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Association of CDKN2A alterations with increased postoperative 
seizure risk after resection of brain metastases
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Philip V. Theodosopoulos, MD1, Edward F. Chang, MD1, Mariza Daras, MD1,2, Shawn L. 
Hervey-Jumper, MD1, Manish K. Aghi, MD, PhD1, Ramin A. Morshed, MD1

1Department of Neurological Surgery, University of California, San Francisco, California

2Department of Neurology, University of California, San Francisco, California

Abstract

OBJECTIVE—Seizures are common and significantly disabling for patients with brain 

metastases (BMs). Although resection can provide seizure control, a subset of patients with BMs 

may continue to suffer seizures postoperatively. Genomic BM characteristics may influence which 

patients are at risk for postoperative seizures. This work explores correlations between genomic 

alterations and risk of postoperative seizures following BM resection.

METHODS—All patients underwent BM resection at a single institution, with available clinical 

and sequencing data on more than 500 oncogenes. Clinical seizures were documented pre- and 

postoperatively. A random forest machine learning classification was used to determine candidate 

genomic alterations associated with postoperative seizures, and clinical and top genomic variables 

were correlated with postoperative seizures by using Cox proportional hazards models.

RESULTS—There were 112 patients with BMs who underwent 114 surgeries and had at least 

1 month of postoperative follow-up. Seizures occurred preoperatively in 26 (22.8%) patients and 

postoperatively in 25 (21.9%). The Engel classification achieved at 6 months for those with 

preoperative seizures was class I in 13 (50%); class II in 6 (23.1%); class III in 5 (19.2%), 

and class IV in 2 (7.7%). In those with postoperative seizures, only 8 (32.0%) had seizures 

preoperatively, and preoperative seizures were not a significant predictor of postoperative seizures 

(HR 1.84; 95% CI 0.79–4.37; p = 0.156). On random forest classification and multivariate Cox 

analysis controlling for factors including recurrence, extent of resection, and number of BMs, 

CDKN2A alterations were associated with postoperative seizures (HR 3.22; 95% CI 1.27–8.16; 
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p = 0.014). Melanoma BMs were associated with higher risk of postoperative seizures compared 

with all other primary malignancies (HR 5.23; 95% CI 1.37–19.98; p = 0.016). Of 39 BMs 

with CDKN2A alteration, 35.9% (14/39) had postoperative seizures, compared to 14.7% (11/75) 

without CDKN2A alteration. The overall rate of postoperative seizures in melanoma BMs was 

42.9% (15/35), compared with 12.7% (10/79) for all other primary malignancies.

CONCLUSIONS—CDKN2A alterations and melanoma primary malignancy are associated with 

increased postoperative seizure risk following resection of BMs. These results may help guide 

postoperative seizure prophylaxis in patients undergoing resection of BMs.

Keywords

brain metastasis; seizure; CDKN2A ; genetics; machine learning; tumor

Seizures are a common and disabling clinical feature of brain metastases (BMs), occurring 

in up to 20% of patients with BMs at presentation.1,2 Seizures secondary to BMs can 

significantly reduce quality of life and neurocognitive function for patients.3 In patients with 

BMs presenting with seizures, resection can offer favorable seizure control in up to 90% of 

cases.4 Resection of BMs can furthermore confirm a pathological diagnosis, and genomic 

testing of resected BMs can facilitate targeted therapies, which improve overall survival.5–7 

BM genomic sequencing also provides the opportunity to correlate clinical outcomes such as 

postoperative seizure occurrence with genomic alterations.

Although postoperative antiseizure prophylaxis is generally given to minimize the risk of 

persistent or new postoperative seizures, the seizures may persist in a significant portion of 

patients.4,8,9 Identification of at-risk patients based on genomic alterations may help guide 

antiseizure therapy in this population. Although previous work has explored clinical risk 

factors for postoperative seizures and a small number of molecular variables such as KRAS 
and EGFR mutation status have been explored,8 there has yet to be a more comprehensive 

analysis of genomic alterations that correlate with seizures in the postoperative period. 

Alterations in the PI3K-AKT-mTOR pathway, for instance, have been previously associated 

with seizures in gliomas,10 focal cortical dysplasia,11 and posttraumatic epilepsy.12 BRAF 
alterations have likewise been associated with low-grade, epilepsy-associated tumors.13,14 

Identifying genomic alterations that correlate with seizures in BMs may both expedite 

personalized therapy for patients and identify potential molecular drivers of epilepsy more 

broadly. We therefore explored the relationship between clinical seizures and oncogenomic 

alterations in patients following resection of BMs.

Methods

Study Design

All patients with resection of a pathologically confirmed intracranial BM at a single 

academic institution between January 2019 and June 2022 were retrospectively reviewed. 

