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Abstract
In preoperative planning, fMRI and repetitive navigated transcranial magnetic stimulation (rTMS) repeatedly revealed differ-
ences in the detected language sites, which can be attributed to tumor-induced oxygenation changes impairing the accuracy of
fMRI. We therefore compared the accordance of those techniques in healthy subjects using exactly the same tasks in both
investigations. 19 healthy right-handed subjects performed object naming, pseudoword reading, verb generation, and action
naming during fMRI at 3 T and rTMS. For rTMS language mapping, we stimulated 46 cortical spots over the left hemisphere;
each site was stimulated for three times. Language positive points during rTMS for one, two, or three errors out the three
stimulations per spot (1/3, 2/3, 3/3) were exported via DICOM, and compared to the positive fMRI clusters. As a result of this
comparison, the best correlation was observed between 3/3 errors and fMRI for pseudoword reading and verb generation with t-
values of pu < 0.001, uncorrected for multiple comparisons, on average across the whole rTMS-spot map. We found a close
spatial agreement between several rTMS-spots (2/3 and 3/3 errors) and fMRI clusters accentuated in the frontal lobe, followed by
the parietal lobe and less in the temporal lobe. Compared to the fMRI clusters, there was a higher congruence for 2/3 and 3/3
errors than for 1/3 errors. Overall, results of language mapping in healthy subjects by fMRI and rTMS correspond well yet
depending on the used language task.
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Abbreviations
aMTG Anterior middle temporal gyrus
CPS Cortical parcellation system
DCS Direct cortical stimulation
EEG Electroencephalography
EPI Echo planar imaging

fMRI Functional magnetic resonance imaging
GLM General linear model
ITG Inferior temporal gyrus
MEG Magnetoencephalography
NPV Negative predictive value
nTMS Navigated transcranial magnetic stimulation
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orIFG Orbital part of the inferior frontal gyrus
PET Positron emission tomography
polIFG Polar inferior frontal gyrus
polMFG Polar middle frontal gyrus
polMTG Polar middle temporal gyrus
polSFG Polar superior frontal gyrus
polSTG Polar superior temporal gyrus
PTI Picture to trigger interval
RMT Resting Motor Threshold
rTMS Repetitive navigated transcranial magnetic

stimulation
SEM Standard error of mean
VAS Visual analogue scale

Introduction

A variety of noninvasive methods is used in neuroscience to
investigate cortical language function in the human brain, such
as functional magnetic resonance imaging (fMRI), magnetoen-
cephalography (MEG), and electroencephalography (EEG)
(Salmelin et al. 2000). Additionally, transcranial magnetic stim-
ulation (TMS)was introduced for stimulating the human cortex
by Barker et al. (1985). Pascual-Leone et al. (1991, 1999) in-
troduced the term Bvirtual lesion^ and was able to induce
speech arrests and counting errors by the use of rapid-rate
TMS (Pascual-Leone et al. (1991, 1999)). Recently, the com-
bination of TMS with optically tracked stereotactic navigation
systems was established making it possible to visualize the
stimulation sites via MRI-based 3D reconstructions of the pa-
tients’ brain, called navigated TMS (nTMS) (Paus 1999;
Neggers et al. 2004; Ilmoniemi et al. 1999; Ruohonen and
Ilmoniemi 1999; Ruohonen and Karhu 2010).

With the development of nTMS, TMS gains increasing
importance for neuroscientific language research by combin-
ing it with an object naming task and by using repetitive
nTMS (rTMS) (Sollmann et al. 2013b; Lioumis et al. 2012).
Moreover, the correlation with intraoperative direct cortical
stimulation (DCS) was investigated repeatedly showing a high
sensitivity for language-involved brain areas (Picht et al.
2013; Tarapore et al. 2013; Krieg et al. 2014b). As a conse-
quence of these studies, in some institutions, rTMS is already
used routinely in addition to fMRI for non-invasive language
mapping (Rosler et al. 2014; Krieg et al. 2014a; Ille et al.
2015b; d). Moreover, there are studies showing that fMRI is
impaired by intraparenchymal lesions due to impaired oxy-
genation levels in the proximity of intracerebral lesions and
therefore seems not to be appropriate for preoperative map-
ping of cortical language function (Giussani et al. 2010; Ille et
al. 2015b). Nonetheless, fMRI and rTMS are two highly ca-
pable techniques for mapping of cortical language function
and are therefore highly relevant for neuroscientists per se.
Thus, the present study is one of the first to examine the results

of cortical mapping of language function obtained by rTMS
and fMRI within one cohort of healthy volunteers (Kononen
et al. 2015). The study therefore investigates the correlation
between a lesion-based technique (rTMS) and neuro-vascular
coupling as the base of fMRI in the same volunteers and by the
same four language tasks mirroring different language sub-
functions and networks.

Our hypothesis is that neuronal activation as measured by
changed blood oxygenation levels and a modality using vir-
tual lesions to identify functionally relevant cortical tissue
correlate well in their location with reduced correlation in
the precentral gyrus due to the absence of the motoric compo-
nent during the fMRI examination.

Methods

Participants

We enrolled 20 subjects (10 male, 10 female) without neuro-
logical disorders in this prospective study. One male partici-
pant could not tolerate the TMS stimulation, so we had to stop
his investigation and we excluded him from further analysis.
The remaining subjects had a mean age of 24.6 ± 1.7 years
(range 22–29 years). Their right-handedness was tested by
the Edinburgh handedness inventory (Oldfield 1971) and for
all subjects German was the sole mother tongue. Prerequisite
inclusion criteria were a written informed consent and an age
of at least 18 years. General TMS and fMRI exclusion criteria
like pacemaker, cochlear implant, or deep brain stimulation
(Rossi et al. 2009), as well as previous seizures, second moth-
er tongue, developmental language impairment, bilateral or
left handedness, aberrant medical history, or any neurological
deficits or pathologies on cranial MRI led to an exclusion of
the study.

Ethics

The experimental procedures were approved by the local eth-
ical committee in accordance with the Declaration of Helsinki
(registration number: 2793/10). All participants gave their
written informed consent prior to the first investigation.

Language tasks

rTMS and fMRI experiments used 4 paradigms with identical
stimulus material in both methods. We utilized four language
tasks consisting of a set of 100 items each: object naming,
pseudoword reading, verb generation, and action naming.
All tasks were visual tasks and had to be performed in
German. During the rTMS investigation, the participants had
to name or read aloud the word, whereas in the fMRI investi-
gation, the volunteers were advised only to think the word.

1072 Brain Imaging and Behavior (2019) 13:1071–1092



For the object naming task, we used a colored picture set of
common objects comparable to the picture set of Snodgrass
and Vanderwart (1980) (Picht et al. 2013; Tarapore et al.
2013), which had to be named (or thought about in fMRI)
without article.

The pseudoword reading task consisted of 50 pseudowords
randomly mixed with 50 real words (as control) from a
German word list by Felty et al. (2007). Felty’s list contained
disyllabic nouns, verbs, and adjectives in the CVCCVC struc-
ture (C=Consonant, V=Vowel) and pseudowords that were
derived from those real words. The subjects were asked to
read aloud (or calm in fMRI) the presented words.

For the verb generation task, common objects were visual-
ly presented on a screen. The instruction for the volunteers
was to build verbs out of those objects.

