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Somatosensory evoked potentials (SEPs) were recorded from the scalp in 
man to magnetic stimulation of various skeletal muscles. The potentials 
consisted of several components, the earliest of which decreased in latency 
as the stimulated site moved rostrally, ranging from 46 msec for stimulation 
of the gastrocnemius, to 14 msec for stimulation of the deltoid. Experiments 
were performed to distinguish the mechanisms by which magnetic stimula- 
tion of the muscle was effective in evoking these cerebral potentials. For 
the gastrocnemius, the intensity of the magnetic stimulus needed for evok- 
ing cerebral potentials was less than that required for activating mixed or 
sensory nerves in proximity to the muscle belly (eg, posterior tibia1 nerve in 
the popliteal fossa, sural nerve at the ankle). Vibration of the muscle or pas- 
sive lengthening of the muscle, procedures which activate muscle spindles, 
were accompanied by a significant attenuation of the potentials evoked by 
magnetic stimulation of the muscle. Anesthesia of the skin underlying the 
stimulating coil had no effect on the latency or amplitude of the early com- 
ponents of the magnetically evoked potentials, whereas electrically evoked 
potentials from skin electrodes were abolished. Thus, the cerebral poten- 
tials accompanying magnetic stimulation of the muscle appear to be due to 
activation of muscle afferents. We suggest that magnetic stimulation of 
muscle can provide a relatively simple method for quantifying the function 
of muscle afferents originating from a wide variety of skeletal musculature 
Key words: SEPs magnetic stimulation muscle afferent somatosensory 
evoked potentials 
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MAGNETIC STIMULATION OF MUSCLE 
EVOKES CEREBRAL POTENTIALS 
YU ZHU, MD, and ARNOLD STARR, MD 

Natural forms of somatosensory stimulation, 
such as cutaneous deformation by mechanical 
tap23,24,32 or air-puff,21 muscle afferent activation 
by muscle or tendon tap,'* pain fiber 
activation by laser heating of  kin,^.^ tem erature 
receptor activation by sudden cooling" or by 
rapid warming,8 have been used for evoking 
brain potentials as means of quantifying the func- 
tion of sensory receptors, their afferent nerve fi- 
bers, and their specific central pathways. 

Several factors limit the utility of these natural 

From the Department of Neurology, University of California- Irvine, Irvine. 
California. 

Acknowledgments: Supported in part by a grant from the 41st Fund. The 
authors thank Drs. Paolo Rossini, Su-Rwan Su, George Woodward. Mary 
C. Reilly, and Scott Haldeman for their assistance during the course of 
this experiment. Dr. Lido Chen performed the anesthetic procedures and 
Dr. Julie Patterson was our statistical adviser. 

Address reprint requests to Dr. A. Starr, Department of Neurology, Uni- 
versity of California-Irvine, Irvine, CA 9271 7. 

Accepted for publication June 25, 1990. 

CCC 0148-639)(/91/080721-012 $04.00 
0 1991 John Wiley & Sons, Inc. 

methods for evoking somatosensory evoked po- 
tentials. First, the amplitude of the potentials are 
small relative to those evoked by stimulation of 
mixed or sensory nerve trunks. Second, the equip- 
ment and procedures needed for the delivery of 
these stimuli, as well as their calibration, are com- 
plex. We report, in this article, on the use of mag- 
netic stimulation of the muscle belly in humans as 
a relatively simple way of activating muscle recep- 
tors for evoking brain potentials of robust ampli- 
tude. 

The application of a focal magnetic stimulus to 
the body induces an electric field that can depolar- 
ize nerve fibers and neurons if its intensity and 
duration are Somatosensory evoked 
potentials (SEPs) to intense magnetic stimulation 
of spinal roots and peripheral mixed nerves have 
been recently described,34x36 which did not differ 
in latency to the potentials evoked by electrical 
stimulation of the same structures. This report ex- 
amines the brain potentials accompanying mag- 
netic stimulation of the muscle belly, and defines 
the relative role of cutaneous and muscle spindle 
afferent in their generation. 
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METHODS 

Fourteen healthy volunteers (7 men and 7 
women), aged 22 to 45 years, were studied after 
having given informed consent. Subjects were 
tested while lying prone or supine on a bed, and 
remained awake through the procedures. 

