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Optimizing Functional Accuracy of TMS in Cognitive
Studies: A Comparison of Methods

Alexander T. Sack1, Roi Cohen Kadosh2, Teresa Schuhmann1,
Michelle Moerel1, Vincent Walsh2, and Rainer Goebel1

Abstract

& Transcranial magnetic stimulation (TMS) is a tool for in-
ducing transient disruptions of neural activity noninvasively in
conscious human volunteers. In recent years, the investigative
domain of TMS has expanded and now encompasses causal
structure–function relationships across the whole gamut of
cognitive functions and associated cortical brain regions. Con-
sequently, the importance of how to determine the target
stimulation site has increased and a number of alternative
methods have emerged. Comparison across studies is preclud-
ed because different studies necessarily use different tasks,
sites, TMS conditions, and have different goals. Here, there-
fore, we systematically compare four commonly used TMS coil
positioning approaches by using them to induce behavioral
change in a single cognitive study. Specifically, we investigat-
ed the behavioral impact of right parietal TMS during a num-
ber comparison task, while basing TMS localization either on
(i) individual fMRI-guided TMS neuronavigation, (ii) individ-
ual MRI-guided TMS neuronavigation, (iii) group functional

Talairach coordinates, or (iv) 10–20 EEG position P4. We
quantified the exact behavioral effects induced by TMS using
each approach, calculated the standardized experimental ef-
fect sizes, and conducted a statistical power analysis in order
to calculate the optimal sample size required to reveal statis-
tical significance. Our findings revealed a systematic difference
between the four approaches, with the individual fMRI-guided
TMS neuronavigation yielding the strongest and the P4 stim-
ulation approach yielding the smallest behavioral effect size.
Accordingly, power analyses revealed that although in the
fMRI-guided neuronavigation approach five participants were
sufficient to reveal a significant behavioral effect, the number
of necessary participants increased to n = 9 when employing
MRI-guided neuronavigation, to n = 13 in case of TMS based
on group Talairach coordinates, and to n = 47 when apply-
ing TMS over P4. We discuss these graded effect size differ-
ences in light of the revealed interindividual variances in the
actual target stimulation site within and between approaches. &

INTRODUCTION

Transcranial magnetic stimulation (TMS) allows con-
trolled manipulation of brain activity, with a quantifiable
impact on behavior or cognition (Sack, 2006; Hallett,
2000; Pascual-Leone, Walsh, & Rothwell, 2000; Pascual-
Leone, Bartres-Faz, & Keenan, 1999), and is now a well-
established tool for inducing transient disruptions of
neural activity noninvasively in conscious human volun-
teers (Di Lazzaro et al., 2004; Robertson, Theoret, &
Pascual-Leone, 2003; Walsh & Pascual-Leone, 2003; Walsh
& Cowey, 2000). In recent years, TMS has expanded its
investigative domain, which has brought to the forefront
questions of how to optimally target stimulation sites in
individual subjects, and to establish optimal and suffi-
cient methods. Some areas, when stimulated, have a sig-
nature output: TMS over the motor cortex causes a twitch
(Ziemann, 2004), and TMS over the visual cortex can
induce phosphenes (Stewart, Battelli, Walsh, & Cowey,
1999; Epstein, Verson, & Zangaladze, 1996; Epstein &

Zangaladze, 1996). However, many of the areas of interest
in cognitive TMS studies, for example, the posterior
parietal cortex, the occipital face area, the extrastriate
body area, the prefrontal cortex, the inferior frontal gyrus,
and so forth, are behaviorally silent (Penfield, 1958) and
do not produce an immediately observable response.
Thus, localization of target stimulation sites and position-
ing of the TMS coil presents a problem.

One common approach of localizing the TMS target
stimulation site of ‘‘silent’’ brain areas is to place the coil
according to the International 10–20 electrode scalp
positioning system (Jasper, 1958). Although this meth-
od may be sufficient for some purposes, it does not
take into account interindividual differences in the func-
tional architecture of the brain or differences in the cor-
respondence between scalp landmarks and underlying
brain anatomy (Okamoto et al., 2004; Herwig, Satrapi, &
Schonfeldt-Lecuona, 2003). With the introduction of
frameless stereotaxic systems, the TMS coil could be
navigated to target specific anatomical sites based on
individual subjects’ structural brain images. This requires
a TMS neuronavigation system, which creates a virtual
link between MR images and real anatomy, and allows
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three-dimensional (3-D) orientation by interactive visu-
al navigation (Herwig et al., 2002; Gugino et al., 2001;
Boroojerdi et al., 1999; Paus, 1999; Ettinger et al., 1998;
Krings et al., 1997). However, although this approach
accounts for interindividual differences in anatomical
brain structures, it does not account for individual dif-
ferences in structure–function relationships. Stereotaxic
neuronavigation can also be based on fMRI coordinates
reported in the literature (probabilistic approach; Paus
et al., 1997). Hence, a third approach of positioning
the TMS coil is to use frameless stereotaxy in order to
navigate the TMS coil to specific standardized brain co-
ordinates, for instance, Talairach coordinates that have
been reported in the literature to be activated during
tasks similar to those to be used in a TMS experiment.
The coordinates used are therefore generated either
from group functional imaging data, or based on a
meta-analysis of several studies using different imaging
techniques. This approach considers both structural and
functional imaging data relevant to the cognitive task to
be used, but is still prey to individual structure–function
differences. Finally, stereotaxic neuronavigation may be
based on a subject’s individual fMRI data for the respec-
tive cognitive function. Based on these individual im-
aging results, TMS subsequently probes whether the
identified task-correlated activities in these areas are
necessary for successful task performance (Andoh et al.,
2006; Sack, Kohler, Linden, Goebel, & Muckli, 2006;
Thiel et al., 2005). This fourth approach thus accounts
for interindividual differences both in brain anatomy and
in the functional architecture of the brain.

The question to be answered is how much pre-TMS
anatomy is sufficient to make inferences based on TMS.
This gives rise to the question of how much effort is re-
quired to optimize the accuracy of TMS coil positioning
given the limits of spatial resolution of TMS. Sparing,
Buelte, Meister, Paus, and Fink (2008) have addressed
this question by evaluating the accuracy and efficiency
of different localization strategies for TMS-based primary
motor cortex mappings (Sparing et al., 2008) and found
the highest precision with fMRI-guided stimulation,
which was accurate within the range of millimeters.
These findings thus indicate that even in case of simple
TMS motor mapping measurements, the strength and
the accuracy of the induced effects are systematically
modulated by the way the TMS coil is positioned above
the target site. The importance of coil positioning be-
comes more problematic when applying TMS to silent
areas in studies of cognitive functions. A recent study
by Feredoes, Tononi, and Postle (2007) illustrated this
point by using fMRI to localize TMS sites to disrupt
short-term retention of verbal information. The authors
demonstrated that fMRI-guided stereotaxic neuronavi-
gation revealed significant effects only when based on
the subject’s individual fMRI data, whereas the determi-
nation of the TMS target site based on spatially normalized
group-average fMRI data indicated a ‘‘wrong’’ brain region

(Feredoes et al., 2007). Feredoes et al. (2007) based their
conclusion on a dichotomized all-or-nothing principle
(i.e., fMRI-guided neuronavigation based on single-subject
analyses reveals TMS effects, whereas fMRI-guided neuro-
navigation based on group analyses does not). However, it
may be much more realistic to expect that the differ-
ence between various coil positioning approaches is grad-
ual rather than qualitative. In order to address these
issues, a systematic and quantitative assessment of the
differential effect of different TMS coil positioning ap-
proaches on the induced behavioral changes during cog-
nitive studies is needed.

