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OBJECTIVE The relationship between patient and meningioma characteristics and hormone receptors (HRs) of pro-
gesterone, estrogen, and androgen remains poorly defined despite literature suggesting that meningiomas are sensitive
to gonadal steroid hormones. Therefore, the authors sought to collect and compare data on this topic by performing a
systematic review and meta-analysis of reported studies of HR status in meningiomas.

METHODS A MEDLINE PubMed literature review conducted for articles published between January 1, 1951, and De-
cember 31, 2020, resulted in 634 unduplicated articles concerning meningiomas and HRs. There were 114 articles that
met the criteria of detailed detection protocols for progesterone receptor (PR), estrogen receptor (ER), and/or androgen
receptor (AR) using immunohistochemistry (IHC) or ligand-binding (LB) assays and simultaneous reporting of HR status
with at least one variable among age, sex, histology, location, grade, or recurrence. Between-study heterogeneity and
risk of bias were evaluated using graphical and statistical methods. The authors performed a multilevel meta-analysis
using random-effects modeling on aggregated data (n = 4447) and individual participant data (n = 1363) with subgroup
results summarized as pooled effects. A mixed-effects meta-regression using individual participant data was performed
to analyze independently associated variables.

RESULTS The 114 selected articles included data for 5810 patients with 6092 tumors analyzed to determine the
expression of three HRs in human meningiomas: PRs, ARs, and ERs. The proportions of HR* meningiomas were es-
timated to be 0.76 (95% CI 0.72-0.80) for PR* and 0.50 (95% CI 0.33-0.66) for AR* meningiomas. ER* meningioma
detection varied depending on the measurement method used and was 0.06 (95% CI 0.03-0.10) with I[HC and 0.11 (95%
C10.06-0.20) with LB assays. There were associations between age and PR and ER expression that varied between
male and female patients. PR* and AR* were more common in female patients (OR 1.84, 95% Cl 1.47-2.29 for PR and
OR 4.16, 95% Cl 1.62-10.68 for AR). Additionally, PR* meningiomas were enriched in skull base locations (OR 1.89,
95% CI 1.03-3.48) and meningothelial histology (OR 1.86, 95% CI 1.23-2.81). A meta-regression showed that PR* was
independently associated with age (OR 1.11 95% CI 1.09-1.13; p < 0.0001) and WHO grade | tumors (OR 8.09, 95% Cl
3.55-18.44; p < 0.0001). ER* was negatively associated with meningothelial histology (OR 0.94, 95% CI 0.86-0.98; p =
0.044) and positively associated with convexity location (OR 1.12, 95% Cl 1.05-1.18; p = 0.0003).

CONCLUSIONS The association between HRs and meningioma features has been investigated but unexplained for
decades. In this study the authors demonstrated that HR status has a strong association with known meningioma fea-
tures, including WHO grade, age, female sex, histology, and anatomical location. Identifying these independent associa-
tions allows for a better understanding of meningioma heterogeneity and provides a foundation for revisiting targeted
hormonal therapy in meningioma on the basis of proper patient stratification according to HR status.
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hormones to meningioma growth and develop-
ment has been of interest to clinicians since Dr.
Harvey Cushing noted the predominance of these tumors
among female patients in 1938.! Numerous studies have
demonstrated a higher incidence of meningiomas in fe-
male patients, particularly patients with a history of uter-
ine fibroids, breast cancer, or endometriosis; those with an
elevated BMI; and transfeminine individuals undergoing
hormonal gender affirmation therapy.>'® Despite these
findings, clinical trials of the selective estrogen receptor
(ER) modulator tamoxifen and of the progesterone recep-
tor (PR) antagonist mifepristone for treatment of menin-
gioma have failed to show consistent benefit.!!-!2
While it is generally accepted that PRs are expressed
in most meningiomas, the expression and importance of
ERs and androgen receptors (ARs) remain inconclusive,
and associations between PRs and features such as tumor
grade and patient sex have remained controversial.'*-!> Re-
cently, it has been reported that meningiomas in patients
taking cyproterone acetate, a synthetic form of progester-
one that acts as a PR agonist and AR antagonist, are asso-
ciated with certain anatomical locations and genetic muta-
tions,'*!7 features in meningiomas that have been shown to
be clinically important.’®!* Hormone receptors (HRs) have
a complex feedback network, which can lead to opposing
regulation of biological targets based on receptor profiles,
making it crucial to identify the presence of specific re-
ceptors before treatment.?’ To address the limitations of
previous studies, we conducted what is to our knowledge
the largest study to date synthesizing current data regard-
ing PR, ER, and AR status in meningiomas.?! In this study,
we used both individual participant data and aggregated
data collected from 114 publications reporting 6092 tu-
mors in 5810 patients. Our findings show that HR status
varies in accordance with well-established patient and
tumor characteristics and provide insight into previously
failed clinical trials, informing future patient stratification
for treatment.

