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Background: The resection of a motor-eloquent glioma should be guided by
intraoperative neurophysiological monitoring (IOM) but its interpretation is often difficult
and may (unnecessarily) lead to subtotal resection. Navigated transcranial magnetic
stimulation (nTMS) combined with diffusion-tensor-imaging (DTI) is able to stratify
patients with motor-eloquent lesion preoperatively into high- and low-risk cases with
respect to a new motor deficit.

Objective: To analyze to what extent preoperative nTMS motor risk stratification can
improve the interpretation of IOM phenomena.

Methods: In this monocentric observational study, nTMS motor mapping with DTI fiber
tracking of the corticospinal tract was performed before IOM-guided surgery for motor-
eloquent gliomas in a prospectively collected cohort from January 2017 to October 2020.
Descriptive analyses were performed considering nTMS data (motor cortex infiltration,
resting motor threshold (RMT), motor evoked potential (MEP) amplitude, latency) and IOM
data (transcranial MEP monitoring, intensity of monopolar subcortical stimulation (SCS),
somatosensory evoked potentials) to examine the association with the postoperative
motor outcome (assessed at day of discharge and at 3 months).

Results: Thirty-seven (56.1%) of 66 patients (27 female) with a median age of 48 years
had tumors located in the right hemisphere, with glioblastoma being the most common
diagnosis with 39 cases (59.1%). Three patients (4.9%) had a new motor deficit that
recovered partially within 3 months and 6 patients had a persistent deterioration (9.8%).
The more risk factors of the nTMS risk stratification model (motor cortex infiltration, tumor-
tract distance (TTD) ≤8mm, RMTratio <90%/>110%) were detected, the higher was the
risk for developing a new postoperative motor deficit, whereas no patient with a TTD
>8mm deteriorated. Irreversible MEP amplitude decrease >50% was associated with
worse motor outcome in all patients, while a MEP amplitude decrease ≤50% or lower SCS
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intensities ≤4mA were particularly correlated with a postoperative worsened motor status
in nTMS-stratified high-risk cases. No patient had postoperative deterioration of motor
function (except one with partial recovery) when intraoperative MEPs remained stable or
showed only reversible alterations.

Conclusions: The preoperative nTMS-based risk assessment can help to interpret
ambiguous IOM phenomena (such as irreversible MEP amplitude decrease ≤50%) and
adjustment of SCS stimulation intensity.
Keywords: navigated transcranial magnetic stimulation (nTMS), brain tumor surgery, glioma, motor outcome,
diffusion tensor imaging, intraoperative neurophysiological monitoring (IOM), motor-evoked potential (MEP),
subcortical stimulation
INTRODUCTION

When resecting a glioma, a gross total resection (GTR) is always
aimed for since the extent of resection (EOR) is positively
correlated with (progression free) survival (1, 2). A large
multicenter trial demonstrated a benefit of supramarginal
resections (= resection of both contrast-enhanced and
noncontrast-enhanced tumor parts) especially for patients with
Isocitrate dehydrogenase (IDH)-wild-type glioblastoma (3).
However, it is important to note that patients with eloquently
located brain lesions require careful consideration of tumor
resection versus functional preservation, as new functional
deficits lead not only to reduced quality of life but also to
reduced survival (4).

The gold standard for surgical treatment of motor-eloquent
brain lesions is resection guided by intraoperative
neurophysiological monitoring (IOM) (5). Yet, different
techniques, stimulation intensities, concepts, and warning signs
can be found in the literature, making interpretation of IOM
phenomena difficult (6, 7). In addition, there are reports of false-
positive and false-negative monitoring phenomena affecting
intraoperative motor outcome prediction as well (8–10).
Navigated transcranial magnetic stimulation (nTMS) has been
established as a reliable preoperative motor mapping method with
very high concordance to direct cortical stimulation (11, 12). A
meta-analysis demonstrated the clinical benefit of nTMS motor
mapping and showed improvement in motor outcome and extent
of resection (13). We developed a risk stratification model based
on nTMS and tractography data with which patients with motor-
eloquent tumor can be used to stratify into low and high-risk cases
(14). High-risk cases (with higher likelihood of postoperative
motor deterioration) are characterized by 3 risk parameters: 1.)
nTMS-verified motor cortex infiltration, 2.) tumor distance to the
diffusion tensor imaging (DTI)-derived corticospinal tract (CST)
≤8mm or 3.) a ratio <90%/>110% of the resting motor threshold
(RMT) of both hemispheres (indicating individual and
interhemispheric excitability).

A comparison between preoperative nTMS motor mapping/
tractography and phenomena of IOM has not been done so far.
One can hypothesize that preoperative nTMS assessment can
support the interpretation of ambiguous IOM changes (such as
reversible MEP amplitude alterations or irreversible MEP
2

amplitude decrease ≤50%) that might be examined more
meticulously and carefully in high-risk cases. The aim of this
study was to investigate the extent to which preoperative nTMS
motor risk stratification and diffusion analysis can help relate
ambiguous IOM phenomena to surgical outcome and therefore
improve IOM interpretation.
MATERIALS AND METHODS

Study Design
Retrospective analysis of a prospectively collected cohort from 01/
2017 to 10/2020 was performed in accordance with the STROBE-
Guidelines (15) and the ethical standards of the Declaration of
Helsinki. The Ethics Commission approved the study (#EA1/016/
19) and the patients provided written informed consent. Our
workflow is exemplarily shown in Figure 1.

Patients
Sixty-six patients (age ≥ 18 years) with a motor-eloquent glioma
(affecting the motor cortex and/or the CST) who received
preoperative nTMS motor mapping and underwent IOM-
guided resection were included. Intracranial implants are
exemplary contraindications for nTMS (16), however no
patient had to be excluded. Patient characteristics such as age,
sex and the Karnofsky Performance Scale (17) were assessed in a
purpose made database. The motor status was assessed
preoperatively, on the day of discharge and after 3 months by
the attending neurosurgeon according to the British Medical
Research Council [BMRC]) (18) (a scale ranging between 0-5
where BMRC grade 5 represents full strength and 0 representing
no muscle activation). The motor outcome was defined as
worsened or not worsened, with motor worsening defined as
decreased postoperative muscle strength compared with
preoperative status. Tumor grading (according to WHO
classification of 2016) was performed by the department of
neuropathology (19).

