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Abstract
Surgical resection is highly effective in the treatment of tumor-related epilepsy (TRE) in patients with brain metastases (BM). 
Nevertheless, some patients suffer from postoperative persistent epilepsy which negatively impacts health-related quality of 
life. Therefore, early identification of patients with potentially unfavorable seizure outcome after BM resection is important. 
Patients with TRE that had undergone surgery for BM at the authors’ institution between 2013 and 2018 were analyzed with 
regard to preoperatively identifiable risk factors for unfavorable seizure outcome. Tumor tissue and tumor necrosis ratios 
were assessed volumetrically. According to the classification of the International League Against Epilepsy (ILAE), seizure 
outcome was categorized as favorable (ILAE 1) and unfavorable (ILAE 2–6) after 3 months in order to avoid potential inter-
ference with adjuvant cancer treatment. Among all 38 patients undergoing neurosurgical treatment for BM with concomitant 
TRE, 34 patients achieved a favorable seizure outcome (90%). Unfavorable seizure outcome was significantly associated with 
larger tumor volumes (p = 0.012), a midline shift > 7 mm (p = 0.025), and a necrosis/tumor volume ratio > 0.2 (p = 0.047). 
The present study identifies preoperatively collectable risk factors for unfavorable seizure outcome in patients with BM and 
TRE. This might enable to preselect for highly vulnerable patients with postoperative persistent epilepsy who might benefit 
from accompanying neuro-oncological expertise during further systemical treatment regimes.
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Introduction

Seizures are among the most common symptoms in patients 
with brain tumors with a considerable incidence in patients 
with brain metastases (BM) albeit lower when compared 
to primary brain tumors [5]. This lower incidence seems to 
be related to the less infiltrative growth pattern resulting in 
more circumscribed lesions [22]. Neurosurgical treatment of 
BM not only reduces the intracranial tumor burden, but also 
provides excellent seizure control [34].

Nevertheless, some patients with surgically treated BM 
and tumor-related epilepsy (TRE) with unfavorable seizure 
outcome embark on further adjuvant therapy, which may 
itself have an epileptogenic effect [22]. Yet, recurrent sei-
zures have a negative effect on the health-related quality of 
life (QoL), especially if they are not controlled postopera-
tively or with long-term medication only [14]. In common 
treatment settings, patients with primary cancer and newly 
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diagnosed BM are referred back to the primary physician 
after successful neurosurgical management implementation 
of systemic treatment of the underlying malignancy. Since 
these patients with uncontrolled seizures despite surgery 
might benefit from continuous supportive neuro-oncological 
expertise accompanying their systemic therapy, their early 
identification is of crucial importance.

We have therefore reviewed our institutional database for 
possible preoperatively identifiable risk factors for unfavora-
ble postoperative seizure outcome in patients with newly 
diagnosed BM and TRE.

Materials and methods

Eligible for study inclusion were all patients (aged 18 years 
or older) with histopathologically proven brain metastasis 
requiring surgery and preoperative TRE who underwent 
neurosurgical resection of BM at the authors’ neuro-oncol-
ogy specialty center between 2013 and 2018 and a suffi-
ciently documented seizure history for at least 3 months 
postoperatively. Exclusion criteria, in addition to the absence 
of any of the above-mentioned requirements, were if the 
affected patients had a history of known epilepsy or if the 
seizures were attributable to another (known) cause. Fol-
lowing the ILAE definition, reported epilepsy was defined 
as (1) at least 2 unprovoked seizures occurring > 24 h apart, 
or (2) 1 unprovoked seizure and an increased probability 
of further seizures similar to the general risk of recurrence 
after 2 unprovoked seizures occurring in the next 10 years 
[7]. Therefore, patients with BM with both one and/or more 
than one symptomatic seizure were included in further anal-
ysis. Tumor-related epilepsy (TRE) was defined as newly 
recorded symptomatic seizures that occurred for the first 
time were associated with an MRI-based brain metastasis 
diagnosis, and the affected patient reported no history of 
previous epilepsy [15, 27]. Seizure semiology due to TRE is 
characterized as simple focal, complex focal, or generalized 
seizures [3, 8, 31]. Postoperative seizure outcome was evalu-
ated for a period of up to 3 months after surgery to avoid 
possible interference with a postoperative adjuvant cancer 
treatment. Pertinent clinical information was collected and 
entered into a computerized database (SPSS, Version 25, 
IBM Corp., Armonk, NY). Information recorded included 
age, sex, localization and size of BM, information on multi-
ple BM, seizure status and semiology (focal versus general-
ized) according to the criteria of the International League 
Against Epilepsy (ILAE) [32], underlying malignancy, and 
postoperative seizure outcome. The Karnofsky Performance 
Scale (KPS) was used to estimate a patient’s functional sta-
tus in terms of daily living activity as well as to assess a rep-
licable impression of the neurological impact of the tumor 
lesion preoperatively.

