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Abstract Repetitive transcranial magnetic stimulation
(rTMS) induces lateralized speech arrest consistent with
cerebral dominance for language. Studies of language
cerebral dominance in differently handed healthy sub-
jects have been limited. Using a focal magnetic coil, we
examined the degree of consistency between handedness
as evaluated by the Stanley Coren Score and hemi-
spheric dominance for language as determined by rTMS
in 25 right- and 25 left-handed medical students. They
were categorized according to the score into 24 strongly
right-handed, 1 moderately right-handed, 19 strongly
left-handed, 3 moderately left-handed and 3 ambidex-
trous (equally-handed). In the strongly right-handed
subjects, left-sided language cerebral dominance was
recorded in 87.5% of the subjects, and bilateral cerebral
representation in 8.2%, and right-sided language cere-
bral dominance in 4.2%. In the strongly left-handed
subjects, 73.7% had left-side language cerebral domi-
nance, 15.8% had bilateral cerebral representation and
10.5% had right-side cerebral language dominance. In
mixed handed subjects (moderately right, left and am-
bidextrous), bilateral cerebral representation was ob-
served in 57% and left-side cerebral language dominance
in 43%. There were 27 subjects who developed speech
arrest at 140% of motor threshold, the others developed
speech arrest at lower intensities. Speech lateralized to
the left-side cerebral dominance in strongly right- and
left-handed subjects, but bilateral cerebral representa-
tion was frequent in mixed handedness and right-sided
cerebral dominance rarely occurred.
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Introduction

Handedness is the best known and most studied human
asymmetry. It has longbeenknown that speech function is
primarily localized in the left hemisphere of right-handed
individuals. However, lateralization of language is not as
well defined in left-handed people as it is in their right-
handed counterparts (Geschwind and Galaburda 1985).
Satz (1980) has reviewed the literature on aphasia in left-
handedpeople andhas concluded that speech is bilaterally
represented in many of them. The intracarotid amobar-
bital test (IAT) defines cerebral dominance for language.
However, it is an invasive procedure, the patients need
hospitalization, and the test carries the same risks as does
cerebral angiography. It is used usually in pathological
states and therefore, knowledge concerning the variability
of language dominance is heavily biased towards patho-
logical states in which, among other problems, there is
high likelihood of functional hemisphere re-organization
(Rasmussen and Milner 1977). Recently, repetitive
transcranial magnetic stimulation (rTMS) has been used
to determine the lateralization of the motor speech area
(Pascual-Leone et al. 1991; Jennumet al. 1994;Michelucci
et al. 1994). A high concordance with IAT was found in
two of these studies (Pascual-Leone et al. 1991; Jennum
et al. 1994). Nevertheless, rTMS studies of cerebral
lateralization in normal left- and mixed-handed people
are still scarce. Moreover, knowledge concerning the
exact incidence of right hemisphere language dominance
in healthy right-, left- and mixed-handed people would be
important for functional neurophysiological studies.

The present study was designed to examine the degree
of consistency between handedness as evaluated by the
Stanley Coren Inventory Score (Claus et al. 1992) and
hemispheric dominance for language as determined by
rTMS.
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Methods

Subjects

A group of 50 male medical student volunteers (25 right- handed
and 25 left-handed, self-reported as to which hand was preferred
for writing) participated in this study. The mean (SD) age of the
subjects studied was 22.7 (1.85) years (range 19–26 years). Stu-
dents were classified according to the Stanley Coren Handedness
Inventory (Claus et al. 1992) as strongly right-handed (24 stu-
dents), moderately right-handed (1 student), strongly left-handed
(19 students), moderately left-handed (3 students) and ambidex-
trous (3 students).

A complete personal and family history was taken of each
student, concerning age and college class. All subjects were given a
full neurological examination to exclude neurologic, psychiatric,
any relevant medical disease and other exclusion criteria for the
rTMS test (e.g. seizure, the wearing of a biomedical device). The
goal of this study was explained to the participants and written
consent to participate was obtained. The Ethics Committee of
Assiut University approved the experiment procedure.

