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Abstract
Background.  Meningiomas express high levels of somatostatin receptor 2 (SSTR2). SSTR2-targeted PET imaging 
with [68Ga]-DOTATATE can aid with distinguishing residual meningioma from reactive changes in the postopera-
tive setting. We present initial dosimetric analyses, acute events, and local control data utilizing [68Ga]-DOTATATE 
PET/MRI-assisted target delineation for prospectively-treated intermediate-risk meningiomas.
Methods. Twenty-nine patients underwent DOTATATE PET/MRI meningioma evaluation in 2019. Eight patients with 
9 postoperative meningiomas met RTOG 0539 intermediate-risk criteria (recurrent WHO grade I, 1/9; WHO grade II, 
8/9). Target volumes were created using DOTATATE PET/MRI to determine residual disease and received a nominal 
dose of 35.0 Gy over 5 fractions. For comparison, cases were recontoured and planned with MRI alone per RTOG 
0539 guidelines. Mean and maximum equivalent 2 Gy doses were generated for target volumes and organs at risk 
(OAR) within 1 cm of the PTV and compared using Wilcoxon matched pairs signed rank test.
Results.  DOTATATE PET/MRI-guided planning significantly reduced mean PTV (11.12 cm3 compared to 71.39 cm3 
based on MRI alone, P < .05) and mean and max dose to the whole brain, optic nerves, and scalp. PET/MRI plans 
resulted in at least 50% reduction of mean and max doses to the lens, eyes, chiasm, cochlea, brainstem, and hippo-
campi. One patient experienced focal alopecia. There were no local recurrences at 6 months.
Conclusion.  Incorporating DOTATATE-PET/MRI for postoperative target delineation in patients with intermediate-
risk intracranial meningiomas results in PTV reduction and decreased OAR dose. Our findings warrant larger 
studies evaluating DOTATATE-PET/MRI in the radiotherapeutic planning of postoperative meningiomas.

Key Points

	•	 [68Ga]-DOTATATE PET/MRI significantly reduces radiation treatment volumes.

	•	 Reduced target volumes allowed safe delivery of hypofractionated radiotherapy.

[68Ga]-DOTATATE PET/MRI as an adjunct imaging 
modality for radiation treatment planning of 
meningiomas
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Meningiomas are the most common intracranial neoplasms, 
comprising 36.1% of primary brain tumors.1 Pathological 
grading is prognostic of patient outcomes2–4 and will be-
come increasingly vital to guiding treatment as atypical me-
ningioma diagnoses rise with successive changes in WHO 
classification criteria.2,4,5 The multidisciplinary approach to 
meningioma management traditionally centers on clinical 
judgment and institutional guidelines. Control rates fol-
lowing surgery are dependent on both tumor grade and the 
extent of resection. Simpson grade I-III resections are often 
considered definitive for WHO grade I meningiomas, while 
grade II and III meningiomas frequently recur following 
even an apparent gross total resection.6,7 Similarly, recur-
rent meningiomas of any grade exhibit a more aggressive 
clinical course and can recur years after treatment.7,8

Adjunct external beam radiotherapy (EBRT) or 
stereotactic radiosurgery/fractionated stereotactic 
radiosurgery (SRS/fSRS) can improve outcomes in 
select meningioma subsets at higher risk of recur-
rence, such as subtotally resected and locally recurrent 
meningiomas.6,8,9 Radiotherapy for intermediate-risk 
group recurrent WHO grade I  meningiomas or to-
tally resected grade II meningiomas was prospectively 
evaluated in the Radiation Therapy Oncology Group 
(RTOG) 0539 study. They demonstrated superior 3-year-
progression-free survival rates in intermediate-risk 
meningiomas treated with adjuvant radiotherapy com-
pared with historical data.10

Accurate delineation of the tumor volume and/or re-
section cavity is crucial to optimizing treatment delivery 
while minimizing radiotherapy-related sequelae. The im-
plementation of 3D-based planning with incorporating 
MRI improved local control.11 Nevertheless, MRI-based 
postoperative delineation of residual disease extent can 
be challenging in the setting of infiltrative “en plaque” 
lesions, parenchymal invasion, and postoperative scar-
ring.10 Approaches increasing the irradiated volume to 
avoid a marginal miss will thus increase the probability of 
radiation-related morbidity.

Somatostatin receptor 2A (SSTR2A) is expressed 
with high sensitivity and specificity in meningiomas, 
supporting its use as a pathologic biomarker.12–14 
[68Ga]-DOTATOC hybrid PET/MRI provides precise 

morphological visualization of meningiomas, enabling 
reductions in the irradiated target volume.15 A  recent 
report demonstrated the utility of [68Ga]-DOTATATE to 
accurately assess the extent of disease in patients with 
recurrent meningiomas and differentiate residual/re-
current meningiomas from post-treatment change.16 
Building on these findings, we present initial volumetric 
and dosimetric analyses utilizing [68Ga]-DOTATATE PET/
MRI as an adjunct imaging modality in the planning of ra-
diation volumes for prospectively treated meningiomas. 
As secondary aims, we report acute adverse events and 
6-month outcomes.

