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Abstract
Purpose Meningiomas have an excellent survival prognosis, and radiotherapy (RT) is a central component of interdisciplinary
treatment. During treatment planning, the definition of the target volume remains challenging using MR and CT imaging alone.
This is the first study to analyze the impact of additional PET-imaging on local control (LC) and overall survival (OS) after high-
precision RT.
Methods We analyzed 339 meningiomas treated between 2000 and 2018. For analyses, we divided the patients in low-grade (n =
276) and high-grade (n = 63) cases. We performed RT in an adjuvant setting due to subtotal resection or later due to recurrent
tumor growth. The target volumes were delineated based on diagnostic CT and MRI and, if available, additional PET-imaging
(low-grade: n = 164, 59.4%; high-grade: n = 39, 61.9%) with either 68Ga-Dotanoc/Dotatoc, 18F-fluoroethyltyrosine or 11C-
methionine tracer. Patients were treated with fractionated stereotactic RTwith a median total dose and dose per fraction of 54 Gy
and 1.8 Gy, respectively.
Results Median follow-up was 5.6 years. For low-grademeningiomas, meanOSwas 15.6 years and mean LCwas 16.9 years; for
high-grade cases mean OS was 11.6 years, and mean LC was 11.1 years. In univariate analyses, PET-imaging had a significant
impact on OS (p = 0.035) and LC (p = 0.041) for low-grade meningiomas and remained significant (p = 0.015) for LC in the
multivariate analysis. For high-grade cases, PET did not influence both OS and LC. Further prognostic factors could be
identified.
Conclusions For low-grade meningiomas, we showed that the addition of PET-imaging for target volume definition led to a
significantly enhanced LC. Thus, PET improves the detection of tumor cells and helps distinguish between healthy tissue and
meningioma tissue, especially during the treatment planning process.
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Introduction

Radiotherapy (RT) is an alternative treatment to surgery for
low-grade meningiomas, and it is often applied in an adjuvant
setting after incomplete resection or for local tumor progres-
sion after surgery alone [1, 2]. In high-grademeningiomas, RT
after resection should be recommended especially in WHO
Grade III histology [3–5].

Modern RT techniques such as intensity modulated radio-
therapy (IMRT) combined with image-guided radiotherapy
(IGRT) increased safety and precision over the years. To date,
meningiomas have an excellent survival prognosis of 85%
and 62% at 10 years and 64% and 50% at 15 years for low-
grade and high-grade cases, respectively [6].

It has been shown that using positron-emission tomogra-
phy (PET) can be helpful in diagnostics of meningiomas.
Studies by Afshar et al. [7] and Rachinger et al. [8] showed
that the detection rate increases using PET-imaging. Several
PET-tracers are available, including 18F-Fluoroethyltyrosine
(18F-FET), 11C-Methionine (11C-MET), and 68Ga-Dotanoc/
Dotatoc (68Ga-DOTA). However, most studies have focused
on 68Ga-DOTA-imaging which seems to correlate more pre-
cisely with actual meningioma extension, especially when
compared with 18F-FET-imaging [9]. For methionine PET, a
similar sensitivity and specificity can be assumed as with
68Ga-DOTA-PET.

During radiation treatment planning, the definition of the
planning target volume (PTV) remains challenging, and dif-
ferentiation between healthy tissue, i.e., meninges, post-
operative changes, and residual tumor, can be difficult using
magnetic resonance imaging (MRI) and computed tomogra-
phy (CT) alone. PET imaging has been used for meningioma
treatment planning for more than 10 years. It helps to identify
active tumor cells after subtotal resection for adjuvant RT and
to precise tumor extent, e.g., for infiltration in bony structures,
orbita, and cavernous sinus. Thus, for treatment planning, the
addition of PET-imaging improves target volume definition
[10–13].

To date, no randomized trials exist investigating the long-
term impact of PET-imaging on outcomes. Hence, in this
study, we compared our patients documented prospectively
in our database to analyze the impact of additional PET-
imaging on local control (LC) and overall survival (OS) after
high-precision RT.