IRB approval was obtained, with need for informed consent waived for this retrospective 

observational study. Inclusion criteria were as follows: patients who 1) had pathology 

confirmed malignant tissue present at time of BM resection for a supratentorial BM without 

evidence of radiation necrosis; 2) had available gene-sequencing data for the coding regions 
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in > 500 oncogenes routinely obtained in tumor specimens for clinical purposes;13 3) 

had an electronic medical record with available imaging and documentation of clinical 

outcomes; and 4) had at least 1 month of postoperative clinical follow-up. Patients were 

excluded for the following reasons: 1) if the resected BM was infratentorial, or 2) if they 

received a diagnosis of leptomeningeal disease prior to the date of surgery. Resection was 

considered after multidisciplinary discussion between a neurosurgeon, radiation oncologist, 

and oncologist.

Patient and Tumor Variables

Next-generation sequencing of all BM specimens was performed on the coding regions of 

529 oncogenes and select introns of 47 genes as part of clinical care within a Clinical 

Laboratory Improvement Amendments (CLIA)–certified laboratory.13 Data were extracted 

from the medical record for analysis. The 172 genomic alterations detected in at least 1 

sample across all patients are depicted in Table 1. Preoperative and postoperative seizures 

and use of anticonvulsants were extracted from the medical record, and Engel class as a 

measure of postoperative seizure control was determined at 6 months postoperatively from 

electronic medical record notes. Postoperative seizures were determined by presence of 

seizures between the time of hospital discharge after BM resection and the end of follow-up. 

Thus, seizures in the acute postoperative period possibly related to surgery itself were not 

included.

Preoperative variables included patient age; sex; self-reported race; previous craniotomy 

history; dates of primary malignancy diagnosis, BM diagnosis, and surgery; presence 

or absence of systemic malignancy at surgery; immune checkpoint inhibitor; or history 

of targeted cancer therapy. Tumor variables included primary malignancy identified 

on BM pathological examination; location (frontal, parietal, temporal, or occipital 

lobe); laterality; cystic tumor (yes/no); preoperative intratumoral hemorrhage (yes/no); 

preoperative intratumoral susceptibility-weighted imaging (SWI) artifact indicative of blood 

products; history of prior radiation to the resected BM; and total number of BMs at 

time of surgery. Surgical variables included extent of resection (gross-total resection vs 

subtotal resection) and volume of resected tissue. Postoperative variables included local and 

distant CNS tumor recurrence; postoperative radiation (none, local radiation [CyberKnife 

or Gamma Knife], brachytherapy, or whole-brain radiation therapy [WBRT]); use of 

postoperative checkpoint inhibitors or targeted therapy; and follow-up duration.

Statistical Analyses

Analyses were performed using R version 4.2.1. All genomic variables were first fed into 

random forest (RF) models to determine candidate genomic alterations associated with 

postoperative seizures. Data were split into 70% training and 30% validation data sets. The 

randomForest() function from the randomForest package was applied to training data, with 

number of trees set to 501 and 4 variables randomly sampled at each split. Genes without 

alterations across all tumors were excluded from analysis, giving 172 genetic variables of 

interest in the RF models. Model accuracy with different hyperparameters was iteratively 

assessed to determine optimal hyperparameter values. Given that the initial RF models for 

postoperative seizures revealed class imbalance toward the outcome of no seizure (100% 
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prediction of no seizures), data oversampling was used with the ovun.sample() function from 

the ROSE package to oversample to 100 samples in the training data set. The RF model 

was applied to the 30% validation data set to determine and maximize model accuracy. The 

top 10 variables of importance were determined from the optimized RF model by the mean 

decrease in the Gini index of importance. The Gini index represents a measure of the relative 

importance of variables to classification in the RF model.15 Thus, a greater reduction in the 

mean Gini index in a model with high accuracy implies that a variable contributes highly 

to accurately predicting the outcome of interest (which was seizure in this study). The top 

10 genomic variables from RF modeling associated with postoperative seizures were then 

included in Cox proportional hazards models for survival analysis in postoperative seizures.

Associations between predictor variables (clinical and genomic) and postoperative seizures 

were assessed using Cox proportional hazards models from Survival and Survminer R 

packages. All clinical variables and the top 10 genomic variables from RF modeling 

were included in univariate analysis. Variables with p < 0.05 on univariate analysis were 

incorporated into multivariate analysis.

Results

The cohort consisted of 112 patients who underwent 114 surgeries for resection of 114 BMs

—2 patients underwent resection of 2 metastases (Table 2). Primary malignancy diagnoses 

for each BM included melanoma for 30.7% (n = 35); non–small cell lung cancer (NSCLC) 

for 28.1% (n = 32); breast for 11.4% (n = 13); gastrointestinal for 7.9% (n = 9); renal 

cell carcinoma for 5.3% (n = 6); gynecological for 4.4% (n = 5); and other cancer types 

in 12.3% (n = 14). The average patient age at time of surgery was 63.2 ± 13.6 years. 

