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Abstract
Background  The risk of recurrence is overestimated by the Kaplan–Meier method when competing events, such as death 
without recurrence, are present. Such overestimation can be avoided by using the Aalen-Johansen method, which is a direct 
extension of Kaplan–Meier that accounts for competing events. Meningiomas commonly occur in older individuals and have 
slow-growing properties, thereby warranting competing risk analysis. The extent to which competing events are considered 
in meningioma literature is unknown, and the consequences of using incorrect methodologies in meningioma recurrence 
risk analysis have not been investigated.
Methods  We surveyed articles indexed on PubMed since 2020 to assess the usage of competing risk analysis in recent men-
ingioma literature. To compare recurrence risk estimates obtained through Kaplan–Meier and Aalen-Johansen methods, we 
applied our international database comprising ~ 8,000 patients with a primary meningioma collected from 42 institutions.
Results  Of 513 articles, 169 were eligible for full-text screening. There were 6,537 eligible cases from our PERNS data-
base. The discrepancy between the results obtained by Kaplan–Meier and Aalen-Johansen was negligible among low-grade 
lesions and younger individuals. The discrepancy increased substantially in the patient groups associated with higher rates 
of competing events (older patients with high-grade lesions).
Conclusion  The importance of considering competing events in recurrence risk analysis is poorly recognized as only 6% of 
the studies we surveyed employed Aalen-Johansen analyses. Consequently, most of the previous literature has overestimated 
the risk of recurrence. The overestimation was negligible for studies involving low-grade lesions in younger individuals; 
however, overestimation might have been substantial for studies on high-grade lesions.
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Introduction

The risk of tumor recurrence is a relevant endpoint in studies 
on meningioma patients. Statistical analyses are often per-
formed using the Kaplan–Meier method, which was origi-
nally constructed to analyze the risk of death. In recurrence 
analysis, the Kaplan–Meier method is problematic because 
it considers a recurrence the only possible outcome and con-
sequently produces biased risk estimates when competing 
risks are present. A competing risk is defined as an event that 
prevents the occurrence of the primary event of interest (in 
this case, recurrence). In studies on risk of meningioma recur-
rence, death before having a recurrence is a competing event 
since death precludes the possibility of ever experiencing the 
recurrence. Consequently, patients that are “recurrence-free” 
at a given time point could denote patients that either have 
died without a recurrence, or patients that are alive without 
having experienced a recurrence at that time yet. In the case 
where patients are censored as “recurrence-free”, but not dis-
tinguished as dead (and no longer at risk) vs. alive (and still at 
risk), the Kaplan–Meier method will lead to erroneous over-
estimation of the risk [1, 2]. The Kaplan–Meier method fails 
to acknowledge that patients who die without experiencing a 
recurrence are no longer at risk of recurrence. The only risk 
that can be estimated without bias using the Kaplan–Meier 
method in this context is the risk of recurrence in a hypo-
thetical and irrelevant population of meningioma patients who 
cannot die until they have experienced a recurrence [3, 4].

The Aalen-Johansen method is a simple and direct extension 
of the Kaplan–Meier method that produces unbiased risk esti-
mates in the presence of competing risks [5, 6]. It is, therefore, 
relevant to meningioma research, since most lesions occur in 
older individuals and display slow-growing properties, which 
implies that many patients die without ever experiencing a 
recurrence. From a statistical perspective, the Aalen-Johansen 
method provides correct estimates for recurrence risk analy-
sis, whereas the Kaplan–Meier method yields biased results. 
The extent of the application of these methods in meningioma 
research, as well as the potential impact of biased estimates on 
published findings in existing literature, remains unclear.

The aims of this study are to (1) provide an overview of 
the typical methodology used for recurrence risk estimation 
in the recent meningioma literature, and to (2) compare risk 
estimates of recurrence obtained with the Aalen-Johansen 
method vs. the Kaplan–Meier method.

Methods

A search was conducted on PubMed on February 17th, 
2023, to identify studies relevant for the assessment of 
methodologies used in recent literature for estimating 

recurrence risk. The following search string was used: 
Meningioma[MeSH] AND (recurrence[title/abstract] OR 
progression[title/abstract]), and was restricted to papers 
published between 2020 and the search date. The methodol-
ogy used to estimate recurrence risk (i.e. the Kaplan–Meier 
or the Aalen-Johansen method) was extracted from the 
included studies.

