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Abstract
Objective—To investigate changes in elec-
tromyographic (EMG) responses to tran-
scranial magnetic stimulation (TMS) of
the motor cortex after incomplete spinal
cord injury in humans.
Methods—A group of 10 patients with
incomplete spinal cord injury (motor level
C3-C8) was compared with a group of 10
healthy control subjects. Surface EMG
recordings were made from the thenar
muscles. TMS was applied with a 9 cm
circular stimulating coil centred over the
vertex. The EMG responses to up to 50
magnetic stimuli were rectified and aver-
aged.
Results—Thresholds for compound motor
evoked potentials (cMEPs) and suppres-
sion of voluntary contraction (SVC) elic-
ited by TMS were higher (p<0.05) in the
patient group. Latency of cMEPs was
longer (p<0.05) in the patient group in
both relaxed (controls 21.3 (SEM 0.5) ms;
patients 27.7 (SEM 1.3) ms) and voluntar-
ily contracted (controls 19.8 (SEM 0.5)
ms; patients 27.6 (SEM 1.3) ms) muscles.
The latency of SVC was longer (p<0.05) in
the patients (51.8 (SEM 1.8) ms) than in
the controls (33.4 (SEM 1.9) ms). The
latency diVerence (SVC−cMEP) was
longer in the patients (25.3 (SEM 2.4) ms)
than in the controls (13.4 (SEM 1.6) ms).
Conclusion—The longer latency diVer-
ence between cMEPs and SVC in the
patients may reflect a weak or absent early
component of cortical inhibition. Such a
change may contribute to the restoration
of useful motor function after incomplete
spinal cord injury.
(J Neurol Neurosurg Psychiatry 1998;65:80–87)
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After incomplete spinal cord injury, physi-
otherapy regimes can have a training eVect on
muscles in which a degree of function remains.
Recovery and compensation may arise as a
result of plasticity of CNS function involving
neuronal rewiring or regulation of neurotrans-
mission.
The representation of the body within the

motor cortex may be modified after amputa-
tion in animals1 2 and humans.3–5 In humans,
some component of the reorganised cortical

output is due to unmasking of pre-existing syn-
aptic connections rather than the development
of new contacts.6 Microstimulation in the rat
cortex governing movement of whiskers
showed reorganisation of cortical function
within hours of motor nerve lesion.7

Levy et al8 have reported on two tetraplegic
patients who regained some power in proximal
muscles of the arm whereas distal muscles
remained paretic. With transcranial magnetic
stimulation (TMS) of the brain after some
recovery they showed that the proximal mus-
cles had a larger than normal scalp field for
evoking compound motor evoked potential
(cMEP) responses. In a study by Topka et al9

the extent of the motor cortex from which
TMS could evoke responses in muscles above a
complete spinal transection became enlarged.
The cMEP responses to TMS have longer

latencies10 and durations11 after spinal injury.
These changes could be due to slowing of con-
duction velocity of corticospinal tract axons or
selective activation of smaller corticospinal
neurons with intrinsically slower axons. Weak-
ness of voluntary muscle contraction in incom-
plete spinal injury correlates with delayed or
absent responses to TMS.12 After stroke, a
higher incidence of muscle responses with nor-
mal threshold and latency was found in
response to TMS than to electrical stimulation
of the motor cortex.13 This result suggests that
there is some compensation at a cortical level as
it is likely that TMS excites corticospinal neu-
rons indirectly through presynaptic inputs or at
the axon hillock,14–16 whereas electrical stimula-
tion excites corticospinal axons directly.
TMS in humans has been used to study

inhibitory as well as excitatory actions within
the CNS.17–21 We have shown that voluntary
muscle activity may be suppressed by TMS
applied over the contralateral motor cortex at a
stimulus strength subthreshold for excitation
and that a component of this inhibition occurs
at the level of the cortex.21 It is not known
whether inhibitory mechanisms are aVected by
spinal cord injury. In this study, we have inves-
tigated cMEPs and suppression of voluntary
contraction (SVC) in response to TMS of the
motor cortex in patients with incomplete spinal
cord injury and control subjects. A preliminary
account of this work has been presented in
abstract form.22

