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bstract

We evaluated inter-individual variability in optimal current direction for biphasic transcranial magnetic stimulation (TMS) of the motor cortex.
otor threshold for first dorsal interosseus was detected visually at eight coil orientations in 45◦ increments. Each participant (n = 13) completed

wo experimental sessions. One participant with low test–retest correlation (Pearson’s r < 0.5) was excluded. In four subjects, visual detection of
otor threshold was compared to EMG detection; motor thresholds were very similar and highly correlated (0.94–0.99).
Similar with previous studies, stimulation in the majority of participants was most effective when the first current pulse flowed towards postero-

ateral in the brain. However, in four participants, the optimal coil orientation deviated from this pattern. A principal component analysis using
ll eight orientations suggests that in our sample the optimal orientation of current direction was normally distributed around the postero-lateral

rientation with a range of 63◦ (S.D. = 13.70◦). Whenever the intensity of stimulation at the target site is calculated as a percentage from the
otor threshold, in order to minimize intensity and side-effects it may be worthwhile to check whether rotating the coil 45◦ from the traditional

osterior–lateral orientation decreases motor threshold.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

The ability of transcranial magnetic stimulation (TMS) to
ransiently alter regional brain activity makes it a relatively new
nd powerful addition to the neuroscientist’s toolkit. Because the
europhysiology of the TMS effect is incompletely understood,
ost parameters of stimulation are chosen based on empirical

esults. In many TMS experiments, regardless of the target site,
he intensity of stimulation is calculated as percentage of the

otor threshold. The motor threshold is the lowest intensity
hat reliably activates the intrinsic hand muscles when TMS is
pplied over the motor strip. Because a muscle twitch is one of
he very few directly observable effects of TMS, it is common
ractice to use the motor threshold as a reference for the cortical
xcitability. This parameter in turn is highly dependent on the

irection of flow of the induced current, which varies with the
rientation of the coil (Rosler et al., 1989).
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There is consensus that a monophasic current flowing in
ntero-medial direction in the motor cortex yields the lowest
otor threshold (Davey et al., 1994; Mills et al., 1992). Dur-

ng biphasic stimulation the charge accumulation reaches its
aximum amplitude during the second pulse (Corthout et al.,

001), and the maximal response is elicited when this second
ulse is directed towards antero-medial, with the first pulse
owing postero-lateral (Kammer et al., 2001; Sommer et al.,
006).

Using biphasic stimulation, we have incidentally observed
n one of our participants that rotating the coil from the typi-
al orientation to a lateral orientation improved the efficiency of
timulation (motor threshold was 70% of the maximal machine
utput for an initial current flow in the brain towards postero-
ateral and 55% for a lateral current). Previous studies that have

easured motor threshold at various coil orientations reported
nly on the most prevalent optimal current direction but not on
he variability of this parameter (Brasil-Neto et al., 1992; Davey

t al., 1994; Mills et al., 1992). The aim of the present study was
o address the question of inter-individual variability in the opti-

al current direction for biphasic TMS of the motor cortex. We
ompared eight different current directions in a sample of ran-

mailto:daniela@nru.dk
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omly chosen participants in order to estimate the distribution
f preferred coil orientations for stimulation of primary motor
ortex.

. Methods

.1. Participants

Following the identification of a participant in which an atyp-
cal orientation was found, we recruited a random sample of 13
ealthy, right-handed participants (five female, median age 24,
ange 21–27). All participants gave written informed consent
nd the study had approval of the local ethics committee.

.2. Procedure

Participants were seated upright with their right arm posi-
ioned comfortably on a table directly in front of them. Head

ovements were restrained by use of a chin- and forehead-
est. TMS was performed using a double circular 70 mm coil
maximum output 2.2 T) connected to a biphasic Magstim Rapid
timulator with two external boosters (Magstim Company, Whit-
and, UK). The site of stimulation was the motor hotspot, defined
s the point on the skull where the TMS pulse elicits a maxi-
al evoked motor response in the first dorsal interosseus muscle

FDI) of the right hand. Motor threshold was defined as the low-
st intensity that elicited a visible movement in FDI in three out
f five stimulation trials.

In order to assess the lowest effective current flow, motor
hreshold was established by visual inspection for eight differ-
nt orientations in increments of 45◦: anterior, antero-medial,
edial, postero-medial, posterior, postero-lateral, lateral and

ntero-lateral (Fig. 1), similar to the studies by Davey et al.