The indication for surgical treatment of a newly diag-
nosed intracranial metastasis is given at the weekly tumor 
board meeting, as previously reported [25].

Postoperative seizure control in terms of ILAE class I 
(completely seizure free, no auras) was considered as favora-
ble seizure outcome. An unfavorable outcome was defined 
as ILAE class II–VI as previously described [24].

Routine imaging resection control was not performed in 
the absence of postoperative new neurologic deficit or evi-
dence of intraoperative complications [2].

Volumetric analyses of preoperative contrast-enhancing 
tumor tissue, tumor necrosis, and perilesional brain edema 
were performed manually with commercially available soft-
ware (TumorTracking Tool, IntelliSpace Portal 5.0, Philips, 
Best, Netherlands) by two authors (MB, MS). Any discrep-
ancies were resolved in a consensus meeting with the senior 
author (PS). Therefore, enhancing volume on post-contrast 
T1 including central necrosis was considered as tumor. A 
non-enhancing region within the tumor on post-contrast 
T1 was determined as necrosis. The volume on T2/FLAIR 
hyperintensities surrounding the lesion, excluding the tumor 
volume, was classified as perilesional edema (Fig. 1). Two 
ratios were then calculated to better depict distinct aspects 
of each BM compartment: (1) necrosis/tumor-ratio (NTR; 
necrosis divided by tumor volume) and (2) edema/tumor-
ratio (ETR; edema divided by tumor volume), as previously 
described by Henker et al. [10] (Fig. 1).

The study was approved by the local ethics commit-
tee. Because this study does not imply any burden for the 
patients and all data were retrieved from existing databases 
and registries, no informed consent had to be sought.

Statistical analysis

Data analyses were performed using the SPSS computer 
software package (version 25, IBM Corp., Armonk, NY). 
Categorical variables were analyzed in contingency tables 
using Fisher’s exact test. The Mann–Whitney U-test was 
chosen to compare continuous variables as data were mostly 
not normally distributed. The area under the curve (AUC), 
as well as specificity and sensitivity, was determined using 
receiver operating characteristic (ROC) curves to identify 
a cut-off value of NTR for prediction of postoperative sei-
zure outcome in the current patient population. Results with 
p < 0.05 were considered statistically significant.

Results

Patient characteristics and seizure outcome

We identified 38 patients with preoperative TRE who 
had undergone surgical treatment of BM at the authors’ 
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institution between 2013 and 2018. In all patients, complete 
resection of the mass was performed, including two patients 
(5%) in whom a supramarginal resection regimen was fol-
lowed through an anterior temporal lobe resection. Overall, 
34 patients (90%) achieved favorable postoperative seizure 
outcome. Patients with unfavorable seizure outcome more 
frequently had generalized seizures and a shorter OS. How-
ever, differences between patients with favorable and unfa-
vorable seizure outcome did not reach statistical significance 

(Table 1). Further details on histopathological findings, pres-
ence of multiple BM, seizure semiology, and antiepileptic 
drug regimen are provided in Supplementary Table S1.

Analysis of imaging characteristics 
and postoperative seizure outcome

Temporal localization of surgically treated BM or hem-
orrhagic transformation did not significantly affect 

Fig. 1   Illustration of metastatic 
tumor-, necrosis-, and tumor-
related edema-volumes; right: 
frontal view; left: frontotempo-
ral view

Table 1   Patient characteristics

yrs, years; KPS, Karnofsky Performance Scale; OS, overall survival; mo, months

Favorable seizure outcome 
(n = 34)

Unfavorable seizure out-
come (n = 4)

Median age at surgery (yrs) 61 54 p = 0.37
Female gender 19 (56%) 2 (50%) p = 1.0
Preoperative KPS ≥ 70 29 (85%) 3 (75%) p = 0.51
Preoperative seizure semiology p = 0.29

  Partial 21 (62%) 1 (25%)
  Generalized 13 (38%) 3 (75%)

Primary site of cancer
  Lung 13 (38%) 3 (75%) p = 0.29
  Breast 5 (15%) 0 (0%) p = 1.0
  Melanoma 4 (12%) 0 (0%) p = 1.0
  Others 12 (35%) 1 (25%) p = 1.0

Median OS (mo) 16 (95% CI 2.0–30.0) 8 (95% CI 2.1–13.9) p = 0.28

Neurosurgical Review (2022) 45:545–551 547



	

1 3

postoperative seizure outcome (p = 1.0) (Table 2). While 
multiple BM at the time of surgical treatment were more 
frequent among patients with an unfavorable seizure out-
come, this difference did not reach statistical significance 
(p = 0.19). Of those patients who achieved a favorable 
seizure outcome, 6 patients (18%) already manifested 
multiple BM at initial presentation, whereas this was the 
case in 2 patients (50%) with unfavorable seizure outcome 
during follow-up (p = 0.2).

