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INTRODUCTION

The majority (approximately 75%) of breast tumors express the estrogen receptor (ER). The 
ER functions as a transcription factor. When estrogen binds to the ER, the ER undergoes a 
conformational change, forms a dimer, and subsequently binds to DNA.1 At the DNA, under 
the influence of several co-regulatory proteins, the transcription of estrogen-responsive 
genes takes place. In breast cancer, transcription of estrogen-responsive genes results in 
proliferation and cell survival. Endocrine therapy can be used to interfere with this process 
by depleting circulating estrogens (via inhibition of aromatase), by competitive antagonism 
(e.g. tamoxifen), or by decreasing ER expression (e.g. fulvestrant). Aside from breast cancer 
there are several other tumor types in which the ER can be expressed, among which 
endometrial cancer, ovarian cancer and prostate cancer.2

In endometrial cancer ER-targeted therapies are incorporated in clinical guidelines for 
recurrent and metastatic disease of the endometrioid subtype,3 and in ovarian cancer 
responses to ER-targeted therapies are reported in various clinical trials.4–7 Clearly, not all 
patients benefit from ER-targeted therapy. Therefore predictive markers are needed to 
select those patients that are most likely to respond to these therapies. Determination of 
tumor ER expression by immunohistochemistry is the standard procedure to evaluate ER 
status and has proven its value as predictive biomarker to select patients for endocrine 
therapies. In the past, ER expression was determined only at diagnosis. When metastatic 
disease would develop, the tumor characteristics were assumed to have remained the same 
in all lesions. There is currently emerging evidence that tumor ER status can change during 
disease progression and differ across lesions within a patient.8,9

A novel way to determine ER expression is by positron emission tomography (PET) imaging 
of the ER with the tracer 16α-[18F]fluoro-17β-estradiol (18F-FES).10 This tracer has the 
potential to visualize and quantify ER expression in all lesions within an individual patient 
non-invasively. 

The aim of this thesis is to address the clinical potential of 18F-FES-PET imaging in patients 
with breast cancer and ovarian cancer.

OUTLINE OF THE THESIS

In chapter 2, we review the potential of PET imaging of the ER in breast cancer patients and 
discuss factors that can influence the uptake of 18F-FES. Literature was searched to evaluate 
the different tracers that were developed for imaging of the ER. So far, all clinical studies 
have been performed with 18F-FES. The results of these studies were summarized to provide 
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an overview of the use of 18F-FES-PET 1) as a diagnostic tool, 2) to predict response to 
endocrine therapy, 3) to evaluate the heterogeneity of ER expression, and 4) to evaluate ER 
binding of endocrine drugs. Data were pooled to provide estimates of 18F-FES-PET sensitivity 
and specificity as well as its predictive value for response to endocrine therapy. Additionally, 
we evaluated the data on potential factors that can affect 18F-FES uptake in the tumor and 
which should therefore be taken into account in future clinical studies. 

In chapter 3 we evaluate whether 18F-FES-PET can be used as an add-on diagnostic tool in case 
of clinical dilemmas. In 33 patients with an earlier ER positive breast tumor that presented 
with a clinical dilemma unresolved by standard work-up, 18F-FES-PET was performed. 
Referring physicians were required to fill in questionnaires before, shortly after and 3 
months after 18F-FES-PET imaging to evaluate the contribution of 18F-FES-PET on diagnostic 
understanding and treatment decisions. In addition, 18F-FES-PET results were compared to 
conventional imaging, such as CT and bone scan in order to describe the number of lesions 
visualized, the distribution of the lesions per organ, quantitative tumor 18F-FES uptake, and 
the heterogeneity of 18F-FES uptake among lesions.

Also in other tumor types, such as endometrial stromal sarcoma (ESS), 18F-FES-PET could 
be valuable to guide treatment choices. In a case report (chapter 3A) concerning this rare 
tumor, 18F-FES-PET was performed in a patient with metastatic ESS to support treatment 
with the ER down-regulator fulvestrant. 18F-FES-PET was repeated after 6 months of therapy 
to evaluate the effects of fulvestrant on the availability of the ER. CT was used to determine 
treatment efficacy. In addition, a review of the literature is provided on the use of endocrine 
therapy in endometrial stromal sarcoma.

In metastatic breast cancer, the use of fulvestrant is approved since 2004. Although 
preclinical studies have shown that fulvestrant can completely abolish ER levels in cell lines 
and xenografts, it is unknown whether the dose currently given in the clinic is sufficient to 
completely abrogate the availability of ER.11 The aim of the study reported in chapter 4 is to 
evaluate residual ER availability during fulvestrant therapy by measuring the relative changes 
in 18F-FES uptake before and during treatment. Fifteen patients with metastatic breast 
cancer were treated with fulvestrant 500 mg intramuscularly on day 1, 14, 28 and every 4 
weeks thereafter. 18F-FES-PET was performed prior to treatment initiation and after 28 and 
84 days. A relative reduction of ≤ 75% in tumor 18F-FES uptake with an absolute standardized 
uptake value (SUVmax) of ≥ 1.5 was predefined as incomplete reduction in available ER. 
Additionally, plasma fulvestrant levels were determined by liquid-chromatography-tandem-
mass-spectrometry to evaluate the correlation between plasma drug levels and effects on 
ER availability. 
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Whereas the most commonly used endocrine therapies in breast cancer focus on inhibition 
of ER signaling, also agonists such as estradiol can produce anti-tumor effects. Preclinical 
research has shown that long-term estrogen deprivation leads to adaptation of breast 
cancer cells by increasing ER expression. Although this adaptation allows the breast 
cancer cells to survive in an environment with a low estrogen concentration, higher doses 
of estradiol can now induce apoptosis of estrogen-deprived cancer cells.12 We therefore 
hypothesized that 18F-FES-PET could be a valuable predictive marker to select patients that 
would benefit from estradiol therapy by giving insights in tumor ER expression levels before 
treatment. In chapter 5, we describe a study in nineteen patients with metastatic breast 
cancer that underwent 18F-FES-PET imaging and were subsequently treated with estradiol. 
The treating physician and patients were blinded for 18F-FES-PET results. The positive and 
negative predictive value of 18F-FES-PET for clinical benefit (non-progression ≥ 24 weeks) was 
determined after final response classification of each patient. In addition, other potential 
markers of efficacy of estradiol treatment were measured, among which tumor markers and 
bone turnover markers.

In contrast to breast cancer, systemic endocrine therapy is not part of standard treatment 
in epithelial ovarian cancer, although ovariectomy is usually performed as part of debulking 
surgery. In clinical trials in recurrent disease, responses of ~15% have been noted for several 
ER-targeted drugs. There is however no know-how on how to select those patients that 
are most likely to respond.4–7 Most strikingly, despite the rationale to select patients based 
on ER expression, most studies have been performed in unselected groups of patients.13 
In chapter 6 we evaluate the expression of two ER isoforms, the ERα and ERβ, as well as 
the expression of the progesterone receptor and androgen receptor (AR) in ovarian cancer 
patients. Tissue micro arrays were constructed from tissue of 121 ovarian cancer patients 
that were uniformly treated with docetaxel plus carboplatin in a prospective multicenter 
study.14 Hormone receptor expression was determined by immunohistochemistry and 
scored by two independent observers while blinded for patient survival data. Hormone 
receptor expression was thereafter compared with progression-free and overall survival 
to determine the prognostic value of hormone receptor expression. Also, heterogeneity 
in hormone receptor expression was evaluated in 69 patients from whom both primary 
ovarian tumor as well as omental metastasis tissue was available.  

Aside from standard immunohistochemistry on surgical excised archival tissue, 18F-FES-PET 
may be of interest to select patients with ovarian cancer for endocrine therapy. The aim of 
chapter 7 was to evaluate whether it is feasible to visualize and quantify ER expression in 
ovarian cancer patients by means of 18F-FES-PET. A pilot study was performed in 15 ovarian 
cancer patients that would undergo debulking surgery. 18F-FES-PET was performed shortly 
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before surgery. CT was used to allocate and measure the size of tumor lesions. 18F-FES uptake 
was quantified for all lesions larger than 10 mm. Tissue was obtained at debulking surgery, 
which allowed the assessment of ERα, ERβ and PR expression by immunohistochemistry 
in multiple lesions. Quantitative tumor 18F-FES uptake was compared to semi-quantitative 
immunohistochemistry scores. 

The findings of this thesis are summarized in chapter 8. Current developments and future 
perspectives with regard to endocrine therapy and the role of molecular imaging of hormone 
receptors are discussed in the future perspectives. 





Chapter 2
PET imaging of estrogen receptors in patients with breast cancer
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ABSTRACT

Estrogen receptors (ER) are over-expressed in around 70% of all breast cancers and are 
a target for endocrine therapy. These receptors can be visualized on PET with 16α-[18F]-
fluoro-17β-estradiol (18F-FES) as a tracer. Compared with biopsy, which enables assessment 
of individual sites, whole-body 18F-FES-PET enables quantification of ER expression in all 
metastases. In several studies, measurement of tumor protein ER expression by 18F-FES-
PET, concurrent with biopsy, detected ER positive tumor lesions with a sensitivity of 
84% and specificity of 98%. Roughly 45% of patients with metastatic breast cancer have 
heterogeneous ER expression, with 18F-FES positive and 18F-FES negative metastases. Low 
tumor 18F-FES uptake in metastases can predict failure of hormonal therapy in patients with 
ER positive primary tumors. Finally, 18F-FES-PET has shown that ER binding capacity changes 
after intervention with hormonal drugs, but findings need to be confirmed. Factors other 
than ER expression, including menopausal status and concomitant therapies, that can affect 
tumor 18F-FES uptake must be taken into account.
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INTRODUCTION

Around 70% of all patients with breast cancer have ER positive tumors, which makes targeted 
endocrine therapy an attractive treatment option in adjuvant and metastatic settings. The 
success rate in breast cancer relies heavily on the tumor ER status, which is currently 
assessed by immunohistochemistry. Although immunohistochemistry is well suited to test 
primary breast tumors, accuracy is lower in metastases. ER expression can change over time, 
and discordant expression between primary tumors and metastases is seen in up to 40% 
of the patients.9 Biopsy might be useful to reassess a patient’s ER status, but is not always 
feasible. Moreover, heterogeneous ER expression can lead to sampling errors.15

PET with 16α-[18F]-fluoro-17β-estradiol (18F-FES) enables non-invasive visualization and 
quantification of ER expression in all tumor lesions within a patient.16 In addition, this 
imaging technique can potentially provide in vivo information about ER binding of 
endocrine drugs. Insight into factors that might affect 18F-FES uptake, such as endogenous 
estrogen concentrations and concurrent treatments, are relevant to the optimum use 
of this technique. In this review, we summarize the role of ER in breast cancer, address 
the potential of molecular imaging of ER expression, and discuss factors that potentially 
influence the uptake of 18F-FES.

Estrogen receptors
When natural (e.g., estradiol) or synthetic ligands (e.g., ethynylestradiol, tamoxifen) bind to 
ER, dimerization and binding to specific DNA sequences occur and mediate the transcription 
of estrogen-responsive genes. There are two ER subtypes, ERα and ERβ, which are encoded by 
different genes (ESR1 and ESR2) and are located, respectively, on chromosomes 6q25.1 and 
14q23.17 Being largely homologous in their DNA-binding domains (94%), both isoforms bind 
to similar DNA sequences.18 Differences in ligand-binding and activation function domains 
mean that ERα and ERβ can bind various ligands with different affinity and exert opposite 
actions. The role of ERβ, however, is not fully understood, and drugs that selectively target 
the ERβ isoform have not yet been studied in clinical trials of breast-cancer treatment.19,20 
Therefore, in this review we focus on imaging of ERα (hereinafter referred to as ER).

Three classes of endocrine treatments are available that prevent the activation of ER by 
estrogens. Selective modulators competitively bind to ER and induce conformational 
changes that alter transcriptional activity. Aromatase inhibitors exert indirect effects on ER 
by inhibiting the conversion of androgens into estrogens. Finally, fulvestrant, a selective ER 
downregulator, competitively binds to and degrades receptors by increasing turnover rate. 

The sole predictive factor for response to endocrine therapy is the tumor ER status.21 Patients 
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with even marginally ER positive tumors have a survival advantage.22 Patients with ER 
negative tumors are unlikely to benefit from endocrine therapy.23 Absence of progesterone 
receptors in ER positive tumors is suggested to be a marker of poor response to endocrine 
therapy, but might in fact be related to poor prognosis in progesterone receptor-negative 
disease. The benefit derived from endocrine therapy compared with placebo in patients 
with ER positive, progesterone receptor negative disease is similar to that in ER positive, 
progesterone receptor positive disease.21 Thus, progesterone receptor status has strong 
prognostic value but is of little predictive importance.

Discordant ER expression
ER status can switch from ER positive to ER negative and vice versa. In retrospective studies, 
discordant ER expression between the primary tumor and distant metastases was observed 
in 15–40% of patients.24 Prospective data have shown loss of ER expression in distant 
metastases in three (12%) of 25 patients with an ER positive primary tumor in one study,8 
and in 11 (16%) of 69 patients in another study.9 Gain of ER expression was observed in four 
(16%) of 25 patients with an ER negative primary tumor.9 The clinical relevance of change in 
ER expression in metastases is supported by a retrospective study in 459 patients, in which 
ER expression in metastases predicted overall survival independent of the ER status of the 
primary tumor.25 The researchers concluded that patients in whom a status switches from 
negative to positive might benefit from endocrine therapy. 

PET imaging
PET can be used to acquire functional information, such as ER expression, by use of ligands 
labeled with positron-emitting isotopes. 18F-FES is the preferred tracer for visualization 
of ER expression in clinical studies. This tracer is intravenously injected and allowed to 
accumulate in tissue expressing ER for around 60 min before PET is done. The accumulated 
18F-FES decays by emitting a positron that annihilates after collision with an electron, which 
results in two γ-ray photons of 511 keV that travel in opposite directions. The PET camera 
detects these photons as they arrive simultaneously at opposite detectors.26 The events are 
converted into three-dimensional images by use of mathematical algorithms (figure 1).

PET images can be combined with CT or MRI to link PET findings to anatomical information. 
Additionally, multimodality scanners have become available, such as PET/CT and PET/
MRI. These scanners acquire anatomical information about the location, density, and size 
of lesions simultaneously with the functional information obtained by PET. Current PET/
CT cameras have an integrated CT camera that is between 16- and 256-slice, and a PET 
camera with a resolution as high as 2 mm. For whole body PET imaging, cameras scan 
between 1 and 3 minutes per bed position. Images from seven to eight bed positions (skull 
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to mid-thigh) are obtained. In whole body PET studies, tracer uptake is typically quantified 
as the standardized uptake value (SUV), which is calculated as radioactivity in the volume 
of interest (kBq/ml) divided by the injected dose per kg bodyweight (MBq/kg).27 SUV can 
be affected by the partial volume effect, which is especially prominent in lesions with sizes 
that approach the spatial resolution of the PET camera. MRI and CT can correct for this 
effect. Accuracy of ER density measurements can be improved by kinetic modeling studies. 
These studies however require arterial blood sampling, analysis of 18F-FES metabolism and 
dynamic imaging during the course of 60-90 minutes in one bed position, which precludes 
whole body imaging. Thus, kinetic modeling studies are not feasible in routine clinical 
practice, but should be done to validate SUV for ER expression. 

PET tracers
The most potent endogenous ER agonist is estradiol (figure 2A). Only a small percentage 
(1–3%) of the total estradiol circulates in the biologically active form; most is bound to 
plasma carrier proteins, such as sex hormone binding globulin (SHBG) and albumin. The 
development of PET tracers that target the ER has focused on radio-labeling of estradiol and 
structural analogues. Around 20 18F-labeled estrogen analogues have been described. Of 
these, 18F-FES (figure 2B) is the most extensively characterized and is most frequently used 
in clinical studies (supplemental files). 18F-FES has a 60–100% relative binding affinity for ER. 
Affinity for ERα is 6.3-fold higher than that for ERβ, and greater specificity for the ERα isoform 
has been shown in vivo in knockout mouse studies.28 Binding characteristics are affected by 
substituents and by the position of the 18F-atom. For example, the addition of ethynyl at the 
11β- or 17α-position of 18F-FES increases ER binding affinity,29 but 11β-methoxy substitution 
decreases affinity.30,31 The increased affinity of ethynyl estrogens for ER coincides with raised 
non-specific binding owing to increased lipophilicity.32 

In animal studies, various ER tracers showed specific uptake in the uterus and ovaries that 

γ

[18F]

v

γ

β+emission

e-

neutrino
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Figure 1. A positron collides with an electron nearby and annihilates, resulting in two anti-parallel photons (A). 
Accumulated 18F-fluoroestradiol is detect by the gamma camera (B).

