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SUMMARY
We conducted a retrospective observational study to examine whether anti-inflammatory medications pre-
scribed peri-operatively of resective brain surgery can reduce long-term seizure recurrence for individuals
with drug-resistant focal epilepsy. We used insurance-claims data from across the United States to screen
medications prescribed to 1,993 individuals undergoing epilepsy. We then validated the results in a well-
characterized cohort of 671 epilepsy patients from a major surgical center. Twelve medications met the
screening criteria and were evaluated, identifying dexamethasone and zonisamide as potentially beneficial.
Dexamethasone reduced seizure recurrence by 42% over 9 years of follow-up (hazard-ratio = 0.742; 95%
CI = 0.662, 0.831), and zonisamide reduced recurrence by 33% (HR = 0.782; 95% CI = 0.667, 0.917). While
dexamethasone could not be validated, analysis of zonisamide in the clinical cohort corroborated the
beneficial effect (HR = 0.828; 95%CI = 0.706, 0.971). If prospectively validated, this study suggests surgeons
could improve long-term outcomes of epilepsy surgery by medically reducing neuro-inflammation in the
surgical bed.
INTRODUCTION

Epilepsy is a chronic neurological disorder characterized by

recurrent and unprovoked epileptic seizures that are caused

by abnormal electrical activity in the brain.1 It is estimated to

affect around 5 out of every 1,000 people in the United States

and between 4 and 10 people out of every 1,000 worldwide,

making it one of the most prevalent neurological disorders.2,3

Treatment primarily consists of antiseizure medications, howev-

er, cases of drug-resistant epilepsy suffering from focal seizures

may opt for a more invasive resective brain surgery.4

Resective brain surgery is the standard treatment for drug-

resistant focal epilepsy, with demonstrated superiority over

medications in adults5 and children.6 Half the patients immedi-

ately become seizure-free and sustain seizure-freedom for a

decade or more post-surgery.7–9 For the remaining half, the

mechanisms of seizure recurrence can be differentiated into

early and late recurrences. While early recurrences can be

easily explained by inaccurate localization—failing to properly

remove the epileptogenic zone—allowing seizures continue un-
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abated, the mechanisms behind late recurrences—recurring

after months or years of a patient being seizure-free—are

still incompletely understood. Seizures recurring beyond six

months after temporal lobe epilepsy surgery are often localized

to the resection bed edges.10 Beyond that, transcriptomic ana-

lyses identified neuroinflammation and brain healing pathways

as differentiating seizure-free patients from those with late

recurrence.10,11

While post-operative epileptic progression in tissues distant to

the resection has been explored as a putative recurrence mech-

anism,12–14 the contribution of peri-operative neuroinflammation

in the surgical bed has not been investigated despite prior litera-

ture linking neuroinflammation to epileptogenicity.15–17 We hy-

pothesize that excessive neuroinflammation in the surgical bed

can predispose some individuals to pathological healing and

future epileptogenicity. If correct, this could shift the paradigm

of epilepsy surgery, combining surgery withmedical anti-inflam-

matory therapy for best outcomes, mirroring the premise that

antiplatelets reduce re-thrombosis after cardiac stenting,18,19

and drug-eluting stents outperform bare-metal stenting.20
April 18, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).

mailto:liran.szlak@ibm.com
mailto:yishais@il.ibm.com
https://doi.org/10.1016/j.isci.2025.112124
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.112124&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/


Figure 1. Timeline of the study

A person’s index date is marked at time 0. This is

the first surgery date that does not have a sub-

sequent surgery within 30 days (orange rectangle

to the right of index date). To allow for scenarios

where intracranial EEG evaluations preceded a

resection, prior surgeries might have occurred

30 days prior to index date (orange rectangle to

the left of index date). Blue rectangles mark the

‘‘Baseline period’’ of 365 days, and the ‘‘Follow up

period’’ starting 14 days post index date. Baseline

features are extracted only from the baseline

period, while outcomes are extracted from the

follow up period. ‘‘Treatment period’’ is 14 days

before/after index date (green rectangle).
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Here, we leverage big data from insurance claims and elec-

tronic medical records with causal inference methodologies to

generate observational support for a peri-surgical neuroinflamma-

tion-mediated epileptogenic hypothesis, finding dexamethasone

and zonisamide have the potential to reduce or delay epileptic

seizures recurrence for patients undergoing epilepsy surgery.