Methods

Study Design

The cohort entails all patients who underwent [68Ga]-
DOTATATE PET/MRI prior to fSRS at New York Presbyterian -  
Weill Cornell Medicine in 2019. Each patient’s demographic 
data, tumor characteristics, prior treatments, and clinical 
response were obtained from querying electronic med-
ical records. This study was approved by the Weill Cornell 
Medicine Institutional Review Board. All patients were re-
ferred for radiotherapy consultation following discussion 
in our multidisciplinary neuro-oncology tumor board ei-
ther immediately after surgical resection or upon disease 
progression. Options discussed with patients included 
continued observation, EBRT and participation as study 
subjects in NRG-BN003 (which would entail randomization 
between observation and partial brain radiotherapy), and 
the possibility of fSRS based upon [68Ga]-DOTATATE PET/
MRI. The decision to perform fSRS was made in consensus 
between patient, referring neurosurgeon, and radiation 
oncologist.

[68Ga]-DOTATATE PET/MRI

PET/MRI was performed on a Biograph mMR scanner 
(Siemens Healthineers, Erlangen, Germany) according to 

Importance of the Study

Imaging with [68Ga]-DOTATATE, which targets 
somatostatin receptor 2A (SSTR2A), has dem-
onstrated clinical utility in delineating residual 
meningioma in the postoperative setting. In 
this study, patients with intermediate-risk 
meningiomas necessitating postoperative ra-
diotherapy underwent dosimetric analyses 
comparing DOTATATE PET/MRI-assisted target 
delineation to standard-of-care MRI-based plan-
ning. DOTATATE-PET/MRI significantly reduced 
target volumes and the dose received by organs 

at risk. Among patients treated with DOTATATE-
based planning, 1 experienced focal alopecia, 
and no local recurrences were observed at 
6 months. This pilot prospective study provides 
initial validation incorporating [68Ga]-DOTATATE 
PET/MRI in the radiotherapeutic management of 
postoperative intermediate-risk meningiomas. 
These findings warrant larger trials evaluating 
its application in the postoperative setting, as 
well as comparing its efficacy to that of other 
SSTR2-targeted agents.
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our previously described institutional protocol.17 Briefly, 
PET imaging started at 5–15 min postinjection of approx-
imately 5 millicuries of [68Ga]-DOTATATE. PET data were 
acquired in 3D List Mode for a total of 50 min, to allow 
for subsequent static and dynamic PET data analysis. 
MRI was performed during the same period as previously 
described,15,18 including pre- and post-contrast sagittal 
3D T2 FLAIR (TR/TE 6300–8500  ms/394–446  ms, 120  de-
gree flip, 1 mm slice thickness) and 3D T1 SPACE (TR/TE 
600–700 ms/11–19 ms, 120 degree flip, 1 mm slice thick-
ness). MR-based attenuation correction was performed 
according to the manufacturer’s standard-of-care specifi-
cations for brain PET/MR exams. For reference purposes, 
maximum standardized uptake values (SUVmax) were 
obtained for the pituitary gland (the only intracranial site 
of high physiologic SSTR2 expression) as a positive ref-
erence and the superior sagittal sinus (SSS) as a negative 
reference given lack of SSTR2 expression and its function 
as cranial blood pool.17

Meningioma Detection With 
[68Ga]-DOTATATE PET/MRI

We previously evaluated the utility of differentiating me-
ningioma from post-treatment change using the SSS as a 
background reference region and demonstrated marked, 
statistically significant differences in mean SUVmax ratio 
of meningioma/SSS versus post-treatment change/SSS.17 
Based on this previous work, we considered lesions with 
greater than 3-fold increase in SUVmax compared to SSS to 
be suspicious for tumor, and lesions with less than 3-fold 
increase versus SSS SUVmax were favored to represent 
postsurgical change.

Radiotherapy Planning and Delivery

Radiotherapy planning volumes were contoured by an 
attending radiation oncologist in conjunction with a neu-
rosurgeon, and in consultation with the radiologist (dual 
trained in neuroradiology and nuclear medicine). For 
treatment planning, high-resolution thin-slice (1.25  mm) 
CT scans were rigidly fused with [68Ga]-DOTATATE PET/
MRI data sets. Clinical target volumes (CTV) were de-
rived using gross disease identified on MRI and regions 
of increased SSTR2 avidity17 on the [68Ga]-DOTATATE PET/
MRI, employing the appropriate PET SUV windowing as 
per the radiologist’s recommendation and based on pre-
viously published studies.10,17 All CTV were given an iso-
metric 3.0 mm expansion to generate the planning target 
volume (PTV).

Ascribing an α/β=6 for atypical meningiomas allows 
the calculation of a biologically equivalent dose of 70.2 
Gray (Gy) for a patient receiving 54.0 Gy over 30 fractions 
based on RTOG 0539. Our patients received a course of 
hypofractionated radiotherapy to a nominal dose of 35.0 
Gy over 5 fractions, yielding a similar biologically effec-
tive dose of 75.83 Gy. All patients were treated using non-
coplanar volumetric modulated arc therapy (VMAT) using 
3–4 arcs and either 6× or 10× flattening filter-free beams 
that maintained a minimum coverage of 95% of the PTV 

receiving 100% of the prescription dose. The treatment 
plans were generated using Eclipse v15.6 (Varian Medical 
Systems) with either AAA or AcurosXB calculation algo-
rithms. All dose constraints for hypofractionated radio-
therapy plans were evaluated using TG101 guidelines. 
Patients were treated on a Novalis (BrainLab) Truebeam 
STX linac (Varian Medical Systems), with MLC leaf width 
of 2.5 mm. Departmental guidelines for hypofractionated 
treatments were followed, including Exactrac (BrainLab) 
kV imaging at each couch angle prior to delivery of a VMAT 
arc to ensure accurate stereotactic treatment delivery.

