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Abstract
Background. Asymptomatic meningioma is a common incidental finding with no consensus on the optimal man-
agement strategy. We aimed to develop a prognostic model to guide personalized monitoring of incidental menin-
gioma patients.
Methods. A prognostic model of disease progression was developed in a retrospective cohort (2007–2015), de-
fined as: symptom development, meningioma-specific mortality, meningioma growth or loss of window of cura-
bility. Secondary endpoints included non-meningioma-specific mortality and intervention.
Results. Included were 441 patients (459 meningiomas). Over a median of 55 months (interquartile range, 37–80), 
44 patients had meningioma progression and 57 died (non-meningioma-specific). Forty-four had intervention (at 
presentation, n = 6; progression, n = 20; nonprogression, n = 18). Model parameters were based on statistical and 
clinical considerations and included: increasing meningioma volume (hazard ratio [HR] 2.17; 95% CI: 1.53–3.09), 
meningioma hyperintensity (HR 10.6; 95% CI: 5.39–21.0), peritumoral signal change (HR 1.58; 95% CI: 0.65–3.85), 
and proximity to critical neurovascular structures (HR 1.38; 95% CI: 0.74–2.56). Patients were stratified based on 
these imaging parameters into low-, medium- and high-risk groups and 5-year disease progression rates were 
3%, 28%, and 75%, respectively. After 5 years of follow-up, the risk of disease progression plateaued in all groups. 
Patients with an age-adjusted Charlson comorbidity index ≥6 (eg, an 80-year-old with chronic kidney disease) were 
15 times more likely to die of other causes than to receive intervention at 5 years following diagnosis, regardless 
of risk group.
Conclusions. The model shows that there is little benefit to rigorous monitoring in low-risk and older patients with 
comorbidities. Risk-stratified follow-up has the potential to reduce patient anxiety and associated health care costs.

Key Points

1. Most incidental meningiomas do not progress during follow-up.

2. Risk of incidental meningioma progression plateaus after 5 years of follow-up.

3. Baseline imaging and clinical factors can be used to guide personalized monitoring.
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Wider access and increased use of brain imaging have led 
to a marked rise in the number of incidental findings in 
clinical and research settings, including meningiomas.1 
Incidental meningiomas cause patient anxiety and un-
certainty around the need for future treatment and often 
prompt clinicians to commence long-term follow-up. 
International consensus guidelines suggest active moni-
toring with MRI as first line for managing these tumors2; 
however, data to support the optimal duration and inter-
vals for follow-up are lacking.3 Several studies have iden-
tified prognostic imaging factors that are associated with 
the risk of meningioma growth and development of clin-
ical symptoms4,5; however, the timing of such progres-
sion is poorly defined. Moreover, clinical factors such 
as patient comorbidity and performance status remain 
unexplored in relation to prognosis but are equally im-
portant for clinical decision making. Patients with an in-
cidental meningioma want to know whether their tumor 
will grow and become symptomatic such that it will re-
quire (safe) treatment within their (healthy) lifetime. The 
aim of this study was to combine routinely available im-
aging and clinical factors to develop a prognostic model 
for the risk of incidental meningioma progression during 
active monitoring.

Materials and Methods

Study Design

We performed a retrospective cohort analysis of adults 
(age ≥16 y) with a newly identified incidental asymp-
tomatic meningioma between January 2007 and 
December 2015, with follow-up through to March 2018. 
Patients with radiation-induced and neurofibromatosis 
type 2–associated meningiomas and with incomplete 
medical records were excluded. The study setting was 
the Walton Centre NHS Foundation Trust, the only spe-
cialist stand-alone neuroscience hospital in the UK. It 
serves a catchment area of 3.5 million people and has 
service partnerships with 18 other hospitals. The insti-
tutional review boards at the authors’ institutions ap-
proved this study.

Study Endpoints

The primary composite endpoint was

Symptom development, meningioma-specific mortality, 
development or increase of peritumoral signal intensity 
(vasogenic edema), venous sinus invasion, or menin-
gioma volume exceeding 10  cm3. The first 2 criteria de-
note clinical progression, while the latter 3 are related to 
loss of a window of curability. Venous sinus invasion and 
peritumoral edema can prevent complete surgical resec-
tion.6,7 Peritumoral edema and a meningioma volume 
>10  cm3 are relative contraindications to stereotactic 
radiosurgery.8,9

The secondary endpoints were

The occurrence of an intervention and mortality unrelated 
to the meningioma.

Baseline Predictive Variables

Patient age, sex, World Health Organization performance 
status (PS),10 and age-adjusted Charlson comorbidity index 
(ACCI)11,12 were derived from the medical records. Imaging 
variables assessed were: (i) number of meningiomas, (ii) 
calcification on noncontrast computed tomography (CT) 
(diffuse/partial/absent), (iii) tumor signal intensity com-
pared with the contralateral gray matter on T2-weighted or 
fluid attenuated inversion recovery (FLAIR) MRI (hypo/iso/
hyper), (iv) peritumoral signal intensity in relation to tumor 
volume using the signal change present on T2/FLAIR MRI 
(0–5%/6–33%/34–66%/67–100%13), and (v) meningioma 
volume using the ABC/2 formula on contrast-enhanced 
T1-weighted MRI/CT: (A) maximum meningioma diameter 
on axial plane, (B) diameter perpendicular to (A), and (C) 
maximum height on coronal/sagittal plane. Meningioma 
location was classed into non–skull base and skull base 
and further subcategorized according to the International 
Consortium on Meningioma (ICOM) classification system.3 
Meningiomas in proximity to major dural venous sinuses 
(superior sagittal/transverse/sigmoid/cavernous/torcula) 
were categorized as separate (≤10 mm), in direct contact 

