Exp Brain Res (1997) 115:541-545 © Springer-Verlag 1997

RESEARCH NOTE

Yasuo Terao - Yoshikazu Ugawa - Masahiko Suzuki
Katsuyuki Sakai - Ritsuko Hanajima -
Kieko Gemba-Shimizu - Ichiro Kanazawa

Shortening of simple reaction time by peripheral electrical
and submotor-threshold magnetic cortical stimulation

Received: 15 July 1996 / Accepted: 25 February 1997

Abstract Subthreshold transcranial magnetic stimula- On the other hand, it is well known that SRT can be
tion (TMS) over the motor cortex can shorten the simhortened if the cue signal is accompanied by a second
reaction time in contralateral arm muscles if the corticdimulus of various modalities. This phenomenon is known
shock is given at about the same time as the reaction stiasuintersensory facilitation (IF; for extensive review, see
lus. The present experiments were designed to investiditkkerson 1973). The conjunction of the visual reaction
whether this phenomenon is due to a specific facilitat@ymulus and TMS given over the scalp (which produces
effect on cortical circuitry. The simple visual reaction tinrlecal sensation as well as an auditory click in addition to an
was shortened by 20-50 ms when subthreshold TMS wésct on the central nervous system) is typical of the type
given over the contralateral motor cortex. Reaction tirak combination usually used to evoke IF. However, Pas-
was reduced to the same level whether the magnetic stiousl-Leone et al. thought this was an unlikely explanation
lus was given over the bilateral motor cortices or over otlf@r their results, since experiments in which TMS was giv-
points on the scalp (Cz, Pz). Indeed, similar effects coalul over other parts of the scalp failed to show any effect on
be seen with conventional electrical stimulation over tB&T. Although this result appeared to support the hypothe-
neck, or even when the coil was discharged (giving a cl&k of a specific effect on the motor cortex, it was surpris-
sound) near the head. We conclude that much of the effegtthat there was such a complete lack of IF in the control
of TMS on simple reaction time is due to intersensory fdudies: the SRT to a visual cue signal given alone was ex-
cilitation, although part of it may be ascribed to a speciéictly the same as when the signal was paired with TMS
effect on the excitability of motor cortex. over cortical regions other than the motor cortex. In the
) o ] ) _ present paper, we have reinvestigated this phenomenon and
Key words Simple reaction time - Electrical stimulation found that such stimulus pairings usually give quite strong

Transcranial magnetic stimulation - Intersensory IF, and that SRT was reduced to a similar level regardless
facilitation - Motor cortex - Human of the site where TMS was given.
Introduction Materials and methods

Pascual-Leone et al. (1992, 1994a, b) reported that trafigserimental setup
cranial magnetic stimulation (TMS) delivered over the e following experiments were done with the approval of the
H : Wi Vi

motor cortex be.IOW threShQId fc.)r evoking a mus.de tV\‘l‘It hics Committee of the University of Tokyo. Eight normal sub-
could shorten simple reaction time (SRT) to a visual “9@cts participated in the study, and all gave their informed consent
signal in normal subjects and also (to a greater extentpiior to the experiments. Each subject sat on a chair, with their
patients with Parkinson’s disease (PD). They suggest@darms resting on padded supports, and made extension of the
that TMS had a specific facilitatory influence on the mg9ht wrist as quickly as possible in response to the illumination of

. . . a small red light-emitting diode (LED), 2.5 mm in diameter,
tor cortex and further argued that chronic electrical stimljzceq 50 cm in front of the face. EMG recordings were made

lation of the motor cortex by implanted subdural elefom surface electrodes placed over the belly and tendon of the
trodes would be therapeutic for akinesia in PD patientswrist extensor extensor carpi radialis (ECR) and its antagonist
flexor carpi ulnaris (FCU). The signals were amplified through fil-
Y. Terao - Y. Ugawa[(]) - M. Suzuki - K. Sakai - R. Hanajima - ters set at 100 Hz and 3 kHz then full-wave rectified (DP-1200;

