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T
he resection of tumors within or adjacent to lan-
guage-eloquent brain regions is still a neurosurgical 
quest, and a profound presurgical workup is cru-

cial to achieving the best functional and oncological re-

sult.6,71 Today, the most precise way to localize individual 
language-eloquent regions is direct cortical stimulation 
(DCS) during awake craniotomy.9,12,26,44,45,54,62,65,74 Using 
only DCS, however, we cannot provide the longitudinal 

abbreviatioNs BOLD = blood oxygen level–dependent; CPS = cortical parcellation system; DCS direct cortical stimulation; ER = error rate; ERT error rate threshold; 
fMRI = functional MRI; IPI = interpicture interval; NPV = negative predictive value; nTMS navigated TMS; PPV = positive predictive value; PTI = picture-to-trigger interval; 
RMT = resting motor threshold; ROC = receiver operating characteristic; rTMS repetitive navigated TMS; TMS = transcranial magnetic stimulation.
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obJect Repetitive navigated transcranial magnetic stimulation (rTMS) is now increasingly used for preoperative lan-
guage mapping in patients with lesions in language-related areas of the brain. Yet its correlation with intraoperative direct 
cortical stimulation (DCS) has to be improved. To increase rTMS’s specificity and positive predictive value, the authors 
aim to provide thresholds for rTMS’s positive language areas. Moreover, they propose a protocol for combining rTMS 
with functional MRI (fMRI) to combine the strength of both methods.
methods The authors performed multimodal language mapping in 35 patients with left-sided perisylvian lesions by 
using rTMS, fMRI, and DCS. The rTMS mappings were conducted with a picture-to-trigger interval (PTI, time between 
stimulus presentation and stimulation onset) of either 0 or 300 msec. The error rates (ERs; that is, the number of errors 
per number of stimulations) were calculated for each region of the cortical parcellation system (CPS). Subsequently, the 
rTMS mappings were analyzed through different error rate thresholds (ERT; that is, the ER at which a CPS region was 
defined as language positive in terms of rTMS), and the 2-out-of-3 rule (a stimulation site was defined as language posi-
tive in terms of rTMS if at least 2 out of 3 stimulations caused an error). As a second step, the authors combined the re-
sults of fMRI and rTMS in a predefined protocol of combined noninvasive mapping. To validate this noninvasive protocol, 
they correlated its results to DCS during awake surgery.
results The analysis by different rTMS ERTs obtained the highest correlation regarding sensitivity and a low rate of 
false positives for the ERTs of 15%, 20%, 25%, and the 2-out-of-3 rule. However, when comparing the combined fMRI 
and rTMS results with DCS, the authors observed an overall specificity of 83%, a positive predictive value of 51%, a sen-
sitivity of 98%, and a negative predictive value of 95%.
coNclusioNs In comparison with fMRI, rTMS is a more sensitive but less specific tool for preoperative language 
mapping than DCS. Moreover, rTMS is most reliable when using ERTs of 15%, 20%, 25%, or the 2-out-of-3 rule and 
a PTI of 0 msec. Furthermore, the combination of fMRI and rTMS leads to a higher correlation to DCS than both tech-
niques alone, and the presented protocols for combined noninvasive language mapping might play a supportive role in 
the language-mapping assessment prior to the gold-standard intraoperative DCS.
http://thejns.org/doi/abs/10.3171/2014.9.JNS14929
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noninvasive follow-up examinations that might enable us 
to include plastic reshaping of cortical language function 
in our oncological considerations.11,16,17,20,42,54,76

Although we are gaining more and more information 
about the distribution of human language function and the 
associated networks, mapping is still very complex and 
has to be further refined.10,16,30,31,46,54,65 Thus, there is a need 
to assess functional cortical organization of language 
function by noninvasive methods. Navigated transcranial 
magnetic stimulation (nTMS) is one of these noninvasive 
techniques. Regarding the mapping of motor function, 
nTMS has already demonstrated its usefulness for clini-
cal practice.22,33,35,52,53,77 Furthermore, repetitive navigated 
TMS (rTMS) and nonnavigated TMS are able to local-
ize cortical language function.18,19,40,48,69,80 Its clinical ap-
plicability and correlation to DCS during awake surgery 
have repeatedly been shown as well.36,37,51,68,75 Although 
rTMS language mapping has already experienced some 
improvement,40 the standard for preoperative, noninva-
sive language mapping remains functional MRI (fMRI).21 
Yet this technique, though well established, has failed to 
provide reliable preoperative language mapping, showing 
only minor correlation with intraoperative DCS.24,57,82 An-
other study regarding the localization of language and mo-
tor areas by fMRI has confirmed the selection of a more 
aggressive therapeutic approach for the use of preopera-
tive fMRI.49 On the other hand, a review of studies for the 
preoperative mapping of language function by fMRI has 
concluded that the effect on surgical planning is to be the 
only approved clinical use and that even this technique has 
to be further investigated.4

Thus, this study has been designed to investigate how 
the results of rTMS language mapping have to be analyzed 
to find the highest correlation with DCS, and to refine this 
promising and, in this field, aspiring, technique so as to 
play a supportive role toward a multimodal approach in the 
future. Moreover, and with the same purpose, we have eval-
uated the data to create a protocol for noninvasive language 
mapping through the combination of rTMS and fMRI and 
correlated the results to intraoperative DCS as well.

methods
ethics approval

The experimental setup was approved by the local eth-
ics committee of our university in accordance with the 
Declaration of Helsinki. All patients provided written in-
formed consent for this study before rTMS.

study design

The study was designed to be prospective and nonran-
domized.

patients

The study was conducted in 35 consecutive patients (22 
males and 13 females) with left-sided perisylvian brain le-
sions. Inclusion criteria were the presence of a left-sided 
perisylvian brain lesion, planned awake craniotomy, age 
of at least 18 years, and signed informed consent. Exclu-
sion criteria were general TMS exclusion criteria, such as 
pacemaker or cochlear implant,56 as well as severe aphasia 
and age younger than 18 years.