RESULTS

To examine the effect of peri-surgical medication on seizure

recurrence,we have considered drugs prescribedwithin 2weeks

before or after the surgery took place (Figure 1). The study was

carried out in two phases. First, a screening phase for identifying

potential drug candidates from MarketScanª—a nationwide

insurance claims database. Second, the statistically significant

drugs with beneficial effects were validated using electronic

medical records and pre-surgical testing data from the Cleve-

land Clinic epilepsy clinic—a large center performing focal

resection surgery in the United States.

Screening finds dexamethasone and zonisamide
possibly benefiting patients
1.5 million patients had an epilepsy diagnosis in MarketScanª,

including 2,972 who had resective surgery. The average age in

this base cohort was 28.5 years, with a standard deviation of

17.5, and 52% were males. We excluded 59 individuals whose

epilepsy diagnosis was after the surgery, and 842 with insuffi-

cient pre-operative data, leaving 1,993 patients for analysis (Fig-

ure 2). Mean post-operative follow-up was 2.89 years, median

2.33 years, and maximum of 9.08 years. Around 50% of study

patients experienced an outcome event reflective of seizure

recurrence, including 10% who first experienced it within 14

post-operative days (Figure S1).

Of the 61 medications screened, 12 [dexamethasone and 11

anti-seizure medications] were used peri-operatively by > 100

patients and were evaluated for their effect on differential recur-

rence in three different time windows: early recurrence (within 1

year), late recurrence (after >1 year), and throughout the entire

follow-up period (Table 1). Out of the 12 drugs, only dexametha-

sone and zonisamide have showed a statistically significant

benefit after correcting for multiple hypotheses testing. Figures 3

and 4 show seizure-free survivorship curves, as well as detailed

model evaluation metrics for both drugs. All features were

balancedwith absolute standardizedmean difference below 0.1.
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In the post-positivity corrected dexamethasone cohort (N = 666

treated and 957 controls), seizure recurrence was 42% lower in

the treated group across the entire follow-up (hazard-ratio

[HR] = 0.742 [95% CI 0.662, 0.831]; corrected p value = 1.11 3

10–5). This outcome was mainly driven by improvements in late

recurrence rates (HR = 0.588; 95% CI = 0.491–0.705; corrected

p = 1.55x10�7) (Figure 3). With zonisamide (N = 220 treated, 684

controls), seizure recurrence was 33% lower in the treated group

across the entire timeline (HR = 0.782 [95% CI 0.667,0.917]; cor-

rected p = 0.047) (Figure 4). Neither medication showed statisti-

cally significant evidence of influencing early recurrence.

Validating zonisamide as a potential therapeutic agent
The validation phase used an additional independent well-char-

acterized surgical cohort from a large clinical center performing

epilepsy surgery to validatewhether the positive results for dexa-

methasone and zonisamide from the screening phase replicate.

For zonisamide, a positivity-trimmed cohort of 671 subjects

was identified (N = 142 treated and 523 controls). The average

age was 38.3 years with a standard deviation of 13.7 years, and

50% were males. Mean follow-up was 3.81 years with a median

of 3.42 years,max of 11.4 years. Figure 5 shows themodelmetrics

and validation. Out of the 450 features included in the analysis,

36 were found to have an absolute standardized mean difference

above 0.1 but below 0.2, though none were epilepsy-related, and

nine of which had uncorrected p value below 0.05 in a univariable

log-rank test. Replicating the results of the screening phase, lower

rates of seizure recurrence were observed with peri-operative use

of Zonisamide across the entire timeline (HR = 0.828 [95% CI

0.706,0.971]; corrected p-value = 0.02) and in the late recurrence

period (HR = 0.599 [95% CI 0.421,0.853]; corrected-p = 0.004)

(Figure 5), while the corrected p value for survival analysis for early

recurrence (from time 0 to 365 days) was not statistically signifi-

cant (p = 0.59).

Dexamethasone was peri-operatively prescribed for all pa-

tients at Cleveland Clinic whose medical records were used for

validation, preventing us from constructing a control group and

consequently validating its comparative effectiveness.

DISCUSSION

Trying to improve epilepsy surgery outcomes has typically

focused on refining anatomical planning of resection or ablation

or neuromodulation. We explore a different path, building on



Figure 2. Attrition flow for screening cohort

A flow chart breaking down the eligibility process applied to the screening

cohort, starting with the entire MarketScanª database and ending with a

cohort of people with sufficient baseline information who underwent a re-

sective surgery after an epilepsy diagnosis.
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prior established work.9–11,21–23 Specifically, we hypothesize

that excessive neuroinflammation in the surgical bed can predis-

pose certain individuals to pathological healing and future epi-

leptogenicity. If this peri-surgical neuroinflammation-mediated

epileptogenic hypothesis is correct, peri-operative anti-inflam-

matory medications or seizure medications with anti-inflamma-

tory properties should influence seizure outcomes. We provide

a data-driven observational analysis to answer this question.

