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ARTICLE INFO ABSTRACT

Keywords: Resection of gliomas in or close to motor areas is at high risk for morbidity and development of
Navigated transcra.nial magnetic stimulation surgery-related deficits. Navigated transcranial magnetic stimulation (nTMS) including nTMS-
Ntms motor mapping based tractography is suitable for presurgical planning and risk assessment. The aim of this

Neuronavigation-neurooncology
Functional imaging
Glioma surgery

study was to investigate the association of postoperative motor status and the spatial relation to
motor eloquent brain tissue in order to increase the understanding of postoperative motor
deficits.

Patient data, nTMS examinations and imaging studies were retrospectively reviewed, corti-
cospinal tracts (CST) were reconstructed with two different approaches of nTMS-based seeding.
Postoperative imaging and nTMS-augmented preoperative imaging were merged to identify the
relation between motor positive cortical and subcortical areas and the resection cavity.

38 tumor surgeries were performed in 36 glioma patients (28.9% female) aged 55.1 + 13.8
years. Mean distance between the CST and the lesion was 6.9 &+ 5.1 mm at 75% of the patient-
individual fractional anisotropy threshold and median tumor volume reduction was 97.7 +
11.6%. The positive predictive value for permanent deficits after resection of nTMS positive areas
was 66.7% and the corresponding negative predictive value was 90.6%. Distances between the
resection cavity and the CST were higher in patients with postoperative stable motor function.
Extent of resection and distance between resection cavity and CST correlated well.

The present study strongly supports preoperative nTMS as an important surgical tool for pre-
serving motor function in glioma patients at risk.

1. Introduction

The prognosis of patients with gliomas is affected by individual demographic, tumor- and treatment-related factors. Two factors
can be influenced by the operating neurosurgeon: the extent of resection and the patient’s postoperative functional status [1-10]. In
order to avoid permanent neurological deficits, several functional imaging tools including functional MRI, navigated transcranial
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Abbreviations

APB - abductor pollicis brevis muscle
ADM -  abductor digiti minimi muscle
CI - confidence interval

CST - corticospinal tract

CTD -  cavity to tract distance (distance between resection cavity and pyramidal tract on axial MRI)
DES -  direct electrical stimulation
DTI - diffusion tensor imaging

EMG -  electromyogram

EOR -  extent of resection

FA - fractional anisotropy

FAT -  fractional anisotropy threshold
FT - fibertracking

IOM -  intraoperative monitoring

IQR — interquartile range

LTD - lesion to tract distance (distance between the lesion and pyramidal tract on axial MRI)
MRI-  magnetic resonance imaging
rMT -  resting motor threshold

ROI - region of interest

SD - standard deviation

TE - echo time

TR - repetition time

magnetic stimulation (nTMS), diffusion tensor imaging tractography (DTI) and intraoperative imaging have been established in order
to achieve a maximum safe resection [11-15]. Among above-mentioned functional imaging modalities, nTMS has been advocated to
be a valuable tool for preoperative brain mapping, especially for the evaluation of the motor system. The advantages of nTMS based
presurgical planning are widely accepted and nTMS data are superior to other non-invasive functional imaging modalities [14,16-24].
The combination of nTMS motor mapping and tractography allows patient-individual visualization of cortical and subcortical motor
eloquent brain [25-27].

Based upon nTMS motor mapping and fibertracking, the risk for developing new motoric deficits can be estimated. General risk
factors for postoperative deterioration in motor function are the distance between the lesion and the pyramidal tract (LTD) [28-32]
and the resection of preoperatively identified nTMS motor positive areas. Both nTMS motor positive spots within the primary motor
cortex and even within non-primary motor areas should be preserved in order to preserve the patients’ motor status [28-30,33,34].
The aim of the present study was to provide information and to externally confirm previously published results concerning the as-
sociation of postoperative motor status in motor-eloquent glioma patients in relation to the results of nTMS motor mapping results and
nTMS based tractography. We additionally investigated several approaches of reconstructing the pyramidal tract in order to coun-
terbalance some common issues of DTI-fibertracking [15,35]. The primary outcome of our study was deterioration of motor function
after surgery within the first days after surgery and a residual deficit on follow-up visit. Secondary outcome was the extent of resection
on postoperative MRI.

2. Methods
2.1. Compliance with Ethical standards

The study design was approved by the Institutional Review Board of Paracelsus Medical University Nuremberg (Registration
numbers IRB-2020-022 and IRB-2022-012). All procedures performed in studies involving human participants were in accordance
with the 1964 Helsinki declaration and its later amendments. Informed consent for study participation was waived due to the
retrospective study design and statistical analysis of anonymized data.