Methods

Patients

We analyzed 332 patients with 339 cranial meningiomas
consecutively treated between 2000 and 2018 at the de-
partment of radiation oncology at the Klinikum rechts der

Isar, Munich. Of all 332 patients, seven had meningiomas
at a secondary location and two treatments. Cases with
spinal meningiomas, early termination of treatment, or
re-irradiation due to local recurrence were not included
in these analyses. Patient data were collected prospective-
ly and documented in the institutional database. For anal-
yses, we divided the patients in low-grade (benign cases,
n = 276) and high-grade (atypical/anaplastic cases, n =
63) meningiomas. Table 1 shows the patient characteris-
tic. Histology grading was done by pathology or in cases
with no resection based on imaging.

Treatment planning

Treatment planning was performed using a stereotactic treat-
ment setup with a thermoplastic mask system (Brainlab,
Germany) and daily image-guidance (IGRT) by robotic
ExacTrac positioning (Brainlab, Germany). An advanced ra-
diation oncologist delineated gross tumor volume (GTV) on
contrast-enhanced computed tomography (CT) and T1-
weighted magnetic resonance images (MRI) images and, if
available, additional PET-imaging (low-grade: n = 164,
59.4%; high-grade: n = 39, 61.9%) with either 68Ga-DOTA,
18F-FETor 11C-MET tracer was used for target definition (Fig.
1). The GTV was defined manually slice by slice by experi-
enced radiation oncologist taking into account PET-tracer up-
take in correlation with CT and MRI findings as described
previously [9, 14, 15]; to date, no semiautomatic delineation
tool is available since no standardized and widely transferable
SUV has been published in those cases. In all patients, all
three imaging modalities available were integrated into
target volume delineation and observed in parallel in the
treatment planning system. Previously, we had shown that
the integration of PET-imaging improves target volume
delineation and leads to substantial modification of target
volumes [10, 14].

For low-grade meningiomas, the clinical target volume
(CTV) resulted from the GTV with an additional margin of
1–2 mm and 5–7 mm along the meninges. This was expanded
further for 1–2 mm, resulting in the planning target volume
(PTV). For high-grade meningiomas, the CTV resulted from
GTV with an additional margin of 1–2 cm for WHO II and 2–
3 cm for WHO III, and the PTVas CTV + 1–2 mm.

We used only PET-images acquired within a maximum of
50 days before RT. In our clinic, PET-planned meningioma
treatment started in 2001 with 11C-MET until 2010, between
2004 and 2011 18F-FET tracer was used, and since 2011 only
68Ga-DOTA PETs are acquired.

Treatment and follow-up

RT was performed in an adjuvant setting due to subtotal re-
section or later due to recurrent tumor growth. The resection
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status was determined according to Simpson classification; in
older and external cases the status was determined by postop-
erative MRI.

We treated all patients with high-precision fractionated ste-
reotactic radiotherapy (FSRT) The median total dose and dose
per fraction were 54 Gy (range 45–66 Gy) and 1.8 Gy (range
1.8–2 Gy), respectively.

Clinical neurological assessment, including contrast-
enhanced MR imaging, was scheduled initially 4–6 weeks
after treatment. Patients were followed up every 3 months in
the first year and then every 6–12months in the years after that
or earlier with signs of tumor recurrence. As meningiomas
tend to get lost to follow-up, we established a PRO assessment
(patient-reported outcome) via mail and web portal to gain
also long-term information [6]. A questionnaire was sent to
all living patients within Germany. It contained questions
about the last clinic visit, imaging, and its findings, as well
as current symptoms.

Local control (LC) was defined as tumor growth of the
treated lesion determined by the radiologist according to
RECIST criteria. The response was then discussed and

assessed in an interdisciplinary board. In most cases,
follow-up treatment, e.g., resection, RT, confirmed the
diagnosis.

