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Original Contribution 

'Fatigue' in Patients With Multiple Sclerosis 
Motor Pathway Conduction and Event-Related Potentials 

Paola Sandroni, MD; Cameron Walker, R EEG Tech; Arnold Starr, MD 

• Ten patients with a definite diagnosis of multiple sclero­
sis and complaints of "fatigue" were studied using (1) reac­
tion times and event-related potentials accompanying the 
performance of auditory memory tasks (target detection, 
verbal short-term memory) and (2) motor conduction 
velocities of the pyramida l tract elicited by cerebral and 
cervical magnetic stimulation. Patients were studied when 
"rested" and when fatigued. Reaction times of the patients 
when rested were significantly delayed in the short-term 
memory but not the target-detection tasks when compared 
with normal controls. When patients were fatigued, their 
reaction times became significantly longer in all tasks com­
pared with when they were rested. Event-related potentials 
in these tasks consist of N,/P2 sensory components and P31 

and PJb cognitive components. The N1 component latency 
was longer and P:ia and P3b amplitudes were reduced in pa­
tients compared with controls. Fatigue in patients with 
multiple sclerosis was accompanied by a shortening of P3• 

latency and an increase in P:ia and PJb amplitudes compared 
with these measures when patients were rested. Pyramidal 
tract conduction velocities did not differ between rested 
and fatigued conditions. Thus, fatigue in patients with mul­
tiple sclerosis was associated with a slowing of performance 
(reaction time) on memory tasks, whereas brain potentials 
reflecting neural events of stimulus encoding and classifi­
cation were either unchanged or paradoxically speeded up 
in latency in the fatigued compared with the rested condi­
tions. We postulate that, in patients with multiple sclerosis, 
fatigue affects neural processes acting after stimulus eval­
uation but before activation of the primary motor pathways. 

(Arch Neural. 1992;49:51 7-524) 

Fatigue is a common experience that refers to a slowing 
and/or worsening of performance, usually brought 

about after prolonged activity .1 While changes in muscle 
metabolism can follow prolonged exertion, 2 the experi­
ence of fatigue probably has multiple explanations, since 
it is experienced in a wide range of diseases (eg, hepati­
tis, cardiac failure, systemic infection) and in normal per­
sons following effortful cognitive functions.3 Patients 
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with multiple sclerosis (MS) note fatigue as a major and 
often presen ting symptom. 4•

5 This experience is not re­
stricted to motor acts but also affects cognitive activities. 6•

7 

Techniques are available to quantify the function of the 
central pathways subserving both motor action using 
transcrarual magnetic or electrical stimulations and cogni­
tive activity using event-related potentials recorded from 
surface electrodes.9 Components of event-related poten­
tials recorded during the performance of cognitive tasks 
are related to sensory processes, 10 stimulus evaluation, 
and stimulus classification. 11•12 Moreover, when these po­
tentials are recorded from subjects engaged in tasks mea­
suring particular cognitive functions, such as short-term 
memory, they can be related to specific activities, such as 
memorization, 13 maintenance of the memory trace, 14 and 
memory scanning. 15 Abnormalities of event-related po­
tentials during cognitive tasks have been demonstrated in 
patients with MS, 16 raising the possibility that these alter­
ations may also index altered cognitive functions accom­
panying fatigue. This study of patients with MS measured 
event-related potentials and performance (reaction time 
[RT) and accuracy) in tasks of auditory short-term mem­
ory (target detection to musical notes and auditory verbal 
short-term memory) when they were "rested" and when 
they were fatigued. The conduction times of the central 
motor pathways evoked by magnetic stimulations were 
also measured in the rested and fatigued conditions. 

SUBJECTS AND METHODS 
Ten patients of both genders (two men, eight women) with a 

mean ( :tSD) age of 39.3 :t 4.4 years (range, 29 to 43 years) par­
ticipated in the study. They had a "certain" diagnosis of MS 
based on the criteria of at least two separate clinical episodes with 
neurological signs and multiple periventricular lesions on mag­
netic resonance imaging. Clinical details regarding the patients 
are contained in Table 1. We selected patients with minimal weak­
ness or sensory loss of the upper extremities to reduce the inilu­
ence of such deficits on their ability to press a response button. 
They were cognitively intact on clinical assessment, with Mini­
Mental State17 scores averaging 28.9 (range, 26 to 30). The extent 
of their fatigue on the Krupp Fatigue Severity Scale18 averaged 5.2 
(range, 2.4 to 6.8), indicating that, in general, their degree of fa­
tigue was high. Four of the 10 patients were slightly depressed: 
three of them were receiving antidepressant medications (am­
itriptyline, trazodone). Use of these medicines was discontinued 
4 days qefore testing. Depression can be associated with the 
sense of fa tigue. All patients were tested on two separate occa-
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Table 1. - Patient Profiles• 

Patient Nol 
Age, y/y From Disability Krupp 

OnseUSex Score41 Symptoms (Main) MRI Lesions Scale11 Medication 

1/40/18/F ·4 Ataxia, vision Periventricular 4.2 Azathioprine, prednisone, 
amitriptyline hydrochloride 