All patients were scheduled for awake craniotomy in 
our neurosurgical department between April 2011 and 
January 2014, and all underwent preoperative language 
mapping by rTMS. Additionally, 27 patients (17 males and 
10 females) were preoperatively examined by fMRI us-
ing an object-naming paradigm. Moreover, aphasia grad-
ing adapted from the Aachener Aphasia Test was done 
3 times: before surgery, the 5th day after surgery, and 3 
months after surgery.28 All lesions were located in the 
left-hemispheric perisylvian brain regions, and 32 patients 
were right-handed. Table 1 gives an overview on the pa-
tient cohort, including age, aphasia, and tumor location. 
To some extent, the data of some of these patients were 
previously part of earlier studies.36,51

Navigational mri scan

All patients underwent navigational MRI scanning in 
a 3-T MR scanner (Achieva 3T, Philips Medical System) 
using an 8-channel phased array head coil. The protocol 
contained a 3D gradient echo sequence (TR 9 msec, TE 4 
msec, 1-mm3 isovoxel covering the whole head, 6-minute-
and-58-second acquisition time) and an intravenous con-
trast administration of 0.1 mmol/kg body weight gado-
pentetate dimeglumine (Magnograf, Marotrast GmbH) 
for anatomical coregistration. This 3D data set was then 
used for the preoperative rTMS language mapping and for 
the intraoperative neuronavigation.51,67

Besides these sequences, the scanning protocol includ-
ed a T2-weighted FLAIR sequence (TR 12,000 msec, TE 
140 msec, TI 2500 msec, 30 slices with a 1-mm gap, voxel 
size 0.9 × 0.9 × 4 mm, 3-minute acquisition time).

preoperative fmri language mapping

For blood oxygen level–dependent (BOLD) fMRI, each 
subject underwent an fMRI object-naming task. The se-
quence parameters were as follows. For fMRI, echo planar 
imaging was performed with the following parameters: 
train length 43 msec, TR 2500 msec, and TE 35 msec. 
Within 2 minutes and 53 seconds, 64 dynamic sets were 
acquired, each consisting of 32 contiguous axial 4-mm 
slices with an in-plane resolution of 2.75 × 2.75 mm. Paral-
lel imaging (SENSE) was used to diminish susceptibility-
related artifacts (SENSE factor 2).

After the examination, the fMRI data were transferred 
to an external workstation (Extended MR Workspace, 
Philips Medical Systems) and were postprocessed by the 
IViewBOLD package blinded to the rTMS results. After 
motion correction and spatial smoothing (2D gaussian fil-
ter with 4-mm full width at half maximum, kernel 2 × 
2 pixel) statistical parametric maps were generated using 
the general linear model. We chose a hemodynamic delay 
of 2 × TR, a single predictor, and a t-value threshold of 
2.5. Only clusters with positive correlation, larger than 40 
voxels in size, were considered to be activated areas. The 
validity of the results was checked by review of the time-
intensity diagrams of the activated voxels, as also previ-
ously described.34,68

preoperative rtms language mapping

Experimental Setup
The rTMS language mapping was performed using 
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nTMS eXimia NBS version 3.2.2 and Nexstim NBS 4.3 
with a NEXSPEECH module (Nexstim Oy), as described 
earlier.51,68,75 First, the 3D T1-weighted MRI scan of each 
patient and the patient’s head were coregistered. The 
stimulated brain area during the examination was visual-
ized using a stereotactic camera and reflectors fastened to 
the patient’s head with an elastic strap to track the coil 
position.51 The induced electric field in the brain was vi-
sualized over the 3D reconstruction, and the intracranial 

stimulation points were saved for later examination.29,58,59 
After the coregistration, the individual patient’s resting 
motor threshold (RMT) was defined by motor mapping 
of the cortical representation of the contralateral abduc-
tor pollicis brevis muscle, as published before.34 This 
RMT was then used as a basic value for the rTMS map-
ping procedure, using an object-naming task, consisting 
of 131 colored pictures of common objects.40,51,68 The pic-
tures were displayed with an interpicture interval (IPI) of 

table 1. patient characteristics

Case 

No. Age (yrs) Tumor Type Lesion Location*
Mapping Techniques Aphasia Grading†

DCS fMRI rTMS Preop 5th POD 3rd POM

 1 25 C trIFG Yes Yes Yes 0 0 0
 2 28 AA anG Yes Yes Yes 0 1A 0
 3 62 GBM opIFG Yes Yes Yes 0 0 0
  4 56 AA mMTG Yes Yes Yes 0 3B 2A

  5 53 AA pMTG Yes Yes Yes 0 0 0
  6 43 GBM opIFG Yes Yes Yes 1A 1A 1A

  7 51 GBM anG Yes Yes Yes 2B 2B 2B

  8 50 GBM anG Yes Yes Yes 2A 3A 1A

  9 51 GBM vPrG Yes Yes Yes 1A 2A 0
10 40 GBM pSTG Yes Yes Yes 2B 0 0
11 34 C  mMFG Yes Yes Yes 0 0 0
12 63 DA pSTG Yes Yes Yes 1B 2B 1B

13 47 GBM pMTG Yes Yes Yes 2B 2B 2B

14 56 GBM pMTG Yes Yes Yes 0 2A 0
15 47 AA aSMG Yes Yes Yes 1B 2B 0
16 33 GBM mSTG Yes No Yes 0 3A 0
17 53 GBM opIFG Yes Yes Yes 1A 2A 1A

18 32 C anG Yes No Yes 3A 0 0
19 47 GBM opIFG Yes Yes Yes 0 0 0
20 52 GBM opIFG Yes No Yes 2A 2A 2A

21 43 DA opIFG Yes Yes Yes 0 2A 0
22 30 AA anG Yes Yes Yes 1A 1A 0
23 48 GBM opIFG Yes Yes Yes 0 2A 1A

24 74 GBM aSTG Yes Yes Yes 2A 2A —

25 41 AA pSTG Yes Yes Yes 2B 1B 1B

26 47 GBM anG Yes Yes Yes 1A 0 0
27 49 DA opIFG Yes Yes Yes 0 1B 0
28 27 AVM mSTG Yes Yes Yes 0 1A 0
29 66 DA opIFG Yes No Yes 0 1A 0
30 38 AA opIFG Yes No Yes 0 1A 0
31 33 OA trIFG Yes No Yes 0 0 0
32 31 GNT vPrG Yes No Yes 0 0 0
33 51 GBM vPrG Yes Yes Yes 2A 1A 1A