2.2. Patient cohort

Patients treated between April 2016 and June 2021 at our institution were retrospectively reviewed. Inclusion criteria were age
over 18 years, preoperative nTMS and DTI for evaluation of the motor system, histologically confirmed glioma CNS WHO grade 2-4,
availability of pre- and postoperative MR imaging and surgery with the aim to achieve maximum safe resection. Patients with LTD >20
mm and one patient with postoperative subcortical ischemia on diffusion MRI likely for causing a new motor deficit were excluded
from the study. We further excluded four patients who died from medical complications before discharge from hospital. All surgical
procedures were conducted under general anesthesia in a microsurgical 5-ALA fluorescence guided approach with the nTMS data
integrated into the neuronavigation system. Based upon clinical examination, preoperative motor deficits were assessed as “no deficit”,
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“mild” (disruption of fine motor skills or protonation in arm drift test, facial palsy), “moderate” (incomplete hemiparesis) and “severe”
(disability to lift one extremity from surface or plegia of one or more extremities). Pre- and postoperative neurological examinations
were performed by neurosurgeons. A permanent deficit was defined as residual surgery-related deficit which occurred in the imme-
diate postoperative phase and did not return to the preoperative status within at least six weeks of follow-up. Parts of this cohort have
been published recently [36].

2.3. Imaging and navigated brain stimulation

All patients underwent pre- and postoperative MR-imaging including a 3D post-contrast T1 weighted sequence. Preoperative
imaging additionally included diffusion tensor imaging (DTI with 32 gradient directions). All n'TMS examinations were conducted with
the NexStim NBS 5 system (NexStim Oy, Helsinki, Finland, Fig. 1A) and the workflow followed recently published guidelines [37].
Slight modifications were made and described in the following.

Fig. 1. Identifying the hand motor area with nTMS. Motor positive spots are displayed in orange (A). Seeding regions for fibertracking (B), with the
nTMS-based ROI displayed in white and the anatomical ROI in pink. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Ambu Neuroline 700 surface electrodes were used in all cases (Ambu, Denmark) and attached to the target muscles in a belly-
tendon-fashion. The ground electrode was placed at the patient’s elbow.

A minimum of two intrinsic hand muscles (abductor pollicis brevis (APB), abductor digiti minimi (ADM) was monitored for the
upper extremity. Lower limb muscles (tibialis anterior and/or gastrocnemius muscle) were mapped for tumors close to the anatomical
leg motor area.

The first round of mapping was conducted to determine the hand motor hotspot at a default stimulation intensity of 30-35%
stimulator output. Stimulation intensity was increased if no MEPs could be elicited. The first round of mapping was started at the
omega-shaped portion of the precentral gyrus. If MEPs from the hand muscles could be registered, the stimulation site which produced
the greatest peak-to-peak-amplitude was stimulated several times to ensure reproducibility of MEPs. That spot was considered the
hand motor hotspot and was used for determination of the resting motor threshold.

The patient-individual resting motor threshold (rMT) was determined using the NBS system’s threshold hunting algorithm.
Mapping of the cortical representations of the upper extremity muscles was performed at 110-120% rMT (with a standard of 110%rMT
and intensity was only increased if patients had difficulties in muscle relaxation).

The leg area was mapped with a stimulation intensity of at least 110% of the upper-extremity rMT. The primary motor cortex of the
upper extremity and the peritumoral cortex were mapped in all cases. Each examination was analyzed post-hoc for positive muscle
responses defined as MEPs with amplitudes greater than 50 pV and with latencies within a range of 10-30 ms. nTMS positive spots
outside the precentral gyrus were additionally evaluated for the electrical field current at the corresponding extremity’s motor hotspot.
If the corresponding electric field current at the motor hotspot reached the electric field current of the patient’s motor threshold, these
stimulations were classified as false positive due to possible indirect stimulation of the primary motor cortex and subsequently
excluded from the analysis.