MR Imaging
The MRI scans were performed on a 3 Tesla MRI scanner
(Siemens 3T Skyra system, Erlangen, Germany), with technical
details published elsewhere (20). A contrast-enhanced 3D
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gradient echo sequence with a slice thickness of 1mm was used as
reference sequence for the nTMS mapping. Preoperative tumor
volume was calculated by tumor segmentation with the clinical
planning software Elements (Brainlab AG, Munich, Germany)
using the T1-weighted sequences with contrast agent in contrast-
enhanced tumors and fluid-attenuated inversion recovery
(FLAIR) sequences in cases without contrast enhancement. In
each patient, DTI sequences were acquired for fiber tracking and
analysis of diffusion tensor-based metrics (2-mm isotropic
resolution; TR/TE 7500/95ms; 1 shell b-value = 1300 s/mm2

with 60 directions per shell) with details published previously
(20). The postoperative MRI scan (acquired within 72h
postoperatively) was carefully evaluated for ischemia and
residual tumor tissue by an interdisciplinary board of
neurosurgeons and neuroradiologists based on diffusion
weighted imaging (DWI) sequences for ischemia, subtraction
Frontiers in Oncology | www.frontiersin.org 3
sequences (T1 with contrast agent subtracted by T1) for contrast
agent enhancing tumors or otherwise based on the FLAIR
sequence. The EOR was defined as follows: GTR: complete
removal, subtotal resection: residual tumor volume ≤ 15ml and
partial resection: > 15ml (21).

nTMS Mapping
AnnTMSmotormapping (NBS5.1;Nexstim,Helsinki, Finland)was
performed inall patients forbothhemispheres in accordancewith the
consensusprotocolof an international expertpanel (22).Basedon the
exact localization of the coil and the respective stimulation intensity
(measured in V/m as the resulting electric field strength), we
performed somatotopic mapping for the following muscles:

- upper extremity: abductor pollicis brevis, first digital
interosseus and extensor carpi radialis
FIGURE 1 | Visualization of our workflow. A 65-year-old man suffered from headache and personality changes. Cerebral MRI showed an insular, contrast-enhancing
tumor in the right hemisphere (A). An nTMS motor mapping was performed for the upper extremity, lower extremity, and facial muscles to define the individual
cortical motor representation and to investigate the individual excitability level of the patients, which showed a normal RMTratio between 90% and 110%.
Standardized nTMS-based tractography revealed a TTD of 2 mm, so that a total of 1 of 3 risk factors was detectable. Tumor resection was performed using MEPs,
SSEPs, and SCS, with SCS guided by the mapping suction probe at a minimum intensity of 2mA. The MEPs showed changes two times, so resection was paused
each time and irrigated with papaverine until the MEPs recovered (B). MRI resection control showed a good result with no evidence of residual tumor (C). The
patient did not suffer a new motor deficit.
May 2021 | Volume 11 | Article 676626
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- lower extremity: tibialis anterior and abductor hallucis brevis.

A stimulation sitewas consideredpositive if the amplitude of the
resulting motor evoked potential (MEP) was at least 50µV. The
mapping data could also be visualized intraoperatively by
implementation into the neuronavigation system so that the
motor cortex could be identified. The RMT of each hemisphere
(RMTtumor, RMThealthy) and the ratio (RMTratio = RMTtumor

divided by RMThealthy) as surrogate parameters for the cortical
excitability were determined based on an adaptive threshold-
hunting algorithm (23). We verified whether the tumor infiltrated
the gyrus which was identified as motor cortex (= in which MEPs
were elicited) on the basis of a 3D MRI reconstruction.

Tractography
The data of the nTMS motor mapping were then imported via
DICOM format into our planning software Elements (Brainlab
AG, Munich, Germany), followed by image fusion with the MRI
data and cranial distortion correction to optimize the planning
accuracy (24). Deterministic “fiber assignment by continuous
tracking” and “tensor deflection” algorithms were used to
visualize the CST for the upper and the lower extremity in a
highly reliable and user-independent manner. We combined an
anatomically seeded region of interest in the anterior-inferior
pontine level with the nTMS stimulation points as seeding
regions (20, 25). Intraoperative validation of the nTMS-based
tracking algorithm showed to be superior to other algorithms,
specifically visualizing peritumoral tracts while avoiding aberrant
fibers (25–28). Finally, the minimum distance between the CST
and the tumor was measured and the mean as well as the
peritumoral diffusion values fractional anisotropy (FA) and
apparent diffusion coefficient (ADC) were calculated (FAavg

and the ADCavg [mm2/s] of the entire tracts, FAtumor and
ADCtumor at the tumor level).

Intraoperative Neurophysiological
Monitoring
All patients received standard anesthesia (total venous anesthesia
and short-acting relaxants for intubation) with weight-adjusted
use of propofol, fentanyl and remifentanil. IOM was applied in
all cases with the ISIS system (Inomed, Emmendingen,
Germany), with the treating neurosurgeon deciding
individually on the monitoring techniques used:

-MEPs (n = 61) (train of 5, pulse duration: 0.2 msec, interstimulus
interval: 2 msec) with corkscrew electrodes placed at C3 and C4

according to the 10–20 electroencephalography (EEG) system (29)

-continuous subcortical stimulation (SCS) (n = 53) using a
monopolar mapping suction probe at a frequency of 2 Hz
with a stimulation intensity of 10-15 mA initially, which was
reduced depending on the individual case (7)

-recordings of the somatosensory evoked potential (SSEP) (n =
29) of the medianus and posterior tibial nerve with computer-
assisted averaging and corkscrew electrodes additionally
placed at Fz, Cz’, C3’ and C4’ (stimulating intensities: 15-25
mA; current pulses: 0.2 msec; filter settings: 7 Hz–5 kHz) (30)
Frontiers in Oncology | www.frontiersin.org 4
MEPswere recorded by pairs of needle electrodes inserted in the
same muscles as mentioned above. Continuous EEG monitoring
(using the corkscrew scalp electrodes) was performed to detect
seizures and to keep the depth of anesthesia constant.

A decrease in MEP or SSEP amplitude >50% was considered a
warning sign and the resection was paused immediately.
Nonsurgical reasons for the decrease such as hypotension,
altered anesthetic regimen (anesthetic use/ventilation
parameters), or hypothermia were immediately evaluated (7,
31). Papaverine was applied aiming for full recovery of MEP
and SSEP amplitude. It was recorded whether an amplitude
decrease was transient or permanent and whether the permanent
decrease was ≤50% or >50%. Resection was terminated when
there was an irreversible MEP decrease >50% or subcortical
stimulation indicated a very close location of the CST. We
documented the (minimal) stimulation intensity of the
mapping suction probe.

Statistical Analysis
Statistics were performed with IBM SPSS Statistics 25.0 (IBM
Corp., Armonk, N.Y., USA). A two-sided statistical significance
level of a = 0.05 was used. Descriptive analyses were performed
by reporting the mean and standard deviation (SD) for normally
distributed parameters or the median and interquartile range
(IQR) otherwise. Standardized mean differences (SMD) and the
contingency coefficient (cc) were calculated to indicate sample
size independent magnitude of group differences. The Pearson’s
Chi-Square Test, two sample t-Test or Mann-Whitney-U Test
were used depending on the scaling and distribution of the
variables. Correlation analyses of metric parameters were
performed by calculating Pearson correlation coefficient r.
RESULTS

Patients Sample
This consecutive cohort consisted of 66 patients with a median
age of 48 years whose characteristics are detailed in Table 1.
Most patients suffered from a glioblastoma (59.1% of cases). The
preoperative clinical examination revealed a motor deficit in 12
patients (18.2%). A new/an agravated postoperative paresis was
found in 11 patients (16.7%) at the day of discharge. One patient
(1.5%) showed an improvement in motor function
postoperatively. A persistent paresis at 3-month follow-up
occurred in 6 patients (9.1%) and 3 patients showed a partial
recovery (4.5%) with a BMRC grade ≥ 3. The proportion of
patients who developed a new postoperative motor deficit was
the same in patients with preoperative paresis (16.7%) and
without preoperative paresis (16.7%). Five patients (7.6%) were
lost to follow-up for the following reasons: 3 patients with tumor
progression, 1 patient died, and 1 patient moved to another city.

