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Abstract. Minimizing postoperative language decline is a key objective during neurosurgical
interventions in the language-dominant hemisphere. Transcranial magnetic stimulation (TMS) can be
used to establish language-eloquent brain regions and tailor the extent of resection. Meanwhile,
stimulation parameters (such as frequency and onset) can significantly affect the sensitivity and
specificity of TMS language mapping. Still, few studies have systematically investigated optimal
stimulation parameters and targets. The current study aimed to consistently test various TMS
parameters to identify those that robustly interfere with language function in the language-dominant
hemisphere. We developed an Object Naming language paradigm of 75 pictures with corresponding
Russian names. We tested the paradigm using four TMS protocols with different frequency (5/10 Hz)
and onset (0/300 ms) parameters in a control group of 45 healthy participants. This study firstly
employed TMS language mapping over 46 standardized brain regions across the whole left
hemisphere using a robotic system, Axilum TMS-Cobot. The results revealed significant main effects
of TMS frequency and onset, with the highest error rate associated with the 10 Hz 0 ms protocol. The
selected protocol will be further validated using an Action Naming paradigm and tested in the right
hemisphere. Finally, the optimal paradigms will be clinically validated.
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AnHoTanus. [IpenoTBpalieHne NOCTONEPALMOHHOTO PEYEBOTr0 AePHIINTA ABISAETCS OAHOM U3
KJIFOUEBBIX 3a]a4 [IPU HEHPOXUPYPru4eCKOM BMELIATENBCTBE B JOMUHAHTHOM 110 PEYH MOJTyIIAPHH.
TpanckpanuanbHasgs MarautHasg cTuMyssanus (TMC) MoxeT NpuUMEHSThCS MpU IUIAHUPOBAHUU
HEHPOXUPYPrUUYE€CKOI0 BMEUIATENbCTBA JJI BBISBICHHMS YYacTKOB KOpBI TOJOBHOIO MO3ra,
KPUTHYECKH 3HAUYUMBIX JUIsI pedeBoil GpyHkumu. [Ipum 3TOoM mapamerpbl CTUMYISIUHM (Takue Kak
YacToTa W 3aJepXKKa) MOTYT 3HAUMTENBHO BIMATH HA YYBCTBUTEIBHOCTh M CHEHU(UYHOCTDH
IIPOTOKOJIa KapTupoBaHus peuun ¢ nomouipto TMC. Jlump B psne ucciefoBaHWM IPOBOANUIIOCH
CHCTEMaTHYEeCKOe CpaBHEHHE A(PPEKTHBHOCTH PA3JIMYHBIX MapamMeTpoB cTUMYyJisinuu. Hacrosiee
UCClieIoBaHNE ObLTO HANpaBJIEHO HA TOCJIEO0BATEIIbHOE TECTUPOBAHME Pa3IMYHBIX IapamMeTpOB
TMC nnst BBIABICHHS T€X, KOTOPBIE HAJIEKHO JIOKATU3YIOT PEYeBYIO (DYHKIMIO B JOMUHAHTHOM I10
peun monymapud. Mel paspabotanu mapaaurmy '"HaseiBanue o0BeKTOB", cocTosmiyro u3 75
M300paKeHU ¢ COOTBETCTBYIOIMMH PYCCKUMH HOMUHAIUAMU. MBI IPOTECTUPOBAIH MAPaTUTrMy,
ucnonb3ys yerelpe nporokonga TMC ¢ paznmuunoit yactotoit (5/10 I'm) u 3agepxkoit (0/300 mc) B
KOHTPOJILHOM Tpymre u3 45 310pOBBIX YYaCTHUKOB. B mccienoBanuu ObUIO BIEPBBIE MPOBEIECHO
pedeBoe KaptupoBaHue ¢ nomouibto TMC 1o cTaHIapTU3HMPOBAHHOW CHCTEME KOOpAMHAT 46
y4acTKOB KOpbl TOJOBHOIO MO3ra II0O BCEMY JIEBOMY MOJYyLIApUI0O C HCIOJIB30BAaHUEM
poborusupoBanHoit cuctembl Axilum TMS-Cobot. Pesynprarhl mokaszanu 3HaYUMBIH 3]dext
qyacToThl U 3a1epkku TMC, mpu 3TOM npu 3TOM Hanbojee ONTUMATBLHBIMU ITapaMETPaMHU OKa3aJIHCh
10 T'u 0 mc. Pa3pabortansblii mpoTokosn OyneT BalMIUPOBAH C HCIOJIB30BAHHUEM MapaurMbl
"Ha3piBaHue neHCTBHI" M MPOTECTHPOBAH B MpaBoM moiyuiapuu. Hakonen, Oyner mpoBeaeHa
KJIMHUYECKas BaJIUAIUs pa3paOoTaHHBIX Mapairm.

KiroueBble cioBa: peueBoe KapTHPOBaHWE, TPAaHCKpaHUAIbHAs MarHUTHAs CTUMYJISLMS,
Ha3bIBaHHWE 00BEKTOB, ONTUMHU3AIMS IPOTOKOJIA, TApAaMETPhl CTUMYJISALIUH, YaCTOTa, 3a/I€PIKKA.



