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ABSTRACT

Background and Purpose: World Health Organization (WHO) grading of meningiomas reflects recurrence rate and prognosis.
Positron emission tomography (PET) investigates metabolic activity, allowing for distinction between low- and high-grade tumors.
As preoperative suspicion for malignant meningioma will influence surgical strategy in terms of timing, extent of resection, and
risks taken to achieve a total resection, we systematically reviewed the literature on PET-imaging in meningiomas and relate
these findings to histopathological analysis.

Methods: Searches in PubMed, EMBASE, and The Cochrane Library, from inception to September 2019, included studies of
patients who had undergone surgery for a histologically verified intracranial meningioma, with a PET-scan prior to surgery and
description of (semi)quantitative PET values for meningiomas from two different WHO groups. Studies comparing more than 1
patient per WHO group were included in the meta-analysis.

Results: Twenty-two studies (432 patients) were included. 18fluor-fluorodesoxyglucose (18F-FDG) PET was mostly described
to differentiate benign from malignant meningiomas. Pooled data showed differences in mean (95% CI) Standardized Uptake
Value (SUV) for WHO II/III compared to WHO I of 2.51 (1.36, 3.66), and in tumor-to-normal (T/N) ratio (T/N ratio) for WHO
II/IIT versus WHO I of .42 (.12, .73).

Conclusions: We found that SUV and T/N ratio in 18F-FDG PET may be useful to noninvasively differentiate benign from
malignant meningiomas. T/N ratio seems to have a high specificity for the detection of high-grade meningiomas. Other PET
tracers were studied too infrequently to draw definitive conclusions. Before treatment strategies can be adapted based on 18F-
FDG PET, prospective studies in larger cohorts are warranted to validate the optimal T/N ratio cutoff point.
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Introduction

Meningiomas account for approximately one-third of all cen-
tral nervous system (CNS) tumors, and the incidence increases
progressively with age.! Ever since the introduction in 1979
of the World Health Organization (WHO) grading system,
meningiomas have been a distinct category. In 1993, atypical
meningioma (WHO grade II) was introduced into the WHO
grading system, and only since 2000, atypical and anaplastic
(WHO grade III) meningiomas are clearly defined in terms
of histologic criteria.? The WHO grade of a meningioma re-
flects the recurrence rate and prognosis. The 5 years’ recur-
rence rates vary between series and are reported for WHO
grades I, II, and III meningiomas to be 5-25%, 30-50%, and
50-94%, respectively.>® Beside on histopathological grade, the
recurrence rate of meningiomas also depends on the extent of
resection.

Unfortunately, biological aggressiveness, WHO grade, and
nowadays also DNA methylation-based classification can only
be investigated after surgery.®’
and high-grade meningiomas using conventional MRI is
difficult.® Imaging techniques that enable noninvasive, pre-
operative assessment of tumor biology and WHO grade
could potentially be helpful in surgical planning. Suspicion
for malignancy in a meningioma will influence timing of
surgery, and surgical strategy in terms of extent of resec-
tion and the risk a surgeon should take to achieve a total

resection, as well as the indication for early postoperative
o-11

Differentiation between low-

imaging.

Positron emission tomography (PET) investigates metabolic
activity in tumors and some tracers, for example, in gliomas,
even allow for distinction between low- and high-grade
tumors.'? The aim of this study is to systematically review the
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available literature on PET imaging in meningiomas and relate
these findings to histopathological analysis.

Methods
Literature Search

A literature search was performed based on the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA)-statement.*® Systematic searches were performed in
PubMed, Embase.com, and The Cochrane Library (via Wi-
ley) on September 24, 2019, in collaboration with a medical
librarian, to identify all relevant publications. Search terms in-
cluded indexed terms from MeSH in PubMed, EMtree in EM-
BASE.com, as well as free text terms. We used free text terms
only in The Cochrane Library. Search terms expressing “PET
scans” were used in combination with search terms comprising
“meningioma.” The search was performed without date or lan-
guage restriction. Duplicate articles were excluded. Reference
lists of the included studies were checked to identify additional
papers. The full search strategies for all databases are available
on request from the corresponding author.

