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� Cortico-cortical evoked potentials (CCEPs) were obtained in minimally invasive resection for glioma in awake and asleep patients.
� Optimal stimulation and recording sites were guided by awake Penfield stimulation and analyzed in real time during surgery.
� CCEP features were affected by tumor location and histopathology, and correlated with postoperative aphasia.
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Objective: We investigated the feasibility of recording cortico-cortical evoked potentials (CCEPs) in
patients with low- and high-grade glioma. We compared CCEPs during awake and asleep surgery, as well
as those stimulated from the functional Broca area and recorded from the functional Wernicke area
(BtW), and vice versa (WtB). We also analyzed CCEP properties according to tumor location, histopathol-
ogy, and aphasia.
Methods: We included 20 patients who underwent minimally invasive surgery in an asleep-awake-
asleep setting. Strip electrode placement was guided by classical Penfield stimulation of positive lan-
guage sites and fiber tracking of the arcuate fascicle. CCEPs were elicited with alternating monophasic
single pulses of 1.1 Hz frequency and recorded as averaged signals. Intraoperatively, there was no
post-processing of the signal.
Results: Ninety-seven CCEPs from 19 patients were analyzed. There was no significant difference in CCEP
properties when comparing awake versus asleep, nor BtW versus WtB. CCEP amplitude and latency were
affected by tumor location and histopathology. CCEP features after tumor resection correlated with short-
and long-term postoperative aphasia.
Conclusion: CCEP recordings are feasible during minimally invasive surgery. CCEPs might be surrogate
markers for altered connectivity of the language tracts.
Significance: This study may guide the incorporation of CCEPs into intraoperative neurophysiological
monitoring.
� 2024 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The oncological challenge during neurosurgical tumor resection
is to achieve maximal resection while preserving the functional
integrity of the patient’s language system (Hamer et al., 2012).
Preservation of essential language pathways remains a crucial and
difficult task. Intraoperative neuropsychological and neurophysio-
logical testing of the patients during awake surgery has becomepart
of clinical routine in many experienced centers following the
pioneering work of experts (Berger and Ojemann, 1992; Duffau
et al., 2003a; Spena et al., 2017; Szelényi et al., 2010). However,
awake speech mapping during an open-skull procedure is stressful
for the patient, and patient compliance typically decreases over
the course of the tumor resection (Nossek et al., 2013). Patientswith
high-gradegliomaandperitumoral edemamightbe evenmore chal-
lenging (Nossek et al., 2013). Thus, a neurophysiological marker of
the integrity of the arcuate fascicle (AF) and other language tracts
to enable continued monitoring in such situations would be a valu-
able adjunct. Several groups have sought additional techniques to
avoid having to abandon the surgical procedure in such circum-
stances. Advanced imaging techniques combinedwith preoperative
navigated transcranial magnetic stimulation have become useful
tools to guide surgery (Krieg et al., 2017; Stieglitz et al., 2012). How-
ever, those methods provide information either about anatomical
data or preoperatively acquired functional mapping data and do
not allow for real-time monitoring of function during surgery.

In the neurosurgical context, Matsumoto et al. were the first to
demonstrate the feasibility of recording evoked potentials from
temporal language sites when stimulating frontal language hubs
and vice versa. They called these signals cortico-cortical evoked
potentials (CCEPs) (Matsumoto et al., 2004). The CCEP comprises
several components, including peaks called N1 and N2 (Vincent
et al., 2017). While initially only performed in awake epilepsy
patients with implanted subdural grids (Matsumoto et al., 2017),
some groups have been studying the applicability of this technique
to glioma surgery in awake (Saito et al., 2014; Saito et al., 2022;
Suzuki et al., 2019; Tamura et al., 2016; Vega-Zelaya et al., 2023;
Yamao et al., 2014; Yamao et al., 2017; Yamao et al., 2021) and
even asleep patients (Giampiccolo et al., 2021a; Kang et al.,
2023; Kanno et al., 2018; Nakae et al., 2020; Saito et al., 2014;
Suzuki et al., 2019; Vega-Zelaya et al., 2023; Yamao et al., 2014,
2017, 2021). However, intraoperative real-time recordings of
CCEPs are still a technical challenge, which often requires careful
signal processing to differentiate them from artifacts.

The objective of our study was to evaluate the feasibility of
intraoperative recording of real-time CCEPs in a cohort of glioma
patients undergoing minimally invasive surgery in an asleep-
awake-asleep setting. We guided strip electrode placement by
classical Penfield stimulation of positive cortical language sites
and preoperative fiber tracking of the AF. We also compared the
quality of CCEPs obtained during the awake and asleep phases.
Intraoperatively, there was no post-processing of the signal, and
the feedback was immediately available to the surgeon. Finally,
we compared CCEP properties according to tumor location,
histopathology, sex, and aphasia.

2. Methods

This study was approved by the local ethics committee (BASEC
2023-00311). All patients included gave their consent for further
use and publication of their anonymized data.

2.1. Patient population and surgical technique

Patients scheduled for maximal safe tumor resection of a
speech-eloquent glioma were included in this study from
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10/2019 to 04/2023. The patients needed to be eligible for an
awake craniotomy involving either a frontal or temporal language
area, and have a suspected diagnosis of either a low- or high-grade
glioma. Preoperative diffusion tensor imaging (DTI) fiber tracking
(Brainlab� algorithm) was performed to visualize the AF in relation
to the tumor. The surgical technique was an asleep-awake-asleep
setting with local scalp blocks. Further details of our anesthesia
protocol and perioperative anti-epileptic drug administration are
described elsewhere (Spena et al., 2017). The size of the cran-
iotomy was chosen according to the tumor location, following a
minimally invasive approach, with a craniotomy centered over
the tumor. Preoperative, postoperative and follow-up language
performance was clinically classified according to whether patients
had aphasia or not. Intraoperative testing was performed by a
trained speech therapist who had evaluated the patient before sur-
gery. Intraoperative neurophysiological recordings were made by a
trained neurophysiologist and were instantly available on a screen
to the surgical team. However, the surgical strategy was not mod-
ified according to the information provided by the recorded CCEP.
Histopathology was postoperatively classified according to the
2021 world health organization (WHO) classification (Louis et al.,
2021). For the 2 patients operated on before 2021, we used the pre-
vious WHO classification; both had glioblastoma, isocitratdehydro-
genase (IDH) wild type.

2.2. Penfield stimulation

Penfield stimulation for mapping of language function was per-
formed with an ISIS IOM System (Inomed�, Emmendingen, Ger-
many). We applied square-wave biphasic current with a pulse
width (PW) of 600 ms and a frequency of 50 Hz, using a bipolar
stimulation probe with an interpolar distance of 8 mm and tip
diameters of 2 mm (Inomed� REF 522 624). The stimulation cur-
rent intensity was determined over the primary motor area of
the tongue while the patient was counting, to check for dysarthria.
This stimulation intensity, an average of 3–6 mA, was then used for
further mapping of the speech eloquent cortex. We called the fron-
tal functional language hubs ‘‘Broca’s area” (Keller et al., 2009) and
the temporal and parietal functional language hubs ‘‘Wernicke’s
area” (Binder, 2015), respectively. During the cortical mapping,
electrocorticography was recorded to detect after-discharges or
spike activity with the help of subdural spider electrodes (AdTech�

REF VG04A-IS00X-0KG).

