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ABSTRACT 
Introduction: The surgical resection of brain lesions located in language-eloquent 

areas harbours a great risk for determining new functional deficits. Navigated 

transcranial magnetic stimulation represents a novel non-invasive cortical mapping 

method that can be used preoperative to determine language-eloquent areas. 

Materials and methods: We retrospectively reviewed a prospectively maintained 

database of patients that underwent preoperative cortical mapping using nTMS 

between March 2017 and June 2020. Patients older than 18 years old with brain 

lesions situated in a presumed language eloquent area, that underwent surgical 

resection of the brain lesion were included in the study. Various parameters such as 

error rate, number of language-negative sites were assessed. 

Results: Fourteen patients were included in the study. There were 10 males and 4 

females in total. Most of the tumours were in the temporal and frontal lobes (five and 

four cases, respectively). The histopathological diagnosis was glioblastoma in seven 

cases, in one case there was an anaplastic astrocytoma and there were two cases of 

low-grade gliomas. There were three cases of brain metastasis and one cavernoma. 

The median (range) tumor volume was 25.01 cm3 (0.89 – 86.55 cm3). Gross-total 

resection (GTR) was achieved in seven cases. The error rate was significantly higher 

in patients that continued to have an impaired language function after surgical 

resection (p = 0.016), while the perilesional error rate was higher in patients with 

preoperative aphasia (p = 0.019). 

Conclusion: Our findings suggest that a lower tumour volume to perilesional 

negative stimuli ratio is associated with an extended surgical resection of brain 

tumours located in language-eloquent areas and that patients that presented with 

aphasia and have a high error rate have a worse functional prognosis. Through nTMS 

preoperative cortical mapping of language-eloquent areas, the neurosurgeon has 

more insight regarding the cortical function and can maximize the surgical resection, 

while avoiding the onset of new functional deficits. 
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INTRODUCTION 

The surgical resection of brain lesions located in 

language-eloquent areas harbors a great risk for 

determining new functional deficits. Since a complex 

network is involved in speech and language 

processing, and there is a high individual variability 

regarding the cortical representation of language 

areas, cortical mapping of eloquent areas should be 

performed in order to decrease this risk (1). 

Moreover, brain tumors can disrupt and reorganize 

the normal functional areas (2, 3). The ”gold-

standard” method for the mapping of language 

areas is direct cortical stimulation (DCS) under awake 

surgery (4). However, not all patients can tolerate or 

have contraindications for an awake craniotomy (5). 

Navigated transcranial magnetic stimulation (nTMS) 

represents a preoperative, non-invasive method 

used for cortical mapping of motor and language 

eloquent areas (6, 7). By using navigated repetitive 

TMS (nrTMS) pulses, language areas can be mapped 

in patients with brain tumors, as well as in healthy 

individuals, without adverse events (3). 

 In this study we present our experience with 

nTMS cortical mapping for language-eloquent brain 

lesions. 

 

MATERIALS AND METHODS 

Patient cohort 

We retrospectively reviewed a prospectively 

maintained database of patients that underwent 

preoperative cortical mapping using nTMS between 

March 2017 and June 2020. The inclusion criteria 

were: (1) patients with brain lesions situated in a 

presumed language eloquent area; (2) patients that 

underwent surgical resection of the brain lesion; (3) 

age > 18 years old. Patients that had nTMS 

contraindications (e.g.: frequent generalized 

epileptic seizures, cranial implants) or did not 

undergo surgical resection or underwent only a 

stereotactic biopsy procedure were excluded from 

the study. 

 

nTMS language mapping 

Cortical mapping was performed by using the 

Nexstim Navigated Brain Stimulation System 5 

(Nexstim Oy, Helsinki, Finland) according to the 

established protocol (8), as previously described (9). 

Briefly, the brain MRI and the patients’ head were co-

registered, and a motor mapping was performed to 

determine the resting motor threshold (RMT). 

Afterwards, using the NexSpeech Software (Nexstim 

Oy, Helsinki, Finland) the patients performed a 

baseline object-naming task without TMS stimuli, in 

order to evaluate each patients’ vocabulary and 

misidentified pictures were removed. The baseline 

procedure was repeated twice. The remaining 

pictures were used for the object-naming task 

performed with nrTMS pulses. The following 

parameters were used for the language mapping: 

picture display time (PDT): 700 ms, interpicture 

interval (IPI): 2500 ms and picture-to-trigger (PTT) 

interval: 0 ms. The navigated repetitive TMS (nrTMS) 

pulses were applied in bursts of 5 pulses with 5 Hz 

frequency, with an intensity of 100% of the RMT. 

Individual adjustments were performed, when 

needed, based on the preexisting neurological 

deficits. Every site was stimulated three times. The 

results were analyzed blinded to the location of the 

TMS stimuli and compared with the baseline. The 

language errors were defined in the following 

categories: no response, performance error, 

semantic error and other. Errors due to muscle 

stimulation were discarded. 

