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Recent functional imaging studies demonstrated that both the left
and right supramarginal gyri (SMG) are activated when healthy
right-handed subjects make phonological word decisions. However,
lesion studies typically report difficulties with phonological process-
ing after left rather than right hemisphere damage. Here, we used
a unique dual-site transcranialmagnetic stimulation (TMS) approach
to test whether the SMG in the right hemisphere contributes to mo-
dality-independent (i.e., auditory and visual) phonological decisions.
To test task-specificity, we compared the effect of real or sham TMS
during phonological, semantic, and perceptual decisions. To test lat-
erality and anatomical specificity, we compared the effect of TMS
over the left, right, or bilateral SMG and angular gyri. The accuracy
and reaction times of phonological decisionswere selectively disrup-
ted relative to semantic andperceptual decisionswhen real TMSwas
applied over the left, right, or bilateral SMG. These effects were not
observed for TMS over the angular gyri. A follow-up experiment
indicated that the threshold-intensity for inducingadisruptiveeffect
on phonological decisions was identical for unilateral TMS over the
right or left SMG. Taken together, thesefindingsprovide converging
evidence that the right SMG contributes to accurate and efficient
phonological decisions in the healthy brain, with no evidence that
the left and right SMG can compensate for one another during TMS.
Ourfindingsmotivate detailed studies of phonological processing in
patients with acute or long-term damage of the right SMG.

human brain | language lateralization | compensation | semantic |
transcranial magnetic stimulation

Many previous functional imaging studies have shown that the
left and right supramarginal gyri (SMG) are activated when

right-handed participants make decisions about the sounds of
words (i.e., their phonology) compared with decisions about their
meanings (i.e., their semantics) (1–4). However, the functional
significance of right SMG activation is unclear because lesion
studies have reported phonological difficulties following left
rather than right temporo-parietal lesions (5–8). Consequently,
anatomical models of phonological processing have included left
but not right parietal cortex (9, 10). The present study was
designed to address the discrepancy between functional imaging
and lesion studies. More specifically, we examined how “online”
transcranial magnetic stimulation (i.e., TMS during a task) over
the left and right SMG influences phonological word processing in
healthy subjects (Fig. 1). We used the neurodisruptive effect of
TMS to distinguish between three alternative hypotheses to ex-
plain right SMG activation with phonological processing.
Hypothesis 1 is that right SMGonly contributes to the speed but

not the accuracy of phonological decisions. Consequently, right
SMG lesions have a subtle effect on phonological processing that
might bemissed unless reaction times weremeasured. In this case,
we expect a selective effect of right SMGTMSon reaction times in
the healthy brain without affecting error rates.
Hypothesis 2 is that right SMG is necessary for accurate and

efficient phonological decisions in the healthy brain, but following

right SMG lesions, the function of right SMG can be supported by
alternative brain regions. Consequently, right SMG lesions may
temporarily impair phonological decision performance in the
acute phase after brain damage, but this lesion effect will not be
apparent after functional reorganization. In this case, we expect
a significant effect of right SMG TMS on both the reaction times
and accuracy of phonological decisions in the healthy brain.
Hypothesis 3 is that right SMG is not necessary for accurate and

efficient phonological decisions but is activated in functional MRI
(fMRI) studies of the healthy brain because it is involved in task-
related activation that is incidental to performance [i.e., redundant
processing (11)]. In this case, neither right SMG lesions nor right
SMG TMS will influence phonological decision performance.
There are three unique features of our study relative to previous

online TMS studies of phonological processing (12, 13). First, we
investigated the effect of TMS to the right SMG. Second, we
compared unilateral TMS over the right SMG to unilateral TMS to
the left SMG and dual-site TMS over left and right SMG simulta-
neously. This manipulation allowed us to test whether impaired
unilateral SMG function was supported by the contralateral hemi-
sphere. If so, then the effect of dual-site TMS to both the left and
rightSMGshouldbegreater than theeffect ofTMStoeither the left
or right SMG alone (11). Third, we compared the effect of TMS on
phonological decisions to words presented in the auditory as well as
visual modality, whereas previous studies investigated the effect of
onlineTMS to left SMGwith visually presentedwordsonly (12, 13).
This process enabled us to assess whether the expectedTMS effects
were dependent or independent of stimulus modality. To test the
functional and anatomical specificity of our effects, we also in-
vestigated how online TMS affected semantic or perceptual deci-
sions on the same sets of stimuli, and whether the effect of TMS on
phonological decisions was greater when TMS was over the SMG
than over a neighboring parietal area in the angular gyrus (ANG).