During the action naming task, the participants were asked
to name aloud (or calm in fMRI) daily activities that were
displayed by pictures on a screen (e.g., dancing, sleeping).

rTMS language mapping

Experimental setup

One investigator performed all rTMS language investiga-
tions by using the Nexstim eXimia NBS system version
4.3 and a NexSpeech® module (Nexstim Plc, Helsinki,
Finland). In each participant, language mapping was con-
ducted for the left hemisphere. Thereby, we followed the
same mapping protocol as published earlier, with a picture
to trigger interval of 0 ms (Krieg et al. 2014b; Picht et al.
2013). In brief, we firstly had to determine the Resting
Motor Threshold (RMT) by motor mapping of the cortical
representation of the left-sided hand area (right-sided
abductor pollicis brevis muscle or abductor digiti minimi
muscle, if no satisfying answer of the abductor pollicis
brevis muscle is observed) as described in detail by Picht
et al. (Picht et al. 2009). Stimulus intensity for language
mapping was 100% RMT in all mapping sessions. We ap-
plied ten bursts per rTMS train with a repetition rate of 5 Hz
(stimulation duration of approximately 2 s).

rTMS language mapping procedure

We presented the pictures or words in a random order on a
screen 60 cm in front of the participant. Since we wanted to
make sure that items, which were shown during stimulation,
had been perfectly recognized without stimulation, baseline
testing of each task was performed prior to the stimulation
session. Thus, inter-individual differences in the vocabulary
were considered. During baseline testing, pictures or words
had to be named or read accurately and quickly. Misnamed
or misread items were rejected from the stimulus sequence,
correctly identified items were documented, counted and

were presented in the following stimulation session.
During the rTMS investigation, the display time of items
of the object naming, action naming, and verb generation
task was 700 ms. Words of the pseudoword reading task
were displayed for 1.0 s. The inter picture interval
(Shepherd et al. 2013) was 3.0 s for all tasks. We applied
magnetic pulses simultaneously with the item presentation.

Altogether, one investigation required 100–120 min per
subject, including 4 different tasks. Baseline performance
and rTMS language mapping were video recorded for objec-
tive and detailed post-hoc language analysis (Lioumis et al.
2012).

Stimulated points

We determined 46 cortical spots on the left hemisphere,
which were tagged on the 3D MRI prior to each mapping
session (Fig. 1). The spots were easy to reproduce in the
cortical 3D reconstruction of healthy volunteers and spared
areas in which stimulation would cause unacceptable pain
(orbital part of the inferior frontal gyrus (orIFG), polar su-
perior and polar middle temporal gyrus (polSTG,
polMTG), anterior middle temporal gyrus (aMTG), and po-
lar superior (polSFG), polar middle (polMFG) and polar
inferior frontal gyrus (polIFG). Because of the increasing
distance between skin and brain in the inferior temporal
gyrus (ITG) and the consecutive decreasing stimulation in-
tensity below 50 V/m, this region was also not mapped
(Krieg et al. 2013b). Each of the 46 spots was stimulated
three times per language task, thus we applied 138 stimu-
lations per task. Thereby, the coil was placed in a strictly
anterior-posterior field orientation tangentially to the skull
(Epstein et al. 1996; Lioumis et al. 2012; Wassermann et al.
1999). We accepted minimum field strength of 55 V/m at
the region of interest; across subjects, the field strength
raged from 55 to 80 V/m.

The localization of language-positive points was described
by Corina et al.’s cortical parcellation system (CPS) (Corina et
al. 2005).

Data analysis

Video analysis of all mapping sessions was conducted as
described previously (Lioumis et al. 2012; Picht et al.
2013; Sollmann et al. 2013b). The analysis was blinded to
subject, as well as to stimulated cortical spots and previous
results. We directly compared any language impairment to
the baseline. To describe language impairment as precise as
possible, we divided the evoked errors into different error
categories: No response errors, performance errors, hesita-
tions, neologisms, semantic paraphasias, phonological
paraphasias (for detailed description see (Corina et al.
2010; Sollmann et al. 2013a)), and nominalizations. We
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documented nominalization errors during the verb genera-
tion and action naming task, when volunteers were not able
to find the appropriate verb, but the noun. The error catego-
ry Ball errors^ included all error types. We considered a spot
as language positive, if at least one out of the three stimula-
tions per spot evoked any type of error. Thereby, we exclud-
ed errors attributed to pain or muscle stimulation. Errors
were categorized in B1/3 error^ (at least one induced lan-
guage error out of three stimulations), B2/3 error^ (at least
two induced language error out of three stimulations), and
B3/3 error^ (all three stimulations induced a language error).
For comparison of tasks and the correlation of rTMS with
fMRI-positive brain volume, we calculated error rates. The
error rate resulted from the number of elicited language
errors per number of stimulations and was expressed as a
percentage value.

Creation of 3D maps of responsive rTMS spots

Each stimulation spot was represented by a cascade of three
spots in increasing cortical depth from 0 mm to 10 mm below
cortical surface, corresponding to variable possible stimula-
tion depth. For each task three maps in subject space
representing spots with one, two, and three errors (out of three
applications) elicited by rTMS were created. For single sub-
ject analysis (see 2.6.2), images were smoothed in order to
compensate for discrete positions of rTMS-stimulation sites
which are commonly about (14 ± 5) mm apart. A 10 mm
Gaussian kernel was sufficient to create overlap between rep-
resentations of the spots. Spot images were in register with
T1-weighted images used for rTMS stimulation, which were
co-registered to the T1-weighted image acquired with the
fMRI data for each subject with SPM 8.0 (http://www.fil.
ion.ucl.ac.uk/spm/) on Matlab 2007b (http://www.
mathworks.de/).

fMRI language mapping

Paradigm

Before scanning started, the subject received a detailed intro-
duction and had enough time to practice, until he/she was able
to perform the task correctly. Within the scanner, tasks were
communicated to the subject as follows: a screen was fixed at
the end of the gantry, which the subject was able to see via a
mirror attached to the head coil. The paradigm was shown
using a beamer, which was placed in the adjoining room.
The paradigm was programmed in BPresentation^ (http://
www.neurobs.com).

The paradigm for the language activation comprised one
fMRI run per paradigm. Activation period lasted 16 dynamics
(32 s) with an intermittent resting period of 14 dynamics with
an empty display. On the whole, each task type was presented
8 times with two additional scans before the first task. A mon-
itoring of the subjects’ compliance was not possible, but in-
trinsic motivation was high.

Image acquisition

All subjects received four runs of task-fMRI, a T1 weighted 3-
dimensional sequence at a 3 T Philips Achieva MRI scanner
(PhilipsMedical Systems, the Netherlands) with a sense-head-
8 coil. To acquire the fMRI data, an EPI gradient echo se-
quence was utilized. Imaging parameters were the following:
TR/TE = 2000/30 ms, 90° flip angle, 64 × 64 matrix, 192 mm
FOV, 37 slices, 3 mm slice thickness with 10% inter-slice gap,
consisting in 242 dynamics. The 3-dimensional gradient echo
T1 weighted sequence was conducted to assess the underlying
anatomy. Imaging parameters were the following: TR/TE = 9/
4 ms, flip angle 8°, FOV 240 mm, 170 slices, 1 mm isovoxel
without gap.

Fig. 1 Distribution of stimulated
points during rTMS language
mapping
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Preprocessing and statistical analysis

The imaging datasets acquired were preprocessed using SPM
8.0 (http://www.fil.ion.ucl.ac.uk/spm/) on matlab 2007b
(http://www.mathworks.de/). Discarding of three initial
images was automatically performed by the scanner. The
EPI data of the task fMRI were realigned and unwarped, to
account for residual head motion of the subjects in the scanner
and the 3D T1 images were co-registered to the EPI series
(register with rTMS spot maps was maintained).
Subsequently EPI volumes were smoothed with an 8 mm ker-
nel (Friston et al. 1996; Jenkinson et al. 2002).

The statistical analysis was performed for each task sepa-
rately. The onsets and duration of the condition were modeled
in a General Linear Model (GLM) as blocks. Contrast images
and t-maps for task versus baseline were calculated for each
subject and task.

Fusion of rTMS and fMRI derived maps

Creation of group maps

In the next step, all images, including the statistical images
from the GLM analysis and the rTMS-spot images, were nor-
malized to standard MNI space (Montreal Neurological
Institute, see SPM software) via the subjects’ anatomical
images.

At the second level for each task, normalized contrast im-
ages were entered into a one-sample t-test within SPM.

Unsmoothed, but normalized rTMS spot images were av-
eraged per error-rate they represent in order to create group
images, which then were smoothed with a 16 mm Gaussian
kernel according to the matched sampling theorem.

