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Key points 

Question: Is the Incidental Meningioma: Prognostic Analysis Using Patient 

Comorbidity and Magnetic Resonance Imaging Tests (IMPACT) tool valid for 

predicting the risk of incidental meningioma progression, stratifying patients into early 

intervention, serial monitoring, or safe discharge from outpatient care? 

Findings: In this international multicenter cohort study including 1248 patients, the 

IMPACT tool accurately predicted the risk of incidental meningioma progression; 1 in 

2 patients with high-risk disease progressed, compared with 1 in 4 with medium-risk 

and 1 in 25 low-risk disease. Accordingly, these groups can be stratified into early 

intervention, serial monitoring, or safe discharge. 

Meaning: The IMPACT tool is an externally validated tool that may be used for the 

management of patients with incidental meningioma. 

Abstract  

Importance: Incidental meningiomas are common. There is a need for a validated 

clinical tool to stratify patients into early intervention, serial monitoring, or safe 

discharge from outpatient care. 

Objective: To externally validate the Incidental Meningioma: Prognostic Analysis 

Using Patient Comorbidity and Magnetic Resonance Imaging Tests (IMPACT) tool. 

Design, Setting, and Participants : This retrospective cohort study included 33 

centers in 15 countries. Adult patients diagnosed with an incidental meningioma from 

January 2009 to December 2010 were included, up to the point of intervention, death, 

or last clinical encounter. Patients with radiation-induced meningioma and NF2-related 
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schwannomatosis were excluded. Data collection was completed on December 31, 

2023. Statistical analysis was conducted between March 2024 and December 2024. 

Main Outcomes and Measures: The primary outcome of the study was a composite 

end point comprising growth, symptom development, meningioma-related mortality, 

and end points related to loss of window of curability. Secondary end points included 

the occurrence of an intervention and nonmeningioma-related mortality. 

Results: Overall, 1248 patients were included. The median (IQR) age was 66 (55-77) 

years and 999 were female individuals (80%). There were 945 patients (75.7%) who 

had 1010 treatment-naive meningiomas. During follow-up (median [IQR], 61 [17-108] 

months), 114 tumors (11.3%) in 113 patients (12%) progressed, 132 tumors (13.1%) 

in 126 patients (13.3%) underwent an intervention, and 383 patients (40.5%) died 

without progression or intervention, from a nonmeningioma-related cause. The 5- and 

10-year progression-free survival rates were 88.1% (95% CI, 85.8%-90.5%) and 

85.7% (95% CI, 83.2%-88.2%), respectively. A low-risk meningioma had a disease 

progression risk of 3.9%, compared with 24.2% in medium-risk meningioma, and 

51.6% in high-risk meningioma (χ2 test, P < .001). Measures of external validity were 

adequate (Brier score = 0.12; C-statistic = 0.80; 10-year area under the curve, 0.83) 

and the addition of other variables in a Cox regression analysis did not confound the 

statistical significance of the IMPACT tool. Patients with an age-adjusted Charlson 

Comorbidity Index score of 6 or higher (eg, a patient aged 80 years with type 2 

diabetes and a previous myocardial infarction) and a performance status of 2 to 4 

(unable to carry out any work activities or in a chair/bed for 50% or more of the day) 

were more likely to die of other causes than to receive intervention following diagnosis. 
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Conclusions and Relevance: This cohort study found that the IMPACT tool 

accurately predicted the risk of incidental meningioma progression and can be used 

to stratify patients into early intervention, serial monitoring, or safe discharge from 

outpatient care. 

Introduction 

 Meningioma is the most common incidental finding on magnetic resonance 

imaging (MRI) of the brain.1-4 The behavior of incidental meningiomas is variable with 

natural history studies reporting radiological growth in 38% to 75% of cases, and 

symptom development in 5% to 8%.5-7 Patients with an incidental meningioma want to 

know if their meningioma will grow and require treatment within their lifetime. We 

previously developed the Incidental Meningioma: Prognostic Analysis Using Patient 

Comorbidity and MRI Tests (IMPACT) tool to predict disease progression and aid 

clinical decision-making.8 The model estimates a risk of progression based on 4 

imaging features: meningioma volume, T2-weighted MRI tumor hyperintensity, 

peritumoral edema, and proximity to critical neurovascular structures. It then estimates 

the risk of observing a progression event vs competing events such as death from 

actuarial models based on comorbidity burden and functional status. The aim of this 

study was to externally validate the IMPACT tool and determine which patients need 

early intervention, serial monitoring, or can be safely discharged. 

Methods 

Study design  

A peer-reviewed study protocol was previously published.9 We performed a 

retrospective cohort study, which included adult patients with an incidental intracranial 

https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r1
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r1
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r5
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r5
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r8
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r9


6 
 

meningiomas, diagnosed in January 2009 and December 2010. Data collection started 

on January 12, 2020. An interim analysis took place in December 2022. Longitudinal 

clinical and imaging data were collected up to the point of intervention, death, or last 

recorded clinical encounter. Patients were excluded if they had radiation-induced 

meningioma, NF2-related schwannomatosis, or missing medical notes/imaging data. 

