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Stimulation of motor tracts in multiple sclerosis
A BERARDELLI. M INGHILLERI, G CRUCCU, M FORNARELLI,
N ACCORNERO, M MANFREDI

From the V Clinica Neurologica, Dipartimento di Scienze Neurologiche, Universitai degli Studi "La Sapienza",
Rome, Italy

SUMMARY Percutaneous electrical stimulation of the motor cortex was used to evaluate cortico-
spinal conduction to upper-limb motoneurons in 29 patients with multiple sclerosis. Central motor
conduction abnormalities were correlated with clinical signs and somatosensory evoked potentials.
Muscle responses to cortical stimulation were altered in 20 patients. The most common abnormality
was increased central motor conduction time; in two cases the responses to cortical stimulation were
absent. Abnormalities were also present in patients with no clinical evidence of corticomotoneuron
deficit. Alterations of muscle responses and of somatosensory evoked potentials were usually cor-
related, but may appear independently. Both testing methods are useful in the study of patients with
multiple sclerosis.

In 1980 Merton and Morton' described a technique
of bipolar electrical stimulation of the motor cortex in
the intact man which produces contraction in the con-
tralateral limb muscles at a latency compatible with
the activation of fast corticospinal axons. Stimulation
of the cervical region with the same technique acti-
vates the muscles at a shorter latency. The central
motor delay can. be calculated by subtracting the
latencies of responses evoked at the two sites of stim-
ulation.2 - 3

With this technique a slowing of central motor con-
duction along the cortico-spinal tract has been de-
scribed in patients with multiple sclerosis,46 focal
cerebrovascular damage78 and motor neuron dis-
ease.8 - 0 In multiple sclerosis" an increase of central
motor delay has been also recorded using the tech-
nique of unipolar anodal stimulation'2 and with per-
cutaneous magnetic stimulation'13 ' of the motor
cortex. With the technique of bipolar electrical
stimulation'1 we have now studied the changes of
central motor conduction time in patients with multi-
ple sclerosis and compared these with the abnormal-
ities of the somatosensory evoked potentials and to
clinical sensorimotor impairment.

Address for reprint requests: Dr A Berardelli, V Clinica Neurologica,
Viale dell'Universita n.30, 00185 Rome, Italy.

Received 4 August 1987 and in revised form 31 December 1987.
Accepted 5 January 1988

Material and methods

The study was performed in 29 patients ranging in age from
21 to 54 years (mean age 32 years) and in 15 normal subjects
including the authors, of similar age (range 20-55 years,
mean age 34 years) and height. Informed consent was ob-
tained and the study was approved by the local ethical com-
mittee.
The patients were classified, according to McAlpine's cri-

teria (1972), into definite (20 cases, table 1) and non definite
(probable and possible) multiple sclerosis (9 cases, table 1).
Sensory and motor functions of the upper limbs were evalu-
ated by an independent examiner, without knowledge of the
result of electrophysiological investigation. Increased tone
and hyperreflexia were considered indicative of "pyramidal
signs". When present the weakness was mild and was as-
sessed grade 4 ("Aids to the Examination of the Peripheral
Nervous System, Medical Research Council"). Sensory in-
volvement was demonstrated by impairment of sharp and
dull discrimination, vibratory stimulus recognition and
movement and position perception. Details of the patients
and motor and sensory clinical signs in the upper limbs are
summarised in table 1; "Past" indicates sensory motor
impairment in the history. Electrical stimulation of the mo-
tor cortex and cervical region was carried out with a Digi-
timer model D 180 stimulator supplying a maximum of 750 V
with a time constant of 50 or 100 ps. Cortical stimulation
was performed with surface electrodes, the cathode being on
the vertex and the anode 7 cm down on a line between the
vertex and the external auditory meatus. For cervical stimu-
lation the surface electrodes were placed on the midline, with
the cathode over the processes of C7 and the anode 5-6cm
above.
The muscle action potentials evoked by stimulation of the

motor cortex (cortical MAPs) and cervical region (cervical
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Table I Patients with definite multiple sclerosis

Motor system Sensory system

Case Pyramidal signs Weakness CMAP Symptoms Signs SEP

IR
IL
2R
2L
3R
3L
4R
4L
5R
5L
6R
6L
7R
7L
8R
8L
9R
9L
lOR
IOL
IIR
IlL
12R
12L
13R
13L
14R
14L
15R
15L
16R
16L
17R
17L
18R
18L
19R
19L
20R
20L

