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Abstract

Risk factors to predict late-onset tumor recurrence in meningioma patients are urgently needed to schedule control intervals
during long-term follow-up. We therefore analyzed the value of established risk factors for postoperative meningioma recur-
rence for the prediction of long-term prognosis. Correlations of clinical and histopathological variables with tumor relapse
after 3, 5, and 10 years following microsurgery were analyzed in uni- and multivariate analyses, and compared to findings in
the entire cohort. In the entire cohort (N=1218), skull base location (HR: 1.51, 95%CI 1.05-2.16; p=.026), Simpson > 1V
resections (HR: 2.41, 95%CI 1.52-3.84; p <.001), high-grade histology (HR: 3.70, 95%CI 2.50-5.47; p <.001), and male
gender (HR: 1.46, 95%CI 1.01-2.11; p=.042) were independent risk factors for recurrence. Skull base location (HR: 1.92,
95%CI1 1.17-3.17; p=.010 and HR: 2.02, 95%CI 1.04-3.95; p =.038) and high-grade histology (HR: 1.87, 95%CI 1.04-3.38;
p=.038 and HR: 2.29, 95%CI 1.07-4.01; p =.034) but not subtotal resection (HR: 1.53, 95%CI .68-3.45; p=.303 and HR:
1.75, 95%CI .52-5.96; p=.369) remained correlated with recurrence after a recurrence-free follow-up of >3 and > 5 years,
respectively. Postoperative tumor volume was related with recurrence in general (p <.001) but not beyond a follow-up
of >3 years (p>.05). In 147 patients with a follow-up of > 10 years, ten recurrences occurred and were not correlated with
any of the analyzed variables. Skull base tumor location and high-grade histology but not the extent of resection should be
considered when scheduling the long-term follow-up after meningioma surgery. Recurrences > 10 years after surgery are
rare, and predictors are lacking.
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Introduction

Despite sufficient local tumor control after microsurgery
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to strongly correlate with prognosis and are increasingly
utilized to further estimate the risk of postoperative tumor
recurrence in daily clinical practice. Most notably, these
characteristics usually reflect aggressive biological behavior
and are therefore associated with early postoperative tumor
recurrence, while molecular predictors for long-term prog-
nosis remain sparse.

Among clinical variables, the Simpson grading system
[25] has been widely established to assess the extent of
resection intraoperatively, and, correspondingly, to further
estimate the risk of postoperative tumor recurrence accord-
ing to the amount of tumor tissue left behind after surgery
[27, 29]. As the consequence, the Simpson grading system
is frequently applied when indicating adjuvant irradiation
therapy or scheduling follow-up intervals. However, recent
studies increasingly discuss fundamental shortcomings of
the Simpson classification system, including both the assess-
ment by the neurosurgeon and its value for the prediction of
prognosis [22]. Moreover, the value of the Simpson grad-
ing system for the prediction of long-term tumor control is
largely unexplored, and most analyses are restricted to small
cohorts and/or patients with tumors in distinct locations [12,
17,19, 28].

In this study, we therefore provide integrative analyses for
risk factors for late-onset postoperative tumor progression in
a large-scale single-center series, and further compare the
prognostic value of established clinical and histopathologi-
cal variables during short- and long-term follow-up.

Materials and methods
Data collection

Clinical and histopathological data of all patients who under-
went surgery for primary diagnosed intracranial meningioma
between 1991 and 2021 in our department was obtained
from the Miinster Meningioma Database, as described pre-
viously [1, 3, 4, 8, 9, 27, 29]. Surgery had been indicated
for any space-occupying or progressive and/or symptomatic
lesions not feasible for radiosurgical treatment in the absence
of contraindications against either surgery or anesthesia.
Maximum safely achievable resection was performed in all
patients. Adjuvant radiotherapy was recommended in all
patients with histopathological diagnosed WHO grade III
meningioma and in the case of subtotally resected atypi-
cal meningiomas as well as for grade I lesions after simple
surgical decompression. Adjuvant chemotherapy was not
administered. Postoperative volumetry had been performed
for a previous study using a commercial neuronavigation
software (Brainlab 2.6 Neuronavigation System, Brainlab
AG, Munich, Germany), and considered the first available
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T1-weighted, contrast-enhanced images obtained within
6 months after surgery [27].

Clinical data was obtained from medical records and
included patients’ age, sex, tumor location, the extent of
resection according to the Simpson classification as deter-
mined by the attending neurosurgeon, the preoperative
Karnofsky Performance Status Scale (KPS) [10], and the
administration of adjuvant radiotherapy. Tumor location
was classified into the following categories: falx cerebri/
parasagittal, convexity, skull base, posterior fossa, and
intraventricular. Histopathological grading and tumor sub-
type were diagnosed according to the current 2016 WHO
criteria in all cases [16]. Hence, brain invasion was light-
microscopically evaluated on hematoxylin and eosin and
Elastica van Gieson—stained slides and diagnosed in the
case of “irregular, tongue-like protrusions of tumor cells
infiltrating underlying parenchyma, without an intervening
layer of leptomeninges.”