Results
Reaction Times. Effect of real vs. sham TMS over left, right, and bilateral
SMG. Subjects’ mean reaction times (RTs) (Table S1) were ana-
lyzed with a four-way repeated-measures ANOVA. The four
factors were: group (14 subjects with real TMS vs. 14 subjects with
sham TMS), task (phonological, semantic, perceptual), TMS lat-
erality (left, right, bilateral) and modality (auditory vs. visual). A
main effect of group showed increased RTs for real TMS relative
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to sham TMS (F1,25 = 4.27, P = 0.049) (Table 1). However, this
group effect interacted with task (F2,50 = 5.82, P= 0.005) (Fig. 2).
Across modalities and laterality sites, the disruptive effect of real
TMS on RTs was greater on phonological compared with se-
mantic (t27= 5.89,P=0.0001; posthoc paired t-test) or perceptual
decisions (t27 = 5.45, P = 0.0001). There were no significant dif-
ferences between real vs. sham TMS on the perceptual and se-
mantic tasks, and no task effects in the sham TMS group (all P >
0.12). Further t-tests confirmed that real TMS compared with
shamTMS increased RTs in the phonological task (t27 = 2.12, P=
0.039) but not in the semantic (P= 0.75) or perceptual (P= 0.42)
tasks. The task-specific delay of phonological decisions with TMS
over SMGwas independent of TMS laterality as there was no task-
by-group-by-laterality interaction (P = 0.35). Effects that did
not interact with TMS group (i.e., real vs. sham TMS) can be
found in the SI Results.
Effect of real TMS over SMG vs. ANG. A four-way repeated measures
ANOVA (subset of 10 subjects) investigated the effect of real
TMS on region (SMG vs. ANG), task (phonological, semantic,
perceptual), TMS laterality (left, right, bilateral) and modality
(auditory, visual). The results demonstrate that the task-specific
effect of TMS over the SMG (i.e., delayed responses for phono-
logical relative to semantic or perceptual decisions) was not ob-
served with TMS over ANG (P > 0.41 for all comparisons). This
finding was confirmed by a two-way interaction between region
(SMG vs. ANG) and task (F2,18 = 8.37, P = 0.003) (Fig.3), which

arose because the effect of region (slower RTs for TMS over SMG
than ANG) was greater during the phonological than semantic
(t19 = 5.02, P = 0.0001) or perceptual (t19 = 4.43, P = 0.0001)
tasks. Post hoc tests confirmed significant longer RTs for TMS
over SMG than ANG with the phonological task (t19 = 5.65, P =
0.001) but not for the semantic (P= 0.30) or the perceptual tasks
(P= 0.12). These effects did not interact with modality (P= 0.43)
or TMS laterality (P = 0.51).

Error Rates. Effect of real vs. sham TMS over left, right, and bilateral SMG.
There were no significant differences between the three TMS lat-
erality sites (left, right, or bilateral TMS) in any of the tasks (all P>
0.32) (Table S1). Consequently, error rates (ERs) were pooled
across the factor TMS laterality to reduce the number of necessary
comparisons.

Fig. 1. Experimental design. (A) Stimulation sites over the supramarginal gyri
(SMG). ant, anterior; post, posterior; l, left; r, right. (B) Auditory and visual run
of the three blocked tasks. (C) Each trial had a duration of 3,000 ms. A four-
pulse train of 10HzTMSwas applied 100ms afterwordonset over left, right, or
bilateral SMG. Subjects responded with their left index or middle finger.

Table 1. Results from the ANOVA comparing the effect of real
vs. sham TMS over left, right, and bilateral SMG

Effect F df P

Main effect
Task 16.39 1.34, 33.41 0.0001
TMS laterality 5.74 2, 50 0.006
Modality 586.97 1, 25 0.0001
Group 4.27 1, 25 0.049

Interaction
Task × group 5.82 2, 50 0.005
Task × modality 13.17 1.54, 38.52 0.0001

df, degrees of freedom; P < 0.05 was considered significant.