Fifty-five (48.2%) patients were female. Extracranial systemic malignancy at the time of 

surgery was present in 84 (73.7%). The median resected tumor volume was 12.8 (range 

0.3–109.9) cm3, and the median number of BMs at surgery was 2 (range 1–25 BMs). 

Tumors had cystic features in 18 (15.8%) cases and preoperative intratumoral hemorrhage 

in 61 (53.5%). Gross-total resection was achieved in 95 (83.3%). The median duration of 

postoperative clinical follow-up was 8.0 (range 1.2–90.2) months. Postoperative adjuvant 

therapies included immune checkpoint inhibitors in 40 (35.1%) and targeted therapy in 

44 (38.6%). Postoperative radiation therapies included brachytherapy in 10 (8.8%), local 

stereotactic radiosurgery in 79 (69.3%), and WBRT in 3 (2.6%). Local tumor progression 

occurred postoperatively in 16 (14.0%) at a median time of 4.2 (range 0.7–15.3) months 

postoperatively and distant progression in 57 (50.0%) at a median time of 3.6 (range 0.4–

15.1) months postoperatively.

Seizure occurred preoperatively in 26 (22.8%) cases and postoperatively in 25 (21.9%). 

The first postoperative seizure occurred at a median time of 3.8 (range 0.4–10.7) months 

postoperatively. All patients with preoperative seizure received subsequent antiseizure 

medication prior to surgery. All patients were discharged postoperatively with an antiseizure 

medication, typically levetiracetam, in the absence of a contraindication. Duration of 

postoperative antiseizure prophylaxis was typically 30 days in those with no history of 

seizures and was discontinued on a case-by-case basis in those with preoperative seizure. Of 

patients with a postoperative seizure, 15 (60.0%) occurred while on antiseizure prophylaxis 
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and 10 (40.0%) occurred after cessation of antiseizure prophylaxis. Seizure control at 6 

months postoperatively in the 26 cases with preoperative seizures was Engel class I in 13 

(50%); class II in 6 (23.1%); class III in 5 (19.2%), and class IV in 2 (7.7%).

Postoperative Seizures: Genomic and Clinical Associations

RF classification revealed that the top 10 genomic variables predictive of postoperative 

seizures were alterations in CDKN2A, CD74-ROS1 translocation, PTEN, BRAF, ATRX, 

MITF, TERT, EGFR, CHEK2, and PREX2 (Fig. 1). These top 10 genomic variables were 

included with all clinical variables in univariate Cox survival analysis. Univariate analysis 

demonstrated that CDKN2A (HR 3.08; 95% CI 1.39–6.78; p = 0.00537); CD74-ROS1 (HR 

9.69; 95% CI 2.22–42.33; p = 0.00253); BRAF (HR 2.70; 95% CI 1.07–6.81; p = 0.035); 

MITF (HR 4.34; 95% CI 1.02–18.59; p = 0.048); and TERT (HR 2.56; 95% CI 1.17–5.61; 

p = 0.019) alterations were significantly associated with postoperative seizures (Table 3). On 

univariate analysis, clinical variables associated with increased risk of postoperative seizures 

included history of previous craniotomies (HR 3.63; 95% CI 1.62–8.13; p = 0.00174); 

distant intracranial progression (HR 2.63; 95% CI 1.10–6.30; p = 0.031); and number of 

BMs at surgery (HR 1.12; 95% CI 1.04–1.20; p = 0.00344). Local tumor progression 

was not a significant predictor of postoperative seizures (HR 1.93; 95% CI 0.77–4.82; 

p = 0.162). Melanoma as the primary malignancy was associated with postoperative 

seizures (HR 3.97; 95% CI 1.78–8.87; p = 0.00778). Preoperative seizures were not a 

significant predictor of postoperative seizures (HR 1.84; 95% CI 0.79–4.37; p = 0.156). 

Adjuvant postoperative therapies had no significant impact on postoperative seizure risk, 

including immune checkpoint inhibitors, targeted therapy, brachytherapy, local stereotactic 

radiosurgery, or WBRT (p > 0.300).

On multivariate analysis, CDKN2A alterations (HR 3.22; 95% CI 1.27–8.16; p = 0.014) 

and CD74-ROS1 translocation (HR 14.06; 95% CI 1.52–130.44; p = 0.020) were associated 

with increased risk of postoperative seizures. Only 2 patients had CD74-ROS1 translocation, 

both of whom (100%) had postoperative seizures. Of 39 BMs with CDKN2A alteration, 

35.9% (14/39) were associated with postoperative seizures, compared to 14.7% (11/75) 

without CDKN2A alteration. Time to first postoperative seizure was also different between 

patients harboring a CDKN2A alteration compared to those without this alteration (log-rank 

p = 0.014, Fig. 2A). Details on the specific CDKN2A alterations observed as well as 

seizure semiology are listed in Table 4. Overall, there was not a significantly different rate 

of postoperative seizures based on the type of CDKN2A alteration. Melanoma primary 

malignancy was associated with increased risk of postoperative seizures on multivariate 

analysis (HR 5.23; 95% CI 1.37–19.98; p = 0.016) (Fig. 2B). The overall rate of 

postoperative seizures in melanoma BMs was 42.9% (15/35), compared with 12.7% (10/79) 

for all other primary malignancies.