The risk of incidental meningioma progression in the development cohort was 10%, 

and for external validation studies, a minimum of 100 events is required.8,10 Based on 

this, data for 1000 patients were sought. Centers were recruited through the British 

Neurosurgical Trainee Research Collaborative (BNTRC), International Consortium on 

Meningioma (ICOM), and through direct correspondence with researchers in the field 

of meningioma. Local institutional approval was obtained at each participating center, 

and the requirement for individual patient consent was waived. This study is reported 

according to the Transparent Reporting of a Multivariable Prediction Model for 

Individual Prognosis or Diagnosis (TRIPOD) reporting guidelines.11 

Study End Points 

Primary End Point 

Disease progression was a composite end point comprising new symptom 

development, meningioma-specific mortality, meningioma growth (absolute growth 

rate [AGR] ≥2 cm3/y or ≥1 cm3/y + relative growth rate [RGR] ≥30%/y), development 

or increase of peritumoral edema, venous sinus invasion, and meningioma volume 

exceeding 10 cm3. The first 2 criteria denote clinical progression, whereas the latter 3 

are related to loss of window of curability. Venous sinus invasion and peritumoral 

edema can prevent complete surgical resection.12,13 Peritumoral edema and a 

https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r8
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r10
http://www.equator-network.org/reporting-guidelines/tripod-statement/
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r11
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r12
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r13
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meningioma volume greater than 10 cm3 are relative contraindications to stereotactic 

radiosurgery (SRS).14,15 

Secondary End Points 

Intervention and mortality unrelated to the meningioma were secondary end points. 

 

Data collection and recorded variables  

Recorded baseline clinical variables included age, sex, the World Health Organization 

(WHO) performance status (PS), and age-adjusted Charlson Comorbidity Index 

(ACCI) score.16 Baseline and longitudinal imaging data included number of 

meningiomas at diagnosis, tumor signal intensity on T2-weighted MRI 

(hypo/iso/hyper), peritumoral edema on T2-weighted MRI (0%-5% [no]/6%-100% 

[yes]; adapted from the Visually AcceSAble Rembrandt Images features for glioma17), 

meningioma volume (using the ABC/2 formula on contrast-enhanced T1-weighted 

MRI/computed tomography [CT]: (A) maximum meningioma diameter on axial plane, 

(B) diameter perpendicular to and (C) maximum height on coronal/sagittal plane, 

meningioma location (according to the ICOM classification system18), proximity to 

major dural venous sinuses (eg, superior sagittal sinus), categorized into separate 

(within 10 mm), in direct contact with its wall, or invading, and involvement of critical 

neurovascular structures (eg, internal carotid artery and optic apparatus). 

Meningiomas that fulfilled 1 of the 2 previous categories were said to be in proximity 

to critical neurovascular structures. 

Statistical analysis  

Details of statistical platforms and packages are provided in eTable 1 in Supplement 

1. Demographic differences across groups were explored with the χ2 test for 

https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r14
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r15
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r16
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r17
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r18
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#note-COI250071-1
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#note-COI250071-1
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categorical variables and the Mann-Whitney U test, Kruskal-Wallis test, or 

Student t test for continuous variables. Differences were considered statistically 

significant at P < .05. All tests were 2 sided. The growth rate for each meningioma was 

determined using mixed modeling assuming a random intercept and slope for each 

tumor. Statistical analysis was conducted between March 2024 and December 2024. 

IMPACT scores were calculated, and classified into low risk (<1), medium risk (1-3), 

and high risk (≥3). Kaplan-Meier curves were generated to assess the differences in 

progression-free and intervention-free survival across the risk groups, and statistical 

significance was examined using the log-rank test. AGR and RGR were also 

compared. Cox regression was performed to assess for an added benefit or 

confounding effect from other baseline variables not included in the IMPACT tool, and 

a sensitivity analysis was conducted to assess its performance based on center 

behavior. Predictive performance was assessed using the Brier score (overall 

accuracy, 0 = perfect and 1 = random), Harrell C-index (measure of the model’s ability 

to discriminate between patients based on their predicted risk scores, 1 = perfect and 

0.5 = random), Chambless and Diao time-dependent area under the curve (AUC) 

(accuracy over time, 1 = perfect and 0.5 = random) and a calibration curve (to visualize 

predicted vs observed risk). The proportional hazards assumption of the IMPACT tool 

was tested by examination of Schoenfeld residuals, and influential observations were 

examined with diagnostics using standardized β panels. 