Initial routine postoperative gadolinium-enhanced MRI
was generally scheduled at 3 months after surgery and
repeated annually and semi-annually in grade I and high-
grade (WHO grade II/III) meningiomas, respectively.
After 5 years of a progression-free follow-up, imaging was
repeated every 2 years in grade I, yearly in grade II, and
semi-annually in grade III lesions [5]. In patients with con-
traindications against MRI, contrast-enhanced CT-scans
were performed for surveillance. Imaging was analyzed
for progression by a team of two independent observers,
including one neurosurgeon and one neuro-radiologist, and
data about progression was additionally updated by stand-
ardized questionnaires, which were sent to the primary care
takers. Progression-free survival (PFS) was determined as
the duration between surgery and radiologically confirmed
tumor recurrence or, in the case of an event-free follow-up,
the date of last follow-up. Data collection and scientific use
were approved by the local ethics committee (Arztekam-
mer Westfalen-Lippe, 2018-061-f-S) and approved by the
patients in each single case.

Statistical analyses

Data was described by standard statistics. Hence, categori-
cal variables were characterized by absolute and relative
frequencies and compared by Fisher’s exact test; continu-
ous variables were described by median and range and
compared by Mann—Whitney’s U test. Logistic regression
modelling was used to calculate hazard ratios (HR) for
categorical and continuous variables. For statistical analy-
ses, tumor location and the extent of tumor resection were
dichotomized in skull base vs non-skull base and GTR vs
STR (Simpson >1V) whenever indicated in the manuscript
body. Time-to-progression analyses were performed using
Kaplan—Meier curves and compared by log-rank tests. For



Neurosurgical Review (2022) 45:1635-1643

1637

uni- and multivariate analyses, Cox proportional hazard
models and logistic regression were used and described with
hazard ratio (HR), as well as with backward Wald’s p-values
and 95% confidence intervals (CI). The following variables

Table 1 Patients’ characteristics. Complete clinical and histopatho-
logical data was available in the vast majority of the analyzed 1218
patients

were included in multivariate analysis: age, sex (female (ref,
reference) vs male), WHO grade (classified into grade I (ref)
vs grade II /III), tumor location (classified as skull base vs
non-skull base =ref), and the extent of resection (classified
into STR vs GTR =ref). P-values < 0.05 were considered
statistically significant throughout the whole analyses. All
reported p-values are two-sided. IBM SPSS Statistics 27.0
(IBM, Armonk, NY, USA) was used for statistical analyses.

Variable N (%) Available data (n%)
Results

Sex 1218 (100%)
Male 337 (28%) Of 1517 surgeries performed for histopathologically con-
Female 881 (72%) firmed meningiomas in our department between 1991 and
Age (year.S; median, range) 59;10-86 1218 (100%) January 2021, 97 (6%) spinal as well as 202 (13%) recurrent
Preoperative K?Sa (n}ean, range) - 80;10-100 1198 (98%) meningioma cases were excluded. The remaining 1218 cases
Extent of resection/Simpson grade 1146 (94%) were subjected to further statistical analyses. Table 1 sum-
! 336 (28%) marizes baseline clinical and histopathological characteris-
I 528 (43%) tics. Among 1075 grade I tumors, neuropathological analy-
1 120 (10%) ses revealed meningothelial (N= 633, 59%), transitional
v 158 13%) (N=321, 30%), fibrous (N =50, 5%), angiomatous (N = 14,
v 4(<:5%) 1%), microcystic (N=9, 1%), psammomatous (N=1, < 1%),
WHO grade 1218 (100%) and secretory (N=45, 4%) subtypes, while subtype was not
! 1075 (88%) further determinable in 2 cases (< 1%). Within a median
H/H.I o 143 (12%) follow-up of 29 months (range 0-307 months), recurrence
Brain invasion 716%) 1218 (100%) was observed in 141 individuals (12%) after a median PFS
Tumor lhocatlon 1218 (100%) of 36 months. Progression-free survival among the entire
Convexity ) 429 (35%) cohort at 3, 5, 10, and 15 years after microsurgery was 90%,
Fald/parasagittal 161 (13%) 84%, 714%, and 70%, respectively (Fig. 1).
Skall basef 542 (45%) Among the entire population, male gender (HR: 1.96,
Intraventricular 11{1%) 95%CI 1.40-2.73; p<0.001) and high-grade histol-
Posterior fossa 75 (6%) ogy (HR: 3.23, 95%CI 2.26-4.60; p <0.001) were corre-
Adjuvant irradiation 38 (6%) 985 B1%) lated with an increased risk of recurrence. Risk of recur-
2KPS Karnofsky Performance Score rence was also higher after Simpson grade II (HR: 1.81,
Fig. 1 Kaplan—-Meier plot —1Progression/ Recurrence
displaying the progression-free - 1,0 ~f—Censored
survival of the entire cohort. 8
Most recurrences were observed K
within short- and median-term 2 0,8
follow-up, with progression-free 7 -
survivals of 90%, 84%, 74%, § %ﬁhﬁ_
and 70% after 3,.5, 10, and - 0.6 o -
15 years after microsurgery, § 2
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95%CI 1.12-2.91; p=0.015), grade III (HR: 1.92, 95%CI
1.08-3.42; p=0.027), or grade IV resections (HR: 3.45,
95%CI 1.95-6.12; p<0.001) than after Simpson grade I
surgery. Correspondingly, Simpson grade IV and V resec-
tions (subtotal resection, STR) were associated with a more
than twofold risk of recurrence as compared to Simpson
grade <III surgeries (gross total resection, GTR, HR: 2.26,
95%CI 1.46-3.52; p<0.001). Among the different tumor
locations, only skull base lesions were associated with tumor
relapse (HR: 1.78, 95%CI 1.19-2.65; p=0.005). While no
correlation was found between recurrence and brain inva-
sion (OR: 1.49, 95%CI 0.88-2.52; p=0.140), the pres-
ence of other grading criteria on the analyzed microscopic
slides was strongly associated with tumor relapse (HR:
4.79, 95%CI 3.28-7.01; p <0.001). Multivariate analyses
confirmed skull base location (HR: 1.51, 95%CI 1.05-2.16;
p=0.026), Simpson > 1V resections (HR: 2.41, 95%CI
1.52-3.84; p<0.001), high-grade histology (HR: 3.70,
95%CI 2.50-5.47; p<0.001), and male gender (HR: 1.46,
95%CI 1.01-2.11; p=0.042) as independent risk factors for
tumor recurrence.

