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ABSTRACT
Purpose: Adult granulosa cell tumors (AGCTs) of the ovary represent a rare
malignancy in which timing and choice of treatment is a clinical challenge. This study
investigates the value of FDG-PET/CT and FES-PET/CT in monitoring recurrent AGCTs
and assessing eligibility for anti-hormonal treatment.
Materials and Methods: We evaluated 22 PET/CTs from recurrent AGCT patients to
determine tumor FDG (n = 16) and FES (n = 6) uptake by qualitative and quantitative
analysis. We included all consecutive patients from two tertiary hospitals between
2003-2020. Expression of ERα and ERβ and mitoses per 2 mm2 were determined by
immunohistochemistry and compared to FES and FDG uptake, respectively.
Results: Qualitative assessment showed low-to-moderate FDG uptake in most
patients (14/16), and intense uptake in 2/16. One patient with intense tumor FDG
uptake had a high mitotic rate (18 per 2 mm2) Two out of six patients showed FES
uptake on PET/CT at qualitative analysis. Lesion-based quantitative assessment
showed a mean SUVmax of 2.4 (± 0.9) on FDG-PET/CT and mean SUVmax of 1.7 (± 0.5)
on FES-PET/CT. Within patients, expression of ERα and ERβ varied and did not seem
to correspond with FES uptake. In one FES positive patient, tumor locations with FES
uptake remained stable or decreased in size during anti-hormonal treatment, while
all FES negative locations progressed.
Conclusions: This study shows that in AGCTs, FDG uptake is limited and therefore
FDG-PET/CT is not advised. FES-PET/CT may be useful to non-invasively capture the
estrogen receptor expression of separate tumor lesions and thus assess the potential
eligibility for hormone treatment in AGCT patients.
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INTRODUCTION

it remains difficult to determine the treatment of choice
and to identify patients that may benefit from this
treatment. Recently, PET using the 16α-18F-fluoro-17βestradiol FES tracer became available to noninvasively
assess ER expression. This novel technique is used in
hormone receptor positive tumors, such as breast cancer,
to identify candidates for anti-hormonal treatment [18].
In these cancers, tamoxifen (selective estrogen receptor
modulator), anastrazole and letrozole (aromatase
inhibitors) and fulvestrant (estrogen receptor antagonist),
have been widely used and show comparable efficacy
[19, 20]. The use of FES-PET/CT has not yet been
evaluated in AGCTs.
This study investigates the value of FDG-PET/CT
for disease monitoring and FES-PET/CT for indicating
anti-hormonal treatment eligibility in AGCT patients.

Granulosa cell tumors are a well-defined ovarian
cancer subtype, responsible for 2-5% of ovarian
malignancies with an annual incidence of 0.6–1.0 per
100.000 women worldwide [1–4]. The tumor arises
from the estrogen producing granulosa cells present
in the ovarian stroma. Adult (95%) and juvenile (5%)
subtypes can be distinguished based on clinical and
histopathological characteristics. The juvenile subtype
generally occurs in prepubertal girls and young women,
whereas the adult type has its peak incidence between 5055 years [4].
Adult granulosa cell tumors (AGCTs) harbor a
specific missense mutation in FOXL2 in approximately
95% of cases [5, 6]. Continuous exposure to tumor-derived
estrogen can cause endometrial proliferation. As a result,
6% of patients have concomitant endometrial cancer at
diagnosis [2]. Common symptoms of AGCTs include
abnormal vaginal bleeding and abdominal pain. Surgery
is the mainstay of treatment throughout the disease course,
due to generally limited effects of systemic treatments
such as chemotherapy and hormone therapy [5, 7].
Recurrences occur in approximately 50% of patients and
often require repeated debulking surgeries. Of women
with recurrent disease, 50–80% ultimately succumb to
their disease [5, 8, 9].
Surgical treatment has its limitations, as risks of
surgery increase with subsequent debulking procedures.
Therefore, when a recurrence is detected, it can be
justified to opt for watchful waiting with frequent disease
monitoring while patients retain a good quality of life.
Vice versa, surgery should be performed when all tumor
deposits can still be completely removed. This results
in a limited therapeutic window, making the timing of
surgical resection a clinical challenge. Imaging tools that
are able to measure disease activity, can potentially help to
optimize the timing of surgery.
Fluor-18-deoxyglucose uptake on positron emission
tomography combined with computed tomography (FDGPET/CT) defines the metabolic activity of cells and has
proven to be useful for staging and detection of recurrence
in many cancer types. To date, anecdotal case reports with
a total of five patients describe the use of FDG-PET in
granulosa cell tumors, and show conflicting results [10–
13]. These studies found no FDG uptake in two patients,
moderate uptake in two patients and intense FDG uptake
in one patient with a bone metastasis.
AGCTs commonly express the estrogen receptors
alpha (ERα, 30–66%) and beta (ERβ, 94–100%) [14–17].
Therefore, anti-hormonal treatment is thought to be a
potentially effective treatment strategy. A previous study
showed that anti-estrogen treatment can decrease tumor
load in a subset (n = 4; 18%) of 22 AGCT patients [7].
Anti-hormonal treatment is generally well tolerated and
can be used continuously for many years. Nevertheless,
www.oncotarget.com