2129/5/F 7 Ataxia, bladder, Periventricular, cerebellum, 2.4 Azathioprine, prednisone, 
pa raparesis brain stem alprazolam 

3/4Qn4/F 6.5 Ataxia Periventricular, brain stem 5.3 Baclofen 

4/42/10/F 3.5 Ataxia, affect, Periventricular, centrum 6.8 Prednisone, azathioprine 
para paresis semiovale 

5139120/F 6.5 Bladder, ataxia, Periventricular, spinal 4.4 Azathioprine, prednisone, 
fluoxetine hydrochloride numbness LEs, cord, centrum 

paraparesis semiovale, brain stem 

6143/4/M 5 Vision, affect, Centrum semiovale, 6.4 Prednisone, azathioprine, 
weakness optic nerve, trazodone hydrochloride 

brain stem 

7144120/M 4.5 Ataxia, bladder, Periventricular 5.3 Azathioprine, prednisone, 
weakness amitriptyline 

8138114/F 4.5 Ataxia, memory, Periventricular, brain stem 6.2 ... 
vertigo 

9/35!5/F 4.5 Vision, memory Periventricular 5.8 ... 
10/4215/F 4.5 Ataxia, vision, Periventricular, centrum 5.1 Amantadine hydrochloride, 

numbness semi ova le 

•MRI indicates magnetic resonance imaging; LEs, low extremities. 

sions: once in a relatively rested state and the other in a relatively 
fatigued state, the latter usually being late in the day. A compar­
ison of these two states was made by grading the continuum be­
tween rested and fatigued on a scale from 0 ("without fatigue") 
to 10 ("the most exhausted state ever experienced"). All of the 
patients had a minimum difference score of 4 between the two 
tests. We did not counterbalance the sequence of testing, as the 
initial test in eight of the patients was in the rested state. We be­
lieve the role of depression in the study was minimal, since pa­
tients were tested on two occasions, usually 1 week apart, in 
which the extent of fatigue differed while the state of depression 
did not change. 

Brain Potential Recordings 

Subjects were seated in a sound-attenuated room with scalp 
electroencephalography electrodes positioned at F., C., P., C3, 

~. Ts, and T6 . Electrodes on each earlobe were linked together 
as the reference. Eye movements were monitored from elec­
trodes positioned above and below the right eye to assist in data 
analysis during the subsequent averaging procedures. The 
interelectrode impedances were below 2 kn. Brain activity was 
amplified with a band pass of 0.1to100 Hz, digitized at 200 Hz, 
and stored on a computer for subsequent averaging and data 
analysis. 

Experimental Procedures 

Recordings were made with the subjects wearing earphones, 
sitting, and fixating on a point directly ahead. They were 
instructed to refrain from blinking during particular portions of 
the tasks. Two discrimination tasks were employed that have 
been described in detail elsewhere, 13 and only a brief account is 
presented herein. The first was an auditory target-detection test, 
in which the subject was instructed to press an RT button "as 
accurately and as rapidly as possible" when the target stimulus 
occurred. The stimuli consisted of 300 notes, 20% of which were 
of a high pitch (high D) representing the target, interspersed 
randomly among low-pitched notes (middle C, one octave 
below). Stimulus duration was 50 milliseconds, intensity was 60 
dB normal hearing level, and the interstimulus interval was 2 
seconds. 

The second task was a short-term verbal_memory test in which 
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triazolam 

verbal items (the digits 1 through 9) were presented in the au­
ditory modality for memorization followed by a probe item that 
the subject classified (by an appropriate button press) as being 
(in set) or not being (out of set) a member of the preceding 
memory set. 19•20 Two memory set lengths were used, containing 
one and five items. F~r each memory set length, two series of 
20 trials were presented, providing a total of 20 in-set and 20 
out-of-set stimuli. Stimulus intensity was 60 dB normal hearing 
level, with the memory items presented at 1.2-second intervals. 
A 2-second interval separated the last memory item from the 
probe. Thr_ee seconds intervened before the start of the next trial. 

Event-Related Potentials 

Averaged brain potentials were made 'to the probes in the 
short-term memory task and to the targets in the target detection 
task that had a correct response without an eye blink in the 
1-second period surrounding the stimuli. The averages were 
1 second in length for targets and 1.28 seconds in length for 
probes, and both included a 120-millisecond prestimulus base­
line. The latencies and amplitudes of the averaged event-related 
potentials recorded at the P, electrode to the targets were mea­
sured at the peaks dose to 100 (N1), 200 (P2}, 280 (N2), and 
300 milliseconds (PJb)· In the short-term memory tasks, the po­
tentials to the probes at the P, electrode were measured at the 
peaks close to 150 (N1), 250 (Pi), 300 (N2), and 450 milliseconds 
(P3b), all slightly delayed compared with the peaks of the aver­
aged potentials to the notes used in the target detection task. The 
P3 components of the target and probe evoked potentials also 
have an early peak, P;i., most prominent in the frontal lead from 
which peak measures were made. The P3b components were also 
measured using an average amplitude in a 500-millisecond time 
window fixed from 450 to 950 milliseconds for the short-term 
memory task and in a 200-millisecond window for the target­
detection task with the midposition adjusted for each subject to 
coincide with the peak of P3b. 