Subsequently, subgroup analyses were performed to
further elucidate risk factors for tumor progression during
median- and long-term follow-up. Here, despite sufficient

cohort sizes, established clinical and histopathological risk
factors for tumor progression as confirmed in analyses of the
entire collective did not remain constantly correlated with
recurrence (Fig. 2).

In detail, in 485 patients with a PFS of at least 3 years,
recurrence was observed in 70 individuals (15%). In uni-
variate analyses, male sex (HR: 2.31, 95%CI 1.45-3.69;
p<0.001), skull base tumor location (HR: 2.09, 95%CI
1.30-3.36; p=0.002), and high-grade histology (HR: 1.88,
95%CI 1.08-3.26; p=0.025) remained risk factors for pro-
gression development, while STR did not remain correlated
with relapse. This also held true in multivariate analyses
(Table 2) and when not dichotomizing the extent of resection
(p>0.05, data not shown).

Patients with a PFS of at least 5 years (N =346) devel-
oped tumor relapse in 42 cases (12%). Among those, only
skull base tumor location (HR: 2.26, 95%CI 1.21-4.19;
p=0.010) and high-grade histology (HR: 2.03, 95%CI
1.01-4.09; p=0.047) remained risk factors for progression
in univariate analyses. Both risk factors were also confirmed
in multivariate analyses (Table 2).

In 146 patients with a PFS of at least 10 years, only
ten tumor recurrences were observed. Among those, nei-
ther uni- nor multivariate analyses revealed correlations
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Fig.2 Kaplan-Meier plots of the progression-free survival in rela-
tion to clinical and histological variables. Overall PFS was sig-
nificantly correlated with patients’ sex (a, p<.001), tumor loca-
tion (b, p=.001), the extent of resection (¢, p<.001), and histology
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(d,<.001, log-rank test, each). However, during median- and long-
term follow-up, only sex, tumor location, and histology remained
associated with prognosis
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Table 2 Risk factors for tumor recurrence during short- and long-
term follow-up. Uni- and multivariate analyses confirmed well-estab-
lished risk factors for tumor recurrence among the entire cohort. In
contrast, the extent of resection did not remain a risk factor for pro-

gression beyond an event-free follow-up of 3 years. In 147 patients
with an even-free course of at least 10 years, none of the analyzed
variables remained a risk factor for tumor progression

Variable

Univariable analysis: HR*
(95%CI), p-value

Multivariable analysis:
HR (95%CI), p-value

Entire (N=1218)
cohort

>36 months (N=485)
PFS¢

> 60 months (N=346)
PFS

> 120 months (N=147)
PFS

Sex: male vs female (ref)

Age at surgery (in years)

Tumor location: skull base vs others (ref®)
WHO grade II/III vs I (ref)

Simpson grade > 1V vs I-II (ref)

Sex: male vs female (ref)

Age at surgery (in years)

Tumor location: skull base vs others (ref)
WHO grade II/III vs I (ref)

Simpson grade > 1V vs I-II (ref)

Sex: male vs female (ref)

Age at surgery (in years)

Tumor location: skull base vs others (ref)
WHO grade II/ITI vs I (ref)

Simpson grade > 1V vs I-1II (ref)

Sex: male vs female (ref)

Age at surgery (in years)

Tumor location: skull base vs others (ref)

1.96 (1.40-2.73), p<.001
1.00 (.99-1.02), p=.590
1.71 (1.22-2.39), p=.002
3.23 (2.26-4.60), p<.001
2.26 (1.46-3.52), p<.001
2.31 (1.45-3.69), p<.001
99 (.97-1.01), p=.315
2.09 (1.30-3.36), p=.002
1.88 (1.08-3.26), p=.025
1.64 (.74-3.63), p=.220
2.03 (1.10-3.75), p=.024
1.00 (.98-1.03), p=.812
2.26 (1.21-4.19), p=.010
2.03 (1.01-4.09), p=.047
1.68 (.51-5.56), p=.393
56 (.12-2.66), p= 463
99 (.93-1.05), p=.688
3.08 (.86-11.02), p=.083