In a recent cognitive TMS study (Cohen Kadosh et al.,
2007), we demonstrated that a TMS-induced disruption
of the right, but not left, intraparietal sulcus (IPS) signif-
icantly impairs automatic magnitude processing as mea-
sured by a reduced facilitatory component of the size
congruity effect (SCE). During this study, we investigat-
ed a small number of participants (n = 5) with maximum
precision and a high number of trials, emphasizing exact
individual TMS coil positioning using fMRI-guided neu-
ronavigation. We believed that the imaging-guided TMS
neuronavigation was a methodological prerequisite for
optimally revealing the specific and significant behav-
ioral effects of right parietal TMS on magnitude pro-
cessing. However, without a direct comparison between
fMRI-guided TMS neuronavigation with other ways of
targeting TMS stimulation sites, the importance of our
methodological approach on the effect strength and
sample size was speculative. It thus also remained un-
clear to what extent the revealed TMS-induced automat-
ic number processing impairments during right parietal
TMS may depend on how we determined target stimu-
lation site. In the current study, we investigated whether
the effects of right parietal TMS on size congruity re-
vealed in our previous study can be obtained when using
other approaches to determine the target stimulation
site. We repeated our original study testing the same
number of participants (n = 5) under four different ex-
perimental conditions, comparing the four methods of
determining the target stimulation site. We hypothesized
that the strengths of the behavioral effects of TMS in
cognitive studies depend on the use of an appropriate
localization strategy for positioning the TMS coil above
the ‘‘silent’’ target stimulation site.

METHODS

Participants

Twenty healthy volunteers (7 men, mean age = 24 years,
SD = 3.9) were assigned to four experimental groups
of five participants. A between-subject design had to
be employed because preliminary psychophysical tests
showed a strong learning effect (i.e., better task per-
formance with practice). To avoid confounds between
TMS effects and task familiarity, four separate groups of
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randomly assigned subjects were tested. Each group un-
derwent one method of coil localization. All participants
were medically approved, had normal or corrected-to-
normal vision, and had no history of neurological or
psychiatric disorders. All gave written informed consent
after being introduced to the procedure. The study was
approved by the local Medical Ethical Commission.

Stimuli and Paradigm

Stimuli were two digits (vertical visual angle of 0.88 or
1.18) presented centrally. The center-to-center distance
between the two digits subtended 48 horizontally. Pre-
sentation (Neurobehavioral Systems, San Francisco, CA)
stimulus-presentation software was used. Both digits var-
ied in numerical value as well as in physical size. Partici-
pants were instructed to decide which of two stimuli in
a given display was numerically larger while ignoring the
physical size difference between both numbers. The nu-
merical comparisons were performed with congruent,
neutral, or incongruent digit pairs. In the congruent con-
dition, one digit is numerically and physically larger or
smaller, (e.g., 2 4). In the incongruent condition, one
digit is physically larger, whereas the other is numeri-
cally larger, or vice versa (e.g., 2 4). In the neutral con-
dition, there is no difference in physical size (e.g., 2 4).
Participants were instructed to indicate as quickly and
accurately as possible which digit is numerically larger
by pressing one of two keys corresponding to the side
of the display. Previous studies show that participants
unintentionally process the irrelevant dimension (Cohen
Kadosh, Lammertyn, & Izard, 2008; Cohen Kadosh et al.,
2007; Tzelgov, Meyer, & Henik, 1992; Henik & Tzelgov,
1982), resulting in decreased response times to con-
gruent trials (facilitation) and increased response times
to incongruent trials (interference) when compared to
the neutral condition.

Magnetic Resonance Imaging

Prior to TMS, high-resolution anatomical images were
obtained for each participant using a 3-T magnetic res-
onance imaging scanner (Siemens Allegra MR Tomo-
graph; Siemens AG, Erlangen, Germany). The T1-weighted
dataset was acquired with the help of a magnetization-
prepared rapid acquisition gradient-echo (MP-RAGE) se-
quence or a T1-weighted structural scan with an isotropic
resolution of 1 mm using a modified driven equilibrium
Fourier transform (MDEFT) sequence with optimized
contrast for gray matter and white matter and imaging
parameters (echo time = 4 msec, 256 � 256 � 192 matrix,
voxel dimensions = 1 � 1 � 1 mm).

Cortical-surface Reconstruction

MR data were analyzed using the BrainVoyager QX 1.8
software package (BrainInnovation, Maastricht, The

Netherlands). The high-resolution anatomical record-
ings were used for surface reconstruction of the right
hemisphere of each participant. The surface reconstruc-
tion was performed in order to recover the exact spatial
structure of the cortical sheet and to improve the visual-
ization of the anatomical gyrification. The white–gray
matter boundary was segmented with a region growing
method preceded by inhomogeneity correction of sig-
nal intensity across space. The borders of the two result-
ing segmented subvolumes were tessellated to produce
a surface reconstruction of the right hemisphere. Sub-
sequently, inflated cortical surfaces were created.

