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Abstract

Controversies persist regarding the benefits of surgery in elderly patients with meningiomas. The objective of this study
was to develop decision-making scale to clarify the necessity for surgical intervention and provide clinical consultation for
this special population. This retrospective cohort study was conducted at a single center and included 478 elderly patients
(= 65 years) who underwent meningioma resection. Follow-up was recorded to determine recurrence and mortality rates.
Univariate and multivariate analyses were performed to identify significantly preoperative factors, and prognostic prediction
models were developed with determined cutoff values for the prognostic index (PI). Model discrimination was evaluated using
Kaplan-Meier curves based on the PI stratification, which categorized patients into low- and high-risk groups. A decision-
making tree was then established based on the risk stratification from both models. Among all patients analyzed (n = 478),
62 (13.0%) experience recurrence and 47 (10.0%) died during the follow-up period. Significantly preoperative parameters
from both models included advanced age, aCCI, recurrent tumor, motor cortex involvement, male sex, peritumoral edema,
and tumor located in skull base (all P < 0.05). According to the classification of PI from the two models, the decision-making
tree provided four recommendations that can be used for clinical consultation. Surgery is not recommended for patients
assigned to the high-risk group in both models. Patients who meet the low-risk criteria in any model may undergo surgical
intervention, but the final decision should depend on the surgeon’s expertise.
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Introduction to 89 years old [3-6]. Around 20% of meningiomas exhibit

aggressive behavior, and the recurrence rate ranges from 7%
Meningiomas, accounting for about one-third of the CNS  to 94% [7-12]. Surgical treatment remains the leading ther-
tumors, have become the most common intracranial lesions  apeutic approach, significantly improving life expectancy.
[1, 2]. Epidemiological studies indicated that the highest ~ With development of microsurgical techniques, the benefits
incidence rates are observed in individuals ranging from 55 from meningioma resection are significantly increased [13].
However, the benefits of surgery for elderly patients vary due
to age-related health declines in health and reduced physi-
ological reserves that lead to poor outcomes under surgical
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Furthermore, little is known about which elderly meningi-
oma patients would benefit from surgical intervention.

Therefore, this study aims to provide a comprehensive
analysis of the prognosis of elderly patients who undergo
meningioma resection using one of the largest cohorts to
date. Subsequently, a decision-making tree for surgical inter-
vention in this susceptible group is established.

Methods
Patient cohorts

This was a single-center retrospective cohort study that
was conducted in the Department of Neurosurgery at Bei-
jing Tiantan Hospital, Capital Medical University, Bei-
jing, China, from January 2008 to December 2018. Ethical
approval was obtained from the Ethics Committee of Beijing
Tiantan Hospital, and this study was conducted according to
the declaration of Helsinki. Elderly patients who were aged
65 years or older, pathologically diagnosed with meningi-
omas and underwent surgical resection were included. The
exclusion criteria were as follows: (i) patients with other
brain or spine lesions; (ii) patients with neurofibromatosis
type 1 or 2; (iii) concurrence with other malignancies or
death from other lethal diseases in hospital or after dis-
charge; (iv)multiple lesions; (v) loss of follow-up data; and
(vi) other (e.g. incomplete clinical data). Supplementary
Figure S1 shows the study flowchart.

Clinical data collection

Demographic data were collected, including age, gender,
neurological symptoms, comorbidities (hypertension, dia-
betes mellitus, cerebrovascular accident, heart disease,
hydrocephalus, pulmonary disease), age-related Charlson
Comorbidity Index (aCCI) [19], history of other surgery,
recurrent meningioma, smoking, drinking, and preoperative
KPS. Imaging features were analyzed through the review
of magnetic resonance imaging (MRI) scans and reports
documented by 2 experienced radiologists. All individu-
als underwent MRI tests and the radiology characteristics
contained tumor location (non-skull base and skull base/
non-posterior fossa and posterior fossa), tumor maximal
diameter, involvement of nerves and vessels, involvement
of motor cortex, venous sinus invasion, peritumoral edema,
and edema index (EI). The tumor maximum diameter was
calculated in coronal, sagittal, and axial images on account
of the preoperative contrast-enhanced MRI and the cutoff
value was based on the median (i.e., < 6 or > 6 cm). The
peritumoral edema was defined as hyperintensity on axial
T2-weighted or fluid-attenuated inversion recovery (FLAIR)
MRI. Clinicopathological parameters were recorded by 2
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neuropathologists and meningiomas were graded in accord-
ance with 2021 WHO classification scheme [20]. The
extent of resection (EOR) according to Simpson grade was
extracted from the surgical reports. The EOR was classified
into two categories: gross total resection (GTR; Simpson
grades I-1III) or subtotal resection (STR; Simpson grades IV
and V). Radiologically, GTR was evaluated when patients
underwent routine MRI 3 months after surgery to rule out
early unspecific postoperative contrast enhancement and
other possible confounding effects. Surgical/medical com-
plications included intracranial hemorrhage, hydrocephalus,
pneumonia, deep venous thrombosis, central nervous system
infection, and wound infection. We also included Therapy-
Disability-Neurology (TDN) grade [21] to predict adverse
events after surgery. The postoperative KPS was obtained
from the discharge records.