Methods
SELECTION OF PATIENTS AND CONTROL SUBJECTS

Ethical approval for this study was obtained
from the Aylesbury Vale local research ethics
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committee and Charing Cross and Westmin-
ster Medical School. All subjects gave their
written consent, in accordance with the decla-
ration of Helsinki. Ten control subjects (two
men, eight women) aged 27–57 years (mean
age 40.1), with no history of neurological
disease, took part in the study. Ten patients
with incomplete spinal cord lesions (five men,
five women) aged 28–72 years (mean age 52.9)
recruited from The National Spinal Injuries
Centre, Stoke Mandeville Hospital partici-
pated in the study. The table summarises their
clinical details. The mean (SEM) heights of the
two groups were 166.5 (2.1) cm (patients) and
165.6 (1.5) cm (controls). Any antispasticity
medication prescribed was noted.
In eight of the patients, the spinal cord lesion

had occurred as a result of traumatic injury and
in the other two (table, Nos 9 and 10) the
lesion had non-traumatic causes. The time
lapse between the lesion and recordings ranged
from 147 to 384 days (mean 204). The level of
the lesion was determined clinically (see later)
and is referred to as the most caudal spinal
segment with normal motor and sensory func-
tion. If the motor and sensory level diVered or
the level was diVerent on opposite sides of the
body, then the motor level on the side of the
recording is given. In all the patients this level
was rostral to spinal segments C8 and T1, the
level at which the spinal roots supplying the
main components of the ulnar and median
nerves innervating the thenar muscles, leave
the spinal cord. Neurological examination did
not show any peripheral nerve or muscle dam-
age in the patients apart from some wasting of
muscle bulk due to disuse. The motor deficits
found in the thenar muscles were thus most
likely to have been the result of lesions involv-
ing upper motor neurons.

MEASUREMENT OF MOTOR AND SENSORY

FUNCTION

Neurological function was assessed by a physi-
cian according to international standards for
neurological and functional classification of
spinal cord injury.23 Nine of the patients were
motor incomplete (ASIA impairment scale23

grade C or D) below the lesion; one patient
(table, No 9) was complete with a zone of par-
tial preservation of motor function between C5
and T1.An overall motor score out of a possible
100 (100 indicating normal function in all four
limbs) was derived (table 1). Force was assessed

manually for the finger flexors at the distal pha-
lanx of the middle (third) finger (for level C8)
and for the abductor of the little (fifth) finger
(for level T1). A grading ranging from 0–5 was
awarded at each level, with a grade of 0
representing no detectable motor function and
a grade of 5 normal motor function.
Sensory function was assessed on both sides

of the body for light touch (principally testing
posterior columns) and pin prick (principally
testing spinothalamic pathways) sensitivity
over the 28 dermatomes C2 to S4/5. At each
level a score of 2 was given for normal
sensation, 1 for impaired sensation, and 0 for
no sensation. As a result a maximum score of
112 was available for each test.
Before each recording session, the maximum

voluntary contraction force in the thenar
muscles was measured with a force transducer
(Mecmesin advanced force gauge, AFG-
500N). The transducer was hand held by an
investigator and each subject was instructed to
press as hard as they could against the pressure
button by flexing their thumb at the metacarpal
phalangeal joint. Three consecutive measure-
ments were made and the largest of the three
values was taken to represent the force pro-
duced at maximum voluntary contraction. The
forces recorded in the patients are listed in the
table and correlate well with the neurological
assessments of motor function made at spinal
levels C8 and T1. Two patients (table, Nos 5
and 8) were given a motor grade of 0 for C8
(finger flexor of middle finger) and T1 (abduc-
tor of little finger); despite this, all patients were
able to produce a deflection on the force trans-
ducer by contracting their thenar muscles. The
mean (SEM) maximum voluntary contractions
recorded were: female patients, 18.1 (8.9) N,
male patients 44.5 (14.5) N, female controls
54.9 (6.9) N, and male controls 128 (19.7) N.
The large SEM, relative to the mean, in the
patient measurements reflects the heterogeneity
present in their functional status.