K. Gemba-Shimizu - |. Kanazawa NEC San-Ei, Japan). SRT was defined as the interval between the
Department of Neurology, Institute for Brain Research, light signal and the onset of EMG in ECR. At least 20 practice tri-
School of Medicine, University of Tokyo, 7-3—1 Hongo, als were given prior to each session until SRT became stable.
Bunkyo-ku, Tokyo 113, Japan; First, we reinvestigated the effect of subthreshold TMS on SRT

Tel.: +81-3-3815-5411, Fax: +81-3-3813-2:29 reported by Pascual-Leone et al. (1992, 1994a). Each session consist-
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ed of three types of trials intermixed in a randomized order: tri

with light signals alone (test trials), trials in which TMS was given
combination with the light signal at various delays (conditioned 1

als), and catch trials in which TMS was given alone. White no

was given through a headphone in order to mask the click sound:
companying TMS. The delay was defined as the time of TMS re ¢control
tive to the time of the light signal. For negative values, TMS prect

ed the light signals, and for positive values they followed them. il s
catch trials, comprising 10—-15% of the total trials, subjects were
quirednot to respond, which ensured that they always respondec
the light signals and not to TMS. If the subject inadvertently 1
sponded in a catch trial, all responses in that session were disca
Three subjects performed the same task without masking sounds
the results for these subjects will be presented in combination,
cause the amount of SRT shortening was almost identical whe
the task was perfomed with or without masking sound.

TMS was given with a magnetic stimulator (Magstim 200; Mag
tim, UK) through a figure-eight-shaped coil (internal diamet
4.5 cm) for focal stimulation, with the coil current at the center flo
ing from anterior to posterior or from posterior to anterior. The inte
sity of subthreshold TMS was fixed at the highest intensity w
which no MEPs were elicited in ECR during slight voluntary co
traction (10% of maximal voluntary contraction) or during the exp¢
imental sessions when the stimuli were delivered over the forei
motor area contralateral to the responding hand. The intensity ¢
within 30-50% of the maximal output of the stimulator. The cen
of coil was held over the forearm motor areas of both hemisphe
the vertex (Cz in the international 10-20 system), and the parieta
ea (Pz), respectively, in four separate sessions. In a separate se
performed by three subjects, TMS was delivered randomly over
ipsi- or contralateral forearm motor areas by using two coils.

To investigate the effect of click sounds accompanying tl
magnetic pulse on SRT, three subjects performed another ses
while the magnetic coil was heldff the scalp, 10 cm above Pz
without masking.

Subsequently, the effect of peripheral electrical stimulation (E
on SRT was investigated. The experimental paradigm was the s
as above, except that ES was used instead of TMS. In prelimir
studies, we tried stimuli on such parts of the skin as the neck, f 50ms
arm, and leg. The neck was chosen because the most obvious ¢
was obtained with stimuli on the skin of the mantle area. The el
trical stimulus, a single 0.2-ms-square pulse, was given by a per
eral nerve stimulator (Electronic stimulator 3F46, NEC San-Ei, .
pan), the intensity being set at 1.5 to 2 times the sensory thresha

-50ms

Oms

Statistical analysis

We collected 15-20 test trials and ten conditioned trials for e
delay, and the mean and standard deviation of SRT were calct
ed separately for control trials and conditioned trials at each del 100ms
In each subject, the SRTs at various delays were compared sta

cally with the control SRT in the same session using Student’s

test. As a result, mean SRTs in conditioned trials were on !

whole significantly shorter than or at the same level as those

control trials between delays —50 ms and 150 ms. Therefore A

shortening of SRT (dSRT) was calculated by subtracting the me 600 1
SRT in conditioned trials from that of control trials in the sarr
session. Thereafter a time course was constructed by plotting o0 1S/
dSRT (ordinate) against the delay (abscissa). For statistical an
sis of dSRT in the sessions using TMS (with and without maski

