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Abstract
Purpose  The Ki-67 proliferation index (Ki-67 PI) has been associated with meningioma recurrence, yet its clinical utility 
remains debated. Whether Ki-67 PI provides prognostic information across subgroups defined by both WHO grade and 
extent of resection remains to be investigated.
Methods  We analyzed 5,050 patients with intracranial meningiomas from the international PERNS cohort (42 centers, 
diagnosed between 1989–2019) who underwent surgical resection without postoperative radiotherapy. Ki-67 PI prognostic 
accuracy was assessed up to 10 years postoperatively by using ROC analyses and estimating its association with the risk of 
recurrence.
Results  Results demonstrated that the prognostic value of Ki-67 PI differed by subgroups defined by WHO grade and 
Simpson grade. For patients with the same Simpson grade (1–3), the predictive accuracy of Ki-67 PI for 10-year recurrence 
risk was stronger in WHO-2 than in WHO-1. Within WHO-1 and WHO-2 meningiomas, the predictive accuracy of Ki-67 
PI increased with higher Simpson grade (1–3). However, no predictive value was observed in Simpson grade 4 resections 
regardless of WHO grade.
Conclusion  These findings highlight that Ki-67 PI should be interpreted in the context of both WHO grade and extent of 
resection, and, if done so, may offer potential value to refine individualized surveillance strategies in meningioma patients 
with gross total resection in the initial 10-year postoperative timeframe. Findings cannot be extrapolated beyond 10 years, 
which may be particularly relevant for WHO-1 tumors with low Ki-67 PI and Simpson grade 1 resection.
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Introduction

Meningiomas represent a wide and heterogeneous tumor cat-
egory, and subgrouping is essential to capture differences in 
biology and prognosis. Traditionally, this has been achieved 
through WHO grading, and more recently refined by inte-
grating molecular biomarkers such as 1p/22q co-deletion, 
isolated 1p loss or 1q gain, TERT promoter mutations, and 
homozygous CDKN2A/B deletions [18, 20, 24, 25, 37, 39]. 
Molecular classification of meningiomas has advanced over 
the past decade, from early genomic studies of recurrent 
mutations and copy number alterations to methylation-based 

systems that show promise for improving risk stratification 
of meningiomas [4, 9–12, 14, 27, 28, 30, 31, 38]. However, 
the most recent molecular classification systems are not yet 
routinely implemented in clinical practice and do not cur-
rently consider how more general parameters such as the 
extent of resection may influence their association with 
recurrence or progression [10, 27, 28, 35, 37, 38, 44]. There-
fore, the histological evaluation of tumor samples remains 
integral to define the WHO grade of meningiomas, with a 
specific focus on histological features such as mitotic rate 
and brain invasion [20, 37].

In this context, the Ki-67 proliferation index (Ki-67 
PI) is a prognostic biomarker universally used for prog-
nostication of various tumor types since more than three 
decades, with its expression increasing as cells progress 
through the proliferative phases of the cell cycle [5, 17, 
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41, 42]. In meningiomas, the Ki-67 PI is positively corre-
lated with WHO grade and has been associated with recur-
rence in numerous studies, yet its clinical utility remains 
debated. Meta-analyses aggregating these studies show sig-
nificant heterogeneity, reflecting considerable variation in 
the reported strength of association between Ki-67 PI and 
recurrence [1, 3, 19]. Many of the underlying studies are 
limited by small sample sizes, heterogenous follow-up, rely 
on univariable analyses or multivariable analysis adjusted 
differently. A further limitation is the absence of analyses 
specifically evaluating the prognostic role of Ki-67 PI in 
relation to extent of resection. Although some studies have 
adjusted for resection in multivariable models, none have 
assessed whether its prognostic use depends on WHO grade 
and extent of resection [1, 3, 19].

Whether Ki-67 PI provides prognostic value in detect-
ing recurrence across subgroups defined by WHO grade 
and Simpson grade remains uncertain. To address this, the 
aim of the study was to analyze the association between 
Ki-67 PI and 10-year recurrence risk across these subgroups, 
using data from a large, international multicenter cohort of 
patients with primary meningiomas.

Methods

Database and study design

The PERNS (PERsonalized NeuroSurgery) database is a 
multicenter, international, retrospective database including 
adult patients who underwent resection of an intracranial 
meningioma and includes 7,992 patients collected from 42 
different institutions. The PERNS database reflects a large 
and demographically diverse group of patients with menin-
gioma who were diagnosed, treated, and followed between 
1989 and 2019. Clinical and histopathological data review 
was performed locally by representative physicians from 
various departments, including neurosurgery, neuropathol-
ogy, neurology, and radiation oncology.

From the PERNS database, eligible patients for this study 
were 18.0 years or older at diagnosis and were classified 
based on the contemporary WHO classification at the time 
of surgery (2007 or 2016 edition of the WHO classifica-
tion). Information on Simpson grade was required for the 
study objective of analyzing Ki-67 PI in relation to extent 
of resection. Patients were excluded if they receive any form 
of adjuvant radiation in the postoperative period, regardless 
of WHO grade. Evaluating the prognostic role of Ki-67 PI 
in patients receiving radiotherapy was considered a related 
but distinct research question beyond the scope of this study. 
Patients with missing data were excluded (Fig. 1). Miss-
ing values mainly reflect that each participating institution 
contributed data based on its specific clinical practices and 

research focus, meaning that certain variables were recorded 
in some cohorts but not universally across all centers.

Outcomes

The main endpoints were the 5 and 10-year cumulative inci-
dence of recurrence, accounting for the competing risk of 
recurrence-free death, in patients treated surgically without 
adjuvant radiotherapy. Follow-up was defined as the time 
since surgery, with each patient tracked until recurrence 
detected, recurrence-free death, or last clinical follow-up 
recorded within 10 years postoperatively. Recurrence after 
gross total resection (Simpson grades 1–3) or progression 
of residual tumor after subtotal resection (Simpson grade 
4) was defined and recorded locally, according to stand-
ard practices within each center. Because no standardized 
follow-up guidelines exist, recurrence/progression data may 
be influenced by differences in follow-up intensity across 
centers and time periods. However, patients were followed 
at specialized centers with multidisciplinary teams perform-
ing MRI and/or CT scans systematically. While "progres-
sion" may be a more accurate term for patients with subtotal 
resection (Simpson grade 4), we use the term "recurrence" 
throughout for consistency and practicality. We did not have 
information on how Ki-67 PI was quantified (hot-spot or 
whole-slide; digital or manual), which is acknowledged as 
a limitation.

Statistical analysis

We employed two analytical strategies. First, we performed 
subgroup analyses stratified by WHO grade and Simpson 
grade. Here the aim was to quantify the added value of Ki-67 
PI to the WHO and Simpson grade for the prognosis of 
recurrence, without relying on parametric modeling assump-
tions. Second, we used multivariable regression models to 
estimate the association between Ki-67 PI and recurrence 
risk adjusted for additional predictors of recurrence. Here 
the aim was to quantify the added value of Ki-67 to more 
predictors of recurrence than only WHO and Simpson grade, 
using parametric modeling assumptions.

(1)	 Subgroup analysis

The prognostic value of Ki-67 PI was evaluated using 
ROC curves within subgroups of WHO grade and Simpson 
grade. Within these subgroups, the accuracy of Ki-67 PI in 
predicting the 10-years risk of recurrence was summarized 
using area under the ROC curve (AUC) [7]. To define the 
ROC curve, cases were the patients experiencing a recur-
rence within 10 years, whereas controls were those who 
did not. We stratified patients into low- and high-risk cat-
egories using a 4% Ki-67 PI cut-off, as commonly used in 
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prior literature to dichotomize risk groups, and estimated 
the corresponding positive (PPV) and negative predictive 
values (NPV) [1, 3, 19]. We used inverse probability of 
censoring weighting to account for censoring and the com-
peting risk of recurrence-free death [7].

For each WHO grade, separate logistic regression mod-
els were fitted to estimate the association between Ki-67 
PI and recurrence risk at 5 and 10 years postoperatively 
using inverse probability of censoring weighting, again to 
account for censoring and competing risks [8]. We used 
cubic splines to fit a flexible model which could capture 
both linear and non-linear associations. The location of 
the knots was chosen to match the different distributions 
of Ki-67 PI within each WHO grade subgroup. For com-
parison, we added the population-average recurrence risk 
(referred to as the “marginal-risk”) at 5- and 10-years 

postoperatively using the Aalen-Johansen estimator (i.e., 
unadjusted estimates) [26].