2.4. DTI-tractography

The nTMS-positive spots were exported via the standard DICOM format for tractography using the Medtronic StealthStation S8
StealthViz/StealthDTI (Medtronic Inc, Louisville, CO, USA) module. In the post-hoc analysis, the nTMS spots were enlarged to a
diameter of 6 mm and served as a cortical region of interest (ROI). A second standard anatomy-based cubic ROI was placed within the
caudal pons. Each corticospinal tract (CST) was visualized as follows: Tractography was performed at 75% and 50% of the patient-
individual maximum fractional anisotropy (fractional anisotropy threshold — FAT). Minimum fiber length was set to 110 mm and
the maximum directional change to 60°. Fibers which clearly did not belong to the corticospinal tract were removed. In addition to the
above-mentioned approach, a nTMS assisted anatomical CST reconstruction was performed. A cubic ROI was placed slightly below the
nTMS-positive motor area and served as an alternative (sub-) cortical seeding region (Fig. 1B). Software settings were identical to the
settings described above. The nTMS assisted anatomical CST reconstruction was conducted as it was not possible to visualize the CST in
all patients by purely using the enlarged nTMS spots as a cortical seeding region in our cohort. However, we did not aim to compare
different approaches of tractography in this study.

The closest distance to the lesion (lesion-to-tract-distance (LTD)) measured on the axial plane were recorded for statistical analysis.
For reasons of clarity, only the statistical evaluation and results of the purely nTMS-based DTI fibertracking is displayed in the text
unless mentioned otherwise. The results of the nTMS-assisted anatomical fibertracking are shown in the tables and figures.

2.5. Data- and imaging analysis

Pre- and postoperative tumor volume was assessed using the Medtronic StealthStation S8 (Medtronic Inc, Louisville, CO, USA)
software. A neuroradiologist evaluated all postoperative MRI examinations for residual tumor tissue. The post-contrast T1 studies were
used for volumetric assessment in high grade glioma patients and T2/FLAIR images were used in non-enhancing tumors. Pre- and
postoperative MRI as well as nTMS positive areas and reconstructions of the pyramidal tracts were merged using the StealthViz/
StealthDTI and the software’s inbuilt automatic fusion algorithm. All fusion results were checked for correct fusion and manually
corrected if necessary. nTMS spots were classified as resected if they projected into the resection cavity.

The minimum distance between the resection cavity and the CST-reconstructions was measured on the axial plane (cavity to tract
distance (CTD)) We classified the fused images as intersection of the CST and the resection cavity if the distance between the resection
cavity and any CST-reconstruction was 0 mm.

Pre- and postoperative imaging analyses were subsequently compared to the patients’ preoperative and postoperative status.
Postoperative motor status was assessed as stable, transient (surgery-related) deficit or permanent (surgery-related) deficit.

Clinical postoperative status was analyzed for nTMS spots at tumor margins on preoperative imaging, resection of nTMS positive
spots and intersection with CST reconstructions as well as differences in LTD, CTD measurements. Resected nTMS spots outside the
precentral gyrus were additionally analyzed.

The extent of resection was correlated with LTD and CTD measurements as well as with resected nTMS spots, intersection with the
CST and the postoperative clinical status.

We further conducted a subgroup analysis of Glioblastoma patients with similar analyses.

2.6. Statistical analysis

Statistical analysis was carried out using IBM SPSS® Version 27 for Windows 10 (IBM Corp. Released 2020. IBM SPSS Statistics for
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Windows, Version 27.0. Armonk, NY: IBM Corp).

Metric variables are presented as means and standard deviations (+SD) for age and distances and as medians and interquartile
ranges (£IQR) for tumor volumes. Categorial variables are presented as absolute number (n) and percentage (%).

Fisher Exact Tests and Fisher-Freeman-Halton-Tests were applied for categorial variables. For significant results, Cramer’s V is
provided as a measure of effect size.

For categorial variables, positive and negative predictive values were calculated.

The Mann-Whitney-U-Test and Kruskal-Wallis-Tests were conducted for nonparametric testing of continuous variables. Cohen’s
d was calculated to measure effect size for non-parametric tests in significant results.

Correlation analyses were performed using Spearman’s correlation with Spearman’s Rho (r;) and p-values displayed. A p-value
<0.05 was considered significant in two-tailed testing.

3. Results
3.1. Patient cohort

38 tumor surgeries were performed in 36 patients. Two patients were operated on for primary and recurrent tumors. 11 patients
(28.9%) were female and mean age at surgery was 55.1 + 13.8 years. 16 (42.1%) patients presented with motor deficits on admission
of whom 7 (18.4%) were classified as mild, 7 (18.4%) as moderate and 2 (5.3%) as severe. Table 1 summarizes the baseline data of the
patient cohort.