Fig. 1 Changes in EMG onset caused by subthreshold transcrani-

sounds), repeated-measures ANOVA was first performed with t& magnetic stimulation (TMS) in a subject. The coil was placed
: over the motor cortex contralateral to the responding hand, with

factors, delay of TMS (0, 50, 100 ms) and site of stimulation (m ; X . !
tor cortex, Cz and Pz). Since the time courses were almost idethe coil current flowing from anterior to posterior. Tiop trace

cal among the three sites (see Results), we pooled the result$fg¥Vs the superimposition of 15 trials in response to light signals
each site at each delay and proceeded to compare how the ffBE (control trials). In the other traces, light signals were given
courses of dSRT differed with various types of stimulation (TM&! combination with TMS, each at the delay shown orlftgsu-

ES, and click sounds when the coil was deliveséithe scalp). Perimposition of ten trials)Triangles indicate the time of the
ANOVA was again performed with factors of delay and type dgnt signal, and the spiky artifacts give the time of TMS. The
stimulation. dSRTs at delay —50 ms were excluded from analydjgatest shortening (about 50 ms) occurred at a delay between
because they were quite variable among trials and across subjé and 0 ms

This might be due to hesitant reactions induced by the stimulus

preceding the light “go” signal (See Discussion).
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Results A

Figure 1 shows the changes in EMG onset in a subject 100~
when TMS was given over the motor cortex contralateral
to the responding hand at various delays (coil current at
the center flowing from anterior to posterior). As comg

pared to control trials (top trace), EMG onset was earli€y .

at delays of =50 ms and 0 ms. SRT was almost equal fo  °1"™ o e
the control level at delays of 50 ms and 100 ms, while & «° o

was slightly longer at delay —100 ms (data not showns. g ©

When dSRT was plotted against the delay, maximum re- *

duction occurred at a delay between -50 and 0 nE&

(Fig. 2A, unfilled squares), where it became 40-60 mg

shorter than control level. SRT gradually approached

control level by a delay of 200 ms. Since the time course

of shortening was identical also when we used a coil cur-

rent flowing from posterior to anterior, we will combine -200 . r r ' » ms

the results for both current directions. -400 -200 0 200 400 600
This trend was common to all subjects investigated. delay

The mean control SRT for these subjects wgs

198.7 + 26.8 ms (mean + standard error) and significant ms

reduction of SRT was noted at delays 0, 50, and 100 ms 1001

in all these subjects (Studenttgtest, P<0.05). Thus

dSRT at each delay was averaged across the subjects and

was plotted against the delay (Fig. 2B). Again, witly

TMS delivered over the motor area contralateral to tHe o * .

reacting hand, the maximal shortening was about 40 ms, N :“; """" o

occurring at a delay of around 0 ms. SRT increased both *

before and after this delay, approaching control level Fy

a delay of 100-200 ms (at delay —50 ms, 36.5 + 14.7 mg;

at 0 ms, 43.4 + 21.4 ms; at 50 ms, 20.7 £ 12.4 ms; & |

100 ms, 4.9 + 10.8 ms). The shortening effect was simé-

larly observed also when the magnetic coil was held over

Pz or Cz (at a delay of =50 ms, dSRT = 39.1 + 6.2 ms,

59 = 16.5 ms; at 0 ms, dSRT = 484 + 9.7 ms,

416 + 7.5 ms; at 50 ms, dSRT = 15.3 £ 1.80 ms, -2 T T T T 1

23.5 + 109 ms; at 100 ms, dSRT = 9.5 + 3.5 ms, -400 -200 0 200 400 600

7.2 + 4.7 ms; over Pz and Cz, respectively). ANOVA delay

performed with 2 factors, delay a'md' $ite of TMS, Showﬁg 2A, B Shortening of the simple reaction time (SRT) by sub-

that the effect of delay was significarft & 26.479, th?eshdld TMSA dSRgI' was plotte% as a function of(the d)ela)\/y ina

P<0.001), but there was no interaction between fact@bject. Thecircles filled circles andunfilled squaresach stand

delay and site (delay x sitE:= 0.418,P = 0.7929). This for the session in which the coil was placed over Pz, Cz, or over

implied that the time course of dSRT did not differ statjthle motor cortex contralateral to the responding hand. SRT was