Moreover, subgroups were defined using Ki-67 PI quan-
tiles within each WHO grade. For each subgroup, the Aalen-
Johansen estimator was used to estimate the recurrence risk 
within 10 years. Subsequently, we further stratified by Simp-
son grade and computed the area under each Aalen-Johansen 
curve. This provides estimates of mean time to recurrence 
within 10 years. Specifically, this “mean time” derived as 
the area under the curve should be interpreted as the mean 
time to recurrence for patients who experienced a recurrence 
within 10 years postoperatively, or time to 10 years, for those 
who did not experience a recurrence. This approach properly 
accounts for both loss to follow-up within 10 years (right-
censoring) and competing risks, and does not correspond to 
simply averaging the observed times [6, 45].

Excluded 

Sum: n = 1,148

Non-intracranial location (n = 132)

Age < 18 years at diagnosis (n = 25)

Received adjuvant radiotherapy (n = 753)

Not the 2007 or the 2016 classification (n = 238)

The PERNS database
n = 7,992

As of December, 2024

Missing data

Sum: n = 1,794

Location not detailed (n = 189)

Age (n = 16)

Whether radiotherapy was applied (n = 487)

No follow-up data were recorded (n = 139)

Simpson grade not recorded (n = 723)

Ki-67% (n = 238)

Sex (n = 1)

WHO grade (n = 1)

Study cohort
n = 5,050

WHO-1
Simpson grade 1

1,599

449

20

WHO-2

WHO-3

Sum 2,068

grade 2
1,230

304

7

1,541

grade 3
422

135

13

570

grade 4
671

193

7

871

Sum

5,050

47

1,081

3,922

Fig. 1   Flow chart of generating the study population using our international PERNS database
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(2)	 Multivariable regression analysis

Finally, we quantified the association between Ki-67 PI 
and recurrence risk adjusted for more predictors of recur-
rence than only WHO and Simpson grade, which was based 
on the intraoperative assessment by the neurosurgeon and 
not routinely verified by postoperative imaging [40]. We 
report adjusted odds ratio that quantify the change in 10-year 
risk of recurrence when comparing the risk between two 
patients who differ by 1%-point in Ki-67 PI, but who are 
otherwise similar with respect to all predictor variables 
adjusted for: sex (male/female), age (categorized as < 50, 
50–70, or > 70 years), Simpson grade, Ki-67 PI, intracra-
nial location (with 10 levels: (1) Convexity, (2) Cerebel-
lopontine Angle/Cerebellar Convexity/Tentorium/Petrous, 
(3) Intraventricular, (4) Lateral Fossa Anterior, (5) Optic, 
(6) Parasagittal/falx, (7) Planum Sphenoidale/Olfactory 
Groove/Clinoid, (8) Spheno-Orbital/Sphenoid Medial Wing/
Petroclival, (9) Sphenoid Lateral Wing, and (10) Tubercu-
lum Sella/Clivus/Foramen Magnum/Sinus Cavernosus), 
and year of diagnosis to account for time varying practices 
(categorically: < 2001, 2001–2006, and ≥2007). To estimate 
the association between Ki-67 PI and recurrence within each 
Simpson grade, and to investigate whether this relationship 
varied across grades, an interaction term between Ki-67 PI 
and Simpson grade was included. The adjusted odds ratios 
were estimated and compared between Simpson grades 
using a logistic regression model fitted via inverse prob-
ability of censoring weighting. The Kaplan–Meier method 
stratified on aforementioned “year of diagnosis”-groups was 
used to compute the weights [8].

Results

Out of 7,992 patients in the PERNS database, the study 
cohort comprised 5,050 patients following the inclusion and 
exclusion criteria (Fig. 1). The study cohort was followed for 
a total of 24,503 person-years with a median follow-up of 
4.3 years (range: 0.1 to 28.7 years). During follow-up, 724 
recurrences and 290 recurrence-free deaths were recorded. 
We summarized baseline characteristics stratified by WHO 
grade (Table 1).

Subgroup analysis

The initial ROC analyses focused on Simpson grade 1–3 
resections with AUC with 95% CIs reported in Fig. 2. For 
both WHO-1 and WHO-2 meningiomas, the results suggest 
that the higher the Simpson grade of resection, the greater 
the predictive accuracy of Ki-67 PI for the 10-year risk of 
recurrence. When comparing WHO-1 and WHO-2 within 
the same Simpson grade, Ki-67 consistently showed stronger 

predictive accuracy with 10-year recurrence in WHO-2, 
indicating that its prognostic value rises with increasing 
tumor grade from WHO-1 to WHO-2 (WHO-3 had too few 
observations for meaningful analysis). In contrast, for Simp-
son grade 4 resections, Ki-67 PI did not appear to be inform-
ative for predicting 10-year recurrence in either WHO-1 or 
WHO-2 tumors, suggesting limited utility for subtotal resec-
tion in the PERNS cohort (Fig. 2).

We subsequently evaluated the predictive accuracy of a 
prognostic test that stratified patients into “high” or “low” 
risk of 10-year recurrence based on a Ki-67 PI cut-off of 4%. 
This categorization did not substantially improve risk strati-
fication for WHO-1 with Simpson grade 1 (marginal risk: 
9.6%, PPV using the cut-off: 13.0%). However, we found sig-
nificantly improved predictive accuracy for Simpson grade 
2 (marginal risk: 18.3%, PPV: 37.0%) and Simpson grade 3 
(marginal risk: 22.8%, PPV: 55.1%); i.e., more than doubling 
the estimated risk when comparing the risk of a patient with 
Ki-67 PI above 4% to that of a random patient of the same 
subgroup (Fig. 2). For WHO-2, incorporating the 4% Ki-67 
PI cut-off only provided minimal additional information 
when comparing its PPV with the marginal risks: Simpson 
grade 1 (marginal risk: 26.7%, PPV: 31.2%), Simpson grade 
2 (marginal risk: 34.5%, PPV: 40.8%) and Simpson grade 3 
(marginal risk: 58.8%, PPV: 68.4%) (Fig. 2).

Exclusion of simpson grade 4

Based on the results described above, we focused subsequent 
analyses on patients who underwent Simpson grade 1–3 
resections (i.e. gross total resection), where the association 
between Ki-67 PI and recurrence appeared most clinically 
relevant within the PERNS cohort. A total of 871 patients 
with a Simpson grade 4 resection were excluded, yielding a 
study cohort of 4,179 patients for further analysis (Table 1). 
The cumulative follow-up time was 20,571 person-years, 
with a median individual follow-up of 4.4 years (range: 0.1 
to 28.7 years).

In this subcohort of 4,179 patients, we assessed the asso-
ciation between Ki-67 PI and recurrence risk separately for 
each WHO meningioma grade. For WHO-1, both the 5- and 
10-year recurrence risks increased gradually as Ki-67 PIs 
rose from 2 to 12%, where the recurrence risks exceeded the 
marginal risks at both the 5- and 10-year time points once 
Ki-67 PIs surpassed 3% (Fig. 3). For WHO-2, the 5-year 
recurrence risk showed a gradual increase with Ki-67 PIs 
ranging from 2 to 25%, exceeding the marginal risk (22.7%) 
at a Ki-67 PI of 8%. In contrast, the 10-year recurrence risk 
plateaued at ~ 65.0% for Ki-67 PIs≥17%, while the marginal 
risk (34.6%) was exceeded at a Ki-67 PI of 7% (Fig. 3). For 
WHO-3, a similar trend could not be identified, because of 
the limited power resulting from a small sample size.
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Finally, we used quantile-based Ki-67 PI groups within 
each WHO grade (with numbers at risk shown in Fig. 4). 
For WHO-1, no difference in recurrence risk was observed 
between following quantile-based Ki-67 PI groups: < 2% 
(below the 25th percentile), 2–4% (25th to 75th percen-
tile), and 4–8% (above the 75th percentile) (Fig. 4A). In 
addition, the large sample size enabled us to consider an 
additional “upper 5%”-category for Ki-67 PI, which corre-
sponded to > 8%. In this “upper 5%”-subgroup, the 10-year 
recurrence risk was 42.7% (95% CI: 26 to 59), consid-
erably contrasting the remaining quantile-based groups 
which showed 10-year recurrence risks between 13.0% and 
14.3%. WHO-2 demonstrated a clear risk difference across 
the quantile-based Ki-67 PI groups: < 4% (below the 25th 
percentile), 5–10% (25th to 75th percentile), and > 10% 
(above the 75th percentile) (Fig. 4A). The 10-year recur-
rence risk for WHO-2 with Ki-67 PI > 10% was 53.8% 
(95% CI: 41.7 to 65.9). The small sample size of WHO-3 
patients led to large uncertainty that prevented the drawing 
of meaningful conclusions. However, the quantile-based 

groups were: < 15% (below the 25th percentile), 15–30% 
(25th to 75th percentile), and > 30% (above the 75th per-
centile) (Fig. 4A).

