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Abstract

Purpose There is no evidence-based systemic therapy for patients with progressive meningiomas for whom surgery or
external radiotherapy is no longer an option. In this study, the efficacy and safety of peptide receptor radionuclide therapy
(PRRT) in patients with progressive, treatment-refractory meningiomas were evaluated.

Methods Retrospective analysis of all meningioma patients treated with [!”’Lu]Lu-DOTA-TATE from 2000 to 2020 in our
centre. Primary outcomes were response according to RANO bidimensional and volumetric criteria and progression-free
survival (PFS). Overall survival (OS) and tumour growth rate (TGR) were secondary endpoints. TGR was calculated as the
percentage change in surface or volume per month.

Results Fifteen meningioma patients received ['"’Lu]Lu-DOTA-TATE (7.5-29.6 GBq). Prior to PRRT, all patients had
received external radiotherapy, and 14 patients had undergone surgery. All WHO grades were included WHO 1 (n=3),
WHO 2 (n=5), and WHO 3 (n=6). After PRRT, stable disease was observed in six (40%) patients. The median PFS was 7.8
months with a 6-month PFS rate of 60%. The median OS was 13.6 months with a 12-month OS rate of 60%. All patients
had progressive disease prior to PRRT, with an average TGR of 4.6% increase in surface and 14.8% increase in volume per
month. After PRRT, TGR declined to 3.1% in surface (p=0.016) and 5.0% in volume (p=0.013) per month.

Conclusion In this cohort of meningioma patients with exhaustion of surgical and radiotherapeutic options and progressive
disease, it was shown that PRRT plays a role in controlling tumour growth.
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Introduction

Meningiomas originate from the arachnoid meningothelial
cells [1] and account for approximately one-third of all
primary brain and central nervous system tumours [2].
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Most meningiomas have a benign behaviour, but can cause
serious morbidity and mortality depending on the location
and growth pattern [1]. Neurosurgical resection with or
without adjuvant external radiotherapy (e.g. stereotactic
radiosurgery, conventionally fractionated external beam
radiotherapy (EBRT)) is the first therapeutic approach for
symptomatic or expanding meningiomas [3]. Reported
recurrence rates after surgery vary and depend on the
extent of resection [4-6], but recurrence was described in

Department of Neurosurgery, Erasmus MC, Rotterdam,
The Netherlands

Department of Pathology, ENETS Centre of Excellence
Rotterdam, Erasmus MC, Rotterdam, The Netherlands

Department of Neurology, Erasmus MC, Rotterdam,
The Netherlands

@ Springer


http://orcid.org/0000-0003-1758-0163
http://crossmark.crossref.org/dialog/?doi=10.1007/s00259-022-06044-9&domain=pdf

1196 European Journal of Nuclear Medicine and Molecular Imaging (2023) 50:1195-1204

7-23% of WHO grade 1, 38-55% of WHO grade 2, and
78% of WHO grade 3 meningioma patients 5 years after
gross total resection [7]. For patients with recurrent men-
ingiomas without surgical options and who are refractory
to or have a contra-indication for repeat external radiother-
apy, no established systemic therapies are available [3].
Various medical therapies (e.g. cytotoxic chemotherapy,
immunotherapy, tyrosine kinase inhibitors, nonradioactive
“cold” somatostatin analogues, progesterone receptor (ant)
agonists, and anti-angiogenic agents) have been investi-
gated in exploratory arms, pilot studies, retrospective
analyses, and mostly uncontrolled phase II studies, with-
out undisputed efficacy for an antineoplastic response [8].

PRRT with [177Lu-DOTAO0,Tyr3] octreotate ([!”’Lu]
Lu-DOTA-TATE) is a registered second-line therapy for
advanced low-grade gastroenteropancreatic neuroendocrine
tumours [9]. With PRRT, the radiolabelled somatostatin
analogues bind to the somatostatin receptors (SSTR), pre-
dominantly SSTR subtype 2 (SSTR,), that are present on the
tumour cell membrane, which is followed by internalization
of the radioligand-receptor complex into the tumour cell.
Similar to neuroendocrine tumours, the majority of men-
ingiomas express SSTR, with a predominance for SSTR,
[10-12], and display high uptake on SSTR imaging [13-15].

In a meta-analysis of patients with recurrent or progres-
sive meningiomas, PRRT resulted in disease control in 63%
of the meningioma patients and a 6-month progression-free
survival (PFS) proportion of 61% [16]. The study popula-
tions were small and the treatment protocols differed regard-
ing the response criteria, amount of administered activity,
and the radiopharmaceutical (i.e. [!”’Lu]Lu-DOTA-TATE,
['""Lu]Lu-DOTA-TOC, [*Y]Y-DOTA-TOC, and ['"'In]In-
Pentetreotide, or combinations thereof) [17-21]. Four stud-
ies reported on ['7’Lu]Lu-DOTA-TATE, but in two studies,
['""Lu]Lu-DOTA-TATE was combined with EBRT [22, 23],
and in one study, [®°Y]Y-DOTA-TOC or the combination
was included [19]. Muther et al. reported solely on [7Lu]
Lu-DOTA-TATE, but the study consisted of only seven
patients [24]. In this study, we report the efficacy of PRRT
with ['""Lu]Lu-DOTA-TATE in patients with treatment-refrac-
tory meningiomas according to the recent response criteria
proposed by the Response Assessment in Neuro-Oncology
(RANO) working group. In addition, exploratory analyses of
tumour growth rate before and after treatment were performed.

Patients and methods
Patients and treatment
From 2000 to 2020, all patients who received [!7"Lu]

Lu-DOTA-TATE for meningiomas in our centre were
selected for retrospective analysis. Patients treated before
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2015 were included in a phase II trial which investigated
the efficacy and toxicity of [!”’Lu]Lu-DOTA-TATE in
SSTR-positive tumours, mainly consisting of neuroendo-
crine tumours [25]. The phase II trial was approved by our
local institutional review board, and all subjects signed an
informed consent form. For patients treated after 2015,
the need for written informed consent was waived by the
medical ethical committee of the Erasmus MC.