+
+
+
+
+
+
+
±
+
+
+
±
+
+
+
+

±

+

±

+

Past

Patients with non-definite multiple sclerosis
21R - +
21L - +
22R - _
22L + -
23R - _
23L - +
24R - -

24L - +
25R - -
25L - -

26R - -

26L - -

27R - -

27L - -

28R - -
28L - -
29R - -

29L - -

MAPs), were recorded by surface electrodes from biceps and
thenar muscles. EMG signals were amplified, filtered (3db at
5000 Hz) and stored for off-line analysis by means of a

Biopotentials Analyzer Software Interactive System
(BASIS, OTE). Four to six responses, evoked at a 5-10s
interval, were recorded. Cortical MAPs were collected
during a background voluntary contraction of the target
muscle equal to approximately 10% of their maximum

force. Contraction facilitates the EMG responses.

Since cervical MAPs are not influenced by voluntary mus-

cle contraction2 cervical stimulation was carried out at rest.
The intensity of stimulation was adjusted by selecting the
voltage which produced the shortest response latencies.

Latency ofMAPs was measured from the stimulus artifact
to the onset of the response. The four shortest responses
were selected and averaged. The duration of MAPs was

Past

Past

Del
Del
Del
Del
Abs
Abs
Del
Del
Del
Del
Del
Del
Del
Del
Del
Del
Del
Abs
Del
Del
Del
Del
Del
Del
Del
Del
N
N
Del
Del
Del
Del
N
Del
Del
Del
N
N
N
N

Del
Del
N
Del
Del
Del
N
N
N
N
N
N
N
N
N
N
N
N

Past

±

+
+

+

+
+

Past

Past

+

+
Past

Past+

Past

Past

A
A
N
N
A
A
A
A
A
A
A
A
A
A
N
A
N
N
A
A
N
N
N
N
A
A
A
N
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measured from the beginning to the end of the muscle poten-
tial. Central motor conduction time (CMCT) was calculated
by subtracting the mean latency of the cervical MAPs from
the mean latency of the cortical MAPs. This value is inde-
pendent from upper limb length.
MAPs were considered abnormal when the responses

were absent or when the latency or CMCT exceeded the
upper limits of the normal range in at least one muscle.
MAPs were also considered abnormal when the duration
exceeded the upper range of normal values.
The somatosensory evoked potentials (SEPs) were ob-

tained by separate stimulation of the median nerves on the
two sides, and recorded with electrodes placed over the bra-
chial plexus at Erb's point, on the posterior neck at the level
of the seventh cervical spine and on the contralateral parietal
scalp (2 cm posterior to the C3 or C4 locations). A common

reference electrode was placed on the ear lobe contralateral
to the side of stimulation. The median nerve was electrically
stimulated at the wrist at a rate of 3 Hz with pulses of 0 1 ms
duration, at an intensity slightly above motor threshold.
Two or three series of 500 responses were averaged and
stored on BASIS equipment.
The following SEP data were examined: Erb-point poten-

tials, N13 of the cervical spinogram, N20 of the cortical sig-
nal. The latency difference between N20 cortical potential
and the Erb's point potential was taken as a measure of
central sensory conduction time (CSCT). Neither CMCT
nor CSCT depend on upper-limb length. SEPs were consid-
ered abnormal when one of the responses was absent or the
CSCT conduction time exceeded the upper range of normal
value.

Differences of neurophysiological results between patients
and normal subjects were statistically evaluated by Student's
t test. Clinical-neurophysiological correlations were assessed
by chi-square test: the proportion of arms with a physical
sign and abnormal neurophysiological values were com-

pared with the proportion of arms with a physical sign and
normal neurophysiological values.
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Fig 1 Muscle action potentials (MAPs) after cortical
and cervical stimulation in a normat/subject. R.B. (right
biceps), R. TH. (right thenar). Superimposition of two
single potentials. Horizontal calibration 10 ms/div, vertical
calibration ImVfor the cortical MAPs and 2m Vfor the
cervical MAPs.