Motor Evoked Potentials 

A magnetic stimulator coil (Cadwell MES-10, CadweU Lab Inc, 
Kennewick, Wash; coil diameter, 9.5 cm) was used to activate the 
motor cortex and cervical roots. Recording electrodes were 
placed on the skin overlying the opponens pollicis muscle con-

Fatigue-Sandroni et al 



Table 2.-Behavioral Measures* 

Tasks 
I I 

STM, 1 STM, 5 
TD Item Items 

Reaction Time, ms 

Controls 368±110 562:!:93 764±128 

Patients 
Rested 477:!:140 899:!:146t 1358±243t 
Fatigued 556:178* 1042±266:1: 1425±257:1: 

Accuracy,% 

Controls . 99.9±0.1 99.7:!:0.3 99.7±0.3 

Patients 
Rested 99.9±0.1 98.2±0.S 92.7±1.6t 
Fatigued 99.8:!:0.2 98.5±0.5 90.7±2.1 

•TD indicates target detection; STM, short-term memory. 
tP<.05, patients rested vs controls. 
tP<.05, patients fatigued vs patients rested. 

tralateral to the cortex and ipsilateral to the root being stimu­
lated. The magnetic stimulus duration was 0.07 milliseconds, 
and its intensity was gradually increased until a reproducible 
electromyographic potential was obtained both in a relaxed state 
and with minimal contraction of the opponens pollicis. The dif­
ference in latency between the electromyographic potential on­
set to cortical and to nerve root stimulation represents the con­
duction time of the central motor pathway. 

Data Analysis 

The results from a group of 10 young normal subjects (aver­
age age, 29 years; range, 18 to 45 years) previously tested with 
the same paradigms13 were included in these analyses. The con­
trols were approximately 10 years younger than the patients. 
While it is ideal to have no difference, studies ofRTs using larger 
numbers of subjects over a wide age range are essentially no dif­
ferent across the decades for 20- to 30- vs the 30- to 40-year­
olds.21.ll Event-related potential amplitudes can decrease with 
age, but the differences only become significant with 30- to 
40-year age disparities.zi Measures of RT, accuracy, and the am­
plitudes and latencies of event-related potentials were tested for 
significance using analysis of variance for the factors of the pa­
tients' state (rested, fatigued), task type (short-term memory, 
one item; short-term memory, five items; target detection), and 
subject type (patients when rested, controls). The data for the 
in-set and out-of-set probes in the short-term memory tasks were 
combined since a separate analysis (analysis of variance) of the 
results from the short-term memory tasks showed no significant 
differences as a function of probe type. Significance level was set 
at P<.05 after adjusting with the Greehouse-Geisser correction 
factor. Significance of interactions in the analysis was evaluated 
using the Neumann-Keuls correction. 

RESULTS 
Behavior 

Across all subjects, accuracy was almost perfect (>99%) 
in the target-detection and the one-item short-term mem­
ory tasks but decreased significantly (P<.001) from 96% 
in the five-item short-term memory task. The reduction in 
accuracy on the five-item task was due to the patients with 
MS, whose performance decreased to 92.8% correct when 
rested compared with the controls' accuracy of >99% 
(P<.001; Table 2, Fig 1). The patients' performance 
decreased to 90.8% when they were fatigued, but the 
change was not significantly dilferent from their perfor­
mance when they were rested. 

Reaction times (Table 2) were significantly different 
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Fig 1.-Bar graph of reaction times (RTs) and accuracy for controls 
(closed bars) and patients with multiple sclerosis (MS), rested 
(shaded bars) and fatigued (open bars), for the target-detection and 
short-term memory tasks. Asterisk indicates P<.05 for controls vs 
patients with MS when rested; dagger, P<.05, patients rested vs 
patients fatigued. Note the striking effect of task on RTs of the pa· 
tients and the consistent lengthening of RT in patients when 
fatigued compared with when rested. 

(P<.001) as a function of task, being longest with the 
five-item short-term memory task (1392 milliseconds), in­
termediate in the one-item task (971 milliseconds), and 
shortest in the target-detection task (517 milliseconds) 
across all subjects (rested patients and controls). Reaction 
times were significantly longer (P<.01) in patients with 
MS when rested compared with controls (Fig 1) for the 
short-term memory tasks (a difference of 337 milliseconds 
for one-item and 594 milliseconds for five-item task), but 
the difference (110 milliseconds) for the target-detection 
task did not achieve significance. For the patients, RTs 
increased significantly (P<.05) between the rested and 
fatigued states in all tasks, ranging on the average 
between 80 and 150 milliseconds. Thus, patients with MS 
when rested have significantly longer RTs as a group 
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compared with controls, and when patients with MS be­
come fatigued, their RTs become even further delayed. 
An analysis of RT for each patient with MS showed that 
eight of 10 had longer RTs when fatigued compared with 
the rested condition for the short-term memory tasks and 
seven of 10 for the target-detection task. 