Importance of the Study

Incidental meningioma is common, with no consensus 
on the optimal management strategy. International 
guidelines recommend monitoring with MRI for man-
aging these tumors; however, details regarding the op-
timal duration and intervals for follow-up are lacking. 
This often prompts clinicians to commence long-term 
follow-up, which is of uncertain patient benefit and has 
economic implications. Using data from 441 patients with 
incidental meningiomas, we developed a prognostic 
model which can be used to predict an individualized 

disease progression risk and tailor monitoring. Our 
study showed that most incidental meningiomas remain 
stable during follow-up and that growth plateaus after 
5  years. Tumor hyperintensity, increasing meningioma 
volume, proximity to critical neurovascular structures, 
and peritumoral signal change all increase the risk of 
disease progression within the first 5  years following 
diagnosis. To aid clinical decision making, these im-
aging factors, alongside patient age, comorbidity, and 
performance status, were used to build the IMPACT 
calculator, freely available to clinicians (www.impact-
meningioma.com).

http://www.impact-meningioma.com
http://www.impact-meningioma.com
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with its wall or invading. Contact with critical neurovascular 
structures (eg, optic apparatus) was noted. Meningiomas 
that fulfilled one of the two previous categories were said 
to be in proximity to critical neurovascular structures. 
Inter- and intra-observer reliability of imaging parameters 
were assessed on a random sample of 24 patients (sample 
size determined using the Bland equation14) by 2 obser-
vers (A.I.I. and M.M.) using weighted Cohen’s kappa or the 
intraclass correlation coefficient as appropriate.

Statistical Analysis

Two series of analyses were undertaken—firstly, to deter-
mine an appropriate definition of meningioma growth, 
and secondly to inform the prognostic model. Where ap-
propriate, differences across groups were explored with 
the χ2 test for categorical variables and a one-way anal-
ysis of variance or Kruskal–Wallis test for continuous vari-
ables. Normally distributed variables were expressed as 
mean (standard deviation [SD]), whereas skewed variables 
were expressed as median (interquartile range [IQR]). 
Correlation between baseline variables was evaluated 
using the Pearson correlation coefficient. Differences were 
considered statistically significant at P  <  0.05. Analyses 
were performed using R v3.5.0 and SPSS v24.0.

Meningioma growth definition

There is no agreed standard definition of meningioma 
growth.15 For standardization across untreated incidental 
meningiomas, we used existing measures: extent of 
growth and annual growth rate.3 To determine which is 
most appropriate, we conducted a series of analyses to ex-
amine the temporal relationship between disease progres-
sion and meningioma volume.

The association between baseline variables and the ini-
tial composite disease progression endpoint was assessed 
using Kaplan–Meier (KM) analysis. Statistical significance 
was examined using the log-rank test. Patients who did 
not experience disease progression and remained under 
observation were censored at the last recorded follow-up. 
Patients discharged from outpatient care, died during fol-
low-up, or were lost to follow-up were censored at the last 
date of follow-up, where there was no evidence of disease 
progression.

To determine how longitudinally changing menin-
gioma volume is associated with the hazard for disease 
progression, a joint longitudinal and time-to-event model 
was fitted. The longitudinal submodel comprised a linear 
mixed-effect regression model for meningioma volume 
(natural logarithm) and included both the random in-
tercept and slope. The survival submodel comprised a 
time-varying covariate semi-parametric Cox proportional 
hazards model, which included patient level meningioma 
volume predicted from the longitudinal submodel. The 
final joint model included baseline variables with P ≤ 0.10. 
Standard errors and P-values of the estimated model 
parameters were obtained using 200 bootstrap samples.

Extent of growth or annual growth rate definitions, based 
on the statistical effect of time, were examined in relation 
to our initial criteria of disease progression. A classification 

and regression tree (CART) analysis was used to assess the 
degree of success by which these definitions can set our 
cohort apart stratified by disease progression.

Prognostic model

KM analysis, using initial composite endpoint and adopted 
meningioma growth definition, was performed as de-
scribed above. A Cox regression model was subsequently 
developed. Backward and forward stepwise selection 
procedures were utilized to determine the model of best 
fit, with covariate inclusion at P  ≤  0.05 and exclusion at 
P ≥ 0.10. Skewed continuous variables were transformed 
into their natural logarithms before being input into the 
model. Certain covariates were included despite being sta-
tistically nonsignificant due to their clinical importance.

A prognostic index was developed based on the results 
of the Cox model. This was calculated for each patient as 
the sum of the covariate values included in the final model, 
weighted by the natural logarithmic transformation of the 
hazard ratios.

Risk group stratification was carried out by visual as-
sessment of a prognostic index histogram. The prognostic 
index for each patient was plotted along the y-axis, while 
the frequencies of observed disease progression and 
nonprogression were plotted on the x-axis. Wherever a no-
ticeable increase in the proportion of disease progression 
occurred in relation to the frequency of nonprogression, a 
cutoff line was drawn. This was carried out twice to best 
separate the study cohort into 3 distinct risk groups: low, 
medium, and high risk. The probabilities of progression-
free survival by 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 years were 
then calculated for each of these groups with KM analysis 
used to assess differences across them.

