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a  b  s  t  r  a  c  t

Transcranial  magnetic  stimulation  (TMS)  is  widely  used  both  in  basic  research  and  in clinical  practice.  TMS
has been  utilized  in  studies  of  functional  organization  of  speech  in  healthy  volunteers.  Navigated  TMS
(nTMS)  allows  preoperative  mapping  of  the motor  cortex  for surgical  planning.  Recording  behavioral
responses  to  nTMS  in the speech-related  cortical  network  in  a manner  that  allows  off-line  review  of
performance  might  increase  utility  of  nTMS  both  for scientific  and clinical  purposes,  e.g., for  a  careful
preoperative  planning.

Four  subjects  participated  in  the study.  The  subjects  named  pictures  of  objects  presented  every  2-3  s
on a computer  screen.  One-second  trains  of  5 pulses  were  applied  by nTMS  300  ms  after  the  presentation
of  pictures.  The  nTMS  and  stimulus  presentation  screens  were  cloned.  A commercial  digital  camera  was
utilized to record  the  subject’s  performance  and  the  screen  clones.  Delays  between  presentation,  audio
and video  signals  were  eliminated  by  carefully  tested  combination  of displays  and  camera.  An  experienced
neuropsychologist  studied  the videos  and  classified  the  errors  evoked  by  nTMS  during  the  object  naming.

Complete  anomias,  semantic,  phonological  and  performance  errors  were  observed  during  nTMS  of  left
fronto-parieto-temporal  cortical  regions.  Several  errors  were  detected  only  in  the  video  classification.

nTMS  combined  with  synchronized  video  recording  provides  an accurate  monitoring  tool  of  behavioral
TMS  experiments.  This  experimental  setup  can  be particularly  useful  for high-quality  cognitive  paradigms
and  for  clinical  purposes.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Transcranial magnetic stimulation (TMS) is widely used both
in brain research and in clinical practice. TMS  has been applied
for studying the functional organization of speech in healthy vol-
unteers with variable results (Pascual-Leone et al., 1991; Devlin
and Watkins, 2007). For example, repetitive TMS  of inferior frontal
gyrus (IFG) and posterior middle temporal cortex disrupts pro-
cessing of executively demanding semantic judgments (Whitney
et al., 2011). However, the utilization of this information has not yet
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been introduced to neurosurgical planning. In navigated transcra-
nial magnetic stimulation (nTMS) the cortical activity is elicited by
magnetic pulses in cortical sites that can be defined anatomically
from the individual patient’s brain MRIs. The observed eloquent
stimulation sites can be used for surgical planning and can be trans-
ferred into the operating room via neuronavigation. nTMS has been
suggested to provide useful information in preoperative localiza-
tion of motor cortex (Picht et al., 2009; Vitikainen et al., 2009).
The feasibility of this approach, its superiority to fMRI analysis and
also its accuracy compared with direct cortical stimulations (DCS)
has been recently demonstrated for nTMS motor mapping (Forster
et al., 2011; Picht et al., 2011). The activated sites in nTMS and DCS
are separated by 5–10 mm;  corresponding separation between DCS
and fMRI is 15 mm (Forster et al., 2011). nTMS has been approved
for preoperative localization of motor cortex by Food and Drug
Administration of U.S.A. (K091457).

Producing and understanding speech involves an extensive net-
work of brain areas in both hemispheres. Traditionally, the left
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hemisphere has been considered to be predominantly involved
in producing and understanding speech whereas the right hemi-
sphere has been suggested to process emotional and prosodic
speech properties. Clinical research has emphasized the impor-
tance of the left inferior frontal gyrus. Nevertheless, e.g., impaired
semantic control can also follow left temporo-parietal lesions,
emphasizing again the role of large-scale cortical networks in
speech processing. In direct cortical stimulation, extensive cor-
tical variation of locations producing speech related errors has
been observed throughout the frontal, parietal and temporal lobes
(Pouratian and Bookheimer, 2010).

Data from several studies have demonstrated clear benefit of
surgical resection and maximal cytoreduction of gliomas (Stummer
and Kamp, 2009). However when tumors are in close vicinity of
eloquent cortical areas, preservation of cerebral function needs
to be considered in connection with maximizing the resection
(Duffau, 2010), by balancing against the risk of causing or increasing
neurological symptoms. Several preoperative and intraoperative
methods have been suggested to be useful to produce individually
meaningful maps of cortical and subcortical functionally critical
areas (Gil-Robles and Duffau, 2010).