Patients were considered ineligible for (repeat) surgery
or external beam radiotherapy. Other requirements for
PRRT were creatinine <150 pmol/L (or a measured creati-
nine clearance >40 ml/min), haemoglobin >6.0 mmol/L,
leucocytes >2x10°/L, thrombocytes >75x10%/L, total bili-
rubin <2x upper limit of normal, albumin >30 g/L, and a
Karnofsky performance status >50.

['""Lu]Lu-DOTA-TATE was administered with a maxi-
mum activity of 7.4 GBq (200 mCi) per cycle with a maxi-
mum of 4 cycles. In this cohort, the interval between the
cycles was a median of 9 weeks (range 6—14 weeks). An
amino acid combination (lysine 2.5% and arginine 2.5%
in 1 litre NaCl) was intravenously given for renal protec-
tion and a selective serotonin (5-HT3) receptor antagonist
for nausea prophylaxis. Additional treatment details were
described previously [25].

Definitions and outcomes

The primary study outcomes were treatment response after
completion of PRRT and PFS. Radiological response was
evaluated by MRI. MRI imaging included post contrast
T1-weighted imaging in all patients and in the majority also
T2 images, with slice thicknesses ranging 1 to 5 mm. All
available MRI scans at baseline and after the last cycle of
PRRT were reassessed for the response evaluation, for which
the criteria proposed by the RANO working group [26] were
applied. PFS was defined as the time from start of PRRT
to progression according to the RANO criteria or to death
by any cause. Other endpoints were overall survival (OS),
defined as the time between start of PRRT to death by any
cause, and treatment-related toxicity. Renal, hepatic, and
haematological toxicity was scored according to the Com-
mon Terminology Criteria for Adverse Events (CTCAE) ver-
sion 4.03 [27], and the highest occurring grade was counted
provided that the grade increased compared to baseline. The
follow-up of the patients was updated until April 2021.

Volume measurements

The tumour volumes of all target lesions were calculated
using Brainlab Elements software using semi-automatic
segmentation of tumours on post-contrast T1-weighted
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MRI images using SmartBrush 4.0. All segmentations were
checked in three planes for accuracy.

Tumour growth rate

The tumour growth rate of each target lesion was calculated
as the percentage change in tumour volume divided by the
time in months between the scans. In 3 patients, new target
lesions were detected on the baseline scan. For the analysis
of the TGR of the individual lesions, the size of the new
lesions on the scans before the baseline was based on the
slice thickness and therefore the detection limit of the MRI
scans (4 mm? and 0.008 cm? for MRI scan with 2 mm slice
thickness and 9 mm? and 0.027 cm?® for MRI scan with 3
mm slice thickness).

Dosimetry

The absorbed doses to the tumours were calculated according
to the Medical Internal Radiation Dose (MIRD)-scheme [28].
Planar whole body and spot view scans were used to quanti-
tate the activity in region of interests (ROIs) drawn over the
tumour regions, using the Hermes Hybrid Viewer (version
4.0, Hermes Medical solutions, Sweden), using the count rate
in ROI drawn over a reference standard with known activity
to determine the planar calibration factor in cps/MBq. When
SPECT imaging was available, the image was reconstructed
using the Hermes SUVSPECT software, as described in
Peters et al. [29]. When tumour imaging data was available at
multiple time points, the time-activity curve was determined
and fitted with a single exponential curve, which was used to
determine the time-integrated activity. In most patients, only
one time point imaging was available, and in those cases, it
was assumed that the tumour showed equal kinetics as the
spleen, also with SSTR,-mediated uptake. When the spleen
was also imaged at one time point, the effective half-life of
tumour clearance was set at 60 h. The absorbed doses per
time-integrated activity or S-values for tumours were based
on the IDAC-spheres S-values for lymphatic node tissue,
obtained with the IDAC-Dose 2.1 software [30]. The tumour
volumes were obtained as described above.

Histopathology and immunohistochemistry

All available histological samples of the included patients
were retrieved and reassessed by an expert pathologist for
the WHO 2016 grade [31], the Ki67 index, and the SSTR,,
expression level. For all SSTR,, and for the Ki67% if it was
not yet available, the immunohistochemistry (IHC) was per-
formed in our centre on 4-pm-thick FFPE sections by auto-
mated IHC using the Ventana Benchmark ULTRA (Ventana

Medical Systems Inc.) according to the protocol, using the
rabbit polyclonal antibody (BioTrend, Koln, Germany) at a
dilution of 1:25 for the SSTR,, and the rabbit MIB-1 anti-
body (clone 30-9, Ventana) at a dilution of 2.0 ug/ml for
the Ki67%.

Statistical analysis

IBM SPSS Statistics for Windows version 25 (IBM Corp.,
Armonk, NY) was used for the statistical analysis, which
consisted of the Kaplan Meier method with the log-rank test
for the survival analyses and the Wilcoxon signed rank test
for the paired analyses of the TGR. Two-sided p values of
below 0.05 were considered statistically significant.

Results
Baseline characteristics

Between 2000 and 2020, 15 meningioma patients were
treated with PRRT (Table 1). Revision of the histology
showed WHO grade 1, 2, and 3 in 3, 5, and 5 patients
before PRRT, respectively. The median (IQR) percentage
of Ki67-positive tumour cells was 10% (4-20). Revision of
the histology was unavailable in one patient with a grade
3 meningioma, and the grade was unknown in one patient
whose tumour was not amenable to surgery and/or biopsy.
The 14 other patients had undergone neurosurgical resection
at least once, and all patients had received external radio-
therapy prior to PRRT. Multiple lesions were present in 11
(73%) patients. In two patients, lesions were located in the
spinal canal. Tumour uptake on SSTR imaging was higher
than the normal liver uptake in 9 (60%) patients, and the
median (IQR) number of tumour cells expressing SSTR,, on
histology, regardless of intensity, was 100% (90-100). One
patient (Fig. 1, subject 6) was treated with PRRT despite
tumour uptake lower than the liver uptake due to the absence
of alternative treatment options. Based on tumour uptake on
the post-therapeutic scintigraphy, PRRT was completed in
this patient. Fourteen patients had symptoms related to the
meningioma (Table 2).