fMRI Measurements and Analysis

In five participants, the MR measurements also included
the acquisition of functional images while subjects per-
formed the size congruity paradigm described above.
The main purpose of these fMRI measurements was
to localize the exact brain activity changes underlying
the described SCE individually in each participant. Func-
tional images were acquired using a gradient-echo echo-
planar imaging sequence (16 axial slices; repetition time/
echo time = 2500/30 msec; flip angle = 908; field of
view = 192 � 192 mm; voxel size = 3 � 3 � 5 mm). Each
functional run contained 48 trials (24 trials � 2 congru-
encies [incongruent/congruent]). Stimulus presentation
was synchronized with the fMRI sequence at the begin-
ning of each trial. The first two volumes of each run
were discarded to allow for T1 equilibration. The remain-
ing functional datasets were coregistered to Talairach-
transformed anatomical data (Talairach & Tournoux,
1988) and 3-D motion-corrected for each participant.
The 3-D functional dataset was resampled to a voxel
size of 3 � 3 � 3 mm. Further preprocessing included
spatial smoothing with a Gaussian kernel (full width at
half maximum [FWHM] = 8 mm for the group analysis
and FWHM = 3 mm for the individual analysis), linear
trend removal, temporal high-pass filtering (high pass:
0.00647 Hz), and autocorrelation removal. The predictor
time courses (boxcar functions) were convolved with a
gamma distribution to account for the shape and delay
of the hemodynamic response (Boynton, Engel, Glover,
& Heeger, 1996). Each trial began with an asterisk fixa-
tion point, presented for 500 msec at the center of the
screen. Five hundred milliseconds after the fixation
point disappeared, a pair of digits appeared for 1 sec
(Figure 1). The intertrial interval was 6000 msec, and
the interblock interval was at least 15 sec. Stimuli were
projected (Sanyo PLC-XT16) onto a frosted screen at the
rear end of the scanner bore and viewed through a mir-
ror mounted onto the head coil. Participants’ responses
were registered by a hand-held fiber-optic response
system (LUMItouch fMRI Optical Response keypad, Pho-
ton Control, Burnaby, Canada; www.photonixco.com). At
the group level, a fixed-effect analysis was employed, with
a 2 � 2 factorial repeated measures design. Group effects
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are shown if the p value yielded p < .05 (Bonferroni-
corrected for multiple comparisons). For the individual
data, the effects are shown if the p value yielded p < .001
(uncorrected).

Coregistration of Stereotaxic and MRI Data

For TMS recording and positioning we used the Brain-
Voyager TMS Neuronavigation System (BrainInnovation,
Maastricht, The Netherlands). This system consists of sev-
eral miniature ultrasound transmitters attached to the
participant’s head and to the TMS coil. These ultrasound
markers continuously transmit pulses to a receiving sen-
sor device. Local spatial coordinate systems are created
by linking the relative raw spatial position of the ultra-
sound senders to a set of fixed additional landmarks on
the participant’s head. The specification of these fixed
landmarks is achieved via a digitizing pen that also hosts
two transmitting ultrasound markers in order to measure
its relative position in 3-D space. The three anatomical
landmarks used to define the local coordinate system
were the nasion and the two incisurae intertragicae. The
neuronavigation system thus provides topographic in-
formation of the head-based transmitters relative to a
participant-based coordinate frame. After having defined
the local spatial coordinate system for the participant’s
head and the TMS coil in real 3-D space, these coordi-
nate systems have to be coregistered with the coordinate
system of the MR space. For TMS–MRI coregistration, the
same landmarks digitized on the participant’s head are
specified on the head reconstruction of the anatomical
data from the MR sequence. After the landmarks speci-
fied on the real head have been coregistered with those
on the reconstructed head, events occurring around the
head of the participant in real space are registered on-

line, and are visualized and recorded in real-time at cor-
rect positions relative to the participant’s anatomical
reconstruction of the brain. The TMS coil can now be
neuronavigated to a specific anatomical brain area or
functional region of interest in every individual partici-
pant (Figure 2).

Localization of TMS Target Region

In accordance with previous findings using the identi-
cal size congruity paradigm (Cohen Kadosh et al., 2007,

Figure 2. TMS neuronavigation based on individual fMRI data. An

example of functional data superimposed on the anatomical
reconstruction of the brain and the coregistered TMS coil.

Figure 1. Size congruity

paradigm. Each pair of stimuli

was preceded by a fixation

point and a blank screen
(500 msec each) and remained

visible for 1 sec. After 6 sec

(intertrial interval), a new trial
began with the presentation

of a fixation point. The

participants had to decide

which stimulus was
numerically larger while

ignoring the physical size of

the stimulus. The correct

response was indicated by
a button press.
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2008; Kaufmann et al., 2005; Pinel, Piazza, Le Bihan, &
Dehaene, 2004), we aimed to apply TMS to the right
IPS in order to interfere with automatic magnitude pro-
cessing. In our previous study, we demonstrated that a
TMS-induced disruption of right, but not left, IPS activity
significantly impairs the SCE as measured by a significant
decrease in the response speed facilitation during con-
gruent stimuli. In the current study, however, we wanted
to systematically investigate whether this previously re-
vealed TMS-induced behavioral effect following fMRI-
guided TMS neuronavigation over the right IPS could
also be revealed with other methods of determining the
right parietal target stimulation site. Therefore, we re-
peated our original study testing the same number of
participants (n = 5) under four different experimental
conditions, systematically comparing the four different
most commonly used approaches of determining the
parietal target stimulation site in TMS studies. We inten-
tionally decided to test only five subjects in each of the
approaches in order to investigate whether all approaches
were able to reveal significant results when testing such
a small number of subjects, as individual fMRI-based
stereotaxic neuronavigation had accomplished.

Four Different Approaches of Determining
the Parietal TMS Site

fMRI-guided TMS Neuronavigation

For one group, the right parietal TMS target site was
determined as the individual location within the IPS ex-
hibiting the strongest BOLD-signal contrast for the SCE.
In order to achieve this precision, the functional data
of each individual participant were superimposed on
the individual anatomical reconstruction of the brain. In
every participant, the TMS coil was then neuronavigat-
ed using frameless stereotaxy in order to stimulate the
specific functional activation area in the right IPS under-
lying the SCE. In contrast to the fMRI group analysis,
TMS neuronavigation was based on individual data in
AC–PC space (the cerebrum was rotated into the ante-
rior commissure–posterior commissure plane). This was
done in order to avoid any additional transformations
that could distort the correspondence between MRI and
stereotaxic points.

MRI-guided TMS Neuronavigation

The parietal TMS target site for the second group was
determined based on individual MRI data. For each par-
ticipant, an anatomical reconstruction of the right hemi-
sphere was created. Prior to the experiment, the target
site was individually determined as the anterior part of
the IPS. The TMS neuronavigation system was employed
to navigate to this anatomically defined target region in
each participant.

TMS Neuronavigation Based on Group
Talairach Coordinates

For the third group, the parietal TMS target site was
determined as the Talairach coordinates of the location
in the fMRI group analysis which exhibited the strongest
SCE within the right IPS (Cohen Kadosh et al., 2007;
Talairach coordinates [x, y, z] = [22, �68, 39]). These
normalized stereotaxic coordinates were marked as tar-
get sites on the normalized brain of each participant.
This location was then back-transformed to the individ-
ual subject’s brain coordinates in native space by revers-
ing the native-to-Talairach transformation procedure.
Finally, the TMS neuronavigation system was used to
navigate to this group-average target site on the basis of
each individual brain anatomy in AC–PC space.

TMS Based on the 10–20 EEG System
(Anatomical Landmark Approach)

For the fourth group, the International 10–20 System for
EEG electrode placement (Jasper, 1958) was employed
for determination of the parietal TMS target site. A lycra
swimming cap was placed on the participant’s head in
order to mark the location of P4, which has been shown
to correspond to the right IPS (Herwig et al., 2003).
Although placement of the TMS coil required no TMS
neuronavigation, it was still used in order to determine
in every single participant which exact anatomical brain
structure was actually underlying P4, and thus, stimu-
lated during this approach.