Subsequently, we estimated, for each subgroup stratified 
by WHO grade, Simpson grade, and Ki-67 PI group, the 
mean time to recurrence within 10 years (specifically, the 
mean time to either recurrence, when it occurred within 
10 years, or 10 years, otherwise, as described above).

The mean time to recurrence for the quantile-based 
Ki-67 PI groups varied across the Simpson grades, par-
ticularly for WHO-1 with Ki-67 PI > 8% (Fig. 4B). Specifi-
cally, those who underwent a Simpson grade 3 resection 
had a mean time to recurrence of 3.7 years (95% CI: 1.7 
to 5.6) while their Simpson grade 1 counterpart showed a 
mean time to recurrence of 8.6 years (95% CI: 7.8 to 9.4). 
For WHO-2, both higher quantile-based Ki-67 PI groups 
and higher Simpson grades were associated with a shorter 
mean time to recurrence. For WHO-3 patients, the small 
sample size introduced uncertainty that prevented mean-
ingful conclusions from being drawn (Fig. 4B).

Table 1   Baseline characteristics 
of patients with meningiomas, 
stratified by WHO grade. Values 
are presented as counts with 
percentages unless otherwise 
stated

* Missing values were primarily due to data protection regulations that restrict the use of dates
** Marginal risks (with 95% CI) were estimated using data from patients with Simpson grade 1–3

Covariate WHO-1
(n = 3,922)

WHO-2
(n = 1,081)

WHO-3
(n = 47)

Ki-67 PI (%)
Median (IQR)

2 (1, 4) 7 (5, 10) 21 (15, 30)

Simpson grade
   1 1,599 (41%) 449 (42%) 20 (43%)
   2 1,230 (31%) 304 (28%) 7 (15%)
   3 422 (11%) 135 (12%) 13 (28%)
   4 671 (17%) 193 (18%) 7 (15%)
Age group
   < 50 years 1,041 (27%) 268 (25%) 13 (28%)
   50–70 years 2,097 (53%) 544 (50%) 21 (45%)
   > 70 years 784 (20%) 269 (25%) 13 (28%)
Sex
   Female 2,925 (75%) 645 (60%) 25 (53%)
   Male 997 (25%) 436 (40%) 22 (47%)
Calendar year of diagnosis
   Before 2001 286 (7%) 98 (9%) 3 (6%)
   Before 2007 689 (18%) 173 (16%) 7 (15%)
   In or after 2007 2,490 (63%) 750 (69%) 16 (34%)
   Missing* 457 (12%) 60 (6%) 21 (45%)
WHO classification
   2007 edition 2,817 (72%) 566 (52%) 23 (49%)
   2016 edition 1,105 (28%) 515 (48%) 24 (51%)
Marginal risk of recurrence**
   5-years 7.6% (6.4–8.7) 22.7% (19.5–25.9) 56.5% (40.9–72.0)
   10-years post-surgery 14.7% (12.6 −16.7) 34.6% (30.3–39.0) 61.0% (44.9–77.1)
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Multivariable regression analysis

Finally, focusing on WHO-1 and WHO-2 meningiomas, 
we found that the association between Ki-67 PI and 
10-year recurrence risk varied across Simpson grades. 
This association was found increasingly stronger with 
increasing Simpson grade (Fig. 5). These results align well 
with those of the ROC analysis already presented above 
in Fig. 2; the further adjustment did not change the main 
conclusions.

Post‑hoc analysis

We performed a post-hoc analysis to further explore the 
“upper 5%” WHO-1 category with a Ki-67 PI > 8%, as those 
presented in Fig. 4A were not stratified on Simpson grade. 
Therefore, stratifying further on Simpson grade, post-hoc 
Aalen-Johansen estimates were obtained to examine the 
5-year recurrence risks of the WHO-1 quantile-based Ki-67 
PI groups (shown in Supplementary Fig. 1, including num-
bers at risk). The three lower Ki-67 PI groups (< 2%, 2–4%, 

55.8% (47.2 to 64.4) 62.4% (54.9 to 69.8) 67.5% (56.8 to 78.3) 54.2% (46.2 to 62.2)
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Fig. 2   Prognostic value of Ki-67 PI in detecting recurrence 10-year 
post-surgery, evaluated using ROC curves and AUC metrics. The 
analysis was stratified by subgroups of Simpson grade within WHO-1 

and grade 2 meningiomas, whereas PPV and NPV derived from the 
4% cut-off (red dot). A WHO-1 and (B) WHO-2 meningiomas
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and 5–8%) exhibited similar recurrence risks within each 
Simpson grade, whereas Ki-67 PI > 8% was associated with 
progressively worse outcomes across increasing Simpson 
grades (supporting that the Aalen-Johansen estimates in 
Fig. 4A were not markedly confounded by Simpson grade).

Discussion

We found in this retrospective multicenter study of 5,050 
primary meningiomas treated with surgery alone that Ki-67 
PI should be interpreted in relation to both WHO grade and 
Simpson grade as its prognostic value is not uniform across 
these subgroups.

For patients who had the same Simpson grade, the asso-
ciation between Ki-67 PI and recurrence risk was stronger in 
WHO-2 than in WHO-1 patients. However, our analyses can 
only reflect recurrences detected within the initial 10 years 
and cannot be extrapolated beyond this timeframe. The 
median follow-up of PERNS cohort was 4.3 years, reflect-
ing a follow-up that corresponds to an interval where a larger 
proportion of recurrences would be expected in WHO-2 
compared to WHO-1 meningiomas [21, 22, 32]. Specifi-
cally, no prognostic benefit was observed from incorporating 
Ki-67 PI into WHO-1 patients who underwent a Simpson 
grade 1 resection. This may reflect truly radical resections, 
but benign tumor biology and small residuals might also 

prolong recurrence-free survival beyond 10  years. The 
present findings should therefore be interpreted within the 
PERNS cohort and the 10-year timeframe; after this period, 
the association between Ki-67 PI and recurrence—particu-
larly in WHO-1 with Simpson grade 1 resections—may be 
different for patients followed for longer time.

Among patients who underwent gross total resection 
and had the same WHO grade (either grade 1 or grade 2), 
increasing Simpson grade was associated with a stronger 
association between recurrence risk and Ki-67 PI. Similarly, 
the likelihood of detecting recurrences within the 10-year 
follow-up increases with higher Simpson grades, whereas 
smaller residuals may recur later and cannot be extrapolated 
from the present analysis [2, 15]. In contrast, Ki-67 PI did 
not affect the predictive ability after subtotal Simpson grade 
4 resection and could possibly reflect the high risk of recur-
rence associated with a subtotal resection or surveillance 
bias, as patients with known residual tumor are typically 
followed more closely. In addition, patients treated with 
adjuvant radiotherapy were excluded, potentially introduc-
ing selection bias, as this therapy is typically administered 
in patients with more high-risk features.

Ki‑67 PI as biomarker to refine follow‑up strategies

A key finding was the strong association between 
mean time to recurrence and subgroups defined by 

Fig. 3   A Ki-67 PI risk of 
recurrence for individual WHO 
grades at 5- and 10-years post-
operatively. Flexible modeling 
by using splines with internal 
knots located depending on the 
subgroup specific distribution of 
Ki-67 PI which is represented 
by the histogram below the 
curves (B). The marginal risks, 
i.e. the unadjusted, population-
average risk of recurrence, are 
shown for each WHO grade
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quantile-based Ki-67 PI, Simpson grade, and WHO grade 
(WHO-1 and WHO-2). These results suggest that combin-
ing Ki-67 PI with extent of resection may offer a practi-
cal opportunity to tailor postoperative surveillance more 
precisely, although further validation is warranted. For 
instance, patients with high Ki-67 PI and (microscopic) 
subtotal resection may benefit from intensified early fol-
low-up, whereas those with low Ki-67 PI and gross total 

resection could potentially avoid unnecessary imaging and 
clinic visits. As an example, WHO-1 patients with both 
high Ki-67 PI and high Simpson grade may require close 
monitoring in the early years, while those with low Ki-67 
PI and low Simpson grade might not need reassessment 
for several years. Overall, the Ki-67 PI remains an attrac-
tive biomarker for refining patient-tailored surveillance, 
particularly given its widespread use in pathology, which 
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facilitates validation across large cohorts and integration 
into existing clinical workflows.

