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Objective: Stimulation-based language mapping approaches that are used pre- and intra-

operatively employ predominantly overt language tasks requiring sufficient language pro-

duction abilities. Yet, these production-based setups are often not feasible in brain tumor

patients with severe expressive aphasia. This pilot study evaluated the feasibility and

reliability of a newly developed language comprehension task with preoperative navigated

transcranial magnetic stimulation (nTMS).

Methods: Fifteen healthy subjects and six brain tumor patients with severe expressive

aphasia unable to perform classic overt naming tasks underwent preoperative nTMS lan-

guage mapping based on an auditory single-word Comprehension TAsk for Perioperative

mapping (CompreTAP). Comprehension was probed by button-press responses to auditory

stimuli, hence not requiring overt language responses. Positive comprehension areas were

identified when stimulation elicited an incorrect or delayed button press. Error categories,

case-wise cortical error rate distribution and inter-rater reliability between two experi-

enced specialists were examined.

Results: Overall, the new setup showed to be feasible. Comprehension-disruptions induced

by nTMS manifested in no responses, delayed or hesitant responses, searching behavior or

selection of wrong target items across all patients and controls and could be performed

even in patients with severe expressive aphasia. The analysis agreement between both

specialists was substantial for classifying comprehension-positive and -negative sites.

Extensive left-hemispheric individual cortical comprehension sites were identified for all

patients. Apart from one case presenting with transient worsening of aphasic symptoms,
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pre-existing language deficits did not aggravate if results were used for subsequent surgical

planning.

Conclusion: Employing this new comprehension-based nTMS setup allowed to identify

language relevant cortical sites in all healthy subjects and severely aphasic patients who

were thus far precluded from classic production-based mapping. This pilot study, more-

over, provides first indications that the CompreTAP mapping results may support the

preservation of residual language function if used for subsequent surgical planning.

© 2023 Elsevier Ltd. All rights reserved.
importance of choosing stimulation tasks based on patient-

1. Introduction

Language comprises a highly complex, interconnected neural

network synchronizing numerous expressive and receptive

functions (Chang et al., 2015; Friederici, 2017; Tremblay, Dick,

& Small, 2011). Localizing functionally relevant areas neces-

sary for language is one of the major objectives in the treat-

ment of language-eloquent brain tumors in order to balance

the overall survival, functional outcome and quality of life

(Duffau & Mandonnet, 2013; Gogos et al., 2020; Ottenhausen,

Krieg, Meyer, & Ringel, 2015). Whilst for this matter direct

electrical stimulation (DES) during awake surgeries remains

the gold standard, non-invasive navigated transcranial mag-

netic stimulation (nTMS)-based language mapping is

increasingly employed preoperatively (B€ahrend et al., 2020; De

Witt Hamer et al., 2012; Haddad et al., 2021; Ille, Sollmann,

et al., 2016; Mandonnet et al., 2010; Picht et al., 2013;

Szel�enyi et al., 2010; Tarapore et al., 2016). Both, nTMS andDES

mapping allow localization of areas relevant for language

function and, therefore, can guide preoperative planning and

intraoperative resection, respectively.

Typically, overt production tasks are employed during lan-

guagemapping (Hauck et al., 2015; Krieg et al., 2017; Rofes et al.,

2015; Talacchi et al., 2013; Tarapore et al., 2013) as stimulation

methods rely on identifying a causal link between a stimula-

tion of a specific cortical area and the transient disruption of

language function. The latter typically manifests in expressive

languagemistakes. However, these overt production tasks can

be challenging for patients with language impairments

affecting productive language abilities. Brain tumors located

within language-eloquent areas can cause precisely these in-

abilities by affecting single or multiple stages of language

(Faulkner et al., 2017; IJzerman-Korevaar et al., 2018). Expres-

sive aphasia, one of the most widely studied and known lan-

guage impairments, predominantly affects language

production abilities whilst comprehension skills may be well

preserved (Fridriksson et al., 2015). Studies suggest that pre-

operative language mapping can be confounded by distinct or

severe aphasia as these impairments can lead to an increased

number of errors during nTMS-based language mapping

(Schwarzer et al., 2018). Especially severe manifestations of

expressive aphasia can preclude patients completely from

these overt production-based language mappings since pa-

tients are unable to name sufficient or any items repeatedly

and correctly. Nonetheless, their comprehension skills may

still be preserved enabling a comprehension-based language

mapping. Fernandez Coello and colleagues stressed the
and lesion-specific characteristics (Fernandez Coello et al.,

2013). Hence, it is very important to develop tasks for pa-

tients with tumors affecting productive language skills and

thereby to allow a languagemapping pre- and intraoperatively

in order to preserve unaffected language abilities.

More and more tasks and intraoperative testing batteries

specifically target receptive functions (Alarcon et al., 2019;

Bello et al., 2007; De Witte et al., 2015; Fernandez Coello et al.,

2013; Gatignol et al., 2004; Martin-Monzon et al., 2022; Rofes

et al., 2015; Rofes & Miceli, 2014). Yet, most of these receptive

tasks still require an overt response by the patient. Only one

pilot study tested the feasibility and the optimal stimulation

parameters for an auditory sentence comprehension task

during preoperative nTMS-based language mapping in three

pediatric patients not requiring overt responses (Rejno-Habte

Selassie et al., 2020). Reliable pre- and intraoperative lan-

guage tasks entail the usage of items that a patient can

respond to promptly and accurately during a time-restricted

rapid presentation (Krieg et al., 2017; Rofes et al., 2015;

Talacchi et al., 2013). However, these setups of overt or complex

auditory comprehension tasks might be challenging for pa-

tients with expressive language impairments especially under

the time-constrained conditions during language mapping.

Thus far, no study in adult patients with language-eloquent

tumors and language deficits employed a receptive language

test for preoperative stimulation-based language mapping.

Therefore, developing a task suitable for patients with severe

expressive aphasia unable to perform classic overt language

mapping tasks is highly valuable. To this end, this pilot-study

aims to evaluate the feasibility and reliability of a newly

developed language Comprehension TAsk for Perioperative

mapping (CompreTAP) in brain tumor patients with severe

expressive aphasia and in healthy controls. Prior to testing this

new setup in the operating room under more challenging and

time-restricted conditions, this study examines its effective-

ness and utility for preoperative nTMS language mapping.

Since it is yet unknown in which ways comprehension-errors

manifest in this new setup, we, moreover, assessed the anal-

ysis agreement of error evaluation between a neurolinguist

and a trained speech and language therapist.
2. Material and methods

We report all data exclusions, all inclusion/exclusion criteria,

whether inclusion/exclusion criteria were established prior to

data analysis, all manipulations, and all measures in the

https://doi.org/10.1016/j.cortex.2023.09.023
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study. Since this pilot study tested the feasibility of this new

comprehension task within a first small cohort, no a priori

sample size calculations were performed.

2.1. Patient and healthy subject population

Six brain tumor patients and 15 healthy controls were pro-

spectively included between July 2021 and June 2023. All

subjects needed to be at least 18 years old, German native

speakers, and present without contraindications for magnetic

resonance imaging (MRI) or nTMS such as cochlear implants

or cardiac pacemakers. The absence of any neurological or

psychiatric history was additionally required for the inclusion

of healthy controls, patients needed to present with a severe

expressive aphasia. This was attributed by a trained speech

and language therapist (SLT) based on the individual perfor-

mance on an object naming task typically used for preopera-

tive nTMS language mapping (Krieg et al., 2017). Aphasia

severity was rated from 0 ¼ no aphasia to 5 ¼ very severe

aphasia. This rating is a modified version of a rating based on

the Aachener Aphasie Test (Huber et al., 1983) used in former

publications (Ille et al., 2021; Ille, Kulchytska, et al., 2016; Picht

et al., 2013). Two additional severity points were added to the

scale: No deficit (0), minimal symptoms such as occasional

word finding difficulties with no impact on daily communi-

cation (1), light aphasic symptoms with a small impact on

daily communication (2), moderate aphasic symptoms

impacting but not limiting daily communication (3), severe

aphasic symptoms with a profound impact on daily commu-

nication but simple communicative tasks still possible (4),

Extremely severe aphasia precluding patients from daily

communication (5). This allows to differentiate aphasia

severity more thoroughly, particularly light symptoms. While

the Aachener Aphasie Test is very useful in identifying mod-

erate and severe aphasia, it does not differentiate minimal

aphasic symptoms fromno aphasic symptomswhichmay not

adequately reflect the wide severity spectrum observed in

clinical routine. Handedness was tested with the Edinburgh

Handedness Inventory (Oldfield, 1971). Moreover, standard-

ized language eloquence levels (low: 0e2,moderate: 3e5, high:

6e9) were determined for patients' tumors based on a recently

published classification system (Ille et al., 2021).