2.3. Stimulation and recording of CCEPs

The CCEP recordings were performed directly after the cortical
Penfield stimulation. If possible, they were carried out prior to
the surgical cortical incision and continued while the patient was
asleep (during resection of non-eloquent language areas or imme-
diately after finishing tumor resection). Additionally, CCEPs were
obtained in the asleep phase, but the strip location had already
been determined in the initial awake phase with the support of
Penfield stimulation.

CCEP stimulation and recording were performed with the same
ISIS IOM System (Inomed, Emmendingen, Germany) using cortical
strip electrodes of 4 contacts (AdTech � REF MS04R-IP10X-0JH,
diameter 5 mm, distance between centers 10 mm). Strip electrodes
were placed on the speech areas identified by Penfield stimulation.
If a speech area was outside the field of view, the DTI fiber tracking
of the AF and anatomical landmarks were used to determine the
approximate location and the strip electrode was pushed under
the dura under neuronavigational guidance. One strip was used
at the stimulation site, and 1 or 2 strips were positioned at the
recording site (Fig. 1). During the initial step, the frontal lobe strip
was used for stimulation of Broca’s area and the temporal lobe



Fig. 1. Intraoperative setting for CCEP recordings. Schematic of the minimally invasive approach of a craniotomy with cortex exposure only above the tumor location. Due
to the small size, the stimulation and recording strips (blue) are partially pushed under the dura to target terminations of the AF (green) or other language tracts. Eloquent
speech hubs including Broca’s andWernicke’s area are illustrated in yellow; the infiltrative tumor extending to the Broca area, central region and AF is indicated in brown. AF:
arcuate fascicle, CCEP: cortico-cortical evoked potential. � Inselspital, Bern University Hospital, Dept. of Neurosurgery.
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strips for recording onWernicke’s area, as described by Matsumoto
et al. (2004). In more than half of the cases, stimulation for CCEPs
was additionally performed at the temporal lobe while recording
from the frontal lobe.

The stimulation was carried out with 2 adjacent contacts of the
stimulating strip (bipolar stimulation). The recordings were both
bipolar (with 2 adjacent contacts of the strip) and referential. For
referential recordings, the contralateral mastoid was used as refer-
ence. The reason for using bipolar recordings was to compare the
signal-to-noise ratio with referential recordings. The stimulation
was carried out with alternating monophasic square waves of
constant-current, single-pulse electrical stimulation, with a PW
of 0.5 ms, a stimulation intensity of 12–30 mA, and a stimulation
frequency of 0.9–1.1 Hz. The recordings were acquired with a hard-
ware high-pass filter of 0.5 Hz in 2 patients and 30 Hz in 17
patients, a hardware low-pass filter of 5 kHz, an epoch of 200–
1000 ms and a sampling rate of 20,000 Hz. On the NeuroExplorer
software, the filters were set at 10 for high-pass and 1500 for
low-pass, while the sensitivity was 50–300 lV/Div and the sweep
200–300 ms for online visualization. Two repeated trials of 30–60
averages each were recorded when a reproducible waveform was
observed.

During the acquisition of the recordings, we performed online
data analysis to evaluate the efficacy of the strip electrode place-
ment by comparing CCEP amplitudes and reproducibility when
obtained with different pairs of stimulating electrodes. If needed,
recording and stimulating electrodes were repositioned to enable
us to obtain the most reliable CCEP responses.
3

2.4. Data analysis

The data were grouped according to whether the patient was
asleep or awake during the recording and either stimulated via
electrodes located in Broca’s area and recorded from electrodes
located in Wernicke’s area (Broca to Wernicke, BtW) or the other
way around (Wernicke to Broca, WtB). In this way we tried to
obtain bidirectional recordings of CCEPs. For each of the 4 com-
bined settings (BtW-awake, WtB-awake, BtW-asleep, and WtB-
asleep) we selected the optimal referential and bipolar recording
(depending on the best available responses and repeatability) from
each patient for further analysis. If possible, we included both trials
of this best recording for each setting. The data from the 2 patients
with a hardware high-pass filter of 0.5 Hz were excluded from the
statistical analysis due to lack of comparability.

N1 was defined as a negative deflection occurring at a peak
latency between approximately 10 and 30 ms and with a duration
of at least 10 ms, as determined by visual inspection. If, instead,
there was a notable positive deflection in this time frame, the sig-
nal (i.e., the whole trace) was inverted for analysis. Accordingly, P1
and P2 were defined as notable positive deflections preceding and
following N1, respectively, whereas N2 was defined as a notable
negative deflection following P2, with a peak latency of 30 to
120 ms, depending on the first complex (i.e., P1, N1, and P2). A
CCEP was defined as a signal containing a clear N1 (upon visual
inspection). We visually inspected all the CCEPs included for the
presence or absence of P1, P2, and N2 and determined their onset
and peak latencies using the NeuroExplorer software.



Table 1
Clinical data.

Mean age at surgery
(years)

46 (n = 19)

Sex Female (n = 5)
Male (n = 14)

Histopathology Oligodendroglioma IDH mutated 1p/19q
codeleted (n = 3)
Astrocytoma IDH mutated (n = 8)
Glioblastoma IDH wild type (n = 8)

WHO grade Low-grade, grade 2 (n = 5)
High-grade, grade 3 and 4 (n = 14)

History of seizures Yes (n = 14)
No (n = 5)

Tumor location Frontal (n = 7)
Temporal (n = 7)
Insula (n = 1)
Temporo-insular (n = 4)

Aphasia (pre-op / post-op/
follow up)

No (n = 9/6/12)
Yes (n = 10/13/7)

CCEP recordings (successful/
attempted)

Awake (n = 16/17)
Asleep (n = 9/13)
BtW (n = 18/20)
WtB (n = 7/13)
Referential (n = 15/20)
Bipolar (n = 18/20)

BtW: Broca to Wernicke, CCEP: cortico-cortical evoked potential, IDH: Isocitratde-
hydrogenase, n: number of patients in whom CCEPs were obtained, WtB: Wernicke
to Broca.

K. Seidel, J. Wermelinger, P. Alvarez-Abut et al. Clinical Neurophysiology xxx (xxxx) xxx
Custom-made Python 3 scripts were used to analyze the CCEP
data offline. Latency, amplitude, and frequency content were
determined.

What we call the N1 or Matsumoto amplitude corresponds to
the amplitude of the N1 described by Matsumoto et al. (see
(Matsumoto et al., 2004), Fig. 1). A straight line is drawn between
either the onset of N1 or the peak P1 to either the end of the first
complex or the peak P2, and the amplitude is defined as the differ-
ence between the peak N1 value and the value on the line at the N1
peak latency. The N1 area under the curve (AUC) was defined as
the area between the CCEP trace and the line that was just
described. The amplitude of the N2 was defined as the difference
between the peak N2 value and the peak P2 value. The main fre-
quency of a CCEP was defined as the frequency at which the Fourier
transform of the CCEP (as a time series) has the maximum absolute
value. The Fourier transform was obtained using the fft function
from Python package scipy.fftpack.