Follow-up

All cases treated at our institution underwent regular follow-
ups until the patient experienced a recurrence or died. Spe-
cifically, (1) follow-up of WHO grade 1 meningiomas was
done annually, then every 2 years after 5 years; (2) follow-up
of WHO grade 2 meningiomas was done every 6 months,
then annually after 5 years; (3) follow-up of WHO grade 3
meningiomas was done every 3—6 months indefinitely [22].
The surviving patients were reviewed at the final follow-
up (Jan. 2023). MRI scan was scheduled in each follow-up.
Patients were encouraged to have regular face-to-face clinic
visits. However, for those who are unwilling or unable to
travel to follow-up appointments, we recommend that they
get an MRI scan at a local medical institute. Information
regarding their scheduled follow-up is available through net-
work communication, which allows for the sharing of mes-
sages, video-calls, videos, photographs, or electronic mail
attachments of the MRI films. Radiologically, we defined
tumor recurrence as the detectable appearance of a new
enhanced lesion on a serial postoperative MR image that
required therapeutic intervention such as secondary surgery,
or an increase of more than 25% in a residual tumor on an
MR image [23]. Postoperative radiotherapy was documented
at follow-up. The median (interquartile range [IQR]) follow-
up time was 65 (51-80) months.

Statistical analysis

Demographic and clinical data of all participants were
generalized by mean + SD or median (IQR) for continu-
ous variables and counts with proportions for categorical
features. The differences in recurrence and death cohorts
were compared using the chi-squared test, Student’s ¢
test, Fisher’s exact or Mann-Whitney U test as necessary.
To reduce type I errors, Benjamini-Hochberg procedure
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was used to conduct the false discovery rate (FDR) mul-
tiple comparison correction analysis on comparison tests.
The RFS and OS cumulative rates were plotted by Kaplan-
Meier curves with log-rank tests, respectively. Univariate
and multivariate time-to-death analyses were performed
using Cox proportional hazard regression models. The
potential risk estimators were identified by conducting uni-
variate Cox regression analysis with a p < 0.05. In addi-
tion, variables that were deemed clinically important and
predictors previously identified in published articles were
also considered [16, 17, 24, 25]. Next, the potential risk
estimators were subjected to multivariate analysis using
the Enter approach.

To make a decision-making tree, models incorpo-
rated significant preoperative covariates from the mul-
tivariate analyses were developed. Prognostic index
(PI) was calculated by f coefficients. Model perfor-
mance was assessed by receiver operating characteristic
(ROC) curve and cutoff values of PI were determined.
An area under the curve (AUC) of 0.5 indicates no
discrimination, while an AUC of 1 reflects perfect dis-
crimination. A scoring system with an AUC > 0.7 is
considered to have acceptable clinical relevance for
discrimination capacity [26]. Model discrimination was
further checked by the Kaplan-Meier curve of PI, which
separated patients into low-risk and high-risk groups.
Moreover, the calibration of the model was evaluated
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Fig.1 Cumulative OS or RFS rates stratified by different variables.
A OS possibility for the elderly with meningiomas after resection.
B Comparison of survival rate between different age-stratified for
the elderly with meningiomas after resection. C Comparison of sur-
vival rate between males and females for the elderly with meningi-
omas after resection. D Comparison of survival rate between differ-
ent WHO grades for the elderly with meningiomas after resection.
E Comparison of survival rate between different extent of resection
for the elderly with meningiomas after resection. F RFS possibil-

P =0.062
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using the Hosmer-Lemeshow goodness-of-fit test. Sta-
tistical calculations were performed with SPSS v26.0.
All tests were two-sided, and p < 0.05 was considered
as statistical significance.