Results

Motor responses
Cortical and cervical stimulation evoked MAPs in all
control subjects (fig 1). The latency of the cervical and
cortical MAPs was similar to that already reported7 9
(table 2). The duration of the MAPs was 19-0, SD

Table 2 Latency of motor responses to cortical and cervical stimulation (mean, SD)

CMCT
Cortical Stimulation Cervical Stimulation

n biceps thenar biceps thenar Biceps Thenar

Controls 30 99 SD 10 197 SD 10 55 SD 05 140 SD 09 4-3 SD 05 53 SD 05

Definite with motor signs 24 15 3 SD 7-0 26-2 SD 6-7 5 3 SD 0-5 13 5 SD 1 2 10-2 SD 7 0 12 9 SD 6-0
abs in 3 abs in 3 abs in 3 abs in 3
* * ns

Definite without motor signs 16 12 9 SD 4-5 23-7 SD 4-8 5 5 SD 0-5 14-0 SD 1 1 7-0 SD 4-2 9-8 SD 5-4
* * ns * *

Non definite 18 105 SD 1-8 190 SD 26 56 SD 0-6 134 SD 09 49 SD 1-8 56 SD 1-8
ns

All patients 58 13-0 SD 5-4 23-3 SD 5-8 5-3 SD 0 5 13-6 SD 0-8 7 5 SD 5 4 9-7 SD 5-9
* * ns * *

CMCT: Central motor conduction time.
n: number of examined arms.
*: statistical significance refers to difference between controls and each of the patient groups (Student's t test).
p < 0*01.
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70 ms for the biceps and 18 2, SD 65 ms for the the-
nar muscles on cortical stimulation and 22 0, SD
8-0 ms for the biceps and 21 3, SD 7-0 ms for the the-
nar muscles on cervical stimulation. The shorter du-
ration of the responses to brain stimuli in comparison
with those to cervical stimulation is likely to be due to
differences in the activation site.3 15 The average
latency (table 2) and duration of responses to cervical
stimulation was the same in multiple sclerosis patients
and control subjects.

Cortical MAPs on the other hand, were abnormal
in 20 out of 29 of the multiple sclerosis patients (table
1) (fig 2). To compare clinical and neurophysiological
findings, the data from the patients were grouped
according to the clinically involved arms. Table 2
includes arms with and without motor signs. Consid-
ering the multiple sclerosis patients as a group,
CMCTs were significantly prolonged in comparison
to normal subjects (table 2). Conduction delay was
evident in the definite multiple sclerosis patients with
motor signs, but attained significance also in the
group without motor signs (table 2). In the group of
non definite multiple sclerosis the difference from
control values was not significant (table 2). In patients
with definite multiple sclerosis and clinical pyramidal
impairment of the upper limbs (table 1, cases 1-14)
cortical MAPs were absent in two cases (bilaterally in
case 3 and on one side in case 9L) and significantly
delayed on both sides in the other 11 cases. In one
case the cortical MAPs and consequently the CMCTs
were normal (table 1, case 14). In five patients (table
1, case 9R, lOR, 1 IR, 12R, and 13L) abnormalities of
CMCT were not accompanied by clinical in-
volvement.
Conduction delay involved the cortex to biceps and

cortex to thenar pathways together in 12 patients (ta-
ble 1, cases IL, 2, 3, 4, 5L, 7, 8, 9, 10, IIL, 12L, and
14) and only the cortex to thenar pathway alone in
two patients (table 1, cases 6, 12).

In the five patients with definite multiple sclerosis
but without pyramidal signs in the upper limbs (table
1, cases 15-20) electrophysiological abnormalities
were present in four patients (cases 15, 16, 17, and 18).
CMCT was delayed in both upper limbs in cases 15,
16, and 18 and only on one side in patient 17.
Conduction delay involved both the cortex to bi-

ceps and cortex to thenar pathways in two cases (table
1, cases 15 and 18) and only the cortex to thenar path-
way in two patients (table 1, cases 16, 17). In case 17
the cortex to biceps pathway was not studied.

In the group with non definite multiple sclerosis
only three patients had electrophysiological abnor-
malities (table 1, cases 21, 22, 23). The delay was bilat-
eral in case 21 and 23 and only on one side in case 22.
Conduction delay involved both the cortex to biceps
and thenar pathways in one patient (table 1, case 22)

Cortical stimulation

, ~~~~~~.; JlmV
_. .. . . .~~~~~~~~~~ ~ ~~~~~~~~...... ..... ............... ...................

R.BI , j __: _: _X _..

R.TH .... .....~~~~~~~~~~~~~~~~~~~~~...
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...... , .............................

!........................ .. ...................!.................!.................!.................!.................!................. .................!...............1~ ~.........
*.

..

"--fR.BI :=L- --{''''I'

Cervical stimulation.. . .. . . .. . ..... .. .......~..........................~~~~~~~~~~~.
5mV:~~~~~~~~~~~~~~~~~~~. . .,

,,.