The 2 competing risk analyses performed as part of the IMPACT tool were repeated 

and plots of cumulative incidence rates (CIR) were formulated. Patients were split 

based on WHO PS into 0 to 1 (normal or limited activity) and 2 to 4 (unable to carry 

out any work activities or in a chair/bed for ≥50% of the day) and stratified by ACCI 

score into 0 to 2 (young patients with few or no comorbidities), 3 to 5 (older patients 
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with few comorbidities or younger patients with several comorbidities) and 6 or higher 

(older patients with comorbidities). One analysis assessed the CIR of an intervention 

following diagnosis, stratified by PS and ACCI score (competing event: mortality, either 

observed during follow-up or after being discharged from outpatient care). Another 

evaluated the CIR of disease progression (competing events: discharge from 

outpatient care, loss to follow-up, death, or an intervention before disease progression 

occurred). To test the equality across CIR groups, the Fine and Gray test was carried 

out. 

If calibration and discrimination measures of external validation demonstrated a poor 

fit, the model was to be recalibrated and adjusted as described in the study protocol.9 

Results 

Study population and baseline characteristics 

Data collection started on January 12, 2020. An interim analysis took place in 

December 2022, with data available for 831 patients (25 centers). This yielded 74 

progression events. By December 31, 2023, 33 centers provided data, with 1248 

patients and sufficient progression events (n = 114) (Figure 1A; eTable 2 

in Supplement 1). The development and validation cohorts were balanced in most 

clinical characteristics, but the validation cohort was enriched for more aggressive 

meningiomas (T2-weighted MRI hyperintense, with edema and in contact with critical 

neurovascular structures) (eTable 3 in Supplement 1). The most common indications 

for scan were headaches (282 [22.6%]) and audiovestibular symptoms (150 [12%]). 

Seventy-seven patients (6.2%) had multiple incidental meningiomas, resulting in an 

overall cohort of 1336 tumors. Baseline characteristics are summarized in eTable 4 

in Supplement 1. 

https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r9
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071f1
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#note-COI250071-1
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#note-COI250071-1
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#note-COI250071-1
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Management strategies and overall outcomes 

At initial diagnosis, 572 tumors (in 533 patients [42.7%]) were actively monitored, 438 

tumors (412 patients [33%]) were discharged or lost to follow-up, 307 tumors (300 

patients [24%]) underwent surgery, and 19 tumors (17 patients [1.4%]) underwent SRS 

or fractionated radiotherapy. Differences in baseline characteristics across the 

treatment groups are shown in eTable 4 in Supplement 1. Patients who had upfront 

treatment tended to be younger, with fewer comorbidities and larger tumors (eTable 4 

in Supplement 1). By the end of the study, 388 patients (31.1%) died, 317 (25.4%) 

were discharged or lost to follow-up, 103 (8.3%) remained under follow-up, and 440 

(35.3%) underwent an intervention (Figure 1B for tumor statistics). Of the 1010 

treatment-naive meningiomas, in 945 patients (75.7%), the median (IQR) clinical 

follow-up was 61 (17-108) months. Of the 734 meningiomas, in 680 patients (54.5%) 

with longitudinal MRI data, the median (IQR) imaging follow-up duration was 72 (26-

116) months. 

Risk of disease progression and intervention 

During follow-up, 114 meningiomas, in 113 patients (12%), progressed. The risk was 

11.3%, considering all treatment-naive meningiomas, and 15.5% considering 

meningiomas with longitudinal clinical and imaging follow-up. End points reached were 

meningioma growth (63 [8.6%]), symptom development (51 [6.9%]), development or 

increase of peritumoral edema (26 [3.5%]), meningioma volume exceeding 10 cm3 (42 

[5.7%]), and venous sinus invasion (9 [1.2%]). Symptoms were weakness (19 

[37.3%]), headache (17 [33.3%]), seizure (8 [15.7%]), cognitive decline (7 [13.7%]), 

sensory disturbance (6 [11.8%]), speech disturbance (5 [9.8%]), and others (9 

[17.6%]). Five patients (0.5%) died due to a growing and symptomatic meningioma. 

The median (IQR) time to progression was 27.5 (12-58) months. Eighty-seven 

https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#note-COI250071-1
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#note-COI250071-1
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071f1
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progression events (76.3%) occurred by 5 years of follow-up, and 105 by 10 years 

(92.1%). The 5- and 10-year follow-up period, progression-free survival rates were 

88.1% (95% CI, 85.8%-90.5%) and 85.7% (95% CI, 83.2%-88.2%), respectively. The 

growth curves for tumors separated by disease progression status are shown in Figure 

2A; there was little to no growth in tumors that did not progress and exponential growth 

in tumors that did. During follow-up, 132 tumors (13.1%), in 126 patients (13.3%), 

underwent an intervention, and the rate of intervention was significantly lower in the 

nonprogression group (12.9% vs 45.6%; χ2 test, P < .001). The median (IQR) time to 

intervention was 35.3 (18.4-73.8) months. The 5- and 10-year intervention-free 

survival rates were 86.6% (95% CI, 86.6%-89.3%) and 73.9% (95% CI, 69.8%-78.0%), 

respectively. 

