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Early EEG hyperexcitability is associated with decreased survival
in newly diagnosed IDH-wildtype glioma
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Abstract

Purpose The relationship between peritumoral neuronal activity, early onset clinical seizures, and glioma survival outcomes
remains poorly understood. Hyperexcitability on continuous EEG in the peri-operative period was studied as a prognostic
biomarker in patients with newly diagnosed IDH-wildtype diffuse glioma.

Methods A retrospective observational cohort study was performed including adults with newly diagnosed diffuse glioma,
absence of IDH1/2 mutations, and continuous EEG monitoring prior to chemoradiation and within 1 month of initial resec-
tion. EEG hyperexcitability was defined by the presence of lateralized periodic discharges and/or electrographic seizures.
The primary outcome of overall survival was estimated using the Kaplan—-Meier method and compared between groups using
multivariate Cox proportional hazards model.

Results There were 424 patients without continuous EEG and 32 with continuous EEG, of whom lateralized periodic dis-
charges and/or electrographic seizures were seen in 17 (53%). Peri-operative EEG hyperexcitability was associated with
decreased overall survival in multivariate analysis (median 12.5 [95% CI 6.2-25.6] months with hyperexcitability versus
median 19.9 [95% CI 8.9-53.5] months without hyperexcitability, p=0.043). Compared to patients without continuous EEG,
overall survival was decreased in patients with hyperexcitability (p <0.0001) and similar in patients without hyperexcitability
(p=0.193). Patients with and without hyperexcitability had similar rates of exposure to anti-seizure medication at baseline,
and in long-term follow-up had no difference in number of medications required for seizure control.

Conclusions These findings indicate the potential prognostic value of a clinical EEG biomarker of glioma aggressiveness
prior to the initiation of chemoradiation.
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Introduction

Seizures are a frequent initial presentation of diffuse glio-
mas. In low grade gliomas, seizure frequency is associated
with disease progression and anti-tumor treatment, and
therefore seizure activity has been proposed as a potential
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biomarker of disease control [1]. Seizures at presentation
have been reported as a favorable prognostic factor in glio-
blastoma [2-5], although the mechanisms are uncertain. The
presence of the IDH mutation and other molecular features
carrying prognostic value may partially contribute to this
effect [3, 6]. However, animal models of high-grade glioma
demonstrate that excessive peritumoral neuronal activity
promotes activation of pathways, including PI3K-mTOR
upregulation, which contribute to tumor progression and
decreased survival [7-9]. Thus, the relationship between
neuronal activity in the tumor microenvironment, early onset
clinical seizures, and survival outcomes remains poorly
understood, in part due to a lack of clinically validated bio-
markers of peritumoral hyperexcitability and limited epi-
lepsy phenotyping in large-scale neuro-oncology data sets.

Clinically available EEG-based biomarkers may be useful
in reconciling the effects of peritumoral hyperexcitability,
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clinical seizures, and anti-seizure medication exposure on
oncologic outcomes. Here we evaluate the prognostic value
of epileptiform activity on continuous EEG recording in the
peri-operative period prior to initiation of chemoradiation
therapy in patients with newly diagnosed IDH-wildtype dif-
fuse glioma.

Methods
Study design

This was a retrospective observational cohort study of
patients treated for newly diagnosed glioma at Dana-Farber
Cancer Institute (DFCI) between 2013 and 2018. All pro-
tocols for Human Subjects Research were approved by the
Institutional Review Board at DFCI with waiver of informed
consent (Protocol #21-425).

Patient selection

Clinical data from the previously validated DFCI Neuro-
Oncology Cohort (dataset publicly available from DFCI-
AACR GENIE cBioPortal or by contacting KLLL) were used
for the study [10]. Inclusion criteria were adult patients (at
least 18 years old) with a pathology integrated diagnosis
of newly diagnosed, diffuse glioma, and histological grade
2-4 (e.g. glioblastoma, diffuse glioma NEC) by the 2021
WHO Classification of Tumors of the Central Nervous Sys-
tem criteria. Exclusion criteria were the presence of IDH1/2
mutations by immunohistochemistry and/or sequencing (e.g.
no oligodendroglioma or astrocytoma by the 2021 WHO
Classification) and pediatric-type diffuse high-grade glio-
mas. Patients who had continuous EEG monitoring prior
to chemoradiation and within one month from the time of
initial resection were included in the EEG cohort for the
primary analysis. An independent internal reference cohort
consisted of adults with an integrated diagnosis of diffuse
glioma and absence of IDH1/2 mutations by sequencing
without continuous EEG data.

Clinical variables

Baseline clinical and demographic data were obtained for
the EEG cohort by review of neuro-oncology notes at the
time of glioma diagnosis. Tumor classifications and grading
were re-coded for consistency based on the 2021 WHO cri-
teria [11]. Performance status was determined at the time of
the initial post-operative pre-treatment oncology evaluation.