All patients had progressive disease according to
RANO prior to start of PRRT (defined as >25% increase
in surface, >40% increase in volume or detection of a
new lesion), which was within a median (IQR) of 7.4
(4.2-13.1) months and within 12 months in 11 patients.

Peptide receptor radionuclide therapy
and dosimetry

The intended cumulative activity of 29.6 (28.9-30.5)
GBq was administered in 8 of the 15 patients (Table 3).
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Table 1 Baseline clinical and
tumour characteristics

Variables

All patients, n=15

Age (years) 51.6 +11.7
Female sex 8 (53%)
Body mass index (kg/m?) 23.5(21.7-37.0)
Karnofsky performance score 80 (68-83)
Time since diagnosis (months) 753 +43.1
Prior treatments
External radiotherapy 15 (100%)
Number 1(1-5)
Surgery 14 (93%)
Number 2 (1-5)
Cytotoxic chemotherapy 3 (20%)
Somatostatin analogues 2 (13%)
Tyrosine kinase inhibitor 1(7%)
Mifepristone 1 (7%)
Embolization 1 (7%)
Highest histological grade before PRRT
WHO grade 1 3 (20%)
WHO grade 2 5(33%)
WHO grade 3 6 (40%)
Unknown 1(7%)
Histological subtype
Meningothelial 10 (67%)
Transitional 3 (20%)
Fibrous 1(7%)
Unknown 1 (7%)
Ki67-index 10 (4-20)
Highest percentage of SSTR,,-positive cells before PRRT
100 8 (53%)
50-90 5 (33%)
Unknown 2 (13%)
Multifocal disease 11 (73%)
Number of lesions 5(1-16)
Number of target lesions® 3(14)
Largest diameter of the largest lesion (mm) 64 (33-74)

Volume of all target lesions (cm®)
Volume of largest lesion (cm®)
Uptake on ['!'In]In-DTPA-octreotide scintigraphy®

38.3(16.3-61.2)
26.5 (14.1-49.5)

Lower than the liver 1 (7%)
Equal to the liver 2 (13%)
Higher than the liver 9 (60%)

Data are presented as numbers (%), median (IQR), or mean +SD. Abbreviations: SSTR,,, somatostatin

receptor subtype 2a
#Not exactly known for 2 patients

®Uptake was assessed on planar imaging. A [*®Ga]Ga-DOTA-TATE PET-CT was performed in 3 patients,

in whom the tumour uptake was equal to (n=1) or higher than the liver uptake (n=2)

The patients who discontinued PRRT for radiological In 8 patients, absorbed doses to 14 target tumours could
progressive disease, clinical deterioration, death, and be calculated. After completion of PRRT, the cumulative
patient’s own request received a median (range) of 15.1 absorbed dose to the lesions ranged 7 to 404 Gy with a
(7.5-26.1) GBq. median (IQR) of 36 (13-90) Gy per lesion. In 7 of the 14
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Fig.1 Swimmer plot of treated patients. Each bar represents one
study subject with a follow-up period from the baseline scan before
PRRT until death or last known date alive. Follow-up MRI scans with
response assessment according to RANO and compared to the base-
line scan or nadir are shown with green squares (stable disease) and
red diamonds (progressive disease) if available and until new treat-

tumours, the cumulative absorbed dose exceeded 50 Gy
(Supplementary Table 1 and Table 2).

Tumour response

In 11 patients, reassessment of both the volumetric and
bidimensional RANO response criteria was available. In
one patient, only the bidimensional RANO was evaluated
because the baseline scan could not be digitalized for the
volumetric measurement. In two patients, only reports of
the scans were available. After completion of PRRT, sta-
ble disease was observed in 6 (40%) patients and progres-
sive disease in 8 (53%) patients. One (7%) patient died after
two cycles (Fig. 1, Supplementary Fig. 1). No patient had
a minor, partial, or complete remission after PRRT. RANO
surface and volumetric assessments were concordant regard-
ing best overall response.

Progression-free survival

During a median (IQR) follow-up of 13 months (10-27),
8 patients demonstrated radiological progression and one
patient still had stable disease according to RANO. Two
patients died and 4 patients clinically deteriorated before
radiological progression occurred (Fig. 1). The median (95%
CI) PFS was 7.8 (5.3—10.3) months after start of PRRT with

18 20 22 24 26 28 30 32 34 36

time in months

ment modalities were started. Percentages at each follow-up mark
indicate the tumour growth rate (TGR) in percentage volume change
per month since the previous measurement. Other treatment modali-
ties included surgery, external radiotherapy, hydroxyurea, cisplatin,
and tamoxifen

a 6-month PFS rate of 60% (Fig. 2a). The median PFS of
9.9 (1.6-18.2) months for the subjects with stable disease
after PRRT was longer than the PFS of 6.1 (5.1-7.2) months
for those with progressive disease (p=0.045). Moreover, the
median PFS for WHO grade 1, 2, and 3 tumours was 10.1,
7.8, and 3.8 months, respectively (p=0.097). One patient
received one additional retreatment cycle of PRRT 26
months after the first four PRRT cycles, since the response
was considered prolonged tumour growth stabilization by
the treating physicians (Fig. 1, subject 2).

Overall survival

Twelve (80%) patients died during the study period (Fig. 1).
The median (95% CI) OS was 13.6 (10.3—17.0) months with a
12-month OS rate of 60% after start of PRRT (Fig. 2b) and 91.2
(80.9-101.4) months after diagnosis. The median OS was similar
for the patients displaying progressive disease and stable disease
after PRRT (13.6 and 12.5 months, respectively). Patients with
WHO grade 3 showed the shortest median OS (9.4 months),
while patients with WHO grade 1 had a median OS of 12.5
months and patients with WHO grade 2 27.2 months (p=0.022).