IMPACT model performance 

The risks of disease progression and intervention were significantly different across 

the 3 IMPACT risk categories (log-rank test, P < .001; Figure 3A; eFigure 1 

in Supplement 1). Low-risk meningiomas had a disease progression risk of 3.9%, 

compared with 24.2% and 51.6% in medium- and high-risk meningiomas, respectively 

(χ2 test, P < .001). The risk of intervention was 12.9%, 26.5%, and 37.4% across the 3 

risk groups (χ2 test, P < .001). Growth statistics differed significantly across the 3 risk 

scores (χ2 test, P < .001) (Figure 2B). In Cox regression analysis, the addition of 

factors such as age (HR, 1.01; 95% CI, 0.99-1.02; P = .49), sex (HR, 1.46; 95% CI, 

0.94-2.29; P = .09), meningioma location (HR, 1.07; 95% CI, 0.99-1.15; P = .69), and 

study center (HR, 0.99; 95% CI, 0.96-1.01; P = .36) did not alter the statistical 

significance of IMPACT score. In a sensitivity analysis, the IMPACT tool performed 

well in all center groups, stratified by initial treatment decision behavior (Figure 1A; 

eFigure 2 in Supplement 1). The Brier score, C-index, and time-dependent AUC at 5 

https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071f2
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071f2
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071f3
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#note-COI250071-1
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071f2
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071f1
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#note-COI250071-1
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and 10 years, were 0.12, 0.80, 0.83, and 0.83, respectively. A calibration curve (Figure 

3B) showed that for low-risk meningiomas, the model’s predicted risk was similar to 

the observed risk. For medium- and high-risk meningiomas, the model slightly 

overestimated the risk of progression. The assumptions of a valid Cox model were not 

violated; the effect of the individual IMPACT variables was similar across the validation 

and development cohorts (eTable 5 in Supplement 1) and did not change over time 

(proportional hazard assumptions) (eFigure 3 in Supplement 1). None of the individual 

observations had a standardized β value of 2 or more, indicating the absence of any 

influential observations (eFigure 4 in Supplement 1). Recalibration of the Cox 

regression model was not necessary. 

Association of Comorbidity and Performance Status With Progression and 

Intervention Risk 

CIR plots of disease progression and intervention are shown in Figure 4; eFigure 5 

and eTables 6 to 7 in Supplement 1. Stratified by comorbidity index, the rates of 

intervention were statistically different across the 3 groups (Fine and Gray 

test, P < .001), although the rates of disease progression were not (Fine and Gray 

test, P = .46). At 10 years, 71.9% of patients with an ACCI score of 6 or higher were 

discharged, deceased, or lost to follow-up, having not had disease progression or an 

intervention. Patients with an ACCI score of 6 or higher were also 6 times more likely 

to die after 10 years of follow-up than to receive an intervention. The rates of 

intervention and mortality did not differ in patients with an ACCI score of 3 to 5. The 

rates of disease progression and intervention were significantly different according to 

PS (Fine and Gray test, P = .047 and P < .001, respectively). At 10 years, patients with 

a PS of 2 to 4 were 13 times more likely to have been discharged, lost to follow-up, or 

dead, than to have experienced disease progression. They were also 6 times more 

https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071f3
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071f3
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#note-COI250071-1
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#note-COI250071-1
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#note-COI250071-1
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071f4
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#note-COI250071-1
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likely to have died than to have had an intervention. The rates of intervention and 

mortality did not differ in patients with a PS of 0 to 1. Recalibration of the CIR plots 

was not necessary. 

Discussion 

In this international multicenter study of incidental meningioma prognosis, 1 in 9 

patients demonstrated clinical and radiological progression. The IMPACT tool was able 

to accurately predict the risk of progression, stratifying patients into high, medium, and 

low risk. Based on robust external validation findings, our previous treatment 

recommendations are updated as follows: early intervention for high-risk patients is 

recommended, given a progression risk of about 50%. Medium-risk patients may be 

serially monitored to identify the 24% of patients likely to progress within 5 years of 

diagnosis. Low-risk patients may be discharged from outpatient care, with safety 

netting (counseling about potential symptoms, what to watch for, and when to seek 

further medical attention). Patients with an ACCI score of 6 or higher and PS of 2 to 4 

were highly unlikely to require an intervention for their incidental meningiomas during 

their estimated lifetime. A treatment pathway based on these findings is presented and 

could be used to aid clinicians and patients to reach a shared-care decision about 

management (https://www.impact-meningioma.com/). 

