
UCSF
UC San Francisco Previously Published Works

Title
Language mapping with navigated repetitive TMS: Proof of technique and validation

Permalink
https://escholarship.org/uc/item/1810v8gd

Authors
Tarapore, Phiroz E
Findlay, Anne M
Honma, Susanne M
et al.

Publication Date
2013-11-01

DOI
10.1016/j.neuroimage.2013.05.018
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1810v8gd
https://escholarship.org/uc/item/1810v8gd#author
https://escholarship.org
http://www.cdlib.org/


Language Mapping with Navigated Repetitive TMS: Proof of
Technique and Validation

Phiroz E. Tarapore, MD1, Anne M. Findlay, MS2, Susanne M. Honma, BS2, Danielle Mizuiri,
BS2, John F. Houde, PhD3, Mitchel S. Berger, MD1, and Srikantan S. Nagarajan, PhD2

1Department of Neurological Surgery, University of California, San Francisco 505 Parnassus Ave.
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Abstract
Objective—Lesion-based mapping of speech pathways has been possible only during invasive
neurosurgical procedures using direct cortical stimulation (DCS). However, navigated transcranial
magnetic stimulation (nTMS) may allow for lesion-based interrogation of language pathways
noninvasively. Although not lesion-based, magnetoencephalographic imaging (MEGI) is another
noninvasive modality for language mapping. In this study, we compare the accuracy of nTMS and
MEGI with DCS.

Methods—Subjects with lesions around cortical language areas underwent preoperative nTMS
and MEGI for language mapping. nTMS maps were generated using a repetitive TMS protocol to
deliver trains of stimulations during a picture naming task. MEGI activation maps were derived
from adaptive spatial filtering of beta-band power decreases prior to overt speech during picture
naming and verb generation tasks. The subjects subsequently underwent awake language mapping
via intraoperative DCS. The language maps obtained from each of the 3 modalities were recorded
and compared.

Results—nTMS and MEGI were performed on 12 subjects. nTMS yielded 21 positive language
disruption sites (11 speech arrest, 5 anomia, and 5 other) while DCS yielded 10 positive sites (2
speech arrest, 5 anomia, and 3 other). MEGI isolated 32 sites of peak activation with language
tasks. Positive language sites were most commonly found in the pars opercularis for all three
modalities. In 9 instances the positive DCS site corresponded to a positive nTMS site, while in 1
instance it did not. In 4 instances, a positive nTMS site corresponded to a negative DCS site, while
169 instances of negative nTMS and DCS were recorded. The sensitivity of nTMS was therefore
90%, specificity was 98%, the positive predictive value was 69% and the negative predictive value
was 99% as compared with intraoperative DCS. MEGI language sites for verb generation and
object naming correlated with nTMS sites in 5 subjects, and with DCS sites in 2 subjects.
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Conclusion—Maps of language function generated with nTMS correlate well with those
generated by DCS. Negative nTMS mapping also correlates with negative DCS mapping. In our
study, MEGI lacks the same level of correlation with intraoperative mapping; nevertheless it
provides useful adjunct information in some cases. nTMS may offer a lesion-based method for
noninvasively interrogating language pathways and be valuable in managing patients with peri-
eloquent lesions.

Keywords
transcranial magnetic stimulation; magnetoencephalography; language mapping; direct cortical
stimulation; speech arrest

1. Introduction
The localization of essential cortical language regions is of great relevance across a wide
spectrum of basic, translational, and clinical neuroscience. Retrospective localization studies
relied largely on lesion-symptom mapping, in which existing injuries were correlated with
clinical symptoms (Adolphs et al., 2000; Bates et al., 2003; Chao and Knight, 1998;
Dronkers, 1996; Friedrich et al., 1998; Naeser and Hayward, 1978). The advent of
intraoperative direct cortical stimulation (DCS) mapping revolutionized this field, allowing
clinicians to interrogate a region with a temporary electrical lesion. While this technique is
effective, it is also highly invasive, requiring a craniotomy for cortical exposure, and is thus
performed only when necessary for the surgical management of an existing lesion. A
technique for noninvasive, lesion-based identification of critical language sites would
therefore be of great benefit to clinicians. Such a technique would also be important for
neurophysiologists interested in testing cognitive models of language, including language
streams (Hickok and Poeppel, 2004) and connectome-based models (Lemaire et al., 2012).

1.1. Navigated Transcranial Magnetic Stimulation for Precise Brain Mapping
Navigated transcranial magnetic stimulation (nTMS) is a lesion-based technique which may
address this need. The distinction of this nTMS system as compared with other systems is its
demonstration, in realtime, of the precise location and strength of the magnetic pulse. By
integrating a frameless stereotactic navigational system (such as those used commonly in
neurosurgical and other procedures) with a TMS coil, we can co-register a structural MRI or
CT brain scan to a subject’s anatomy using fiducial markers or anatomical landmarks. This
advancement allows us to deliver TMS pulses with unprecedented precision under image
guidance (Julkunen et al., 2009; Krings et al., 2001a; Krings et al., 2001b; Picht et al., 2009).
Furthermore, the strength and directionality of these pulses are calculated on-the-fly
according to a dynamic spherical model which takes into account the preset parameters of
stimulation as well as the subject’s scalp/skull thickness (Sarvas, 1987; Tarkiainen et al.,
2003). As a result, when we position the stimulation coil over the subject’s scalp, we can
visualize the targeted cortical region, the strength and orientation of the magnetic dipole, and
the cone of activation generated by the magnetic pulse.

nTMS therefore allows us, for the first time, to pinpoint precisely the cortical region that is
being targeted. This capacity for accurate localization suggests a number of novel
applications for TMS. In particular, it offers the possibility of mapping essential cortical
regions associated with language function. Prior studies (Epstein et al., 1996; Epstein et al.,
1999; Epstein et al., 2000; Jennum et al., 1994; Michelucci et al., 1994; Pascual-Leone et al.,
1991; Wassermann et al., 1999) (see Table 1 for details) have examined the use of repetitive
TMS to cause speech arrest and lateralize language. However, these efforts were not
stereotactically guided, and showed repetitive TMS to be an unreliable technique for
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determining language laterality, largely because of a high false-positive rate for speech
arrest sites on the supposedly non-dominant hemisphere. It should be noted that most of
these studies did report finding dominant-hemisphere positive language disruption sites in
almost all their subjects (see Table 1, “# Pts with +SA”). The significance of these speech
arrest sites vis-à-vis intraoperative DCS sites remains heretofore undetermined.