Patients with an unfavorable seizure outcome presented 
with a significantly larger tumor volume compared to 
patients with favorable seizure outcome (median vol-
ume: 3.1 cc versus 0.2 cc; p = 0.002). The ROC analysis 
yielded a tumor volume cut-off of 1.7 cc regarding the 
correlation with a persisting postoperative seizure sta-
tus (AUC = 0.98, SE = 0.02, p < 0.001, sensitivity 99%, 
specificity 80%). Furthermore, an initial midline shift 
of ≥ 7 mm showed a significant association with unfavora-
ble postoperative seizure outcome compared to patients 
with a preoperative midline shift of < 7 mm (50% vs. 3%; 
p = 0.025) (Table 2).

The ROC analysis revealed a NTR cut-off value of 0.2 
regarding the predictability of postoperative seizure-free-
dom (AUC = 0.81, SE = 0.14, p = 0.046; sensitivity 75%, 
specificity 65%). Subsequently, a NTR of > 0.2 was found 
to be significantly associated with unfavorable postop-
erative seizure outcome in further volumetric analysis 
(p = 0.047, OR 16, 95% CI 1.4–180.9) (Table 2).

Discussion

Current evidence estimates that in about 4% of patients 
with epilepsy, the cause is the presence of a brain tumor. 
In contrast, the incidence of epilepsy in patients with brain 
tumor is about 30% [13]. However, seizure prevalence in 
brain tumors follows an inverse relationship related to tumor 

growth rate and associated malignancy [12]. Neverthe-
less, tumor-related epilepsy (whether due to primary brain 
tumor or BM) can massively reduce HRQoL in affected 
patients [13, 22]. Although the pathomechanisms of TRE 
are ultimately not yet conclusively established, several stud-
ies allude to changed neurotransmitter homeostasis in the 
tumor-surrounding brain area as a cause of TRE [35, 36]. 
In the various studies on alterations in glutamate or GABA 
transmissions within the peritumoral parenchyma, the focus 
is often on brain tumors and/or meningiomas [4, 17, 28]. 
Focusing on intracranial extraaxial lesions, such as brain 
metastases in this case, does not simplify the determination 
of the underlying pathomechanisms of TRE [11]. Neverthe-
less, brain metastases (as well as glioblastoma) are among 
the most rapidly growing intracranial lesions, so that here, 
in addition to various neurotransmitter alterations, sudden 
modes of tissue damage, such as both necrosis of cells and 
deposition of hemosiderin, are discussed as an underlying 
mechanism for TRE [21, 30]. Seizure semiology in patients 
with TRE is often related to tumor location. In general, par-
tial seizures with tonic–clonic manifestation (with or without 
alteration of consciousness) are more common in patients 
with TRE [9, 16]. We found that neurosurgical treatment 
of BM could achieve postoperative seizure freedom in the 
majority of patients. This finding is in line with previous 
work [9, 22]. With regard to low- and/or high-grade gliomas, 
gross-total or supramarginal resection is also assuming an 
increasing role in the debate with regard to seizure outcome 
[19, 26]. In the case of BM, efforts are also accumulating to 
achieve the most complete resection results possible, even in 
more eloquent areas [20]. Although radiotherapy is another 
highly efficient therapeutic option in the case of BM and the 
incidence of TRE is lower, especially compared to low-grade 
gliomas, a future deepening of scientific efforts regarding 
the resection regimen also in BM would nevertheless be 
desirable. Patients with BM due to underlying melanoma 
or lung cancer exhibit the most frequent incidence of TRE 

Table 2   Imaging-based analysis 
for factors influencing seizure 
outcome

BM, brain metastasis; cc, cm3; NTR, necrosis/tumor-ratio

Favorable seizure out-
come (n = 34)

Unfavorable seizure 
outcome (n = 4)

Temporal location of BM 6 (18%) 1 (25%) p = 1.0
Multiple BM 6 (18%) 2 (50%) p = 0.19
Hemorrhagic transformation 8 (24%) 1 (25%) p = 1.0
Preoperative midline shift ≥ 7 mm 1 (3%) 2 (50%) p = 0.025, 

