
Journal ofNeurology, Neurosurgery, and Psychiatry 1989;52:767-772

Magnetic stimulation in the diagnosis of lumbosacral
radiculopathy
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SUMMARY Five patients presenting with sensory-motor disturbances consistent with a clinical
diagnosis of L5 or SI radiculopathy were studied. All had conventional nerve conduction tests and
electromyography. The lumbosacral roots were stimulated in the lumbosacral region by using the
Cadwell MES-10 Magneto-electric stimulator. The compound muscle action potentials were
recorded bilaterally by surface electrodes applied to the soleus and tibialis anterior muscles. The
latencies to the affected muscles were significantly prolonged. The appropriate root dysfunction was
confirmed at operation or by the imaging techniques. It was concluded that surface stimulation of the
lumbosacral roots by a magnetic coil is a potentially useful technique for the non-invasive evaluation
of the function of the lumbosacral roots.

A very common problem is low back pain caused by
lumbosacral radiculopathy due to lumbar disc disease.
Laboratory confirmation of the diagnosis is essential
for satisfactory treatment. Electrodiagnosis (elec-
tromyography and nerve conduction study) has
become a standard supplement to imaging techniques
before surgical intervention. However, conventional
nerve conduction study does not usually help in the
diagnosis. Sometimes a prolonged H reflex latency on
one side may suggest S I radiculopathy. Elec-
tromyography may be helpful but requires needle
sampling of many muscles in the limbs, including the
paraspinal muscles. The procedure is painful and time
consuming. Yet even after such extensive testing the
diagnosis may remain uncertain in some patients.
Recording of compound muscle action potentials
(CMAPs) in the tibialis anterior or soleus muscles
after stimulatiion of the lumbosacral roots in the lower
back, may evaluate motor conduction along L5 and S I
roots. High voltage percutaneous direct electrical
stimulation over the lumbosacral spinal column may
be used to assess conduction in the cauda equina, 2 but
this procedure produces discomfort to the subjects.

Recently, it has been possible to stimulate the
human brain from the scalp with a magnetic coil,"5
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and record consistent CMAPs from the hand and the
leg muscles. Central motor conduction can be
measured by the method. It is also possible to
stimulate peripheral motor pathways such as the
relatively inaccessible lumbosacral roots by surface
stimulation with a magnetic coil. This approach has
the great advantage of being relatively painless. We
report the usefulness ofsuch a technique in diagnosing
lumbosacral radiculopathy.

Clinical material

Four patients presented with low back pain radiating to the
thigh and one had left thigh pain radiating to the left leg. For
20 years patient I had suffered from partial complex seizures
which had been controlled by diphenylhydantoin and car-
bamazepine. Patient 3 was diagnosed in the past to have
olivopontocerebellar atrophy based on clinical and
radiological findings. All patients had standard electrodiag-
nostic and neuroradiological tests. The diagnostic considera-
tions consisted ofleft L5 radiculopathy in patient 1 (fig 1) and
right L5 radiculopathy in patient 3 due to lumbar disc lesion,
right L5 and SI radiculopathy associated with lumbar spinal
stenosis in patient 4, and left S1 radiculopathy due to left
sacral plasmacytoma in patient 2. As seen in table 1 the
diagnosis was confirmed at operation or by biopsy. In patient
5 left lumbosacral plexopathy was diagnosed for which no
cause was found.