1.2. Magnetoencephalographic Imaging and Language Dominance
While efforts to determine language laterality with TMS have yet to succeed,
magnetoencephalographic imaging (MEGI) has shown promise in this regard. Our group has
demonstrated excellent correlation between MEGI-derived language laterality and intra-
arterial amobarbital procedure (IAP, also known as the Wada test), the current gold standard
for preoperative language lateralization (Findlay et al., 2012). MEG studies of language
lateralization using dipole analysis have demonstrated 69 – 86% concordance with IAP,
(Doss et al., 2009; Papanicolaou et al., 2004) while other MEGI studies based on newer
algorithms have also shown promising results (Hirata et al., 2010; Hirata et al., 2004; Kim
and Chung, 2008). Functional magnetic resonance imaging (fMRI) has also been
investigated as a technique for preoperative language localization. Several studies have
demonstrated the use of fMRI for determining language lateralization with strong
correlations with IAP results (Binder, 2011; Binder et al., 1996; Desmond et al., 1995; Dym
et al., 2011; Jones et al., 2011; Lehericy et al., 2000; Liu et al., 2009; Woermann et al.,
2003; Wood et al., 2011), for a summary see (Abou-Khalil, 2007). However, thus far the
technique lacks the spatial and temporal resolution necessary to be useful in identifying
critical language sites that correlate with intraoperative DCS.

1.3. Study Rationale and Objectives
Thus, it seems that nTMS and MEGI may complement each other well: nTMS for mapping
individual language sites, and MEGI for more global analysis of language lateralization. It
would be valuable, then, for nTMS language maps to undergo a systematic validation with
those of MEGI and DCS, as well as with surgical outcomes data. For nTMS-derived
language maps to play a role in language localization studies, they must undergo systematic
validation against these historical techniques.

To that end, the aim of this study is to determine the significance of cortical sites that cause
speech disruption with nTMS by validating them against MEGI and DCS. We also observe
whether subjects find low-frequency repetitive TMS to be tolerable. Because repetitive TMS
can cause significant discomfort, we examine whether adjusting stimulator intensity on a
per-patient basis to optimize comfort still allows for successful mapping. Finally, we present
aggregated maps of positive language sites acquired with nTMS, MEGI, and DCS to give an
overall view of the distribution of positive sites in the left hemisphere.

2. Materials and Methods
2.1. Subject population

We prospectively enrolled 12 adult subjects with brain tumors in cortical language areas,
which were defined as lesions involving dominant temporal, inferior and middle frontal,
supramarginal and angular gyri, as well as those involving related subcortical structures. All
subjects were referred for clinical MEG scanning at the University of California, San
Francisco (UCSF) Biomagnetic Imaging Laboratory. Subjects had to be scheduled for
subsequent craniotomy with awake language mapping. Subjects with seizure frequency
greater than 1 per week were excluded from the study, as were subjects with cardiac
pacemakers or implanted metal devices in the cranial region. Subjects underwent
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neurological and neuropsychological examination before and after surgery. Subjects were
followed for 3 months postoperatively and their clinical exams recorded.

All subjects gave written informed consent to participate in the research and the study was
conducted under Institutional Review Board approval (reference number 10-02932).

2.2. Structural MR Images
High-resolution MRI was performed at 1.5 Tesla to provide necessary anatomic detail for
surgical planning and intraoperative neuronavigation. The protocol typically included the
following sequences: (1) a T1-weighted, 3-dimensional spoiled gradient-recalled echo in a
steady-state sequence with TR = 34 msec, TE = 3–8 msec, and flip angle = 30 degrees; and
(2) a T2-weighted, 3-dimensional fast spin-echo sequence with TR = 3,000 msec and TE =
105 msec. Both sequences had slice thickness = 1.5 mm, matrix size = 256 × 256 × (108 to
−140), and field of view = 260 mm × 260 mm with skin-to-skin coverage to include the
nasion and preauricular points.

2.3. MEGI
2.3.1 Recordings—Magnetic fields were recorded in a magnetically shielded room using
a whole-head CTF Omega 2000 system (VSM MedTech, Coquitlam, British Columbia,
Canada). The system consisted of 275 axial gradiometers and 29 reference sensors used for
computing synthetic third-order gradiometer measurements. The MEG signals were
collected continuously and digitized at a sampling rate of 1,200 Hz. Head localization was
performed at the beginning and ending of the collection to register head position and to
measure head movement during the task.

2.3.2. Tasks—Each individual lay on a comfortable bed with the head fit snugly inside the
MEG dewar helmet. First, a verb-generation task was administered. This task consisted of
100 nouns presented at a comfortable volume through earphones every 4 seconds. Subjects
were instructed to think of a verb associated with the noun and to speak into a microphone at
the foot of the bed. Auditory stimuli and spoken responses were recorded on separate
analog-to-digital (ADC) channels for post-processing analysis.

Second, a picture naming task was administered. This task consisted of 120 images
presented on a screen every 5 seconds. The images were drawn from a standardized set of 50
black-and-white line drawings (Snodgrass and Vanderwart, 1980). These images were also
used for the picture naming task in the nTMS and DCS studies. Subjects were instructed to
name each image as it was presented. Spoken responses and image presentation markers
were recorded on separate ADC channels for postprocessing analysis.

2.3.3. Post-processing—Onsets of stimuli and response were marked using amplitude
threshold detection on the ADCs and verified by eye. Data were formatted into separate
trials for each stimulus-response pair, excluding trials without a response. Artifact detection
was done by visually examining all trials for many different sensors; the specifics for artifact
detection procedures have been published elsewhere (Findlay et al., 2012).

MEG responses prior to overt speech production were examined using adaptive spatial
filtering. In the verb-generation task, a window of 600ms preceding the stimulus was used as
the control period, and a window of 600ms preceding the response was used as the active
period. In the picture naming task, a window from 1,000 – 1,600ms after the response was
used as the control period, while the 600ms preceding the response was used as the action
period (Figure 1).
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The MEG data were bandpass filtered in the β frequency band (15–30 Hz). Sensor data
covariance was computed in a window beginning ≈600 ms before the onset of movement,
designated as the active period. Sensor data covariance was also computed for a 600-msec
baseline control period 1–2 seconds after movement onset. Details of the adaptive spatial
filtering algorithm used are described elsewhere (Sekihara et al., 2004; Sekihara et al., 2001;
Vrba and Robinson, 2001). In brief, an estimate of the source power at each voxel in the
brain based on the MEG data are computed for the active and control time periods using a
forward-field, which has been computed assuming a multiple local-sphere spherical volume
conductor model making use of the sensor data covariance. Source power estimates are
obtained at a 5-mm resolution across the entire brain for the active and control periods, and a
pseudo-F ratio is calculated. Negative values of the pseudo-F ratio indicate a decrease in β-
band power, also referred to in the literature as an event-related desynchronization (ERD);
positive values indicate an increase in β-band power, also referred to as an event-related
synchronization (ERS) (Crone et al., 2001; Sekihara et al., 2001).