Participants provided written informed consent. The study

was approved by the local ethics committee of the Institu-

tional Review Board (reference number: 192/18S) and followed

the guidelines of the Declaration of Helsinki.

No part of the study procedures or analysis plans was

preregistered prior to the research being conducted. The data

is stored in an institutional repository and not publicly avail-

able due to hospital legislation andmedical ethical objections.

All data presented in this study are available upon reasonable

request, access will be granted to named individuals in

accordance with ethical procedures governing the reuse of

sensitive data, i.e., if the ethical committee approves and if the

data sharing agreement is signed by both a demanding and

providing party. Readers seeking access to the data are

advised to contact the corresponding author, Prof. Dr. med.

S.M. Krieg.
2.2. MR image acquisition

Patients and healthy controls underwent a standardized

structural MRI protocol in the department of neuroradiology

on a 3-T MRI scanner (Achieva dStream or Ingenia; Philips

Healthcare, Best, Netherlands) with an 8- or 32-channel

phased-array head coil (Sollmann et al., 2016, 2018). This

comprised at least a Diffusion Tensor Imaging (DTI) sequence

with 32 diffusion sensitizing gradient directions as well as a

three-dimensional T1-weighted gradient echo sequence, for

healthy controls without contrast agent administration and

for patients with and without contrast agent, respectively.

These structural scans were subsequently used for neuro-

navigation to individually guide nTMS-coil positioning during

stimulation.

2.3. CompreTAP task

Since one of our primary objectives was to construct a test

suitable for patients with aphasia, classic diagnostic tools for

rehabilitation planning as well as symptom and severity

estimation acted as an initial orientation (Huber et al., 1983;

Kertesz, 2007). These aphasia diagnostic instruments typically

include an auditory language comprehension section which

tests single-word as well as sentence comprehension. Based

on one commonly employed tool in Germany, the Aachener

Aphasie Test (Huber et al., 1983), our test consists of auditorily

presented target items which were simultaneously shown in

sets of four picture stimuli from which the correct target item

had to be selected. In contrast to these commonly used tests,

we opted for presentation of items without semantically or

phonologically related distractors in each set of four black-

and-white drawings in order to fit the task to the time-

restricted presentation mode that can be time-locked to the

stimulation application. The 62 items of everyday objects and

animals stem from the object naming test of “the Verb And

Noun Test for Peri-Operative testing (VAN-POP)” (Ohlerth

et al., 2020). Thus, word frequencies, age of acquisition, syl-

lable lengths and livingness of objects were balanced for in

our item set. Legal copyright restrictions do not permit us to

publicly archive or share the full set of stimuli used in this

experiment in a trusted digital repository. All items used stem

from the “verb and noun test for peri-operative testing (Van-

POP)”, the copyright of the pictures belongs to the Rijksuni-

versiteit Groningen, the Netherlands. Readers seeking access

to the stimuli are advised to contact the author, Dr. A.-K.

Ohlerth [Ann-Katrin.Ohlerth@mpi.nl; ann.katrin.ohlerth@

gmail.com]. Stimuli will be released if the declaration of

usage agreement is signed, and all points of the agreement are

followed closely. On the basis of these 62 items, sets of four

figures were created, no additional masker figures were inte-

grated. The items were randomly combined, while the only

constraint applied was to control for phonological and se-

mantic similarities precluding any distractor items. Each item

was used on average 3.94 times for 28 different item sub-sets,

which in turn each appeared on average twice. Moreover, the

position of itemswas varied throughout, none of the item sub-

sets re-appeared in identical order. All these sets were

mailto:Ann-Katrin.Ohlerth@mpi.nl
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presented via PowerPoint on a computer screen together with

non-synthesized pre-recordings of the target item (mean

duration of prerecording: 1.0 sec, range: .5 sece1.6 sec). The

background of each of the four images on a slide were color-

matched to four colored buttons and their respective posi-

tion (left or right column, upper or lower row) andwere placed

between the participant and the computer screen. Fig. 1

shows the setup in an example item. As soon as the four im-

ages appeared on screen, participants heard the auditorily

presented target word and were asked to select the matching

target item by pressing the button with the corresponding

color. To minimize hand motor difficulties during button

press while stimulation is applied, patients were instructed to

use their fingers of the left hand for pushing the button e

ipsilateral to the subsequently stimulated left hemisphere.

The presentation of the picture stimuli and the auditory

stimulus were onset-aligned. Picture presentation lasted for

4 sec. Moreover, Big-Point recordable buttons (TTS, Notting-

hamshire, UK) which are typically employed in context of

alternative communicationwere used as these allowed to pre-

record the color label of each button. Consequently, each

button press elicited the corresponding pre-recorded color

label of the respective button chosen. This acted as an audi-

tory control for the nTMS operator during the analysis of the

reaction times post-mapping and allowed to monitor closely

patient's performance and attention to the task during the

mapping.

2.4. nTMS-based CompreTAP language mapping

Participants underwent language mapping using the Nexstim

eXimia NBS system, version 5.1 with a NEXSPEECH® module

(Nexstim Plc, Helsinki, Finland). Prior to performing the
Fig. 1 e Exemplary item setup. Each item comprises an

auditorily presented target item (calendar) and four

visually presented items shown simultaneously on the

computer screen with the respectively colored background

matching four colored buttons.
comprehension task under stimulation, subjects and patients

completed two baseline trials without nTMS to preclude any

items that could not be identified promptly and correctly by

the individual. Based on numerous neuroimaging findings

demonstrating that acoustic-phonetic, lexical, morphologic as

well as syntactic and semantic comprehension processes are

all performedwithin under 1 sec after auditory stimulus onset

(Bornkessel-Schlesewsky et al., 2016; Eckstein & Friederici,

2006; Friederici, 2002, 2011; Getz & Toscano, 2021; Hagoort

et al., 2004), stimulation during nTMS mapping was applied

for 2 sec (10 repetitive pulses) covering the entire duration of

the auditory stimulus presentation and presumed compre-

hension processes. The inter-stimulation interval was set to

4000 msec matching the slide presentation duration.

Following our standard object naming protocol, the stimula-

tion frequencywas applied at 5 Hz, the intensity set at 110% of

the ipsilateral restingmotor threshold (Krieg et al., 2016, 2017).

The resting motor threshold is defined as the minimum

necessary stimulation intensity needed for eliciting a motor

evoked potential in the abductor pollicis brevis. The nTMS

comprehension mapping targeted the majority of the frontal,

parietal and temporal lobe of the left, tumor-hemisphere as

these results were substantial for the subsequent surgical

workflow. Each of 46 predetermined left-hemispheric stimu-

lation target sites was stimulated three times with repetitive

nTMS (Fig. 2, abbreviations Table 1).

2.5. Identification of language comprehension positive
nTMS sites

The camera of the nTMS device was positioned in such a way

that it could record the hand movement of the subject or pa-

tient reaching for the button. Moreover, the auditorily pre-

sented target item and button-press sounds were recorded on

video. Two nTMS operators specialized on language and lan-

guage impairments, a trained SLT (rater 1, LK) and a neuro-

linguist (rater 2, AKO), with extensive nTMS mapping

experience of standard overt naming protocols (rater 1: ~100,

rater 2: >200 language mappings), identified stimulation-

induced comprehension errors based on video recordings of

the stimulation exam. Videos were scanned for deviant

behavior during button press compared to baseline behavior,

such as delayed or incorrect responses or change of hand

positioning. Blinded to the stimulation site, both raters finally

marked all comprehension errors following stimulation-caused

disruptions of the language network as comprehension-

positive. These were then transferred to the neuronavigation

system indicating specific cortical sites at which stimulation

elicited a comprehension error, allowing to delineate

comprehension-positive and comprehension-negative cortical

sites. Error rates were defined as the number of errors divided

by number of stimulations applied for each cortical region as

parcellated based on Corina's cortical system (Corina et al.,

2005, Fig. 2, Table 1). All error rates reported prior to inter-

rater assessment were based on the analysis of rater 1.

Since the introduction of synchronous video recordings

and nTMS mappings the video-based analysis became stan-

dard and is widely applied across centers in the field of pre-

operative nTMS-based language and cognitive mappings

(Lioumis et al., 2012). It allows to identify a wide variety of

https://doi.org/10.1016/j.cortex.2023.09.023
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Fig. 2 e Stimulation target template. Depicted are 46 left-hemispheric targets based on cortical parcellation system (CPS)

regions. See Table 1 for corresponding abbreviations of CPS regions.

Table 1 e Overview of cortically parcellated areas.