Results
Baseline features

The clinical histories of 563 elderly individuals admitted to
our institution were reviewed. A total of 478 patients met the
inclusion criteria. The descriptive characteristics were listed
in Supplementary Table S1. There were 139 males and 339
females (ratio 1:2.4). The mean age at surgery was 68.75 +
3.42 years, and the patients with recurrent tumors accounted
for 44 (9.3%). The tumors were more likely to be located in
the non-skull base (60.3%) and non-posterior fossa (77.0%).

Survival

Of 478 elderly participants, 47 (10.0%) died during the
follow-up. The cumulative rates of OS at 3, 5, and 10
years were 94.1% (95% CI 93.1-95.1%), 90.7% (95% CI
89.4-92.0%), and 87.5% (95% CI 85.8-89.2%), respec-
tively (Fig. 1A). The Kaplan-Meier curves showed the vari-
ables including advanced age (P < 0.001), male sex (P <
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ity for the elderly with meningiomas after resection. G Comparison
of recurrence rate between different age-stratified for the elderly
with meningiomas after resection. H Comparison of recurrence rate
between males and females for the elderly with meningiomas after
resection. I Comparison of recurrence rate between different WHO
grades for the elderly with meningiomas after resection. J Compar-
ison of recurrence rate between different extent of resection for the
elderly with meningiomas after resection
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0.001), STR (P < 0.001), and either WHO 2 or 3 grade
(P < 0.001) significantly associated with lower life expec-
tancy (Fig. 1B-E). In univariate analysis, the proportions of
patients with advanced age (y* = 15.31, P [FDR-corrected]
< 0.001), male gender (;(2 = 17.40, P < 0.001), recurrent
meningioma ()(2 =32.17, P < 0.001), maximal diameter of
tumor > 6 cm ()(2 =17.91, P < 0.001), peritumoral edema
(> = 16.40, P < 0.001), WHO 2-3 grade (> = 46.10, P <
0.001), STR (4* = 11.63, P = 0.001), perioperative medi-
cal/surgical complications (y* = 12.12, P = 0.001), lower
preoperative and postoperative KPS (P = 0.004; P < 0.001),
3-5 TDN grade (y* = 34.16, P < 0.001), and recurrence
during follow-up (4> = 16.57, P < 0.001) were higher in the
mortality cohorts (Table 1). We also found that there was
positive association between aCCI and mortality in elderly
meningioma patients (t = —1.92, P = 0.055). These results
were almost consistent with univariate Cox regression analy-
sis (Table 2).

All parameters fitted in the multivariable analysis were
further estimated. The results showed male gender (HR 1.98,
95% CI 1.06-3.71, P = 0.032), age at surgery (HR 1.15, 95%
CI 1.06-1.25, P = 0.001), recurrent meningioma (HR 3.50,
95% CI 1.64-7.46, P = 0.001), tumor located in skull base
(HR 1.84,95% CI 1.00-3.41, P = 0.049), peritumoral edema
(HR 2.07, 95% CI 1.08-4.00, P = 0.029), WHO 2-3 grade
(HR 4.31,95% CI 2.21-8.42, P < 0.001), medical/surgical
complications (HR 3.63, 95% CI 1.82-7.23, P < 0.001),
and postoperative KPS (HR 0.97, 95% CI 0.96-0.99, P =
0.006) were independently and significantly associated with
mortality (Table 2).

Recurrence

Sixty-two (13.0%) elderly patients experienced recurrence
during follow-up. The cumulative rates of RFS at 3, 5,
and 10 years were 93.1% (95% CI 90.6-95.4%), 89.4%
(95% CI 86.5-92.3%), and 79.1% (95% CI 72.0-86.2%),
respectively (Fig. 1F). The Kaplan-Meier curves revealed
that age > 75 years (P = 0.005), STR (P < 0.001), and
WHO grade 2-3 (P < 0.001) significantly associated with
the increased recurrence rate (Fig. 1G, I, and J). Addition-
ally, male gender was more likely to have an association
with recurrence but the statistical significance was not
reached (P = 0.062) (Fig. 1H). In the univariate analysis,
the proportions of elderly patients with advanced age (3
= 12.17, P = 0.002), recurrent meningioma (y* = 28.28,
P < 0.001), involvement of motor cortex ()(2 =429, P =
0.038), peritumoral edema (;(2 =7.07, P =0.008), WHO
2-3 grade (y* = 38.68, P < 0.001), subtotal resection (5>
= 2492, P < 0.001), and lower preoperative KPS (P =
0.001) were significantly higher in the recurrence group
(Table 1). Besides, maximal diameter of tumor > 6 cm
was marginally significantly associated with recurrence.
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These results were almost consistent with the univariate
Cox regression analysis (Table 2). Furthermore, in mul-
tivariate Cox analysis, we found that older age (HR 1.08,
95% CI 1.01-1.16, P = 0.037), higher aCCI (HR 1.33,
95% CI 1.08-1.64, P = 0.008), recurrent meningioma (HR
1.84,95% CI 1.01-3.48, P = 0.049), involvement of motor
cortex (HR 1.99, 95% CI 1.02-4.06, P = 0.047), WHO
2-3 grade (HR 3.84, 95% CI 2.15-6.86, P < 0.001), and
STR (HR 2.61, 95% CI 1.46-4.65, P = 0.001) became
independent risk predictors for tumor recurrence (Table 2).