The process of adaptive spatial filtering was done using a commercially available synthetic
aperture magnetometry software package (VSM MedTech Ltd.) and integrated with custom-
built in-house software package (NUTMEG)(Dalal et al., 2004; Dalal et al., 2011) which
runs in the MATLAB environment (2007a, The MathWorks, Natick, MA). Using NUTMEG
time-frequency tools, images of β-band power changes were averaged across time at each
voxel and displayed. For each individual, the ERD/ERS images were overlaid on the
preoperative high-resolution MR images as described above, which were also normalized to
standard Montreal Neurologic Institute (MNI) brain space using SPM2 (Tzourio-Mazoyer et
al., 2002). Normalization was verified by eye, comparing ventricles, tumor volumes, and
other anatomical and pathological boundaries. The transformation matrix derived from this
normalization was then applied to each individual subject’s MEGI results. Prior studies have
described NUTMEG time-frequency analysis in detail (Dalal et al., 2008; Dalal et al., 2007;
Dalal et al., 2004). Peaks of these activation maps were then extracted to derived “MEGI”
sites which indicate sites that are involved in motor speech preparation. Peaks are selected
based primarily on intensity, with the highest peaks being selected first. Relative peaks that
are in peri-lesional areas are also included. For each subject, 2 to 3 peaks are selected for
each language task.

2.4. nTMS Mapping
2.4.1 Subject Preparation—Prior to starting the mapping, all subjects were prepared for
the experience with a short verbal description of the expected sensations associated with
single-pulse and repetitive nTMS. Subjects were asked to give feedback about the level of
discomfort associated with the nTMS mapping process so that the stimulation intensity
could be decreased if necessary. They were also encouraged at multiple points to ask for a
break if needed, and to opt out of the mapping altogether if they felt any significant
discomfort. Finally, subjects were prepared for a possible speech arrest with an explanation
of the purpose of mapping, a basic description of the underlying neurophysiological
processes, and an assurance that any language disturbance was a result of the stimulation
and would spontaneously resolve.

2.4.2. Device Description—We used a navigated transcranial magnetic stimulation
(nTMS) system (NBS System 3.2, Nexstim, Helsinki, Finland) for mapping of motor and
language areas. This device utilized a figure-of-eight coil with a coil diameter of 40mm, an
overall length of 173mm and width of 99mm, and winding diameters of 50mm (inner) and
70mm (outer). The device was used in single pulse stimulation mode with a biphasic pulse
shape and a pulse length of 230 µs. The strength and directionality of this field was
calculated according to a dynamic spherical model which took into account the preset
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parameters of stimulation as well as the subject’s scalp/skull thickness (Sarvas, 1987;
Tarkiainen et al., 2003).

2.4.3. Procedure in Detail—A high-resolution T1 MRI series was acquired as described
above and uploaded to the nTMS software, which recreated a 3-dimensional model of the
subject. This anatomical scan was then co-registered to the subject’s head using anatomical
landmarks and surface matching (Hannula et al., 2005). The mapping surface was located
between 23 and 28mm deep to the scalp; the peeling depth was adjusted on a case-by-case
basis to best reveal the cortical anatomy.

Surface electrodes (Neuroline 720; Ambu, Ballerup, Denmark) were attached to the
subject’s muscles for EMG recording. All subjects had electrodes affixed to abductor digiti
quinti (ADQ) and abductor pollicis brevis (APB). The most likely location of the hand knob
was identified anatomically. This area was then stimulated in a grid pattern with 5mm
spacing while systematically varying the rotation, tilt and yaw of the magnetic field. The
location of maximal motor evoked potential (MEP) was identified. Resting motor threshold
(RMT) was then determined using this location. RMT was defined as the minimum
stimulation intensity capable of generating an MEP in 50% of cases (Rossini et al., 1994).

Language mapping was then performed at 110% of RMT. Subject responses were recorded
and language disruptions were categorized as described in Section 2.6. The rTMS protocol
consisted of a train of 10 pulses at 5 Hz lasting a total of 2 s. The inter-stimulus interval was
maintained at 4s with the image being visible for 3 seconds. The rTMS pulse train was
automatically triggered at stimulus onset by an electronic trigger. If subjects were unable to
tolerate mapping at this intensity, it was lowered in 10% increments until the stimulation
trains were tolerated.

Using this configuration, the tumoral and peritumoral regions were covered systematically
in a grid pattern with stimulations occurring at ≈5mm spacings. The electrical field strength
was optimized by the software, which dictated the tilt of the stimulator coil. All mapping
was conducted with a minimum incident electrical field strength of 65 V/m. The orientation
of the dipole was largely maintained in perpendicularity to the fibers of the temporalis
muscle to minimize discomfort. Secondary attention was paid to maintaining
perpendicularity to the adjacent sulcus. The mapping was performed over 3 passes, during
which all cortical regions were mapped, and between which subjects were given a 2 minute
break. All cortical regions were covered at least three times. Mapped regions included the
area of anticipated exposure plus at least a 2 cm margin.

2.5. Surgical Procedure and DCS Mapping
All subjects underwent surgery for tumor resection with DCS mapping 24 hours after the
MEGI and TMS were performed. Neuronavigation was used in all cases; the craniotomy
was tailored according to the exact extension of the tumor with a 3-cm margin of
surrounding brain tissue. A positive language site was defined as an area that induced
language disturbance when stimulated. Full details of our DCS mapping protocol have been
previously described (Berger and Ojemann, 1992; Berger et al., 1990; Sanai et al., 2008).
Object naming was performed with the same Snodgrass image set used in the MEGI and the
nTMS studies (Snodgrass and Vanderwart, 1980). A bipolar electrode with 5-mm spaced
tips delivering a biphasic current (square-wave pulses in 4-second trains at 60 Hz, with
single-pulse phase duration = 1 ms) was applied to the brain. Cortical mapping was initiated
at 1.5 mA, and increased to a maximum of 6 mA. Stimulation sites were identified using
sterile numbered labels distributed per square centimeter of exposed cortex. Language sites
were categorized using the same criteria as described above, although mild language
disturbances such as paraphasias did not alter the surgical plan. After the cortical mapping
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was completed, the tumor was removed in a tailored fashion with subcortical mapping
where appropriate. When a functional site was detected, a 1-cm margin of tissue was always
preserved around this site (Haglund et al., 1994). The exact locations of the functional sites
were registered with a navigational MRI system; this was performed just after the cortical
mapping and before any tumor removal that could have been a source of spatial mis-
localization by brain shift (Hill et al., 1998). Additionally, a photograph was taken of the
cortical surface map before and after resection.

