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Abstract
Background Despite considerable rates of recurrence and mortality in atypical meningiomas, reliable predictors for estimating
postoperative long-term prognosis remain elusive.
Methods Clinical, histopathological, and radiological variables from 138 patients, including 64 females and 74 males (46% and
54%, median age 62 years), who underwent surgery for intracranial atypical meningioma were retrospectively analyzed.
Associations between variables and recurrence and mortality were investigated using uni- and multivariate analyses.
Results Gross total (GTR) and subtotal resection (STR) was achieved in 81% and 19% of cases, respectively. Within a median
follow-up of 62 months, recurrence occurred in 52 (38%) and mortality in 22 (16%) cases. In patients who did not receive
adjuvant irradiation, recurrence rates were higher after STR than after GTR (32% vs 63%, p = 0.025). In univariate analyses, only
intratumoral calcifications on preoperativeMRI (p = 0.012) and the presence of brain invasion in the absence of other histological
grading criteria (p = 0.010) were correlated with longer progression-free intervals (PFI). In multivariate analyses, patient age was
positively (HR 1.03, 95%CI 1.04–1.05; p = 0.018) and the presence of brain invasion as the only grading criterion (HR 0.37,
95%CI 0.19–0.74; p = 0.005) was negatively related with progression, while rising age at the time of surgery (HR 1.07, 95%CI
1.03–1.12; p = 0.001) was prognostic for mortality.
Conclusions PFI was longer in brain invasive but otherwise histological benign meningiomas and in tumors displaying calcifications
on preoperative MRI. Advancing patient age and lower Karnofsky Performance Score were associated with higher overall mortality.
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Introduction

Atypical meningiomas account for approximately 20% of all
intracranial meningiomas and are characterized by distinct
histopathological criteria and an increased risk of postopera-
tive recurrence as compared with grade I lesions [30].
Concurrent with the inclusion of brain invasion as a grading
criterion for atypia in the WHO Classification of Central
Nervous System Tumours [30], the proportion of meningio-
mas characterized by atypical histology has increased over the
past decade, e.g., from 7 to 11% in an own series [37].
However, although correlated with higher recurrence in sev-
eral studies, the prognostic value of brain invasion in menin-
giomas is increasingly discussed and even contradicted in
some series [5].

Despite the controversies associated with atypical me-
ningioma, maximum safe resection remains the main goal
during surgical treatment of atypical meningiomas [13].
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Moreover, adjuvant irradiation was shown to increase lo-
cal tumor control rates in some studies [2, 8, 9, 11, 36]
and is therefore currently recommended after subtotal re-
section, after GTR of tumors with high proliferative ac-
tivity, and following microsurgery for recurrent lesions
[13]. However, the benefits of adjuvant irradiation for
atypical meningiomas remain to be established prospec-
tively [9, 12, 16, 27–29], and multiple trials designed to
shed light on that issue are currently ongoing [19, 33, 34].

Regarding their aggressive biological behavior, several fur-
ther studies attempted to identify additional risk factors for
both progression and mortality in atypical meningiomas.
Although genetic and epigenetic alterations such as loss of
histone H3K27 trimethylation or hTERT promoter mutations
were shown as strong predictors for progression [4, 14, 20],
molecular investigations are usually not integrated in routine
neuropathological analyses in meningiomas and are therefore
mostly not available in daily clinical practice. In addition,
several retrospective studies investigated correlations between
clinical or histopathological variables and prognosis but with
mostly inconclusive results [8, 9, 12, 23, 27, 28, 36, 41, 43].
Moreover, while found to be correlated with progression or
high-grade histology in meningiomas in general [18, 25, 26],
the prognostic value of distinct characteristics on preoperative
MRI in atypical meningiomas is largely unexplored [9, 28,
43].

In this series, we therefore aimed to investigate associations
between clinical, radiological, and histopathological variables
available in a daily clinical routine with both progression and
mortality after surgery in a large series of atypical
meningiomas.