The relationship between CDKN2A alterations and local and distant intracranial disease 

progression was also assessed. CDKN2A alterations were associated with both local 

(HR 2.63; 95% CI 1.01–6.84; p = 0.047) and distant (HR 1.91; 95% CI 1.13–3.25) 

intracranial tumor progression postoperatively. As previously described, of all 25 patients 

with postoperative seizures, 60.0% (15/25) occurred while they were receiving antiseizure 
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prophylaxis and 40.0% (10/25) occurred after cessation of antiseizure prophylaxis. Of 

patients with CDKN2A alteration and postoperative seizure, a similar 64.3% (9/14) 

were on antiseizure prophylaxis and 35.7% (5/14) were not at the time of their first 

seizure. Associations with preoperative seizures were also assessed. Given that no genomic 

associations were found with preoperative seizures (p > 0.150 for all) and clinical factors 

reflected those recently described in a similar cohort,8 this analysis was not included.

Discussion

This study explores the relationship between genomic alterations and postoperative seizures 

in 114 brain metastases with targeted analysis of > 500 oncogenomic alterations. Seizures 

occurred preoperatively in 26 (22.8%) cases and postoperatively in 25 (21.9%). RF 

classification and subsequent multivariate Cox proportional hazards analysis revealed that 

CDKN2A gene alterations (HR 3.22; 95% CI 1.27–8.16; p = 0.014) were associated 

with postoperative seizures. Compared with other primary malignancies, melanoma BMs 

were associated with a higher risk of postoperative seizures following resection (HR 5.23; 

95% CI 1.37–19.98; p = 0.016). Increased risk of postoperative seizures with melanoma 

BMs occurred independent of hemorrhage or blood products on SWI. These results 

provide insight into at-risk patients who may require more intensive antiepileptic therapy 

postoperatively.

CDKN2A and Postoperative Seizures

The most robust genomic alteration associated with postoperative seizures seen in the 

cohort involved mutations in CDKN2A. The postoperative seizure rate was 35.9% (14/39) 

for BMs with CDKN2A alteration and 14.7% (11/75) for BMs without CDKN2A 
alteration. CDKN2A alteration–associated postoperative seizures occurred across primary 

malignancies, including in melanoma (n = 7), NSCLC (n = 3), pancreatic cancer (n = 

2), renal cell carcinoma (n = 1), and breast cancer (n = 1). The CDKN2A gene on 

chromosome 9p21 encodes several unique proteins that act as tumor suppressors, including 

two well-described proteins involved in cell cycle regulation: p16INK4a and p14ARF. Protein 

p16INK4a is an inhibitor of cell growth through inhibition of CDK4 and CDK6, which when 

uninhibited act to promote RB protein–mediated cell turnover.16 Therefore, p16 halts cell 

cycle progression and cell growth via downstream RB inhibition. Protein p14ARF likewise 

limits cell growth through a separate mechanism via MDM2 inhibition and the resultant p53 

activation.16

Unsurprisingly, CDKN2A gene alterations (including deletion, mutation, or silencing) are 

thus associated with increased risk of both primary malignancies such as melanoma and 

pancreatic cancer at the germline level and with increased risk of BM from primary 

malignancies.17–19 Recent work has also found that CDKN2A/B codeletion is associated 

with both local and distant intracranial tumor recurrence following resection of BMs.20 

However, there is limited evidence directly correlating CDKN2A alterations or its protein 

products (p16INK4a or p14ARF) with seizures. In the glioma literature, CDKN2A deletion 

has been associated with both higher tumor grade and shorter overall survival.21,22 

CDKN2A deletion, often with codeletion of CDKN2B, is also a hallmark of pleomorphic 
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xanthoastrocytomas,23 which present with seizures in > 70% of cases.24,25 It is plausible 

that CDKN2A deletion in BMs leads to downstream expression of proteins on tumor 

cells that increase seizure risk by interactions with local cortical tissue. For example, 

CDKN2A activity has been shown to reduce cell-cell adhesion by altering expression 

of transmembrane proteins such as E-cadherin.26 Alterations in CDKN2A may therefore 

increase tumor epileptogenicity by allowing tumor–cortical interactions via tumor cadherin 

expression.27 Further work is needed to elucidate the molecular mechanisms of tumor-

induced epilepsy, but these results indicate possible downstream epileptogenic changes 

resulting from decreased CDKN2A activity.