2.6. Analysis of Language Disruptions
In both the nTMS and the DCS language mapping studies, the language mapping task
consisted of object naming with the same set of images that were used in the MEGI
(Snodgrass and Vanderwart, 1980). Subjects were presented with the images randomly and
were instructed to name the object as part of a phrase (e.g. “this is a…”) so as to distinguish
speech arrest from anomia. During testing, subject responses were recorded on audio-visual
equipment for offline analysis by two experts, one neurosurgeon and one speech and
language pathologist. Disagreements on categorization were resolved by a third expert, a
speech and language pathologist. All analysis of language disruptions was conducted with
the experts blinded to the cortical region being stimulated. A positive site was recorded if
stimulation resulted in a given error in at least 2 out of 3 trials. Errors were categorized into
3 groups. Speech arrest was defined as a complete inability to produce language. Anomia
was defined as the ability to produce the lead-in phrase without the ability to name the
object. All other speech errors, including semantic and phonemic paraphasias, hesitation,
and stuttering were categorized as “other,” due to the relatively low numbers of each of
these types of error.

2.7. Analysis of MEGI, nTMS, and DCS Sites
Each subject’s MRI was spatially normalized to the Montreal Neurological Institute (MNI)
atlas template, using the toolbox Statistical Parametric Mapping 8 (SPM8) for MATLAB
(http://www.fil.ion.ucl.ac.uk/spm/software/spm8). In cases where tumor growth or peri-
tumoral edema distorted the brain anatomy, reference points were placed on identifiable
anatomic structures such as the Sylvian fissure, inferior frontal sulcus, superior temporal
sulcus, and central sulcus to assist the normalization procedure. After normalization, the
volumes were then visually inspected for correctness using mri3dX, an open-source
application for 3-dimensional reconstruction and analysis of MRI, which is documented and
available for free download (http://www.cubric.cf.ac.uk/Documentation/mri3dX/). As a final
check, each 3-dimensional volume was then compared against intraoperative photographs of
the cortical surface. The cortical regions of interest (ROIs) of nTMS mapping, surgical
mapping, and surgical resection were delineated for each subject. All positive speech
preparation MEGI, nTMS and DCS points were also marked.

Using the MNI coordinate space, the ROIs and mapping points were overlaid onto a
template Freesurfer brain (“Bert”) for data aggregation and group analysis. Freesurfer is
documented and freely available for download online (http://surfer.nmr.mgh.harvard.edu).
To aid in group analysis and optimize data representation, the ROIs and points were
transferred to Photoshop CS4 (Adobe Inc, Delaware, USA), with each subject’s ROIs and
mapping points occupying a separate layer. A 1cm2 grid was also overlaid on this composite
ROI and language map.

Descriptive statistics were used to report the baseline characteristics and outcome profiles
for all subjects. Aggregate matrix representations of ROIs and mapping points were
constructed using MATLAB. For each cortical site, the percentage of nTMS and DCS
stimulations that were positive (i.e., that caused interruption in language function) and

Tarapore et al. Page 7

Neuroimage. Author manuscript; available in PMC 2014 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.fil.ion.ucl.ac.uk/spm/software/spm8
http://www.cubric.cf.ac.uk/Documentation/mri3dX/
http://surfer.nmr.mgh.harvard.edu


negative were recorded. Analysis of co-positive nTMS, DCS, and MEGI points was done on
a per-subject basis. Sites were considered to be co-positive if the distance between them was
less than 10mm. Using nTMS as the experimental and DCS as the gold-standard modalities,
overall sensitivity, specificity, positive, and negative predictive values were calculated.

3. Results
3.1. Demographics and Tumor Characteristics

In a 6-month period from August, 2011 to January, 2012, 12 sequential craniotomies were
performed with awake speech mapping. Of these subjects, all met the inclusion criteria and
none refused participation. There were 7 male and 5 female subjects, and their ages ranged
from 29 to 65 with a median age of 45 years. Ten subjects were right handed, 1 was left
handed, and 1 reported himself as ambidextrous (although he wrote predominantly with his
left). Wada testing was performed on the 1 purely left handed patient and showed left
hemispheric speech. Eleven subjects demonstrated left hemispheric speech by MEGI-based
language laterality index(Findlay et al., 2012), while 1 right handed subject demonstrated
right hemispheric speech by MEGI-based laterality index (this subject had a prior partial left
frontal lobectomy).

Six subjects were newly presenting and 6 had recurrence. Four subjects had frontal lesions,
7 had temporal lesions, 1 had a parietal lesion, and 1 subject’s lesion spanned multiple lobes.
No subjects had significant neuropsychological impairment on preoperative testing. At the
time of mapping, 7 subjects were on no anti-epileptic drugs, 5 were on levetiracetam, 1 was
on valproate, and 1 was on both lacosamide and oxcarbazepine. Final pathology results
demonstrated glioblastoma multiforme (WHO IV) in 5 subjects, anaplastic astrocytoma
(WHO III) in 1 subject, anaplastic oligoastrocytoma (WHO III) in 2 subjects,
oligoastrocytoma (WHO II) in 2 subjects, anaplastic ganglioglioma (WHO III) in 1 subject,
and ganglioglioma (WHO I) in 1 subject (Table 2).

3.2. nTMS Mapping Tolerability and Safety
Subjects underwent rTMS language mapping starting at 110% of RMT using a pulse train of
10 pulses at 5 Hz. All subjects were able to conclude the mapping session with a minimum
of 3 passes over each cortical site. Seven subjects complained of discomfort during the
procedure resulting in a decrease in the stimulation intensity until continued mapping was
tolerable. As a result, 5 subjects were mapped at 110% of RMT, 5 at 90% of RMT, and 2 at
80% of RMT. Within this range of intensities, there did not appear to be any correlation
between stimulator intensity and number of language disturbance sites identified. No
subjects exhibited emotional disturbance such as spontaneous crying after speech arrest as
has been previously reported. Two subjects reported a headache following mapping for
which they received acetaminophen. No subject exhibited signs of seizure during or after the
mapping process.

3.3. Analysis of Positive Language sites
All 12 subjects underwent MEGI and nTMS mapping as described above. The MEGI
algorithms successfully localized at least one site each for verb-generation and picture
naming in every subject. In total, 18 verb-generation and 14 picture naming points were
recorded (Figure 2). nTMS was able to localize at least 1 site of language disruption in 10
subjects; 2 subjects had a completely negative nTMS map. A total of 21 positive sites were
found with nTMS. Of these, 11 caused speech arrest, 5 caused anomia, and 5 caused other
disruptions including hesitation and paraphasia (Figure 3). Intraoperatively, 9 subjects had at
least 1 positive DCS site and 3 had negative maps. A total of 12 DCS points were identified;
speech arrest accounted for 2, anomia for 7, and other disruptions including hesitation and
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paraphasia made up the final 3 (Figure 4). A composite overlay of all points is depicted in
(Figure 5). Although formal inter-observer reliability statistics were not calculated,
disagreements regarding the categorization of language errors occurred in 3 individual
language errors, requiring consultation with a third expert as described in Section 2.6.