OR 33, 
95% CI 
2.0–538.7

Median tumor volume (cc) 0.2 3.1 p = 0.002
NTR > 0.2 2 (6%) 2 (50%) p = 0.047, 

OR 16, 
95% CI 
1.4–180.9
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among patients with BM [22, 29]. In the present study, no 
association was apparent between underlying cancer type 
and the preferential development of preoperative epilepsy in 
patients with BM. This may be due to patient selection, as 
the present data focused solely on patients with BM requir-
ing surgery. Regarding antiepileptic drug (AED) regimens, 
further management with AED is often a matter of in-house 
philosophy given the sparse evidence in BM patients with 
TRE [20]. In line with the basic evidence-based recommen-
dation regarding antiepileptic drugs, patients with TRE are 
often treated initially with monotherapy using levetiracetam 
or valproic acid (as was the case in this study), because the 
use of CYP3A4 coenzyme AEDs (such as carbamazepine, 
phenytoin, and phenobarbital) may interfere with the effec-
tiveness of the necessary chemotherapy after surgery [7, 
12, 18]. Due to the fact that patients with TRE often face 
a reduction in quality of life, stigmatization problems, and 
significant disabilities, close neurological/neuro-oncological 
engagement is desirable in BM patients for optimal manage-
ment of TRE [15]. Likewise, for a better or more extensive 
research of the impact of tumor-associated epilepsy, includ-
ing long-term medication if necessary, future research efforts 
should include more sophisticated testing methods (such as 
the Wechsler Adult Intelligence Scale) in the assessments 
of these patients. Furthermore, the present study highlights 
preoperative imaging features associated with an unfavora-
ble postoperative seizure outcome.

A preoperative midline shift of 7 mm or more was associ-
ated with an unfavorable postoperative seizure outcome. It 
is most likely a surrogate parameter for significant space-
occupying effects of the respective metastasis, whether it is 
tumor or edema related. The extent of peritumoral edema 
is known to be an independent predictor of postoperative 
seizure outcome from experience in other diseases [24]. 
Identification of the causative lesion can be challenging in 
patients with multiple brain metastases [15]. Most often, 
in the case of patients with BM, the indication for surgical 
resection is not based solely on epilepsy surgical premise, 
but on primarily oncological rationale (securing histology, 
reducing tumor burden, relieving neurologic symptoms). 
Nevertheless, the pathophysiologic considerations of TRE 
suggest that patients with multiple BMs are also more likely 
to have TRE, and thus the chances of success after surgi-
cal resection of one of multiple BMs are most likely to be 
difficult to predict [6]. In addition to the space-occupying 
component of edema and accompanying irritation of the sur-
rounding parenchyma, a decrease in inhibitory neurotrans-
mission in the peri-tumoral tissue (with or without edema) 
has also been discussed as an underlying explanation for 
tumor-related epileptogenicity [6]. An alternative mecha-
nism explaining increased midline shift is the BM size as 
such. The relationship between tumor size and postoperative 
seizure outcome is well established in other tumor entities 

(e.g., meningiomas) [24]. Our volumetric data indicate a sig-
nificantly larger volume of the metastatic lesions in patients 
with poor postoperative seizure outcome compared with BM 
patients with TRE and postoperative seizure freedom.

In addition to the BM volume, the ratio of intratumoral 
necrosis volume to total tumor volume was demonstrated to 
be significantly associated with postoperative seizure out-
come in patients with BM and TRE. On the basis of the 
present data, we were able to establish a correlation between 
a necrosis/tumor volume ratio > 0.2 and an unfavorable sei-
zure outcome. The cause of necrosis formation in BM and 
its mechanistic relationship to poor clinical outcome remain 
largely unknown [23]. A common hypothesis for the devel-
opment of tumor necrosis is that the rapid growth of malig-
nant cells outgrows the capacity of inherent blood supply, 
generating hypoxic conditions resulting in necrotic tissue 
areas [1]. Immunologic factors, such as the causal role of 
cells of the innate and adaptive immune systems in necrosis 
formation, have also been considered [1]. These explana-
tory attempts suggest an even more massive intratumoral 
remodeling process in the case of increased necrosis forma-
tion in BM. The associated metabolic products, as well as 
immunological processes, could provide the explanation for 
the fact that now, for the first time, a correlation between the 
necrosis-tumor ratio and the postoperative seizure outcome 
in BM patients has been successfully established in the pre-
sent study.

Limitations

The present study has several limitations. As with all retro-
spective studies, limitations of our study are inherent in the 
design and include retrospective data collection. Further-
more, there is only a small number of patients with post-
operative unfavorable seizure outcome in our cohort. To 
reduce heterogeneity, the study cohort was appropriately 
narrowly defined, resulting in a very small patient sample 
size given the low incidence of TRE in patients with BM 
as well as its excellent response to surgical resection. The 
small sample size of the present study may severely limit 
the robustness of the results of the statistical analysis. Due 
to the inapplicability of the “one-in-ten” rule of thumb, no 
meaningful/conclusive multifactorial logistic regression 
analysis was possible. In addition, follow-up time of post-
operative seizure assessment was only 3 months. There-
fore, an additional shortcoming due to the retrospective 
nature of our data unfortunately did not allow conclusions 
to be drawn regarding long-term follow-up as defined by 
the ILAE classification system after brain surgery. Because 
of the oncological focus, preoperative EEG results and/
or detailed epileptological evaluations are absent in the 
majority of patients. Furthermore, we cannot rule out that 
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many of the patients were preoperatively treated with ster-
oids, which could be a confounding factor in this study 
that affects peritumoral edema volume and subsequently 
the volumetric analysis. Nevertheless, the data of the pre-
sent study strengthen the desire to foster future efforts to 
analyze larger cohorts in a multicenter design and/or by 
means of registry studies.