Experimenter Bias

The stereotaxic system employed in this study allows
real-time and on-line TMS neuronavigation to any pre-
defined TMS target site. Importantly, the accuracy of
coil positioning is monitored and recorded throughout
the entire experiment. Therefore, it is certain that a tar-
get site is stimulated equally precise in all four condi-
tions, excluding the possibility that differential results
between conditions are due to differences in stimula-
tion accuracy, for example, due to random fluctuations
or an experimenter bias.

TMS Protocol

Biphasic TMS pulses were applied with a figure-of-eight
coil (MCB70; inner and outer radii of the two coil loops =
1.2 and 5.4 cm, respectively) and a Medtronic MagPro
X100 stimulator (Medtronic Functional Diagnostics A/S,
Skovlunde, Denmark; maximum stimulator output =
2 T). The coil was fixed on a tripod and placed tangen-
tially on the skull with a custom-made coil holder. The
coil position was monitored on-line using the Brain-
Voyager TMS Neuronavigation System. Triple-pulse TMS
at 10 Hz was applied at 60% of maximum stimulator
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output. The pulses were given at 220, 320, and 420 msec
after stimulus presentation. The timing of the pulses
was chosen based on a recent ERP study that found in-
creased amplitudes in the congruency conditions at the
parietal electrode around 220 msec after stimulus pre-
sentation (Walsh & Cowey, 2000). These amplitudes peaked
around 350–400 msec after stimulus presentation. For the
sham condition, TMS pulses were applied using a placebo
figure-of-eight TMS coil (MC-P-B70 Placebo). The posi-
tioning and navigation of the placebo coil, as well as the
applied stimulation parameters, were the same as those
in the real TMS condition. Each participant underwent a
TMS session, in which the order of real and sham stimu-
lation was counterbalanced between the participants.
Congruent, neutral, and incongruent conditions were
randomly sampled, and there was an equal sampling for
each condition. A total of 144 trials were presented to each
participant (24 trials � 2 sessions [TMS, sham] � 3 con-
gruencies [incongruent, neutral, and congruent]). Re-
sponses had to be made equally often with the left and
right hand.

Statistical Analysis of Behavioral Data

Mean RTs for every participant in each condition were
calculated for correct trials only. RTs that were 2.5 stan-
dard deviations from the mean of each condition for
each individual were excluded (less than 2%). An outlier
analysis was performed per approach (group mean ±
2.5 SD), ensuring that the group means were not
distorted by extreme values of a single subject. RTs were
analyzed for all four approaches together, and sub-
sequently, for the conditions separately using a 2 � 3
factorial repeated measures ANOVA (Stimulation [TMS/
sham] � Congruency [incongruent/neutral/congruent]).
In order to assess the facilitatory effect more directly, a
2 � 2 factorial repeated measures ANOVA was per-
formed (Stimulation [TMS/sham] � Congruency [neutral/
congruent]). Additionally, one-sample t tests were per-
formed on the difference between sham and TMS in
SCE (calculated as RT [incongruent] � RT [congruent])
for each of the approaches separately, which allowed
an estimation of the effect size obtained by each of the
four approaches.

RESULTS

Behavioral Results without TMS:
The Size Congruity Effect

The task performance during baseline elicited a strong
and significant SCE as measured by a significant differ-
ence between congruent and incongruent trials both
in terms of RTs [RT (incongruent) � RT (congruent) =
104 msec, SD = 44.3; t = 10.530, p(one-tailed) < .001]
and error rates [error rate (incongruent) � error rate (con-
gruent) = 0.200, SD = 0.142; t = 6.320, p(one-tailed) <

.001]. This significant SCE was composed of a significant
facilitatory component [RT (neutral) � RT (congruent) =
36 msec, SD = 20.9; t = 7.766, p(one-tailed) < .001] as
well as a significant interference component [RT (incon-
gruent) � RT (neutral) = 68 msec, SD = 41.4; t = 7.346,
p(one-tailed) < .001]. Whereas the facilitatory effect re-
veals that participants were significantly faster in their
decision when the task-irrelevant dimension of the stim-
uli (physical size) was in accordance with the task-
relevant dimension (numerical size), the interference
effect demonstrates a significant decrease in perfor-
mance when the task-irrelevant dimension was in con-
flict with the task-relevant dimension.

fMRI Data

fMRI was employed in order to localize the exact neural
correlates underlying this behavioral SCE. A contrast
analysis between congruent and incongruent trials dur-
ing fMRI revealed higher activation in bilateral premotor
regions (the putative frontal eye fields and the presup-
plementary motor area) and the right frontal operculum.
Several of these areas have been reported in studies
that utilized conflict situations (Critchley, Tang, Glaser,
Butterworth, & Dolan, 2005; Aron, Robbins, & Poldrack,
2004; Rushworth, Walton, Kennerley, & Bannerman, 2004;
Picard & Strick, 2001). Moreover, in line with previous
studies (Kaufmann et al., 2005; Pinel et al., 2004), the SCE
activated the IPS bilaterally (Figure 3). Our previous study
ascertained that within this bilateral parietal activation
network only the right IPS activity is functionally neces-
sary for the facilitatory component of the SCE as revealed
by fMRI-guided TMS neuronavigation (Cohen Kadosh
et al., 2007). Based on this result, we targeted only the
right IPS in the subsequent TMS studies, aiming to rep-
licate our previous findings of a TMS-induced reduction
of the facilitatory component of the SCE to compare the
four different approaches of targeting the exact stimula-
tion site within the right IPS: (i) fMRI-guided TMS neuro-
navigation, (ii) MRI-guided TMS neuronavigation, (iii) TMS
neuronavigation based on group Talairach coordinates,
and (iv) TMS over P4.

Effects of fMRI-guided TMS Neuronavigation

In order to accurately stimulate the functionally defined
region of interest along the right IPS in each participant,
the IPS SCE of the fMRI data was analyzed separately for
each individual participant. The results revealed consid-
erable interindividual differences in the IPS activation
both in extent and in spatial layout and, therefore, in the
stimulated coordinates (Figure 3; Table 2).

Sham TMS

When stimulating this functionally defined right IPS ac-
tivation using a TMS placebo coil (sham condition), we

212 Journal of Cognitive Neuroscience Volume 21, Number 2



again revealed a clear and significant SCE [t = 4.073,
p(one-tailed) < .01], calculated as [RT (incongruent) � RT
(congruent)]. More concretely, RTs during congruent
trials (466 msec, SD = 39.4) were significantly faster as
compared to incongruent trials (579 msec, SD = 88.7).
This SCE comprised both a significant facilitatory com-
ponent [44 msec, SD = 4.6; t = 21.465, p(one-tailed) <
.001], as well as a significant interference effect [69 msec,
SD = 62.9; t = 2.467, p(one-tailed) < .05].