Magnetic stimulation was performed with a 
Cadwell MES-10 stimulator. A focal point coil with 
a mean diameter of 4.7 cm was placed tangentially 
to the skin overlying the gastrocnemius belly. In 
addition, in 5 of the subjects, stimulation of other 
muscles was also carried out. A brief pulse, 0.07 
msec in duration, up to 3000 V at maximal out- 
put, was passed through the coil by the discharge 
of capacitors. The changing magnetic field, which 
approached 2.0 Tesla, induced electrical currents 
within the tissue. The wave form of the magnetic 
field produced by the Cadwell stimulator is poly- 
phasic. The initial major phase lasts approxi- 
mately 0.05 msec, followed by a variable number 
of alternating phases."" The initial sharp voltage 
from the baseline represents the relevant stimulus 
for the tissue. A stimulation rate of 0.7 Hz was 
used. The transformer in the stimulator over- 
heated during repetitive stimulation at this rate, 
requiring that it be switched off after every 200 to 
300 stimulations for 1 to 3 minutes. The intensity 
of the magnetic stimulus was defined as a percent- 
age of maximal output. 

The subjects' threshold to magnetic stimulation 
was defined both as the intensity needed for just- 
detectable perception (sensory threshold or ST), 
and as the just-visible detection of a movement of 
the muscle beneath the magnetic coil (motor 
threshold or MT). Cerebral evoked potentials 
were usually recorded at 40% to 50% of maxi- 
mum output (2 to 2.5 M T ,  or 2 to 2.5 ST), unless 
otherwise specified. 

A high amplitude artifact, lasting approxi- 
mately 20 msec, accompanied the appliation of the 
magnetic stimulus. The artifact reflected the 
spread of the magnetic flux of the stimulus to in- 
volve the recording wires resulting in an induced 
current that was detected by the amplifiers. Twist- 
ing the recording wires together and aligning the 
recording wires transverse to the magnetic coil 
plane was useful in reducing the amplitude of the 
artifact.26 In addition, turning the magnetic coil 
180", for half of the sweeps in each average, effec- 
tively reversed the phase of the induced current 
flow allowing cancellation in the averaging process 
of the artifact. This reversal did not affect the la- 
tencies or amplitudes of cerebral potentials to 
stimulation of the gastrocnemius muscle. 

The discharge of the electrical current through 
the magnetic coil is acompanied by a clicking 
sound. The cerebral evoked potentials accompa- 
nying magnetic stimulation of the gastrocnemius 
muscle was found to be unchanged in the pres- 
ence of a masking noise (2 subjects). Thus, all 
studies except for threshold estimations were 
done without noise masking. 

Percutaneous electrical stimulation with bipolar 
electrodes was performed over the posterior tibia1 
nerve (PTN) at the ankle, immediately posterior 
to the medial malleolus, and at the popliteal fossa. 
A 0.2-msec square pulse of constant current was 
delivered at a rate of O.7lsec. The intensity was ad- 
justed to 30% above the motor threshold of the 
abductor halluces. 

Recording electrodes were AgIAgC1 disks, 8 
mm in diameter, attached with electrode cream to 
the skin. Electrode impedances were maintained 
close to one another and measured below 2 
kOhms. Recording electrodes were placed on tho- 
racic spinous processes, T12, referenced to T10; 
on the scalp, 2 cm posterior to the Cz position of 
the 10-20 International System referenced to 
Fpz. A ground electrode was placed either on the 
scalp between the pair of recording electrodes 
during magnetic stimulation, or between stimula- 
tion and recording electrodes during electrical 
stimulation. The potentials were amplified with a 
gain of 500,000 using a band-pass of 1 to 1500 Hz 
(6 dB1octave slope), and averaged (usually 100 to 
200 trials) with a time base of 120 msec, including 
a 12-msec pre-stimulus baseline. Duplicate aver- 
ages were made for each condition. A potential of 
positive polarity at grid 1 of the amplifier was re- 
flected by a up-going deflection on the trace. 

Peak latencies and peak-to-peak amplitude of 
the evoked potential components were measured 
from a computer display using a cursor. The com- 
ponents of the evoked potential were designated 
by their polarity (P or N for positive or negative), 
and their approximate peak latencies in msec. The 
t-test for related measures between the means was 
performed to evaluate the significance of differ- 
ences. Pearson product moment correlations were 
used to evaluate the relationship between the 
height of the subject and the latencies. Differences 
were considered significant at a P < 0.05 level. 