Statistical analysis was performed using the Python packages
scipy.stats and statsmodels. Statistical significance was set at
p < 0.05. Student’s t-tests or Mann-Whitney U tests were carried
out to compare the mean values of 2 groups, depending on
whether or not the data were normally distributed. Additionally,
ANOVA or Kruskal-Wallis tests were used to compare mean values
for more than 2 groups, and for post-hoc analysis, either the Bon-
ferroni or the Tukey test was used, depending again on whether or
not the data were normally distributed.

The recording-setting groups were awake versus asleep and
BtW versus WtB. Restricting CCEPs to the awake or asleep setting,
we also compared BtW with WtB, and restricting to BtW or WtB,
we compared awake with asleep. For the different recording set-
tings, the peak latencies of P1, N1, P2, and N2 were analyzed, as
well as the N1 and N2 amplitude, the N1 area under the curve
(AUC), and the main frequency.

For further analysis, data were grouped according to clinical
parameters: sex (female, male), history of seizures (yes, no), tumor
histopathology (IDH wild type glioblastoma, IDH mutated astrocy-
toma, 1p/19q codeleted oligodendroglioma), tumor grade (low-
grade glioma i.e., WHO grade 2; high-grade glioma i.e., WHO grade
3 and 4) and tumor location (frontal, temporal, insular, temporo-
insular). To study the effect of preoperative, postoperative, and
follow-up aphasia (yes, no), the CCEP data were further split
according to the time of recording (before, during, or after resec-
tion). For these different clinical groups, the N1 and N2 peak laten-
cies, as well as the N1 and N2 amplitudes, were compared.

All values are presented as (mean ± standard deviation).

2.5. Visualization of cortical stimulation points

If data points had been intraoperatively acquired by neuronav-
igation using the Brainlab software (Brainlab AG, Germany), we
retrospectively classified speech errors during Penfield stimulation
into six categories: speech arrest with no further specification,
naming errors, phonemic paraphasias, semantic paraphasia,
speech hesitation or slowing, and non-specific errors. Navigation
points were considered only for the selected CCEPs.

For further analysis, we manually identified the Anterior Com-
missure (AC) and Posterior Commissure (PC) using axial and sagit-
tal T1 magnetic resonance imaging (MRI) sequences. The location
of cortical stimulation points was measured based on their x, y,
and z coordinates relative to the Anterior Commissure Point
(ACP). An age-matched cohort was downloaded from the IXI data-
base (https://brain-development.org/ixi-dataset/, (Kuklisova-
Murgasova et al., 2011)) and normalized into the Montreal Neuro-
logical Institute (MNI) space using a linear probabilistic transfor-
mation (Ashburner and Friston, 2005). AC/PC coordinates from
each stimulation point were transformed into MNI coordinates
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and projected onto the MNI brain for visualization. Data analysis
was performed with Brainstorm (https://neuroimage.usc.edu/
brainstorm, (Tadel et al., 2011)), which is documented and freely
available for download online under the GNU general public
license.

Only those cases in which stimulation and recording sites were
available for the same CCEP during the retrospective data analysis
of the navigation points were used for illustration.
3. Results

3.1. Clinical data

We attempted CCEP recordings in 20 patients and obtained reli-
able signals in 19 (95%). The one patient from whom no CCEPs
could be obtained had a tumor that predominantly involved the
parietal cortex. Intraoperative Penfield stimulation was unsuccess-
ful in this patient due to inability to cooperate. In 11 patients, we
observed speech disturbance elicited by Penfield stimulation in
the exposed Broca’s area, in 6 patients in the exposed Wernicke’s
area, and in 2 patients in both.

Table 1 shows the characteristics of the patients in which CCEPs
were successfully elicited and recorded (including the 2 patients
with different filters). Twenty-five percent of the patients had
low-grade glioma and 75% high-grade glioma. The cohort included
9 patients with glioblastoma, IDH wild type; 8 with astrocytoma,
IDH mutated (grade 2, 3 or 4), and 3 with oligodendroglioma
1p/19q codeleted, IDH mutated (grade 2 and 3). Overall, 37% of
patients had a pure frontal and 37% a pure temporal tumor loca-
tion, whereas 26% involved the insula. Before surgery, 47% of
patients had no aphasia, 47% had mild aphasia, and only 1 patient
had severe preoperative aphasia. For each patient, the detailed
information of histopathology andWHO grade, tumor location, his-
tory of preoperative seizures, pre- and postoperative language def-
icits are specified in Supplementary table S1.

We attempted CCEP recordings during the awake phase in 17
patients and successfully recorded reliable CCEPs in 16 (94%). We
tried to obtain CCEPs in the asleep phase in 13 cases and made

https://brain-development.org/ixi-dataset/
https://neuroimage.usc.edu/brainstorm
https://neuroimage.usc.edu/brainstorm


Fig. 2. Illustrative case. Left: Microscope images with paper marks indicating where speech errors were obtained after Penfield stimulation (A) and the adjusted strip
position (B) of patient number 14. Right: Sample of recorded traces of the same patient during resection (black) and after resection (grey) both under general anaesthesia.
Paper mark 2 indicates the functional face motor area as determined by Penfield stimulation. The illustrated CCEPs are elicited by stimulation through contact B3 and B4 of
the frontal strip (bottom of the microscope image) which was positioned on the spot of paper mark 5 (speech arrest) and 7 (phonemic paraphasia). The highest signal
amplitude was obtained on contact W2 of the temporal strips in the upper left corner of the microscope image, which corresponds to paper mark 8 (speech arrest). The CCEP
cascade indicates the highest N1 amplitude on contact W2 against the reference (Mc: Mastoid) and further, a phase reversal between contacts W1-W2 and W2-W3. The N1
amplitude decreased and the N1 latency increased on contact W2 after resection. Directly after surgery there was a severe worsening of language performance, which finally
resolved to a better performance than the pre-operative status in the follow-up consultation (see also table S1 of the supplements for the exact type of language deficits). B:
Broca, CCEP: cortico-cortical evoked potential, Mc: mastoid, W: Wernicke. � Inselspital, Bern University Hospital, Dept. of Neurosurgery.
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reliable recordings in 9 (69%). Concerning the direction, we stimu-
lated BtW in all 20 patients and recorded reliable and repeatable
CCEPs in 18 (90%). For WtB, we attempted CCEPs in 13 cases and
were successful in 7 (54%). Not all channels recorded positive
responses and some contacts had higher amplitudes than others
(Fig. 2). The success rate was 75% for referential recordings and
90% for bipolar recordings.