Right IPS

A direct statistical contrast between fMRI-guided real
versus sham TMS over the right IPS revealed that during
real TMS, the overall SCE [RT (incongruent) � RT (con-
gruent) = 80 msec, SD = 48.0] was significantly reduced
[t = 2.517, p(one-tailed) < .05; see Figure 4] as com-
pared to sham TMS [RT (incongruent) � RT (congru-
ent) = 113 msec, SD = 62.4]. Importantly, a two-way
repeated measures ANOVA with TMS (sham vs. real
TMS) and congruency (neutral or congruent) as the
two within-subject factors revealed a significant inter-
action between TMS and congruency [F(1, 4) = 7.677,
p < .05].

Effects of MRI-guided TMS Neuronavigation

Sham TMS

During sham TMS, we again revealed a clear and signifi-
cant SCE [t = 39.617, p(one-tailed) < .001]. More con-
cretely, RTs during congruent trials (439 msec, SD =
37.0) were significantly faster as compared to incongru-
ent trials (564 msec, SD = 37.2). This SCE was composed
of both, a significant facilitatory component [43 msec,

SD = 24.4; t = 3.899, p(one-tailed) < .05], as well as a
significant interference effect [82 msec, SD = 20.9; t =
8.743, p(one-tailed) < .01].

Right IPS

When stimulating this anatomically defined right IPS
using real TMS, we also revealed a significant SCE [t =
8.143, p(one-tailed) < .001]. Although the SCE was de-
scriptively reduced during real TMS [RT (incongruent) �
RT (congruent) = 102 msec, SD = 27.9] as compared
to sham TMS [RT (incongruent) � RT (congruent) =
124 msec, SD = 7.0], a direct post hoc contrast between

Figure 4. Size congruity effect as a function of the four approaches

for TMS target site determination. White, gray, and black bars ref lect

the SCE for sham, TMS, and the difference between sham and
TMS, respectively. Error bars depict one standard error of the mean

(SEM ). The asterisk indicates a significant difference between SCE

(sham) and SCE (TMS) at a = .05.

Figure 3. Individual

differences in brain activity.

The different colors represent

the neural correlates
underlying the behavioral

SCE for the individual

participants.
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both TMS conditions did not find this difference to be
significant [t = 1.834, p(one-tailed) = .071; see Fig-
ure 4]. Accordingly, a two-way repeated measures
ANOVA with TMS (sham vs. real TMS) and congruency
(neutral or congruent) as the two within-subject factors
also failed to reveal a significant interaction [F(1, 4) =
2.504, p = .189].

Effects of TMS Neuronavigation Based
on Talairach Coordinates

Sham TMS

During sham TMS, we revealed a clear and significant
SCE [t = 4.183, p(one-tailed) < .01]. More concretely,
RTs during congruent trials (407 msec, SD = 33.1) were
significantly faster as compared to incongruent trials
(484 msec, SD = 71.3). This SCE was composed of both
a significant facilitatory component [25 msec, SD = 24.3;
t = 2.284, p(one-tailed) < .05], as well as a significant
interference effect [53 msec, SD = 36.6; t = 3.235, p(one-
tailed) < .05].

Right IPS

When stimulating the right IPS based on Talairach group
coordinates using real TMS, we also revealed a signifi-
cant SCE [t = 5.548, p(one-tailed) < .01]. Although the
SCE was descriptively reduced during real TMS [RT (in-
congruent) � RT (congruent) = 59 msec, SD = 23.7] as
compared to sham TMS [RT (incongruent) � RT (con-
gruent) = 78 msec, SD = 41.6], a direct post hoc con-
trast between both TMS conditions did not find this
difference to be significant [t = 1.487, p(one-tailed) =
.106; see Figure 4]. Accordingly, a two-way repeated
measures ANOVA with TMS (sham vs. real TMS) and
congruency (neutral or congruent) as the two within-
subject factors also failed to reveal a significant inter-
action [F(1, 4) = 0.100, p = .542].

Effects of TMS over P4

Sham TMS

During sham TMS, we revealed a clear and significant
SCE [t = 4.891, p(one-tailed) < .01]. More concretely,
RTs during congruent trials (426 msec, SD = 56.0) were
significantly faster as compared to incongruent trials
(528 msec, SD = 90.5). This SCE was composed of both
a significant facilitatory component [34 msec, SD = 23.8;
t = 3.159, p(one-tailed) < .05], as well as a significant
interference effect [68 msec, SD = 43.4; t = 3.494,
p(one-tailed) < .05].

Right IPS

When stimulating P4 based on the 10–20 EEG system
using real TMS, we also revealed a significant SCE [t =

3.338, p(one-tailed) < .05]. Although the SCE was de-
scriptively reduced during real TMS [RT (incongruent) �
RT (congruent) = 86 msec, SD = 57.5] as compared
to sham TMS [RT (incongruent) � RT (congruent) =
101 msec, SD = 46.4], a direct post hoc contrast between
both TMS conditions did not find this difference to
be significant [t = 0.749, p(one-tailed) = .247; see Fig-
ure 4]. Accordingly, a multivariate two-way repeated
measures ANOVA with TMS (sham vs. real TMS) and con-
gruency (neutral or congruent) as the two within-subject
factors also failed to reveal a significant interaction [F(1,
4) = 0.833, p = .413].

Directly Comparing the Effect Sizes
of the Four Approaches

Our results indicate that when the right IPS is stimu-
lated in the location indicated by the individual fMRI
results, the SCE decreases significantly. Importantly, this
effect was only found to be significant with n = 5 when
using fMRI-guided TMS neuronavigation to approach
the TMS target site, but could not be replicated using
a different approach for TMS target site determination
testing the same number of participants. Although all
applied TMS approaches showed the same trend as the
fMRI-guided TMS neuronavigation, the effect size was
not large enough to reach statistical significance. In the
next stage of analysis, we computed the power of these
experiments to determine how many subjects would be
needed for each of the three reductions in SCE to be-
come significant.

In contrast to just comparing significance differences
between groups, the effect size is a standardized mea-
sure of the real effect, which takes into account not only
the observed difference in RTs but also the variability,
the alpha error, the beta error, the test power, and the
sample size, making it a valid measure of the standard-
ized strength of any observed effect (Cohen, 1988). Im-
portantly, effect sizes enable a parametric differentiation
and ordering within and between several significant or
nonsignificant results.