1.46 (1.01-2.11), p=.042
1.00 (.99-1.02), p=515
1.51 (1.05-2.16), p=.026
3.70 (2.50-5.47), p<.001
2.41 (1.52-3.84), p<.001
2.08 (1.24-3.48), p=.006
99 (97-1.01), p= 212
1.92 (1.17-3.17), p=.010
1.87 (1.04-3.38), p=.038
1.53 (.68-3.45), p=.303
1.84 (.92-3.70), p=.086
1.00 (.97-1.03), p=.982
2.02 (1.04-3.95), p=.038
2.29 (1.07-4.01), p=.034
1.75 (.52-5.96), p=.369
95 (.88-1.03), p=.185
93 (.14-6.32), p=.938
3.28 (.64-16.95), p=.156

WHO grade II/I1I vs I (ref)
Simpson grade > 1V vs I-II (ref)

.88 (.18-4.35), p=.873 1.54 (.28-8.47), p=.617
n/ap? n/ap

#Hazard ratio
bReference
“Progression-free survival

4Not applicable for statistical reasons

between tumor recurrence and any of the analyzed variables
(Table 2). Table 3 displays the characteristics of the patients
who developed tumor relapse after more than 10 years fol-
lowing meningioma surgery. The last tumor recurrence was

observed in a female patient 272 months following resection
of a WHO grade I posterior fossa meningioma.

In subgroup analyses of 419 patients with available
postoperative tumor volume as visualized on MRI within

Table 3 Characteristics

: No Age (yrs) Sex Location Simpson grade = WHO grade  Adjuvant  PFS* (months)
of patients who developed T
- irradiation

recurrence following more

than 10 years after surgery. 1 50 Female Skullbase  n/a” I No 123

Recurrences were not 2 46 Male  Parasagittal III I No 123

correlated with any of the

analyzed variables. In eight 3 67 Female  Skull base  1II I No 153

of ten patients with available 4 64 Female Convexity n/a I No 169

information, recurrence was 5 38 Female Skull base  III I No 173

only diagnosed on routine 6 46 Male  Convexity I I No 186

follow-up imaging but not due

to neurological deterioration 7 50 Female  Skullbase I I No 203
8 45 Female  Skull base I 1 Yes 219
9 42 female  Skull base 1I I No 242
10 64 Female  Post. fossa n/a I No 272

“Progression-free survival
°Not available
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6 months after surgery, median remnant volume was 0.00 ml
(0.00-78.5 ml) and strongly correlated with recurrence
(» <0.001, previously published data [27]). However, no
correlation between the postoperative tumor volume was
found in 62 patients with available data (median tumor vol-
ume 0.00 ml, range 0.00-61.0 ml) and an event-free sur-
vival of at least 36 months after surgery (HR: 0.99, 95%CI
0.84-1.17; p=0.898).

Discussion

The postoperative recurrence rate in our series was 12% and
was comparable to observations in previous studies [14, 15,
18]. As expected, both uni- and multivariate analyses in our
series confirmed several well-established risk factors for
postoperative meningioma recurrence in general. However,
these correlations were not constantly confirmed during
median-term and long-term follow-up.

Most notably, although found a strong risk factor for
recurrence during short-term follow-up, the extent of resec-
tion was not related with tumor relapse during medium- and
long-term prognosis. In fact, after an event-free follow-up of
3 years, no further correlation between the extent of resec-
tion and the risk of postoperative tumor relapse was found.
This also held true in multivariate analyses, where other
risk factors for recurrence remained largely stably corre-
lated with tumor relapse, at least following the first 5 years
after surgery. Remarkably, similar findings were found when
analyzing the prognostic value of the postoperative tumor
volume. Despite the limited number of patients in this sub-
cohort, these findings clearly support the thesis of a minor
prognostic role of the extent of resection for long-term tumor
control in meningioma patients. Within the last years, sev-
eral studies revealed shortcomings of the Simpson classifi-
cation system and raised doubts about its prognostic value
for the estimation of the risk of postoperative tumor recur-
rence [22]. Recent series reported a less favorable extent of
resection in a considerable portion of meningioma patients
comparing the intraoperatively assessed Simpson grade
with results from postoperative MRI [26, 27]. Furthermore,
the prognostic value of the extent of resection appears to
be related to the tumor location [29]. In an own series, we
demonstrated a higher prognostic value of the postoperative
tumor volume than of the extent of resection according to the
Simpson classification system [27]. In contrast, reports about
the long-term prognostic value of the extent of resection are
sparse and restricted to small series of tumors at distinct
locations [12, 17, 19]. Pettersson-Segerling et al. reported
higher risks of tumor relapse after subtotal (Simpson grade
IV/V) than after gross total resection 10 and 25 years after
surgery in a series of 51 patients with parasagittal menin-
giomas, but without giving p-values to reveal statistical

@ Springer

significance or providing integrative analyses of other risk
factors [17]. In contrast to our series, Gousias and colleagues
reported the Simpson grade to be both a predictor for overall
and long-term (> 5 years) risk of recurrence in a series of
901 meningioma patients [7]. Hence, although the Simpson
grading system remains a valuable tool to quantify the extent
of resection intraoperatively, our findings further challenge
its prognostic value.

Higher recurrence rates in skull base lesions have been
reported previously and might reflect distinct genetic altera-
tions [31], such as AKT1E17K mutations [30], or higher
rates of subtotal resections, and, similarly, more residual
tumor remnants left behind after surgery [27]. In fact, skull
base tumor location in our series was associated with both
subtotal resection as well as higher postoperative tumor
volumes as compared to non-skull base lesions (p <0.001,
each, data not shown). As described above, previous analy-
ses revealed a strong correlation of the postoperative tumor
volume with tumor relapse after meningioma surgery [27].