The efficacy of the stimulation of motor cortex by nTMS can
be measured, analyzed and documented by recording the elicited
motor evoked potentials (MEPs). This possibility is not available
in studies of speech-related cortical activity by nTMS. Recording
behavioral responses to nTMS in speech-related cortical areas in
a manner that allows off-line review of the individual’s perfor-
mance could improve localization accuracy, and detection of subtle
errors. Moreover, it would provide documentation of the stimula-
tion for further review. The uncoupling of the analysis from the
actual recording would provide greater flexibility for data analysis,
e.g., semi blind analysis by a specialist not taking part in the actual
experiment.

We propose such a setup that employs synchronous video and
audio recording combined with nTMS to document individual’s
performance. It is useful both for studies of basic physiology and for
testing the usefulness of nTMS localization utility in planning neu-
rosurgical procedures, e.g., the placement of subdural electrodes
and designing subdural stimulation sequences in the vicinity of the
eloquent cortex. To the best of our knowledge, no such setup has
been utilized previously in cortical nTMS mapping.

2. Methods

2.1. Subjects

To test this setup, we studied four healthy subjects (three males
and one female; age range 22–55 years) having no neurological dis-
orders. Three of them were right-handed. All of them were native
speakers of Finnish. The ethical committee of the Helsinki Uni-
versity Central Hospital approved the experimental procedures of
the study in accordance with the declaration of Helsinki. A written
informed consent was obtained from all subjects.

2.2. Experimental setup

For navigated TMS  we used eXimia NBS version 3.2 (Nexs-
tim Ltd., Helsinki, Finland). The system calculates the direction,
strength and location of the maximum of the stimulating elec-
tric field by approximating head as a spherical conductor, taking
into account the shape and the size of copper windings of the
stimulating coil, the electrical characteristics of the stimulator,
and the position of the stimulating coil with respect to the head
(Ruohonen and Ilmoniemi, 1999, 2005; Thielscher and Kammer,
2002; Sarvas, 1987). The system displays the induced electric field

overlaid directly on the 3-D reconstruction of the subject’s brain
(Ruohonen and Karhu, 2010). Each stimulation site is tagged to
the MR  image for subsequent study. The stimulus intensity was
adjusted by measuring the motor threshold (MT) of the abduc-
tor pollicis brevis (APB) muscle recorded from the contralateral
hand. To compensate for individual variability, the intensity of the
induced field in the speech-related temporal areas was  adjusted
to equal the electric field value of the motor threshold in the APB
cortical region. For the purpose of this pilot study, we selected a
train of five consecutive TMS  pulses delivered at repetition rate
of 5 Hz (Epstein et al., 1996) and with intensity range 80–110% of
MT.  The induced electric field ranged between 45 and 80 V/m. To
cover speech-related activity and make the possible speech arrest
more clear, the train started 300 ms  after the presentation of the
picture. This time window was  selected on the basis of the timing
of naming-related activity in MEG  studies (Salmelin et al., 2000).
The nTMS sites were selected to provide sufficient coverage of all
target areas over the fronto-temporo-parietal cortex of the left
hemisphere. In some cases this was  achieved with the aid of a
pre-registered grid illustrated over the MRIs.

As some speech-related areas require stimulation in temporal
regions, a custom-made, tightly fitting velour strap was used to
hold the head-tracker reflectors instead of the commercial skeleton
resembling eye glasses. This enabled the stimulation of the anterior
temporal and fronto-basal regions as well. Head tracker movement
was monitored through the experiment and, if needed, rechecked
by repeating landmark digitization during the session.

The photographs to be named in Finnish and the sites stimu-
lated in the brain were duplicated on screens placed in front of
the video camera and were recorded simultaneously with the sub-
ject’s performance (Fig. 1). Care was taken that the subject could not
see the sites of the stimulation. The sound produced by the nam-
ing was recorded with a built-in camera microphone. This setup
enabled an accurate timing of the stimulation, stimulation sites
and detailed analysis of the subject’s performance. Both the naming
without stimulation (baseline) and the naming during stimulation
were recorded. Fig. 1B depicts a still picture of a video recording
displaying the stimulus setup.