1. Conventional electrodiagnostic study. All patients had
conventional electrodiagnostic tests consisting ofEMG and
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Fig 1 Magnetic resonance imaging of the lumbosacral spine
in patient I showing a bulging disc (arrow) at L4-L5 level.

nerve conduction study using the standard techniques.6
EMG included lumbar paraspinal, quadriceps, biceps
femoris, tibialis anterior and medial hamstring muscles.
Nerve conduction studies were performed on the peroneal,
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tibial and sural nerves using Cadwell conventional electrical
stimulator (CES). The surface temperature of the legs was
kept between 32° and 34C.
2. Magneto-electrical stimulation. Stimulation over the ver-

tebral column was obtained using a Cadwell Magneto-elec-
tric stimulator (MES) to stimulate the lumbosacral roots.
Potentials were recorded on a Cadwell 5200A neurodiagnos-
tic system. The subjects were lying down comfortably in the
prone position. The magnetic coil was placed in a plane
parallel to the lumbosacral spine. The centre of the coil rested
over the spinal column precisely in the midline. We then
moved the coil vertically from lumbar to sacral region and
laterally to obtain responses from midline and lateral
placement of the magnetic coil. Surface electrodes were used
to record CMAPs from the soleus and tibialis anterior
muscles bilaterally. The distances between the distal inner
edge of the coil and the recording electrodes were the same on
both sides. The reference electrodes were placed on the
Achilles tendon or 5-6 cm below the active electrode on the
tibialis muscles. We placed the ground electrode between the
stimulating magnetic coil and the recording electrodes. The
skin temperature was kept at 32°-34°C. We used stimulus
strength of 100% to obtain maximum amplitude and consis-
tent CMAPs. The latencies and amplitudes were measured
bilaterally by cursors. We kept the coil consistently in one

orientation while gradually moving it up or down until a

consistent and maximal response was obtained. The respon-

ses were reproducible on repeated stimulation while the coil

Table 1 Pertinent clinical, radiological and operative data in 5 patients with lumbosacral lesion

Neurologicalfindings Radiological studies
Patient
No Duration Pain (site Muscle
age (yr) of and weakness and Stretch
and sex symptoms radiation) wasting reflexes Sensation CT MRI Myelogram Surgery or biopsy

1; 62 M 2 months Low back Left tibialis Diminshed knee Normal - Disc at - Laminectomy and
_ left anterior, and ankle jerks Lt. decompression o

extensor bilaterally L4-L5 left L5 root
digitorium level
brevis and
longus (mild)

2; 51 M 7 months Low back None Absent left ankle Normal - Left - Left sacral
left jerk sacral plasmacytoma

mass on needle
biopsy

3; 80 M 4 yr Low back Right tibialis Diminished knee Diminished pin - - Bulging disc at Laminectomy and
right anterior and ankle jerks prick and rt. L4-L5 decompression o

(mild) bilaterally light touch level the right L5 root
sensation in
the lateral
aspect of the
rt. foot

4; 77 F Several Low back Right Diminished knee Normal - - Lumbar spinal Laminectomy,
years _ right gastrocnemi- and ankle jerks stenosis with formainotomies

us-soleus rt. sided and
(mild) osteophytes decompression

5; 70 F 3 months Left thigh Left gluteal, Diminished left Impaired pin Normal Nornal Normal
left leg hamstring, knee & prick

tibialis ant. hamstring jerks sensation
& peroneal & absent ankle along left L5,
muscles jerk S1, & S2 root
(mod.); distribution
gastrocnems-
ive-soleus &
intrinsic foot
muscles
(severe)

Arrnw in the 3rd column indicates radiation of pain. -= None.
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Magnetic stimulation in the diagnosis oflumbosacral radiculopathy
was kept in the same location. The tracings were collected
simultaneously with the same stimulus in each patient. The
same magneto-electrical stimulation technique was used in
seven control subjects free of neuromuscular disease by
history and physical examination.

Results

1. Conventional electrodiagnostic tests. In patient 1 the
EMG findings consisted of fibrillation potentials,
positive sharp waves and a decreased interference
pattern in the left tibialis anterior muscle. The remain-
der of the EMG was normal. The nerve conduction
findings were consistent with bilateral mild sensory-
motor axonal type of polyneuropathy in the legs
(peroneal nerve conduction velocity = 35 m/s with
CMAP amplitude = 1-4 mV; tibial nerve conduction
velocity = 38 m/s with CMAP amplitude = 6 mV;
sural nerve sensory amplitude = 3-5 pV).
EMG findings in patient 2 consisted of positive

sharp waves, occasional fasciculations, fibrillations
and a decreased interference pattern in the left gastro-
cnemius muscle. The nerve conduction findings dis-
tally including CMAP amplitudes were normal.