To compare risk estimates of recurrence between the 
Kaplan–Meier and Aalen-Johansen methods, we evaluated 
meningioma outcomes from the PERNS database (PERsonal-
ized NeuroSurgery). This database includes data from ~ 8,000 
meningioma patients from 42 centers spanning six continents 
registered locally by the treating or diagnostic physicians. 
Herein, all meningioma patients were included at the time of 
their primary disease, which was between 1991 and up until 
2019. The database includes information about time from 
diagnosis to recurrence and death, World Health Organiza-
tion (WHO) grading (2016, 2007, Older), Simpson grade, 
radiotherapy (and total Gy dosage if applied), the Ki-67 pro-
liferation index, age at diagnosis, sex, tumor location, and 
treating center.

Using our PERNS database, eligible cases comprised 
meningioma patients without missing information on event 
history, WHO grading, age, location or extent of resection. 
The following inclusion criteria were imposed: at least 
18-years of age at time of entry, intracranial tumor location, 
and either the 2007 or 2016 edition of the WHO classifica-
tion was applied in diagnostics. Patients were excluded if 
they did not have relevant data present (Fig. 1).

Statistics analysis of the PERNS data

The included cases were followed from day of surgical 
removal of the primary lesion. Follow-up continued until 
recurrence, death, last recorded data in the local registry, or a 
maximum of 10 years post-surgery, whichever occurred first.

For the Kaplan–Meier analysis of time to recurrence, 
patients who died without a recurrence were censored at the 
time of their death. Hence, the data of each patient consisted 
of a time to one of two possible observations and an indica-
tor of which of the two observations occurred—the usual 
survival data format for Kaplan–Meier analysis [7]. The two 
possible observations were either (1) recurrence has occurred 
at the recorded time or (2) follow-up ended at the recorded 
time and a recurrence has not occurred. In the latter case the 
censored time was therefore either a time to loss of follow-
up or a time to death. No distinction is made between loss 
of follow-up and death. Unlike the Kaplan–Meier method, 
the Aalen-Johansen method does not disregard information 
that permits differentiation between loss of follow-up and 
death. Contrarily, the Aalen-Johansen method recognizes 
that patients who die can no longer experience a recurrence. 
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Accordingly, the data required for each patient in the Aalen-
Johansen analysis consist of a time to one of three possi-
ble observations and an indicator of which observations 
occurred—the usual data format for competing risk analysis 
[7]. The three possible observations should be (1) a recur-
rence has occurred at the recorded time, (2) a recurrence-free 
death has occurred at the recorded time and (3) follow-up 
ended at the recorded time and neither a recurrence nor a 
death has occurred. In the latter case, the censored time cor-
responds to a time to loss of follow-up at which the patient 
is known to be recurrence-free and alive (i.e., still “at risk”).

Herein, we used the free statistical software R v. 4.3.0 
and the package “prodlim” v. 2023–03-31 for the compet-
ing risk analysis.

Results

From the PubMed survey, we identified 513 papers that were 
published since 2020. Of these, 179 were eligible for full-
text screening. Of all available studies, 10 studies did not 
report the applied methodology for risk estimation, thereby 

Fig. 1   Flowchart of patients 
included from the PERNS 
database

Table 1   Summary on methodology applied to estimate risk of recurrence in studies published between 2020 and primo-2023 (n = 169). Inter-
quartile range (IQR) denoted the range between 1st and 3rd quartile. The references of these studies are included in Supplementary Table 1

Method used for risk estimation % of WHO grades in each study
Median of all percentages summarized

Median of patients included (IQR)

Kaplan–Meier
159 (94.1%)

WHO1: 61.6% (0 to 89.6)
WHO2: 15.0% (0 to 55.8)
WHO3: 0% (0 to 8.6)

n = 122 (46.0 to 258.0)

Aalen-Johansen
10 (5.9%)

WHO1: 57.8% (27.9 to 91.0)
WHO2: 18.0% (6.0 to 31.0)
WHO3: 2.4% (1.6 to 26.1)

n = 162 (80 to 618)
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reducing to 169 relevant papers. One hundred and fifty-nine 
studies (88.8% of 169) used the Kaplan–Meier method and 
10 (5.9% of 169) considered competing risk analysis using 
the Aalen-Johansen method (Table 1 and Supplementary 
Table 1 for detailed overview).

Eligible cases

A total of 6,537 meningioma patients from our PERNS 
database were included in the study (Fig. 1). The cohort 
was followed for 32,755 person-years with a median fol-
low-up of 50.5 months (the interquartile ranged from 24.0 
to 89.0 months). There were 5,093 patients censored alive 
and recurrence-free, a total of 1,113 with recurrence, and 

331 recurrence-free deaths within 10 years postopera-
tively. There was no loss of patients during follow-up.