Main finding: seizure outcomes are improved in patients who

used either dexamethasone or zonisamide within 14 days before

or after epilepsy surgery. With both medications, there was no

evidence for effectiveness during the early postoperative period,

while late seizure recurrence was lower (panel E in Figures 3,

4, and 5). The premise that the peri-operative molecular, cellular,

and circulatory milieu may influence post-operative recovery

and later seizure outcomes is an emerging hypothesis supported

by prior literature. For example, recurrence within two years

after temporal lobe epilepsy surgery was predicted by markers

of poor epilepsy localization (bilateral structural brain abnormal-

ities, postoperative spiking, and the need for intracranial EEG),24

while later seizures first manifesting beyond 6 months after

surgery localized to the surgical bed.22 Furthermore, seizure-

freedom odds dropped with every subsequent resection in pa-

tients who required re-operation after failed epilepsy surgeries,23

and transcriptomic analyses identified neuroinflammation and

healing pathways that differentiate patients with late recurrence

from those seizure-free.10,11

The findings are biologically plausible: Dexamethasone is

widely used in neuro-oncology, central nervous system infec-

tions,25 and variably used with epilepsy surgery in practice—as

evident from our validation cohort in which all patients were

treated with dexamethasone peri-operatively—and in prior liter-

ature.26 Furthermore, in animal models, it reduces inflammation

by modifying inflammatory genes,27 accelerating healing of

the blood-brain barrier,28 and partially inhibiting the cytokine-
induced upregulation of matrix metalloproteinase-9, a key che-

mokine activator.29 It protected against reduced cell viability

and increased permeability caused by kainate in primary rat

brain endothelial cell, pericyte and astroglia cultures.30 This

multipronged anti-inflammatory activity likely explains dexa-

methasone’s ability to reduce foreign body reaction and mini-

mize scar tissue formation to intraneural implants in rat periph-

eral nerves31 and brain.32 Brain surgery for epilepsy triggers a

local milieu with a disrupted blood-brain barrier, tissue injury,

cytokine, and chemokine release which conceivably might be

mitigated by dexamethasone to reduce surgical bed encephalo-

malacia and secondary epileptogenesis.

Similarly, emerging literature in Parkinson’s disease animal

models supports an anti-inflammatory activity for zonisa-

mide33,34 mediated through modified microglial activation35,36

underpinning interest in exploring a disease-modifying effect of

zonisamide in that disease,37,38 as it further suppressed a series

of signaling events in microglia and Fas/FasL-mediated pathway

of spinal cord injury models.39 In epilepsy, zonisamide reduced

neuroinflammatory markers and seizure-induced free radical

production in brain tissue following maximal electroshock sei-

zures,40 and reduced connexin 43 expression and glial gap-

junction coupling in an astrocyte-microglia co-culture model of

inflammation.41

While the relation between epilepsy and neuroinflammation is

well-documented, multiple pathways are involved in a neuroin-

flammatory response, and the effects of various seizure medica-

tions on neuroinflammation are not homogeneous, with some

being more beneficial than others. For instance, in rats, levetira-

cetam (corrected-p = 0.43) is known to induce inflammation in

rats via TGFb1 regulation,42 and carbamazepine (corrected-p =

0.23) reduces inflammatory IL-1b and TNF-a expression in the

hippocampus43 as well as reducing glial viability,44 while val-

proate (corrected-p > 1) can increase neuroinflammation.43,44

In contrast, zonisamide affects antiinflammation via pathways

particularly relevant the peri-operative milieu. For example, by

scavenging free radicals,45 inhibiting mitochondrial reactive ox-

ygen species production,33,36 and inhibiting microglial activa-

tion,46 as well as recent evidence of attenuating a-synuclein-

induced neurotoxicity in human Parkinson’s disease patients

through its anti-inflammatory effects.47 As the heterogeneity in

mechanisms may partially account for why prior clinical trials

are often inconclusive,48 the biochemical pathways of zonisa-

mide might potentially support its unique role in the unique

context of surgical bed healing and scarring.