Introduction. Minimizing postoperative language deficits is crucial when neurosurgical
interventions involve language-dominant hemisphere. While direct electrical stimulation (DES)
during awake surgery is the gold standard for mapping eloquent cortex, a large cohort of patients
cannot be awakened due to psychological or anatomical considerations, childhood, or insufficient
experience of the medical team. Alternatively, repetitive transcranial magnetic stimulation (rTMS)
can support or potentially replace DES. rTMS applies a magnetic field to induce a small electric
current through electromagnetic induction to interfere with language function by creating a “virtual
lesion” when a patient is performing the task. Although rTMS provides high temporal and spatial
resolution, it was reported to have high sensitivity and relatively low specificity compared to DES
(Ille et al., 2015), possibly due to stimulation parameters (Krieg et al., 2014).

First, the rTMS frequency significantly influences its efficacy for language mapping by
differentially modulating cortical excitability (Nettekoven et al., 2021; Sollmann et al., 2018).
Preliminary studies employed a wide range of 5-50 Hz frequencies, but still only a few studies (Hauck
et al., 2015; Krieg et al., 2014; Nettekoven et al., 2021; Sollmann et al., 2018) systematically
examined rTMS frequency effect on language mapping. While 5 pulses/5 Hz rTMS has been
recommended as a more reliable and tolerable clinical standard (Krieg et al., 2017), there was
evidence that higher frequencies (>20Hz) could increase reliability by eliciting more naming errors,
even potentially improving patient comfort (Hauck et al., 2015; Nettekoven et al., 2021). Moreover,
optimal frequencies may also vary for anterior and posterior brain regions (Sollmann et al., 2018).
Hence, systematic investigation of TMS parameters for language mapping remains sparse, and further
research is required to determine the most effective frequency parameters.

Second, optimization of rTMS language mapping can be achieved by carefully timing the rTMS
stimulus to align with the stages of word production, such as object recognition, conceptualization,
lexical retrieval, phonological encoding, and articulation, distributed across the cortex with
approximately 100 ms intervals (Sollmann et al., 2017). While the timing of rTMS onset correlates
with the spatial distribution of naming errors (Sollmann et al., 2017), studies validating rTMS results
with DES indicated greater specificity of immediate (0 ms) than delayed onset (Ille et al., 2015; Krieg
et al., 2017). Thus, further research is needed to determine the optimal rTMS onset parameters for
both precisely delineating individual language processes and maximizing overall mapping accuracy.

Finally, precise spatial resolution and coil orientation are crucial for accurate rTMS language
mapping. Previous navigated rTMS studies used manual coil placement with the Nexstim NBS
system and lacked standardized coordinates, potentially introducing inter-study inconsistencies. The
Axilum TMS-Cobot's robotic system with predefined MNI coordinates can offer a significant
advancement in spatial accuracy and protocol standardization, enhancing reliability and
comparability.

This study was aimed at systematically evaluating different rTMS frequency and onset
parameters to identify the optimal ones for language mapping in the dominant hemisphere. This will
be the first study using an Axilum TMS-Cobot controlled with a Localite neuronavigation system and
standardized coordinates of targeted regions across the entire left hemisphere. This research would
establish a novel methodological approach to navigated rTMS language mapping.

Method. Forty-nine volunteers aged between 18 and 45 years old (Muge = 23.41, SD = 5.36; 33
females) participated in the experiment. We excluded the data from four participants who did not
complete the experimental session due to intolerable pain elicited by TMS. In total, data from forty-
five participants (Mg = 23.07, SD = 5.09; 29 females) were included in the analysis. All participants
were right-handed native Russian speakers, had normal or corrected vision and hearing, and had no
history of neurological deficits or language-related impairments. Participants signed a written
informed consent form prior to taking part in the research and completed the TMS safety screening
form to reveal any contraindications. The study was approved by the HSE Committee on
Interuniversity Surveys and Ethical Assessment of Empirical Research.

We developed two linguistic paradigms, Object Naming and Action Naming. For the first
experimental study primarily focused on validation of optimal TMS parameters, we used only an
Object Naming task, which is a commonly accepted task for cortical language mapping (Krieg et al.,



2017). The task consisted of 75 drawn black-and-white pictures of living and non-living objects with
corresponding Russian names sourced from a psycholinguistic database (Akinina et al., 2015). To
ensure correct response identification during rTMS mapping, only items with four or fewer alternative
names were included. Stimuli were controlled for their naming parameters (age of acquisition: M =
1.89, SD = 0.46, range: 1.14 — 2.86; name agreement: M = 93.72, SD = 8.27, range: 70 — 92.5;
frequency: M =26.86, SD = 27.74, range: 2 — 122.7; length in syllables: M =2.50, SD = 0.70, range:
1 —4; length in phonemes: M = 6.30, SD = 1.39, range: 3 —9). The experiment was programmed via
E-Prime 3.0 software.