. . . shortest at around delay 0 ms, becoming shorter than control level
tically among the three sites. In three of the SUbJeCtSb 40-60 msB dSRT averaged across five subjects was plotted

similar shortening was observed also when the cgfainst the delay. The time course was identical whether the coil
was placed over the motor cortices ipsi- and contralats held over Cz, Pz, or over the motor areas or contralateral to

eral to the responding hand (at delay —50 nige responding hard

dSRT = -0.8 £ 13.1 ms, 8.1 + 3.1 ms; at delay —20 ms,

dSRT = 36.7 + 5.4 ms, 24.6 £ 5.1 ms; at delay 0 ms,

dSRT = 15.7 + 4.8 ms, 7.9 + 5.3 ms; over the ipsi- aral 100 ms, dSRT = 8.4 = 3.5 ms, effect of delay:
contralateral motor cortex). There was no difference e-= 13.195, P<0.0001, delay x type of stimulation:
tween the time courses for the bilateral motor cortices= 2.317, P = 0.0981). This suggests that the click
(effect of delayF = 7.632,P = 0.018, delay x site; ipsi- sound of TMS could serve as an additional cue for the
and contralateraF = 1.054,P = 0.3597) reaction.

A similar shortening was also noted when the coil A similar shortening of SRT was noted when ES was
was heldoff the scalp. The time courses of dSRT did ngiven to the neck skin. SRT became shortest at a delay be-
differ statistically from that for TMS deliveredn the tween —50 and 0 ms, and increased before and after this de-
scalp (at delay —50 ms, dSRT = 26.1 + 7.0 ms; at O ntsy. Here again, the time course of dSRT was quite similar
dSRT = 39.5 + 6.7 ms; at 50 ms, dSRT = 18.0 + 4.3 migj that shown in Fig. 2 in one subject (Fig. 3A) and in five

-100 o

ms
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Fig. 3A, B Shortening of the SRT by electrical stimulation ov
the neck A For one subject, dSRT was plotted as a function of

Discussion

Our study confirmed the finding of Pascual-Leone et al.
that TMS over the motor cortex at an intensity below
threshold shortens the visual SRT in the contralateral
arm muscles if it is given in close temporal proximity to
the visual go signal. The maximal shortening they ob-
tained was 20-80 ms, which is close to the range of
shortening in the present study (20-50 ms).

However, our results differed from theirs in that we
obtained a similar shortening whether the coil was placed
over Cz, Pz or over the bilateral motor cortices. As far as
the accuracy of the present study goes, subthreshold stim-
ulation over the motor cortex did not produce any site-
specific effect in a reaction task that was statistically sig-
nificant. A quite similar effect was also obtained by pe-
ripheral ES applied to the skin or by the click sound of
the stimulator itself when the coil was helff the scalp.
These facts taken together suggest that much of the short-
ening can reasonably be explained by IF. When TMS of
weak intensity is delivered over the scalp, this can evoke
current in the skin and contraction of musculature in the
scalp, and a slight percussion to the head as well as a
click sound, while little current is induced in cerebral
structures including the motor cortex. Any combination
of these factors can lead to shortening of SRT due to IF.

Pascual-Leone used white noise to mask the click
sound of TMS, thereby excluding the possibility of IF
due to this associated sound. However, the auditory
masking could have been incomplete. In addition, the
large magnetic field might have produced a small click
through the headphones owing to induced current in the
headphone coil. Another possibility is that the contrac-
tion of the scalp musculature or the sensory inputs from
sensory receptors in the scalp could have accelerated the
reaction. Indeed, in the present experiments, peripheral
ES to the scalp shortened the visual SRT to the same lev-
el. Finally, Pascual-Leone et al. provided only one con-
trol reaction time for comparison with the reaction times
when TMS was applied to many different sites on the
fﬁﬁad. It may well be that it did not apply equally well to

delay of electrical stimulation. The shortest SRT was noted a@lh Stimulation sites, being longer or shorter at some sites

delay between —50 and 0 ms; SRT became longer both before laedause repeated performance of the same task would in-
after this delay, reaching control level by a delay of 150BrAv-

eraged dSRT across five subjects was plotted against delay. Th
SRT bottomed between delays —50 and 0 ms, while it approach%F
control level after a delay of 100-150 ms. This curve shows an 29

most identical time course to that obtained for TMS

evitably influence the reaction time.