RESULTS
A total of 26 PET/CTs was performed, of which
19 were eligible for both qualitative and quantitative
assessment, and three for qualitative assessment only
(22 scans in 20 women, Figure 1). Four out of 26 scans
were excluded due to a lack of measurable disease. All
scans were performed between June 2003 and May 2020
in two academic hospitals (UMC Utrecht and Amsterdam
UMC, location AMC). The studied PET/CTs included 16
FDG-PET/CTs and six FES-PET/CTs. FDG-PET/CTs
were performed for detection of a recurrence (15/16), or
to assess response to chemotherapy (1/16). All FES-PET/
CTs were prospectively and consecutively performed in
recurrent AGCTs to evaluate tumor FES uptake prior to
hormone treatment (4/6) or to assess disease load prior
to surgery (2/6). Baseline characteristics and imaging
parameters are presented in Table 1.
Qualitative assessment of FDG-PET/CTs showed no
uptake in three patients (19%), moderate uptake in eleven
patients (69%), and intense uptake in two patients (13%),
in previously known metastases found on CECT (Table 2).
In one patient, an additional moderate FDG-avid liver
metastasis was detected by FDG-PET/CT after the initial
CECT. In all other cases, FDG-PET/CT did not detect
any additional metastases compared to CECT. FES-PET/
CT imaging showed no uptake in one out of six patients
(17%), low uptake in three out of six patients (50%) and
moderate uptake in the remaining two patients (33%). No
additional metastatic lesions were detected by FES-PET/
CT compared to those identified on the initial CECT.
Quantitative assessment of all visually detectable
lesions (32) on FDG-PET/CT showed a mean SUVmax,
SUVmean and SUVpeak of 2.4, 1.4 and 1.9, which was higher
than the mean blood pool SUVmean (1.2), however not
markedly increased as compared to the mean liver SUVmax
(2.2) or liver SUVmean (1.6) (Table 3). Even though most
patients were found to have solid metastases on CECT
(24/32 lesions), no difference was noted in FDG-avidity
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Table 1: Baseline characteristics and imaging parameters
Number of PET/CTs
Age
Time since diagnosis (years)
Clinical
Detection of recurrence
indication
Assess disease load prior to surgery
Assess FES uptake prior to anti-hormonal
treatment
Assess response to chemotherapeutic treatment
Serum glucose level in mmol/L
IA in MBq
IA in MBq/kg
Acquisition time post-injection in minutes

FDG
16
Median (range)
67 (39–74)
11 (2–41)
15 (94%)
-

FES
6
Median (range)
69 (62–76)
12 (6–28)
2 (33%)
4 (67%)

1 (6%)
5.2 (4.0–5.9)
176 (79–325)
2.72 (1.46–5.2)
60 (43–78)

NA
190 (129–202)
2.18 (1.55–3.39)
63 (52–96)*

One patient had a delay in imaging and was scanned at 96 minutes post-injection. All other patients were scanned with an
interval of 52–64 minutes. Legend: IA = injected activity, NA = not applicable.
*

Table 2: Qualitative assessment of FDG-PET/CT and FES-PET/CT
FDG-PET/CT

FES-PET/CT

Number of PET/CTs
Negative or low uptake
Moderate uptake
Intense uptake
Metastatic lesions

16
3
11
2

6
4
2
0

Number of lesions
Suspected solid (enhancing) on CECT
Suspected cystic (non-enhancing) on CECT

41
31
10

22
8
14

Patient based assessment

as compared to cystic lesions (8/32 lesions; Table 3).
Quantitative assessment of all visually detectable lesions
(12) on FES-PET/CT showed a mean SUVmax, SUVmean
and SUVpeak of 1.7, 1.0 and 1.4, all within the range of the
mean blood pool SUVmean (1.4 ± 1.2 SD). In agreement
with the FDG-PET/CT findings, there was no difference
in FES uptake between suggested solid (7/12 lesions)
and suggested cystic (5/12 lesions) metastases on CECT
(Table 3).
Four patients received FES-PET/CT to assess FES
tumor uptake prior to anti-hormonal treatment, of which
one had multiple FES positive lesions (Table 1). This
patient underwent both FDG and FES-PET/CT imaging
prior to anti-hormonal treatment. PET/CT showed low
FDG uptake and moderate FES uptake of a peritoneal
tumor lesion (Figure 2). After anti-hormonal treatment
with letrozole for six months, a follow-up CECT showed
progression of all FES negative lesions, whereas all FES
positive lesions showed stable disease or regression
(Figure 3).
www.oncotarget.com

