
CLINICAL ARTICLE
J Neurosurg 134:410–416, 2021

MeningioMas are mostly benign mesenchymal 
neoplasms representing the most common pri-
mary intracranial tumor, with an incidence of 

7.86 per 100,000 people.4,15,26 Maximal resection is the 
standard therapeutic treatment for meningiomas.19 Despite 
advances in imaging and surgical instrumentation tech-

niques, subtotal resections still occur due to tumor loca-
tion, size, and concern for compromising adjacent anato-
my. Furthermore, the development of adjuvant therapies, 
namely radiation therapy, has allowed for less aggressive 
surgical approaches in an attempt to preserve postopera-
tive morbidity and mortality.24,38,43
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OBJECTIVE The extent of resection has been shown to improve outcomes in patients with meningiomas. However, re-
section can be complicated by constraining local anatomy, leading to subtotal resections. An understanding of the natu-
ral history of residual tumors is necessary to better guide postsurgical management and minimize recurrence. This study 
seeks to identify predictors of recurrence and high growth rate following subtotal resection of intracranial meningiomas.
METHODS Adult patients who underwent primary surgical resection of a WHO grade I meningioma at a tertiary care 
institution from 2007–2017 were retrospectively reviewed. Volumetric tumor measurements were made on patients with 
subtotal resections. Stepwise multivariate proportional hazards regression analyses were performed to identify factors 
associated with time to recurrence, as well as stepwise multivariate regression analyses to assess for factors associated 
with high postoperative growth rate.
RESULTS Of the 141 patients (18%) who underwent radiographic subtotal resection of an intracranial meningioma 
during the reviewed period, 74 (52%) suffered a recurrence, in which the median (interquartile range, IQR) time to recur-
rence was 14 (IQR 6–34) months. Among those tumors subtotally resected, the median pre- and postoperative tumor 
volumes were 17.19 cm3 (IQR 7.47–38.43 cm3) and 2.31 cm3 (IQR 0.98–5.16 cm3), which corresponded to a percentage 
resection of 82% (IQR 68%–93%). Postoperatively, the median growth rate was 0.09 cm3/year (IQR 0–1.39 cm3/year). 
Factors associated with recurrence in multivariate analysis included preoperative tumor volume (hazard ratio [HR] 1.008, 
95% confidence interval [CI] 1.002–1.013, p = 0.008), falcine location (HR 2.215, 95% CI 1.179–4.161, p = 0.021), tento-
rial location (HR 2.410, 95% CI 1.203–4.829, p = 0.024), and African American race (HR 1.811, 95% CI 1.042–3.146, p 
= 0.044). Residual volume (RV) was associated with high absolute annual growth rate (odds ratio [OR] 1.175, 95% CI 
1.078–1.280, p < 0.0001), with the maximum RV benefit at < 5 cm3 (OR 4.056, 95% CI 1.675–9.822, p = 0.002).
CONCLUSIONS By identifying predictors of recurrence and growth rate, this study helps identify potential patients with 
a high chance of recurrence following subtotal resection, which are those with large preoperative tumor volume, falcine 
location, tentorial location, and African American race. Higher RVs were associated with tumors with higher postopera-
tive growth rates. Recurrences typically occurred 14 months after surgery.
https://thejns.org/doi/abs/10.3171/2019.10.JNS192466
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Although meningioma growth rates vary widely as a 
whole, few studies have evaluated growth rate following 
subtotal resection.34 This study seeks to identify predictors 
of recurrence and growth rate following subtotal resection 
to better guide the clinical decision-making process, help-
ing to individualize extent of resection and surveillance 
imaging protocols, as well as implementation and timing 
of adjuvant therapies.