A.
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could be blocked by the addition of unlabelled estradiol.33 In mice, ER positive murine 
mammary adenocarcinomas specifically take up 18F-FES, whereas uptake is absent in ER 
knock-down tumors.34 In rats with carcinogen-induced mammary tumors, 18F-FES uptake 
is seen in tumor lesions, which correlates with ex vivo quantitative measurements of ER 
concentrations.35,36

All radiolabeled estrogens are rapidly metabolized in the liver and excreted via the 
gastrointestinal tract in bile and via the kidneys in urine. To decrease the rate of metabolism, 
substituents can be added at the A-ring, where most of the conjugation of 18F-FES occurs. In 
rats, an 18F atom in the A-ring of 18F-FES resulted in lower liver uptake and slightly increased 
uterus-to-blood ratios, which was ascribed to decelerated metabolism.37

Whether the tracer’s affinity for SHBG affects tumor uptake is not entirely clear. SHBG 
regulates the bioavailability of steroids and, therefore, tracers with low affinity for SHBG 
were suggested for ER-targeted PET.38,39 In 239 patients with metastatic breast cancer, 
uptake of 18F-FES in tumors decreased with increasing SHBG concentrations and binding 
of 18F-FES to SHBG.40 Paradoxically, 18F-fluoro-moxestrol, an ER tracer with 256-fold lower 
binding affinity for SHBG compared to 18F-FES, did not improve results in a clinical study. 
Excellent ER mediated uptake was seen in rodents that lack SHBG, but in a later clinical study, 
none of three ER positive primary breast tumors were visualized by 18F-fluoro-moxestrol 
PET.41,42 These findings could not be explained by resolution limitations of the PET camera, 
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Figure 2. 17β-estradiol consists of four cycloalkane rings and two hydroxyl groups. The numbers indicate commonly 
used positions for substituents (A). 16α-[18F]-17β-estradiol is the currently preferred ER tracer (B).
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because the tumors were larger than 15 mm. To ensure delivery of the tracer to tumors in 
human beings, therefore, ER tracers may need good binding affinity for SHBG. 

Development of other ER tracers deserves further exploration. For PET imaging, those that 
are less extensively cleared by the liver might improve visualization of liver metastases. ER 
tracers with increased binding affinity may well improve tumor-to-background ratios.43 
Labeling of PET tracers specific for the ERβ isoform might be of interest in other tumor 
types.44 Single-photon emission computed tomography (SPECT), which is widely available 
with 99mTechnetium and iodine labeled ER ligands, have been assessed in small clinical 
studies.45–47 Finally, non-radioactive ER tracers for use in MRI or near-infra-red fluorescent 
optical imaging to guide surgery could be of clinical use.48

18F-FES is deemed an investigational new drug and, therefore, relevant documents (available 
at:  http://imaging.cancer.gov/programsandresources/fes-documentation) might be needed 
for its use in clinical trials. Quality control tests and modifications might also be needed to 
match local requirements.

Clinical studies
Multiple studies of 18F-FES-PET have been done in several countries (Italy, Japan, the 
Netherlands, and the USA; table 1).10,16,40,49–68 Thirteen ongoing 18F-FES-PET studies in breast 
cancer plus one in ovarian cancer are registered with ClinicalTrials.gov – seven in the USA, 
three in the Netherlands, two in Canada, one in France, and one in South Korea. 18F-FES-
PET studies have also been reported in endometrial cancer,54,55,61 uterine tumors,49,51,59 
meningiomas,68 and ovarian cancer.56

18F-FES-PET in healthy volunteers
Typically, 200 MBq 18F-FES is injected before PET, with a specific activity higher than 
25,000 GBq/mmol, which comprises an injected mass of less than 8 nmol 18F-FES. 18F-FES 
is initially metabolized rapidly, and less than 20% of the injected dose remains circulating 
as unconjugated 18F-FES after 10 min. Glucoronide- and sulfatase-conjugated 18F-FES is 
excreted via the gut in bile. As a result of enterohepatic circulation, only a low amount of 
18F-FES enters the colon. The reabsorbed conjugated 18F-FES is cleared mainly by the kidneys. 
After the initial rapid decline, the activity of unconjugated 18F-FES in blood declines slowly 
over the next 50 min and reaches less than 5% of peak values after 60 min. The presence 
of conjugated 18F-FES metabolites is unlikely to affect tumor 18F-FES uptake because they 
cannot bind ER and their polarity prevents penetration of cell membranes.35,69 Unconjugated 
18F-FES is bound to carrier proteins SHBG (~45%) and albumin (~45%) in serum and the 
remainder circulates in free form.66
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The radiation burden for the patient is 0.022 mSv/MBq, resulting in 4.4 mSv per 200 MBq 
18F-FES injection. The organs exposed to the highest radiation doses are the liver (0.13 mGy/
MBq), gallbladder (0.10 mGy/MBq) and bladder (0.05 mGy/MBq).65 ER-specific uptake has 
been observed in the uteri of healthy premenopausal volunteers with a SUV of roughly 2.5 
in the myometrium and 4.0–6.0 in the endometrium.60 Endometrial SUVs were higher in the 
proliferative phase of the menstrual cycle compared to the secretory phase. 

Sensitivity and specificity
Four studies involving 114 patients have assed sensitivity and specificity of 18F-FES-PET 
for ER positive breast cancer lesions concurrently with in vitro assay for ER expression 
(table 2).10,16,70,71 Sensitivity was good overall and quantitative 18F-FES uptake correlated 
moderately to excellently with ER expression (r = 0.56–0.96).10,16 Metastases can be seen 
with 18F-FES-PET in multiple sites, such as in the liver, bone, lung and lymph nodes, while 
physiological background is present in liver, bile duct, intestinal tract, and bladder (figure 
3). In one study, 18F-FES-PET visualized only 6 out of 10 ER positive primary breast tumors,71 
although the four patients with false-negative findings were aged 34–45 years and were 
probably premenopausal; the ages of the six patients with true-positive 18F-FES-PET scans 
ranged from 56 to 71 years. Premenopausal patients might have impaired 18F-FES uptake 
because of competitive binding by endogenous estrogens, but this hypothesis needs to be 
tested in a larger sample. Other studies included either only postmenopausal patients or 
have not calculated the correlation between menopausal status and 18F-FES-PET results.  As 
well as variations in selection criteria for patients, the studies used different PET cameras, 
definitions of 18F-FES positivity, and methods of quantification (tumor-to-background ratio 
vs SUV). 

Table 2: 18F-FES-PET sensitivity and specificity studies
Author Biopsy Sensitivity/specificity

% (95% CI)
Lesions (n)

Dehdashti71 ER+ tumor 69% (44-86%) 16
Mintun16 ER+ tumor 100% (77-100%) 13
Mortimer70 ER+ tumor 76% (55-89%) 21
Peterson10 ER+ tumor 100% (76-100%) 12
Overall sensitivity 84% (73-91%) 62
Dehdashti71 Benign 100% (68-100%) 10

ER- tumor 100% (82-100%) 17
Mortimer70 ER- tumor 100% (84-100%) 20
Peterson10 ER- tumor 80% (38-96%) 5
Overall specificity 98% (90-100%) 52
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High specificity of 18F-FES for ER is illustrated by the absence of 18F-FES uptake in benign 
lesions and ER negative breast cancer lesions. Combined data from three studies showed 
that 51 of 52 histologically benign or ER negative lesions were also 18F-FES negative (SUV 
below 1.0) and, therefore, overall specificity is 98% (table 2).10,70,71

Prediction of treatment response
Four studies reported the predictive value of 18F-FES uptake by tumors for response to 
endocrine therapy in 138 patients with metastatic breast cancer.57,63,64,67 All patients initially 
had ER positive primary tumors. 18F-FES-PET examination was done before a new line of 
endocrine therapy was started: 76 received aromatase inhibitors, 45 tamoxifen, and 17 
fulvestrant. In one study, tamoxifen was discontinued at least 60 days before 18F-FES-PET 
to avoid competitive binding to the ER by tamoxifen and its metabolites. In the other 
studies, drug-free periods were not reported. Thresholds of 1.5 and 2.0 tumor 18F-FES SUV 
to select patients for endocrine therapy were assessed. Sixty-seven (49%) of 138 patients 
who received endocrine therapy showed clinical benefit according to response evaluation 
criteria in solid tumors (objective tumor response or stable disease for 6 months or longer) 
or clinical assessment. If the 1.5 threshold for tumor 18F-FES SUV would have been used, 
96 would have received treatment, of whom 62 would have experienced clinical benefit 
(positive predictive value 65%). In 42 patients with tumor 18F-FES SUV lower than 1.5, 37 
showed no clinical benefit from endocrine therapy (negative predictive value 88%). Hence, 
in patients with a previously ER positive primary tumor histology, tumor 18F-FES SUV below 
1.5 predicts failure to respond to endocrine therapy. If denial of endocrine treatment had 
been based on tumor 18F-FES SUV threshold of 2.0 instead of lower than 1.5, a notable 

Figure 3. Physiological 18F-FES uptake can be observed in liver, bile duct, intestinal tract and bladder. A limited 
number of ER positive bone, liver and nodal metastases are indicated.

Physiological uptake  Bone metastasis Liver metastasis Nodal metastasis
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proportion of patients who would have responded to treatment would not have received 
it (19 [31%] of 62, figure 4). Larger studies are needed to determine the predictive value 
of 18F-FES-PET. So far, differences between studies in predictive values for response to 
endocrine therapy and cutoff values, and the small number of patients studied have led to 
low-level evidence (level 3).72

Assessment of heterogeneous ER expression
One of the advantages of 18F-FES-PET is that it provides a whole-body indication of ER 
expression across metastases. Most studies have so far used a cutoff SUV of 1.5 to 
classify 18F-FES positive and 18F-FES negative results. With use of this threshold, up to 37% 
of patients with a previously ER positive primary breast tumor develop 18F-FES negative 
metastatic disease.52 Additionally, in three studies comparing 18F-FES-PET with 2-deoxy-
[18F]fluorodeoxyglucose PET in 107 patients, 15–47% of the patients had 18F-FES-positive 
and 18F-FES-negative tumor sites.70,71,73 Another study showed no 18F-FES uptake in one or 
more metastases in ten (45%) of 22 patients with at least one 18F-FES-positive lesion.50 

Furthermore, heterogeneous ER expression is supported by up to a 6-fold difference in 
quantitative tumor 18F-FES uptake across metastases within an individual, and has a high 
coefficient of variance (30–68%).50,52,74

These data strongly suggest site-to-site variability in ER expression across metastases within 
individual patients. Early results of a phase 2 study in 15 patients with newly diagnosed 
metastatic breast cancer showed progressive disease in three (75%) of four patients with 
at least one metastasis with visually absent 18F-FES uptake. By contrast, eight (73%) of 

18 ·

FES + responder

FES + non-responder

FES - responder

FES - non-responder

F-FES >1 5 SUV ·F-FES >2 0 SUV18

5 (4%)

37 (27%)

34 (25%)

62 (45%)

19 (14%)

28 (20%)

48 (35%)

43 (31%)

Predictive value of FES-PET for response to endocrine therapy N = 138 patients

Figure 4. Predictive value of 18F-FES-PET (n=138 patients). SUVmax >2.0 (right) does not increase the positive 
predictive value, while it is at the cost of refraining endocrine therapy in endocrine-sensitive patients.
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11 patients (73%) without heterogeneous sites showed clinical benefit from endocrine 
therapy.75 Final results of this study and a prospective study are awaited (NCT00602043 and 
00358098).

In vivo ER binding
In two studies, a change in 18F-FES uptake during endocrine therapy was investigated as 
an early predictor of treatment response. In a prospective study in 40 postmenopausal 
patients with locally advanced and metastatic breast cancer, a decrease in 18F-FES uptake 
was seen 7–10 days after tamoxifen was started. Patients with clinical benefit had greater 
decreases in 18F-FES uptake (55% [± 14%]) than did non-responding patients (19% [± 17%]).64 

Whether the 7–10 day period is the optimum time to assess the effects of tamoxifen on 
ER is unclear, since concentrations of tamoxifen metabolites take 4–6 weeks to become 
stable.76,77 Nevertheless, the results are interesting because response to endocrine therapy 
can take several months to show accurately by anatomical imaging methods. 

A retrospective study of 18F-FES-PET in patients with metastatic breast cancer receiving 
fulvestrant (n=11) or tamoxifen (n=5) showed a 49% and 55% decrease in 18F-FES uptake 
from baseline, respectively during treatment.53 Tumor 18F-FES uptake was decreased more 
with tamoxifen than with fulvestrant on the basis of post-treatment SUV lower than 1.5 
(tamoxifen five of five patients vs fulvestrant four of 11 patients; P=0.019). Fulvestrant, 
however, was given as 250 mg intramuscularly (with or without a loading dose of 500 
mg), rather than 500 mg every 4 weeks plus a 500 mg loading dose on day 14, which has 
since been approved. The inadequacy of fulvestrant 250 mg to block tumor 18F-FES uptake 
remains of interest, however, in light of the improved efficacy of the 500 mg dose.78 A trial 
in 16 patients was performed to investigate residual binding capacity during treatment with 
the 500 mg fulvestrant regimen (see chapter 4). 18F-FES-PET could offer the opportunity to 
assess binding of novel ER antagonists in early clinical trials and at various dose levels. 

Absolute and relative decrease in 18F-FES uptake by ER antagonists varies widely, which 
could be related to variability in serum and tumor drug concentration and conversion of the 
drugs into more potent metabolites. For instance, tumor concentrations of the tamoxifen 
metabolite hydroxytamoxifen ranged between 0.4 and 564.5 ng/g in patients with ER 
positive tumors treated with 20 mg tamoxifen daily for 28 days.76,77 Monitoring of drug 
pharmacokinetics together with molecular imaging could provide insight into the relevance 
of drug concentrations to achieve sufficient ER binding in the tumor. Adequately powered 
prospective studies are warranted to find out whether serial 18F-FES-PET has a role during 
drug development or in the clinic as an early predictor of treatment response.
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Use of 18F-FES-PET during treatment with aromatase inhibitors
Treatment with aromatase inhibitors would theoretically be expected to increase tumor 
18F-FES uptake by reducing competitive binding, but in contrast a slight decrease (13%) 
was detected soon after the start of treatment in a retrospective study of 14 patients.53 A 
potential explanation for this finding is that a plateau of 18F-FES binding had already been 
reached by the time of assessment. Thus, an increase in available ER binding sites might 
not result in an increased maximum SUV. Moreover, results might be different after long-
term exposure to aromatase inhibitors. Indeed, in the same study patients who started 
fulvestrant had higher baseline tumor 18F-FES uptake than other patients (tumor 18F-FES SUV 
3.8 vs. 2.3), and, of these 11 patients, ten were already taking chronic aromatase inhibitor 
treatment when baseline 18F-FES-PET was done. Theoretically, therefore, this increased 
18F-FES uptake could be the consequence of an increase in the percentage of free ER binding 
sites, or an absolute increase in ER expression, for instance as a cellular response to long-
term estrogen-deprivation. 

Timing of 18F-FES-PET in relation to concomitant therapies
Since ER antagonists clearly affect tracer uptake, most studies require a drug-free period of 
6-8 weeks before baseline quantitative measurements are taken. Whether this is sufficient 
to completely eliminate competitive binding is unknown, particularly for fulvestrant, which 
has a half-life of 40 days and both blocks and degrades ER. A longer drug-free period, 
therefore, might be needed. Moreover, tumor drug concentrations could remain high for a 
long period despite normal concentrations in plasma. Several drug metabolites should also 
be taken into account (especially for tamoxifen). More work is required to define the most 
optimum times to do 18F-FES-PET.