Selection Process

Two reviewers independently screened all titles and abstracts
for eligibility. Full text articles were checked for the inclu-
sion and exclusion criteria. Studies were included if they
met the following criteria: (i) patients > 18 years old who
had undergone surgery for a histologically verified intracra-
nial meningioma; (i) description of WHO grade; (iii) PET-
scan prior to surgery; and (iv) description of (semi)quantitative
PET values for meningiomas from at least two different WHO
grades. We excluded studies if they were (i) conference ab-
stracts/correspondence; (i) non-English full text articles; (iii) if
the described (semi)quantitative PET values were incomplete
(for example, if only elevated PET values of a part of the pa-
tient group were described). Differences in judgment regard-
ing inclusion or exclusion were resolved through a consensus
procedure. In case of disagreement, a third reviewer was con-
sulted. When there were two publications from the same work-
ing group with potentially overlapping patients, we decided to
include the study with the largest number of meningioma pa-
tients. Studies with potentially overlapping patients for different
PET tracers were both included in the analysis.

Data Extraction

One author extracted and processed the relevant data of the se-
lected articles. From each study, information was extracted on:
(1) number of patients, (2) tumor characteristics (WHO grade,
size), and (3) PET characteristics (Standardized Uptake Value
[SUV], tumor-to-normal ratio [T/N ratio], glucose metabolic
rate [GMR], scanning technique [static or dynamic]). Some au-
thors were contacted and asked to provide additional data from
their published work to include their study in the meta-analysis.

Assessment of Quality

Two reviewers independently evaluated the methodological
quality of the full text papers using the Newcastle-Ottawa
quality assessment scale for cohort studies (NOS scale),™
the Quality Assessment of Diagnostic Accuracy Studies 2
(QUADAS-2),” and critical appraisal of a case study.'® Differ-

ences in judgment were resolved through a consensus proce-
dure. In case of disagreement, a third reviewer was consulted.

The NOS scale was used for cohort studies, the QUADAS-2
for diagnostic studies, and the critical appraisal of a case study
was used for studies including 10 patients or less. The NOS scale
contains eight items in three categories (selection, comparabil-
ity, and outcome). To score the ascertainment of exposure, we
looked at histopathological diagnosis (category selection). The
item “selection of the nonexposed cohort” could only be scored
in studies that also assessed a patient group without menin-
giomas (category selection). The item “demonstration that out-
come of interest was not present at start of the study” was not
applicable and therefore excluded from the scale for this study
(category selection). Studies were awarded with points for the
category comparability if a multivariate analysis was performed
(one point for tumor volume, two points for multiple variables
including tumor volume). To score assessment of outcome, we
determined whether PET was performed. Follow-up was con-
sidered adequate when PET was performed in 80% or more of
the included patients (category outcome). The item “was follow-
up long enough for outcomes to occur” was not applicable and
therefore excluded from the scale for this study (category out-
come). These modifications resulted in a maximum score of six
or seven points instead of nine.

For diagnostic studies, we obtained the QUADAS-2 tool,
which consists of four key domains: patient selection, index test,
reference standard, and flow and timing. Each domain is as-
sessed in terms of risk of bias, and the first three domains are
also assessed regarding applicability. Each item that was rated
as “low risk of bias” or “low concern regarding applicability”
was awarded with one point.

The critical appraisal of a case study tool contains 10 ap-
praisal questions. Studies can be awarded with 10 points in total.

Studies were defined as high-quality studies if they were
awarded with >50% of the maximum amount of points.

Data Analysis

Patients were classified into three groups according to histolog-
ical diagnosis (meningioma WHO I, II, and III). Differences
in SUVs, mean T/N ratio (mean activity of the tumor divided
by mean activity of the normal brain), or maximum T/N ra-
tio (maximum activity of the tumor divided by mean activ-
ity of the normal brain) among the groups were described. If
not provided by the authors, means were calculated for WHO
groups.

Studies comparing more than 1 patient per WHO group,
with a clear description of the number of patients in each WHO
group, were included in the meta-analysis. SUV and T/N ra-
tio values in meningiomas were compared according to WHO
grade. Forest plots to present the pooled data were created using
Review Manager 5.3. Effect sizes were calculated using random
effect models. A subgroup analysis in high-quality studies was
also performed. All analyses performed at the patient level were
done with SPSS Statistics 25 software. P < .05 was considered
statistically significant.