Methods

Search Strategy and Study Selection

We conducted a systematic review and meta-analysis
according to PRISMA-IPD 2015 guidelines using publi-
cations indexed in MEDLINE PubMed with the specific
terms “hormone receptor meningioma,” “estrogen recep-
tor meningioma,” “progesterone receptor meningioma,’
and “androgen receptor meningioma” (Fig. 1).2* The
search was conducted from January 1, 1951, to December
31,2020, and resulted in a total of 634 unduplicated arti-
cles screened. To be included, publications had to be writ-
ten in the English language; assess the presence of HRs in
human meningiomas using either ligand-binding (LB) or
protein immunohistochemistry (IHC) assays for PR, ER,
and/or AR; and report HR expression with at least one
variable among age, sex, anatomical location, grade, re-
currence, or histology. The IHC threshold for HR* samples
was defined as “any staining.” If a study with individual
participant data included quantified LB per tumor, only
tumors with LB = 10 fmol/mg were considered HR* as
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that was the criterion set by most authors and was the most
common threshold for breast cancer studies.?'?* Thirteen
tumors with individual participant data and 5 studies with
aggregated data were excluded because the meningiomas
were in locations outside the central nervous system or
there was tumor metastasis to meningiomas. Fifty-four
meningiomas reported between 1992 and 2001 were re-
moved from histological analyses because the notations
were incompatible with WHO 2016 criteria (e.g., grade 11
meningothelial meningioma), and 6 tumors were omitted
due to being classified as “hemangiopericytic.” To prevent
duplicate patients, we compared all publications by the
same first and last authors and only included the most re-
cent article in cases for which there was suspected overlap
in patients and receptors tested. After inclusion and exclu-
sion criteria were applied, 114 articles were included and
divided into two groups: the individual participant data
group (IPD-g) and the aggregated data group (Agg-g).
The IPD-g consisted of 63 articles reporting 1363 total
patients, and the Agg-g consisted of 51 articles reporting
4447 total patients (Supplemental Table 1, Supplemental
Data).

Defining Variables

There were 46 studies that included location variables
of meningiomas with receptor status. The locations were
simplified and grouped into four categories: convexity,
skull base, ventricular, and spinal. Meningiomas overly-
ing a cerebral lobe or corpus callosum, falx, parafalcine,
or parasagittal location were categorized as “convexity.”
Tumors located in the cavernous sinus region, cerebello-
pontine angle, clivus, dorsum sellae, foramen magnum,
infratentorial region, olfactory groove, petrous, planum
sphenoidale, posterior fossa, spheno-orbital region, sphe-
noid, tuberculum sellae, or parasellar region, and those
described as penetrating orbital structures were consid-
ered part of the “skull base.” There were 76 articles that
included tumor histological data. To update outdated ter-
minologies, terms such as “syncytial” and “meningotheli-
omatous” were converted to “meningothelial,” “fibroblas-
tic” was converted to “fibrous,” and “angioblastic” was
converted to “angiomatous.” Only the predominant sub-
type was recorded if multiple histologies were reported.
Sixty-eight articles included information on WHO grade.
Meningiomas were recorded as WHO grade I if they were
explicitly reported by the authors as such or if the study
was published after 2007 and included histology known
to be synonymous with grade I (e.g., “meningothelial,”
“transitional,” “fibrous,” etc.). Cases reporting “atypical,”
“clear cell,” or “chordoid” meningiomas were designated
as WHO grade II, and those reported as “anaplastic,”
“malignant,” “papillary,” or “rhabdoid” were designated
as WHO grade I11.>* There were 199 female patients with
reported data about menopausal status or other details
such as hysterectomies or pregnancy during presenta-
tion or onset. The average age of menopause worldwide
is 51.4 years, with 88% of women achieving menopause
by this age, while the entire gaussian distribution of peri-
menopause occurs between 40 and 58 years.>>? As such,
female patients without explicit menopausal data were
categorized as premenopausal (aged 18—40 years), peri-


https://thejns.org/doi/suppl/10.3171/2023.3.JNS221838
https://thejns.org/doi/suppl/10.3171/2023.3.JNS221838

Records identified through Pubmed for
‘Hormone receptor meningioma’ (n = 393)
‘Progesterone receptor meningioma’ (n = 416)
‘Estrogen receptor meningioma’ (n = 259)
‘Androgen receptor meningioma’ (n = 69)

Studies after duplicates removed (n = 634)
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Studies identified
through other sources (n=0)

v

Studies excluded (n=520)
130 No PR/ER/AR
99 No original HR data (i.e. review)