ELECTROMYOGRAPHIC (EMG) RECORDINGS
Electromyograms (EMGs) were recorded from
the thenar muscles with self adhesive surface
electrodes (Arbo Neonatal Pink). The thenar
eminence consists of the following muscle
groups: adductor pollicis (innervated by the
ulnar nerve), abductor pollicis brevis, and oppon-
ens pollicis (innervated by the median nerve)
and flexor pollicis brevis (innervated by both the

Clinical details of the patients with incomplete spinal cord injury taking part in the study

Patient
No

Age
(y) Sex

Neurological
level (side
tested)

ASIA
grade

Cause
of
injury

Duration of
injury (days)

Antispasticity
medication

Sensory score
light touch
(/112)

Sensory score
pinprick
(/112)

Motor
score
(/100)

Motor
grade C8
(/5)

Motor
grade T1
(/5)

Thenar
MVC
(Newtons)

1 46 M C7 (R) D T 176 Ba/da/di 62 62 89 4 3 67
2 72 M C3 (L) C T 156 Ba/da 74 74 61 1 0 13
3 57 F C4 (R) C T 135 Da 88 88 51 2 1 16
4 71 F C6 (R) D T 177 Nil 108 110 92 5 4 52
5 67 F C3 (R) C T 182 Da 112 89 16 0 0 2
6 29 M C5 (R) D T 188 Ba 64 64 69 3 2 61
7 40 M C6 (R) D T 266 Nil 86 103 91 4 3 76
8 28 M C4 (R) C T 230 Ba/di 47 47 52 0 0 7
9 47 F C4 (R) A† NT 147 Nil 22 22 18 1 0 1
10 72 F C4 (L) D NT 384 Nil 104 104 79 3 4 21

Neurological assessment was made according to the international standards for neurological and functional classification of the spinal cord.23

ASIA=American Spinal Injury Association; M=male; F=female; L=left; R=right; T=traumatic; NT=non-traumatic; BA=baclofen; DA=dantrolene; DI=diazepam.
†Complete lesion but with zone of partial preservation at C5–T1.
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median and ulnar nerves). Surface EMG
recordings from the thenar eminence would
therefore potentially record components of
electrical activity from each of these muscles.
When the symptoms were lateralised, the

recordings were made from the worst aVected
side, otherwise the dominant hand was used
(all patients were right handed; nine controls
were right handed). On this basis, recordings
were made from the right thenar muscles in
eight patients and nine control subjects and
from the left in two patients and one control
subject.
The thenar muscles were palpated by the

investigator while the subject attempted to
make repeated voluntary contractions. This
process helped to identify the area of skin cov-
ering the largest bulk of muscle and one
electrode was placed in this region. The second
electrode was placed away from muscle over
the proximal phalanx of the thumb. A metal
plate covered with conductive jelly was
strapped to the forearm to act as an earth elec-
trode. Subjects were seated comfortably in
either an armchair or their wheelchair.
The EMG signals were filtered (−3 dB below

100 Hz and above 2 kHz) and amplified
(×1000) before being sampled (4 kHz) by a
computer for analysis (Cambridge Electronic
Design 1401/IBM-compatible PC) and re-
corded on a digital audio tape (DAT) recorder
(Teac, RD 130-T).
The EMG responses to transcranial mag-

netic stimulation were recorded both with the
thenar muscles relaxed and while the subjects
maintained a weak voluntary isometric con-
traction of about 5%–10% of their maximum
voluntary contraction. Subjects were provided
with audio (loudspeaker) and visual (cathode
ray oscilloscope) feedback of their EMG
signals to enable them to keep their muscles
relaxed or at a constant level of activity during
the study.