3.2. nTMS examination and tractography

Navigated brain stimulation was well-tolerated in all patients and no adverse events occurred in the cohort. MEPs could be obtained
in all patients. Mean resting motor threshold (rMT) was 32.8 &+ 11.6% of the system’s stimulator output. n'TMS positive spots at tumor
margin were present in 12 cases (31.6%) and associated with preoperative motor deficits (p = 0.014). The closest distance between the
CST-fibers and the lesion (lesion-to-tract-distance - LTD) measured 6.9 + 5.1 mm at 75% FAT. In five cases (12.8%), the nTMS-based
approach did not visualize any fibers which clearly belonged to the CST. nTMS-assisted anatomical fibertracking could be conducted
successfully in all patients of the study. Mean LTD was 6.8 4+ 5.6 mm at 75% for the nTMS-assisted anatomical approach. LTDs between

Table 1
Overview over the patient cohort.
Item N (%) Mean + SD Median + IQR
Demography
age 55.1 +£13.8
female 11 (28.9%)
Clinical evaluation
no motor deficit 22 (57.9%)
hemiparesis 5 (13.2%)
isolated upper limb paresis 5 (13.2%)
isolated lower limb paresis 1 (2.6%)
disruption of fine motor skills 4 (10.5%)
facial palsy 1 (2.6%)
Tumor-specific characteristics
tumor volume (cm®) 24.0 £+ 41.5
recurrence 9 (23.7%)
WHO grade 2 5 (13.2%)
WHO grade 3 7 (18.4%)
WHO grade 4 26 (68.4%)
perilesional edema 33 (86.8%)
lefthemispheric 14 (36.8%)
tumor location
frontal outside gyrus precentralis 15 (39.5%)
gyrus precentralis 8 (21.1%)
gyrus postcentralis 5 (13.2%)
parietal outside gyrus postcentralis 5 (13.2%)
temporal 5 (13.2%)
Outcome
postoperative motor function
stable 27 (71.1%)
transient deficit 4 (10.5%)
permanent deficit 7 (18.4%)
extent of resection
residual tumor volume (cm®) 0.3+3.0
extent of resection (%) 97.7 £ 11.6
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both approaches for tractography correlated well (r; = 0.79, p < 0.001 at both 75% and 50% FAT).

Mean distance between the resection cavity and the corticospinal tract was 9.7 + 8.1 mm at 75% FAT. For all CST-reconstruction-
approaches, LTD and CTD showed significant correlations. CTDs for the different CST-reconstructions and FA-values showed strong
correlations. The results of the correlation analyses are outlined in Fig. 2A and B. Intersection of the reconstructed CSTs with the
resection cavity was observed in 10 cases (26.3%).

3.3. Functional outcome in relation to nTMS and tractography

11 patients (28.9%) developed new motor deficits or aggravation of a preoperative motor deficit at discharge from hospital. 4
patients (10.5%) recovered until the follow-up visit and 7 (18.4%) had a permanent surgery-related moderate motor deficit. No patient
suffered from a permanent surgery-related severe motor deficit and only two patients (9.1%) without a preoperative tumor-induced
deficit suffered from a permanent surgery-related motor deterioration.

nTMS positive spots at the tumor margin were visualized in 12 cases (31.6%). In these cases, surgery-related motor decline
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occurred in 6 cases and the new deficit remained in 4 patients (p = 0.017, Cramer’s V = 0.45). This resulted in a positive predictive
value of 50% for any motor deterioration and 33.3% for permanent deficits if n'TMS positive spots were present at tumor margins. Vice-
versa the negative predictive value for stable motor function was 88.5% if the tumor did not infiltrate the nTMS positive area.

Only two patients with nTMS positive spots at the tumor margin outside the precentral gyrus as identified by nTMS developed a
permanent motor deficit.

nTMS spots had to be resected in 6 cases (15.8%) and this was strongly associated with infiltration to nTMS-motor-positive gyri as
observed in preoperative mapping (p < 0.001, Cramer’s V = 0.64). Resection of nTMS positive spots lead to permanent surgery-related
deficits (p = 0.003 Cramer’s V = 0.57). The positive predictive value for permanent deficits after resection of nTMS positive areas was
66.7% and the corresponding negative predictive value was 90.6% (Table 2, Fig. 3). Correspondingly, intersection of the CST and the
resection cavity was associated with permanent motor deficits (p = 0.012, Cramer’s V = 0.5). The resection of nTMS positive spots and
subcortical white matter pathways (i.e. intersection of the CST and the resection cavity) could explain all but one permanent deficits.
The greatest CTD to develop a permanent surgery-related deficit was 9.2 mm at 75%FAT, regardless of resection of nTMS positive
spots. In the analysis of subcortical fiber pathways, we observed shorter LTDs in the anatomical approach if patients developed
postoperative permanent motor deficits (Fig. 4 A, B).