Abbreviation Cortical anatomical area

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

The table provides an overview of the cortical parcellations system

shown in Fig. 1, based on Corina et al. (2005) and the corresponding

abbreviations used.
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stimulation-induced errors with a high accuracy and reli-

ability, such as no responses or semantic and phonologic

paraphasias (Lioumis et al., 2012; Sollmann et al., 2013). Still,
while accounting for a large proportion of identified errors,

hesitant responses are typically considered as the most sub-

jective and least reliable error category induced by nTMS

(Krieg et al., 2016; Ohlerth, Bastiaanse, Negwer, et al., 2021).

The initial identification of hesitant responses by both nTMS

operators was based on the video recordings, as this is thus far

the standard approach in preoperative nTMS-based language

mappings during clinical routine. Moreover, additional reac-

tion time analyses were performed to ascertain the reliability

and accuracy of this most subjective error category based on

an approach proposed by Schramm et al. (2020). All video re-

cordings available in .asf format were copied to an external

computer to extract the audio track in .wav format. For this,

the Python-module MoviePy version 1.0.3 (Zulko, 2020) was

employed. Subsequently Praat version 6.3.04 (Boersma &

Weenink, 2023) was used to measure the response times for

each item separately. The reaction time between each audi-

tory stimulus onset and the onset of the respective pre-

recorded color label elicited with each button press were

measured and documented. All items at which any other error

type occurred, i.e., press of the wrong target button, searching

behavior or no responses were excluded. Subsequently, hesi-

tations in reaction time were defined as all responses that

exceeded two standard deviations of the mean response time

per individual and compared to the analysis of rater 1. More-

over, since reaction times tend to vary over the course of the

stimulation examination, the mean and standard deviation of

the last five error-less items preceding the item marked as

hesitant by rater 1 were examined separately.

https://doi.org/10.1016/j.cortex.2023.09.023
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Table 2 eOverview of subject characteristics and error rate
during nTMS application.

Subject Age Sex Handedness Error rate
during nTMS

C1 31 Female R 10.1%
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2.6. Function-based tractography of the subcortical
language network

All language-positive cortical sites were subsequently used as

seeds for an individual tractography of the functional lan-

guage network. DTI-based tractography was conducted with a

deterministic tracking algorithm embedded into Brainlab El-

ements (version 3.2.0.281; Brainlab AG, Munich, Germany)

following a standard protocol (Negwer et al., 2017; Sollmann

et al., 2018; Sollmann, Zhang, Schramm, et al., 2020). These

results were subsequently used to guide preoperative surgical

planning and intraoperative resection of the tumor. Albeit the

present nTMS-based tractography results allow not to draw

any conclusions about the benefit of this comprehension-

based functional tractography compared to other possible

variants, they offer preliminary insights into the utility of this

mapping setup for preserving residual language function as

the combined results of comprehension-positive cortical sites

and subsequent tractography were used perioperatively to

support the preservation of language skills in the present

cohort.

2.7. Inter-rater reliability and statistical analysis

All statistical analyses were performed with R (R Core Team,

2020). A p-value <.05 was considered statistically significant.

To ascertain the reliability of this newly developed task, the

two raters individually analyzed the video recordings of the

stimulation exams. Cohen's kappawas used to compute inter-

rater agreement between the two nTMS operators (Gamer

et al., 2019) as well as between the analysis of hesitant re-

sponses by rater 1 and hesitations identified with the reaction

time analysis. A kappa of 1 was considered almost perfect

(Landis & Koch, 1977). Bangdiwala's agreement chart for cat-

egorical data was used to additionally graphically compare

inter-rater reliability (Bangdiwala, 1988; Bangdiwala &

Shankar, 2013).

To ascertain the impact of noise caused by the nTMS

application on participant's ability to hear the auditory stim-

ulus presented simultaneously, a post-hoc comparison of the

respective intensities in isolation was conducted. For this,

audio recordings were taken of exemplary stimulation-noises

of 20 pulses for different stimulation intensity settings as well

as of 10 exemplary item presentations, with a distance of 3 cm

between recording device and the stimulation coil/the PC-

screen. Mean intensity values were extracted with Praat

(Boersma & Weenink, 2023) and analyzed descriptively.

C2 26 Male R 3.0%

C3 25 Female R 5.1%

C4 25 Female R 8.0%

C5 24 Female R 16.7%

C6 33 Male R 12.3%

C7 26 Male R 11.6%

C8 20 Female R 9.4%

C9 24 Male R 4.3%

C10 28 Female R 7.2%

C11 24 Male R 20.3%

C12 27 Male R 7.2%

C13 23 Male R 12.3%

C14 25 Female R 12.3%

C15 22 Female R 9.4%
3. Results

3.1. Identifiable error categories

For all patients and controls, nTMS application led to recog-

nizable comprehension-errors. Across patients and controls,

the following comprehension error categories were identified

and subsequently marked as comprehension-positive:

No response errors comprise stimulation-induced errors in

which subjects did not select any item e similar to no
response naming errors observed during naming-based lan-

guage mapping (Corina et al., 2010).

Searching behavior were responses during which a subject

did not select the target item promptly but was heading for

different buttons with an obvious uncertainty while eventu-

ally pressing a correct target item.

Selection of wrong target item were errors in which a subject

pressed a colored button corresponding to any of the other

three visually presented items, e.g., “key” (red button) was

pressed instead of the target “saw” (blue button). These errors

correspond to the semantic error category, found in

production-based languagemapping, where an incorrect label

is uttered during naming.

Hesitations/delayed responses were classified if subjects

showed an obvious hesitant selection of the target item or

chose the correct button with significant delay compared to

baseline behavior.

All of these errors attributed to comprehension difficulties

induced by stimulation were differentiated from hand-motor

or coordinative difficulties. The latter was assigned on the

basis of non-directed handmotor activation not clearly aimed

at a specific button. Still, these error types appeared only very

rarely since the left hand, ipsilateral to the stimulated hemi-

sphere was used for button pressing.

3.2. Healthy subject characteristics and comprehension
mapping results

Fifteen healthy subjects completed the comprehension lan-

guage mapping. All subjects were able to perform the lan-

guage comprehension task during baseline at ceiling levels,

with 100.0% of items being identified correctly and promptly

twice prior to nTMS application. Moreover, the language

comprehension task was feasible during nTMS application in

all subjects and nTMS-induced comprehension errors could

be identified in all individuals. For a detailed overview of

subject characteristics and individual error rates during nTMS

see Table 2. The individual, illustrative error rates across CPS

regions for the first six healthy controls (C1eC6) are addi-

tionally depicted in Fig. 3.

https://doi.org/10.1016/j.cortex.2023.09.023
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Fig. 3 e Error rate distribution in six illustrative healthy controls. Case-wise presentation of cortical error rate distribution in

percent across predefined CPS regions for each healthy control (C1eC6).
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3.3. Patient characteristics and comprehension mapping
results

The new comprehension-based language mapping setup was

piloted in six patients with language-eloquent intracranial

lesions (overview of patient characteristics in Table 3). All

patients presented with a severe expressive language deficit,

i.e., classic object-naming-based language mapping was not

feasible. Apart from case 2 who was still able to name

numbers, none of the patient could perform any other
expressive language task. Thus, for the latter five patients, the

comprehension-positive nTMS results were used to prepare

functionally relevant language tractography.

All patients were able to understand the instructions to the

comprehension task and could reliably and reproducibly

identify a sufficient number of items e on average 62.8%

(±21.6%)e via button-press during the two baseline trials. The

individual item set, which finally only comprised the items a

patient identified correctly, was used during stimulation. A

detailed overview of the patients' preexisting language deficit,

https://doi.org/10.1016/j.cortex.2023.09.023
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Table 3 e Overview of patient characteristics, tumor entity and location, as well as standardized language eloquence levels.

Patient Age Sex Handedness Tumor entity Tumor location Language eloquence

P1 63 Male A GBM Re Parieto-occipital 7

P2 69 Male R GBM Re Limbic 7

P3 71 Male R GBM Temporo-occipital 8

P4 60 Female R GBM Re Temporo-occipital 8

P5 43 Female R M Frontal, temporal 5

P6 72 Female R GBM Frontal 8

The table provides an overview of age, sex, handedness (R ¼ right-handed, A ¼ ambidextrous), tumor entity (GBM ¼ glioblastoma, M ¼
metastasis, Re ¼ recurrence), tumor location and language eloquence level (0e9).
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number of errors and error rate during the baseline prior to

nTMS, number of stimulations applied in total and errors

during nTMS, as well as the resulting error rate during nTMS

are provided in Table 4. The individual error rates across CPS

regions are additionally depicted in Fig. 4. In some of the cases,

the placement of the individual targets was adjusted due to

tumor location, edema or a previous resection. Moreover, as

Appendix A shows, some patient cases did not tolerate the

stimulation within some frontal or anterior temporal areas

due to increased pain levels.

In the five cases, in which comprehension-based nTMS

results and subsequent functionally-relevant tractographies

were used to guide surgical planning and resection, four pa-

tients did not develop any new language deficits post-surgery.