Procedure

Each subject was submitted to rTMS to determine the side of ce-
rebral dominance for speech. The rTMS was performed using
Dantec Keypoint (Copenhagen, Denmark) with a magnetic stim-
ulator (MagLite) figure-of-eight coil. The subject motor thresholds
were determined using single TMS pulses. An electromyogram was
recorded from the right abductor pollicis brevis muscle. The rep-
resentation of the right hand in the left primary motor area was
located by moving the coil until maximal amplitude motor evoked
potentials (MEP) were produced. Once the optimal position was
located, the motor threshold was determined by decreasing the
stimulation intensity (expressed as a percentage of maximal output)
and continuing single pulse stimulation. Motor threshold was de-
fined as the intensity required to produce MEP of at least 50 lV
amplitude in five of ten consecutive stimulation trials (Flitman et al.
1998). Estimation was made while stimulating over the same scalp
position at a rate of 2 Hz. Preliminary speech testing was per-
formed in the seated position, using an initial stimulator output at
100% of motor threshold and a repetition rate of 3 Hz. The coil
was oriented so that the induced electric fields were aligned hori-
zontally. The subjects were instructed to count upward while the
coil was moved across the frontotemporal region on the left and
then on the right hemisphere. If speech arrest was not obtained the
stimulus intensity was increased sequentially by 10% up to 150% of
motor threshold and the process repeated. We used intensities
above the motor threshold because low intensities could have been
insufficient to inhibit speech as recorded by Claus et al. (1993). The
coil was applied to the marked centre point and energized for 1–5 s
after the subject had begun counting. The time of stimulation was
5–10 s. Complete speech arrest was defined as the absence of any
structural or recognizable language and not necessarily the cessa-
tion of the sound (Epstein et al. 1996). Stimulation was stopped as
soon as total speech arrest was observed. An observer noted
whether the subjects pulled their heads away from the coil when it
was energized and rated speech interruption. Experimenters

recorded any side-effects during or after rTMS. Evaluation of the
speech area was performed blind without knowing the handedness.

Results

Subjects were divided into three groups strongly right-,
strongly left- and mixed-handed. The strongly right-
handed group included 24 male volunteers; their mean
age was 23 (1.4) years with handedness score 35 (1.3).
The strongly left-handed group included 19 volunteers;
their mean age was 23(1.6) years with handedness score
13 (1.5). The mixed-handed group (moderately right-,
left-handed and ambidextrous) included 7 volunteers;
their mean age was 23 (0.6) years, with handedness
score illustrated in Table 1.

Pattern of language dominance

The dominant hemisphere for language in the three
handed groups was determined by the side of the ce-
rebral hemisphere that showed speech arrest during
rTMS while the subject was counting. Total speech ar-
rest was frequent, but some volunteers continued to
generate repetitive meaningless noises. Rhythmic ipsi-
lateral facial contractions were noted during stimulation
in all subjects.

Table 2 shows the pattern of cerebral dominance for
language in three handedness groups. The majority of
strongly right-handed subjects showed left-sided cere-
bral dominance (87.5%); rTMS over the right hemi-
sphere did not lead to speech arrest at any stimulation
positions in any of those subjects. The rTMS procedure
at these positions induced dysarthria, while the re-
mainder of the strongly right-handed subjects showed
bilateral-cerebral dominance (8.4%) and right-cerebral
dominance (4.2%). Strongly left-handed subjects had
73.7% of left-sided cerebral dominance, 15.8% of bi-
lateral-cerebral representation and 10.5% for right-sided
cerebral dominance. Bilateral-cerebral representation
was the main type seen in mixed-handed subjects (57%)
followed by left-sided cerebral dominance in 43%.

As regards to the different intensities of rTMS at
which complete speech arrest had occurred, most of
subjects (27 subjects) developed speech arrest at 140%
of motor threshold. The others developed speech arrest
at 120% (17 subjects), at 110% (3 subjects) and at 150%
of motor threshold (3 subjects). In 29 subjects, the first

Table 1. Mean (SD)
participants’ demographic
information

Strongly
right-handed
(n=24)

Strongly
left-handed
(n=19)

Mixed-handed (n=7)

Moderately
right-handed
(n=1)

Moderately
left-handed
(n=3)

Ambidextrous
(n=3)

Age (years) 23.40 (1.41) 22.60 (1.60) 23.0 22.0 (1.00) 23.30 (0.57)
Handedness score
(Stanley Coren score)

35.28 (1.30) 13.23 (1.51) 29 17.0 (1.73) 24.00

470



reaction to speech arrest was laughing, which was at-
tributed to surprise at their inability to count. A small
amount of discomfort was observed in many subjects
due to contraction of the oral-facial musculature espe-
cially when high intensity rTMS (140%–150%) was
administered. There were 6 subjects who pulled their
heads away from the coil when it was energized and
rated speech interruption. This effect was ascribed to
frustration caused by the inability to speak, rather than
to discomfort from stimulation. We never observed
crying or any side-effect such as headache, confusion or
convulsion.