Independent of mechanism, it is notable that CDKN2A alterations are associated with 

increased risk of postoperative seizures, particularly in combination with recent work 

associating CDKN2A/B codeletion with local and distant CNS progression.20 These 

findings point toward generally increased CNS aggressiveness in BMs harboring CDKN2A 
alterations. CDKN2A alterations were significantly associated with postoperative seizures 

on multivariate analysis when incorporating local and distant progression in analysis (HR 

3.22; 95% CI 1.27–8.16; p = 0.014). Distant CNS progression was a significant predictor 

of postoperative seizures on univariate (HR 2.63; 95% CI 1.10–6.30; p = 0.031) but not 

multivariate analysis (HR 1.00; 95% CI 0.36–2.78; p = 0.994). Local CNS progression was 

not a significant predictor of postoperative seizures (HR 1.93; 95% CI 0.77–4.82; p = 0.162). 

Similarly, using Cox analysis to assess time to intracranial tumor progression, CDKN2A 
alterations were associated with both local (HR 2.63; 95% CI 1.01–6.84; p = 0.047) 

and distant (HR 1.91; 95% CI 1.13–3.25) intracranial tumor progression postoperatively. 

CDKN2A/B codeletion was also associated with both local (HR 4.62; 95% CI 1.78–12.02; p 

= 0.002) and distant (HR 1.99; 95% CI 1.14–3.49; p = 0.016) intracranial tumor progression 

in this cohort.

Primary Malignancy and Postoperative Seizures

The only clinical factor that was a significant predictor of postoperative seizure risk on 

multivariate analysis was primary malignancy, with melanoma carrying a higher risk of 

postoperative seizures compared with all other primary malignancies (HR 4.81; 95% CI 

1.24–18.59; p = 0.023); see Fig. 2B. Higher rates of seizures with melanoma BMs compared 

to other primary malignancies have been previously reported.1,28 The overall rate of 

postoperative seizures in melanoma BMs was 42.9% (15/35) compared with 12.7% (10/79) 

for all other primary malignancies. For reference, analyses were also carried out for risk 

of postoperative seizures with melanoma versus each of the other primary malignancies. In 

these analyses, NSCLC was associated with a lower risk of postoperative seizures compared 

with melanoma on multivariate analysis (HR 0.14; 95% CI 0.02–0.86; p = 0.034), and 

other comparisons of primary malignancy were nonsignificant, probably because of smaller 

sample sizes for other primary malignancies. These results further support a particularly 

high rate of postoperative seizures in patients with a primary malignancy of melanoma.

Recommendations for Antiseizure Prophylaxis After Resection of BMs

The sole previous randomized trial focusing on antiseizure prophylaxis after resection of 

brain metastases showed no significant reduction in seizures in the perioperative setting.29 A 
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similar null result for antiseizure prophylaxis after resection has been found when grouping 

all brain tumors.30 However, it should be noted that no randomized study has assessed 

longer-term postoperative seizure rates after BM resection, which may be much higher than 

in the immediate postoperative period. Indeed, the one randomized study on antiseizure 

prophylaxis after BM resection found a clinically relevant seizure rate of just 3% within 7 

days postoperatively,29 compared with 21.9% of all patients in this study who had clinically 

identified postoperative seizures with a median follow-up of 8.0 months. Identifying which 

patients are at risk for long-term postoperative seizures may guide effective individualized 

treatment, thereby avoiding unnecessary adverse effects of antiseizure medication in those 

at low risk, while preventing the morbidity of seizures in those at higher risk. In addition to 

effectively reducing the morbidity of seizures, there is evidence that antiseizure prophylaxis 

may improve survival in patients with glioblastoma.31,32 There could also be survival 

benefit in preventing postoperative seizures in those at high risk following resection of 

brain metastases, a topic that deserves further study. This work indicates that both patients 

with CDKN2A alterations and those with primary malignancy of melanoma are at relatively 

high risk for seizures following BM resection, and thus may be most likely to benefit from 

antiseizure prophylaxis. Further work is needed to see if escalating antiepileptic therapy in 

these patients impacts outcomes.

Seizure rates of > 20% in this study exceeded previous reports on patients with BMs (< 

15%).1,33 Given the association between melanoma and seizures, the high rate of patients 

with melanoma (30.7%) compared to rates of approximately 10% reported in the literature 

is likely to have contributed to a higher seizure rate.34 Rapidly evolving systemic therapies 

and increasing life expectancy in patients with BM may further increase the likelihood 

of long-term postoperative seizures. Although there was a mild effect of number of BMs 

on risk of postoperative seizures on univariate analysis (HR 1.12; 95% CI 1.04–1.20), 

this relationship did not persist on multivariate analysis (p = 0.131). Notably, the risk of 

postoperative seizures may be > 10% following craniotomy independent of the pathology 

being treated, perhaps due to mechanisms such as cortical trauma or postoperative gliosis.35 