Patients were followed clinically with standard of care 
(SOC) MRI and clinic visits at 3-month intervals by their 
treating radiation oncologist and neurosurgeon. Per pro-
tocol, patients underwent follow-up [68Ga]-DOTATATE PET/
MRI 6 months after completion of fSRS to monitor for dis-
ease progression. Acute and chronic adverse events (AE) 
were tabulated using Common Terminology Criteria for 
Adverse Events (CTCAE version 5.0). Incidence rates of 
grade ≥2 acute (≤90 days from start of radiation) and late 
(>90  days) AEs for dermatology, neurology, and ocular/
visual were reported for all eligible patients who received 
protocol treatment. Local control was measured to date of 
progression or last follow-up.

Creation of Comparative Standard of 
Care Volumes

Each patient was re-contoured per guidelines delineated 
for the intermediate-risk group cohort in RTOG 0539 (de-
fined as patients with a newly diagnosed gross totally re-
sected WHO grade II meningioma, or a recurrent WHO 
grade I meningioma irrespective of the resection extent)12 
using only preoperative and postoperative MRIs and the 
radiotherapy simulation scan to create the SOC CTV. The 
gross tumor volume (GTV) is defined by the tumor bed and 
any residual nodular enhancement on the postoperative 
MRI with contrast. Cerebral edema and the dural tail were 
not specifically included within the GTV. The GTV was iso-
metrically expanded by 1.0 cm to create the CTV. The CTV 
margin was reduced to 0.5 cm around natural barriers to 
tumor growth such as the skull. However, in the presence 
of hyperostotic or directly infiltrated bone, the involved 
bone was included within the GTV, and thus encompassed 
by the CTV. A 3.0 mm isometric CTV expansion was used to 
create the SOC PTV for comparison for each patient. VMAT 
plans using 6 or 10 MV photons were generated using the 
SOC volumes prescribed to a dose of 54.0 Gy in 30 frac-
tions. All target volumes and organs at risk (OARs) con-
straints were based on RTOG 0539 planning guidelines.19

Statistical Analyses

CTVs and PTVs developed from the [68Ga]-DOTATATE 
PET/MRI assisted and SOC MRI-assisted plans were com-
pared. All treatment-related data were converted to EQD2 
for dosimetric analyses. In addition, the shortest distances 
of the target volumes to relevant organs at risk were in-
vestigated. All lesions with a distance ≤ 1.0 cm from these 
critical structures were analyzed. Mean and maximum 
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equivalent doses were generated for target volumes, and 
organs at risk within 1.0 cm of the PTV and compared using 
Wilcoxon matched pairs signed rank test. All statistical 
analyses were performed using Graphpad Prism version 8 
(Graphpad Software).

Results

Study Population

Twenty-nine patients underwent DOTATATE PET/MRI for 
evaluation of their meningiomas from January 1, 2019 
to December 31, 2019. Fourteen patients were treated 
with plans incorporating DOTATATE PET/MRI data, of 
which 8 patients with 9 postoperative meningiomas met 
intermediate-risk criteria per RTOG 0539 (recurrent WHO 
grade I, 1/9; WHO grade II, 8/9). Clinical and demographic 
characteristics of the study population are outlined in 
Table 1 and Supplementary Table 1. One patient received 
adjuvant radiotherapy for a residual meningioma, and later 
underwent a second course of fSRS for a spatially distinct 
new meningioma that was initially resected. Three patients 
were part of our prospective pilot cohort17 and 5 patients 
were enrolled prospectively as part of our ongoing clinical 
trial, DOMINO-START (https://clinicaltrials.gov/ct2/show/
NCT04081701).

Impact of [68Ga]-DOTATATE PET/MRI on 
Radiotherapy Planning

Employing [68Ga]-DOTATATE PET/MRI for radiotherapy 
planning resulted in GTV reductions in 5 patients (Table 
2). Conversely, [68Ga]-DOTATATE PET/MRI detected previ-
ously unidentified subclinical disease in 3 patients. [68Ga]-
DOTATATE PET/MRI-assisted radiotherapy planning resulted 
in significantly reduced PTVs compared to conventional MRI 
alone (mean 11.1 ± 4.1 cm3, compared to 71.4 ± 49 cm3; Figure 
1). The BEDmax (73.3 ± 11.0 Gy, compared to 62.5 ± 4.3 Gy) and 
the BEDmean (62.5 ± 4.6 Gy, compared to 55.3 ± 1.3 Gy) re-
ceived by the PTVs were higher among DOTATATE-PET/MRI-
guided plans, respectively. Dosimetric evaluation of organs 
at risk within 1.0  cm of the PTV demonstrated that [68Ga]-
DOTATATE PET/MRI-assisted radiotherapy planning signif-
icantly reduced the mean and max doses received by the 
whole brain, scalp, and optic nerves (Table 3). Additionally, 
[68Ga]-DOTATATE PET/MRI-guided plans reduced mean and 
max doses to the lens, eyes, chiasm, cochlea, brainstem, 
and hippocampi by at least 50%, but these reductions did 
not meet statistical significance (Figure 2). Acute side effects 
were limited to one instance of acute grade one alopecia. No 
recurrences were detected at 6-month post-treatment im-
aging follow-up (Figure 3).