Similarly, previous analyses reported higher recurrence
rates in male than in female meningioma patients [32], e.g.,
due to higher rates of high-grade lesions among the first
[23]. Although, correspondingly, rates of grade II/III histol-
ogy were more than twofold higher in male than in female
patients (21% vs 8%, p <0.001) in our series, correlation
with recurrence was also confirmed in WHO grade—adjusted
multivariate analyses. Hence, further characteristics, such as
endocrine mechanisms or sex-associated genetic alterations
[31], might additionally contribute to the worse prognosis
of male patients in our series.

High-grade histology according to the 2016 classification
of brain tumors remained a strong and independent risk fac-
tor for progression within the first 10 years following micro-
surgery. Over the last years, studies on molecular alterations
in meningiomas identified a number of strong risk factors for
postoperative tumor relapse [2]. However, with few excep-
tions, these variables mostly predicted recurrences within the
first 3 to 5 years after surgery [13, 20, 24], while molecular
predictors for medium- and long-term prognosis are sparse
[11, 21]. Hence, despite the immense value of molecular
alterations for the prediction of short-term prognosis and,
eventually, for indicating adjuvant treatment, applicability
to further individualize medium- and long-term follow-up
is limited. On the other hand, our findings clearly underline
the value of the established histopathological analyses and
diagnosis in face of an increasing implication of molecular
alterations during meningioma diagnostics and research.

Beyond an event-free follow-up of at least 10 years,
only < 1% of the included patients suffered tumor relapse,
and none of the previously identified risk factors for prog-
nosis remained correlated with recurrence. While eventually
explainable by the low number of tumor relapses (N=10) in
this subcohort (N = 147), the lack of any correlation even in
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univariate analyses is remarkable. Correspondingly, during
visual inspection of the characteristics of patients suffering
from late-onset recurrence, no variable is obvious (Table 3).
All recurrences were identified based on regular follow-up
imaging but not due to new or progressive symptoms. While
therefore high-grade histology and skull base tumor location
should both be considered when attempting further char-
acterization of follow-up intervals and duration beyond an
event-free interval of 5 years, determination of the risk of
long-term tumor relapse is hardly possible.

Although providing integrative analyses in a large series,
the authors are aware of some limitations of the study. In
fact, our study suffers the limitations of its retrospective
nature, and the single-center character further limits gen-
eral transferability. Due to the long inclusion period, details
about adjuvant irradiation, especially indications, modality,
and timing, were hardly available and could not be consid-
ered satisfactory for statistical analyses. However, consider-
ing the low number of patients receiving adjuvant irradiation
(6%), the potential bias is supposed to be minor. Moreover,
due to the large volume of the series, molecular characteris-
tics, e.g., h"TERT promoter mutations or DNA methylation
pattern, have not been analyzed.

In conclusion, skull base tumor location and high-grade
histology were confirmed as strong and independent risk fac-
tors for tumor relapse following > 5 years after surgery and
should be considered when revising the duration of follow-
up and imaging intervals in meningioma patients. In con-
trast, the prognostic value of the extent of resection beyond
an event-free course of 3 years is doubtful. As our findings
were consistent in both uni- and multivariate analyses and
were additionally confirmed by volumetry in a subcohort,
we recommend not to consider the extent of resection when
scheduling follow-up intervals in meningioma patients after
an event-free follow-up of > 3 years. Tumor relapses follow-
ing more than 10 years after surgery are very rare, and cor-
responding predictors are lacking.

Author contribution SL: data collection, drafting manuscript, article
revising; DCS: data collection, drafting manuscript; AUS: revising the
article, supervision, drafting manuscript; SS: data collection, statis-
tical analyses, revising the article; EMSS: data collection, statistical
analyses, revising the article; KH: data collection, revising the article;
OG: supervision, drafting manuscript; WP and WS: scientific supervi-
sion, drafting manuscript; BB: statistical analyses, drafting manuscript;
supervision; conception;

Funding Open Access funding enabled and organized by Projekt
DEAL.

Data availability Not provided.

Declarations

Ethics approval This is a retrospective, non-interventional study. Data
collection and scientific use were approved by the local ethics commit-
tee (Miinster 2018-061-£-S).

Consent to participate and for publication Informed consent was
obtained from all individual participants included in the study.

Conflict of interest The authors declare no competing interests.