Across all patients who receive a craniotomy, postoperative seizure rates have been found 

to be influenced by factors such as preoperative seizures and the specific lesion being 

treated.35,36

Limitations

Primary limitations of this study include its retrospective methodology and its relatively 

small sample size with many genetic variables assessed for statistical associations. We 

attempted to account for the large number of genomic variables by first determining 

candidate genomic alterations with RF machine learning modeling. A multitude of clinical 

variables may also confound the associations determined by this study. We note that 

antiseizure regimens were not standardized across all patients. The definition of seizures 

encompassed only overt clinical seizures. Comprehensive EEG data were not available 

to correlate with observed seizures or to detect subclinical seizures. The cohort that 

presented with seizures, although derived from a large group, was not large enough to 

provide adequate power to assess tumor or treatment subgroups. Additionally, several 

demographic and morphological variables that probably modified the threshold for seizures 

Cummins et al. Page 8

Neurosurg Focus. Author manuscript; available in PMC 2024 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were unavailable in the database of medical records included in this study. These variables 

included demographic factors (e.g., family history of seizures, medications known to 

provoke seizures) and pathological factors such as presence of cortical hemosiderin deposits, 

acute or chronic edema, and gliosis.

Conclusions

In this study of patients undergoing resection of brain metastases, CDKN2A alterations 

were associated with increased risk of postoperative seizures. Further studies with larger 

sample sizes of brain metastases with genomic testing are needed to validate these findings. 

Correlation of intrinsic genomic features in brain metastases may further advance our 

understanding of seizure development and improve personalized therapy for patients.

ABBREVIATIONS

BM brain metastasis

NSCLC non–small cell lung cancer

RF random forest

WBRT whole-brain radiation therapy

References

1. Lamba N, Catalano PJ, Cagney DN, et al. Seizures among patients with brain metastases: 
a population- and institutional-level analysis. Neurology. 2021;96(8):e1237–e1250. [PubMed: 
33402441] 

2. Lynam LM, Lyons MK, Drazkowski JF, et al. Frequency of seizures in patients with newly 
diagnosed brain tumors: a retrospective review. Clin Neurol Neurosurg. 2007;109(7):634–638. 
[PubMed: 17601658] 

3. Maschio M, Sperati F, Dinapoli L, et al. Weight of epilepsy in brain tumor patients. J Neurooncol. 
2014;118(2):385–393. [PubMed: 24789254] 

4. Bahna M, Heimann M, Bode C, et al. Tumor-associated epilepsy in patients with brain metastases: 
necrosis-to-tumor ratio forecasts postoperative seizure freedom. Neurosurg Rev. 2022;45(1):545–
551. [PubMed: 33988803] 

5. Long GV, Flaherty KT, Stroyakovskiy D, et al. Dabrafenib plus trametinib versus dabrafenib 
monotherapy in patients with metastatic BRAF V600E/K-mutant melanoma: long-term survival and 
safety analysis of a phase 3 study. Ann Oncol. 2019;30(11):1848. [PubMed: 31406976] 

6. Taslimi S, Brar K, Ellenbogen Y, et al. Comparative efficacy of systemic agents for brain metastases 
from non-small-cell lung cancer with an EGFR mutation/ALK rearrangement: a systematic review 
and network meta-analysis. Front Oncol. 2021;11:739765. [PubMed: 34950579] 

7. Erickson AW, Ghodrati F, Habbous S, et al. HER2-targeted therapy prolongs survival in patients 
with HER2-positive breast cancer and intracranial metastatic disease: a systematic review and 
meta-analysis. Neurooncol Adv. 2020;2(1):vdaa136.

8. Garcia JH, Morshed RA, Chung J, et al. Factors associated with preoperative and postoperative 
seizures in patients undergoing resection of brain metastases. J Neurosurg. 2022; 138(2):19–26. 
[PubMed: 35535842] 

9. Puri PR, Johannsson B, Seyedi JF, et al. The risk of developing seizures before and after surgery for 
brain metastases. Clin Neurol Neurosurg. 2020;193:105779. [PubMed: 32200217] 

10. Tobochnik S, Pisano W, Lapinskas E, Ligon KL, Lee JW. Effect of PIK3CA variants on glioma-
related epilepsy and response to treatment. Epilepsy Res. 2021;175:106681. [PubMed: 34102393] 

Cummins et al. Page 9

Neurosurg Focus. Author manuscript; available in PMC 2024 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



11. Pirozzi F, Berkseth M, Shear R, et al. Profiling PI3K-AKT-MTOR variants in focal brain 
malformations reveals new insights for diagnostic care. Brain. 2022;145(3):925–938. [PubMed: 
35355055] 