When directly comparing the four approaches for
TMS target site determination, a clear difference occurs
in the strength of the effect size of TMS (Table 1). As dis-
cussed in the previous section, for all four approaches

Table 1. Effect Sizes of Paired-samples t Tests on the
Difference in SCE between Sham and TMS

Effect Size (Cohen’s d)

fMRI 1.13

MRI 0.82

Talairach 0.67

Anatomical 0.34
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the SCE was reduced in the TMS condition as compared
to the sham condition. However, when calculating the
effect size of this difference, the effect in the fMRI-guided
TMS neuronavigation was largest (Cohen’s d = 1.13),
followed by the effect size for the MRI-guided TMS neu-
ronavigation (Cohen’s d = 0.82), followed by the ef-
fect size for the TMS neuronavigation based on group
Talairach coordinates (Cohen’s d = 0.67), and finally,
smallest for the TMS over P4 approach (Cohen’s d =
0.34). The effect sizes for the interaction between TMS
and congruency as shown by the two-way repeated mea-
sures ANOVA with TMS (sham or TMS) and congruency
(incongruent, neutral, or congruent) as within-subject
factors showed the same order in effect sizes between
the four approaches. Again, fMRI-guided TMS neurona-
vigation generated the largest effect size ( f2 = 1.23),
followed by MRI-guided TMS neuronavigation ( f2 =
0.91), neuronavigation based on Talairach coordinates
( f2 = 0.34), and TMS stimulation over P4 ( f2 = 0.13).

Optimal Sample Size

The optimal sample size of an experiment can theoret-
ically be defined as the exact number of subjects neces-
sary to reveal an a priori determined empirical effect of
a certain size, or any greater size, as statistically signifi-
cant. This implies that any smaller empirical effect, al-
though potentially statistically significant at a greater
sample size, will not reach statistical significance under
these circumstances. Statistical power analysis enables
the determination of an optimal sample size by a priori
specifying the H1 parameter, and thus, controlling not
only for the alpha (a)- but also the beta (b)-error prob-
ability of the statistical analysis. Speaking in statistical
terms, the exact predetermination of an H0 and an H1
parameter enables one to calculate the probability of
an empirical effect (and all higher effects) in case of a
valid H0 (a-error probability), as well as to calculate the
probability of an empirical effect (and all smaller effects)

in case of a valid H1 (b-error probability). The signifi-
cance level (a), the test power (1 � b), the experimental
effect (h2), and the sample size (n) are interdependent,
and thus, after determining any three of these parame-
ters, it is possible to calculate the fourth. In the current
study, the significance level for both a- and b-error
probability are conventionally defined. Moreover, we
calculated the exact standardized effect size for each of
the four approaches. Hence, three of the four parame-
ters are set, enabling the calculation of the exact number
of participants required for yielding each of the de-
scribed effect sizes as being significant. This power
analysis revealed that while in the fMRI-guided neuro-
navigation experiment, five participants were sufficient
for finding a significant difference between sham and
TMS, this number of necessary participants increased
to n = 9 when employing MRI-guided neuronavigation,
to n = 13 in case of TMS based on group Talairach
coordinates, and finally, to n = 47 when applying TMS
over P4 (Figure 5). Hence, although all four approaches
reveal the same direction of effect, they differ in the
number of participants needed to make any claims re-
garding statistical significance.

Quantification of Individual Variability
in TMS Target Site

Although all four approaches of determining the opti-
mal TMS target stimulation site attempted to denote the
same area within the right IPS as target site, their sys-
tematic difference in TMS-induced behavioral effect sizes
suggests that this has not been the case. In order to
quantify the difference in the actual stimulation site be-
tween approaches that might give rise to these system-
atic effect size differences, the coordinates of the exact
actual stimulation site in each individual participant
were assessed and analyzed using frameless stereotaxy
(Figure 6; Table 2). As can be seen in Table 2 (see also
Figure 6), the actual TMS target site was considerably
different in each participant. During the fMRI-guided

Figure 5. Relation between

sample size and alpha (a)

value for each of the four

approaches. The different
markers indicate the four

approaches for determination

of TMS stimulation site. The
horizontal line indicates the

alpha (a) value of .05.
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TMS neuronavigation approach, the individual fMRI re-
sults led to a large interindividual variability of the stim-
ulated ‘‘hot spot’’ defined as the strongest fMRI activity
underlying the SCE (SD in x = 5.6, y = 4.7, z = 8.6). The
anatomically defined right IPS target site resulted in a
considerable interindividual variance in corresponding
Talairach coordinates (SD in x = 10.9, y = 6.2, z = 2.4),
and even larger interindividual variances were revealed
in the individual Talairach coordinates underlying the P4
target TMS stimulation site (SD in x = 7.0, y = 19.8,
z = 19.2).

In order to assess and better compare the variability
of the TMS target site between the four different TMS
approaches, Euclidean distances (ED) between the ac-
tual target site of stimulation and two reference target
points were calculated. The first reference target point
was defined as the mean Talairach coordinates of the
fMRI group analysis which exhibited the strongest SCE
(Site 1; Talairach coordinates [x, y, z] = 22, �68, 39).
Although this site is likely to most closely resemble the
true target area, it may bias calculations of variability.
This reference target point is calculated from fMRI data

acquired from subjects in the first approach, which may
lead to an underestimation of variability in this approach.
Therefore, EDs were additionally calculated to a reference
target point based on a recent meta-analysis (Cohen
Kadosh et al., 2008; Site 2; Talairach coordinates [x, y,
z] = 37, �46, 42). This enabled us to indicate in mil-
limeters the exact distance from each actual TMS target
stimulation site per subject and per approach to both of
these reference points. For the fMRI-guided TMS ap-
proach, the average ED between each individual target
TMS site and Site 1 was 11 mm (SD = 3.5; variance =
12.2). For the MRI-guided TMS approach, the average
ED was 24 mm (SD = 7.2; variance = 52.4), and for the
P4 approach 25 mm (SD = 11.7, variance = 136.7). ED
to Site 2 was 29 mm (SD = 3.6; variance = 13.1) for the
fMRI-guided TMS approach, 13 mm (SD = 8.9; variance =
79.6) for the MRI-guided TMS approach, and 36 mm (SD =
8.0, variance = 63.4) for the P4 approach (Table 3). This
again clearly demonstrated how much the exact site of
stimulation can vary between participants and between
approaches. The maximal difference between the refer-
ence target point (Site 1) and the actual TMS stimulation

Figure 6. Segmentations of the individual participants and their TMS stimulation site. The top row shows IPS activation as a function of

the SCE in the right hemisphere (A). The capital letters indicate the approaches for TMS target site determination, with (A) for fMRI-guided

neuronavigation, (B) for MRI-guided neuronavigation, (C) for neuronavigation based on Talairach coordinates, and (D) for TMS based on the
10–20 EEG system. The red spheres indicate the site of the maximal stimulation.
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site was found to be as large as 42 mm, revealed in one
participant stimulated with TMS over P4 (Table 2).

DISCUSSION

Our aim in this study was to quantify the influence
of different TMS coil positioning approaches on TMS-
induced behavioral effects in cognitive studies. In all four
TMS positioning approaches, participants were stimulat-
ed using either real or sham TMS. In addition, a no-TMS
baseline was recorded. The results and subsequent pow-
er calculations revealed the relative efficacy of the four
methods compared.