In short-term memory tasks, RTs increase in a linear 
manner with memory Joad. The slope of this function, 
expressed in milliseconds per item, has been proposed as 
a measure of the time required to scan the contents of the 
short-term store before a response can be made. 19 In the 
control subjects of this study, scanning times averaged 
50.5 milliseconds per item for auditory verbal material, 
while in the patients with MS scanning times increased 
significantly (P<.05), more than twofold, to 115 millisec­
onds per item without any further significant changes 
with fatigue (Fig 1). 

Event-Related Potentials 

Latency. - The evoked potentials to the stimuli used in 
these tasks consist of the initial short-duration negative/ 
positive sensory complex (the Ni/P2) between approxi­
mately 100 and 300 milliseconds, a subsequent negative 
wave, the N2 (200 to 300 milliseconds), followed by a cog­
nitive long-duration (500 milliseconds) positive compo­
nent beginning at about 350 milliseconds. The latency of 
all the peaks differed significantly (P< .001) between 
tasks, being longer in the short-term memory tasks com­
pared with the target-detection task (Table 3). The mag­
nitude of the difference was approximately 50 millisec­
onds for Ni, P2, and N2, most likely reflecting differences 
in the rise times of the acoustic stimuli in the tasks: the 
digits used in the short-term memory tasks have an 
acoustic envelope with gradual rise times (up to 50 milli­
seconds), while the the notes used in target-detection had 
relatively fast rise times (5 milliseconds). Onishi and 
Davis24 have shown the latency of the N/P2 components 
to increase when rise times exceed 30 milliseconds. The 
latency difference for the P3 components varied from 
70 milliseconds for the frontal P:ia component to as mw;h 
as 330 milliseconds for the parietal P3b component. The 
magnitudes of these differences are unlikely to be due to 
the physical nature of the stimuli but, rather, to differ­
ences in the cognitive demands of the two tasks (target 
detection vs verbal short-term memory), as is evident in 
RT differences. 

The latency of the event-related potentials differed sig­
nificantly (P<.05) between controls and patients for only 
the N1 component in all tasks, being approximately 
15 milliseconds longer in the patients. A significant 
difference was noted in the latency of the P31i component 
for all tasks as a function of the patients' state, ie, rested 
vs fatigued: P:ia was of shorter latency when the patients 
were fatigued compared with when they were rested, 
with the difference ranging from 15 milliseconds for 
target-detection to 29 milliseconds for short-term memory 
tasks. No other differences in peak latencies were de­
fined. 

The interval between Ni and P31 is a measure of the 
temporal pace of brain events accompanying the process­
ing of acoustic stimuli reflecting the period between sen­
sory processes (N1) and cognitive evaluation (P3.). This 
interval was approximately 250 milliseconds and did not 
differ significantly between tasks or between controls and 
patients with MS. The N1 to P3• interval in patients with 
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MS was approximately 20 milliseconds less when they 
were fatigued than when rested in the short-term mem­
ory tasks, but the difference did not reach statistical sig­
nificance. 

In normal subjects, the latency of P3b increases with 
memory load in a linear manner, with a slope of approx­
imately 25 milliseconds per item, 13

•
25 approximately half 

that of the slope for. RT. In the patients of this study, P3b 

latency did not change significantly between the one- and 
five-item memory loads in distinction to the prolonged 
scanning rates apparent from RT measures. 

Amplitude. -Only the amplitudes of the P33 and PJb 
components were significantly affected by the experimen­
tal variables: P:ia and P3b significantly (P<.001) differed ac­
cording to task, being larger for target-detection than for 
short-term memory tasks (Table 3). The patients had sig­
nificantly (P<.05) lower amplitudes than the controls for 
P3b (peak measure in the one-item short-term memory 
task; average amplitude in both the one- and five-item 
ta~ks). These differences are apparent in the grand aver­
ages plotted in Fig 2. Inspection of the individual averages 
in the short-term memory tasks also reveals that the sus­
tained positivity, PJb, characteristic of the normal subjects 
was of negative rather than of positive polarity in four of 
the lOpatients. The amplitude of the frontal P3acomPonent 
differed significantly as a function of the patients' state 
(rested vs fatigued) for all tasks, with P31 amplitudes being 
larger when patients were fatigued than rested .. The grand 
averages of the potentials recorded from F. in the patients 
with MS when rested and fatigued are contained in Fig 3. 

Motor Evoked Potentials 

The motor potentials evoked by magnetic stimulation 
were tested in the rested and fatigued conditions in nine 
of the patients. In three of these patients, motor evoked 
potentials from stimulation of the motor cortex could only 
be obtained when the opponens pollicis was voluntarily 
contracted to a slight degree (facilitation). The central 
conduction times to the cervical cord were abnormal in 
three patients(> 12.5 ,milliseconds without facilitation and 
> 11 milliseconds with facilitation). The group average 
(Table 4) of 13.0±1.8 milliseconds without facilitation and 
10.3±3.6 milliseconds with facilitation is slightly greater 
than the normal values from our laboratory (9.5±1.2 and 
8.0± 1.2 milliseconds, respectively). No significant differ­
ence was noted in central motor conduction times in the 
patients when rested and when fatigued. In addition, no 
significant correlation was found between central motor 
conduction times and RTs in each of the tasks. 