TRANSCRANIAL MAGNETIC STIMULATION (TMS)
Electromagnetic stimulation of the brain was
achieved with a 2 Tesla Magstim 200 stimula-
tor (MagStim Company) connected to a circu-
lar 9 cm (average diameter) stimulating coil
centred over the vertex. Cross wires were taped
to either side of the stimulating coil to facilitate
its accurate placement. The position of the ver-
tex on the scalp of each subject was identified
as the point midway between the two tragi and
midway between the nasion and inion. The coil
was positioned (one or other side up) appropri-
ately so that the induced current in the brain
flowed in the required direction24 to activate the
right or left thenar muscles (clockwise for right
hand muscles and anticlockwise for left hand
muscles as viewed from above). The stimulus
intensity was adjusted to a level that evoked
cMEPs on 50% of stimulus presentations with
the thenar muscles relaxed; this intensity was
designated as threshold in the relaxed muscle.25

The stimulus intensity was increased above
threshold, in steps of 5% of the maximum
stimulator output (MSO); up to 50 stimuli
were delivered at each strength. This procedure
was repeated while the subject made a weak

voluntary contraction in the thenar muscles
(5%–10% maximum voluntary contraction).
In this paper threshold for cMEPs is termed Tr

in relaxed muscles and Tc during weak
voluntary contraction. Threshold for SVC is
termed TSVC.

SIGNAL AVERAGING AND MEASUREMENT OF

MOTOR RESPONSES TO TMS

Unrectified and full wave rectified EMG
signals were averaged, with reference to the
time of the stimulus, with Cambridge Elec-
tronic Design signal averaging software (SI-
GAVG). The latency of the cMEP response
was measured from the averaged rectified
records with the muscles relaxed and during
periods of weak voluntary contraction.
Specifically, we assessed the latency and area

of the cMEP, during weak voluntary contrac-
tion, from records produced with a stimulation
strength just above threshold, termed TMSlow
and at a strength substantially above threshold,
termed TMShigh. The TMSlow and TMShigh were
determined, on line, relative to a rough
estimate of the cMEP threshold and were
expressed later relative to Tc. Thus, inevitably,
the relative values were slightly diVerent in dif-
ferent subjects. The mean (SEM) intensity
used at TMSlow was 1.16Tc (0.02) in control
subjects and 1.13Tc (0.02) in patients and at
TMShigh it was 1.5Tc (0.04) in control subjects
and 1.45Tc (0.04) in patients.
The latency of SVC21 was measured from the

stimulus to the point in the record where the
EMG fell consistently below mean background
levels. The presence or absence of SVC was
assessed by eye and if there was no identifiable
decrease in background EMG after averaging
the responses from 50 stimuli, the stimulus
intensity was deemed to be below threshold for
SVC. Weak, infrequent excitatory responses
within the variable ongoing EMG of a
voluntary contraction may not be rectified
about a true zero reference level and may be
missed or even be misinterpreted as
inhibition.26 We therefore also examined aver-
ages of unrectified EMG traces to ensure that a
period of inhibition was not preceded by a
small facilitatory response.

STATISTICAL ANALYSES

Statistical analyses were performed with
Mann-Whitney rank sum tests, or for paired
data, Wilcoxon signed rank tests.

Results
FORM OF RESPONSES

Figure 1 shows typical responses to TMS pro-
duced during weak voluntary contraction in a
control subject (records A and B) and in a
patient (records C and D).
The cMEP responses are identifiable on the

records as an upward deflection (starting at a
point marked by the dashed vertical lines) from
the mean level of voluntary EMG activity
(indicated by the dashed horizontal lines) in
the control subject (fig 1A) and the patient (fig
1C) for a stimulus intensity just above
threshold (Tc). In figure 1B and D, SVC is evi-
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dent (onset marked by vertical dashed lines) in
the control subject (B) and the patient (D) in
response to TMS at a strength below Tc.