The IMPACT tool combines meningioma volume, T2-weighted MRI meningioma 

intensity, the presence of edema, and proximity to critical neurovascular structures to 

predict a risk of a progression. Each individual MRI variable has previously been 

shown to correlate with the risk of incidental meningioma growth.12,19-24 T2 

hyperintense meningiomas have a softer consistency noted at surgery, which may 

reflect their growth potential, compared with firmer isointense and hypointense 

https://www.impact-meningioma.com/
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r12
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r19
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r19
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meningiomas.25,26 Peritumoral edema implies breach of the arachnoid plane and is 

associated with a higher meningioma grade and recurrence after surgery.27 Slow 

growth of a meningioma in eloquent and skull base locations meningioma may pose 

a higher risk of causing major morbidity compared with convexity meningiomas, owing 

to their proximity to critical neurovascular structures.28 A previously reported 

prognostic model (Asan Intracranial Meningioma Scoring System), combined MRI and 

CT features to predict a risk of progression but is yet to undergo adequate validation 

for clinical use.24,29 Patient factors, such as age, comorbidity burden, and performance 

status, are integral to clinical decision-making. The effects of these, like in the 

development cohort, were assessed in competing risk analyses. We observed that 

patients with an ACCI scores of 6 or higher (eg, a patient aged 80 years with a previous 

myocardial infarction and chronic obstructive pulmonary disease) and PS of 2 to 4 (eg, 

in a chair/bed for ≥50% of a day) were less likely to receive an intervention for their 

meningiomas, despite having a similar progression risk to other groups. The reasons 

for this are 2-fold: (1) patients were 6 times more likely to die, from a nonmeningioma-

related cause, than to receive an intervention at 10 years following diagnosis, 

highlighting their meningiomas were unlikely to lead to death or to require treatment 

and (2) the threshold for offering an intervention to these patients being much higher, 

due to the increased risk of intervention-related morbidity and mortality.30,31 

In addition to identifying prognostic factors for growth and intervention, it is also 

important to predict the timing of incidental meningioma progression to guide follow-

up imaging surveillance. Our study showed that most progression events occured 

within the first 5 years of follow-up, and this seemed to tail off with longer follow-up. A 

meta-analysis of 10 studies5 showed that meningiomas that did not grow within the 

first 5 years of follow-up were unlikely to grow during extended follow-up beyond 5 

https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r25
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r26
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r27
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r28
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r24
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r29
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r30
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r31
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r5
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years. In addition, a recent prospective study32 of 62 patients showed despite initial 

growth during early follow-up, growth decelerated after 1.5 years, and tumors had 

either plateaued or shrunk after 8 years. One study reported growth, defined as more 

than 2 mm of progression in any unidimensional diameter, beyond 10 years; however, 

their definition of tumor growth was not clinically useful.33 

We have updated our management algorithm based on the IMPACT score, ACCI and 

PS (Figure 5). Low- and medium-risk patients with an ACCI score of 6 or higher and/or 

PS of 2 to 4 can be discharged from outpatient follow-up with appropriate safety 

netting. High-risk patients with ACCI scores of 6 or higher and/or PS of 2 to 4 may be 

offered clinical monitoring because imaging changes alone may not prompt an 

intervention in such patients. For otherwise low-risk patients, discharge from outpatient 

care or low-frequency serial monitoring may be considered. For otherwise medium-

risk patients, serial monitoring should be considered. For otherwise high-risk patients, 

early intervention or frequent serial monitoring may be considered. Reassessment of 

ACCI and PS at extended follow-up (beyond 10 years) is recommended because 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, may be offered infrequent clinical monitoring. 

Strengths and Limitations 

This cohort study had several strengths. First, it is an international study, with cohorts 

from several centers, countries, health care models, and continents, which make the 

results generalizable. Second, meningiomas included were diagnosed in 2009 and 

2010, ensuring a long duration of follow-up. Finally, the study included a variety of 

meningioma anatomical locations and volumes, reflecting an actual clinical cohort. 

https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r32
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071r33
https://jamanetwork.com/journals/jamaoncology/fullarticle/2841670#coi250071f5
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Some limitations of this cohort study should be noted. First, data entry took place 

locally in each center, without central validation. However, training and an iterative 

assessment process was mandated for all study members. Second, there was a 

variety of nonstandardized management, such as the decision to perform intervention, 

and follow-up schedules, owing to the retrospective multicenter nature of the cohort. 

Third, it was not possible to ascertain the exact reasons for continued monitoring in 

cases of progression, but this may have been due to patient preference, considering 

factors such as employment, loss of driving license, and risk of complications such as 

epilepsy, new neurological deficit, and death. Also, data for socioeconomic status, 

which may have affected return to follow-up, was not available. Finally, a quarter of 

patients underwent an intervention at presentation for meningiomas that were noted 

to be larger, with a higher rate of edema and T2-weighted MRI tumor hyperintensity, 

thus excluding them from further observation. Therefore, the overall risk of progression 

for an incidental meningioma may be higher than observed. Moreover, the observed 

risk of progression for medium- and high-risk patients, if all patients were monitored, 

may be more like the slightly overestimated predicted risk in the calibration curve. 