Methods and materials

Medical, histopathological, and radiological data from all
patients who underwent surgery for intracranial meningi-
omas in our department (Department of Neurosurgery,
University Hospital Münster, Germany) between 1991
and 2018 were reviewed according to previous descrip-
tions [1, 6, 7, 17, 37, 39]. Briefly, histopathological diag-
nosis and grading were neuropathologically reviewed ac-
cording to the current 2016 WHO criteria in all cases [30].
Hence, brain invasion was diagnosed in cases of
Birregular, tongue-like protrusions of tumor cells infiltrat-
ing underlying parenchyma, without an intervening layer
of leptomeninges^ on hematoxylin & eosin and Elastica
van Gieson-stained slides, and was considered as a stand-
alone grading criterion for atypia. Further histological fea-
tures such as increased mitotic count, increased cellulari-
ty, small cells with a high nuclear to cytoplasmatic ratio,
prominent nucleoli, uninterrupted patternless or sheet-like
growth, and foci of spontaneous or geographic necrosis

were registered and labeled as Bother criteria^ hereinafter
when sufficient for grading according to the WHO
classification.

Medical data included patients’ sex and age at the time
of surgery, the preoperative Karnofsky Performance Score
(KPS), indication for surgery (primary or recurrent menin-
gioma), and the grade of resection according to the
Simpson classification system [38], and were extracted
from medical records and operative reports. After the
maximum safe tumor resection or reduction, adjuvant ir-
radiation was recommended for recurrent or sub-totally
removed lesions depending on patients’ morbidities and
cont ra indica t ions . In i t ia l rout ine pos topera t ive
gadolinium-enhanced magnet resonance imaging (MRI)
was performed three months after surgery, repeated semi-
annually and, after five years of event-free survival, in
annual intervals [13]. Contrast-enhanced CT-scans were
performed for surveillance in cases with contraindications
to MRI. Imaging was analyzed for recurrence by at least
one neurosurgeon and one neuroradiologist, and tumor
recurrence was diagnosed in case of any tumor growth
beyond MRI- or CT-depending measurement range [6, 7,
39]. Data about mortality and progression were updated
by standardized questionnaires which were sent to the
primary caretakers.

Radiological data included several variables previously
reported to be associated with prognosis or high-grade
histology in meningiomas in general [1, 17, 21, 24–26]
and was analyzed by two radiologists (PBS and AA)
blinded to any histopathological or clinical information.
Figure 1 gives illustrative examples of some of the ana-
lyzed radiological variables. Tumor location was classi-
fied as Bconvexity,^ Bfalcine/parasagittal,^ Bskull base,^
Bposterior fossa,^ and Bintraventricular.^ Both tumor and
edema volumes (VT and VE) were calculated using the
established formula for a spheroid V = 4/3 × π × r1 × r2 ×
r3, where r is the tumor radius at the site of its largest
extension in axial (r1), coronal (r2), and sagittal (r3)
planes [1, 17]. The arachnoid layer was evaluated on
T2-weighted imaging and was classified as intact in case
of a sharp tumor border and/or evidence of cerebrospinal
fluid at the brain/meningioma surface. The contrast en-
hancement of the tumor and the capsule was evaluated
on gadolinium-enhanced T1-weighted and classified as
absent or present and hetero- or homogeneous, respective-
ly. The tumor shape was labeled irregular in case of any
mushroom-like, lobulated growth. Both the intensity of
the tumor and the presence of intratumoral calcifications
were evaluated on T2-weighted images and classified as
hyper-, iso-, or hypo-intense, as compared with the gray
matter, and present or absent, respectively. Data collection
and scientific use were approved by the local ethics com-
mittee (Münster 2018-061-f-S).
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Statistical analyses