Discussion

This pilot study validates implementing [68Ga]-DOTATATE 
PET/MRI as an adjunct imaging modality for radiotherapy 
planning and delivery for meningiomas. Meningiomas 
comprise a heterogeneous group of benign neoplasms 
whose post-resection control rates are dependent on sev-
eral factors, including grade, resection extent, tumor lo-
cation, and recurrent disease.3,4,6–8,20 Thus, physicians 
must be cognizant of factors potentially compounding 
a patient’s recurrence risk, such that an appropriate con-
sideration for radiotherapy can be made to improve local 
control in the adjuvant or recurrent setting.7,8,11,18–21 Despite 
overwhelming data in favor of radiotherapy in menin-
gioma management, there are concerns about potential 
AEs. However, technological advancements, in parallel 
with improvements in treatment planning software, enable 
more conformal EBRT planning, resulting in higher cumu-
lative dose delivery while minimizing toxicities. The incor-
poration of [68Ga]-DOTATATE PET/MRI, entailing the use of 
a highly specific tumor-specific marker to precisely guide 
treatment, may herald the next step in radiotherapy plan-
ning for meningiomas.

Using SSTR-targeted molecular imaging in radiotherapy 
planning is an active area of investigative interest, with 
[68Ga]-DOTATOC, [68Ga]-DOTATATE, and [68Ga]-DOTANOC 
among the most commonly used ligands.22 In prior 
studies, [68Ga]-DOTATOC avidity provided complementary 
information particularly in skull-base lesions,23 with im-
proved delineation of tumor extension affecting the CTV,24 
and GTV.25 [68Ga]-DOTATOC PET resulted in significant PTV 
modifications in patients undergoing EBRT, with no evi-
dence of recurrence at 1-year follow-up in a patient who 
had no PET-avid disease following resection, suggesting 

  
Table 1.  Demographic and Clinical Characteristics (n = 8; m = 9)a

Patient Characteristics 

Gender (n)

  Female 6

  Male 2

Race (n)

  Caucasian 4

  African American 2

  Other 2

Age (years)

  Mean; Range 56; 28–76

KPS (n)

  ≥70 8

  <70 0

Residual or Recurrent (m)

  Residual 6

  Recurrent 3

WHO grade (m)

  Grade I 1

  Grade II 8

Time from surgery to radiotherapy (months)

  Average; range 16.4; 2–56

n = number of patients; m = number of meningiomas.
aOne patient treated at 2 different time points for a spatially distinct 
recurrent meningioma and a residual meningioma.

  

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab012#supplementary-data
https://clinicaltrials.gov/ct2/show/NCT04081701
https://clinicaltrials.gov/ct2/show/NCT04081701
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SSTR-targeted PET can be used to select patients who 
may be spared adjuvant radiotherapy.26 These findings cul-
minated in the National Comprehensive Cancer Network 
guidelines permitting SSTR-based imaging to aid in 
delineating tumor extent in the initial treatment setting, 
and to distinguish residual/recurrent disease from postop-
erative scar tissue.27 Furthermore, feasibility of PET-based 
radiotherapy planning in high-grade meningioma has re-
cently been demonstrated in a retrospective study.28

[68Ga]-DOTATATE-PET shares binding homology with 
[68Ga]-DOTATOC-PET but possesses a 10-fold higher 
receptor affinity.10 [68Ga]-DOTATATE-PET avidity has 
been shown to correlate with SSTR expression, with a 
higher sensitivity (90% vs 79%) than MRI for detecting 
meningiomas, with similar specificity.16 We recently re-
ported using [68Ga]-DOTATATE-PET in a cohort of 20 
patients, showing [68Ga]-DOTATATE-PET successfully 
confirmed the presence of recurrent meningioma in 17 
cases. [68Ga]-DOTATATE-PET was also able to distinguish 
post-treatment change or chronic reactive dural thickening 
from recurrence, and aided in evaluating disease extent 
regarding base of skull lesions, as well as ascertaining os-
seous invasion and detecting the presence of previously 
undiagnosed meningiomas.17

Novel imaging modalities that accurately identify re-
sidual meningioma in a postoperative bed may improve 
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A B

C D

Figure 1.  DOTATATE PET/MRI reduces radiotherapy planning target 
volumes. Comparative PTVs for patient 1 (see Table 2 for clinical in-
formation and Table 3 for dosimetric data). (A) sagittal and (B) cor-
onal images rendered using iPlan software (BrainLab) demonstrating 
PTV drawn based on DOTATATE PET/MRI fusion: 15.4 cm3. (C) sagittal 
and (D) coronal images demonstrating SOC PTV based on RTOG 0539 
using only preoperative and postoperative MRIs: 105.0 cm3. A 3.0 mm 
CTV expansion was used to create the PTV in both plans. CTV = clin-
ical target volume; PTVs = planning target volumes; RTOG = radiation 
therapy oncology group; SOC = standard of care.
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radiotherapy targeting. The potential clinical benefit of in-
tegrating molecular imaging information to refine radio-
therapy treatment volumes is an emerging concept with 
favorable results in other disease sites.29 Thus, the FDA 
recently approved [68Ga]-PSMA-11, the first drug for PET 
imaging in patients with prostate cancer which allows 
highly specific assessment for primary diagnosis, evalua-
tion for local soft tissue recurrence, and quantification of 
metastatic disease burden.30 In lymphoma, [18F]FDG PET/