Conclusion 

This cohort study found that the IMPACT tool is a robust risk stratification tool that, by 

incorporating routine clinical and imaging factors, facilitates personalized 

management of patients with incidental meningiomas. In this large multicenter study, 

we demonstrated that the IMPACT tool had good external validity and can be used to 

stratify clinical management (discharge from outpatient care vs active monitoring vs 

early intervention) and manage uncertainty about the need for future treatment. 
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Figures 

 

Figure 1. Overview of the participating centers and overall study outcomes. A, 

Bar chart of decision management for each tumor per each center. Centers 2,12, 25, 

29 and 30 were more likely to offer upfront intervention (group 1). Centers 4, 7, 8, 9, 

19, 23, 24, 27, 28 and 31 offered serial monitoring (group 2). Centers 11 and 14 

primarily discharged patients (group 3). The remainder of the centers had a mix (group 

4).  B, Swimmer’s plot demonstrating the overall outcomes for the study population. 

The x-axis represent time taken to reach the outcome and the y-axis corresponds to 

the number of tumors under each outcome. 
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Figure 2. Growth characteristics of incidental meningioma. A, Locally fitted 

estimated scatterplot smoothing (LOESS) curves of tumor behavior, stratified by 

disease progression status. Nonprogressive tumors were static during follow-up. 

Progressive tumors grew exponentially before reaching progression. Growth slowed 

after progression in tumors that remained under observation. Nonprogressive tumors 

had an absolute growth rate (AGR) of 0.08 (0.4) cm3/year and a relative growth rate 

(RGR) of 9.6% (26.7%)/year; progressive tumors had an AGR of 3.8 (9.4) cm3/year 

and a RGR of 80% (375%)/year. B, LOESS curves by IMPACT risk category. Low-risk 

tumors (AGR 0.11 [0.3] cm3/year; RGR 11.9% [31.7%]/year) were static. Medium risk 

(AGR 0.52 [1.32] cm3/year; RGR 14.3% [32.3%]/year) and high risk (AGR 3.4 [10.5] 

cm3/year; RGR 74.5% [420%]/year) grew faster, especially the latter. Censoring or 

progression marked time 0. Summary statistics are presented as mean (SD). IMPACT 

indicates Incidental Meningioma: Prognostic Analysis Using Patient Comorbidity and 

Magnetic Resonance Imaging Tests. 
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Figure 3. Performance of the IMPACT model. A, Kaplan-Meier curve demonstrating 

the difference in progression-free survival between the IMPACT risk categories. B, A 

calibration plot comparing the predicted risk by the IMPACT model and the observed 

risk. For low-risk patients, the predicted and observed risks were similar. For medium- 

and low-risk patients, the predicted risk at 5 and 10 years was slightly overestimated.  
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Figure 4. Results of the competing risks analysis for intervention vs mortality. 

A, Estimated cumulative incidence curves (solid lines) for intervention and mortality, 

with 95% CIs (shaded areas), stratified by ACCI score. B, Estimated cumulative 

incidence curves (solid lines) for intervention and mortality, with 95% CIs, stratified by 

PS. The full results are available in Supplement 1. ACCI indicates age-adjusted 

Charlson Comorbidity Index; PS, performance status. 
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Figure 5. Proposed management strategies for patients with incidental 

meningioma.  
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eTable 1. Details of the statistical packages used 

Package  Version Platform Function  

Stats 4.4.1 R v4.4.1 General statistics 

Dplyr 1.1.4 R v4.4.1 Data manipulation  

Survival 3.8.3 R v4.4.1 Survival analysis 

Survminer 0.5.0 R v4.4.1 Survival plotting 

Pec 2023.4.12 R v4.4.1 Brier score 

Hmisc 5.2.3 R v4.4.1 C-index 

TimeROC 0.4 R v4.4.1 Time-dependent AUC 

Lme4 1.1.37 R v4.4.1 Mixed-effects modelling 

Cmprsk 2.2.12 R v4.4.1 Competing risk analysis 

Ggplot2  3.5.2 R v4.4.1 Visualisation  

Matplotlib 3.7.1 Python v3.10 Visualisation  

 

eTable 2. Details of the 33 participating centers 

Center City Country Nature 

Royal Melbourne Hospital Melbourne  Australia  Academic hospital and a 
large referral center 

Royal University Hospital Saskatchewan Canada Academic hospital and a 
large referral center 

Wingat Royal Hospital Alexandria Egypt Community Hospital 

University Hospital 
Regensburg 

Regensburg Germany Academic hospital and a 
large referral center 

Beaumont Hospital Dublin Ireland  Academic hospital and a 
large referral center 

Sapienza University of 
Rome 

Rome Italy  Academic hospital and a 
large referral center 

Mater Dei Hospital  Msida Malta Academic hospital and a 
large referral center 

Haukeland University 
Hospital 

Bergen Norway Academic hospital and a 
large referral center 

Hospital Universitari 
Germans Trias i Pujol 

Barcelona Spain Academic hospital and a 
large referral center 

Hospital Universitario de 
Burgos 

Burgos Spain Academic hospital and a 
large referral center 
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University of Khartoum Khartoum  Sudan Academic and community 
hospital  