Effects on tumor 18F-FES uptake

Tumor-cell-specific mechanisms
Endocrine resistance, which can be intrinsic or acquired, is a common complication. 
Resistance can occur with lost, decreased, or preserved ER expression. Lost or decreased 
ER expression might be caused by various mechanisms. Among them are ER negative cancer 
stem cells that drive metastases formation,79 clonal selection of endocrine resistant cells,80,81 
and epigenetic changes.82,83 The fact that low or absent 18F-FES uptake is a good predictor of 
endocrine resistance in clinical studies makes this method relevant to assess drug resistance.

Endocrine resistance with preserved ER expression can be the result of ligand-independent 
activation of the ER via cross-talk with other receptors, such as EGFRs and the downstream 
mTOR.84 In case of a preserved ligand binding domain, 18F-FES will still bind to tumor ER. 
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In these instances, ER degradation by fulvestrant may remain effective. Endocrine therapy 
combined with other targeted therapies might also by-pass ligand-independent activation 
of the ER: mTOR inhibition combined with aromatase inhibition has shown promising 
results in patients with endocrine-resistant breast cancer.85 Finally, mutations in the ER 
gene can lead to alterations in function and ligand binding affinity. When point mutations 
are artificially introduced in the ligand domain, such as L536N and G525L, ligand-binding 
affinity is strongly reduced in vitro.86,87 This would also lead to reduced 18F-FES uptake. Other 
mutations, such as K303R, have been identified in breast cancer patients,88 and have been 
associated with resistance to endocrine therapy in preclinical models.89 Further studies are 
needed to address the relevance and frequency of ER mutations during disease progression.

Several mechanisms of endocrine resistance are purported, with various hypothesized 
effects on tumor 18F-FES uptake and possible consequences for treatment (figure 5). Serial 
18F-FES-PET might provide some insight into changes in ER expression during disease 
progression and how endocrine resistance develops and, in combination with tumor biopsy 
and detailed genotyping, improve the selection of patients for treatment.

Primary 
tumour

Metastases
at disease
progression

Result
FES-PET

E�ectiveness
endocrine
therapy

Mixed expression

Aromatase inhibitors,
tamoxifen, fulvestrant
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Figure 5. Potential mechanisms of resistance to ER-targeted therapy, expected 18F-FES-PET results and consequence 
for therapy. ER positive tumor cells are indicated in blue and ER negative cells in green.
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Menopausal status
Endogenous estrogens should theoretically lessen tracer uptake by competitive binding. 
Owing to ER driven uptake, estradiol concentrations are up to ten times higher in ER positive 
tumors than in plasma.90 Furthermore, intra-tumor estradiol levels correlate with those in 
plasma, which suggests that tumor estradiol concentrations are higher in premenopausal 
patients than in postmenopausal patients. Indeed, concentrations of estradiol within the 
mastectomy tissue of 47 patients with ER positive breast cancer were six times higher in 
premenopausal patients than in postmenopausal patients (1621.8 vs. 267.1 fmol/g).91 

18F-FES-PET sensitivity seemed to be poor in a study that included premenopausal patients. 
Despite this observation, whether endogenous estrogen concentrations are sufficiently high 
to have a notable effect on tumor 18F-FES uptake is unclear. A retrospective study found no 
significant association between serum estradiol concentrations and tumor 18F-FES uptake.40 
Furthermore, neither low specific activity of 18F-FES nor higher injected mass of unlabelled 
estradiol were associated with decreased tumor 18F-FES uptake, which suggests that the 
exogenous dose of 18F-FES does not saturate the ER.40  Finally, in 14 patients treated with 
aromatase inhibitors, which was expected to increase 18F-FES uptake by reducing competitive 
binding, serial 18F-FES-PET imaging did not show such an effect.53 The absence of concurrent 
biopsies, and the broad variability between patients in estradiol concentrations, tumor ER 
expression and injected mass of 18F-FES, makes precise analysis of the effects of background 
estradiol concentrations in individual patients difficult. 

Body composition
18F-FES is lipophilic and, therefore, patients with increased fat mass could be expected to have 
lower tumor 18F-FES uptake than leaner patients because of an increased pharmacological 
distribution volume, as suggested by animal studies.37 Additionally, raised concentrations of 
estrogen in serum in obese patients might be expected to further decrease 18F-FES uptake 
because of competitive binding. Paradoxically, however, higher body mass index correlated 
with increased tumor 18F-FES uptake in a retrospective study.40 Likewise, in a human 
dosimetry studies no notable uptake of 18F-FES in fat tissue was observed.65  

Ninety-eight percent of the circulating 18F-FES is bound to plasma carrier proteins and, 
therefore, its distribution volume is probably not affected by body mass in human beings. 
The higher tumor SUV seen in patients with high body-mass index is possibly a result of SUV 
adjustment for patients’ weight rather than an absolute increase. 

Liver function and metabolism
Despite the rapid hepatic uptake and metabolism of 18F-FES, liver function is unlikely to 
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affect quantitative measurements of ER expression. Correction for individual differences in 
blood clearance and metabolites did not improve the correlation between 18F-FES uptake 
and semi-quantitative in vitro assays.10 In a second large retrospective study involving 278 
patients with ER positive metastatic breast cancer, no association was found between the 
rate of 18F-FES metabolism and tumor 18F-FES uptake.40

Concentrations of sex-hormone-binding globulin in serum
High SHBG concentrations decrease the bioavailability of free circulating 18F-FES. This is 
relevant because serum SHBG levels can vary greatly between patients, ranging from 2 
nmol/L to 200 nmol/L.40 Moreover, treatments can lead to changes in SHBG concentrations 
in serum. SHBG production by the liver is increased by 40–50% because of the estrogenic 
effects of this drug and decreased by 40–50% because of the actions of aromatase inhibitors, 
but is unaffected by fulvestrant.76,92–94 Additionally, SHBG concentrations in serum are higher 
in patients with ER positive breast cancer than in those with ER negative tumors, and in lean 
patients than in obese patients.95 In a retrospective study based of 284 scans that assessed 
the association between tumor 18F-FES uptake and serum SHBG concentrations, 5–7% 
reduction in 18F-FES uptake was observed for every 1.5 nmol/L increase in the square root 
of SHBG.40 No biopsy data were available, however so whether correction for SHBG levels 
would result in improved quantification of ER density is unclear. 

CONCLUSION

Targeted therapies and personalized patient management of patients are rapidly 
emerging elements of breast cancer treatment. The classical point of view is to assume 
the characteristics of metastases are similar to those of the primary tumor, but evidence 
is increasingly pointing to changes in tumor phenotype and behavior during disease 
progression. Molecular imaging of characteristics that might be suitable treatment targets, 
such as ER, has the advantages of being non-invasive, providing quantitative information 
on all tumor lesions, and assessing changes before during and after treatments. 18F-FES-PET 
has clear potential to improve therapeutic decision making. Quantitative measurements of 
18F-18F-FES uptake reflect the availability of ER binding sites and, therefore, might improve 
prediction of response to endocrine therapy compared to standard immunohistochemistry. 
Validation of quantitative measurements by modeling studies with arterial blood sampling 
for bound and free 18F-FES and metabolites will be crucial to ensure refinement and reliability 
of SUVs. Factors to take into account are body composition, binding of 18F-FES to carrier 
proteins, hepatic 18F-FES clearance, and competition between 18F-FES and endogenous 
ligands. 18F-FES-PET also deserves further exploration as a method for monitoring ER binding, 
which could improve dosing regimens, in vivo assessment of binding characteristics in new 
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targeted drugs, and prediction of therapy response. Whether the use of 18F-FES-PET lowers 
the costs related to invasive biopsies and avoids multiple imaging examinations should also 
be explored. 

SEARCH STRATEGY

We searched PubMed and Scopus with one or more combinations of the following terms: 
“antihormonal”, “breast cancer”, “(o)estradiol”,  “(o)estrogen receptor”, “(o)estrogen 
receptor alpha”,  “(o)estrogen receptor beta”, “FES”, “fluoroestradiol”, “positron emission 
tomography”, “PET”, “pharmacokinetics”, “SHBG”, and “sex hormone binding globulin”. The 
search results were manually screened for relevance and the reference lists of selected 
articles were checked for additional literature. We selected papers written in English and 
published between January 1970 and May 2013. We searched ClinicalTrials.gov for continuing 
clinical trials, up to May 2013, with the search terms “FES PET” and “fluoroestradiol”. 
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ABSTRACT

16α-[18F]fluoro-17β-estradiol (18F-FES) is an estrogen receptor (ER) specific positron 
emission tomography (PET) tracer with various potential interesting applications. The 
precise contribution of this technique in current clinical practice, however, has yet to be 
determined. Therefore the aim of this study was to evaluate the value of 18F-FES-PET in 
breast cancer patients presenting with a clinical dilemma. 

18F-FES-PET examination could be requested by referring physicians for patients with a 
history of ER positive breast cancer, and presence of a clinical dilemma despite complete 
standard work-up. All requests for 18F-FES-PET required a positive arbitration by a dedicated 
medical oncologist and nuclear medicine physician. The referring physician was asked to 
fill in validated questionnaires before, shortly after, and > 3 months after 18F-FES-PET to 
determine indication, diagnostic value and therapeutic consequences of 18F-FES-PET. To 
further validate 18F-FES-PET findings, 18F-FES-PET lesions were quantified and compared to 
centrally-reviewed conventional imaging. 

Thirty-three patients underwent 18F-FES-PET between December 2008 and October 2010. 
18F-FES-PET was requested to evaluate 1) equivocal lesions on conventional work-up 
(n=21), 2) ER status in metastatic patients (n=10), and 3) the origin of metastases (n=2). 
18F-FES-positive lesions were observed in 22 patients. 18F-FES-PET was especially sensitive 
for bone metastases detecting 341 bone lesions compared to 246 by conventional imaging. 
The sensitivity for liver metastases was poor. In only 2 out of 7 patients with known liver 
metastases, these were detected on 18F-FES-PET. Quantification of 18F-FES uptake in liver 
lesions was hampered by high physiological background. 18F-FES uptake was highly variable 
between all metastases (range SUVmax 1.7–18.8) and 45% of the patients with a positive 
18F-FES-PET had both 18F-FES positive as well as 18F-FES negative metastases. 18F-FES-PET 
contributed to an improved diagnostic understanding in 88% of the patients and contributed 
to a change in therapy in 48% of the patients. 

With the exception of liver metastases, whole-body imaging of ER expression with 18F-FES-
PET can be a valuable additional diagnostic tool when standard work-up is inconclusive. 
18F-FES-PET supported therapy decisions by improving diagnostic understanding and 
providing information on ER status of tumor lesions.
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INTRODUCTION

Breast cancer is the most common cancer in women in the Western world.97 Approximately 
75% of the tumors express the estrogen receptor α (ER) at diagnosis.98 Knowledge of the ER 
status of a patient has important consequences for treatment decision-making, as patients 
with ER positive tumors are likely to respond to antihormonal therapy.21 

Evaluation of ER status is therefore performed by means of immunohistochemical staining 
of the primary tumor. This golden standard has some limitations: It predicts tumor response 
to antihormonal therapy correctly in only 50-60% of the patients,99,100 the technique is semi-
quantitative which can result in inter-observer variation, and ER scoring depends on the 
antibody used and delay-to-fixation time.101,102 The recent systematic review by the American 
Society of Clinical Oncology and the College of American Pathologists revealed that up to 
20% of all immunohistochemical determinations worldwide are inaccurate.103 Absence 
of ER expression does, however, have a strong negative predictive value for response to 
antihormonal therapy.22 

Also during metastatic disease, evaluation of ER status is important to determine changes in 
receptor expression. This is of relevance as discordant ER expression between primary tumor 
and metastatic lesions occurs in 18-40% of the patients.8,9 A recent study in 336 patients 
with an ER positive primary tumor revealed loss of ER expression in distant metastases in 
36% of these patients, which was a predictor of poor response to antihormonal therapy.104 
Therefore ESMO and NCCN guidelines recommend repeated biopsies.105,106 In addition, 
biopsies of suspected recurrences are advised to confirm the diagnosis of metastasized 
breast cancer and to exclude benign lesions or (metastases from) a second cancer.

Despite these clear indications for rebiopsy, this may not always be feasible due to the 
characteristics of the lesion (such as location) or the patient (such as co-morbidity). In 
addition, within a single tumor or across lesions within a patient, ER expression can be 
heterogeneous.15 In these cases a single biopsy may not be representative for the ER 
characteristics of the tumor burden as a whole. Furthermore, physicians may be reluctant 
to perform biopsies given the invasive nature of the procedure. A noninvasive method to 
quantify ER expression in all metastatic lesions would therefore be valuable. 

Whole-body Positron Emission Tomography (PET) with 16α-[18F]fluoro-17β-estradiol 
(18F-FES) provides a unique method to non-invasively obtain molecular information about ER 
expression.71,107 Several studies have shown that 18F-FES-PET can reliably detect ER positive 
tumor lesions and that 18F-FES uptake correlates well with immunohistochemical scoring for 
ER.10,16,96 Furthermore, low 18F-FES uptake was a strong predictor for failure of antihormonal 
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therapy.63,64,67 Based on these results 18F-FES-PET examination could since December 2008 
routinely be requested in our center for patients with a history of ER positive breast cancer 
in whom a clinical dilemma remained present despite complete standard work-up. For 
example, when imaging procedures were inconclusive and performing a biopsy was not 
feasible. The aim of this study was to determine the value of 18F-FES-PET in breast cancer 
patients presenting with a clinical dilemma.

METHODS

Patient selection
Patients with a history of histologically proven ER positive breast cancer were eligible for 
routine 18F-FES-PET examination when, despite complete standard work-up, they presented 
a clinical dilemma for their treating physician. All requests for 18F-FES-PET required a positive 
arbitration by a dedicated medical oncologist and nuclear medicine physician. From all 
patients a detailed medical history, current complaints, laboratory results (if available), and 
conventional imaging results were collected. The informed consent requirements for these 
retrospectively enrolled patients were waived by the UMCG Institutional Review Board 
(METc 2010.102). 

Standard work-up
The routine staging protocol for these patients adheres to the Dutch Breast Cancer 
Guidelines, which are highly comparable with NCCN guidelines v1.2012.105 In short, work-up 
for disseminated disease includes chest-CT or chest imaging, CT-abdomen or ultrasound of 
the liver and bone scan. During follow-up, examinations are directed by signs and symptoms 
and include bone scan or MRI in case of localized bone pain or elevated AF; chest-CT in case 
of chest lesions or pulmonary complaints, and CT-abdomen in case of abdominal lesions 
or abnormal liver tests. The use of 18F-FDG-PET is discouraged and limited to patients with 
equivocal lesions, although tissue biopsy is more likely to provide useful information in 
these cases. Biopsies of suspected distant recurrences are recommended to confirm the 
diagnosis of metastatic breast cancer, and evaluate receptor status.

18F-FES-PET imaging
ER antagonists were discontinued for a minimum of 5 weeks prior to 18F-FES-PET imaging 
to prevent false negative results. The use of aromatase inhibitors was allowed. 18F-FES 
was produced as previously described.108 18F-FES ready for injection was obtained in 32 ± 
10% decay-corrected radiochemical yield. Specific activity was 182 ± 101 MBq/nmol with 
a radiochemical purity 99.9 ± 0.3%. Patients received 207 ± 8 MBq 18F-FES intravenously. 
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Whole body 18F-FES-PET was performed 60 min after tracer injection, using a Siemens Ecat 
Exact HR+ PET camera (Siemens CTI, Knoxville, TN) with 5 mm spatial resolution with an 
emission time of 5 min and a transmission time of 2 min per bed position, or a Siemens 64 
slice mCT (PET/CT) camera (Siemens CTI) with 2 mm spatial resolution with an emission 
time of 3 min per bed position and a transmission CT for attenuation correction. All scans 
and quantifications were performed according to the EANM guidelines for tumor PET 
imaging.27 Scans were reconstructed with a 5-mm FWHM Gaussian reconstruction filter and 
iterative reconstruction methods were used with 3 iterations and 24 subsets. PET images 
were assessed qualitatively and quantitatively by a nuclear medicine physician. In reference 
to other 18F-FES-PET studies, we used the maximum standardized uptake value (SUVmax) to 
quantify ER expression and a cut-off value of ≥1.5 to dichotomize results in ER positive and 
ER negative.10 When in the field of view, CT data was used to allocate PET-positive lesions to 
an anatomical substrate.