The overall procedure resulted in complete accordance of
statistical functional, anatomical and rTMS-spot images in
subject space, and of second level statistical images and nor-
malized averaged rTMS spot images in standard space for
group analysis.

Group-level analysis of distance between rTMS spot peaks
and fMRI peaks

The coordinates of the significant fMRI peaks (p < 0.05,
family-wise-error corrected for multiple comparisons) of the
group analysis for each task as well as for the averaged rTMS
spots in MNI space were analyzed in Euclidean space. After
visualizing the fMRI clusters and the rTMS spots on a stan-
dard brain in the SPM viewer, one radiologist verified visual-
ly, if the rTMS spot was located within a significant fMRI
cluster separately for each of the four tasks. The congruent
rTMS spots for a specific task were matched to the fMRI
clusters of the four differing tasks (task 1–4).

For the rTMS spots, which were located within the fMRI
clusters, the Euclidean distance was calculated:

d x; yð Þ ¼ x−yj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑
n

i¼1
χi−yið Þ2

s

:

Thereby,‘x’ corresponds to the respective coordinate of the
fMRI peaks and By Bto the respective coordinate of the rTMS
peaks. The rTMS peaks, which showed an optical congruity
with the fMRI clusters, had a Euclidean distance of <18 mm.

Quantitative dependence of fMRI activation significance
on rate of regionally rTMS-elicited errors

Binarized maps for each task and each error rate (one to three
errors elicited by rTMS) were used to mask the t-maps
resulting from fMRI analysis for the respective task on a sin-
gle subject basis. Average t-values were calculated across the
masked t-maps. Mean and standard error of mean (SEM)
across subjects were subsequently calculated. Additionally,
the percentage of at least marginally activated voxels at a level
of pu < 0.001, uncorrected for multiple comparisons, within
the rTMS masks was calculated per error rate, task, and sub-
ject, and subsequently mean and SEM of this measure were
calculated.

Creation of overlay maps for visual comparison

Overlay maps were created for each task separately for the
frontal, the parietal and the temporal lobes of the left hemi-
sphere. Thereby, frontal areas included the inferior frontal,
the middle frontal, the superior frontal, and the precentral
gyrus. Parietal areas consisted of the postcentral gyrus, the
anterior and the posterior supramarginal gyrus, the superior
parietal lobe, and the angular gyrus. Temporal areas in-
volved the superior temporal and the middle temporal gy-
rus. Binary masks were created within the WFUpickatlas
toolbox for SPM (http://fmri.wfubmc.edu/software/
pickatlas). Group statistical maps are displayed within the
respective lobe, along with the smoothed rTMS-spot maps
of spots eliciting two and three errors, respectively. For vi-
sualization of the degree of congruence the top 20% of ac-
tivations are shown, thereby focus is laid on peak positions.

Creation of fMRI and rTMS volumes

Group images per task of the t-maps from the random effects
analysis, as well as those of two and three rTMS-elicited
errors were masked with binary left-sided masks
(International Consortium for Brain Mapping, ICBM) of
the frontal, the parietal and the temporal lobes derived from
the WFU-pickatlas toolbox (http://fmri.wfubmc.edu/
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software/pickatlas). Volumes of the fMRI activations were
created by summing up the number of voxels surviving a
threshold of pu < 0.001, uncorrected for mult iple
comparisons for the t-maps and multiplying by the voxel
volume of 2 × 2 × 2 mm3. Volumes of the rTMS responsive
areas were created by summing up the voxels surviving a
constant arbitrary threshold serving to eliminate low rim
values for the rTMS error maps, and also multiplying by
the voxel size of 2 × 2 × 2 mm3. This was performed per
task, per lobe and per map. The resulting volume data were
subsequently available for trend calculations in terms of
Pearson correlations towards each other and overall error
rates.

Statistics

Representative correct baseline pictures, pain by visual an-
alogue scale (VAS), and RMT were presented as mean ±
standard deviation (SD). We used Friedman’s test for non-
parametric matched groups for testing differences between
the numbers of correctly named baseline pictures in each
language task. Additionally, correlation between the base-
line error rate of each task and the error rate during stimu-
lation of that task was tested by nonparametric Spearman
correlation with a two-tailed p value and 95% confidence
interval. Differences among distribution of error rates per
stimulation point in different tasks were tested using
Friedman’s test followed by Dunn’s post hoc test. A value
of p < 0.05 was considered significant (GraphPad Prism 6.0,
La Jolla, CA, USA).

Results

General TMS results

Toleration of stimulation was well in 19 out of the 20 involved
subjects. However, one participant suffered from intensive
discomfort, nausea and perspiration during RMT determina-
tion via non-repetitive TMS. Because of those symptoms we
interrupted the examination and renounced further investiga-
tions in this case.

Concerning rTMS languagemapping, the highest error rate
was detected during object naming. Verb generation and ac-
tion naming generated fewer errors. rTMS combined with
pseudoword reading barely evoked errors.

All error types evoked by rTMS for each language task are
described in (Hauck et al. 2015b). Table 1 shows the percent-
age of participants in which stimulation induced an error in the
respective stimulation point and demonstrates data for 1/3, 2/
3, and 3/3 errors.

Correlation of fMRI and rTMS according to the 1/3, 2/3
and 3/3 rule

In order to assess the regional overlap of fMRI-visible task-
specific activation with sensitivity to rTMS interference, we
analyzed t-values of fMRI-activation at brain regions, which
were weak or strongly affected by rTMS on a single subject
basis. Table 2 shows that, as a general trend, areas in which
rTMS reproducibly led to errors showed higher average t-
values derived from fMRI. There is a correlation for
pseudoword reading and verb generation tasks with t-values
for 3/3 errors corresponding to pu < 0.001, uncorrected for
multiple comparisons, on average across the whole smoothed
rTMS spot map. In object naming averaged t-values for 3/3
errors clearly exceed corresponding values 1/3 and 2/3 errors.
On the other hand, in action naming the trend of average t-
values is clearly decreasing from 1/3 to 3/3 errors.

When analyzing the percentage overlap of area activated at
pu < 0.001, uncorrected for multiple comparisons, in fMRI on
top of the area sensitive to rTMS at the three levels the positive
association of fMRI activationwith increasing rTMS error rate
is stronger. Trend in all tasks is positive, except again for
action naming, in which it is mildly negative.

fMRI volume vs. rTMS error rate

Table 3 and Fig. 2 show that increased proneness of a task to
rTMS interference is accompanied by a larger volume of sig-
nificant fMRI activation in the left frontal, parietal as well as
temporal lobes. Action naming takes a special role in that
fMRI shows a large number of activated regions, although
comparatively few errors can be elicited by rTMS.

rTMS volume vs. fMRI volume

Table 4 and Fig. 3 show that in sum across the whole left
hemisphere the rTMS volume increases well in correlation
with the fMRI volume across tasks when investigating 3/3
errors. The dependence is less clear for 2/3 errors. When
looking at the three lobes under consideration separately, the
similar pattern shows for the parietal and temporal lobes. In
the frontal lobe, though rTMS volumes are comparable to the
other two lobes, fMRI volume is in general much larger and
linear dependence for 3/3 errors is not present.

Peak distances

The Euclidean distances were calculated between the coordi-
nates (x,y,z) of the fMRI clusters’ peaks and the rTMS-spots
(2/3 and 3/3 errors), averaged for all subjects as described in
2.6.1. After visualization of the rTMS spots of 1/3 errors and
the fMRI clusters, overlaid to a normalized brain, we desisted
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from analyzing the distances due to a visually wide spreading
of the rTMS spots.