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

References

1. Adeli A, Hess K, Mawrin C, Streckert EMS, Stummer W, Paulus
W, Kemmling A, Holling M, Heindel W, Schmidt R, Spille DC,
Sporns PB, Brokinkel B (2018) Prediction of brain invasion in
patients with meningiomas using preoperative magnetic resonance
imaging. Oncotarget 9:35974-35982. https://doi.org/10.18632/
oncotarget.26313

2. Birzu C, Peyre M, Sahm F (2020) Molecular alterations in menin-
gioma: prognostic and therapeutic perspectives. Curr Opin Oncol
32:613-622. https://doi.org/10.1097/CC0O.0000000000000687

3. Brokinkel B, Hinrichs FL, Schipmann S, Grauer O, Sporns PB,
Adeli A, Brokinkel C, Hess K, Paulus W, Stummer W, Spille DC
(2021) Predicting postoperative seizure development in menin-
giomas - analyses of clinical, histological and radiological risk
factors. Clin Neurol Neurosurg 200:106315. https://doi.org/10.
1016/j.clineuro.2020.106315

4. Brokinkel B, Spille DC, Brokinkel C, Hess K, Paulus W, Bor-
mann E, Stummer W (2021) The Simpson grading: defining the
optimal threshold for gross total resection in meningioma sur-
gery. Neurosurg Rev 44:1713-1720. https://doi.org/10.1007/
$10143-020-01369-1

5. Goldbrunner R, Minniti G, Preusser M, Jenkinson MD, Salla-
banda K, Houdart E, von Deimling A, Stavrinou P, Lefranc F,
Lund-Johansen M, Moyal EC, Brandsma D, Henriksson R, Soffi-
etti R, Weller M (2016) EANO guidelines for the diagnosis and
treatment of meningiomas. Lancet Oncol 17:¢383-391. https://doi.
org/10.1016/S1470-2045(16)30321-7

6. Goldbrunner R, Stavrinou P, Jenkinson MD, Sahm F, Mawrin C,
Weber DC, Preusser M, Minniti G, Lund-Johansen M, Lefranc F,
Houdart E, Sallabanda K, Le Rhun E, Nieuwenhuizen D, Taba-
tabai G, Soffietti R, Weller M (2021) EANO guideline on the
diagnosis and management of meningiomas. Neuro Oncol. https://
doi.org/10.1093/neuonc/noab150

7. Gousias K, Schramm J, Simon M (2016) The Simpson grading
revisited: aggressive surgery and its place in modern meningioma

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.18632/oncotarget.26313
https://doi.org/10.18632/oncotarget.26313
https://doi.org/10.1097/CCO.0000000000000687
https://doi.org/10.1016/j.clineuro.2020.106315
https://doi.org/10.1016/j.clineuro.2020.106315
https://doi.org/10.1007/s10143-020-01369-1
https://doi.org/10.1007/s10143-020-01369-1
https://doi.org/10.1016/S1470-2045(16)30321-7
https://doi.org/10.1016/S1470-2045(16)30321-7
https://doi.org/10.1093/neuonc/noab150
https://doi.org/10.1093/neuonc/noab150

1642

Neurosurgical Review (2022) 45:1635-1643

10.

11.

13.

14.

15.

16.

17.

18.

19.

management. ] Neurosurg 125:551-560. https://doi.org/10.3171/
2015.9.JNS15754

Hess K, Spille DC, Adeli A, Sporns PB, Brokinkel C, Grauer
O, Mawrin C, Stummer W, Paulus W, Brokinkel B (2018) Brain
invasion and the risk of seizures in patients with meningioma. J
Neurosurg 130:789-796. https://doi.org/10.3171/2017.11.JNS17
2265

Hinrichs FL, Brokinkel C, Adeli A, Sporns PB, Hess K, Paulus
W, Stummer W, Grauer O, Spille DC, Brokinkel B (2020) Risk
factors for preoperative seizures in intracranial meningiomas. J
Neurosurg Sci. https://doi.org/10.23736/S0390-5616.20.05068-7
Karnofsky DA, Burchenal JH (1949) The clinical evaluation of
chemotherapeutic agents in cancer. In: CM M (ed) Evaluation of
chemotherapeutic agents. Columbia University Press, New York,
New York, pp 191-205

Katz LM, Hielscher T, Liechty B, Silverman J, Zagzag D, Sen R,
Wu P, Golfinos JG, Reuss D, Neidert MC, Wirsching HG, Baum-
garten P, Herold-Mende C, Wick W, Harter PN, Weller M, von
Deimling A, Snuderl M, Sen C, Sahm F (2018) Loss of histone
H3K27me3 identifies a subset of meningiomas with increased risk
of recurrence. Acta Neuropathol 135:955-963. https://doi.org/10.
1007/s00401-018-1844-9

. Kim CH, Chung CK, Lee SH, Jahng TA, Hyun SJ, Kim KJ, Yoon

SH, Kim ES, Eoh W, Kim HJ, Kim KT, Sung JK, Choi Y (2016)
Long-term recurrence rates after the removal of spinal meningi-
omas in relation to Simpson grades. Eur Spine J 25:4025-4032.
https://doi.org/10.1007/s00586-015-4306-2

Mirian C, Duun-Henriksen AK, Juratli T, Sahm F, Spiegl-Krei-
necker S, Peyre M, Biczok A, Tonn JC, Goutagny S, Bertero L,
Maier AD, Moller Pedersen M, Law I, Broholm H, Cahill DP,
Brastianos P, Poulsgaard L, Fugleholm K, Ziebell M, Munch
T, Mathiesen T (2020) Poor prognosis associated with TERT
gene alterations in meningioma is independent of the WHO
classification: an individual patient data meta-analysis. J Neu-
rol Neurosurg Psychiatry 91:378-387. https://doi.org/10.1136/
jnnp-2019-322257

Nanda A, Bir SC, Maiti TK, Konar SK, Missios S, Guthikonda
B (2017) Relevance of Simpson grading system and recurrence-
free survival after surgery for World Health Organization Grade I
meningioma. J Neurosurg 126:201-211. https://doi.org/10.3171/
2016.1.JNS151842