Case 6, however, showed a transient worsening of aphasic

symptoms directly post-surgery which improved during the

postsurgical one-week hospitalization.

In the following section, two illustrative cases will be

described in detail. For these two patients, case 1 and case 6,

the comprehension-based DTI-tractography results are illus-

trated in Fig. 5.

3.3.1. Case 1
This ambidextrous 63-year-old male patient was referred to

our department after an external clinic suspected a left,

parieto-occipital glioblastoma recurrence. The patient pre-

sented with a worsening of a pre-existing aphasia eight

months after his first resection and subsequent radio-

chemotherapy. He had a high grade of language eloquence

(grade: 7). The patientwas unable to performobject or number

naming preoperatively due to the highly severe expressive

aphasia. However, he was able to understand the instructions

to the comprehension task and could complete 47.6% of items

correctly during the two baseline trials. Disruptions of nTMS
Table 4 e Overview of the individual language status and error

Patient Aphasiaa Number (percentage)
of baseline errors

Num
stimu

P1 E5, R3 33 (52.4%)

P2 E4, R0 3 (4.8%)

P3 E5, R3 31 (50.0%)

P4 E5, R1 6 (9.7%)

P5 E5, R2 26 (41.9%)

P6 E5, R3 39 (62.9%)

a Severity 0e5, E ¼ expressive, R ¼ receptive.
predominantly elicited searching behavior or no responses,

rarely selection of a wrong target item. The error rate under

nTMS was 14.9%. Cortical areas with the highest error rates

comprised parietal and temporal ones (Fig. 4, P1): anG, pSTG,

pMTG and SPL. Since this was the only feasible task for case 1,

the results of the nTMS language mapping were used to pre-

pare functionally relevant language tractography and to guide

intraoperative resection. Histopathology confirmed a WHO

grade IV glioblastoma. Clinical assessment indicated no new

language deficits post-surgery.

3.3.2. Case 6
Case 6, a 72-year-old right-handed, female patient, presented

with increasing aphasic symptoms since 3e4 weeks. Preoper-

ative imaging indicated a left glioblastoma within the oper-

cular inferior frontal gyrus. Analysis indicated a high language

eloquence (grade: 8). This diagnosis was supported by histo-

pathological results post-surgery. Her language production

abilities were severely impaired prior to craniotomy. The pro-

duction of single-words alone was possible. However, rapid

and prompt naming as needed for overt language mapping

was not feasible. Additionally, the tumor also seemed to affect

language comprehension skills, as she was only able to select

37.1% of comprehension items correctly. Since these, however,

were possible reliably and repeatedly, the comprehension task

was used for nTMS language mapping and its results for

function-specific tractography and neurosurgical guidance.

Under stimulation, case 6 made 25.4% comprehension errors,

including no response errors and delayed responses, selection

of wrong target item and searching behavior. P6 had overall

high error rates particularly in parietal and temporal regions

and in the opIFG (Fig. 4, P6). Directly post-surgery, her aphasic

symptoms were transiently stronger pronounced, but

improved substantially during clinical stay.
rate during nTMS application.

ber of repetitive
lations applied

Number of errors
during nTMS

Error rate
during nTMS

121 18 14.9%

134 26 19.4%

137 24 17.5%

138 16 11.6%

125 26 20.8%

138 35 25.4%
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Fig. 4 e Error rate distribution in patient cohort. Case-wise presentation of cortical error rate distribution in percent across

predefined CPS regions for each patient (P1eP6).
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3.4. Group-wise comparison of different comprehension
error types

While the sample sizes of patients included in this pilot study

does not warrant any statistical group-wise comparisons, the

preliminary mean cortical error rate for each cortically par-

cellated area was compared graphically between patients and

controls (Fig. 6). As can already be seen in the group-wise

comparison across comprehension errors (Fig. 6A), the
distribution of comprehension errors elicited by nTMS were

wide-spread across the entire left hemisphere. Overall, across

categories, higher error rates were observed in patients. The

error rate pattern for each error category (no response,

searching behavior, selection of wrong target item and hesi-

tant responses) specific to patients or controls is shown in

Fig. 6(BeE). Of note, across controls no response errors as well

as selection of wrong target items manifested only rarely and

thus, did not allow a detailed error pattern analysis.

https://doi.org/10.1016/j.cortex.2023.09.023
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Fig. 5 e Exemplary function-based tractographies. Illustrations show the individual functional language network (pink) in

relation to the respective glioblastoma (left column: brown, right column: red outline) of case 1 (P1) and case 6 (P6).
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3.5. Inter-rater reliability

We compared the inter-rater agreement for stimuli identified

as comprehension-positive or comprehension-negative be-

tween a neurolinguist and a SLT for patient and control data

separately. Both groups showed a significant, substantial

agreement strength (control group K ¼ .65, p < .001; patient

cohort K ¼ .66, p < .001), across all comprehension-errors and

comprehension-negative stimuli during the stimulation exam

(Fig. 7). Additionally, we assessed the agreement between

raters for each classified error category. Table 5 summarizes

these results. For patients, both raters had a highly significant,

substantial agreement for no response errors, searching

behavior and selection of wrong target item (all p < .001), but

not for hesitations. For controls, the inter-rater agreement

was substantial for searching behavior, almost perfect for

selection of wrong target item and fair for hesitations and no

responses (all p < .001). Still, rater 2 classified a single and rater

1 five clear no responses across all healthy subjects. Three out

of the latter five no responses attributed by rater 1 were

classified as hesitations by rater 2.

3.6. Reaction time-based analysis of delayed responses

To establishwhether themore subjective, video-based analysis

is concordant with objective reaction time analyses, reaction

times were measured for each item during the stimulation

examination. Since no procedure to analyze reaction times

systematically is readily available within the nTMS system in

use, the manual extraction based on the respective audio track

was performed within a third-party program. This additional
analysis took on average 79.3 ± 8.9 min for patients and

53.3 ± 6.5 min for controls. Since inter-individual variability in

naming latencies is well established (Jodzio et al., 2023), the

mean and standard deviation of response times during the

stimulation exam were determined for each individual. The

descriptive results are summarized in Table 6. Durations

exceeding two standard deviations of the individual mean

response time were classified as delayed responses. The sub-

sequent agreement analysis between this duration-based

identification of hesitations and the analysis of rater 1

revealed a significant, yet slight agreement for patients

(K¼ .132, p < .001) and for controls (K¼ .118, p < .001). Still, of 66

hesitations classified by rater 1 across patients and healthy

subjects, only 22.7% were assigned on the basis of a response

delay, whilst 71.2% were attributed based on hesitant hand

motions such as halting or indecisive movements prior to a

button press and 6.1% based on a combination of hesitant hand

motions and delays. Out of all subjectively classified delayed

responses by rater 1 (n ¼ 15), 53.3% exceeded the mean indi-

vidual reaction time by more than two standard deviations.

The additional analysis of the subset of items preceding

each hesitation revealed that 60.0% of ten hesitations identi-

fied for patients and 33.9% of 56 hesitations identified for

controls had a delay of more than two standard deviations

from the mean of the five error-less items preceding each

identified hesitation by rater 1. Moreover, if only the fifteen

hesitations identified by rater 1 on the basis of seemingly

delayed response behavior were considered, 66.7% of 12

delayed responses for controls and 100.0% of 3 delayed re-

sponses for patients were concordant with the objective re-

action time cut-off criteria.

https://doi.org/10.1016/j.cortex.2023.09.023
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Fig. 6 e Group-wise presentation of cortical error rate distribution in percent across predefined CPS regions for all

stimulation-induced errors (A) and specific error types: no response errors (B), searching behavior (C), selection of wrong

target item (D) and hesitations (E).
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3.7. Analysis of noise impact on capability of hearing
auditory stimuli

Finally, the impact of the noise arising from the nTMS system

and the applied pulses on the capability to hear the auditory

stimuli presented was analyzed. This post-hoc analysis

considered recordings of stimulations applied with a non-

cooled stimulation coil at a stimulation intensity of 20e50% (in

steps of 10%) based on ameanmotor threshold of 31.7% (range:

25e39%) across patients and controls. Themean intensity in dB

for the exemplary 20 pulse recordingswas 57.3 dBwhile the one
for the exemplary 10 items was higher with a mean of 73.4 dB.