Analyses confirmed the visual impression of a close loca-
tion between several rTMS-spots (2/3 and 3/3 errors) and
fMRI clusters in the 3-dimensional room accentuated in the
frontal lobe, followed by the parietal lobe and less in the tem-
poral lobe. A total of 40 fMRI clusters (p ≤ 0.05) were com-
pared to 61 rTMS spots. Out of these, 27 rTMS spots had an

Euclidean distance of ≤18 mm compared to 16 fMRI clusters.
There was a significant difference between the rTMS spots of
1/3 errors and the ones of 2/3 and 3/3 errors together, in com-
parison to the fMRI clusters in terms of a higher congruence
for 2/3 and 3/3 errors. No significant difference could be de-
tected between the subgroups of 2/3 errors compared to the
fMRI clusters and the ones of 3/3 errors. While conferring the
rTMS spots separately for each task, some coordinates of the

Table 1 Percentage of subjects showing 1/3, 2/3, or 3/3 errors per stimulation point

Stimulation point Object naming Pseudoword reading Verb generation Action naming

1/3 2/3 3/3 1/3 2/3 3/3 1/3 2/3 3/3 1/3 2/3 3/3

1 5% 0% 0% 0% 0% 0% 5% 0% 0% 0% 0% 0%
2 16% 0% 0% 5% 0% 0% 16% 0% 0% 11% 0% 0%
3 16% 0% 0% 11% 0% 0% 37% 11% 5% 16% 0% 0%
4 32% 11% 0% 0% 0% 0% 21% 5% 0% 32% 0% 0%
5 26% 16% 0% 11% 0% 0% 37% 0% 0% 21% 5% 5%
6 37% 11% 5% 16% 0% 0% 37% 5% 0% 26% 0% 0%
7 26% 5% 0% 21% 5% 0% 21% 0% 0% 37% 5% 0%
8 32% 21% 5% 16% 0% 0% 37% 5% 0% 26% 5% 0%
9 53% 21% 5% 21% 5% 0% 32% 16% 0% 16% 5% 0%
10 32% 0% 5% 32% 5% 0% 47% 5% 0% 32% 5% 0%
11 42% 21% 0% 16% 0% 0% 37% 11% 0% 32% 11% 0%
12 37% 5% 0% 5% 0% 0% 32% 0% 0% 42% 0% 0%
13 21% 16% 5% 5% 0% 0% 47% 16% 0% 11% 11% 0%
14 47% 16% 0% 11% 0% 0% 32% 11% 0% 42% 5% 5%
15 42% 11% 0% 16% 5% 0% 42% 11% 0% 42% 0% 0%
16 53% 11% 0% 0% 0% 0% 47% 0% 0% 21% 5% 0%
17 37% 16% 0% 11% 5% 5% 47% 21% 11% 47% 0% 0%
18 32% 5% 5% 11% 5% 0% 47% 5% 0% 26% 5% 0%
19 32% 16% 0% 16% 5% 0% 42% 11% 0% 32% 16% 0%
20 42% 5% 0% 16% 5% 5% 37% 16% 0% 37% 5% 0%
21 58% 16% 0% 11% 0% 0% 32% 5% 0% 37% 11% 0%
22 37% 5% 0% 5% 0% 0% 47% 11% 0% 16% 5% 0%
23 42% 16% 0% 16% 0% 0% 32% 5% 0% 26% 5% 0%
24 47% 5% 0% 16% 0% 0% 42% 0% 0% 32% 5% 0%
25 26% 11% 0% 5% 0% 0% 37% 5% 0% 32% 11% 0%
26 16% 0% 0% 5% 5% 0% 37% 11% 11% 26% 5% 5%
27 42% 16% 5% 16% 0% 0% 37% 11% 0% 26% 5% 5%
28 42% 21% 5% 11% 0% 0% 37% 11% 0% 32% 5% 5%
29 21% 0% 0% 0% 0% 0% 21% 11% 0% 32% 11% 0%
30 58% 5% 5% 11% 11% 0% 37% 5% 5% 26% 5% 5%
31 32% 16% 0% 21% 0% 0% 21% 5% 0% 21% 5% 0%
32 16% 0% 0% 5% 0% 0% 16% 5% 0% 21% 11% 5%
33 26% 5% 5% 11% 0% 0% 37% 0% 0% 32% 5% 0%
34 26% 5% 0% 11% 0% 0% 16% 0% 0% 16% 0% 0%
35 26% 11% 0% 11% 0% 0% 26% 11% 0% 32% 11% 5%
36 32% 5% 5% 0% 0% 0% 26% 5% 0% 42% 11% 5%
37 11% 5% 0% 11% 5% 0% 53% 5% 0% 11% 0% 0%
38 16% 11% 5% 5% 0% 0% 26% 0% 0% 26% 0% 0%
39 21% 5% 0% 16% 5% 0% 26% 0% 0% 16% 0% 0%
40 37% 5% 0% 11% 0% 0% 37% 0% 0% 37% 0% 0%
41 16% 0% 0% 5% 0% 0% 21% 5% 0% 21% 5% 0%
42 26% 0% 0% 0% 0% 0% 37% 0% 0% 32% 0% 0%
43 21% 0% 0% 16% 0% 0% 42% 5% 0% 26% 0% 0%
44 32% 0% 0% 0% 0% 0% 32% 11% 0% 26% 11% 0%
45 32% 5% 0% 5% 5% 0% 21% 5% 0% 16% 5% 5%
46 21% 16% 0% 11% 0% 0% 42% 5% 0% 37% 5% 0%

Results are demonstrated separately for all tasks
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rTMS spots stood out to be highly congruent to the fMRI
clusters of any of the tasks. Analogously some fMRI clusters
showed a stable recurrence for each task (Table 5).

Object naming

Analyzing the task ‚object naming’, seven fMRI clusters (p ≤
0.05) were compared to 17 rTMS spots (Fig. 4). Out of these,
seven rTMS spots were closely located to four fMRI clusters
(Euclidean distance ≤18 mm). Most conformity appeared to
be in the frontal lobe, followed by the parietal and the tempo-
ral lobe (Table 6).

Pseudoword reading

Analyzing the task ‚pseudoword reading’, nine fMRI clusters
(p ≤ 0.05) were compared to eight rTMS spots (Fig. 5). Out of
these, four rTMS spots were closely located to three fMRI
clusters (Euclidean distance ≤18 mm). Most conformity ap-
peared to be in the frontal lobe, followed by the parietal lobe.
There were no conformities in the temporal lobe. (Table 7).

Verb generation

Analyzing the task ‚verb generation’, 12 fMRI clusters (p ≤
0.05) were compared to 14 rTMS spots (Fig. 6). Out of these,
eight rTMS spots were closely located to six fMRI clusters
(Euclidean distance ≤18 mm). Most conformity appeared to
be in the frontal lobe, followed by the parietal lobe. There
were no conformities in the temporal lobe (Table 8).

Action naming

Analyzing the task ‚action naming’, twelve fMRI clusters (p ≤
0.05) were compared to 22 rTMS spots (Fig. 7). Out of these,
eleven rTMS spots were closely located to seven fMRI clus-
ters (Euclidean distance ≤18 mm). Most conformity appeared
to be in the frontal lobe, followed by the parietal and the
temporal lobe (Table 9).

Error categories

In the first step, which was just described in detail above, rTMS
and fMRI clusters had been examined as a composite of all
different language task types. Further analysis comprised the con-
gruency of rTMS and fMRI clusters for each task type separately.
Table 10 specifies analysis of spatial congruency of rTMS spots
and fMRI clusters grouped into different language tasks. Results
showed a moderate concordance in object naming, good concor-
dance in pseudoword reading andmoderate to good concordance
in verb generation and action naming. No response answers had
repeatable congruencies in the frontal areas for all language tasks,
due to the inhibition of the precentral cortex. However, hesitation,
as it was the most common type of error showed good to mod-
erate congruencies in all types of language tasks. Discrepant re-
sults could be found especially in temporal regions. Neologism,
phonological and semantic errors show less to none spatial con-
gruencies in object naming and pseudoword reading.

Discussion

General results

This is the first study to compare the two most broadly used
methods of non-invasive language mapping in a considerably
large cohort. With neurovascular coupling and direct neuronal
inhibition in terms of a ‘virtual lesion’, bothmethods utilize two
totally different approaches to reveal language-related cortex.