3.2. CCEP properties

The CCEP data of 17 patients were analyzed. A total of 97 CCEPs
were selected for further analysis. Depending on availability and
5

the quality of reliable and repeatable recording in the different set-
tings (awake vs asleep; BtW vs WtB; bipolar vs referential record-
ings), patients each contributed between 1 and a maximum of 12
CCEPs to the dataset (out of 16 possible CCEPs per patient). In most
patients, there were more recordings that were successful; how-
ever, we chose to focus on the best signals for each setting (one
channel per paradigm, two consecutive trials). The selection pro-
cess yielded 58 CCEPs in the awake setting, 34 asleep, 5 while fall-
ing asleep, 70 from BtW, and 27 from WtB; 44 were referential
whereas 53 were bipolar recordings. Fig. 3 shows a sample CCEP
for each of the 4 recording settings (BtW-awake, WtB-awake,
BtW-asleep, WtB-asleep), and Table 2 summarizes the main prop-



Fig. 3. CCEP traces in different settings. A) Sample CCEPs recorded in awake and asleep patients, from BtW and WtB, low-pass filtered at 500 Hz for visualization. These are
typical examples of waveforms with N1 and N2 potentials. Note the different scales on the y-axis. B) Average of all CCEPs included for analysis in the different settings (black
line), plus and minus the standard deviation at each time-point (gray-shaded area). The narrower envelope in the asleep compared to the awake phase might be due to either
the smaller sample size in the asleep group, or to greater stability of the signal in this setting. BtW: Broca to Wernicke, CCEP: cortico-cortical evoked potential, WtB: Wernicke
to Broca. � Inselspital, Bern University Hospital, Dept. of Neurosurgery.

Table 2
CCEP properties overall.

Overall

P1 peak latency (ms) 11.78 ± 3.84 (n = 74)
min: 4.3 max: 26.0

N1 peak latency (ms) 21.13 ± 6.7 (n = 97)
min: 12.8 max: 44.4

P2 peak latency (ms) 36.37 ± 10.29 (n = 89)
min: 21.6 max: 65.1

N2 peak latency (ms) 71.18 ± 17.8 (n = 72)
min: 35.5 max: 115.0

N1 Matsumoto amplitude (lV) 64.47 ± 51.31 (n = 97)
min: 7.6 max: 226.9

N2 amplitude (lV) 59.43 ± 44.81 (n = 69)
min: 4.58 max: 186.77

N1 AUC (lV*ms) 779.12 ± 718.25 (n = 97)
min: 31.48 max: 4652.32

Main frequency (Hz) 20.89 ± 8.56 (n = 97)
min: 5.08 max: 50.79

mean ± standard deviation; AUC: area under the curve, CCEP: cortico-cortical
evoked potential, n: number of CCEPs.
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erties of all the CCEPs included for analysis. Of the CCEPs included,
74 had a P1, 89 a P2, and 72 an N2 potential. Patient 16 had com-
parably long N1 latencies (up to 44.4 ms), but since the waveforms
fitted the expectations from previously observed CCEPs, we
decided to include them as is. Furthermore, 30 CCEPs were
recorded in females and 67 in males; 6 were recorded before, 38
during, and 53 after resection. Supplementary document S1 illus-
trates all included CCEP recordings. Supplementary table S2 con-
tains all analyzed features. Supplementary figure S1 shows two
Table 3
CCEP properties from Broca’s area to Wernicke’s area and vice versa, awake versus asleep

Broca to Wernicke (BtW)

Awake Asleep

P1 peak latency (ms) 12.8 ± 4.33 (n = 25) 11.37 ± 3.73 (n = 26)
N1 peak latency (ms) 21.32 ± 7.59 (n = 39) 21.22 ± 7.33 (n = 26)
P2 peak latency (ms) 36.11 ± 10.93 (n = 39) 38.37 ± 11.7 (n = 24)
N2 peak latency (ms) 73.53 ± 17.26 (n = 29) 78.27 ± 17.37 (n = 19)
N1 Matsumoto amplitude (lV) 72.73 ± 63.82 (n = 39) 54.92 ± 36.98 (n = 26)
N2 amplitude (lV) 76.86 ± 54.99 (n = 29) 51.33 ± 34.41 (n = 17)
N1 AUC (lV*ms) 890.65 ± 954.81 (n = 39) 642.48 ± 465.81 (n = 26
Main frequency (Hz) 20.57 ± 8.68 (n = 39) 18.36 ± 7.59 (n = 26)

mean ± standard deviation, (a) Student t-test, (b) Mann-Whitney U test, *significant at p <
total number of awake and asleep CCEPs included for analysis is 92. AUC: area under the c
CCEPs, WtB: Wernicke to Broca.
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illustrative MRIs and MNI brains with projected stimulation and
recording sites.

3.3. CCEPS and stimulation settings

Overall, there was no significant difference either in N1 peak
latency between awake (20.4 ± 6.8 ms) and asleep (22.2 ± 6.9 ms)
states or between BtW (21.4 ± 7.2 ms) and WtB (20.5 ± 5.0 ms).
There was also no significant difference in N1 amplitude between
awake (71.4 ± 59.4 lV) and asleep states (51.1 ± 33.6 lV) or
between BtW (66.3 ± 53.8 lV) and WtB (59.8 ± 44.0 lV).

In the BtW setting, there was no statistically significant differ-
ence in latency, amplitude, AUC, and frequency content between
CCEPs recorded in awake or asleep states. In the WtB setting, there
was a significant difference between N1 peak latency, P2 peak
latency, N2 peak latency, and N2 amplitude in awake and asleep
states (see Table 3). Furthermore, in the awake setting, a significant
difference between BtW and WtB was found in N2 peak latency
(Student’s t-test, p = 0.0004) and main frequency (Student’s t-
test, p = 0.017). In the asleep setting, there was a significant differ-
ence between BtW and WtB in N1 peak latency (Mann-Whitney,
p = 0.03).

3.4. CCEPS and clinical data

N1 peak latency of CCEPs from patients with IDH wild type
glioblastoma (24.4 ± 8.2 ms) tended to be significantly longer than
that from patients with IDH mutated astrocytoma (18.0 ± 3.5 ms),
but there was no difference compared to patients with 1p/19q
codeleted oligodendroglioma (20.5 ± 4.3 ms) (Kruskal-Wallis,
.

Wernicke to Broca (WtB)

p-value Awake Asleep p-value

0.12 (b) 11.15 ± 3.03 (n = 11) 9.32 ± 0.86 (n = 8) 0.14 (a)
0.70 (b) 18.4 ± 4.0 (n = 19) 25.31 ± 3.43 (n = 8) 0.0004* (a)
0.13 (b) 30.87 ± 5.93 (n = 15) 43.43 ± 3.72 (n = 6) 0.0002* (a)
0.37 (a) 55.01 ± 10.93 (n = 16) 89.47 ± 3.21 (n = 3) 0.00008* (a)
0.55 (b) 68.73 ± 49.1 (n = 19) 38.5 ± 12.61 (n = 8) 0.11 (a)
0.10 (a) 46.49 ± 22.76 (n = 15) 8.61 ± 2.86 (n = 3) 0.02* (a)

) 0.44 (b) 754.47 ± 580.75 (n = 19) 693.91 ± 292.19 (n = 8) 0.66 (b)
0.30 (a) 26.73 ± 9.0 (n = 19) 20.31 ± 3.59 (n = 8) 0.07 (a)

0.05. Note that some CCEPs were recorded while the patient was falling asleep. The
urve, BtW: Broca to Wernicke, CCEP: cortico-cortical evoked potential, n: number of