Results
Study Characteristics

The literature search generated a total of 1,498 references.
After removing all duplicates, 1,106 were screened, leaving
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Fig 1. Flowchart of the search and selection procedure of studies.

469 full text papers for review. Finally, 22 studies were in-
cluded (Fig 1). The most frequent reasons for exclusion were
no clear description of histopathology and no description of
(semi)quantitative PET values for meningiomas from more
than one WHO group. Two publications from Mertens et al
describing the same patient group were included since both
studies described different PET values (SUV and T/N ratio,
respectively).18

Twenty-two studies described 670 patients with a brain tu-
mor. Four-hundred thirty-two patients harboring a meningioma
were included (324 WHO I; 93 WHO II; 15 WHO III). The
results of all 22 included studies were reviewed. Out of these 22
studies, 14 could be included in the meta-analysis.

The risk of bias was moderate in most studies. Critical ap-
praisal of a case study was awarded with four points out of 10
and seven points out of 10, respectively, in two studies. The
ranges for the NOS scale and for QUADAS-2 were two to six
(out of six or seven maximum) and one to six (out of seven max-
imum), respectively. Only one study received the maximum
amount of points (Table 1).

PET Tracers

The PET tracers that were most frequently described to
differentiate benign (WHO I) from malignant (WHO II
and III) meningiomas were 18fluor-fluorodesoxyglucose
(18F-FDG) (r = 13) and 11C-methionine (MET) (n = 3).
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Table 1. Included Studies

Number of Points for
Patients WHO Grade Assessment of
Study Quality Included in

Study Design T M 1 Il ] PET (Maximum Points) Meta-Analysis
Arital? Cohort study 51 14 12 2 18F-FDG MET 4 (6)* Yes
Cornelius® Cohort study 24 24 18 3 3 18F-FET 6 (7)b Yes
Di Chiro?! Cohort study 17 13 11 1 1 18F-FDG 4 (6)* No
Filss®’ Cohort study 64 8 6 2 I8F-FET 5(7)2 Yes
Giovacchini2* Case series 7 7 5 2 18F-FDG 11C-Choline 7 (10)¢ Yes
Gudjonssona®® Case series 8 3 2 1 76Br-Bromide 4 (10) © No
Henn?? Cohort study 25 25 21 4 18F-FDG 2 (6)* Yes
Tkeda3? Cohort study 37 33 30 3 MET 1(6) Yes
Li*0 Cohort study 21 5 4 1 68Ga-NOTA-PRGD-2 5 (6)* No
Liu? Cohort study 22 12 8 2 2 I8F-FDG ACE 5(7)2 Yes
Leef Cohort study 59 59 43 13 3 18F-FDG 3 (7)b Yes
Mertens!” Cohort study 24 2 1 1 18F-FCho 5(7)2 No
Mertens!® Cohort study 17 2 1 1 18F-FCho 5 (7 No
Mitamura*! Cohort study 22 22 12 10 18F-FDG MET 4 (6)2 Yes
Murakami*? Cohort study 23 15 12 3 18F-FDG 5 (7 Yes
Okuchi?® Cohort study 67 67 56 10 1 18F-FDG 2 (6)° Yes
Park* Cohort study 19 19 14 5 18F-FDG 3 (6)* Yes
Rachinger®? Cohort study 21 21 16 4 1 68Ga-DOTATATE 5 (7)b No
Sommerauer** Cohort study 23 21 7 11 3 68Ga-DOTATATE 6 (6)2 No
Tateishi?’ Cohort study 34 34 27 7 18F-FDG 18F-Fluoride 2 (6) No
Xiangsong?0 Cohort study 11 10 6 4 18F-FDG 13N-NH3 4 (6)* Yes
Yi% Cohort study 74 16 12 3 1 18F-FDG 13N-NH3 5(77 Yes
Total 670 432 324 93 15

Number of patients: 7= total number of patients in the study; M = number of patients with a histologically verified meningioma who underwent a PET scan; WHO =

World Health Organization; 13N-NH3 = [I13N]Ammonia.