Development of prognostic assessment models

To identify elderly individuals with meningiomas who
may benefit from tumor resection before surgery, the first
step is to establish prognostic assessment models based on
significant variables available preoperatively. Specifically,
the aforementioned multivariate analysis revealed that the
preoperative variables were independently associated with
recurrence included advanced age, aCCI, recurrent menin-
gioma, and involvement of motor cortex. Therefore, a pre-
dictive model (recurrence) was developed (Supplementary
Table S2). Each variable corresponded to a f coefficient
and PI = (0.08 * I [age]) + ( 0.28 * [ [aCCI]) + ( 0.61 *
I [recurrent tumor]) + (0.69 * I [motor cortex involved]),
where I denotes the indicator function equal to 1 if the
condition in parenthesis is met and O otherwise. Further-
more, a predictive model (mortality) was developed to
predict death by incorporating significant preoperative
variables from the multivariate analysis (Supplementary
Table S3). The weighted risk factors were used to calcu-
late PI: (0.12 * I [age] + (1.41 * I [recurrent tumor]) +
(0.92 * I [male sex]) + (1.13 * [ [peritumoral edema]) +
(0.63 * I [skull base]). The discrimination of both models
with AUC was 0.70 (95% CI 0.66-0.74) and 0.83 (95%
CI 0.79-0.86) (Fig. 2A-B). Furthermore, low- and high-
risk groups for both models were stratified according to
the cutoff value of PI. Kaplan-Meier curves revealed each
group was well separated (Fig. 2C-D). In addition, Hos-
mer-Lemeshow goodness-of-fit tests yielded chi-squares
of 7.86 (P = 0.447) and 14.46 (P = 0.064) for recurrence
model and mortality model, respectively, suggesting good
calibration and no significant deviation between observed
and predicted events in both datasets.

Development of decision-making tree

The next step is to develop decision-making tree by com-
bining both prognostic assessment models for clinical con-
sultation. Based on the Youden index, the cutoff values of
PI for two aforementioned models were 7.01 (recurrence
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Table 1 Univariate analysis with predictors for recurrence and mortality