The sites were also categorized by anatomical location (Figure 6). MEGI sites were
distributed widely over the left hemisphere, with 28% of sites located in the pars operculum,
25% in the pre-central gyrus, and 13% in the supramarginal gyrus. Of the nTMS positive
sites, 43% were located in the pars operculum, 24% were in the pre-central gyrus, and 14%
were in the superior temporal gyrus. A sub-analysis by type of speech disruption showed
that 55% of speech arrest sites were located in the pars operculum and 27% were in the pre-
central gyrus; thus, these two locations accounted for more than 80% of nTMS speech arrest
sites. The 5 anomia sites were distributed evenly across multiple regions. DCS sites were
located in the superior temporal gyrus in 33% of cases and the pars operculum in 25% of
cases, while the pre-central gyrus and supramarginal gyrus accounted for 17% of cases each.
The 2 DCS speech arrest sites were split between the pre-central gyrus and the
supramarginal gyrus, while anomia sites were in the superior temporal gyrus in 50% of cases
and in the pars orbitalis in 33% of cases. The complete breakdown is shown in Table 3.

3.4. Comparison of Language Maps
The aggregation of nTMS maps and DCS maps generated a composite map representing the
total number of cortical sites mapped using nTMS or DCS (Figure 7 and Figure 8). A total
of 465 sites were mapped with nTMS, while 221 sites were mapped with DCS; 183 sites
were mapped with both modalities. The probability of positivity at each site was calculated
for nTMS and DCS and is depicted in (Figure 9 and Figure 10). The 183 sites that were
mapped with both nTMS and DCS were analyzed for co-positivity as described above. Of
these sites, 9 were nTMS positive / DCS positive (true positive) and 169 were nTMS
negative / DCS negative (true negative). There were 4 nTMS positive / DCS negative sites
(false positive) and 1 nTMS negative / DCS positive (false negative) site. Thus the
sensitivity was 90%, specificity was 98%, the positive predictive value was 69%, and the
negative predictive value was 99% (Table 3).

MEGI sites were also aggregated into a composite map (Figure 11) but because MEGI is a
whole-brain mapping technique while nTMS and DCS are regional, calculations of
sensitivity and specificity were not performed for MEGI. Instead, the 32 MEGI sites were
compared with nTMS and DCS maps on a per-subject basis. In 4 subjects (#2, #3, #9, and
#12) an MEGI object naming site correlated with an nTMS language site while in 1 subject
(#3) an object naming site correlated with a DCS language site. Similarly, in 3 subjects (#2,
#3, and #11) an MEGI verb generation site correlated with an nTMS language site, while in
2 subjects (#3 and #8) a verb generation site correlated with a DCS language site. Overall, 7
MEGI sites correlated with nTMS language sites in 5 distinct subjects and with DCS
language sites in 2 distinct subjects. These subjects’ individual maps are depicted in Figure
12A–F.

4. Discussion
4.1

Since its introduction, DCS remains the gold-standard for lesion-based cortical language
mapping. In the past, these surgeries involved large craniotomies to maximize the chance of
finding one or more positive language sites (Duffau et al., 1999; Haglund et al., 1994;
Ojemann et al., 1989). Currently, however, it has been shown that a negative language map
may be relied upon; thus, smaller craniotomies exposing only the peritumoral area are now
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preferred. However, despite the significant advances made in the field, the rate of permanent
neurologic morbidity following surgery has been reported at 3.2 – 20% (Brell et al., 2000;
Chang et al., 2003; Devaux et al., 1993; Sanai et al., 2008; Sawaya et al., 1998; Taylor and
Bernstein, 1999; Vorster and Barnett, 1998). Additionally, it cannot be performed in every
case: anxiety or psychiatric disturbance, intolerance of conscious sedation, and young age
are all relative contraindications. Furthermore, intraoperative seizure induced by DCS can
render further mapping impossible.

Although we did identify a site of nTMS speech arrest in several subjects, we could not
correlate all of these sites to DCS maps because not all of them fell within the surgical
exposure. However, our objective was not to find a speech arrest site in every subject.
Rather, it was to explore the utility of nTMS as a modality for noninvasive lesion-based
language mapping and to compare it against DCS and MEGI. According to this study,
nTMS language mapping may play a valuable role in both basic science and clinical
localization studies.

4.2. Sensitivity, Specificity, and Predictive Value
We have shown that nTMS has a high rate of concordance with intraoperative DCS—in this
series, nTMS has 90% sensitivity, and 98% specificity when compared with DCS. The
single false negative site (discussed below) and the 169 true negative sites yielded a
promising 99% negative predictive value for the technique. However, it should be noted that
any given subject will have (at most) only a few positive language sites, so most cortical
regions will be negative. The large number of true negatives is therefore understandable; in
such cases it is expected to have a good negative predictive value.

The positive predictive value, in contrast, was much lower at 69%. The 4 false positive
nTMS sites out of 13 total sites reflect what we believe is a tendency of nTMS to “over-call”
positive language sites (see Section 4.6 for a discussion of why this may be). This tendency
is likely the reason why previous attempts to utilize TMS for language lateralization failed:
there were too many false-positive sites (in those cases, the false-positives were on the
contralateral, non-dominant hemisphere). Indeed, in our series, 3 of the 4 false-positive
dominant hemisphere sites went on to be resected with no clinical sequelae.

These results are in contrast to those of nTMS for motor mapping. Multiple prior studies
have shown excellent correlation between TMS- and DCS-generated motor maps (Krieg et
al., 2012; Picht et al., 2011; Tarapore et al., 2012; Vitikainen et al., 2009). The language
system, however, is far more complex than the motor system, and this difference is
unsurprising. As a presurgical language mapping tool, this propensity for over-identification
of positive sites is preferable to the opposite. Having identified the location of candidate
language sites preoperatively, the surgeon can quickly hone in on these sites intraoperatively
and perform confirmatory DCS testing. In its current form, nTMS mapping is best utilized in
this manner: to generate a map of likely language sites that can then be confirmed with DCS
intraoperatively.

4.3. Specific Cases
While much of this report focuses on aggregated group statistics, the inherent variability of
language sites between subjects makes an individual analysis instructive. We thus present 6
cases with varying degrees of correlations between mapping modalities. Three subjects (#9,
#11, #12) that had good nTMS, DCS and MEGI concordance are presented in Figure 12A–
C, respectively. Subject #9, a 63-year-old man with a left parietal GBM, had excellent co-
localization between the nTMS and DCS points in the inferior supramarginal gyrus (grid
square L8). Similarly, this subject had concordance between an nTMS and MEGI picture
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naming point in the pars opercularis (grid squares F7 and G7), although there were 3 other
MEGI peaks that did not have corresponding nTMS points. Subject #11, a 29-year-old man
with a left temporal ganglioglioma, demonstrated colocalization between posterior superior
temporal gyrus nTMS and DCS sites(grid squares M7, L6, and L7), both of which produced
anomia. He also showed proximity between an MEGI verb generation peak and a TMS
speech arrest site in the pars opercularis (grid square G8). Two other MEGI sites fell outside
the region of nTMS mapping. Finally, subject #12, a 65-year-old woman with GBM,
showed concordance between nTMS and DCS sites in the parieto-temporal region (grid
squares L7 and M7), as well as between nTMS and MEGI picture naming in the inferior
Rolandic region (grid squares I9 and J9). This subject also had one positive nTMS site in the
pars opercularis that did not coincide with an MEGI site and fell outside the region of
intraoperative mapping.