34 24 DA mPrG Yes Yes Yes 0 0 —

35 27 GBM anG Yes No Yes 0 1B —

AA = anaplastic astrocytoma (WHO Grade III); AVM = arteriovenous malformation; C = cavernoma; DA = diffuse astrocytoma (WHO Grade II); 
GBM = glioblastoma (WHO Grade IV); GNT = glioneural tumor (WHO Grade I); OA = oligoastrocytoma (WHO Grade III); POD = postoperative 
day; POM = postoperative month; — = not performed. 
*  Refer to Table 2 for the definitions of lesion locations.
†  Aphasia grading: 0 = no aphasia; 1 = mild aphasia; 2 = moderate aphasia; 3 = severe aphasia; A = predominantly motor impairment; B = 
predominantly sensory impairment.
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2.5 seconds. As described earlier, the individual mapping 
frequency and intensity was defined using our standard 
protocol:48,67,68

1) RMT in the left hemisphere was determined thor-
oughly.

2) A train of 5–7 rTMS bursts was administered to the 
ventral precentral gyrus and the opercular inferior frontal 
gyrus:

a) 5 Hz, 5 pulses, 100% RMT;
b) 7 Hz, 5 pulses, 100% RMT;
c) 7 Hz, 7 pulses, 100% RMT.
3) The setup (a–c) that caused the most language errors 

was identified by the patient’s and examiner’s impressions 
and in unclear cases supported by video analysis.

4) If there was no clear difference in the effect on lan-
guage, the most comfortable frequency was chosen.

5) If naming was not interrupted clearly by rTMS, the 
intensity was increased to 110%–120% RMT, and Step 1 
was repeated.

6) If significant pain was reported, the stimulation 
intensity was lowered to 80%–90% RMT to avoid any 
discomfort that might interfere with the consecutive-re-
sponse evaluation.19 This was also done if 100% RMT was 
painful.

The display time (the time the pictures were presented 
on the screen) was 700 msec. Another parameter for the 
variation of rTMS language mapping is the picture-to-trig-
ger interval (PTI). The PTI describes the time between the 
presentation of the stimulus on the screen and the onset of 
the rTMS burst. Twenty-five patients were examined with 
a PTI of 300 msec, and 10 patients were examined with a 
PTI of 0 msec. There is evidence in earlier studies for the 
justification of both PTIs.30,55,63,81 Thus, our protocol was 
modified after 25 patients.
TMS Language-Mapping Procedure

Before rTMS language mapping, baseline recording 
was performed twice without stimulation to adapt the pic-
ture data set to the individual vocabulary. The patients had 
to name the presented pictures in their mother tongue as 
quickly and precisely as possible, and the number of base-
line errors was documented for each patient. Misnamed 
pictures were discarded. The remaining pictures were 
presented time locked to a train of rTMS pulses, and the 
stimulation coil was randomly moved in between the vi-
sual display of 2 images. To achieve maximum field induc-
tion, the coil was placed perpendicular to the skull,40 and 
80–120 sites were stimulated 3 times each with a distance 
of approximately 10 mm. The minimum cortical field 
strength of the induced electric field was 55 V/m.

For later detailed and objective analyses, the baseline 
performance and the stimulation trials were video record-
ed.40

TMS Data Analysis
First, the videorecorded rTMS language mappings were 

analyzed in comparison with the baseline performance. 
The detected language errors were documented and cat-
egorized into 7 groups: no responses, performance errors, 
hesitations, neologisms, semantic paraphasias, phonologic 
paraphasias, and circumlocutions.9,67 Language errors re-
lated to muscle stimulations or pain were discarded.

To ensure that the evaluation was performed objective-
ly, we analyzed the mappings blinded to the stimulation 
sites or the tumor location.37,40,51 After the video analysis, 
the detected language errors sorted by error type were as-
signed to the cortical parcellation system (CPS) as pub-
lished by Corina et al.8 Figure 1A shows the CPS, includ-
ing the abbreviations of the mapped cortical regions. The 
abbreviations are further explained in Table 2. The next 
step was to calculate the error rates (ERs). The ERs were 
calculated for each area of the CPS, defined by the num-
ber of errors per number of stimulations.36,51 Moreover, 
each area of the CPS was analyzed regarding the 2-out-
of-3 rule. As already mentioned, each stimulation site was 
stimulated 3 times. A CPS region was defined as language 
positive in terms of the 2-out-of-3 rule if at least 2 out of 3 
stimulations caused a predefined language error.26,65

Subsequently, the rTMS raw data were analyzed with 
12 error rate thresholds (ERTs). The ERT is defined as the 
ER at which a CPS region has been defined as language 
positive in terms of TMS. The 12 ERTs were determined 
ongoing from 0%, in 5% steps, to 50% of stimulations 
(ERTs > 0%, ≥ 5%, ≥ 10%, ≥ 15%, ≥ 20%, ≥ 25%, ≥ 30%, 
≥ 35%, ≥ 40%, ≥ 45%, ≥ 50%) and the 2-out-of-3 rule.

language mapping during awake craniotomy

Setup
A mixture of bupivacaine and epinephrine was used 

for local anesthesia of the galea and dura. By continuous 
infusion of remifentanil and propofol, an adequate level 
of anesthesia and sedation were maintained. The patient’s 
head was fixed in a Mayfield clamp, the reflector for navi-
gation was attached to it, and a neuronavigation system 
(Vectorvision Sky or Brainlab Curve, Brainlab AG) was 
used to locate the surgical tools and the cortical stimula-
tion electrode based on the same 3D MRI used during the 
rTMS session.