Risk of recurrence

Figure 2 delineates the risk of recurrence obtained by the 
Kaplan–Meier and Aalen-Johansen methods, stratified by 
age groups and WHO grade. The discrepancy between 
the two methods increased gradually with higher age and 
higher WHO grade, as the number of competing events 
increased correspondingly in these subgroups. Specifi-
cally, the 10-year risk of recurrence was 24.6% (95% CI: 
21.8 to 27.5) using Kaplan–Meier (1 – Kaplan–Meier) vs. 
24.2% (95% CI: 21.5 to 27.0) using the Aalen-Johansen 

Fig. 2   The risk of recur-
rence when estimated with 
the Kaplan–Meier vs. Aalen-
Johansen method while strati-
fied for age group and WHO 
grade



507Journal of Neuro-Oncology (2024) 166:503–511	

method. In the group of patients aged 70 to 79 years who 
have a WHO-3 lesion, however, the Kaplan–Meier method 
estimated 80.1% (95% CI: 58.8 to 100.0) risk of recur-
rence at 10 years after surgery. In contrast, the estimate 
obtained from Aalen-Johansen method was 63.1% (95% 
CI: 44.1 to 82.1) risk of recurrence at the same timepoint. 
Similar observations were made for the group of patients 
older than 80 and a WHO-3 lesion. Supplementary Table 2 
provides the results obtained with the two methods at time 
points 2.5, 5.0, 7.5, and 10 years.

Discussion

The present study and literature review indicate low awareness 
regarding the importance of considering competing risks in the 
analysis of meningioma recurrence. Approximately 94% of 
recent articles on meningioma recurrences used a Kaplan–Meier 
method and did not consider competing risks analyses. From a 
methodological point of view, the selected approach was incor-
rect, and it can be concluded that the risk of recurrence was 
overestimated in these studies. In cases of competing events, 
the need of using the Aalen-Johansen method is to avoid bias 
inherent from the Kaplan–Meier method, which has been well-
documented in both statistical and medical journals [1–10].

Our illustrative example highlighted a relatively minor 
discrepancy in the risk estimates derived from the two meth-
ods when applied to patients with benign phenotypes and 
younger ages. The discrepancy became more pronounced 
in subgroups comprising older patients with aggressive 
phenotypes, particularly those with WHO-3 meningiomas. 
These findings illustrate well-documented pitfalls associated 
with the inappropriate application of the Kaplan–Meier esti-
mator [2]. Specifically, the erroneous overestimation will 
increase with the number of competing events observed 
within each subgroup. In our study, this was particularly 
relevant to recurrence-free deaths, which were observed 
more frequently in patients with advanced age and those 
with high-grade lesions [2]. In contrast, when few competing 
events are present—as seen in cases of low-grade lesions in 
younger patients with very few recurrence-free deaths—the 
estimates from both methods tend to converge. In scenarios 
where there are no competing events, the Aalen-Johansen 
analysis effectively becomes identical to a Kaplan–Meier 
analysis, yielding the same results [2]. The similarity of 
results between the incorrect Kaplan–Meier and the correct 
Aalen-Johansen method in some subgroups might lead one 
to question the significance of choosing the correct statistical 
approach. Although incorrect statistical methods may some-
times produce correct results by chance, it is always errone-
ous to claim that these results are reliably supported by the 
data analysis when the chosen methods are inappropriate. It 

is self-evident that reliable scientific methodology cannot 
include questionable statistical analyses.