Assessment of quality using: Newcastle-Ottawa Scale,* Quality Assessment of Diagnostic Accuracy Studies-2," or critical appraisal of a case study.®

O-(2- [18F]fluoroethyl)-L-tyrosine (18F-FET) (» = 2),
(68Ga)-dodecanetetraacetic acid-tyrosine-3-octreotate (68Ga-
DOTATATE) (n = 2), 11C-acetate (ACE) (n = 1),
[13N]Ammonia ([I3N]NH3) (13N-NH3) (n = 2), 11C-Choline
(n=1), 18F-Fluoride (n = 1), 76Br-Bromide (n = 1), fluorine-18
fluoromethylcholine (18F-FCho) (n = 2), and 68Ga-NOTA-
PEG4-E[c(RGDfK)] (68Ga-NOTA-PRGD-2) (n = 1) were also
described. All 22 reviewed studies are presented in Tables 1-4.
Dataof 14 studies were pooled and are presented in forest plots
(Figs 2-4).

18fluor-Fluorodesoxyglucose

Thirteen studies describing 18F-FDG in meningiomas with dif-
ferent WHO groups included a total of 302 patients (212 WHO
I; 58 WHO II; 8 WHO III). In 9 of these 13 studies, PET val-
ues (GMR, SUV, and/or T/N ratio) were significantly higher
for WHO grades II and III compared to WHO grade I menin-
giomas. Among those nine studies were the two studies with the
largest patient population including 67 and 59 meningiomas pa-
tients. Murakami et al performed a dynamic quantitative study
to compare T/N ratio between WHO I and II meningioma.
K1, K2, and K3 were assessed. K1 (which reflects the transport
of 18F-FDG from plasma to tissue) was significantly higher in
WHO II than WHO I meningiomas. In all four studies that did
not show a significant difference between WHO groups, the
comparison was between WHO I and II meningiomas, with-
out WHO III or II/III groups.

One study showed that a T/N ratio (gray matter was used as
a normal reference area) of >1.0 was the best cutoff value for
detecting high-grade meningioma with a specificity of 95% and
a sensitivity of 44%.°

Eleven studies were included in the meta-analysis (Fig 2).
From the study by Murakami et al, the T/N ratios for K1 were
used. Forest plots showed significantly higher T/N ratios for
WHO II compared to WHO I and WHO II/III compared to
WHO I meningiomas (mean difference [95% CIJ: .47 [.16, .78]
and .42 [.12, .73], respectively). SUV was also found to be signif-
icantly higher in WHO II and WHO II/III meningiomas than
in WHO I meningiomas (mean difference [95% CI]: 2.10 [.77,
3.42] and 2.51 [1.36, 3.66], respectively).

In the subgroup analysis with high-quality studies, we also
found significantly higher T/N ratios for WHO II compared to
WHO I and WHO II/III compared to WHO I meningiomas
(mean difference [95% CIJ: .62 [.23, 1.01] and 1.39 [.62, 2.16], re-
spectively). SUV was found to be significantly higher in WHO
II than in WHO I meningiomas (mean difference [95% CIJ:
2.14 [.39, 3.88]) as well.

771 C-Methionine

MET-uptake related to histopathological meningioma grade
has been described in three studies with a total of 74
meningiomas (56 WHO I, 18 WHO II). In two studies, no
significant difference was found between WHO I and II menin-
giomas. Mitamura et al found both SUV,,,x and maximum
T/N ratios to be significantly higher when comparing WHO II
to WHO I meningiomas (P=.002 and P = .002, respectively).
Pooled data of all 74 patients showed no significant difference
in T/N ratio between WHO II and WHO I meningiomas
(mean difference [95% CIJ: .81 [—1.05, 2.68], Fig 3).