Ten minutes before language mapping, analgesia and 
sedation were discontinued. Regarding the wakefulness, a 
Ramsay sedation score of 2 (patient awake, calm, and co-
operative) was targeted for the language-mapping proce-
dure. After completion of cortical mapping, the operation 
was continued under conscious sedation.50

Language-Mapping Procedure
The cortical stimulation was performed using a bipolar 

stimulation electrode (distance of 5 mm, Inomed Mediz-
intechnik GmbH). The stimulation intensity was between 
0 and 20 mA, with a frequency of 50 Hz and duration 
of 4 seconds. The stimulation sites were placed 5–10 mm 
apart, and a surface electroencephalogram with a band-
pass filter of 10 Hz to 1.5 kHz was recorded to detect epi-
leptic seizures. For the intraoperative mapping by DCS 
and the preoperative mapping by rTMS the same pictures 
were used, with the difference of starting the object nam-
ing during the operation with the matrix sentence, “This 
is a …”.32 The cortical sites were stimulated 3 times, and 
a site was considered language positive if at least 2 out of 
3 stimulations led to a language error. Thus the 2-out-of-3 
rule was used. The positive sites were marked with letters 
and were transferred to the navigation system using the 
navigation pointer.44,50,51
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data analysis
Anatomical Localization

The 37 regions of the CPS as defined by Corina et al. 
were used to compare the results of the different tech-
niques of language mapping and to provide sufficient sta-
tistical data to compare the methods (Fig. 1A).8 First, the 
positive and negative language sites of the intraoperative 
mapping by DCS were assigned to the CPS. The stimu-
lated sites, then transferred to the neuronavigation system 
by the navigation pointer, could be located exactly in a 3D 
environment for further analysis.

After the video analysis, the rTMS-induced language 
errors were matched with the associated stimulation sites 
on the 3D MRI. This was separately done for the 12 ERT 
groups (0% ERT to 50% ERT in 5% steps and by the 
2-out-of-3 rule).

The positive language sites examined by fMRI with an 
object-naming task were anatomically located through the 
coronal, sagittal, and axial slices, which were fused with 
the BOLD signal. They were assigned to the CPS as well. 
To compare the overall results of rTMS and DCS with 
fMRI language mapping, we calculated an activation rate 
by the total number of positive BOLD signals per number 
of patients who underwent fMRI language mapping (n = 
27).

Stimulation Assessment for the Comparison of rTMS and DCS
Representing the gold standard, the results of DCS’s in-

traoperative language mappings provided the ground truth 

for every comparison. For the comparison of rTMS and 
DCS language mapping, the results of both methods were 
assigned to the CPS separately for each patient. Then the 
raw data for calculating the receiver operating characteris-
tic (ROC) curves were created as follows: if a CPS region 
gave rise to language positivity during DCS and rTMS 
mapping (according to the chosen ERT), the region was 
documented as a true positive for this patient. If both map-
pings indicated this region to be language negative, it was 
documented as a true negative. When rTMS mapping led 
to an ER above the respective ERT in the corresponding 
CPS region but the DCS mapping did not, the CPS region 
was defined as a false positive for this patient. Moreover, a 
CPS region was documented as a false negative when the 
region’s DCS mapping led to language errors but the ER 
was below the ERT during rTMS mapping.

For the definition of language positivity and negativ-
ity in terms of rTMS, we used the different ERTs. For a 
better understanding, we provide some examples. For the 
analysis with an ERT of 0%, a CPS region was counted as 
language positive in terms of rTMS if any stimulation of 
this region elicited a language error. For the comparison 
of DCS to rTMS with an ERT of 5%, the CPS regions 
were taken as language positive only if the ER was at least 
equal to 5%. In the same way, the ROCs were also calcu-
lated up to an ERT of 50%. Moreover, we used the 2-out-
of-3 rule as an ERT.

Ten rTMS language mappings were performed with a 
PTI of 0 msec, and 25 patients were mapped with a PTI 

Fig. 1. CPS and total number of errors per number of stimulations and activations of each method.  a: The CPS as described by 
the study of Corina et al.,8 including the abbreviations of the mapped regions. The abbreviations are explained in Table 2.  b and 
c: For DCS (B) and rTMS (C) language mapping we illustrate the total number of errors per number of stimulations for each CPS 
region, highlighted by the respective color of the associated ER.  d: For fMRI language mapping, we demonstrate the total number 
of positive BOLD signals. The related activation rate is calculated by the total number of positive BOLD signals per number of 
patients who performed fMRI language mapping.
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of 300 msec. Therefore, we additionally compared these 
2 groups to each other with the objective of detecting the 
optimal PTI in combination with different ERTs.

Comparison of fMRI and DCS
After assigning the results of fMRI language mapping 

to the CPS, we compared them with the language sites de-
fined by DCS as well, in the same manner in which we 
had compared the results of rTMS and DCS. Once more, 
we took the DCS data as the gold standard and compared 
the corresponding results of each patient and each region 
of the CPS. According to the comparison of rTMS and 
DCS, we documented the true positives and negatives, but 
without using an ERT. For example, if a CPS region was 
language positive during DCS mapping without a positive 
BOLD signal, we defined the region as a false negative in 
terms of fMRI for this patient; conversely, if a CPS region 
was language negative by DCS and language positive by 
fMRI, we counted this region as a false positive in terms 
of fMRI.

Statistical Analysis
For statistical analysis of the various comparisons, we 

summed up the obtained results of each patient, that is to 
say, the true and false positives and the true and false nega-
tives and calculated the sensitivity, specificity, positive pre-
dictive value (PPV), and negative predictive value (NPV). 
This we did separately for each region of the CPS.51

To visualize and interpret the preserved data with the 
aim of figuring out an optimal protocol for the analysis of 
rTMS and for combined noninvasive language data, we is-
sued ROC curves for all distinct kinds of analysis. In these 
ROC curves the sensitivity (y axis) is graphed against the 
formula 1 − specificity (x axis).38

results
single results of dcs, rtms, and fmri language mapping

Figure 1 outlines the total number of language-positive 
sites obtained by DCS (Fig. 1B) and rTMS (Fig. 1C), as 
well as the total number of stimulations implemented by 
the respective mapping technique in all patients. Accord-
ingly, Fig. 1D shows the total number of positive BOLD 
signals per CPS region in all patients.

comparison of rtms and dcs language mapping

The mapping data of the 2 methods overlapped in 19 
regions of the CPS. In total, we compared rTMS and DCS 
language mapping in 252 regions. Depending on the rTMS 
ERT, the true-positive results ranged from 28% (ERT 0%) 
to 3% (ERT 50%). As expected, the true-negative results 
increased from 10% (ERT 0%) to 68% (ERT 50%). Thus, 
the false-positive results decreased from 62% (ERT 0%) to 
3% (ERT 50%). According to the decrease of true-positive 
results due to an enhanced ERT, the false-negative results 
increased from less than 1% (ERT 0%) to 26% (ERT 50%). 
The overall ROC values for this comparison are illustrated 
in Table 3.