Scalp topography of SEPs following magnetic 
stimulation over the gastrocnemius, or electrical 
stimulation to the PTN at the knee, or at the an- 
kle, were studied in 2 subjects. An array of 16 
electrodes referenced to linked-ears served to cre- 
ate amplitude distributions over the scalp at vari- 
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FIGURE 1. Examples from 3 subjects of cerebral [(A), (B), and (C)] and spinal [(C) only] potentials to magnetic stimulation of gastroc- 
nemius (upper traces) and to electrical stimulation to the PTN at the ankle (lower traces). The vertical lines indicate the peak latencies of 
P40 for magnetic stimulation of the gastrocnemius and P37 for PTN electrical stimulation, respectively. The upper traces in (C) show the 
replicability in one subject of cerebral potentials evoked by magnetic stimulation of gastrocnemius. Spinal responses recorded from T i  2 
to T10 to magnetic stimulation of the gastrocnemius or to PTN electrical stimulation are shown in (C), below their corresponding scalp 
recordings. Each duplicate average consists of 120 sweeps, except for T12 to T10 recordings in which each average consists of 500 
sweeps. Vertical calibration: 1 pV for cerebral potentials and 0.5 pV for spinal potential, respectively. Positivity at grid 1 of the amplifier 
for evoked cerebral and spinal potentials is displayed upward in this and all subsequent figures. 

ous peak latencies. The 12-msec pre-stimulus pe- 
riod was used to define the amplitude of the 
selected peaks. 

Several procedures were used to distinguish 
the mechanisms by which magnetic stimulation of 
the muscle was effective in evoking cerebral po- 
tentials. These included ( 1 )  the influence of mus- 
cle vibration (5  subjects), (2) passive change in 
muscle length ( 5  subjects), and (3) cutaneous 

nerve blockade (2 subjects). Vibration was pro- 
duced by activating a rod with a ring 4 cm in di- 
ameter at its tip, with sinusoidal frequencies be- 
tween 20 and 120 Hz. The ring was applied on 
the skin overlying the gastrocnemius muscle belly, 
2 cm rostra1 to the site of application of the mag- 
netic coil. The displacement of the rod during vi- 
bration was 5 mm. Maintained passive dorsiflexion 
and plantar flexion of the ankle was performed 

Table 1. Comparison of peak latencies and peak-to-peak amplitudes of SEPs to magnetic stimuli to 
the gastrocnemius muscle and electrical stimuli to the posterior tibia1 nerve at the ankle in 14 

normal subjects 

P40 N50 P60 N70 P100 

A. Peak latency (mean 2 SD, in msec) 
Magnetic stim. 40.2 k 2.7 52.0 2 6.5 59.7 k 7.5 72.9 ? 7.2 101.1 ? 10.2 
Electrical stim. 37.3 ? 2.5 48.6 ? 2.2 58.0 ? 3.7 72.5 ? 6.8 92.2 ? 5.6 
Latency difference 
(magnetic - electrical) 3.0 t 2.1 3.7 ? 5.4 1.7 5 7.9 0.7 ? 6.4 3.8 2 6.8 

P40-N50 N50-P60 P60-N70 N70-P100 

B. Peak-to-Peak amplitude (mean ? SD, in pV) 
Magnetic stim. 2.64 2 0.91 1.99 2 0.96 2.88 2 1.26 4.02 ? 1.68 
Electrical stim. 3.34 ? 0.96 3.02 ? 1.35 4.25 2 1.55 4.88 ? 2.01 
Amplitude ratio 
(magnetic/electrical) 0.79 0.33 0.67 0.82 
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FIGURE 2. The relationship between height and peak latencies 
for magnetic stimulation of the gastrocnemius (filled circles) and 
P37 for PTN electrical stimulation at the ankle (open circles). 

manually by the experimenter. A nerve block 
(1.5% procaine) was made of the lateral femoral 
cutaneous nerve at the inguinal ligament that pro- 
duced anesthesia of the skin overlying the lateral 
portion of the thigh. The effects of this anesthesia 
on the potentials evoked by both magnetic stimu- 
lation of the belly of the vastus lateralis muscle, 
and electrical stimulation of the skin surface that 
was anesthetized, were examined. 

The H-reflex was recorded to both magnetic 
stimulation and electrical stimulation of the PTN 
at the popliteal fossa in 3 subjects. They lay supine 
on the bed with the examined leg flexed 120" at 
the knee joint. The magnetic coil was positioned 

with the edge of the coil tangential to the course 
of the nerve. The active recording surface elec- 
trode was placed on the soleus belly with the ref- 
erence electrode on the Achilles tendon. The 
ground electrode was placed near the active re- 
cording electrode. The recorded signals were fil- 
tered with a band-width of 30 to 3000 Hz. The 
H-reflex from soleus muscle was also recorded to 
electrical stimulation with 1 .O-msec square pulses 
to the PTN at the popliteal fossa in the same sub- 
jects. 