In patient 3, EMG showed evidence of denervation
in the legs manifested by fibrillations and positive
sharp waves at rest in at least two places in the same
muscles. There was reduced interference pattern, a
mixture of long and short duration motor and poly-
phasic potentials in approximately 20% of the motor
units. The nerve conduction findings were consistent
with a sensory-motor axonal neuropathy in the legs
(peroneal nerve conduction velocity = 31 m/s with
CMAP amplitude = 0 6 mV; no sensory responses on
sural nerve stimulation).

In patient 4 the EMG findings comprised fibrilla-
tions and positive sharp waves at rest in the right
medial gastrocnemius and right biceps femoris mus-
cles. The interference pattern was decreased in these

muscles. The rest of the EMG and the nerve conduc-
tion studies distally including CMAP amplitudes were
normal. These findings were consistent with SI
radiculopathy on the right side.

In patient 5 EMG findings consisted of fibrillation
and positive sharp waves at rest and a decreased
interference pattern in the left gastrocnemius, left
biceps femoris and left gluteus maximus muscles. The
remainder of the EMG including the paraspinal EMG
was normal. Left sural nerve stimulation showed no
sensory potentials and the rest of the nerve conduction
findings including CMAP amplitudes were normal. A
repeat EMG study 6 weeks later also showed evidence
of denervation in the left tibialis anterior and the left
paraspinal muscles.
2. Magneto-electrical stimulation. In each individual
we were able to obtain consistent CMAPs in the soleus
and tibialis anterior muscles. It should be noted that it
was not possible to locate precisely the site of lum-
bosacral roots and, therefore, we moved the coil up
and down until we obtained the maximal response
from the appropriate muscles. We selected soleus to
evaluate SI root function and tibialis anterior muscle
to evaluate L5 root function. We obtained the maxi-
mal and reproducible CMAPs at least four times in
each individual after placing the magnetic coil over the
lumbosacral spinal column. The distance from the L4
spine to the distal inner edge of the coil over the
lumbosacral vertebral column varied from 5-12 cm in
different subjects but the placement of the coil was
identical in each subject while recording simultan-
eously from two sides.
We noted a change in the orientation ofthe coil if for

example, it was placed upside down or if the handle of
the stimulating coil was rotated to either side. This
caused a distinct change in the amplitude, configura-
tion and latency of the CMAP. These changes appear
to have resulted from a change in the direction of the
magnetic flux and, therefore, a change in the direction

rable 2 Latencies in millisecondsfrom the distal inner edge of the magnetic coil over the central lumbosacral region to the onset of the
2MAPs in the tibialis anterior (TA) and soleus muscles in 5 patients, and the mean (standard deviation) ofthe latencies in 7 controls. The
^MAP amplitudes, distance in cmfrom the distal inner edge of the coil to the active recording electrode and the height are given

CMAP amplitudepatients Latencies to TA (MV): TA Latencies to soleus CMAP ampitude: Sol
Vo/Age in
'rs & sex Rt-Lt Rt-Lt Distance Rt-Lt Rt-Lt Distance Height
t controls Rt Lt Diff Rt Lt Diff to TA Rt Lt Diff Rt Lt Diff to sol (inches)

;62M 17-6 19-1 1.5 1-2 1-4 0-2 60 5 21-0 21-0 0 2-4 2-6 02 63 72
!;51 M . . . . .. - 14 5 19-9 5-4 2-1 0 3 1-8 61 72
;;80M 17 8 15-3 25 15 21 06 66 174 17-4 0 3-0 4-4 14 67 76
1;77F 147 12-6 2-1 16 2-1 05 55 151 128 2-3 0-6 27 2-1 53 68
i;70F 11-2 162 50 2-9 01 2-8 61 128 21-2 8-4 55 01 54 62 66
:ontrols 12.1 12 4 0-3 2-0 1-9 0 3 62-2 12-8 13-0 0-2 7-9 8-9 2-6 61-5 65-5
Mean age (1.2) (1-5) (0-3) (09) (09) (02) (42) (1.1) (1.3) (03) (3-4) (46) (2 7) (59) (3-0)
= 58)