The other three patients who received FES-PET/CT
prior to anti-hormonal treatment did not have FES tumor
uptake. Two of them were treated with tamoxifen and one
patient refrained from anti-hormonal treatment. In these
patients, the response to tamoxifen was evaluated on CT
scan after four to six months treatment and showed disease
progression and a newly developed peritoneal lesion in
both patients.
Evaluation
of
mitotic
activity
by
immunohistochemistry was performed on available tissue of
15/16 (94%) patients in the FDG-PET group. ER expression
was assessed for all patients in the FES-PET group
(Supplementary Table 1). The number of mitoses per 2 mm2
was < 10 for all samples (median 5, range 1–18) except
for one showing 18 mitoses per 2 mm2, which had intense
uptake on FDG-PET. We did not detect a correlation between
ER expression and FES uptake on PET/CT. ERα expression
was positive (≥ 5%) in 5/6 patients (83%) and ERβ in all
six patients. Most patients had either predominantly ERα or
predominantly ERβ receptor expression.
667
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DISCUSSION

whereas all FES positive lesions showed stable disease or
regression. In this patient, PET/CT using the FES tracer
captured the intra-patient tumor heterogeneity and FES
uptake correlated with the individual tumor response
to hormone treatment. Moreover, there was also a clear
clinical correlation for the patients without FES tumor
uptake, as the CT scans showed progressive disease after
anti-hormonal treatment with tamoxifen.
Although four out of five AGCT cases previously
described in case reports showed low to moderate FDG
avidity, contradictory results and lack of FDG-PET/CT

This is the first study to investigate the value of
FDG-PET/CT in monitoring recurrent AGCTs and FESPET/CT to assess eligibility for anti-hormonal treatment.
FDG-PET/CT showed low to moderate uptake in most
patients (14/16 scans) and identified only one additional
tumor location as compared to CT scan. FES uptake on
PET/CT was present in 33% (2/6) of the patients. One
of these patients also had FES negative lesions, which
progressed after six months of anti-hormonal treatment,

Figure 1: PET scan selection. *Three scans were eligible only for qualitative assessment.

Figure 2: FES-PET and response to hormone treatment. Example of FDG and FES in a 64 year old woman with peritoneal and
hepatic metastases of AGCT. Baseline CECT (left) shows peritoneal disease (arrow) and hepatic disease (asterisk). Additional FDG-PET/
CT shows low uptake in the peritoneal disease, whilst FES shows moderate uptake (arrows). The majority of liver hilum lesion accumulates
neither FDG nor FES (asterisks). After initiation of hormonal treatment with letrozole for six months, follow-up CECT (right) showed
partial regression of the FES positive peritoneal lesion (from 23 mm to 17 mm maximal diameter; arrows), whilst the FES negative hepatic
lesion showed progression (from 50 mm to 65 mm maximal diameter; asterisks).
www.oncotarget.com
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series emphasized the need for further investigation. The
current study shows that FDG avidity of AGCTs is low or
moderate and result in low detection rates of (metastatic)
disease by FDG-PET only. In particular peritoneal
metastases may be difficult to distinguish from physiologic
bowel uptake. Also, FDG-PET/CT did not identify
additional metastasis as compared to CECT. Imaging by
FDG-PET may therefore not be helpful in monitoring
AGCTs. However, one of two patients with intense FDG
tumor uptake and with the highest mitotic rate (18 per 2
mm2) harbored an AGCT with a TP53 mutation, which
has been described in a subset of AGCT patients (9–11%).
This mutation may explain the FDG uptake in this patient,
since TP53 mutant AGCTs are associated with a higher
tumor mutational burden, mitotic rate and metabolic
activity [21]. If this finding can be confirmed in a larger
subset of AGCT patients with TP53 mutations, FDG-PET/
CT may be of value in this small subpopulation.
Previous studies showed that FES uptake
corresponds with ER expression on immunohistochemistry
in breast cancer and uterine cancer [22, 23]. Compared to
immunohistochemical staining, FES-PET has a sensitivity
of 0.81 and specificity of 0.86 in breast carcinoma
studies [24]. We could not confirm this correlation in
AGCTs, potentially due to the small sample size of the