Data are described by standard statistics including median
and range for continuous and absolute and relative fre-
quencies for categorical variables. Continuous and cate-
gorical variables were compared by Mann-Whitney U and
Fisher’s exact test, respectively, while the time-to-event
variables were compared by the Kaplan-Meier method
and log-rank tests. The progression-free interval (PFI)
was defined as the duration between the index surgery
and the date of tumor progression or, in case of an
event-free course, the date of the last follow-up examina-
tion. Overall survival (OS) was defined as the interval
between index surgery and date of all-cause death. For
dichotomous analyses, the Simpson grade I and II resec-
tions were classified as gross total resection (GTR), while
the Simpson grade ≥ III surgeries were labeled as subtotal
resection (STR). Multivariate analyses for tumor recur-
rence and mortality were performed using the Mantel-
Cox test and backward Wald logistic regression, and char-
acterized by hazard ratios (HR), 95% confidence intervals
(CI), and the Wald test p values. Cox regression models
included patients’ age and sex (female = reference (ref)),
tumor location (classified as convexity/parasagittal (ref)
vs others), extent of resection (GTR (ref) vs STR), and
clinical and histological variables found to significantly

correlate with prognosis in univariate analyses. All calcu-
lations were performed using a commercial statistic soft-
ware (IBM SPSS Statistics, Version 25, Ehningen, IBM,
Germany). All reported p values are two-sided and con-
sidered statistically significant when < 0.05.

Results

Using the above-described approach, 1098 patients who
underwent surgery for intracranial meningiomas during
the inclusion period were identified. Among those, histo-
pathological grading according to the 2016 WHO
Classification of Central Nervous System Tumours [30] re-
vealed grade II histology in 138 patients (13%), who were
subjected to subsequent analyses. Diagnosis of atypia was
based exclusively on the presence of brain invasion on the
microscopic slides in 48 patients (35%, labeled hereinafter
as Botherwise benign^), on the detection of other grading
criteria in 75 patients (54%), and on a combination of both
in 15 individuals (11%). Samples included 136 primary
(99%) and two secondary (1%) atypical meningiomas, in
which neuropathological evaluation following the initial
surgery had previously revealed WHO grade I histology.
In the 18 patients who underwent surgery for recurrent atyp-
ical meningioma, previous treatment included singular or

Fig. 1 Illustrative examples of the
analyzed MRI criteria. a Sagittal
T1-weighted imaging showing a
meningioma near the pineal gland
with distinct capsular contrast en-
hancement. b Axial T2-weighted
MRI delineates both intratumoral
calcifications as well as a CSF
cleft between a convexity menin-
gioma and the adjacent brain pa-
renchyma. c Heterogeneous con-
trast enhancement and an irregu-
lar tumor shape with mushroom-
like growth in axial, T1-weighted
imaging. d Homogeneous con-
trast enhancement and a distinct
peritumoral edema of a sphenoid
ridge meningioma in coronal T1-
weighted imaging
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repeated surgery alone in 13 cases (72%) and surgery and
additional irradiation in three cases (17%), while previous
treatment could not be determined in two patients (11%).

For this study, none of the patients was registered multiple
times. Table 1 summarizes baseline clinical, histopatholog-
ical, and radiological characteristics. Adjuvant irradiation

Table 1 Clinical,
histopathological, and
radiological characteristics. While
histopathological and clinical data
were available in the vast majority
of cases, the availability of MRI
imaging was reduced especially
in patients who underwent
surgery in the initial years of the
inclusion period

Variable Data available (n%) N (n%)

Age (median; range) 138 (100%) 62 years (10–86 years)

Sex 138 (100%)

Male 74 (54%)

Female 64 (46%)

Karnofsky Performance Score (KPS) 136 (99%) 80 (± 10)

Initial diagnosis 138 (100%) 120 (87%)

Recurrence 18 (13%)

Primary atypical meningioma 138 (100%) 136 (99%)

Secondary atypical meningioma 2 (1%)

Simpson grade 127 (92%)