65 Non-English texts

Studies screened for eligbility (n = 634) > 23 kjlggffgéer]?;grm?()e::dolog[cal detail
35 Otherreasons (i.e. mRNA only)
28  No full text available
23 Invitro only studies
15  Clinical trial or intervention
13 Non-human meningiomas
Y
Studies for which N Studies for which
IPD were sought (n = 114) ~ IPD were not provided (n = 51)

Y

Number of patients(n = 1,382)

Hemangiopericytomas (n = 6)

Studies for which IPD were provided (n = 63)

Number of participants not reported (n = 19):
Cutaneous meningiomas (n = 6)

Tumor metastasis to meningioma (n = 7)

Y

Studies for which aggregate
data were available (n = 51)
Number of patients (n = 4,447)

Y

Y

IPD data
63 studies included in analysis,
1,363 patients
1,420 tumors

Aggregate data
51 studies included in analysis,
4,447 patients
4.672 tumors

{ Analyzed Data J LAvailabIe Dataj { Obtaining Data J [ Eligibility } [ Screening } [Identification}

Total: 114 studies, 5,810 patients, 6,092 tumors

FIG. 1. PRISMA-IPD flowchart. Reproduced with permission of the PRISMA-IPD Group, which encourages sharing and reuse.

menopausal (aged 40—60 years), or postmenopausal (aged
> 60 years).

Quality Assessment

We conducted a risk of bias assessment with custom-
ized screening criteria tailored to the method of recep-
tor identification, receptor quantification, group bias, and
missingness of variables assessed. The assessment used
ordinal classifiers (low, medium, high, and critical) to
qualitatively rate the level of risk of bias in each category.
We converted the ordinal classifiers into numeric scores to
determine an overall measurement of the risk of bias. The

scores for each of the four categories (receptor identifica-
tion, receptor quantification, cohort bias, and missingness
of variables assessed) were summed and averaged to gen-
erate an overall score. An overall score = 3 was classified
as critical (n = 6), an overall score = 2.5-2.9 was classified
as high (n = 24), an overall score = 2-2 .4 was classified as
medium (n = 45), and an overall score = 1-1.9 was classi-
fied as low (n = 39).

We evaluated the categories based on the following
considerations. 1) Receptor identification was an identi-
fication method based on the likelihood of detecting all
valuable HR genes (i.e., ESRI [ERa], ESR2 [ERf], and
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TABLE 1. Cohort characteristics

IPD-g (n = 63) Agg-g (n =51)
Pt characteristics
No. of pts 1363 4447
No. of tumors 1420 4672
Age at op, yrs 52.42 + 17.86 53.76 + 6.41
Sex
Female 849 (65) 2706 (70)
Male 451 (35) 1168 (30)
WHO grade
| 403 (67) 2652 (76)
I 126 (21) 559 (16)
M 70 (12) 269 (8)
Diagnosis
Primary 354 (78) 1881 (91)
Recurrent 102 (22) 186 (9)
Tumor characteristics
Histology
Anaplastic 31(3) 63 (2)
Angiomatous 23(2) 165 (6)
Atypical 54 (5) 367 (13)
Fibrous 142 (14) 418 (15)
Meningothelial 371 (36) 995 (35)
Psammomatous 37 (4) 126 (4)
Transitional 294 (29) 615 (22)
Secretory 62 (6) 28 (1)
Clear cell 16 (2) 26 (1)
Anatomical location
Convexity 328 (50) 790 (50)
Skull base 230 (35) 607 (38)
Spinal 83 (13) 167 (11)
Intraventricular 20 (3) 21 (1)
Pt = patient.

Values are presented as number (%) or mean + SD.

GPERI). We also considered the compartment studied
(nucleus or cytosol), with less risk of bias given to stud-
ies that assessed both compartments. Studies that assessed
ER with only one method for one gene were given a high
score, while studies that assessed both nuclear and cyto-
plasmic compartments were given a low score. 2) Recep-
tor quantification included ratings of low for quantitative
studies, medium for semiquantitative studies, and high for
qualitative studies. Seventeen studies were given a high
rating for using a cutoff that was arbitrarily more stringent
than those used in other studies (> 2% of nuclei). Twelve
studies that lacked specific details of their method to de-
termine HR* tumors were designated as critical. 3) Cohort
bias, for which a low rating was given to studies that stated
that their cohorts were selected consecutively/sequentially,
prospectively, for case-control studies, or randomly from
all cases. A high rating was given to case reports or nar-
rowly selected patients (i.e., only angiomatous or skull
base), and a medium rating to all other cases. 4) Missing-
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ness among variables was evaluated based on the number
of variables reported for a possible 6 characteristics: age,
sex, location, histology, recurrence, and grade. A critical
rating was given when O or 1 variable was reported, a high
rating for 1 or 2 variables, a medium rating for 3 or 4 vari-
ables, and a low rating for 5 or 6 variables reported. Study
heterogeneity was evaluated using graphical methods of
analysis, such as a Baujat plot, funnel plot asymmetry (Pe-
ter’s linear regression test), and a chi-square test of het-
erogeneity between subgroups. Sensitivity was measured
using an [>-ranked leave-one-out cross-validation.