Without TMS, participants showed a significant SCE as
measured by a significant difference between congruent
and incongruent trials for both RTs and accuracy. This
significant SCE comprised a facilitatory component, re-
vealing that participants were faster in their decision
when the task-irrelevant dimension of the stimuli (phys-
ical size) was congruent with the task-relevant dimension
(numerical size), as well as an interference component,
revealing a decrease in performance in case of a dimen-
sion conflict. In all four approaches, sham TMS had no
effect on this SCE. However, when contrasting real TMS
versus sham TMS, thus calculating the net impact of right
parietal TMS on the SCE, a systematic difference be-
tween the four approaches was found. For the individual
fMRI-guided TMS neuronavigation approach, a significant
difference between real and sham TMS in terms of a sig-
nificantly reduced SCE was revealed. Moreover, there was
a significant interaction between TMS and congruency.
The other three approaches of TMS coil positioning
showed a smaller reduction in SCE than that obtained
with individual fMRI-guided TMS neuronavigation. This
suggests that the four different TMS coil positioning
approaches do not differ qualitatively in their TMS-induced
effects but in the magnitude of their respective effect
sizes, and thus, in the number of participants required
to reveal the observed TMS-induced changes as being sta-
tistically significant. Accordingly, when calculating the
effect size of the SCE reduction per approach, the effect
size in the fMRI-guided TMS neuronavigation was largest
(Cohen’s d = 1.13), followed by the effect size for the
MRI-guided TMS neuronavigation (Cohen’s d = 0.82),
the effect size for the TMS neuronavigation based on group
Talairach coordinates (Cohen’s d = 0.67), and finally,
smallest for the TMS over P4 approach (Cohen’s d =
0.34). A subsequent power analysis revealed that while
for fMRI-guided neuronavigation five participants were
sufficient to find a significant effect, the number of neces-
sary participants increased to n = 9 for MRI-guided neuro-
navigation, to n = 13 for TMS based on group Talairach
coordinates, and to n = 47 when applying TMS over P4.

Initially, all four approaches of positioning the TMS
coil attempted to denote the same area within the right
IPS. Yet, the differences in the TMS-induced effect sizes
show this was not the case. In order to quantify the dif-
ferences in the parietal target stimulation site within and
between the four approaches that might underlie these

Table 2. Talairach Coordinates of Target Sites for Each
Participant and Euclidean Distance of the Individual Target Site
to Site 1 (Talairach Coordinates [22, �68, 39]) and to Site 2
(Talairach Coordinates [37, �46, 42])

Approach Participant x y z
Distance 1

(mm)
Distance 2

(mm)

fMRI P1 29 �67 28 13 26

P2 16 �70 47 13 32

P3 23 �72 37 5 30

P4 18 �60 47 12 24

P5 16 �70 47 10 32

Anatomical P6 21 �58 52 16 22

P7 20 �59 51 15 23

P8 41 �46 47 30 6

P9 40 �48 47 28 6

P10 40 �48 48 28 7

Talairach P11–15 22 �68 39 0 27

P4 P16 37 �73 37 16 27

P17 32 �82 28 17 39

P18 19 �37 67 42 32

P19 33 �86 15 32 48

P20 34 �79 33 19 34

Talairach conventions: x = left to right, y = back to front, z = bottom
to top.

Table 3. Averaged Euclidean Distance of the Individual Target Site to Site 1 (Talairach Coordinates [22, �68, 39]) and Site 2
(Talairach Coordinates [37, �46, 42]), Averaged per Approach for TMS Target Site Determination

Approach Distance 1 (mm) SD Variance Distance 2 (mm) SD Variance

fMRI 11 3.5 12.2 29 3.6 13.1

Anatomical 24 7.2 52.4 13 8.9 79.6

Talairach 0 0 0 27 0 0

P4 25 11.7 136.7 36 8.0 63.4
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effect size differences, we also assessed the brain coor-
dinates of the actual parietal stimulation site in each
participant using frameless stereotaxy. This calculation
revealed that the actual TMS target site differed con-
siderably between subjects and within methods. The
variability between subjects and within methods was
assessed by calculating the variance in ED to two refer-
ence sites: the mean group fMRI coordinates of the cur-
rent subjects sample (Site 1) and standardized Talairach
coordinates of a respective meta-study derived from the
literature (Site 2). Although mean distances indeed dif-
fered between these two references, both sites supported
the same conclusion of the variability being largest when
targeting P4 and structural MRI-guided anatomical sites,
followed by fMRI-guided sites.

In general, this interindividual variance within each ap-
proach is neither surprising nor necessarily problematic.
Large intersubject variability has been reported along
the IPS, both anatomically (Zilles, Eickhoff, & Palomero-
Gallagher, 2003) and functionally (Cohen Kadosh et al.,
2007). With regard to the question of an optimal TMS
coil positioning approach, this quantified interindividual
difference of parietal fMRI activity, in fact, demonstrates
the necessity of considering this variability in order to
avoid suboptimal stimulation. Indeed, neglect of this
functional intersubject variability and the resulting mis-
targetting of magnetic stimulation may have contribut-
ed, at least partly, to the null results of previous TMS
interference studies using magnitude comparison tasks
(T. Gebuis, unpublished Master’s thesis, Maastricht Uni-
versity, The Netherlands), including the size congruity
paradigm (Walsh & Pascual-Leone, 2003). Here, we ac-
counted for this functional variability using individual
fMRI-guided TMS neuronavigation, and by doing so, we
indeed revealed the strongest behavioral effects com-
pared to all other TMS coil positioning approaches. The
second strongest effect sizes were revealed when using
MRI-guided TMS neuronavigation. Although this approach
does consider the interindividual variance in anatomical
brain structure, it, unlike the fMRI-guided neuronaviga-
tion approach, neglects potential interindividual differences
in structure–function relationships. Hence, although the
exact same anatomical brain region along the IPS was
targeted in each participant, the revealed interindividual
differences in the functional ‘‘hot spot’’ of task-related
brain activity were neglected. This might have resulted
in a slightly suboptimal stimulation in some of the par-
ticipants, leading to a reduced effect size of the TMS-
induced behavioral changes. However, as the power
analysis revealed, this approach would have resulted in
a significant behavioral effect when increasing the sam-
ple size from five to nine participants.

When applying TMS based on the group Talairach
coordinates, the TMS-induced behavioral effect sizes
were also slightly reduced, both in comparison to the
individual fMRI-guided as well as the individual MRI-
guided neuronavigation approaches. This probabilistic

approach (Paus, 1999; Paus et al., 1997) uses frameless
stereotaxy in order to navigate the TMS coil to specific
standardized brain coordinates, for example, Talairach
coordinates that have been reported in the literature to
be functionally activated during the execution of the
respective task. Although this approach considers not
only structural but also functional imaging data of the
respective cognitive task, it still neglects the unique indi-
vidual structure–function relationship by assuming perfect
consistency across individuals in the location of task-
related activations in standardized stereotaxic space. In
our study, the revealed large interindividual variance in
task-related functional parietal activity changes consider-
ably hampered the accuracy of this approach. As a conse-
quence, the TMS-induced behavioral effect sizes during
this TMS positioning approach were again smaller as com-
pared to the individual imaging-guided results. However,
as the power analysis revealed, this approach would also
have resulted in a significant behavioral effect when
increasing the sample size to 13 participants.