Conclusions

Neurosurgical resection of BM is highly effective in the 
treatment of tumor-associated epilepsy. Additionally, the 
present study shows that preoperative higher tumor vol-
umes, a midline shift > 7 mm and a necrosis/tumor volume 
ratio > 0.2 are associated with postoperative unfavorable 
seizure outcome in patients with BM and TRE. These vari-
ables might enable to preoperatively identify the subset 
of BM patients that are at high risk of postoperative unfa-
vorable seizure outcome and might therefore benefit from 
accompanying neuro-oncological expertise during further 
systemical treatment regimes.

Further longitudinal studies with larger patient cohorts 
and in multi-center design are needed to confirm our 
results and asses how a neuro-oncological binding might 
improve seizure control and subsequently QoL in patients 
with BM and TRE.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10143-​021-​01560-y.

Author contribution  Conceptualization: M.B., M.S., and P.S. Data 
curation: M.B., M.S., M.H., A.-L.P., and P.S. Formal analysis: M.B., 
M.S., A.-L.P., and P.S. Writing—original draft preparation: M.B., 
M.S., and P.S. Writing—review and editing: M.B., M.S., M.H., C.B., 
V.B., L.E., A.-L.P., E.G., M.H., Y.-D.K., F.L., A.R., C.S., R.S., J.W., 
U.H., H.V., N.S., and P.S. Visualization: M.B., M.S., A.-L.P., and P.S. 
Supervision: M.S. and P.S. All authors have read and agreed to the 
published version of the manuscript.

Funding  Open Access funding enabled and organized by Projekt 
DEAL.

Data availability  All data generated or analyzed during this study are 
included in this published article.

Code availability  Not applicable.

Declarations 

Ethics approval  The study was approved by the local ethics committee 
at the University Hospital Bonn. The study was conducted in accord-
ance with the ethical standards of the 1964 Declaration of Helsinki and 
its later amendments [33].

Consent to participate  Informed consent was not sought as a retrospec-
tive study design was used.

Consent for publication  All authors agreed to the publication of the 
manuscript.

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Atanasov G, Schierle K, Hau HM, Dietel C, Krenzien F, Brandl 
A, Wiltberger G, Englisch JP, Robson SC, Reutzel-Selke A, Pas-
cher A, Jonas S, Pratschke J, Benzing C, Schmelzle M (2017) 
Prognostic significance of tumor necrosis in hilar cholangiocar-
cinoma. Ann Surg Oncol 24:518–525. https://​doi.​org/​10.​1245/​
s10434-​016-​5472-​0 

	 2.	 Benveniste RJ, Ferraro N, Tsimpas A (2014) Yield and utility 
of routine postoperative imaging after resection of brain metas-
tases. J Neurooncol 118:363–367. https://​doi.​org/​10.​1007/​
s11060-​014-​1440-​3 

	 3.	 Berg AT, Berkovic SF, Brodie MJ, Buchhalter J, Cross JH, van 
Emde BW, Engel J, French J, Glauser TA, Mathern GW, Moshe 
SL, Nordli D, Plouin P, Scheffer IE (2010) Revised terminology 
and concepts for organization of seizures and epilepsies: report of 
the ILAE Commission on Classification and Terminology, 2005–
2009. Epilepsia 51:676–685. https://​doi.​org/​10.​1111/j.​1528-​1167.​
2010.​02522.​x 

	 4.	 Campbell SL, Robel S, Cuddapah VA, Robert S, Buckingham SC, 
Kahle KT, Sontheimer H (2015) GABAergic disinhibition and 
impaired KCC2 cotransporter activity underlie tumor-associated 
epilepsy. Glia 63:23–36. https://​doi.​org/​10.​1002/​glia.​22730​ 

	 5.	 Chan V, Sahgal A, Egeto P, Schweizer T, Das S (2017) Inci-
dence of seizure in adult patients with intracranial metastatic 
disease. J Neurooncol 131:619–624. https://​doi.​org/​10.​1007/​
s11060-​016-​2335-​2 

	 6.	 Chen DY, Chen CC, Crawford JR, Wang SG (2018) Tumor-related 
epilepsy: epidemiology, pathogenesis and management. J Neu-
rooncol 139:13–21. https://​doi.​org/​10.​1007/​s11060-​018-​2862-​0 

	 7.	 Glantz MJ, Cole BF, Forsyth PA, Recht LD, Wen PY, Chamber-
lain MC, Grossman SA, Cairncross JG (2000) Practice parameter: 
anticonvulsant prophylaxis in patients with newly diagnosed brain 
tumors. Report of the Quality Standards Subcommittee of the 
American Academy of Neurology. Neurology 54:1886–1893. 
https://​doi.​org/​10.​1212/​wnl.​54.​10.​1886 