Statistics

Statistical calculations were performed using SPSS Statistics
v25 (IBM, USA). For patients treated with multiple courses,
we used the first treatment date for overall survival (OS). LC
was determined per meningioma treated. We calculated OS
from the end of treatment until death or last follow-up; LC
from the end of treatment until the date of local progression or
until death or last follow-up. Outcome analyses were based on
the Kaplan-Meier and Cox regression methods. The latter was
also used for univariate (UVA) and multivariate analyses
(MVA).

The following prognostic factors were analyzed: gender,
age, Karnofsky Performance Score (KPS) before RT, target
volume (PTV), previous resection and resection status, PET-
imaging for treatment planning, PET-tracer, as well as the time

Table 1 Patient characteristics

Low-grade (n = 276) High-grade (n = 63)

PET-imaging for treatment planning Yes (n = 164) No (n = 112) Yes (n = 39) No (n = 24)

Gender

M 37 (58.7%) 26 (41.3%) 18 (69.2%) 8 (30.8%)

F 127 (59.6%) 86 (40.4%) 21 (56.8%) 16 (43.2%)

Age at RT (median, range) (years) 58 (29–85) 62 (11–85) 63 (32–81) 61 (23–84)

KPS

100 % 54 (62.1%) 33 (37.9%) 7 (50.0%) 7 (50.0%)

90 % 75 (59.1%) 52 (40.9%) 19 (65.5%) 10 (34.5%)

80 % 20 (46.5%) 23 (53.5%) 8 (72.7%) 3 (27.3%)

70 % 11 (78.6%) 3 (21.4%) 4 (50.0%) 4 (50.0%)

≤ 60 % 4 (80.0%) 1 (20.0%) 1 (100.0%) 0

PTV (median, IQR) (ml) 30.6 (41.3) 25.7 (32.4) 77.7 (120.3) 63.6 (66.4)

Previous resection

Yes 113 (63.1%) 66 (36.9%) 38 (62.3%) 23 (37.7%)

No 51 (52.6%) 46 (47.4%) 1 (50.0%) 1 (50.0%)

Resection status

Complete (Simpson grade I–III) 12 (63.2%) 7 (36.8%) 13 (61.9%) 8 (38.1%)

Incomplete (Simpson grade IV–V) 101 (63.1%) 59 (36.9%) 25 (62.5%) 15 (37.5%)

Time from resection to RT (median, IQR) (months) 8.4 (21.3) 8.5 (30.0) 4.0 (4.4) 5.2 (6.9)

PET-tracer
68Ga-DOTA 74 (100.0%) - 30 (100.0%) -
18F-FET 22 (100.0%) - 4 (100.0%) -
11C-MET 68 (100.0%) - 5 (100.0%) -

RT, radiotherapy; KPS, Karnofsky Performance Score; IQR, interquartile range; PTV, planning target volume; PET, positron-emission tomography;
68 Ga-DOTA, 68Ga-Dotanoc/Dotatoc; 18 F-FET, F-18-FET, 18F-Fluoroethyltyrosine; 11 C-MET, 11 C-Methionine
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between resection and RT. A p value < 0.05 was considered to
indicate statistical significance.

Results

Outcome

Median follow-up was 5.6 years (range 0–18.4 years). For
low-grade meningiomas, the mean OS was 15.6 years (95%
confidence interval (CI), 14.9–16.4) and the mean LC was
16.9 years (95% CI 16.2–17.5); for high-grade cases mean
OS was 11.6 years (95% CI 9.1–14.2), and mean LC was

11.1 years (95% CI 8.4–13.7) (median was not reached) (see
also Table 2).

Prognostic factors

In univariate analyses (UVA, Table 3), PET-imaging had a
significant impact on OS (p = 0.034) and LC (p = 0.042) for
low-grade meningiomas (Fig. 2); for high-grade cases, PET
had no influence.