Postoperative ischemia was detected in 20 patients (30.3%), of
whom 3 (4.5%) were subcortically located in the course of CST
and one (1.5%) was partially located in the motor cortex (Table 1).
Subcortical ischemic injury resulted in a persistent motor deficit in
all 3 cases.
May 2021 | Volume 11 | Article 676626

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Rosenstock et al. Comparative Analysis of nTMS and IOM
nTMS Risk Stratification
The cortical mapping verified a tumorous motor cortex
infiltration in 16 cases of which 7 patients (43.8%) suffered
from a new motor deficit postoperatively. In contrast, only 4
out of 50 patients (8%) without motor cortex infiltration showed
a postoperative deteriorated motor status (p = .002).

Descriptive statistics of the nTMS parameters (RMT, MEP
latency, MEP amplitude) are outlined in Supplementary 1.
Patients with a worse motor outcome had a higher
preoperative RMTtumor (worsening: 73.89 V/m, SD: 30.143 vs.
no worsening: 62.27 V/m, SD: 16.743; p = .101, SMD = 0.62) and
a higher RMThealthy (worsening: 75.89 V/m, SD: 23.513 vs. 63.90,
SD: 19.438; p = .096, SMD = 0.60). Only one patient with an
RMTratio between 90% and 110% had a worsened motor status
Frontiers in Oncology | www.frontiersin.org 5
after surgery, but this paresis recovered, whereas all other
patients with a new deficit had an RMTratio <90% or >110%
(Figure 2; sensitivity: 88.9%, specificity: 15.4%).

Fiber-tracking of CST showed a median tumor-tract distance
(TTD) of 4.5 mm (IQR: 10.0), and no patient suffered from a new
deficit when the TTD was greater than 8 mm (short-term motor
outcome: cc = .302, p = .010; long term motor outcome: cc = .289,
p= .019). Interestingly, the twopatientswithapartial recoveryhada
lowTTD<8mmbutno tumorous infiltrationof theCST(Figure2).
The proportion of patientswith aGTRwas higher in the groupwith
TTD > 8mm (81.8%) than in the group with TTD 1-8mm (69.2%)
and in the group with TTD = 0mm (44.4%) (cc = .296, p = .044).

Thenumberofpatientswithanewmotordeficitdependingonthe
number of nTMS risk factors is shown in Figure 2. The more risk
factors (motor cortex infiltration, TTD ≤ 8mm, RMTratio <90%/
>110%) were detected, the higher was the risk for a worse motor
outcome (cc = .506, p <.001). Postoperative imaging revealed
ischemia within the motor cortex in 2 patients (3%) and within the
CST in another 2 patients (3%). Subcortical ischemia resulted in
permanent new motor deficits which was not the case with
cortical ischemia.

The distribution of FAavg, FAtumor, ADCavg, and ADCtumor are
shown in Supplementary 2. Lower FAavg values (worsening:
mean: 0.38 (SD: 0.09), no worsening mean: 0.47 (SD: 0.07), p =
.008, SMD = 1.07) and higher ADCtumor (worsening: mean: 12.47
* 10-4 (SD: 7.99 * 10-4), no worsening mean: 8.91 * 10-4 (SD: 6.93
* 10-4) p = .045, SMD = 0.48) were associated with a deteriorated
postoperative motor status.

IOM
An overview of the used IOM techniques is presented in Table 2.
Only one patient (2.9%) of 34 with stable MEP amplitude suffered
from a new motor deficit postoperatively (p = .001, cc = .403) and
recovered in long-term motor outcome (p = .003, cc = .408). An
irreversible MEP amplitude decrease resulted in a new motor
deficit postoperatively in the majority of cases (Table 2, p = .003,
cc = .544), however patients with a decrease ≤50% of the baseline
MEP amplitude were more likely to have a recovery in long-term
motor outcome (Table 2, p = .011, cc = .601). No patient with a
completely reversible MEP amplitude alteration showed
postoperative motor worsening.

Patients whose resection was performed at lower stimulation
intensities ≤4mA during the SCS had the highest risk of suffering
a new motor deficit, in contrast to an intensity ≥8mA, which was
found to be safe from postoperative motor deterioration (Table 2,
p = .003, cc = .422). In the cases in which SSEP monitoring was
performed, there was no correlation with postoperative motor
status (shot-term motor outcome: p = .658, cc = .082; long-term
motor outcome: p = .437, cc = .245).

Comparative Analysis of nTMS/DTI and IOM
In patients with preoperatively verified tumorous motor cortex
infiltration, intraoperative MEP alterations occurred more
frequently (Figure 3; 33.3% with infiltration vs. 14.7% without;
p = .086, cc = .215). In 3 of 4 patients withmotor cortex infiltration
(75%) a permanent decrease of the MEP amplitude ≤50% resulted
in a permanent deficit and in one patient (25%) in a transient
TABLE 1 | Patient sample.

n = 66

Age in years, median (IQR) 48y (28)
Sex
Female 27 (40.9%)
Male 39 (59.1%)

KPS, median (IQR) 90 (13)
BMRCpreop.
0-3 5 (7.6%)
4 7 (10.6%)
5 54 (81.8%)

Hemisphere
R 37 (56.1%)
L 29 (43.9%)

Tumor Location
Frontal 23 (34.8%)
Parietal 18 (27.3%)
Temporo-insular 22 (33.3%)
Multilocular 3 (4.5%)

Histology
WHO II° 10 (15.2%)
WHO III° 17 (25.8%)
WHO IV° 39 (59.1%)

Tumor Recurrency 22 (33.3%)
Tumor Volume in ml, median (IQR) 23.35 (32.58)
Edema within CST 36 (54.5%)
IOM
MEP 61 (92.4%)
SSEP 29 (43.9%)
SCS 53 (80.3%)

Motor Outcome
Day of Discharge
Worsening 11 (16.7%)
No Worsening 55 (83.3%)
3 Months postop.
missings1 5 (7.6%)
Persistent Worsening 6 (9.1%)
Partial Recovery 3 (4.5%)
No Worsening 52 (78.8%)

Extent of Resection
GTR 46 (65.7%)
STR 20 (28.6%)
PR 4 (5.7%)
13 patients with tumor progression, 1 patient died, and 1 patient lived in another city; KPS,
Karnofsky Performance Scale; BMRC, motor status according to the British Medical
Research Counsil; CST, corticospinal tract; MEP, motor evoked potentials; SSEP,
somatosensory evoked potentials; SCS, subcortical stimulation; GTR, gross total
resection; STR, subtotal resection; PR, partial resection.
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deficit. In contrast, no postoperative deterioration occurred in 4 of
5 patients (80%) without verified motor cortex infiltration,
although MEP amplitude was also decreased by ≤ 50%. One
patient (20%) had a new motor deficit which recovered partially.

A subgroup analysis of patients with TTD >8mm revealed
that MEP amplitude alterations were detected in 6 of 27 patients
(22.2%), 2 of whom had an irreversible MEP amplitude decrease
≤50%, although no patient within this group deteriorated
(Figure 3). An irreversible MEP decrease >50% was only
found in the patients with a TTD ≤8mm. In a further analysis
of patients with an irreversible MEP amplitude decrease ≤50%,
two patients with a TTD of 0mm (100%) suffered a permanent
motor deficit, whereas 1 of 5 patients (20%) with a TTD between
0 and 8mm had a new persistent motor deficit, 2 (40%) had a
new paresis with partial recovery within 3 months, and 2 (40%)
had no postoperative motor deterioration (Figure 3).