Examination of false positive and negative sites is, perhaps, of even more value. Subject #2
(Figure 12D), a 37-year-old woman with a left temporal anaplastic ganglioglioma, had a
negative map of the temporal lobe by DCS but had 1 positive anomia site by nTMS (grid
square N6). Interestingly she also had good concordance between a pars operculum nTMS
site and 3 MEGI sites. Subject #3 (Figure 12E), a 31-year-old woman with left frontal
oligoastrocytoma, showed excellent colocalization between nTMS DCS sites, on the
periphery of the exposure (grid square F9). Two MEGI sites for verb generation and picture
naming were also found close by (grid square G9). However, 1 nTMS speech arrest site had
no DCS correlation and fell within the region of resection; this subject went on to have some
word finding difficulties that improved markedly on 3-month follow-up. Finally, subject #8
(Figure 12F), a 61-year-old man with left temporal GBM had a negative map by nTMS, but
demonstrated 1 positive DCS anomia site in the superior temporal gyrus that correlated with
2 MEGI verb generation (grid squares K6 and L6).

4.4. Comparison with Prior Studies
Although the use of nTMS for language mapping is in its infancy, in the last 3 decades,
several eminent research groups have examined TMS as a technique for studying the
lateralization of language function (Epstein et al., 1996; Epstein et al., 1999; Epstein et al.,
2000; Jennum et al., 1994; Michelucci et al., 1994; Pascual-Leone et al., 1991; Wassermann
et al., 1999). In the first reported study of rTMS and the interruption of language function,
Pascual-Leone et al showed that speech arrest may be obtained in all 6 of 6 test subjects.
Subsequent studies by Michelucci et al. (1994) and Jennum et al. (1994) had less convincing
results, finding speech arrest sites in 50% and 67% of their study subjects, respectively.
Wassermann et al. (1999) showed that rTMS of left-sided targets would preferentially
interfere with object naming. Finally, Epstein et al. (2000) showed that rTMS was inferior to
the Wada test in determining language laterality. One other report of particular significance
was that of Epstein et al, which showed that low-frequency repetitive TMS (4–5 Hz) can be
equally effective as high frequency repetitive TMS (15–30 Hz) in causing language
disruption, because most subjects are unable to tolerate the discomfort of high-frequency
repetitive TMS (Epstein et al., 1996).

There are a few distinctions to point out between these previous studies and the current
study which make direct comparison of results difficult. One is the difference in stimulation
parameters. The initial TMS language studies utilized high frequencies of 15–30Hz with
long trains of up to 10s in their stimulation protocols. These parameters, in addition to being
intensely uncomfortable to subjects, would not be approved by most modern ethical review
committees because of the risk of provoking seizure. Indeed, Wassermann et al chose to
change the stimulation protocol in the midst of their study when it became known that low
frequency stimulation was equally effective.
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Another important difference between this and prior studies is the integration with a
frameless stereotactic image guidance system. In our opinion, image guidance is a critical
component if any comparison is to be attempted between nTMS sites and those of other
modalities. Precise targeting of the stimulus pulse is clearly important, but we have found
that the orientation of the dipole is also critical. In fact we have noted on several occasions
that small rotations of just 10–15° can alter the amplitude of a motor evoked potential or the
positivity of a language site. In general, we maintained the dipole in perpendicularity with
fibers of the temporalis muscle (see below) and the adjacent sulcus.

Two final differences are our use of the figure-of-8 coil and the ability to optimize the
electrical field strength in real-time. Regarding the coil shape there is not much to point out
except that a figure-of-8 coil offers improved ability to focus the magnetic field on a small
cortical region. Regarding field optimization, our system allows us to visualize in real-time
the theoretical field strength for a proposed stimulation pulse given the angle of the coil and
the targeted cortical region. We are thus able to maximize the effective cortical
depolarization for a given stimulator output intensity, thus ensuring improved consistency
between pulse trains.

In recent months, one other group has compared nTMS language mapping with DCS (Picht
et al., 2013). Although the findings of this study are promising, there are several critical
methodological differences between our study and the aforementioned one. First, we utilize
an nTMS stimulation onset that is simultaneous with presentation of the object, while Picht
et al employ a 300ms delay between object presentation and nTMS stimulation. Our nTMS
protocol is therefore identical to the intraoperative DCS protocol, which also has no delay
between presentation and stimulation. Second, we employ a standardized normalization
algorithm using SPM8 and mri3dX, as described in the Methods section, projecting each
brain onto the MNI template. This allows for standardized data analysis as well as precise
and accurate localization of positive points within anatomic subregions of the cortex. Third,
our analysis of co-positive nTMS and DCS points utilizes much higher granularity. Picht et
al use a simple anatomic cortical parcellation system, counting as co-positive any pair of
nTMS and DCS points that fall within the same parcel. Points in different parcels, regardless
of actual proximity, are considered not co-positive. In our analysis, on the other hand, points
were considered co-positive based only on the geometric distance between them: if they
were within 10mm of one another, they were considered co-positive. Thus, our analysis
more closely reflects the actual co-localization of nTMS and DCS sites. This methodological
difference also accounts for the improved specificity in our study (98% vs. 24%): by
improving our granularity to 10mm, we avoided the large number of false-positives that
decreased the specificity in the Picht et al analysis. Finally, we include MEGI data in our
study, which provides additional depth regarding the utility of each modality in obtaining a
high-quality, reliable language map.

4.5. Subject Safety and Tolerability
While seizures are a theoretical risk in any TMS procedure, we saw none in our series. This
zero rate is likely a combination of several factors, including a low-frequency protocol and
careful subject selection (no subjects had uncontrolled seizures). It is likely not attributable
to pharmacology, because more than half of our subjects were on no anti-epileptic drugs at
the time of mapping.