Recurrence N (%) Mortality N (%)
No Yes P value No Yes P value
Gender, N (%) 0.037 0.000
Female 302 (72.6) 37 (59.7) 318 (73.8) 21 (44.7)
Male 114 (27.4) 25 (40.3) 113 (26.2) 26 (55.3)
Age at surgery, mean (SD), years 68.6 (3.2) 69.8 (4.5) 0.055 68.6 (3.3) 70.5 (4.0) 0.002
Age at surgery, N (%), years 0.002 0.000
65-69 286 (68.8) 35 (56.5) 299 (69.4) 22 (46.8)
70-74 103 (24.8) 15 (24.2) 103 (23.9) 15 (31.9)
>75 27 (6.5) 12 (19.4) 29 (6.7) 10 (21.3)
Preoperative neurological symptoms, N (%) 0.067 0.428
Yes 372 (89.4) 60 (96.8) 388 (90.0) 44 (93.6)
No 44 (10.6) 23.2) 43 (10.0) 3(6.4)
Preoperative comorbidities, N (%) 0.352 0.636
Yes 222 (53.4) 37 (59.7) 232 (53.8) 27 (57.4)
No 194 (46.6) 25 (40.3) 199 (46.2) 20 (42.6)
aCClI, mean (SD) 3.1(1.2) 34(1.2) 0.021 3.1(1.1) 34(1.2) 0.055
Recurrent meningioma, N (%) 0.000 0.000
Yes 27 (6.5) 17 (27.4) 29 (6.7) 15(31.9)
No 389 (93.5) 45 (72.6) 402 (93.3) 32 (68.1)
History of other resection, N (%) 0.815 0.825
Yes 154 (37.0) 22 (35.5) 158 (36.7) 18 (38.3)
No 262 (63.0) 40 (64.5) 273 (63.7) 29 (61.7)
History of smoking, N (%) 0.873 0.307
Yes 43 (10.3) 6(9.7) 42 (9.7) 7(14.9)
No 373 (89.7) 56 (90.3) 389 (90.3) 40 (85.1)
History of drinking, N (%) 0.572 1.000
Yes 25 (6.0) 5(8.1) 27 (6.3) 3(6.4)
No 391 (94.0) 57 (91.9) 404 (93.7) 44 (93.6)
Tumor side, N (%) 0.104 0.067
Left/right side 360 (86.5) 48 (78.7) 372 (86.5) 36 (76.6)
midline 56 (13.5) 13 (21.3) 58 (13.5) 11 (23.4)
Location_1, N (%) 0.706 0.095
Non-skull base 252 (60.6) 36 (58.1) 265 (61.5) 23 (48.9)
Skull base 164 (39.4) 26 (41.9) 166 (38.5) 24 (51.1)
Location_2, N (%) 0.201 0.164
Non-posterior fossa 330 (76.6) 38 (80.9) 328 (76.1) 40 (85.1)
Posterior fossa 101 (23.4) 9 (19.1) 103 (23.9) 7(14.9)
Involvement of nerves and vessels, N (%) 0.726 0.513
Yes 375 (90.1) 55 (88.7) 389 (90.3) 41 (87.2)
No 41 (9.9) 7(11.3) 42 .(9.7) 6 (12.8)
Involvement of motor cortex, N (%) 0.038 0.309
Yes 69 (16.6) 17 (27.4) 75 (17.4) 11 (23.4)
No 347 (83.4) 45 (72.6) 356 (82.6) 36 (76.6)
Venous sinus invasion, N (%) 0.726 0.452
Yes 41 (9.9) 7(11.3) 42 (9.7) 6 (12.8)
No 375 (90.1) 55 (88.7) 389 (90.3) 41 (87.2)
Maximal diameter of tumor, cm 0.087 0.000
<6 378 (90.9) 52 (83.9) 396 (91.9) 34 (72.3)
>6 38 (9.1) 10 (16.1) 35(8.1) 13 (27.7)
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Table 1 (continued)

Recurrence N (%) Mortality N (%)
No Yes P value No Yes P value
Peritumoral edema, N (%) 0.008 0.000
Yes 352 (84.6) 44 (71.0) 367 (85.2) 29 (61.7)
No 64 (15.4) 18 (29.0) 64 (14.8) 18 (38.3)
EI, mean (SD)* 1.1 3.0) 1.1(1.9) 0.843 1.1 (3.1) 1.6 (2.3) 0.223
WHO grade, N (%) 0.000 0.000
grade 1 365 (87.7) 35 (56.5) 377 (87.5) 23 (48.9)
grade 2/3 51 (12.3) 27 (43.5) 54 (12.5) 24 (51.1)
Resection extent, N (%) 0.000 0.001
GTR 372 (89.4) 41 (66.1) 380 (88.2) 33 (70.2)
STR 44 (10.6) 21 (33.9) 51 (11.8) 14 (29.8)
Any medical/surgical complication, N (%) 0.745 0.001
Yes 106 (22.5) 17 27.4) 101 (23.4) 22 (46.8)
No 310 (74.5) 45 (72.6) 330 (76.6) 25 (53.2)
TDN grade, N (%) 0.127 0.000
1 33 (7.9) 5(8.1) 38 (8.8) 0(0)
2 312 (75.0) 40 (64.5) 320 (74.2) 32 (68.1)
3 60 (14.4) 13 (21.0) 62 (14.4) 11 (23.4)
4 8(1.9) 4(6.5) 11 (2.6) 12.1)
5 3(0.7) 0(0) 0 (0) 3(6.4)
Recurrence, N (%) - 0.000
Yes - - 47 (10.9) 15 (31.9)
No - - 384 (89.1) 32 (68.1)
Preoperative KPS, median (IQR) 80 (70, 90) 80 (70, 70) 0.001 80 (80, 90) 80 (70, 80) 0.004
Postoperative KPS, median (IQR) 90 (80, 80) 80 (70, 90) 0.09 90 (80, 90) 80 (70, 90) 0.000

aCCl age-adjusted Charlson Comorbidity index, EI Edema index, RFS recurrence-free survival, OS overall survival, TDN grade Therapy-Dis-
ability-Neurology grade, GTR gross total resection, STR subtotal resection, WHO grade World Health Organization grade, and KPS Karnofsky

performance scale
*BEl = (Vegema + Vi

tumor)/

V,

dema tumor

model) and 9.24 (mortality model), respectively. Using the
risk stratification from the two models, decision-making tree
was developed (details in Fig. 3).