THRESHOLD FOR RESPONSES

In figure 2 thresholds are expressed in terms of
percentage of the maximum stimulator output
(%MSO). The mean (SEM) threshold for
evoking cMEP responses fell significantly
(p<0.01) when people made a weak voluntary
contraction. In the control subjects the mean
values were 40.4 (2.8) %MSO for Tr and 31.8
(1.6) %MSO for Tc whereas in the patients
they were 59.5 (5.5) %MSO for Tr and 40.9
(3.5) %MSO Tc. The mean thresholds for
evoking cMEPs were significantly higher in the
patients than control subjects both in relaxa-
tion (p<0.05) and during weak voluntary con-

traction (p<0.05) of the thenar muscles. The
cMEP responses could not be evoked in the
relaxed muscle of two patients (table, Nos 6
and 10) with a stimulus intensity of 70 %MSO;
the patients requested that we did not increase
the intensity above this strength.
Mean values for TSVC were lower than Tc in

both controls (Tc 31.8 (1.6) %MSO, TSVC 26.9
(1.3) %MSO) and patients (Tc 40.9 (3.5)
%MSO, TSVC 38.0 (3.3) %MSO) but these dif-
ferences were not significant (p>0.05). In two
of the patients (table, Nos 5 and 8) SVC could
not be evoked at stimulus strengths below Tc

and was only found after a cMEP. In a further
patient (table, No 3) and three control subjects
there was no discernable diVerence between Tc

and TSVC. In one patient (table, No 9) SVC was
not seen at all; however, this patient had a very
low maximum voluntary contraction which
made suppression of the EMG signal diYcult
to detect. The mean value of TSVC was
significantly (p<0.05) higher in the patients
(38 (3.3) %MSO) than in the control subjects
(26.9 (1.3) %MSO).

LATENCY OF RESPONSES

The latencies of cMEPs were assessed at mean
(SEM) stimulus intensities as follows: control
subjects with muscle relaxed 1.36Tr (0.03),
control subjects with muscle contracted 1.5Tc

(0.04), patients with muscle relaxed 1.19Tr

(0.04), and patients with muscle contracted
1.44Tc (0.04).
Figure 3 shows that the mean (SEM) latency

of the cMEP response in control subjects was
significantly (p<0.01) shorter when the muscle
was contracted (19.8 (0.5) ms) than when it
was relaxed (21.3 (0.5) ms). This latency
diVerence was not present in the patient group
(relaxed 27.7 (1.3) ms; contracted 27.6 (1.3)
ms; p>0.05). However, the mean latency of
cMEPs was significantly (p<0.01) longer in the
patient group than in the control subjects in
both relaxed and contracted conditions. In-
spection of individual responses showed no
appreciable jitter in the latency of cMEPs in
either the patient or control group.

Figure 1 Averaged rectified EMG responses of the thenar muscles to TMS delivered
during weak isometric voluntary contraction. Records A and B are from a control subject
and records C and D from a patient (table 1,No 1). The number of responses averaged and
the stimulus intensity with respect to Tc is indicated on each record. The horizontal dashed
lines indicate the mean level of voluntary EMG activity assessed from the 25 ms period
preceding the stimulus. The vertical dashed lines mark the onset latency for cMEPs (records
A and C) or SVC (records B and D).Note diVerences in y axis scaling.

Figure 2 Mean threshold stimulus intensities to TMS for
cMEPs in thenar muscles while relaxed (Tr ) and for
producing cMEPs or SVC during weak isometic voluntary
contractions (Tc ). Stimulus intensity is expressed as
percentage of maximum stimulator output (%MSO).Open
bars represent data from control subjects and closed bars
data from patients; the number of subjects is given above
each bar. Error bars indicate SEM.
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The latency of SVC was assessed at the low-
est stimulus intensity at which the response was
clearly identifiable (fig 3). This stimulus
strength was below Tc in seven of the 10 control
subjects (0.85Tc (0.03) and six of the 10
patients (0.93Tc (0.02).
In these seven control subjects and six

patients the mean (SEM) latency of SVC was
significantly (p<0.01) longer in the patients
(51.8 (1.8) ms) than in the control subjects
(33.4 (1.9) ms).
When the latency of the cMEP response was

subtracted from the latency of SVC, the latency
diVerence was, on average, significantly
(p<0.01) longer (almost twice as long) in the
patients (25.3 (2.4) ms; n=6) than in the con-
trol subjects (13.4 (1.6) ms; n=7). The longer
latency diVerence can be appreciated in figure
1 if the control subject (A and B) is compared
with the patient (C and D).