The 4% Ki‑67 PI cut‑off

The predictive values of Ki-67 PIs were different across 
WHO and Simpson grades. While the 4% cut-off showed 
limited applicability to WHO-2 meningiomas, it demon-
strated some utility in WHO-1 patients with Simpson grade 
2 and 3 resections by identifying more than twice as many 
recurrences within 10 years relative to the marginal risk (the 
unadjusted, population-average risk).

More generally, a cut-off value that helps clinicians dis-
tinguish between low- and high-risk patients is an appealing 
tool for guiding treatment and follow-up strategies. However, 
the evaluation of such cut-off values must go beyond indi-
vidual-level risk prediction and consider their broader impli-
cations for clinical practice at the healthcare system level. 
Cut-off values inevitably result in misclassification—false 
positives and false negatives—which carry different conse-
quences for both patients and the healthcare system. False 
negatives (patients incorrectly classified as low-risk despite 
being high-risk) may delay necessary interventions and 
should be considered more critical to avoid. However, mini-
mizing false negatives often comes at the cost of increas-
ing false positives (patients incorrectly labeled high-risk), 
which may lead to unnecessary monitoring, patient anxiety, 
and ultimately increase the burden on clinical resources. As 

healthcare systems vary in structure and capacity, the accept-
able balance between these trade-offs is inherently context-
dependent. Therefore, defining an “optimal” cut-off requires 
not only statistical validity but also careful consideration of 
its practical feasibility and impact on diverse healthcare sys-
tems – thus, recognizing that a universal cut-off value may 
not be achievable. Therefore, using Ki-67 PI cut-off values 
are not recommended.

Strengths and limitations

The inclusion of data from 5,050 patients with a primary 
meningioma across 42 institutions comprising a compre-
hensive dataset of large-scale real-world variability. Thus, 
exploration of potentially different subgroups is enabled, 
leading to a more nuanced risk stratification in analyzing 
the association between recurrence risk and Ki-67 PI.

A key limitation is selection bias, inherent to the non-
standardized inclusion process of the PERNS database, 
where participating institutions contributed data based on 
local research and clinical priorities. This variability could 
lead to differences in patient selection (countries, calendar 
time, treatment protocols), tumor characteristics (such as 
molecular properties or histological features), and follow-
up protocols across centers. The majority of patients were 
diagnosed and followed before standardized guidelines for 
radiological follow-up—such as Response Assessment in 
Neuro-Oncology (RANO) criteria [16]; hence variation in 

WHO1 WHO2

0.6 0.8 1.0 1.2 1.4 1.6 1.8 0.6 0.8 1.0 1.2 1.4 1.6 1.8

1

2

3

oddsratio

si
m
ps

on
_r
ef

1.0 1.2 1.4 1.6 1.8 1.0 1.2 1.4 1.6 1.8

WHO-1 WHO-2
Si

m
ps

on
 g

ra
de

1

2

3

Odds ratio 
for every 1%-point increase in Ki-67 PI

Odds ratio 
for every 1%-point increase in Ki-67 PI

1.07
0.93 to 1.22

1.27
1.13 to 1.43

1.36
1.05 to 1.77

1.05
0.99 to 1.12

1.20
1.08 to 1.34

1.45
1.11 to 1.76

Odds ratio
(95% CI)

Odds ratio
(95% CI)

Ratio of odds ratios:
***Simpson grade 2 vs. 1 ***Simpson grade 3 vs. 1 ***Simpson grade 3 vs. 2

1.19
(1.00 - 1.42
P = 0.05)

***
1.28

(0.96 - 1.71
P = 0.10)

***

1.07
(0.80 - 1.44
P = 0.64)

***

1.37
(1.08 - 1.75
P = 0.01)

***
1.14

(1.02 - 1.28
P = 0.03)

***

1.20
(0.93 - 1.56
P = 0.16)

***

Fig. 5   Ki-67 PI and its association with risk of recurrence depending Simpson grade and WHO grade. The analysis was adjusted for age group 
(< 50, 50–70, > 70), sex, Simpson grade, Ki-67 PI, the year of diagnosis (< 2001, 2001–2006, and ≥2007), and intracranial locations



	 Acta Neurochirurgica         (2026) 168:124   124   Page 10 of 14

surveillance intensity across centers and eras may influ-
ence the timing of detected recurrences, potentially biasing 
time-to-event estimates toward shorter recurrence times in 
more intensively followed patients. We focused on surgi-
cally treated patients who did not receive radiotherapy, as the 
association between Ki-67 PI and recurrence in irradiated 
patients was considered a separate research question beyond 
the scope of this present study. The choice of 5- and 10-year 
horizons reflects clinically meaningful follow-up intervals 
and represents a balance between long-term risk assessment 
and available follow-up support within this large, multi-
center cohort. In addition, the cohort was still meaningfully 
sized at 10 years (n = 312 for WHO-1 and n = 115 for WHO-
2, Fig. 4); however, it is acknowledged that WHO-1 might 
experience a recurrence beyond this timeframe. Moreover, 
the Ki-67 PI is not a fully standardized metric and has lim-
ited inter- and intra-observer reproducibility reported across 
tumor types [23, 29, 33, 34, 43]. Manual counting includes 
subjectively selected areas to evaluate with a possible focus 
on hot spots. It has been investigated whether automated 
and digital counting may provide more objective and repro-
ducible approaches to assess Ki-67 PI. Digital methods for 
Ki-67 PI quantification in meningioma, including whole-
slide image analysis and automated hot-spot selection, 
which have demonstrated strong correlations with manual 
assessments and improved interobserver agreement. Whole-
slide image analysis which provides a quantitative measure 
of overall proliferative activity, whereas hot-spot selection 
focuses on the most proliferative areas within a tumor [23, 
29, 33, 34, 36, 43]. The variability associated with differ-
ences Ki-67 PI quantification methods may also be evident 
in our data. In the histogram (Fig. 3B), prominent peaks at 
Ki-67 PI-values divisible by five (5, 10, 15, 20, etc.) likely 
indicate that pathologists frequently rounded or approxi-
mated values. In this study, we lacked detailed information 
on how Ki-67 PI was assessed, potentially introducing bias 
to an unknown extent.

The lack of molecular profiling limits adjustment to 
important molecular biomarkers. However, the vast majority 
of patients was followed prior to implementation of molecu-
lar biomarkers and was therefore unavailable. Moreover, we 
used data classified according to either the 2007 or 2016 
WHO editions. The only relevant change is the introduction 
of brain invasion as a standalone criterion for WHO grade 2 
meningioma, which affected only 3.9% of cases in a previous 
study, and is therefore considered a minor limitation [36].

Conclusions

Our findings highlight that Ki-67 PI should be interpreted 
alongside extent of resection for optimal prognostic util-
ity (Simpson grade and within WHO-1 and WHO-2), as 

its predictive value is not uniform across these subgroups. 
However, Ki-67 PI appeared to provide valuable information 
and could be utilized to better individualize patient follow-
up when combined with as such. WHO-1 meningiomas with 
Ki-67 PI > 8% exhibited recurrence risks and mean time to 
recurrence similar to WHO-2 and WHO-3 cases. We cannot 
extrapolate risk of recurrence beyond 10 years, which has 
particular relevance for WHO-1 meningiomas with Simpson 
grade 1 and low Ki-67 PI.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00701-​026-​06846-y.