CT has demonstrated improved clinical outcomes when in-
corporated in radiotherapy planning in a large multicenter 
study.31

SRS is a promising method to minimize AEs by virtue 
of conformally delivering high radiotherapy doses to 
meningiomas32 with comparable local control outcomes 
to EBRT.33 Normal tissue complications will be lower when 
normal tissues can be accurately excluded from the high-
dose volume, but the effectiveness of the irradiation is 

  
A B C

D E F

Figure 2.  DOTATATE PET/MRI-guided radiotherapy reduces dose to adjacent organs at risk. Comparative isodose plans for patient 6 (see Table 2 
for clinical information and Table 3 for dosimetric data) generated using Eclipse v15.6 (Varian Medical Systems) with both AAA and AcurosXB cal-
culation algorithms. (A) axial (B) coronal and (C) sagittal representative images for treated plan using DOTATATE PET/MRI guided fusion. (D) axial 
(E) coronal and (F) sagittal representative images for SOC plan based on RTOG 0539 using only preoperative and postoperative MRIs. A 3.0 mm 
CTV expansion was used to create the PTV in both plans. Isodose lines: Red = 110%; orange = 105%; yellow = 100%; green = 95%; blue =90%; 
magenta = 80%; teal = 50%; brown = 30%. CTV = clinical target volume; PTVs = planning target volumes; RTOG = radiation therapy oncology group; 
SOC = standard of care.

  

  
Table 3.  Dosimetry of Contoured Organs at Risk ≤ 10 mm From Planning Target Volume

Organ at Risk Mean Dose  
SOC – Plan (Gy)

Mean Dose DOTATATE -  
Assisted Plan (Gy) 

P-value Max Dose SOC –  
Plan (Gy)

Max Dose DOTATATE -  
Assisted Plan (Gy) 

P-value

Whole brain 6.582 1.611 <.05 60.97 71.41 <.05

Scalp 8.726 1.723 <.05 54.29 18.85 <.05

Optic nerves 17.44 4.86 <.05 41.36 17.29 <.05

Brainstem 15.84 6.7 >.05 46.34 48.26 >.05

Chiasm 28.08 12.9 >.05 30.64 25.44 >.05

Cochlea 53 28.1 >.05 57.59 46.58 >.05

Eyes 9.933 3.967 >.05 28.5 23.28 >.05

Lens 6.55 2.92 >.05 19.73 5.54 >.05

Hippocampi 19.02 6.94 >.05 57.17 56.98 >.05

Lacrimal gland 37.58 24.04 >.05 53.72 57.87 >.05

Gy = gray; SOC = standard of care.
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reliant on accurately targeting neoplastic cells to avoid 
marginal misses and the need for salvage treatments. The 
inability to correctly delineate and treat subclinical dis-
ease with SRS was a major factor for excluding its use in 
RTOG 0539, which accounted for remaining postoperative 
microscopic disease through treatment of the entire resec-
tion cavity with an additional 0.5–1.0 cm CTV expansion.19 
While there has been no standardized approach for partial 
brain irradiation for WHO-II meningiomas and there is no 
recognized standard of management, the standardized 
contouring guidelines of RTOG-0539 provide useful in-
formation about local control and toxicity. Utilizing [68Ga]-
DOTATATE-PET to precisely locate and delineate residual 
postoperative disease reduces radiotherapy CTVs to an ex-
tent enabling safe SRS delivery. A recent meta-analysis of 
12 retrospective studies reported an increased use of frac-
tionated regimens correlated with escalating tumor size, 
with median tumor volumes of 2.84, 5.45, and 12.75 cm3 
being treated with SRS, fSRT, and conventionally fraction-
ated EBRT, respectively. Furthermore, SRS as a radiation 
modality was associated with worse tumor control and 
high rates of AEs.34 These findings may be dependent on 
the ability to precisely define the location and volume of 
residual meningioma cells, which also impacts the dose 
delivered to adjacent normal tissues.

The implementation of DOTATATE-PET/MRI helps dis-
cern subclinical disease in the postoperative setting, 
where residual/recurrent meningioma may be difficult 
to differentiate from postoperative scar tissue. This is 
particularly relevant in the setting of subtotal resections 
(Simpson Grade II and higher) necessitated because of 
critical neurovascular structure involvement, where the 
residual, unresected tumor is the most likely site for con-
tinued progression of tumor growth. The ability to accu-
rately delineate neoplastic cells using DOTATATE-PET/

MRI enables reducing the CTV for SRS/fSRS, and pro-
motes feasible dose escalation. Suggested EBRT doses 
historically range between 50 and 60 Gy,19,21 with doses 
above 52 Gy conferring improved control.19 While grade 
I  meningiomas have a low α/β (reported as 3.28 by 
Shrieve et  al.) characteristic of late-responding tissues, 
atypical meningioma growth rate is reflective of a higher 
α/β.35,36 Ascribing an α/β=6 for atypical meningiomas 
produced a biologically equivalent dose of 70.20 Gy and 
an equivalent 2 Gy per fraction (EQD2) of 52.65 Gy if a 
patient received 54.0 Gy over 30 fractions. To maintain 
similar effective dosing, patients undergoing fSRS in our 
cohort received a nominal dose of 35 Gy over 5 fractions, 
yielding a biologically effective dose of 75.83 Gy and 
EQD2 of 56.88 Gy, which is in line with the recommended 
dosing of the aforementioned studies.