Sahlgrenska University 
Hospital 

Göteborg Sweden  Academic hospital and a 
large referral center 

University Hospital of 
Geneva 

Geneva Switzerland  Academic hospital and a 
large referral center 

Leiden University Medical 
Center 

Leiden  The Netherlands Academic hospital and a 
large referral center 

The Walton Center  Liverpool UK Academic hospital and a 
large referral center 

Royal Sussex County 
Hospital 

Brighton UK Academic hospital and a 
large referral center 

Salford Royal Hospital Manchester  UK Academic hospital and a 
large referral center 

The National Hospital for 
Neurology and 
Neurosurgery 

London UK Academic hospital and a 
large referral center 

John Radcliffe Hospital  Oxford UK Academic hospital and a 
large referral center 

Royal Preston Hospital Preston Uk Academic hospital and a 
large referral center 

Ninewells Hospital  Dundee UK Academic hospital and a 
large referral center 

Queen Elizabeth University 
Hospital 

Glasgow UK Academic hospital and a 
large referral center 

Leeds General Infirmary  Leeds UK Academic hospital and a 
large referral center 

Queen Elizabeth Hospital Birmingham  UK Academic hospital and a 
large referral center 

Addenbrooke’s Hospital  Cambridge UK Academic hospital and a 
large referral center 

Derriford Hospital  Plymouth UK Academic hospital and a 
large referral center 

The James Cooke 
University Hospital  

Middlesbrough  UK Academic hospital and a 
large referral center 

Queen’s Hospital  Romford  UK Academic hospital and a 
large referral center 
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King’s College Hospital  London UK Academic hospital and a 
large referral center 

Royal Stoke University 
Hospital  

Stoke UK Academic hospital and a 
large referral center 

Royal Victoria Infirmary Newcastle UK Academic hospital and a 
large referral center 

John’s Hopkins Hospital Baltimore USA Academic hospital and a 
large referral center 

University of California, San 
California,  

California  USA Academic hospital and a 
large referral center 
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eTable 3. Baseline characteristics of the development and validation cohorts  

  Validation (1248 patients, 
1336 tumors) 

Development (441 
patients, 459 tumors) 

Median age (IQR)  66 years (55-77) 63.3 years (55-73) 

Female: male  999:294 (4:1) 348:93 (4:1) 

Median WHO 
performance status 
(range) 

 1 (0-4) 0 (0-3)  

Median age-
adjusted Charlson 
comorbidity index 
(ACCI) (IQR) 

 4 (2-5)  4 (3-6) 

Median meningioma 
volume (IQR) 

 2.1 cm3 (0.7-8.2) 1.6 cm3 (0.6-4.0) 

Anatomical location 
(%) 

Non-skull base 947 (70.9%) 322 (70.2%) 

 Skull base 389 (29.1%) 137 (29.8) 

Meningioma 
hyperintensity on T2 
(%) 

 342 (25.6%) 75 (16.3%) 

Peri tumoural 
hyperintensity on T2 
(%) 

 193 (14.4%) 31 (6.8%) 

Venous sinus 
involvement (%) 

 554 (41.5%) 168 (36.7%) 

In contact with 
critical 
neurovascular 
structures (%) 

 199 (14.9%)  35 (7.6%) 
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eTable 4. Baseline clinical and imaging characteristics for the study population, 1336 tumors in 1248 patients 

  Overall Active 
monitoring 
(533 patients, 
572 tumors) 

Discharge/Loss 
to follow-up 
(412 patients, 
43(8 tumors) 

Intervention 
(317 patients, 
326 tumors) 

P 

Median age 
(IQR) 

 66 years (55-
77) 

63 (53-73) 77 (66-84) 58 (49-69) <0.001 

Female: male  999:294 (4:1) 3.7:1 3.3:1 2.9:1 0.340 

Median WHO 
performance 
status (range) 

 1 (0-4)  1 (0-1) 1 (1-2)  1 (0-1) <0.001 

Median age-
adjusted 
Charlson 
comorbidity 
index (ACCI) 
(IQR) 

 4 (2-5)  3 (2-5) 5 (4-7) 2 (1-4) <0.001 

Median 
meningioma 
volume (IQR) 

 2.1 cm3 (0.7-
8.2) 

1.6 cm3 (0.6-4) 1.0 cm3 (0.4-3.4) 12.5 cm3 (4.3-
28.2) 

<0.001 

Anatomical 
location (%) 

Non-skull base 947 (70.9%) 397 (69.4%) 337 (76.9%) 213 (65.3%) 0.001 

 Convexity 470 (35.2%) 191 (33.4%) 188 (42.9%) 91 (27.9%)  

 Parafalcine/paras
agittal 

363 (27.2%) 152 (26.6%) 123 (28.1%) 88 (27%)  

 
Tentorial 99 (7.4%) 50 (8.7%) 20 (4.6%) 29 (8.9%)  

 Intraventricular 12 (0.9%) 3 (0.5%) 5 (1.1%) 4 (1.2%)  
 