Author contributions  All authors contributed to the study. Data col-
lection and analysis were performed by Tareq A. Juratli, Sverre H. 
Torp, Helen A. Shih, Ramin A. Morshed, Jacob S. Young, Stephen T. 
Magill, Luca Bertero, Walter Stummer, Dorothee Cäcilia Spille, Ben-
jamin Brokinkel, Soichi Oya, Satoru Miyawaki, Nobuhito Saito, Martin 
Proescholdt, Yasuhiro Kuroi, Konstantinos Gousias, Matthias Simon, 
Jennifer Moliterno, Ricardo Prat-Acin, Stéphane Goutagny, Vikram 
C. Prabhu, John T. Tsiang, Johannes Wach, Erdem Güresir, Junkoh 
Yamamoto, Young Zoon Kim, Joo Ho Lee, Daniel W. Kim, Matthew 
Koshy, Karthikeyan Perumal, Mustafa K. Baskaya, Donald M. Cannon, 
Dennis C. Shrieve, Chang-Ok Suh, Jong Hee Chang, Maria Kamenova, 
Sven Straumann, Jehuda Soleman, Ilker Y. Eyüpoglu, Tony Catalan, 
Austin Lui, Philip V. Theodosopoulos, Michael W. McDermott, Fang 
Wang, Pedro Góes, Aria Jamshidi, Ricardo Komotar, Michael Ivan, 
Evan Luther, Luis Souhami, Marie-Christine Guiot, Tamás Csonka, 
Toshiki Endo, Olivia Claire Barrett, Randy Jensen, Tejpal Gupta, 
Akash J. Patel, Tiemo J. Klisch, Jun Won Kim, Francesco Maiuri, 
Valeria Barresi, María Dolores Tabernero, Simon Skyrman. Mate-
rial preparation and data harmonization was performed by Christian 
Mirian. The concept and study design were developed by Christian 
Mirian, Paul Blanche and, Tiit Mathiesen. Statistical analysis was per-
formed by Christian Mirian and Paul Blanche. The first draft of the 
manuscript was written by Christian Mirian. All co-authors interpreted 
the results following critically reading the manuscript. All authors read 
and approved the final manuscript.

Funding  Open access funding provided by Copenhagen University. 
Christian Mirian is funded by Lundbeck, Grant No: R359-2020–2655. 
Luca Bertero received funding from Fondazione Ricerca Molinette 
ETS, Turin, Italy. Akash J. Patel and Tiemo J. Klisch received grant 
support from The Cancer Prevention & Research Institute of Texas 
(CPRIT, RP240263) and the Duncan NRI at Texas Children’s Hospital.

Data availability  Data not available due to ethical and legal restrictions.

Declarations 

Ethics approval and consent to participate  Data is not publicly avail-
able. The study did not require specific ethics approval, and all patients 
are unidentifiable and thus does not require ethical or IRB approval.

Consent for publication  All authors have read and approved the final 
manuscript and consent to its publication.

Competing interests  Unrelated to this work, Christian Mirian has tran-
sitioned to MSD (Merck & Co., Inc.) as Medical Advisor in Oncology. 
The vast majority of this study was completed prior to his transition, 
with only the peer-review revisions finalized afterward. Helen A. Shih 
has served as a consultant and advisory board member for Servier 
Pharmaceuticals; has editorial and writing roles with UpToDate and 

https://doi.org/10.1007/s00701-026-06846-y


Acta Neurochirurgica         (2026) 168:124 	 Page 11 of 14    124 

Cancer; has received institutional research support from AbbVie (ended 
May 2025); and has unpaid roles as a board member of the Society for 
Neuro-Oncology, the Radiosurgery Society, and the National Asso-
ciation for Proton Therapy, as well as an unpaid advisory committee 
member for Ion Beam Applications.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Abry E, Thomassen IO, Salvesen OO, Torp SH (2010) The sig-
nificance of Ki-67/MIB-1 labeling index in human meningiomas: 
a literature study. Pathol Res Pract 206:810–815. https://​doi.​org/​
10.​1016/j.​prp.​2010.​09.​002

	 2.	 Van Alkemade H, De Leau M, Dieleman EMT, Kardaun JWPF, 
Van Os R, Vandertop WP et al (2012) Impaired survival and long-
term neurological problems in benign meningioma. Neuro Oncol 
14:658–666. https://​doi.​org/​10.​1093/​NEUONC/​NOS013

	 3.	 Aung TM, Ngamjarus C, Proungvitaya T, Saengboonmee C, 
Proungvitaya S (2024) Biomarkers for prognosis of meningioma 
patients: a systematic review and meta-analysis. PLoS ONE. 
https://​doi.​org/​10.​1371/​JOURN​AL.​PONE.​03033​37

	 4.	 Bayley JVC, Hadley CC, Harmanci AO, Harmanci AS, Klisch TJ, 
Patel AJ (2022) Multiple approaches converge on three biological 
subtypes of meningioma and extract new insights from published 
studies. Sci Adv 8:6247. https://​doi.​org/​10.​1126/​SCIADV.​ABM62​
47

	 5.	 Berney DM, Gopalan A, Kudahetti S, Fisher G, Ambroisine L, 
Foster CS et al (2009) Ki-67 and outcome in clinically localised 
prostate cancer: analysis of conservatively treated prostate cancer 
patients from the Trans-Atlantic Prostate Group study. Br J Cancer 
100(6):888–93. https://​doi.​org/​10.​1038/​sj.​bjc.​66049​51

	 6.	 Beyersmann J, Friede T, Schmoor C (2022) Design aspects of 
COVID-19 treatment trials: improving probability and time of 
favorable events. Biom J 64:440–460. https://​doi.​org/​10.​1002/​
BIMJ.​20200​0359

	 7.	 Blanche P, Dartigues JF, Jacqmin-Gadda H (2013) Estimating and 
comparing time-dependent areas under receiver operating charac-
teristic curves for censored event times with competing risks. Stat 
Med 32:5381–5397. https://​doi.​org/​10.​1002/​SIM.​5958

	 8.	 Blanche PF, Holt A, Scheike T (2023) On logistic regression with 
right censored data, with or without competing risks, and its use 
for estimating treatment effects. Lifetime Data Anal 29:441–482. 
https://​doi.​org/​10.​1007/​S10985-​022-​09564-6/​FIGUR​ES/3

	 9.	 Brastianos PK, Horowitz PM, Santagata S, Jones RT, Mckenna A, 
Getz G et al (2013) Genomic sequencing of meningiomas identi-
fies oncogenic SMO and AKT1 mutations. Nat Genet 45:285–289. 
https://​doi.​org/​10.​1038/​NG.​2526

	10.	 Choudhury A, Magill ST, Eaton CD, Prager BC, Chen WC, Cady 
MA et al (2022) Meningioma DNA methylation groups identify 
biological drivers and therapeutic vulnerabilities. Nat Genet 
54:649–659. https://​doi.​org/​10.​1038/​S41588-​022-​01061-8

	11.	 Clark VE, Erson-Omay EZ, Serin A, Yin J, Cotney J, Özdu-
man K et al (2013) Genomic analysis of non-NF2 meningiomas 
reveals mutations in TRAF7, KLF4, AKT1, and SMO. Science 
339:1077–1080. https://​doi.​org/​10.​1126/​SCIEN​CE.​12330​09

	12.	 Clark VE, Harmancl AS, Bai H, Youngblood MW, Lee TI, Bara-
noski JF et al (2016) Recurrent somatic mutations in POLR2A 
define a distinct subset of meningiomas. Nat Genet 48:1253–1259. 
https://​doi.​org/​10.​1038/​NG.​3651

	13.	 Dowsett M, Nielsen TO, A’Hern R, Bartlett J, Coombes RC, Cuz-
ick J et al (2011) Assessment of Ki67 in breast cancer: recom-
mendations from the International Ki67 in Breast Cancer Working 
Group. JNCI J Natl Cancer Inst 103:1656–1664. https://​doi.​org/​
10.​1093/​JNCI/​DJR393

	14.	 Harmancl AS, Youngblood MW, Clark VE, CoÅ KS, Henegariu 
O, Duran D et al (2017) Integrated genomic analyses of de novo 
pathways underlying atypical meningiomas. Nat Commun. https://​
doi.​org/​10.​1038/​NCOMM​S14433

	15.	 Holleczek B, Zampella D, Urbschat S, Sahm F, von Deimling A, 
Oertel J et al (2019) Incidence, mortality and outcome of menin-
giomas: a population-based study from Germany. Cancer Epide-
miol. https://​doi.​org/​10.​1016/j.​canep.​2019.​07.​001

	16.	 Huang RY, Bi WL, Weller M, Kaley T, Blakeley J, Dunn I, et al. 
Neuro-Oncology Proposed response assessment and endpoints for 
meningioma clinical trials: report from the Response Assessment 
in Neuro-Oncology Working Group 2018. https://​doi.​org/​10.​1093/​
neuonc/​noy137

	17.	 Inwald EC, Klinkhammer-Schalke M, Hofstädter F, Zeman F, 
Koller M, Gerstenhauer M et al (2013) Ki-67 is a prognostic 
parameter in breast cancer patients: results of a large popula-
tion-based cohort of a cancer registry. Breast Cancer Res Treat 
139:539. https://​doi.​org/​10.​1007/​S10549-​013-​2560-8

	18.	 Landry AP, Wang JZ, Patil V, Liu J, Gui C, Ellenbogen Y et al 
(2025) Chromosome 1p loss and 1q gain for grading of meningi-
oma. JAMA Oncol 11:644–649. https://​doi.​org/​10.​1001/​JAMAO​
NCOL.​2025.​0329