In the subgroup analysis with high-quality studies, we also
found no significant difference in WHO II and WHO I menin-
giomas (mean difference [95% CIJ: 1.60 [—.00, 3.21]).
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= ol < == = RPN wide resection (including dural tail and a rim of seemingly nor-
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Tumor-to-normal ratio WHO II versus WHO 1

WHO Il WHO | Mean Difference Mean Difference
Study Mean SD Total Mean SD Total Weight v, d 95% ClI v, d 95% CI
Arita™ 1.19 45 2 1.06 15 12 12.3% .13 [-.50,.76] ==
Giovacchini** 1.195 43134 2 926 .7503 5 8.1% 27[-.62,1.16] p—
Henn” 10.575  .39305 4 7214 21648 21 17.9% 34[-.06,.73] ul
Liv® 1.245  .78489 2 6175 .18422 8 6.0% .63 [-.47,1.72] ——
Mitamura®* 1.06 47 10 62 23 12 20.0% 44[.12,.76] =
Murakami® 2.07 78 3 10908 37764 12 7.9% 198,07, 1.89] =
park™ 749 534 5 806 451 14 14.6% -.06 [-.58,.47] -
Xiangsong®® 23.667  .50332 3 10167  .20412 6 13.1% 1.35[.76, 1.94] -
Total (95% Cl) 31 90 100.0% 47[.16,.78] (]
\ \ y )
Heterogeneity: Tau® =.10; Chi® = 15.32, df = 7 (P =.03); I* = 54% -10 -5 WHO Il U\MHO| 2 o
Test for overall effect: Z=3.00 (P =.003)
Tumor-to-normal ratio WHO IVIII versus WHO [
WHO Il WHO | Mean Difference Mean Difference
Study Mean SD Total Mean SD Total Weight v, d 95% ClI \'A d 95% CI
Lee® 94 4 16 65 35 43 41.6% 29[.07,.51]
Liu® 23.275 1.994 4 6175 18422 8 2.3% 1.71[-.25,3.67]
Okuchi?® 83 28 11 56 19 56 45.5% .27[.10,.44]
Yi*® 1.87 85 4 54 .19 12 10.6% 1.33[.49,2.17] A
Total (95% Cl) 35 119 100.0% 42[.12,.73]
Heterogeneity: Tau® = .05; Chi® = 7.87, df = 3 (P =.05); 2 = 62% -10 -5 WHO I WO | 5 10
Test for overall effect: Z = 2.72 (P =.007) o .
SUV WHO II versus WHO 1
WHO Il WHO | Mean Difference Mean Difference
Study Mean SD Total Mean SD Total Weight v, d 95% CI IV, Random, 95% CI
Giovacchini™® 6.595 252.437 2 5296  .64485 5 12.8% 1.30[-2.24, 4.84] F—
Liu® 3.385 140.714 2 23513 91163 8 33.0% 1.03 [-1.02, 3.08] _
Mitamura®* 9.25 2.16 10 5.76 2.23 12 39.0% 3.49[1.65,5.33] —a—
park® 5.1 3.535 5 3.578 1.744 14 15.2% 1.52[-1.71,4.75] —_—
Total (95% Cl) 19 39 100.0% 2.10[.77,3.42] .
Heterogeneity: Tau® =.29; Chi’ = 3.54, df = 3 (P =.32); I = 15% -10 -5 WHOT UWHOI 5 10
Test for overall effect: Z=3.10 (P =.002)
SUV WHO IV versus WHO I
WHO Il WHO | Mean Difference Mean Difference
Study Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Liv® 483 186.263 4 235125 91163 8 35.4% 2.48.55,4.41] —a—
Okuchi® 8.16 2.31 11 5.63 1.64 56 64.6% 2.53[1.10, 3.96] ——
Total (95% CI) 15 64 100.0% 2.51[1.36, 3.66] -
S 5 2 10 -5 0 5 10
Heterogeneity: Tau® =.00; Chi“ =.00, df =1 (P =.97); I°=0% WHO I WHO |

Test for overall effect: Z=4.28 (P <.0001)

WHO: World Health Organization
SD: Standard Deviation

CI: Confidence Interval

IV: Inverse Variance

Fig 2. Pooled data 18F-FDG.

mal dura),'®? to the risk of recurrences for high-grade menin-
giomas.