Based on our findings, we pragmatically concluded 
that there is no need to recalculate results regarding 
patients with a WHO-1 or -2 meningioma, especially 
in younger patients, from older studies that used the 
Kaplan-Meir estimator. The analysis of our PERNS 
data showed that the competing risk of death was low in 
these subgroups and the incorrect Kaplan–Meier method 
overestimated recurrences only to a neglible extent. We 
believe this finding can be generalized. The bias from 
incorrect methodology is probably neglible for all previ-
ously published results obtained by the Kaplan–Meier 
method and used on data from patients with a WHO-1 
and -2 meningiomas. In contrast, our analysis of older 
patients with aggressive phenotypes, primarily WHO-3 
meningiomas, indicated substantially lower risks of 
recurrence when the competing event of dying before 
a recurrence was properly accounted for, i.e. using the 
Aalen-Johansen method. This is because the compet-
ing risk of death was observed more frequently in this 
subgroup. These results are important in guiding thera-
peutic decisions for aggressive lesions in older patients. 
However, it was not within our scope to address this 
further, and it must be emphasized that these categories 
with high-grade lesions in older individuals comprised 
relatively small subgroups, thus necessitating further 
research. Nevertheless, this specific finding underscores 
the relevance of competing risk analysis. A systematic 
overestimation of the recurrence risk could affect evi-
dence-based decision-making by misguiding clinicians 
and potentially exposing patients to unnecessary immedi-
ate morbidity from surgery, radiotherapy or experimen-
tal medication. Individual management with surgery and 
adjuvant treatment aims to balance the risk of immediate 
morbidity due to more aggressive treatment options with 
the risk of morbidity from recurrences after conserva-
tive management. Aggressive treatment is sometimes 
necessary, but overly aggressive surgery and radiation 
with subsequent risks of morbidity may not be in the best 
interest for patients if the risk of recurrence is substan-
tially lower than suggested in the literature. Further, an 
overly aggressive therapy can increase the competing risk 
of death itself. Therefore, aggressive therapy leading to 
an increase in the competing event of death may lower 
the risk of recurrence; however, this is not attributed to 
an anti-tumorigenic effect but rather because death pre-
vents the recurrence. Hence, it is warranted and impor-
tant to also report the competing risk of recurrence-free 
death in addition to the risk of recurrence [11]. Not only 
recurrences but also survival must be considered when 
informing patients and making treatment decisions.
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We demonstrate that the Kaplan–Meier method was dom-
inating in meningioma research published during the last 
years, which also agrees with observations from older litera-
ture [12–14]. However, adoption of competing risk analysis 
is the only guarantee to ensure correct risk estimates regard-
less of age and phenotype. We can see no reason to avoid 
competing risk analysis when estimating risk of recurrence 
in meningioma patients. The interpretation of risk estimates 
obtained from the Aalen-Johansen method is the same as 
when the Kaplan–Meier method is used appropriately (i.e. in 
scenarios without competing risks), and the statistical soft-
ware required for the data analysis are widely accessible and 
straightforward to use.

A strength of this paper was the comprehensive menin-
gioma cohort, with data from 6,537 meningioma patients 
collected from 42 international centers. The results are, 
therefore, generalizable to a large extent, as they reflect a 
global cohort.

There are several limitations to the current study. Our 
analysis included patients classified according to the 2007 
or 2016 edition of the WHO Classification, exclusively, while 
advancements in molecular biomarker and epigenetic clas-
sifications have since been introduced [13]. Misclassification 
of some patients might have occurred per criteria in the 2021 
edition of the WHO Classification. Any misclassification due 
to incorrect categorization based on molecular or epigenetic 
characteristics will impact the results, regardless of the sta-
tistical method used to analyze the data. However, due to spe-
cific molecular features, such as TERT gene alterations and 
CDKN2A/B homozygous deletions, is likely to impact only 
a minor fraction of our cohort [15, 16]. In the present study, 
our primary objective was to demonstrate the implications 
of overlooking competing risks in the recurrence analysis of 
meningiomas. The reclassification of even a small propor-
tion of cases would not significantly alter our overreachig 
conclusions. Finally, it was not our aim to present detailed 
statistical results related to clinical research questions, but 
to describe whether competing risk analysis were appropri-
ately utilized in meningioma research when indicated and to 
what methodological inaccuracies could skew the analysis 
of recurrence risk.

The analyses performed are not exhaustive, which can 
be considered a weakness. There is a variety of methods 
to analyze competing risk data; only one, maybe the sim-
plest and most often relevant, was discussed here. Our 
aim was not to provide a profound tutorial on competing 
risks analysis but to make a basic point and promote a 
simple method that could easily lead to improvement in 
meningioma research. The following references provide 
excellent tutorials on competing risks data analysis [1–7, 
9, 10]. Moreover, we studied meningiomas, although the 
discordance between Kaplan–Meier and competing risk 
analyses applies to all analyses with competing outcomes. 

We hypothesize that similar observations could be made 
for other brain tumors, although we focused on the need 
to reanalyze meningioma data.

Conclusion

The Kaplan–Meier method is customary in meningioma 
research but systematically overestimates the risk of recur-
rence because of the competing risk of recurrence-free 
death. The Aalen-Johansen method offers a simple alterna-
tive that better accounts for competing risks. We observed 
that discrepancy between two methods was most pronounced 
among the oldest patients with higher grade tumors. Adopt-
ing competing risk analysis is a straightforward change in 
statistical methodology that could reduce the risk of bias in 
future publications.
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