As we have alluded to elsewhere in this report, optimizing subject comfort is of great
importance to make nTMS a viable modality for preoperative language mapping. The
inherent issue is that the majority of language sites fall in the inferior frontal and temporal
regions, underneath the temporalis muscle and facial nerve. In targeting these regions, the
magnetic pulse must travel through the muscle fibers; in so doing it triggers a brief but
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powerful spasm of the temporalis muscle. It can also depolarize the facial nerve, resulting in
similar contractions of the orbicularis oculus muscle. Thus, in a repetitive TMS train of 10
pulses at 5 Hz, the subject can experience a jaw-rattling sensation, the description of which
ranges from “uncomfortable” to “painful.” We attempt to mitigate this effect by maintaining
the dipole of our induced field in perpendicularity to the temporalis muscle fibers.
Nevertheless, half of subjects required some reduction in the stimulation intensity.

Not only is the jaw contraction unpleasant for the subject, but it can also confound the
examiner’s ability to distinguish true speech errors from subject withdrawal. Indeed, this
side effect is the reason why we chose not to use dysarthria as a specific type of speech
disturbance; it was often impossible to differentiate between true dysarthria from cortical
disruption and “secondary” dysarthria from temporalis interference. Thus, when a
questionable site was encountered, we made a note to repeat stimulation; interestingly, all
sites eventually resolved themselves as speech arrest or as temporalis interference.

4.6. Limitations and Future Directions
While the results of this series are promising, there are several limitations than bear
mentioning. The first of these relate to the precision of the measurements used to compare
mapping sites. The tolerance of registration on the nTMS system is estimated at 2–3mm;
given that the guidance system is not frame-based it is possible that the actual error is
higher. Similarly, intraoperative navigation has a tolerance of at least 2–3mm. Add in the
brain shift and sag that are inherent to any intradural operation and it is likely that the error
is greater. Thus, between nTMS and intraoperative DCS, the error is at least 5mm. To
mitigate this error, the intraoperative positive DCS points have been confirmed by both
navigation and photography in each case.

One inherent limitation in the specificity of nTMS is transsynaptic excitation of downstream
(and, possibly, upstream) neuronal units. Neurophysiological and neuroimaging studies have
shown that repetitive TMS of a given brain region induces distributed activation of neural
circuitry via transsynaptic spread, which follows established functional networks (Bestmann,
2008; Paus et al., 1997; Valero-Cabre and Pascual-Leone, 2005). Thus, behavioral effects
may be a result of activation not in the target region but in a distant, functionally connected
region. The “over-calling” seen with nTMS is likely a result of this limitation. Nevertheless,
it should be pointed out that the overall nTMS language map does reflect the distribution of
DCS language sites both from this series and from larger ones published previously (Sanai
et al., 2008). Additionally, it seems to correlate with prior studies of un-navigated rTMS
mapping of language sites.

Another inherent limitation to TMS is the spread of the magnetic field itself. In our TMS
system, the figure-of-8 coil generates a conical magnetic field. The field is therefore roughly
circular at the cortical surface with a diameter of about 2cm (and greatest intensity at the
center with a sharp fall-off at the edges) and tapers toward its apex which occurs
approximately 4.5cm from the coil surface. It is much less prone to interference and
dispersion than the DCS electrical field, which is roughly spherical and generates a
clinically significant effect of about 1cm radius from the stimulating bipolar electrode. As a
result, nTMS might be disrupting subcortical white matter tracts which DCS is unable to
reach.

Furthermore, a given neuron’s orientation, volume, axonal and dendritic organization, and
innate threshold affect the likelihood of a magnetic pulse generating an action potential
(Pashut et al., 2011). DCS, on the other hand, relies less on the neuronal morphology,
activating an obloid volume between the electrodes. Thus, nTMS and DCS positive sites are
not “points”—that is a misnomer; it is more accurate to say that they are regions, and to be
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aware that closely approximated regions of positivity on the map may all be associated with
a single eloquent cortical site.

While the convergence between nTMS and DCS language maps was relatively high for the
opercular region, there was lower convergence between the two modalities for the posterior
region. We believe that this discrepancy represents an opportunity for refining the nTMS
mapping protocol, perhaps by selecting tasks that are particularly suited for testing a
particular region. Object naming, for example, while typically associated with temporal
activity, does seem to involve inferior frontal sites as well in a subset of patients (Lubrano et
al., 2012). Thus, we hypothesize that a different, purely temporal task may work better for
posterior temporal sites—a semantic task, for example, such as identification of famous
faces, (Gorno-Tempini and Price, 2001) or categorization of objects (Peelen and Caramazza,
2012).

It is also possible that a task with auditory stimuli might be needed, such as the verb-
generation task that we use for generating MEGI maps. It may not be coincidence that the
false negative nTMS site of Subject #8 and 3 of 4 false positive nTMS sites (Subjects #2, #7,
and #10) were all located in the posterior temporal region. Further experimentation with
more specialized tasks will likely improve the accuracy of nTMS mapping.

Finally, the basic parameters of nTMS stimulation should be examined more systematically
and thoroughly. It is possible that relatively small adjustments in the frequency or number of
pulses could improve results. Similarly, the timing of the onset of the pulse train is
potentially important. We initiated the pulse train just before the presentation of the
stimulus, largely because that is the protocol we use for DCS. It is possible, however, that
initiating the pulse train with, or just after the stimulus might reduce the false positive rate.
These variations in task and parameter should be chosen carefully; the endless potential
variations in protocol combined with the relative scarcity of subjects make it impossible to
run through every possible configuration.

With regard to the limitations of MEGI mapping, the relatively poor correlation between
MEGI and nTMS/DCS in this study suggests that there are several. Firstly, MEGI was
conducted using both object naming and verb generation. Object naming was also used for
DCS and nTMS studies, but verb generation was not. Our group and others have found that,
while object naming and verb generation activate overlapping cortical regions associated
with semantic association and speech production, verb generation also involves a speech
perception phase that involves posterior temporal regions (Edwards et al., 2010; Herholz et
al., 1997; Ojemann et al., 2002; Petersen et al., 1988; Thiel et al., 1998; Thompson-Schill et
al., 1998). Thus, difference in tasks is one likely source of discrepancy between MEGI verb
generation sites and nTMS or DCS sites. It should be noted, however, that the MEGI object
naming task was identical to that used in the nTMS and DCS studies. Although language
mapping with MEGI correlated marginally with nTMS/DCS, MEGI-based laterality index,
as described in a previous publication from our group (Findlay et al., 2012), correlated very
well with nTMS- and DCS-based findings of hemispheric dominance. MEGI-based
laterality index correctly identified left hemispheric speech in 11 of 12 subjects, including 2
with left-handedness and confirmed by IAP. The remaining subject had undergone multiple
prior resections amounting to a radical subtotal left frontal lobectomy; in this case, the lack
of left-sided parenchyma rendered impossible an accurate comparison of left- and right-
sided language activation sites.