In addition, we compared the results of rTMS language 
mapping performed with a PTI of 0 msec or 300 msec. In 
comparison with DCS, we achieved the highest sensitivity 
and the lowest rate of false positives by using an ERT of 
15%, 20%, 25%, and the 2-out-of-3 rule in combination 
with a PTI of 0 msec (Fig. 2 and Table 4).

comparison of fmri and dcs language mapping

Across the 27 patients who were additionally examined 
by fMRI using an object-naming paradigm, the data over-
lapped with the intraoperative results in 22 regions of the 
CPS, and we compared these 2 methods in 258 regions 
altogether. In 11% of these comparisons we yielded a true-
positive result and in 61% a true-negative result. Further-
more, we obtained false-positive results for 12% and false-
negative results for 16% of the comparisons. Subsequently, 
we calculated the ROCs for this comparison (Table 5). In 
comparison with rTMS language mapping with an ERT of 
0% (Table 3), Table 5 shows the key advantages of fMRI 
language mapping reflected in its specificity.

additional analysis protocols for combined Noninvasive 
language mapping

Protocol
To combine the strengths of rTMS (high sensitivity and 

NPV) and fMRI language mapping (high specificity), we 
combined the results of both methods, using 2 distinct pro-
tocols for a combined noninvasive language mapping. The 
objective of the additional analysis Protocol 1 (A1) was to 
decrease the false-positive results of rTMS language map-

table 2. abbreviations of the anatomical cortical areas 

according to the cps

Abbreviation Anatomy

aMFG Anterior middle frontal gyrus
aMTG Anterior middle temporal gyrus
anG Angular gyrus
aSMG Anterior supramarginal gyrus
aSTG Anterior superior temporal gyrus
dPoG Dorsal postcentral gyrus
dPrG Dorsal precentral gyrus
mMFG Middle middle frontal gyrus
mMTG Middle middle temporal gyrus
mPoG Middle postcentral gyrus
mPrG Middle precentral gyrus
mSFG Middle superior frontal gyrus
mSTG Middle superior temporal gyrus
opIFG Opercular inferior frontal gyrus
pMFG Posterior middle frontal gyrus
pMTG Posterior middle temporal gyrus
pSFG Posterior superior frontal gyrus
pSMG Posterior supramarginal gyrus
pSTG Posterior superior temporal gyrus
SPL Superior parietal lobe
trIFG Triangular inferior frontal gyrus
vPoG Ventral postcentral gyrus
vPrG Ventral precentral gyrus
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ping by qualifying them with fMRI-negative results. In 
contrast, the objective of the additional analysis Protocol 
2 (A2) was to decrease fMRI’s false-negative results by 
qualifying them with rTMS positive results. Table 6 gives 
a detailed overview of the adapted rules for both protocols. 
To evaluate the effect of the protocols, we compared the 

created assertions about language positivity and negativ-
ity A1 and A2 with the results of DCS language mapping.

Results
Equally to the comparison of rTMS and DCS language 

mapping and the comparison of fMRI and DCS language 
mapping, in this comparison, too, the DCS results were 
taken as gold standard for the calculation of the ROCs 
(Table 7). Moreover, we demonstrated the single results of 
each mapped CPS region regarding specificity and NPV 
for Protocol 1 (Fig. 3B and D) and sensitivity and PPV for 
Protocol 2 (Fig. 3A and C). According to the comparison 
of rTMS with DCS (Table 3), and to be more comparable 
with the comparison of fMRI with DCS (Table 5), the 
single results of Fig. 3 are analyzed with an ERT of 0%.

Again, we observed the highest correlation to the re-
sults of DCS language mapping, regarding a high sensitiv-
ity and a low rate of false positives, for the combination 
of fMRI data and the results of rTMS language mappings 
performed with a PTI of 0 msec and an ERT of 20% (Fig. 
4).

discussion
rtms versus dcs language mapping

Most importantly, it has to be stressed that the results of 
DCS are absolutely essential for language mapping in pa-
tients with left-sided perisylvian brain lesions and for brain 
mapping in its entirety. It should not be the aim to replace 

table 3. roc for the comparison of rtms (0 and 300 msec pti) 

and dcs language mapping*

rTMS ERT PPV NPV Sensitivity Specificity

2-out-of-3 rule 34% 79% 67% 49%
≥0% 31% 92% 97% 13%
≥5% 31% 84% 92% 18%
≥10% 32% 81% 83% 28%
≥15% 30% 74% 63% 43%
≥20% 31% 73% 47% 58%
≥25% 33% 74% 40% 67%
≥30% 31% 72% 25% 78%
≥35% 35% 73% 18% 87%
≥40% 39% 73% 17% 89%
≥45% 45% 73% 13% 94%
≥50% 47% 73% 10% 96%

*  This table shows the sums of all mapped CPS regions for PPV, NPV, sensi-
tivity, and specificity for the comparison of rTMS and DCS language mapping 
as functions of the rTMS ERT. The rTMS data for these calculations include 
both the 0-msec and the 300-msec PTI groups.