I 46 (36%)

II 57 (45%)

III 15 (12%)

IV 8 (6%)

V 1 (1%)

Gross total 103 (81%)

Subtotal 24 (19%)

Tumor location 138 (100%)

Convexity 69 (50%)

Falx 23 (17%)

Skull base 40 (29%)

Posterior fossa 4 (3%)

Intraventricular 2 (1%)

Grading criteria 138 (100%)

Brain invasion only 48 (35%)

Other criteria only 75 (54%)

Both brain invasion and other criteria 15 (11%)

Chordoid meningiomas 3 (2%)

Clear cell meningiomas 1 (< 1%)

Tumor volume (median; range) 62 (45%) 20.5 ccm (1.0–172.9 ccm)

Edema volume (median; range) 58 (42%) 15.6 ccm (0–739.3 ccm)

Capsular enhancement 49 (36%)

Present 15 (31%)

Contrast enhancement 57 (41%)

Heterogeneous 35 (61%)

Tumor shape 55 (40%)

Irregular 30 (55%)

Intensity on T2-weighted MRI 57 (41%)

Isointense 3 (5%)

Hypo-intense 36 (63%)

Hyper-intense 18 (32%)

Arachnoid layer on T2-weighted MRI 53 (38%)

Disrupted 32 (60%)

Calcification 54 (39%)

Present 13 (24%)
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was administered in only 14 patients (11%) including both
stereotactic radiosurgery (N = 2) and external beam radia-
tion therapy (EBRT, N = 12). Median preoperative tumor
volumes in patients with and without adjuvant irradiation
did not differ significantly (p = 0.250). Irradiation was per-
formed for five of 21 sub-totally and eight of 96 gross totally
resected meningiomas, respectively (24% vs 8%, p =
0.041), and in 11 of 103 initially diagnosed and in three of
13 recurrent lesions (10% vs 23%, p = 0.156). Median dose
for EBRT was 59.4Gy applied in 1.8–2.0Gy fractions. No
routine adjuvant chemotherapy was administered. Within a
median follow-up of 68 months (0–307), mortality occurred
in 22 individuals (16%). Recurrence was observed in 52
patients (38%) after a median PFI of 25 (5–186) months.
During the clinical course, additional irradiation,
Somatostatin receptor-targeted radionuclide therapy
(DOTATE/ DOTATOC), and everolimus/Hydroxyurea
were administered for tumor recurrence in 24 (20%), 8
(6%), and one cases (< 1%), respectively.

Correlation of clinical variables with prognosis

Recurrence occurred in 22 female and in 30 male patients
(35% vs 42%; p = 0.478) with a similar PFI (p = 0.663).
Similarly, age at the time of surgery was not associated with
recurrence (p = 0.873). GTR was achieved in 89% (N = 55 of
62) of the convexity, in 64% (N = 14 of 22) of the falcine, in
79% (N = 30 of 38) of the skull base, in all posterior fossa
(N = 3), and in one of two intraventricular tumors (50%, p =
0.057). Among all patients, thirty-six of 99 gross totally and
13 of 24 sub-totally resected tumors recurred (36 vs 54%, p =
0.162), and the median PFI did not significantly differ be-
tween patients after gross or subtotal resection (p = 0.233;
Fig. 2a). Correspondingly, no correlation between the extent
of resection according to the Simpson classification and tumor
recurrence (p = 0.189) or the PFI (p = 0.683) was detected.
However, in subgroup analyses of patients who did not re-
ceive adjuvant irradiation, recurrence was observed in 27 of
85 gross totally but in 10 of 16 sub-totally resected meningi-
omas (32% vs 63%, p = 0.025). Forty-three of 116 patients
who underwent surgery for primary diagnosed high-grademe-
ningioma and nine of 18 patients who operated on recurrence
developed subsequent tumor relapse (37% vs 50%, p =
0.310). KPS at the time of surgery was not correlated with
the development of tumor recurrence (p = 0.267).
Remarkably, recurrence was observed in 69% and 36% in
patients with and without adjuvant irradiation, respectively
(N = 9 of 13 vs 39 of 110, p = 0.032). Correspondingly, the
median PFI was 116months in irradiation naïve but 21months
in postoperatively irradiated patients (p = 0.001, Fig. 2b). As
apparently illogical, further subgroup and multivariate analy-
ses were performed. Hence, adjuvant radiation therapy was
associated with an increased risk of recurrence after GTR