Statistical Analysis

We employed a two-step approach to data evaluation.
The first step involved the exploratory analysis of IPD-g,
and the second step involved a pooled estimate and meta-
analysis with Agg-g and IPD-g. All analyses were done
using R version 4.0.3 (The R Foundation for Statistical
Computing) and the packages metafor (version 3.9-21),
meta (version 6.1-0), stats (version 3.6.2), epitools (version
0.09), and forestploter (version 1.0.0).26?7 Cases with miss-
ing variables were omitted from individual analyses. A
multilevel meta-analysis was performed with a Hartung-
Knapp adjustment for random effects and heterogeneity
estimates as I? to synthesize data between IPD-g and Agg-
g and separately between the detection methods LB and
IHC for all studies. HR proportions and meta-regression
were calculated using a logit-transformed, random inter-
cept regression model with a maximum-likelihood esti-
mator for t2 and Clopper-Pearson confidence intervals for
individual studies. For comparisons of HR status between
sexes and WHO grade (low vs high), we used an inverse
variance method with the Paule-Mandel estimator for
©> with a Q-profile for confidence intervals,”® for which
the prediction interval was reported as an estimate of the
between-study variance, which was calculated using the
metafor package.”® Effect measures were computed as
odds ratios and reported with 95% confidence intervals.
For categorical variables, exploratory univariate analysis
using the chi-square test without correction was conduct-
ed except in cases where n < 5 and the Fisher exact test
was used. For the univariate analysis of covariates, one-
way ANOVA or two-tailed t-tests were used when appro-
priate. Similarly, Spearman correlation coefficients were
reported when appropriate. For regressions, we calculated
the variance inflation factor to exclude covariates > 5.

Results

We conducted a systematic review and multilevel meta-
analysis with pooled effects for 6092 tumors from 5810
patients. There were 4672 tumors in 4447 patients from
51 articles (Agg-g) and individual participant data from
1420 tumors in 1363 patients in 63 articles (IPD-g) iden-
tified from a total of 634 unduplicated, full-text articles
screened (Fig. 1).

Study Characteristics

Patients in the IPD-g had a mean age of 52.42 years
(SD 17.86 years; Table 1). Expectedly, meningiomas were
reported in a higher proportion of females (65%) than
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FIG. 2. Associations between age and receptor status across the lifespan of males and females. Data for individual patients were
divided into seven groups according to age, and the proportion of patients with PR* (A), ER* (B), and AR* (C) meningiomas were
calculated for each bin. These data were then tested using a simple linear regression with R2. Additionally, an assessment based
on categorical evaluation of hormonal status in women was performed for each receptor. ns = not significant. *p < 0.05.

males. Race or ethnicity was only reported in 28 cases
and was thus excluded from our analyses. Most cases were
first-time diagnoses (78%) and WHO grade 1 (67%). The
predominant histology was meningothelial (36%), fol-
lowed by transitional (29%) and fibrous (14%). Anatomi-
cally, tumors were located at the convexity (50%), skull
base (35%), spinal (13%), and intraventricular (3%). The
Agg-g had a mean age of 53.76 years (SD 6.41 years; Table
1) and also showed female predominance (70%). Most
of the tumors were primary diagnoses (91%) and WHO
grade I (76%). The most common histology was menin-
gothelial (35%), followed by transitional (22%) and fibrous
(15%). Tumor locations included convexity (50%), skull
base (38%), spinal (11%), and intraventricular (1%).

Investigating Heterogeneity

To assess the impact of heterogeneity between the stud-
ies, we evaluated the pooled effects between the IPD-g
and Agg-g data sets and found that, for all HRs, the het-
erogeneity was reduced within IPD-g compared with
Agg-g (I*for IPD-g vs Agg-g: PR 49% vs 92%, ER 36%
vs 91%, and AR 38% vs 93%; Supplemental Figs. 1-3).
We created risk of bias criteria and conducted a graphi-
cal and statistical evaluation for bias (Supplemental Figs.
4-7). To examine the impact of the methodology used for
HR detection, we pooled the effects based on THC versus
LB (Supplemental Figs. 8—10). Our results showed that the
method used significantly influenced ER detection, with
LB having higher rates of detection and lower heteroge-
neity (81% for IHC and 71% for LB, between-subgroup
difference y*> = 4.31, p = 0.03; Supplemental Fig. 8). There
were no significant differences in detection of PR and AR
when comparing THC and LB methods (Supplemental
Figs. 9 and 10). There was a large amount of heterogeneity
across all studies with no single study deemed an outlier
in all evaluations; therefore, no studies were excluded for
risk of bias.

