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Abstract

Meningiomas are benign intracranial tumours that commonly lead to seizures and oedema. An understanding of seizure
risk factors is essential for the meningioma community. Many studies have differing conclusions on whether oedema is
associated with seizure. Existing meta-analyses are limited by lack of focus on oedema. Our objective was to summarise
all literature on oedema as a prognostic factor for seizures in meningioma patients. We searched OVID, Scopus, Pubmed,
Web of Science, ClinicalTrials.gov and Google scholar up to April 2024 for reports with more than 10 human meningioma
participants. Statistics were performed on R-Studio. Cochrane and Campbell guides for systematic reviews and meta-analysis
were followed. Risk of bias was assessed with ROBINS-E. Our protocol was uploaded to INPLASY. We included 51 stud-
ies for meta-analysis and 21 for narrative review. Most studies were of surgically treated adults. Heterogeneity was low
once outliers were removed. Preoperative oedema was associated with preoperative seizure (k=28, n=7,725, OR 3.5, 95%
CI=3.1-4.0, I2=0%, p <.001), early postoperative seizure (k=9, n=2,929, OR 1.5, CI=1.1-1.9, I2=0%, p=.011) and
late postoperative seizure (k=9, n=2,150, OR 1.9, CI=1.5-2.2, 12=0%, p <.001). We performed an additional adjusted
analysis for preoperative seizures which was also significant (k=3, n=2,241, OR 3.9, CI=2.4-6.3, 12=0%, p=.007). There
were few studies of post-radiosurgery oedema and seizure, and of postoperative oedema and seizure, with insignificant but
positive associations. Preoperative oedema is a key factor for preoperative seizures. Oedema also increases risk of postopera-
tive seizures. Further study in conservative, radiosurgery and paediatric populations, as well as study of oedema and seizure
severity or subtype is warranted.
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Introduction

Oedema and seizures are commonly seen in meningioma

Previous presentations Earlier versions of this work were . . . .
despite their extra-axial location and usual slow growth

presented as posters at ILAE Dublin 2023 (published online

abstract in Epilepsia: https://onlinelibrary.wiley.com/doi/full/10. [1-3]. Seizures impair health and quality of life; a full under-
1111/epi.17787) and BNOS Cambridge 2024 (published abstract standing of risk factors will guide the meningioma com-
Neuro-Oncology https://doi.org/10.1093/neuonc/noae158.076). munity [4-9]. There are many studies of seizure risk factors
54 Matthew J. Tanti in meningioma, but there are gaps in the literature [2]. Not

m.tanti @nhs.net all studies agree that oedema is a risk factor, particularly

for postoperative seizures [2, 10—12]. Furthermore, there is
no summary of oedema and seizure in conservative, radio-
surgery or paediatric populations. Prior meta-analyses did
not focus on oedema so advanced meta-analysis techniques
such as subgrouping, regression, or adjusted analyses were
not performed [2, 12]. Subgrouping or meta-regression can
determine whether there are differences in strength of asso-
ciation by study level characteristics, such as geographical
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location of study or imaging modality. Adjusted analysis
can determine whether oedema is significant despite other
risk factors, such as absence of headache for preoperative
seizures.

Materials and methods

A full protocol was uploaded to INPLASY [13].

Objectives

Our primary objective was to systematically review and meta-
analyse oedema as a prognostic factor for seizures in all treat-
ment populations. As secondary objectives, and by focusing
on oedema, we explored the role of other study level character-
istics in modifying this relationship. We also described other
non-oedema factors in narrative and “covariate review” format.

Study inclusion/exclusion

We used a PICOTS framework when reviewing reports for
inclusion and exclusion (Table 1) [14]. Epilepsy and sei-
zures are often used interchangeably, but ‘epilepsy’ should
refer to a tendency for recurrent unprovoked seizures [15].
We included seizures whether described as seizure or epi-
lepsy. Reports were included irrespective of study design,
language, or peer review status.

Study measures

A separate meta-analysis was performed for each time-point
relative to treatment (surgery or radiotherapy):

e pre-treatment oedema and pre-treatment seizure
e pre-treatment oedema and post treatment seizure (early
or late)

e post-treatment oedema and seizure

One week is currently used to distinguish early and late
post-treatment seizures in the meningioma literature [16].

Search methods
An unfiltered search without date limitation was performed
in April 2024 (updated since INPLASY protocol) using five

databases in addition to Google scholar (Fig. 1) [13]. Search
terms were optimised for each database (Online Resource 1).