COMMENT 

The results of this study of a group of patients with MS 
show that performance and brain potentials were affected 
in different ways by fatigue. Reaction times were pro­
longed in a simple auditory discrimination task (distin­
guishing an infrequent high note, the target, randomly 
occurring during a sequence of frequent low notes re­
quiring a go/no-go response) and in a complex auditory 
verbal short-term memory task (distinguishing whether a 
probe item was or was not a member of the preceding 
memory list, requiring a two-alternative forced-choice re­
sponse). In contrast, the event-related potentials to the 
target or the probe were no different between the rested 
and fatigued conditions except for the cognitive compo­
nent, P3a. The latency of this component paradoxically 
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Table 3.-Evoked Pote ntials• 

Tasks 
I I 

Peaks Subjects TD STM, 1 Item STM, 5 Items 

l atency, ms 

N, Controls 102±13 157±18 150±13 
Patients 

Rested 115±10t 165±24t 168±15t 
Fatigued 113±17 159±10 163±17 

P2 Controls 174±12 235±18 225±33 
Patients 

Rested 185±17 242±29 239:!:21 
Fatigued 182:!:14 248±17 245±22 

N1 Controls 224:!:17 287±13 302:!:30 
Patients 

Rested 231 ±18 310±37 327:!:50 
Fatigued 229±16 313:!:33 328±47 

Pi. Controls 333±18 403:!:30 407±29 
Patients 

Rested 356±34 420±31 448:!:62 
Fatigued 340±39* 396±27* 419±62* 

plb Controls 351:!:33 579:!:101 686±93 
Patients 

Rested 359±34 670:!:51 686±38 
Fatigued 355±35 663±92 683:!:78 

P31-N1 Controls 231 :!:25 246±39 257:!:34 
Patients 

Rested 241±37 254:!:39 279±64 
Fatigued 226±37 237±29 256±66 

Amplitude, v 

N, Controls 
Patients 

Rested 
Fatigued 

P2 Controls 
Patients 

Rested 
Fatigued 

N1 Controls 
Patients 

Rested 
Fatigued 

Pi. Controls 
Patients 

Rested 
Fatigued 

plb Controls 
Patients 

Rested 
Fatigued 

Average amplitude, Plb Controls 
Patients 

Rested 
Fatigued 

•10 indicates target detection; STM, short-term memory. 
tP<.05, patients rested vs controls. 
tP<.05, patients fatigued vs patients rested. 

decreased and its amplitude increased with fatigue in all 
of the tasks. Finally, the central conduction times of the 
pyramidal motor pathways were no different between the 
fatigued and rested states. Thus, fatigue in patients with 
MS is associated with a prolongation of RT without 
change in pyramidal tract conduction times. 8 Brain po­
tentials reflecting neural events of sensory processes and 
stimulus evaluation12 were generally no different between 
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-3.4±2.6 -4.4±2.4 -4.9±2.5 

- 4.2:!:1 .9 - 4.4±2.8 - 4.3:!:3.0 
-3.8±2.9 -4.2±2.5 - 4.7±2.5 

2.1:!:2.2 1.6:!:2.S 0.9±2.2 

3.4±2.8 1.6±2.8 2.5±2.3 
3.4:!:3.4 3.2±3.2 2.1 ±1.8 

-1.3:!:2.4 -0.6:!:2.4 -2.8±1.8 

- 0.7±3.2 - 2.5±2.6 -2.8±2.1 
-0.9:!:4.1 -0.4:!:2.3 -2.0±1.6 

3.9±4.1 3.5:!:2.4 1.1±2.0 

5.8±3.6 3.6:!:2.9 1.1±2.5 
7.2±2.5; 5.3±2.7* 2.1±2.0; 

14.2±5.1 11.2::::3.5 10.0±4.S 

12.6±4.6 3.8±4.ot 5.2±5.0 
12.1±4.4 5.7±2.6 6.1±2.5 

9.6±3.9 6.7±2.7 7.3±3.6 

8.1 ::!:3.7 1.4±3.6t 2.2±3.9t 
8.1 ±3.4 2.7±2.3 2.8±2.3 

rested and fatigued states except for a particular frontal 
component, P3a, which was paradoxically shortened in 
latency and increased in amplitude with fatigue. 

The P3 components of event-related potentials can be 
divided into an early component, PJa, maximal frontally, 
and a later component, P3b, maximal parietally, 26

•
27 reflect­

ing neural events underlying stimulus evaluation. The 
amplitudes of these components are dependent on factors 
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Fig 2.-lndividual and grand average evoked potentials recorded from the P, electrode in target detection and short-term memory tasks for 
controls and for patients with multiple sclerosis (MS), rested (solid tracing) and fatigued (broken tracing). Note that the positive potential, 
P1t>; is smaller in amplitude in patients with MS than in controls in the short-term memory tasks but not in the target-detection task. There 
is no consistent difference across all tasks between the rested and fatigued conditions. Measures of latency and amplitude of the various 
peaks are given in Tables 2 and 3. 
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Fig 3. - Grand-averaged evoked potentials recorded from the F, 
electrode in controls and in patients with multiple sclerosis when 
rested (solid tracing) and fatigued (broken tracing). Note the 
increase in amplitude of the P3,positive component in all three tasks 
when patients were fatigued compared with rested. 
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Table 4. -Central Motor Pathway Conduction Times 
(ms), Cortex to Cervical Cord 