(HR 4.34, 95%CI 1.65–11.40; p = 0.003) but not after STR
(HR 1.67, 95%CI 0.40–6.99; p = 0.484). Rates of recurrence
did not significantly differ among patients with surgery for
primary diagnosed meningioma with and without adjuvant
irradiation (60%, N = 6 of 10 vs 35%, N = 35 of 100; p =
0.170). Similarly, in multivariate analyses of the entire cohort,
no correlation between adjuvant irradiation and recurrence
was found (see details below).

As expected, the rising age at the time of surgery was
positively correlated with mortality (p = 0.031). However, no
other correlations between mortality and patients’ sex (p =
0.817), the Simpson grade (p = 0.588), the dichotomized ex-
tent of resection (p = 0.547), or the preoperative KPS (p =
0.817) were found. Moreover, rates of mortality were similar
comparing individuals who underwent surgery for primary
(N = 20 of 120, 17%) and recurrent meningioma (N = 2 of
18, 11%; p = 0.738). No associations between administration
of adjuvant irradiation and mortality (p = 0.462) or OS (p =
0.58) were found.

Correlation of radiological variables with prognosis

In univariate analyses, no correlations between recurrence and
tumor location (p = 0.515), intensity on T2-weighted imaging
(p = 0.674), absence of the arachnoid layer (p = 1.00), hetero-
geneous (p = 1.00) or capsular contrast enhancement (p =
0.552), an irregular tumor shape (p = 0.103), the presence of
intratumoral calcifications (p = 0.122), the tumor volume (p =
0.340), and peritumoral edema volume (p = 0.897) on preop-
erative MRI were found. However, the median PFI in tumors
lacking calcification was 31 (16–46) months but was not
reached in non-calcified lesions at the time of diagnosis (p =
0.012; Fig. 2c). No statistically significant associations be-
tween mortality and tumor location (p = 0.311), intensity on
T2-weighted imaging (p = 0.195), absence of the arachnoid
layer (p = 0.143), heterogeneous (p = 0.389), or capsular con-
trast enhancement (p = 0.079), intratumoral calcifications (p =
1.00), an irregular tumor shape (p = 0.100), the tumor volume
(p = 0.614), and peritumoral edema volume (p = 0.730) on
preoperative MRI were detected.

Correlation of histopathological variables
with prognosis

Grading criteria significantly correlated with the development
of recurrence. Hence, recurrence was observed in 24% (N =
11) of brain invasive but otherwise histologically benign but
in 47% of non-invasive atypical meningiomas (N = 35) and in
43% (N = 6) of tumors displaying both brain invasion and
other grading criteria (p = 0.037). Correspondingly, the medi-
an PFI differed significantly between the three groups (p =
0.010; Fig. 2d). Both of the two secondary but 38% of the
primary atypical meningiomas relapsed. Although one of
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three chordoid and the clear cell meningioma recurred, no
mortality occurred in this group. Similarly, no correlation
was found between the histopathological grading criteria and
mortality (p = 0.414) or OS (p = 0.141).