In this review, 18F-FDG as a tracer was represented most
frequently since 18F-FDG is a widely used tracer in oncological
PET-imaging and has been available for decades. Whether
18F-FDG-uptake is related to biological aggressiveness of
meningiomas has been reported inconsistently.'*?'?” Overall,
we found that studies with a larger number of patients are
more likely to show a significant difference in 18F-FGD-uptake
between different WHO groups. Studies in which patients
from WHO group II and III are combined also tend to show
a significant difference more often compared to studies that

asses the difference in 18F-FDG-uptake between WHO 1
and II meningiomas.®?® This was also found in the study
by Lippitz et al, in which the relative tumor 18F-FDG-uptake
(tumor/contralateral cortex) was significantly different between
WHO I and WHO II/III meningiomas in 48 meningiomas.
Uptake values for the different WHO groups were not avail-
able in the manuscript; therefore, this study was not included
in our review.?’

For 18F-FDG, a T/N ratio threshold of 1.05 in primary
meningiomas and .85 in tumor recurrences has been proposed
for the detection of higher tumor grading. This results in a speci-
ficity of .88 and a negative-predictive value of .98. Specificity
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Tumor-to-normal ratio WHO II versus WHO 1

WHO Il WHO | Mean Difference Mean Difference
Study Mean SD Total Mean SD Total Weight 1V, Random, 95% CI 1V, Random, 95% CI
Arita®® 4.52 113 5 3.74 1.04 14 32.2% .78 [ -.35,1.91]
Ikeda®® 23.533 35726 3 2.986 106.682 30 35.4% -.63[-1.19,-.08] -3
Mitamura® 6.64 1.58 10 4.22 93 12 32.4% 2.42[1.31, 3.53] —
Total (95% Cl) 18 56 100.0% .81[-1.05, 2.68]
I | ! )
, t T t |
Heterogeneity: Tau® = 2.48; Chi” = 24.79, df = 2 (P < .00001); I* = 92% =10 <5 WHO Il WHO I 5 19
Test for overall effect: Z=.85 (P =.39)
‘WHO: World Health Organization
SD: Standard Deviation
CI: Confidence Interval
IV: Inverse Variance
Fig 3. Pooled data MET.
Tumor-to-normal ratio WHO II versus WHO I
WHO Il WHO | Mean Difference Mean Difference
Study Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Cornelius’ 24 .26458 3 21 .21963 18 83.0% .30[-.02,.62]
Filss® 2i52 46669 2 23.217 .32677 6 17.0% .20[-.50,.90]
Total (95% Cl) 5 24 100.0% .281-.01,.57]
k 1 T t |
-10 -5 0 g 10
WHO Il WHO I

Heterogeneity: Tau® =.00; Chi® =.07, df =1 (P =.79); I = 0%
Test for overall effect: Z=1.92 (P =.05)

‘WHO: World Health Organization
SD: Standard Deviation

CI: Confidence Interval

IV: Inverse Variance

Fig 4. Pooled data 18F-FET.

was found to be even higher (.96) in subjects who had fastened
overnight before the PET was performed.?® Lee et al revealed
that a T/N ratio of 1.0 was the best cutoff value for detecting
high-grade meningioma with a specificity of 95%.° Because of
the low number of high-grade meningiomas, the reported sen-
sitivity and positive predictive values are low.

An important disadvantage of 18F-FDG is its high uptake in
gray matter that may result in low T/N ratios. Furthermore, in
slow growing tumors such as meningiomas, which may exhibit
a moderately increase in glucose metabolism, 18F-FDG PET
may not reliably detect meningiomas.* It has been shown that
fastening overnight before the PET is performed increases its
specificity for the detection of higher tumor grading.?® Since
the 18F-FDG-uptake is affected by blood glucose levels, due to
competitive inhibition, a SUV .« corrected by the blood glu-
cose level (SUV,c) may also be a method to increase the accu-
racy of 18F-FDG PET in detecting the presence of high-grade
tumors.?! The influence of fasting and blood glucose levels on
SUV and T/N ratio needs to be studied further. Moreover, we
need to assess which normal reference area (gray or white mat-
ter) should be used for the T/N ratio to increase its value in
detecting high-grade meningiomas.