1994) and Brasil-Neto et al. (1992). To reduce bias in the thresh-
ld detection we used a blind design in which one experimenter
anipulated the coil, adjusted the intensity of the stimulation

nd delivered the pulses, and another experimenter who was

ig. 1. Conventions for current direction, in increments of 45◦. A, anterior; AL,
ntero-lateral; L, lateral; PL, postero-lateral; P, posterior; PM, postero-medial;
, medial; AM, antero-medial. Principal component analysis angles (Table 1)

re related to the AP axis (arrow).
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naware of the intensity of the stimulation as well as the orien-
ation of the coil inspected the subject’s hand to detect whether
he TMS pulse triggered a twitch.

To assess the reliability of the results, each participant did
wo sessions, performed on separate days, in which all eight
irections were tested. Within each session, the order of the
irections was randomised.

In the first session, the motor hotspot was located by find-
ng the scalp location that would yield the maximum motor
esponse for an antero-medial induced current. This location
ould be retained for the second session, by measuring the

ame distance lateral and anterior from Cz in the 10–20 elec-
rode system. The experiment would then proceed by fixing the
oil over this location with a custom coil holder, which allowed
or rotational movement only. Participants wore an electrode-
ap, on which the locations of Cz and their motor hotspot
or the left hemisphere were indicated. An adhesive label (see
ig. 1) which indicated the eight directions was then attached

o the cap with the center overlying the motor hotspot, and the
osterior–anterior line parallel to the nasion–inion line.

Motor threshold (MT) was then determined for each direc-
ion, starting with an intensity of 55% of maximum stimulator
utput. For each intensity, five pulses would be delivered. If
ewer than three out of five trials led to a visible twitch, inten-
ity would be increased in steps of 5%, and this procedure would
tart again. If three or more out of five trials elicited a response,
ntensity would be decreased, in steps of 1%, until it was no
onger possible to get a positive response in at least three out of
ve trials. MT was then taken to be 1% higher than this last value.

.3. EMG recording

In four participants (participants 7, 8, 9 and 11 in Table 1)
lectromyograms (EMG) were recorded using Ag/AgCl surface
lectrodes. One electrode was placed on the skin overlying right
DI muscle in the middle of the muscle between the origin and

nsertion point and the other over a bony prominence on the
rist. The EMG signals were band pass filtered (10–500 Hz),

mplified, and sampled at 2000 Hz using a CED1902 signal
onditioner and Signal version 3.04 (CED, Cambridge). The
MG-threshold was defined as the lowest stimulation intensity

hat elicited a motor evoked potential over 50 �V (peak to peak)
n 6 out of 10 trials.

. Results

Test–retest correlation coefficient and the motor thresholds
or each current direction are listed in Table 1.

Data from one participant was excluded because the
est–retest correlation was under 0.5 (participant 13 in Table 1).
n the other 12 participants the test–retest correlation coefficient
as between 0.60 and 0.98 with a median of 0.87. In eight par-

icipants the lowest threshold for stimulation of the motor cortex

as obtained with the first current pulse in the brain flowing in
ostero-lateral direction (participants 1, 3–9 in Table 1). Data
rom four of our participants differed from this general pattern,
ith minimum threshold observed in one of the sessions to cor-
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Table 1
Motor thresholds for eight different coil orientations

Note: Data for each subject is shown for sessions 1 and 2, and subjects are ranked by the between session correlation (Corr). The thresholds are % of machine output,
l ain fo
s r; L,
P ated

r
b
(

v
s
m
s

4

f

isted by stimulation coil orientation defined by the current direction in the br
haded grey. Abbreviations: subj, subjects; sess, session; A, anterior; P, posterio
M, postero-medial; avg, average; PC angle, principal component analysis estim

espond to a coil orientation with the first current pulse in the
rain towards posterior (participants 2, 10, 12 in Table 1) lateral
participant 12) or anterior (participant 11).

Fig. 2 shows the comparison of motor threshold defined by

isual inspection against that of EMG detection. Both mea-
ures were highly correlated (Pearson’s correlation coefficient,
edian = 0.98, range 0.94–0.99). On average visual inspection

lightly overestimated motor threshold (approx. 2%).

M
t
e
t

r the initial pulse. The minimum threshold for each session is shown in bold,
lateral; M, medial; AL, antero-lateral; AM, antero-medial; PL, postero-lateral;
optimum stimulus angle (see Fig. 1).