Multivariate analyses

In multivariate analyses, increasing age at the time of
surgery (HR 1.03, 95%CI 1.04–1.15; p = 0.018) and grad-
ing solely based on the presence of brain invasion (HR
0.37, 95%CI 0.19–0.74; p = 0.005) were correlated with
tumor recurrence. No further associations between any of

the analyzed variables and recurrence were found.
Increasing age at the time of surgery (HR 1.07, 95%CI
1.03–1.12; p = 0.001) was the only predictor of mortality
(Table 2). Due to the low number of events in patients
with available preoperative MRI, the imaging data were
not included in the multivariate analyses (also see limita-
tions of the study).

Separate multivariate analyses of 72 patients with a
follow-up of at least five years (52%) confirmed the pres-
ence of brain invasion as the only grading criterion to be
independently associated with lower recurrence rates (HR
0.38, 85%CI 0.17–0.87; p = 0.022) and an increasing age

*

**

**

a b

c d

Fig. 2 Selected Kaplan-Meier plots of PFI atypical meningiomas. In
cumulative analyses, median PFI was 92 (10–144) months after GTR
and 83 (24–142) months after STR (p = 0.233, log-rank test, a) and re-
currence rates were similar comparing both groups (p = 0.162). In con-
trast, the median PFI after surgery and adjuvant irradiation (21 months,
range 9–33) was shorter than after surgery alone (116 months, range 73–
159; p = 0.001, log-rank test, b). However, the plots also reveal the low
number of patients and events in the irradiation group. The median PFI in
patients with calcified tumors on preoperative MRI was 31 (16–46)

months, while the median was not reached at the time of analyses in
non-calcified tumors (p = 0.012, log-rank test, c). Moreover, histopatho-
logical grading criteria significantly correlated with prognosis. Hence, the
median PFI in tumors harboring grading criteria other than brain invasion
was 59 (19–99) months and was shorter than in brain invasive but other-
wise histologically benign lesions (median not reached) or tumors
displaying both brain invasion and other grading criteria (116 months,
range 25–207 months; p = 0.010, log-rank test, d). *Statistically signifi-
cant. **Not statistically significant. Progression-free intervals in months
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at the time of surgery to be related with higher mortality
(HR 1.06, 95%CI 1.00–1.12; p = 0.044). *statistically sig-
nificant; **not statistically significant

Discussion

Correlation of clinical variables with progression

With few exceptions [36, 41], patient’s sex was not correlated
with progression or mortality in neither this nor most of the
previously published series [9, 11, 12, 15, 22, 23, 27, 28, 40,
43]. In contrast, correlations between patients’ age and recurrence
remain controversial [9, 11, 12, 15, 22, 23, 27, 28, 36, 43]. In our
study, age at the time of surgery was identified as a slight risk
factor for relapse in multivariate tests. As the extent of resection
was included in the multivariate regression model, it is unlikely
that this observation is biased by a more retentive surgical treat-
ment in elderly patients. As similar rates of both mortality and
local tumor control after microsurgery for meningiomas in elder-
ly patients were reported [6], this finding further contradicts a
more retentive surgical strategy in these patients. In contrast to
previous studies [23, 28], rates of recurrence in our series were
similar after surgery for initially diagnosed and recurrent menin-
giomas. Anticipating a more aggressive biological behavior of
recurrent lesions, this finding appears to be illogical andmight be
caused by method-depending bias. In fact, 23% of patients with
recurrent but 10% of the individuals with primary diagnosed
atypical meningiomas received adjuvant irradiation. In line with
results from most previous studies [11, 15], no correlations be-
tween the KPS and recurrence were found.

In contrast to other studies [3, 8–11, 23, 27, 28, 35, 36, 42,
43], a less radical surgery in our series was not generally
associated with increased rates of recurrence but only in sub-
group analyses of patients who did not receive adjuvant

irradiation. On the other hand, both STR (HR 2.26, 95%CI
1.47–3.49; p < 0.001) and an increasing Simpson grade
(p < 0.001) were highly correlated with recurrence when ana-
lyzing patients who underwent surgery for intracranial grade I
meningiomas from the same database (N = 871, data not
shown). Hence, these data further suggest both a maximum
safe tumor resection and, moreover, the administration of ad-
juvant irradiation after subtotal resection.