As a result of this comparison, the best correlation was ob-
served between 3/3 errors and fMRI for pseudoword reading
and verb generation with t-values of pu < 0.001, uncorrected for
multiple comparisons, on average across the whole rTMS-spot
map. There is a close spatial agreement between several rTMS-
spots (2/3 and 3/3 errors) and fMRI clusters accentuated in the
frontal lobe, followed by the parietal lobe and less in the tem-
poral lobe. There was a higher congruence for 2/3 and 3/3 errors
than for 1/3 errors compared to the fMRI clusters.

Table 2 Group level analysis of significant fMRI activation within brain regions negatively affected by rTMS

Errors t-value Significantvoxels
at pu < 0.001

N

1/3 2/3 3/3 1/3 2/3 3/3 1/3 2/3 3/3

ON 0.6 ± 0.2 0.5 ± 0.4 1.0 ± 0.4 16% ± 3% 19% ± 3% 21% ± 4% 19 18 7
PR 0.3 ± 0.3 0.5 ± 0.3 2.9 NA 10% ± 2% 15% ± 4% 37% NA 19 4 1
VG 0.6 ± 0.3 1.4 ± 0.4 3.2 ± 0.3 21% ± 3% 30% ± 5% 43% ± 3% 19 16 4
AN 1.6 ± 0.2 1.3 ± 0.4 0.3 ± 0.3 28% ± 3% 27% ± 4% 26% ± 4% 18 10 4

Average t-values and standard error of mean (SEM) within those brain areas are indicated, in which rTMS elicited 1,2 or 3 errors. Within the same areas
the average number of fMRI significant voxels at pu < 0.001 are given as percentages and SEM

N sample size, ON object naming, PR pseudoword reading, VG verb generation, AN action naming
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Table 10 shows the analysis of the spatial congruency of
rTMS spots and fMRI clusters grouped into different language
tasks. According to the results mentioned above higher con-
cordance could be found in frontal and parietal lobes and less
concordance in temporal lobes. Concerning different language
tasks there was moderate concordance in object naming, good
concordance in pseudoword reading and moderate to good
concordance in verb generation and action naming. No re-
sponse answers showed repeatable congruencies in the frontal
areas for all language tasks, due to the inhibition of the
precentral cortex. However, hesitation, as it was themost com-
mon type of error showed good to moderate congruencies in
all types of language tasks. Discrepant results could be found
especially in temporal regions. Neologism, phonological and
semantic errors show less to none spatial congruencies in ob-
ject naming and pseudoword reading.

fMRI

FMRI is absolutely non-invasive in patients matching the re-
quirements for MRI scanning. Mapping of language function
is more challenging than e.g. motor function as it is more
variable across individuals and of higher complexity
(Bookheimer 2007). Nevertheless, it has been shown that lan-
guage function can be localized with high reliability of over
79% in terms of presence of activation across patients (Van
Westen et al. 2005). Activations elicited by object naming,
verb generation, and action naming tasks were repeatedly de-
tected in left frontal areas in agreement with our results (Roux
et al. 2003; Giussani et al. 2010; Price et al. 1996;Murtha et al.
1999; Kiyosawa et al. 1996; FitzGerald et al. 1997).

Several studies already compared fMRI activation patterns of
language tasks with direct cortical stimulation with varying re-
sults (Bookheimer 2007; Giussani et al. 2010). Of course, these
studies were carried out in patient collectives. Especially the
aspect of sensitivity of detecting language relevant areas takes
an important role when using fMRI in pre-surgical diagnostics
for location of language function reliably (Bookheimer 2007).
Compared to DCS results sensitivity values of fMRI investiga-
tions were above 80% with the exception of 59% in 3 cases of
meningioma. However, the authors of a larger meta-analysis
state that due to the extreme range in sensitivity and specificity

between the different trials, fMRI cannot be recommended for
pre-surgical mapping of language function in brain tumor pa-
tients (Giussani et al. 2010).

Navigated transcranial magnetic stimulation

TMS directly inhibits cortical function and does not use sur-
rogate markers like fMRI. Combining TMS with a navigation
system, its precision und usability for neuroscientific and neu-
rosurgical applications gained tremendously. Thus, it now al-
lows precise mapping of cortical function. Most importantly,
there are major differences between TMS and other well-
known functional brain imaging modalities such as fMRI
and MEG. By inhibiting cortical areas TMS evokes an assess-
able response. Consequently, brain areas, which cause a re-
sponse while being inhibited, are mandatory for the observed
reaction. In contrast, fMRI and MEG identify all brain areas,
which actually participate at a given specific task but do not
distinguish essential from non-essential areas.

For motor mapping there is a high accuracy between nTMS
and the DCSwhen calculating the distances between the respec-
tive hot spots or centers of gravity of a target muscle. But al-
though nTMS and DCS both have severe methodological im-
precision including navigational errors or brain shift, the dis-
tances between both methods was reported to be around 5 to
6 mm for the adductor pollicis brevis muscle (Tarapore et al.
2012; Picht et al. 2012; Krieg et al. 2013a). While nTMS motor
cortical mapping is well established, rTMS language mapping is
still developing. First studies on the correlation of preoperative
rTMS language mapping and DCS during awake surgery
showed a good overall correlation especially in true negatively
mapped brain regions and thus a high negative predictive value
(Picht et al. 2013; Krieg et al. 2014b).

Differences between fMRI and rTMS

The study does not state which of the two usedmodalities are the
ground truth. We just investigated the correlation between both.
Bothmethods are defined as equivalent. DCS as the current gold
standard obviously cannot be used in healthy volunteers.

The subjects were actively performing the task during rTMS,
while this was not the case for fMRI. During rTMS, we had the

Table 3 Comparison of overall
error rate elicited by rTMS and
brain volume in MNI space
appearing as activated in fMRI
according to task and
lefthemispheric lobe

Object naming Pseudoword reading Verb generation Verb naming

rTMS fMRI rTMS fMRI rTMS fMRI rTMS fMRI
error rate volume error rate volume error rate volume error rate volume

L frontal 15% 55.75 5% 26.38 15% 55.81 11% 69.88

L temporal 12% 9.29 4% 4.66 13% 7.34 11% 24.07

L parietal 12% 4.37 3% 2.94 12% 5.27 11% 16.46

Overall numbers of errors elicited by rTMS are given as percentages of all stimulations applied above the
respective lobe. fMRI activated areas at pu < 0.001 are given in mm3
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participants to speak out loud the asked term (overt speech). In
fMRI investigations the subjects only had to think of the word
(internal/covert speech) because of potential movement artifacts
in the scanner during articulation. Previous studies have shown
involvement of Broca’s area and the motor cortex both in overt
and in covert speech (Aziz-Zadeh et al. 2005; Bookheimer

2002). Nevertheless, this fundamental difference in task perfor-
mance might lead to inconsistencies between both techniques in
certain brain areas (Riecker et al. 2000; Pei et al. 2011).
Furthermore, although the subjects’ motivation was high, any
lack of the subjects’ activity while lying in the scanner during
fMRI could not be monitored.

Moreover, the different methodological approaches of both
modalities have to be considered. BOLD contrast mechanism
in fMRI and the lesion-based approach in rTMS are two funda-
mental different principles in the mapping of language function.
BOLDcontrast imaging relies on differentmagnetic properties of
the oxygenated and deoxygenated forms of hemoglobin and thus
is able to indicate task-specific brain activity (Ogawa et al. 1990).
fMRI measures cerebrovascular effects related to local metabolic
demand. This means that crucial neuronal activity might not be
detected if not surpassing a required threshold for increased de-
mand. As BOLD signal increase mainly relates to neuronal input
rather than axonal output, it is biased towards areas receiving top-
down influence and might indicate regions which are potentially
involved in language but not essential for it (Binder et al. 2009;
Viswanathan and Freeman 2007; Logothetis et al. 2001). rTMS,
in contrast, inhibits single brain areas but is therefore unable to
identify functional networks. These basically distinct methodo-
logical approaches imply a crucial disadvantage of fMRI com-
pared to rTMS: in case of patients suffering from intracerebral
lesions, the changing of metabolism, vessel reactivity and anato-
my hamper the accuracy of fMRI (Giussani et al. 2010;
Sollmann et al. 2013b; Ille et al. 2015a; Kuchcinski et al. 2015).