Exploratory Analysis Using Individual Participant Data

To determine which variables to include in the meta-
analysis and meta-regression, we used the IPD-g to ana-

lyze co-occurring features in an exploratory univariate
analysis of sex, grade, recurrence, histology, location, and
age for each receptor (Supplemental Table 2). We found
significant associations between PR* and older age (p =
0.022), female sex (p < 0.0001), tumor grade (p < 0.0001),
and primary meningiomas (p = 0.014). Relative to convex-
ity, according to individual participant data analyses, skull
base (p = 0.0011) and spinal tumors (p = 0.032) were en-
riched for PR*, as were meningothelial meningiomas com-
pared with anaplastic (p = 0.00039), atypical (p = 0.0079),
fibrous (p = 0.00065), and transitional (p = 0.0043) his-
tologies. For ER* meningiomas, we found associations be-
tween meningothelial and psammomatous (p = 0.033) and
secretory (p = 0.046) meningiomas, as well as between
convexity and skull base (p =0.017) and spinal (p = 0.010)
locations. We found associations between AR* meningio-
mas and female sex (p = 0.002) and fibrous histology (p
=0.02).

To investigate the relationship between HR status, age,
and patient hormonal states, we conducted several analy-
ses. We first divided the patient data into two groups based
on sex and found that in male patients there was a positive
linear association between increasing age and the propor-
tion of meningiomas that were PR* (R? = 0.70, p = 0.02;
Fig. 2A). We divided the female patient data into groups
based on menopausal status and found that postmeno-
pausal women were less likely to have a PR* tumor than
perimenopausal women (p = 0.013; Supplemental Table
2). A positive association was seen between male sex, in-
creasing age, and ER* status (R? = 0.65, p = 0.03; Fig. 2B),
with no difference in ER expression in females, regardless
of their menopausal status (Supplemental Table 2). No sta-
tistically significant linear relationship was seen between
AR* meningiomas and age in either sex or between meno-
pausal states (Fig. 2C, Supplemental Table 2).

We then analyzed the quantitative measurements of
receptor LB to assess its relationship with age. Our find-
ings show a weak correlation between the cytoplasmic LB
of ER* meningiomas and increasing age (n = 340; Spear-
man’s r = 0.12, p = 0.029). However, no such relationship
was found between nuclear ER and age, and neither were
nuclear or cytoplasmic associations seen for PR* menin-
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p < 0.0001
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FIG. 3. Association between PR status and mitotic index. A two-tailed
t-test was used to evaluate the differences in mitotic index percentages
(y-axis) and PR status (x-axis). Each dot represents 1 tumor. The bar
represents the 95% confidence interval, with the mean represented by
the horizontal black bar in the middle of each bar plot.

giomas and age. To further explore the relationship be-
tween receptor and grade, we evaluated the relationship
between LB and mean mitoses, as measured by authors
using Ki-67/MIB-1 markers. The results showed that PR*
samples had lower mean mitoses per tumor than PR~ sam-
ples (1.37% = 2.77% vs 3.71% + 5.01%; two-sided t-test, p
< 0.0001; Fig. 3). No significant difference in mitoses was
observed between ER status. Because of the small number
of AR* meningiomas with quantitative LB (n = 8), we did
not perform a complete analysis for these receptors.

To measure the association between variables, we used
the chi-square test to evaluate sex, grade, recurrence, his-
tology, and location and a two-tailed t-test to assess the
relationship between age and these variables (Supplemen-
tal Table 3). The analysis confirmed associations between
sex and grade (p < 0.0001) and sex and recurrence (p =
0.0007), as well as sex and age (p < 0.0001). Meningo-
thelial histology was associated with grade (p < 0.0001),
skull base location (p = 0.0006), and age (p = 0.0026).
Grade was associated with skull base location (p = 0.0014)
and recurrence (p = 0.0063). To evaluate the features in-
dependently associated with female sex, we performed a
logistic regression that included the significant variables
on univariate analysis: PR status, age, year of publication,
detection method, and recurrence (Supplemental Table 4),
which determined that age was independently associated
with female sex (p < 0.02). Next, we summarized the co-
expression breakdown of tumors simultaneously assessed
for PR and ER (n =991), which revealed a variety of recep-
tor combinations: PR*/ER- was the largest percentage of
cases (64%), followed by PR/ER~ (22%), PR*/ER* (11%),
and PR/ER* (3%; Supplemental Fig. 11D). There were 63
tumors that were assessed for PRs, ERs, and ARs simulta-
neously. The tumors had many receptor combinations, in-
cluding “triple negative” (13%) and “triple positive” (6%),
and equal percentages of meningiomas with PR//ER-/AR*
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and PR*/ER-/AR~ (35%). There were 6% PR-/ER-/AR*, 3%
PR*ER*/AR-, and 2% PR-/ER*/AR- meningiomas (Sup-
plemental Fig. 11E).