Tumour growth rate

Surface and volumetric TGR measurements were available for
both the baseline and follow-up scans in 11 and 10 patients,
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Table2 Symptoms at baseline

Variables All patients, n=15
Asymptomatic 1 (7%)
Symptomatic 14 (93%)
Pain (head, neck) 6 (43%)
Seizures 6 (43%)
Fatigue 6 (43%)
Paresis/paralysis 5 (36%)
Sensory disorders 5 (36%)
Cranial nerve impairment 10 (71%)
Vision loss/blindness 5 (36%)
Visual field loss 4 (29%)
Diplopia 4 (29%)
Hearing loss 2 (14%)
Anosmia 1 (7%)
Dysphagia 1 (7%)
Dysarthria 1 (7%)
Cognitive disorders® 8 (57%)
Impaired memory 5 (36%)
Impaired orientation 2 (14%)
Aphasia 2 (14%)
Impaired organization 1 (7%)
Impaired concentration 1 (7%)
Change in behaviour 1 (7%)
Apraxia 1 (7%)
Other 4 (29%)
Balance disorder 4 (29%)
Obstructive hydrocephalus 1 (7%)

Data are presented as numbers (%)

In one patient, the cognitive disorder was not specified

Table 3 Details of peptide receptor radionuclide therapy with ['"’Lu]
Lu-DOTA-TATE

Variables All patients, n=15
Completion of PRRT 8 (53%)
Cumulative activity (GBq) 28.9 (7.5-30.5)
No. of cycles of PRRT 4(1-4)

Reasons for stopping PRRT
Radiological progressive disease 3
Clinical deterioration 2
Death 1
Patient request 1
8

Prophylactic corticosteroid use® (53%)

Data are presented as numbers, numbers (%), or median (range).
Abbreviations: PRRT, peptide receptor radionuclide therapy

Corticosteroid use in other patients: at baseline for symptomatic con-
trol (n=1), suppletion for hypopituitarism (n=1), and unknown (n=1)
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respectively. After PRRT, tumour growth declined in 10 of
the 11 patients according to the surface TGR and in 8 of the
10 patients according to the volumetric TGR (Fig. 1). The
median (IQR) percentage increase was 4.6 (2.4-15.6) in sur-
face and 14.8 (2.3-44.4) in volume per month before PRRT,
which declined to 3.1% (1.3-9.8) in surface (p=0.016) and
5.0% (—0.2 to 13.6) in volume (p=0.013) per month on the
first follow-up scan after PRRT. Patients who had progressive
disease after PRRT had a higher median pre-therapeutic TGR
(+14.6% in surface and +38.1% in volume per month) than
those who had stable disease (+2.9% in surface and +4.6% in
volume per month) after PRRT.

After PRRT, tumour growth declined in 19 of the 27
tumours that were available for the surface TGR and in 21 of
the 23 tumours that were available for the volumetric TGR
assessments. The median (IQR) TGR of all individual target
lesions before PRRT was 7.3 (2.4-26.4) percentage increase in
surface per month and 14.4 (2.5-52.1) percentage increase in
volume per month, which was 3.1 (1.2-14.3) percent in surface
(p=0.002), and 6.4 (1.5-17.6) percent in volume (p=0.002)
change per month after PRRT.

Toxicity

At least one type of sub-acute hepatic or haematological tox-
icity was observed in 13 (87%) patients: grade 1 in 10 (67%)
patients, grade 2 in 4 (27%) patients, grade 3 in 8 (53%)
patients, and grade 4 in one (7%) patient. Severe grade 3 or 4
toxicity consisted only of lymphocytopenia (Table 4), and no
secondary haematological malignancies occurred in this cohort.
No renal toxicity was found. Ten patients reported increase in
one or more neurological symptoms following PRRT or at the
first follow-up after the last cycle. In the majority of cases, this
concerned worsening of pre-existing neurological symptoms
over time, which partly responded to dexamethasone.

Discussion

Although meningiomas are generally considered benign,
recurrence, and progression after resection and/or external
radiotherapy is not uncommon [7]. For patients who fail
surgical and radiotherapeutic approaches, no registered
systemic treatment option is available [3]. In the current
study, we report our experience with ['7’Lu]Lu-DOTA-
TATE in patients with progressive treatment-refractory
meningiomas. In 6 of the 15 patients (40%) who were
treated in our centre from 2000 to 2020, stable disease
was achieved after the last treatment cycle resulting in
a median PFS of 7.8 months and a median OS of 13.6
months. The 6-month PFS and 12-month OS proportions
of our cohort were both 60%. To compare, local standard
of care of grade 2—-3 meningiomas that were progressive
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Fig.2 Survival analyses of meningioma patients undergoing PRRT. Kaplan Meier curves of the progression-free survival (a) and overall sur-

vival (b), calculated from the first treatment of PRRT

Table 4 Sub-acute toxicity

) Adverse event Total Grade 1 Grade 2 Grade 3 Grade 4
according to CTCAE 4.03
Anaemia 5(33%) 5 0 0 0
Thrombocytopenia 5(33%) 5 0 0 0
Leukopenia 2 (13%) 1 1 0 0
Neutropenia 1 (7%) 0 1 0 0
Lymphocytopenia 10 (67%) 0 1 8 1
Increased alanine transaminase 2 (13%) 1 1 0 0
Increased alkaline phosphatase 1 (7%) 1 0 0 0

Data are presented as numbers or numbers (%)

after local treatment resulted in a 6-month PFS rate of 29%
and a 12-month OS rate of 43% in a randomized phase II
multicentre study [32]. In line with preceding analyses
[17-21], the treatment-induced toxicity was mild in our
cohort. Severe toxicity only consisted of lymphocytopenia,
which has not been associated with an increased risk of
infectious complications in PRRT-treated neuroendocrine
tumour patients [25, 33, 34].