Another difference between rTMS and fMRI exists also
regarding the ability of detecting language sub-function.
fMRI studies task dependent cortical networks and does not

Fig. 2 This figure shows that
increased proneness of a task to
rTMS interference is
accompanied by a larger volume
of significant fMRI activation in
the left frontal (red), parietal
(blue) as well as temporal (green)
lobes. Action naming takes a
special role in that fMRI shows a
large number of activated regions,
although comparatively few
errors can be elicited by rTMS. R
values: 0.6834, −0.1061, 0.1331,
0.4553; p-values: 0.3166, 0.8939,
0.8669, 0.5447

Table 4 Comparison of brain volumes attributed to brain processing on
the tasks

Lobe Task Brainvolume / mm3

fMRI rTMS 2/3 rTMS 3/3

L frontal 1 55.8 89.0 10.6

2 26.4 0.7 5.2

3 55.8 54.1 5.7

4 69.9 46.6 2.2

L temporal 1 9.3 24.2 2.5

2 4.7 1.0 0.0

3 7.3 12.6 1.0

4 24.1 6.2 6.8

L parietal 1 4.4 35.0 1.2

2 2.9 0.5 0.0

3 5.3 45.4 5.0

4 16.5 26.2 7.2

sums 1 69.4 148.3 14.3

2 34.0 2.2 5.2

3 68.4 112.1 11.8

4 110.4 79.0 16.2

Volumes in mm3 are given according to task and error rates 2/3 and 3/3
from the rTMS
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provide any information about language sub-functions within
one task. Activation in one area can only tell the investigator if
this region is involved in language processing of the respec-
tive task or not. However, it provides no knowledge about the
effect on language performance in case of damage of that
region. Thus, in order to obtain information on language
sub-function, several language paradigms are required
(Gaillard et al. 2004).

Also in rTMS, as we can see in this study and in recently
published results, distinct language tasks identify different re-
gions involved in language performance (Hauck et al. 2015b).
However, the examiner is furthermore able to make a state-
ment about language sub-functions within one task by catego-
rizing language disturbances into different error categories,
which have already been established in previous invasive
and non-invasive mapping procedures (Corina et al. 2005;
Sollmann et al. 2013b).

On the other hand, one of the important advantages of
fMRI is its ability to include the entire brain in its functional
brain mapping. Against this, rTMS is unable to reach brain
regions buried deep within sulci. Furthermore, stimulation has
to be restricted due to induced pain in lower parts of the tem-
poral lobe.

fMRI shows good spatial resolution which depends on
the inherent smoothness of the data. This depends on in-
trinsic factors like signal-to-noise ratio and intrinsic he-
modynamic response, but also on preprocessing strategies
including spatial smoothing, in practice resulting in a res-
olution of (10 mm)3. The most prominent BOLD effect is
shifted from the site of neuronal activity towards draining
veins at the top of the cortical layers which introduces
spatial uncertainty also in the range of centimeters (Kim
and Ogawa 2012). Regarding the spatial resolution of
rTMS, there exists still a lack of knowledge. Obviously,
the distance of stimulation sites in our study dominates it.
We accounted for spatial resolution of the methods by
choice of smoothing kernels. The above-mentioned as-
pects highlight the rather good spatial agreement of both
methods within our sample.

Because of the elemental differences in methods of
both techniques, fMRI and rTMS will probably never

Fig. 3 This figure shows that in sum across the whole left hemisphere
(black) the rTMS volume increases well in correlation with the fMRI
volume across tasks when investigating 2/3 (a) and 3/3 (b) errors. The
dependence is less clear for 2/3 errors. When looking at the three lobes
under consideration separately, the similar pattern shows for the parietal

(blue) and temporal (green) lobes. In the frontal lobe (red), though rTMS
volumes are comparable to the other two lobes, fMRI volume is in
general much larger and linear dependence for 3/3 errors is not present.
R values: −0.1649, 0.9892, 0.8447, 0.9184; p-values: 0.8351, 0.0108,
0.1553, 0.0816

Table 5 Group level analysis of rTMS-spot peaks and fMRI activation-
peaks

Frontal Parietal Temporal

rTMSspots total N = 61 21 24 16

2/3 errors N = 36 12 15 9

3/3 errors N = 25 9 9 7

fMRIclusters total N = 40 16 10 14

ED ≤ 18 mm between

- rTMSspots total N = 27 16 9 2

- fMRIclusters total N = 16 9 5 2

ED ≤ 18 mm between

- rTMSspots 2/3 N = 15 8 6 1

- fMRIclusters total N = 16 9 5 2

ED ≤ 18 mm between

- rTMSspots 3/3 N = 12 8 3 1

- fMRIclusters total N = 16 9 5 2

The Euclidian distance between the coordinates of the significant fMRI
peaks (p < 0.05) for all tasks and the coordinates of the rTMS spots for all
tasks was calculated. An Euclidian distance (ED) ≤ 18 mm was visually
defined to be contiguous

N number auf rTMS spots/fMRI clusters (group level)
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come to the same results. We therefore suggest combining
both modalities to obtain the most accurate information
on language organization.

Differences between tasks in language location

Object naming task was shown in many reports on different
mapping modalities to be reliable by involving various corti-
cal and subcortical sub-functions of language (Petrovich
Brennan et al. 2007; Indefrey 2011). Thus, object naming is
the predominating task in awake surgery and has also been the
mostly used task for rTMS studies (Lioumis et al. 2012; Picht
et al. 2013; Krieg et al. 2013b; Tarapore et al. 2013; Hervey-
Jumper et al. 2015). Moreover, according to recent studies on
rTMS language mapping compared to awake surgery, limita-
tions of rTMS seem to be predominantly in posterior
perisylvian brain regions (Picht et al. 2013; Krieg et al.
2014b; Sollmann et al. 2015b). Keeping these aspects in mind,
the other used language tasks of this study might be more
suitable for posterior brain regions by requiring more semantic
processing; at least for rTMS (Hauck et al. 2015b).

In fMRI the different tasks were compared to the rest state
as a baseline condition. Thus, probably only a partial subtrac-
tion of language-related activation was achieved. Meaning
that next to language-related areas, additional activations can
be found in regions involved indirectly, like e.g. the visual
cortices due to reading and areas of the verbal working mem-
ory system (Stark and Squire 2001).

Object naming

Object naming procedure starts with lemma retrieval for the
visually recognized object. Therefore, access to semantic and

Fig. 4 Spatial correlation of fMRI
(red) and rTMS according to the
2/3 (green) and 3/3 (blue) rule for
object naming for the frontal,
parietal, and temporal lobe. The
results are presented in sagittal,
coronal, and axial planes

Table 6 Group level analysis of rTMS-spot peaks and fMRI activation-
peaks

Frontal Parietal Temporal

rTMS spots ON total N = 17 5 7 5

2/3 errors ON total N = 9 2 4 3

3/3 errors ON total N = 8 3 3 2

fMRIclusters ON N = 7 2 2 3

ED ≤ 18 mm between

- rTMS spots ON total N = 7 3 3 1

- fMRIclusters ON N = 4 1 2 1

ED ≤ 18 mm between

- rTMSspots ON 2/3 N = 4 1 2 1

- fMRIclusters ON N = 4 1 2 1

ED ≤ 18 mm between

- rTMSspots ON 3/3 N = 3 2 1 0

- fMRIclusters ON N = 4 1 2 1

The Euclidian distance between the coordinates of the significant fMRI
peaks (p < 0.05) for the task Bobject naming (ON)^ and the coordinates of
the rTMS spots for the same task was calculated. An Euclidian distance
≤18 mm was visually defined to be contiguous

ON object naming

ED Euclidian distance

N number auf rTMS spots/fMRI clusters (group level)
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phonological store is evident. The phonological information
must then be transformed into suitable articulatory codes.
Subsequently, motor command is initiated. Simplified, in-
volved brain areas within object naming processing are

MTG, which is associated with semantic and phonological
representations, opIFG for syllabification, and vPrG for motor
command initiation (Indefrey 2011).