Model assumptions were examined using Schoenfeld 
residuals, and bootstrapping was performed to assess 
its internal validity (with 200 samples). Calibration was 
assessed using plots of observed versus predicted dis-
ease progression at 5 and 10  years following diagnosis 
in sextiles of predicted risk. Discrimination was assessed 
using Harrell’s concordance statistic and Chambless and 
Diao’s time-dependent area under the receiver operating 
characteristic curve.16,17

The effects of patient age, comorbidity, and PS on the 
risk of disease progression and intervention were assessed 
in a competing risk analysis. Patients with normal (PS 0) or 
limited activity who were ambulatory and able to carry out 
light work (PS 1)  at the time of diagnosis were grouped 
and compared against ambulatory patients capable of all 
self-care but unable to carry out any work activities (PS 2), 
those in a chair/bed for ≥50% of the day but not bedridden 
(PS 3), and bedridden patients (PS 4). Patients were also 
stratified by ACCI into: 0–2 (young patients with few or no 
comorbidities), 3–5 (older patients with few comorbidities 
or younger patients with several comorbidities), and ≥6 
(older patients with comorbidities).18

Two competing risk analyses were performed. One as-
sessed the cumulative incidence rate (CIR) of intervention 
following diagnosis stratified by ACCI and PS groups. The 
other evaluated the CIR of disease progression. The com-
peting event for the former was non-meningioma-specific 
mortality, which was observed either during follow-up 
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or after discharge from outpatient care. Patients who re-
mained under follow-up were censored at the last outpa-
tient clinic appointment. Patients discharged alive from 
outpatient care were censored at the last time they were 
seen by a health care physician. For the disease progres-
sion analysis, competing events were: discharge from out-
patient care, loss to follow-up, death during follow-up, or 
an intervention before disease progression occurred, with 
the first three grouped together. Censoring was done for 
patients who remained under follow-up at the last clinic 
appointment. The Fine and Gray test was carried out to test 
equality across groups.

Additional Analyses

Due to the lack of a standardized surveillance protocol at 
our center, the growth rate for each meningioma was de-
termined using a linear mixed model, which does not re-
quire regularly spaced time points, assuming a different 
intercept and slope for each meningioma. Absolute growth 
rate (AGR) was defined as the increase in volume per year 
in cubic centimeters, whereas relative growth rate (RGR) 
was defined as the percentage increase in volume per year.

Results

Study Population and Baseline Characteristics

A total of 441 patients were included (Supplementary 
Fig. 1); 18.5% of all meningioma patients identified and 
9.10% of incidental neurological findings. The number of 
patients identified per year increased in a linear fashion 
(Supplementary Fig. 2). Meningiomas were solitary in 426 
patients and multiple in 15, resulting in an overall menin-
gioma population of 459. Baseline characteristics are sum-
marized in Supplementary Table 1.

Treatment Arms and Outcomes

At initial presentation, 6 patients underwent surgical re-
section, 50 were discharged, and the remaining 385 pa-
tients (403 meningiomas) commenced active monitoring 
(median 36.0 mo; IQR 18.0–57.0). Differences in baseline 
characteristics across the treatment groups are shown 
in Supplementary Table 1. The total number of scans per-
formed following diagnosis in the active monitoring group 
was 1303 (3.4/patient); 1166 had MRI, while the remainder 
had CT. Most patients (n =  360) were consistently moni-
tored using the same imaging modality: MRI in 317 patients 
and CT in 43. The remaining 25 patients were followed up 
alternately with CT and MRI. Overall outcomes by the end 
of the study period were: discharged (n = 219), under con-
tinued observation (n = 205), lost to follow-up (n = 12), and 
deceased during follow-up (unrelated to the meningiomas) 
(n = 5). Records for patients discharged or lost to follow-up 
were examined (median 34.0 mo; IQR 20.0–56.0) and 52 
patients died after a median of 18.5 months (IQR 11.3–37.0) 
following termination of follow-up. The median overall fol-
low-up duration was 55.0 months (IQR 37.0–80.0).

Meningioma Growth Endpoint

The joint model showed that time is strongly associ-
ated with the initial composite endpoint (P  <  0.001) 
(Supplementary Tables 2 and 3) and since meningioma 
growth is likely to precede these endpoints, and certain 
factors such as surgical intervention might have pre-
vented their occurrence, it is reasonable that survival ana-
lyses incorporate tumor volume change over time (annual 
rate) as an additional endpoint. The CART analysis for 
the growth endpoint AGR ≥ 2 cm3/year OR AGR ≥ 1 cm3/
year+RGR  ≥  30%/year19 demonstrated a superior mis-
classification rate and improvement score to other time-
dependent growth definitions (see Supplementary Figures 
3 and 4). Therefore, disease progression in our study was 
defined using the initial composite endpoint in addition to 
the aforementioned growth endpoint.