Methods
Patient Selection

IRB approval was obtained from Johns Hopkins Uni-
versity prior to the start of this study. All adult patients 
who underwent primary resection of a WHO grade I 
meningioma at a tertiary care institution between March 
5, 2007, and September 11, 2017, were recorded and re-
viewed. Patients with neurofibromatosis type 2, presumed 
radiation-induced meningiomas, recurrent meningiomas, 
spinal meningiomas, and WHO grade II or III meningio-
mas were excluded. Of the 796 patients who underwent 
primary resection of a WHO grade I meningioma dur-
ing the reviewed period, 181 patients (22.7%) underwent 
radiographic subtotal resection. Nineteen patients were 
excluded for having less than 3 months of follow-up, 9 pa-
tients were excluded for imaging that was inadequate for 
volumetric measurement, and 12 patients were excluded 
for receiving postoperative radiation. Patients typically 
underwent MRI 48 hours after surgery followed by a 
3-month follow-up scan; excluding patients with less than 
3 months follow-up allowed for an additional time point 
to track initial growth rates. The remaining 141 patients 
(77.9%) were included in the analyses.

Recorded Variables
Tumor pathology and grade were determined by a se-

nior neuropathologist in all cases according to the 2007 
WHO grading system.26 The clinical, operative, and hos-
pital records of the included patients were retrospectively 
reviewed. Resections were defined as subtotal when de-
finitive residual tumor remained (Simpson grade 4 resec-
tions) on postoperative radiographic assessment able to 
undergo volumetric analysis. This did not include dural 
tails. Simpson grade 5 resections were not performed in 
this cohort and were therefore not included. All patients 
underwent a brain MRI scan with and without contrast 
within 48 hours of their first surgery. Recurrence was de-
fined as definitive growth of residual tumor as assessed 
by a neuroradiologist. The typical imaging protocol after 
surgery was MRI 3 months after surgery, followed by 3- to 
6-month intervals.

Volumetric Measurements
All MR images were obtained and reviewed. Tumor 

volumes were determined by manually calculating tumor 
areas in each MRI slice, and then compiling the volumes 
in the z-dimension using a semiautomated PACS mea-
surement tool (version 12.1, Carestream Health), as previ-
ously described.11 This was completed using T1-weighted 
MRI with gadolinium contrast, in which dural tails were 
not included into the volumetric measurements. When pa-

tients had multiple meningiomas, only the operated tumor 
was assessed.

Statistical Analysis
Stepwise multivariate proportional hazards regression 

analyses were performed to identify potential associations 
between demographic, radiological, preoperative, postop-
erative, and pathologic variables and time to recurrence. 
Stepwise multivariate logistic regression analyses were 
performed to assess for factors associated with high post-
operative growth rate. The cutoff for high growth was set 
at the median rate for patients with postoperative tumor 
growth. JMP Pro (version 14, SAS Institute Inc.) was used 
for all analyses. A p value < 0.05 was considered statisti-
cally significant.

Results
Preoperative Characteristics

The pre- and postoperative characteristics of the 141 
patients who underwent subtotal resection of an intracra-
nial WHO grade I meningioma are summarized in Table 
1. The average age (± SD) was 56.55 ± 12.76 years, and 40 
(28%) were male. Ninety-four patients (67%) were White, 
29 (21%) were African American, 2 (1%) were Hispanic, 
3 (2%) were Asian, and 13 (9%) were of unknown/other 
race. The median (interquartile range, IQR) preoperative 
volume was 17.19 cm3 (IQR 7.47–38.43 cm3). Preopera-
tively, the median annual relative growth rate and absolute 
growth rate were 7.85% (IQR 0%–63%) and 0.75 cm3/year 
(IQR 0–6.24 cm3/year), respectively. The median Karnof-
sky Performance Scale (KPS) score was 80 (IQR 80–80). 
Of the 141 tumors, 49 (35%) were located centrally (me-
dial sphenoid wing, olfactory groove, planum sphenoidale, 
suprasellar), 90 (64%) were skull base, 12 (9%) were con-
vexity, 41 (30%) were falcine/parasagittal, 34 (24%) were 
sphenoid wing, 10 (7%) were olfactory groove, 21 (15%) 
were planum sphenoidale, 14 (10%) were suprasellar, 13 
(9%) were tentorial, and 29 (21%) were in the posterior 
fossa.