R.TH ]\

Time (ms/DIV)=10
Fig 2 Muscle action potentials (MAPs) after cortical and
cervical stimulation in a patient with multiple sclerosis.
R.BN. (right biceps), R.TH. (right thenar). Superimposition
of two single trials. Horizontal calibration IO ms/div.

and the cortex to thenar pathway in two patients (ta-
ble 1, cases 21, 23).

Cortical MAPs were prolonged in at least one mus-
cle, in 13 out of the 29 patients, and the CMCT to
biceps and thenar muscles or both, was delayed.

Somatosensory evoked potentials
The Erb-point potential was present at a normal
latency in all patients (table 3). The N13 component
of the cervical potential was absent in 11 patients (ta-
ble 1, cases IL, 3L, 5L, 6, 7, 10, 13, 15R, 16, 17R, and
18) with definite multiple sclerosis and in two patients
with non definite multiple sclerosis (table 1, case 26,
27L). The N20 cortical potential was absent in seven
patients (table 1, cases 1, 5L, 7L, 15L, 16, 17R, and
18) with definite multiple sclerosis and in one patient
with non definite multiple sclerosis (table 2, case 26).
CSCT exceeded the normal range in nine patients
with definite multiple sclerosis (table 1, cases 3R, 4,
5R, 7R, 8L, IOR, 13, 14, and 15R).
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Table 3 Latency of Erb point, cervical and cortical potentials evoked by stimulation of median nerve

n Erb N 13 N20 CSCT

Controls 30 9 5 SD 0-8 130 SD0 5 18-3SD 1 0 90SD0-5

Definite with motor signs 19 9 5 SD0-6 13-1 SD0 7 19 8 SD 1-8 10-3 SD 1-9
abs in 7 abs in 6 not evaluable in 6

* *

Definite without motor signs 23 9-2 SD 0-6 130 SD 1 0 19 9 SD 2.1 10-6 SD 2l1
abs in 11 abs in 4 not evaluable in 4

* *

Non definite 18 95 SD 08 12-9 SD 06 187 SD07 92 SD03
abs in 3 abs in 2 not evaluable in 2

All patients 58 94 SD 06 130 SD0-8 195 SD 1-7 10-0 SD 1-7
abs in 21 abs in 12 not evaluate in 12

* *

CSCT: Central sensory conduction time.
n: number of examined arms.
*: statistical significance refers to difference between controls and each of the patient groups (Student's t test).
p < 001.

To compare clinical and neurophysiological
findings the data from the patients have been grouped
according to the clinically involved arms. Table 3 in-
cludes arms with and without sensory signs. Consid-
ering the entire group of multiple sclerosis patients
the latency of N20 and CSCT was prolonged in com-
parison with normal subjects. The N20 latency and
the CSCT were significantly increased (p < 0 01) in
both groups of definite multiple sclerosis. In the
group of non definite multiple sclerosis (table 3) the
difference was not significant. The average N 13
latency and of the Erb-point potentials did not differ
from control values, but it is worth emphasising that,
in 11 patients, N1 3 could not be identified (table 3).

Clinical and neurophysiological correlations
Abnormalities of the cortical MAPs were found at
least in one muscle in 17 patients with definite and in
three with non definite multiple sclerosis. The rate of
abnormality of cortical MAPs was therefore 85% in
definite multiple sclerosis and 30% in non definite
multiple sclerosis, while that of N13 and N20 abnor-
malities was 70% and 20%, respectively. The overall
rate of abnormality was 69% for motor, and 59% for
sensory neurophysiological signs.
A correlation was found between the clinical and

neurophysiological signs of motor impairment. Corti-
cal MAPs were abnormal in 26 (90%) out of 29 arms
with pyramidal signs or weakness. Only cases 13L
and 24L (table 1) had clinical motor signs but normal
neurophysiological data. The CMCT strongly cor-
related with the pyramidal signs (X2 test, p < 0-0005)
and to a lesser extent with the weakness (X2 test,
p < 0-05). A subclinical impairment of central motor
conduction was demonstrated by abnormal cortical
MAPs in 12 out of 27 upper limbs (44%). The CMCT

did not correlate with sensory symptoms and signs.
A lower degree of correlation was found between

SEPs and clinical impairment of the sensory system.
SEPs showed a weak correlation with sensory
symptoms (X2-test, p < 0 06) and no correlation with
sensory signs. A subclinical impairment of the sensory
system was demonstrated by SEPs in 16 of 26 arms
(61%).
A correlation was also found between SEPs and

pyramidal signs (X2 test, p < 0-05).
In 23 arms (40%) cortical MAPs and SEPs were

both abnormal. This finding of abnormal cortical
MAPs together with normal SEPs occurred in 15
upper limbs and the opposite in 5 (9%).