Disease Progression and Intervention

During follow-up, 44 (11.4%) patients had meningioma 
progression. Endpoints included: meningioma growth 
(n = 29), new symptom development (n = 12), increase in 
peritumoral signal change (n =  10), meningioma volume 
exceeding 10 cm3 (9/369 with an initial volume <10 cm3), 
and venous sinus invasion (5/137 adjacent to but not 
invading a sinus). Symptoms were seizure (n = 6), motor 
deficit (n =  3), visual deficit (n =  2), and ataxia (n =  1). 
Twenty-eight experienced one disease progression end-
point, whereas 16 had multiple (12 patients, n =  2; 3 pa-
tients, n =  3; 1 patient, n =  4). Median time to disease 
progression was 33.0 months (IQR 15.0–46.5). The 5- and 
10-year progression-free survival rates were 83.0% (95% 
CI: 77.1–88.9) and 70.0% (95% CI: 56.3–83.7), respectively. 
The mean longitudinal profiles for meningioma volume 
against time relative to disease progression are shown in 
Fig. 1; if 2 equally sized meningiomas were detected at the 
same point in time, the meningioma with growth potential 
will have reached its disease progression endpoint by the 
75th month following diagnosis.

Rates of intervention and its prerequisite recommenda-
tion were significantly lower in the nonprogression group 
(Table 1; P < 0.001). In the disease progression group, an 
intervention was recommended in 37 patients but carried 
out in only 20. Median time to intervention in both cohorts 
was 24.0 months (IQR 11.8–42.0).

When treatment was offered for imaging reasons alone 
(disease progression group, n = 11; nonprogression group, 
n = 4), patients tended to decline, since they were clinically 
stable. Disease progression in 6 patients additionally in-
volved new symptom development, which patients either 
elected to control with anti-epileptics (seizure, n =  5) or 
were happy to live with due to minimal impact on quality 
of life (visual field deficit, n = 1). Of the 12 patients who pro-
gressed and had further imaging surveillance available, 11 
continued to show evidence of meningioma growth (me-
dian follow-up period after initial disease progression 21.0 
mo; IQR 13.5–24.0). Three patients with epilepsy had con-
trolled seizures at their last follow-up, despite continued 
meningioma growth in 2 patients (mean follow-up period 
after initial disease progression 16.0 mo [SD = 2.8]).

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noz160#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noz160#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noz160#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noz160#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noz160#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noz160#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noz160#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noz160#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noz160#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noz160#supplementary-data
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Fig. 1 Profile plot for meningioma volume against reverse time stratified by disease progression status. Bold curves are LOESS (locally fitted es-
timated scatterplot smoothing) curves. While incidental meningiomas that did not progress remained static in size during follow-up, meningiomas 
that did progress exponentially grew prior to reaching a disease progression endpoint. The time course over which disease progression occurred 
is denoted by the dotted intersection line. It shows that if 2 equally sized meningiomas were picked up at the same point in time, the meningioma 
with growth potential will reach its disease progression endpoint by the 75th month (~6th y) following diagnosis.
  

  
Table 1. Differences in growth dynamics and intervention outcomes between the progression and nonprogression groups

Characteristic Disease Progression Nonprogression P

(N = 44) (N = 359)

Median AGR/year in cm3 (IQR) 1.36 (0.72–2.58) 0.05 (0.01–0.17) <0.001a

Median RGR/year in % (IQR) 26.7 (14.5–38.8) 4.13 (0.81–8.39) <0.001a

Intervention recommended, N (%) 37 (84.1) 16 (4.46) <0.001b

Intervention, N (%) 20 (45.5) 18 (5.01) <0.001b

Intervention as per patient request, N (%) 0 (0.00) 6 (1.67)c 0.789b

aKruskal–Wallis test.
bχ2 test.
cRequested surgery after a median follow-up period of 4.5 months (IQR 3.0–15.0).
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Prognostic Model

KM analyses (Supplementary Table 4) revealed male 
sex (P = 0.005), increasing tumor volume (P < 0.001), ab-
sence of calcification (P  <  0.001), peritumoral signal 
change (P  <  0.001), and T2/FLAIR hyperintense menin-
gioma (P < 0.001) to be significantly associated with dis-
ease progression. Following backward stepwise regression 
analysis (Table 2; model 1), 2 prognostic factors were 
identified: T2/FLAIR hyperintense meningioma, and me-
ningioma volume (natural logarithm). Absence of calcifica-
tion was not included in the model as hypointensity on T2/
FLAIR acts as a surrogate for calcification on CT (bivariate 
correlation, P  <  0.001). Forward stepwise regression was 
subsequently performed to examine the prognostic im-
portance of variables with a significance level of P > 0.10, 
together with interaction terms of prognostic factors iden-
tified in the first model and variables excluded from the 
first analysis. No additional factors were identified. Two 
imaging parameters were, however, deemed clinically im-
portant and were included in the model, namely proximity 
to critical neurovascular structures and peritumoral signal 
change (Table 2; model 2).

Based on the results of model 2, a prognostic index (Fig. 
2A) was generated for each patient and plotted against the 
observed frequencies of progression and nonprogression 
in a histogram (Fig. 2B). Risk group stratification was per-
formed by visual assessment and appropriate partitioning 
by cutoff points, allowing for the creation of 3 distinct risk 
groups: low risk (<1), medium risk (<3), and high risk (≥3). 
KM analysis (Fig. 2C) demonstrated a significant difference 
(P < 0.001) in the probabilities of progression-free survival 
(Fig. 2D) following diagnosis across risk groups.