Several other studies with small numbers of patients
have reported results of PRRT in meningioma patients,
with disease control in 50-88% of patients [17-21, 24]
and PFS or time to progression ranging 5-24 months
after treatment [18—-20]. In a pooled analysis, the disease
control rate was 63%, the 6-month PFS rates 94%, 48%,
and 0% for WHO grade 1, 2, and 3, respectively, and the
12-month OS rates 88%, 71%, and 52% for WHO grade 1,
2, and 3, respectively [16]. The outcomes in this pooled
analysis have a large variability because of the heteroge-
neity in patient and tumour characteristics and treatment
protocols, which makes it difficult to perform a meaning-
ful comparison with our study. Furthermore, we present

a meningioma population with progressive, severe, end-
stage disease, which is illustrated by the high number of
pretreatments, 12 (80%) patients with WHO grade 2-3,
large tumour volumes, 11 (73%) with multifocality, and
neurological sequelae in 14 (93%) patients. In the larg-
est prospective study by Marincek et al. [17], stable dis-
ease was achieved in 66% of the 34 patients treated with
[®°Y]Y-DOTA-TOC, and the mean overall survival was 9
years. The better response in this study might be attrib-
uted to the use of *°Yttrium, as this radionuclide has a
higher energy and longer tissue penetration range than
17T utetium [35]. However, in their study, 91% of patients
had unifocal tumours, and only 26% WHO grade 2 and
3 lesions, and in more than half of cases unknown histo-
logical grade. Before PRRT, 74% had surgery, and only
3% underwent external radiotherapy. Consequently, it can
also be hypothesised that the extensive pretreatment with
external radiotherapy in our cohort has led to resistance
to ionizing radiation [36]. On the other hand, the total
advised doses of fractionated radiotherapy range 50-60 Gy
for meningiomas [37, 38], while a total dose >50 Gy was
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reached in only 7 out of 14 measured tumour regions after
PRRT. However, dosimetry analysis was only possible in
8 patients, which included single-time point imaging in 4
of these patients. Due the limited availability of the data,
the dosimetric calculations may be less accurate.

Furthermore, achieving partial response after PRRT
[16] or other systemic therapies [8] in meningiomas is rare.
It might therefore be better to start PRRT timely before
patients develop treatment-refractory, progressive, and
extensive disease. This was not the case in our cohort, where
6 patients died or clinically deteriorated because of tumour
progression before the effect of PRRT could have been insti-
gated or lasted.

In the previous studies, different response criteria (SWOG
[18, 21], RECIST 1.1 [17, 20], RANO [22, 24], modified
Macdonald [19], PERCIST [24], others [23]) were used. To
our knowledge, this is the first study that demonstrates that the
bidimensional and volumetric RANO best response on MRI
are concordant for meningiomas treated by PRRT. Response
assessment in meningioma trials can be challenging, because
of the variation in the baseline progression rate. In more slowly
growing tumours, stable disease might be an acceptable out-
come if the TGR declines after therapy. Since the volumetric
TGR was previously found to be predictive of antitumour activ-
ity in meningiomas [39], we assessed the TGR before and after
PRRT. We were limited by the retrospective nature of this study,
as the TGR calculation was not possible in all patients and this
analysis might have been more reliable when the scans had been
performed with a similar follow-up schedule in all patients. Nev-
ertheless, we did notice a significant decline in the TGR after
PRRT in the majority of our patients, indicating that PRRT was
able to reduce the growth potential of the tumours. Additionally,
Seystahl et al. [19] reported a >25% reduction in the volumetric
TGR in half of their patients. However, there is no consensus
yet on how to calculate the TGR, since it is debated whether the
growth pattern is exponential or linear [39-42].

Limitations of this study were the retrospective design, the
long period of patient inclusion, and the small sample size.
However, we provided a detailed analysis of the response
including the recommended RANO criteria, adding evidence
to the limited existing literature of PRRT for high-grade, pro-
gressive, and treatment-refractory meningioma.

In conclusion, the currently available data indicate that
PRRT can inhibit tumour growth in a subset of meningiomas,
warranting a multicentre controlled prospective clinical trial
with clearly defined response criteria. Preferably, such a
clinical study should be performed in meningioma patients at
earlier disease stages and making use of tumour growth rate
measurements as additional outcome measure.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00259-022-06044-9.

Author contribution Concept and design: NSM, EMB, JECB, JH, and TB

@ Springer

Acquisition, analysis, and/or interpretation of data: all authors

Drafting of the manuscript: NSM

Critical revision of the manuscript for important intellectual con-
tent: all authors

Statistical analysis: NSM, JH, and TB.

Data availability The datasets generated during and/or analysed during
the current study are not publicly available, but are available from the
corresponding author on reasonable request.

Code availability Not applicable.

Declarations

Ethics approval The study was conducted according to the guidelines
of the Declaration of Helsinki and approved by the Ethics Committee
of Erasmus Medical Centre.

Consent to participate Informed consent was obtained from all sub-
jects involved in the study, or the need for written informed consent was
waived by the medical ethical committee of the Erasmus MC.

Consent for publication Informed consent was obtained from all sub-
jects involved in the study, or the need for written informed consent was
waived by the medical ethical committee of the Erasmus MC.

Conflict of interest E.M.B has received consultancy fees from Brain-
Lab A.G. W.W.D.H has received speaker fees from AAA-Novartis
and Ipsen, compensation from AAA-Novartis and Ipsen for service
on advisory boards, and research support from AAA-Novartis. J.H.
has received speaker fees from Ipsen and compensation from AAA-
Novartis and Ipsen for service on advisory boards. T.B. has received
speaker fees from AAA-Novartis and Ipsen, compensation from AAA-
Novartis for service on advisory board, and research support from
AAA-Novartis. The other authors have no disclosures.