Fig. 4. N1 amplitude and latency differences in clinical features. Violin plot of the N1 amplitude and N1 latency distributions, showing the impact of histopathology
(according to 2021 WHO classification), tumor grade and tumor location. *: statistical significance at p < 0.05. A: astrocytoma IDH mutated, FL: frontal lobe, GB: glioblastoma
IDH wild type, HGG: high-grade glioma, IDH: Isocitratdehydrogenase, LGG: low-grade glioma, OG: oligodendroglioma IDH mutated, 1p/19q codeleted, TL: temporal lobe, IL:
insular lobe, WHO: world health organization. � Inselspital, Bern University Hospital, Dept. of Neurosurgery.
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p = 0.0003, Tukey post-hoc) (Fig. 4). There was also a significant
difference in N1 amplitude depending on the histopathology
(Kruskal-Wallis, p = 0.0003), with IDH wild type glioblastoma
(47.3 ± 37.9 lV) giving rise to smaller amplitudes than IDH
mutated astrocytoma (88.7 ± 59.9 lV). 1p/19q codeleted oligoden-
droglioma also had significantly lower N1 amplitudes (41.6 ± 21.
4 lV) compared to IDH mutated astrocytoma but not compared
to IDH wild type glioblastoma. Finally, IDH wild type glioblastoma
had a significantly longer N2 latency (81.2 ± 19.8 ms) than 1p/19q
codeleted oligodendroglioma (60.6 ± 4.4 ms) and IDH mutated
astrocytoma (66.7 ± 15.4 ms) (ANOVA, p = 0.0007, Bonferroni
post-hoc), whereas IDH wild type glioblastoma had significantly
smaller N2 amplitudes (46.4 ± 34.1 lV) than astrocytoma (76.6 ±
51.5 lV) (Kruskal-Wallis, p = 0.006, Tukey post-hoc). Again,
1p/19q codeleted oligodendroglioma had significantly smaller N2
amplitudes (32.5 ± 11.1 lV) than IDH mutated astrocytoma, but
no difference in comparison with IDH wild type glioblastoma. Note
that there were fewer patients with 1p/19q codeleted oligoden-
droglioma than with IDH wild type glioblastoma or IDH mutated
astrocytoma (see Table 1).

High-grade glioma significantly increased the N1 peak latency
(22.0 ± 7.2 ms) compared to low-grade glioma (17.9 ± 2.8 ms)
(Mann-Whitney, p = 0.016), but there was no significant difference
in N1 amplitude between high-grade glioma (60.5 ± 40.6 lV) and
low-grade glioma (65.6 ± 54.4 lV) (Fig. 4). High-grade glioma also
significantly increased the N2 peak latency (75.8 ± 17.5 ms) com-
pared to low-grade glioma (58.4 ± 12.3 ms) (Mann-Whitney,
p = 0.001), but there was no significant difference in N2 amplitude
between high-grade glioma (60.3 ± 44.9 lV) and low-grade glioma
(57.3 ± 46.9 lV).

In the analysis of the effects of tumor location, temporo-
insular tumors significantly increased N1 peak latency (23.2 ± 4.
2 ms) compared to tumors in the temporal cortex (18.2 ± 3.9 ms),
but there was no difference compared to frontal tumors (22.4 ± 8.
9 ms) and insular tumors (19.2 ± 1.5 ms) (Kruskal-Wallis,
p = 0.003, Tukey post-hoc) (Fig. 4). Furthermore, temporo-
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insular tumors led to smaller amplitudes (30.3 ± 15.1 lV) than
frontal (78.6 ± 36.2 lV) and temporal tumors (77.2 ± 74.3 lV),
but there was no difference compared to insular tumors (33.6 ±
12.2 lV) (Kruskal-Wallis, p = 5.76e-6, Tukey post-hoc). In addi-
tion, frontal tumors increased the N2 latency (78.2 ± 20.6 ms)
compared to temporal (62.8 ± 8.0 ms) and insular tumors (51.6
± 16.8 ms) (Kruskal-Wallis, p = 0.0003, Tukey post-hoc). How-
ever, tumor location had no significant influence on the N2
amplitude.

In the comparison between the sexes, females had significantly
shorter N1 latencies (18.7 ± 5.2 ms) than males (22.2 ± 7.1 ms)
(Mann-Whitney, p = 0.006). Females also had significantly higher
N1 amplitudes (101.2 ± 63.7 lV) compared to males (48.0 ± 34.6
lV) (Mann-Whitney, p = 3.8e-5). Biological sex had no influence
on N2 latency, but females had significantly higher N2 amplitudes
(79.8 ± 48.8 lV) than males (47.1 ± 38.4 lV).

Furthermore, having a history of seizures seemed to decrease
the N1 peak latency (19.6 ± 4.5 ms previous seizures, 23.7 ± 8.8
ms no previous seizures) (Mann-Whitney, p = 0.02); however,
there was no significant difference in N1 amplitude, N2 latency
and N2 amplitude between patients with a history of seizures
and those without.

Patients who had postoperative aphasia had an increased N1
latency (24.8 ± 8.4 ms) in CCEPs recorded after resection compared
to patients without postoperative aphasia (20.0 ± 6.0 ms) (Mann-
Whitney, p = 0.027). Neither direct postoperative nor follow-up
aphasia had an impact on N1 amplitude. N2 latency was increased
in patients with postoperative aphasia in CCEPs recorded during
(64.0 ± 12.6 ms) and after (86.7 ± 17.3 ms) resection compared
to CCEPs recorded in patients without postoperative aphasia dur-
ing (48.8 ± 14.2 ms) and after (65.7 ± 4.2 ms) resection, respec-
tively (Student’s t-test, p = 0.03 and p = 0.0004 respectively).
Finally, CCEPs recorded after resection in patients with postopera-
tive aphasia also showed a lower N2 amplitude (49.2 ± 31.9 lV)
compared to patients without aphasia (94.0 ± 53.6 lV) (Student’s
t-test, p = 0.005).



Table 4
Review of studies on CCEPs during neurooncological surgeries.

Study n ndm Pathology Location Awake
CCEPs

Asleep
CCEPs

BtW WtB Stimulation
Parameters

Electrodes Guide for
optimal
spots

Success
rate

On/off
analysis

N1 defintion N1 peak latency
(mean ± SD or
range)

N1 amplitude
(mean ± SD or
range)

N2
definition

Yamao et al.
2014

6 6 LGG, HGG,
O

IL, FL, TL,
PL

6 6 6 0 Bp, A.C., PW:
0.3 ms. 1 Hz.
10–15 mA. 30
av.

Grid fMRI, DTI FT 6 / 6 On/off First negative peak at
20–40 ms

n/r n/r Late
negative
potential

Saito et al.
2014

13 13 LGG, HGG,
O

IL, FL, PL 12 1 13 13 Bp, A.C., PW:
0.3 ms. 1 Hz. 3–
8 mA. 100 av.

Strip 50 Hz
stimulation

12 / 13 On/off n/r (*) 83 ± 15 ms (*) n/r n/r

Tamura et al.
2016

5 5 LGG, HGG FL, TL 5 0 0 5 Bp, A.C., PW:
0.3 ms. 1 Hz.
Max. 15 mA. 30
av.

Grid fMRI, DTI FT 5 / 5 On/off n/r 55.4 ± 21.4 ms 58.02 ± 30.6 lV n/r

Yamao et al.
2017

21 21 LGG, HGG,
M, O

IL, FL, TL,
PL

16 5 21 13 Bp, A.C., PW:
0.3 ms. 1 Hz.
10–15 mA. 30
av.