Discussion

The present study was carried out to clarify the pattern
of language cerebral dominance, in different handedness
groups. In the present study, we used the most recent
handedness inventory test (Claus et al. 1992), for the
determination of handedness which included 12 ques-
tions, and for each question 3 possible answers: right,
left or mixed handed.

The use of IAT for the lateralization of cerebral
speech dominance was first described by Wada (1949)
and thus is often referred to as the ‘‘Wada test’’.The IAT
has been widely used in preoperative evaluation before
neurosurgery near the language areas (Wada and Ras-
mussen 1960). The IAT is performed after an angiog-
raphy catheter has been inserted in the artery. Injection
of sodium amobarbital is intended to anaesthetize the
arterial territories of one hemisphere for several minutes,
allowing an examiner to assess the language and mem-
ory capabilities of the other hemisphere in isolation
(Fields and Tröster 1998). In practice, the IAT is ham-
pered by significant risks, costs and potential pitfalls.
Problems include normal and pathological variations in
the territories perfused by the internal carotid artery,
overflow of the drug into other vascular territories even
during careful injection, and wide variation in the effects
of the same dose among different patients (Epstein
1999). Interpretation of the results is complicated by the
brief time available for testing and by simultaneous
behavioural changes including hemiparesis, mood
changes, and somnolence from the administration of

intravenous barbiturate. Repeat testing is difficult and
seldom performed (Epstein 1999).

The production of temporary lesions that would
supplement or replace the IAT was one of the earliest
goals for TMS in cognitive testing. Determination of the
different patterns of cerebral dominance for language in
this study was done by rTMS, a new noninvasive tech-
nique previously validated by direct comparison with the
IAT procedure (Pascual-Leone et al. 1991; Jennum et al.
1994) and functional magnetic imaging (fMRI) (Pujol
et al. 1999). In the present study the right and left-
handed subjects had a high percentage of left-sided ce-
rebral dominance for language. Nevertheless, bilateral
cerebral representation, and right-sided cerebral domi-
nance occurred in a significant proportion of our normal
left- and right-handed subjects. The arrest of speech
observed during rTMS suggested that rTMS interfered
with language processing in the dominant hemisphere.

The dysarthria observed during rTMS of the other
hemisphere (non-dominant hemisphere) was due to
contraction of the facial and laryngeal muscles. In gen-
eral terms, the incidence of the three types of cerebral
dominance in right-handed subjects obtained in this
study agree well with data from the Wada test literature
(Rasmusseen and Milner 1977; Rey et al. 1988; Loring
et al. 1990; Jennum et al. 1994; Risse et al. 1997).
Jennum et al. (1994) used rTMS in 18 right-handed
patients and recorded the same results as obtained by
IAT, whereas all 6 of the subjects of Pascual-Leone et al.
(1991) developed speech arrest when rTMS was applied
to left-hemisphere (left-sided cerebral dominance). Pujol
et al. (1999), Springer et al. (1999) and Knecht et al.
(2000) used fMRI in determination of cerebral domi-
nance in right-handed subjects and their results were
similar to the pattern of cerebral dominance observed in
our right-handed subjects. Knech et al. (2000) reported
right hemisphere dominance in 75% of 188 right-handed
subjects. Previous estimates of ‘‘atypical’’ right hemi-
sphere language dominance were either based on the
results from the IAT in patients evaluated for resective
neurosurgery or on the occurrence of ‘‘crossed aphasia’’
i.e. aphasia after right hemisphere lesions. In patients
with epilepsy submitted to the IAT test the number of
the right handers with right hemisphere language dom-
inance was 4% in a large series (Rasmussen and Milner

Table 2. Relationship of hand-
edness to language cerebral
dominance as determined by
repetitive transcranial magnetic
stimulation

Handedness Score Subjects (n=50) Left-side cerebral
dominance

Right-side cerebral
dominance

Bilateral-cerebral
representation

number % number % number % number %

Strongly
right-handed

33–36 24 48 21 87.5 1 4.2 2 8.4

Mixed
right-handed

29–32 1 2 0 0 0 0 1 100

Strongly
left-handed

12–15 19 38 14 73.7 2 10.5 3 15.8

Mixed
left-handed

16–19 3 6 1 33.3 0 0 2 66.7

Ambidextrous 24 3 6 2 66.6 0 0 1 33.3

471



1977). By evaluation of stroke patients with crossed
aphasia, the incidence of right hemisphere language
dominance in right-handers has been inferred to be
between 1% and 2% in the majority of series (Gloning
et al. 1969; Borod et al. 1985; Kertesz 1985). In a single
recent study on 880 stroke patients it was reported, in
passing, that 9% of right-handed aphasics had right-side
hemispheric lesions (Pedersen et al. 1995). These data
suggested a low incidence of right hemisphere language
dominance in the right-handed individuals.