Analysis of imaging results
Imaging analysis was performed retrospectively. Lesions detected by 18F-FES-PET were 
recorded and 18F-FES uptake was quantified. When a patient had innumerable lesions, 
an arbitrary maximum of 40 lesions were recorded. Aside from evaluation of the routine 
radiology and nuclear medicine reports, conventional imaging was centrally re-evaluated, 
while investigators were blinded for other imaging results. All lesions were classified into 
benign, equivocal and metastatic lesions. Thereafter, conventional imaging results were 
compared to findings on 18F-FES-PET. For discordant lesions, fusion of 18F-FES-PET with CT, 
MRI or 18F-FDG-PET, and one-to-one comparison between 18F-FES-PET and bone scan, was 
performed for final classification of these lesions. Follow-up imaging and clinical data were 
reviewed, whenever available, to evaluate remaining discordances.

Clinical value
Validated questionnaires were used to collect the insight of the referring physician before, 
shortly after, and > 3 months after 18F-FES-PET imaging (supplemental table).109 Questionnaire 
1 served to identify the clinical dilemma and intended therapeutic strategy. Based on the 
reason for 18F-FES-PET examination, the patients were retrospectively categorized into three 
different groups. Questionnaire 2 permitted to evaluate the outcome of 18F-FES-PET, and the 
influence on treatment decision-making. The last questionnaire served to analyze the value 
of 18F-FES-PET on diagnostic understanding and therapy-management after a follow-up of at 
least 3 months. The scoring was performed by the referring physicians. All questionnaires 
were checked for internal consistency. 
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Statistical analysis
Differences in tracer uptake between different (patients and) organs were analyzed by a 
one-way ANOVA. Site-to-site variability in 18F-FES uptake was expressed as coefficient 
of variability. Scores on diagnostic understanding and therapeutic consequences were 
calculated for the three different reasons for 18F-FES-PET examination with a two-sided non-
parametric Kruskal-Wallis test.

RESULTS

Patient characteristics
Thirty-three patients were referred for 18F-FES-PET examination between December 2008 
and October 2010. Patients were retrospectively divided into three groups based on the 
reason for 18F-FES-PET examination: 1) to differentiate between benign and malignant 
lesions in case of equivocal or ambiguous work-up (n=21), 2) to evaluate the patients ER 
status (n=10), and 3) to differentiate between metastases originating from different tumor 
types (n=2). Patient characteristics are shown in table 1.

Table 1: Patient characteristics

Characteristic Category I
(n=21)

Category II
(n=10)

Category III
(n=2)

All patients 
(n=33)

Age, years
     Mean 
     Range

57
43-78

61
48-77

55
54-56

58
43-78

Menopausal status
     Premenopausal
     Postmenopausal
     Unknown

1
16
4

0
10
0

0
2
0

1
28
4

Breast Cancer Stage  
     Suspected distant recurrence
     Metastatic disease

12
9

0
10

2
0

14
19

Prior lines of endocrine therapy*

     0
     1
     >1

13
5
3

0
4
6

2
0
0

15
9
9

Years between primary diagnosis and 
18F-FES-PET
     Mean 
     Range 

8
0-18

10
3-22

3
2-4

8
0-22 

18F-FES-PET examination was requested to evaluate equivocal or conflicting conventional imaging (Category I), a 
patients ER status (Category II), or the origin of metastases (Category III); *adjuvant therapies excluded

18F-FES-PET and conventional imaging results
18F-FES-PET was performed in 22 patients and 18F-FES-PET/CT in 11. Work-up prior to 
18F-FES-PET consisted of CT (n=24), bone scan (n=23 patients), MRI (n=8) and 18F-FDG-PET 
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(n=3). Ultrasound and X-ray images were not taken into account in our analysis. Biopsy of 
suspicious lesions was performed prior to 18F-FES-PET in four patients and during follow-up 
in two. 18F-FES-PET showed 18F-FES-positive metastases in 22 of the 33 patients. No apparent 
false positives were noted in a patient-based analysis. 

18F-FES-PET was negative in 11 patients. In three patients 18F-FES-PET showed no tumor 
lesions despite the presence of metastases. This matched the histological findings (ER 
negative) in tumor biopsy in two patients. In one patient, 3 months later biopsy showed an 
immunohistochemical ER positive metastasis in the liver. In the remaining eight patients the 
negative 18F-FES-PET concurred in the absence of metastases during follow-up of >6 months. 

A total of 398 lesions were detected by 18F-FES-PET. Lesions were located in bone (n=341 
lesions), lymph nodes (n=26), lung and/or pleura (n=19), liver (n=8) and soft tissue (n=4). 
While being blinded for 18F-FES-PET, investigators detected 242 of these 398 18F-FES positive 
lesions (61%) on conventional imaging. After comparison between conventional imaging 
and 18F-FES-PET, an additional 79 lesions with 18F-FES uptake could also be detected on 
conventional techniques. Of the remaining lesions, 15 were confirmed during follow-up. 
Therefore, the majority of all 18F-FES-PET lesions (n=336, 84%) could eventually be validated 
by conventional techniques. The remaining 62 lesions were not detected during follow-up. 
However, nearly all these lesions were additional bone metastases in patients with known 
bone metastases. It is therefore plausible that these lesions are also true-positives.

Investigators detected a total of 319 metastases on conventional imaging, while being 
blinded for 18F-FES-PET. Out of these, 18F-FES-PET missed 77 lesions (24%). Detection of liver 
metastases by 18F-FES-PET was poor. None of seven patients with known liver metastases 
had increased focal 18F-FES uptake. In two patients, however, cold spots were observed at 
the site of liver metastases, and in two others 18F-FES uptake was more heterogeneous than 
in other patients. Also relatively few lymph nodes were detected by 18F-FES-PET (26 of 55, 
47%). However, 68% of the undetected nodes had diameters < 15 mm (RECIST v1.1 cut-off 
value for measurable lymph node metastases), indicating that some of these may have been 
misclassified, or were below the detection threshold for PET imaging.110 An overview of the 
concordance between conventional imaging and 18F-FES-PET is shown in table 2. 

Heterogeneity of 18F-FES uptake
A striking 11-fold difference in tracer uptake was observed between different patients (range 
SUVmax 1.7–18.8), and a 6-fold difference between lesions within the same individual (range 
SUVmax 2.6–15.8). The coefficient of variability for the SUVmax of all 18F-FES-PET lesions was 
high (68% ± 4%, 95% confidence interval). In 45% of the patients, both 18F-FES positive and 
18F-FES negative metastases were present, suggesting partial discordant ER expression. Only 
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Table 2: Malignant lesions detected at conventional imaging and 18F-FES-PET

Conventional imaging concordant 
with 18F-FES-PET

Location Conventional 
imaging*

18F-FES-PET 
concordant with 

conventional 
imaging

Total 
18F-FES-PET

With masking 
of 18F-FES result

With knowledge 
of 18F-FES result**

Bone 246 212 (86) 341 212 (63) 292 (86)
Lung 9 7 (78) 19 7 (37) 13 (68)
Liver 20 8 (40) 8 8 (100) 8 (100)
Lymph nodes 
     < 15mm 27 7 (26) 7 7 (100) 7 (100)
     > 15mm 16 7 (44) 19 7 (37) 12 (63)
Soft tissue 1 1 (100) 4 1 (75) 3 (75)
Total 319 242 (76) 398 242 (61) 336 (84)

*Lesions considered malignant after central revision, while reviewers were masked for 18F-FES-PET result. 
**Lesions considered malignant after comparison with 18F-FES-PET was allowed, and including 15 lesions 
detected at follow-up shortly after 18F-FES-PET (<1 mo). Data in parentheses are percentages.

 one patient, had conversion to a complete ER negative phenotype, indicated by absence of 
18F-FES uptake in all (n=4) tumor lesions. Quantification of 18F-FES uptake in liver metastases 
was hampered due to high physiological uptake in surrounding normal liver tissue. Mean 
18F-FES uptake did not differ significantly among metastases in different organs (figure 1). 
Only one premenopausal patient underwent 18F-FES-PET in this study. She had tracer uptake 
(SUV range 1.2- 1.6) in tumor lesions far below the 95% confidence interval (5.9 ± 0.4) of 
the postmenopausal patients. Although it may be theoretically plausible that 18F-FES uptake 
depends on estrogen background level, this cannot be concluded from these limited data. 

Clinical Value of 18F-FES-PET
18F-FES-PET in case of equivocal or conflicting standard work-up
Twenty-one patients underwent 18F-FES-PET to evaluate equivocal or ambiguous findings on 
standard work-up, or for signs and symptoms for which no substrate could be detected on 
conventional imaging. Suspicious lesions were present in bone (n=13), lung (n=4), liver (n= 
3), and abdomen (n=1). These patients underwent bone scan (n=16), CT-scan (n=16), MRI 
(n=4) 18F-FDG-PET (n=3) and biopsy (n=3) prior to 18F-FES-PET, which did not establish a final 
diagnosis. In nine of these, 18F-FES-PET showed elevated uptake in the suspected lesions, 
confirming the presence of ER positive metastases. Interestingly, in three patients biopsies 
prior to 18F-FES-PET did not show malignancy despite suspected distant recurrences on 
conventional imaging. 18F-FES-PET showed multiple 18F-FES-positive lesions in these three 
patients (see figure 2 for an example). The next therapeutic choice was affected by 18F-FES-
PET in seven out of nine patients with positive 18F-FES-PET findings. Four of them received 
radiotherapy, and one received bisphosphonates, in addition to the intended antihormonal 
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therapy, after 18F-FES-PET provided confirmation of bone metastases. In two patients first-
line antihormonal therapy for metastatic disease was initiated. In the remaining 12 patients, 
18F-FES uptake was absent at the suspected sites. Follow-up of at least 6 months of the 
suspected lesions, indicated no metastasis in 10 of 12 patients. In two patient conventional 
imaging remained suspicious and biopsy was performed. Histology showed ER negative 
adenocarcinoma in one patient and an ER positive liver metastasis in the other patient. 
In two patients 18F-FES-PET was negative at the suspected site, but revealed unknown 
metastases at other sites. 18F-FES-PET affected therapy management in only two patients 
with 18F-FES-negative findings. In these two, 18F-FES-PET led to refraining from radiotherapy 
in the absence of 18F-FES uptake at the suspected lesions and confirmation of benign disease 
during follow-up.

Figure 1. Differences in tracer uptake in all 22 patients with positive lesions on 18F-FES-PET (A) and tracer uptake at 
different sites of metastases (B).
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18F-FES-PET to evaluate ER expression after progression on antihormonal therapy
Ten patients underwent 18F-FES-PET to evaluate their ER status after progression on 
antihormonal therapy. In these patients there was no consensus whether to give 
chemotherapy or antihormonal therapy. 18F-FES-PET showed increased 18F-FES uptake in one 
or more metastatic lesions in all 10 patients. In six of these there was partial discordance with 
absence of 18F-FES uptake in some metastases. In four patients, intended chemotherapy was 
switched to antihormonal therapy based on high 18F-FES uptake. One patient with signs of 
bone marrow invasion on 18F-FES-PET and accompanying thrombocytopenia was switched 
to chemotherapy (figure 3).

18F-FES-PET to differentiate between metastases originating from different tumor types
In two patients definite malignant lesions were detected by conventional imaging. It was 
uncertain whether these originated from the earlier ER positive breast tumor, or from 
another tumor type. One patient presented with a radicular syndrome in the region of 
root C6, 5 years after primary breast cancer diagnosis. Neurological examination and MRI 

A	   B	   C	  

Figure 2. Bone scan (A) of patient showing suggestive lesion at L2 (arrowhead). Biopsy of this lesion did not show 
malignancy. Coronal (B) and sagittal (C) images of 18F-FES-PET showing 18F-FES-uptake in vertebra L2 and multiple 
other bone metastases (arrowheads), as well as large locoregional recurrence in soft tissue (arrow). Only most 
intense lesions are indicated.
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indicated pathologic compression at vertebra C6, suspected to be due to a metastasis 
or plasmacytoma. A biopsy to prove the origin of the metastasis was considered too 
risky. 18F-FES-PET showed uptake in C6 and Th4 (figure 4). No other tumor lesions were 
observed. Therefore this patient received antihormonal therapy for metastatic disease and 
radiotherapy. A second patient, known with an ER negative second tumor, presented with a 
single metastasis in the humerus. Too little material was obtained by biopsy to differentiate 
between the ER positive and ER negative primary. 18F-FES-PET showed no lesional uptake, 
suggesting an origin from the ER negative tumor. Therefore this patient did not receive 
antihormonal therapy. 

Questionnaires
All 3 questionnaires in the 33 patients were fully completed. Referring physicians reported 
an improved diagnostic understanding in 29 of the 33 patients (88%). In 18 of these, this 
was the consequence of 18F-FES-PET solely, while in 11 patients other factors were equally or 
more important. Diagnostic understanding was independent of the indication for 18F-FES-PET 

A	   B	  

C	   D	  

Figure 3. Bone scan (A), 18F-FES-PET (B), and 18F-FES-PET/CT (C and D) images of patient with progressive disease 
after multiple lines of antihormonal therapy and chemotherapy. Extensive tracer uptake was seen in bone, lymph 
nodes, and skull. Interestingly, 18F-FES-uptake seemed to be predominant in bone marrow of this patient, in whom 
laboratory signs of bone marrow infiltration were present.
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(P=0.12), but was superior for positive compared to negative 18F-FES-PET results (P=0.002). 

A change in therapeutic strategy based on 18F-FES-PET was reported in 16 (48%) of the 33 
patients. In 11 of them, information provided by 18F-FES-PET was very important in leading 
to a change in therapy, while in five patients other factors were equally or more important. 
Showing 18F-FES uptake in equivocal lesions led to the initiation of radiotherapy (n=4), 
bisphosphonates (n=1), and antihormonal therapy (n=3). Presence of 18F-FES uptake in 
known metastases led to the initiation of a new line of antihormonal therapy (n=4). Absence 
of 18F-FES uptake in known metastases and in equivocal lesions respectively led to refraining 
from antihormonal therapy (n =2), and refraining from radiotherapy (n=2) (table 3). 

DISCUSSION

This is the first study evaluating the value of 18F-FES-PET in breast cancer patients presenting 
with a clinical dilemma unresolved after conventional work-up. It shows that whole-body 
imaging of ER expression with 18F-FES-PET can be a valuable additional diagnostic tool when 
conventional work-up is ambiguous and biopsies are not feasible or inconclusive. 

A	   B	   C	  

Figure 4. This patient presented with neurologic symptoms of root C6 5 y after primary breast cancer diagnosis. 
On MRI (A), pathologic processes were suspected in C6 and T4. Biopsy to prove that these were metastases and 
originated from prior primary breast cancer was considered too risky. 18F-FES uptake was observed in suspected 
metastases in C6 and T4 (B). 18F-FES-PET/CT images (C) matched MRI findings. No other pathologic uptake was 
observed.
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Table 3: Changes in therapeutic strategy following 18F-FES-PET

Intended therapy 18F-FES-PET finding Final therapy Patients (n)
Chemotherapy Strong ER positivity Endocrine therapy 4
Wait and see policy PET positive relapse Endocrine therapy 3
Endocrine therapy New bone metastases + Radiotherapy 4
Endocrine therapy New bone metastases + Bisphophonates 1
Endocrine therapy Negative 18F-FES-PET Chemotherapy 2
Radiotherapy Negative 18F-FES-PET Wait and see policy 2

Based on the questionnaires, the referring physicians reported an improved diagnostic 
understanding in 88% of all 33 questionnaires, which supported therapy changes in 48%. 
We retrospectively divided patients that underwent 18F-FES-PET in three groups. The first 
group underwent 18F-FES-PET to establish a diagnosis in case of equivocal or conflicting 
conventional work-up. Recent guidelines (ESMO/ NCCN) suggest that 18F-FDG-PET can be 
considered in case of equivocal imaging, although biopsy of suspicious sites is more likely 
to provide useful information.105,106 In our patients, 18F-FDG-PET was rarely requested for 
various reasons, e.g. positive 18F-FDG-PET would not exclude inflammatory disease, or 
would not differentiate between metastases from ER positive breast cancer or another 
cancer origin.111,112 18F-FES-PET has been shown to detect ER positive metastases with high 
specificity.10,16,96 Therefore this technique may be used as surrogate for tissue biopsy in case 
lesions are difficult to access. In our study in a number of patients biopsies were not feasible 
or inconclusive. We showed that 18F-FES-PET could be used to prove the presence of ER 
positive metastases in case of equivocal conventional work-up. 18F-FES-PET can, however, 
not be used to exclude metastases in general as ER negative metastases may be present. 