RESULTS 

General Description. Magnetic stimulation, ap- 
plied to the belly of the gastrocnemius muscle at a 
rate of 0.7 Hz, evoked cerebral potential recorded 
between Cz' and Fpz (Fig. l ) ,  consisting of several 
components: P40, N50, P60, N70, and P100. SEPs 
to stimulation of the PTN at the ankle showed a 
similar sequence of components that peaked on 
average from 0.2 to 8.9 msec earlier than the mag- 
netically evoked SEPs (Fig. 1, Table 1). For both 
types of stimulation, there was a linear correlation 
between body height and latency of the initial pos- 
itive component (P40 for magnetic stimulation of 
the gastrocnemius, and P37 for PTN electrical 
stimulation, Fig. 2). The amplitudes of the cere- 
bral components evoked by magnetic stimulation 
of the gastrocnemius were 33% to 82% of the 
comparable PTN-evoked potentials. In particular, 
the amplitude of the early P40/N50 component to 
magnetic stimulation was approximately 80% of 

1.40 
-0.53 

FIGURE 3. Topographic maps of SEPs following magnetic stimulation to the right gastrocnemius (a), electrical stimulation to the right 
PTN at the ankle (b), and at the popliteal fossa (c), in one subject. These maps were sampled at the peak latencies of the initial prom- 
inent positivity of cerebral evoked potentials: 43 msec for the stimulation to gastrocnemius, 39 msec for the PTN at the ankle, and 31 
msec for the PTN at the popliteal fossa. Each sampling run consists of 500 sweeps. 
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FIGURE 4. The effects of the intensity of stimulation on the am- 
plitude and latency of cerebral potentials evoked by magnetic 
stimulation to gastrocnemius in 1 subject. The P40 is marked by 
a vertical line. The motor threshold, identified by visual inspec- 
tion, was 25% of maximum output. Each trace is the sum of two 
consecutive averages containing a total of 320 sweeps. 

the same complex evoked by electrical stimulation. 
It was not possible to record a potential over the 
lumbar region to magnetic stimulation of the gas- 
trocnemius muscle in the 3 subjects tested, 
whereas these same subjects all had clear lumbar 
potentials to PTN stimulation (Fig. 1C). 

SEPs evoked by magnetic stimulation of the 
gastrocnemius muscle, were very replicable with 
regard to form and latency within the same sub- 
ject. Figure 1 C contains 6 superimposed averages 
from the same subject tested several times in one 
day, as well as over several different days. The la- 
tencies of the components hardly varied, whereas 
their amplitudes could differ by as much as 20%. 
The scalp distribution of the P40 potential evoked 
to magnetic stimulation of the gastrocnemius mus- 

cle peaked at the midline and tailed off symmetri- 
cally on either side (Fig. 3a). 

In contrast, the P37 to PTN stimulation at the 
ankle, or the P31 to PTN stimulation at the knee, 
were asymmetrically distributed over the scalp, be- 
ing positive in the midline ipsilateral to the stimu- 
lus site, and isopotential or even negative over the 
contralateral hemisphere (Figs. 3b and c). 

The intensity of magnetic stimulation of the 
gastrocnemius muscle affected both the amplitude 
and latency of the evoked potentials (Fig. 4). In 
the subject portrayed in Figure 4 the latency of 
the initial peak, P40, was reduced approximately 5 
msec and its amplitude (P40 to N50) increased ap- 
proximately 3-fold when the stimulator output 
was raised from 20% to 50% of maximum. In- 
creasing the stimulus intensity above 50% of max- 
imum resulted in little further change in both la- 
tency and amplitude of the P40 component. Table 
2 contains latency and amplitude measures of the 
P40 component for 3 subjects tested at two stimu- 
lus intensities, 30% and 50%. 

Cerebral potentials accompanied magnetic 
stimula.tion of muscles widely distributed over the 
body (Fig. 5). The latency of the initial positive 
component of the cerebral potentials shortened as 
the site of stimulation moved rostrad: from 40 
msec for the muscles of the leg, to approximately 
30 msec for the paraspinous lumbar muscles, to 
20 msec for the deltoid muscle. Note, that for the 
latter muscle, an even earlier negative component 
at 14 msec could be defined. 

Mechanisms by Which Magnetic Stimulation of the 
Muscle Belly Evokes a Cerebral Potential 

Stimulation of Cutaneous Receptors. The early 
(P25, P38) cerebral potentials, evoked by magnetic 
stimulation of the skin surface overlying the vastus 
lateralis belly, were essentially unchanged by a 
procaine nerve block of the lateral femoral cuta- 
neous nerve that resulted in anesthesia of the skin 
underlying the coil (Fig. 6A). The modification of 

Table 2. Comparison of P40 latencies and P40-N50 amplitudes of SEPs 
to magnetic stimuli to the gastrocnemius at the intensities of 30% and 

50% of maximal output in 3 subjects. 