Postoperative Characteristics
Following surgery, the median postoperative volume 

was 2.31 cm3 (IQR 0.98–5.16 cm3), with a percentage re-
section of 82% (IQR 68%–93%). Seventy-four patients 
(52%) had tumor recurrence, in which the median time to 
recurrence was 14 months (IQR 6–34 months). In all pa-
tients postoperatively, the median annual relative growth 
rate and absolute growth rate were 5.11% (IQR 0%–37%) 
and 0.09 cm3/year (IQR 0–1.39 cm3/year), respectively. In 
patients with tumor recurrence, the median annual rela-
tive growth rate and absolute growth rate were 36% (IQR 
13%–111%) and 1.28 cm3/year (IQR 0.43–3.60 cm3/year), 
respectively. The median follow-up duration for all pa-
tients was 45 months (IQR 22–72 months). For patients 
without recurrence, the median follow-up duration was 51 
months (IQR 22–71 months).

Factors Associated With Recurrence
The recurrence-free survival for all patients is depicted 
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in Fig. 1. The recurrence-free survival at 1, 2, 3, and 5 
years was 72%, 63%, 51%, and 41%, respectively. The fac-
tors associated with time to recurrence are summarized in 
Table 2. In stepwise multivariate analysis, recurrence was 
significantly associated with preoperative tumor volume 
(hazard ratio [HR] 1.008, 95% confidence interval [CI] 
1.002–1.013, p = 0.008), falcine location (HR 2.215, 95% 

CI 1.179–4.161, p = 0.021), tentorial location (HR 2.410, 
95% CI 1.203–4.829, p = 0.024), and African American 
race (HR 1.811, 95% CI 1.042–3.146, p = 0.044). These 
factors are displayed in Fig. 2. To determine the preop-
erative tumor volume most associated with recurrence, 
proportional hazards analyses were performed with pre-
operative volume dichotomized in 5-cm increments, and 
the most significant benefit occurred with preoperative tu-
mor volume < 10 cm3 (HR 0.396, 95% CI 0.227–0.691, p 
= 0.0004). Postoperative tumor residual volume (RV) was 
not associated with recurrence in the stepwise multivari-
ate analysis (HR 1.016, 95% CI 0.966–1.067, p = 0.531).

Associations With High Absolute Annual Growth Rate
High absolute growth rate was defined as growth above 

the median growth rate among tumors with postoperative 
growth, which was > 1.28 cm3/year. The factors associated 
with high absolute annual growth rate are summarized in 
Table 3. In stepwise multivariate logistic regression, high 
absolute annual growth rate was significantly associated 
with postoperative tumor volume (odds ratio [OR] 1.175, 
95% CI 1.078–1.280, p < 0.0001; Fig. 3). High absolute 
growth rate was not associated with medial sphenoid 
wing location (OR 1.677, 95% CI 0.572–4.918, p = 0.352), 
tentorial location (OR 2.104, 95% CI 0.474–9.335, p = 

TABLE 1. Patient characteristics for the 141 patients with 
residual tumor after primary resection of a WHO grade I 
meningioma

Variable Value

Demographics
 Mean age ± SD, yrs
 Male, n (%)
 Median preop KPS score (IQR)
 Race, n (%)
  White
  African American
  Hispanic
  Asian
  Unknown/other

56.55 ± 12.76
40 (28)

80 (80–80)

94 (67)
29 (21)

2 (1)
3 (2)

13 (9)
Tumor characteristics
 Location, n (%)
  Central: medial sphenoid, olfactory groove, 

planum, suprasellar
  Peripheral: convexity and lateral sphenoid 

wing
  Skull base
  Convexity
  Parasagittal
  Falcine
  Lateral sphenoid wing
  Middle sphenoid wing
  Medial sphenoid wing
  Olfactory groove
  Planum sphenoidale
  Suprasellar
  Tentorial
  Posterior fossa
  Cerebellopontine angle
  Foramen magnum
 Median preop tumor volume (IQR), cm3