Besides 18F-FDG, the other tracers in this review were stud-
ied sparingly, and included small numbers of patients. There-
fore, it is difficult to conclude whether or not those tracers are
useful to differentiate benign from malignant meningiomas. For
18F-FET, a T/N ratio of 2.3 has been proposed as a cutoff
point to differentiate low-grade (WHO grade I) from high-grade
(WHO grade II or I1I) meningiomas (AUC .87 + .18, sensitivity

839%, specificity 83 %). In Rachinger’s biopsy study as described
earlier in this manuscript, no difference for 68Ga-DOTATATE
SUVmax was found between WHO I and I1/1II meningiomas.
ROC analysis for SUVmax for tumor versus tumor free tissue
also showed an optimal cutoff value of 2.3.%3? Unfortunately,
these cutoff points have not been validated in other studies.

In addition to the importance of a preoperative estimation
of the WHO grade of a meningioma, tumor extension and its
relation to surrounding tissue is important to achieve a safe and
maximally extensive resection of the tumor. MET is an amino
acid analog tracer with a high uptake in meningiomas, but a low
uptake in the normal cortex, resulting in a better delineation of
meningiomas than when 18F-FDG is used.?**} 11C-Choline is
also a tracer with hardly any uptake in normal cortex, resulting
in a better visibility of tumor extension in choline compared to
18F-FDG.?* For the detection of intrasellar invasion of menin-
giomas, 18F-FET can be useful as 18F-FET does not accumulate
in the pituitary gland.*® Furthermore, 68Ga-DOTATOC PET
has been shown to be more sensitive than MRI in detecting
meningiomas.** Thus, PET that provides additional informa-
tion regarding tumor delineation (evaluation of tumor invasion
in surrounding dura mater) can also be of great value, espe-
cially when this can be integrated into neuronavigation sys-
tems. A tracer that binds to malignant cells but not to normal
cortex or meninges is ideally required but currently does not
exist. Molecular imaging with PET using zirconium-89 (89Zr)-
labeled monoclonal antibodies visualizes and quantifies uptake
of radiolabeled monoclonal antibodies. As meningiomas have
a leaky blood-brain barrier, it may be possible in the future to
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use zirconium-89 (89Zr)-labeled monoclonal antibodies to de-
tect malignant meningioma cells.?

Some limitations need to be addressed. First, it proved dif-
ficult to obtain additional information from some authors re-
garding individual patient PET values in order to include more
studies in the meta-analysis. Second, (semi-)quantitative PET
values depend on multiple variables (eg, fasting time before
infection, PET protocol [dynamic or static], tumor size, delin-
eation of the tumor, tumor location, timing of the scan, tracer
dose, used reference area [gray or white matter]). As a normal
reference area, gray matter was used in the majority of the stud-
ies. Some studies, however, did not clarify their normal refer-
ence area. It was not possible to integrate all those variables
in our analyses, although they may have influenced the pooled
results. Lastly, some of the included studies have a high risk of
bias.

The Response Assessment in Neuro-Oncology (RANO)
Working Group published evidence-based recommendations
for the use of PET-imaging in the diagnosis and follow-up of pa-
tients with meningiomas to guide clinicians from all disciplines
involved in the management of patients with these tumors.*
They concluded that up to then, only preliminary evidence for
a potential benefit of PET for noninvasive meningioma grading
was present (evidence level 3). Our systematic review includes
more recent studies, with additional information.

In conclusion, analysis of the available literature regard-
ing PET as a diagnostic tool to estimate the WHO grade of
a suspected meningioma showed that glucose consumption of
meningiomas assessed by 18F-FDG PET might be useful preop-
eratively, but evidence is low. 18F-FDG PET T/N ratio seems
to have a high specificity for the detection of high-grade menin-
giomas. This, in turn, can influence timing of surgery, the sur-
gical strategy in terms of extent of resection, and risks taken to
achieve a total resection.

All other tracers in this review have been studied with too
low patient numbers to recommend the use of those tracers for
preoperative differentiation of benign from malignant menin-
giomas.

Future prospective studies in larger patient cohorts are nec-
essary to confirm the role of 18F-FDG in the detection of high-
grade meningiomas. Validating the optimal T/N cutoff point
and assessing whether preoperative PET-grading leads to im-
proved survival rates for patients with WHO II or III menin-
gioma will be necessary.
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