P40 latency (ms) P40-N50 amplitude (pV) 

Difference Difference 
Subject 30% 50% (50% - 30%) 30% 50% (50% - 30%) 

1 46.6 43.4 3.2 1.4 3.2 1.8 
2 44.2 40.5 3.7 1.3 3.8 2.5 
3 41.3 38.4 2.9 1.0 2.9 1.9 
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FIGURE 5. Cerebral potentials following magnetic stimulation to a variety of muscles in 1 subject. Recordings were made between Cz' 
referenced to Fpz, except for deltoid muscle stimulation during which recordings were made between the scalp 2 cm lateral to Cz', 
contralateral to the stimulated side, referenced to earlobe (A2 of the 10-20 international System). Note that the initial deflection of 
cerebral potentials following magnetic stimulation to the deltoid is of negative polarity. Each average consists of 120 sweeps. 

the late components suggests that cutaneous affer- 
ents are one of the contributors to these late com- 
ponents. 

area through bipolar skin surface electrodes (sep- 
aration 3 cm) at an intensity of 3ST (defined be- 
fore nerve block) failed to elicit any cerebral po- 

In contrast, electrical stimulation of this same tentials after anesthetic block of the lateral 

Vastus lateralis 

Before Anesthesia During Anesthesia 
Magnetic Stim 54 9 

50% 
2MT 

lOms 
A 

10 ms 

Electrical Stim 

FIGURE 6. To show the cerebral potentials evoked by magnetic stimulation of the skin overlying the vastus lateralis (A), and by electri- 
cal stimulation of the same area (B), before and during procaine nerve block of the lateral femoral cutaneous nerve. Each of duplicate 
averages consists of 200 sweeps. 
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femoral cutaneous nerve (Fig. 6B). Thus, the cere- 
bral potentials evoked by magnetic stimulation ap- 
plied to the skin overlying a muscle belly is not 
due to activation of cutaneous receptors, whereas 
the potentials evoked by electrical stimulation of 
this same skin area reflect activation of superficial 
cutaneous receptors. 

When 
the coil was placed over a superficial mixed nerve, 
such as the PTN at the ankle, the stimulus 
strength necessary for provoking either a muscle 
contraction or  a cerebral evoked potential was 
much higher than when the coil was placed over 
the muscle itself. In 5 subjects, the threshold for a 
visible gastrocnemius contraction when the mag- 
netic stimulator was placed over the muscle belly 
was 26% & 1.6%, compared with 52% * 2.0% 
when the coil was placed over the PTN in the 
popliteal fossa (P  < 0.001). Moreover, the thresh- 
old for evoking a cerebral potential by magnetic 
stimulation applied over a cutaneous nerve, such 
as the sural nerve at the ankle, was approximately 
double that needed for evoking cerebral potentials 
when the stimulator was applied over the belly of 
the gastrocnemius muscle. Thus, it is unlikely that 
the cerebral potentials accompanying magnetic 
stimulation over the muscle belly are due to activa- 
tion of nerve trunks. 

Stimulation of the Muscle Leads to Activation of 
Muscle Receptors. Sustained vibration applied to 
the muscle belly to activate muscle receptors af- 
fected the potentials evoked by magnetic stimula- 

Stimulation of Peripheral Nerve Trunk(s). 

A. 

100 

80 

'420 A 

r 

10 ms 

60 
40 

20 

Control 

tion of that muscle. Vibration applied over the 
gastrocnemius diminished (up to 44.8% ? 11.4%; 
P < 0.05) the amplitude of the P40-N50 compo- 
nent of cerebral potentials to gastrocnemius mag- 
netic stimulation accompanied by a modest delay 
in peak latency (Fig. 7A, Table 3). Vibration of the 
limb contralateral to the stimulated side had no 
such effect on the cerebral potentials to magnetic 
stimulation of the gastrocnemius muscle. Vibra- 
tion frequencies between 40 and 80 Hz were the 
most effective in attenuating the amplitude of 
P40-N50 (Fig. 7B). Thus, it is likely that Ia af- 
ferents become activated when magnetic stimula- 
tion is applied to the muscle belly. This involve- 
ment could either be by direct stimulation of 
muscle receptors and their nerve endings, or by 
indirect means secondary to an induced contrac- 
tion of the muscle itself. 