 Median postop tumor volume (IQR), cm3

 Median percentage tumor resected (IQR), %
 Median annual relative growth rate (IQR), %
  Preop
  Postop
 Median absolute growth rate (IQR), cm3/yr
  Preop
  Postop

49 (35)

21 (15)

90 (64)
12 (9)
24 (17)
17 (12)
6 (4)
2 (1)

26 (18)
10 (7)
21 (15)
14 (10)
13 (9)
29 (21)
20 (14)

4 (3)
17.19 (7.47–38.43)
2.31 (0.98–5.16)

82 (68–93)

7.85 (0–63)
5.11 (0–37)

0.75 (0–6.24)
0.09 (0–1.39)

Long-term outcomes
 Median follow-up duration (IQR), mos
 Recurrence, n (%)
 Median time to recurrence (IQR), mos
 Postop chemotherapy, n (%)
 Surgery for recurrence, n (%)
 Radiation for recurrence, n (%)

45 (22–71)
74 (52)

14 (6–34)
0 (0)

14 (10)
25 (18)

FIG. 1. Kaplan-Meier curve of recurrence-free survival for all patients 
who underwent initial subtotal resection of a WHO grade I intracranial 
meningioma. Figure is available in color online only.

TABLE 2. Stepwise multivariate proportional hazards analysis 
with factors associated with time to recurrence

Risk Factor p Value HR (95% CI)

Multivariate analysis
 Preop tumor volume
 Falcine location
 African American
 Tentorial location

0.008
0.021
0.044
0.024

1.008 (1.002–1.013)
2.215 (1.179–4.161)
1.811 (1.042–3.146)
2.410 (1.203–4.829)

Factors not associated w/ time to re-
currence in multivariate analysis

  Postop residual tumor volume 0.531 1.016 (0.966–1.067)
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0.339), male patients (OR 1.670, 95% CI 0.685–4.072, p = 
0.262), falcine location (OR 2.149, 95% CI 0.679–6.797, p 
= 0.201), preoperative tumor volume (OR 1.010, 95% CI 
0.998–1.023, p = 0.111), or African American race (OR 
0.297, 95% CI 0.086–1.1034, p = 0.056).

Residual Volume Analysis
To determine the RV that was maximally associated 

with high absolute annual growth rate, logistic regressions 
were performed with RVs dichotomized in 1-cm3 incre-
ments. The most significant benefit occurred with a post-
operative tumor volume of < 5 cm3 (OR 4.526, 95% CI 
1.992–10.29, p = 0.0003). In stepwise multivariate analysis 
including the new < 5 cm3 benefit target, high absolute 
growth rate was significantly associated with postopera-
tive volume > 5 cm3 (OR 4.056, 95% CI 1.675–9.822, p 
= 0.002), preoperative tumor volume (OR 1.014, 95% CI 
1.002–1.026, p = 0.015), and African American race (OR 
0.284, 95% CI 0.081–0.996, p = 0.032; Table 3). High ab-
solute growth rate was not associated with tentorial loca-
tion (OR 1.966, 95% CI 0.427–9.058, p = 0.394), medial 
sphenoid wing location (OR 1.681, 95% CI 0.566–4.988, 
p = 0.355), male patients (OR 1.741, 95% CI 0.707–4.288, 

p = 0.228), or falcine location (OR 2.374, 95% CI 0.733–
7.683, p = 0.156).

Discussion
Maximal safe resection is the tenet of meningioma 

management, with the aim of removing involved dura and 
bone. Despite innovative surgical techniques and high-
resolution imaging, subtotal resections still occur 30% of 
the time.25,32,40 Of the 796 patients with a WHO grade I 
meningioma in this present study, 22.74% (n = 181) under-
went radiographic subtotal resections. Simpson’s paper in 
1957 offers compelling evidence of the inverse associa-
tion between extent of resection and tumor recurrence.41 
With an increased risk for recurrence, patients with sub-
total resections therefore require careful management to 
mitigate this risk. In the 141 subtotal resections analyzed 
in this study, we found that preoperative tumor volume, 
falcine location, tentorial location, and African American 
race were predictors of tumor recurrence. Additionally, we 
found that postoperative RV was associated with a high 
absolute annual growth rate, with the most resection ben-
efit occurring at an RV < 5 cm3. These findings can help 
guide decisions regarding extent of resection in specific 