UVA further identified a high KPS, small PTV, short time
between resection and RT, young age, and female gender as
prognostic factors for OS of low-grade meningiomas. The
three factors KPS, PTV, and age were also significant in
high-grade meningiomas. UVA was also calculated grouped
by PET imaging for low-grade cases only.

Significant for LC of low-grade cases was also female gen-
der and small PTV. For high-grade cases, small PTVand high
KPS had a significant impact on LC in the UVA.

At the time of the analyses, the number of patients dead or
with local recurrence was 49 and 20 patients (18%, 7.2%) for
low-grade, and 15 and 18 patients (2.5%, 2.9%) for high-
grade meningiomas, respectively. During long survival, it
was not possible for us to determine cause of death; however,
in the group of low-grade cases, 11 of 51 (22%) deceased
patients had a local recurrence; in high-grade cases, 11 of 15
(73%) deceased patients most likely died because of local
tumor progression.

MRI PET MRI PET

MRI MRI PETPET

a b

c d

Fig. 1 MRI and PETscans of two patients. GTVMRI is displayed in green,
GTVPET is displayed in pink. a, b shows patient 1: GTVMRI = 24.9 ml,
GTVPET = 33.94 ml, GTVintersection = 22.41 ml, GTV proportion due to

PET 11.53 ml; c, d shows patient 2: GTVMRI = 5.86 ml, GTVPET = 16.33
ml, GTVintersection = 1.73 ml, GTV proportion due to PET 14.6 ml

Table 2 OS and LC life table for both low-grade and high-grade
meningiomas

OS

3-year 5-year 10-year 15-year

Low-grade 94% 90% 80% 67%

High-grade 86% 79% 54% 44%

LC

3-year 5-year 10-year 15-year

Low-grade 96% 93% 91% 81%

High-grade 66% 54% 54% 54%
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This number of events limited the number of factors that
could be analyzed in MVA, and as PET-imaging was not sig-
nificant in univariate analyses (UVA) for high-grade cases, we
performed MVA only for low-grade cases.

MVA for OS of low-grade meningiomas could be calculat-
ed with five factors. PET-imaging was no longer significant;
only the age, the time between resection and RT, and the PTV
remained significant factors. LC could be calculated with two
factors, and PET-imaging remained significant with p = 0.012

as well as PTV with p < 0.001 (see Supplement Table 1 for all
MVA).

Discussion

PET-imaging has been evaluated for treatment planning of
meningiomas by several institutions. The present manuscript
firstly describes a significant impact of PET-imaging on

Table 3 Prognostic factors on OS and LC for both low- and high-grade meningiomas

OS

Low-grade (n = 272) High-grade (n = 60)

UVA MVA1 UVA

p value Exp(B) p value Exp(B) p value Exp(B)

PET-imaging (yes vs. no) 0.035* 1.862 0.360 1.440 0.197 2.025

PET-tracer (68Ga-DOTA vs. 18F-FET vs. 11C-MET)
68Ga-DOTA**
8F-FET 0.157 2.599 - - 0.757 0.688
11C-MET 0.817 1.167 - - 0.779 0.709

PET-tracer (68Ga-DOTA vs. 11C-MET) 0.161 2.771 - - 0.490 0.457

Previous resection (yes vs. no) 0.936 0.977 - - 0.758 1.388

Resection status (complete vs. incomplete) 0.378 1.609 - - 0.149 0.221

Time resection to RT (months)+ 0.011* 1.009 0.048* 1.007 0.839 1.005

Gender (male vs. female) 0.006* 0.439 - - 0.698 1.297

Age at RT (years)+ < 0.001* 1.099 < 0.001* 1.098 0.012* 1.066

PTV (ml)+ 0.001* 1.010 0.009* 1.010 0.013* 1.006

KPS (≥ 80% vs. < 80%) 0.020* 3.451 0.278 2.350 0.017* 3.901

LC

Low-grade (n = 276) High-grade (n = 63)