The TTD measured preoperatively and the minimum used
intensity of intraoperative SCS were significantly correlated
(Pearson’s r = 0.5; p <.001). An SCS intensity ≤4mA and a
TTD of 0mm resulted in a permanent deficit in 2 of 4 patients
(50%). In contrast, a TTD between 0 and 8mm led to a new
permanent paresis in 1 of 7 patients (14.3%) and to a
postoperative deterioration in 2 of 7 patients (28.6%) which
partially recovered within 3 months (Figure 3).

Neither the RMTtumor/RMThealthy nor the RMTratio were
associated with specific findings of the IOM.
DISCUSSION

Main Finding of the Study
To the best of our knowledge, this is the first study to analyze
findings from nTMS motor mapping and DTI fiber tracking and
Frontiers in Oncology | www.frontiersin.org 6
IOM with respect to the short- and long-term motor outcome,
which we have illustrated in a flow chart (Figure 4). The motor
outcome of patients with an irreversible MEP amplitude decrease
≤50% or used SCS intensities ≤7mA depends on the nTMS risk
stratification. The more risk factors (motor cortex infiltration,
TTD ≤8mm, RMTratio <90%/>110%) were found, the higher was
the risk for a new motor deficit. An irreversible MEP amplitude
decrease >50% was always associated with worse motor outcome
whereas patients with reversible MEP amplitude alterations and
used SCS intensities >7mA always showed preserved motor
function. The same was true when the TTD was >8mm as
described before by our group (14).

Preoperative Assessment by nTMS
and DTI
The use of nTMS data for DTI fiber tracking of CST proved to be
a superior technique, as peritumoral tracts in particular could be
visualized in a user-independent manner and robust to
peritumoral edema (25, 28). The highly significant correlation
between the TTD and the minimal SCS intensity is consistent
with a previously published validation study of nTMS-derived
tractography (32). Our analysis also confirmed the recent risk
stratification model that no new postoperative motor deficit
occurred in patients with a TTD > 8 mm (14). The results of
which were also confirmed externally with a similar TTD
threshold of 12 mm (33, 34). In addition to the TTD, nTMS-
verified tumorous infiltration of the motor cortex was also
confirmed as a risk for postoperative motor deficit, which must
be emphasized because tumor mass effect, peritumoral edema,
and tumor-induced plasticity often confound accurate
landmark-based assessment (34, 35). The nTMS mapping not
on l y p rov ide s topog raph i c da t a bu t a l so a l l ows
neurophysiological assessment whereby an unbalanced
A B C

FIGURE 2 | Analysis of nTMS risk factors and long-term motor outcome. No patient suffered a new permanent motor deficit when the RMTratio was between 90%
and 110% (A). Only one patient developed a postoperative paresis which recovered partially within 3 months. The lower the TTD was, the higher was the risk of
postoperative motor deterioration (B). Note that 4 patients in the worsening group had a TTD of 0 mm. Thus, in addition to the recently proposed safe TTD of 8mm,
the entire nTMS risk stratification was confirmed in this cohort (C).
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interhemispheric excitability (RMTratio <90%/>110%) was
associated with worse postoperative motor outcome (14, 36).
Our analysis shows RMTratio to be a sensitive (sensitivity: 88.9%)
but nonspecific (specificity: 15.4%) parameter for predicting
motor outcome. On the one hand, only one patient with an
RMTratio between 90% and 110% suffered a motor deficit that
partially recovered within 3 months. On the other hand, 44 of 52
patients (84.6%) with an impaired RMTratio <90%/>110%
maintained their motor function postoperatively. Previous
studies indicated that worsened motor status was associated
with higher RMTtumor values, a trend that was also evident in
this cohort (33). The RMTratio seems to have a limited
significance in this cohort because of its low specificity.
However, in combination with the other risk factors, the
likelihood of motor deterioration is further increased or
decreased depending on the RMTratio.
IOM – Transcranial MEP Monitoring
There is evidence from a meta-analysis that resection of eloquent
brain tumors should be guided by intraoperative stimulation to
increase the extent of resection and reduce the incidence of new
motor deficit (5). In addition, innovative techniques such as
nTMS and IOM enable surgical treatment of patients whose
brain tumors were previously deemed unresectable (37). A
European multicenter survey raised the (still unanswered)
question which stimulation parameters and which warning
criteria should be used (38).

Different thresholds regarding irreversible MEP amplitude
decrease and postoperative motor deterioration have been
discussed (from any irreversible change to 50% decrease and
up to 80% decrease), where the studies analyzed MEPs induced
by both transcranial electrical stimulation and direct cortical
stimulation (9, 39–41). Reversible MEP amplitude alterations
were rather associated with transient motor deficits (8, 9, 41).
More recently, MEP latency prolongation was less considered for
motor outcome prediction because of its low sensitivity and
specificity (8, 9, 31). In agreement with the literature, no patient
suffered a new postoperative paresis if the MEP amplitude was
stable or showed a completely reversible change, so there were no
false-negative events. On the other hand, an irreversible MEP
amplitude decrease >50% led to a permanent deficit in 75% of
patients, which is also in accordance with the literature.
Interestingly, irreversible MEP amplitude decrease ≤50% was
associated with worse motor outcome in high-risk nTMS cases,
which was not true for patients without motor cortex infiltration
or a TTD >8 mm. Thus, the preoperative nTMS risk stratification
not only correlates with MEP amplitude alterations but also
provides information that can improve the interpretation of IOM
findings, especially for identifying false-positive amplitude
changes. This is particularly important because recent studies
have reported various neurosurgical as well as anesthesiologic
causes that may affect MEP amplitude and could not be
distinguished from phenomena induced by direct tissue lesions
(39, 42–44). To our knowledge, our analysis is the first one that
can help to distinguish true-positive from false-positive MEP
amplitude alterations.
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IOM – Continuous Subcortical Mapping
The usefulness and accuracy of continuous SCS for detecting and
preserving the CST have been demonstrated, since MEP
alterations are rather suitable for outcome prediction than as
warning system (7, 45, 46). However, MEP monitoring and
continuous SCS remained as standard of care to enhance safety
during low stimulation thresholds (45).
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Earlier studies aimed to find a safe limit for SCS intensities
(e.g., 5-6mA) with which tumor resection can be performed
without risk for the motor system (31, 47–49). Raabe et al.
showed that SCS intensities <5mA only causes transient motor
deficits in their case series – except two patients with detected
ischemia on postoperative imaging who suffered a permanent
motor deterioration (7). This and other studies promoted
A

B

C

FIGURE 3 | Analysis of IOM and long-term motor outcome. An irreversible MEP amplitude decrease >50% resulted in worse motor outcome in 3 of 4 patients (A).
An irreversible MEP amplitude decrease ≤50% resulted in a new postoperative motor deficit, particularly in patients with nTMS-verified motor cortex infiltration, that
was not present in patients without motor cortex infiltration. A similar correlation could be found for the analysis of the TTD (B). No patient with a TTD >8mm suffered
a new motor deficit, independently of whether MEP changes were detected or not. The motor outcome of patients with an irreversible MEP decrease ≤50% is
worse, especially in patients with a TTD of 0mm than in patients with a TTD between 1 and 8mm. This phenomenon is also observed for the minimum SCS intensity,
where the postoperative motor outcome was worse in the group of patients with a TTD of 0 mm than in the group with a TTD between 1 and 8mm, while the same
SCS intensities were used (C).
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lowering stimulation intensities to 2-3mA (7, 50, 51) but the
question of which patients are appropriate for this approach has
yet to be answered, as lower SCS intensities were associated with
a higher risk of CST injury in our study. In our patients with a
tumorous subcortical infiltration of the CST (TTD = 0mm),
lowering the stimulation intensity ≤4mA was associated with a
higher risk of a new permanent motor deficit. This tendency was
much less pronounced in the group of patients with TTD
between 1 and 8mm. Thus, the minimal SCS intensity should
always be adjusted to whether a GTR is realistically possible and
oncologically appropriate. We observed for the first time that the
risk for a new motor deficit depends on the TTD despite the
same SCS intensity. Thus, the nTMS risk stratification may
additionally help to optimize the tumor resection and
monitoring strategy to further minimize the risk for
motor deterioration.