Both the performed fMRI and the rTMS investigations
consistently detected temporal areas, opIFG, pMFG, the
postcentral gyrus, and SPL to be involved in object naming.
pMFG as a part of the supplementary motor area is thereby
attributed a role in planning and execution of motor com-
mands for speech production (Alario et al. 2006). The
postcentral gyrus is related to somato-sensory feedback
(Peschke et al. 2009).

Areas significantly activated during fMRI examination
were additionally areas that cannot be stimulated during
rTMS with the current mapping protocol: the fusiform gyrus
and the cerebellum. Within temporal sites, fMRI activation
was mainly found in the temporal pole, which was shown to
contribute to semantic processing (Tsapkini et al. 2011; de
Zubicaray et al. 2006). Activation in SPL and in the fusiform
gyrus during object naming was observed in earlier studies
and was suggested to reflect lexical decisions and semantic
access (Perani et al. 1999; Moore and Price 1999). Further, the
cerebellum was also reported to be involved object naming,
albeit less frequently than in verb naming (Saccuman et al.
2006).

Regarding language disruption during object naming in
rTMS, additionally to the above named regions we found
errors mainly in trIFG, mSFG, vPrG, vPoG, and mMTGwith-
in temporal regions. Errors in mMTG can be ascribed to lem-
ma retrieval and selection, which is assumed to be located in
this area (Indefrey and Levelt 2004). Recent studies suggested

Fig. 5 Spatial correlation of fMRI
(red) and rTMS according to the
2/3 (green) and 3/3 (blue) rule for
pseudoword reading for the
frontal, parietal, and temporal
lobe. The results are presented in
sagittal, coronal, and axial planes

Table 7 Group level analysis of rTMS-spot peaks and fMRI activation-
peaks

Frontal Parietal Temporal

rTMS spots PW total N = 8 3 4 1

2/3 errors PW total N = 6 2 3 1

3/3 errors PW total N = 2 1 1 0

fMRIclusters PW N = 9 4 3 2

ED ≤ 18 mm between

- rTMS spots PW total N = 4 2 2 0

- fMRIclusters PW N = 3 2 1 0

ED ≤ 18 mm between

- rTMSspots PW 2/3 N = 2 1 1 0

- fMRIclusters PW N = 3 2 1 0

ED ≤ 18 mm between

- rTMSspots PW 3/3 N = 2 1 1 0

- fMRIclusters PW N = 3 2 1 0

The Euclidian distance between the coordinates of the significant fMRI
peaks (p < 0.05) for the task Bpseudowords reading (PW)^ and the coor-
dinates of the rTMS spots for the same task was calculated. An Euclidian
distance ≤18 mm was visually defined to be contiguous

PW pseudowords reading

ED Euclidian distance

N number auf rTMS spots/fMRI clusters (group level)
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that information that is stored in temporal regions is then se-
lected in SFG, so that SFG plays a role in semantic processing
(Binder et al. 2009; Binder and Desai 2011). TrIFG as part of
the inferior frontal gyrus participates in phonological and se-
mantic decisions (Gold and Buckner 2002).

Pseudoword reading

Reading makes no overt demands on semantic systems, but
may elicite an automatic semantic processing, depending on
how meaningful the stimulus is (Binder et al. 1999).
Generally, the pseudoword reading task seemed to be more
vulnerable to fMRI than to rTMS. Hence, we presume that
rTMS combined with a task relying on less automatic mech-
anisms is generally more suitable to detect language areas.

Concerning word and pseudoword reading, involved re-
gions within the left hemisphere are the fusiform gyrus, the
angular gyrus, and the middle temporal gyrus for lexical and
semantic processing. Further, spelling-sound conversion is lo-
cated in the inferior parietal gyrus. Phonological output is then
initiated by the inferior frontal gyrus (Taylor et al. 2013).

Consistent areas detected by fMRI and rTMS during
pseudoword reading are the left inferior frontal, the precentral,
and the postcentral gyrus.

Regarding fMRI, further activation was found in the infe-
rior occipital gyrus. Besides other left-hemispheric posterior
regions, this area has repeatedly been observed to be evident
for proper reading abilities (Shaywitz et al. 2002; Shaywitz
and Shaywitz 2005). In addition, significant activation was
revealed within the inferior parietal gyrus.

In contrast, rTMS evoked only few errors the inferior pari-
etal gyrus, which disagrees with recent lesion study observa-
tions (Sanai and Berger 2008), and ventro-occipital areas like
the inferior occipital gyrus could not be reached with suffi-
cient stimulation intensity via rTMS. Areas, in which stimu-
lation caused remarkable language disruption were (beside the

Fig. 6 Spatial correlation of fMRI
(red) and rTMS according to the
2/3 (green) and 3/3 (blue) rule for
verb generation for the frontal,
parietal, and temporal lobe. The
results are presented in sagittal,
coronal, and axial planes

Table 8 Group level analysis of rTMS-spot peaks and fMRI activation-
peaks

Frontal Parietal Temporal

rTMS spots VG total N = 14 6 4 4

2/3 errors VG total N = 10 4 3 3

3/3 errors VG total N = 4 2 1 1

fMRIclusters VG N = 12 5 3 4

ED ≤ 18 mm between

- rTMS spots VG total N = 8 5 1 2

- fMRIclusters VG N = 6 3 2 1

ED ≤ 18 mm between

- rTMSspots VG 2/3 N = 5 3 1 1

- fMRIclusters VG N = 6 3 2 1

ED ≤ 18 mm between

- rTMSspots VG 3/3 N = 3 2 0 1

- fMRIclusters VG N = 6 3 2 1

The Euclidian distance between the coordinates of the significant fMRI
peaks (p < 0.05) for the task Bverb generation (VG)^ and the coordinates
of the rTMS spots for the same taskwas calculated. An Euclidian distance
≤18 mm was visually defined to be contiguous

VG verb generation

ED Euclidian distance

N number auf rTMS spots/fMRI clusters (group level)
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above named) temporal regions like mMTG and pSTG, and
the inferior frontal gyrus. pSTG was attributed a role as pho-
nological storage in reading (Simos et al. 2002). Highest error

rates were observed in Broca’s area, where phonological in-
formation is transformed into articulatory codes (Poldrack et
al. 1999).

Verb generation

Verb generation is a task requiring semantic categorization
and thus, making great demands on semantic processing.
The subjects were asked to construct verbs out of visually
demonstrated objects so that involved areas match widely
with those in object naming (Ojemann et al. 2002).
Generally, a majority of previous non-lesion based imaging
investigations detected activation mainly in anterior regions
during verb generation. Despite fMRI and rTMS revealed
remarkable involvement of anterior regions, both tech-
niques also found association of verb processing with pos-
terior areas.

Consistent participating sites in fMRI and rTMS were de-
termined within the IFG, mainly trIFG, and in the precentral
gyrus. Also previous investigations attached great importance
to IFG when producing a semantically suitable verb to the
presented object (Bak et al. 2001; Buckner et al. 1995;
Crescentini et al. 2010).