Fig. 2. Mean RTs for the effect of real vs. sham TMS over left, right, and
bilateral SMG. For illustrating purposes, responses for auditorily and visually
presented stimuli are displayed in different panels (A–D). All panels depict
the significant two-way interaction between the factors task and group.
Note that the three different TMS laterality sites (left, right, bilateral) are
displayed separately for illustrating purposes in A and B, although the in-
teraction was pooled across the factors TMS laterality site and modality.
Error bars represent 1-fold SEM; *P < 0.05; two-tailed.

Fig. 3. Mean RTs for the effect of real TMS over SMG vs. ANG. (A and B) The
significant two-way interaction between the factors region and task is
shown. For illustrating purposes, responses for auditorily and visually pre-
sented stimuli are displayed in different panels, although the interaction
was pooled across modality. *P < 0.05 two-tailed.
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In both the auditory (Fig. 4A) and visual modalities (Fig. 4B),
ERs were higher for phonological than semantic decisions during
real TMS (Z= 2.73, P= 0.004 in the auditory; and Z= 2.67, P=
0.004 in the visual modality) but not during sham TMS (P = 0.39
for auditory and 0.23 for visual stimuli). The task effect of real vs.
sham TMS was significant for phonological decisions in the au-
ditory (Z=2.72, P=0.006) but not the visual modality (P=0.11),
and not during semantic decisions in either the auditory (P=0.14)
or visual (P = 0.45) modalities. There were no significant differ-
ences between phonological and perceptual errors in the real
TMS group (P= 0.30 and P= 0.18 for auditory and visual stimuli,
respectively); however, the sham group showed decreased errors
for phonological compared with perceptual decisions (Z = 3.05,
P = 0.001 in the auditory; Z = 3.18, P = 0.001 in the visual mo-
dality). The latter is likely to be the consequence of a speed-ac-
curacy tradeoff. For both TMS groups, errors were higher during
the perceptual than semantic task in both modalities (Z = 2.72,
P = 0.004 for real TMS in the auditory; Z = 3.23, P = 0.001 for
real TMS in the visual modality; Z = 3.04, P = 0.001 for sham
TMS in the auditory; andZ=3.18, P=0.001 for shamTMS in the
visual modality).
Effect of real TMS over SMG vs. ANG. With only 10 subjects, we did
not find significant differences in ER for TMS over SMG versus
ANG that survived a Bonferroni-Holm correction for multiple
comparisons (P < 0.004). However, there were trends toward
increased ER for phonological relative to semantic decisions
with TMS to SMG but not ANG (Fig. 5).
Effect of TMS intensity over left vs. right SMG. The above results in-
dicated comparable effects for unilateral TMS over left and right
SMG during phonological decisions. In a follow-up experiment 2
mo after the main experiment, we compared the intensity-de-
pendence of the “lesion” effect induced by unilateral TMS to the
left or right SMG. We thus wanted to investigate whether the
TMS-intensity-effect size curves for left vs. right SMG were dif-
ferent. This process enabled us to test if left SMG TMS disrupted
phonological processing at lower intensities than right SMGTMS.
All subjects from the real TMS group (n = 14) performed two
sessions of the phonological task again while receiving TMS over
left (session one) or right SMG (session two). Both sessions
consisted of four blocks of different TMS intensities. Each block
included 30 trials of the phonological task and was separated by
a 5-min rest to prevent carry-over effects. TMSwas applied at four
different intensities (55, 60, 75, and 90% of individual resting
motor threshold [RMT]). The order of sessions was counter-
balanced across subjects. In all other aspects, the follow-up ex-
periment was identical to the main experiment.
Repeated-measures ANOVA revealed a main effect of in-

tensity on RTs (F3,39 = 15.34, P = 0.0001) (Fig. 6 A and B). Only

the highest intensity increased RTs of phonological judgments
(post hoc t tests: t13 = 5.38, P= 0.0001; t13 = 4.03, P= 0.0001; t13
= 5.24, P= 0.0001; for 90 vs. 55, 60, and 75%; respectively). This
intensity effect was comparable for left and right SMG TMS (P=
0.88). ERs were not significantly different between the different
intensities (all P > 0.25) (Fig. 6 C and D), but RTs were longer in
the auditory than visual conditions (F1,13 = 72.31, P = 0.0001).
A comparison with the results of the sham group revealed sig-