study, the time interval between tissue withdrawal and
the FES-PET/CT, and varying ER expression levels
between tumor lesions. Heterogeneous ER expression
has also been detected in breast cancer and discordant
expression between primary tumors and metastasis is
seen in up to 40% of the patients [18, 25]. Compared to
immunohistochemistry, FES-PET/CT is a noninvasive
method that provides a comprehensive overview of
all existing tumor locations and the ER expression
of individual metastatic lesions. Intra-patient tumor
heterogeneity is common in AGCTs [21], making the
comparison between ER expression on older tissue
samples and FES uptake more difficult. Additionally, the
affinity of FES for the ERα is 6.3 times higher than that
for the ERβ. FES-PET/CT imaging may therefore better
reflect ERα expression, while ERβ overexpression is
more common in AGCTs (Supplementary Table 1) [18].
Nevertheless, this study demonstrates that FES-PET/CT
can visualize estrogen receptor binding in AGCTs and that
FES tumor uptake correlates with the response to antihormonal treatment in a single case. Therefore, FES-PET/
CT could help to provide a rationale for anti-hormonal
treatment. In addition, absent tumor FES uptake in AGCT
lesions may predict failure of hormonal therapy or resistant
locations in patients, as illustrated by one of our cases.

Figure 3: Correlation of FES positive and negative tumour locations (left) with response to hormone treatment (right).
All FES negative lesions showed progression after six months hormone treatment, whereas all FES positive lesions showed stable disease
or regression.
www.oncotarget.com
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Table 3: Quantitative assessment of FDG-PET/CT and FES-PET/CT positive lesions by visual
assessment
FDG-PET/CT

FES-PET/CT

General parameters (patient based)
Number of scans
Mean SUVmean BP (±SD)
Mean SUVmax BP (±SD)
Mean SUVmean liver (±SD)
Mean SUVmax liver (±SD)

13
1.2 (±0.4)
1.5 (±0.5)
1.6 (±0.4)
2.2 (±0.6)

6
1.4 (±1.2)
1.7 (±1.2)
9.6 (±4.4)
18.3 (±16.1)

Metastatic lesion measurements (lesion based)
All
Number of lesions
32
Mean SUVmax (±SD)
2.4 (±0.9)

Solid
24
2.5 (±0.9)

Cystic
8
1.8 (±0.8)

All
12
1.7 (±0.5)

Solid
7
1.8 (±0.5)

Cystic
5
1.6 (±0.4)

1.5 (±0.5)
2.0 (±0.8)
15 (63%)
4 (17%)
13 (54%)

1.2 (±0.5)
1.5 (±0.6)
3 (38%)
1 (12%)
3 (38%)

1.0 (±0.3)
1.4 (±0.4)
5 (38%)
*
*

1.0 (±0.3)
1.4 (±0.4)
3 (38%)
*
*

1.0 (±0.3)
1.5 (±0.4)
2 (40%)
*
*

Mean SUVmean (±SD)
Mean SUVpeak (±SD)
No. SUVmean > BP SUVmean (%)
No. SUVmean > liver SUVmean (%)
No. SUVmax > liver SUVmax (%)

1.4 (±0.6)
1.9 (±0.8)
18 (57%)
5 (16%)
16 (50%)

Legend: SD = standard deviation, BP = blood pool. *for FES-PET/CT this measurement is not applicable, because of high
physiological biliary excretion of the tracer.

MATERIALS AND METHODS

The current study has a few limitations. Both in case
reports and in case series, results may be influenced by
selection bias. In this study, patients were not randomly
selected to undergo PET scanning and most of them had
a long history of AGCT recurrences to which different
treatment strategies were applied. This has led to a
heterogeneous study population. It is uncertain whether
this may have influenced the outcome of the PET scans, as
FES uptake may potentially be higher in primary disease
than in recurrent lesions. Concerning the quantitative
analysis of FES, no validated cutoff for FES PET in
gynaecological tumors in known in literature. However,
an optimal cutoff is suggested in breast cancer (SUVmax of
1.54 for FES PET), which is in line with the results of our
visual and quantitative assessment [18, 26, 27].
To our knowledge, this study is the first to
investigate the value of a targeted hormone tracer in
AGCTs. Nuclear agents binding to other hormone
receptors expressed by AGCTs, such as AMH and the
progesterone receptor, could also be good candidates for
targeted PET scanning.
It remains a clinical challenge to establish the
optimal timing of treatment for AGCT recurrences.
Besides PET-CT, other diagnostics such as detection of
circulating tumor DNA in plasma, are currently being
investigated for disease monitoring and estimation of
disease activity [28, 29]. Given the low incidence of this
disease, performing prospective trials in AGCT is difficult.
Future prospective research on FES-PET/CT could
elucidate whether this imaging tool can be used to predict
the response to hormonal treatment in AGCT patients.
www.oncotarget.com