Synthesized Analysis of HR Associations With Patient
and Tumor Features

We conducted a meta-analysis by synthesizing individ-
ual participant data (IPD-g) and aggregated data (Agg-g)
with a pooled effect estimate by group for the proportion
of HR* tumors (Fig. 4), HR status between males and fe-
males, and the relationship between HR status and grade.
The proportion of receptors was estimated to be 0.76 for
PR* (95% CI 0.72-0.80; n = 5391; Supplemental Fig. 1),
0.06 for ER* (95% CI 0.03-0.10; n = 3249; Supplemental
Fig. 2), and 0.50 for AR* (95% CI 0.33-0.66; n = 761; Sup-
plemental Fig. 3). We found that relative to male patients,
female patients were more likely to have PR* (OR 1.84,
95% CI 1.47-2.29, prediction interval 95% CI 1.47-2.29;
n = 2429; Supplemental Fig. 12) and AR* (OR 4.16, 95%
CI 1.62-10.68, prediction interval 95% CI 1.57-11.03; n =
195; Supplemental Fig. 13) meningiomas, but these results
were not seen for ER* meningiomas (Supplemental Fig.
14). We then analyzed the relationship between PR* status
and meningiomas graded as WHO grade I (low grade) or
WHO grade II or III (high grade) and found that PR* status
was associated with low-grade tumors (n = 2893; OR 4.13,
95% CI 2.47-6.90; Supplemental Fig. 15). There was no
difference associated with WHO grade seen for ER (Sup-
plemental Fig. 16) or AR (Supplemental Fig. 17) status.

For a more in-depth examination of histological and
location features identified in the individual participant
data univariate exploratory analysis, we chose to conduct a
meta-analysis with only individual participant data studies
(n = 63 articles, n = 1420 tumors) due to missing data and
excess heterogeneity seen in Agg-g. We found that PR* sta-
tus was associated with meningothelial histology (n = 866;
OR 1.86, 95% CI 1.23-2.81, prediction interval 95% CI
1.01-3.40; Supplemental Fig. 18) and skull base location
(n = 585; OR 1.89, 95% CI 1.03-3.48, prediction interval
95% CI1 0.49-7.30; Supplemental Fig. 19). While spinal lo-
cation was enriched on univariate analysis, no difference
was shown in the meta-analysis (Supplemental Fig. 20). In
the analysis of ER meningiomas, we found an association
with meningothelial histology (n = 669; OR 1.84, 95% CI
1.18-2.86; Supplemental Fig. 21) and convexity location
(n =472; OR 1.84, 95% CI 0.99-3.42; Supplemental Fig.
22). The analysis of AR status revealed a wide confidence
interval for fibrous histology, likely due to an insufficient
number of tumors (n = 17; OR 7.12, 95% CI 0.32—-160.16;
Supplemental Fig. 23).

We performed a mixed-effects multiple meta-regres-
sion to identify the covariates that were independently
associated with receptor status (Table 2), followed by
a multimodal inference analysis to quantify the relative
importance of each variable in the models (Supplemental
Fig. 24). The meta-regression was carried out separately
for each receptor (PR, ER, and AR). To avoid multicol-
linearity, we calculated the variance inflation factor for
each variable used in each model (Supplemental Table 5).
For PR expression, the model included the covariates age,
sex, meningioma grade, meningothelial histology, location
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Proportion HR+ Proportion HR+
in IPD-g Pooled
0, 0,
(95% CI) (95% CI) Group
0.77 (0.71-0.82) 0.76 (0.72-0.80) | #-Agg-g
IPD-g
0.04 (0.02-0.10) 0.06 (0.03-0.10)
-i-Pooled
0.45 (0.23-0.70) 0.50 (0.33-0.66)
Proportion HR+ Proportion HR+
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0.03 (0.01-0.09) 0.06 (0.03-0.10)
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0.49 (0.22-0.77) 0.50 (0.33-0.66)

FIG. 4. Summary of HR expression meta-analysis. Simplified forest plots representing the proportion of each receptor analysis by
aggregated subgroup. Results by study can be found in the Supplemental Figures as indicated in the text. The pooled estimate

of each subgroup is represented by the square and 95% confidence intervals by the horizontal line for each square. A: Subgroup
comparison summaries of Agg-g (dark gray) and IPD-g (light gray) with pooled effects indicated with black. B: Subgroup compari-
son summaries by detection method: LB (dark gray) and IHC (light gray). *p = 0.03 for difference between detection methods.