IOM – Somatosensory Evoked Potentials
SSEPs were used less frequently in our cohort and showed no
correlation that could contribute to the improvement of motor
outcome or intraoperative guidance of resection. There is one
study showing very low sensitivity with low positive predictive
value of SSEP monitoring in brainstem surgery, stating that
incautious interpretation may lead to unnecessary termination of
tumor resection (52). However, SSEPs in brain tumor surgery
have been studied more in terms of identifying the motor cortex
by phase reversal of the somatosensory evoked potential and not
for monitoring the integrity of the motor system (53).
Frontiers in Oncology | www.frontiersin.org 9
Limitations
We performed a retrospective analysis of a prospectively collected
cohortofpatientswithmotor-eloquentglioma inwhomthe treating
neurosurgeon individually decided on the exact IOM techniques.
Therefore, we cannot exclude the occurrence of selection bias.
Because of our very detailed analysis of motor-eloquent brain
tumors and of abnormal IOM phenomena, the resulting
subgroups are small, which did not permit statistical testing for
group differences. On the other hand, this allowed us to provide a
soundcomparative analysis ofnTMSand IOMfindings that hasnot
been investigated before. Multicentric, prospectively designed
studies are needed to further improve the treatment algorithm of
motor-eloquent tumors.

Deterministic DTI has been used in routine clinical practice
to determine TTD in a validated and user-independent approach
with robustness to peritumoral edema (25, 32). New techniques
such as probabilistic tractography capable of visualizing areas of
complex fiber architecture have been investigated, however, these
approaches have not yet been established in clinical practice (54).
For visualization of the CST, we used deterministic DTI as the
established clinical routine. This technique has limitations,
especially in the situation of crossing/kissing fibers (55).
CONCLUSIONS

An irreversible MEP amplitude decrease >50% was associated
with higher risk of developing a new postoperative paresis in all
A

B

FIGURE 4 | Flowchart showing the association between preoperative nTMS assessment (motor cortex [M1] infiltration and tumor-tract distance [TTD]) and IOM
(A - MEP amplitude monitoring and B - SCS intensity).
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cases. The motor outcome of patients with an irreversible MEP
amplitude decrease ≤50% or used SCS intensities ≤7mA depends
on the nTMS risk stratification: high-risk cases (motor cortex
infiltration, TTD <8mm, RMTratio <90%/>110%) had a higher
risk for postoperative motor deterioration which was not the case
in low-risk patients. Thus, the preoperative nTMS-based risk
assessment can improve the interpretation of IOM phenomena
and the adjustment of SCS stimulation intensity. These
observations warrant a prospective interventional study to
address the potential impact of nTMS informed IOM
interpretation on clinical outcomes.
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Charité – Universitätsmedizin Berlin.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
676626/full#supplementary-material

Supplementary 1 | Analysis of neurophysiological data. The distribution of the
RMT stimulator output (A), the RMT electric field strength (B), the MEP latency (C)
and the MEP amplitude (D) is shown for the tumor and the healthy hemisphere.

Supplementary 2 | Analysis of the diffusion parameters. The distribution of the
FAavg, FAtumor (A), ADCavg and ADCtumor in mm2/s (B) is shown.
REFERENCES
1. Brown TJ, Brennan MC, Li M, Church EW, Brandmeir NJ, Rakszawski KL,

et al. Association of the Extent of Resection With Survival in Glioblastoma: A
Systematic Review and Meta-Analysis. JAMA Oncol (2016) 2(11):1460–9.
doi: 10.1001/jamaoncol.2016.1373

2. Xia L, Fang C, Chen G, Sun C. Relationship Between the Extent of Resection
and the Survival of Patients With Low-Grade Gliomas: A Systematic Review
and Meta-Analysis. BMC Cancer (2018) 18(1):48. doi: 10.1186/s12885-017-
3909-x

3. Molinaro AM, Hervey-Jumper S, Morshed RA, Young J, Han SJ, Chunduru P,
et al. Association of Maximal Extent of Resection of Contrast-Enhanced and
Non-Contrast-Enhanced Tumor With Survival Within Molecular Subgroups
of Patients With Newly Diagnosed Glioblastoma. JAMA Oncol (2020) 6
(4):495–503. doi: 10.1001/jamaoncol.2019.6143

4. McGirt MJ, Mukherjee D, Chaichana KL, Than KD, Weingart JD, Quinones-
Hinojosa A. Association of Surgically Acquired Motor and Language Deficits
on Overall Survival After Resection of Glioblastoma Multiforme.
Neurosurgery (2009) 65(3):463–9; discussion 9-70. doi: 10.1227/
01.NEU.0000349763.42238.E9
5. De Witt Hamer PC, Robles SG, Zwinderman AH, Duffau H, Berger MS.
Impact of Intraoperative Stimulation Brain Mapping on Glioma Surgery
Outcome: A Meta-Analysis. J Clin Oncol Off J Am Soc Clin Oncol (2012) 30
(20):2559–65. doi: 10.1200/JCO.2011.38.4818

6. Saito T, Muragaki Y, Maruyama T, Tamura M, Nitta M, Okada Y.
Intraoperative Functional Mapping and Monitoring During Glioma
Surgery. Neurol Med Chir (Tokyo) (2015) 55(1):1–13. doi: 10.2176/
nmc.ra.2014-0215

7. Raabe A, Beck J, Schucht P, Seidel K. Continuous Dynamic Mapping of the
Corticospinal Tract During Surgery of Motor Eloquent Brain Tumors:
Evaluation of a New Method. J Neurosurg (2014) 120(5):1015–24.
doi: 10.3171/2014.1.JNS13909

8. Krieg SM, Shiban E, Droese D, Gempt J, Buchmann N, Pape H, et al.
Predictive Value and Safety of Intraoperative Neurophysiological
Monitoring With Motor Evoked Potentials in Glioma Surgery.
Neurosurgery (2012) 70(5):1060–70; discussion 70-1. doi: 10.1227/
NEU.0b013e31823f5ade