CIR plots of disease progression and intervention 
are shown in Fig. 3 (and Supplementary Tables 5 and 6). 
Stratified by ACCI, the rates of intervention were statisti-
cally different across the 3 groups (P  <  0.001), although 
the rates of disease progression were not (P  =  0.090). 
Approximately 80% of patients with an ACCI ≥6 were 
discharged, deceased, or lost to follow-up at 5 years fol-
lowing diagnosis, having not had disease progression. 
Patients with an ACCI ≥6 were also 15 times more likely to 
die within 5 years of follow-up than to receive an interven-
tion. Patients with an ACCI of 0–2 were 3 times more likely 
to have experienced disease progression at 5 years com-
pared with patients with an ACCI ≥6. The rates of interven-
tion and mortality did not differ in patients with an ACCI of 

3–5. Differences in incidence rates of disease progression 
and intervention among the PS groups were statistically 
significant (P < 0.001). No patient with a PS of 2–4 had dis-
ease progression or intervention. The rates of intervention 
and mortality did not differ in patients with a PS of 0–1.

Model and Data Validity

The diagnostic parameters of the model demonstrated ad-
equate internal validity (see Supplementary Table 7 and 
Supplementary Figures 5 and 6). Assessment of inter- and 
intra-observer variability across imaging factors showed a 
good level of agreement (Supplementary Table 8).

Discussion

In this study of incidental asymptomatic meningiomas, 
tumor hyperintensity, increasing meningioma volume, 
proximity to critical neurovascular structures, and 
peritumoral signal change increased the risk of disease 
progression within the first 10 years following diagnosis. 
Based on these factors, patients can be stratified into 3 risk 
groups, with differing monitoring strategies assigned to 
each. Patients with an ACCI ≥6 and PS of 2–4 are unlikely 
to require an intervention for their incidental meningiomas 
during their estimated lifetimes and thus do not require 
continued imaging surveillance. These clinical and imaging 
factors have been grouped to create a prognostic model 
that can aid clinicians and patients to reach a shared-care 
decision about management.

Imaging Factors on MRI and CT

Previous studies have focused on imaging factors that pre-
dict meningioma growth and these were also identified 
in our study. Meningioma hyperintensity is strongly asso-
ciated with progression5,20 along with peritumoral signal 
change (indicative of vasogenic edema due to breach of 
the arachnoid plane).21,22 The presence of calcification on 
noncontrast CT was highly correlated with tumor signal 
intensity on T2/FLAIR and thus was not included as a sep-
arate variable in our model. T2, FLAIR, and susceptibility 
weighted sequencing have all been shown to reliably de-
lineate meningioma-related calcification,23 which is a 

  
Table 2. Hazard ratios (95% CI) of statistically and clinically important factors in multivariate analysis

Model 1a Model 2

Factor HR (95% CI) P HR (95% CI) P

Meningioma volume (natural logarithm) 2.43 (1.82–3.24) <0.001 2.17 (1.53–3.09) <0.001

Meningioma hyperintensity 11.2 (5.72–21.9) <0.001 10.6 (5.29–21.0) <0.001

Peritumoral signal change – – 1.58 (0.65–3.85) 0.313

Proximity to critical neurovascular structures – – 1.38 (0.74–2.56) 0.314

aResults of the backward stepwise regression, investigating the set of variables with a log-rank P ≤ 0.10.
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feature of meningiomas that tend to display a much more 
indolent clinical course.24,25 The 2 imaging factors—tumor 
signal intensity and edema—are not always the main fea-
tures considered for decision making. Rather, meningioma 
location and initial volume tend to be key factors for clin-
icians to recommend early intervention.19 While we do not 
fully agree with this approach, as both surgery and radio-
therapy have side effects, we do, however, acknowledge the 

need to monitor larger meningiomas in certain anatomic 
locations more closely and this was accounted for in the 
prognostic model. Loss of “window of curability” is also im-
portant to consider. Tumor volume >10 cm3 precludes use of 
stereotactic radiosurgery, and sinus invasion can limit the 
effectiveness of surgery.7,8 Offering treatment before these 
endpoints are reached makes the assumption that the risk 
of treatment is lower than the risk of continued surveillance 
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and delayed treatment, which might not be the recommen-
dation of the clinician, but could still be chosen by the pa-
tient. Meningiomas in eloquent/skull base locations are 
also at a higher risk of causing major morbidity compared 
with convexity meningiomas. Thus, although not statisti-
cally significant in multivariate analysis, proximity to crit-
ical neurovascular structures was added to the prognostic 
model. It should, however, be noted that non–skull base 
meningiomas constitute the majority of those discovered in-
cidentally.3 Despite the importance of identifying prognostic 
factors for growth, there are no studies that examine the 
duration of follow-up required for incidental meningiomas. 
Our results indicate that most patients with incidental 
meningiomas at risk of disease progression requiring con-
sideration of treatment will experience progression-related 
events within the first 5 years of follow-up.