Data collection and analysis

Study selection phases:

@ Springer

Table 1 PICOTS summary for inclusion or exclusion

Outcome Timing Setting

Comparator

Index prognostic factor

Population

Oedema and/or seizure could Any management setting was

Isolated or recurrent seizures

Oedema before or after any Comparators were only
Can be defined as®:

Human meningioma partici-

considered:
e conservative

® surgery

have occurred:
® pre-treatment

considered for the adjusted

meta-analysis®

resonance imaging (MRI) or We highlight potential com-

computed topography (CT)

Can be defined as:

treatment
Measured by magnetic

pants of any age
Radiological or tissue diagno-

e binary (absent versus pre-

o carly post treatment (within

sent or threshold)

e ordinal

sis of meningioma
Studies with less than 10 par-

o radiosurgery

a week)
e late post treatment (after

parators with narrative and

covariate review

e continuous

ticipants were excluded

one week)
Reports were excluded from

e binary (absent versus pre-

sent or threshold)

e ordinal

the meta-analysis if they
were unclear whether

e continuous (e.g. volume)

seizures occurred pre or

post-treatment

e oedema index (e.g. oedema

volume divided by tumour

volume)

#Use of adjusted meta-analysis is additional to our INPLASY protocol

bAll studies reported seizures as a binary outcome
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1. One author screened titles and abstracts for exclusion
(e.g. study of non-human participants). A random 10%
sample was checked by a second author and no errors
were found (updated method since INPLASY protocol)
[13].

2. Full reports were then assessed for eligibility by two
authors.

Data extraction

Two authors independently extracted outcomes for the meta-
analysis. Most studies provided effect sizes (i.e. odds ratios
[OR] and 95% confidence intervals [CIs]) or contingency
tables as measures of association and defined oedema or
seizures as being present or absent. Two studies grouped
seizure status by average oedema area or volume; we esti-
mated a standardised mean difference (SMD) and standard

deviation (SD) and converted to OR and 95% CI using Camp-
bell online calculators [17]. Data in figures was extracted
with WebPlotDigitizer [18]. Unless stated otherwise we used
unadjusted effect sizes due to factor selection variability in
multivariable models across studies. One author extracted
additional study details, for example number of patients, age,
gender, and the methods used to measure oedema. Other
factors associated with seizures in univariable and multivari-
able analyses were extracted from studies when both statisti-
cally significant and non-significant findings were reported.
They are presented in our ‘Covariate Review.” Two authors
determined whether eligible studies could be included in
the meta-analysis and or covariate review. If neither, they
were included in the narrative review. Studies in the meta-
analysis were also screened for additional seizure outcomes
(e.g. seizure frequency, severity or semiology) and summa-
rised in narrative format. When reports provided insufficient
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data for unadjusted meta-analysis, authors were contacted
for further data.

Risk of bias assessment

Risk of bias was assessed by one author for all studies in
the meta-analysis. The exposure outcome of observational
studies form (ROBINS-E) and ROBVIS visualisation tool
was used to create risk of bias figures [19, 20].

Statistical analysis

The R-project programming tool (R) version 4.1.2 was
used for statistical analyses and figures (packages in Online
Resource 2) [21].

Pooling effect sizes In the meta-analyses, effect sizes were
converted to the natural log of OR (InOR) and its standard
error (SE[InOR]) [22, 23]. Studies with zero cells on contin-
gency tables had a continuity correction of 0.5 added to all
cells. We used a random-effects model with Hartung Knapp
adjustment. The generic inverse variance method was used
instead of the Mantel-Haenszel as raw binary data was not
available for all studies (update to INPLASY) [13].

Heterogeneity Between study heterogeneity was assessed
with Higgins & Thompson’s 12 statistic (<25%: low hetero-
geneity, <50%: moderate, <75%: substantial) and the het-
erogeneity variance t2 was assessed with the Paule-Mandel
estimator [24]. The SD of true effect sizes (t), Cochran’s
Q and the H2 statistic were also reported [24]. Prediction
intervals were used to estimate future effect directions.

Subgroup meta-analysis and meta-regression were per-
formed when more than 10 studies were present. We were
able to review: risk of bias, infratentorial tumours, seizure
definition, oedema modality, oedema definition and conti-
nent (latter for subgroup analysis only). For preoperative
oedema and postoperative seizure, we used the same vari-
ables in addition to preoperative seizure, timing of postop-
erative seizure and use of prophylactic anti-seizure medica-
tion (ASM). Subgrouping and meta-regression are limited
by examination of study level data; many factors of interest
were not stratified by oedema and seizure status. Subgroup
analyses, like the main meta-analyses, were based on com-
plete cases. Complete case and multiple imputation were
used for both univariable and multivariable meta-regression.