Discussion

The incidence of meningiomas continues to increase with
the aging of the population [22]. However, there is a lack of
comprehensive studies evaluating the specific characteris-
tics and risk factors that impact recurrence and survival in
elderly patients with meningiomas resection. Additionally,
there is no consensus on the optimal therapeutic strategies
for elderly patients with meningiomas, particularly regard-
ing surgical intervention. In this study, we aimed to address
these gaps by examining the clinical, histological, and radio-
logical characteristics associated with recurrence and death
after resection. Furthermore, we developed decision-making
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tree based on recurrence and mortality models to identify
those who can benefit from surgery.

Previous studies have suggested that advanced age is a
significant independent predictor that influences the recur-
rence and mortality rate following resection [27-30]. While
Hanna et al. reported a decrease in OS but an increase in
PFS with advanced age [31], our study found that both OS
and RFS rates decreased with advanced age. Our study
also demonstrated the significant impact of preoperative
comorbidities and higher aCCI on poor prognosis in those
special population. Several previous studies have reported
a poor prognosis following meningioma excision in elderly
patients. This has been attributed to various factors, includ-
ing advanced age, male gender, larger tumor volume, peritu-
moral edema, lower KPS scores, tumors located in the skull
base, WHO grade II-III, STR, and the occurrence of post-
operative complications [16, 27-30, 32-36]. These findings
are consistent with the results in our study. Interestingly,
gender has bidirectional aspects regarding the incidence
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Table 2 Univariate and multivariate Cox analysis with predictors for recurrence and mortality

Recurrence Mortality

Univariate Multivariate Univariate Multivariate

HR (95% CI) P value HR (95% CI) Pvalue HR (95% CI) Pvalue HR (95% CI) P value
Gender (M/F) 1.71 (1.02-2.85) 0.042 1.31 (0.76-2.25) 0.327 3.24 (1.82-5.76) 0.000 1.98 (1.06-3.71) 0.032

1.10 (1.03-1.17) 0.008
3.52 (0.86-14.43) 0.080

Age at surgery, years
Preoperative neurological symp-
toms (yes/no)

Preoperative comorbidities (yes/ 1.36 (0.81-2.27) 0.245

no)
aCCI 1.42 (1.17-1.71) 0.000
4.73 (2.70-8.29) 0.000
1.06 (0.63-1.79) 0.822
1.01 (0.43-2.35) 0.982
1.47 (0.59-3.66) 0.415
1.79 (0.97-3.31) 0.063

Recurrent meningioma (yes/no)

History of other resection (yes/no)

History of smoking (yes/no)

History of drinking (yes/no)

Tumor side (midline/ left or right
side)

Location_1 (skull base/non-skull
base)

1.11 (0.67-1.85) 0.685

Location_2 (posterior fossa/non-
posterior fossa)

1.38 (0.35-5.43) 0.429

Involvement of nerves and vessels
(yes/no)

1.32 (0.60-2.91) 0.491

Involvement of motor cortex (yes/ 2.15 (1.22-3.78) 0.008

no)
Venous sinus invasion (yes/no) 1.32 (0.60-2.91) 0.491
2.02 (1.02-3.98) 0.043
Peritumoral edema (yes/no) 2.11 (1.21-3.70) 0.009
EI* 1.02 (0.94-1.11) 0.686
WHO grade (2 and 3/1) 5.70 (3.42-9.50) 0.000
Resection extent (STR/GTR) 3.59 (2.10-6.13) 0.000

Any medical/surgical complication 1.21 (0.69-2.12) 0.501
(yes/no)

Maximal diameter, cm (> 6/<6)

Recurrence after discharge (yes/
no)

0.95 (0.92-0.98) 0.000
0.99 (0.97-1.00) 0.121

Preoperative KPS
Postoperative KPS

1.08 (1.01-1.16) ~ 0.037

1.33(1.08-1.64)  0.008
1.84 (1.01-3.48)  0.049

1.43(0.76-2.69)  0.267

1.99 (1.02-4.06)  0.047

1.03 (0.49-2.16)  0.932
1.04 (0.57-1.92)  0.895

3.84 (2.15-6.86)  0.000
2.61 (1.46-4.65)  0.001

0.98 (0.95-1.01)  0.156

1.14 (1.06-1.23) 0.000
1.63 (0.51-5.24) 0.415

1.15(1.06-1.25)  0.001

1.16 (0.65-2.01) 0.618

1.33 (1.07-1.66) 0.011
5.17 (2.79-9.56) 0.000
1.12 (0.62-2.01) 0.716
1.59 (0.71-3.55) 0.258
1.06 (0.33-3.41) 0.923
1.94 (0.99-3.80) 0.055