. Principal component analysis (PCA)

In addition, principal component analysis of the thresholds
or all eight tested orientations (using the princomp function in
atlab, Mathworks Inc.), estimated the optimal current direc-
ion for each participant in both sessions (see Table 1). These
stimated angles represent the theoretical optimal angle for
hat participant, based on the eight uniformly distributed direc-
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Fig. 2. Correlation between visual inspection-threshold and EMG-thresholds
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or eight different current directions in four participants—typical participants 7,
and 9 (♦, � and ×) and atypical participant 11 (�). The visual threshold data

re listed in Table 1, session 1.

ions that were sampled. PCA angles of the individual sessions
n = 24) were normally distributed with the following frequen-
ies: 8.33% between 10◦ and 20◦, 37.5% between 20◦ and 30◦,
9.16% between 30◦ and 40◦, 12.5% between 40◦ and 50◦,
.33% between 50◦ and 60◦, 0% between 60◦ and 70◦ and 4.16%
etween 70◦ and 80◦. Thus, the estimated optimal angle in our
ample varies with a range of 63◦ (S.D. = 13.70◦).

. Discussion

Motivated by an incidental atypical finding, we estimated the
ariability of optimal coil orientation for stimulating the motor
ortex with biphasic current in a group of randomly chosen par-
icipants. In the majority of the participants (8 out of 12) the
owest motor threshold was obtained when the first pulse of the
iphasic current flowed towards postero-lateral in the brain rel-
tive to the other directions. However, in a third of our randomly
hosen participants (4 out of 12) the best current orientation dif-
ered from the typical, suggesting that the direction with the most
ffective induced current varies from brain to brain. An estimate
f the optimal angle, using data from all eight directions, sug-
ests that the optimal current direction should be considered
s a continuous variable, with the mean around 45◦ as previ-
usly suggested (e.g. Brasil-Neto et al., 1992) but also with a
road intersubject variability (range 63◦, S.D. = 13.7◦). A previ-
us study with biphasic current that presents the motor threshold
n individual participants finds that in all tested participants an
nitial current pulse in postero-lateral direction is more effec-
ive than the reverse orientation (Kammer et al., 2001). That
tudy however evaluated only two directions – antero-medial
nd postero-lateral – and therefore any deviation of the optimal
rientation from this axis would have gone undetected. Our data
onfirm that in all participants, the postero-lateral orientation
or the first current pulse yields a lower motor threshold than
he antero-medial. However, we also expose considerable vari-

bility and our PCA analysis suggests that the optimal current
irection is normally distributed around this axis.

An antero-medial–postero-lateral current which corresponds
ith the mean of the optimal orientation across subjects in our

B

ce Methods  162 (2007) 309–313

ample is believed to activate horizontal fibres, which, in the
otor cortex, are oriented parallel with this direction (Strick and
reston, 1982). We do not know the reason for the broad distri-
ution of optimal orientation for the lowest stimulus thresholds
n our participants. Changing the direction of the induced current
ffects the shape of the motor evoked potential (Di Lazzaro et
l., 2001; Dubach et al., 2004; Takahashi et al., 2005; Trompetto
t al., 1999) and the duration of the cortical silent period (Orth
nd Rothwell, 2004) as if different neural structures or circuits
espond optimally at different orientations of the coil. Varia-
ions in the microscopic anatomy across subjects may explain
his variability of the optimal coil orientation.

The intensity of stimulation has been pointed out to be a criti-
al factor for the optimal current direction, with large intensities
threshold + 20% of stimulator output) being associated with
higher inter-individual variability (Brasil-Neto et al., 1992).

o define the motor threshold in this study we have used as
positive response a visible twitch in the intrinsic hand mus-

les reported by a human observer rather than a motor-evoked
otential in an EMG recording as used in the previous studies
Brasil-Neto et al., 1992; Kammer et al., 2001). While there is
sually good convergence between motor threshold estimates
etermined either using the visual method or with the use of
MG (Pridmore et al., 1998), our method may have been less
ensitive than EMG detection, leading thus to an overestimated
otor threshold and consequently to larger stimulation intensi-

ies and an overestimation of inter-individual variability. To rule
ut this possibility in four of our participants, we repeated the
hreshold detection procedure using EMG. Visual inspection-
hresholds and EMG-thresholds were indeed highly correlated
Fig. 2), and differ by about 2% of stimulator output. This result
s also strong validation of the use of careful visual inspec-
ion instead of EMG for deciding on stimulation thresholds
Pridmore et al., 1998).