DURATION OF RESPONSES

The mean (SEM) duration of cMEPs in the
patients (relaxed 17.2 (1.9) ms; contracted
24.8 (3.2) ms) was not significantly diVerent
(p>0.05) from the control subjects (relaxed
19.5 (1.6) ms; contracted 17.4 (2.3) ms).
There was no significant diVerence (p>0.05) in
mean duration of cMEPs in either group
between the relaxed and contracted states. The
duration of averaged cMEPs in the patient
group had a wider range than in control
subjects. A contributing factor to the longer
duration of the averaged cMEP found in some
patients could have been jitter in the latency of
individual responses. As mentioned earlier,
inspection of such individual cMEPs showed
jitter was not present.
The duration of the SVC varied widely

between people. When duration was compared
in those where SVC could be identified in the
absence of preceding cMEPs the mean (SEM)
duration in the patients (15.7 (3.3) ms; n=6)
was no diVerent (P>0.05) from that in the
control subjects (17.3 (3.5) ms; n=7).

STIMULUS RESPONSE RELATION: RECRUITMENT OF

MOTOR NEURONS

Figure 4 shows records at two diVerent stimu-
lus intensities (see methods) in a control
subject (A and B) and a patient (C and D).
It is evident from these records that increas-

ing the stimulus intensity in the control subject
results in a larger relative increase in the size of
the cMEP than in the patient. We investigated
recruitment of the response to TMS of the
motor cortex in all 10 control subjects and in
seven of the patients. Three patients (table,
Nos 1, 4, and 10) could not be included in the
study as they were unable to tolerate the higher
of the two stimulus intensities necessary. The
mean value of the ratio:

Figure 3 Mean onset latency for cMEP responses in
relaxed and activated thenar muscles and for SVC in the
absence of preceding cMEPs.Open bars represent data from
control subjects and closed bars from patients; the number of
subjects is given above each bar. Error bars indicate one
SEM.Note the larger latency diVerence between cMEPs
and SVC in the patients.

70

60

50

30

10

40

20

0

Thenar contractedThenar relaxed

n = 10

n = 8

n = 10

n = 10

n = 7

n = 6

La
te

n
cy

 (
m

s)

cMEP cMEP SVC

Figure 4 Averaged rectified EMG responses of the thenar
muscles to TMS in a control subject (A and B) and in a
patient (C and D; table, No7) recorded during weak
isometric contraction. The number of responses averaged is
indicated on each record.Note that increasing the
stimulation strength in the control subject results in a larger
relative change in cMEP response than in the patient. The
scatter graph (E) plots the ratio of the area of the cMEP
response at TMShigh to that at TMSlow for control subjects
(n=10) and patients (n=7); the horizontal lines indicate
the mean.
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average area of cMEP response at TMShigh
average area of cMEP response at TMSlow
for each group (see methods) is indicated by

the thick horizontal lines in fig 4 E. Although
there was clearly overlap between the two
groups, the ratio was significantly (p<0.05)
greater in the controls (9.5 (3.4)) than in the
patients (2.7 (0.6)).

