort, we investigated whether saccade parameters

are differentially affected in MS patients with and without

fatigue. We therefore prospectively recruited MS patients

without apparent ocular motor dysfunction and analysed

saccade parameters depending on the presence of fatigue.

While we found significant differences between fatigued

MS patients and control groups for all three saccade

parameters, their dynamics were different. Although we

observed a similar decrease of saccade latency over time in

all three groups, latency was significantly longer in fati-

gued MS patients during the first 100 s and remained sig-

nificantly longer throughout the subsequent time bins. A

different pattern emerged for saccade amplitude and peak

velocity. Both parameters did not differ at the beginning of

the task, but decreased more rapidly in fatigued MS

patients over the course of the task. Hence, amplitude and

peak velocity are parameters that appear to reflect a sus-

ceptibility to exertion, i.e., a response to the fatiguing

nature of the tasks. Given that peak velocity is a function of

amplitude, a decrease in peak velocity during the fatigue

task might be due to progressive reduction of amplitude.

However, inspection of the data (Table 2; Fig. 2) suggests

that peak velocity did drop more than would be expected

by the reduction of saccade amplitude. Moreover, ROC

analysis identified change in peak velocity during the

fatigue task as the saccade parameter that discriminated

best between fatigued and non-fatigued patients. RegardingT
a

b
le

2
S

ac
ca

d
e

p
ar

am
et

er
s

(m
ea

n
±

S
E

M
)

B
in

1
B

in
2

B
in

3
B

in
4

B
in

5
B

in
6

A
ll

b
in

s

L
at

en
cy

(m
s)

M
S

fa
ti

g
u

e
1

7
.0

1
±

1
6

.9
1

-
7

.5
0

±
1

8
.8

8
-

8
.7

1
±

2
1

.8
6

-
2

5
.0

6
±

2
8

.9
9

-
2

9
.9

2
±

3
2

.4
9

-
5

4
.5

2
±

3
4

.4
8

-
1

8
.1

2
±

2
2

.5
8

M
S

n
o

n
-f

at
ig

u
e

-
4

2
.3

1
±

2
0

.7
7

-
8

8
.1

3
±

3
3

.5
-

1
0

5
.3

1
±

3
6

.0
9

-
1

5
7

.2
4

±
3

0
.9

4
-

1
5

8
.6

5
±

3
8

.7
9

-
1

6
0

.3
1

±
4

0
.4

6
-

1
1

8
.6

6
±

2
9

.9
1

H
ea

lt
h

y
co

n
tr

o
ls

-
4

8
.9

3
±

2
2

.1
5

-
7

8
.4

8
±

2
4

.1
-

1
2

0
.4

8
±

2
0

.0
2

-
1

3
6

.0
9

±
2

3
.2

2
-

1
6

3
.6

7
±

2
4

.4
4

-
1

6
1

.6
8

±
2

5
.6

3
-

1
1

8
.2

2
±

2
0

.2
2

P
ea

k
v

el
o

ci
ty

(d
eg

/s
)

M
S

fa
ti

g
u

e
4

2
7

.5
8

±
1

5
.2

1
4

0
7

.4
5

±
1

5
.5

3
9

4
.4

4
±

1
5

.1
3

3
8

2
.0

2
±

1
6

.1
3

3
7

2
.0

6
±

1
7

.1
3

3
6

0
.5

8
±

1
8

.4
8

3
9

0
.6

9
±

1
5

.8
7

M
S

n
o

n
-f

at
ig

u
e

4
1

1
.3

6
±

1
9

.5
8

3
8

7
.5

9
±

1
9

.7
4

3
8

8
.1

3
±

2
1

.5
1

3
8

0
.3

4
±

2
0

.3
7

3
8

1
.3

9
±

2
0

.4
1

3
7

7
.3

8
±

2
1

.9
1

3
8

7
.7

±
2

0
.1

5

H
ea

lt
h

y
co

n
tr

o
ls

4
4

3
.0

9
±

1
2

.4
8

4
1

8
.5

4
±

1
3

.6
4

4
0

8
.7

9
±

1
3

.9
5

4
1

2
.9

9
±

1
3

.7
4

4
0

8
.3

5
±

1
3

.3
4

4
0

4
.7

9
±

1
4

.4
7

4
1

6
.0

9
±

1
3

.3
7

A
m

p
li

tu
d

e
(d

eg
)