In light of a possible conversion in ER phenotype, know-how of ER expression can potentially 
facilitate the choice between chemotherapy and antihormonal therapy. Single biopsy studies 
have shown conversion from an ER positive to ER negative phenotype in up to 30% of the 
patients. In addition, 18F-FES-PET studies have shown 18F-FES-negative disease in 32-53% of 
the patients, which was highly predictive of failure of response to antihormonal therapy. We 
evaluated ER expression in 10 patients in which a biopsy was problematic. All 10 had presence 
of 18F-FES-positive metastases. Interestingly, our results indicated that an extensive variance 
in 18F-FES uptake can be present across positive lesions within individuals (coefficient of 
variance 68% ± 4%). This heterogeneity matches with findings of multiple biopsies from 
individual patients showing a variety of ER levels can be present.113,114 Furthermore, 45% of 
the patients with a positive 18F-FES-PET had both 18F-FES-positive as well as 18F-FES-negative 
metastases. This was higher than previously reported (10-24%).70 This points towards the 
relevance of 18F-FES-PET, as it provides knowledge of whole-body tumor ER expression. 
So far, the consequence of a heterogeneous ER expression for therapy-management has 
received strikingly little attention in the clinic and deserves further exploration. 
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The last group of patients in our study underwent 18F-FES-PET to differentiate between 
distant recurrences originating from the earlier ER positive primary breast tumor and 
metastases originating from a second tumor. The ER specific 18F-FES tracer permitted non-
invasive differentiation between tumor types avoiding the necessity of additional (invasive) 
diagnostic procedures and leading to early institution of the right drug. 

Our study and approach has limitations. We provide an analysis of the value of 18F-FES-
PET in the standard clinical situation. The standardized questionnaires we used can still be 
subject to bias and should be interpreted with caution. Therapy changes were carefully 
made taking into account earlier therapies, other imaging results and clinical presentation. 
Imaging analysis was performed retrospectively which can lead to potential bias. To minimize 
bias favoring 18F-FES-PET we performed a central revision of all conventional imaging. Due 
to the absence of a clear golden standard, sensitivities and specificities cannot be given. 
Prospective studies should be performed to prove that 18F-FES-PET can replace the biopsy 
for treatment decisions. 

Current 18F-FES-PET studies do not describe its capacity to detect liver metastases. The 
physiological uptake in the liver due to metabolization well exceeds the 18F-FES uptake that 
is seen in the uterus or most ER positive metastases.65 In our study, the detection of liver 
metastases by 18F-FES-PET was poor, and one histological ER positive metastasis was not 
detected. We did observe focal cold lesions in two other patients. Quantification of 18F-FES-
uptake in these lesions was hampered by the high physiological uptake in surrounding 
tissue. As liver biopsies were not available in these patients, it is unknown whether the 
cold appearance can be explained by focal loss of ER expression. 18F-FES-negative liver 
metastases should therefore be evaluated by immunohistochemistry in future studies. 

There are a number of factors other than ER expression that might affect 18F-FES uptake. Small 
metastases may not show 18F-FES uptake due to resolution limitations of PET. In addition, 
presence of estrogen analogues such as tamoxifen can block tumor 18F-FES uptake.67 For this 
reason we choose an arbitrary drug withdrawal period of 5 weeks for ER ligands. Patients 
that discontinued fulvestrant 5 weeks prior to 18F-FES-PET had a high rate of 18F-FES-negative 
lesions (14 out of 20 metastases). A 5-week drug withdrawal period may therefore not have 
been sufficient to exclude occupancy of ERs by this drug with a long half-life of 40 days. The 
only premenopausal patient in this study had 18F-FES uptake values well below the 95% 
confidence interval of postmenopausal patients. In a previous study in primary breast cancer 
patients only 6 out of 10 patients with ER positive tumors showed focal 18F-FES uptake.71 
Although not mentioned in the discussion of this report, it is of interest that all four patients 
with a false-negative 18F-FES-PET were most likely premenopausal as their age ranged from 
34-45 years, while the age of the six patients with a true-positive 18F-FES-PET ranged from 
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56-71 years old. Together this data underlines the possibility of background estrogens levels 
to influence 18F-FES uptake, which warrants further exploration.

CONCLUSION

Whole body imaging of ER expression with 18F-FES-PET can aid diagnosis and support 
treatment decision-making in ER positive breast cancer patients presenting with a variety of 
diagnostic dilemmas. Based on our results, we do not recommend 18F-FES-PET to evaluate 
liver metastases. The therapeutic consequences of having heterogeneous 18F-FES uptake 
and the influence of background estrogen levels should further be explored.

ACKNOWLEDGEMENT

Supported by grant KWF-project RUG 2009-4529 of the Dutch Cancer Society. We want to 
thank Dr. Riemer H.J.A. Slart for carefully evaluating all bone scans and Johannes H. van 
Snick for providing 18F-FES-PET(/CT) images for external revision.





Chapter 3A
PET imaging of ER expression in endometrial stromal sarcoma

Michel van Kruchten1, Geke A.P. Hospers1, Andor W.J.M. Glaudemans2, Harry Hollema3, 
Henriëtte J.G. Arts4, Anna K.L. Reyners1

1Department of Medical Oncology, 2Department of Nuclear Medicine and Molecular 
Imaging, 3Department of Pathology, and 4Department of Gynecology, division of 

gynecologic oncology, University Medical Center Groningen, University of Groningen, 
Groningen, The Netherlands 

Positron emission tomography imaging of oestrogen receptor-expression in endometrial 
stromal sarcoma supports oestrogen receptor-targeted therapy: Case report and review of 

the literature. European Journal of Cancer 2013;49: 3850-5.



C
hapter 3A

18F-FES-PET in endom
etrial strom

al sarcom
a

52

ABSTRACT

Although the majority of endometrial stromal sarcomas (ESS) express the estrogen receptor 
(ER), data on the efficacy of ER-targeted therapies are scarce. Using PubMed search engine 
we identified nine case reports and small series in a total of 25 patients reporting on the 
efficacy of palliative ER-targeted therapies. Literature supports the efficacy of aromatase 
inhibitors after the failure of progestins, but not of the partial ER antagonist tamoxifen. 
Fulvestrant is a pure ER antagonist with a distinct mechanism, of which efficacy has not yet 
been reported in ESS. We present a patient that underwent positron emission tomography 
and computed tomography (PET/CT) of ER expression with the tracer 18F-fluoroestradiol 
(18F-FES). High levels of ER expression provided a rationale for fulvestrant therapy. 18F-FES-
PET/CT was repeated after 6 months and indicated a strong decrease in tumor 18F-FES 
uptake and 15% reduction in tumor diameters according to Response Evaluation Criteria in 
Solid Tumors (RECIST). 
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INTRODUCTION

Sarcomas comprise ~4% of all uterine cancers. Out of these, only 9% are of the endometrial 
stromal sarcoma (ESS) subtype, i.e. 0.4% of all uterine cancers.115 Formerly, a division 
between low-grade and high-grade ESS was made, but the latter is now regarded a distinct 
subtype classified as poorly or undifferentiated uterine sarcoma.116 

ESS is an indolent growing tumor with a favorable prognosis. Five-year survival is 90% for 
patients presenting with stage I disease and 37-64% for stage III-IV. The majority (60-80%) 
of patients present with low stage disease for which hysterectomy with bilateral salpingo-
oophorectomy is the standard treatment.117,118 For higher stage disease (III/IV), more 
extensive surgery is indicated, and even metastasectomy should be considered in case of 
distant metastases.3,119

ESS tumors express the estrogen receptor (ER) and progesterone receptor in 40-100% of 
the cases.120–122 Therefore, hormone receptors form a potential target for adjuvant and 
palliative therapy. Two retrospective series have suggested a reduction in recurrence rate in 
patients treated with adjuvant progestins.120,123 However, it is unclear which patients would 
benefit from adjuvant hormonal therapy and how long it should be continued. The latter is 
especially relevant since recurrences tend to occur after a long interval, with a median time 
to recurrence of 65 months for stage I disease.117 

For recurrent and metastatic disease, systemic therapies are valuable as (neo)adjuvant 
therapy combined with cytoreductive surgery, or as palliative treatment. Most evidence to 
date is available for the use of progestins, which can induce objective tumor responses in up 
to 76% of the patients.119 There is currently no consensus on which treatments are effective 
after the failure of progestins, but ER-targeted therapies may well be of value. 

We present a patient with ESS that was extensively pretreated. Molecular imaging of 
ER expression was performed by positron emission tomography (PET) with the tracer 
18F-fluoroestradiol (18F-FES). Subsequently therapy with the ER down-regulator fulvestrant 
was initiated. In addition, we provide a systematic review of the literature evaluating the 
evidence for ER-targeted therapies in ESS.

CASE REPORT

A 44-year-old woman was referred to our hospital in 1994. She had been diagnosed 
with a low-grade ESS of the uterus in 1983 for which she had refused surgery. Systemic 
therapy with megestrol acetate 200 mg twice daily was initiated. In 1994 the patient was 
admitted to the gynecology ward of our hospital with progressive vaginal bleeding and 
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bowel obstruction. Cytoreductive surgery was performed including hysterectomy and 
bilateral salpingo-oophorectomy. Histological examination confirmed the presence of low-
grade ESS (figure 1). Complete debulking could not be achieved and megestrol acetate was 
continued which led to a radiologic complete response. There was no evidence of disease 
until in November 2002 an intra-abdominal cystic mass was detected on MRI. The patient 
underwent complete cytoreductive surgery. Pathologic investigation of the tumor reported 
oval-shaped tumor cells with small nucleoli in the omentum and the cystic tumor with 
a morphology comparable to the earlier (low-grade) ESS. Tumor ER and PR staining was 
however repeatedly negative. Despite negativity in hormone receptors, megestrol acetate 
was continued given the earlier disease control. In 2005, progression on megestrol acetate 
was noted with local recurrence, mesenterial metastases, metastases on the peritoneal 
surface of the liver and lung metastases. Tamoxifen 20 mg once daily was initiated, which 
the patient stopped on her own initiative after 4 weeks of therapy due to side effects. She 
did not receive antitumor therapy thereafter until she developed pain symptoms in March 

A	  

B	  

C	  

H/E	  

CD10	  

ER	  

Figure 1. Hematoxylin and eosin (A) and CD10 staining (B) indicative of low-grade ESS. ER staining (C) was weakly 
positive in a small fraction of tumor cells.
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2010 and anastrozole 1 mg once daily was started. Computed tomography (CT) scan after 6 
months indicated stable disease. 

In February 2012 extensive progression was noted on CT-scan with target lesion diameter 
increasing from 35 mm to 65 mm by Response Evaluation Criteria in Solid Tumors (RECIST).110 
Evidence-based therapies were no longer available. To evaluate whether off-label ER-
targeted therapy would be a potential option, the patient was referred for molecular 
imaging of ER expression by 18F-FES-PET/CT (Siemens CTI), as described previously.50 In 
contrast to the earlier immunohistochemistry, 18F-FES-PET/CT suggested ER positivity in 
pulmonary metastases, multiple lymph nodes, a parenchymal liver metastasis and pelvic 
masses. 18F-FES uptake was quantified in a total of 5 lesions according to the European 
Association of Nuclear Medicine criteria (maximum standardized uptake value [SUVmax]).

27 
Tumor 18F-FES uptake was higher than generally observed in ER positive breast cancer 
patients (SUVmax 11.8 vs. 5.9).50 Based on 18F-FES-PET results, off-label treatment with the 
pure ER antagonist fulvestrant was initiated, according to current practice in breast cancer 
(per intramuscular injections of 500 mg q4w plus a 500 mg loading dose on day 14). A 
clinical response was noted with subjective relief of pain and abdominal complaints. 18F-FES-
PET/CT-scan was repeated after 6 months of therapy and indicated a strong decrease in 
18F-FES binding. Average pre- and post-treatment 18F-FES uptake was 11.8 vs. 4.1 (-65%), 
supporting blockage and/ or degradation of the ER by fulvestrant. CT-scan revealed stable 
disease (-15% according to RECIST v1.1). The patient is now alive with disease for 29 years 
since primary diagnosis. Representative pre- and post-treatment 18F-FES-PET/CT images are 
shown in figure 2 and treatment overview in table 1. Informed consent for publication was 
obtained from the patient. 

DISCUSSION

ESS is a tumor type that has a high relapse rate despite its indolent growth. Patients will 
therefore often require systemic therapy at some point. We systematically reviewed the 
available literature to evaluate the evidence for ER-targeted therapy after progestin failure 
for metastatic ESS.

Data of nine case reports and small series in a total of 25 subjects with metastatic ESS, that 
allowed evaluation of the efficacy of ER-targeted therapies, were retrieved by our search 
strategy (table 2). There is limited evidence for efficacy of the non-steroidal aromatase 
inhibitors letrozole and anastrozole.122,124–133 In these reports, 19 of 22 (86%) patients 
experienced clinical benefit (objective tumor response or stable disease ≥6 months), and 15 
of 22 (68%) objective (radiologic) tumor response. The latter illustrates that the observed 
treatment effects are not simply a result of the indolent course of disease. The response 
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Table 1: Treatments of the presented patient

Treatment Efficacy Response duration (months)
(1) Megestrol acetate 200 mg bid SD 84
(2) Megestrol acetate (following surgery)  160 mg od CR 96
(3) Tamoxifen 20 mg od n.a.  -
(4) Anastrozole 1 mg od SD 23
(5) Fulvestrant 500 mg q4w plus 500 mg at day 14 SD 14+

Abbreviations: od=once daily; bid=twice daily; q4w=every 4 weeks n.a.=not available (due to discontinuation); SD 
= stable disease; CR = complete response; 
+ indicates an ongoing response at the time of analysis. 

rate observed on aromatase inhibitors is slightly higher than that on progestins, although 
no comparative studies have been performed. Given the more widespread experience with 
progestins for ESS, the non-steroidal aromatase inhibitors should especially be considered 
as 2nd line therapy until more data are available. 

For the steroidal aromatase inhibitor exemestane only one case is reported, in which a 
partial response was observed after the failure of anastrozole.126 There is a biological 

 

Pre-treatment During treatment 

CT-scan 

FES-PET/CT 

Figure 2. CT and 18F-FES-PET/CT images of a parailiac lymph node metastasis (arrow) of an endometrial stromal 
sarcoma, before treatment (left) and after 6 months of fulvestrant therapy (right). Pre-treatment lesion diameters 
were 34 x 68 mm and post-treatment 21 x 48 mm (-29%). 18F-FES uptake was strongly reduced by fulvestrant 
therapy (SUVmax 16.2 vs. 3.5; -78%). Physiological increased 18F-FES uptake can also be observed in intestines due to 
excretion of the tracer. 18F-FES uptake in these areas was not affected by fulvestrant therapy.
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Table 2: Estrogen receptor directed therapies in recurrent ESS

Treatment N Line* OR CBR Duration 
(months)

References

Letrozole or 
anastrozole

14 1st 8 (57) 11 (79) 30+ 122,125–127,129,130

7 2nd 6 (83) 7 (100) 34+ 122,126,127,129,132,133
1 3rd 1 (100) 1 (100) 9 124

Exemestane 1 2nd 1 (100) 1 (100) 6+ 126
Tamoxifen 1 1st 0 0  - 128

1 2nd 0 0  - 124
Fulvestrant 1 3rd 0 1 (100) 14+ This manuscript

Abbreviations: OR = objective response (complete + partial remission); CBR = clinical benefit rate (objective 
response + stable disease >6 months).  Data in parenthesis are percentages. 