	 8.	 Goldstein ED, Feyissa AM (2018) Brain tumor related-epilepsy. 
Neurol Neurochir Pol 52:436–447. https://​doi.​org/​10.​1016/j.​pjnns.​
2018.​06.​001 

	 9.	 Grewal J, Grewal HK, Forman AD (2008) Seizures and epilepsy 
in cancer: etiologies, evaluation, and management. Curr Oncol 
Rep 10:63–71. https://​doi.​org/​10.​1007/​s11912-​008-​0010-​2 

Neurosurgical Review (2022) 45:545–551550

https://doi.org/10.1007/s10143-021-01560-y
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1245/s10434-016-5472-0
https://doi.org/10.1245/s10434-016-5472-0
https://doi.org/10.1007/s11060-014-1440-3
https://doi.org/10.1007/s11060-014-1440-3
https://doi.org/10.1111/j.1528-1167.2010.02522.x
https://doi.org/10.1111/j.1528-1167.2010.02522.x
https://doi.org/10.1002/glia.22730
https://doi.org/10.1007/s11060-016-2335-2
https://doi.org/10.1007/s11060-016-2335-2
https://doi.org/10.1007/s11060-018-2862-0
https://doi.org/10.1212/wnl.54.10.1886
https://doi.org/10.1016/j.pjnns.2018.06.001
https://doi.org/10.1016/j.pjnns.2018.06.001
https://doi.org/10.1007/s11912-008-0010-2


1 3

	10.	 Henker C, Kriesen T, Scherer M, Glass A, von Deimling A, Bend-
szus M, Weber MA, Herold-Mende C, Unterberg A, Piek J (2019) 
Association between tumor compartment volumes, the incidence 
of pretreatment seizures, and statin-mediated protective effects 
in glioblastoma. Neurosurgery 85:E722–E729. https://​doi.​org/​10.​
1093/​neuros/​nyz07​9 

	11.	 Herman ST (2002) Epilepsy after brain insult: targeting epilep-
togenesis. Neurology 59:S21-26. https://​doi.​org/​10.​1212/​wnl.​
59.9_​suppl_5.​s21 

	12.	 Hildebrand J, Lecaille C, Perennes J, Delattre JY (2005) Epileptic 
seizures during follow-up of patients treated for primary brain 
tumors. Neurology 65:212–215. https://​doi.​org/​10.​1212/​01.​wnl.​
00001​68903.​09277.​8f 

	13.	 Kim YZ, Lee EH, Lee KS (2011) Clinical analysis for brain 
tumor-related epilepsy during chemotherapy for systemic can-
cer with single brain metastasis. Cancer Res Treat 43:160–169. 
https://​doi.​org/​10.​4143/​crt.​2011.​43.3.​160 

	14.	 Lee SA, Kim MJ, Lee HW, Heo K, Shin DJ, Song HK, Kim OJ, 
Kim SO, Lee BI (2015) The effect of recurrent seizures on cog-
nitive, behavioral, and quality-of-life outcomes after 12 months 
of monotherapy in adults with newly diagnosed or previously 
untreated partial epilepsy. Epilepsy Behav 53:202–208. https://​
doi.​org/​10.​1016/j.​yebeh.​2015.​10.​020 

	15.	 Maschio M (2012) Brain tumor-related epilepsy. Curr Neurophar-
macol 10:124–133. https://​doi.​org/​10.​2174/​15701​59128​00604​470 

	16.	 Michelucci R, Pasini E, Meletti S, Fallica E, Rizzi R, Florindo I, 
Chiari A, Monetti C, Cremonini AM, Forlivesi S, Albani F, Baru-
zzi A, Group PS (2013) Epilepsy in primary cerebral tumors: the 
characteristics of epilepsy at the onset (results from the PERNO 
study–Project of Emilia Romagna Region on Neuro-Oncology). 
Epilepsia 54(Suppl 7):86–91. https://​doi.​org/​10.​1111/​epi.​12314​ 

	17.	 Neal A, Yuen T, Bjorksten AR, Kwan P, O’Brien TJ, Morokoff 
A (2016) Peritumoural glutamate correlates with post-operative 
seizures in supratentorial gliomas. J Neurooncol 129:259–267. 
https://​doi.​org/​10.​1007/​s11060-​016-​2169-​y 

	18.	 Oberndorfer S, Piribauer M, Marosi C, Lahrmann H, Hitzenberger 
P, Grisold W (2005) P450 enzyme inducing and non-enzyme 
inducing antiepileptics in glioblastoma patients treated with stand-
ard chemotherapy. J Neurooncol 72:255–260. https://​doi.​org/​10.​
1007/​s11060-​004-​2338-​2 