1.08 (0.84-1.38)  0.561
3.50 (1.64-7.46)  0.001

1.67 (0.94-2.97) 0.078 1.84 (1.00-3.41)  0.049

1.68 (0.75-3.76) 0.203

1.37 (0.58-3.23) 0.474

1.48 (0.75-2.91) 0.256

1.37 (0.58-3.23) 0.474
3.81(2.01-7.23) 0.000
3.27 (1.82-5.90) 0.000
1.04 (0.98-1.11) 0.195
6.17 (3.47-10.96)  0.000
2.82 (1.51-5.27) 0.001
2.80 (1.50-5.24) 0.001

1.73 (0.84-3.56)  0.137
2.07 (1.08-4.00)  0.029

4.31(2.21-8.42)  0.000
1.48 (0.73-3.00)  0.279
3.63 (1.82-7.23)  0.000
3.14 (1.70-5.80) 0.000 1.00 (0.49-2.07)  0.994

0.95 (0.92-0.98) 0.002
0.96 (0.95-0.98) 0.000

1.01 (0.98-1.05)  0.560
0.97 (0.96-0.99)  0.006

aCCl age-adjusted Charlson Comorbidity Index, EI Edema index, RF'S recurrence-free survival, OS overall survival, GTR gross total resection,
STR subtotal resection, WHO grade World Health Organization grade, KPS Karnofsky performance scale

*El = (Vedema + Vtumor)/ Vlumor

and prognosis of meningioma. On the one hand, females
predominated the incidence due to the frequent distribu-
tion of estrogen and progesterone receptors in meningioma
[37, 38]. On the other hand, we identified male sex as a
poor prognostic factor, which is consistent with reports by
Sacko et al. and Caroli et al. [17, 32]. However, the associa-
tion of male sex with a worse prognosis at the molecular
or hormonal level remains unclear. Furthermore, Cohen-
Inbar et al. [30] suggested that tumor size played a pivotal
role in the necessity of surgical intervention for the elderly
with meningioma. In our study, we found that tumor size
was significantly associated with prognosis in the univariate
analysis, but not in the multivariable analysis. Therefore,

further studies with larger sample sizes are required to vali-
date these findings. Another study by Ehresman et al. [39]
reported that cerebellopontine angle tumors are indepen-
dently associated with postoperative deficits after resec-
tion and that impaired functional outcomes after surgery
are linked to a poor prognosis. In our study, we found that
the tumor located in the skull base was an independent
risk factor for mortality after surgery. Additionally, several
reports have indicated that the extent of peritumoral edema
is significantly correlated with a poor prognosis [30, 33],
which is also consistent with our study. Moreover, other
factors such as involvement of motor cortex and STR were
also associated with an increased susceptibility to relapse,
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Fig.2 Validation of model performance and risk stratification accord-
ing to PI. A-B ROC curves showing model (recurrence) with AUC
0.700 and model (mortality) with AUC 0.826. C-D Kaplan-Meier

possibly due to the preservation of maximal neurological
function. Our study also highlighted a similar conclusion.
Previously, prognostic models for meningioma have
primarily focused on the general population, with lim-
ited emphasis on the elderly patients. However, given
the higher incidence, recurrence, and mortality rates of
meningioma in elderly patients, it is crucial to develop
prognostic models specially for elderly patients. Previ-
ous studies have constructed predictive models based
on small sample sizes [17, 30, 32, 33], which limits
their clinical applicability. Our study presented one of
the largest single-center cohort of elderly patients with
meningiomas, allowing for a more comprehensive explo-
ration of prognosis and reducing potential biases associ-
ated with inadequate sample size. Furthermore, existing
models have primarily focused on the risk of postop-
erative mortality rather than recurrence [17, 32], and
they have not been integrated to guide surgical decision-
making. Given the advanced age and reduced surgical
resilience of elderly patients, as well as the slow growth
of some meningiomas that may not significantly affect
a patient’s expected survival, the decision to undergo
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curves demonstrating recurrence and mortality in patients after resec-
tion for meningiomas according to cutoff values of PI

surgery becomes particularly crucial for this popula-
tion and requires careful consideration. Therefore, we
developed a comprehensive surgical decision-making
tree specifically for elderly patients with meningiomas.
This tree combines two models for mortality and recur-
rence risk stratification based on cutoff values of PI to
facilitate the decision-making process in clinical con-
sultation condition. This could potentially be the first
comprehensive decision tree analysis for elderly patients
undergoing meningioma surgery. The advantage of this
decision-making tree lies in the simplicity of its variables
and its ability to identify high-risk individuals through
basic mathematical calculations.