References

1. Ogasawara C, Philbrick BD, Adamson DC. Meningioma: a
review of epidemiology, pathology, diagnosis, treatment, and
future directions. Biomedicines. 2021:9. https://doi.org/10.
3390/biomedicines9030319.

2. Ostrom QT, Cioffi G, Gittleman H, Patil N, Waite K, Kruchko
C, et al. CBTRUS statistical report: primary brain and other
central nervous system tumors diagnosed in the United States
in 2012-2016. Neuro-Oncology. 2019;21:v1-v100. https://doi.
org/10.1093/neuonc/noz150.

3. Goldbrunner R, Stavrinou P, Jenkinson MD, Sahm F, Mawrin
C, Weber DC, et al. EANO guideline on the diagnosis and man-
agement of meningiomas. Neuro-Oncology. 2021;23:1821-34.
https://doi.org/10.1093/neuonc/noab150.

4. Gousias K, Schramm J, Simon M. The Simpson grading revis-
ited: aggressive surgery and its place in modern meningioma
management. J Neurosurg. 2016;125:551-60. https://doi.org/
10.3171/2015.9.JNS15754.

5. McGovern SL, Aldape KD, Munsell MF, Mahajan A, DeMonte
F, Woo SY. A comparison of World Health Organization tumor
grades at recurrence in patients with non-skull base and skull
base meningiomas. J Neurosurg. 2010;112:925-33. https://doi.
org/10.3171/2009.9.JNS09617.

6. Ehresman JS, Garzon-Muvdi T, Rogers D, Lim M, Gallia
GL, Weingart J, et al. The relevance of Simpson grade resec-
tions in modern neurosurgical treatment of World Health


https://doi.org/10.1007/s00259-022-06044-9
https://doi.org/10.3390/biomedicines9030319
https://doi.org/10.3390/biomedicines9030319
https://doi.org/10.1093/neuonc/noz150
https://doi.org/10.1093/neuonc/noz150
https://doi.org/10.1093/neuonc/noab150
https://doi.org/10.3171/2015.9.JNS15754
https://doi.org/10.3171/2015.9.JNS15754
https://doi.org/10.3171/2009.9.JNS09617
https://doi.org/10.3171/2009.9.JNS09617

European Journal of Nuclear Medicine and Molecular Imaging (2023) 50:1195-1204

1203

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Organization grade I, II, and III meningiomas. World Neuro-
surg. 2018;109:e588-e93. https://doi.org/10.1016/j.wneu.2017.
10.028.

Rogers L, Barani I, Chamberlain M, Kaley TJ, McDermott
M, Raizer J, et al. Meningiomas: knowledge base, treatment
outcomes, and uncertainties. A RANO review J Neurosurg.
2015;122:4-23. https://doi.org/10.3171/2014.7.IJNS131644.
Kaley T, Barani I, Chamberlain M, McDermott M, Panageas
K, Raizer J, et al. Historical benchmarks for medical therapy
trials in surgery- and radiation-refractory meningioma: a RANO
review. Neuro-Oncology. 2014;16:829-40. https://doi.org/10.
1093/neuonc/not330.

Pavel M, Oberg K, Falconi M, Krenning EP, Sundin A, Perren
A, et al. Gastroenteropancreatic neuroendocrine neoplasms:
ESMO clinical practice guidelines for diagnosis, treatment and
follow-up. Ann Oncol. 2020;31:844-60. https://doi.org/10.
1016/j.annonc.2020.03.304.

Silva CB, Ongaratti BR, Trott G, Haag T, Ferreira NP, Leaes
CG, et al. Expression of somatostatin receptors (SSTR1-SSTRS5)
in meningiomas and its clinicopathological significance. Int J
Clin Exp Pathol. 2015;8:13185-92.

Barresi V, Alafaci C, Salpietro F, Tuccari G. Sstr2A immuno-
histochemical expression in human meningiomas: is there a cor-
relation with the histological grade, proliferation or microvessel
density? Oncol Rep. 2008;20:485-92.

Arena S, Barbieri F, Thellung S, Pirani P, Corsaro A, Villa
V, et al. Expression of somatostatin receptor mRNA in human
meningiomas and their implication in in vitro antiproliferative
activity. J Neuro-Oncol. 2004;66:155-66. https://doi.org/10.
1023/b:neon.0000013498.19981.55.

Afshar-Oromieh A, Giesel FL, Linhart HG, Haberkorn U, Haufe
S, Combs SE, et al. Detection of cranial meningiomas: com-
parison of (6)(8)Ga-DOTATOC PET/CT and contrast-enhanced
MRI. Eur J Nucl Med Mol Imaging. 2012;39:1409-15. https://
doi.org/10.1007/s00259-012-2155-3.

Bashir A, Vestergaard MB, Binderup T, Broholm H, Marner
L, Ziebell M, et al. Pharmacokinetic analysis of [(68)Ga]
Ga-DOTA-TOC PET in meningiomas for assessment of in vivo
somatostatin receptor subtype 2. Eur J Nucl Med Mol Imaging.
2020;47:2577-88. https://doi.org/10.1007/s00259-020-04759-1.
Rachinger W, Stoecklein VM, Terpolilli NA, Haug AR, Ertl L,
Poschl J, et al. Increased 68Ga-DOTATATE uptake in PET imag-
ing discriminates meningioma and tumor-free tissue. J Nucl Med.
2015;56:347-53. https://doi.org/10.2967/jnumed.114.149120.
Mirian C, Duun-Henriksen AK, Maier A, Pedersen MM, Jensen
LR, Bashir A, et al. Somatostatin receptor-targeted radiopeptide
therapy in treatment-refractory meningioma: individual patient
data meta-analysis. J Nucl Med. 2021;62:507-13. https://doi.org/
10.2967/jnumed.120.249607.