Grid fMRI, DTI FT 21 / 21 On/off n/r 27.9 ± 3.9 ms n/r n/r

Kanno et al.
2018

27 9 LGG, HGG,
O

FL, TL, PL 0 17 17 17 Bp, A.C., PW:
0.3 ms. 1 Hz.
10 mA. 50 av.

Grid Anatomy,
Navigation

17 / 17 Off Negative peak at 10–
40 ms.

29 ± 3.2 ms 381.5 ± 29 lV Late
negative
response

Suzuki et al.
2019

20 13 LGG, HGG FL, TL,
PL, TL-IL

13 13 13 13 Bp, A.C., PW:
0.3 ms. 1 Hz.
10 mA. 50 av.

Grid Anatomy,
Navigation

13 / 13 Off First negative
deflection
distinguishable from
stimulation artifact

25.1 (24.1–44.4)
asleep, 22.5
(14.4–45.8)
awake

133.9 (101.2–
864) asleep, 168.8
(45.6–1485)
awake

Late
negative
potential

Nakae et al.
2020

14 12 LGG, HGG,
O

n/r 0 12 12 11 Bp, A.C., PW:
0.3 ms. 1 Hz.
15 mA. 30 av.

Grid MRI, fMRI 12 / 12 On/off Negative response
larger than six times
baseline SD

30.87–37.96 (**) n/r Late
response

Yamao et al.
2021

14 13 LGG, HGG,
O

IL, FL, TL,
PL

13 13 13 0 Bp, A.C., PW:
0.3 ms. 1 Hz.
10–15 mA. 30
av.

Grid Anatomy,
Navigation

14 / 14 On/off Negative response
larger than six times
baseline SD

28 ± 7.5 ms
asleep,
27.3 ± 6.6 ms
awake

323 ± 250.2 lV
asleep,
338.5 ± 184.1 lV
awake

n/r

Giampiccolo
et al.
2021

9 9 HGG, O FL, TL, PL 0 9 9 9 Bp, A.C., PW:
0.3–0.5 ms. 0.5–
1 Hz. 20–30 mA.

Strip DTI FT 5 / 9 Off Negative peak at 15–
40 ms.

21.3 ± 3.1 ms 43.4 ± 38 lV n/r

Ishankulov
et al.
2022

26 26 n/r n/r n/r n/r n/r n/r Biphasic. PW:
0.3 ms. 1 Hz. 3–
4 mA, 30–50 av.

n/r MRI, DTI FT 26 / 26 Off n/r n/r n/r n/r

Saito et al.
2022

7 7 LGG, HGG IL, FL 7 0 7 0 Bp, biphasic,
PW: 0.3 ms.
1 Hz. 6 mA. 100
av.

Strip 50 Hz
stimulation

7 / 7 On n/r 41.3 ± 22.2 (*,
***)

n/r n/r

Vega-Zelaya
et al.
2023

7 7 LGG, HGG,
O

FL, FL-
PL, TL-PL

1 7 7 7 Bp, current. PW:
1 ms. Max.
20 mA.

Grid Anatomy,
guided by
train
stimulation

7 / 7 On Large upward peak 39 ± 0.7 ms WtB,
37.7 ± 0.8 lV
BtW

204 ± 15.4 lV
WtB;
184.1 ± 17 lV
BtW

n/r

Kang et al.
2023

28 18 Glioma
(n/r)

FL 0 18 18 0 n/r n/r Preoperative
mapping

17 / 18 Off n/r n/r n/r n/r

(*): CCEP waveforms not called N1 or N2. CCEP is defined as the highest negative peak. (**): approximate values involving different parts of Broca’s area and temporal language hubs. (***): mean and SD were calculated based on
reported data.
A.C.: alternating current. Av: averages. Bp: bipolar. BtW: Broca to Wernicke. CCEPs: cortico-cortical evoked potentials. DTI: diffusion tensor imaging. FL: frontal lobe. (f)MRI: (functional) magnetic resonance imaging. FT: fiber
tracking. HGG: high-grade glioma. IL: insular lobe. LGG: low-grade glioma. M: metastasis. n: number of included tumor surgeries. ndm: number of tumor surgeries in language-dominant hemisphere in which CCEPs were recorded.
n/r: not reported. O: other pathologies. On/off: online/offline analysis. PL: parietal lobe. PW: pulse width. SD: standard deviation. TL: temporal lobe. WtB: Wernicke to Broca.
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4. Discussion

Although initially introduced by Matsumoto et al. in epilepsy
surgery (Matsumoto et al., 2004), CCEPs have recently been suc-
cessfully recorded during tumor surgery. In addition to the 2 first
reported series from Yamao et al. (2014) and Saito et al. (2014),
we are aware of 13 studies that describe CCEPs recorded during
tumor surgery. Table 4 summarizes some aspects of these studies.
Although most of them included different tumor pathologies and
tumor locations, the authors did not evaluate their effect on CCEP
properties. Initially, CCEP monitoring was only performed during
awake surgery or in a combined awake-asleep setting. Kanno
et al. (2018), Nakae et al. (2020) and Giampiccolo et al. (2021a)
were the first groups to successfully record CCEPs in patients oper-
ated on exclusively under general anesthesia. The first 2 groups
used large grid arrays, while the third used strip electrodes, which
they specifically guided by preoperative navigated transcranial
magnetic stimulation (nTMS)-based fiber tracking. Saito et al.
(2014, 2022) were the first group to guide their selective strip elec-
trode placement with the help of intraoperative language mapping
using Penfield stimulation, whereas Vega-Zelaya et al. (2023)
guided their positioning using short-train motor mapping of the
tongue area. Analyzing CCEPs, N1 is usually defined as the first
negative deflection. The fact that this definition neither includes
latency nor the possibility for inverted signals, leads to a large
range of reported mean peak latencies (from 21 to 83 ms) of what
the authors of the 13 studies we compared called N1 (see Table 4).
Reported N1 amplitudes were either not available or varied consid-
erably between studies. The definition of N2 was less frequently
reported. This heterogeneity among studies hampers the identifi-
cation of normative data on CCEP properties when trying to intro-
duce CCEPs into a clinical routine.

Taking into account these observations on previous studies, we
highlight some aspects of our series, whichmight facilitate integra-
tion of CCEPs in a neurooncological surgical context. In our series,
CCEPs were recorded in 95% of attempts, which illustrates the fea-
sibility of the technique. Our series contained 36% patients with
low-grade glioma and 64% with high-grade glioma, demonstrating
that the technique can also be used in patients with peritumoral
edema and an infiltrative tumor growth pattern. This is important
because patients who have high-grade glioma with peritumoral
edema are usually less suitable for an awake craniotomy (Nossek
et al., 2013; Spena et al., 2017). To our knowledge, ours is the first
attempt to compare CCEP properties in patients with different
tumor entities. Interestingly, in our cohort of patients with IDH
wild type glioblastoma, N1 and N2 latency were increased and
N1 and N2 amplitude decreased when compared to patients with
IDH mutated astrocytoma, although the effect was lost when com-
pared to 1p/19q codeleted oligodendroglioma (Fig. 4). However,
the comparatively low number of patients with 1p/19q codeleted
oligodendroglioma in our series may have biased these results.
Grouping all high-grade and all low-grade gliomas revealed a sig-
nificant lengthening of N1 and N2 latencies in high-grade tumors.
This might be due to peritumoral edema and thus, prolonged N1
and N2 latencies could be a marker for altered connectivity. Fur-
thermore, tumor patients with a history of preoperative seizures
had a significantly shorter N1 latency, which might hint at hyper-
excitability in patients with epilepsy. However, these are only a
preliminary results, which require further investigation.