-: Not measured.
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of the induced current. Another important observa-
tion was that on moving the coil 2-6 cm to either side
of the spine there was a paradoxical response. On
lateral stimulation the amplitude of the ipsilateral
CMAP was considerably attenuated while the con-
tralateral CMAP remained unchanged. There was also
a change in the latency of the CMAP but we did not
measure the latencies on lateral stimulation.
We noted a linear relationship between the strength

of stimulation and the amplitude of the evoked
CMAP. As the strength of stimulation was increased
the amplitude was also increased until it became
maximal and consistent.

Table 2 lists the latencies in milliseconds from the
distal inner edge of the coil over the central lumbo-
sacral region to the onset ofthe CMAPs in five patients
as well as the mean and standard deviation of the
latency in seven controls. A difference in latency of
more than 1 millisecond between two sides was
considered abnormal. This value is more than 2 5
standard deviation above the mean (table 2). As seen
in table 2 the latencies to soleus and tibialis anterior
muscles were bilaterally prolonged in patients 1 and 3
as compared with our controls. Conventional elec-
trical studies in these two patients showed evidence of
polyneuropathy in the lower limbs thus accounting for
the bilaterally prolonged latencies after MES in these
patients. Long-term diphenylhydantoin therapy in
patient 1 and olivopontocerebellar atrophy in patient

A

c

2mv

50 ms

Fig 2 Magneto-electric stimulation (MES) of the central
lumbosacral region in patient 1. Compound muscle action
potentials (CMAPs) obtainedftom the: A. Left tibialis
anterior B. Right tibialis anterior C. Left soleus D. Right
soleus muscles. Site ofstimulation: central lumbosacral
region. Note prolonged CMAP in left tibialis anterior muscle.

Chokroverty, Sachdeo, DiLullo, Duvoisin
3 were causally related to polyneuropathy in these two
patients. However, when one compares the latencies to
the affected muscles with those obtained from the
unaffected muscles, it is clear that there was a sig-

A B

B ; Al-

100 ms
Fig 3 CMAPs after MES stimulation of the lumbosacral
region in patient 2. A. left soleus B. right soleus muscles. Note
prolonged latency and reduced CMAP in the left soleus.

1OOms
Fig 4 CMAPs after MES stimulation in patient 5. A. left
soleus B. right soleus muscle. Note marked reduction of the
CMAP amplitude in the left andprolongation oflatency to
the same muscle.
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Magnetic stimulation in the diagnosis oflumbosacral radiculopathy

nificant prolongation to the affected tibialis anterior
muscles. There was also a significant difference in
latencies between the affected and unaffected sides in
both these patients after lumbosacral root stimulation
indicating affection of L5 root on the left side in
patient 1 and on the right side in patient 3. In the
remaining patients there was also a marked difference
in the latencies between the affected and unaffected
sides. The most marked prolongation in the latency on
the affected side was noted in patient 5. In addition, the
amplitude of the CMAP was smaller in the affected
than in the unaffected muscles particularly in patients
2 and 5 (table 2). Figures 2-4 represent samples from
patients 1, 2 and 5.
The values in table 1 indicate dysfunction of the left

L5 root in patient 1, the left SI root in patient 2, the
right L5 root in patient 3, the right L5 and S1 roots in
patient 4 and the left L5 and SI roots in patient 5.