There is also a mechanistic reason for mismatch between MEGI and nTMS/DCS. Because
MEGI identifies regions of cortical activity (and, by derivation, ERD and ERS), it quantifies
language processing differently from DCS and nTMS, which are lesion-based modalities
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that identify necessary regions. From prior work in our group, we know that MEGI language
sites correlate better with frontal, motor regions than with temporal regions, perhaps because
we used p-desynchronization in our analysis. Other studies based on current density imaging
in the 1 – 50Hz frequency range (Bowyer et al., 2005; Bowyer et al., 2004) and dipole
analysis (Levelt et al., 1998) have demonstrated activity in more ventral regions. Also, the
adaptive spatial filtering algorithm that was used for our analysis is not optimized for sparse
solution sets; it is possible that, by using other algorithms such as Champagne (Owen et al.,
2012; Wipf et al., 2010) we will see improved correlation between MEGI and DCS / nTMS.
Finally, we chose to examine only the largest activations in the MEGI data which were in
the beta-band prior to speech onset. Further examination of other frequency bands such as
high-y power increases and across multiple other time-windows may yield greater
consistency between MEGI, navigated rTMS and DCS. It should be mentioned, however,
that in prior analyses of this data, the high-γ band was found to be inconsistent and the β
band was chosen as a result.

4.7. Clinical Relevance of Multimodal Mapping
It should be mentioned that speech arrest can be caused by lesioning in several different
brain regions which demonstrate significant inter-subject variability (Amunts et al., 1999).
Inferior frontal gyrus, in which resides the canonical Broca’s region, is considered essential
for speech production, and functional imaging of this region demonstrates activity during
phonation(Penfield and Rasmussen, 1950; Poeppel, 1996). On the other hand, stimulation of
the orofacial motor region of the precentral gyrus results in vocal fold adduction and
vocalization responses. Lesioning of this region can also result in speech arrest, although in
this case it is motoric in origin. Both these varieties of speech arrest can be achieved with
DCS or nTMS, and both are clinically relevant in the perioperative setting (Sanai et al.,
2008).

While these early results are encouraging, nTMS is not a replacement for DCS. Indeed, it is
unlikely that DCS will be replaced in the near future, because the ability to perform
intraoperative interrogation of a given cortical region is indispensable. The real contribution
of nTMS is in the preoperative preparation that it allows. By mapping a subject before
surgery, the surgeon can generate a precise map of potentially positive language sites, which
then may be swiftly interrogated with DCS during surgery. Additionally, if the preoperative
nTMS map shows clear speech arrest sites distant from the region of surgical exposure, the
surgeon may have increased confidence in the reliability of a negative intraoperative DCS
map.

From the perspective of subject preparation, nTMS mapping can help with preoperative
education and discussions. If, for example, an nTMS speech arrest site falls directly over a
tumor, the surgeon might spend more time preparing the subject for the possibility of
subtotal resection and postoperative language deficits. Furthermore, the subject is exposed to
the tasks and techniques associated with language mapping in a comfortable, low-stress
environment, allowing for a “practice run” before surgery. Many subjects reported feeling
more at ease with intraoperative speech arrest after having experienced it during nTMS
mapping.

5. Conclusion
nTMS and MEGI can both be performed safely and effectively for lesion-based
identification of positive language sites. The presence of anti-epileptic drugs has no impact
on these maps. The pars opercularis is the most likely location of finding a positive language
sites regardless of modality. Maps of language function generated with nTMS correlate well
with those generated by DCS. Negative nTMS mapping also correlates with negative DCS
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mapping. In our study, MEGI lacks the same level of correlation with intraoperative
mapping, but provides useful adjunct information with regard to language lateralization and
confirmation of DCS maps in some cases. nTMS is a useful modality for generating
language maps noninvasively. It is thus of immediate interest in the clinical management of
subjects with eloquent brain tumors; it also has wide-ranging implications in basic science
and translational studies of cortical language representation and physiology.
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Highlights

Navigated TMS is a noninvasive method for lesion-based mapping of language
pathways.

nTMS is safe, well-tolerated by patients, and can be performed in a lab environment.

nTMS-based language maps correlate well with maps from direct cortical
stimulation.

nTMS maps are less well correlated with maps from magnetoencephalographic
imaging.

nTMS is useful for interrogating language pathways for research and clinical
purposes.
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Figure 1.
(a) Auditory verb generation task. Subjects heard a noun and overtly generated a verb. The
time window chosen for baseline was 600 ms prior to noun onset, and the active window
was 600 ms prior to response. (b) Visual object naming task. Subjects were shown an image
and asked to name it. The time window chosen for baseline was 600 ms 1 s after response,
and the active window was 600 ms prior to response.
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Figure 2.
Composite representation of all MEGI-based verb-generation and object naming points
across subjects.
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Figure 3.
Composite representation of all nTMS-based positive speech disruption points across
subjects.
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Figure 4.
Composite representation of all DCS-based positive speech disruption points across
subjects.
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Figure 5.
Composite representation of all MEGI-, nTMS-, and DCS-based positive speech disruption
points across subjects.
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Figure 6.
All positive mapping points overlaid on anatomic regions
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Figure 7.
Aggregated coverage of nTMS mapping across all subjects. Labels within grid squares
represent the number of patients who underwent nTMS mapping at that location.
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Figure 8.
Aggregated coverage of DCS mapping across all subjects. Labels within grid squares
represent the number of patients who underwent DCS mapping at that location.
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Figure 9.
Probabilites of a positive nTMS site by location. Labels within grid squares represent the
probability of a positive nTMS site at that location (No. positive / No. mapped).

Tarapore et al. Page 31

Neuroimage. Author manuscript; available in PMC 2014 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 10.
Probabilites of a positive DCS site by location. Labels within grid squares represent the
probability of a positive DCS site at that location (No. positive / No. mapped).
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Figure 11.
Aggregated MEGI language sites across all subjects. Labels within grid squares represent
the number of patients with positive MEGI mapping sites at that location.
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Figure 12.
Case examples. (A) 63-year-old man with a left parietal GBM and good concordance
between nTMS, DCS, and MEGI; (B) 29-year-old man with a left temporal ganglioglioma
and good concordance between nTMS, DCS, and MEGI; (C) 65-year-old woman with GBM
and good concordance between nTMS, DCS, and MEGI; (D) 37-year-old woman with left
temporal anaplastic ganglioglioma and false positive nTMS site in the posterior temporal
region; (E) 31-year-old woman with left frontal oligoastrocytoma and false positive nTMS
site in inferior precentral gyrus; (F) 61-year-old man with left temporal GBM and false
negative nTMS site in posterior superior temporal gyrus.
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Table 4

Sensitivity and specificity of nTMS language mapping as compared with DCS. (Sens = sensitivity; Spec =
specificity; PPV = positive predictive value; NPV = negative predictive value)

DCS + DCS −

nTMS + 9 4 PPV 69%

nTMS − 1 169 NPV 99%

Sens 90% Spec 98%
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