2.3. Stimulation

Object naming is a sensitive tool in studying speech-related cor-
tical areas in direct cortical stimulation (Petrovich Brennan et al.,
2007). We selected the naming of color photographs as the most
appropriate stimulation paradigm. 84 photographs of common
objects were displayed with Presentation® program (Neurobehav-
ioral Systems Inc., Albany, USA). The program triggered also the
onset of every nTMS pulse train. To obtain a baseline of naming
performance, the subject named the stimuli without nTMS. Based
on the individual performance, the photograph presentation inter-
val was adjusted to either 2, 2.5 or to 3 s to ensure fluent naming.
Care was taken to stimulate frontal, parietal and temporal areas
expected to contain speech-related cortical regions (Corina et al.,
2010). The neighboring stimulated sites were 1–3 mm apart and
randomly selected. The coil was placed perpendicular to the sul-
cus posterior to the stimulated point to achieve maximum field
induction. During mapping, muscle-related discomfort occurred
occasionally during stimulations over IFG and STG. In such cases
we rotated the coil to such orientations (usually parallel to Sylvian
fissure) that muscle stimulation and discomfort were minimized.
If needed, we  decreased the intensity of the stimulator’s output by
5–10%, as pain and discomfort interfere with the evaluation of true
speech-related phenomena (Epstein et al., 1996). During mapping
sessions six regions were stimulated with an average of 359 trains
of 5 Hz pulses (train range: 233–422; Fig. 3). Results from the left
hemisphere stimulation are described.
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Fig. 1. (A) Experimental setup seen from above. (B) A snapshot from the video. (C) Timeline of the events. *The default interval between pictures was 2500 ms. **Naming
took  place in variable times after the stimulus presentation.

2.4. Data analysis

A neuropsychologist with expertise in analysis of effects of
direct cortical stimulation during subdural recordings on speech
reviewed the videos (see Supplementary Video),  and compared
the baseline naming with that during nTMS. During the video
analysis, the screen showing the stimulation sites was  obscured.
No-response errors (anomia), performance errors, neologisms

semantic and phonologic paraphasias and circumlocutions (Corina
et al., 2010) were searched for from the videos. If one pulse train
induced an error, the site was marked up as speech-related.

3. Results

The nTMS revealed 3 sites in individual subjects where a com-
plete anomia was elicited by the used stimulation (Fig. 2). These
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Fig. 2. Mapping results on individuals’ 3D MR reconstructions. Different errors are presented with different colors.

Fig. 3. Comparison of two  different measurements on S1 (A–D) and S4 (E–H). (A), (C), (E) and (G) illustrate all the stimulated sites by rTMS. B illustrates the disturbed speech
performance sites with rTMS trains of 5 pulses at 7 Hz and (D) with rTMS trains of 5 pulses at 5 Hz. (F) and (H) illustrate the disturbed speech performance sites with rTMS
5  pulses at 5 Hz.The interpicture interval was 2500 ms  and the interval between picture and rTMS trains 300 ms  in both measurements for both subjects. Different pictures
were  used in the two measurements for both subjects. The arrows indicate the areas where a reproducible speech disturbance was  obtained.
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Table 1
List of different kind of errors induced by rTMS in different cortical areas. Subject and number of specific error for each cortical area are presented.

Areas No-response errors Semantic paraphasias Phonological paraphasias Performance errors Total errors

S1 S2 S3 S4 S1 S2 S3 S4 S1 S2 S3 S4 S1 S2 S3 S4

anG 0 0 0 2 0 0 0 1 0 0 0 0 0 0 0 1 4
IFG  0 3 3 3 0 0 0 0 0 1 1 1 0 0 0 0 12
PoG 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 2
PrG 0 0 0 3 0 0 0 1 0 0 1 0 0 0 0 0 5
SMG 8  2 0 2 3 3 0 1 0 0 2 2 0 0 0 0 23
STG  3 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 5

Total  errors 12 5 4 10 3 3 0 3 1 1 5 3 0 0 0 1
5131  9 10 1

List of different kind of errors induced by rTMS in different cortical areas. Subjects (S) and number of specific error for each cortical area are presented. anG, angular gyrus;
IFG,  inferior frontal gyrus; PoG, postcentral gyrus; PrG, precentral gyrus; SMG, supramarginal gyrus; STG, superior temporal gyrus.

were the inferior frontal gyrus (IFG), the superior temporal gyrus
(STG), and the supramarginal gyrus (SMG). In one subject anomia
was observed in the angular gyrus. Although the variability of
these sites was considerable between subjects, anomia was  more
reproducible in IFG (see Fig. 3). Moreover, performance errors
and paraphasias were observed in SMG, IFG, STG and precen-
tral gyrus (PrG) sites in individual subjects (Table 1 and Fig. 2).
The most reproducible site in terms of semantic paraphasias was
SMG. Most stimulation sites did not affect naming (see Fig. 3).
We applied our protocol also to the right hemisphere in all four
subjects without disturbing speech performance. All subjects per-
formed the adjusted baseline naming without errors during the
baseline session. No adverse effects were reported throughout the
measurements.