EEG data were obtained by cross-referencing with a
previously validated large-scale critical care EEG database
containing inpatient continuous EEG (cEEG) monitoring
records [12]. All EEGs for a given patient performed within

@ Springer

the timeframe of interest were reviewed, however, if both
pre-operative and post-operative recordings were available,
only post-operative studies were included in the analysis.
EEG hyperexcitability was defined by the presence of lat-
eralized periodic discharges and/or electrographic seizures
(including either clinical or subclinical) according to Ameri-
can Clinical Neurophysiology Society Standardized Critical
Care EEG Terminology [13].

Tumor sequencing

Tumor sequencing was performed in all patients using the
OncoPanel genomic assay, and single-nucleotide mutation
analysis reviewed for variants in IDH1, IDH2, and PI3K-
mTOR pathway genes MTOR, PIK3CA, PIK3C2B, and
PIK3R1. As previously described, DNA was extracted and
fragmented for library preparation and PCR enrichment in
formalin-fixed paraffin-embedded tissue specimens, fol-
lowed by hybrid capture with the OncoPanel DNA bait set
and Illumina sequencing [14, 15].

Statistical analysis

Univariate comparisons between categorical and continu-
ous variables were performed using the Fisher Exact Test
and Mann—-Whitney U-test, respectively. Overall survival
(OS) probabilities were estimated with the Kaplan—-Meier
method. Patients were censored at the time of last encoun-
ter. Survival times were compared between groups using
the log-rank test and multivariate regression performed
with Cox proportional hazards model. Proportional hazards
assumptions were tested by calculating Schoenfeld residu-
als. Performance status was stratified as a binary variable to
correct for violation of proportional hazards assumption. All
tests were two-sided with a significance threshold of 0.05.
Analyses were performed using R 4.0.3 (R Foundation for
Statistical Computing, Vienna, Austria).

Results
Patient characteristics

After excluding cases with IDH1/2 mutations and cEEG
recording greater than one month from the time of initial
glioma resection, there were 32 patients in the cEEG cohort
and 424 patients without cEEG (Fig. 1). Among the cEEG
cohort, lateralized periodic discharges and/or electrographic
seizures (LPD/ES) were seen in 17 (53%). In 9/17 (53%)
patients with LPD/ES and in 11/15 (73%) patients without
LPD/ES, cEEG recording was performed post-operatively
(p=0.291). Overall cEEG was performed for evaluation of
altered mental status in 18 patients (10/15 without LPD/
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N=826
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e IDH1/2 mutated (N=295)
Adult IDH-WT
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e cEEG >1mo from initial
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Fig.1 Flow diagram of patient inclusion. Adult patients with newly
diagnosed diffuse gliomas were analyzed after exclusion of those with
IDH1/2 mutations or cEEG>1 month from initial surgery. cEEG
continuous EEG; IDH isocitrate dehydrogenase; WT wildtype

ES vs 8/17 with LPD/ES), clinical status epilepticus in 10
patients (2/15 without LPD/ES vs 8/17 with LPD/ES), and
characterization of spells and/or background activity in
4 patients (3/15 without LPD/ES vs 1/17 with LPD/ES).
Demographic and baseline prognostic characteristics were
similar between patients with and without LPD/ES on cEEG
(Table 1, Fig. 2).

All patients received at least one anti-seizure medication
peri-operatively, indicated for clinical seizures in 24 (75%)
and for prophylaxis in 8 (25%) patients. At the initiation of
cEEG recording, 16 (94%) patients with LPD/ES and 14 (93%)
patients without LPD/ES were receiving treatment with anti-
seizure medications, including levetiracetam as monotherapy
(53% with LPD/ES vs 67% without LPD/ES) and in poly-
therapy (35% with LPD/ES vs 20% without LPD/ES). As a
proxy metric for seizure control, patients in each group were
being treated with a similar number of anti-seizure medica-
tions (median 1 [range 0—4] with LPD/ES vs median 1 [range

Table 1 Demographic and

5 P EEG+LPD/ES (N=17) EEG -LPD/ES p-value
baseline characteristics (N=15)

Age at diagnosis, mean (range) 62 (41-82) 67 (50-86) 0.32
Female sex, N(%) 7 (41%) 3 (20%) 0.27
KPS, median (range)* 80 (20-100) 80 (20-90) 0.76
Pathology integrated diagnosis, N(%)°

Glioblastoma 13 (76%) 15 (100%) 0.10

Diffuse glioma NEC 4 (24%) 0 (0%)
WHO grade, N(%)°

Grade 4 13 (76%) 15 (100%) 0.10

Grade 3 3 (18%) 0 (0%)