UVA MVA2 UVA

p value Exp(B) p value Exp(B) p value Exp(B)

PET-imaging (yes vs. no) 0.041* 2.616 0.015* 3.297 0.293 1.647

PET-tracer (68Ga-DOTA vs. 18F-FET vs. 11C-MET)
68Ga-DOTA**
8F-FET 0.359 2.826 - 0.059 0.232
11C-MET 0.551 2.106 - 0.738 0.735

PET-tracer (68Ga-DOTA vs. 11C-MET) 0.356 3.152 - 0.070 0.245

Previous resection (yes vs. no)° 0.421 0.675 - - -

Resection status (complete vs. incomplete) 0.902 0.880 - 0.091 0.279

Time resection to RT (months)+ 0.916 0.999 - 0.917 1.002

Gender (male vs. female) < 0.001* 0.191 - 0.142 2.308

Age at RT (years)+ 0.104 1.035 - 0.426 1.012

PTV (ml)+ 0.009* 1.011 0.002* 1.014 0.001 * 1.006

KPS (≥ 80% vs. < 80%) 0.558 1.835 - 0.001 * 6.295

RT, radiotherapy; KPS, Karnofsky Performance Score; PTV, planning target volume; PET, positron-emission tomography; 68 Ga-DOTA, 68Ga-Dotanoc/
Dotatoc; 18 F-FET, 18 F-Fluoroethyltyrosine; 11 C-MET, 11 C-Methionine. **Reference group of categorical variable. *Statistically significant ≤ 0.05.
+ Continuous variable. °Previous resection was only tested for low-grade cases; apart from two patients all high-grade cases (96.8%) were resected;
1Max. number of factors for MVAwas 5; 2Max. number of factors for MVAwas 2
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outcome after high-precision RT for meningiomas. Most
prominently, the integration of PET-imaging into RT treat-
ment planning significantly improves LC, which is the key
endpoint in low-grade meningioma treatment.

Since meningioma histologies are intricate and low- and
high-grade lesions are associated with different growth and
aggressiveness patterns, evaluation of results was discriminat-
ed according to histology [2].

Low-grade meningiomas are slow-growing lesions; long-
term LC with preservation of normal functioning is of utmost
importance. The efficacy of high-precision RT has been
shown previously, and a potential impact of PET into target
volume definition has to date only been evaluated in smaller
patient cohorts. The present study includes 332 patients with
339 meningiomas treated with primary RT. PET-imaging was
performed with 11C-MET and 18F-FET tracer until 2011, and
after that with 68Ga-DOTA as a tracer. Importantly, there is no
difference in terms of LC between both tracers available for
meningioma detection; however, for low-grade meningiomas,
it could be clearly shown that the addition of PET-imaging for
target volume definition led to a significantly enhanced LC
compared with treatment planning with MRI and CT alone.
Since low-grade meningiomas are generally associated with
long-term survival and good overall prognosis, preservation
of LC is key. Therefore, improvement of target volume delin-
eation is a first essential step in the radiation oncology treat-
ment planning process. Previously, we had shown that inte-
gration of PET-imaging significantly enhances target volume
definition. More precisely, meningiomas with bony infiltra-
tion are generally seen best on CT-imaging, and integration
of PET-imaging led to improved detection of meningioma
tissue and to a subsequent enlargement of volumes. In menin-
giomas infiltrating into soft tissue or after extensive surgical
resection, PET-imaging leads to better discrimination between
tissue altered by surgical intervention or other soft tissue areas
affected by edema. Therefore, target volumes in those lesions

are significantly smaller when PET-imaging is added [10, 14].
The integration of PET-imaging into RT planning has been
shown by several groups; however, to date no meaningful
impact on outcome has been shown [10, 13, 14, 16–18]. In
the present study, we show clearly that modification of target
volumes based on PET-imaging significantly improves LC as
a key outcome measure in low-grade meningiomas.