FIG. 2. Kaplan-Meier curves of recurrence-free survival in all subtotally resected meningiomas dichotomized for preoperative vol-
ume <10 cm3 (A), falcine location (B), tentorial location (C), and African American race (D). Figure is available in color online only.
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patients and potentially limit previously described mor-
bidities associated with meningioma progression/treat-
ment.5,6,10,28

In this study, 74 patients (52%) who had subtotal re-
sections had tumor recurrence. This rate of recurrence is 
within the range of previous findings.20,29,38,41 We identi-
fied an association between preoperative tumor volume 
and recurrence. It has previously been shown in WHO 
grade I–III meningiomas that preoperative volume is sig-
nificantly associated with a higher rate of tumor recur-
rence.7,17,21 We previously found parafalcine location as a 
predictor of recurrence in subtotally resected meningio-
mas of all WHO grades.11 In the present study, we dem-
onstrated that falcine location is predictive of recurrence, 
which is in accordance with other studies of WHO grade 
I meningiomas.2,9,23,30,35 This finding may be explained by 
limitations of resection due to the sagittal sinus, narrow 
operative corridor, differences in blood flow, or anatomi-
cal variations in freedom of growth compared to areas 
such as the skull base. We also identified tentorial location 
as a predictor of recurrence that, to our knowledge, has not 
been previously identified. Notably, Gallagher et al. did 
not find tumor location, including the parasagittal region, 
to be a significant predictor of recurrence/progression free 
survival in 145 patients with WHO grade I meningioma.14 
Our finding of African American race as a risk factor for 

recurrence is in concordance with our previous findings in 
subtotal resections.9

Growth rates in meningiomas have been shown to 
vary greatly, ranging from 0.04–4.94 cm3/year.7,8, 12, 22, 33, 

34,37 However, most of the prior studies focused on inci-
dental or nonoperated meningiomas and few studies have 
reported on growth rates in subtotally resected meningio-
mas.13 In a cohort of 33 patients who underwent subtotal 
resections, Nakamura et al. determined a mean absolute 
annual growth rate of 1.51 cm3/year.34 Additionally, Jung 
et al. studied 38 patients with subtotally resected petro-
clival meningiomas and found a mean growth rate of 4.94 
cm3/year.22 In our cohort of 141 patients, we defined a high 
growth rate as 1.28 cm3/year. We found that RV was a pre-
dictive factor for a high absolute growth rate. This is in 
agreement with Nakamura et al., who also found an as-
sociation between initial RV and absolute annual growth 
rate.34 Several studies have also found a relationship be-
tween tumor volume and growth rate in nonoperated me-
ningiomas,33,38 while other similar studies have found no 
such relationship.18

When RV was stratified in 1-cm3 increments, we found 
that RV > 5 cm3 was associated with high growth rates. 
To our knowledge, no previous study has identified a volu-
metric resection target to reduce growth rates. These find-
ings highlight the importance of maximal resection and 
can help guide selection of patients for adjuvant therapies. 
Although radiation therapy after subtotal resections has 
shown a survival benefit for patients with WHO grade I 
meningiomas,1,3,16,31,36,42,44 the optimal timing and patient 
selection have yet to be determined. While adjuvant as 
opposed to salvage radiotherapy is often reserved for 
younger patients with tumors in symptomatic locations, 
our findings indicate a potential benefit to early adjuvant 
intervention in patients with additional risk factors for 
recurrence and hastened growth. By identifying predic-
tors of recurrence and high growth rate, our study helps 
identify appropriate patients for adjuvant radiation ther-

TABLE 3. Stepwise multivariate logistic regression of factors 
associated with high growth rate

Risk Factor p Value OR (95% CI)