Moreover, themean number of correctly identified target items

outof 138 stimulationsappliedperparticipantwere 119.5 across

patients and controls, demonstrating that target items could be

heard while stimulation was applied simultaneously.
4. Discussion

Preoperative nTMS-based language mapping is constantly

gaining importance in neurosurgical context due to its ability

https://doi.org/10.1016/j.cortex.2023.09.023
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Fig. 7 e Bangdiwala's agreement charts. Charts compare

the analysis agreement of stimuli identified as

comprehension-positive (error) or comprehension-

negative (no error) by rater 1 (SLT) and rater 2

(neurolinguist) for patients (A) and controls (B).
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to identify areas necessary for language function, to inform

surgical planning and to guide resections of language-

eloquent brain tumors (Haddad et al., 2021; Ille, Sollmann,

et al., 2016; Sollmann, Zhang, Fratini, et al., 2020). However,

thus far the pre- and intraoperative language tasks for

stimulation-based language mapping are mainly limited to

overt production or complex comprehension paradigms. This,

however, precludes brain tumor patients with severe expres-

sive language impairments from stimulation-based language

mapping. To account for this, we developed a novel
Table 5 e Overview of classified errors by each rater and Inter-r

Comprehension error category Patients
Number of errors

C

Rater 1 Rater 2

No response 47 32

Searching behavior 54 62

Selection of wrong target item 39 40

Hesitation/delayed response 6 35

p-value: *<.05, **<.01, ***<.001.

Table 6 e Descriptives of individual response times across patie

ID Patients

RT in sec
Mean ± SD (range)

n hesitations

P1 2.0 ± .4 (1.1e3.5) 4

P2 1.7 ± .3 (1.0e3.0) 4

P3 2.4 ± .4 (1.5e3.5) 2

P4 2.0 ± .3 (1.4e3.2) 5

P5 2.4 ± .5 (1.3e4.1) 5

P6 2.1 ± .6 (1.2e3.9) 5

The table provides an overview of themean, standard deviation (SD) and r

(n) of hesitations identified as delayed response times exceeding the ind
comprehension-based language mapping task suitable for

patients with severe expressive aphasia to be used for pre- as

well as intraoperative mapping of the remaining language

function.

4.1. Feasibility and utility of the single-word auditory
nTMS comprehension task

The auditory single-word comprehension test, CompreTAP,

was feasible in all patients and healthy controls. All healthy

controls performed this task without difficulty and within

the time limits, hence no item needed to be excluded retro-

spectively. This highlights the simplicity of the task which

was necessary to allow language comprehension mapping

under the time-restricted conditions in our severely aphasic

patient cohort. Whereas language production was severely

impaired in all patients, the receptive language comprehen-

sion skills of our aphasic patient cohort were preserved to

varying extends prior to surgery. Especially case 1 and 6

presented with pre-existing moderate language comprehen-

sion deficits. Yet, they were able to identify sufficient items

correctly and reproducibly during the two baseline trials to

be used during mapping. In contrast, none of the patients

could produce sufficient object naming items for classic

naming-based approaches. This underlines the usefulness of

this novel short single-word task as this comprehension
ater agreement coefficient.

ohen's Kappa
Patients (K)

Controls
Number of errors

Cohen's Kappa
Controls (K)

Rater 1 Rater 2

.6*** 5 1 .3***

.6*** 145 121 .6***

.7*** 2 2 1.00***

<.1 54 58 .3***

nts and healthy subjects.

ID Controls

RT in sec
Mean ± SD (range)

n hesitations

C1 1.2 ± .2 (.1e1.8) 3

C2 1.3 ± .3 (.7e2.4) 5

C3 1.5 ± .3 (1.1e3.4) 3

C4 1.2 ± .3 (.7e3.2) 6

C5 1.0 ± .2 (.6e2.4) 4

C6 1.2 ± .2 (.9e2.0) 5

C7 1.4 ± .3 (.8e2.2) 5

C8 1.3 ± .3 (.8e2.1) 4

C9 1.5 ± .3 (1.0e2.7) 7

C10 1.2 ± .2 (.9e2.1) 6

C11 1.4 ± .3 (.8e2.6) 5

C12 1.3 ± .2 (.9e2.3) 3

C13 1.4 ± .3 (.8e2.4) 8

C14 1.2 ± .2 (.8e2.3) 2

C15 1.7 ± .3 (1.0e3.4) 3

ange of individual reaction times (RT) in seconds (sec) and the number

ividual mean of a subject by more than two standard deviations.
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setup was suitable even for patients with severe expressive

aphasia.

Moreover, our results provide first support for the utility of

this task for the preservation of residual language function if

the results are used in combination with function-based trac-

tography to guide tumor removal. Only in case 6, a transient

worsening of aphasia symptoms was reported following

comprehension-based nTMS guided surgery, which is often

described following overt production tasks as well. This pa-

tient presented with the most severe comprehension deficit of

the investigated cohort even prior to surgery. Only 23 out of the

62 target items presented could be used during stimulation

whichmay limit the validity ofmapping results as this reduced

number of itemsmay not be an adequate representation of the

residual language comprehension abilities. Still, even this

limited representation provided valuable insights into the pa-

tient's functional language comprehension network and may

have supported the preservation of residual comprehension

skills as no permanent worsening of symptoms arose. More-

over, since the task in use has not been evaluated prior to this

study, adequate cut-off criteria need yet to be established. For

case 1, 3, 4, and 5, however, for whom comprehension-based

mapping results were used intraoperatively, no worsening of

language deficits was identified even if the resected tumors

weremoderately (case 5) to highly language-eloquent (case 1, 3

and 4). Still, further studies assessing the benefit of this task for

postoperative outcome in a larger cohort are needed.

4.2. Test construction and theoretical considerations

In this auditory single-word comprehension task, subjects are

asked to choose the auditorily presented target item out of a

set of four picture stimuli by button press. Due to methodo-

logical differences this setup is not directly comparable to

other comprehension mapping paradigms. Few studies so far

have tested specific intraoperative comprehension setups

requiring only a pointing-based response from the patient and

in linewith our task no overt responses (Roux et al., 2015). Still,

most intraoperative comprehension setups are based on tasks

in which a patient must produce an overt response (De Witte

et al., 2015; Martin-Monzon et al., 2022). A single study piloted

a preoperative mapping based on sentence comprehension

and picture matching in children with nTMS without overt

responses (Rejno-Habte Selassie et al., 2020). In these non-

overt comprehension stimulation-based approaches, visu-

ally presented association tests or complex auditory

comprehension tasks were implemented, such as adaptions

of classic “Token Test” (De Renzi & Vignolo, 1962) or sentence

comprehension tests. The former association test based on

visually presented images of objects fails to examine addi-

tional auditory comprehension levels such as acoustic-

phonological categorization and lexical access processes

(DeWitt & Rauschecker, 2012; Friederici, 2012; Okada et al.,

2010). At the same time, tasks utilizing comprehension of

sentences or connected speech involve additional syntactic,

semantic and prosodic processing steps next to the afore-

mentioned acoustic-phonological and lexical ones (Friederici,

2002) which in turn increase the difficulty of the task. Whilst

sentence comprehension seems to recruit widespread frontal
and temporal language areas, neuroimaging, stimulation and

lesion studies indicate the involvement of partly similar areas

in single-word comprehension (Bornkessel et al., 2005; DeWitt

& Rauschecker, 2016; Herrmann et al., 2009; Mesulam et al.,

2019; Roux et al., 2015; Zaccarella & Friederici, 2017). Our re-

sults show that this single-word-based comprehension map-

ping allowed to identify extensive cortical comprehension

sites. Consequently, more complex auditory setups on sen-

tence level might not necessarily be beneficial for identifying

wide-spread comprehension-relevant sites across the entire

left hemisphere. What is even more, the time-restricted pre-

sentationmode during stimulation-based language mappings

limits the possibilities of introducing more complex and

consequently more lengthy comprehension paradigms. Still,

direct comparisons between sentence-based and single-word

nTMS tasks would be needed to answer this question.

More and more comprehensive language testing batteries

tailored to patients needs and individual lesion characteristics

as well as locations are employed during awake stimulation-

based language mapping (De Witte et al., 2015; Fernandez

Coello et al., 2013; Martin-Monzon et al., 2022; Rofes et al.,

2015). For the same reason, new tasks for preoperative

stimulation-based language mapping are developed (Hauck

et al., 2015; Ohlerth et al., 2020). Whilst object naming re-

mains the method of choice and is one of the most frequently

utilized tools pre- and intraoperatively, benefits of multiple-

task approaches were verified (Ohlerth, Bastiaanse, Nickels,

et al., 2021). Up to date, however, especially these preopera-

tive tasks are based on assessing the language production

network. Thus, CompreTAP might not only be suitable for

patients with severe expressive aphasia but may also add

valuable insights into the localization of language functions in

context of multi-task approaches irrespective of aphasia

severity.

4.3. Comprehension errors and reliability of this
comprehension task

As opposed to classic nTMS language protocols, this new

comprehension-based setup is based on button press. This,

however, alters the process of error evaluation drastically and,

therefore, deserves further validation: By comparing the

analysis agreement of two highly experienced specialists, we

showed that this new task has a substantial inter-rater reli-

ability for patient and control data.