M
S

fa
ti

g
u

e
2

0
.3

1
±

0
.3

1
2

0
.1

7
±

0
.1

8
1

9
.9

5
±

0
.2

1
9

.7
7

±
0

.2
1

9
.5

7
±

0
.2

2
1

9
.2

2
±

0
.3

1
9

.8
3

±
0

.1
9

M
S

n
o

n
-f

at
ig

u
e

1
9

.9
±

0
.3

1
9

.7
2

±
0

.2
9

1
9

.6
4

±
0

.3
2

1
9

.5
3

±
0

.2
6

1
9

.5
5

±
0

.3
4

1
9

.5
6

±
0

.3
4

1
9

.6
5

±
0

.2
9

H
ea

lt
h

y
co

n
tr

o
ls

2
0

.2
8

±
0

.1
7

1
9

.9
2

±
0

.3
1

1
9

.9
4

±
0

.3
1

1
9

.9
2

±
0

.3
1

1
9

.8
5

±
0

.3
1

1
9

.7
9

±
0

.3
1

9
.9

6
±

0
.3

2660 J Neurol (2012) 259:2656–2663

123



the underlying pathophysiological mechanisms of these

dynamic changes, neurophysiological evidence indicates

that ocular motor fatigue is of premotor origin, rather than

of muscular or brainstem origin [27, 28]. These premotor

processes likely reflect altered cortical or cerebellar influ-

ences that might result in a decreasing ability to sustain

attention [27]. This hypothesis is supported by recent

studies that have found an association between fatigue and

deficits of attention [12, 29]. On the contrary, baseline

saccade latency seems to reflect an a priori difference

between fatigued MS patients and controls, and suggests a

failure in the predictive generation of saccades. Interest-

ingly, failure in predictive motor timing has also been

associated with cerebellar pathology [30, 31]. Thus, the

results in the saccadic fatigue task appear to be specifically

related to the symptom of fatigue. Additional (functional)

MRI studies that were not part of our investigations may

contribute to further clarification.

The observation of differences in saccade parameters

between fatigued and non-fatigued MS patients adds to

previous attempts to develop objective measures of fatigue.

A recent study showed that FSS scores are an independent

predictor of the alertness subtest of the test for attentional

performance (TAP) [12, 32]. Here, we extend these results

by demonstrating that analysis of eye movements in a short

fatigue test may serve as a quantitative tool to objectify

self-reported fatigue. In fact, saccade measures correlated

with FSS scores and discriminated well between fatigued

and non-fatigued patients. The need for an objective

measure of fatigue is already evident from its high preva-

lence in MS patients and the resulting negative impact on

their quality of life, including a substantial socioeconomic

burden. Moreover, scores from current fatigue question-

naires, i.e., the FSS and Modified Fatigue Impact Scale

(MFIS), are only moderately correlated [7, 11]. This sug-

gests that these measures may not fully capture the dif-

ferent dimensions of fatigue, may be based on different

fatigue constructs or may be prone to bias of self-reporting

[11]. New objective measures of fatigue are also needed as

endpoints in clinical trials [11, 33]. This need is highlighted

by the fact that clinical trials investigating the efficacy of

treatment strategies in fatigue have yielded conflicting

results (e.g., [34, 35]). Furthermore, the proposed ocular

motor fatigue task might also be implemented to objec-

tively assess fatigue in other diseases, e.g., chronic fatigue

syndrome [36]. Advantages of the saccade fatigue task for

use in clinical practice and studies are its brevity and

simplicity with respect to task instructions, task setup, data

acquisition and analysis. The use of a miniaturized, por-

table eye-movement recording device further allows for a

rapid bedside performance of the task in clinical settings.

However, the compact construction does not allow for a

separate measurement of both eyes. Hence, although only

patients without clinically apparent INO were enrolled, our

system cannot detect developing INO during the fatigue

task, and this might have contributed to the observed

changes in saccade amplitude and peak velocity in MS

patients with and without fatigue. Furthermore, mild ocular

motor deficits might not have been detected in the neuro-

logical examination [37]. In future studies, application of

Fig. 2 Saccade parameters across the 10-min saccade fatigue task.

Fatigued MS patients (MS-F) showed a longer saccade latency across

all bins (# p = 0.004, Kruskal–Wallis test, mean of all bins) and a

larger decrease of amplitude (* p = 0.042, Brunner’s non-parametric

analysis for longitudinal data [23]) and saccade peak velocity (** p =

0.002, Brunner analysis) than non-fatigued MS patients (MS-NF) and

healthy controls (HC)
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the saccade fatigue task should be extended to patients with

ocular motor deficits to evaluate how these deficits influ-

ence performance in the task. Monocular eye movement

recordings could be employed to further explore the path-

ophysiological mechanisms of ocular motor fatigue.

In summary, the proposed oculomotor fatigue task rep-

resents a first and promising step towards an objective

testing of fatigue severity, both in clinical practice and

clinical trials. In addition to assessing cognitive measures

of fatigue with the TAP, the analysis of saccade parameters

might serve to improve the clinical characterization of the

multidimensional fatigue syndrome and help to disentangle

fatigue from associated neuropsychological symptoms,

e.g., cognitive impairment and depression.
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