* Chemotherapy regimens and adjuvant therapies excluded.
+ indicates an ongoing response at the time of analysis. 

rationale to explore exemestane, also after failure of non-steroidal aromatase inhibitors. 
While the non-steroidal aromatase inhibitors anastrozole and letrozole reversibly bind 
to the porphyrin group at the aromatase enzyme site, the structurally different steroidal 
aromatase inhibitor exemestane irreversibly binds the ligand-binding pocket of the enzyme. 
Due to these differences there is non-cross-resistance between both types. This is supported 
by large breast cancer studies that have shown responses to exemestane after progression 
on anastrozole or letrozole.134

Data on the use of the selective ER modulator tamoxifen are largely inconsistent. Where 
according to the National Comprehensive Cancer Network (NCCN) guideline for uterine 
cancer tamoxifen may be considered, studies suggest that tamoxifen may actually increase 
the risk for developing ESS and negatively impact its disease course.3,124,128,135–140 Tamoxifen 
is also associated with an increased risk of endometrial carcinoma, hyperplasia and polyps. 
This can be explained by the fact that tamoxifen, in contrast to its antagonistic activity in 
breast cancer, exerts agonistic effects in endometrial tissue. This tissue-specific mechanism 
of action is a result of differentially expressed co-regulatory proteins in endometrial cells 
compared to breast cancer cells. Whereas tamoxifen results in the recruitment of co-
repressors at the target promoter site in breast cancer cells, in endometrial cells tamoxifen 
induces the recruitment of co-activators.141,142 This eventually leads to the transcription of 
genes responsible for increased proliferation and cell survival. 

No report on the efficacy of the pure ER antagonist fulvestrant in ESS was retrieved by 
our search strategy. A negative publication bias, however, for unsuccessful administration 
of fulvestrant may exist. Fulvestrant binds irreversibly to the ER and induces a different 
conformation as compared to tamoxifen. This altered conformation results in inactive 
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complexes of the regions responsible for recruitment of co-activators. Indeed, fulvestrant 
has no known agonistic effects.143 In addition, fulvestrant increases the degradation of 
ER resulting in reduced expression levels. These characteristics provided a rationale for 
exploring fulvestrant therapy in the presented case. 

We show for the first time the use of molecular imaging of ER expression in ESS, to provide 
a biological rationale for further exploration of ER-targeted therapies. The presented patient 
experienced progression after extensive pretreatment with endocrine agents, including 
treatment with a progestin and an aromatase inhibitor. Based on 18F-FES-PET results 
treatment with fulvestrant was initiated, which resulted in prolonged stable disease. 

Although there are no trials in ESS that have shown the predictive value of ER expression for 
response to endocrine therapy, in other tumor types the predictive value of ER expression 
for response to endocrine therapy is well-established.22 Molecular imaging by 18F-FES-PET 
is a novel method to determine ER expression in vivo. In breast cancer studies, 18F-FES-
PET showed ER positive metastases with high specificity.36-107 Also, 18F-FES-PET predicted 
response to endocrine therapies in a small series of breast cancer patients.57,63,64 Not all ESS 
tumors are positive for ER expression, and transition from ESS to poorly or undifferentiated 
uterine sarcomas has been described.144 18F-FES-PET may therefore be valuable to select 
ESS patients eligible for ER-targeted therapies, by providing up-to-date information on ER 
status of the metastases. Interestingly, our patient had an earlier ER negative tumor by 
immunohistochemistry, while 18F-FES-PET was positive. Although we are unable to fully 
explain the discordance, changes in ER expression during disease progression have been 
observed in other tumor types.9 Alternatively, histology may generate sampling errors due 
to heterogeneity of ER expression or render false-negative results.15,103,113 Nevertheless, the 
benefit obtained from fulvestrant therapy supported the findings on 18F-FES-PET.

CONCLUSION

Molecular imaging of ER expression in a patient with metastatic ESS provided insight in 
the relevance of the ER in this disease. Based on a systematic review of the literature, 
patients with metastatic ESS that progress following progestin therapy should be treated 
with a steroidal aromatase inhibitor. Non-cross-resistance with the non-steroidal aromatase 
inhibitor exemestane provides a biological rationale for this treatment, although clinical 
data on its efficacy in ESS are lacking. Given our results, the selective ER down-regulator 
fulvestrant may also be added to the endocrine armamentarium. The rarity of this disease 
makes it challenging to perform robust prospective trials, although such initiatives would 
obviously be applauded. 
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3A
SEARCH STRATEGY

A review of the literature was undertaken to evaluate endocrine treatment options for ESS 
and their efficacy. Using PubMed search engine and the keywords “endometrial stromal 
sarcoma” AND “low” AND “grade”, 290 papers were selected. Thereafter articles were 
filtered for 1) full text, 2) written in English, and 3) published after 1970. Case reports, 
clinical studies and comparative studies were selected. No randomized trials were available. 
The titles and abstracts of the remaining 127 papers were manually screened for relevance. 

A combination of the keywords “ESS” and “tamoxifen” or “anastrozole” or “letrozole” or 
“exemestane” or “fulvestrant” was used to identify remaining articles that were not detected 
by our first search strategy. Reports in which endocrine therapy was given as adjuvant 
therapy were excluded since these do not allow response evaluation.
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ABSTRACT

It is unknown whether the current dose of fulvestrant, an estrogen receptor (ER) 
downregulator, is sufficient for maximal ER downregulation in patients with metastatic 
breast cancer. We performed a feasibility study to assess ER availability before and during 
fulvestrant. Sixteen patients with ER positive metastatic breast cancer underwent positron 
emission tomography/computed tomography (PET/CT) at baseline (scan 1), day 28 (scan 
2) and day 84 (scan 3) to monitor tumor [18F]fluoroestradiol (18F-FES) uptake. Incomplete 
reduction in ER availability was predefined as < 75% decrease in median tumor 18F-FES uptake 
and a residual standardized uptake value (SUVmax) ≥ 1.5. In total 131 18F-FES positive lesions 
were identified (median SUVmax of 2.9, range 1.7-6.5). The median change in patients during 
fulvestrant treatment was -85% at Scan 2, but varied widely (-99% to +60%). Fulvestrant 
reduced tumor 18F-FES uptake incompletely at Scan 2 in 6 (38%) of the 16 patients, which 
was associated with early progression.

Serial imaging of tumor estrogen uptake by 18F-FES-PET can give insight into the dose needed 
for estrogen receptor antagonists to completely abolish ER. 18F-FES-PET showed significant 
residual ER availability in tumors during fulvestrant therapy in 38% of patients, which was 
associated with early progression. 
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INTRODUCTION

Fulvestrant, a pure estrogen receptor (ER) antagonist, is used as treatment for advanced 
and metastatic ER positive breast cancer. Its method of action is unique in that it not only 
competitively binds to the ER, but also reduces its expression.143 In preclinical studies, 
fulvestrant was shown to completely down-regulate tumor ER expression and inhibit 
estrogen-mediated tumor growth.145 In early clinical studies, no dose-limiting toxicities 
were detected, and 250 mg intramuscularly every 4 weeks was approved as standard dose, 
given that higher doses cannot be administered as a single injection due to the solubility of 
the drug.146,147 However, serial biopsy studies showed that ER expression is down regulated 
incompletely at the 250 mg dose.147 A loading-dose regimen was therefore explored more 
recently:  500 mg at day 1 and 250 mg at day 14, 28 and every 4 weeks thereafter, and a 
high-dose regimen consisting of 500 mg at day 1, 14, 28 and every 4 weeks thereafter. Due 
to a progression-free survival (PFS) gain in the high-dose regimen from 5.5 to 6.5 months in 
a phase III trial, the high-dose regimen ultimately became the current standard.78 High-dose 
fulvestrant as first treatment also showed favorable outcome compared with anastrozole, 
with a median PFS of 23 versus 13 months.148 However, 38% of patients still do not obtain 
clinical benefit from fulvestrant and hence progress within 24 weeks of therapy.78 Reasons 
for therapy failure include lost ER expression and insufficient dosing of fulvestrant.9,11 

Positron emission tomography/computed tomography (PET/CT) with the tracer [18F]
fluoroestradiol (18F-FES) can be used for serial whole body evaluation of tumor ER expression 
and blockage of ER binding by endocrine therapies.149 Previous studies have evaluated serial 
18F-FES-PET during endocrine therapy, among which also one study with fulvestrant.53 In this 
retrospective study the majority of patients used the lower (250 mg) dose of fulvestrant, 
only one follow-up scan was performed and at various pharmacokinetic moments. 

Our prospective study was designed to evaluate whether the current standard dose of 500 
mg fulvestrant optimally abolishes ER availability in the tumor at two different time points 
during treatment (day 28 and 84), with care for timing of the PET scans just prior to the next 
dose of fulvestrant. 

METHODS

The study was conducted at the University Medical Center Groningen (UMCG), the 
Netherlands, in accordance with the principles of Good Clinical Practice and the Declaration 
of Helsinki. The UMCG Institutional Review Board approved the protocol, and patients 
provided written informed consent before participation. The study was registered in the 
clinicaltrials.gov database (NCT01377324).
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Study population
Medical oncologists in our center and our referring non-academic hospitals identified 
patients for the imaging study. They get regular updates about ongoing trials in our center 
and have a web-based access to summaries of ongoing trials. Postmenopausal patients with 
ER positive metastatic breast cancer were eligible for the study when they had progressive 
disease after 2 or 3 lines of palliative hormonal therapy. Other eligibility criteria were 
ECOG performance ≤ 2, life expectancy > 3 months, and a creatinine clearance > 30 mL/
min. Exclusion criteria were previous fulvestrant therapy, the presence of life-threatening 
visceral metastases, central nervous system metastases, and more than 2 lines of palliative 
chemotherapy. To prevent competition between 18F-FES and drugs from previous therapies, 
the patients were required to discontinue drugs known to bind ER for at least 5 weeks prior 
to baseline PET imaging.50

Study design
We performed an imaging trial in patients on salvage endocrine therapy with standard 
fulvestrant dosing. The timing of the imaging is done such that patients are imaged just prior 
to fulvestrant administration. The aim of this feasibility study was to evaluate the effects of 
fulvestrant on ER availability. The primary end point was to evaluate the number of patients 
and lesions in which fulvestrant incompletely abolished tumor ER availability. Secondary 
end points were the correlation between 18F-FES-PET results, plasma fulvestrant levels, and 
treatment outcome; to evaluate the heterogeneity of 18F-FES uptake among lesions and 
between individuals, and the feasibility to quantify liver lesions by 18F-FES-PET. 

Study measurements
All patients were treated uniformly with fulvestrant 500 mg intramuscularly on day 1, 14, 
28, and every 4 weeks thereafter. Baseline measurements included recording of symptoms, 
performance status, physical examination (including size and weight), laboratory tests 
(including hormonal status and tumor markers), and a diagnostic CT scan. Clinical follow-
up, including clinical history, performance status, physical examination and laboratory tests, 
was performed every 4 weeks. Follow-up of serum tumor marker (CA15.3) and diagnostic 
CT-scans was performed after 84 days (concurrently with 18F-FES-PET), after 6 months, and 
thereafter when progression was suspected based on clinical assessment or biochemistry. 

Response assessment was performed by radiologic imaging using RECIST v1.1 criteria, as 
well as clinical and biochemical parameters. Patients were considered to have radiologic 
PD when they had > 20% increase in measurable lesions, when new lesions were detected 
during follow-up, or when there was unequivocal progression of existing lesions.110 Clinical 
PD could also develop before radiologic response assessment or in the setting of radiographic 
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SD. In these instances PD was defined as an overall level of substantial worsening such 
that the overall tumor burden, biochemistry (e.g. tumor markers, liver function), and / 
or complaints increased sufficiently to merit discontinuation of therapy. 63 Final response 
classification was done by the treating medical oncologist while blinded for 18F-FES-PET 
results. All patients without PD for at least 24 weeks were classified as having clinical benefit 
derived from fulvestrant. 78 Treatment was continued until PD, withdrawal of consent or 
severe toxicity. Adverse events were documented and graded during the first 6 months of 
therapy, according to the Common Terminology Criteria of Adverse Events (version 3.0).

Pharmacodynamic biomarker
In vivo ER availability was assessed by 18F-FES-PET/CT on a hybrid PET/CT camera with a 
64-slice CT and high definition and time-of-flight PET (Siemens Medical Systems, Knoxville, 
TN). 18F-FES was produced and administered to the patient as described earlier.50,108 The 
mean radiochemical yield 18F-FES was 30.4% with a radiochemical purity of 99.9%, and a 
specific activity of 678.095 GBq/mmol. The mean injected dose of 18F-FES was 204 MBq 
± 23 MBq. A few hours prior to the next fulvestrant dose, 18F-FES-PET/CT was performed 
at baseline (scan 1), day 28 ± 2 (scan 2) and 84 ± 2 (scan 3).  PET scan 1 and scan 3 were 
combined with a diagnostic CT scan as part of the staging. 18F-FES-PET scan 2 was combined 
with a low-dose CT for attenuation correction. 

18F-FES uptake was quantified at the three time points for tumor lesions detected by PET/
CT at baseline, according to the guidelines of the European Association of Nuclear Medicine 
(EANM).27 18F-FES uptake for individual lesions was expressed as SUVmax. We used the 
previously published threshold of SUVmax ≥ 1.5 to define 18F-FES positive lesions.63,149 When 
calculating the relative change in 18F-FES uptake, only 18F-FES positive lesions were included. 
18F-FES uptake was also expressed as SUVmax corrected for physiological background 
(SUVcor).

150 Background-correction was applied by using the unaffected contra-lateral site 
whenever available, or surrounding tissue of the same origin. Liver lesions were excluded 
from quantitative analysis given the high physiological background of 18F-FES uptake in 
healthy liver tissue. 

We observed that patients that had used tamoxifen until 5 weeks prior to 18F-FES-PET 
had a very low tumor 18F-FES uptake. Therefore, for an explorative analysis, we used an 
earlier 18F-FES-PET scan while the patients were on aromatase inhibitor therapy as baseline 
measure to correct for tamoxifen effects in two patients. Since this resulted in not only 
higher 18F-FES uptake, but also the identification of more 18F-FES avid lesions, we calculated 
the decline in 18F-FES uptake for all lesions. 

For patient-based analysis, the median SUVmax and median SUVcor for up to an arbitrary 
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maximum of 20 lesions were calculated. Incomplete reduction in ER availability in a patient 
was defined as a relative decrease in 18F-FES uptake of less than 75% in median tumor 
lesion SUVcor and an absolute median tumor lesion SUVmax ≥ 1.5. The 75% cutoff point was 
chosen based on an earlier ~50% decrease with the lower (250 mg) dose of fulvestrant in a 
retrospective study.53

PK assessments
Plasma fulvestrant levels were determined by liquid chromatography-tandem mass 
spectrometry (LC/MS/MS) on the same days as scan 2 and scan 3. Serum estradiol levels 
were determined by fluorescent-immuno-assay concurrently with scan 1, scan 2 and scan 
3. Since fulvestrant is known to cause cross-reactivity with the estradiol assay, calibration 
curves were obtained to assess the increase in apparent serum estradiol levels for increasing 
doses of fulvestrant (supplemental figure 1). This calibration curve was used to correct the 
measured estradiol levels in patient serum for the measured fulvestrant plasma levels on 
LC/MS/MS. Plasma fulvestrant levels and corrected serum estradiol levels were correlated 
with findings on 18F-FES-PET.

Statistical analysis
We aimed to include 15 patients to provide an estimate of the proportion of patients with 
incomplete reduction in 18F-FES tumor uptake defined as described previously (relative 
decrease < 75% in median lesion SUVcor and absolute median tumor SUVmax ≥ 1.5). Statistical 
analysis was performed in IBM SPSS Statistics version 20.0. Tumor 18F-FES uptake was tested 
for normality. Wilcoxon signed-rank test was used to evaluate changes in 18F-FES uptake 
between scan 2 and scan 3, and Mann Whitney U for changes between patients having 
clinical benefit from fulvestrant versus patients with PD. Receiver operating characteristics 
(ROC) analysis was performed to evaluate the optimal threshold to predict therapy outcome 
by 18F-FES-PET. 