Patients 
I I Normal 

Rested Fa tigued Controls 

Relaxed 13.0::1.8 13.6:t3.9 9.5±1 .2 

Facilitated 10.3±3.6 11.6:4.7 8.0±1.2 

of stimulus probability and task difficulty.23 The ampli· 
tudes of the two subcomponents of P3 behave differently, 
depending on the relationship between the stimulus and 
the subject's instructions. A P31 can appear in response to 
a novel stimulus in the absence of any instruction to the 
subject to process that stimulus, 29 suggesting that it is as· 
sociated with neural events subserving arousal. In con· 
trast, the appearance of a P3b requires the subject to pro· 
cess and respond to the stimulus. 30 The finding, in this 
study, that P31 amplitude is increased and its latency 
shortened in patients with MS when fatigued compared 
with the rested state may reflect that fatigue involves 
neural systems regulating arousal. The failure to detect 
changes in the P3b component indicates that neural 
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systems subserving stimulus classification appear to be 
relatively unaffected by fatigue. 

Fatigue in patients with MS is accompanied by pro­
longed RTs without changes in Plb, indicative that neural 
processes intervening between stimulus evaluation and 
the initiation of motor events are affected. This would 
encompass the period between the Plb component, re­
flecting stimulus evaluation, and the period of activation 
of pyramidal tract neurons subserving motor systems 
used in the button press. In normal subjects engaged in 
the one-item memory-scanning task, we estimate this pe­
riod to be approximately 160 milliseconds in duration, 
beginning with the onset of the P3 component, which is 
at about 300 milliseconds after the probe's presentation, 
and ending just before the activation of pyramidal tract 
neurons used in the button press response (at about 
460 milliseconds, 80 milliseconds before the actual RT of 
540 milliseconds). 31•

32 For the target detection task, the 
period intervening between the onset of the P3 compo­
nent, at approximately 250 milliseconds, and the activa­
tion of pyramidal tract neurons, at approximately 
290 milliseconds, is only 40 milliseconds in duration. Us­
ing these same methods for the data from patients with 
MS, the period intervening between stimulus evaluation 
and motor pathway activation in the one-item memory­
scanning task is threefold longer than in normal subjects, 
being almost 450 milliseconds in duration. When these 
patients are fatigued, the period increases even further, to 
900 milliseconds. For the target detection task, the values 
are 150 milliseconds when rested and 225 milliseconds 
when fatigued. Thus, for patients with MS, the time in­
tervening between brain events subserving stimulus 
evaluation and those involved in the initiation of motor 
responses is prolonged for simple and complex auditory 
discriminations, and these periods become further pro­
longed with fatigue. 

There are several mechanisms by which fatigue could 
impair performance on the tasks used in this study. First, 
fatigue could affect attention, leading to impaired perfor­
mance. We do not think this possibility is likely, since only 
RT and not accuracy changed between the rested and fa­
tigued conditions. 

A second possibility is that alterations in stimulus eval­
uation could lead to impaired performance, particularly 
when the subject is fatigued. Brain potentials accompa­
nying the stimuli being evaluated differed considerably 
from those of normal subjects when rested. 16 It may be 
that performance based on altered neural processing of 
sensory information would be subject to additional im­
pairment when subjects become fatigued. For example, 
for normal subjects performing discrimination tasks, P3 
latencies and RTs are prolonged when sensory stimuli are 
degraded compared with these measures when the sen­
sory stimuli are clear. 33 

A third possibility is that core temperature is raised in 
patients with MS when fatigued, leading to alterations of 
nerve conductions in demyelinated fibers. 34 While we did 
not measure our patients' temperature, we do not think 
this possibility likely since pyramidal tract conduction 
velocities did not differ between the rested and fatigued 
states. 

A fourth consideration is that a circulating neurohu­
moral factor is present in the brains of patients with MS 
that affects neural functions, leading to fatigue. An 
example of such a factor is interleukin 2, which has been 
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discussed as participating in the symptoms of neural 
dysfunction in certain immune states.35 Such a factor 
might act to "disconnect" neural systems subserving 
stimulus evaluation from response systems. 36 The sites of 
many of the lesions of MS are in the periventricular and 
subcortical white matter, well disposed to affect pathways 
interconnecting sensory, cognitive, and motor cortices 
involved in auditory discrimination tasks.37-40 Changes in 
the synchrony of activity or the speed of conduction be­
tween these sites could account for the findings of delayed 
RTs in patients with MS accompanying fatigue. 

The "readiness" or premovement potential reflects 
neural events underlying the initiation of motor re­
sponses. 41•42 In normal subjects, when a particular move­
ment is fatigued with repetition, premovement potentials 
become larger, presumably reflecting increased central 
"effort" to accomplish the same motor task.43 The analy­
sis of such premovement potentials in patients with MS 
would appear to be an appropriate direction for investi­
gation. 