Sensitivity analysis and publication bias Studies with 95%
CI not overlapping the pooled CI were classed as outli-
ers. Assessments of publication bias included, when pos-
sible, contour enhanced funnel plots, Egger’s tests, and

@ Springer

corrections using the trim and fill and (without outliers)
p-curve analyses.

Summary of findings

We summarised our findings using the Grading of Recom-
mendations, Assessment, Development, and Evaluations
(GRADE) framework (addition to INPLASY) [25].

Results
Baseline characteristics

In 74 reports were 53 studies (k) eligible for meta-analy-
sis and 21 for narrative/covariate review (Fig. 1; Table 2)
[26-99]. Overlapping populations were seen in 14 reports
but most described different outcomes and only two were
excluded from the meta-analysis [41, 69]. All studies were
observational and apart from two all were retrospective [68,
85]. Reports originated mainly from European (k=35),
Asian (k=22) or North American (k=12) continents. Coun-
tries of origin included Germany (k= 14), United States of
America (k=12) and China (k=38). Most studies (89%) were
of surgical cohorts and the remainder had radiosurgery. Any
grade of meningioma was included in most (75%). Inclu-
sion years ranged from 1968 to 2023; most (58%) recruited
within the previous 10 years. Most patients were female in
the 6th or 7th decade of life. Preoperative oedema was seen
in 49% of patients (k=40, total n=10,124). Oedema was
identified by magnetic resonance imaging (MRI) in 72% of
studies with a binary (55%) or threshold (32%) definition.
Prophylactic ASM use was specified in 55% of reports; of
which 49% of studies used them (ranging from 9 to 100% of
patients), 41% did not, and the remainder (10%) had preop-
erative seizures (Online Resource 3). In studies that provided
seizure proportions, 23% of patients had preoperative seizure
(k=30, total n="7,785), 6% had early postoperative seizure
(k=8, n=2,873), and 17% had late postoperative seizures
(k=9, n=2,150). A description of seizure semiology, out-
come, or definition was provided in 27% of reports (Online
Resource 3). Pre-operative focal seizures were identified
in 27-65% of patients with seizure (impaired awareness in
2-14%) and 36-51% had new postoperative focal seizures.
Generalised seizures were noted in 34-68% preoperatively
and new generalised seizures in 32-55% postoperatively.
Most studies report long-term postoperative seizure freedom
(Engel I or ILAE classification I) in approximately 80-90%
of patients, decreasing to 70-80% in those with preoperative
seizures. Many studies had a high risk of bias due to con-
founding factors or measurement of oedema (Fig. 2).
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Fig.2 Risk of bias assessments: A Preoperative oedema and seizure;
B Preoperative oedema and early postoperative seizure; C Post-radio-
surgery oedema and seizure; D Preoperative oedema and late postop-

Preoperative oedema and preoperative seizures

In our meta-analysis, preoperative oedema significantly
increased the odds of preoperative seizure (k=32, n=8§,345,
OR 3.6, 95% CI=2.6-4.9, 12=67%, Fig. 3). Only 13%
of patients without oedema had seizure, whilst 34% with
oedema had seizure. Heterogeneity was moderate, rectified
by removal of outlying studies (k=28, n=7,725, OR 3.5,
95% CI=3.1-4.0, I2=0%, Online Resource 4, GRADE:
high). In our covariate review preoperative oedema was
a significant predictor of preoperative seizure in univari-
able (95%, k=21) and multivariable analysis (81%, k=16)
(Online Resource 5 and 6). Stevens et al. proportioned

@ Springer

erative seizure; E Seizure and postoperative oedema; F Preoperative
oedema and any postoperative seizure

seizure semiology in patients with oedema: focal —50%,
grand mal — 26% [83]. Chaichana et al. found oedema to be
unrelated to uncontrolled preoperative seizures [99]. Seven
additional studies (not eligible for meta-analysis or covari-
ate review) described relationships between preoperative
oedema and preoperative seizures with mixed results (Online
Resource 7).