at the skull base, year of article publication, and detection
method. The model included 293 tumors and had a resid-
ual heterogeneity 1> of 79.62%. The results indicated that
increased age (OR 1.11, 95% CI 1.09-1.13; p < 0.00001),
WHO grade I (OR 8.09, 95% CI 3.55-18.44; p < 0.00001),
and year published (OR 1.21, 95% CI 1.16-1.27; p <
0.00001) were independently associated with PR* expres-
sion. For ER expression, the model included 427 tumors,
and the residual heterogeneity 1> was 0.00%. The covari-
ates included age, sex, meningothelial histology, convexity
location, receptor detection method, and year published.
The results indicated that the detection method used had
an independent association with ER expression, with a de-
crease in detection when evaluating IHC compared with
LB analyses (OR 0.47, 95% CI 0.42—0.52; p < 0.00001).
Other covariates that were independently associated with
ER expression were convexity location (OR 1.12, 95% CI
1.05-1.18; p = 0.0003), meningothelial histology (OR 0.94,
95% CI 0.86-0.98; p = 0.044), and year published (OR
1.01, 95% CI 1.01-1.02; p < 0.00001). The model for AR
included only 68 tumors and the covariates sex, age, fi-
brous histology, receptor detection method, and year pub-
lished. The model resulted in 0.00% residual heterogene-
ity, but only year published (OR 1.24,95% CI 1.19-1.29; p
< 0.00001) and receptor detection method (OR 4.63, 95%
CI 3.06-7.00; p < 0.00001) were associated with AR ex-
pression.

Discussion

In this meta-analysis and systematic review of previ-
ously published data from studies on the relationship be-
tween patient and meningioma characteristics and proges-
terone, estrogen, and androgen HRs, the significant differ-
ences in receptor expression identified between male and
female patients over the lifespan may be related to hor-
monal changes that occur in the hypothalamic-pituitary-
gonadal axis during aging. Specifically, for PR expression,
the highest levels were observed in perimenopausal female
patients, while in male patients there was a positive linear
association between PR and ER expression with increas-
ing age. These findings are particularly notable because
the entire gaussian distribution of menopause in women
worldwide occurs between the ages of 40 and 58 years,
and this perimenopausal period is known to result in sig-
nificant metabolic changes in the female brain driven by
hormonal fluctuations.?” Similarly, men have a gradual
decrease in testosterone with age, resulting in metabolic
changes.*® Notably, this effect of age also corresponds to
the highest female-to-male ratio in meningiomas, which
may be explained by the sum of the combination of differ-
ences observed in receptor expression with age and sex.'
Moreover, arachnoid granulations, derived from the pro-
posed cells of origin for meningiomas, increase in number
along the sagittal sinus and peak around age 40 years, re-
gardless of sex,* and this same age range is when diagnos-
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TABLE 2. Summary and synthesis of results based on HR status and meningioma characteristics

1-Way ANOVA Subgroup Meta-Analysis  IPD-g—Only Meta-Analysis ~ Mixed-Effects Meta-Regression
OR 95% Cl  pValue OR 95% Cl OR 95% Cl OR 95%Cl  pValue
PR*
Pt age 1.00 1.00-1.00  0.02 — — — — 111 1.09-113  <0.0001
Female sex 115 1.09-1.211 <0.0001 1.84 1.47-2.29 — — 0.80 0.41-1.54 0.50
Low grade 128 1.19-1.39 <0.0001 3.64 2.22-5.96 — — 8.09 3.55-18.44 <0.0001
Meningothelial 112 1.06-119  <0.0001 — — 1.86 1.23-2.81 128 0.63-259 049
Skull base 112 1.04-1.20  0.0028 — — 1.89 1.03-3.48 1.08 0.54-2.16 0.83
Spinal 1.09 0.98-1.20  0.122 — — 1.23 0.21-7.40 0.68 0.31-1.46 0.32
Detection method (IHC) 0.98 0.94-1.03  0.54 * * — — — — —
Year published 0.99 1.00-1.00 0.44 — — — — 121 1.16-1.27 <0.0001
ER*
Ptage 1.00 1.00-1.00 0.44 — — — — 0.99 0.98-1.00 0.48
Female sex 1.04 0.86-1.05 0.84 1.20 0.70-2.06 — — 1.05 0.92-1.12 0.09
Meningothelial 1.04 0.99-1.10 0.11 — — 1.84 1.18-2.86 0.94 0.86-0.98  0.044
Convexity 1.06 1.03-1.10 0.0008 — — 1.84 0.99-3.42 112 1.05-1.18 0.0003
Detection method (IHC) 0.88 0.85-0.92 <0.0001 * * — — 047 0.42-0.52 <0.0001
Year published 0.99 0.98-1.00 0.08 — — — — 1.01  1.01-1.02  <0.0001
AR*
Ptage 1.01 1.00-1.01 0.071 — — — — 1.00  0.99-1.01 0.7
Female sex 3.53 1.61-7.74 0.002 416 1.62-10.69 — — 112 0.90-1.41 0.32
Fibrous 8.57 1.80-40.80 0.002 — — 712 0.32-160.16 1.05 0.80-1.38 0.72
Detection method (IHC) 113 0.95-1.35  0.18 * * — — 463 3.06-7.00 <0.0001
Year published 0.99 0.98-1.00 0.08 — — — — 124 119-1.29 <0.0001

Boldface type indicates statistical significance.