Verb generation during fMRI resulted further in sub-
stantial activation of the SMG within the parietal lobe,
whereas rTMS did not evoke a considerable high error
rate in this region. Parietal sites were detected as verb
generation sites in several patients in an earlier study
(Ojemann et al. 2002), and were suggested to be part of

Fig. 7 Spatial correlation of fMRI
(red) and rTMS according to the
2/3 (green) and 3/3 (blue) rule for
action naming for the frontal,
parietal, and temporal lobe. The
results are presented in sagittal,
coronal, and axial planes

Table 9 Group level analysis of rTMS-spot peaks and fMRI activation
peaks

Frontal Parietal Temporal

rTMS spots AN total N = 22 7 9 6

2/3 errors AN total N = 11 4 5 2

3/3 errors AN total N = 11 3 4 4

fMRIclusters AN N = 12 5 2 5

ED ≤ 18 mm between

- rTMS spots AN total N = 11 4 5 2

- fMRIclusters AN N = 7 3 2 2

ED ≤ 18 mm between

- rTMSspots AN 2/3 N = 4 2 2 0

- fMRIclusters AN N = 7 3 2 2

ED ≤ 18 mm between

- rTMSspots AN 3/3 N = 7 2 3 2

- fMRIclusters AN N = 7 3 2 2

The Euclidian distance between the coordinates of the significant fMRI
peaks (p < 0.05) for the task Baction naming (AN)^ and the coordinates of
the rTMS spots for the same task was calculated. An Euclidian distance
≤18 mm was visually defined to be contiguous

AN action naming

ED Euclidian distance

N number auf rTMS spots/fMRI clusters (group level)
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the lexico-semantic network of language production
(Demonet et al. 1992). In return, rTMS induced frequent
verb generation disruption in mMTG and MFG (mMFG
and pMFG). MTG was attributed a role in semantic asso-
ciations when naming tools or generating verbs (Martin et
al. 1996; Allendorfer et al. 2012). MFG might be relevant
for semantically driven word retrieval (Buckner et al.
1995). Additionally, as supplementary motor area it plays
a role in initiation of language (Wise et al. 1991; Crosson
et al. 2001).

Action naming

Action naming occupies an outstanding role within the
applied tasks when comparing fMRI and rTMS. While
other language tasks showed best accordance between
both techniques when applying the 2/3 or 3/3 rule for
rTMS, action naming revealed better correlation when
using the 1/3 rule. Furthermore, in general, fMRI revealed
wide distributed activation, whereas rTMS induced fewer
errors during action naming than during object naming
and verb generation. Also, an earlier electrostimulation
study in brain tumor patients found naming interference
more often in object than in action naming (Lubrano et al.
2014). An explanation for these observations could be
that action naming requires different and more demands
on the language processing network than other tasks like
object naming (Matzig et al. 2009). Thus, fMRI measures
activity within several brain regions and consequently
shows high activity. Stimulation induced by rTMS, how-
ever, is applied focally and therefore might have less in-
fluence on action naming.

The underlying reasons for differences between locali-
zation of object and action naming have been widely in-
vestigated. Thereby, grammatical class effects as well as
semantic differences have been discussed (Moseley and
Pulvermuller 2014; Siri et al. 2008). As a limitation of
this study, we are not capable to negate semantic correla-
tions between lexical classes of noun and verbs.

Regions identified by both techniques are IFG, precentral
gyrus, SFG, SMG, and SPL. Previous findings demonstrated
that SPL was significantly more active when processing verbs
compared to nouns (Shapiro et al. 2006; Perani et al. 1999).
However, in the current study rTMS induced a higher overall
error rate in SPL during object naming.

In fMRI action naming showed activation also in the
fusiform gyrus. This region was reported to be involved in
action naming, albeit it showed greater activation during
object naming (Shapiro et al. 2006). rTMS, moreover,
revealed higher error rates in temporal areas (mSTG,
mMTG) and in the prefrontal cortex (mainly pMFG),
which is in accordance with greater activity during verb

production within those regions in earlier findings
(Shapiro et al. 2006).

Stimulation protocol and task selection

Previous rTMS studies have shown that both the underlying
language mapping protocol as well as the utilized language
tasks are of great significance. Thus, different mapping
setups and tasks might result in various mapping outcomes
(Sollmann et al. 2015a; Hauck et al. 2015a, b).

We chose the above-described mapping protocol which has
been used repeatedly in previous investigations and which
appeared to be consistent and safe over the last years
(Tarapore et al. 2013; Krieg et al. 2014b). As we achieved
language errors in each subject while applying a frequency
of 5 Hz, we decided to use constantly 5 Hz repetition rate in
all cases.

Comparing rTMS with DCS, one of the main disadvan-
tages of rTMS is the high number of false positive points
(Krieg et al. 2014b). Therefore, the current study might be
useful for future rTMS mapping protocols concerning the
cut-off error rate for language positive sites. We obtained
only few correlations between fMRI and rTMS when con-
sidering one out of three errors as language positive in
rTMS. As a consequence, we rather suggest regarding a site
as language positive when at least two out of three stimula-
tions evoked any kind of error.

Mirroring different language sub-functions, we per-
formed four language tasks. Essentially for this study, for
better comparability of the two different mapping tech-
niques, we used exactly the same language tasks for both
methods. Besides the probably most frequently applied ob-
ject naming task we selected tests that are commonly used in
language assessment and easily to perform both during
fMRI and rTMS. Furthermore, they all previously showed
wide distributed cluster of activation in the left hemisphere
(Vigliocco et al. 2011; Price 2012; Hagoort et al. 1999).

Limitations

Some limitations of the current study should be kept in mind.
As far as we currently know from comparison studies of fMRI
and intraoperative DCS, the positive predictive value of fMRI
language mapping is considerably low (Giussani et al. 2010).
Moreover, this corresponds to what we know about rTMS
when compared to DCS (Picht et al. 2013; Ille et al. 2015a,
c; Krieg et al. 2014b). Regarding the current study, when
applying the 1/3 rule, language positive sites cover almost
the entire lateral surface of the hemisphere. This fact renders
the technique less informative for languagemapping and plau-
sibly contributes to the high number of false positive points
compared to DCS, which has been observed in earlier studies.
On the other hand, with the 3/3 rule there remains an
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insufficient number of language positive sites. Thus, the 2/3
rule seems to be the most suitable one for informative results.
It furthermore delivered best accordance with fMRI results.

A further limitation of rTMS language mapping is that
rTMS has limitations in terms of reachable brain regions, such
as the lower parts of the temporal lobe since rTMS in these
regions induces severe pain in most subjects. Therefore, these
brain areas are not reachable for rTMS in most cases (Krieg et
al. 2015; Sollmann et al. 2014). However, we were not able to
find any more activation in these brain areas by fMRI in this
study. Additionally, a further limitation of rTMS language
mapping in general is that the analysis of language errors
remains subjective to a certain degree (Sollmann et al. 2013a).

Clinical implications

During intraoperative DCS mapping, positive naming
sites during object naming are defined as essential to lan-
guage function so that their resection leads to any degree
of aphasia (Haglund et al. 1994; Chang et al. 2011;
Hervey-Jumper et al. 2015). While fMRI failed to show
sufficient precision for preoperative mapping in brain tu-
mor patients when compared to DCS, rTMS at least
showed a high negative predictive value (Krieg et al.
2014b; Giussani et al. 2010). Another study revealed
fMRI to be severely impaired in the proximity of
intraparenchymal tumors which might explain these pre-
vious findings by the impairment of the BOLD signal (Ille
et al. 2015a).

In combination with the results of this study, fMRI
seems feasible to identify language-related brain areas in
healthy brains and the results correlate well with rTMS.
Yet, the presence of brain tumors still hampers the useful-
ness of BOLD-based detection of language sites and mi-
nor the clinical value of fMRI in brain tumor patient.
Consequently, we need to investigate how the change
BOLD data processing in order to reduce the tumor-
induced bias and therefore increase its clinical usefulness.

Remarkable in the current study is the positive correlation
of error susceptibility of one task during rTMS with fMRI
volumes of that task–except for action naming. This indicates
the general superior applicability of certain language para-
digms compared to others. Nevertheless, language tasks
should also be selected with respect to lesion location and
language deficit in case of tumor patients.

A combination of appropriate tasks combined with fMRI
and rTMS, which has also been suggested in previous patient
and volunteer studies (Sack et al. 2009; Kononen et al. 2015)
might very likely lead to most accurate language detection.

Conclusion

This study provides the first actually comparable data on the
correlation of fMRI and nTMS and thus of BOLD signal and a
lesion-based technique. Although some data already exists,
this study used the same language tasks with the same picture
sets in healthy volunteers without any impaired cortical func-
tion. Overall results of fMRI and rTMS correspond well al-
though the degree of correlation depends on the used language
task. Additionally, this study also shows the easy implemen-
tation of different tasks for language testing in an existing
fMRI or rTMS setup.
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