Discussion
THRESHOLD AND LATENCY: LOCAL EFFECTS OF

LESION

The latency and threshold of cMEPs in
response to TMS has been used in patients
with spinal cord injury to assist with clinical
identification of the level and extent of the
lesion.27 28 Indeed, Clarke et al28 have used the
technique to help monitor recovery in the
period of rehabilitation after injury.
In this study we have found that both thresh-

old and latency of cMEPs in patients with
incomplete spinal cord injury are increased in a
muscle innervated below the level of the spinal
cord lesion. With electrical stimulation of the
motor cortex and peripheral nerves, similar
increases in latency have been attributed to
slowing of conduction velocity of corticospinal
tract axons as they pass through the site of the
spinal cord lesion.10

Weakness of voluntary muscle contraction in
patients with incomplete spinal cord injury
correlates well with delayed or absent re-
sponses in the muscle to TMS.12 As corticospi-
nal neurons branch widely to innervate several
motor neurons,29 a reduced input to those
motor neurons will result if the number of
active corticospinal neurons is reduced. This
might well explain why the threshold stimulus
intensity required to evoke cMEPs is higher in
patients with incomplete spinal injury. To
evoke a descending corticospinal volley of
similar eYcacy in patients and controls, TMS
must be able to recruit other corticospinal
neurons in the patients. The axons of some
corticospinal neurons will have been damaged
at the site of the spinal cord lesion. The damage
would have been indiscriminate, such that
axons of any size and distribution may have
been aVected. The reduction in the number of
conducting axons could account for our
finding that a higher stimulus strength is
needed to elicit comparable cMEPs in the
patients.
Both latency and threshold for SVC were

also increased in the patients with spinal injury.
A component of the SVC to TMS results from
a reduction of cortical output in normal
subjects.21 Given that corticospinal axons are
damaged as they pass through the site of a spi-
nal lesion, an event in the motor cortex might
be expected to exert an eVect with longer
latency at the level of the motor neurons in the
patients. It is likely therefore, that some of the
increased latency of SVC results from local
slowing of conduction at the lesion site.
However, the SVC was found to have a larger
increase in latency than the cMEP response,
which was also slowed in the patients. There
was no significant correlation between the

latency of the cMEP and the onset of the SVC
for either the patients or the controls
(regression analysis, p>0.05). One possible
explanation for our finding of a relatively long
latency of SVC in the patients could be that a
diVerent population of corticospinal neurons
are involved in producing the weak voluntary
contraction than in producing the cMEP
response to the magnetic stimulus. However,
this is known not to be the case in normal
subjects,30 in whom the orderly recruitment of
motor neurons in a voluntary contraction has
been shown to be similar to that seen with
TMS of the motor cortex.Despite this, we have
preliminary evidence31 32 to suggest that the
recruitment pattern of motor neurons in a vol-
untary contraction might be diVerent after spi-
nal cord injury. If this is the case, those
corticospinal neurons involved in voluntary
contraction could have an intrinsically slower
conduction velocity or could be aVected to a
greater degree by local eVects of the lesion.

THRESHOLD AND LATENCY: CHANGES ELSEWHERE
IN THE CNS

Indiscriminate slowing of corticospinal neu-
rons at the site of injury would lead to a widely
dispersed volley from TMS of the motor cortex
arriving at the motor neuron pool. Increased
summation times for both D and I waves33

arriving at the motor neuron pool could lead to
an increased latency of cMEPs after spinal cord
injury.
Unlike our control subjects the latency of the

cMEP during voluntary contraction in the
patients was not shorter than at rest. One rea-
son for this may be that stimulation occurred at
the initial segment of corticospinal neurons
rather than presynaptically as a result of higher
stimulus strengths.14–16 However, we cannot
exclude the possibility that the pattern of facili-
tation has been altered after spinal cord injury
as a result of cortical reorganisation.34

The SVC in response to TMS is due, in part,
to a reduction of corticospinal output in
response to the TMS.21 The SVC occurs at
longer latency than the cMEPs found at higher
stimulus intensities suggesting that a longer
pathway is involved in producing the suppres-
sion, presumably involving interneurons within
the motor cortex. By contrast with the 13.4
(1.6) ms latency diVerence between SVC and
cMEP response in control subjects, the pa-
tients with spinal cord injury showed a
diVerence of 25.3 (2.4) ms. Assuming the
cMEP is evoked with the same corticospinal
neurons as those involved in production of the
voluntary contraction, then the latency diVer-
ence found is equivalent to an increase in
latency of SVC of 11.9 (25.3) −13.4 ms) longer
than could realistically be explained by local
slowing of conduction at the site of the spinal
cord lesion.
We propose that the SVC has at least two

components and that the early portion has
become weakened or is absent after injury.
This weakening of inhibitory processes might
contribute to the increased threshold for
suppression found in the patients. With paired
TMS pulses, Ridding et al35 have shown