Grade 2 1 (6%) 0 (0%)
MGMT promoter methylated, N(%)° 10 (77%) 5 (38%) 0.14
Gross total resection, N(%) 5(29%) 7 (47%) 0.47
Completed chemoradiation, N(%) 13 (76%) 12 (80%) 1.00
Tumor localization, N(%)*

Temporal/insular 9 (53%) 10 (67%) 0.49

Frontal 6 (35%) 3 (20%)

Parietal 5 (29%) 2 (13%)

Occipital 1 (6%) 1 (7%)

Thalamic 1 (6%) 0 (0%)
Clinical seizures at presentation, N(%) 14 (82%) 10 (67%) 0.42
Clinical seizures at anytime, N(%) 16 (94%) 11 (73%) 0.16
ASMs received peri-operatively, N(%) 17 (100%) 15 (100%) 1.00
ASMs at start of continuous EEG, N(%) 16 (94%) 14 (93%) 1.00

ASM anti-seizure medication; KPS Karnofsky Performance Status; LPD/ES lateralized periodic discharge
and/or electrographic seizure; MGMT O[6]-methylguanine-DNA methyltransferase; WHO World Health

Organization

4KPS determined at initial post-operative pre-treatment evaluation
PRe-coded to align with 2021 WHO Classification criteria
“Percent of cases with available data; -LPD/SZ (N=13),+LPD/SZ (N=13)

dMulti-lobar cases counted in each applicable category
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«Fig.2 Examples of IDH-WT gliomas with and without continuous
EEG hyperexcitability. Pre-operative MRI (a, e), post-operative MRI
(b, f), representative glioblastoma histology at X 20 magnification (c,
g), and post-operative EEG (d, h) without and with lateralized peri-
odic discharges in the right posterior peritumoral region, respectively

0-4] without LPD/ES, p=0.630) at the time of last available
follow-up.

Prognostic value of EEG hyperexcitability

In long-term follow-up, the clinical endpoint of death was
met in 17/17 (100%) patients with LPD/ES and 14/15 (93%)
patients without LPD/ES. Patients with LPD/ES had a median
OS of 12.5 [95% CI 6.2-25.6] months while patients without
LPD/ES had a median OS of 19.9 [95% CI 8.9-53.5] months
(X2 =3.0, p=0.084, Table 2, Fig. 3). In a multivariate Cox pro-
portional hazards model stratified by performance status, LPD/
ES on cEEG was significantly associated with OS (p=0.043),
adjusting for the presence of WHO grade 4, MGMT promoter
methylation, and gross total resection (Table 2).

To evaluate whether patients requiring cEEG had a worse
prognosis due to the underlying clinical indication for cEEG
monitoring, OS of patients with and without LPD/ES were
compared to an internal reference cohort without cEEG. OS
was decreased in patients with LPD/ES (X*=18.1, p<0.0001)
compared to the reference cohort (median OS 22.8 [95% CI
20.8-25.2] months), whereas OS was similar in patients with-
out LPD/ES (X*>=1.7, p=0.193, Fig. 3).

EEG hyperexcitability associated with PI3K-mTOR
pathway hetereogeneity

Tumor somatic mutation variants in the PI3K-mTOR pathway
were evaluated in relation to peri-operative cEEG hyperexcit-
ability. Among patients with LPD/ES, 6/17 (35%) had at least
one variant in MTOR, PIK3CA, PIK3C2B, and/or PIK3R1,
compared to 1/15 (7%) without LPD/ES (p=0.088) and com-
pared to 97/424 (23%) in the reference cohort without cEEG
(p=0.246). The complete list of PI3K-mTOR variants is
included in Supplementary Table 1.

Discussion

In this series of patients with newly diagnosed IDH-
wildtype glioma, early EEG hyperexcitability was associ-
ated with decreased OS. These findings indicate the poten-
tial prognostic value of a clinical EEG biomarker of glioma
aggressiveness prior to the initiation of chemoradiation.
EEG is not routinely required for the clinical manage-
ment of seizures, and in many hospitals prolonged EEG
monitoring may not be available. Therefore, as expected,

cEEG data was available in only a minority of this cohort.
Post-operative brain oscillatory activity measured by mag-
netoencephalography (MEG) has been associated with
glioma survival outcomes [16, 17], although conflicting
reports exist [18], which may be attributable to different
glioma populations or methodologies studied. In contrast
to using a quantitative oscillatory power metric of func-
tional connectivity, hyperexcitability in this study reflected
standardized EEG patterns on the ictal-interictal contin-
uum and presumably corresponded to neuronal hyperactiv-
ity at the extreme of the spectrum [19].