nificant differences for the highest intensity only (independent-
samples t tests: t27 = 2.39, P = 0.034; t27 = 2.09, P = 0.041 for
left-hemisphere TMS in the auditory and visual modality,
respectively, and t27 = 2.42, P = 0.032; t27 = 2.06, P = 0.044 for
right-hemisphere TMS) but neither for the three lower intensities
(all P > 0.13), nor for the error data (all P > 0.20).

Fig. 4. Mean error rates (ERs) for the effect of real vs. sham TMS over left,
right, and bilateral SMG. (A and B) ERs are pooled across the factor TMS
laterality as there were no differences between left, right, and bilateral TMS.
Error bars represent 1-fold SEM; *P < 0.05; two-tailed.

Fig. 5. Mean ERs for the effect of real TMS over SMG versus ANG. (A and B)
ERs are pooled across the factor stimulation site as there were no differences
between left, right and bilateral TMS. (*): does not survive the Bonferroni-
Holm correction (P > 0.004); ((*))P < 0.10.

Fig. 6. Mean RTs (A and B) and ERs (C and D) for the phonological task in
the follow-up experiment (TMS at different intensities over the left and right
SMG). In A and B, the main effect of intensity on RTs is displayed. The two
different TMS laterality sites (left and right SMG) and the two modalities are
displayed here separately for illustrating purposes, although the main effect
was pooled across the factors TMS laterality and modality. Error bars rep-
resent 1-fold SEM; RMT, resting motor threshold. *P < 0.05; two-tailed.
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Please refer to SI Results for the results of the unpleasantness
scores.

Discussion
We used a unique dual-site TMS approach to compare the dis-
ruptive effects of online TMS over the left, right, and bilateral
SMG during phonological word decisions. This design allowed us
to test three different explanations for why previous fMRI studies
have shown bilateral SMG activation during phonological deci-
sions in healthy subjects but lesion studies emphasize the im-
portance of left rather than right hemisphere damage in aphasia.
Our finding that reaction times and errors increased following
TMS to right SMG as well as left SMG indicates that unperturbed
right SMG activation is necessary for accurate and efficient
phonological decisions in the healthy brain. Moreover, our find-
ing that phonological decision performance was not worse for
bilateral SMG TMS than unilateral SMG TMS provides no evi-
dence that the left and right SMG can acutely compensate for one
another: If phonological decisions are possible with either the left
or right SMG, then dual-site TMS over the left and right SMG
should produce a greater lesion effect than TMS over left or right
SMG alone (11). In contrast, both the main experiment and the
follow-up experiment manipulating TMS intensity indicated that
the lesion effect of unilateral TMS to the right SMG was com-
parable to the lesion effect induced by unilateral TMS to the left
SMG or bilateral TMS to the right and left SMG. Furthermore,
the disruptive effect was independent of the stimulus modality.
Moreover, the TMS-induced lesion effect was both functionally
and anatomically specific: We found a selective impairment in
modality-independent phonological decisions but not semantic
nor perceptual decisions when TMS was given over the SMG, and
these effects were not observed when TMS targeted the ANG.
When interpreting TMS-induced effects, one should bear in

mind that TMS causes a synchronized discharge in a relatively
large population of neurons that is terminated by a long lasting
GABAergic inhibition (14). On the one hand, TMS suppresses
ongoing processing by silencing neurons. On the other hand,
TMS adds extra “noisy” activity to ongoing processing (14). Both
mechanisms adversely affect the neuronal activity in the stimu-
lated area for a limited period. At a behavioral level, the neu-
rodisruptive effects of TMS may increase reaction times or errors
(15). In previous TMS studies of language, TMS usually affected
either RTs or errors (1, 16, 17). In our experiments, TMS in-
creased both RTs and errors during phonological decisions,
providing evidence for a strong “virtual lesion” effect in-
dependent of the laterality of TMS. The concurrent increase in
RTs and errors also excludes a nonspecific speed-accuracy
tradeoff during phonological decisions.
The critical contribution of the left SMG to phonological