Fatigue is a frequent concomitant of a variety of illness, 
such as systemic viral infections, "4 depression, 1•

45 or 
strokes. 46 The present s tudy in patients with MS has pro­
vided measures of fatigue that could be examined in other 
disorders characterized by easy fatigability. For instance, 
in a r~cent study in patients with fatigue accompanying 
myalgic encephalomyelitis,47 RT and P3 components of 
event-related potentials were abnormally delayed com­
pared with controls, findings that differed from this study 
of patients with MS. Finally, the experience of fatigue in 
normal subjects could also be examined to define if alter­
ations in RTs or event-related potentials are present. In a 
preliminary study of two normal subjects, fatigued after 
sleep deprivation or overwork, RTs and brain potentials 
were unchanged . 

This research was supported in part by grant PP0081 from The 
Multiple Sclerosis Society, New York, NY. 

We gratefully acknowledge Yu Zhu and Su-Hwan Su for collabo­
ration during the magnetic stimulation, Stanley van den Noort for 
providing the patients, Julie V. Patterson for the statistical analysis, 
and Henry J. Michalewski for technical support. 

References 
1. Berrios GE. Feelings of fatigue and psychopathology: a conceptual 

history. Compr Psychiatry. 1990;31 :140-151 . 
2. Lenman AJR, Tulley FM, Vrbova G, Dimitrijevic MR, Towle JA. 

Muscle fatigue in some neurological disorders. Muscle Nerve. 
1989;12:938-942. 

3. Bartley SH, Chute E. Fatigue and Impairment in Man. New York, 
NY: McGraw-Hill Inte rnational Book Co; 1947. 

4. Krupp LB, Alvarez LA, LaRocca NG, Scheinberg LC. Fatigue in 
multiple sclerosis. Arch Neurol. 1988;45 :435-437. 

. 5. Monks J. Experiencing symP.toms in chronic illness: fatigue in 
multiple sclerosis. Int Disabil Stud. 1989;11 :78-83. 

6. Jennekens-5chinkel A, Sanders EACM, Lanser JBK, Van der Velde 
EA. Reaction time in ambulant multiple sclerosis patients, I: influence 
of prolonged cognitive effort. J Neurol Sci. 1988;85:173-186. 

7. Jennekens-Schinkel A, Sanders EACM, Lanser JBK, Van der Velde 
EA. Reaction time in ambulant multiple sclerosis patients, II: influence 
of task complexity. J Neurol Sci. 1988;85:187-196. 

8. Barker AT, Freestone IL, Jalinous R, Jarratt JA. Magnetic stimulation 
of the human brain and peripheral nervous system: an introduction and 
the results of an initial clinical evaluation. Neurosurgery. 1987;20:100· 
109. 

9. Goodin OS, Squires KC, Starr A. Variations in early and late event­
related components of the auditory evoked potentials with task diffi­
culty. Electroencephalogr Clin Neurophysiol. 1983;55:680·686. 

10. Starr A. Sensory evoked potentials in clinical disorders of the 
nervous system. Annu Rev Neurosci. 1978;1 :103-127. 

11. Roth WT, Kopel! BS, Tinklenberg JR, Darley CF, Vesecki TB. The 
contingent negative variation during a memory retrieval task. Electro­
encepnalogr Clin Neurophysiol. 1975;2:420-433. 

Fatigue-Sandroni et al 523 



12. Donchin E. Surprise!. .. Surprise? Psychophysiology. 1981 ;18:493· 
513. 

13. Pratt H, Michalewski HJ, Patterson JV, Starr A. Brain potentials in 
a memory scanning task, Ill: potentials to the items being memorized. 
Electroencephalogr Clin Neurophysiof. 1989a; 73: 41·51 . 

14. Ruchkin DS, Johnson R Jr, Canoune H, Ritter W. Short-term 
memory storage and retention: an event-related brain potential study. 
Electroencephalogr C/in Neurophysiol. 1990;76:419-439. 

15. Pratt H, Michalewski HJ, Barrett G, Starr A. Brain potent ials in a 
memory-scanning task, I: modality and task effects on potentials to the 
probes. Electroencephalogr Clin Neurophysiol. 1989b;72:407-421. 

16. Newton MR, Barrett G, Callanan MM, Towell AD. Cognitive 
event-related potentials in multiple sclerosis. Brain . 1989;112: 1637-1660. 

17. Folstein M , Folstein S, McHugh P. 'Mini-Mental State,' a practical 
method for grading the cognitive state of pat ients for the clinician. 
J Psycho/ Res. 1975;12:189·198. 

18. Krupp LB, laRocca NG, Muir-Nash J, Steinberg AD. The fatigue 
severity scale: application to patients with multip le sclerosis and 
systemic lupus erythematosus. Arch Neurol. 1989;46:1121-1123. 

19. Sternberg S. Memory-scanning: mental processes revealed by 
reaction-time experiments. Am Sci. 1%9;57:421-457. 

20. Sternberg S. Memory-scanning : new findings and current con· 
troversies. Q J Exp Psycho/. 1975;27:1-32. 

21. Welford AT. Reaction time, speed of performance, and age. Ann 
NY Acad Sci. 1988;515:1-17. 

22. Wilkinson RT, Allison S. Age and simple reaction time: decade 
differences for 5,325 subjects. j Gerontol. 1989;44:P29·P35. 