In contrast, drawing conclusions about the effects of adju-
vant irradiation on tumor control from further analyses in our
series was hardly possible. In fact, rates of adjuvant irradiation
were considerably lower as compared with other studies,
reporting postoperative irradiation therapy in about 20–60%
[9, 11, 12, 36]. As the longitudinal analyses of the same data-
base showed rates of adjuvant irradiation increased by almost
tenfold between 1991 and 2018 [37], the observation is presum-
ably caused by the long inclusion period. Hence, these findings
strongly suggest bias in terms of selective prescription of adju-
vant irradiation, e.g., for surgically complicated cases. While
we found, e.g., higher rates of adjuvant irradiation in patients
treated for recurrent than for primary diagnosed tumors, we
were unable to detect further confounders such as the tumor
volume or the extent of resection. However, the multivariate
analyses adjusted for the extent of resection and tumor volume
revealed no correlation between adjuvant irradiation and recur-
rence. Thus, while surely not implicating a higher risk of recur-
rence due to postoperative radiation therapy, our results further
indicate the necessity of prospective clinical trials, such as [19,
33, 34], to receive evidence about the effects of adjuvant irra-
diation on local tumor control in atypical meningiomas.

Correlation of histological variables with progression

In contrast to the descriptions in the current WHO classifica-
tion of brain tumors, the PFI of patients with brain invasive but

Table 2 Results of the multivariate analyses for predictors of
progression-free and overall survival. All p values are from the backward
Wald regression analyses and written in bold if statistically significant.

Due to the low number of available data, imaging characteristics except
tumor location were not included in the multivariate model

Progression-free interval Overall survival

Variable Hazard ratio 95%CI p value Hazard ratio 95%CI p value

Age (in years) 1.03 1.04–1.05 0.018* 1.07 1.03–1.12 0.001*

Gender (female vs male) 1.00 0.56–1.79 0.992** 0.75 0.31–1.79 0.515**

Karnofsky Performance Score (< 80 vs ≥ 80) 1.02 0.44–2.34 0.967** 1.47 0.46–4.69 0.517**

Tumor location (convexity/falx vs others) 1.09 0.54–2.20 0.802** 1.29 0.43–3.88 0.645**

Extent of resection (GTR vs STR) 1.67 0.88–3.19 0.119** 1.52 0.52–4.40 0.442**

Grading criteria

Other than brain invasion ref ref

Brain invasion 0.37 0.19–0.74 0.005* 0.39 0.13–1.18 0.095**

Both 0.60 0.23–1.53 0.283** 1.05 0.29–3.79 0.945**
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otherwise histologically benign tumors in our series was dis-
tinctly longer as compared with patients with meningiomas
displaying further characteristics of atypia. Hence, these re-
sults confirm findings from subgroup analyses previously
published from our group [39] as well as observations from
other authors, and contribute to the discussion about the prog-
nostic value of brain invasion in meningiomas [5, 11, 22, 23,
32, 36, 42]. Discordant findings might also result from bias
caused by non-standardized neurosurgical sampling and neu-
ropathological analyses [5] and need to be further elucidated.
However, the question rises if the addition of further histolog-
ical markers of malignancy and proliferation, such as the Ki-
67/MIB1 labeling index [11], might help to estimate the pa-
tients’ prognosis more precisely and should be therefore added
to routine neuropathological analyses. Both lesions that
underwent a secondary malignant transformation from benign
into atypical meningioma between initial and index surgery
recurred. Although this low number does not allow statistical
analyses, these findings are in line with the results from pre-
viously published studies and raise the question about differ-
ent biological behavior of de-novo and secondary high-grade
meningiomas [10, 23, 31]. Due to the low number of patients,
no further comparison of the prognosis of chordoid or clear
cell meningioma with Bclassical^ atypical lesions was
performed.