3.4. Extent of resection

Median residual tumor volume was 0.3 + 3.0 cm?® for the whole cohort. Accordingly, the overall EOR was 97.7 + 11.6% of the
tumor volume. In glioblastoma patients, the median residual tumor volume was 0.2 & 0.8 cm® (EOR 94.4 + 8.5%), whereas the
median residual volume in grade 2 and 3 gliomas was 4.3 4 9.25 cm® (EOR 84.6 + 17.5%). A gross total resection was achieved in 10
glioblastoma patients (38.5%) and in 2 (16.7%) of the grade 2 and 3 tumors.

LTD measurements did not correlate with residual tumor volume or volume reduction (all p > 0.2). CTDs correlated with residual
tumor volume (rs = 0.42, p = 0.015 at 75% FAT). Residual tumor volume was not associated with postoperative motor decline (p =
0.89) as well as with the resection of nTMS spots (p = 0.097) or intersection with the CST on postoperative imaging (p = 0.4). There
were no surgery-related complications apart from one hemorrhage which required re-craniotomy and evacuation of the hematoma.

3.5. Subgroup glioblastoma patients

This subgroup comprised 26 patients of which 12 (46.2%) had a preoperative motor deficit. Eight (30.8%) patients developed new
motor deficits postoperatively of which 2 (7.7%) were transient. Cortical motor eloquent spots were resected in 6 surgeries (23.1%)
and injury of the CST was seen in 9 (34.6%) postoperative images. Persistent decline in motor function was associated with resection of
nTMS spots (p = 0.004, Cramer’s V = 0.63) and intersection with the CST (p = 0.014, Cramer’s V = 0.57). Correspondingly, the
positive predictive value for persistent motor deficits after resection of nTMS positive spots was 66.7% and the negative predictive
value was 90%. For intersection of CST and resection cavity, the positive predictive value was 83.3% and the negative predictive value
was 80%. Closer CTDs were associated with persistent worsening in motor function (p = 0.043, Cohen’s d = 0.49 for 75%, p = 0.065,
Cohen’s d = 0.43 for 50%FAT, in the nTMS assisted anatomical fibertracking, all p > 0.13 for the nTMS based fibertracking).

4. Discussion

This study strictly supports the significance of functional imaging in glioma surgery. Using a nTMS and fibetracking approach, it
was possible to resect highly motor eloquent intrinsic brain tumors with a minimal rate of surgery-related permanent motor deficits.
Firstly, as a proof-of-principle, the resection of motor eloquent cortical tissue resulted in permanent motor deficits. Secondly, we
demonstrated a clear relation between permanent motor deficits and the intraoperative distance to subcortical motor pathways.

In neuro-oncologic neurosurgery, the extent of resection is one main prognostic factor. Furthermore, the surgical goal should be —
whenever feasible - a gross total resection in order to significantly improve the prognosis of the patients [1-4,8]. Subsequently, it must
not be negotiated that both quality of life and long overall survival can only be maintained if patients do not suffer from postoperative
motor deficits [7]. The extent of resection in our cohort was within the range of other published cohorts from different centers
indicating similar approaches and patient selection [13,28-31].

We observed a significant correlation between the estimated intraoperative distance to the pyramidal tract and the amount of
tumor volume reduction as a sign of a more aggressive surgical strategy in patients with lower risk of postoperative unfavorable
functional outcome. Yet, the extent of resection and postoperative motor status were independent in our analysis. This finding is
congruent with a previously published cohort [28]. In previously published literature, the prevalence of postoperative deficits ranged
between 9.75% [38] and 22% [28-30,32]. The LTD cut-offs varied between 8 and 12 mm [28-30,32]. A second important risk-factor

Table 2
Positive and negative predictive values for motor outcome in relation to motor eloquent tissue.
transient deficit permanent deficit PPV NPV p
nTMS positive spots at tumor margin 3/12 4/12 33.3% 88.5% 0.017
resection of nTMS positive spots 1/6 4/6 66.7% 90.6% 0.003
intersection with CST 0/10 5/10 50% 92.9% 0.012
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Fig. 3. Functional outcome in relation to resected motor eloquent tissue indicating increasing morbidity with both cortical and subcortical motor
areas resected (p=0.002, Cramer’s V=0.5).

for long-term motor deficits is direct infiltration of the nTMS positive area [28-30].