Preoperative oedema and postoperative seizures
There were 28 eligible studies for meta-analysis of preop-

erative oedema and postoperative seizure: nine early (<1
week), nine late (> 1 week) and 15 unclear. Oedema was
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Fig.3 Forest plot of preopera- Oedema  No oedema - .
tive oedema and preoperative Study Seizure(total) Seizure(total) Odds Ratio OR 95%-Cl Weight
seizure, unadjusted with outliers Markovic et al. 2013 8 (53) 14 (25) <B— 014 [0.05 042] 2.8%
Stevens et al. 19832 20 (74) 24 (86) 096 [0.48; 1.92] 3.6%
Frati et al. 202232 19 (61) 30 (155) + 1.88 [0.96; 3.69] 3.7%
Baumgarten et al. 2021 58 (224) 29 (196) —|- 201 [1.23; 3.30] 4.0%
Chaichana et al. 2012%° 39 (186) 45 (440) . 233 [1.46; 3.72] 4.1%
Maeder et al. 1984% 22 (51) 7 (29) —— 2.38 [0.86; 6.58] 3.0%
Kemerdere et al. 2019%* 15 (37) 5 (26) —&— 286 [0.88; 9.28] 2.7%
Lieu et al. 2000°" 33 (80) 26 (134) —— 292 [157; 541 3.8%
Gupte et al. 2021%° 50 (217) 12 (139) —— 317 [1.62; 6.20] 3.7%
Wirsching et al. 2016° 152 (353) 64 (339) S = 325 [2.30; 4.58] 4.3%
Li et al. 2020%° 61 (279) 39 (493) i 326 [2.11; 502] 4.1%
Wach et al. 20222 55 (154) 25 (176) —— 336 [1.96; 574] 4.0%
Hamasaki et al. 2012¢ 39 (78) 5(22) —@—— 340 [1.14; 10.13] 2.8%
Blum et al. 2023 18 (27) 4(11) ——®—— 350 [0.81; 15.16] 2.2%
Rajab et al. 202275 26 (43) 16 (54) —.— 363 [1.56; 8.46] 3.3%
Ahmeti et al. 20233 69 (334) 23 (362) —- 3.84 [233; 6.32] 4.0%
Wang et al. 2018%" 11 (47) 4 (55) —@— 390 [1.15 13.21] 26%
Hinrichs et al. 202042 - 403 [2.68; 6.05] 4.2%
Islim et al. 2018¢ 54 (158) 14 (125) —— 412 [2.16; 7.85] 3.7%
Chen et al. 20172 154 (433) 48 (410) - 416 [2.91; 596] 4.3%
Pauletto et al. 2023 56 (178) 15 (164) —— 456 [2.46; 8.46] 3.8%
Kawaguchi et al. 1996%° —l— 522 [1.95 13.95] 3.0%
Nassar et al. 20227 76 (136) 21(108) il 525 [2.92; 941] 3.9%
Giingér et al. 2019%7 2 (11) 0(10) = 553 [0.23;130.34] 0.7%
Bogdanovic et al. 2023% 76 (198) 13 (135) ~—M— 585 [3.08 11.08] 3.8%
Morsy et al. 2019% 14 (19) 6 (21) —— @ 7.00 [1.74; 28.17] 2.3%
Kim et al. 2019 3(14) 0(12) " 7.61 [0.35;163.82] 0.8%
Mohme et al. 2016 22 (46) 7(71) +—M— 838 [3.17; 22.14] 3.1%
Seyedi et al. 20187 64 (157) 8 (138) —M— 11.18 [5.12; 24.44] 3.5%
Teske et al. 202484 26 (62) 2(33) —— 11.19 [2.46; 50.99] 2.1%
Tsuji et al. 1993 3(9) 0(10) =— 11.31 [0.50; 256.20] 0.8%
Howng et al. 1992+ 54 (64) 1(23) — 118.80 [14.34; 984.37] 1.4%
Random effects model (HK) e 3.58 [2.62; 4.89] 100.0%
Prediction interval — [ 0.80; 15.97]

Heterogeneity: 1> = 67%, t% = 0.5128, 13, = 92.76 (p < 0.01) [ T T T !