23. Pratt H, Michalewski HJ, Patterson JV, Starr A. Brain potentials in 
a memory scanning task, II: effects of aging on potentials to the probes. 
Electroencephalogr Clin Neurophysiol. 1989c;72:507-517. 

24. Onishi S, Davis H. Effects of duration and rise time of tone bursts 
on evoked potentials. J Acoust Soc Am. 1968;44:582-591 . 

25. Ruchkin DS, Sutton S, Mahaffey D. Functional differences be· 
tween members of the P300 complex: P3E and P3b. Psychophysiology. 
1987;24:87-103. 

26. Polich J. Bifurcated P300 peaks: P3a and P3b revisited? J Clin 
Neurophysiol. 1988;5:287-294. 

27. Johnson R Jr. The amplitude of the P300 component of the event· 
related potential: review and synthesis. Adv Psychophysiol. 1988;3:69-117. 

28. Squires NK, Squires KC, Hylliard SA. Two varieties of long-latency 
positive waves evoked by unpredictable auditory stimuli in man. Elec­
troencephalogr C/in Neurophysiol. 1975;38:387-4-01 . 

29. Duncan-Johnson CC, Donchin E. The P300 component of the 
event-related brain potential as an index of information processing. Biol 
Psycho/. 1982;14:1·52. 

30. Starr A, Caramia M, Zarola F, Rossini PM. Enhancement of motor 
cortical excitability in humans by non-invasive electrical stimulation ap· 
pears prior to voluntary movement. Electroencephalogr Clin Neuro· 

524 Arch Neurol-Vol 49, May 1992 

physiol. 1988;70:26-32. 
31. Evarts EV. Pyramidal t ract activity to force exerted during volun. 

tary movement. J Neurophysiol. 1966;19:1011-1027. 
32. Polich ). Task difficulty, probability and inter-stimulus interval as 

determinants of P300 from auditory stimuli . Electroencephalogr Clin 
Neurophysiol. 1987;68:311-320. 

33. Ritchie JM. Pathophysiology of conduction in demyelinated 
fibers. In : Morrell P, ed. Myelin. New York, NY: Plenum Press; 
1984:337-367. 

34. Rudick RA, Barna BP. Serum interleukin 2 and soluble interleukin 
2 receptor in patients with multiple sclerosis who are experiencing se­
vere fatigue. Arch Neurol. 1990;47:254·255. 

35. Geschwind N . Disconnection syndromes in animals and man, I. 
Brain. 1965;88:237-294. 

36. Smith ME, Stapleton JM, Halgren E. Human medial temporal lobe 
potentials evoked in memory and language tasks. Electroencephalogr 
Clin Neurophysiol. 1986;63:145-159. 

37. Smith ME, Halgren E, Sokolik M, et al. The intracranial topogra­
phy of the P3 event-related potential elicited during auditory oddball. 
Electroencephalogr Clin Neurophysiol. 1990;76:235-248. 

38. Heit G, Smith ME, Halgren E. Neuronal activity in the human me­
dial temporal lobe during recognition memory. Brain. 1990;113:1093· 
1112. 

39. Johnson BW, Weiberg H, Ribary U, Cheyne DO, Anci ll R. Topo­
graphic distribution of the 40 Hz auditory evoked-related potential in 
normal and aged subjects. Brain Topogr. 1988;1:117-121. 

40. Lang W, Lang M, Uhl F, Koska C, Kornhuber A, Deecke L. Neg· 
ative cortical DC shifts preceding and accompanying simultaneous and 
sequential finger movements. ficp Brain Res. 1988;71 :579-587. 

41. Kristeva R, Keller E, Deecke l , Kornhuber HH. Cerebral potentials 
preceding unilateral and simultaneous bilateral finger movements. 
Electroencephalogr Clin Neurophysio/. 1979;47:229-238. 

42. Freude G, Ullsperger P. Changes in Bereitschaftpotential during 
fatiguing and non-fatiguing hand movements. Eur J Appl Physiof. 
1987;56: 105-108. 

43. Wessely S, Powell P. Fatigue syndromes: a comparison of chronic 
'postviral' fatigue with neuromuscular and affective disorders. J Neurol 
Neurosurg Psychiatry. 1989;S2:940-948. 

44. Greenberg DB. Neurasthenia in the 1980s: chronic mononucle­
osis, chronic fatigue syndrome, and anxiety and depressive disorders. 
Psychosomatics. 1990;31 :129-137. 

45. Broda! A. Self-observations and neuro-anatomical considerations 
after a stroke. Brain. 1973;96:675-694. 

46. Prasher D, Smith A, Findley L. Sensory and cognitive event· 
related potentials in myalgic encephalomyelitis. J Neurol Neurosurg 
Psychiatry. 1990;53:247-253. 

47. Kurtzke JF. Rating nj!urologic impairment in multiple sclerosis: an 
expanded disability status scale (EDSS). Neurology. 1983;33:1444-1452. 

Fatigue- Sandroni et al 