Fig. 2. ROC curves for the comparison of PTI. The results for the comparisons of rTMS language mapping performed with a PTI 
of 0-msec and/or 300-msec with DCS language mapping are shown. The associated boxes describe the respective rTMS ERTs.
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this gold standard, but to improve and advance the encour-
aging noninvasive technique rTMS with respect to preop-
erative assessment. For clinical usefulness, either the com-
bination of a high specificity and NPV for the mapping of 
language-negative sites or the combination of a high sensi-
tivity and PPV for the mapping of language-positive sites 
seems applicable. While negative mapping is sufficient 
for neurosurgical applications, positive mapping has to be 
aimed at for a general use in neuroscience.30,51 The most 
basic difficulty of rTMS language mapping is determining 
language-positive sites accurately, at least in comparison 
with DCS. The constellation of a high sensitivity (over-
all [PTI 0 and 300 msec] 97%, PTI 0 msec 100%) but a 
low PPV (overall [PTI 0 and 300 msec] 31%, PTI 0 msec 
20%) using an ERT of 0% does not give sustainable infor-
mation for neurosurgeons in the operating room and for 
basic researchers, respectively (Tables 3 and 4). In other 
words, rTMS language mapping is currently too sensitive 
for the mapping of language-positive sites. Most likely this 
is because it identifies not only language-eloquent but also 
language-involved cortical areas in general.

Like earlier studies, however, that have compared the 
results of preoperative rTMS language mapping with DCS 
during awake surgery, our study revealed a high sensitivity 
and NPV with an ERT of 0% (Table 3).37,51,75 Most impor-
tantly, when regarding current protocols for DCS language 
mapping during awake surgery, some authors also rely only 
on negative language mapping intraoperatively.64,75 In this 
respect, the absence of false-negative results, as revealed 
for rTMS language mapping performed with a PTI of 0 
msec and analyzed with an ERT of 0%, is of paramount 
importance (Table 4).15 Thus, the high sensitivity and NPV 
of our presented protocol seem already applicable in the 
daily clinical routine.37 These values promise very reliable 
negative results and accordingly enable a more extensive 
resection, which has proved crucial in neurooncology.6,71 
In addition, our analysis of different ERTs shows that 

rTMS provides sufficient negative language maps (speci-
ficity: overall [PTI 0 and 300 msec] 96%; PTI 0 msec 98% 
and NPV overall [PTI 0 and 300 msec] 73%; PTI 0 msec 
82%) compared with DCS language mapping, by analyz-
ing the results with a high ERT (≥ 50%) (Fig. 2 and Tables 
3 and 4).

Even particularly with regard to negative language 
mapping, because of the increase of true-negative results, 
we could show a reduction in false-positive results by per-
forming rTMS language mapping with a PTI of 0 msec ac-
cording to a recent report.30 We therefore compared rTMS 
language mapping with PTIs of 0 msec and 300 msec. 
The obviously higher correlation of the immediate rTMS 
stimulation beginning at the same time as the picture pre-
sentation could confirm other noninvasive data (Fig. 2 and 
Tables 3 and 4).30 This analysis showed the highest cor-
relations for sensitivity, combined with a low rate of false-
positive results and a high NPV, using ERTs of 15% (sen-
sitivity 91%, NPV 96%), 20% (sensitivity 73%, NPV 92%), 
25% (sensitivity 55%, NPV 88%), and the 2-out-of-3 rule 
(sensitivity 91%, NPV 97%) (Fig. 2 and Table 4). These 
ERTs should be the basis for further research to refine the 
promising method of rTMS in language mapping.

Nevertheless, for the comparison of rTMS and DCS 
language mapping, the occurrence of false-positive results 
has to be discussed. But are these false positives truly false 
positives? Yes, they are, regarding the wealth of experi-
ence of DCS and its status as the gold standard for the 
detection of language-eloquent brain regions.7,9,26,44,45,62,65 
Noninvasive mapping techniques for identifying human 
language function have to compete with results mapped 
during awake surgery. Having no other modalities, how-
ever, we still do not know exactly the role played by these 
DCS-identified language-positive points. Since resection 
of these areas is associated mostly with a consecutive and 
at least transient language deficit, we have to name them 
language eloquent.16,23,41,54 Since rTMS is very sensitive, 
language-positive cortical areas as identified by rTMS 
are most likely not only language eloquent but are also 
involved in language function in general. This can also be 
taken into account regarding the false-positive results of 

table 4. roc for the comparison of rtms (0 msec pti) and dcs 

language mapping*

rTMS ERT PPV NPV Sensitivity Specificity

2-out-of-3 rule 30%   97%   91% 56%
≥0% 20% 100% 100% 17%
≥15% 25%   96%   91% 42%
≥20% 30%   92%   73% 63%
≥25% 27%   88%   55% 69%
≥50%   0%   82%     0% 98%

*  This table highlights the results regarding the correlation of a high sensitivity 
and a low rate of false positives for the comparison between rTMS language 
mapping performed with a PTI of 0 msec and DCS language mapping.

table 5. roc for the comparison of fmri and dcs

Variable Value

PPV 48%
NPV 79%
Sensitivity 40%
Specificity 84%

TABLE 6. Definitions of the protocols for additional analysis*

Protocol Result of rTMS Result of fMRI
Definition in Additional 
Analysis Protocol

1 (A1) + + A1-positive
− − A1-negative
+ − A1-negative
− + A1-negative

2 (A2) + + A2-positive
− − A2-negative
+ − A2-positive
− + A2-positive

+ = language positive; − = language negative.
*  This table gives an overview of the rules for the 2 protocols with the intent of 
a combined noninvasive language-mapping protocol. The objective of Protocol 
1 was to decrease rTMS false-positive results by qualifying them with fMRI 
negative results. The objective of Protocol 2 was to decrease fMRI false-
negative results by qualifying them with rTMS positive results.
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rTMS language mapping. The high sensitivity concern-
ing language-involved regions might also be reflected in 
the evocation of language errors in CPS regions defined 
as language negative by DCS. The rTMS ERs of these re-
gions are largely on an intermediate level, while a rela-
tively small number of stimulations were delivered to them 
by DCS. Additionally, the distribution of CPS regions with 
a high ER is similar on both the rTMS and DCS language 
maps (Fig. 1B and C). Yet, this explanation of false-posi-

tive results and high ERs can only be contemplated for the 
total language maps, since the overall rate of false positives 
is calculated by the sums of results of all patients. Never-
theless, both techniques operate on the same theory—the 
“virtual lesion”—and rTMS has already proved effective 
concerning language tasks.14,19,78,81 In other words, rTMS 
language mapping is already feasible, but there are some 
differences regarding the comparison with DCS language 
mapping.