* Test for subgroup differences when assessing PR* proportion of IHC compared to LB ()¢ = 0.01, p = 0.91), ER* (> = 4.87, p = 0.03), or AR* (52 =0, p = 0.99).

tic imaging reveals the highest number of incidental me-
ningiomas, which are estimated to have prevalence rates
as high as 1%—-3% of the population on autopsy.*?3* This
information suggests that hormonal changes during aging
may provide an opportunity for meningioma development;
however, further research is needed to better understand
the relationship between hormones, meninges, and aging.
Importantly, very little is known about the role of hor-
mones in normal meningeal physiology or the expression
of PRs, ERs, and ARs in the meninges.

Inadequate HR detection has implications beyond the
observational associations identified in this study and
specifically establishes a need for a critical reevaluation
of previous clinical trials related to steroid hormones.
We previously reported that more than 50% of patients
included in these trials did not have positive HR expres-
sion before being treated with hormone therapies.** The
lack of receptor detection was detrimental to these trials as
HRs have varying biological effects, thought to be a con-
sequence of the different recruitment of coregulatory and
epigenetic elements.?® Inadequate detection of receptors,
along with their ligand-specific activity, calls into question
the utility of treatment with hormonal therapies without
characterized receptor expression. The clinical relevance
of these considerations is particularly evident with selec-
tive receptor modulators, the most well studied of which
1s tamoxifen, which can induce cell death in breast cancer
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while promoting cell growth in the endometrium.?** The
importance of proper characterization of receptor activity
in meningiomas is further exemplified by the finding that
PR* expression is independently associated with WHO
grade I and enriched in meningiomas with a relatively
low proliferation index. The only phase III clinical trial
of a gonadal steroid hormone—related therapy used mife-
pristone, a PR and glucocorticoid receptor antagonist and
weak androgen agonist. The results of this study call into
question whether PR as a therapeutic target needs to be
suppressed, or whether doing so may lead to worse long-
term outcomes by disinhibition of proliferation. On the
other hand, the observation that a history of treatment with
the progestin and androgen antagonist cyproterone acetate
may be associated with meningiomas of certain genetic
backgrounds should be investigated further."”

Inadequate receptor detection may also explain the dif-
ferences between the LB and IHC detection of ER in me-
ningiomas that we identified in our investigation of report-
ed data. Specifically, there were no included studies that
sufficiently differentiated between the protein expression
of receptors encoded from the distinct ER genes ESRI
(ER), ESR2 (ERp), and GPERI. Further investigation of
this finding is important, as each of these receptors has
unique LB affinities and non—cross-reactivity with anti-
body detection and may form receptor complexes resulting
in different pathway activation when expressed simultane-



ously, leading to distinct cellular responses to therapy.**-*
To gain a complete understanding of the impact that com-
binatorial receptor expression has in these tissues, parallel
assessments of AR, PR, ERa., ERf, and GPER] should be
prioritized, especially considering their complex network
of feedback regulation. Further research comparing HRs
present in meningiomas and meninges over the lifespan,
as well as the effects of hormonal agents on both tissues,
must be conducted before further clinical implications can
be considered or clinical trials are reattempted.

Strengths and Limitations

This study has several strengths, including its well-
defined inclusion criteria and large number of patients in
the reviewed articles, many of which included individual
participant data. These strengths are significant, particu-
larly given the long-standing debate on the topic. However,
the study is not without limitations. The large heteroge-
neity between studies, missing variables, and nonrandom
selection of patients by authors pose major limitations, as
does the impact of IHC analysis on the detection of the
receptors. The limited number of studies that included AR
hindered the analysis of several variables. Despite efforts
at standardization, the WHO grades and histological clas-
sifications are based on notation by different pathologists
over many decades. These limitations should be taken into
account when designing future investigations of HRs in
meningioma.

Conclusions

This meta-analysis and systematic review is to our
knowledge the largest and most comprehensive study un-
dertaken about gonadal steroid HR expression in human
meningiomas and included 6092 tumors from 5810 pa-
tients across 114 published investigations. We found that
PR expression is enriched in WHO grade I tumors and is
associated with age in a sex-specific manner. Significant
differences in tumor location and histology between PR*
and ER* meningiomas were also found. By synthesizing
data from decades of investigation, this study provides
groundwork for reevaluating hormonal therapy as a preci-
sion medicine approach to treatment for patients stratified
by receptor status.
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