PET-imaging also impacted overall survival; however, the
benefit remained only significant in univariate analyses. Since
low-grade meningiomas are predominantly benign lesions,
however, survival is a subordinated outcome measure in those
patients. Mostly, age or intercurrent diseases lead to death,
especially in patients with low-grade meningiomas; therefore,
OS is comprehensibly unaffected by improved meningioma
detection.

For high-grademeningiomas, no impact was found on both
OS and LC. This correlates with the review findings by
Galldiks et al. [19]. Target volume delineation of high-grade
meningiomas remains more challenging. Firstly, the target
volumes include macroscopic lesions but also infiltration
zones to account for microscopic cell spread. To date, this
infiltration zone is difficult to identify on imaging and there-
fore is generally based on established safety margins into al-
leged healthy tissue at risk for infiltration. Compared with
low-grade meningiomas, the biology and growth patterns of
high-grade meningiomas are generally more heterogeneous,
and the values of FET or DOTATOC-PET are not as
established as for low-grade meningiomas. For high-grade
meningiomas, the infiltrative growth is a challenge for the
radiation oncologist; the target volume for radiotherapy in-
cludes any visible tumor plus a safety margin accounting for
this microscopic spread which ranges from 1 to 2 cm depend-
ing on personal experience and morphology of the tumor, as
well as underlying histopathology [20, 21]. Since integration
of improved mainly optimization of GTV, which is the rele-
vant target on low-grade meningiomas, the lacking benefit in
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Fig. 2 OS (a, p = 0.035) and LC (b, p = 0.042) for low-grade meningiomas regarding PET-based RT planning
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high-grades can be easily explained by the necessity of larger
safety margins; there, PET-imaging might contribute to diag-
nosis of the tumor, however not to definition of high-precision
target volume delineation.

When possible, microsurgery and radical removal of me-
ningiomas remains the gold standard in treatment of meningi-
omas [1, 22]. Depending on the anatomical location of the
meningioma, complete removal can be difficult to achieve
while preserving normal nerve functioning and quality of life
(QOL). Interdisciplinary discussion of each case is essential;
in some cases, partial function-preserving resection followed
by high-precision RT of the planned tumor remnant can be an
alternative [23–25].

Before any treatment decision, elaborate imaging including
CT, MRI, and ideally PET helps identify exact tumor exten-
sions as well as any additional lesions present. For that pur-
pose, the value of PET-imaging on the detection of meningi-
omas as well as on the precision of target volume definition
has been shown previously [3, 4, 7, 9–11, 14–16, 26–28].
Afshar-Oromieh et al. [7] evaluated 134 patients in which
190 meningiomas could be detected by PETas compared with
171 by MRI, and CT alone. The study showed that the addi-
tion of 68Ga-DOTA-PET-imaging increased the detection rate
and, in some cases, distant lesions were identified not seen
clearly on CT and/or MRI.

Graf et al. [11] evaluated 16 patients with intracranial me-
ningioma extension, visible on MRI ± CT (MRI/CT) or PET,
and were evaluated further. They showed nicely that the mean
volume was larger when delineated on PET than on MRI/CT
only; however, intracranial invasion below the skull base was
better detected with MRI/CT/PET than with PET-imaging
alone. The impact on target volume delineation is largest in
infiltration zones: In areas of bony infiltration, lesions seem
lager on CT/MRT than shown on PET-imaging, whereas soft
tissue infiltration can be better discriminated from other
changes, such as postoperative, and target volumes become
smaller by the addition of PET-imaging [10, 29]. Further anal-
yses should also include the location of the lesion. PET imag-
ing might be more useful in skull base lesions as opposed to
convexity lesions where the tumor margins are expected to be
relatively well delineated. The reduction of treatment volume
also has an impact on dose to healthy tissue during RT: while
the benefit of PET-imaging is marginal in proton therapy, the
impact on dose reduction of healthy tissue is highly significant
for patients treated with photons, such as with fractionated
stereotactic radiotherapy (FSRT) or intensity modulated radio-
therapy (IMRT) [14].