Marincek N, Radojewski P, Dumont RA, Brunner P, Muller-Brand
J, Maecke HR, et al. Somatostatin receptor-targeted radiopeptide
therapy with 90Y-DOTATOC and 177Lu-DOTATOC in progressive
meningioma: long-term results of a phase II clinical trial. J Nucl
Med. 2015;56:171-6. https://doi.org/10.2967/jnumed.114.147256.
Bartolomei M, Bodei L, De Cicco C, Grana CM, Cremo-
nesi M, Botteri E, et al. Peptide receptor radionuclide therapy
with (90)Y-DOTATOC in recurrent meningioma. Eur J Nucl
Med Mol Imaging. 2009;36:1407-16. https://doi.org/10.1007/
$00259-009-1115-z.

Seystahl K, Stoecklein V, Schuller U, Rushing E, Nicolas G,
Schafer N, et al. Somatostatin receptor-targeted radionuclide
therapy for progressive meningioma: benefit linked to 68Ga-
DOTATATE/-TOC uptake. Neuro-Oncology. 2016;18:1538—47.
https://doi.org/10.1093/neuonc/now060.

Gerster-Gillieron K, Forrer F, Maecke H, Mueller-Brand J,
Merlo A, Cordier D. 90Y-DOTATOC as a therapeutic option

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

for complex recurrent or progressive meningiomas. J Nucl Med.
2015;56:1748-51. https://doi.org/10.2967/jnumed.115.155853.
Minutoli F, Amato E, Sindoni A, Cardile D, Conti A, Herberg A,
et al. Peptide receptor radionuclide therapy in patients with inop-
erable meningiomas: our experience and review of the literature.
Cancer Biother Radiopharm. 2014;29:193-9. https://doi.org/10.
1089/cbr.2013.1599.

Hartrampf PE, Hanscheid H, Kertels O, Schirbel A, Kreissl
MC, Flentje M, et al. Long-term results of multimodal peptide
receptor radionuclide therapy and fractionated external beam
radiotherapy for treatment of advanced symptomatic meningi-
oma. Clin Transl Radiat Oncol. 2020;22:29-32. https://doi.org/
10.1016/j.ctr0.2020.03.002.

Kreissl MC, Hanscheid H, Lohr M, Verburg FA, Schiller M,
Lassmann M, et al. Combination of peptide receptor radionuclide
therapy with fractionated external beam radiotherapy for treatment
of advanced symptomatic meningioma. Radiat Oncol. 2012;7:99.
https://doi.org/10.1186/1748-717X-7-99.

Muther M, Roll W, Brokinkel B, Zinnhardt B, Sporns PB, Seif-
ert R, et al. Response assessment of somatostatin receptor tar-
geted radioligand therapies for progressive intracranial menin-
gioma. Nuklearmedizin. 2020;59:348-55. https://doi.org/10.
1055/a-1200-0989.

Brabander T, van der Zwan WA, Teunissen JJM, Kam BLR,
Feelders RA, de Herder WW, et al. Long-term efficacy, survival,
and safety of [(177)Lu-DOTA(0),Tyr(3)]octreotate in patients
with gastroenteropancreatic and bronchial neuroendocrine tumors.
Clin Cancer Res. 2017;23:4617-24. https://doi.org/10.1158/1078-
0432.CCR-16-2743.

Huang RY, Bi WL, Weller M, Kaley T, Blakeley J, Dunn I, et al.
Proposed response assessment and endpoints for meningioma
clinical trials: report from the response assessment in neuro-
oncology working group. Neuro-Oncology. 2019;21:26-36.
https://doi.org/10.1093/neuonc/noy137.

US Department of Health and Human Services, National Institute
of health, National Cancer Institute. Common terminology criteria
for adverse events (CTCAE). Version 4.03. 2010; Accessed Sep-
tember 2021. https://ctep.cancer.gov/protocoldevelopment/elect
ronic_applications/ctc.htm.

Bolch WE, Eckerman KF, Sgouros G. Thomas Sr. MIRD pamphlet
No. 21: a generalized schema for radiopharmaceutical dosimetry-
-standardization of nomenclature. J Nucl Med. 2009;50:477-84.
https://doi.org/10.2967/jnumed.108.056036.

Peters SMB, Meyer Viol SL, van der Werf NR, de Jong N,
van Velden FHP, Meeuwis A, et al. Variability in lutetium-177
SPECT quantification between different state-of-the-art SPECT/
CT systems. EINMMI Phys. 2020;7:9. https://doi.org/10.1186/
$40658-020-0278-3.

Andersson M, Johansson L, Eckerman K, Mattsson S. IDAC-dose
2.1, an internal dosimetry program for diagnostic nuclear medi-
cine based on the ICRP adult reference voxel phantoms. EINMMI
Res. 2017;7:88. https://doi.org/10.1186/s13550-017-0339-3.
Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-
Branger D, Cavenee WK, et al. The 2016 World Health Organi-
zation classification of tumors of the central nervous system: a
summary. Acta Neuropathol. 2016;131:803-20. https://doi.org/
10.1007/s00401-016-1545-1.

Preusser M, Silvani A, Le Rhun E, Soffietti R, Lombardi G, Sepul-
veda JM, et al. Trabectedin for recurrent WHO grade 2 or 3 men-
ingioma: a randomized phase 2 study of the EORTC brain tumor
group (EORTC-1320-BTG). Neuro-Oncology. 2021. https://doi.
org/10.1093/neuonc/noab243.

Strosberg J, El-Haddad G, Wolin E, Hendifar A, Yao J, Chasen B,
et al. Phase 3 trial of (177)lu-dotatate for midgut neuroendocrine
tumors. N Engl J Med. 2017;376:125-35. https://doi.org/10.1056/
NEJMoal607427.