	19.	 Park YS, Kim DS, Shim KW, Kim JH, Choi JU (2008) Factors 
contributing to resectability and seizure outcomes in 44 patients 
with ganglioglioma. Clin Neurol Neurosurg 110:667–673. https://​
doi.​org/​10.​1016/j.​cline​uro.​2008.​03.​017 

	20.	 Pelletier JB, Moiraghi A, Zanello M, Roux A, Peeters S, Tran-
cart B, Edjlali M, Lechapt E, Tauziede-Espariat A, Zah-Bi 
G, Parraga E, Chretien F, Dezamis E, Dhermain F, Pallud J 
(2021) Is function-based resection using intraoperative awake 
brain mapping feasible and safe for solitary brain metastases 
within eloquent areas? Neurosurg Rev. https://​doi.​org/​10.​1007/​
s10143-​021-​01504-​6 

	21.	 Riva M (2005) Brain tumoral epilepsy: a review. Neurol Sci 
26(Suppl 1):S40-42. https://​doi.​org/​10.​1007/​s10072-​005-​0404-​y 

	22.	 Ruda R, Mo F, Pellerino A (2020) Epilepsy in brain metastasis: 
an emerging entity. Curr Treat Options Neurol 22:6. https://​doi.​
org/​10.​1007/​s11940-​020-​0613-​y 

	23.	 Sambade MJ, Prince G, Deal AM, Trembath D, McKee M, 
Garrett A, Keith K, Ramirez J, Midkiff B, Blackwell K, Sam-
mons S, Leone JP, Brufsky A, Morikawa A, Brogi E, Seidman 
A, Ewend M, Carey LA, Moschos SJ, Hamilton RL, Vincent B, 
Anders C (2019) Examination and prognostic implications of 
the unique microenvironment of breast cancer brain metastases. 
Breast Cancer Res Treat 176:321–328. https://​doi.​org/​10.​1007/​
s10549-​019-​05211-​1 

	24.	 Schneider M, Güresir Á, Borger V, Hamed M, Racz A, Vatter 
H, Güresir E, Schuss P (2019) Preoperative tumor-associated 

epilepsy in patients with supratentorial meningioma: factors 
influencing seizure outcome after meningioma surgery. J Neuro-
surg:1–7. https://​doi.​org/​10.​3171/​2019.7.​JNS19​455 

	25.	 Schneider M, Heimann M, Schaub C, Eichhorn L, Potthoff AL, 
Giordano FA, Güresir E, Ko YD, Landsberg J, Lehmann F, 
Radbruch A, Schwab KS, Weinhold L, Weller J, Wispel C, Her-
rlinger U, Vatter H, Schäfer N, Schuss P (2020) Comorbidity bur-
den and presence of multiple intracranial lesions are associated 
with adverse events after surgical treatment of patients with brain 
metastases. Cancers 12. https://​doi.​org/​10.​3390/​cance​rs121​13209​ 

	26.	 Schneider M, Schäfer N, Bode C, Borger V, Eichhorn L, Giordano 
FA, Güresir E, Heimann M, Ko YD, Lehmann F, Potthoff AL, 
Radbruch A, Schaub C, Schwab KS, Weller J, Vatter H, Herrlinger 
U, Landsberg J, Schuss P (2021) Prognostic value of preoperative 
inflammatory markers in melanoma patients with brain metasta-
ses. J Clin Med 10. https://​doi.​org/​10.​3390/​jcm10​04063​4 

	27.	 Singh G, Rees JH, Sander JW (2007) Seizures and epilepsy in 
oncological practice: causes, course, mechanisms and treatment. 
J Neurol Neurosurg Psychiatry 78:342–349. https://​doi.​org/​10.​
1136/​jnnp.​2006.​10621​1 

	28.	 Sorensen MF, Heimisdottir SB, Sorensen MD, Mellegaard CS, 
Wohlleben H, Kristensen BW, Beier CP (2018) High expression 
of cystine-glutamate antiporter xCT (SLC7A11) is an independent 
biomarker for epileptic seizures at diagnosis in glioma. J Neuroon-
col 138:49–53. https://​doi.​org/​10.​1007/​s11060-​018-​2785-​9 

	29.	 Urban H, Willems LM, Ronellenfitsch MW, Rosenow F, Steinbach 
JP, Strzelczyk A (2020) Increased occurrence of status epilepti-
cus in patients with brain metastases and checkpoint inhibition. 
Oncoimmunology 9:1851517. https://​doi.​org/​10.​1080/​21624​02X.​
2020.​18515​17 

	30.	 van Breemen MS, Wilms EB, Vecht CJ (2007) Epilepsy in patients 
with brain tumours: epidemiology, mechanisms, and management. 
The Lancet Neurology 6:421–430. https://​doi.​org/​10.​1016/​S1474-​
4422(07)​70103-​5 