We observed that tumor location affected CCEP features.
Tumors involving insula areas tended to increase N1 latency and
significantly decrease N1 amplitudes compared to other tumor
locations (Fig. 4). Even if the neurophysiological source of N1
remains unclear, this could be an additional indication for involve-
ment of the peri-insular tracts, which may be conducting these
9

potentials. Interestingly, Yamao et al. stimulated the white matter
of the presumed AF and recorded CCEPs at the cortical surface of
both ends of the pathway (Yamao et al., 2014). The summation
of the 2 latencies was equal to the latency of surface stimulation
with cortical recordings. Similar observations have recently been
reported by Rossel et al., who used axono-cortical evoked poten-
tials to establish markers for white matter connectivity (Rossel
et al., 2023).

Patients who exhibited postoperative aphasia showed a signifi-
cantly delayed N1 and N2 latency of CCEPs recorded after tumor
resection. This indicates that CCEPs might serve as a surrogate
marker for altered connectivity of the AF or other language tracts.
However, unlike previously reported studies (Saito et al., 2014;
Saito et al., 2022; Vega-Zelaya et al., 2023; Yamao et al., 2017),
we did not observe a significantly lower N1 amplitude but rather
a significantly lower N2 amplitude in patients with postoperative
aphasia. Those previous series had compared N1 amplitude alter-
ations in the same patient whereas we compared differences of
amplitudes across different patients. Since post-resection CCEPs
are altered in patients with postoperative aphasia, this is further
evidence that CCEPs are possible surrogate markers for the integ-
rity of language pathways. However, further studies with larger
patient cohorts are needed for a definitive interpretation, espe-
cially regarding the correlation of different aphasia types with
alterations of CCEP features. Indeed, this is important since more
than one tract contributes to language. It has been suggested that
the AF is associated with phonological encoding (Duffau et al.,
2003b; Giampiccolo and Duffau, 2022; Usui et al., 2003), the infe-
rior fronto-occipital fascicle (IFOF) with semantic control (Duffau
et al., 2005), and the superior longitudinal fascicle (SLF) III with
anarthria (Fridriksson et al., 2013; Gajardo-Vidal et al., 2021).

Curiously, we observed a shorter N1 latency and higher N1
amplitude in CCEPs in female than in male patients. To our knowl-
edge, no previous study has investigated this aspect in CCEPs.
However, sex differences in the AF and associative language path-
ways have been the focus of some imaging studies (Catani et al.,
2007; Forkel et al., 2014; Lebel and Beaulieu, 2009), and, if con-
firmed, such a difference could explain our observations.

Unlike many previously reported series, which used grid arrays
on a broadly exposed cortex (Kanno et al., 2018; Nakae et al., 2020;
Suzuki et al., 2019; Tamura et al., 2016; Vega-Zelaya et al., 2023;
Yamao et al., 2014, 2017, 2021), we performed minimally invasive
approaches, with craniotomies centered over the tumor and, if the
targeted eloquent cortex was not exposed, we pushed 4-contact
strip electrodes under the dura (Fig. 1). Therefore, the technique
is feasible without altering the surgical approach and concept.
One of our goals was to implement CCEP recordings without inter-
fering with the surgical routine, and we are confident that this
achievement can set an example for other neurosurgical centers
wishing to adopt this technique.

Many previous studies (Kanno et al., 2018; Nakae et al., 2020;
Suzuki et al., 2019; Tamura et al., 2016; Yamao et al., 2014, 2017,
2021) reported the placement of large grids for stimulation and
recording based on functional magnetic resonance imaging (fMRI)
data, neuronavigation, or anatomy (Table 4). Most start with the
patient asleep, stimulating frontal areas and recording from tem-
poral sites. The temporal spot with the highest amplitude is then
used for reciprocal stimulation to obtain bidirectional recordings.
During a later step of the surgery, they validate their CCEP
responses by Penfield stimulation. However, the selection of opti-
mal spots is not guided by Penfield stimulation in these cases. So
it is possible that they do not distinguish the specific tracts that
are involved in generating these potentials (Giampiccolo et al.,
2021b). To overcome this obstacle, Giampiccolo et al. (2021a)
guided their electrode placement using preoperative language
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mapping performed with nTMS and fiber tracking from the hot
spots, which were integrated into the neuronavigation system.
However, in no step of the surgery was the awake patient tested
with Penfield stimulation, which might have contributed to their
lower success rate in obtaining CCEP responses (5 out of 9 patients,
56%). In contrast, we guided our selective stimulation and selective
recordings by anatomical landmarks, DTI fiber tracking and impor-
tantly, by intraoperative Penfield speech mapping. We chose our
optimal spots according to our intraoperative functional results.
In this manner, we tried to make certain that the signals obtained
originated solely from language tracts. In other words, we
attempted to make sure that the CCEPs were generated from a
physiological structure involved in speech/language performance
(Giampiccolo et al., 2023). A further indication of the neurophysi-
ological nature of our responses comes from the fact that no CCEPs
were recorded in neighboring contacts of the optimal sites (for an
example see Fig. 2). Thus, we were able to exclude current spread
or recording of far-field potentials.

As explained above, we attempted to record selectively from
language tracts. In this regard, the latencies, amplitudes, and other
characteristics of the CCEPs we collected may help guide the gath-
ering of CCEP data in tumor patients (Table 2). In the entire cohort,
there was no significant difference in P1, N1, P2, and N2 latency
between the awake and asleep settings while stimulating from
Broca and recording from Wernicke (Table 3). However, when
restricting to CCEPs elicited at Wernicke and recorded from Broca,
there was a difference in latency between the awake and asleep
settings. This could have been due to the smaller number of CCEPs
recorded in the WtB group. Previously published articles (Suzuki
et al., 2019; Yamao et al., 2021) describe a decrement in N1 ampli-
tude of around 25–30% during the change from awake to asleep
settings. We observed the same tendency but it did not reach sta-
tistical significance (Table 3). However, in most cases, we com-
pared cohorts (interpatient) and not individual patients
(intrapatient) during the awake and asleep phases.