Patients
To identify the available PET scans, all radiology
and pathology reports of two academic hospitals from
2000–2020 including the term ‘granulosa’ were retrieved
(Figure 1). Additionally, we searched for patients who
underwent PET/CT evaluation in our AGCT research
database. This database currently contains 102 patients
with a pathologically confirmed AGCT, from six hospitals
in the Netherlands, included between 2017 and 2020. All
FDG-PET scans with measurable disease from patients
with a histologically confirmed AGCT were included. In
addition, six FES-PET/CTs were prospectively performed
for clinical purposes and included in this study (Table
1). Ethical approval was obtained by the Institutional
Review Board of the University Medical Center Utrecht.
All participants provided written informed consent for
the use of their clinical data. Statistical analyses were
performed using SPSS v.25.0 (IBM Corp., Armonk, NY,
USA). Patient characteristics are described as median and
range, and all imaging parameters as mean and standard
deviation (SD).

FDG-PET/CT
Injected FDG activity was approximately 2–3 MBq/
kg for all PET/CTs. Due to the multicenter retrospective
nature of this study and the long time period of inclusion
for this rare malignancy, no standardized methods for
670
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Immunohistochemistry

FDG-PET/CT reconstructions were available before 2010,
limiting the reproducibility of standardized uptake value
(SUV) measurements. From 2010 and onwards, after the
introduction of the EARL-criteria in 2010, all FDG-PET/
CTs were acquired and reconstructed according to these
international guidelines [30].

Immunohistochemistry was performed in available
surgical specimens, to assess expression of the estrogen
receptors (ERα and ERβ rabbit antibody, Ventana RTU
dilution, Roche), and ER expression was evaluated
consistently by a single pathologist and scored as a
percentage. The number of mitoses was counted per 2mm2.
The correlation between FES uptake (SUVmax) and ER
status and FDG uptake (SUVmax) and number of mitoses,
respectively, was assessed and visualized in a scatterplot.

FES-PET/CT
Images were acquired from thighs to skull vertex
on a single PET/CT scanner (Biograph mCT, Siemens,
Erlangen, Germany) and approximately 60 minutes after
intravenous injection of 200 MBq FES. A low dose CT
was performed directly following PET acquisition. Images
were acquired according to the European Association
of Nuclear Medicine (EANM) criteria, a.k.a. EARLreconstructions, with the following parameters: PET with
time-of-flight and point spread function reconstruction, 4
iterations, 21 subsets, with a filter of 7.5 mm full width at
half maximum [30].

Informed consent
All patients provided written informed consent for
the use of their clinical data and publication of results.
Ethical approval was obtained by the Institutional Review
Board of the University Medical Centre Utrecht. Clinical
data were acquired from patient reports.

CONCLUSIONS

Image analysis

This study shows that FDG uptake by AGCTs is
low-moderate and FDG-PET/CT may not be helpful
in monitoring AGCTs. Our FDG-PET/CT findings are
in corroboration with previous reports and provide a
possible explanation for incidental patients with high
FDG tumor uptake (i.e., high mitotic index due to a TP53
mutation). Furthermore, FES uptake was seen in four
AGCT patients and correlated with the response to antihormonal treatment. FES positive tumors remained stable
or decreased in size as FES negative tumors progressed
after anti-hormonal treatment. Therefore, FES-PET/CT
may be useful to assess the potential eligibility for antihormonal treatment in AGCT patients by noninvasively
capturing the estrogen receptor expression levels of all
separate tumor lesions.

All retrospectively gathered and available FDGPET/CT and prospective FES-PET/CT images were
centrally reviewed and analyzed, along with contrast
enhanced CTs (CECT) of the thorax, abdomen and
pelvis, by a nuclear medicine physician (AJATB,
> 5 years of experience). Besides assessment of the
number and location of metastatic lesions and CECT,
all suspected metastatic lesions were divided between
solid (predominantly enhancing) or cystic/necrotic
(predominantly non-enhancing) lesions. Qualitative
assessment of all available imaging included a blinded
assessment of all PET/CT imaging, and comparison with a
prior CECT. Additionally, all PET/CT imaging was scored
patient based according to a visual scale (negative, low,
moderate or intense), with a maximum of five lesions per
patient (Supplementary Table 2).
Quantitative assessment of all FDG- and FESPET/CTs was performed using software package Syngo.
via (Siemens, Erlangen, Germany). As a reference, both
liver uptake (3 cm3 VOI in the right liver lobe) and blood
pool measurements (cylindrical volume in the descending
thoracic aorta) were acquired. All known lesions detected
on contrast enhanced diagnostic CT and moderate or
intense positive according to the qualitative assessment
were measured on the PET/CTs (lesion based, with a
maximum of five lesions per patient) (Supplemetnary
Table 2). Spherical volumes of interest (VOI’s) were
manually drawn, visually matching and including the
entire metastasis as detected on CECT (contrast enhanced
CT). Standardized uptake values (SUV) were calculated
according to the lean body mass method, in line with
PERCIST recommendations. All measurements are
reported as SUVmax, SUVpeak and SUVmean.
www.oncotarget.com