Few authors have studied language cerebral domi-
nance in left-handed subjects. In accordance with those
of other investigators (Satz 1980; Seglowitz and Bryden
1983), our results showed that left-handed subjects had
more atypical presentations for cerebral dominance than
did right-handers, but in both groups the majority
showed left sided cerebral dominance. Satz (1980) re-
viewed the literature on aphasia in left-handed people
and concluded that speech is bilaterally represented in
many left-handers. The same conclusion was reached by
Segalowitz and Bryden (1983) by evaluating the rela-
tionship between aphasia and handedness. Recently
Knecht et al. (2000) studied the relationship between
handedness and language dominance in 326 healthy
subjects using functional transcranial Doppler sonog-
raphy and found that the incidence of right-hemisphere
language dominance increases linearly with the degree of
left-handedness, from 4% in strong right-handed to
27% in strong left-handed people.

The larger incidence of left-cerebral dominance in
right-handed people than in the left-handed may explain
why the asymmetry in the size of language areas toward
the left-hemisphere was more prominent for the majority
of right-handed people compared to the majority of the
left-handed. (Geschwind and Galaburda 1985).

To the authors’ knowledge, the pattern of cerebral
dominance has never been investigated in subjects who
use both hands, mixed-handers, as a separate group. In
this study, the pattern of cerebral dominance in mixed-
handers was 57% for bilateral representation and 43%
for left-side cerebral dominance. The possible explana-
tions for the bilaterality of speech as detected by speech
arrest on stimulation of either right or left hemispheres
in left-handed and mixed-handed subjects may be due to
bilateral distributions of the speech functions, indicating
that speech is mediated by, and dependent upon, both
hemispheres. In support of this assumption is the fact
that speech disorder differs in certain aspects between
left- and right-handed patients. The IAP studies
(Rasmussen and Milner 1977; Mateer and Dodrill 1983;
Strauss and Wada 1983; Rey et al. 1988; Loring et al.
1990; Risse et al. 1997) evaluated language lateralization
of ambidextrous patients and concluded that the pro-
portion of left-hemisphere language dominance among
them range from approximately 48%–75%.

In the present study, all 50 subjects successfully
underwent 3 Hz rTMS over both frontotemporal re-
gions and experienced speech arrest on at least one side.
We observed neither crying nor any major side effects

for rTMS, a fact that was possibly due to the reduced
frequency of stimulation used in this study. It was also
possible that the emotional responses (laughing) ob-
served in some subjects, were due in part to the effects of
lateral frontal rTMS on mood (George et al. 1995).

As in all studies that have used rTMS in localization
of language hemispheric dominance, our results showed
that there were different repetitive transcranial stimula-
tion intensities at which speech arrest occurred. Most of
our subjects (27 subjects) developed speech arrest at
140% of motor threshold with a frequency rate 3 Hz.
The others developed speech arrest at 120% of motor
threshold (17 subjects), at 110% of motor threshold
(3 subjects), or at 150% of motor threshold (3 subjects)
at the same frequency rate. So there was a clear associ-
ation between speech arrest and stimulus intensity. A
similar figure was presented in the study of Jennum et al.
(1994).

Therefore rTMS rates down to 3 Hz are highly ef-
fective at blocking speech output, and the resulting
discomfort is substantially less than that at higher fre-
quencies of stimulation. This is contrary to the expec-
tation of other authors (Michelucci et al. 1994; Jennum
et al. 1994). The earliest magnetic study demonstrated
total speech arrest at 8 Hz in 3 subjects, but most pa-
tients have been stimulated at higher frequencies of 16–
30 Hz (Pascual-Leone et al. 1991; Jennum et al. 1994).
However, Epstein et al. (1996) found that speech arrest
could be obtained with a rTMS repetition rate as low as
2 Hz, an intensity of 150% motor threshold or less, and
pulse trains of no more than 5 s. It is noteworthy to
point out here that the safety of the stimulation at 3 Hz
observed in this study should allow a more wide-spread
use of magnetic speech localization in clinical and re-
search applications. The present findings in healthy
subjects indicate that even under natural conditions the
association between handedness and language domi-
nance is not an absolute one. We suggest that right
hemisphere language dominance is not a pathological
but a natural phenomenon. Finally, we would like to
emphasize that our assessment of cerebral language
lateralization is not comprehensive. Our results may,
however, contribute to establishing useful procedures
for language lateralization using rTMS.
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