Whereas previous studies mostly defined ‘‘N1” as the first neg-
ative deflection (see Table 4 for an overview of the different defini-
tions of N1), we chose to define N1 as a negative deflection
occurring at a peak latency between 10 and 30 ms and with a dura-
tion of at least 10 ms. The signal was inverted for analysis if there
was a notable positive deflection at these latencies. This is because
we included bipolar recordings of CCEPs, so the electrode montage
can affect the polarity of the signal. We even observed a few
inverted N1 recordings in referential montages. This could be
because a CCEP mirror image is recorded if the negative CCEP is
generated from the sulcal part. This would be similar to the N20/
P20 phase reversal recordings of median nerve somatosensory
evoked potentials (SSEP) ((Rossel et al., 2023) and Matsumoto, per-
sonal communication). An example can be seen in the bipolar
recordings between W1-W2 and W2-W3 in the illustrated case
of Fig. 2. In any case, defining the N1 simply as the first negative
peak (without inverting the trace) might explain why Saito et al.
(2014) and Tamura et al. (2016) described either very late N1 peaks
or only one negative peak in their recordings. In our whole series,
bipolar recordings were more successful than referential record-
ings (90% versus 75%). Thus, bipolar recordings might be more effi-
cient for obtaining CCEPs, and we encourage neurophysiologists to
include them in their protocol.

In our series of patients, we were more successful in recording
CCEPs from BtW than WtB (90% versus 54%). Matsumoto et al.
(2004) provide a possible explanation by suggesting that the AF
is more convergent in Broca’s area and more divergent (spread
out) in Wernicke’s area. Thus, when stimulating inWernicke’s area,
the responses in Broca’s area are expected to be smaller in ampli-
tude and more localized. By contrast, stimulating in Broca’s area
leads to more dispersed responses in Wernicke’s area, which have
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higher amplitude. This might be why it is easier to select the initial
stimulation site in the frontal region, which is also in line with our
higher success rate of BtW versus WtB. However, Vega-Zelaya et al.
observed significantly higher CCEP amplitudes in WtB than BtW
(Vega-Zelaya et al., 2023). We are unaware of any other studies
that explicitly evaluated the difference in their CCEP amplitudes
depending on the direction of stimulation. Our cohort did not exhi-
bit any significant difference in N1 amplitude or latency comparing
BtW and WtB. If reproducible, it would be noteworthy if bidirec-
tional, i.e. orthodromic and antidromic CCEP responses can be
recorded without significant latency differences. Currently, an
additional point of scientific debate is the low conduction velocity
of the AF (Lemaréchal et al., 2022), as well as the potential involve-
ment of synaptic connections in the generation of N1. However,
this is beyond the scope of the present article.

Another noteworthy feature of our clinical protocol is the real-
time availability of unprocessed data to the surgical team via a
screen. There was thus immediate feedback for the surgeon when
the strip electrode needed to be repositioned. Unlike many other
groups (Giampiccolo et al., 2021a; Ishankulov et al., 2022; Kang
et al., 2023; Kanno et al., 2018; Suzuki et al., 2019), we were able
to use online recordings without post-processing. This might be a
first step toward the future implementation of continuous CCEP
monitoring during tumor resection. However, the correlation of
intraoperative signal changes to clinical outcomes needs to be
investigated and demonstrated on a larger scale before this can
become a reality. In addition, more fundamental research needs
to be done to understand the different CCEP components (mainly
N1 and N2) and their neurophysiological generators (synaptic ver-
sus axonal versus combined) to provide reliable feedback to the
surgical team (Keller et al., 2014).
5. Limitations

We did not use CCEPs for continuous functional monitoring
during surgery, even though previous studies show that 3 clinical
centers have already tried this (Nakae et al., 2020; Saito et al.,
2014, 2022; Vega-Zelaya et al., 2023; Yamao et al., 2014, 2021).
In the few reported surgeries where this was done, the classical
neurophysiological cut-off of a 50% amplitude decrement was used
to predict a permanent language deficit. However, clear warning
criteria, such as the percentage of amplitude decrease or latency
prolongation, still need to be validated. Establishing normative
data for different cohorts, including for asleep and awake surgeries
and for various tumor pathologies or tumor locations, is essential
to achieve this goal.

Unfortunately, we changed the filter setting in the last 2 cases.
This is why these patients’ data were excluded from the statistical
analysis. The hardware and software filters substantially impact
the shape and properties of the recorded signals (Luck, 2014). Since
the main frequency of our signals ranged from 10 to about 30 Hz, it
stands to reason that lowering the high-pass filter (which was set
at 30 Hz in all the cases analyzed) will lead to higher amplitudes at
these frequencies in the future. This effect was observed in the last
2 patients included in this study when we changed to a high-pass
filter of 0.5 Hz. The resulting difference in amplitudes and latencies
led us to exclude them from the data analysis. This also means that
the absolute value of N1 and N2 characteristics reported in the pre-
sent paper (Table 2) can only be expected with comparable filter
settings. Due to its long waveform duration, the N2 contributes
to lower frequencies and its amplitude is therefore especially
affected by a higher high-pass filter. Given that a filter typically
suppresses amplitude logarithmically, a low cut-off frequency of
30 Hz means that between 30 Hz and one order of magnitude
lower (3 Hz) the amplitude of the signal is not yet suppressed
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dramatically. However, everything lower than 3 Hz is reduced by
several orders of magnitude. The precise steepness of the decline
in gain depends on the filter type and parameters (Luck, 2014),
which are unfortunately unavailable in the device specifications.
Further, artifacts due to inadequate filter settings can mimic CCEPs,
as illustrated by Vega-Zelaya et al. (see (Vega-Zelaya et al., 2023),
Fig. 1). Given these observations, it is important to highlight the
importance of training and experience in neurophysiology to dif-
ferentiate artifacts from true neurophysiological responses. This
is essential to obtain high quality CCEP recordings. For instance,
an observed phase reversal might be an additional indication that
the recorded CCEP is a real neurophysiological response and not
just stimulation artifact (Fig. 2).

With a total of 20 patients, our study population was small.
However, we controlled for several clinical aspects, as highlighted
in Table 1. We focused on patients with high- and low-grade
glioma with tumors in the dominant hemisphere and no severe
aphasia. Further, we tried to focus on one single fiber tract connec-
tion between frontal and temporal speech areas (likely the AF) and
our selective recordings were functionally guided by intraoperative
speech testing. As mentioned in the methods, each patient con-
tributed from 1 to 12 CCEPs depending on available and repeatable
recordings in various settings (awake vs asleep, BtW vs WtB, refer-
ential vs bipolar recordings, and 2 trials for repeatability). Thus, the
data pool is unbalanced, but after the selection process, we used a
total of 97 CCEPs for clinical correlations.

6. Conclusion

Based on our series of 20 glioma patients, we report a correla-
tion of clinical aspects with CCEP characteristics. Optimal stimula-
tion and recording sites were guided by awake Penfield stimulation
and analyzed in real time during surgery. We observed no signifi-
cant difference in amplitude and latency when comparing CCEPs
recorded awake versus asleep or depending on the direction of
stimulation and recording (BtW versusWtB). However, CCEPs were
affected by tumor involvement of the insula and high-grade
histopathology, especially IDH wild type glioblastoma. Properties
of CCEPs recorded after tumor resection correlated with short-
and long-term postoperative aphasia. Thus, CCEPs could be used
as surrogate markers for altered connectivity of language tracts.
Further, we obtained our data during minimally invasive
approaches with craniotomies centered over the tumor, without
changing the surgical approach, and providing direct feedback to
the surgeon. Hence, this study demonstrates the feasibility of
real-time CCEP recordings without any need to alter the cran-
iotomy size. As such, our study may help guide the incorporation
of CCEP recording in intraoperative neurophysiological monitoring.
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