table 7. results for the combined fmri/rtms language mapping according to protocol 1 and protocol 2 compared 

with dcs language mapping*

protocol 1 Protocol 2
rTMS ERT ppv Npv sensitivity Specificity PPV NPV Sensitivity Specificity

2-out-of-3 rule 55% 75% 33% 88% 35% 77% 73% 40%
≥0% 51% 76% 41% 83% 34% 95% 98% 13%
≥5% 50% 75% 38% 83% 34% 89% 95% 17%
≥10% 52% 75% 36% 85% 34% 82% 88% 25%
≥15% 54% 74% 30% 89% 34% 75% 72% 37%
≥20% 52% 72% 20% 92% 36% 76% 66% 48%
≥25% 63% 72% 19% 95% 38% 76% 61% 55%
≥30% 70% 71% 11% 98% 40% 76% 55% 63%
≥35% 75% 71%   9% 99% 43% 76% 50% 70%
≥40% 71% 71%   8% 99% 44% 76% 50% 72%
≥45% 67% 70%   6% 99% 48% 77% 48% 76%
≥50% 67% 70%   3% 99% 48% 77% 48% 77%

*  The data include the results of all mapped CPS regions and both PTI groups.

Fig. 3. Combined fMRI/rTMS (ERT 0%, 0-msec and 300-msec PTI) language mapping compared with DCS. The schemes show 
the results for each mapped CPS regions for the comparison of combined fMRI/rTMS language mapping against DCS language 
mapping. For Protocol 1 we demonstrate specificity (b) and NPV (d). The schemes for Protocol 2 show sensitivity (a) and PPV 
(c). The TMS part of both protocols has been analyzed with an ERT of 0%, and the results include both PTI groups (0-msec and 
300-msec PTI).
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Furthermore, the classic distribution of human lan-
guage function to Broca’s and Wernicke’s areas is no lon-
ger current, and it is even not definitely resolved how es-
sential these 2 regions are.2,5,44 Several studies assume and 
partially prove that human language function is organized 
in a complex network with the possibility of reorganiza-
tion.10,16,30,31,46,54 In this context it may be appropriate to 
ask whether rTMS maps language function more precisely 
than DCS. It is definitely easier to analyze language er-
rors using the video data recorded during rTMS language 
mapping than to detect language errors in the operating 
room, although the neuropsychologist can concentrate 
exclusively on evaluating language performance during 
awake surgery. For the analysis of rTMS language map-
ping, unclear sequences can be reviewed several times; in 
comparison with baseline, moreover, the pronunciation is 
more distinct, and the setting is less stressful for the pa-
tient. This may be a reason for the occurrence of errors in 
rTMS language maps, which perhaps do not define essen-
tial language sites, but rather define regions participating 
in language-related networks that are involved in language 
production but may not be essential. Thus, applying rTMS 
to these stimulations may cause only minor but detectable 
language impairment. That the resection of some of these 
sites does not lead inevitably to a permanent postopera-
tive deficit is comparable to the results of former studies 
concerning the resection of positive language sites defined 
by DCS.16,23,41,51,54

Another difference may be the impact of rTMS on 
functional connectivity, since rTMS may affect subcortical 
pathways more significantly than bipolar DCS.17,25,41,64,73 
This may be a reason for rTMS producing more false-pos-
itive results than DCS. On the other hand, the subcortical 
affection by rTMS may be an approach toward the map-
ping of language-positive sites in the future. To enable a 
safer resection by preoperative mapping even of deeper-lo-
cated parts, the subcortical affection should be verified by 
the results of diffusion tensor imaging fiber tracking, even 
if this technique also has to be further investigated.15,39

combined fmri and rtms language mapping

Despite the already encouraging results of rTMS lan-
guage mapping in comparison with DCS, especially with 
a PTI of 0 msec, we combined the results of rTMS and 
fMRI language mapping. This was done to combine the 
advantages of each method based on the 2 methods’ re-
spective comparisons with DCS language mapping. In ad-
dition to the aforementioned results of rTMS, we revealed 
a high specificity (84%) for the comparison of fMRI and 
DCS, as other studies have done before57 (Tables 3 and 5).

The objective of Protocol 1 was to decrease rTMS’s 
false-positive results (Table 6). On the one hand, specific-
ity and PPV greatly increased, since many of the initially 
false-positive results could be unmasked as true negatives 
(Fig. 3B and Table 7). But there was also a huge decrease 
in sensitivity and NPV in comparison with the sole use 

Fig. 4. ROC curves for combined noninvasive language mapping. ROC curves for the comparison of Protocols 1 and 2 with DCS 
language mapping are shown. The rTMS language mappings leading to these results were performed with a PTI of 0 msec. The 
associated boxes describe the rTMS ERTs.
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of rTMS (Table 3 vs Table 7; Fig. 3D). This result sug-
gests that fMRI’s negative spots additionally masked some 
of rTMS’s true-positive results. Nevertheless, as Fig. 3B 
shows, Protocol 1 provides sufficient negative language 
maps in comparison with DCS.

Accordingly, the effect of decreasing fMRI false-neg-
ative results by using Protocol 2 is impressive regarding 
sensitivity and NPV compared with the sole use of fMRI 
language mapping (Fig. 3A; Table 5 vs Table 7). But as 
Protocol 1 transferred some of the initially true-positive 
rTMS results into false negatives (Fig. 3D; Table 3 vs Table 
7), Protocol 2 transferred some of the fMRI’s true-nega-
tive results into false positives (Fig. 3C; Table 5 vs Table 
7). Even Protocol 2, however, yields sufficient language 
maps to map negative sites (Table 7).

At first view, the use of Protocol 1 or 2 does not bring 
advantages in comparison with language mapping using 
rTMS alone. The mapping of language-negative sites ren-
ders comparable results for specificity and NPV for Proto-
col 1 (Fig. 3B and D and Table 7) and the sole use of rTMS 
language mapping with an ERT of 50% (Table 3). Yet the 
PPVs of Protocol 1 are constantly equal to or greater than 
50%, and even up to 75% (Table 7). More importantly, the 
specificities of Protocol 1 are greater than 80% across all 
ERTs. Thus, Protocol 2 shows comparable results for sen-
sitivity and NPV as well as rTMS language mapping alone 
(Table 3 vs 7; Fig. 3A). But the sensitivities do not decrease 
similarly, especially for higher ERTs.