Participants completed a baseline Object Naming task prior to rTMS mapping to familiarize them
with the procedure, identify challenging stimuli, and minimize false positive errors during rTMS
mapping. Stimuli pictures were presented with a 1000 ms presentation time and a 3000 ms inter-
picture interval, preceded by a 500 ms fixation cross. Participants were seated 60 cm in front of the
screen and were asked to name the pictures in Russian using the phrase "Eto..." (This is...), promoting
nominative case noun production (e.g., Eto vilka ‘This is a fork’). Pictures not named fluently and
correctly were excluded from subsequent rTMS mapping.

Stimulation was applied over 46 targeted regions based on Corina et al. (2005) and standardized
in the MNI space via manual segmentation of the MNI152 T1-weighted template using MRIcroGL.
Individual coordinates for each participant were obtained by realigning participants’ individual T1-
weighted images to AC-PC space and applying inverse mapping of the predefined coordinates from
the MNI space to the native participants’ space based on spatial normalization parameters using SPM.

Language mapping was performed using a MagProX100 MAGOPTION (MagVenture,
Denmark) stimulator, equipped with a Cool-B65 coil, under control of robotic system Axilum TMS-
Cobot (Axilum Robotics, France) and neuronavigational system Localite TMS Navigator (Localite,
Germany). The experimental session started with the participant’s registration in the neuronavigation
system and estimation of individual resting motor threshold (rMT). During the mapping procedure, a
participant had to name pictures with the rTMS stimulation applied at 110% of rtMT with one of four
protocols differing with frequency (5/10 Hz) and onset (0/300 ms). In total, there were three rounds
of consecutive rTMS stimulation over 46 targeted regions. The region was marked as language
positive if a participant made errors during > 2/3 stimulation trials. Oral participants’ responses were
audio and video recorded with a microphone, and naming errors and pain reports were documented
in a paper protocol after each trial. Each participant completed two sessions with the same rTMS
onset (0/300 ms) and different frequency parameters (5/10 Hz). The total duration of each session
was 2-2.5 hours, including the participant’s preparation and mapping procedure.

Data analysis was aimed at testing the main effect of rTMS frequency and onset on error rates
during language mapping. Data processing and descriptive analysis were performed in Python 3.10.
Error rates were calculated across all participants and visualized using Surflce. Statistical analysis
was performed in the R software using the /me4 package: effects of rTMS frequency and onset on
error rates were estimated using generalized linear mixed-effects models via the g/mer function.

Results. No participants reported any side effects during or after stimulation, and the average
tolerability was high. Descriptive statistics revealed a higher error rate for rTMS protocol with 10 Hz
frequency and 0 ms onset (Figure 1). Statistical analysis revealed the main effect of frequency and
onset on error rates; the 10 Hz 0 ms rTMS protocol was associated with higher error rates (Table 1).
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Figure 1. Error rates across all participants for four rTMS stimulation protocols. The size of each sphere represents
a total number of naming errors elicited by rTMS across all participants.

Table 1. Results of generalized linear mixed-effects model for error rates

Contrast Odds.ratio SE z-ratio p-value
SHzOms/10 Hz 0 ms 0.72 0.06 -3.67 0.001
5SHzOms/5Hz 300 ms 1.57 0.35 2.02 0.131
5SHz O ms/ 10 Hz 300 ms 1.28 0.28 1.13 0.257
10 Hz 0 ms /5 Hz 300 ms 2.18 0.48 3.51 0.002
10 Hz0 ms/ 10 Hz 300 ms 1.78 0.39 2.64 0.034
10 Hz0 ms/ 10 Hz 300 ms 0.82 0.09 -1.84 0.133

Note: Contrast is a pairwise comparison of rTMS protocols; Odds.ratio is an odds ratio; SE is a standard error.
Significant effects at level o = .05 are highlighted in bold

Discussion and conclusions. We developed two linguistic tests for rTMS language mapping and
tested four protocols with various parameters of frequency (5/10 Hz) and onset (0/300 ms) in the
control group of healthy participants. The results revealed a significant main effect of both frequency
and onset, with 10 Hz and 0 ms being the optimal parameters. The results are in line with previous
findings (Ille et al., 2015; Krieg et al., 2014; Sollmann et al., 2018).

Several limitations were revealed. First, the long duration of the mapping procedure can cause
participants’ fatigue. Second, the procedure cannot be fully automatized and requires partly manual
control of coil placement due to limitations of the neuronavigation system. Third, participants could
report pain sensations due to contraction of cranial muscles, especially when more anterior regions
are stimulated. Finally, although currently validated TMS parameters were proven safe both in
healthy and clinical cohorts (Krieg et al., 2017; Nettekoven et al., 2021), further clinical validation is
crucial to ensure its safe applicability in the clinical group with a minimal risk of seizure induction.

During further research, we plan to validate the selected 10 Hz 0 ms rTMS protocol using the
Action Naming paradigm. Also, we will validate the developed protocol in the right hemisphere in
the control group of healthy participants. Finally, the optimal paradigms will be clinically validated.
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