Foundational strengths and considerations of study
design
A randomized clinical trial (RCT) of peri-operative anti-inflamma-

tory medications in epilepsy surgery is premature and can be

logistically challenging for twomain reasons. First, there are rela-

tively few surgeries occurring every year, limiting possible sam-

ple size and therefore reducing statistical power. Second, the

follow-up required for late recurrence can be substantial as

resolved epilepsy is measured in scales of 5–10 years.1 In the

absence of RCTs, observational research provides a viable alter-

native to accumulate knowledge.35,49More broadly, causal infer-

ence techniques applied to biomedical data are among the most
iScience 28, 112124, April 18, 2025 3



Table 1. Drug cohort sizes before and after positivity correction for the twelve experiment medications that met study criteria, and

statistical significance testing of survival analyses comparing treatment to control groups using inverse probability weighted log rank

test

Drug Name

Na of patients

in pre-positivity

control group

Na of patients

in pre-positivity

treatment group

Na of patients

in post-positivity

control group

Na of patients

in post-positivity

treatment group

p valueb for log-

rank testc on the

entire timeline

p valueb for log-

rank testc on early

recurrenced

p-valueb for log-

rank testc on late

recurrencee

dexamethasone 1297 696 957 666 1.11e-05 0.43 1.55e-07

zonisamide 1761 232 684 220 0.047 >1 0.057

oxcarbazepine 1635 358 744 332 >1 >1 0.13

carbamazepine 1880 113 519 112 0.23 >1 >1

clobazam 1781 212 585 203 >1 >1 >1

clonazepam 1794 199 774 190 >1 >1 >1

lacosamide 1482 511 1024 496 >1 >1 >1

lamotrigine 1592 401 898 381 >1 >1 >1

levetiracetam 1298 695 1013 646 0.43 >1 >1

phenytoin 1877 116 528 111 >1 0.02 >1

topiramate 1775 218 733 211 0.98 >1 >1

valproate 1888 105 513 102 >1 0.05 >1
aNumber.
bp value adjusted for multiple hypotheses using Holm-Bonferroni (of all drugs and all log rank tests - 36 total hypothesis tested).
clog rank test adjusted for potential confounding through inverse probability weighting.
dDefined from day 0–365 in follow-up.
eDefined from day 365 to end of follow-up.
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prominent methods used to generate novel hypotheses and

discover new knowledge.50 The target trial framework51 used

in this paper—deriving statistically valid causal inference from

retrospective observational data by closely mimicking an

RCT—has been successfully applied before to demonstrate,

among others, effectiveness of colonoscopy for colorectal can-

cer,52 metformin for cancer prevention,53 statins for type-2 dia-

betes,54 as well as COVID-19 vaccine effectiveness55 and

safety.56 In the domain of epilepsy, causal inference from insur-

ance claims data have been used to optimize anti-epileptic drug

prescription57 and compare the effectiveness of anti-seizure

medications.58 Our study presents several additional strengths:

(1) efficient design: Most epilepsy surgical programs perform

25–50 procedures yearly. Assembling a cohort large enough

for multiple statistical tests is challenging. We address this

through a two-step design first utilizing a large Screening na-

tional dataset for hypothesis generation, followed by focused

candidate validation in a curated cohort. The combination of

two complementary views—both insurance records and clinical

records—provide orthogonal evidence for the conclusions, mak-

ing them even stronger.

(2) operational outcome definition:While seizure outcomes are

defined via proxies using insurance claims, they are thoroughly

documented in the electronic health records of the validation

cohort. Figure S1 suggests that seizure recurrences were appro-

priately approximated in the screening cohort. The overall rate of

any outcome event was 50%, in line with post-surgical seizure

recurrence literature.4 Our observed 10% event rate within

14 days of index date mirrors published rates of acute postoper-

ative seizures.23 Additionally, our retrospective observational

design allows us to follow up on patients long enough for the

results to be clinically relevant for epilepsy time frames.
4 iScience 28, 112124, April 18, 2025
Limitations of the study
Health insurance claims data provide otherwise unreachable

sample sizes but have limited depth of epilepsy-specific pheno-

typic information. We carefully considered proxies to seizure

recurrence to compensate, and included a validation cohort

where epilepsy characteristics are thoroughly accounted for in

model testing. Despite the large sample size, only 12 medica-

tions had sufficient patients to allow evaluation, so potential

impact of the remaining drugs is unknown. Among those who

were assessed and were found beneficial, dexamethasone

could not be validated using medical records as all patients of

the clinical center take it peri-operatively as part for their proced-

ure, but the fact it is used throughout such a large facility may hint

at its potential in practice. Eligibility in the validation cohort is

slightly different from screening cohort (e.g.,: age >18 years in

validation, and only unilobar resections in validation, but no

such restriction in screening), but an upside of this limitation

may, however, be demonstrating reproducibility of the findings

across slightly more heterogeneous populations.