Age, Comorbidity, and Performance Status

Patient factors are equally as important as MRI character-
istics for clinical decision making. We used the ACCI, which 
when combined with PS can be used to further stratify the 
risk of future intervention. Patients were split by ACCI into 
2 groups: <6 and ≥6. An ACCI ≥ 6 denotes older patients 

with comorbidities (eg, an 80-year-old with hypertension 
and type 2 diabetes mellitus). Although a minority of pa-
tients with an ACCI  ≥6 experienced disease progression, 
we did not observe any interventions during prolonged fol-
low-up. The lack of treatment intervention is due to: (i) the 
high rate of mortality prior to progression (patients were 
15 times more likely to die than to receive an intervention 
at 5 years following diagnosis) and (ii) the threshold for in-
tervention in these patients being much higher. Older pa-
tients with comorbidities should not be subject to surgery 
or radiation solely due to imaging changes, as the risk of 
morbidity and mortality far outweighs the treatment ben-
efit.26,27 For these reasons we propose that patients with 
an ACCI  ≥6 can be discharged from outpatient care with 
reassurance that their meningiomas are unlikely to cause 
them problems during their estimated lifetimes. A similar 
finding was observed in patients with a PS of 2–4, and a 
similar management strategy could be employed.28

Active Monitoring Strategies

Comprehensive guidelines for the management of inci-
dental meningioma are lacking,2 and there is wide variation 
in routine clinical practice.29 The development of practice 
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parameters should ideally consider individual patient and 
imaging factors that can aid clinical decision making, sim-
ilar to those used for unruptured intracranial aneurysms.30 
Our proposed monitoring strategy is demonstrated in 

Fig. 4. Based on the prognostic imaging and clinical fac-
tors, incidental meningioma patients can be divided into 
5 groups. Low- and medium-risk patients with an ACCI ≥6 
or PS of 2–4 can be discharged with no subsequent clinical 
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Fig. 4 Proposed active monitoring strategies of incidental meningiomas. Time intervals in green boxes are our proposed time points for follow-up.
  



287Islim et al. A prognostic model for incidental meningioma
N

eu
ro-

O
n

colog
y

or imaging monitoring but should be counseled about the 
symptoms that might warrant further examination. Patients 
in the remaining 4 categories require follow-up but with 
varying frequencies. High-risk patients with an ACCI ≥6 or 
PS of 2–4 can be followed clinically with imaging offered 
on clinical progression only. Low-, medium-, and high-risk 
patients with an ACCI <6 and a PS of 0–1 can be followed 
clinically and radiologically but with different time points 
corresponding to the rates of disease progression (see Fig. 
2D). At each appointment, growth rates in concordance 
with disease progression (AGR ≥ 2 cm3/y OR AGR ≥ 1 cm3/
year+RGR ≥ 30%/y), peritumoral signal intensity, the rela-
tionship with neighboring neurovascular structures, and 
the potential to miss the “window of curability” should be 
examined. Based on any observed changes, a recommen-
dation for treatment or a decision to continue follow-up 
can be made and tailored to each patient.

Beyond 10 Years of Follow-Up

Prognosis beyond 10 years of follow-up for incidental menin-
gioma remains unclear. One study reported growth, defined 
as >2 mm progression in any unidimensional diameter, be-
yond 10 years.31 However, the results of the joint model used 
to define disease progression in our study indicated that 
the rate of tumor growth is of greater clinical importance. 
Reassessment of ACCI and PS at extended follow-up (be-
yond 10 y) is also important, since older patients with new 
comorbidities but who remain radiologically and clinically 
stable can be safely discharged from outpatient care. Patients 
with a longer life expectancy, on the other hand, appear to 
pose an ongoing management dilemma. Based on our ob-
servations that imaging changes indicating an intervention 
are more likely to occur within the first 5 years of follow-up, 
longer-term imaging surveillance might not be necessary, 
and instead infrequent clinical monitoring could be adopted.

Study Limitations

Some limitations of the study should be noted. First, this 
was a single-center retrospective cohort study with varying 
nonstandardized follow-up schedules. Nevertheless, ap-
propriate statistical methods were used to account for this. 
Second, the use of intervention as an endpoint was lim-
ited by patient and clinician biases and might have influ-
enced the results of the competing risk analyses. Our tumor 
board considers the clinical and radiological status of the 
meningioma, PS, and comorbidities before discussion of 
the recommended and alternate management strategies 
with the patient and making a shared-care decision. Due 
to the retrospective study design, we were unable to ascer-
tain the exact reasons for continued monitoring in cases of 
progression but surmise that this was due to patient pref-
erence (considering personal and social circumstances, 
employment, loss of driving license for at least 6 months 
in the UK, risk of posttreatment epilepsy, new neurological 
deficit, and death). Third, the selection process of a growth 
endpoint was limited by use of our dataset only and by in-
evitable competing events such as surgery and radiation, 
which might have masked the occurrence of the initial com-
posite endpoint. A larger number of events are required to 

verify our findings and to potentially stratify growth defini-
tion by anatomic location. Fourth, we did not have any data 
on patient quality of life, though it should be noted that 
most patients remained under follow-up, with the majority 
reporting no change in clinical symptoms, which supports 
the notion that most patients with an incidental menin-
gioma lead normal lives—a supposition supported by the 
limited published quality of life studies.32,33 Fifth, patient 
anxiety and satisfaction with follow-up frequency was not 
assessed. “Scanxiety” is a well-recognized phenomenon 
for cancer patients and it is reasonable to assume a similar 
experience for patients with nonmalignant brain tumors.34 
The impact on patient well-being of more or less frequent 
monitoring needs further research. Lastly, socioeconomic 
status was not assessed. Comorbidity burden and func-
tional status reflect social class and are related to increased 
risk of mortality.28,35 Moreover, access to clinic appoint-
ments and treatment is free and available to all patients 
within the UK’s National Health Service care system and so 
it was unlikely that social class had an impact on our ob-
servation of study endpoints, given the low rate of loss to 
follow-up (2.7%). However, patients with minimal nonspe-
cific symptoms from lower socioeconomic backgrounds 
are less likely to present to health care,36 which might have 
reduced the population size and confounded the data.