decisions has been demonstrated previously in TMS studies of
healthy volunteers (12, 13) and is consistent with functional im-
aging studies showing greater SMG activation during phonologi-
cal than semantic decisions (3, 18). The precise role of the SMG in
phonological decisions is unclear: It may be directly involved in
phonological processing (e.g., subvocal articulation) or it may be
involved in executive processing that is particularly important for
phonological decisions. For example, Romero et al. (12) found
that 5 Hz TMS to the left SMG significantly disrupted judgments
on visually presented words in a variety of tasks, providing evi-
dence for the involvement of the left SMG in short-term retention
of verbal material as well as phonological judgments (12). Nev-
ertheless, we can exclude explanations in terms of general exec-
utive processing in our study because the effect of TMS was not
related to task difficulty, as measured by accuracy and response
times in the sham TMS group. In contrast, task difficulty was
greatest during the auditory perceptual task, with no significant
differences between the linguistic tasks, whereas the effect of ef-
fective TMS was greatest in the phonological task, with only

a nonsignificant trend during the auditory perceptual task. It
is also possible that the trend towards increased RTs in the au-
ditory perceptual task after effective SMG TMS reflects the
demands on acoustic-phonetic processing (19) or phonological
short-term memory (20). Although future studies are required
to understand the exact computations of the left and right SMG,
our study is unique in demonstrating that the right SMG con-
tributes to phonological decisions, and that both SMG are im-
portant for phonological decisions on auditorily as well as visually
presented words.
Our finding that the right SMG contributes to phonological

decisions in healthy participants may appear to be in discordance
with the existing literature on phonological processing in patients
with focal brain lesions. Damage to the right hemisphere is not
typically associated with deficits in phonological processing (7),
although there is a lack of studies directly comparing phono-
logical deficits after left vs. right supramarginal lesions. Although
recent studies indicate that the (temporary) recruitment of ho-
molog right-hemisphere areas after left-hemisphere stroke may
be adaptive, longer-term language improvement is associated
with left-hemisphere language function (21, 22). For example,
Winhuisen et al. (22) argue that restoration of the left-hemi-
sphere network seems to be more effective for recovery after
stroke, but in some cases, right-hemisphere areas are integrated
successfully. Our TMS results contribute by showing that the
involvement of right-hemisphere language areas is not limited to
recovery after stroke but is also essential for phonological pro-
cessing in healthy subjects.
The discrepancy between our study and previous patient data

may be because of differences in the time scale of functional re-
organization. In our study, TMS was applied during task perfor-
mance, leaving the language system no time to develop adaptive
plasticity. This finding may be different in patients with chronic
structural lesions where massive reshaping of the language net-
work occurs during recovery (21). The neurodisruptive effects of
TMS over right SMG on phonological decisions in healthy sub-
jects call for a reevaluation of phonological deficits in patients
with right-hemisphere inferior parietal lesions. As emphasized by
Seghier et al. (23), further investigation of patients with right-
hemisphere lesions is necessary to fully understand the causal
basis of aphasia. Prospective longitudinal studies might demon-
strate that the right SMGmay bemore functionally relevant in the
acute phase after stroke than in the chronic phase when re-
organization of the language networks has occurred (21).
Alternatively, unilateral TMS of right SMG might have pro-