Finally, the validity of many TMS studies relies on the
ssumption that the induced current is restricted to those sites in
he immediate vicinity of the stimulating coil. This assumption
s more likely to be met if the stimulation intensity is kept as
ow as possible. At the same time, lowering the strength of the

agnetic field reduces the risk of side effects. Because the coil
rientation for minimum motor threshold varies substantially
etween subjects, our data suggest that it may be worthwhile
o check whether rotating the coil 45◦ from the traditional
osterior–lateral orientation decreases the motor threshold.

cknowledgements

Thanks to Jonathan Winter for technical assistance. This work
as funded by grants from the Experimental Psychological Soci-

ty, the Royal Society, the Wellcome Trust and the MRC.

eferences
rasil-Neto JP, Cohen LG, Panizza M, Nilsson J, Roth BJ, Hallett M. Optimal
focal transcranial magnetic activation of the human motor cortex: effects of
coil orientation, shape of the induced current pulse, and stimulus intensity.
J Clin Neurophysiol 1992;9:132–6.



urosc

C

D

D

D

K

M

O

P

R

S

S

T

D. Balslev et al. / Journal of Ne

orthout E, Barker AT, Cowey A. Transcranial magnetic stimulation. Which
part of the current waveform causes the stimulation? Exp Brain Res
2001;141:128–32.

avey NJ, Romaiguere P, Maskill DW, Ellaway PH. Suppression of voluntary
motor activity revealed using transcranial magnetic stimulation of the motor
cortex in man. J Physiol 1994;477:223–35.

i Lazzaro V, Oliviero A, Saturno E, Pilato F, Insola A, Mazzone P, et al. The
effect on corticospinal volleys of reversing the direction of current induced
in the motor cortex by transcranial magnetic stimulation. Exp Brain Res
2001;138:268–73.

ubach P, Guggisberg AG, Rosler KM, Hess CW, Mathis J. Significance of
coil orientation for motor evoked potentials from nasalis muscle elicited
by transcranial magnetic stimulation. Clin Neurophysiol 2004;115:862–
70.

ammer T, Beck S, Thielscher A, Laubis-Herrmann U, Topka H. Motor
thresholds in humans: a transcranial magnetic stimulation study compar-

ing different pulse waveforms, current directions and stimulator types. Clin
Neurophysiol 2001;112:250–8.

ills KR, Boniface SJ, Schubert M. Magnetic brain stimulation with a double
coil: the importance of coil orientation. Electroencephalogr Clin Neurophys-
iol 1992;85:17–21.

T

ience Methods 162 (2007) 309–313 313

rth M, Rothwell JC. The cortical silent period: intrinsic variability and rela-
tion to the waveform of the transcranial magnetic stimulation pulse. Clin
Neurophysiol 2004;115:1076–82.

ridmore S, Fernandes Filho JA, Nahas Z, Liberatos C, George MS. Motor
threshold in transcranial magnetic stimulation: a comparison of a neuro-
physiological method and a visualization of movement method. J ECT
1998;14:25–7.

osler KM, Hess CW, Heckmann R, Ludin HP. Significance of shape and size
of the stimulating coil in magnetic stimulation of the human motor cortex.
Neurosci Lett 1989;100:347–52.

ommer M, Alfaro A, Rummel M, Speck S, Lang N, Tings T, et al. Half sine,
monophasic and biphasic transcranial magnetic stimulation of the human
motor cortex. Clin Neurophysiol 2006;117:838–44.

trick PL, Preston JB. Two representations of the hand in area 4 of a primate II.
Somatosensory input organization. J Neurophysiol 1982;48:150–9.

akahashi M, Ni Z, Yamashita T, Liang N, Sugawara K, Yahagi S, et al. Dif-

ferential modulations of intracortical neural circuits between two intrinsic
hand muscles. Clin Neurophysiol 2005;116:2757–64.

rompetto C, Assini A, Buccolieri A, Marchese R, Abbruzzese G. Intracorti-
cal inhibition after paired transcranial magnetic stimulation depends on the
current flow direction. Clin Neurophysiol 1999;110:1106–10.


	Inter-individual variability in optimal current direction for transcranial magnetic stimulation of the motor cortex
	Introduction
	Methods
	Participants
	Procedure
	EMG recording

	Results
	Principal component analysis (PCA)
	Discussion
	Acknowledgements
	References