We accounted for >600 variables reflecting overall medical

status, epilepsy characteristics, types of surgeries, patient de-

mographics, age groups at surgery, and medications used in

conjunction to the experiment drugs available in MarketScanª
to rule out that the effects observed with dexamethasone or zo-

nisamide are attributed to confounding; and the validation cohort

allowed even deeper phenotyping of detailed epilepsy charac-

teristics. However, as is the case in most observational studies,

we cannot guarantee no residual confounding bias. We were,

however, able to marginally balance all those reach variables

(Figures 3, 4, and 5 panel D), though not necessarily jointly (Fig-

ures 3 and 4 panel C), and although propensity calibration for

zonisamide is lacking (Figure 4A) results were replicated with



Figure 3. Dexamethasone results in screening cohort

(A–E) (666 treated patients and 957 controls after positivity

trimming). The calibration curve, with a 95% Wilson confidence

interval, shows alignment along the diagonal (indicating strong

agreement between the predicted and observed probabilities of

the weight model) (A). The propensity distribution of the features

included in the analysis show acceptable overlap between the

treatment and control cohort after positivity trimming (B). The

weighted AUC is 0.62, higher than the sought-after random AUC

of 0.5 (C). Eventually, all 646 unweighted features (orange tri-

angles) were reweighted to an absolute standard main differ-

ence of <0.1 indicating excellent balance between treatment

and control groups (D). In (E), Kaplan Meier survival curves with

logistic regression as weight model fitted on the data with 95%

confidence intervals generated after 100 bootstraps show that

early seizure recurrence rates (within 1st postoperative year)

were not differentiated between treatment and control groups,

but then diverged to demonstrate lower risk of recurrence in the

treatment cohort.
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Figure 4. Zonisamide results in screening cohort

(220 treated patients and 684 controls after positivity trimming).

The calibration curve, with a 95% Wilson confidence interval,

shows modest alignment along the diagonal (A). The propensity

distribution of the 645 features included in the analysis shows

acceptable overlap between the treatment and control cohort

after positivity trimming (B). The weighted AUC is 0.70, higher

than the sought-after random AUC of 0.5 (C). Eventually though,

all features were corrected after weighting to an absolute stan-

dard main difference of <0.1 indicating good balance marginally

between treatment and control cohorts (D). Covariate-adjusted

survival curves with with 95% confidence intervals from 100

bootstraps show that Early seizure recurrence rates (within 1st

postoperative year) were not differentiated between treatment

and control groups, but then diverged to demonstrate lower risk

of recurrence in the treatment cohort (E).
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Figure 5. Zonisamide results in validation cohort

(A–E) (142 treated patients and 521 controls after positivity

trimming). The calibration plot, with a 95% Wilson confidence

interval, shows that the predicted probabilities of the weight

model are well calibrated to the observed probabilities (A). The

propensity distribution exhibits a good overlap between the

treatment and control groups, indicating that the two groups

are comparable (B). The weighted ROC curve is very well-

aligned to the baseline (the diagonal) with a weighted AUC of

0.52, suggesting that the treatment and control groups after

weighting are well mixed and therefore comparable (C). No

sharp segments signaling positivity violation are found. The

Love plot comparing the difference between the treatment and

control groups calculated for the original data and the

weighted data show that some variables are better balanced

than others, but all were corrected to ASMD <0.2 (D). Covari-

ate-adjusted survival curves with with 95% confidence in-

tervals from 100 bootstraps show that seizure outcomes again

diverged after the first post-operative year in favor of the

treatment cohort (E).
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proper calibration and joint covariate balance in the validation

cohort (Figure 5A).
Conclusion
This study provides observational evidence supporting an

emerging hypothesis of altered neuroinflammation as a mecha-

nism of seizure-recurrence after brain surgery for epilepsy. If vali-

dated in prospective and mechanistic research, these findings

could lead to safer and a more targeted anti-inflammatory

treatment path than a ‘‘shot-gun’’ approach of dexamethasone

to improve outcomes of epilepsy surgery, and potentially to

reduce risk of seizures after brain surgery for other indications.

Combining surgery with medicinal surgery has been proven to

sum larger than its part in other disease domains and can be a

real paradigm shift in the world of epilepsy surgery.
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14. Morgan, V.L., Rogers, B.P., González, H.F.J., Goodale, S.E., and Englot,

D.J. (2020). Characterization of postsurgical functional connectivity

changes in temporal lobe epilepsy. J. Neurosurg. 133, 392–402. https://

doi.org/10.3171/2019.3.JNS19350.

15. Li, W., Wu, J., Zeng, Y., and Zheng, W. (2023). Neuroinflammation in epi-

leptogenesis: from pathophysiology to therapeutic strategies. Front. Im-

munol. 14, 1269241. https://doi.org/10.3389/fimmu.2023.1269241.