12. Berdichevsky Y, Dryer AM, Saponjian Y, et al. PI3K-Akt signaling activates mTOR-mediated 
epileptogenesis in organotypic hippocampal culture model of post-traumatic epilepsy. J Neurosci. 
2013;33(21):9056–9067. [PubMed: 23699517] 

13. Kline CN, Joseph NM, Grenert JP, et al. Targeted next-generation sequencing of pediatric 
neuro-oncology patients improves diagnosis, identifies pathogenic germline mutations, and directs 
targeted therapy. Neuro Oncol. 2017;19(5):699–709. [PubMed: 28453743] 

14. Koh HY, Kim SH, Jang J, et al. BRAF somatic mutation contributes to intrinsic epileptogenicity in 
pediatric brain tumors. Nat Med. 2018;24(11):1662–1668. [PubMed: 30224756] 

15. Archer KJ, Kimes RV. Empirical characterization of random forest variable importance measures. 
Comput Stat Data Anal. 2008;52(4):2249–2260.

16. Sviderskaya EV, Gray-Schopfer VC, Hill SP, et al. p16/cyclin-dependent kinase inhibitor 2A 
deficiency in human melanocyte senescence, apoptosis, and immortalization: possible implications 
for melanoma progression. J Natl Cancer Inst. 2003;95(10):723–732. [PubMed: 12759390] 

17. Chan SH, Chiang J, Ngeow J. CDKN2A germline alterations and the relevance of genotype-
phenotype associations in cancer predisposition. Hered Cancer Clin Pract. 2021;19(1):21. 
[PubMed: 33766116] 

18. Shih DJH, Nayyar N, Bihun I, et al. Genomic characterization of human brain metastases identifies 
drivers of metastatic lung adenocarcinoma. Nat Genet. 2020;52(4):371–377. [PubMed: 32203465] 

19. Zeng H, Jorapur A, Shain AH, et al. Bi-allelic loss of CDKN2A initiates melanoma invasion via 
BRN2 activation. Cancer Cell. 2018; 34(1): 56–68.e9. [PubMed: 29990501] 

20. Morshed RA, Nguyen MP, Cummins DD, et al. CDKN2A/B co-deletion is associated with 
increased risk of local and distant intracranial recurrence after surgical resection of brain 
metastases. Neurooncol Adv. 2023;5(1):vdad007

21. Purkait S, Sharma V, Jha P, et al. EZH2 expression in gliomas: correlation with CDKN2A gene 
deletion/ p16 loss and MIB-1 proliferation index. Neuropathology. 2015;35(5):421–431. [PubMed: 
26096306] 

22. Funakoshi Y, Hata N, Takigawa K, et al. Clinical significance of CDKN2A homozygous deletion 
in combination with methylated MGMT status for IDH-wildtype glioblastoma. Cancer Med. 
2021;10(10):3177–3187. [PubMed: 33838014] 

23. Weber RG, Hoischen A, Ehrler M, et al. Frequent loss of chromosome 9, homozygous CDKN2A/
p14ARF/CDKN2B deletion and low TSC1 mRNA expression in pleomorphic xanthoastrocytomas. 
Oncogene. 2007;26(7):1088–1097. [PubMed: 16909113] 

24. Pahapill PA, Ramsay DA, Del Maestro RF. Pleomorphic xanthoastrocytoma: case report and 
analysis of the literature concerning the efficacy of resection and the significance of necrosis. 
Neurosurgery. 1996;38(4):822–829. [PubMed: 8692406] 

25. Giannini C, Scheithauer BW, Burger PC, et al. Pleomorphic xanthoastrocytoma: what do we really 
know about it? Cancer. 1999; 85(9): 2033–2045. [PubMed: 10223246] 

26. Liang J, Fan J, Wang M, et al. CDKN2A inhibits formation of homotypic cell-in-cell structures. 
Oncogenesis. 2018;7(6):50. [PubMed: 29904067] 

27. Yang C, Shi Y, Li X, Guan L, Li H, Lin J. Cadherins and the pathogenesis of epilepsy. Cell 
Biochem Funct. 2022;40(4):336–348. [PubMed: 35393670] 

28. Ajinkya S, Fox J, Houston P, et al. Seizures in patients with metastatic brain tumors: prevalence, 
clinical characteristics, and features on EEG. J Clin Neurophysiol. 2021;38(2):143–148. [PubMed: 
31856045] 

29. Wu AS, Trinh VT, Suki D, et al. A prospective randomized trial of perioperative seizure 
prophylaxis in patients with intraparenchymal brain tumors. J Neurosurg. 2013;118(4):873–883. 
[PubMed: 23394340] 

30. Chandra V, Rock AK, Opalak C, et al. A systematic review of perioperative seizure prophylaxis 
during brain tumor resection: the case for a multicenter randomized clinical trial. Neurosurg Focus. 
2017;43(5):E18. [PubMed: 29088958] 

Cummins et al. Page 10

Neurosurg Focus. Author manuscript; available in PMC 2024 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