Author contributions
Conceptualization: Joline F Roze, Arthur J Braat,
Ronald P Zweemer. Methodology: Joline F Roze, Arthur
J Braat, Ronald P Zweemer, Wouter B Veldhuis. Formal
analysis and investigation: Joline F Roze, Arthur J Braat,
Hannah S van Meurs, Roel J Bennink. Writing - original
draft preparation: Joline F Roze, Arthur J Braat, Ronald
P Zweemer. Writing - review and editing: Hannah S van
Meurs, Glen R Monroe, Wouter B Veldhuis, Luc RCW
van Lonkhuijzen, Roel J Bennink, Jolijn W Groeneweg,
Petronella O Witteveen, Geertruida N Jonges. Funding
acquisition: Ronald P Zweemer, Petronella O Witteveen,
Geertruida N Jonges. Resources: Joline F Roze, Hannah S
van Meurs, Luc RCW van Lonkhuijzen, Roel J Bennink,
Arthur JA Braat, Ronald P Zweemer. Supervision: Ronald
P Zweemer.

671

Oncotarget

ACKNOWLEDGMENTS

Gynecol Scand. 2015; 94:1269–75. https://doi.org/10.1111/
aogs.12720. [PubMed]

FES was commercially acquired from the Radionuclide
center, Amsterdam (Amsterdam UMC, location VUmc).
Figure 3 was made using https://biorender.com/.

8. Jamieson S, Fuller PJ. Management of granulosa cell
tumour of the ovary. Curr Opin Oncol. 2008; 20:560–4.
https://doi.org/10.1097/CCO.0b013e328306316f. [PubMed]
9. van Meurs HS, Schuit E, Horlings HM, van der Velden
J, van Driel WJ, Mol BWJ, Kenter GG, Buist MR.
Development and internal validation of a prognostic model
to predict recurrence free survival in patients with adult
granulosa cell tumors of the ovary. Gynecol Oncol. 2014;
134:498–504. https://doi.org/10.1016/j.ygyno.2014.06.021.
[PubMed]

CONFLICTS OF INTEREST
Authors have no conflicts of interest to declare.

FUNDING
This research was carried out with financial support
of the Granulosa Fund Philine van Esch.

10. Raj G, Proietto A, Jaaback K. Positron emission tomography
and granulosa cell tumor recurrence: a report of 2 cases. Int
J Gynecol Cancer. 2009; 19:1542–4. https://doi.org/10.1111/
IGC.0b013e3181a84819. [PubMed]

REFERENCES

11. Huang YT, Lee JC, Kumar ASR. Variable F-18
fluorodeoxyglucose avidity of metastatic recurrent adult
granulosa cell tumor. Clin Nucl Med. 2009; 34:710–2.
https://doi.org/10.1097/RLU.0b013e3181b539e4. [PubMed]

1. Bryk S, Pukkala E, Martinsen JI, Unkila-Kallio L,
Tryggvadottir L, Sparen P, Kjaerheim K, Weiderpass E,
Riska A. Incidence and occupational variation of ovarian
granulosa cell tumours in Finland, Iceland, Norway and
Sweden during 1953–2012: a longitudinal cohort study.
BJOG. 2017; 124:143–149. https://doi.org/10.1111/14710528.13949. [PubMed]

12. Caoduro C, Ungureanu CM, Singeorzan CM, Angoue O,
Blagosklonov O, Boulahdour H. Granulosa cell tumor of the
ovary with high FDG uptake. Clin Nucl Med. 2013; 38:553–6.
https://doi.org/10.1097/RLU.0b013e318292aa65. [PubMed]

2. van Meurs HS, Bleeker MCG, van der Velden J, Overbeek
LIH, Kenter GG, Buist MR. The incidence of endometrial
hyperplasia and cancer in 1031 patients with a granulosa cell
tumor of the ovary: long-term follow-up in a populationbased cohort study. Int J Gynecol Cancer. 2013; 23:
1417–22. https://doi.org/10.1097/IGC.0b013e3182a57fb4.
[PubMed]