Finally, although the revealed interindividual variance
of the actual TMS target stimulation site during the indi-
vidual fMRI-guided and MRI-guided TMS neuronavigation
approach represent the useful and important consider-
ation of brain and task-relevant interindividual differ-
ences, the large interindividual variance of the actual
parietal target region during the P4 stimulation approach
was mainly caused by the oversimplified assumption of
intersubject consistency between scalp landmarks and
underlying anatomical brain regions. This anatomical land-
mark approach neither accounted for interindividual
differences in the functional architecture of the brain
(i.e., interindividual differences in structure–function re-
lationships), nor for the existing interindividual differ-
ences in the actual correspondence between specific
scalp landmarks and underlying brain anatomy (Okamoto
et al., 2004; Herwig et al., 2003). Although the 10–20 EEG
system considers differences in absolute head sizes be-
tween participants by measuring the relative distances
between individual cranial landmarks, interindividual
asymmetries and deformities of the skull and brain still
cause considerable inaccuracy of electrode positioning
(Towle et al., 1993; Myslobodsky & Bar-Ziv, 1989; Habib,
Renucci, Vanier, Corbaz, & Salamon, 1984). Accordingly,
Herwig et al. (2003) evaluated and quantified several
electrode positions and found interindividual variations
concerning the actual correspondence to underlying
anatomical brain regions. Here, our cognitive TMS study
indeed showed that, during this TMS coil positioning
approach, the revealed TMS-induced behavioral effect
sizes were the smallest as compared to the other ap-
proaches. In fact, the conducted power analysis revealed
that in order to still reveal a significant behavioral effect
despite the inaccurate coil positioning, 47 participants
would need to be tested.

Our findings clearly document a graded difference
between the four TMS coil positioning approaches with
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the individual fMRI-guided TMS neuronavigation yield-
ing the strongest and the P4 stimulation approach
yielding the smallest behavioral effect size. Although all
four approaches account for different aspects and dif-
ferent levels of brain- and task-related interindividual
variances, some still either underestimated (probabilistic
approach) or overestimated (P4 approach) the variabil-
ity in the location of the SCE that is present between
individuals. In this respect, our findings suggest that in
case of cognitive studies or during structure–function
mappings of so-called silent brain regions, the optimal
method, where possible, is to use TMS on the basis of
individual functional brain imaging coordinates.

However, some words of caution are required. Al-
though individually fMRI-guided TMS is the most accu-
rate method, our power calculations show that structural
MRI guidance or mean Talairach coordinates with frame-
less stereotaxy are sufficient if the group size is large
enough. Moreover, we investigated the functional rele-
vance of one particular region of the IPS for one cogni-
tive function and the extent to which our findings can
be applied to other studies is uncertain. In fact, given
the particularly large interindividual variability along the
IPS (Zilles et al., 2003), the particular cognitive function
investigated in this study may have biased our findings by
specifically emphasizing the advantages of an individual
fMRI-guided TMS neuronavigation as the only approach
which explicitly accounts for these interindividual dif-
ferences in the functional architecture of the brain. It
may be that for other brain regions or other cognitive
tasks, the interindividual differences in brain anatomy and
structure–function relationships are less pronounced,
thus reducing the difference between fMRI-guided, MRI-
guided, and probabilistic approaches, making these latter
two approaches an acceptable compromise between
stimulation accuracy and pre-experimental effort. How-
ever, one can be confident that individual fMRI-guided
TMS will be the most accurate and that 10–20 system
coordinates will have least power in cognitive studies.

It is also important to note that the question of deter-
mining the optimal TMS stimulation approach during
cognitive studies is not sufficiently addressed by merely
focusing on positioning the coil above the respective
target stimulation site. In addition to the differential
influence of different TMS coil positioning approaches
as described above, different coil rotations above the
exact same target stimulation site similarly influence the
revealed behavioral effect sizes of TMS. In a recent study,
Kammer, Vorwerg, and Herrnberger (2007) used TMS to
stimulate the visual cortex and investigated the depen-
dency of phosphene thresholds on TMS current orien-
tation. Importantly, with the aim of an advanced TMS
neuronavigation system which allows storing the exact
position and orientation of the TMS coil relative to an
individual 3-D anatomical MR scan, the authors were
able to empirically relate the individual neuroanatomy in
terms of site and orientation of the stimulated gyrus in

the occipital cortex to the optimal current direction of
TMS. They revealed that the optimal current orientation
runs perpendicular to the underlying gyrus. Based on
these findings, Kammer et al. (2007) conclude that simi-
lar to the motor system, the visual system behaves aniso-
tropically when depolarized by TMS, and because this
anisotropy might very well be a general feature all over
the cortex, TMS coil orientation should always be consid-
ered when stimulating any cortical region. In addition,
interindividual differences in scalp-to-cortex distance re-
quires consideration of individually dosed TMS intensi-
ties as the exact same target site, and coil orientation
might still result in different TMS-induced electric field
strengths between participants with varying absolute
distances between the TMS coil and the respective target
stimulation site (Knecht, Sommer, Deppe, & Steinstrater,
2005). Finally, in a series of studies, Wagner et al. (2008)
demonstrated the need to account for the effects of the
specific electric characteristics of cortical tissue. The au-
thors evaluated the induced current density in a realistic
model of the human head when being exposed to a
time-varying magnetic field. The tissue electric proper-
ties were varied to ascertain their influence on the
induced currents. Interestingly, current density compo-
nents normal to the tissue interface were shown to exist
in all solutions within the cortex, contrary to the pre-
dictions of models that rely on symmetrical geometries.
Additionally, modifications in the cortical geometry were
shown to perturb the field and current density distribu-
tions in magnitude, location, and orientation, such that
the site of activation could be considerably altered,
particularly in the case of, for example, electrical and
anatomical changes following a stroke (Wagner et al.,
2006) or brain atrophy (Wagner et al., 2008).

In light of these and our own findings, future software
developments are still needed in order to simultaneous-
ly account for all of these influencing factors. In this
respect, an idealized TMS coil positioning approach
would thus be based on individual fMRI data of a given
participant, using a frameless stereotaxic system which
allows on-line and real-time TMS neuronavigation to a
specific target stimulation site while at the same time
enabling real-time determination of the optimal target
TMS coil orientation, on-line dosing of the optimal TMS
intensity based on individual scalp-to-target distance
measurements, as well as on-line and real-time modeling
of the induced current density distributions and their
interaction with the specific tissue electric properties as
present at the specific TMS target stimulation site.
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