Correlation of radiological variables with progression

Only a few studies reported associations of tumor recurrence
in atypical meningiomas with distinct locations such as
parafalcine [8] or skull base [22] positions, with partially in-
conclusive results, while corresponding associations were
lacking in the majority of studies [11, 12, 15, 23, 40, 43].
Similarly, the prognostic value of either peritumoral brain ede-
ma or the tumor volume for prediction of prognosis remains
controversial and largely unexplored [8, 23, 43]. Remarkably,
although well investigated in meningiomas in general, associ-
ations of prognosis with other MRI characteristics, such as
calcifications, heterogeneous, or capsular contrast enhance-
ment [18, 25, 26], have not been separately analyzed in atyp-
ical meningiomas yet. In 2016, Nanda et al. reported the ab-
sence of Bcertain^ MRI findings, e.g., cyst formation or ede-
ma, to be associated with better prognosis in patients with
atypical meningiomas. However, detailed and separate analy-
ses of these variables were not provided. Similar to findings in
meningiomas in general [18], calcification was slightly corre-
lated with a longer PFI in our series of atypical lesions, hence
indicating regression and slow growth rates. However, it is
remarkable that MRI characteristics correlated with aggres-
sive biological behavior in meningiomas in general, such as
an irregular shape or an inhomogeneous or capsular contrast
enhancement [18, 26], are not correlated with recurrence in
atypical lesions.

Correlation of clinical, histological, and radiological
variables with mortality

As compared with predictors for recurrence, associations of
clinical, histological, or radiological variables with mortality
have been distinctly less investigated yet. In our study, none of
the analyzed histological or radiological features was correlat-
ed with survival. As expected, among the clinical variables,
only a rising age at the time of surgery was found to indepen-
dently predict mortality, hence indicating both tumor-related
and unrelated preoperative morbidity. In fact, similar observa-
tions were reported previously [12, 23, 41, 42]. Further studies
found other variables such as a female gender, STR, tumor
location, peritumoral edema, adjuvant irradiation or malignant
transformation of the meningioma to be associated with mor-
tality, however, with partially inconclusive results [10–12, 23,
41, 42].

Limitations of the study

The authors are aware of some limitations of the study.
Although providing analyses in a large cohort with sufficient
follow-up, our study suffers the limitations of its retrospective
nature. Although follow-up imaging was critically reviewed
by a team of at least one neurosurgeon and one radiologist,
progression was not defined in a standardized manner, e.g.,
according to the response evaluation criteria in solid tumors
(RECIST). Due to the long inclusion period, the determination
of the causes of death was limited so only all-cause mortality
was registered and datasets were more complete in more re-
cently operated patients. However, multivariate analyses of
patients with follow-up data of at least five years basically
confirmed results retrieved in analyses of the entire cohort.
Information on tumor recurrence do not allow conclusions
regarding quality of life and postoperative morbidity.
Moreover, changes of surgical practice during the long inclu-
sion period [37] might have influenced our results but could
not be considered in statistical analyses. Although clinical and
histopathological data could be completely obtained in the
vast majority of patients, preoperative imaging was not avail-
able in a considerable portion of patients mostly operated in
the initial years of the inclusion period and was therefore not
included into multivariate analyses. Finally, the portion of
patients who received adjuvant irradiation in our series was
too low to draw conclusions about the effects on tumor recur-
rence or to be included into further subgroup or multivariate
analyses.

In conclusion, reliable clinical predictors for both progres-
sion and mortality in patients with atypical meningiomas are
sparse. Both gross total resection and, in some cases, adjuvant
irradiation might improve local tumor control rates [13]. The
impact of brain invasion on prognosis is increasingly chal-
lenged. Hence, our findings further delineate the difficulty of
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an individual estimation of prognosis in patients with atypical
meningiomas but raise a question about the inclusion of mo-
lecular variables in future routine neuropathological analyses.
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