Both raters classified the error pattern across healthy sub-

jects and patients into four error categories: no responses, se-

lection of a wrong target item, searching behavior, and hesitant

or delayed responses. All of these errors can potentially be

caused by stimulation-induced interference on the ability to

visually identify figures and to select the target itemvia a button

pressbasedonadequatelymatchedcolors. Still,whilst inclassic

naming-based approaches the same potential of disrupting the

ability to identify figures adequately exists, ample research has

shown that the results of these mappings can be used for pre-

serving language function (Hendrix et al., 2017; Ille et al., 2021;

Ille, Sollmann, et al., 2016; Natalizi et al., 2022; Raffa et al., 2019).

The preliminary results of the present study additionally pro-

vide first indications that the comprehension-based setupmay

https://doi.org/10.1016/j.cortex.2023.09.023
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support the preservation of residual language function as no

new or only a single transient worsening of aphasic symptoms

manifested post-surgery. Thus, the majority of results gener-

ated seem to reflect disrupted higher-order language processes.

Whilst no responses are one of themost frequent errors during

naming-based stimulation approaches, underlying mecha-

nisms causing this error type are not well understood (Corina

et al., 2010). In production-based approaches, the origin of no

response errors is difficult to disentangle since they may result

from blocked speech motor planning as well as word finding

difficulties. Our comprehension-based approach can circum-

vent this issue by using the ipsilateral hand to press the corre-

sponding button to minimize stimulation-effects on the hand-

motor response. Thus, this setup may allow an even clearer

interpretation of disrupted language processing manifesting in

noresponseerrors compared toovertnamingtasks.At thesame

time, like production-based nTMS, hesitations elicited by

comprehension-based nTMS may reflect acoustic-phonetic,

conceptual or lexico-semantic retrieval difficulties. Since the

time-restricted presentation mode of nTMS did not allow to

include any semantically or phonologically related distractor

items, these processes cannot be clearly disambiguated. Simi-

larly, the selection of awrong itemand searching behaviormay

indicate either conceptual or lexico-semantic word finding dif-

ficulties or a breakdown of the acoustic-phonetic comprehen-

sionstage,andcan, thereforenotbeclearlyattributedto justone

of these comprehension processes.

For specific error categories, searching behavior and se-

lection of wrong target item could be assigned with a high

inter-rater-reliability. Whilst additionally no responses were

assigned with high concordance across the two raters for

patients, the agreementwas only fair for controls. Thismay be

attributable to the low overall occurrence of clear no response

errors within the present healthy cohort. Moreover, during no

responses, hesitant response behaviormay simultaneously be

observable. This may explain the attribution of errors to

different categories across the raters since rater 2 classified

60.0% of no response errors assigned by rater 1 as hesitations.

At the same time, the overall agreement for differentiating

stimulation-induced disruptions from no errors irrespective

of the type of error category assigned was substantial. Thus,

whilst error types may not be attributable to just a single

category, classifying deviations in response behavior induced

by nTMS was shown to be highly reliable. Still, hesitations

seem to be the most uncertain error category as the agree-

mentwas limited for controls and non-significant for patients.

This is in line with naming-based approaches, in which hes-

itations errors remain the most subjective error category. Up

to date, no programs for objective individual response time

analysis are readily available for the present setup without

employing third-party programs (Schramm et al., 2020).

However, these are due to their high time-extensiveness not

feasible for clinical applications. As this study shows, a

manual analysis within a third-party program takes on

average nearly an hour in healthy subjects and even longer in

the patient cohort (mean ¼ 79.3 min). While the decision

whether a response was delayed or hesitant is a highly sub-

jective and less accurate one, these errors can still result from

stimulation-induced disruptions of the language network.
Therefore, they are frequently considered for analysis (Krieg

et al., 2016; Ohlerth, Bastiaanse, Negwer, et al., 2021).

For this reason, reaction time analyses, which are standard

procedures in psycholinguistic experiments, were performed,

since they offer a more objective identification of delays in

response time induced by nTMS. Whilst this analysis showed

only a slight, yet significant agreement with the analysis of

rater 1 for patients and controls, just over a fifth of hesitations

identified by the rater were attributed on the basis of a

seemingly delayed button press. The largest proportion of

hesitations were identified based on halting or indecisive

handmovements showing a clear hesitant, yet not necessarily

substantially delayed response behavior. Thus, by reducing

the dimension of the analysis format to audio tracks more

objective measurements of reactions times became possible

whilst reluctant handmotions as identifiable within the video

recordings could not support the identification of nTMS-

induced hesitant errors anymore. Still, approximately half of

the seemingly delayed reaction times assigned by rater 1 were

concordant with the objective reaction time analysis. Hence,

the latter analysis may substantially increase reliability for

differentiating delayed responses. However, no rule of thumb

or definite cut-off criteria for which delays constitute a clear

hesitant response induced by nTMS are consistently described

across studies. It is well established that response times not

only vary considerably between subjects (Jodzio et al., 2023),

but may also change significantly throughout the stimulation

exam of a single subject. Based on this, Sollmann et al. (2017)

suggested to identify hesitations during nTMS-based naming

tasks as delays of at least 200 msec compared to preceding or

subsequent items named. Thus, a separate analysis of all

hesitations identified by rater 1 and the respectively preceding

items was performed. Here, a high concordance across pa-

tients and controls was verified for the 15 items identified

solely on the basis of delayed button press behavior by rater 1

and the item-subset specific reaction time analysis. Hence, to

account for intra-subject variations throughout the stimula-

tion examination, subset-specific cut-off criteria would be

required. Consequently, by employing the objective, intra-

subject specific identification of delayed responses next to

the video-based identification of hesitant hand motions,

searching behavior, no responses and selection of a wrong

target item, reliability and reproducibility of mapping results

may be substantially supported. Still, to make this clinically

applicable, a system-integrated approach is necessary as this

additional analysis within a third-party program considerably

increases analysis duration.

4.4. Cortical language comprehension relevant sites

Whilst intraoperativemapping is determined by the cortex area

exposed during a craniotomy, the non-invasive nature of nTMS

allows to create individual, large-scale maps of language-

relevant cortical areas and to examine functional reorganiza-

tion (Ille et al., 2019; Krieg et al., 2013). Our results highlight the

heterogeneity of cortical language areas seemingly involved in

comprehension. The areas with the highest error rates were

widely distributed across patients and controls. This, further-

more, emphasizes the necessity of individual localization of

https://doi.org/10.1016/j.cortex.2023.09.023
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language function prior to surgery to allow individually guided

surgical planning and resection of tumors located in language

areas. Still, some common patterns across patients and

particularly the larger control group were identifiable: All pa-

tients had high error rates and the group of 15 healthy controls

had moderate to high error rates within temporal regions.

Separate analyses of different error types showed that this

pattern occurred particularly for searching behavior. In patient

case 1, 4, 5 and 6 as well as across the 15 controls, high error

rates were found for areas that are typically described as the

classic “Wernicke's” area that is the middle and posterior su-

perior temporal gyrus (Binder, 2017). Across the whole patient

group stimulation over these cortical sites elicited no responses

and searching behavior, whilst only very few no response er-

rors were found within the controls.

Moreover, five of the patient cases (P1, P2, P3, P5 and P6)

and nearly half of the control cases (see Appendix Table B) had

additionallymoderate to high error rates in the posteriorMTG.

This cortical region was shown to be a critical language

comprehension hub since its connectivity profile of the

comprehension network was considerably high especially in

comparison to other cortical comprehension areas (Turken &

Dronkers, 2011). As stimulation of this area resulted in low to

moderate error rates for no response, searching behavior and

selection of wrong target item across patients and for

searching behavior across healthy participants e all compre-

hension error types which were identifiable with high reli-

ability e the present results underline the important role of

posteriorMTG in auditory single-word comprehension. Half of

the patients (P2, P4, P6) and one third of the healthy subjects

(see Appendix Table B) had additional high error rates in

anterior STG. As error type analyses revealed this was mainly

driven by moderate error rates for searching behavior in pa-

tients and controls. Although this area is frequently associ-

atedwithword comprehension, partial removal of this section

during surgery does not typically cause persistent language

impairments (DeWitt & Rauschecker, 2013). However, our

findings do not only indicate involvement of these rather

classic temporal comprehension regions but also point to-

wards an extensive involvement of frontal and parietal ones

across patients and controls, in line with naming-based nTMS

language mapping results (Krieg et al., 2016). For instance,

83.3% of the patient cases presented with high error rates

within the opercular IFG, and 66.7% of patients had at least a

moderate error rate in the triangular IFG. Moreover, apart

from three cases, all healthy subjects showed moderate to

high error rates within trIFG or opIFG. Whereas the IFG was

originally attributed with language production, more recent

findings increasingly corroborate its involvement in language

production and comprehension, particularly a dissociation of

phonological processing in the opercular and semantic pro-

cessing in the anterior IFG (Gough et al., 2005; Klaus &

Hartwigsen, 2019).