Limitations of our study include a small sample 
size and lack of long-term clinical follow-up beyond 
6 months. A randomized trial comparing DOTATATE PET-
based planning to SOC planning is warranted to defi-
nitely determine the benefit of this emerging modality. 
Furthermore, a single case of an SSTR2-negative menin-
gioma has recently been reported,37 and while this is rare 
given previously reported 100% sensitivity of SSTR2 for 
meningioma in the pathology literature,38 it is an addi-
tional consideration in PET-negative patients. Finally, 
small PET-negative foci of enhancement on MRI may 
potentially reflect foci of meningioma below the resolu-
tion of PET; thus, MRI data must be incorporated when 
differentiating meningioma from post-treatment change. 
Another limitation entails impact of the tumor location 
on resection extent and subsequent radiotherapy plan-
ning. As discussed above, MRI-based CTV planning can 
be reduced from 1.0 to 0.5 cm if there is a barrier to tumor 
spread. Additionally, meningiomas involving the SSS 
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Figure 3.  Pre- and postradiotherapy imaging of treated patient. Top row: (A) axial (B) sagittal and (C) coronal MRI T1 post-contrast and (D) axial 
(E) sagittal and (F) coronal PET fused representative images for patient 1 prior to radiotherapy (see Table 2 for clinical information and Table 3 for 
dosimetric data). Bottom row: (G) axial (H) sagittal (I) coronal MRI T1 post-contrast and (J) axial (K) sagittal and (L) coronal PET fused representative 
images for patient 1 at 6 months postradiotherapy.
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create significant technical resection challenges due to 
their relationship with critical vascular structures, which 
will directly impact radiotherapy planning.39,40 A  larger 
treatment cohort is warranted to elucidate potential ana-
tomical factors negatively impacting sustained local con-
trol following adjuvant radiotherapy.

[68Ga]-DOTATATE-PET/MRI improves target delin-
eation for radiotherapy in patients with intracranial 
meningiomas in the postoperative setting, resulting in 
GTV reduction and decreased OAR dose, compared with 
plans generated from only MRI-based planning. This in 
turn promotes the feasibility of using fSRS for postop-
erative meningioma EBRT. Our findings warrant larger 
studies evaluating DOTATATE-PET/MRI in the radiothera-
peutic planning of meningiomas.

Supplementary Material

Supplementary material is available at Neuro-Oncology 
Advances online.

Keywords

meningioma | [68Ga]-DOTATATE PET/MRI | radiosurgery | 
somatostatin receptor 2

Funding

The study was partially funded by an investigator-initiated clin-
ical trial grant (funder: Advanced Accelerator Applications, a 
Novartis Company; PI: J.I.).

Previous presentation of the material: This work was 
accepted for poster presentation at the American Society for 
Radiation Oncology (ASTRO) 2020 annual meeting.

Conflict of interest statement. S.C.P. discloses during the con-
duct of the study; personal fees from SCPMD LLC, outside the 
submitted work. The other authors have no conflicts of interest 
to disclose.

Authorship Statement. Conceptualization: J.I. Patient manage-
ment: J.I., J.P.S.K., E.L., A.B., S.C.P., R.R., and P.E.S. Data cura-
tion: S.S.M., D.A.R., D.N., M.R., M.E.S., and E.L. Formal analysis: 
J.I., S.S.M., and D.A.R. Writing review and editing: S.S.M., 
D.A.R., M.R., M.E.S., E.L., N.A.K., J.R.O., A.B., S.C.P., R.R., P.E.S., 
J.P.S.K., and J.I. Authors responsible for statistical analyses: 
D.A.R. and J.I.

Data Availability

All data generated and analyzed during this study are included 
in this published article. Clinical trial information: DOMINO-
START (https://clinicaltrials.gov/ct2/show/NCT04081701)

References

1.	 Ostrom QT, Cioffi G, Gittleman H, et al. CBTRUS statistical report: pri-
mary brain and other central nervous system tumors diagnosed in the 
United States in 2012–2016. Neuro Oncol. 2019;21(Suppl 5):v1–v100.

2.	 Kshettry VR, Ostrom QT, Kruchko C, Al-Mefty O, Barnett GH, Barnholtz-
Sloan  JS. Descriptive epidemiology of World Health Organization 
grades II and III intracranial meningiomas in the United States. Neuro 
Oncol. 2015;17(8):1166–1173.

3.	 Domingues  PH, Sousa  P, Otero  Á, et  al. Proposal for a new risk 
stratification classification for meningioma based on patient age, 
WHO tumor grade, size, localization, and karyotype. Neuro Oncol. 
2014;16(5):735–747.

4.	 Combs  SE, Schulz-Ertner  D, Debus  J, von  Deimling  A, Hartmann  C. 
Improved correlation of the neuropathologic classification according to 
adapted world health organization classification and outcome after ra-
diotherapy in patients with atypical and anaplastic meningiomas. Int J 
Radiat Oncol Biol Phys. 2011;81(5):1415–1421.