Nowak-Choi K, Palmer JD, Casey J, Chitale A, Kalchman I, Buss
E, Keith SW, Hegarty SE, Curtis M, Solomides C, Shi W, Judy K,
Andrews DW, Farrell C, Werner-Wasik M (2021) Resected WHO
grade I meningioma and predictors of local control. J Neurooncol
152:145-151. https://doi.org/10.1007/s11060-020-03688-1
Perry A, Louis DN, von Deimling A, Sahm F, Rushing EJ, Maw-
rin C, Claus EB, Loeffler J, Sadetzki S (2016) Meningiomas. In:
Louis DN, Ohgaki H, Wiestler OD et al. (eds) WHO classification
of tumors of the central nervous system. International Agency on
Cancer Research, Lyon, pp 232-245

Pettersson-Segerlind J, Orrego A, Lonn S, Mathiesen T (2011)
Long-term 25-year follow-up of surgically treated parasagittal
meningiomas. World Neurosurg 76:564—571. https://doi.org/10.
1016/j.wneu.2011.05.015

Przybylowski CJ, Hendricks BK, Frisoli FA, Zhao X, Cavallo C,
Borba Moreira L, Gandhi S, Sanai N, Almefty KK, Lawton MT,
Little AS (2020) Prognostic value of the Simpson grading scale
in modern meningioma surgery: Barrow Neurological Institute
experience. J Neurosurg:1-9. https://doi.org/10.3171/2020.6.
INS20374

Russell SM, Benjamin V (2008) Medial sphenoid ridge meningi-
omas: classification, microsurgical anatomy, operative nuances,
and long-term surgical outcome in 35 consecutive patients. Neu-
rosurgery 62:1169-1181. https://doi.org/10.1227/01.neu.00003
33783.96810.58

@ Springer

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Sahm F, Schrimpf D, Olar A, Koelsche C, Reuss D, Bissel J,
Kratz A, Capper D, Schefzyk S, Hielscher T, Wang Q, Sulman
EP, Adeberg S, Koch A, Okuducu AF, Brehmer S, Schittenhelm
J, Becker A, Brokinkel B, Schmidt M, Ull T, Gousias K, Kessler
AF, Lamszus K, Debus J, Mawrin C, Kim YJ, Simon M, Ketter R,
Paulus W, Aldape KD, Herold-Mende C, von Deimling A (2016)
TERT promoter mutations and risk of recurrence in meningioma.
J Natl Cancer Inst 108.https://doi.org/10.1093/jnci/djv377

Sahm F, Schrimpf D, Stichel D, Jones DTW, Hielscher T,
Schefzyk S, Okonechnikov K, Koelsche C, Reuss DE, Capper
D, Sturm D, Wirsching HG, Berghoff AS, Baumgarten P, Kratz
A, Huang K, Wefers AK, Hovestadt V, Sill M, Ellis HP, Kurian
KM, Okuducu AF, Jungk C, Drueschler K, Schick M, Bewerunge-
Hudler M, Mawrin C, Seiz-Rosenhagen M, Ketter R, Simon M,
Westphal M, Lamszus K, Becker A, Koch A, Schittenhelm J,
Rushing EJ, Collins VP, Brehmer S, Chavez L, Platten M, Hanggi
D, Unterberg A, Paulus W, Wick W, Pfister SM, Mittelbronn M,
Preusser M, Herold-Mende C, Weller M, von Deimling A (2017)
DNA methylation-based classification and grading system for
meningioma: a multicentre, retrospective analysis. Lancet Oncol
18:682-694. https://doi.org/10.1016/S1470-2045(17)30155-9
Schwartz TH, McDermott MW (2020) The Simpson grade: aban-
don the scale but preserve the message. J Neurosurg:1-8. https://
doi.org/10.3171/2020.6.JNS201904

Shin HK, Park JH, Cho YH, Kim YH, Hong SH, Kim JH, Roh SW,
Jeon SR (2021) Risk factors for high-grade meningioma in brain
and spine: systematic review and meta-analysis. World Neurosurg
151:e718-e730. https://doi.org/10.1016/j.wneu.2021.04.138
Sievers P, Hielscher T, Schrimpf D, Stichel D, Reuss DE, Berghoft
AS, Neidert MC, Wirsching HG, Mawrin C, Ketter R, Paulus
W, Reifenberger G, Lamszus K, Westphal M, Etminan N, Ratliff
M, Herold-Mende C, Pfister SM, Jones DTW, Weller M, Har-
ter PN, Wick W, Preusser M, von Deimling A, Sahm F (2020)
CDKN2A/B homozygous deletion is associated with early recur-
rence in meningiomas. Acta Neuropathol 140:409-413. https://
doi.org/10.1007/s00401-020-02188-w

Simpson D (1957) The recurrence of intracranial meningiomas
after surgical treatment. J Neurol Neurosurg Psychiatry 20:22-39.
https://doi.org/10.1136/jnnp.20.1.22