4.5. Surgical perspective

There is a considerable number of glioma patients with severe

impairment of language capabilities but who are still able to

communicate and have an independent life. Thus, we need to
treat these patients e and surgery is still the most powerful

therapeutic option today e but we also need to preserve their

limited but useful language capabilities. Hence, the presented

mapping workflow and setup helps us to identify the under-

lying network to preserve this residual function. Some years

ago, we still operated those patients awake but realized that

their language abilities are worse after craniotomy then the

days before and mapping was almost impossible. Having a

methodology at handwhich allows patients beingmapped in a

calm, relaxing atmosphere with video-recorded evaluation

and a lot of time to tailor tests and setup, helps us to produce a

much better visualization of the underlying language network.

4.6. Limitations and perspectives

This study is the first to present a comprehension-based nTMS

language mapping paradigm for brain tumor patients with

severe expressive aphasia. While the results of this case series

are promising, all implications are based on a relatively small

patient sample size. Inclusion of larger cohort sizes may allow

for amore differential error pattern analysis in patients and in-

depth group-wise comparisons of cortical error pattern distri-

bution as well as of the subcortical language comprehension

network. To identify strong and generalizable differences be-

tween patients and controls, a larger sample size needs to be

recruited and both groups, moreover, need to be matched in

age. In addition, while all six patients included in the present

study presented with severe expressive deficits, their language

comprehension was additionally impaired to varying extends.

Even if the number of items included varied across patients, all

patients were able to select the correct target item reliably and

reproducibly prior to stimulation. Still, since the presence of

severe aphasia may limit the reliability of stimulation-based

mappings (Schwarzer et al., 2018), this may have impacted

the present mapping results in case 1, 3 and 6. Hence, subse-

quent studies with a large sample size of patients without or

light receptive deficits are warranted. This may substantially

advance the understanding of single-word comprehension

and functional reorganization in brain tumor patients with

severe aphasia. Moreover, conducting thorough qualitative

and quantitative analyses of the cortical and subcortical

components involved in the four identified different error

categories may support the delineation of different compre-

hension processes in lesioned patient populations.

Furthermore, subsequent studies may compare the func-

tional cortical and subcortical language comprehension

network between patients with semantic and phonologic

comprehension deficits. A wealth of imaging, stimulation,

neurologic and neurodegenerative lesion studies indicate a

relevance of anterior for phonological and posterior language

network components for semantic processes during compre-

hension and production as opposed to the classic language

models building on Broca's and Wernicke's original work

(Butler et al., 2014; Ingram et al., 2020; Klaus & Hartwigsen,

2019; Mesulam et al., 2015; Mirman et al., 2015; Tremblay &

Dick, 2016). The present task required patients to select an

auditorily presented target item out of a set of four picture

stimuli via the push of a button matched in color to the

background of the correct target item while stimulation is
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applied. Since task demands can impact the expression of

semantic deficits (Jefferies & Lambon Ralph, 2006), this task

may potentially impact the mapping reliability in semanti-

cally impaired patients. Moreover, this task demand may

explain some of the cortical sites identified as comprehension

relevant. For instance, Lambon Ralph et al. (2017) linked

inferior frontal and posterior middle temporal activation to

executively demanding semantic processes.

In addition, since patient 1 is ambidextrous, his mapping

results may not necessarily be directly comparable to right-

handed patients and subjects. While a left-hemispheric

dominance for language in right-handed people is widely

established, in left-handers and to a lesser extent in ambi-

dextrous people, a higher possibility of right-hemispheric

language dominance has been reported (Isaacs et al., 2006;

Knecht et al., 2000). Performing a bihemipsheric comprehen-

sion mapping may additionally provide a more comprehen-

sive picture of the healthy and the impaired comprehension

processes across subjects as even in right-handed subjects a

right-hemispheric involvement during comprehension has

been corroborated (Gajardo-Vidal et al., 2018).

Furthermore, whereas we did not observe any impact of the

noise of the stimulation application on the ability of controls

and patients to hear the auditory target item, the present setup

does not allow to delineate whether next to complex language

comprehension processes additional lower-order hearing

processes are disrupted by stimulation. However, across all

healthy participants and patients heterogeneous left-

hemispheric areas were linked to language comprehension

many of which are thought to comprise cortical language-

relevant ones. Still, a control task testing non-verbal auditory

comprehension may allow to delineate these lower-order

hearing and complex language comprehension processes.

Moreover, this study did not evaluate the feasibility and

utility of this new comprehension-based stimulation lan-

guage mapping in context of intraoperative awake language

monitoring, the gold standard for preservation of language

function in language-eloquent brain tumors. Whilst the

timing of the task may already fit the time-restricted intra-

operative conditions, slight adaptions of screen and button

setup might be needed. As the results of the present study

already demonstrated, language comprehension disruptions

through stimulation are identifiable with a high inter-rater

reliability. Since naming-based approaches elicit similar

error patterns with nTMS as with DES (Corina et al., 2010;

Lioumis et al., 2012; Talacchi et al., 2013), it is expected that

comprehension errors under DES resemble the error pattern

under nTMS. Consequently, the task itself may easily be

transferable into the operating room and may allow for an

instant identification of cortical language comprehension

sites. Thismay enable awake surgeries in patients with severe

expressive aphasia whose language impairment thus far

precluded them from pre- and intraoperative naming-based

language mappings, respectively, and may substantially sup-

port the preservation of residual language function.

If, furthermore, both stimulation-based language mapping

methods were employed, the concordance of identifying
relevant and non-relevant cortical language comprehension

sites can be evaluated. Thus far, nTMS-based language map-

pings are known for their high sensitivity and negative pre-

dictive values compared to the gold standard, particularly in

comparison to other preoperative functional neuroimaging

methods (Ille et al., 2015; Picht et al., 2013; Tarapore et al.,

2013). Hence, the largest limitation of nTMS-based language

mappings remains the poor specificity which results in a high

reliance on negative mapping results. Still, the present study

did not only show a high inter-rater reliability for the differ-

entiation of comprehension positive and negative sites but

also the induction of multiple errors for the stimulation of the

same cortical sites. This in combination with preserved re-

sidual abilities supports the reliability of the current mapping

approach. However, to confirm that these sites are indeed

functionally relevant, direct comparisons with intraoperative

stimulation mapping, the gold standard for the preservation

of functionality (Duffau, 2015), would be required. While it is

not yet the standard of care, nTMS is increasingly integrated

into the preoperative workflow across many centers espe-

cially in cases for whom DES-based mappings are not an op-

tion (Ille, Sollmann, et al., 2016; Raffa et al., 2022).

At the same time, due to methodological and technical

limitations, contemporary white matter imaging techniques

thus far inaccurately represent the anatomical network

(Catani et al., 2013). The results of Maier-Hein et al. (2017)

show that DTI-based tractographies are limited by recon-

structing a large proportion of non-existing, anatomically

non-valid tracts while the reconstruction contained approxi-

mately 90% of anatomical valid connections. Conversely,

preclinical imaging studies show a high rate of anatomically

valid tracts missed by DTI tractography (Aydogan et al., 2018;

Grisot et al., 2021). Hence, the potential of false positive or

negative subcortical reconstructions may result in the pres-

ervation functionally non-relevant or the resection of relevant

subcortical tracts impacting life expectancy or a patient's
quality of life (Brown et al., 2016; Hervey-Jumper & Berger,

2016). The most direct way to investigate the functional role

of the subcortical language network in neurosurgical patients

remains subcortical stimulation during awake surgeries

(Duffau, 2015) which is not impacted by the methodological

and technical limitations of the preoperative techniques pre-

sented within the current study. Nevertheless, DTI offers a

unique, in-vivo and non-invasive way to investigate subcor-

tical connections. Multiple studies show that by using nTMS-

based cortical sites to derive DTI-based tractographies of the

functional language network, the preservation of function-

ality and preoperative risk stratification can be supported

already non-invasively prior to a resection (Giampiccolo et al.,

2020; Ille et al., 2018; Raffa et al., 2019; Sollmann, Zhang,

Fratini, et al., 2020).
5. Conclusion

This study tested the feasibility and reliability of a new non-

overt language-comprehension task for pre- as well as
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intraoperative language mapping. The task was feasible and

its analysis highly reliable for patient and control data. The

present setup not only allowed a language mapping in pa-

tients with severe expressive aphasia thus far precluded from

classic overt language-production based mapping, but also

enabled to preserve residual language function if the results

were employed in combination with function-based tractog-

raphy for surgical planning and resection.
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CPS region specific stimulation-induced error rates across all error types for patients.