5.	 Louis DN, Perry A, Reifenberger G, et al. The 2016 World health organi-
zation classification of tumors of the central nervous system: a summary. 
Acta Neuropathol. 2016;131(6):803–820.

6.	 Gousias K, Schramm J, Simon M. The Simpson grading revisited: ag-
gressive surgery and its place in modern meningioma management. J 
Neurosurg. 2016;125(3):551–560.

7.	 Stafford SL, Perry A, Suman VJ, et al. Primarily resected meningiomas: 
outcome and prognostic factors in 581 Mayo Clinic patients, 1978 
through 1988. Mayo Clin Proc. 1998;73(10):936–942.

8.	 Durand A, Labrousse F, Jouvet A, et al. WHO grade II and III meningiomas: 
a study of prognostic factors. J Neurooncol. 2009;95(3):367–375.

9.	 Taylor BW Jr, Marcus RB Jr, Friedman WA, Ballinger WE Jr, Million RR. 
The meningioma controversy: postoperative radiation therapy. Int J 
Radiat Oncol Biol Phys. 1988;15(2):299–304.

10.	 Kunz WG, Jungblut LM, Kazmierczak PM, et al. Improved detection of 
transosseous meningiomas using 68Ga-DOTATATE PET/CT compared 
with contrast-enhanced MRI. J Nucl Med. 2017;58(10):1580–1587.

11.	 Goldsmith  BJ, Wara  WM, Wilson  CB, Larson  DA. Postoperative ir-
radiation for subtotally resected meningiomas. A  retrospective 
analysis of 140 patients treated from 1967 to 1990. J Neurosurg. 
1994;80(2):195–201.

12.	 Silva CB, Ongaratti BR, Trott G, et al. Expression of somatostatin recep-
tors (SSTR1-SSTR5) in meningiomas and its clinicopathological signifi-
cance. Int J Clin Exp Pathol. 2015;8(10):13185–13192.

13.	 Stade  F, Dittmar  JO, Jäkel  O, et  al. Influence of 68Ga-DOTATOC on 
sparing of normal tissue for radiation therapy of skull base meningioma: 
differential impact of photon and proton radiotherapy. Radiat Oncol. 
2018;13(1):58.

14.	 Thorwarth D, Henke G, Müller AC, et al. Simultaneous 68Ga-DOTATOC-
PET/MRI for IMRT treatment planning for meningioma: first experience. 
Int J Radiat Oncol Biol Phys. 2011;81(1):277–283.

https://clinicaltrials.gov/ct2/show/NCT04081701


9Mahase et al. [68Ga]-DOTATATE-guided meningioma radiation
N

eu
ro-O

n
colog

y 
A

d
van

ces

15.	 Acker G, Kluge A, Lukas M, et al. Impact of 68Ga-DOTATOC PET/MRI 
on robotic radiosurgery treatment planning in meningioma patients: first 
experiences in a single institution. Neurosurg Focus. 2019;46(6):E9.

16.	 Rachinger  W, Stoecklein  VM, Terpolilli  NA, et  al. Increased 
68Ga-DOTATATE uptake in PET imaging discriminates meningioma and 
tumor-free tissue. J Nucl Med. 2015;56(3):347–353.

17.	 Ivanidze  J, Roytman  M, Lin  E, et  al. Gallium-68 DOTATATE PET 
in the evaluation of intracranial meningiomas. J Neuroimaging. 
2019;29(5):650–656.

18.	 Aghi MK, Carter BS, Cosgrove GR, et al. Long-term recurrence rates of 
atypical meningiomas after gross total resection with or without postop-
erative adjuvant radiation. Neurosurgery. 2009;64(1):56–60; discussion 
60.

19.	 Rogers  L, Zhang  P, Vogelbaum  MA, et  al. Intermediate-risk menin-
gioma: initial outcomes from NRG Oncology RTOG 0539. J Neurosurg. 
2018;129(1):35–47.

20.	 Peele KA, Kennerdell JS, Maroon JC, et al. The role of postoperative 
irradiation in the management of sphenoid wing meningiomas. A pre-
liminary report. Ophthalmology. 1996;103(11):1761–1766; discussion 
1766–1767.

21.	 Condra KS, Buatti JM, Mendenhall WM, Friedman WA, Marcus RB Jr, 
Rhoton  AL. Benign meningiomas: primary treatment selection affects 
survival. Int J Radiat Oncol biol phys. 1997;39(2):427–436.

22.	 Galldiks  N, Albert  NL, Sommerauer  M, et  al. PET imaging in pa-
tients with meningioma-report of the RANO/PET Group. Neuro Oncol. 
2017;19(12):1576–1587.

23.	 Henze M, Schuhmacher J, Hipp P, et al. PET imaging of somatostatin 
receptors using [68GA]DOTA-D-Phe1-Tyr3-octreotide: first results in pa-
tients with meningiomas. J Nucl Med. 2001;42(7):1053–1056.

24.	 Gehler B, Paulsen F, Oksüz MO, et al. [68Ga]-DOTATOC-PET/CT for me-
ningioma IMRT treatment planning. Radiat Oncol. 2009;4:56.

25.	 Graf R, Nyuyki F, Steffen IG, et al. Contribution of 68Ga-DOTATOC PET/CT to 
target volume delineation of skull base meningiomas treated with stereo-
tactic radiation therapy. Int J Radiat Oncol Biol Phys. 2013;85(1):68–73.