9. Szelenyi A, Hattingen E, Weidauer S, Seifert V, Ziemann U. Intraoperative
Motor Evoked Potential Alteration in Intracranial Tumor Surgery and Its
Relation to Signal Alteration in Postoperative Magnetic Resonance Imaging.
May 2021 | Volume 11 | Article 676626

https://www.frontiersin.org/articles/10.3389/fonc.2021.676626/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.676626/full#supplementary-material
https://doi.org/10.1001/jamaoncol.2016.1373
https://doi.org/10.1186/s12885-017-3909-x
https://doi.org/10.1186/s12885-017-3909-x
https://doi.org/10.1001/jamaoncol.2019.6143
https://doi.org/10.1227/01.NEU.0000349763.42238.E9
https://doi.org/10.1227/01.NEU.0000349763.42238.E9
https://doi.org/10.1200/JCO.2011.38.4818
https://doi.org/10.2176/nmc.ra.2014-0215
https://doi.org/10.2176/nmc.ra.2014-0215
https://doi.org/10.3171/2014.1.JNS13909
https://doi.org/10.1227/NEU.0b013e31823f5ade
https://doi.org/10.1227/NEU.0b013e31823f5ade
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Rosenstock et al. Comparative Analysis of nTMS and IOM
Neurosurgery (2010) 67(2):302–13. doi: 10.1227/01.NEU.0000371973.
46234.46

10. Moiyadi A, Velayutham P, Shetty P, Seidel K, Janu A, Madhugiri V, et al.
Combined Motor Evoked Potential Monitoring and Subcortical Dynamic
Mapping in Motor Eloquent Tumors Allows Safer and Extended Resections.
World Neurosurg (2018) 120:e259–e68. doi: 10.1016/j.wneu.2018.08.046

11. Picht T, Schmidt S, Brandt S, Frey D, Hannula H, Neuvonen T, et al.
Preoperative Functional Mapping for Rolandic Brain Tumor Surgery:
Comparison of Navigated Transcranial Magnetic Stimulation to Direct
Cortical Stimulation. Neurosurgery (2011) 69(3):581–8; discussion 8.
doi: 10.1227/NEU.0b013e3182181b89

12. Tarapore PE, Tate MC, Findlay AM, Honma SM, Mizuiri D, Berger MS, et al.
Preoperat ive Mult imodal Motor Mapping: A Comparison of
Magnetoencephalography Imaging, Navigated Transcranial Magnetic
Stimulation, and Direct Cortical Stimulation. J Neurosurg (2012) 117
(2):354–62. doi: 10.3171/2012.5.JNS112124

13. Raffa G, Scibilia A, Conti A, Ricciardo G, Rizzo V, Morelli A, et al. The Role of
Navigated Transcranial Magnetic Stimulation for Surgery of Motor-Eloquent
Brain Tumors: A Systematic Review and Meta-Analysis. Clin Neurol
Neurosurg (2019) 180:7–17. doi: 10.1016/j.clineuro.2019.03.003

14. Rosenstock T, Grittner U, Acker G, Schwarzer V, Kulchytska N, Vajkoczy P,
et al. Risk Stratification in Motor Area-Related Glioma Surgery Based on
Navigated Transcranial Magnetic Stimulation Data. J Neurosurg (2017) 126
(4):1227–37. doi: 10.3171/2016.4.JNS152896

15. von Elm E, Altman DG, Egger M, Pocock SJ, Gotzsche PC, Vandenbroucke
JP, et al. The Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) Statement: Guidelines for Reporting
Observational Studies. Lancet (9596) 2007) 370:1453–7. doi: 10.1016/
S0140-6736(07)61602-X

16. Tarapore PE, Picht T, Bulubas L, Shin Y, Kulchytska N, Meyer B, et al. Safety
and Tolerability of Navigated TMS for Preoperative Mapping in
Neurosurgical Patients. Clin Neurophysiol Off J Int Fed Clin Neurophysiol
(2016) 127(3):1895–900. doi: 10.1016/j.clinph.2015.11.042

17. Schag CC, Heinrich RL, Ganz PA. Karnofsky Performance Status Revisited:
Reliability, Validity, and Guidelines. J Clin Oncol Off J Am Soc Clin Oncol
(1984) 2(3):187–93. doi: 10.1200/JCO.1984.2.3.187

18. Compston A. Aids to the Investigation of Peripheral Nerve Injuries. Medical
Research Council: Nerve Injuries Research Committee. His Majesty’s
Stationery Office: 1942; Pp. 48 (Iii) and 74 Figures and 7 Diagrams; With
Aids to the Examination of the Peripheral Nervous System. by Michael
O’Brien for the Guarantors of Brain. Saunders Elsevier: 2010; Pp. [8] 64
and 94 Figures. Brain (2010) 133(10):2838–44. doi: 10.1093/brain/awq270

19. Wesseling P, Capper D. WHO 2016 Classification of Gliomas. Neuropathol
Appl Neurobiol (2018) 44(2):139–50. doi: 10.1111/nan.12432

20. Fekonja L, Wang Z, Bahrend I, Rosenstock T, Rosler J, Wallmeroth L, et al.
Manual for Clinical Language Tractography. Acta Neurochirurg (2019) 161
(6):1125–37. doi: 10.1007/s00701-019-03899-0

21. Berger MS, Deliganis AV, Dobbins J, Keles GE. The Effect of Extent of
Resection on Recurrence in Patients With Low Grade Cerebral Hemisphere
Gliomas. Cancer (1994) 74(6):1784–91. doi: 10.1002/1097-0142(19940915)
74:6<1784::AID-CNCR2820740622>3.0.CO;2-D

22. Krieg SM, Lioumis P, Makela JP, Wilenius J, Karhu J, Hannula H, et al.
Protocol for Motor and Language Mapping by Navigated TMS in Patients and
Healthy Volunteers; Workshop Report. Acta Neurochirurg (2017) 159
(7):1187–95. doi: 10.1007/s00701-017-3187-z

23. Engelhardt M, Schneider H, Gast T, Picht T. Estimation of the Resting Motor
Threshold (RMT) in Transcranial Magnetic Stimulation Using Relative-
Frequency and Threshold-Hunting Methods in Brain Tumor Patients. Acta
Neurochirurg (2019) 161(9):1845–51. doi: 10.1007/s00701-019-03997-z

24. Gerhardt J, Sollmann N, Hiepe P, Kirschke JS, Meyer B, Krieg SM, et al.
Retrospective Distortion Correction of Diffusion Tensor Imaging Data by
Semi-Elastic Image Fusion - Evaluation by Means of Anatomical Landmarks.
Clin Neurol Neurosurg (2019) 183:105387. doi: 10.1016/j.clineuro.
2019.105387

25. Rosenstock T, Giampiccolo D, Schneider H, Runge SJ, Bahrend I, Vajkoczy P,
et al. Specific DTI Seeding and Diffusivity-Analysis Improve the Quality and
Prognostic Value of TMS-Based Deterministic DTI of the Pyramidal Tract.
NeuroImage Clin (2017) 16:276–85. doi: 10.1016/j.nicl.2017.08.010
Frontiers in Oncology | www.frontiersin.org 11
26. Forster MT, Hoecker AC, Kang JS, Quick J, Seifert V, Hattingen E, et al. Does
Navigated Transcranial Stimulation Increase the Accuracy of Tractography? a
Prospective Clinical Trial Based on Intraoperative Motor Evoked Potential
Monitoring During Deep Brain Stimulation. Neurosurgery (2015) 76(6):766–
75; discussion 75-6. doi: 10.1227/NEU.0000000000000715