To date, the best tracer for meningioma imaging is most
likely to be 68Ga-DOTA and most reports on PET-imaging
focus on this tracer [14, 19, 30]. An alternative tracer with
alleged equieffectiveness seems to be 11C-MET [16]. In the
present analyses, we could not identify any differences regard-
ing outcome when comparing tracers. However, the most

commonly used tracer and the one with the most clinical ex-
perience remains to be 68Ga-DOTA. In the past, some institu-
tions discussed 18F-FET for meningiomas. Comparative anal-
ysis, however, showed significant discrepancies between
68Ga-DOTA and 18F-FET-PET-imaging, and correction with
macroscopic meningioma lesions as seen onMRI and CTwas
significantly higher with 68Ga-DOTA [9].

Regarding the prognostic factors analyzed, we found, in the
multivariate evaluation female gender, smaller PTV, and a
shorter time between surgery and RT to benefit OS; for LC
PET imaging and a smaller PTV showed a significant impact.
In our study, 68Ga-DOTA, as well as 11C-MET tracers, had
been used for treatment planning. The results demonstrate no
difference between both tracers applied, supporting the hy-
pothesis that both, independently of their different biological
target, have eligibility in patients with meningiomas. For the
first time, we confirm that the integration of PET-imaging into
meningioma RT planning improved LC significantly.
Especially in low-grade meningiomas, LC is the most impor-
tant outcome factor. Our analysis of potentially relevant prog-
nostic factors revealed that, in the multivariate evaluation,
smaller volume size had a more favorable outcome. For com-
plete analysis, we also evaluated OS while keeping in mind
that this endpoint is most likely not as relevant especially in
low-grade histology. There, female gender, smaller PTV, and a
shorter time between surgery and RT were associated with
beneficial OS in multivariate analysis. While volumes as well
as time issues are known prognostic factors in oncology, there
is no other study having shown better outcome in female pa-
tients; perhaps, due to the fact that the female cohort is sub-
stantially larger than the male cohort, this may influence the
difference in outcome; nevertheless, multivariate analysis
might have evened out this difference in numbers.

The data from the present prospectively documented pa-
tients treated homogeneously within one institution clearly
shows a benefit for PET-imaging in radiation treatment plan-
ning of low-grade meningiomas. One limitation might be that
three PET-tracers have been evaluated, and for each tracer, the
patient numbers are therefore comparably low. However, fol-
lowing general scientific discussions on which PET-tracer to
use, there is an agreement that all of the above-used tracers
have a role for meningioma imaging. Therefore, we think it is
justified to pool all three tracer groups into one analysis which
then clearly shows the impact of additional PET-imaging.
Therefore, based on the results of the current study, we suggest
that PET-imaging should be included in treatment guidelines
for low-grade meningiomas, and patients should not be treated
without additional PET-imaging for target volume definition.
For high-grade meningiomas further analyses are necessary.
Our small cohort of 60 cases is a limiting factor. To re-evaluate
our results from the present study, we already initiated a mul-
ticenter study to gather a larger patient cohort of high-grade
meningioma cases.
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Conclusion

Our study firstly described a significant impact of PET-
imaging on outcomes after high-precision RT for meningio-
mas. For low-grade meningiomas, it could be clearly shown
that the addition of PET-imaging for target volume definition
led to a significantly enhanced LC compared with treatment
planning with MRI and CT alone. Thus, PET-imaging im-
proves the detection of tumor cells and helps distinguish be-
tween healthy tissue and meningioma tissue, especially during
the treatment planning process. Despite our results for high-
grade cases, we plan a multicenter evaluation with a larger
patient cohort to validate the results of both low- and high-
grade cases. Further studies are intended to determine dosi-
metric predictors in addition to those prognostic factors iden-
tified in this analysis to develop a weighted scoring system for
prognostic assessment for meningiomas.
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