Multivariate stepwise logistic regres-
sion

  Postop volume* <0.0001 1.175 (1.078–1.280)
Factors not associated w/ high 

absolute growth rate in multivariate 
analysis

  Medial sphenoid wing location
  Tentorial location
  Male
  Falcine location
  Preop tumor volume
  African American race

0.352
0.339
0.262
0.201
0.111
0.056

1.677 (0.572–4.918)
2.104 (0.474–9.335)
1.670 (0.685–4.072)
2.149 (0.679–6.797)
1.010 (0.998–1.023)
0.297 (0.086–1.034)

Multivariate stepwise logistic regres-
sion

  Postop volume >5 cm3*
  Preop tumor volume
  African American race

0.002
0.015
0.032

4.056 (1.675–9.822)
1.014 (1.002–1.026)
0.284 (0.081–0.996)

Factors not associated w/ high 
absolute growth rate in multivariate 
analysis

  Tentorial location
  Medial sphenoid wing location
  Male
  Falcine location

0.394
0.355
0.228
0.156

1.966 (0.427–9.058)
1.681 (0.566–4.988)
1.741 (0.707–4.288)
2.374 (0.733–7.683)

The cutoff for high growth rate was set at the median rate for patients with 
postoperative growth, which was  >1.28 cm3 absolute annual growth rate.
* Postoperative volume was first assessed as a continuous variable, and then 
as a dichotomous variable with the <5 cm3 target.

FIG. 3. Box plot comparing postoperative tumor volume between tumors 
with high absolute growth rate and low absolute growth rate. Q1 = quar-
tile 1, Q3 = quartile 3.
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apy and/or more frequent postoperative monitoring, and 
future studies can help elucidate the optimal therapy and 
surveillance timing patterns so as to ultimately continue 
individualizing follow-up management.27

Strength and Limitations
This study provides valuable information for the care of 

meningiomas. There have been a limited number of stud-
ies reporting on growth rates in meningiomas, especially 
following resection. We used volumetric measurement 
with image-analysis software to track disease progres-
sion. This method is regarded as the superior method for 
capturing the 3D nature of meningiomas.7,39,45 Our study 
establishes predictors of recurrence and growth rate in a 
larger population than previous studies of patients with 
subtotal resections, and thus helps to identify resection 
goals and individualize follow-up management.

While this study has greater power and predictive value 
than previous studies, it is not without limitations. There 
were several populations of meningioma patients that were 
excluded in order to create a uniform patient population for 
analysis. Unfortunately, this limits the generalizability of 
our study. This study also has limitations of a retrospective 
review, including inherent bias in patient or treatment se-
lection. Another limitation is the relatively short follow-up 
time in our study, as meningiomas can recur decades after 
surgery. Because we limited our cohort to grade I menin-
giomas, the impact of adjuvant therapies was not studied. 
It is also important to note that some patients included in 
this cohort may have tumor histology more consistent with 
WHO grade II under the new 2017 classification system. 
While our study utilized a linear growth rate, it is impor-
tant to recognize the wide variety of growth models and 
that a tumor can display a variety of growth patterns over 
its lifetime, exhibiting exponential, linear, and no growth 
at different points in time.26,35 Additionally, our definition 
of recurrence limits our detection of subradiographic tu-
mor growth, particularly in small tumors, although ana-
lyzing radiographically evident tumor growth maintains 
clinical relevancy. Finally, we did not analyze any molecu-
lar or genetic predictors of recurrence or growth rate, such 
as Ki-67 or MIB-1, as screening for these markers was not 
routinely performed or documented for all patients at our 
institution.

Conclusions
While maximal resection is the goal of meningioma 

treatment, many patients receive subtotal resections. In 
this study of residual tumors, we found that preoperative 
tumor volume, falcine location, tentorial location, and Af-
rican American race were associated with tumor recur-
rence. Additionally, postoperative RV was associated with 
a high growth rate, with the most benefit occurring at an 
RV < 5 cm3. These findings help identify patients at risk 
for tumor recurrence, and can inform decisions on extent 
of resection, postoperative surveillance imaging, and/or 
adjuvant therapy.
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