27. WeissC,Tursunova I,NeuschmeltingV, LockauH,NettekovenC,Oros-Peusquens
AM, et al. Improved Ntms- and DTI-Derived CST Tractography Through
Anatomical ROI Seeding on Anterior Pontine Level Compared to Internal
Capsule. NeuroImage Clin (2015) 7:424–37. doi: 10.1016/j.nicl.2015.01.006

28. Frey D, Strack V, Wiener E, Jussen D, Vajkoczy P, Picht T. A New Approach
for Corticospinal Tract Reconstruction Based on Navigated Transcranial
Stimulation and Standardized Fractional Anisotropy Values. NeuroImage
(2012) 62(3):1600–9. doi: 10.1016/j.neuroimage.2012.05.059

29. Szelenyi A, Kothbauer KF, Deletis V. Transcranial Electric Stimulation for
Intraoperative Motor Evoked Potential Monitoring: Stimulation Parameters
and Electrode Montages. Clin Neurophysiol Off J Int Fed Clin Neurophysiol
(2007) 118(7):1586–95. doi: 10.1016/j.clinph.2007.04.008

30. MacDonald DB, Dong C, Quatrale R, Sala F, Skinner S, Soto F, et al.
Recommendations of the International Society of Intraoperative
Neurophysiology for Intraoperative Somatosensory Evoked Potentials. Clin
Neurophysiol Off J Int Fed Clin Neurophysiol (2019) 130(1):161–79.
doi: 10.1016/j.clinph.2018.10.008

31. Ottenhausen M, Krieg SM, Meyer B, Ringel F. Functional Preoperative and
Intraoperative Mapping and Monitoring: Increasing Safety and Efficacy in
Glioma Surgery. Neurosurg Focus (2015) 38(1):E3. doi: 10.3171/2014.10.
FOCUS14611

32. Forster MT, Hoecker AC, Kang JS, Quick J, Seifert V, Hattingen E, et al. Does
Navigated Transcranial Stimulation Increase the Accuracy of Tractography?
A prospective clinical trial based on intraoperative motor evoked potential
monitoring during deep brain stimulation. Neurosurgery (2015) 76(6):766–76.
doi: 10.1227/NEU.0000000000000715

33. Sollmann N, Wildschuetz N, Kelm A, Conway N, Moser T, Bulubas L, et al.
Associations Between Clinical Outcome and Navigated Transcranial Magnetic
Stimulation Characteristics in Patients With Motor-Eloquent Brain Lesions: A
Combined Navigated Transcranial Magnetic Stimulation-Diffusion Tensor
Imaging Fiber Tracking Approach. J Neurosurg (2018) 128(3):800–10.
doi: 10.3171/2016.11.JNS162322

34. Sollmann N, Zhang H, Fratini A, Wildschuetz N, Ille S, Schroder A, et al. Risk
Assessment by Presurgical Tractography Using Navigated TMS Maps in
Patients With Highly Motor- or Language-Eloquent Brain Tumors. Cancers
(2020) 12(5):1264. doi: 10.3390/cancers12051264

35. Ius T, Angelini E, Thiebaut de SchottenM,Mandonnet E, DuffauH. Evidence for
Potentials and Limitations of Brain Plasticity Using an Atlas of Functional
Resectability of WHO Grade II Gliomas: Towards a “Minimal Common
Brain”. NeuroImage (2011) 56(3):992–1000. doi: 10.1016/j.neuroimage.
2011.03.022

36. Picht T, Strack V, Schulz J, Zdunczyk A, Frey D, Schmidt S, et al. Assessing the
Functional Status of the Motor System in Brain Tumor Patients Using
Transcranial Magnetic Stimulation. Acta Neurochirurg (2012) 154
(11):2075–81. doi: 10.1007/s00701-012-1494-y

37. Krieg SM, Schnurbus L, Shiban E, Droese D, Obermueller T, Buchmann N,
et al. Surgery of Highly Eloquent Gliomas Primarily Assessed as Non-
Resectable: Risks and Benefits in a Cohort Study. BMC Cancer (2013) 13:51.
doi: 10.1186/1471-2407-13-51

38. Spena G, Schucht P, Seidel K, Rutten GJ, Freyschlag CF, D’Agata F, et al. Brain
Tumors in Eloquent Areas: A European Multicenter Survey of Intraoperative
Mapping Techniques, Intraoperative Seizures Occurrence, and Antiepileptic
Drug Prophylaxis. Neurosurg Rev (2017) 40(2):287–98. doi: 10.1007/s10143-
016-0771-2

39. Suess O, Suess S, Brock M, Kombos T. Intraoperative Electrocortical
Stimulation of Brodman Area 4: A 10-Year Analysis of 255 Cases. Head
Face Med (2006) 2:20. doi: 10.1186/1746-160X-2-20

40. Kombos T, Suess O, Ciklatekerlio O, Brock M. Monitoring of Intraoperative
Motor Evoked Potentials to Increase the Safety of Surgery in and Around the
Motor Cortex. J Neurosurg (2001) 95(4):608–14. doi: 10.3171/jns.
2001.95.4.0608

41. Neuloh G, Bien CG, Clusmann H, von Lehe M, Schramm J. Continuous
Motor Monitoring Enhances Functional Preservation and Seizure-Free
May 2021 | Volume 11 | Article 676626

https://doi.org/10.1227/01.NEU.0000371973.46234.46
https://doi.org/10.1227/01.NEU.0000371973.46234.46
https://doi.org/10.1016/j.wneu.2018.08.046
https://doi.org/10.1227/NEU.0b013e3182181b89
https://doi.org/10.3171/2012.5.JNS112124
https://doi.org/10.1016/j.clineuro.2019.03.003
https://doi.org/10.3171/2016.4.JNS152896
https://doi.org/10.1016/S0140-6736(07)61602-X
https://doi.org/10.1016/S0140-6736(07)61602-X
https://doi.org/10.1016/j.clinph.2015.11.042
https://doi.org/10.1200/JCO.1984.2.3.187
https://doi.org/10.1093/brain/awq270
https://doi.org/10.1111/nan.12432
https://doi.org/10.1007/s00701-019-03899-0
https://doi.org/10.1002/1097-0142(19940915)74:6%3C1784::AID-CNCR2820740622%3E3.0.CO;2-D
https://doi.org/10.1002/1097-0142(19940915)74:6%3C1784::AID-CNCR2820740622%3E3.0.CO;2-D
https://doi.org/10.1007/s00701-017-3187-z
https://doi.org/10.1007/s00701-019-03997-z
https://doi.org/10.1016/j.clineuro.2019.105387
https://doi.org/10.1016/j.clineuro.2019.105387
https://doi.org/10.1016/j.nicl.2017.08.010
https://doi.org/10.1227/NEU.0000000000000715
https://doi.org/10.1016/j.nicl.2015.01.006
https://doi.org/10.1016/j.neuroimage.2012.05.059
https://doi.org/10.1016/j.clinph.2007.04.008
https://doi.org/10.1016/j.clinph.2018.10.008
https://doi.org/10.3171/2014.10.FOCUS14611
https://doi.org/10.3171/2014.10.FOCUS14611
https://doi.org/10.1227/NEU.0000000000000715
https://doi.org/10.3171/2016.11.JNS162322
https://doi.org/10.3390/cancers12051264
https://doi.org/10.1016/j.neuroimage.2011.03.022
https://doi.org/10.1016/j.neuroimage.2011.03.022
https://doi.org/10.1007/s00701-012-1494-y
https://doi.org/10.1186/1471-2407-13-51
https://doi.org/10.1007/s10143-016-0771-2
https://doi.org/10.1007/s10143-016-0771-2
https://doi.org/10.1186/1746-160X-2-20
https://doi.org/10.3171/jns.2001.95.4.0608
https://doi.org/10.3171/jns.2001.95.4.0608
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Rosenstock et al. Comparative Analysis of nTMS and IOM
Outcome in Surgery for Intractable Focal Epilepsy. Acta Neurochirurg (2010)
152(8):1307–14. doi: 10.1007/s00701-010-0675-9