RESULTS

Patients and treatment outcome
Between June 2011 and February 2013, 16 patients were included and assigned to fulvestrant 
treatment 500 mg intramuscularly on day 1, 14, 28 and every 4 weeks thereafter. All had 
received prior palliative tamoxifen and aromatase inhibitor therapy, and five had received 
prior palliative chemotherapy. Response to treatment was evaluated by serial CT-scan and 
clinical assessment. Seven patients met the criteria for measurable disease according to 
response evaluation criteria in solid tumors (RECIST v1.1) at baseline,110 six patients had 
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non-measurable nodal or visceral involvement and three patients had bone-only disease. 
Detailed patient characteristics at study entry are provided in table 1. 

According to RECIST 1.1 criteria, fulvestrant induced one partial response (PR). Stable disease 
(SD) was observed in eight patients ≥ 24 weeks; three of these had measurable disease 
at baseline. In the remaining five patients with SD, no evidence of radiologic or clinical 
progressive disease (PD) was detected, and all five had a decrease in tumor marker CA15.3 
(range -5% to -66%). Finally, four patients had radiologic PD, and two had clinical PD. Clinical 
PD was evident from deterioration of symptoms and a threefold to twelvefold increase in 
CA15.3. Treatment response could not be determined in one patient who withdrew consent 
after 1 month of therapy. 

The median follow-up was 6.5 months (range 1.9–15.9 months). Of the 16 patients, 15 
discontinued fulvestrant with a median PFS of 6.2 months. The remaining patient is currently 
receiving fulvestrant for more than 16 months. Fulvestrant was well tolerated. One grade 
3 adverse event was observed, a urinary tract infection, after which the patient requested 
treatment withdrawal despite partial response on the CT scan.

Table 1: Patient Characteristics

Characteristic n
Number of patients 16
Age, years (range)

Median
Range

55
45-72

BMI, kg/m2

Median (± SD) 24 ± 4 
Female 16
Primary tumor receptor status

ER positive
PR positive 
HER2 positive

16
11
0

Site of disease
Bone only 
Bone + visceral (± nodes)
Bone + nodes
Visceral only

3
8
3
2

Prior lines of palliative endocrine therapies
Tamoxifen,  aromatase inhibitor 
Tamoxifen, aromatase inhibitor,  megestrol

14
2

Prior lines of chemotherapy for metastatic disease
0
1
2

11
4
1

Abbreviations: BMI, body mass index; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal 
growth factor receptor 2.
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18F-FES-PET/CT analysis
18F-FES-PET was performed to evaluate tumor ER availability before and during treatment. 
All patients had at least one 18F-FES positive lesion at scan 1. A total of 131 18F-FES positive 
lesions were identified on 18F-FES-PET/CT (107 bone lesions, 17 lymph nodes, four lung 
metastases, one ovarian metastasis and one perineal metastasis). In addition, the CT scan 
revealed 18F-FES negative metastases (n=11 bone lesions and one lymph node) in five (31%) 
of 16 patients. Finally, seven liver metastases were detected. 18F-FES uptake could not be 
reliably quantified in liver metastases due to high background 18F-FES uptake in healthy 
liver tissue. Baseline maximum standardized uptake value (SUVmax) of 18F-FES varied greatly 
among lesions (median 3.4; range 1.4–17.4) and patients (median 2.9; range 1.7–6.5).

Scan 2 was available for all patients; for 12 patients at day 28, two patients at day 56 (prior 
to 4th fulvestrant administration), and in two patients at day 84 (prior to 5th fulvestrant 
administration). Scan 3 was available for nine patients, whereas seven patients did not 
receive the third scan due to due to early progression (n=3), treatment withdrawal (n=2) 
and logistic reasons (n=2). 

At scan 2, the median change in 18F-FES uptake for the 16 patients was -85% (range -99 to 
+60%). Median residual tumor SUVmax was 1.7 (range 1.1–3.8). A median reduction in 18F-FES 
tumor uptake of more than 75% was observed in nine of the 16 patients, while incomplete 
reduction (range -58% to +60%) with a residual SUVmax ≥ 1.5 was observed in six patients. 
One patient had a relative decrease in 18F-FES uptake of less than 75%, but residual SUVmax 
was below the threshold of 1.5. 

Interestingly, even in the nine patients with ≥75% decrease in 18F-FES uptake, four patients 
had residual 18F-FES uptake (SUVmax) above 1.5. In the nine patients for whom three scans 
were available (in 8 of 9 patients on the predefined time points), residual tumor 18F-FES 
uptake did not decrease between scan 2 and scan 3 (median SUVmax 1.6 vs. 1.7, P=0.23), 
which suggests that the maximum effect of fulvestrant 500 mg can be measured after only 
two administrations. Larson-Fox-Gonen plots are provided for representative patients with 
complete (figure 1A) and incomplete (figure 1B) reduction in 18F-FES uptake at scan 2. 18F-FES 
uptake characteristics before and during therapy are provided in table 2. 

Heterogeneity in the reduction in 18F-FES uptake was seen between lesions within individual 
patients. For example, one individual had six lesions with ³ 90% reduction in 18F-FES uptake 
with a residual SUVmax ≤ 1.5, while in seven other lesions a modest reduction of 50-70% 
was observed, with residual SUVmax as high as 4.9 (figure 2). Based on our predefined cutoff 
point, at the second scan eight of 16 patients had lesions with complete reduction in 18F-FES 
uptake, but also lesions with incomplete reduction. Of all lesions quantified, 58 (44%) of 
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Table 2: 18F-FES-PET results in individual patients

Patient Tumor sites FES+ lesions
(n)

Baseline 
SUVmax 

Second
SUVmax 

% 
Change 
SUVcor 

Progression
(months)

1 Bone, lung 20 6.0 2.4 -83 14.7
2 Bone, nodal, lung 20 6.0 1.4 -96 21.9
3 Bone, nodal 2 3.2 1.9 -85 14.7
4 Nodal, lung 3 4.7 3.1 -88 11.7
5 Bone, nodal, lung, liver 1 1.7 1.5 -32 13.3
5* 7 2.3 1.0 -100
6 Perineal, intestinal 1 1.7 1.1 -68 2.8
7 Bone, lung, liver 11 2.4 2.4 +5 1.9
8 Bone-only 12 1.9 1.1 -91 16+  (ongoing)
9§ Bone-only 11 1.8 2.5 +60 4.7
9* 13 2.8 2.4 -26
10 Bone, nodal 6 4.3 1.8 -92 PR (W)
11 Bone-only 3 1.8 1.2 -87 6.8
12§ Bone, liver 2 2.7 1.9 -58 1.9
13 Bone, nodal, liver 7 4.1 2.1 -58 3.7
14 Bone, nodal, ovarian 9 6.0 1.1 -89 2.8
15 Bone, nodal 20 5.5 3.8 -45 NE (W)
16 Bone, skin, intestinal 3 2.7 1.2 -99 6.2

Abbreviations: SUVmax, maximum standardized uptake value; SUVcor, background-corrected standardized uptake 
value; PR, partial response; NE, not evaluable; W, withdrew. Data presented are median values of all quantified 
lesions. 

* Two patients had recent tamoxifen treatment and very low baseline uptake. An earlier 18F-FES-PET scan while 
using an aromatase inhibitor provided additional insights (see Results section: Tamoxifen Effects on Baseline PET 
Measures)
§ Patients with clinical PD

Figure 1. 
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Figure 1.  Change in 18F-FES uptake in the tumor during fulvestrant. (A) A representative patient with incomplete 
reduction in 18F-FES uptake, and (B) a patient with extensive reduction in 18F-FES uptake. Blue dots indicate 
individual lesions, the red square represents the median of all lesions used for patient-based analysis. At the right 
side of the plot the corresponding PET images are shown. The line indicates the 75% reduction threshold.
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131 had  incomplete reduction in 18F-FES uptake on the second 18F-FES-PET. Incomplete 
reduction in individual lesions at scan 2 persisted during treatment. Paired analysis of the 
nine patients with three scans available showed incomplete reduction in 18F-FES uptake in 
18 (26%) of 70 lesions at scan 2 and 20 (29%) at scan 3. 

Correlation between treatment outcome and 18F-FES-PET results
Baseline tumor 18F-FES uptake in metastases of patients having clinical benefit from 
fulvestrant was similar to that in patients with PD (median SUVmax, 3.1 vs. 2.5, P=0.6). A 
previously published57,64 threshold of baseline SUVmax ≥2.0 did not aid in our study to identify 
responding patients. Also the presence of 18F-FES negative lesions at baseline did not predict 
for therapy failure. PD developed in two of five patients with heterogeneous disease with at 
least one 18F-FES negative site, and four of 10 patients with only 18F-FES positive sites. Thus, 
baseline 18F-FES-PET was unable to differentiate between patients that would subsequently 
derive clinical benefit from fulvestrant treatment and those who would not.  

However, the magnitude of changes in tumor 18F-FES uptake corrected for physiological 

Figure 2. Heterogeneous effects of fulvestrant were observed between lesions within individuals. In this patient 
spinal bone metastases showed > 90% reduction in 18F-FES uptake (arrows), while the right femoral lesion had < 
50% decrease (arrowhead). Physiological tracer distribution was observed in liver, intestines, bladder, and at the 
injection site.
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background (SUVcor) was significantly larger in patients having clinical benefit from 
fulvestrant compared to patients with PD (median change SUVcor, -88% vs. -58%, P=0.025). 
Of nine patients with ≥ 75% change in median 18F-FES uptake, 8 (89%) had clinical benefit 
from fulvestrant therapy, compared to only one of six with < 75% decrease. In addition, 
median PFS was 3.3 months for patients with < 75% decrease in 18F-FES uptake vs. 11.7 
months for patients with ≥ 75% decrease (P < 0.05). 18F-FES uptake at baseline and during 
treatment for all individual patients and its relation with response is depicted in figure 3. 
The relative decrease in 18F-FES uptake and its relation with response is shown in figure 4. 
ROC analysis was performed to evaluate whether a threshold other than the predefined 
75% would increase the predictive value. ROC analysis showed that the optimal cutoff point 
was close to our pre-defined threshold of -75%, namely -76%. In a lesion-based analysis, no 
association between changes in 18F-FES uptake in the tumor and size changes on CT scan 
was detected for the limited number of measurable lesions (n=13).

Correlation between tumor 18F-FES uptake and plasma fulvestrant levels
To evaluate whether changes in tumor 18F-FES uptake correspond to individual patient 
plasma fulvestrant levels, blood was drawn at the same day as PET imaging. Plasma 
fulvestrant levels were determined by liquid chromatography tandem mass spectrometry. 
Median patient fulvestrant plasma levels were 33 nmol/L at day 28 and 27 nmol/L at 
day 84 of treatment. Plasma fulvestrant levels varied between patients (16–53 nmol/L). 

FIGURE 3 
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Figure 3. Pre-treatment (squares) and post-treatment (diamonds) background-corrected tumor 18F-FES uptake 
(SUVcor) for all individual patients. Patients are grouped according to their response, in blue patients with partial 
response and stable disease, and in red patients with progressive disease. In two patients with recent tamoxifen 
therapy, a previous baseline PET was available while on aromatase inhibitor therapy. The green squares and 
diamonds represent the values if the previous PET would have been used as baseline measure.
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Although median fulvestrant levels were slightly higher in patients that had clinical benefit 
from fulvestrant compared to patients with PD (39.6 vs. 29.4 nmol/L), plasma fulvestrant 
levels did not correlate with absolute or relative changes in either SUVmax or SUVcor at day 
28 or at day 84. Apparent serum estradiol levels increased by 0.19 ± 0.05 nmol/L due to 
cross-reactivity with fulvestrant. The actual serum estradiol levels, corrected for effects of 
fulvestrant, were 0.06 ± 0.02 nmol/L at day 28 and 0.06 ± 0.03 nmol/L at day 84, and hence 
remained in the postmenopausal range (supplemental file). 

Tamoxifen effect on baseline PET measures
Although it was not pre-specified as study endpoint, we did observe an impact of recent 
therapies on baseline scan results. This information could allow further optimization of 
18F-FES-PET/CT study protocols.149 All four patients that withdrew from tamoxifen treatment 
shortly (5-6 weeks) before baseline 18F-FES-PET/CT had lower 18F-FES uptake when compared 
with patients that did not recently use tamoxifen (median SUVmax 1.7 vs. 4.1, P=0.004). 
Interestingly, an earlier 18F-FES-PET, which was made during treatment with an aromatase 
inhibitor, was available for two of these four patients.50

One patient had clinical benefit despite a reduction in 18F-FES uptake of only 32%. In this 
patient, baseline SUVmax was 1.7 in the current study, while previous 18F-FES uptake (during 
aromatase inhibitor therapy) was much higher (SUVmax 3.1) and more tumor lesions were 
visible. If the scan while on aromatase inhibitor was used as the baseline measure, a median 
100% decrease in 18F-FES uptake would have been observed during fulvestrant therapy. 
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Figure 4. Waterfall plot showing the relative change in median tumor 18F-FES uptake (SUVcor) in individual patients 
at the second scan compared to baseline. The predefined 75% reduction threshold is indicated. Patients that used 
tamoxifen until 5 weeks prior to baseline PET are indicated (*). In two patients with recent tamoxifen therapy, a 
previous baseline PET was available while on aromatase inhibitor therapy. The shaded bars represent the values if 
the previous PET would have been used as baseline measure.
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This would have correctly identified this patient as a responder. The second patient who 
used tamoxifen until 5 weeks prior to baseline PET had similarly low uptake at baseline 
(SUVmax 1.8). Paradoxically, fulvestrant induced a median 60% increase in 18F-FES uptake 
in this patient. 18F-FES uptake at the earlier scan during aromatase inhibitor therapy was 
higher (median SUVmax 2.8). If this scan was used as baseline scan, 18F-FES uptake would 
have decreased by 26% during fulvestrant treatment, hence still identifying this patient as 
non-responder. Together, these results suggest that tamoxifen and its metabolites partly 
block 18F-FES uptake in the tumor, even after a 5-week drug-free period.

When patients with residual tamoxifen effects are excluded from our analysis, fulvestrant 
would have decreased median 18F-FES uptake by 86% and in all patients, by 91% in patients 
with clinical benefit (n=7 patients), and -58% in non-responding patients (n=4 patients). 
Four of 12 patients (33%) would have had incomplete reduction in ER availability. Seven 
of eight patients with > 75% decrease in 18F-FES uptake would have had clinical benefit 
from fulvestrant therapy (PPV 88%), compared to none of four patients with incomplete 
reduction in 18F-FES uptake (NPV 100%). When data corrected for previous tamoxifen use 
are included, the PPV increased to 89% and NPV remained 100%. 

DISCUSSION

This is the first serial PET imaging study evaluating the effects of fulvestrant 500 mg on 
18F-FES uptake in metastatic breast cancer patients. The fulvestrant-induced reduction in 
18F-FES uptake in the tumor varied widely between patients: incomplete reduction in 18F-FES 
uptake after 4 weeks was observed in 38% of the patients.

In contrast to tamoxifen, fulvestrant is a pure ER antagonist, which can down-regulate ER 
expression in a dose-dependent fashion without any agonistic effects. Therefore 18F-FES-PET 
is a very suitable technique to study the ability of fulvestrant to reduce ER availability and to 
correlate this parameter with treatment response. 

18F-FES-PET data is available for patients treated with tamoxifen.64,53 For example, in a study 
in 40 patients, after 7–10 days of tamoxifen therapy 18F-FES uptake decreased by 55% in 
patients having clinical benefit compared to 19% in non-responding patients.64 However, 
this incomplete reduction in 18F-FES uptake should not lead to the conclusion that tamoxifen 
dosing is suboptimal, as it can take several weeks for tamoxifen to reach steady-state levels.

A retrospective study in 11 patients who underwent fulvestrant therapy showed a mean 
decrease of 49% in 18F-FES uptake in tumors.53 This study differed from our current study 
in several respects. Patients had received lower fulvestrant doses, i.e. 250 mg or 500 mg at 
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day 1, followed by 250 mg on day 14, 28 and every 4 weeks. Also, only one follow-up scan 
was performed, between 1 and 18 weeks after therapy initiation. Moreover the 18F-FES-
PET scans were not synchronized with fulvestrant injections. This may be of importance 
since plasma fulvestrant levels can vary 10-fold in-between two administrations.151 We 
therefore performed 18F-FES-PET at stringent time points in all patients, concurrent with 
determination of plasma fulvestrant levels.