Discussion

The usefulness of magnetic stimulation in the diag-
nosis of dysfunction of L5 and SI roots is shown in
these five patients. The diagnosis was confirmed by
other methods, radiological studies (cases 1-4), biopsy
(case 2) or by operative findings (cases 1, 3 and 4).
Whether MES is superior to other procedures in its
ability to diagnose root lesion at an early stage when
other techniques failed remains to be determined. If
our findings are confirmed in a large number of
patients with radiculopathy or plexopathy then at
least we have a new, non-invasive, simple and painless
technique to diagnose such lesions.
Noordhout et al' were able to stimulate lumbo-

sacral roots in humans by percutaneous high voltage
electrical stimulator over the lumbosacral spinal
column. By using a magnetic coil stimulator we were
able to produce consistent CMAP from L5 and S1
innervated muscles after surface stimulation of the
lumbosacral roots over the lumbosacral vertebral
column. This stimulation is relatively painless in
contrast to the discomfort produced by high voltage,
percutaneous, electrical stimulation over the lumbo-
sacral spinal column.'2
One of the problems encountered was the lack of

precision on the exact point of stimulation. It is
thought that the induced current generated by the
magnetic flux in the Cadwell coil is maximal in the
region of the circumference of the coil from the inner
edge to 2 cm toward the centre from the inner edge.7
Our previous data agree with this conclusion,8 while
Evans9 could not locate the precise point of stimula-
tion. We therefore measured the distance from the
distal inner edge of the coil in the lumbosacral region
to the active recording electrode on the appropriate
muscle.

The difficulty of locating from the surface the exact
site of stimulations of the L5 and SI roots and the lack
of precision regarding the maximum site of stimula-
tion are disadvantages of MES. We measured latency
rather than conduction time or conduction velocity.
Measurement ofconduction velocity requires stimula-
tion at two separate points in the nerves or the roots
and stimulation of the fast conducting fibres transmit-
ting the impulses along the same nerve fibres to the
appropriate muscles. We were unable to locate the
roots with sufficient precision and measure the distan-
ces accurately between the sites of stimulation and the
sites ofrecordings in the appropriate muscles to permit
calculation ofconduction velocities. For these reasons
measurement of the latency was more appropriate
than the conduction velocity. The muscle responses,
however, should be approximately similar in con-
figuration, amplitude and latency between the two
sides at the same diistance in normal individuals.
Whether we obtained supramaximal CMAPs in the
controls and the unaffected sides ofthe patients cannot
be determined. As discussed in the Results the CMAP
amplitudes in patients 2, 4 and 5 were normal after
peripheral nerve stimulation. Therefore a considerable
reduction ofCMAP amplitude after proximal stimula-
tion of the lumbosacral roots may suggest conduction
block at a proximal level. However, uncertainty about
obtaining supramaximal CMAP consistently after
lumbosacral root stimulation makes this a provisional
suggestion.
We found that the magnetic coil must be positioned

in the midline otherwise the CMAPs will differ in
amplitude, configuration and latencies. Displacing the
coil laterally by 2-6 cm produced a paradoxical res-
ponse, that is, the response was normal in amplitude
contralaterally but was considerably attenuated
ipsilaterally.'0 The reasons offered by Cadwell" for this
effect are as follows: no current flows through the
centre of the coil. When the coil is moved to the right,
then the centre of the coil is over the right lumbosacral
roots (for example, L5 or SI roots) and the circum-
ference of the coil is still over the left roots. The
induced current is thus parallel to the left roots and
effective. Similarly when the coil is moved to the left,
the centre ofthe coil lies over the left roots and the edge
of the coil is over the right roots. The induced current
is now parallel to the roots on the right side and the
current flows along the circumference over the right
sided roots.

Despite imprecision on the exact point and site of
stimulation our conclusions (based on this limited
study) are that surface stimulation of the lumbosacral
roots by a magnetic coil is a potentially useful
technique for the non-invasive evaluation of the
functions of the lumbosacral roots. It has great
potential as a simple, relatively painless procedure for
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diagnosis of lumbosacral radiculopathy or plexo-
pathy.
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