42. Journee HL, Berends HI, Kruyt MC. The Percentage of Amplitude Decrease
Warning Criteria for Transcranial MEP Monitoring. J Clin Neurophysiol Off
Publ Am Electroencephalographic Soc (2017) 34(1):22–31. doi: 10.1097/
WNP.0000000000000338

43. Ohtaki S, Akiyama Y, Kanno A, Noshiro S, Hayase T, Yamakage M, et al. The
Influence of Depth of Anesthesia on Motor Evoked Potential Response
During Awake Craniotomy. J Neurosurg (2017) 126(1):260–5. doi: 10.3171/
2015.11.JNS151291

44. Benuska J, Plisova M, Zabka M, Horvath J, Tisovsky P, Novorolsky K. The
Influence of Anesthesia on Intraoperative Neurophysiological Monitoring
During Spinal Surgeries. Bratisl Lek Listy (2019) 120(10):794–801.
doi: 10.4149/BLL_2019_133

45. Seidel K, Beck J, Stieglitz L, Schucht P, Raabe A. The Warning-Sign Hierarchy
Between Quantitative Subcortical Motor Mapping and Continuous Motor
Evoked Potential Monitoring During Resection of Supratentorial Brain
Tumors. J Neurosurg (2013) 118(2):287–96. doi: 10.3171/2012.10.JNS12895

46. Szelenyi A, Senft C, Jardan M, Forster MT, Franz K, Seifert V, et al. Intra-
Operative Subcortical Electrical Stimulation: A Comparison of Two Methods.
Clin Neurophysiol Off J Int Fed Clin Neurophysiol (2011) 122(7):1470–5.
doi: 10.1016/j.clinph.2010.12.055

47. Keles GE, Lundin DA, Lamborn KR, Chang EF, Ojemann G, Berger MS.
Intraoperative Subcortical Stimulation Mapping for Hemispherical
Perirolandic Gliomas Located Within or Adjacent to the Descending Motor
Pathways: Evaluation of Morbidity and Assessment of Functional Outcome in
294 Patients. J Neurosurg (2004) 100(3):369–75. doi: 10.3171/jns.
2004.100.3.0369

48. Mikuni N, Okada T, Enatsu R, Miki Y, Hanakawa T, Urayama S, et al. Clinical
Impact of Integrated Functional Neuronavigation and Subcortical Electrical
Stimulation to Preserve Motor Function During Resection of Brain Tumors.
J Neurosurg (2007) 106(4):593–8. doi: 10.3171/jns.2007.106.4.593

49. Sanai N, Berger MS. Intraoperative Stimulation Techniques for Functional
Pathway Preservation and Glioma Resection. Neurosurg Focus (2010) 28(2):
E1. doi: 10.3171/2009.12.FOCUS09266
Frontiers in Oncology | www.frontiersin.org 12
50. Seidel K, Schucht P, Beck J, Raabe A. Continuous Dynamic Mapping to
Identify the Corticospinal Tract in Motor Eloquent Brain Tumors: An Update.
J Neurol Surg A Cent Eur Neurosurg (2020) 81(2):105–10. doi: 10.1055/s-0039-
1698384

51. Shiban E, Krieg SM, Haller B, Buchmann N, Obermueller T, Boeckh-Behrens
T, et al. Intraoperative Subcortical Motor Evoked Potential Stimulation: How
Close is the Corticospinal Tract? J Neurosurg (2015) 123(3):711–20.
doi: 10.3171/2014.10.JNS141289

52. Shiban E, ZerrM, Huber T, Boeck-Behrends T,WostrackM, Ringel F, et al. Poor
DiagnosticAccuracy ofTranscranialMotor and SomatosensoryEvokedPotential
Monitoring During Brainstem Cavernoma Resection. Acta Neurochirurg (2015)
157(11):1963–9; discussion 9. doi: 10.1007/s00701-015-2573-7

53. Kombos T, Picht T, Derdilopoulos A, Suess O. Impact of Intraoperative
Neurophysiological Monitoring on Surgery of High-Grade Gliomas. J Clin
Neurophysiol Off Publ Am Electroencephalographic Soc (2009) 26(6):422–5.
doi: 10.1097/WNP.0b013e3181c2c0dc

54. Wende T, Hoffmann KT, Meixensberger J. Tractography in Neurosurgery: A
Systematic Review of Current Applications. J Neurol Surg A Cent Eur
Neurosurg (2020) 81(5):442–55. doi: 10.1055/s-0039-1691823

55. Conti Nibali M, Rossi M, Sciortino T, Riva M, Gay LG, Pessina F, et al.
Preoperative Surgical Planning of Glioma: Limitations and Reliability of Fmri
and DTI Tractography. J Neurosurg Sci (2019) 63(2):127–34. doi: 10.23736/
S0390-5616.18.04597-6

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Rosenstock, Tuncer, Münch, Vajkoczy, Picht and Faust. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
May 2021 | Volume 11 | Article 676626

https://doi.org/10.1007/s00701-010-0675-9
https://doi.org/10.1097/WNP.0000000000000338
https://doi.org/10.1097/WNP.0000000000000338
https://doi.org/10.3171/2015.11.JNS151291
https://doi.org/10.3171/2015.11.JNS151291
https://doi.org/10.4149/BLL_2019_133
https://doi.org/10.3171/2012.10.JNS12895
https://doi.org/10.1016/j.clinph.2010.12.055
https://doi.org/10.3171/jns.2004.100.3.0369
https://doi.org/10.3171/jns.2004.100.3.0369
https://doi.org/10.3171/jns.2007.106.4.593
https://doi.org/10.3171/2009.12.FOCUS09266
https://doi.org/10.1055/s-0039-1698384
https://doi.org/10.1055/s-0039-1698384
https://doi.org/10.3171/2014.10.JNS141289
https://doi.org/10.1007/s00701-015-2573-7
https://doi.org/10.1097/WNP.0b013e3181c2c0dc
https://doi.org/10.1055/s-0039-1691823
https://doi.org/10.23736/S0390-5616.18.04597-6
https://doi.org/10.23736/S0390-5616.18.04597-6
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Preoperative nTMS and Intraoperative Neurophysiology - A Comparative Analysis in Patients With Motor-Eloquent Glioma
	Introduction
	Materials and Methods
	Study Design
	Patients
	MR Imaging
	nTMS Mapping
	Tractography
	Intraoperative Neurophysiological Monitoring
	Statistical Analysis

	Results
	Patients Sample
	nTMS Risk Stratification
	IOM
	Comparative Analysis of nTMS/DTI and IOM

	Discussion
	Main Finding of the Study
	Preoperative Assessment by nTMS and DTI
	IOM – Transcranial MEP Monitoring
	IOM – Continuous Subcortical Mapping
	IOM – Somatosensory Evoked Potentials
	Limitations

	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