Motor responses to transcranial magnetic stimulation in incomplete spinal cord injury 85

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jnnp.bm

j.com
/

J N
eurol N

eurosurg P
sychiatry: first published as 10.1136/jnnp.65.1.80 on 1 July 1998. D

ow
nloaded from

 

http://jnnp.bmj.com/


that inhibition is reduced in patients with
Parkinson’s disease when levodopa treatment
was withdrawn overnight. The largest reduc-
tion in inhibitory drive was seen with inter-
stimulus intervals of 1–5 ms suggesting that the
inhibition had become weakened during the
early portion of the response. Nakamura et al36

point out that it is the later part of the
descending spinal cord volley that is influenced
most eVectively by a conditioning cortical
stimulus. For this reason, the actual timing of
the latency of inhibition of motor neurons
could be several milliseconds longer than that
suggested by the work of Ridding et al35 An
increased latency of SVC of 10.5 ms has also
been reported after antidopaminergic
medication in patients with schizophrenia,37 38

and this is close to the mean value of 11.9 ms
found in the present study. These results are
consistent with the suggestion that dopaminer-
gic circuitry involved in production of the early
part of SVC may have been altered as part of
the natural process of recovery after spinal cord
injury.
Six of our patients were taking medication to

control spasticity by depressing spinal mo-
toneuron pool excitability (table).39 We found
no diVerences in the responses of patients tak-
ing antispasticity medication. Inghilleri et al
have found that baclofen does not aVect the
cortical silent period although diazepam has
been found to shorten its duration,40 suggesting
that the later portion of the silent period can be
modulated by GABA, altering its duration. In
our patients we propose that it is the early por-
tion of the SVC that has become weakenened
or abolished, producing an apparent shift in
latency. Other work40 41 investigating the eVects
of modulating GABAergic neurotransmission
on SVC has provided us with pointers for fur-
ther studies examining the later portion of the
silent period after spinal cord injury.
In this study we did not record somatosen-

sory evoked potentials and have no physiologi-
cal index of the degree to which ascending
pathways in the spinal cord are aVected by the
injury. However, the neurological assessments
of sensory function (table) showed deficits in
many of the patients. It is probable that depri-
vation of sensory input to the cortex could be
important in the reorganisation of cortical
motor function as well as the known adjust-
ments to sensory systems.42 43

STIMULUS-RESPONSE RELATION: RECRUITMENT

OF MOTOR NEURONS

The ratio of the size of the cMEP produced at
TMShigh to that produced at TMSlow during vol-
untary contraction (see methods) was smaller
in the patients (2.7 (0.6)) than in the control
subjects (9.5 (3.4)). This suggests that the the
growth of the cMEP response with increasing
TMS intensity is less pronounced after injury
to the spinal cord . The trauma to the spinal
cord is likely to have aVected corticospinal
neurons in an indiscriminate manner so that
the distribution of corticospinal neurons of dif-
ferent thresholds may have been changed. The
alteration to the pattern of recruitment31 32

could be ascribed to a reorganisation of excita-

tory and inhibitory connections to individual
corticospinal neurons at the level of the motor
cortex as well as local aVects at the site of spi-
nal cord injury and reorganisation in the spinal
motor neuron pool.

Conclusion
This study has disclosed alterations to the cor-
ticospinal system after incomplete spinal cord
injury. Some of these changes are likely to be
the result of the destruction of corticospinal
axons or slowing of conduction velocity at the
level of the lesion in the spinal cord. However,
the changes we have found in cortical inhibi-
tion (SVC) are, at least in part, likely to be the
result of altered function within the brain.
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