	19.	 Liu N, Song SY, Jiang JB, Wang TJ, Yan CX (2020) The prog-
nostic role of Ki-67/MIB-1 in meningioma: a systematic review 
with meta-analysis. Medicine (United States) 99. https://​doi.​org/​
10.​1097/​MD.​00000​00000​018644

	20.	 Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-
Branger D et al (2021) The 2021 WHO classification of tumors 
of the central nervous system: a summary. Neuro Oncol 23:1231–
1251. https://​doi.​org/​10.​1093/​NEUONC/​NOAB1​06

	21.	 Mathiesen T, Lindquist C, Kihlström L, Karlsson B (1996) Recur-
rence of cranial base meningiomas. Neurosurgery 39:2–9. https://​
doi.​org/​10.​1097/​00006​123-​19960​7000-​00002

	22.	 Matias JG, Jusue-Torres I, Martin B, Bajaj A, Borys E, Melian E 
et al (2019) Value of Ki-67 labeling index in predicting recurrence 
of WHO grade I cranial base meningiomas. J Neurol Surg B Skull 
Base 80:287–294. https://​doi.​org/​10.​1055/S-​0038-​16693​87

	23.	 Mengel M, Von Wasielewski R, Wiese B, Rüdiger T, Müller-Her-
melink HK, Kreipe H (2002) Inter-laboratory and inter-observer 
reproducibility of immunohistochemical assessment of the Ki-67 
labelling index in a large multi-centre trial. J Pathol 198:292–299. 
https://​doi.​org/​10.​1002/​PATH.​1218

	24.	 Mirian C, Duun-Henriksen AK, Juratli T, Sahm F, Spiegl-Krei-
necker S, Peyre M et al (2020) Poor prognosis associated with 
TERT gene alterations in meningioma is independent of the WHO 
classification: an individual patient data meta-analysis. J Neurol 
Neurosurg Psychiatry. https://​doi.​org/​10.​1136/​jnnp-​2019-​322257

	25.	 Mirian C, Grell K, Juratli TA, Sahm F, Spiegl-Kreinecker S, Peyre 
M et al (2021) Implementation of TERT promoter mutations 
improve prognostication of the WHO classification in meningi-
oma. Neuropathol Appl Neurobiol. https://​doi.​org/​10.​1111/​nan.​
12773

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.prp.2010.09.002
https://doi.org/10.1016/j.prp.2010.09.002
https://doi.org/10.1093/NEUONC/NOS013
https://doi.org/10.1371/JOURNAL.PONE.0303337
https://doi.org/10.1126/SCIADV.ABM6247
https://doi.org/10.1126/SCIADV.ABM6247
https://doi.org/10.1038/sj.bjc.6604951
https://doi.org/10.1002/BIMJ.202000359
https://doi.org/10.1002/BIMJ.202000359
https://doi.org/10.1002/SIM.5958
https://doi.org/10.1007/S10985-022-09564-6/FIGURES/3
https://doi.org/10.1038/NG.2526
https://doi.org/10.1038/S41588-022-01061-8
https://doi.org/10.1126/SCIENCE.1233009
https://doi.org/10.1038/NG.3651
https://doi.org/10.1093/JNCI/DJR393
https://doi.org/10.1093/JNCI/DJR393
https://doi.org/10.1038/NCOMMS14433
https://doi.org/10.1038/NCOMMS14433
https://doi.org/10.1016/j.canep.2019.07.001
https://doi.org/10.1093/neuonc/noy137
https://doi.org/10.1093/neuonc/noy137
https://doi.org/10.1007/S10549-013-2560-8
https://doi.org/10.1001/JAMAONCOL.2025.0329
https://doi.org/10.1001/JAMAONCOL.2025.0329
https://doi.org/10.1097/MD.0000000000018644
https://doi.org/10.1097/MD.0000000000018644
https://doi.org/10.1093/NEUONC/NOAB106
https://doi.org/10.1097/00006123-199607000-00002
https://doi.org/10.1097/00006123-199607000-00002
https://doi.org/10.1055/S-0038-1669387
https://doi.org/10.1002/PATH.1218
https://doi.org/10.1136/jnnp-2019-322257
https://doi.org/10.1111/nan.12773
https://doi.org/10.1111/nan.12773


	 Acta Neurochirurgica         (2026) 168:124   124   Page 12 of 14

	26.	 Mirian C, Jensen LR, Juratli TA, Maier AD, Torp SH, Shih HA 
et al (2024) The importance of considering competing risks in 
recurrence analysis of intracranial meningioma. J Neurooncol 
166:503–511. https://​doi.​org/​10.​1007/​S11060-​024-​04572-Y/​
FIGUR​ES/2

	27.	 Nassiri F, Liu J, Patil V, Mamatjan Y, Wang JZ, Hugh-White R 
et al (2021) A clinically applicable integrative molecular clas-
sification of meningiomas. Nature 597:119–125. https://​doi.​org/​
10.​1038/​s41586-​021-​03850-3

	28.	 Nassiri F, Mamatjan Y, Suppiah S, Badhiwala JH, Mansouri S, 
Karimi S et al (2019) DNA methylation profiling to predict recur-
rence risk in meningioma: development and validation of a nomo-
gram to optimize clinical management. Neuro Oncol 21:901–910. 
https://​doi.​org/​10.​1093/​NEUONC/​NOZ061

	29.	 Nielsen LAG, Bangsø JA, Lindahl KH, Dahlrot RH, Hjelmborg 
JVB, Hansen S et al (2018) Evaluation of the proliferation marker 
Ki-67 in gliomas: interobserver variability and digital quantifica-
tion. Diagn Pathol 13:1–8. https://​doi.​org/​10.​1186/​S13000-​018-​
0711-2/​FIGUR​ES/1

	30.	 Olar A, Wani KM, Wilson CD, Zadeh G, DeMonte F, Jones DTW 
et al (2017) Global epigenetic profiling identifies methylation 
subgroups associated with recurrence-free survival in meningi-
oma. Acta Neuropathol 133:431–444. https://​doi.​org/​10.​1007/​
S00401-​017-​1678-X

	31.	 Patel AJ, Wan YW, Al-Ouran R, Revelli JP, Cardenas MF, Oneissi 
M et al (2019) Molecular profiling predicts meningioma recur-
rence and reveals loss of DREAM complex repression in aggres-
sive tumors. Proc Natl Acad Sci U S A 116:21715–21726. https://​
doi.​org/​10.​1073/​PNAS.​19128​58116/-/​DCSUP​PLEME​NTAL

	32.	 Pettersson-Segerlind J, Orrego A, Lonn S, Mathiesen T (2011) 
Long-term 25-year follow-up of surgically treated parasagittal 
meningiomas. World Neurosurg 76:564–571. https://​doi.​org/​10.​
1016/j.​wneu.​2011.​05.​015

	33.	 Pham DT, Skaland I, Winther TL, Salvesen Ø, Torp SH (2020) 
Correlation between digital and manual determinations of Ki-67/
MIB-1 proliferative indices in human meningiomas. Int J Surg 
Pathol 28:273–279. https://​doi.​org/​10.​1177/​10668​96919​889148

	34.	 Polley M-YC, Leung SCY, McShane LM; Group the IK in BCWG 
of the BIG and NABC et al (2013) An international Ki67 repro-
ducibility study. JNCI J Natl Cancer Inst 105:1897–1906. https://​
doi.​org/​10.​1093/​JNCI/​DJT306

	35.	 Preusser M, Silvani A, Le Rhun E, Soffietti R, Lombardi G, Sepul-
veda JM et al (2022) Trabectedin for recurrent WHO grade 2 or 
3 meningioma: a randomized phase II study of the EORTC Brain 
Tumor Group (EORTC-1320-BTG). Neuro Oncol 24:755–767. 
https://​doi.​org/​10.​1093/​NEUONC/​NOAB2​43

	36.	 Rebchuk AD, Chaharyn BM, Alam A, Hounjet CD, Gooderham 
PA, Yip S et al (2022) The impact of brain invasion criteria on 
the incidence and distribution of WHO grade 1, 2, and 3 men-
ingiomas. Neuro Oncol 24:1524–1532. https://​doi.​org/​10.​1093/​
neuonc/​noac0​32

	37.	 Sahm F, Aldape KD, Brastianos PK, Brat DJ, Dahiya S, von 
Deimling A et al (2025) cIMPACT-NOW update 8: clarifications 
on molecular risk parameters and recommendations for WHO 
grading of meningiomas. Neuro Oncol. https://​doi.​org/​10.​1093/​
NEUONC/​NOAE1​70