	31.	 Weller M, Stupp R, Wick W (2012) Epilepsy meets cancer: when, 
why, and what to do about it? Lancet Oncol 13:e375-382. https://​
doi.​org/​10.​1016/​S1470-​2045(12)​70266-​8 

	32.	 Wieser HG, Blume WT, Fish D, Goldensohn E, Hufnagel A, King 
D, Sperling MR, Luders H, Pedley TA, Commission on Neuro-
surgery of the International League Against E (2001) ILAE Com-
mission Report. Proposal for a new classification of outcome with 
respect to epileptic seizures following epilepsy surgery. Epilepsia 
42:282–286

	33.	 World Medical A (2013) World Medical Association Declara-
tion of Helsinki: ethical principles for medical research involving 
human subjects. JAMA 310:2191–2194. https://​doi.​org/​10.​1001/​
jama.​2013.​28105​3 

	34.	 Wu A, Weingart JD, Gallia GL, Lim M, Brem H, Bettegowda C, 
Chaichana KL (2017) Risk factors for preoperative seizures and 
loss of seizure control in patients undergoing surgery for meta-
static brain tumors. World Neurosurg 104:120–128. https://​doi.​
org/​10.​1016/j.​wneu.​2017.​05.​028 

	35.	 You G, Sha Z, Jiang T (2012) The pathogenesis of tumor-related 
epilepsy and its implications for clinical treatment. Seizure 
21:153–159. https://​doi.​org/​10.​1016/j.​seizu​re.​2011.​12.​016 

	36.	 Yuen TI, Morokoff AP, Bjorksten A, D’Abaco G, Paradiso L, 
Finch S, Wong D, Reid CA, Powell KL, Drummond KJ, Rosenthal 
MA, Kaye AH, O’Brien TJ (2012) Glutamate is associated with 
a higher risk of seizures in patients with gliomas. Neurology 
79:883–889. https://​doi.​org/​10.​1212/​WNL.​0b013​e3182​66fa8​9 

Publisher’s note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Neurosurgical Review (2022) 45:545–551 551

https://doi.org/10.1093/neuros/nyz079
https://doi.org/10.1093/neuros/nyz079
https://doi.org/10.1212/wnl.59.9_suppl_5.s21
https://doi.org/10.1212/wnl.59.9_suppl_5.s21
https://doi.org/10.1212/01.wnl.0000168903.09277.8f
https://doi.org/10.1212/01.wnl.0000168903.09277.8f
https://doi.org/10.4143/crt.2011.43.3.160
https://doi.org/10.1016/j.yebeh.2015.10.020
https://doi.org/10.1016/j.yebeh.2015.10.020
https://doi.org/10.2174/157015912800604470
https://doi.org/10.1111/epi.12314
https://doi.org/10.1007/s11060-016-2169-y
https://doi.org/10.1007/s11060-004-2338-2
https://doi.org/10.1007/s11060-004-2338-2
https://doi.org/10.1016/j.clineuro.2008.03.017
https://doi.org/10.1016/j.clineuro.2008.03.017
https://doi.org/10.1007/s10143-021-01504-6
https://doi.org/10.1007/s10143-021-01504-6
https://doi.org/10.1007/s10072-005-0404-y
https://doi.org/10.1007/s11940-020-0613-y
https://doi.org/10.1007/s11940-020-0613-y
https://doi.org/10.1007/s10549-019-05211-1
https://doi.org/10.1007/s10549-019-05211-1
https://doi.org/10.3171/2019.7.JNS19455
https://doi.org/10.3390/cancers12113209
https://doi.org/10.3390/jcm10040634
https://doi.org/10.1136/jnnp.2006.106211
https://doi.org/10.1136/jnnp.2006.106211
https://doi.org/10.1007/s11060-018-2785-9
https://doi.org/10.1080/2162402X.2020.1851517
https://doi.org/10.1080/2162402X.2020.1851517
https://doi.org/10.1016/S1474-4422(07)70103-5
https://doi.org/10.1016/S1474-4422(07)70103-5
https://doi.org/10.1016/S1470-2045(12)70266-8
https://doi.org/10.1016/S1470-2045(12)70266-8
https://doi.org/10.1001/jama.2013.281053
https://doi.org/10.1001/jama.2013.281053
https://doi.org/10.1016/j.wneu.2017.05.028
https://doi.org/10.1016/j.wneu.2017.05.028
https://doi.org/10.1016/j.seizure.2011.12.016
https://doi.org/10.1212/WNL.0b013e318266fa89

	Tumor-associated epilepsy in patients with brain metastases: necrosis-to-tumor ratio forecasts postoperative seizure freedom
	Abstract
	Introduction
	Materials and methods
	Statistical analysis

	Results
	Patient characteristics and seizure outcome
	Analysis of imaging characteristics and postoperative seizure outcome

	Discussion
	Limitations
	Conclusions
	References