t intervals of =100 ms or earlier, the SRT tended to be
htly longer than the control level. This could be due to
some hesitant reaction in which the subjects were made to
respond to the preceding accessory stimuli but immediate-
ly became aware of having broken away and had to stop

subjects (Fig. 3B; at delay —-50 ms, dSRT = 35.6 + 7.6 ntke premature response. Upon appearance of the light sig-
at delay 0 ms, dSRT = 33.4 + 8.0 ms; at delay 50 nmgl, the subjects had to make a second response, which

dSRT =

259 + 54 ms; at

delay 100 msyould have occurred later than when there was no prema-

dSRT = 14.4 £ 10.8 ms). The effect of delay was again sigre reaction. In fact, some of the subjects interviewed af-
nificant F = 28.621,P<0.002), though the time course waker the experiment reported on this hesitation.

not statistically different from that for TMS (delay x type The facilitatory effect on the motor cortex, if it exists,
of stimulation:F = 2.220,P = 0.2617).

could be quite small (e.g., ~10 ms), especially in com-
parison with IF. If we assume that SRT is determined by
the combination of IF and the central effect of TMS on
the motor cortex itself, then it should be sometimes very
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difficult to judge how the cortical processing is influgeferences
enced on the basis of SRT. Consider a situation in WhIC?]

the stimulus intensity is strong enough to elicit current iftzGibbon EJ, Colby CL, Wassermann EM, Pascual-Leone A,
the motor cortex and to delay the cortical processing of Hallett M (1993) Effects on saccades of the frontal eye fields.
information, but the shortening effect induced by IF is Soc Neurosci Abstr 19:785

; ; ickerson RS (1973) Intersensory facilitation of reaction time.
greater. In this case, SRT may be slightly shortené\fﬁfpsychol Rev 80-189-509

while the processing in the motor cortex is actually disaimer E, Cafarelli E, Ashby P (1994) The processing of human
rupted by TMS. Therefore this study will have an impor- ballistic movements explored by stimulation over the cortex. J
tant implication in experiments in which TMS is used in Physiol (Lond) 481:509-520

; ; ; ; ; ; ; siPascual-Leone A, Valls-Sollé J, Wassermann EM, Brasil-Neto J,
combination with the simple reaction paradigm (FIIZGIE Cohen LG, Hallett M (1992) Effects of focal transcranial mag-

bon et al. 1993; Priori et al. 1993; Palmer et al. 1994). netic stimulation on simple reaction time to acoustic, visual
Lack of proper knowledge about IF can lead to a total and somatosensory stimuli. Brain 115:1045-1059

misunderstanding of brain function studied by TMS, eBascual-Leone A, Valls-Sollé J, Brasil-Neto JP, Cohen LG, Hallett
pecially in terms of changes in SRT. To exclude the pOS-M (1994a) Akinesia in parkinsonism. |. Shortening of simple

o . reaction time with focal, single-pulse transcranial magnetic
sibility of IF and to be sure that the shortening occurred g iation. Neurology 44:884—891

due to the central stimulating eﬁ_eCt (_)f TM_S, the expepascual-Leone A, Valls-Sollé J, Brasil-Neto JP, Cammarota A,
menter should perform control trials in which these “ad- Grafman J, Hallett M (1994b) Akinesia in parkinsonism. II.
ditional cues” are given alone or in combination with Effectls of subthrelshold repetitive transcranial motor cortex
; timulation. Neurology 44:884—-891
TMS at various delays. Further study would be necessgryi's “go igiasi L, Rothwell JC, Day BL, Marsden CD (1993)
before we can conclude on the therapeutic possibility 0f some saccadic eye movements can be delayed by transcranial
chronic motor cortex stimulation in PD patients. magnetic stimulation of the cerebral cortex in man. Brain
116:355-367
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