13. Günyeli I, Bozkurt KK, Yalçın Y, Tatar B, Cerçi SS,
Erdemoğlu E. Granulosa cell tumor and concurrent
endometrial cancer with (18)F-FDG uptake. Hell J Nucl
Med. 2014; 17:153–55. [PubMed]
14. Haltia UM, Pihlajoki M, Andersson N, Mäkinen L, Tapper
J, Cervera A, Horlings HM, Turpeinen U, Anttonen M,
Bützow R, Unkila-Kallio L, Carpén O, Wilson DB, et
al. Functional Profiling of FSH and Estradiol in Ovarian
Granulosa Cell Tumors. J Endocr Soc. 2020; 4:bvaa034.
https://doi.org/10.1210/jendso/bvaa034. [PubMed]

3. Ohel G, Kaneti H, Schenker JG. Granulosa cell tumors
in Israel: a study of 172 cases. Gynecol Oncol. 1983;
15:278–86. https://doi.org/10.1016/0090-8258(83)90083-5.
[PubMed]
4. Schumer ST, Cannistra SA. Granulosa cell tumor of
the ovary. J Clin Oncol. 2003; 21:1180–89. https://doi.
org/10.1200/JCO.2003.10.019. [PubMed]

15. Mills AM, Chinn Z, Rauh LA, Dusenbery AC, Whitehair
RM, Saks E, Duska LR. Emerging biomarkers in ovarian
granulosa cell tumors. Int J Gynecol Cancer. 2019; 29:560–
565. https://doi.org/10.1136/ijgc-2018-000065. [PubMed]

5. McConechy MK, Farkkila A, Horlings HM, Talhouk A,
Unkila-Kallio L, Van Meurs HS, Winnie Y, Rozenberg N,
Andersson N, Zaby K, Bryk S, Butzow R, Halfwerk JBG,
et al. Molecularly defined adult granulosa cell tumor of the
ovary: The clinical phenotype. J Natl Cancer Inst. 2016;
108:djw134. https://doi.org/10.1093/jnci/djw134. [PubMed]

16. Farinola MA, Gown AM, Judson K, Ronnett BM, Barry
TS, Movahedi-Lankarani S, Vang R. Estrogen Receptor α
and Progesterone Receptor Expression in Ovarian Adult
Granulosa Cell Tumors and Sertoli-Leydig Cell Tumors. Int
J Gynecol Pathol. 2007; 26:375–82. https://doi.org/10.1097/
pgp.0b013e31805c0d99. [PubMed]

6. Shah SP, Kobel M, Senz J, Morin RD, Clarke BA,
Wiegand KC, Leung G, Zayed A, Mehl E, Kalloger SE,
Sun M, Giuliany R, Yorida E, et al. Mutation of FOXL2
in granulosa-cell tumors of the ovary. N Engl J Med. 2009;
360:2719–29. https://doi.org/10.1056/NEJMoa0902542.
[PubMed]

17. Ciucci A, Ferrandina G, Mascilini F, Filippetti F, Scambia
G, Zannoni GF, Gallo D. Estrogen receptor β: Potential
target for therapy in adult granulosa cell tumors? Gynecol
Oncol. 2018; 150:158–165. https://doi.org/10.1016/j.
ygyno.2018.05.013. [PubMed]
18. van Kruchten M, de Vries EG, Brown M, de Vries EF,
Glaudemans AW, Dierckx RA, Schröder CP, Hospers
GA. PET imaging of oestrogen receptors in patients with
breast cancer. Lancet Oncol. 2013; 14:e465–75. https://doi.
org/10.1016/S1470-2045(13)70292-4. [PubMed]

7. van Meurs HS, van der Velden J, Buist MR, van Driel
WJ, Kenter GG, van Lonkhuijzen LR. Evaluation of
response to hormone therapy in patients with measurable
adult granulosa cell tumors of the ovary. Acta Obstet

www.oncotarget.com

672

Oncotarget

19. Lee CI, Goodwin A, Wilcken N. Fulvestrant for hormonesensitive metastatic breast cancer. Cochrane Database Syst
Rev. 2017; 1:CD011093. https://doi.org/10.1002/14651858.
CD011093.pub2. [PubMed]

Disease in Patients With Breast Cancer. J Clin Oncol. 2012;
30:587–92. https://doi.org/10.1200/JCO.2010.33.5232.
[PubMed]
26. Mammatas LH, Venema CM, Schröder CP, de Vet HC,
van Kruchten M, Glaudemans AW, Yaqub MM, Verheul
HM, Boven E, van der Vegt B, de Vries EF, de Vries EG,
Hoekstra OS, et al. Visual and quantitative evaluation of
[18F]FES and [18F]FDHT PET in patients with metastatic
breast cancer: an interobserver variability study. EJNMMI
Res. 2020; 10:40. https://doi.org/10.1186/s13550-02000627-z. [PubMed]