These alternatives were examined by testing 
the effects of passive dorsiflexion and plantar 
flexion of the ankle on magnetically evoked poten- 
tials. These positions should have little effect on 
the amplitude of the evoked potentials to mag- 
netic stimulation if the magnetic stimulus directly 
activated the muscle receptors or their afferent. 
Passive lengthening of the gastrocnemius- soleus, 
by dorsiflexion of the ankle, was accompanied by 
an attenuation (54.4% 2 8.2%) of the P40-N50 
component of the cerebral potentials evoked by 
magnetic stimulation of the gastrocnemius (Table 
4A). In contrast, there was no change in ampli- 
tude of the SEPs to gastrocnemius stimulation 

B. 

Control 20 40 60 80 100 12 
Frequency of Vibration (Hz) 

FIGURE 7. (A) shows the attenuation exerted by muscle vibration on cerebral potential evoked by magnetic stimulation of gastrocne- 
mius in 1 subject. The vertical line indicates the peak latency of P40 in the control condition (absence of vibration). (B) shows the 
amplitude of P40-N50 components as a function of the frequency of vibration. The amplitude of the P40-N50 component, in the con- 
trol condition, was set to be 100%. Each trace is the sum of two consecutive identical averages, and contains a total of 240 sweeps. 
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Table 3. Effects of vibration at 60 Hz on cerebral potentials evoked by 
magnetic stimuli to the gastrocnemius muscle. 

Amplitude of cerebrally evoked potentials to gastrocnemius 
stimulation expressed as percentages of control value (1 00%) 

Subject P40-N50 N50-P60 P60-N70 N70-P100 

1 52 55 70 30 
2 60 48 65 55 
3 38 46 51 57 
4 31 37 44 35 
5 43 47 60 51 
Mean 2 SD 44.8 t 11.4 46.6 2 6.4 58.0 2 10.5 44.6 2 13.5 
t =  10.8 18.5 8.9 9.2 
P 0.001 0.001 0.001 0.001 

during passive shortening, ie, plantar flexion at 
the ankle (Table 4B). These same positional 
changes had no effect on the SEPs evoked by elec- 
trical stimulation of the PTN (Fig. 8). Thus, it is 
likely that magnetic stimulation activates muscle 
receptors indirectly by causing a muscle contrac- 
tion, rather than by directly activating the recep- 
tors themselves or their nerve endings. 

Furthermore, it was difficult to directly stimu- 
late Ia afferent by the magnetic coil, even when it 

was placed in close proximity to a mixed nerve. 
Thus, magnetic stimulation of the PTN in the 
popliteal fossa at intensities of 50% elicited a small 
M-response in the soleus, but no H-reflex. When 
the stimulus intensity was raised above 50% of the 
maximum, an H-reflex could be obtained (Fig. 
9A). In contrast, the H-reflex obtained by electri- 
cal stimulation of the same nerve appeared at 
stimulus levels well below that for evoking an 
M-response (Fig. 9B). The amplitude of the Hmax 

Table 4. Effects of ankle dorsiflexion and plantar flexion on cerebral potentials 
evoked by magnetic stimulation of gastrocnemius muscle. 

~ 

Amplitude of cerebral evoked potentials to gastronemius 
stimulation expressed as percentages of control value (100%) 

~ 

Subject P40- N50 N50- P60 P60-N70 N70-P100 

A. Dorsiflexion 
1 
2 
3 
4 
5 
Mean k SD 
t =  
P 

66 74 66 80 
52 78 90 72 
59 90 71 79 
50 76 85 70 
45 41 47 52 

54.4 t 8.2 71.8 f 18.3 71.8 f 17.0 70.6 2 11.2 
12.4 4.7 3.7 5.8 

0.001 0.005 0.05 0.005 

6. Plantar flexion 
1 
2 
3 
4 
5 
Mean 2 SD 
t =  
P 

89 95 
93 105 

1 09 92 
104 110 
96 115 

-0.49 0.78 
NS NS 

98.2 2 8.2 103.4 2 9.8 

88 
112 
106 
94 
92 

-0.35 
NS 

98.4 2 10.1 

98 
108 
115 

92 
100.0 2 11.5 

0 
NS 

a7 

NS = not significant 
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FIGURE 8. To show the effects of passive dorsiflexion and plan- 
tar flexion at the ankle on cerebral potentials evoked by mag- 
netic stimulation of gastrocnemius (A), and by electrical stimula- 
tion to the PTN at the ankle (B). The vertical lines indicate the 
peak latencies of P40 for magnetic stimulation of the gastrocne- 
mius, and P37 for PTN electrical stimulation, respectively. Note, 
in (A), passive dorsiflexion at the ankle diminished the amplitude 
of P40-N50 component by more than 40% and delayed the 
peak latency of P40 by 3 msec. Each trace is the sum of two 
consecutive identical averages, and contains a total of 240 
sweeps. Passive dorsiflexion was without effect. 

obtained by magnetic stimulation was 60% of that 
obtained with electrical stimulation (Fig. 9C). 
Thus, magnetic stimulation applied in the proxim- 
ity of a mixed nerve activated motor fibers at 
lower stimulus strengths than required for activat- 
ing Ia afferent. 