26.	 Milker-Zabel S, Zabel-du Bois A, Henze M, et al. Improved target volume 
definition for fractionated stereotactic radiotherapy in patients with in-
tracranial meningiomas by correlation of CT, MRI, and [68Ga]-DOTATOC-
PET. Int J Radiat Oncol Biol Phys. 2006;65(1):222–227.

27.	 National Comprehensive Cancer Network. Central nervous system can-
cers version 2.2020. 2020. https://www.nccn.org/professionals/physi-
cian_gls/pdf/cns.pdf. Accessed May 18, 2020.

28.	 Zollner B, Ganswindt U, Maihöfer C, et al. Recurrence pattern analysis 
after [68Ga]-DOTATATE-PET/CT -planned radiotherapy of high-grade 
meningiomas. Radiat Oncol. 2018;13(1):110.

29.	 Nestle U, Schimek-Jasch T, Kremp S, et al. Imaging-based target volume 
reduction in chemoradiotherapy for locally advanced non-small-cell lung 
cancer (PET-Plan): a multicentre, open-label, randomised, controlled 
trial. Lancet Oncol. 2020;21(4):581–592.

30.	 FDA Approves First PSMA-Targeted PET Imaging Drug for Men 
with Prostate Cancer. https://www.fda.gov/news-events/press-
announcements/fda-approves-first-psma-targeted-pet-imaging-drug-
men-prostate-cancer#:~:text=Today%2C%20the%20U.S.%20Food%20
and,in%20men%20with%20prostate%20cancer. 2020. Accessed 
December 15, 2020.

31.	 Brady JL, Binkley MS, Hajj C, et al. Definitive radiotherapy for localized 
follicular lymphoma staged by 18F-FDG PET-CT: a collaborative study by 
ILROG. Blood. 2019;133(3):237–245.

32.	 Rogers L, Barani I, Chamberlain M, et al. Meningiomas: knowledge base, 
treatment outcomes, and uncertainties. A RANO review. J Neurosurg. 
2015;122(1):4–23.

33.	 Sibtain  A, Plowman  PN. Stereotactic radiosurgery. VII. Radiosurgery 
versus conventionally-fractionated radiotherapy in the treatment of cav-
ernous sinus meningiomas. Br J Neurosurg. 1999;13(2):158–166.

34.	 Fatima  N, Meola  A, Pollom  EL, Soltys  SG, Chang  SD. Stereotactic 
radiosurgery versus stereotactic radiotherapy in the management of 
intracranial meningiomas: a systematic review and meta-analysis. 
Neurosurg Focus. 2019;46(6):E2.

35.	 Chin  LS, Szerlip  NJ, Regine  WF. Stereotactic radiosurgery for 
meningiomas. Neurosurg Focus. 2003;14(5):e6.

36.	 Shrieve DC, Hazard L, Boucher K, Jensen RL. Dose fractionation in ster-
eotactic radiotherapy for parasellar meningiomas: radiobiological con-
siderations of efficacy and optic nerve tolerance. J Neurosurg. 2004;101 
Suppl 3:390–395.

37.	 Roytman M, Pisapia DJ, Liechty B, et al. Somatostatin receptor-2 nega-
tive meningioma: pathologic correlation and imaging implications. Clin 
Imaging. 2020;66:18–22.

38.	 Menke  JR, Raleigh  DR, Gown  AM, Thomas  S, Perry  A, Tihan  T. 
Somatostatin receptor 2a is a more sensitive diagnostic marker of 
meningioma than epithelial membrane antigen. Acta Neuropathol. 
2015;130(3):441–443.

39.	 Deibert CP, Kondziolka D. Stereotactic radiosurgery used to manage a 
meningioma filling the posterior two-thirds of the superior sagittal sinus. 
J Neurosurg. 2013;119(5):1156–1158.

40.	 Gomes  Dos  Santos  A, Solla  DJF, Moscardi  R, et  al. Adjuvant radi-
otherapy did not reduce recurrence of World Health Organization 
Grade I  meningiomas with venous sinus involvement: a propen-
sity score adjusted analysis and literature review. World Neurosurg. 
2019;130:e1015–e1019.

https://www.nccn.org/professionals/physician_gls/pdf/cns.pdf
https://www.nccn.org/professionals/physician_gls/pdf/cns.pdf
https://www.fda.gov/news-events/press-announcements/fda-approves-first-psma-targeted-pet-imaging-drug-men-prostate-cancer#:~:text=Today%2C%20the%20U.S.%20Food%20and,in%20men%20with%20prostate%20cancer
https://www.fda.gov/news-events/press-announcements/fda-approves-first-psma-targeted-pet-imaging-drug-men-prostate-cancer#:~:text=Today%2C%20the%20U.S.%20Food%20and,in%20men%20with%20prostate%20cancer
https://www.fda.gov/news-events/press-announcements/fda-approves-first-psma-targeted-pet-imaging-drug-men-prostate-cancer#:~:text=Today%2C%20the%20U.S.%20Food%20and,in%20men%20with%20prostate%20cancer
https://www.fda.gov/news-events/press-announcements/fda-approves-first-psma-targeted-pet-imaging-drug-men-prostate-cancer#:~:text=Today%2C%20the%20U.S.%20Food%20and,in%20men%20with%20prostate%20cancer