In our cohort, only 18.4% suffered from a new surgery-induced motor deficit. It needs to be pointed out, that only 9.1% of the
patients without a preoperative deficit deteriorated postoperatively. Infiltration of nTMS positive cortex was linked to motor deficits,
but did not solely predict motor outcome [29-31,33,34]. Moser et al. [33] reported 62% permanent deficits after resection of nTMS
positive points and nTMS positive sites outside the precentral gyrus were moreover associated with development of motor deficits. In
line with these results, Muir et el [34]. experienced motor decline in 50% of the patients if nTMS spots underwent resection during
tumor removal. Additionally, nTMS based tractography could precisely predict motor deficits in their cohort [34]. The spatial relation
of motor positive cortical areas and the tumorous lesion suggested a different importance of nTMS positive spots outside the precentral
gyrus. No patient with nTMS positive spots at the tumor margin within the postcentral gyrus developed a permanent deficit in our
cohort and only two patients with infiltration of supplementary motor areas suffered from a permanent surgery-related deficit. The
positive predictive value of n'TMS positive cortex at the tumor-brain-interface for functional outcome was rather low in our cohort. The
negative predictive values for preserving motor function if eloquent tissue was preserved were remarkably high. These results do not
advocate a less aggressive surgical strategy concerning extent of resection. On the contrary, surgery aiming at gross total resection
should be performed if motor eloquent tissue is not endangered according to nTMS.

Motor mapping of patients with preoperative motor deficits was possible in our cohort and functional imaging data should be
considered in the preoperative planning process of those patients.

The results of our study and previously published data strongly support the prognostic value of presurgical nTMS motor mapping.
Furthermore, overlay of nTMS spots and CST-reconstructions with postoperative MRI correlated with postoperative outcome. In cases
with infiltrated motor positive area, careful planning of the extent of resection is required in order to preserve the preoperative clinical
status of the patients.

4.1. Limitations of the study

Limitations arise from the lack of intraoperative verification of the preoperative planning via electrophysiological monitoring and
commonly known limitations of DTI [15,39,40].

Nevertheless, the preoperative nTMS-workflow was highly standardized and nTMS mapping could be conducted in all patients,
even in those with severe preoperative deficits. Furthermore, it is broadly accepted that the spatial accuracy of nTMS is comparable to
intraoperative mapping [18,19,22]. We have to state that the small sample size might underestimate non-significant results and some
results might be underpowered, such as the preoperative tractography. On the contrary, most of our findings are supported by the
existing literature. We have to acknowledge that motor deficits were not quantified in a standardized way, however, no patient in the
cohort developed a surgery-related plegia or functionally severe impairment.

Moreover, the detailed analysis of the postoperative imaging classified all but one permanent surgery-related deficits correctly. This
underlines the significance of functional imaging in surgery of motor eloquent gliomas.

5. Conclusion
In the presented study, postoperative motor function was both associated with the resection of n'TMS motor positive spots and with

the distance between the resection cavity and the pyramidal tract. nTMS positive spots within the tumor or at the tumor-brain-interface
were at risk for being resected during surgery with a subsequent elevated risk for permanent motor deficits. Our data strictly support
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Fig. 4. Analysis of LTD (A) and CTD (B) measurements in relation to the postoperative motor status of the patients with only partly significant
results (LTD: 75%FAT nTMS assisted anatomical fibertracking, p = 0.03, Cohen’s d = 0.37, 50%FAT nTMS assisted anatomical fibertracking
p = 0.028, Cohen’s d = 0.33, CTD: 75%FAT nTMS assisted anatomical fibertracking, p = 0.007, Cohen’s d = 0.51, 50%FAT nTMS assisted
anatomical fibertracking p = 0.015, Cohen’s d = 0.46). All other comparisons were non-significant. Distances were measured in millimeters.

aggressive surgical strategies in patients without n'TMS positive spots at the tumor margin underlined by a negative predictive value of
90% for stable motor function if the motor cortex can be preserved during tumor resection.

5.1. Compliance with Ethical standards

The study design was approved by the Institutional Review Board of Paracelsus Medical University Nuremberg (Registration
numbers IRB-2020-022 and IRB-2022-012). All procedures performed in studies involving human participants were in accordance
with the 1964 Helsinki declaration and its later amendments. Informed consent for study participation was waived with due to the
retrospective study design and statistical analysis of anonymized data.
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