DISCUSSION 

This study demonstrated that magnetic stimula- 
tion applied to the muscle belly can evoke cerebral 
potentials that are most likely due to activation of 
muscle afferents secondary to the induced phasic 
contraction of the stimulated muscle. T h e  method 
presented provides an opportunity to quantify the 
function of muscle afferent from muscles widely 
distributed over the body. Prior work on eliciting 
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0 70% 

60% - 50 % 

B. Electrical stimulation 

-V 8 mA 

t 6 mA 

t 3 mA 

_I 5 m ~  
6 ms 

Magnetic Stim 
70% 

Electr ical Stim 
6 mA t I 

1 
FIGURE 9. H-reflexes of soleus in 1 subject elicited by magnetic 
stimulation (A), and by electrical stimulation (impulse duration: 1 
msec) (B), to the PTN at the popliteal fossa. The responses 
were recorded in response to progressively increasing stimulus 
intensities with an interval of 10 sec. Mmax was not obtained by 
magnetic stimulation at maximal stimulus output. Hmax, ob- 
tained by the two forms of stimulation, have different amplitudes 
and are associated differently with the occurrence of the M-re- 
sponse (C). In this recording, negativity at grid 1 of the amplifier 
is displayed upward. 

sensory evoked potentials from muscle afferents 
have used a rapid change in muscle length as the 
effective stimulus induced by a phasic movement 
of a joint,":' mechanical displacement of the ten- 
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don,'* electrical stimulation of muscle afferents 
through a microelectrode located within a periph- 
eral n e r ~ e , ~ , ~ ~  or intramuscular electrical stimula- 
tion with the microelectrode inserted percutane- 
ously at the motor point.27 The peak latencies of 
the initial positivity evoked by these different 
methods applied to the muscles at the same level 
(ie, the gastrocnemius and tibialis anterior) dif- 
fered: ranging from 46 msec with mechanical 
movement of the ankle joint, to 40 msec with mag- 
netic stimulation of the muscle (in the present ex- 
periment), to approximately 33 msec with Achilles 
tendon tap, and 32 msec with direct stimulation of 
muscle afferents. The latency differences must re- 
flect delays inherent in these various techniques in 
activating muscle receptor afferents. 

The use of a magnetic stimulus, applied to the 
belly of a muscle to activate muscle afferents, has 
the advantage in that a variety of different mus- 
cles can easily be tested and the equipment easily 
be used. In contrast, the equipment required to 
produce rapid movement at joints is complex and, 
for some joints, the arrangement of the instru- 
mentation would be extremely difficult; the acces- 
sibility of tendons for mechanical displacement via 
a tap is easily achieved in only a few muscles; mi- 
croelectrode stimulation of muscle afferent is an 
invasive and technically difficult procedure. 

The topography of the cerebral potentials 
evoked by magnetic stimulation of the muscle can 
be distinguished from the potentials evoked by 
stimulation of mixed nerves passing close to the 
muscle under study. The early prominent P40 
component following magnetic stimulation of the 
gastrocnemius was maximal in amplitude at the 
vertex attenuating symmetrically on either side, 
similar to the scalp distribution of the initial posi- 
tivity to mechanical stretch of the gastrocnemius 
muscle.' 

In contrast, stimulation of mixed nerves either 
just distal (PTN at ankle) orjust proximal (PTN in 
popliteal fossa) to the belly of the gastrocnemius, 
produced early positive components (P37 for PTN 
at the ankle and P31 for PTN at the popliteal 
fossa) that have an asymmetrical distribution be- 
ing maximum in the midline and ipsilateral to the 
side of stimulation, and becoming isopotential or 
even negative contralaterally. These differences 
could be due to differences in the cortical ar- 
rangement of inpus arising from muscle afferent 
from the gastrocnemius, compared with mixed in- 
puts from posterior tibia1 nerve. 