20. Bradley R, Burrett J, Clarke M, Davies C, Duane F, Evans V,
Gettins L, Godwin J, Gray R, Liu H, McGale P, MacKinnon
E, McHugh T, et al. Aromatase inhibitors versus tamoxifen
in early breast cancer: Patient-level meta-analysis of the
randomised trials. Lancet. 2015; 386:1341–1352. https://
doi.org/10.1016/S0140-6736(15)61074-1. [PubMed]
21. Roze J, Monroe G, Kutzera J, Groeneweg J, Stelloo E,
Paijens S, Nijman H, van Meurs H, van Lonkhuijzen L,
Piek J, Lok C, Jonges G, Witteveen P, et al. Whole genome
analysis of ovarian granulosa cell tumors reveals tumor
heterogeneity and a high- grade tp53-specific subgroup.
Cancers (Basel). 2020; 12:1308. https://doi.org/10.3390/
cancers12051308. [PubMed]

27. Venema CM, Mammatas LH, Schröder CP, van Kruchten
M, Apollonio G, Glaudemans AW, Bongaerts AH, Hoekstra
OS, Verheul HM, Boven E, van der Vegt B, de Vries EF, de
Vries EG, et al. Androgen and Estrogen Receptor Imaging
in Metastatic Breast Cancer Patients as a Surrogate for
Tissue Biopsies. J Nucl Med. 2017; 58:1906–1912. https://
doi.org/10.2967/jnumed.117.193649. [PubMed]

22. Peterson LM, Mankoff DA, Lawton T, Yagle K, Schubert
EK, Stekhova S, Gown A, Link JM, Tewson T, Krohn
KA. Quantitative imaging of estrogen receptor expression
in breast cancer with PET and 18F-fluoroestradiol. J
Nucl Med. 2008; 49:367–74. https://doi.org/10.2967/
jnumed.107.047506. [PubMed]

28. Färkkilä A, McConechy MK, Yang W, Talhouk A, Ng
Y, Lum A, Morin RD, Bushell K, Riska A, McAlpine
JN, Gilks CB, Unkila-Kallio L, Anttonen M, Huntsman
DG. FOXL2 402C>G Mutation Can Be Identified in the
Circulating Tumor DNA of Patients with Adult-Type
Granulosa Cell Tumor. J Mol Diagn. 2017; 19:126–136.
https://doi.org/10.1016/j.jmoldx.2016.08.005. [PubMed]

23. Zhao Z, Yoshida Y, Kurokawa T, Kiyono Y, Mori T,
Okazawa H. 18F-FES and 18F-FDG PET for differential
diagnosis and quantitative evaluation of mesenchymal
uterine tumors: correlation with immunohistochemical
analysis. J Nucl Med. 2013; 54:499–506. https://doi.
org/10.2967/jnumed.112.113472. [PubMed]

29. Groeneweg J, Roze J, Monroe G, Paijens S, Nijman H,
van Meurs H, van Lonkhuijzen L, Piek J, Lok C, Jonges
G, Zweemer R. EP1121 The clinical potential of FOXL2
c.402C>G mutation detection in circulating tumour DNA
of patients with granulosa cell tumours. ePoster. BMJ.
2019; 29:A584–A585. https://doi.org/10.1136/ijgc-2019ESGO.1163.

24. Kurland BF, Wiggins JR, Coche A, Fontan C, Bouvet
Y, Webner P, Divgi C, Linden HM. Whole-Body
Characterization of Estrogen Receptor Status in Metastatic
Breast Cancer with 16α-18F-Fluoro-17β-EstradiolPositron Emission Tomography: Meta-Analysis and
Recommendations for Integration into Clinical Applicatio.
Oncologist. 2020; 25:835–844. https://doi.org/10.1634/
theoncologist.2019-0967. [PubMed]

30. Boellaard R, Delgado-Bolton R, Oyen WJG, Giammarile F,
Tatsch K, Eschner W, Verzijlbergen FJ, Barrington SF, Pike
LC, Weber WA, Stroobants S, Delbeke D, Donohoe KJ, et
al. FDG PET/CT: EANM procedure guidelines for tumour
imaging: version 2.0. Eur J Nucl Med Mol Imaging. 2015;
42:328–54. https://doi.org/10.1007/s00259-014-2961-x.
[PubMed]

25. Amir E, Miller N, Geddie W, Freedman O, Kassam F,
Simmons C, Oldfield M, Dranitsaris G, Tomlinson G,
Laupacis A, Tannock IF, Clemons M. Prospective Study
Evaluating the Impact of Tissue Confirmation of Metastatic

www.oncotarget.com

673

Oncotarget