@ Springer


https://doi.org/10.1016/j.wneu.2017.10.028
https://doi.org/10.1016/j.wneu.2017.10.028
https://doi.org/10.3171/2014.7.JNS131644
https://doi.org/10.1093/neuonc/not330
https://doi.org/10.1093/neuonc/not330
https://doi.org/10.1016/j.annonc.2020.03.304
https://doi.org/10.1016/j.annonc.2020.03.304
https://doi.org/10.1023/b:neon.0000013498.19981.55
https://doi.org/10.1023/b:neon.0000013498.19981.55
https://doi.org/10.1007/s00259-012-2155-3
https://doi.org/10.1007/s00259-012-2155-3
https://doi.org/10.1007/s00259-020-04759-1
https://doi.org/10.2967/jnumed.114.149120
https://doi.org/10.2967/jnumed.120.249607
https://doi.org/10.2967/jnumed.120.249607
https://doi.org/10.2967/jnumed.114.147256
https://doi.org/10.1007/s00259-009-1115-z
https://doi.org/10.1007/s00259-009-1115-z
https://doi.org/10.1093/neuonc/now060
https://doi.org/10.2967/jnumed.115.155853
https://doi.org/10.1089/cbr.2013.1599
https://doi.org/10.1089/cbr.2013.1599
https://doi.org/10.1016/j.ctro.2020.03.002
https://doi.org/10.1016/j.ctro.2020.03.002
https://doi.org/10.1186/1748-717X-7-99
https://doi.org/10.1055/a-1200-0989
https://doi.org/10.1055/a-1200-0989
https://doi.org/10.1158/1078-0432.CCR-16-2743
https://doi.org/10.1158/1078-0432.CCR-16-2743
https://doi.org/10.1093/neuonc/noy137
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/ctc.htm
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/ctc.htm
https://doi.org/10.2967/jnumed.108.056036
https://doi.org/10.1186/s40658-020-0278-3
https://doi.org/10.1186/s40658-020-0278-3
https://doi.org/10.1186/s13550-017-0339-3
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1093/neuonc/noab243
https://doi.org/10.1093/neuonc/noab243
https://doi.org/10.1056/NEJMoa1607427
https://doi.org/10.1056/NEJMoa1607427

1204

European Journal of Nuclear Medicine and Molecular Imaging (2023) 50:1195-1204

34.

35.

36.

37.

38.

39.

Sierra ML, Agazzi A, Bodei L, Pacifici M, Arico D, De Cicco
C, et al. Lymphocytic toxicity in patients after peptide-receptor
radionuclide therapy (PRRT) with 177Lu-DOTATATE and
90Y-DOTATOC. Cancer Biother Radiopharm. 2009;24:659-65.
https://doi.org/10.1089/cbr.2009.0641.

Feijtel D, de Jong M, Nonnekens J. Peptide receptor radionuclide
therapy: looking back, looking forward. Curr Top Med Chem.
2020;20:2959-69. https://doi.org/10.2174/156802662066620
0226104652.

Gogineni VR, Nalla AK, Gupta R, Dinh DH, Klopfenstein JD,
Rao JS. Chk2-mediated G2/M cell cycle arrest maintains radia-
tion resistance in malignant meningioma cells. Cancer Lett.
2011;313:64-75. https://doi.org/10.1016/j.canlet.2011.08.022.
Biau J, Khalil T, Verrelle P, Lemaire JJ. Fractionated radiotherapy
and radiosurgery of intracranial meningiomas. Neurochirurgie.
2018;64:29-36. https://doi.org/10.1016/j.neuchi.2014.10.112.
National Comprehensive Cancer Network. Clinical practice
guidelines in oncology. Central nervous system cancers. Version
2.2021. Accessed April 2022. https://www.nccn.org/professionals/
physician_gls/pdf/cns.pdf.

Graillon T, Ferrer L, Siffre J, Sanson M, Peyre M, Peyriere H,
et al. Role of 3D volume growth rate for drug activity evalua-
tion in meningioma clinical trials: the example of the CEVOREM

@ Springer

40.

41.

42.

study. Neuro-Oncology. 2021;23:1139-47. https://doi.org/10.
1093/neuonc/noab019.

Sommerauer M, Burkhardt JK, Frontzek K, Rushing E, Buck A,
Krayenbuehl N, et al. 68Gallium-DOTATATE PET in meningi-
oma: a reliable predictor of tumor growth rate? Neuro-Oncology.
2016;18:1021-7. https://doi.org/10.1093/neuonc/now001.
Hashiba T, Hashimoto N, Izumoto S, Suzuki T, Kagawa N,
Maruno M, et al. Serial volumetric assessment of the natural his-
tory and growth pattern of incidentally discovered meningiomas.
J Neurosurg. 2009;110:675-84. https://doi.org/10.3171/2008.8.
JNS08481.

Oya S, Kim SH, Sade B, Lee JH. The natural history of intracra-
nial meningiomas. J Neurosurg. 2011;114:1250-6. https://doi.org/
10.3171/2010.12.JNS101623.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1089/cbr.2009.0641
https://doi.org/10.2174/1568026620666200226104652
https://doi.org/10.2174/1568026620666200226104652
https://doi.org/10.1016/j.canlet.2011.08.022
https://doi.org/10.1016/j.neuchi.2014.10.112
https://www.nccn.org/professionals/physician_gls/pdf/cns.pdf
https://www.nccn.org/professionals/physician_gls/pdf/cns.pdf
https://doi.org/10.1093/neuonc/noab019
https://doi.org/10.1093/neuonc/noab019
https://doi.org/10.1093/neuonc/now001
https://doi.org/10.3171/2008.8.JNS08481
https://doi.org/10.3171/2008.8.JNS08481
https://doi.org/10.3171/2010.12.JNS101623
https://doi.org/10.3171/2010.12.JNS101623

	Efficacy and safety of peptide receptor radionuclide therapy with [177Lu]Lu-DOTA-TATE in 15 patients with progressive treatment-refractory meningioma
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Patients and methods
	Patients and treatment
	Definitions and outcomes
	Volume measurements
	Tumour growth rate
	Dosimetry
	Histopathology and immunohistochemistry
	Statistical analysis

	Results
	Baseline characteristics
	Peptide receptor radionuclide therapy and dosimetry
	Tumour response
	Progression-free survival
	Overall survival
	Tumour growth rate
	Toxicity

	Discussion
	References