The cortical projection area of sensory afferent 
from the gastrocnemius is along the curvature of 

the interhemispheric fissure. The accompanying 
dipoles project more tangential to the surface than 
do the dipole generators activated by inputs from 
the foot, which lie deep within the interhemi- 
sphere fissure.30231 

The cortical distribution of the initial positive 
component (P3 1) to electrical stimulation to PTN 
at the knee, as shown in Figure 3B, was similar to 
that of P40 to PTN at the ankle, with the initial 
positivity amplitude predominance on the side ip- 
silateral to the stimulus.3~'3~'4~27~30 Electrical stimu- 
lation to PTN at the knee activates a wide variety 
of sensory afferents, including those from muscle, 
and skin and joint from the foot and the calf. 
Pelosi et al.30 suggested that the scalp fields ac- 
companying PTN stimulation at the level of the 
knee represent an interaction of a variety of di- 
poles. These factors could account for the differ- 
ences observed between the scalp distributions of 
mixed nerve and selective muscle afferent input 
described in the present study. 

There are several lines of evidence indicating 
that magnetic stimulation applied to a muscle belly 
evoked cerebral potentials due to Ia afferents 
from muscle receptors. The cerebral evoked po- 
tentials following magnetic stimulation were atten- 
uated when vibration was simultaneously applied 
to the same muscle. The maximum effects were 
seen with rates close to 60 Hz, a stimulation rate 
that induces a discharge of muscle spindles.5~'2~'5 
One of the mechanisms underlying this phenome- 
non is that vibration activates muscle spindles 
making them inaccessible to other stimuli, such as 
that accompanying the discharge of the magnetic 
coil, ie, the busy line effect.'9 Similarly, passive 
lengthening of the muscle, which also activates 
muscle  spindle^,^' was also accompanied by an at- 
tenuation of amplitude of the potentials evoked by 
magnetic stimulation over that muscle. 

In contrast, shortening of that muscle was not 
accompanied by any such attenuation of the 
evoked potentials to magnetic stimulation. Cuta- 
neous afferents contribute little to the early com- 
ponents of the potentials evoked by magnetic 
stimulation, as was shown by the lack of effect of' 
anesthetic blockade of the lateral femoral cutane- 
ous nerve on the evoked potentials accompanying 
magnetic stimulation of the vastus lateralis mus- 
cle. 

Magnetic stimulation of the muscle could di- 
rectly stimulate muscle receptors and/or their af- 
ferent nerve endings, or indirectly activate muscle 
receptors by inducing a contraction of the muscle 
itself. Lotz et a1.25 concluded that magnetic stimu- 
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lation applied to a muscle preferentially activates 
small intramuscular nerve fibers compared with 
muscle fibers, because, in the curarized patient, 
there was no muscle twitch in response to maximal 
magnetic stimulation over muscle. 

In the present experiment, the finding that la- 
tency of the cerebral evoked potentials to mag- 
netic stimulation of the gastrocnemius muscle 
were longer than to stimulation of the PTN dis- 
tally at the ankle, also suggests that magnetic stim- 
ulation activates muscle receptors or their afferent 
fibers indirectly through muscle contraction. Even 
when the magnetic stimulus was applied to a 
mixed nerve, muscle afferents were engaged (as 
defined by the H-reflex) at intensities above that 
necessary for motor efferent effects. Thus, mag- 
netic stimulation easily activates motor nerves suf- 
ficient to cause contraction and only activate Ia af- 
ferent at high stimulus levels. 

This is in contrast to electrical stimulation (usu- 
ally of 0.5 to 1.0 msec in impulse duration) of the 
nerve, which activates Ia afferents (the H-reflex) 
at lower stimulus levels than necessary to activate 
motor efferents." The differences in threshold 
between sensory and motor nerve fiber activation 
to magnetic and electrical forms of stimulation are 
most likely due to differences in their stimulus du- 

rations: In magnetic forms of activation, the stim- 
ulus is extremely brief (0.05 msec) and has the 
form of a spike, whereas in electrical forms of ac- 
tivation, the stimulus is usually of long duration 
(0.2 to 1.0 msec) and has a square-wave 

We applied a short-duration electrical pulse, 
0.04 msec, to the posterior tibial nerve in the 
popliteal fossa, and found that the threshold for 
the M and H waves were changed in comparison 
with the 1-msec pulse used in the experiments. 
With the very short-duration pulse, the M and H 
waves appeared at the same threshold. 

Mammalian motor units contract at different 
speeds." In skeletal muscle of man, there is a con- 
tinuum of motor unit twitch speeds rather than 
the 2 distinct populations found in other mam- 
mals, ie, fast-twitch and slow-twitch motor units. 
The duration of contraction varies from less than 
10 msec for ocular muscle to 100 msec for soleus 
muscle, depending on the particular motor unit 
population." This factor may account for the par- 
adoxical findings illustrated in Figure 5 that the 
peak latencies of the initial positive component of 
the cerebral potentials do  not change entirely in 
an orderly fashion as a function of the location of 
the muscle (eg, compare rectus femoris with glu- 
teus maximus). 
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