In our study, both models demonstrated the impact
of age on surgical decision is very crucial regardless of
other risk factors considered in the PI formula. Previous
studies have identified the risk of postoperative mortal-
ity commonly as the primary factor that contraindicates
intracranial surgery in patients who are over 70 years of
age [17]. However, Oumar et al. suggested that craniotomy
may still be a viable option for meningioma patients over
80 years old [17]. Applying the PI formula, we observed
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Age at Surgery 0.12
Recurrence Tumor 1.41
A
Male Sex 0.92 Surgical resection Dependence on surgeon’s
recommended expertise and patient's aspiration
Peritumoral Edema 1.13 LxP P P )

Surgical resection Surgical resection
considered not recommended

Tumor Located in Skull Base 0.63

Fig.3 Surgical decision-making tree for the elderly patients with
meningiomas. According to NCCN guidelines, for asymptomatic
meningioma with a tumor maximum diameter < 3 cm, the “waiting
and watching” approach is recommended. According to the cutoff
value of PI, patients who are assigned to the low-risk group in both
models should be advised to undergo surgical procedures. Con-
versely, surgery may not be recommended if a patient is assigned
to the high-risk group in both models. Furthermore, surgical resec-

that patients aged over 80 years without any additional
risk factors should be assigned to the high-risk group in
mortality model. Consequently, surgical intervention may
not be the first choice for these patients. Additionally, the
surgical decision-making tree incorporated two prognostic
models, which can be used in clinical practice to guide
more optimized therapeutic alternatives for the elderly
patients with meningiomas.

According to the decision-making tree, the “waiting
and watching” approach is recommended for asympto-
matic meningiomas with maximal diameter < 3 cm, in
accordance with NCCN guidelines. However, if the tumor
does not meet the aforementioned criteria, surgical inter-
vention may be recommended if the patient is assessed
as low-risk in both models. Conversely, surgery may not
be the optimized choice if a patient is assessed as high-
risk in both models. For cases assessed as the low-risk in
mortality model and high-risk in recurrence model, we
suggest that the surgical intervention may be considered.
In other cases, the decision regarding surgery depends on

tion should be considered when a patient is assigned to the low-
risk group in model (mortality) and to the high-risk group in model
(recurrence). In other cases, the choice of surgery depends on the
clinical assessment of neurosurgeons and patients’ wishes. Blue and
purple solid boxes represent risk stratification from model (recur-
rence) and model (mortality), respectively. Contents in solid colored
boxes are our proposed treatment patterns for meningiomas in the
elderly during pre-operative consultations

the clinical judgment of the neurosurgeons and patients’
wishes (Fig. 3).

Our study has some limitations. Firstly, the age range of
enrolled elderly patients was relative narrow, and we did not
include an adequate number of individuals over 80 years old.
Secondly, this is a retrospective study, inherent biases may
exist in certain aspects. For example, the lack of informa-
tion on the nature history in healthy controls could result in
overestimation of meningioma-related mortality rates. Fur-
thermore, we were unable to examine some molecular infor-
mation, such as TERT promoter mutation and CDKN2A/B
homozygous deletion, due to unavailability of genetic test
data. Thirdly, we were unable to incorporate certain impor-
tant prognosis-related predictors, such as WHO classifica-
tion and postoperative complications into our surgical deci-
sion diagram, as these factors were undetectable prior to
surgery. Fourthly, due to lack of the data on the outcomes
of non-surgical treatment of meningiomas, this decision-
making tree only can provide recommendations for those
who are suitable for surgical intervention. Finally, extensive
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external validation is required to further refine and validate
our surgical decision-making tree.

Conclusion

In one of the largest elderly patient cohorts to date, this study
identified several key predictors that significantly affect post-
operative RFS and OS. These findings have led to the devel-
opment of a comprehensive surgical decision-making tree
specifically tailored for elderly patients with meningiomas.
By utilizing risk stratification from two prognostic models,
this decision-making tree offers four recommendations that
can be used during clinical consultation for these special
population. It is important to note that further validation of
our surgical making-tree is warranted. However, this innova-
tive approach holds the potential to provide valuable guid-
ance to both neurosurgeons and patients in the future.
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