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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 /p/22q co-deletion,
isolated Ip 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
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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
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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 Pl 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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The PERNS database
n=17,992
As of December, 2024

Missing data
e N
Location not detailed (n = 189)

Age (n = 16)
Whether radiotherapy was applied (n = 487)

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

Excluded
e N
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)

Simpson grade not recorded (n = 723) 9 Sum: n = 11148)
Ki-67% (n = 238)
Sex (n=1)
WHO grade (n=1)
9 Sum: n=1,794
Study cohort
n = 5,050
Simpson grade 1 grade 2 grade 3 grade 4 Sum
WHO-1 1,599 1,230 422 671 3,922
WHO-2 449 304 135 193 1,081
WHO-3 20 7 13 7 47
Sum 2,068 1,541 570 871 5,050

Fig. 1 Flow chart of generating the study population using our international PERNS database

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].
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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% Cls 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

@ Springer

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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Table 1 Baseline characteristics

. ” T Covariate WHO-1 WHO-2 WHO-3
of pé?.thIltS with meningiomas, (n1=3,922) (n=1,081) (n=47)
stratified by WHO grade. Values
are presented as counts with Ki-67 PI (%) 2(1,4) 75, 10) 21 (15, 30)
percentages unless otherwise Median (IQR)
stated 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
10-years post-surgery

7.6% (6.4-8.7)
14.7% (12.6 —16.7)

22.7% (19.5-25.9)
34.6% (30.3-39.0)

56.5% (40.9-72.0)
61.0% (44.9-77.1)

* 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

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).
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= Ki-67 PI
@ Ki-67 Pl cut-off at 4%
A WHO-1
Simpson grade 1
AUC: 56% (47 to 64)

Simpson grade 2
AUC: 62% (55 to 70)

Simpson grade 3
AUC: 68% (57 to 78)

Simpson grade 4
AUC: 54% (46 to 62)

100%
)
© 75%
()
2
= 50%
o
o
Qo5 PPV ! PPV ! PPV PPV
= 13% (8 to 20) s 37% (25to 51) s 55% (29 to 79) 54% (37 to 70)
NPV L/ NPV S/ NPV NPV
0% 91% (88 to 94) 85% (81t0 89) ¢ 81% (74 to 87) 58% (51 to 65)
0% 25% 50% 75% 100% 0% 25% 50% 75% 100% 0% 25% 50% 75% 100% 0% 25% 50% 75% 100%
False positive rate
B WHO-2
Simpson grade 1 Simpson grade 2 Simpson grade 3 Simpson grade 4
AUC: 69% (60 to 77) AUC: 68% (57 to 78) AUC: 74% (62 to 86) AUC: 44% (31 to 58)
100%
)
© 75%
()
2
5 50%
(@]
Q.
Qs ) PPV 7 PPV L/ PPV PPV
E ’ ;7 31% (25 to 38) ;. 4% (31to 51) ;. 68% (53 to 81) 59% (47 to 70)
NPV ,/ NPV ,/ NPV NPV
0% 87% (76 to 94) 77% (63 to 87) 63% (41 to 81) 19% (6 to 46)

0% 25% 50% 75% 100% 0% 25% 50% 75% 100% 0% 25% 50% 75% 100% 0% 25% 50% 75% 100%

False positive rate

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

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.
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and grade 2 meningiomas, whereas PPV and NPV derived from the
4% cut-off (red dot). A WHO-1 and (B) WHO-2 meningiomas

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%,
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Fig.3 A Ki-67 PI risk of
recurrence for individual WHO
grades at 5- and 10-years post-

WHO-1

= 5-years post-surgery

operatively. Flexible modeling 100
by using splines with internal
knots located depending on the
subgroup specific distribution of 75
Ki-67 PI which is represented
by the histogram below the
curves (B). The marginal risks,
i.e. the unadjusted, population- 50
average risk of recurrence, are
shown for each WHO grade
25
;/
—_-— = === 7
0
900
675
450
225
0

34.6%
25 _// _____ 22.79% 25
—14.7%

0246 81012

Ki-67 PI

==+ 5-years post-surgery

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

= 10-years post-surgery

WHO-3

WHO-2
100 100

75 75

]

61.0%
= = = 56.5%

50 50

0 0
180 ? 10 g 8 ? 20 58
135 6
90 4
45 2 ﬂﬂﬂn
0 ol llln_ 011

0 5 1015 20 25
Ki-67 PI

0 10 20 30 40 50
Ki-67 PI

The marginal risk
=== 10-years post-surgery

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 Pl as biomarker to refine follow-up strategies

A key finding was the strong association between
mean time to recurrence and subgroups defined by
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A: Aalen-Johansen estimates

Quantile-based Ki-67 Pl groups:

Quantile: =<25" = Interquartile, 25" to 75" =>75" = >95™" only for WHO-1
WHO-1 WHO-2 WHO-3
o 100] Ki-67 PI: 100] Ki-67 PI: 100
e -<2 =<4
o 75|=2to4 75] = 5to0 10 75
3~ —5t08 ->10
0 2 50 =>8 50 50
©
< 25 25 25
2
0 0
No. at risk 906 600 424 274 137 194 144 100 62 40 10 5 4 2 1
1,518 974 624 331 136 539 347 205 130 69 23 8 3 2 1
685 396 227 91 35 155 80 40 18 6 7 0 0 0
142 69 42 13 4
00 25 50 75 100 00 25 50 75 100 00 25 50 7.5 100

Years since surgery
B: Mean time to recurrence within 10 years (for patients experiencing a recurrecnce, otherwise to 10 years)

Simpson grade 1 @ Simpson grade 2 @ Simpson grade 3

WHO-1 WHO-2 WHO-3
o < N~~~ N ® ™~ 0 & < N N~ 0 N o ™ w
® ’ o
75 ’* 75 © ¢ * ¢ 75
. { |
5 50 5.0 5.0 ¢
S ¢
25 25 25
[ ]
0.0 0.0 0.0 ¢
<2% 2-4% 5-8% >8% <4% 5-10% >10% <15% 15-30% >30%

Quantile-based Ki-67 Pl groups

Fig.4 A Risk of recurrence estimated using the Aalen-Johansen
method. WHO-1 patients were categorized into four groups based
on Ki-67 PI: below the 25th percentile, within the interquartile range
(25th to 75th percentile), above the 75th percentile, and finally the
95th percentile. For WHO-2 and WHO-3, three Ki-67 PI groups were
defined: below the 25th percentile, within the interquartile range, and

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
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above the 75th percentile. B Within each WHO grade, the quantile-
based Ki-67 PI groups were further stratified on Simpson grade.
For these subgroups, we report the mean time to recurrence within
10 years for patients that experienced a recurrence, or otherwise
10 years

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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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

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
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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 Pl-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

@ Springer

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 PIL.
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