Cortical area Patient Totala

P1 P2 P3 P4 P5 P6

anG .25 (3/12) .14 (2/14) .25 (3/12) .07 (1/14) .17 (2/12) .42 (5/12) .22 (16/76)

aSMG .00 (0/6) .17 (1/6) .33 (2/6) .17 (1/6) .25 (2/8) .00 (0/6) .15 (6/38)

aSTG .00 (0/3) .33 (1/3) .00 (0/2) .33 (1/3) .00 (0/1) .33 (1/3) .17 (3/15)

dPoG .00 (0/3) .00 (0/3) .00 (0/3) .00 (0/3) .00 (0/3) .67 (2/3) .11 (2/18)

dPrG .00 (0/3) .33 (1/3) .00 (0/3) .25 (1/4) .00 (0/3) .00 (0/3) .10 (2/19)

mMFG .15 (2/13) .15 (3/20) .35 (6/17) .00 (0/18) .25 (5/20) .06 (1/18) .16 (17/106)

mMTG .17 (1/6) .17 (1/6) .00 (0/6) .25 (2/8) .00 (0/6) .17 (1/6) .13 (5/38)

mPoG .17 (1/6) .33 (2/6) .00 (0/6) .17 (1/6) .00 (0/6) .33 (2/6) .17 (6/36)

mPrG .13 (1/6) .00 (0/4) .17 (1/6) .17 (1/6) .00 (0/3) .50 (3/6) .16 (6/31)

mSFG / (0/0) .29 (2/7) .20 (2/10) .00 (0/9) .25 (1/4) .00 (0/9) .15 (5/39)

mSTG .17 (1/6) .00 (0/3) .00 (0/6) .00 (0/6) .25 (2/8) .67 (4/6) .18 (7/35)

opIFG .17 (1/6) .33 (2/6) .33 (2/6) .33 (2/6) .43 (3/7) .33 (2/6) .32 (12/37)

pMFG .00 (0/6) .20 (1/5) .00 (0/6) .14 (1/7) .00 (0/1) .17 (1/6) .08 (3/31)

pMTG .22 (2/9) .17 (2/12) .30 (3/10) .00 (0/6) .50 (5/10) .33 (3/9) .25 (15/56)

pSFG .00 (0/3) .00 (0/2) .00 (0/3) .00 (0/3) .50 (1/2) .00 (0/3) .08 (1/16)

pSMG .17 (1/6) .00 (0/6) .33 (2/6) .17 (1/6) .50 (3/6) .33 (2/6) .25 (9/36)

pSTG .33 (1/3) .00 (0/3) .00 (0/3) .33 (1/3) .20 (1/5) .67 (2/3) .26 (5/20)

SPL .33 (2/6) .33 (2/6) .00 (0/6) .00 (0/6) .00 (0/6) .00 (0/6) .11 (4/36)

trIFG .17 (1/6) .29 (2/7) .00 (0/8) .00 (0/6) .13 (1/8) .11 (1/9) .11 (5/44)

vPoG .17 (1/6) .33 (2/6) .50 (3/6) .33 (2/6) .00 (0/3) .17 (1/6) .25 (9/33)

vPrG .00 (0/6) .33 (2/6) .00 (0/6) .17 (1/6) .00 (0/3) .67 (4/6) .20 (7/33)

a The total error rate for each cortically parcellated area was calculated as the mean of error rates for each cortical area across patients, thus,

slight deviations from calculations on the basis of the absolute numbers may be present.

CPS region specific stimulation-induced error rates across all error types for controls (C1 - C9).

Cortical area Controls

C1 C2 C3 C4 C5 C6 C7 C8 C9

anG .00 .00 .00 .08 .17 .17 .08 .00 .00

aSMG .00 .00 .20 .17 .00 .00 .00 .17 .00

aSTG .67 .00 .33 .00 .00 .00 .00 .00 .33

dPoG .00 .00 .00 .00 .00 .00 .00 .33 .33

dPrG .33 .00 .00 .33 .33 .00 .00 .00 .00

mMFG .17 .07 .00 .06 .22 .06 .17 .11 .00

mMTG .00 .00 .00 .17 .00 .17 .33 .17 .00

mPoG .17 .00 .00 .00 .33 .33 .00 .00 .00

mPrG .00 .00 .17 .17 .17 .00 .17 .17 .00

mSFG .11 .17 .00 .00 .33 .33 .00 .00 .00

mSTG .00 .00 .00 .00 .00 .50 .17 .00 .17

opIFG .17 .00 .00 .17 .17 .17 .11 .33 .00

pMFG .17 .00 .17 .00 .00 .17 .17 .17 .17

pMTG .11 .00 .00 .00 .44 .11 .00 .17 .00

pSFG .00 .00 .00 .00 .00 .00 .67 .33 .00

pSMG .17 .17 .00 .00 .00 .00 .17 .00 .17

pSTG .00 .00 .00 .00 .00 .00 .67 .00 .33

SPL .00 .17 .00 .17 .17 .00 .00 .00 .00

trIFG .11 .00 .11 .22 .11 .00 .17 .11 .00

vPoG .00 .00 .17 .00 .17 .17 .00 .11 .00

vPrG .17 .00 .17 .17 .33 .17 .00 .00 .00

CPS region specific stimulation-induced error rates across all error types for controls (C10 - C15).

Cortical area Controls Total

C10 C11 C12 C13 C14 C15

anG .08 .08 .00 .17 .00 .08 .06

aSMG .00 .17 .00 .17 .00 .33 .08

aSTG .00 .33 .00 .00 .33 .00 .13

dPoG .33 .00 .00 .00 .00 .00 .07

dPrG .33 .33 .00 .00 .00 .00 .11

mMFG .06 .17 .11 .06 .11 .00 .09

mMTG .00 .50 .17 .67 .50 .17 .19

mPoG .00 .17 .17 .00 .33 .00 .10

mPrG .00 .17 .00 .00 .17 .00 .08

mSFG .00 .00 .00 .00 .11 .00 .07
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(continued )

Cortical area Controls Total

C10 C11 C12 C13 C14 C15

mSTG .17 .17 .00 .17 .00 .17 .10

opIFG .17 .33 .17 .33 .00 .00 .14

pMFG .33 .17 .33 .00 .00 .17 .13

pMTG .00 .17 .00 .00 .67 .17 .12

pSFG .00 .00 .00 .00 .00 .00 .07

pSMG .00 .17 .00 .17 .17 .00 .08

pSTG .00 .67 .33 .00 .33 .33 .18

SPL .00 .17 .00 .00 .00 .17 .06

trIFG .00 .44 .11 .33 .11 .00 .12

vPoG .11 .22 .11 .11 .00 .22 .09

vPrG .17 .17 .00 .17 .00 .33 .12

c o r t e x 1 7 1 ( 2 0 2 4 ) 3 4 7e3 6 9 365
Appendix B. Error type specific error rates across
patient- and control-group
Cortical area Group Error typea

NR SB SW H

anG Patient .10 .08 .04 .00

Control .00 .04 .00 .02

aSMG Patient .03 .05 .05 .03

Control .01 .03 .00 .04

aSTG Patient .06 .11 .00 .00

Control .00 .09 .00 .04

dPoG Patient .06 .00 .06 .00

Control .00 .04 .00 .02

dPrG Patient .00 .06 .04 .00

Control .02 .07 .02 .00

mMFG Patient .06 .05 .04 .01

Control .00 .06 .00 .03

mMTG Patient .03 .08 .02 .00

Control .01 .16 .00 .02

mPoG Patient .03 .08 .06 .00

Control .00 .07 .00 .03

mPrG Patient .00 .08 .03 .03

Control .01 .03 .00 .03

mSFG Patient .05 .06 .06 .00

Control .00 .05 .00 .03

mSTG Patient .10 .06 .02 .00

Control .00 .09 .00 .01

opIFG Patient .03 .19 .10 .00

Control .00 .10 .00 .04

pMFG Patient .00 .08 .00 .00

Control .00 .08 .01 .04

pMTG Patient .05 .08 .10 .02

Control .00 .10 .00 .02

pSFG Patient .08 .00 .00 .00

Control .00 .04 .00 .02

pSMG Patient .14 .00 .08 .03

Control .00 .04 .00 .03

pSTG Patient .11 .11 .03 .00

Control .00 .11 .00 .07

SPL Patient .03 .06 .03 .00

Control .00 .03 .00 .02

trIFG Patient .02 .03 .05 .03

Control .00 .10 .00 .02

vPoG Patient .11 .08 .00 .06

Control .00 .08 .00 .02

vPrG Patient .05 .11 .03 .00

Control .00 .10 .00 .02

a NR ¼ no response, SB ¼ searching behavior, SW ¼ selection of

wrong target, H ¼ hesitant responses.
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