While patients for whom cEEG is clinically indicated
may hypothetically have more severe medical conditions,
we found no difference in OS between patients without
hyperexcitability on peri-operative cEEG and patients who
did not undergo cEEG at any time. Furthermore, patients
with and without EEG hyperexcitability had similar rates
of clinical seizures at presentation, tumor characteristics,
exposure to anti-seizure medications, and post-operative
performance statuses. All patients received anti-seizure
medications as clinically indicated based on clinical and
electrographic seizure activity, and in long-term follow-up
had the same medication burden regardless of the pres-
ence or absence of EEG hyperexcitability. Although pre-
operative glioblastoma tumor size has a variable associa-
tion with prognosis based on the specific imaging metrics
evaluated [20-25], a prior quantitative analysis of morpho-
logical characteristics found that smaller tumor size was
associated with seizures at presentation in high-grade glio-
mas [26]. All patients in the EEG cohort had supratento-
rial tumors with an overall similar distribution in location
between cases with and without EEG hyperexcitability,
with the majority localized to the temporal lobe. Focal
epileptiform discharges on cEEG are commonly associated
with brain tumors, with higher rates reported in tempo-
ral than frontal lobe tumors [27, 28]. Clinical seizures in
high-grade gliomas have been previously associated with
cortical involvement in the frontal, temporal, and parietal
lobes [29-31]. Temporal lobe involvement is an independ-
ent risk factor for clinical seizures in low-grade gliomas
[32], however to a much lesser extent in high-grade glio-
mas [26]. Overall, these factors argue against a significant
confounding bias to explain the association between EEG
hyperexcitability and OS.

In the absence of IDH mutations and controlling for
other prognostic genetic features incorporated into the lat-
est WHO tumor grading classification [11], it is likely that
other genetic and molecular features contribute to the devel-
opment of peritumoral hyperexcitability and glioma aggres-
siveness. A relative increase in prevalence of PI3K-mTOR
variants were seen in patients with EEG hyperexcitability
in this study. Activating mutations in the PI3K-mTOR
pathway have been previously associated with peritumoral
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Tablg 2 .Univariate. and Parameter Median OS  Unadjusted model Adjusted model
mult.lvarlate analysis of overall (months)
survival outcomes HR 95% C1 p-value  HR 95% CI p-value
LPD/ES
Yes 12.5 1.96 0.90-4.26 0.08 3.06 1.03-9.03 0.04
No (ref) 19.9
KPS?*
>90 25.8 0.43 0.20-0.92 0.03 NA NA NA
<90 (ref) 8.7
WHO grade
4 11.8 1.05 0.36-3.05 0.93 0.51 0.08-3.05 0.46
2-3 (ref) 18.4
MGMT promoter
Methylated 12.5 0.62  0.26-1.47 0.28 0.50  0.17-142  0.19
Unmethylated (ref) 19.1
GTR
Yes 14.1 1.05 0.50-2.21 0.90 1.87 0.74-4.70  0.18
No (ref) 15.1

GTR gross total resection; HR hazard ratio; KPS Karnofsky Performance Status; LPD/ES lateralized peri-
odic discharges and/or electrographic seizures; MGMT O[6]-methylguanine-DNA methyltransferase; OS
overall survival; WHO World Health Organization

#Stratified in multivariate analysis for violation of proportional hazards assumption
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Fig.3 Survival curves for patients with IDH-WT glioma and peri-
operative continuous EEG with LPD/ES (orange), without LPD/ES
(gray), as well as an independent reference cohort without continuous
EEG (blue). LPD/ES, lateralized periodic discharges and/or electro-
graphic seizures

hyperexcitability, clinical seizure activity, and glioblastoma
recurrence [33-36]. In animal models of glioblastoma, peri-
tumoral neuronal activity promotes the release of soluble
neuroligin-3, induction of PI3K-mTOR activity, and glioma
cellular proliferation [9]. Peritumoral hyperexcitability by
MEG has also been correlated with neuroligin-3 expression
and associated with decreased progression-free survival
[16]. These studies suggest the potential for multiple glioma
variants to selectively influence neuronal activity and tumor
growth in a bidirectional feedforward manner.
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Limitations of this study included the small sample size
of patients in the EEG cohort as well as the lack of epilepsy
phenotyping in the larger reference cohort. As such, this
study was not designed or powered to detect any potential
impact of EEG hyperexcitability on survival independent
from glioma progression. Furthermore, epileptiform activity
on post-operative EEG may be attributable to cortical injury
due to surgery or post-surgical hemorrhage and edema,
although this risk factor was shared by all patients. Continu-
ous EEG was performed as clinically indicated and only cap-
tured a select period in time. Given the small sample size,
both pre-operative and post-operative cEEGs were evaluated
together, however whether glioma-induced hyperexcitability
is an enduring feature before and after tumor resection and
later tumor treatments remains uncertain. Additional larger
controlled studies are necessary to determine the mecha-
nisms by which EEG hyperexcitability is associated with
both epilepsy and oncologic outcomes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11060-022-04059-8.
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