duced its detrimental effect on phonological processing not by
disrupting neuronal processing in the stimulated SMG but by
activating transcallosal inputs from the right to the left SMG (14).
These transcallosal inputs might have activated inhibitory circuits
or added noisy activity in the left SMG, and thereby interfered
with phonological processing in the left SMG. This interpretation
would be in line with previous studies demonstrating significant,
acute remote effects of TMS in contralateral homotopic areas (24,
25). For example, it has been shown that TMS over the motor
cortex can change the metabolic rate in contralateral motor areas
and may lead to behavioral or functional effects ipsilateral to the
side of stimulation (26). Although we cannot discard the “trans-
callosal” hypothesis, several considerations render this explana-
tion unlikely. Previous neurophysiological studies showed that
TMS of the ipsilateral motor hand area has much stronger ex-
citatory and longer-lasting inhibitory effects on regional excit-
ability, as opposed to the transcallosally induced effects induced
by TMS of the contralateral motor area (27). The threshold for
inducing transcallosal inhibitory effects is also considerably higher
than for inducing intracortical inhibition with the coil over the
motor cortex (28, 29). Therefore, the effect size of a lesion effect
should be stronger and the threshold for inducing a lesion effect
should be lower with ipsilateral than contralateral TMS using the
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same stimulation intensity. This result was not the case in the
present study. The threshold, as well as the magnitude, of the
disruptive effect on phonological decisions was comparable with
TMS to both hemispheres. Furthermore, there is little evidence
from previous studies that transcallosal excitation spread to the
homolog parietal area makes a substantial contribution to the
behavioral effects obtained with TMS. Indeed, many studies
found a specific deterioration in performance with unilateral TMS
over one hemisphere but not over the contralateral homolog area
(30–32). The fact that most previous studies revealed a clear
asymmetric sensitivity of the right and left parietal cortex to TMS
lesions argues against a significant contribution of transcallosal
excitation of the homolog area to the TMS-induced effects. It
should be noted, however, that a direct comparison of the RTs for
different intensities in the effective TMS and sham groups
revealed significant differences for the highest intensity only. It
might have been more informative to use 80 and 85% of RMT for
the intensity experiment to investigate more subtle differences
between the two hemispheres. However, in the absence of any
a priori predictions of the most sensitive threshold, we chose 15%
steps from 90% downward to test for marked differences. Smaller
steps were not included because this would have required either
the inclusion of additional stimuli (to avoid stimulus repetition
across intensities) or the use of considerably fewer trials per
condition. The impact of reducing trials per condition on the
power of the experiment is illustrated by noting that the effect
sizes in the intensity experiment were smaller than those in the
main experiment, which included more stimuli per condition.
The absence of any disruptive effect of TMS over the ANG

during semantic decisions is at odds with functional imaging
findings that the ANG is involved in semantic relative to phono-
logical processing in healthy subjects (1, 3, 18, 33). Because we are
not aware of any previous study having targeted the ANG with
TMS during language processing, we think that our null-finding
(the absence of any disruptive effect of ANG TMS on semantic
processing) should be interpreted with caution. It is possible that
targeting another subregion within the ANG or using higher in-
tensities would have interfered with semantic processing. For
example, previous TMS studies of semantic processing (1, 16, 34)
used considerably higher stimulation intensities, ranging from 100
to 110% RMT or 60% total stimulator output compared with
90% RMT (approximately corresponding to 40–50% total stim-
ulator output) in the present study. Our stimulation intensities
might therefore have been too low to effectively disrupt semantic
processing in the ANG, although they were sufficient to disrupt
phonological processing in the SMG. Thus, further TMS research
is needed to investigate the critical involvement of the ANG in
semantic processing.
In conclusion, our study highlights the importance of the right

SMG in phonological decisions. This finding strongly motivates
the investigation of phonological processing abilities in patients
with acute right SMG damage. According to our results, we
would predict that these patients have some degree of phono-
logical processing impairment, irrespective of whether words are
presented in the auditory or visual modality.

Materials and Methods
Subjects. For examining the effect of real vs. sham TMS, 28 native German
speakerswith nohistory of neurological disorders or head injurywere randomly
assigned to the real TMSgroup (n=14, 8 females, 20–28yold,mean: 24) or sham
TMS group (n = 14, 8 females, 22–32 y old, mean: 25). All subjects were right-
handed (laterality index >95%) according to the Edinburgh Handedness In-
ventory (35) and were naive to TMS. Written informed consent was obtained
before the experiment. The studywas performedaccording to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of the
Medical Faculty of the Christian-Albrechts-University of Kiel. For comparing the
effect of real TMS over SMG versus ANG, 10 subjects from the real TMS group
were reexamined after 6 mo to minimize repetition and familiarity effects.