Future Work

To keep with reported standards of prognostic models in 
oncology,37 further validation with external retrospective 
datasets is required. Based on a disease progression risk 
of 11%, data for a minimum of 1000 patients (100 events38) 
will be needed. Nevertheless, our dataset comprised a large 
number of patients who are representative of the general 
meningioma population with associated comorbidity and 
included a variety of meningioma volumes and locations. 
Moreover, the parameters associated with internal validation 
(including discrimination and calibration) demonstrated ad-
equate accuracy. A free online resource has been developed 
based on our results—the IMPACT calculator (Incidental 
Meningioma: Prognostic Analysis Using Patient Comorbidity 
and MRI Tests) (www.impact-meningioma.com).

Conclusions

IMPACT offers a personalized active monitoring approach 
for patients with incidental meningioma and has the poten-
tial to reduce the health care costs and patient uncertainty 
about the need for future treatment. By incorporating clin-
ical and imaging factors into the prognostic model, the 
need for follow-up and the frequency of imaging can be 
determined based on the risk of meningioma growth strat-
ified by patient age, comorbidity, and performance status.

Supplementary Material

Supplementary data are available at Neuro-Oncology 
online.

http://www.impact-meningioma.com


 288 Islim et al. A prognostic model for incidental meningioma

Keywords 

asymptomatic | incidental | meningioma | prognosis | risk score

Funding

This work was supported by Health Education England (North 
West) Academic Foundation Program [to A.I.I.], the National 
Institute for Health Research Academic Clinical Fellowship [to 
M.M] and a grant from the National Institute for Health Research 
Health Technology Assessment program for the Radiation 
versus Observation for Atypical Meningioma trial [NIHR HTA: 
12/173/14 to M.D.J.]. The authors did not receive any external 
funding for the completion of this study. The manuscript pro-
duction fees were covered by a grant from the University of 
Liverpool Library.

References

1. Morris  Z, Whiteley  WN, Longstreth  WT Jr, et  al. Incidental findings 
on brain magnetic resonance imaging: systematic review and meta-
analysis. BMJ. 2009;339:b3016.

2. Goldbrunner  R, Minniti  G, Preusser  M, et  al. EANO guidelines 
for the diagnosis and treatment of meningiomas. Lancet Oncol. 
2016;17(9):e383–e391.

3. Islim  AI, Mohan  M, Moon  RDC, et  al. Incidental intracranial 
meningiomas: a systematic review and meta-analysis of prognostic fac-
tors and outcomes. J Neurooncol. 2019;142(2):211–221.

4. Zeng L, Liang P, Jiao J, Chen J, Lei T. Will an asymptomatic meningioma 
grow or not grow? A meta-analysis. J Neurol Surg A Cent Eur Neurosurg. 
2015;76(5):341–347.

5. Romani  R, Ryan  G, Benner  C, Pollock  J. Non-operative meningiomas: 
long-term follow-up of 136 patients. Acta Neurochir (Wien). 
2018;160(8):1547–1553.

6. Vignes  JR, Sesay  M, Rezajooi  K, Gimbert  E, Liguoro  D. Peritumoral 
edema and prognosis in intracranial meningioma surgery. J Clin 
Neurosci. 2008;15(7):764–768.

7. Han MS, Kim YJ, Moon KS, et al. Lessons from surgical outcome for 
intracranial meningioma involving major venous sinus. Medicine 
(Baltimore). 2016;95(35):e4705.

8. Cai R, Barnett GH, Novak E, Chao ST, Suh JH. Principal risk of peritumoral 
edema after stereotactic radiosurgery for intracranial meningioma is 
tumor-brain contact interface area. Neurosurgery. 2010;66(3):513–522.

9. Kollová A, Liscák R, Novotný J Jr, Vladyka V, Simonová G, Janousková L. Gamma 
Knife surgery for benign meningioma. J Neurosurg. 2007;107(2):325–336.

10. West HJ, Jin JO. JAMA oncology patient page. Performance status in 
patients with cancer. JAMA Oncol. 2015;1(7):998.

11. Charlson M, Szatrowski TP, Peterson J, Gold J. Validation of a combined 
comorbidity index. J Clin Epidemiol. 1994;47(11):1245–1251.

12. Charlson M, Charlson RE, Briggs W, Hollenberg J. Can disease manage-
ment target patients most likely to generate high costs? The impact of 
comorbidity. J Gen Intern Med. 2007;22(4):464–469.

13. The Cancer Imaging Archive Wiki for the VASARI feature set. 
The National Cancer Institute Web site; 2015. https://wiki.

cancerimagingarchive.net/display/Public/VASARI+Research+Project. 
Accessed January 6, 2018.

14. Bland JM, Altman DG. Measurement error. BMJ. 1996;313(7059):744.
15. Wen PY, Chang SM, Van den Bent MJ, Vogelbaum MA, Macdonald DR, 

Lee EQ. Response assessment in neuro-oncology clinical trials. J Clin 
Oncol. 2017;35(21):2439–2449.

16. Chambless LE, Diao G. Estimation of time-dependent area under the ROC 
curve for long-term risk prediction. Stat Med. 2006;25(20):3474–3486.