31. Kerkhof M, Dielemans JCM, van Breemen MS, et al. Effect of valproic acid on seizure control 
and on survival in patients with glioblastoma multiforme. Neuro Oncol. 2013;15(7):961–967. 
[PubMed: 23680820] 

32. Roh TH, Moon JH, Park HH, et al. Association between survival and levetiracetam use in 
glioblastoma patients treated with temozolomide chemoradiotherapy. Sci Rep. 2020;10(1):10783. 
[PubMed: 32612203] 

33. Chan V, Sahgal A, Egeto P, Schweizer T, Das S. Incidence of seizure in adult patients with 
intracranial metastatic disease. J Neurooncol. 2017;131(3):619–624. [PubMed: 27878505] 

34. Nayak L, Lee EQ, Wen PY. Epidemiology of brain metastases. Curr Oncol Rep. 2012;14(1):48–54. 
[PubMed: 22012633] 

35. Giraldi L, Vinsløv Hansen J, Wohlfahrt J, Fugleholm K, Melbye M, Munch TN. Postoperative 
de novo epilepsy after craniotomy: a nationwide register-based cohort study. J Neurol Neurosurg 
Psychiatry. 2022;93(4):436–444. [PubMed: 34845003] 

36. Al-Dorzi HM, Alruwaita AA, Marae BO, et al. Incidence, risk factors and outcomes of 
seizures occurring after craniotomy for primary brain tumor resection. Neurosciences (Riyadh). 
2017;22(2):107–113. [PubMed: 28416781] 

Cummins et al. Page 11

Neurosurg Focus. Author manuscript; available in PMC 2024 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIG. 1. 
CDKN2A identified as the top genomic variable associated with postoperative seizures on 

RF classification.
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FIG. 2. 
Kaplan-Meier curves for postoperative seizure freedom after resection of brain metastases 

by (A) CDKN2A-altered versus CDKN2A-unaltered BMs (log-rank test, p = 0.014) and (B) 

by melanoma versus nonmelanoma primary malignancy (log-rank test, p = 0.016).
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TABLE 2.

Clinical and tumor characteristics

Characteristic Value

Age in yrs 63.2 ± 13.6

Female sex (%) 55 (48.2%)

Race

 Asian/Pacific Islander 15 (13.2%)

 African American/Black 4 (3.5%)

 Caucasian/White 84 (73.7%)

 Hispanic/Latino 9 (7.9%)

 Native American/Alaskan Native 2 (1.8%)

Primary malignancy, no. (%)

 Melanoma 35 (30.7%)

 NSCLC 32 (28.1%)

 Breast 13 (11.4%)

 GI 9 (7.9%)

 RCC 6 (5.3%)

 Gyn 5 (4.4%)

 Other 14 (12.3%)

  Hepatocellular 2 (1.8%)

  Prostate 2 (1.8%)

  Pancreatic 2 (1.8%)

  Sarcoma, undifferentiated 2 (1.8%)

  Spindle cell 1 (0.9%)

  Pulmonary SCC 1 (0.9%)

  Acinic cell carcinoma 1 (0.9%)

  Parotid cell carcinoma 1 (0.9%)

  Carcinoma, undifferentiated 1 (0.9%)

  Urothelial 1 (0.9%)

Location

 Frontal 42 (36.8%)

 Parietal 35 (30.7%)

 Temporal 22 (19.3%)

 Occipital 15 (13.2%)

Lt side (%) 53 (46.5%)

Hx of multiple craniotomies 22 (19.3%)

Resected tumor vol in cm3, median (range) 12.8 (0.3–109.9)

Extent of resection (%)

 GTR 95 (83.3%)

 STR 19 (16.7%)
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Characteristic Value

Local progression 16 (14.0%)

Distant progression 57 (50.0%)

Prior radiation 30 (26.3%)

Postop radiation

 None 22 (19.3%)

 Brachytherapy 10 (8.8%)

 Local radiotherapy 79 (69.3%)

 WBRT 3 (2.6%)

Cystic tumor 18 (15.8%)

Hemorrhagic tumor 61 (53.5%)

No. of BMs at surgery, median (max) 2 (25)

Systemic disease present 84 (73.7%)

Preop Sz 26 (22.8%)

Checkpoint inhibitor postop 40 (35.1%)

Targeted therapy postop 44 (38.6%)

Time from malignancy Dx to BM Dx, median mos (range) 22.2 (0.0–353.4)

Time from BM Dx to surgery, median mos (range) 0.4 (0.0–62.8)

Duration of follow-up, median mos (range) 8.0 (1.2–90.2)

Dx = diagnosis; GI = gastrointestinal; GTR = gross-total resection; Gyn = gynecological; Hx = history; max = maximum; RCC = renal cell 
carcinoma; SCC = small cell carcinoma; STR = subtotal resection; Sz = seizure.
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