Slot KM, Verbaan D, Bosscher L, Sanchez E, Vandertop WP,
Peerdeman SM (2018) Agreement between extent of meningioma
resection based on surgical Simpson grade and based on postop-
erative magnetic resonance imaging findings. World Neurosurg
111:e856-e862. https://doi.org/10.1016/j.wneu.2017.12.178
Spille DC, Hess K, Bormann E, Sauerland C, Brokinkel C,
Warneke N, Mawrin C, Paulus W, Stummer W, Brokinkel B
(2020) Risk of tumor recurrence in intracranial meningiomas:
comparative analyses of the predictive value of the postoperative
tumor volume and the Simpson classification. J Neurosurg:1-8.
https://doi.org/10.3171/2020.4.JNS20412

Terpolilli NA, Ueberschaer M, Niyazi M, Hintschich C, Egensper-
ger R, Muacevic A, Thon N, Tonn JC, Schichor C (2019) Long-
term outcome in orbital meningiomas: progression-free survival
after targeted resection combined with early or postponed postop-
erative radiotherapy. J Neurosurg:1-11. https://doi.org/10.3171/
2019.3.JNS181760

Voss KM, Spille DC, Sauerland C, Suero Molina E, Brokinkel
C, Paulus W, Stummer W, Holling M, Jeibmann A, Brokinkel
B (2017) The Simpson grading in meningioma surgery: does
the tumor location influence the prognostic value? J Neurooncol
133:641-651. https://doi.org/10.1007/s11060-017-2481-1
Yesiloz U, Kirches E, Hartmann C, Scholz J, Kropf S, Sahm F,
Nakamura M, Mawrin C (2017) Frequent AKT1E17K muta-
tions in skull base meningiomas are associated with mTOR and
ERK1/2 activation and reduced time to tumor recurrence. Neuro
Oncol 19:1088-1096. https://doi.org/10.1093/neuonc/nox018


https://doi.org/10.3171/2015.9.JNS15754
https://doi.org/10.3171/2015.9.JNS15754
https://doi.org/10.3171/2017.11.JNS172265
https://doi.org/10.3171/2017.11.JNS172265
https://doi.org/10.23736/S0390-5616.20.05068-7
https://doi.org/10.1007/s00401-018-1844-9
https://doi.org/10.1007/s00401-018-1844-9
https://doi.org/10.1007/s00586-015-4306-2
https://doi.org/10.1136/jnnp-2019-322257
https://doi.org/10.1136/jnnp-2019-322257
https://doi.org/10.3171/2016.1.JNS151842
https://doi.org/10.3171/2016.1.JNS151842
https://doi.org/10.1007/s11060-020-03688-1
https://doi.org/10.1016/j.wneu.2011.05.015
https://doi.org/10.1016/j.wneu.2011.05.015
https://doi.org/10.3171/2020.6.JNS20374
https://doi.org/10.3171/2020.6.JNS20374
https://doi.org/10.1227/01.neu.0000333783.96810.58
https://doi.org/10.1227/01.neu.0000333783.96810.58
https://doi.org/10.1093/jnci/djv377
https://doi.org/10.1016/S1470-2045(17)30155-9
https://doi.org/10.3171/2020.6.JNS201904
https://doi.org/10.3171/2020.6.JNS201904
https://doi.org/10.1016/j.wneu.2021.04.138
https://doi.org/10.1007/s00401-020-02188-w
https://doi.org/10.1007/s00401-020-02188-w
https://doi.org/10.1136/jnnp.20.1.22
https://doi.org/10.1016/j.wneu.2017.12.178
https://doi.org/10.3171/2020.4.JNS20412
https://doi.org/10.3171/2019.3.JNS181760
https://doi.org/10.3171/2019.3.JNS181760
https://doi.org/10.1007/s11060-017-2481-1
https://doi.org/10.1093/neuonc/nox018

Neurosurgical Review (2022) 45:1635-1643

1643

31.

Youngblood MW, Duran D, Montejo JD, Li C, Omay SB, Ozdu-
man K, Sheth AH, Zhao AY, Tyrtova E, Miyagishima DF, Fom-
chenko EI, Hong CS, Clark VE, Riche M, Peyre M, Boetto J,
Sohrabi S, Koljaka S, Baranoski JF, Knight J, Zhu H, Pamir MN,
Avsar T, Kilic T, Schramm J, Timmer M, Goldbrunner R, Gong
Y, Bayri Y, Amankulor N, Hamilton RL, Bilguvar K, Tikhonova
I, Tomak PR, Huttner A, Simon M, Krischek B, Kalamarides
M, Erson-Omay EZ, Moliterno J, Gunel M (2019) Correlations
between genomic subgroup and clinical features in a cohort of
more than 3000 meningiomas. J Neurosurg:1-10. https://doi.org/
10.3171/2019.8.JNS191266

32.

ZhuZ, Wang C, XuJ, Wang C, Xia L, Li Q, LuJ, Cai L, Zheng W,
SuZ (2020) A quantified risk-scoring system for the recurrence of
meningiomas: results from a retrospective study of 392 patients.
Front Oncol 10:585313. https://doi.org/10.3389/fonc.2020.585313

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

@ Springer


https://doi.org/10.3171/2019.8.JNS191266
https://doi.org/10.3171/2019.8.JNS191266
https://doi.org/10.3389/fonc.2020.585313

	The applicability of established clinical and histopathological risk factors for tumor recurrence during long-term postoperative care in meningioma patients
	Abstract
	Introduction
	Materials and methods
	Data collection
	Statistical analyses

	Results
	Discussion
	References