	38.	 Sahm F, Schrimpf D, Stichel D, Jones DTW, Hielscher T, 
Schefzyk S et al (2017) DNA methylation-based classification 
and grading system for meningioma: a multicentre, retrospec-
tive analysis. Lancet Oncol 18:682–694. https://​doi.​org/​10.​1016/​
S1470-​2045(17)​30155-9

	39.	 Sievers P, Hielscher T, Schrimpf D, Stichel D, Reuss DE, Berg-
hoff AS et al (2020) CDKN2A/B homozygous deletion is asso-
ciated with early recurrence in meningiomas. Acta Neuropathol 
140:409–413. https://​doi.​org/​10.​1007/​s00401-​020-​02188-w

	40.	 Simpson D (1957) The recurrence of intracranial meningiomas 
after surgical treatment. J Neurol Neurosurg Psychiatry 20:22–39

	41.	 Sun X, Kaufman PD (2018) Ki-67: more than a prolifera-
tion marker. Chromosoma 127:175. https://​doi.​org/​10.​1007/​
S00412-​018-​0659-8

	42.	 Taylor SR, Ewings SM, Jaynes E, Tilley C, Ellis SG, Armstrong 
T et al (2016) The assessment of Ki-67 as a prognostic marker 
in neuroendocrine tumours: a systematic review and meta-anal-
ysis. J Clin Pathol 69:612–618. https://​doi.​org/​10.​1136/​JCLIN​
PATH-​2015-​203340

	43.	 Thirunavu V, Drumm M, McCord M, Steffens A, Youngblood 
MW, Nandoliya KR et al (2024) Optimizing the use of Ki-67 pro-
liferative index as a prognostic biomarker in meningiomas using 
digital analysis. J Neurosurg 141:1644–1654. https://​doi.​org/​10.​
3171/​2024.4.​JNS23​2857

	44.	 Wang JZ, Patil V, Landry AP, Gui C, Ajisebutu A, Liu J et al 
(2024) Molecular classification to refine surgical and radiothera-
peutic decision-making in meningioma. Nat Med 30:3173–3183. 
https://​doi.​org/​10.​1038/​S41591-​024-​03167-4

	45.	 Zhao L, Tian L, Claggett B, Pfeffer M, Kim DH, Solomon S 
et al (2018) Estimating treatment effect with clinical interpreta-
tion from a comparative clinical trial with an end point subject 
to competing risks. JAMA Cardiol 3:357–358. https://​doi.​org/​10.​
1001/​JAMAC​ARDIO.​2018.​0127

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

https://doi.org/10.1007/S11060-024-04572-Y/FIGURES/2
https://doi.org/10.1007/S11060-024-04572-Y/FIGURES/2
https://doi.org/10.1038/s41586-021-03850-3
https://doi.org/10.1038/s41586-021-03850-3
https://doi.org/10.1093/NEUONC/NOZ061
https://doi.org/10.1186/S13000-018-0711-2/FIGURES/1
https://doi.org/10.1186/S13000-018-0711-2/FIGURES/1
https://doi.org/10.1007/S00401-017-1678-X
https://doi.org/10.1007/S00401-017-1678-X
https://doi.org/10.1073/PNAS.1912858116/-/DCSUPPLEMENTAL
https://doi.org/10.1073/PNAS.1912858116/-/DCSUPPLEMENTAL
https://doi.org/10.1016/j.wneu.2011.05.015
https://doi.org/10.1016/j.wneu.2011.05.015
https://doi.org/10.1177/1066896919889148
https://doi.org/10.1093/JNCI/DJT306
https://doi.org/10.1093/JNCI/DJT306
https://doi.org/10.1093/NEUONC/NOAB243
https://doi.org/10.1093/neuonc/noac032
https://doi.org/10.1093/neuonc/noac032
https://doi.org/10.1093/NEUONC/NOAE170
https://doi.org/10.1093/NEUONC/NOAE170
https://doi.org/10.1016/S1470-2045(17)30155-9
https://doi.org/10.1016/S1470-2045(17)30155-9
https://doi.org/10.1007/s00401-020-02188-w
https://doi.org/10.1007/S00412-018-0659-8
https://doi.org/10.1007/S00412-018-0659-8
https://doi.org/10.1136/JCLINPATH-2015-203340
https://doi.org/10.1136/JCLINPATH-2015-203340
https://doi.org/10.3171/2024.4.JNS232857
https://doi.org/10.3171/2024.4.JNS232857
https://doi.org/10.1038/S41591-024-03167-4
https://doi.org/10.1001/JAMACARDIO.2018.0127
https://doi.org/10.1001/JAMACARDIO.2018.0127


Acta Neurochirurgica         (2026) 168:124 	 Page 13 of 14    124 

Authors and Affiliations

Christian Mirian1   · Lasse Rehné Jensen1   · Tareq A. Juratli2,3   · Andrea Daniela Maier1,4   · Anders Broechner1   · 
Sverre H. Torp5,6   · Helen A. Shih7   · Ramin A. Morshed8 · Jacob S. Young8   · Stephen T. Magill8,9   · 
Luca Bertero10   · Walter Stummer11 · Dorothee Cäcilia Spille11 · Benjamin Brokinkel12,13 · Soichi Oya14 · 
Satoru Miyawaki15   · Nobuhito Saito15 · Martin Proescholdt16 · Yasuhiro Kuroi17 · Konstantinos Gousias18,19   · 
Matthias Simon20   · Jennifer Moliterno21 · Ricardo Prat‑Acin22   · Stéphane Goutagny23   · Vikram C. Prabhu24 · 
John T. Tsiang24   · Johannes Wach25 · Erdem Güresir25 · Junkoh Yamamoto26   · Young Zoon Kim27   · 
Joo Ho Lee28,29   · Daniel W. Kim7   · Matthew Koshy30 · Karthikeyan Perumal31 · Mustafa K. Baskaya31 · 
Donald M. Cannon32 · Dennis C. Shrieve32 · Chang‑Ok Suh33   · Jong Hee Chang34   · Maria Kamenova35 · 
Sven Straumann35   · Jehuda Soleman35 · Ilker Y. Eyüpoglu2 · Tony Catalan8   · Austin Lui8   · 
Philip V. Theodosopoulos8 · Michael W. McDermott8,36 · Fang Wang37 · Pedro Góes38 · Aria Jamshidi40 · 
Ricardo Komotar39 · Michael Ivan39 · Evan Luther41 · Luis Souhami42 · Marie‑Christine Guiot43 · Tamás Csonka44 · 
Toshiki Endo45 · Olivia Claire Barrett46 · Randy Jensen47 · Tejpal Gupta48 · Akash J. Patel49,50,51   · 
Tiemo J. Klisch51,52   · Jun Won Kim53 · Francesco Maiuri54 · Valeria Barresi55,56 · María Dolores Tabernero57   · 
Simon Skyrman58 · Ian Law59,60   · David Scheie4   · Bjarne Winther Kristensen4,61   · Tina Nørgaard Munch1,60,62   · 
Torstein Meling1,63   · Kåre Fugleholm1,60   · Paul Blanche64 · Tiit Mathiesen1,58,60 

 *	 Christian Mirian 
	 Christian.mirian.larsen@regionh.dk

1	 Department of Neurosurgery, Copenhagen University 
Hospital, Copenhagen, Denmark

2	 Department of Neurosurgery, Division of Neuro‑Oncology, 
Faculty of Medicine and University Hospital Carl Gustav 
Carus, Technische Universität Dresden, 01307 Dresden, 
Germany

3	 Department of Neurosurgery, Laboratory of Translational 
Neuro‑Oncology, Massachusetts General Hospital Cancer 
Center, Harvard Medical School, Boston, MA, USA

4	 Department of Pathology, Bartholin Institute, Rigshospitalet, 
Copenhagen University Hospital, Copenhagen, Denmark

5	 Department of Clinical and Molecular Medicine, Faculty 
of Medicine and Health Sciences, Norwegian, University 
of Science and Technology (NTNU), Laboratory Centre, 
St. Olavs Hospital, 7491 Trondheim, Norway

6	 Department of Pathology, Laboratory Centre, St. Olavs 
Hospital, 7030 Trondheim, Norway

7	 Department of Radiation Oncology, Massachusetts General 
Hospital, Harvard Medical School, Boston, MA, USA

8	 Department of Neurological Surgery, University of California 
San Francisco, San Francisco, CA, USA

9	 Department of Neurological Surgery, Feinberg School 
of Medicine, Northwestern University, Evanston, IL, USA

10	 Pathology Unit, Department of Medical Sciences, University 
and Città Della Salute E Della Scienza University Hospital 
of Turin, Turin, Italy