16. Vezzani, A., Balosso, S., and Ravizza, T. (2019). Neuroinflammatory path-

ways as treatment targets and biomarkers in epilepsy. Nat. Rev. Neurol.

15, 459–472. https://doi.org/10.1038/s41582-019-0217-x.

17. Villasana-Salazar, B., and Vezzani, A. (2023). Neuroinflammation microen-

vironment sharpens seizure circuit. Neurobiol. Dis. 178, 106027. https://

doi.org/10.1016/j.nbd.2023.106027.

18. Bertrand, M.E., Rupprecht, H.J., Urban, P., and Gershlick, A.H.; CLAS-

SICS Investigators (2000). Double-blind study of the safety of clopidogrel

with andwithout a loading dose in combination with aspirin comparedwith

ticlopidine in combination with aspirin after coronary stenting : the clopi-

dogrel aspirin stent international cooperative study (CLASSICS. Circula-

tion 102, 624–629.

19. Schömig, A., Neumann, F.J., Kastrati, A., Sch€uhlen, H., Blasini, R., Hada-

mitzky, M., Walter, H., Zitzmann-Roth, E.M., Richardt, G., Alt, E., et al.

(1996). A randomized comparison of antiplatelet and anticoagulant ther-

apy after the placement of coronary-artery stents. N. Engl. J. Med. 334,

1084–1089.

20. Rokoszak, V., Syed, M.H., Salata, K., Greco, E., de Mestral, C., Hussain,

M.A., Aljabri, B., Verma, S., and Al-Omran, M. (2020). A systematic review

and meta-analysis of plain versus drug-eluting balloon angioplasty in the

treatment of juxta-anastomotic hemodialysis arteriovenous fistula steno-

sis. J. Vasc. Surg. 71, 1046–1054.e1.

21. Hershberger, C.E., Louis, S., Busch, R.M., Vegh, D., PB, I.N., Eng, C., Jehi,

L., andRotroff, D.M. (2023).Molecular Subtypesof EpilepsyAssociatedwith

Post-Surgical Seizure-Recurrence. Brain Communications 5, fcad251.

22. Jehi, L.E., Silveira, D.C., Bingaman, W., and Najm, I. (2010). Temporal lobe

epilepsy surgery failures: predictors of seizure recurrence, yield of reeval-

uation, and outcome following reoperation. J. Neurosurg. 113, 1186–1194.

23. Yardi, R., Morita-Sherman, M.E., Fitzgerald, Z., Punia, V., Bena, J., Morri-

son, S., Najm, I., Bingaman, W., and Jehi, L. (2020). Long-term outcomes

of reoperations in epilepsy surgery. Epilepsia 61, 465–478. https://doi.org/

10.1111/epi.16452.

24. Jeha, L.E., Najm, I.M., Bingaman, W.E., Khandwala, F., Widdess-Walsh,

P., Morris, H.H., Dinner, D.S., Nair, D., Foldvary-Schaeffer, N., Prayson,

R.A., et al. (2006). Predictors of outcome after temporal lobectomy for

the treatment of intractable epilepsy. Neurology 66, 1938–1940.

25. Gundamraj, S., and Hasbun, R. (2020). The Use of Adjunctive Steroids in

Central Nervous Infections. Front. Cell. Infect. Microbiol. 10, 592017.
26. Lopes, M.W., Leal, R.B., Guarnieri, R., Schwarzbold, M.L., Hoeller, A.,

Diaz, A.P., Boos, G.L., Lin, K., Linhares, M.N., Nunes, J.C., et al. (2016).

A single high dose of dexamethasone affects the phosphorylation state

of glutamate AMPA receptors in the human limbic system. Transl. Psychi-

atry 6, e986. https://doi.org/10.1038/tp.2016.251.

27. Coyle, P.K. (1999). Glucocorticoids in central nervous system bacterial

infection. Arch. Neurol. 56, 796–801.

28. Hue, C.D., Cho, F.S., Cao, S., Dale Bass, C.R., Meaney, D.F., and Morri-

son, B. (2015). Dexamethasone Potentiates in Vitro Blood-Brain Barrier

Recovery after Primary Blast Injury by Glucocorticoid Receptor-

Mediated Upregulation of ZO-1 Tight Junction Protein. J. Cereb. Blood

Flow Metab. 35, 1191–1198. https://doi.org/10.1038/jcbfm.2015.38.

29. Harkness, K.A., Adamson, P., Sussman, J.D., Davies-Jones, G.A., Green-

wood, J., and Woodroofe, M.N. (2000). Dexamethasone regulation of ma-

trix metalloproteinase expression in CNS vascular endothelium. Brain 123,

698–709.