Pineal region 3 (0.2%) 1 (0.2%) 1 (0.2%) 1 (0.3%)  

 Skull base 389 (29.1%) 175 (30.6%) 101 (23.1%) 113 (34.7%)   
 

Posterior fossa 150 (11.2%) 72 (12.6%) 42 (9.6%) 36 (11%)  
 

Sphenoid wing 134 (10%) 59 (10.3%) 33 (7.5%) 42 (12.9%)  
 

Anterior midline 105 (7.9%) 44 (7.7%) 26 (5.9%) 35 (10.7%)  

Meningioma 
hyperintensity 
on T2-MRI (%) 

 342 (25.6%) 146 (25.5%) 38 (8.7%) 158 (48.5%) <0.001 

Peri tumoural 
hyperintensity 
on T2-MRI (%) 

 193 (14.4%) 42 (7.3%) 25 (5.7%) 126 (38.7%) <0.001 

Venous sinus 
involvement (%) 

Separate (within 
10 mm) 

219 (16.4%) 105 (18.4%) 60 (13.7%) 54 (16.6%) <0.001 

 In direct contact  255 (19.1%) 108 (18.9%) 64 (14.6%) 83 (25.5%)  

 Invading  80 (6%) 35 (6.1%)  6 (1.4%)  39 (12%)   

In contact with 
critical 
neurovascular 
structures (%) 

 199 (14.9%)  86 (15%) 34 (7.8%) 79 (24.2%) <0.001 
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eTable 5. Results of a Cox regression analysis to assess the association between the individual 
IMPACT variables and disease progression  

Variable  HR (95% CI) P-value 

Meningioma volume 1.07 (1.05-1.09) <0.001 

T2 signal intensity  4.7 (3.1-7.0) <0.001 

T2 peritumoral signal intensity 1.3 (0.8-2.3) 0.287 

Proximity to critical neurovascular structure  1.2, (0.8-1.8) 0.464 

 

 

eTable 7. Cumulative incidence rates of disease progression and its competing events at 5 and 10 
years. 

Event Factor 
 

5 years  10 years P 

Disease progression ACCI 0-2 7.2% 8.7% P=0.465 
  

3-5 7.1% 8.7%  
  

>5 6.1% 7.4%  
 

PS 0-1 7.4% 9.2% P=0.047 
  

2-4 5.4% 5.8%  

HD/LTFU/DDFU ACCI 0-2 17.2% 25.6% P<0.001 
  

3-5 27.4% 47.6%  
  

>5 51.8% 71.9%  
 

PS 0-1 22% 36.7% P<0.001 
  

2-4 54.5% 75.8%  

Intervention ACCI 0-2 48% 51% P<0.001 
  

3-5 25% 26.9%  
  

>5 10.1% 10.1%  
 

PS 0-1 35.1% 37.3% P<0.001 
  

2-4 10.6% 11%  

ACCI=age-adjusted Charlson comorbidity index; DDFU=deceased during follow-up; HD=hospital discharge; 
LTFU=lost to follow-up; PS=performance status.   

eTable 6. Cumulative incidence rates of intervention and its competing event at 5 and 10 years. 

Event Factor 
 

At 5 years  At 10 years  P 

Intervention ACCI 0-2 57.7% 66.8% P<0.001 
  

3-5 29.6% 32.7%  
  

>5 12.1% 13%  
 

PS 0-1 41.6% 47.3% P<0.001 
  

2-4 12.3% 12.8%  

Mortality ACCI 0-2 1.4% 3.6% P<0.001 
  

3-5 18% 35%  
  

>5 49.6% 71.7%   
 

PS 0-1 9.9% 20.8% P<0.001 
  

2-4 53% 75.1%   

ACCI=age-adjusted Charlson comorbidity index; PS=performance status 
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eFigure 2. Kaplan Meier curves showing difference in progression-free survival between IMPACT 

risk categories across A) centre group 2, B) center group 3 and C) center group 4.   

A B C 

eFigure 1. Kaplan Meier curve showing difference in intervention-free survival between IMPACT 

risk categories  
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eFigure 3. Schoenfeld residual plot for each of the covariates included in IMPACT. The solid line is 

a smoothing spline fit to the plot, with the dashed lines representing a ± 2-standard-error band 

around the fit. None of the plots demonstrated a regular pattern with time, and tests were all not 

statistically significant. The proportional hazards assumption in model the prognostic model were 

therefore not violated. 

eFigure 4. DFBETA panels for each of the covariates included in IMPACT. None of the 

observations under any covariate had a value of 2 or more indicating the absence of influential 

observations. 
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eFigure 5. (A–B) Estimated cumulative incidence curves (solid lines) for disease progression 

and its competing events with 95% confidence intervals (CIs) (shading) stratified by (A) ACCI 

and (B) PS. (C–D) Estimated cumulative incidence curves (solid lines) for intervention and 

mortality with 95% CIs (shading) stratified by (C) ACCI and (D) PS. LTFU: lost to follow-up. 