Experimental Design. The main experiment compared the effect of real versus
sham TMS over left, right and bilateral SMG. It entailed a 2 × 3 × 3 × 2 design
with two groups (real TMS vs. sham TMS), three different tasks (phonolog-
ical, semantic, and perceptual), three different TMS laterality sites (left,
right, and bilateral stimulation over the SMG) in two modalities (auditory
and visual). An identical set of 120 stimuli (SI Materials and Methods) were
presented across tasks and modalities. This resulted in six repetitions of the
same words with the effect of repetition controlled across tasks. To keep the
repetition of identical stimuli per subject at a minimum, we decided against
the inclusion of real vs. sham TMS as within-subject factor and thus included
the sham TMS group. The factorial design enabled us to test for task, lat-
erality, and group-specific modality-independent effects while controlling
for stimulus and repetition effects. For comparing the effect of real TMS
over SMG vs. ANG, 10 of the subjects in the real TMS group participated in
the same experiment, with the exception that TMS was over left, right, or
bilateral ANG. To avoid repetition and familiarity with the stimuli, this ex-
periment was conducted 6 mo after the SMG experiment.

Tasks. Subjectsperformedthreetasksonthesamesetofvisualorauditorystimuli.
In the phonological task, subjects categorized the items as having two or three
syllables. The semantic task consisted of deciding whether a word represented
a natural orman-made item. A perceptual taskwas included as a baseline. Thus,
subjects decided whether or not there had been a decrease in pitch toward the
end of the word (auditory task) and whether or not font size had decreased
towardtheendoftheword (visual task).Taskswereblockedtoensureaconstant
cognitive set. Subjects were instructed to respond as quickly and accurately as
possible by pressing a button with the left index or middle finger (Fig. 1).

Procedure. Aftera training session (SIMaterials andMethods), theTMScoilswere
positionedover the leftandrightSMG(Fig.1A).NeuronavigatedTMSwasusedto
guide the placement of the coil and to monitor the correct coil position
throughout the experiments. Subjects received three test bursts of 10 Hz TMS
over left, right, andbilateralSMGeachand judgedthemona four-point scale (1=
neutral, 4 = highly unpleasant). The experiment consisted of an auditory and
a visual run for each subject (Fig. 1B). During each run, the three blocked tasks
were presented. The order of runs and blocks was counterbalanced across sub-
jects. Each task started with a verbal or written instruction and consisted of 120
trials foreachcondition,witha trial-durationof3 s (Fig.1C). Presentationofvisual
words was matched to the mean duration of the auditory stimuli (range = 0.74–
0.87s) and followedby afixation cross to complete the 3-s trial. Thefixation cross
stayedon the screen for thewholeauditory run.Havingcompletedall conditions,
subjects again rated the unpleasantness of the TMS sites. The sham TMS group
underwent exactly the same procedure. Stimulus presentation and response re-
cordingwasobtainedusingE-PRIME (PsychologySoftwareTools Inc., version1.1).

Transcranial Magnetic Stimulation. Neuronavigated TMS was performed by
using the mean Montreal Neurological Institute (MNI) coordinates across
previous studies (1–3) (Fig. 1A) (SI Materials and Methods). Stimulation in-
tensity was set to 90% of individual RMT of the left motor hand area and
was corrected for the difference in the scalp-cortex distance between the
motor cortex (mean coordinates taken from Mayka et al. [36]) and the SMG
(37) (SI Materials and Methods). During each experimental trial, a four-pulse
train of biphasic stimuli was applied at a rate of 10 Hz over left, right, or
bilateral SMG 100 ms after word onset (Fig. 1C). Trials with left, right and
bilateral TMS (40 each) were pseudorandomly intermingled. Our TMS pro-
tocol (i.e., 10-Hz bursts starting 100 ms after stimulus onset) was motivated
by previous TMS studies of semantic and phonological processing with vi-
sually presented words (1, 16). To our best knowledge, our study is unique in
auditory word-stimuli design. However, the similar effects of TMS that we
observed across modalities demonstrate that these parameters are appro-
priate for both visual and auditory modalities. The overall application of
TMS was well within safety limits (38).

Data Analysis. Repeated-measures ANOVAs were used to investigate the
effects of TMSon reaction times in all experiments (SIMaterials andMethods).
Posthoc paired t-tests or independent samples t-tests further explored dif-
ferences among conditions within or between groups, respectively. An α level
of 0.05 (two-tailed) was considered significant for all comparisons. To analyze
errors, we used Bonferroni-Holm corrected nonparametric Wilcoxon signed-
rank tests and Mann-Whitney U tests because Kolmogorov-Smirnov tests had
indicated that these data were not normally distributed.
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