Although several studies have found an incomplete 
match between fMRI and DCS language mapping, fMRI 
is still the most distributed modality for noninvasive lan-
guage mapping.21,24,57,68,82 This status similarly testifies to 
an extensive experience, not least in the field of language 
mapping. Yet a review of studies about the mapping of 
language function by fMRI has concluded that even this 
well-established technique has to be further refined; an-
other study has confirmed the selection of a more aggres-
sive therapeutic approach.4,49 Still, as other studies have 
concluded, the results of fMRI and DCS will never com-
pletely agree, because the 2 methods have fundamental 
differences.60,68

As already mentioned, the quest of mapping human 
language function lies in its complexity and associated 
networks. With our protocols for combined noninvasive 
language mapping, we pay attention to this issue. The 
strength of fMRI is the visualization of cortical networks, 
whereas the mapping of language function by rTMS seems 
to be more targeted at a higher spatial resolution, as has 
been shown for cortical motor function.22,34 The basic 
principle of fMRI is the assumption that task-related brain 
function and its related neural activity can be measured by 
the effect of increases in deoxyhemoglobin from activated 
neurons consuming more oxygen. These BOLD signals 
therefore visualize activated cortical regions.43 It has to 
be mentioned, however, that the destruction of a formerly 
activated region does not automatically cause a deficit in 
language function.17,24 In contrast, rTMS mapping shows 
the effect of a temporary functional lesion in the depolar-
ization and therefore inactivation of a designated brain re-
gion and the whole connected functional network.14,19,47,79,81 
A recently reported case showed fMRI and rTMS yielding 
contrary results, but the use of our protocols would make 

it possible to combine lesion-based and blood flow–based 
techniques even in this case.68 That these 2 principles can 
complement each other has already been shown in previ-
ous studies.61,81 Moreover, as other authors, surgeons in 
particular, suggest and already perform consecutive awake 
surgery in oncological patients, combined language map-
ping by fMRI and rTMS makes it possible to back this ap-
proach up and to support the oncological considerations by 
longitudinal noninvasive follow-up examinations for the 
inclusion of plastic reshaping of cortical language func-
tion.11,16,17,20,42,54,76 Of course, the 2 protocols, being mutu-
ally exclusive, cannot be applied at the same time. Never-
theless, the results show that the combination of the results 
of fMRI and rTMS language mapping is able to achieve a 
high sensitivity and a high specificity.

In summary, with our present data we contribute to 
the development of more standardized protocols for both 
the performance and the analysis of rTMS language map-
ping. In addition, we have evaluated 2 new protocols for 
the combined application of rTMS and fMRI, to ensure 
a safer and more reliable preoperative language mapping.

limitations

One of the general limitations of preoperative mapping 
is the effect of brain shift after the durotomy.27,72 This may 
be a reason for slightly differing results from mapping that 
was done before surgery and during surgery. Yet the intra-
operative location of DCS-positive points has also been de-
tected by pial venous structures allowing the identification 
of the correct CPS region after durotomy.35 The CPS per se 
might be a further limitation of our study, since the error 
margins are larger than 10 mm, while it can be assumed 
that the spatial resolution of DCS is even smaller than 10 
mm.23 In this study we used the CPS for statistical analy-
sis to combine the 2 noninvasive techniques with the gold 
standard. Still, our present results should be reproduced in 
any case, and using optimized systems for the comparisons 
should be considered in the future. Another limitation of 
our study is the sole use of an object-naming task for both 
preoperative mapping techniques. This limitation should 
not affect the comparisons with DCS language mapping, 
since we have also used an object-naming task for the in-
traoperative language mapping. Yet, in the basic research 
of language function and the further refining of our pro-
tocols, it is especially tasks involving comprehension of 
language that should be applied. The object-naming task, 
however, is able to reproduce the whole process of word 
production and incorporates all presumably language-elo-
quent brain regions.13,17,30,66 This has been shown in several 
studies and for each of the 3 modalities.9,30,40

However, it has also been shown that fMRI language 
mapping is more sensitive to anterior than to posterior 
language-related cortical regions.3 The more frequently 
detected occurrence of positive BOLD signals within the 
anterior language-related regions could be approved by 
our study and these circumstances have to be considered 
in case of assessing the accuracy of fMRI language map-
ping (Fig. 1D).

What is more, examination by fMRI depends heavily 
on the patient’s compliance.1,41,47,57,70 Of course, compli-
ance always plays an important role in the analysis of hu-
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man brain function, especially regarding the detection of 
language-eloquent regions by DCS.73 But the examiners 
cannot control compliance during the object-naming task 
in the MR scanner. In contrast, a lack of cooperation is im-
mediately noticeable during the rTMS language mapping. 
This has to be considered when combining the results of 
rTMS and fMRI language mapping.

On the other hand and in the consideration of the 2 
noninvasive methods, it has to be mentioned that rTMS 
language mapping is currently still more time-consuming, 
costlier, and less standardized than fMRI. However, espe-
cially in the present study, we refine this promising and 
aspiring technique, among others, and provide data toward 
a higher grade of standardization to face these shortcom-
ings.

In addition, the 2 PTI groups (0-msec and 300-msec 
PTI) have not been randomized. Even though a recently 
published study has proved the advantages of rTMS lan-
guage mapping performed with a PTI of 0 msec, and our 
results regarding this analysis are like theirs, this fact must 
still be noted as a limitation of our study.30

conclusions
The results of our study show that the raw data of rTMS 

language mapping should be analyzed with an ERT of 
15%, 20%, 25%, or the 2-out-of-3 rule to obtain a high pre-
diction of DCS language mapping. Moreover, we can sup-
port previous data suggesting that rTMS language map-
ping should be performed with a PTI of 0 msec. We can 
also conclude that combining the more sensitive technique 
of rTMS and the more specific technique of fMRI leads to 
a higher correlation to DCS language mapping than either 
technique alone. With this in mind, our presented Proto-
cols 1 and 2 provide a promising noninvasive approach 
that could be helpful for language-mapping assessment 
prior to the gold standard of intraoperative DCS.
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