30. Barna, L., Walter, F.R., Harazin, A., Bocsik, A., Kincses, A., Tubak, V., Jós-
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Python 3.10.7 Python Software Foundation https://www.python.org; RRID:SCR_008394

Causallib 0.9.7 IBM Research https://github.com/IBM/causallib

Scikit-learn v1.1.3 Pedregosa et al.59 ; RRID:SCR_002577

lifelines v0.27.8 Davidson-Pilon60 https://lifelines.readthedocs.io; RRID:SCR_024899

statsmodels v0.14.0 Seabold and Perktold61 https://www.statsmodels.org; RRID:SCR_016074

pandas v1.5.3 McKinney62 and The pandas development team63 https://pandas.pydata.org/; RRID:SCR_018214

matplotlib v3.8.0 Hunter64 https://matplotlib.org; RRID:SCR_008624
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The study follows a two-phase design. Phase 1: Screening: we apply causal inferencemethods in a national claims dataset to screen

for candidate medications potentially reducing seizure recurrence when used peri-operatively. Phase 2: Validation: we validate the

identified candidates in a well-curated surgery cohort from our program. Both phases adhere to the target trial approach,51 emulating

a possible randomized controlled trial using observational Big Data.

Phase 1: Screening
Data source

We used the MarketScanª insurance claims database that aggregated de-identified medical insurance claims between 2011-2020

from >350 insurance companies and 172million individuals insured throughMedicare supplemental, Medicaid, or commercial health

insurance. The data comprise of medical billing events, including drug prescription purchases, inpatient and outpatient visits, and

medical procedures.

Eligibility criteria

We extracted all patients with an epilepsy diagnosis from MarketScanª (diagnostic codes in Table S1) and identified the

subgroup who underwent resective brain surgery (procedure codes in Table S2). While previous work suggests using

multiple billing code occurrences for epilepsy to identify patients with epilepsy,65 we use a single occurrence since we

combine it with a subsequent resective brain surgery to reflect the cohort of surgical drug-resistant epilepsy more perti-

nently. We defined an ‘‘Index date’’ as the first surgery that was not followed by additional brain surgery within 30 days

to exclude immediate planned or unplanned re-operations. Patients were included if they had a focal resection at

index date, AND at least one epilepsy diagnosis before or at index date, AND at least one year of data prior to index date

(Figure 1).

In observational settings, individuals are not randomly assigned into experimental groups, potentially introducing confounding

bias. To emulate randomization and remove spurious correlations between medications and outcome, it is required to statistically

adjust for confounding factors, which are specified next.

Features definition

To isolate the causal effect of each medication, we extracted 645 features from the baseline period starting 365 days before

index date (see Methods Details). These included demographics using age at surgery and biological sex, clinical diagnostics

using Clinical Classifications Software Refined codes, drug prescriptions using Anatomical Therapeutic Chemical Classifica-

tion 2nd level codes, and epilepsy-specific features that are clinically relevant and are plausible confounding factors [medical

co-morbidities,66 epilepsy characteristics, and influencers of anti-inflammatory medication usage or postsurgical outcomes

(Table S8)]. These features represented the confounders used to calculate propensity scores (probability of treatment assign-

ment conditional on observed baseline characteristics, see quantification and statistical analysis below) and thus balance

intervention and control groups.

Noticeably, being a claims database, race or ethnicity of the insured individuals are not recorded and were therefore not

adjusted for. Additionally, since the main contrast of interest is the average treatment effect, associations between demo-

graphic factors and outcome were not investigated, as well as effect heterogeneity based on such demographics. We believe

that this decision did not affect generalizability, as a main component of the study is its replication in a medical patient

cohort.
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Phase 2: Validation
Cohort definition

We analyzed an existing well-characterized cohort of patients with epilepsy who had unilobar resections at Cleveland Clinic (Ohio,

USA) from 2010-2022. All patients were R18 years old, with no prior history of resective surgery or neuromodulation, and with

R1 year of postoperative follow-up.

Features definition

Data included demographics (sex, race, age at epilepsy onset and at surgery), detailed epilepsy characteristics [history of convul-

sions, EEG (focal interictal spikes or not), MRI (Abnormal/Normal), seizure type (non-localizable or generalized seizures vs other),

invasive monitoring (done/not done), type and side of surgery]; features from Table S8; medical comorbidities (mirroring features

used in Screening) and drug usage information pulled from the Clinic’s electronic health record system (Epicª) using RxNorm def-

initions and an automated validated pipeline. The statistical analysis mirrored the Screening Phase.