 

Surgical planning 

The brain MRI scans with the annotated language 

errors were included in the intraoperative 

neuronavigation system (SonoWand Invite - 

SonoWand AS, Trondheim, Norway, or Medtronic 

Stealth S8 – Medtronic, Minneapolis, USA). The 

surgical planning took into account the results from 

the brain mapping, in order to select the optimal 

entry point and trajectory, with the goal of avoiding 

postoperative neurological deficits and maximizing 

the surgical resection. 

Brain lesion evaluation 

 The brain MRI used for the mapping procedure 

was used the calculate to volume of the brain lesion 

with the aid of the 3D Slicer 4.10.0 Software (10, 11). 

Based on the histopathological diagnosis, the tumors 

were classified in two categories: (1) tumors with 

slow growth rate (low grade gliomas) and tumors 

with fast growth rate (high grade gliomas, 

metastases). 

 

Language mapping analysis 

In order to better evaluate the language function and 

the mapping results, a series of variables were 

assessed: number of language errors, number of no-

response errors, number of language-negative sites, 
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error rate (ER) = language errors/total stimuli * 100, 

perilesional error rate (PER) = perilesional language 

errors/perilesional stimuli * 100. The tumor volume 

to language-negative sites ratio was calculated. 

 

Statistical analysis 

Statistical analysis was performed using the IBM 

SPSS Statistics, version 25 (IBM Corp., Armonk, N.Y., 

USA). The t-test was used for continuous variables 

with parametric distribution and the Mann-Whitney 

U test for the non-parametric ones. p < 0.05 was 

considered statistically significant. 

 

RESULTS 

Patient cohort 

Fourteen patients met the inclusion criteria with a 

mean (SD) age of 51.5 (13.9) years. There were 10 

males and 4 females in total. All patients were right-

handed, with the left hemisphere being considered 

the dominant one. Most of the tumors were located 

in the temporal and frontal lobes (five and four cases, 

respectively). Two tumors were in the fronto-

temporal lobes and one in each of the following: 

parietal lobe, fronto-parietal and temporo-parietal. 

The histopathological diagnosis was glioblastoma in 

seven cases, in one case there was an anaplastic 

astrocytoma and there were two cases of low-grade 

gliomas. There were three cases of brain metastasis 

and one cavernoma. According to the growth rate 

classification, there were 11 fast-growing tumors and 

2 slow-growing tumors (the cavernoma case was 

excluded from this classification). Gross-total 

resection (GTR) was achieved in seven cases, while in 

the others a subtotal resection (STR) was performed. 

The median (range) tumor volume was 25.01 cm3 

(0.89 – 86.55 cm3). Cohort characteristics are 

summarized in Table 1. 

 
Table 1. Cohort characteristics 
 

 No. 

Age – mean (SD) 51.5 (13.9) 

Tumor location 

Temporal 

Frontal 

Fronto-temporal 

Fronto-parietal 

Parietal 

Temporo-parietal 

 

5 

4 

2 

1 

1 

1 

Histopathology 

High-grade glioma 

Metastasis 

Low-grade glioma 

Cavernoma 

 

8 

3 

2 

1 

Extent of resection 

GTR 

STR 

 

7 

7 
 

Table 1 summarizes the characteristics of the patient cohort. 

GTR = gross-total resection; STR = subtotal resection. 

 

Language function analysis and cortical mapping 

results 

Preoperatively, seven patients presented with 

aphasia. Short-term following the surgical resection, 

there was an improvement of function in four cases. 

None of the patients had new language functional 

deficits following surgery. No adverse events were 

encountered during the preoperative mapping 

procedure. Figure 1 illustrates the results of a 

language mapping procedure using nTMS. 

 The error rate was significantly higher in patients 

that continued to have an impaired language 

function after surgical resection (p = 0.016), while the 

perilesional error rate was higher in patients with 

preoperative aphasia (p = 0.019). Although, the 

perilesional error rate was increased in tumors with 

fast-growing rate compared to those with slow-

growing rate, the result was not statistically 

significant (p = 0.058). The results of the language 

mapping analysis are depicted in Table 2 and Table 

3. 

 Regarding the extent of resection, a lower ratio 

between tumor volume and number of perilesional 

negative stimuli (cm3/stimuli) was associated with an 

extended resection (p = 0.004). 

 

 
Table 2. Patient characteristics and language mapping results 
 

Pt. No. Age Sex Tumor 

Location 

Pathology Preoperative 

aphasia 

ER Perilesional ER EOR 

1 65 Ma TP GBM Yes 12% 25% GTR 

2 18 Ma F Cav. No 8% 17% GTR 

3 70 Fe P Met. No 8% 16% GTR 

4 62 Ma T GBM Yes 8% 21% STR 
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5 46 Ma FP GBM No 13% 19% GTR 

6 54 Ma F GBM Yes 26% 33% STR 

7 61 Fe T GBM Yes 6% 16% STR 

8 59 Ma T Met. Yes 17% 22% GTR 

9 43 Ma T LGG No 4% 8% STR 

10 59 Ma T AA No 9% 14% GTR 

11 32 Fe FT LGG No 13% 12% STR 

12 45 Ma F Met. No 8% 22% GTR 

13 58 Ma FT GBM Yes 16% 22% STR 

14 49 Fe F GBM Yes 37% 42% STR 
 

Table 2 presents the patients’ characteristics and results of language mapping analysis. AA = anaplastic astrocytoma; Cav. = 

cavernoma; EOR = extent of resection; ER = error rate; F = frontal; Fe= female; FP = fronto-parietal; FT = fronto-temporal; GBM = 

glioblastoma; LGG = low-grade glioma; Ma = male; Met. = metastasis; P = parietal; T = temporal; TP = temporo-parietal. 