Test for overall effect: t3; = 8.36 (p <0.01)

associated with early postoperative seizures (k=9, n=2,929,
OR 1.5,95% CI=1.1-1.9, 12=0%, Fig. 4A, GRADE: mod-
erate). There were no outliers. Proportions with seizure
increase from 5 to 8% when oedema is seen. Two additional
studies were suitable for narrative review (Online Resource
7) with contrasting conclusions. Oedema was significantly
associated with late postoperative seizures (k=9, n=2,150,
OR 1.9,95% CI=1.5-2.2,12=0%, Fig. 4B, GRADE: mod-
erate). Proportions with seizure increase from 13 to 20%
when oedema was present. There were no outliers. We
pooled postoperative seizure studies and selected unique
subsets from each study (Online Resource 8). Preopera-
tive oedema increased risk of postoperative seizure (k=32,
n=28,181, OR 1.6,95% CI=1.4-2.0, I2=65%). Postopera-
tive seizure proportions increase from 10 to 18% with preop-
erative oedema. Outlier removal results in low heterogene-
ity (k=31,n=17,776, OR 1.8, 95% CI=1.5-2.1, 2=10%,
GRADE: moderate, Online Resource 4). Seizures could
have occurred any time within postoperative follow up (one
to 286 months, Online Resource 8) but two studies speci-
fied seizure outcome at 3 or 12 months postoperatively [69,
77]. In covariate review, oedema was seldom a predictor
for seizures in univariable analyses (Early: 14% of seven
studies, Late: 20% of five studies, All: 44% of 16, Online
Resource 5) and multivariable analyses (Early: 33% of three
studies, Late: 33% of three studies, All: 22% of nine, Online

0102 05 1 2 5 20
Negative association Positive association

Resource 6). There was no association between preoperative
oedema and refractory epilepsy in one study [82].

Radiotherapy and seizures

Eight studies reported oedema and seizure following
radiosurgery (Online Resource 9). Post-treatment oedema
occurred in 15%, and 4% had post-treatment oedema and sei-
zure. It is unclear whether oedema precedes seizures in these
reports. Two studies noted oedema occurring an average of
seven months after CyberKnife treatment [29, 73]. In our
meta-analysis, post-radiosurgery oedema was not associated
with post-radiosurgery seizure (k=3, =376, OR 10.9, 95%
CI=0.6-211.3, I2=42%, GRADE: very low, Fig. 5). Pro-
portions of seizure in patients with post treatment oedema
was 6% compared to 2% without.

Other associations between oedema and seizures
Paediatric

Im et al. studied 10 children (median age eight years)
with operated meningioma [46]. They found no associa-
tion between preoperative oedema and preoperative sei-

zure (OR 1.0, 95% CI 0.1-12.6) or postoperative seizure
(OR 0.4,95% CI 0.1-12.6) [46]. Some studies did include

@ Springer
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A
Oedema No oedema
Study Seizure(total) Seizure(total) Odds Ratio OR 95%-ClI Weight
Li et al. 2020%° 15 (279) 26 (493) 1.02 [0.53; 1.96] 22.5%
Abzalova et al. 20232 - - : 1.10 [0.31; 3.97] 5.8%
Chen et al. 20172 24 (380) 20 (393) 1.26 [0.68; 2.32] 25.7%
Wang et al. 2018°% 7 (47) 6 (55) — 1.43 [0.44; 4.59] 7.0%
Xu et al. 2021°" 7 (69) 13 (191) —T 1.55 [0.59; 4.05] 10.3%
Teske et al. 2024 1(62) 0(33) 1.63 [0.06; 41.23] 0.9%
Bogdanovic et al. 2023%2 25 (198) 8 (135) —— 2.29 [1.00; 5.25] 14.0%
Cai et al. 2022 23 (298) 7 (219) ——— 2.53 [1.07; 6.01] 12.8%
Glingor et al. 2019% 1(11) 0 (10) 3.00 [0.11; 84.09] 0.9%
Random effects model (HK) < 1.47 [1.12; 1.94] 100.0%
Prediction interval — [1.01; 2.14]
Heterogeneity: 12 = 0%, 12 = 0, x2 = 4.47 (p = 0.81) r ' ' '
Test for overall effect: tg = 3.29 (p = 0.01) 0102 05 1 2 5 20
Negative association Positive association
B
Oedema No oedema
Study Seizure(total) Seizure(total) Odds Ratio OR 95%-ClI Weight
Teske et al. 2024 2 (62) 1(33) 1.07 [0.09; 12.22] 1.1%
Bogdanovic et al. 20232 22 (198) 11 (135) — 1.41 [0.66; 3.01] 11.0%
Zhang et al. 2020°" 16 (64) 40 (254) T—— 1.78 [0.92; 3.45] 14.6%
Wirsching et al. 20168 101 (352) 61 (338) i 1.83 [1.27; 2.62] 48.5%
Hwang et al. 2019+ 26 (187) 9 (116) —— 1.92 [0.87; 4.26] 10.0%
Nassar et al. 2022°%° 13 (39) 5 (26) 2.10 [0.64; 6.84] 4.5%
Wang et al. 2018°% 13 (47) 8 (55) = 2.25 [0.84; 6.02] 6.5%
Gadot et al. 202134 13 (43) 2 (14) ; 2.60 [0.51; 13.30] 2.4%
Schneider et al. 201977 17 (124) 1(63) ———— 9.85 [1.28;75.82] 1.5%
Random effects model (HK) S 1.87 [1.53; 2.28] 100.0%
Prediction interval — [1.38; 2.53]
1 T