17. Harrell FE Jr, Lee KL, Mark DB. Multivariable prognostic models: issues 
in developing models, evaluating assumptions and adequacy, and meas-
uring and reducing errors. Stat Med. 1996;15(4):361–387.

18. Koppie TM, Serio AM, Vickers AJ, et al. Age-adjusted Charlson comor-
bidity score is associated with treatment decisions and clinical out-
comes for patients undergoing radical cystectomy for bladder cancer. 
Cancer. 2008;112(11):2384–2392.

19. Lee EJ, Park JH, Park ES, Kim JH. “Wait-and-see” strategies for newly 
diagnosed intracranial meningiomas based on the risk of future observa-
tion failure. World Neurosurg. 2017;107:604–611.

20. Yano S, Kuratsu J; Kumamoto Brain Tumor Research Group. Indications 
for surgery in patients with asymptomatic meningiomas based on an ex-
tensive experience. J Neurosurg. 2006;105(4):538–543.

21. Hashiba T, Hashimoto N, Izumoto S, et al. Serial volumetric assessment 
of the natural history and growth pattern of incidentally discovered 
meningiomas. J Neurosurg. 2009;110(4):675–684.

22. Lee  EJ, Kim  JH, Park  ES, et  al. A novel weighted scoring system 
for estimating the risk of rapid growth in untreated intracranial 
meningiomas. J Neurosurg. 2017;127(5):971–980.

23. Adams  LC, Böker  SM, Bender  YY, et  al. Assessment of intracranial 
meningioma-associated calcifications using susceptibility-weighted 
MRI. J Magn Reson Imaging. 2017;46(4):1177–1186.

24. Nakamura M, Roser F, Michel J, Jacobs C, Samii M. The natural history of 
incidental meningiomas. Neurosurgery. 2003;53(1):62–70.

25. Go  RS, Taylor  BV, Kimmel  DW. The natural history of asympto-
matic meningiomas in Olmsted County, Minnesota. Neurology. 
1998;51(6):1718–1720.

26. Grossman  R, Mukherjee  D, Chang  DC, et  al. Preoperative 
charlson comorbidity score predicts postoperative outcomes 
among older intracranial meningioma patients. World Neurosurg. 
2011;75(2):279–285.

27. Bartek J Jr, Sjåvik K, Förander P, et al. Predictors of severe complications 
in intracranial meningioma surgery: a population-based multicenter 
study. World Neurosurg. 2015;83(5):673–678.

28. van Alkemade H, de Leau M, Dieleman EM, et al. Impaired survival and 
long-term neurological problems in benign meningioma. Neuro Oncol. 
2012;14(5):658–666.

29. Mohammad MH, Chavredakis E, Zakaria R, Brodbelt A, Jenkinson MD. 
A national survey of the management of patients with incidental menin-
gioma in the United Kingdom. Br J Neurosurg. 2017;31(4):459–463.

30. Wiebers DO, Whisnant JP, Huston J 3rd, et al; International Study of 
Unruptured Intracranial Aneurysms Investigators. Unruptured intracra-
nial aneurysms: natural history, clinical outcome, and risks of surgical 
and endovascular treatment. Lancet. 2003;362(9378):103–110.

31. Jadid KD, Feychting M, Höijer J, Hylin S, Kihlström L, Mathiesen T. Long-
term follow-up of incidentally discovered meningiomas. Acta Neurochir 
(Wien). 2015;157(2):225–230.

32. van  Nieuwenhuizen  D, Ambachtsheer  N, Heimans  JJ, Reijneveld  JC, 
Peerdeman SM, Klein M. Neurocognitive functioning and health-related 
quality of life in patients with radiologically suspected meningiomas. J 
Neurooncol. 2013;113(3):433–440.

33. Butts  AM, Weigand  S, Brown  PD, et  al. Neurocognition in indi-
viduals with incidentally-identified meningioma. J Neurooncol. 
2017;134(1):125–132.

https://wiki.cancerimagingarchive.net/display/Public/VASARI+Research+Project
https://wiki.cancerimagingarchive.net/display/Public/VASARI+Research+Project


289Islim et al. A prognostic model for incidental meningioma
N

eu
ro-

O
n

colog
y

34. Powell DK. Patient explanation guidelines for incidentalomas: helping 
patients not to fear the delayed surveillance. AJR Am J Roentgenol. 
2014;202(6):W602.

35. Barnett K, Mercer SW, Norbury M, Watt G, Wyke S, Guthrie B. Epidemiology 
of multimorbidity and implications for health care, research, and medical 
education: a cross-sectional study. Lancet. 2012;380(9836):37–43.

36. Ellis DA, McQueenie R, McConnachie A, Wilson P, Williamson AE. 
Demographic and practice factors predicting repeated nonattendance 

in primary care: a national retrospective cohort analysis. Lancet Public 
Health. 2017;2(12):e551–e559.

37. Balachandran VP, Gonen M, Smith JJ, DeMatteo RP. Nomograms in on-
cology: more than meets the eye. Lancet Oncol. 2015;16(4):e173–e180.

38. Kattan MW, Hess KR, Amin MB, et al; members of the AJCC Precision 
Medicine Core. American Joint Committee on Cancer acceptance cri-
teria for inclusion of risk models for individualized prognosis in the prac-
tice of precision medicine. CA Cancer J Clin. 2016;66(5):370–374.