11	 Department of Neurosurgery, University of Münster, 
Münster, Germany

12	 Institute for Neuropathology, University of Münster, Münster, 
Germany

13	 Deparment of Neurosurgery, Clemenshospital Münster, 
Münster, Germany

14	 Department of Neurosurgery, Saitama Medical 
Center/University, Saitama, Japan

15	 Department of Neurosurgery, The University of Tokyo 
Hospital, Tokyo, Japan

16	 Department of Neurosurgery, University Regensburg Medical 
Center, Regensburg, Germany

17	 Department of Neurosurgery, Adachi Medical Center, Tokyo 
Women’s Medical University, Tokyo, Japan

18	 Department of Neurosurgery, Athens Medical Center, 
Athens, Greece

19	 European University of Cyprus Medical School, Cyprus, 
Greece

20	 Department of Neurosurgery, Bethel Clinic University 
of Bielefeld Medical Center, Bielefeld, Germany

21	 Department of Neurosurgery, Yale School of Medicine Yale 
New Haven Hospital, Smilow Cancer Hospital, New Haven, 
CT, USA

22	 Department of Neurosurgery, Hospital La Fe, Valencia, Spain
23	 Department of Neurosurgery, Université Paris Cité, Beaujon 

Hospital, Assistance Publique Hôpitaux de Paris, Paris, 
France

24	 Department of Neurological Surgery, Loyola University 
Medical Center, Stritch School of Medicine, Maywood, IL, 
USA

25	 Department of Neurosurgery, University Hospital Leipzig, 
Leipzig, Germany

26	 Department of Neurosurgery, University of Occupational 
and Environmental Health, Kitakyushu, Japan

27	 Department of Neurosurgery, Samsung Changwon Hospital, 
Sungkyunkwan University School of Medicine, Changwon, 
Republic of Korea

28	 Department of Radiation Oncology, Seoul National 
University College of Medicine, Seoul National University 
Hospital, Seoul, Republic of Korea

http://orcid.org/0000-0001-6801-0123
http://orcid.org/0000-0001-6931-4399
http://orcid.org/0000-0003-2236-6719
http://orcid.org/0000-0002-5930-0636
http://orcid.org/0000-0001-9195-6726
http://orcid.org/0000-0001-8345-6852
http://orcid.org/0000-0003-1550-9726
http://orcid.org/0000-0002-5499-4325
http://orcid.org/0000-0002-5257-7835
http://orcid.org/0000-0001-9887-7668
http://orcid.org/0000-0001-6369-3391
http://orcid.org/0000-0003-3073-3742
http://orcid.org/0000-0001-7508-3072
http://orcid.org/0000-0002-5173-8879
http://orcid.org/0000-0001-6975-9945
http://orcid.org/0000-0001-5869-6408
http://orcid.org/0000-0002-8543-8997
http://orcid.org/0000-0003-1171-0780
http://orcid.org/0000-0001-7248-3214
http://orcid.org/0000-0003-0625-3466
http://orcid.org/0000-0002-3375-7072
http://orcid.org/0000-0003-1509-9800
http://orcid.org/0000-0002-8163-9812
http://orcid.org/0009-0005-8821-3880
http://orcid.org/0000-0003-1347-8815
http://orcid.org/0000-0002-1280-2989
http://orcid.org/0000-0001-8182-384X
http://orcid.org/0000-0002-4430-9806
http://orcid.org/0000-0001-9644-7496
http://orcid.org/0000-0002-8692-1198
http://orcid.org/0000-0002-6352-0826
http://orcid.org/0000-0001-5938-000X
http://orcid.org/0000-0001-6595-0873
http://orcid.org/0000-0002-1520-7122
http://orcid.org/0000-0001-9463-1919


	 Acta Neurochirurgica         (2026) 168:124   124   Page 14 of 14

29	 Cancer Research Institute, Seoul National University College 
of Medicine, Seoul, South Korea

30	 Department of Radiation Oncology, University of Illinois 
Hospital and Health Sciences System, Chicago, IL, USA

31	 Department of Neurosurgery, University of Wisconsin 
Medical School & Public Health, Madison, WI, USA

32	 Department of Radiation Oncology Spencer Fox Eccles 
School of Medicine, University of Utah, Salt Lake City, UT, 
USA

33	 Department of Radiation Oncology, Yonsei University 
College of Medicine, Seoul, Republic of Korea

34	 Department of Neurosurgery, Yonsei University College 
of Medicine, Seoul, Republic of Korea

35	 Department of Neurosurgery, University Hospital Basel, 
Basel, Switzerland

36	 Division of Neurosurgery, Miami Neuroscience Institute, 
Miami, FL, USA

37	 Department of Neurosurgery, The First Affiliated Hospital 
of Zhengzhou University, Zhengzhou, Henan, China

38	 Department of Neurosurgery, Federal University of São 
Paulo, São Paulo, Brazil

39	 Department of Neurological Surgery, Sylvester 
Comprehensive Cancer Center, University of Miami, 
Coral Gables, FL, USA

40	 Department of Neurosurgery, Hackensack Meridian Health, 
Edison, NJ, USA

41	 Department of Neurosurgery, Allegheny General Hospital, 
Pittsburgh, PA, USA

42	 Division of Radiation Oncology, McGill University Health 
Centre, McGill University, Montreal, QC, Canada

43	 Department of Pathology, McGill University Health Centre, 
Montreal, QC, Canada

44	 Department of Pathology, Faculty of Medicine, University 
of Debrecen, Debrecen, Hungary

45	 Division of Neurosurgery, Tohoku Medical 
and Pharmaceutical University, Tohoku, Japan

46	 Infirmary Cancer Care, Mobile, AL, USA
47	 Department of Neurosurgery, Huntsman Cancer Institute, 

University of Utah, Salt Lake City, UT, USA

48	 Department of Radiation Oncology ACTREC, Tata 
Memorial Centre, HBNI Kharghar, Navi Mumbai 410210, 
India

49	 Department of Neurosurgery, Baylor College of Medicine, 
Houston, TX, USA

50	 Department of Otolaryngology‑Head and Neck Surgery, 
Baylor College of Medicine, Houston, TX, USA

51	 Duncan Neurological Research Institute, Texas Children’s 
Hospital, Houston, TX, USA

52	 Department of Molecular and Human Genetics, Baylor 
College of Medicine, Houston, TX, USA

53	 Department of Radiation Oncology, Gangnam Severance 
Hospital, Yonsei University College of Medicine, Seoul, 
Republic of Korea

54	 Department of Neurosurgery, University of Naples Federico 
II, Naples, Italy

55	 Department of Diagnostics and Public Health, University 
of Verona, Verona, Italy

56	 Unit of Anatomic Pathology‑ Neuropathology, Fondazione 
IRCCS Istituto Neurologico Carlo Besta, Milan, Italy

57	 Instituto de Investigación Biomédica de Salamanca (IBSAL), 
University Hospital of Salamanca, Salamanca, Spain

58	 Department of Clinical Neuroscience, Karolinska Institutet, 
Stockholm, Sweden

59	 Department of Clinical Physiology and Nuclear Medicine, 
Copenhagen University Hospital-Rigshospitalet, 
Copenhagen, Denmark

60	 Department of Clinical Medicine, Faculty of Health 
and Medical Sciences, University of Copenhagen, 
Copenhagen, Denmark

61	 Department of Clinical Medicine and Biotech Research 
and Innovation Center (BRIC), University of Copenhagen, 
Copenhagen, Denmark

62	 Depatrment of Congenital Disorders, Statens Serum Institut, 
Copenhagen, Denmark

63	 Department of Neurological Surgery, Istituto Nazionale 
Neurologico “C.Besta”, Milan, Italy

64	 Section of Biostatistics, Department of Public Health, 
University of Copenhagen, Copenhagen, Denmark


	The Ki-67 proliferation index and recurrence risk of intracranial meningioma: a multicenter, retrospective cohort study of 5,050 patients
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Database and study design
	Outcomes
	Statistical analysis

	Results
	Subgroup analysis
	Exclusion of simpson grade 4
	Multivariable regression analysis
	Post-hoc analysis

	Discussion
	Ki-67 PI as biomarker to refine follow-up strategies
	The 4% Ki-67 PI cut-off
	Strengths and limitations

	Conclusions
	References