Ethics approval and consent to participate. The study—retrospective and based on already recorded data—was approved by the

Cleveland Clinic’s Institutional Review Board (IRB), protocol number 16-1539, and consent requirement was waived.

METHOD DETAILS

We now describe more details about our study design and definition of the target trials emulated in both study phases.

Phase 1: Screening
Drug candidates

We screened 61 candidate medications (traditional immunosuppressants, biologics, disease-modifying therapies for multiple scle-

rosis, corticosteroids, and anti-seizure medications, listed in Table S3 with their RxNorm Concept Unique Identifier (RxCUI), and

Healthcare Common Procedure Coding System (HCPCS) code. RxCUI is a unique identifier assigned to a drug in RxNorm, a normal-

ized drug naming system. HCPCS includes standardized codes representing medical procedures, supplies, products, and services.

Treatment and control group definition

For each of the 61 candidates, we generated a sub-cohort for an emulated clinical trial where the ‘‘treatment group’’ received the

corresponding medication within 14-days before or after the index date, and ‘‘control group’’ did not. We further excluded medica-

tions with <100 patients in either treatment or control group to increase the trustworthiness of each hypothesis by allowing sufficient

sample size to fit the models, and to reduce the number of downstream hypotheses to correct for.

Outcome definition

Primary endpoint was seizure-freedom at last follow-up. We used proxies for recurrence (Table S4) because seizures are not well-

documented in claims data (e.g., epilepsy billing codes are used in outpatients even when no seizure occurred since prior visit; or

patients may address a breakthrough seizure via an unbillable telephone encounter). Detailed definitions used for each proxy mea-

sure are available in Table S5, Tables S6, and S7. To capture persistent recurrence rather than acute postoperative seizures without

long-term sequelae, we only categorized a patient as ‘‘recurred’’ if events first observed within 14 post-index days persisted beyond

that interval.

Follow-up

Eligible individuals were followed up starting day 15 after surgery. Follow-up ended on the day of outcome of interest (any occurrence

of the components in Table S4), last date of interaction with the insurance system (loss to follow-up), or administrative end of data

(December 2020), whichever happened first.

Causal contrasts

We focused on the intention-to-treat estimand, comparing those who had a prescription for the medication of interest at the time-

window surrounding the resection in each emulated trial to eligible individuals who were not prescribed that medication in that

timeframe.

Phase 2: Validation
Drug candidates

Drugs deemed beneficial and statistically significant with reducing seizure outcomes in the Screening Phase.

Treatment and control group definition

Same as in Screening Phase (date of surgery defined as index date; and a 14-day window for experimental groups).

Outcome definition

The primary outcome is Engel class I at last follow-up.67 Detailed follow-up was collected from clinic visits or phone calls at 3months,

6 months, 1 year, and then yearly after surgery with an attrition rate of <10%.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis was performed using causallib, an open-source package for estimating causal effects in observational studies. Each

emulated trial followed four steps:
e2 iScience 28, 112124, April 18, 2025
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d Step 1: Positivity identification: positivity filtering68 is intended to ‘‘trim’’ the study cohorts and keep individuals with similar pro-

pensity scores across treatment and control groups. We fitted a logistic regression-based propensity score model and

excluded individuals with extreme propensity scores, exceeding a dynamically-set threshold based on themethod fromCrump

et al.69

d Step 2: Survival analysis: We then conducted a time-to-event analysis for seizure recurrence on the ‘‘trimmed’’ dataset. We

fitted an additional propensity score model using an L2-penalized logistic regression on the dataset and constructed inverse

propensity weights to balance baseline characteristics between treatment and control groups. We then applied the weights to

estimate covariate-adjusted cumulative incidence curves for the two groups using two Kaplan Meier estimators.70

d Step 3: Model evaluation was done through calculating the absolute standardized mean difference after weighting to validate

covariate balance,71 calibration plots to evaluate propensity probability,72 area under the receiver operating characteristics of

the propensity scores weighted by inverse weights. After weighting, the treatment indicator should be uncorrelated to baseline

characteristics and accuracy of predicting treatment assignment should be close to chance.73

d Step 4: Statistical inference: to generate 95% confidence intervals around the survival curves, we repeated steps 1-2 for

100 bootstrap samples used to estimate mean and standard deviation of a normal distribution. We also used the estimated

inverse probability weights to performed weighted log-rank tests and weighted Cox regressions74 for three time periods: entire

follow-up, days 0 to 365 (early recurrence), and days 365 to end of timeline (late recurrence), applying Holm correction for

multiple hypothesis testing75 Statistical significance assumed at the 5% level.
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