Discussion

In normal subjects scalp and cervical stimulation are
easily tolerated. No side-effects or EEG changes have
been reported in either healthy subjects or multiple
sclerosis patients.

Cervical MAPs were normal in all our patients, this
agrees with reports from Cowan et al4 and Mills and
Murray.5 Cortical MAPs, on the other hand, were
abnormal in 85% of the patients with definite multi-
ple sclerosis. As Mills and Murray'5 have shown that
cervical stimulation excites the motor roots at their
exit from the spinal canal abnormal cortical MAPs
indicate an impairment of central motor pathways.
The abnormalities in our study consisted in absent or
delayed and dispersed cortical MAPs, the rate and the
type of abnormalities is consistent with previous re-
ports of electrical stimulation of the motor cortex.4 5

It is difficult to compare the results obtained with
the technique of bipolar electrical stimulation4 5 with
those obtained using magnetic stimulation'3 14 in
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multiple sclerosis. Day et al"6 and Hess et al7 have
suggested that different neural structures are stimu-
lated by the two techniques. Hence, a comparative
study using electrical and magnetic stimulation in the
same group of patients is necessary.
An abnormal central motor conduction has also

been described in patients with motor neuron
disease8-10 and in patients with hemiparesis or hemi-
plegia due to hemispheral infarction.7 8 However, in
these two conditions the cortical MAPs were more
frequently absent. Since the cortical MAPs were ab-
sent only in two patients but were delayed and pro-
longed, or both, in 19 patients the most common
abnormality in multiple sclerosis is a delay in central
motor conduction.

Also, in patients with motor neuron disease or vas-
cular hemiparesis7 10 the delay of cortical MAPs is
usually of 2-3 ms only, while in our patients with
definite multiple sclerosis the delay averaged 5-7 ms
and in some cases reached 20-25 ms. In multiple
sclerosis the increase in latency and duration of corti-
cal MAPs is probably due to slowing of conduction
velocity of the largest diameter fibres to the pyramidal
tract, owing to demyelination, as has been observed in
experimental demyelination.'8 However, the mech-
anism responsible for the delay and prolongation of
cortical MAPs may be more complex. Evidence"9 has
been provided that in normal subjects a single cortical
shock may produce multiple descending excitatory
volleys which travel to the spinal cord, equivalent to
the D and I waves recorded from the pyramidal tract
fibres in animal experiments. As discussed by Thomp-
son et al8 "if the initial descending volley is reduced in
size it may be unable to discharge the motoneurons
without temporal summation with later arriving vol-
leys. The time taken for this to occur would increase
the central conduction time". This mechanism may
explain delays in the central motor conduction and
particularly delays of few milliseconds only. On the
other hand "delay of the central motor conduction in
excess of few milliseconds would indicate slowing of
conduction in central pathways".

Abnormalities in corticomotoneuron conduction
correlated with the clinical impairment of the pa-
tients. Cortical MAPs were abnormal in 90% of up-
per limbs with pyramidal signs or weakness and
correlated strongly with pyramidal signs. Abnormal-
ities of cortical MAPs were also present in 44% of
arms without clinical signs of motor impairment. This
finding demonstrates that with the technique of corti-
cal stimulation it is possible to reveal clinically silent
motor lesions.
We have confirmed that changes of the SEP are

present in a large number of patients with multiple
sclerosis and that these changes may be present even
in absence of clinical sensory signs.20

Comparing the rate of abnormalities of motor and
sensory neurophysiological signs we have seen that
the cortical MAPs were more frequently abnormal
than N13 and N20 components of the SEPs. Never-
theless, SEPs are useful. They allow a more precise
localisation of the conduction defect, since alteration
of the spinal (Nl 3) potential may localise the damage
at spinal level, while cortical MAPs results are equally
abnormal whether demyelination takes place in hemi-
spheral or spinal portion of the pyramidal tract. Sub-
clinical abnormalities are more frequent for SEPs
(62%) than for cortical MAPs (30%). Furthermore,
neurophysiological abnormalities are more helpful in
the sensory system, which provides less "objective"
signs than the motor system.
Although cortical MAPs and SEPs were often both

abnormal in the same patients, the two techniques can
demonstrate abnormalities independently. We there-
fore believe that in studying patients with multiple
sclerosis both techniques should be used.
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