Heterogeneity: 1° = 0%, t2 =0, x2 = 3.65 (p = 0.89) Mo f

Test for overall effect: tg = 7.20 (p < 0.01) 0102 05 1 2

5

20

Negative association Positive association

Fig.4 Forest plot of: A preoperative oedema and early postoperative seizure, B preoperative oedema and late postoperative seizure

Oedema No oedema
Study Seizure(total) Seizure(total) Odds Ratio OR 95%-Cl Weight
Ding et al. 2013* 3(10) 4(39) | 375 [0.68; 20.58] 32.8%
Kuhn et al. 2014% 6 (30) 4 (164) —— 10.00 [2.63; 38.03] 41.0%
Hwang et al. 2019 15 (43) 1(90) —+—— 47.68 [6.03; 377.21] 26.3%
Random effects model (HK) 468:93 [0.57; 211.25] 100.0%
Prediction interval [0.00; 9899496.60]
1

Heterogeneity: 12 = 42%, t* = 0.6915, %3 = 3.46 (p = 0.18) I T
Test for overall effect: t, = 3.47 (p = 0.07) 04 1 2
Negative association Positive association

Fig.5 Forest plot of post radiosurgery oedema and seizure
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paediatric patients, but only three specified proportions
(range 1.4-6.0%, Table 2), so Im et al. was excluded from
the meta-analyses. For sensitivity analysis we repeated our
meta-analyses with Im et al. Results were similar for preop-
erative oedema and seizure (k=33, n=238,355, OR 3.5, 95%
C1=2.6-4.8, I2=66%). Results were also similar for preop-
erative oedema and unknown postoperative seizure with Im
etal. (k=16,n=4,639, OR 1.8,95% CI=1.5-2.3,12=79%)
and without (k=15, n=4,629, OR 1.9, 95% CI=1.5-2.4,
12=2380).

Postoperative oedema

Six studies noted postoperative oedema. Preoperative seizure
was not significantly associated with new/worsening postop-
erative oedema, but postoperative seizures and postoperative
oedema were associated (Online Resource 4).

Subgroup analysis and meta-regression

We performed subgroup analysis (minus outliers) and meta-
regression for preoperative oedema and preoperative or (any)
postoperative seizure (Online Resources 10 to 15). For pre-
operative seizure there was no difference by continent of
study, inclusion of infratentorial tumour, imaging modality
used for oedema, oedema measurement, or use of seizure
definition. Very high risk of bias was associated with an
inflated OR and subgroup difference (Online Resource 10),
but there was no significant difference in meta-regression
(Online Resource 12 and 13). We subset studies of post-
operative seizure by preoperative seizure status (Online
Resource 8). For preoperative oedema and postoperative
seizure, there were no differences with risk of bias, preop-
erative seizure status, postoperative seizure status (early ver-
sus late), infratentorial tumour inclusion, continent, imaging
modality, oedema measurement, and with prophylactic ASM
use (any proportion) in seizure naive patients.

Publication bias

Funnel plots and Egger’s test suggested publication bias for
preoperative oedema and all postoperative seizures (Fig. 6B,
Online Resource 4). This was resolved on outlier removal
as demonstrated by repeat funnel plots, Egger’s test and
p-curve analysis (Online Resource 4 and 16). There was no
evidence of publication bias for other analyses.

Covariate review

We noted all non-oedema seizure predictors in univariable
and multivariable tests (Online Resource 5 and 6). Factors
associated with preoperative seizures included falcine (100%,
k=3) or parasagittal locations (60%, k=5), brain invasion

(60%, k=5) and oedema (95%, k=21). Negative associations
included headache (83%, k=6), preoperative deficit (71%,
k=17) and skull base tumours (67%, k=9). On multivariable
analyses only oedema (81%, k=16) was consistently reported
as a positive and headache (100%, k = 6) a negative predictor.