 
Table 3. Language mapping analysis 

 

 mean (SD) / median 

(range) 

p 

value 

Persistent aphasia 

Yes 

No 

Error rate 

23.39% (11.82) 

10.55% (5.92) 

 

0.016 

Preoperative 

aphasia 

Yes 

No 

Perilesional error rate 

25.72% (8.63) 

15.40% (4.64) 

 

0.019 

Tumor type (n = 

13) 

Fast growth rate 

Slow growth rate 

Perilesional error rate 

22.75% (8.12) 

10.10% (2.68) 

 

0.058 

Extent of 

resection 

GTR 

STR 

Vol/ Perilesional Neg. 

Stim. 

0.97 (0.22-5.28) 

10.10 (2.39-28.85) 

 

0.004 

 

Table 3 depicts the results of the language mapping analysis. 

GTR = gross-total resection; STR = subtotal resection; Vol/ 

Perilesional Neg. Stim. = ratio between tumor volume and 

number of perilesional negative stimuli (cm3/stimuli). 

 

 
 

Figure 1 illustrates the results of the nTMS language mapping 

in a patient with a left temporal glioblastoma. white dots – no 

response error, blue dots – semantic error, green dots – 

performance error, orange dots – muscle stimulation, gray dots 

– negative stimuli. Color figure available only online. 

 
DISCUSSION 

Numerous objections have been addressed to the 

classical localizationist theory of speech and 

language processing, that relies on modular, static 

structures (such as Broca’s and Wernicke’s areas) and 

instead a dynamic model consisting of networks 

between cortical and subcortical structures has been 

proposed (12-14). This concept supports the idea 

that brain has the ability to reorganize following 

brain injury, if the connection between axons is 

spared (13). 

 Although DCS remains the current “gold-

standard” for language mapping, nrTMS can aid the 

surgeon in the preoperative surgical planning and 

has similar results to DCS regarding language-

negative sites (5, 15-17). In our study, although the 

GTR group had a higher number of negative stimuli 

than the STR group, the difference was not 

statistically significant (p = 0.21). Therefore, we took 

into account the tumor volume and the negative 

stimuli that were situated perilesional. The tumor 

volume to perilesional negative stimuli ratio (cm3/ 

stimuli) was significantly lower in the GTR group, 

meaning that a higher number of negative stimuli 

were attributed per tumor volume, and thus creating 

a clearer and more reliable map of the language-

negative areas, which consequently lead to a greater 

extent of resection. Even though nTMS is not as 

reliable as DCS, compared to functional MRI (fMRI) it 

has a greater sensitivity, but it is less specific (15, 16, 

18). One of the advantages of nTMS over fMRI in 

language mapping is represented by the fact that 
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fMRI relies on task-induced metabolic changes and it 

well known that brain tumors, and especially high-

grade gliomas, have the tendency to alter the local 

metabolic activity and vasculature (15, 19, 20).  

 In our cohort, even though there was no 

statistically significant difference, the error rate and 

the perilesional error rate were higher in patients 

with fast-growing brain tumors. The lack of 

significance might be due to the fact, that in our 

study there were few patients with lesions with slow 

growth rate. In their study, Schwarzer et al. had an 

increased ER in fast-growing lesions but, again, there 

was no statistically significant difference (1). 

However, the authors found a statistically significant 

difference regarding the baseline error rate between 

patients with lesions with fast growth rate and 

patients with vascular malformations (1). This could 

be explained through the plasticity of the brain, in 

reaction to the displacement caused by the brain 

lesion (2). Nevertheless, contradictory data regarding 

which lesion type (slow or fast-growing) induces an 

extensive reorganization exist (1, 21).  

 The perilesional error rate was significantly 

higher in patients that presented with aphasia 

(25.72% vs. 15.40%, p = 0.019) and the ER was 

increased in patients that had mild or no 

improvement of aphasia following surgery (23.39% 

vs. 10.55%, p = 0.016). Schwarzer et al. also reported 

an increased error rate in patients with severe 

aphasia and altered cognition and proposed a 

baseline error rate lower than 28% as more probable 

to correctly determine the true language-positive 

sites (1).  

 The current study is limited by a relatively small 

cohort size and the histological heterogeneity of the 

lesions included in the study. 

 

CONCLUSIONS 

Our findings suggest that a lower tumor volume to 

perilesional negative stimuli ratio is associated with 

an extended surgical resection of brain tumors 

located in language-eloquent areas and that patients 

that presented with aphasia and have a high error 

rate have a worse functional prognosis. Through 

nTMS preoperative cortical mapping of language-

eloquent areas the neurosurgeon has more insight 

regarding the cortical function and is able to 

maximize the surgical resection, while avoiding the 

onset of new functional deficits.  
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