During our effort to optimize the efficacy of the protocol, we
repeated the mapping with different stimulation parameters or
with photographs of different quality for two subjects (S1 and S4;
Fig. 3). In the second measurement, speech related errors were
reproduced in three gyral areas for S1 and in two for S4. However
the errors were not always of the same category. The nTMS deliv-
ered over the reproducible cortical sites had different error effects.
Nine points were disturbed only once per measurement but the
effects were repeated in different measurement days. Eight points
were disturbed only once sequentially (2–4 pulse trains in a row)
but the effects were repeated 1–4 times in the same session and
also in different sessions of the same measurement day. Four points
were disturbed 2–4 times sequentially (2–4 pulse trains in a row)
and also in different sessions in the same measurement day.

4. Discussion

The experimental setup described here provided a high-fidelity
report of the experiment testing the feasibility of nTMS in mapping
speech related cortical areas. It allowed precise documentation of
the effective stimulation sites to be displayed and documented
e.g., in planning of surgery. Moreover, it provided possibility for
a non-biased analysis of the effects of the stimulation. Although
performing such an rTMS study in a strict double-blind way is
impossible as the researcher hears the patient’s responses, we
reduced the bias by blinding the data analysis part. The seman-
tic and phonological paraphasias and circumlocutions are more
difficult to recognize in the measurement conditions than in the
subsequent analysis of the video. Moreover, the recorded session
makes it possible to consult the subject about the experiences and
the emotions related to the stimulus-related phenomena and pro-
vide documentation of the experiment. Some of the semantic and
performance errors were observed only during the video analy-
sis. The results display a clear individual variation in stimulation
sites producing speech disturbances, as described previously in
direct cortical stimulations (Corina et al., 2010; Haglund et al., 1994;

Ojemann et al., 1988; Sanai et al., 2008). Naturally, different stim-
ulus setups such as reading words and non-words, fluent speech,
counting etc. are equally applicable.

We  were able to produce no-response errors in all four tested
subjects. The effect compares favorably with the 58% of the patients
displaying speech arrest during intraoperative stimulation (Sanai
et al., 2008). Naturally this is, at least in part, attributed to the
restrictions of limited cortical exposure during surgery. Recently
it has been suggested that it is possible to rely on negative map-
ping results (no identification of eloquent sites) for determination
of resection margins. This could allow a tailored cortical exposure
with smaller bone flaps (Sanai and Berger, 2010). However, this
procedure should only be performed by teams with extensive expe-
rience in cortical mapping. Moreover, controversy remains about
its validity in surgery of low-grade gliomas with poor delineation
of tumor borders (Duffau, 2009).

Sites producing effects varied across the subjects, but the
clearest underpinned area for no-response errors was the IFG.
Stimulations over SMG  produced also no-response errors in some
subjects. However, paraphasias were more commonly elicited from
this region (Fig. 2). The sites where speech errors occurred dur-
ing nTMS were re-tested and were generally reproducible either
regularly or variably (see Fig. 3). Similar variability of naming has
been observed in direct cortical stimulations of the left-hemisphere
cortex (Whitaker and Ojemann, 1977). The detailed estimate of
reproducibility of the language mapping will require an additional
series of experiments. The effects of stimulation on the speech may
be modified by medications, i.e. anticonvulsive drugs; thus, reli-
able demonstration of no-response errors may be more difficult in
patients than in healthy subjects.

The effect of nTMS in speech performance occasionally occurred
even at intensities below hand muscle MT.  This is probably due
to the cumulative effect of repetitive TMS  pulses. Analogously,
repetitive TMS  over the primary motor cortex can disturb directed
movements at intensities below MT.  In addition, the temporal cor-
tices are closer to the scalp than the fronto-parietal cortices (i.e. the
primary motor cortex). Consequently, the electric field induced to
the temporal cortex is stronger than that of the motor cortex if the
stimulator output is kept the same.

In comparison with the Wada test, non-navigated rTMS empha-
sizes right-hemisphere speech processing (Epstein et al., 2000). Our
nTMS mapping combined with video recording allows, however,
study of speech areas within a single hemisphere. The setup and
recordings provide information about the individual differences of
nTMS-related speech modifications. The clinical usefulness of the
obtained reproducible and non-reproducible sites, in terms of sur-
gical decision making, needs to be verified versus the effects of
direct cortical stimulation in patients with intracranial grid elec-
trodes or stimulation sites producing speech disturbances during
awake craniotomy.
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5. Conclusions

nTMS combined with synchronized video recording provides an
accurate monitoring tool of behavioral TMS  experiments. It allows
off-line analysis of the performance of the subjects. Due to the uti-
lization of one camera and clone screens no jittering between image
and sound can bias the analysis of the performance. This experi-
mental setup can be particularly useful for high-quality cognitive
paradigms and for clinical purposes.
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