For any postoperative seizure, preoperative seizures (85%,
k=13), postoperative deficit (67%, k=6) and tumour recur-
rence (67%, k=9) were significant. In multivariable testing,
only presence of complications (75%, k=8) was. Univariate
positive predictors of early postoperative seizure included
motor cortex proximity (100%, k=2), preoperative seizures
(80%, k=5), postoperative deficit (100%, k=4) and surgical
complications (75%, k=4). In multivariable analyses, motor
cortex proximity (100%, k=2) and surgical complications
(100%, k=3) remained significant. For late postoperative
seizures univariable predictors included convexity location
(75%, k=4), preoperative seizures (100%, k=4) and tumour
recurrence (80%, k=5). In multivariable analysis, preopera-
tive seizures (66%, k= 6) and recurrent tumour (60%, k=5)
were significant.

Pre-radiosurgery oedema was a univariable predictor
of post-treatment seizure in Kollova et al. [54]. In Hwang
et al.. it was a univariable but not multivariable predictor, but
post-treatment oedema was associated with post-treatment
seizure in univariable and multivariable analysis [45].

Adjusted meta-analysis

We performed an adjusted meta-analysis for preoperative
oedema and preoperative seizure. Preoperative oedema,
headache and gender were selected as core predictors from
our narrative and covariate review, and the unadjusted meta-
analysis by Englot et al. [2]. Three studies in our meta-anal-
ysis provided suitable multivariable results with these core
predictors (Online Resource 17). They also corrected for
tumour size, and two corrected for non-skullbase location.
None had high risk of bias on ROBINS-E. Preoperative
oedema remained a significant predictor of preoperative sei-
zure when adjusting for other predictors (k=3, n=2,241, OR
3.9,95% CI=2.4-6.3, 12=0%, Online Resource 4). There
were no outliers or evidence of publication bias (Fig. 6H,
Online Resource 4 and 16). There was insufficient data
to perform an adjusted analysis of postoperative seizures
accounting for any “core” postoperative variable: proxim-
ity to the motor cortex, postoperative deficit, preoperative
seizure, or surgical complication.

Discussion
We provide high GRADE evidence that preoperative oedema

is a prognostic factor for preoperative seizures (Table 3).
Once outliers are removed there is low heterogeneity and
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Fig.6 Funnel plots for meta-analyses of: A Preoperative oedema
and preoperative seizure; B Preoperative oedema and postopera-
tive seizure; C Preoperative oedema and early postoperative seizure;
D Preoperative oedema and late postoperative seizure; E Post radio-
surgery oedema and seizures; F Preoperative seizure and postopera-

all studies show a positive association. Preoperative oedema
increases proportions with seizure from 12 to 34%. Our
exploratory covariate review and adjusted meta-analysis
also suggest that oedema is a key prognostic factor even
when correcting for headache and gender (Table 3). This is a
novel finding. The literature was unclear on whether oedema
preceded seizure; clarification of this would be of interest.
Another unadjusted meta-analysis by Englot et al. also found
a significant association between preoperative oedema and
seizure (K=8,n=1,095, OR 7.5,95% CI 6.1-7.5) [2]. The
OR appears high for the data presented in their forest plot
and may be erroneous [2]. We were unable to reproduce
their findings by meta-analysing the studies in their analysis
(Online Resource 18), which revealed an OR more similar to
ours (Fig. 2). In contrast with our covariate review, Englot
et al. also identified age as a negative predictor for preopera-
tive seizures, but a meta-analysis would be more sensitive
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tive oedema; G Postoperative seizure and postoperative oedema and
(H) Preoperative oedema and seizure (adjusted). Grey circle denotes
study, green cross denotes outliers, and red triangle denotes simulated
study using trim and fill

in identifying a true association [2]. Adjusted meta-analysis
of preoperative seizure risk factors, such as gender, age and
headache, would be of interest.

There is moderate GRADE evidence that preopera-
tive oedema predicts early and late postoperative seizures
(Table 3). All studies in the meta-analysis demonstrated a
positive association and heterogeneity was low. For early
postoperative seizures risks increased from 5 to 8% when
oedema was present, and for late postoperative seizures it
increases from 13 to 20%. Beyond one week, it was not pos-
sible to provide more discreet postoperative seizure timings.
We can infer from the meningioma literature that most post-
operative seizures occur within a year, and that 70-90% of
patients are seizure free within a few years (Online Resource
3). Our meta-analysis agrees with the meta-analysis of
Ghazou et al. who found preoperative oedema to be a pre-
dictor of late postoperative seizures (k=5,n=1,721, OR 2.0,
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CI 1.5-2.6) [12]. However in contrast, Ghazou et al. found
a positive but insignificant association between oedema and
early postoperative seizure (k=4, n=2,164, OR 1.4, 95%
C10.96-2.00) and this is likely due to their reduced sample
size; our analysis of early postoperative seizures had 11 stud-
ies and 2,929 participants with a very similar OR of 1.5 [12].

This is the first meta-analysis in meningioma and seizure
to use subgrouping and meta-regression. We did not identify
any study level characteristic that significantly modified the
relationship between preoperative oedema and preoperative
or postoperative seizures, this includes continent of study
which suggests similar findings are seen across ethnic back-
grounds. Furthermore, there was no difference in postopera-
tive seizure risk (due to oedema) by presence of preopera-
tive seizure; perhaps this is due to treatment of oedema or
seizure. Regarding prophylactic ASM use in seizure naive
patients and postoperative seizure risk (due to oedema), no
difference was found but proportions with prophylactic ASM
did vary across studies so findings are limited. We suspect
other factors might be more important for postoperative sei-
zures, such as tumour location or tumour recurrence and
surgical complications, but we were unable to control for
these factors in our adjusted meta-analyses.

This is the first meta-analysis of post-radiosurgery oedema
and seizure, and of postoperative oedema. There are too few
studies to comment conclusively on these populations, but
it does appear that post-treatment oedema and seizure may
be correlated, and that necrosis could be implicated in post-
radiotherapy oedema [48]. No studies reported on oedema and
seizure risk in conservatively managed meningioma.

For healthcare providers this meta-analysis quantifies the
effect of oedema on seizure risk pre and postoperatively.
This will aid counselling and guide monitoring but will
not inform use of prophylactic medications. This will be
addressed in randomised controlled trials and oedema should
be used to stratify seizure risk in these studies [9].

There was little discussion of oedema and seizure fre-
quency, severity or semiology. One study did not find any
differences in preoperative seizure control when oedema was
present, and another found no link with refractory postop-
erative seizure [82, 99]. Better identification of patients at
risk of refractory epilepsy could highlight those that would
benefit from epilepsy surgery workup in future.

Limitations

Despite checks to minimise data validation errors, there is
still a risk of errors. Google scholar is discouraged in sys-
tematic reviews due to issues with storage and reproduc-
ibility [100]. It does, however, serve as a useful adjunct; it
identified 12 further studies eligible for meta-analysis and
three for narrative review.

Investigation of oedema and seizure risk was not the pri-
mary aim of the studies in this meta-analysis; most looked
for seizure risk factors more generally. As a result, many
studies had high risks of bias due to issues with oedema
measurement or confounding factors on ROBINS-E. This
was mitigated in the analysis of preoperative seizure by
removal of outliers which also had very high risk of bias.
For measurement of oedema, our subgroup and regression
analyses suggest that reports with differing imaging modali-
ties or oedema definitions had similar results. Furthermore,
as we were mostly using unadjusted effect sizes, the issue
of accounting for confounding factors is less problematic.

The categories in our subgroup and regression analyses
may not have been distinct enough to detect differences for
prophylactic ASM and infratentorial categories. While we
were able to perform an adjusted meta-analysis for preopera-
tive seizures, there was insufficient data in the literature for
postoperative seizures. Unadjusted effect sizes are inherently
limited as they do not consider the effects of other factors.

The findings from our covariate review are exploratory
and descriptive, it is not possible to confirm the number of
patients included for each variable in each analysis, and no
statistical analysis was performed. The aim of the covariate
review is to aid direction of future meta-analysis on seizures
in meningioma.

There is a limited literature base for oedema and seizure
risk in radiosurgery, conservatively managed meningioma
and in paediatric populations which need further exploration
when more studies are available. Some authors suggest that
seizures are more common in paediatric meningioma [2, 46].

Conclusion

This is the first meta-analysis in meningioma, oedema and
seizures to use subgrouping, meta-regression and adjusted
analysis. Preoperative oedema is a key adverse prognostic
factor for the development of preoperative seizures in men-
ingioma patients. Preoperative oedema signals a modest
increased risk of early and late postoperative seizure but
other factors might be more important. We were unable to
find any study level characteristics that altered risk of pre or
postoperative seizure due to oedema. This is the first meta-
analysis of seizure risk due to post-radiosurgery oedema
which revealed a positive but insignificant association, fur-
ther research is warranted.
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