In our study, patients were required to discontinue tamoxifen at least 5 weeks prior to 
baseline 18F-FES-PET to prevent competitive binding.50 However, the lowest median 18F-FES 
uptake was recorded in the four patients that used tamoxifen until 5 weeks prior to 18F-FES-
PET. In two of these patients, an earlier 18F-FES-PET scan was available while they were still 
on aromatase inhibitor treatment. These PET scans showed more tumor lesions and a higher 
median SUVmax. It is likely that a 5 week stopping period for tamoxifen is too short to reliably 
measure baseline ER expression by 18F-FES-PET. It takes several weeks for tamoxifen and 
metabolites to reach steady state levels due to their long half life. Additionally, metabolites 
such as 4-hydroxytamoxifen and N-desmethyltamoxifen reach a higher concentration in 
cancer tissue than in normal tissue. 76 Therefore, weeks after discontinuation of tamoxifen 
there may well be residual effects of tamoxifen metabolites in the tumor. Interestingly, 
we did not observe a correlation between plasma drug levels in individual patients and 
effects on tumor 18F-FES uptake. Thus, measuring plasma fulvestrant levels does not provide 
information on whether the dose is sufficient to optimally exert its effect at the tumor site. 
Fulvestrant effects at the tumor site could possibly depend not only on plasma levels, but 
also on various other factors (e.g. tumor size, vascularization, ER levels, and presence of 
mutations in the ligand binding domain of the ER), which could explain the lack of correlation. 

The effect of fulvestrant on tumor ER availability could be visualized after only two doses of 
fulvestrant. In this feasibility study with a small number of patients, a reduction in 18F-FES 
uptake larger than 75% was significantly associated with clinical benefit. Early prediction of 
treatment response would be valuable given that it takes several months before therapy 
effects can be reliably measured by anatomical imaging techniques, such as CT-scan.106 
Moreover, ER positive breast cancer is characterized by bone-dominant disease,152 as 
was also evident in this study. It is notoriously difficult to evaluate treatment response in 
bone lesions, and therefore they are considered non-measurable by RECIST v1.1 criteria. 
Therefore, future studies should address whether serial 18F-FES-PET can offer an early 
response measurement in patients with bone-dominant disease. 

Our study has some limitations. First, given the character of the study the sample size was 
relatively modest. Due to progressive disease and treatment withdrawal a third scan was 
available in only nine patients. In four patients, scan 2 was delayed for logistic reasons. The 
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scans were however still performed on the same pharmacokinetic trough, i.e. just prior to 
dosing of fulvestrant. Given the fact that tumor 18F-FES uptake remained stable between 
scan 2 and scan 3 in the eight patients with three serial scans available on the exact 
predetermined scan times, this delay did likely not affect our results. Secondly, it is difficult 
to address the effects of 18F-FES negative lesions on fulvestrant efficacy from our data. CT-
scan revealed only 12 18F-FES negative (SUVmax < 1.5) lesions at baseline. Given the sensitivity 
of CT for bone metastases the number of 18F-FES negative lesions may be underestimated in 
this study. Others have used 18F-FDG-PET together with 18F-FES-PET for the identification of 
18F-FES negative lesions. 52 However this has also clear limitations. It is known that 18F-FDG-
PET can fail to visualize osteoblastic bone metastases and accumulation of 18F-FDG in 
inflammatory cells can also result in false-positive findings.153 Also, the data corrected for 
tamoxifen should be regarded exploratory as temporal changes in ER expression cannot be 
excluded. Finally, availability of serial tumor biopsies could have provided additional insights 
such as discrimination between decrease in 18F-FES uptake due to downregulation of ER 
expression and occupancy of ERs with preserved expression. Although also ER might be 
heterogeneously expressed across tumor lesions within a patient.

We observed that patients with incomplete reduction in 18F-FES uptake were more likely 
to develop PD within 24 weeks of therapy initiation. A recent phase I study on the anti-
androgen ARN-509 showed that increasing doses resulted in a plateau in which > 90% 
of tumor androgen uptake was blocked as measured by [18F]fluordihydrotestosterone 
(18F-FDHT) PET.154 If we had applied the -90% threshold, only four (25%) of 16 patients would 
have obtained complete reduction in tumor ER uptake. Given the resemblance between 
fulvestrant and ARN-509 – both are nuclear hormone receptor antagonists – and between 
18F-FES-PET and 18F-FDHT-PET, it may be possible that > 90% reduction in 18F-FES uptake 
can also be obtained with higher doses of fulvestrant. This may also be clinically feasible. 
In the randomized phase III study comparing fulvestrant 500 mg to 250 mg, toxicity was 
equally mild in both groups.78,84 In addition, in a neoadjuvant study in premenopausal 
patients, a single injection with fulvestrant 750 mg was well tolerated.155 As an alternative 
to an increased dose, a higher frequency of administration (e.g. 2- or 3-weekly) might also 
be an option. However, our results suggest that not all patients need a higher dose, since 
fulvestrant excellently reduced ER availability in 62% of the patients. Conversely, not all 
patients with complete reduction in ER availability will experience clinical benefit, since 
other mechanisms aside from inadequate dosing can be responsible for therapy failure. 
Among these potential mechanisms are ESR1 mutation and up-regulation of growth factor 
receptor pathways. 174

The optimal drug dose that leads to complete reduction in ER availability could be verified 
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with 18F-FES-PET. This approach would clearly differ from the current approach for endocrine 
drugs, where the principle ‘one-dose-fits-all’ is applied, despite the fact that serum and 
tissue drug levels can vary considerably between patients and at different doses.76 Some 
authors have therefore suggested therapeutic drug monitoring and dose escalation based 
on serum or plasma drug levels.156 In addition, 18F-FES-PET could prove useful during 
drug development, to evaluate the dose required for optimal ER downregulation for new 
compounds that block or degrade ER.
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ABSTRACT

Whereas anti-estrogen therapy is widely applied to treat estrogen receptor (ER) positive 
breast cancer, paradoxically, also estrogens can induce tumor regression. Up-regulation of ER 
expression is a marker for estrogen hypersensitivity. We therefore performed an exploratory 
study to evaluate positron emission tomography (PET) with the tracer 16α-[18F]fluoro-17β-
estradiol (18F-FES) as potential marker to select breast cancer patients for estradiol therapy. 

Eligible were patients with acquired endocrine-resistant metastatic breast cancer, who 
progressed after ≥2 lines of endocrine therapy. All patients had prior ER positive histology. 
Treatment consisted of estradiol 2 mg, 3 times daily orally. Patients underwent 18F-FES-PET/
CT imaging at baseline. Tumor 18F-FES uptake was quantified for a maximum of 20 lesions 
and expressed as maximum standardized uptake value (SUVmax). CT-scan was repeated every 
3 months to evaluate treatment response. Clinical benefit was defined as time to radiologic 
or clinical progression ≥24 weeks. Serum tumor markers (CA15.3 and CEA) and serum bone 
turnover markers were serially assessed. 

18F-FES uptake, quantified for 255 lesions in 19 patients, varied greatly between lesions 
(median 2.8; range 0.6–24.3) and between patients (median 2.5; range 1.1–15.5). Seven 
(37%) patients experienced clinical benefit of estrogen therapy, eight progressed (PD), and 
four were non-evaluable due to side effects. The positive and negative predictive value 
(PPV/NPV) of 18F-FES-PET using SUVmax >1.5 were 60% (95% CI: 31–83%) and 80% (95% CI: 
38–96%) respectively. Combining 18F-FES-PET/CT with tumor marker response and bone 
turnover markers resulted in a PPV of 100%. 

The high NPV of 18F-FES-PET for response to estradiol therapy deserves further exploration. 
Taking into account tumor markers and bone turnover markers alongside with 18F-FES-PET 
may aid to obtain also a high PPV.
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INTRODUCTION

Until the introduction of tamoxifen, additive estrogens such as the synthetic diethylstilbestrol 
(DES) were considered the hormonal treatment of choice in postmenopausal women. In a 
randomized study in 143 postmenopausal patients with metastatic breast cancer, first line 
endocrine therapy with DES was equally effective as tamoxifen with a response rate of 41% 
vs. 33%. Yet, tamoxifen became the preferred agent because it showed fewer side effects. 
157 An emerging number of anti-estrogen therapies have become available since. Recently, 
however, additive estrogen therapy has regained interest by showing efficacy in ~35% of 
patients that are extensively pre-treated with anti-estrogens. 158 Interestingly an update of 
the randomized study showed a superior 5-year survival for DES compared to tamoxifen 
(35% vs. 16%) after 14 years of follow-up.159 Moreover, in a recent study a lower dose of 
only 6 mg estradiol rendered similar clinical benefit rates as 30 mg estradiol with fewer 
side effects. Finally, clinical results suggest that estrogens can restore the sensitivity to anti-
estrogens.160 As the majority of patients will not benefit from additive estrogen therapy a 
biomarker for patient selection would be helpful. 

In preclinical studies, long-term estrogen deprivation triggered hypersensitivity to estrogens, 
which is accompanied by a 5 to 10-fold increase in ER expression.161,162 Thus, patients 
that have been treated with anti-estrogens for a long time may likewise have become 
hypersensitive to estrogens. If so, patients that are most likely to benefit from estradiol 
therapy could potentially be identified by high tumor ER expression. Positron emission 
tomography (PET) with 16α-[18F]fluoro-17β-estradiol (18F-FES) can visualize and quantify 
ER expression in breast cancer lesions.149 The aim of this exploratory study was therefore 
to evaluate 18F-FES-PET as a potential marker to select breast cancer patients for estradiol 
therapy. 

In the setting of ER positive metastatic breast cancer, response assessment is notoriously 
difficult due to the high incidence of bone metastases. Bone is the most common site 
affected in breast cancer.163 However, bone metastases are regarded non-measurable by 
the response evaluation criteria in solid tumors (RECIST).110 This underlines the need for 
objective measures to predict and evaluate response, for example by molecular imaging 
techniques. Recent studies have shown that 18F-FES-PET can predict response to various 
forms of anti-estrogen therapy.57,63,64,164 Its value as a biomarker for additive estrogen 
therapy is however unknown. 

In addition to molecular imaging techniques, also serum markers may be valuable to assess 
response in patients with bone-dominant disease in which response assessment is difficult. 
The ASCO recommendations for the use of tumor markers in breast cancer indicate that 
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CA 15.3 and CEA can be considered to monitor treatment effects.165 Also, bone turnover 
markers such as procollagen type I amino-terminal propeptide (PINP), carboxyl-terminal 
telopeptide of type I collagen (CTx), and bone alkaline phosphatase (BALP) are reported to 
correlate with the number and size of bone metastases in breast and prostate cancer.166–168 
Therefore, in addition to 18F-FES-PET, we also evaluated whether tumor markers, and bone 
turn over markers can aid response prediction. 

METHODS

Patients
The trial was conducted in accordance with the principles of Good Clinical Practice and the 
Declaration of Helsinki. The protocol was approved by the local medical ethical committee 
and registered in the ClinicalTrials.gov database (NCT01088477). All patients provided 
written informed consent. 

Eligible patients had acquired endocrine-resistant advanced breast cancer showing 
progression ≥2 lines of endocrine therapy. All patients had earlier ER positive 
immunohistochemical tumor staining, and were required to have responded to at least one 
prior line of anti-hormonal therapy (objective response, or stable disease ³6 months). Other 
eligibility criteria were ECOG performance ≤2 and life expectancy ≥3 months. Exclusion 
criteria were the presence of symptomatic central nervous system lesions, a history of 
thrombosis, diabetes mellitus, uncontrolled hypercalcemia, treatment with investigational 
drugs within 30 days before the start of study, dyspnoea at rest due to any cause, and class 
III or IV congestive heart failure according to the New York Heart Association. Patients were 
required to withdraw drugs known to bind ER for at least 5 weeks prior to baseline imaging.50

Estradiol Treatment
Patients were treated with estradiol three times daily 2 mg orally.160 Therapy was initiated 
within 4 days after 18F-FES-PET/CT. In case of toxicity estradiol dosing was reduced to twice 
daily 2 mg, or shortly interrupted with re-introduction at a lower dose when the symptoms 
had resolved. Therapy was continued until progressive disease (PD) by radiologic or clinical 
assessment, withdrawal of consent, or severe toxicity. Toxicity was documented according 
to the Common Terminology Criteria of Adverse Events v3.0.

Assessment of Treatment Response
Baseline measurements included documentation of all symptoms, performance status, 
physical examination, laboratory tests (including blood counts, kidney function, and liver 
enzymes), and a diagnostic CT-scan. Clinical follow-up with documentation of symptoms, 
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performance status, physical examination and laboratory tests were done monthly. A 
diagnostic CT-scan was performed every 3 months until progression. For patients with 
measurable disease, response was defined according to RECIST v1.1.110 Patients with 
only non-measurable lesions were considered to have PD when there was unequivocal 
progression of existing lesions or when new lesions were detected at follow-up. In the 
absence of radiological PD, patients could develop clinical PD, defined as an overall level 
of substantial worsening such that the overall tumor burden or complaints increased 
sufficiently to merit discontinuation of therapy.110 In reference to other studies, patients 
with time-to-progression ≥24 weeks were considered to have obtained clinical benefit from 
estradiol therapy.78

Study Measurements
18F-FES was produced and administered to the patient as described earlier.50,108 On average 
3.4 ± 1.5 GBq 18F-FES was obtained with 100% radiochemical purity and a 325 ± 274 GBq/
µmol specific activity. Patients received approximately 200 MBq 18F-FES intravenously. 
18F-FES-PET/CT to evaluate tumor ER expression was performed at baseline on a hybrid PET/
CT camera with a 64-slice CT and high definition and time-of-flight PET (Siemens Medical 
Systems). Low dose CT scan was used for attenuation correction in all patients. Patients 
were scanned from skull to mid-thigh, 3 minutes per bed position (usually 7-8 bed positions 
per patient). In all patients, baseline 18F-FES-PET was combined with a contrast-enhanced 
diagnostic CT scan. For representative 18F-FES-PET, CT and 18F-FES-PET/CT images see figure 
1. 

Tumor 18F-FES uptake was quantified according to the guidelines of the European Association 
of Nuclear Medicine (EANM).27 Whole-body CT-scan was used to allocate tumor lesions and 
identify possible 18F-FES negative lesions. Lesion 18F-FES uptake was expressed as maximum 
standardized uptake value (SUVmax). For patient-based analysis, the median 18F-FES uptake of 
an arbitrary maximum of 20 lesions was calculated. Quantification of tumor 18F-FES uptake 
was performed while blinded for treatment outcome. Patients and treating physician were 
held blinded for 18F-FES-PET results.

Tumor markers (CA-15.3, CEA) and bone turnover markers (PINP, CTx and BALP) were also 
determined at baseline, and repeated every 3 months or at the time of progression. Patients 
were considered evaluable for tumor marker response if one of both tumor markers were 
increased at baseline (CA15.3 >33 kU/L, CEA >5 μg/L). A 10% decrease in tumor marker was 
scored as -1, an increase of 10% as +1 and between -10 and +10% was scored 0. A sum of 
scores of <1 was defined as biochemical tumor marker response, and a sum of scores ≥1 as 
non-response. Patients were considered evaluable for bone turnover markers when they 
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had evidence of bone metastases on imaging. Serum PINP >95 ng/mL was considered the 
threshold for increased bone turnover based on literature.168 For CTx and BALP the optimum 
thresholds were determined by receiver operating characteristic (ROC) analysis. 

Statistical Analysis
The expected study time frame was 3 years for inclusion of 50 patients, to evaluate the 
positive predictive value (PPV) and negative predictive value (NPV) of 18F-FES-PET/CT by ROC 
analysis. After 3 years and 21 patients included, the study was terminated. We here report 
the PPV and NPV for 18F-FES-PET/CT, which was the predefined primary end point of the 
study. PPV and NPV were calculated using a ROC analysis for the median tumor SUVmax in 
patients. The secondary end point was the association between biochemical tumor markers 

A 

B 

C 

Figure 1. 18F-FES-PET (A), CT (B) and fused 18F-FES-PET/CT (C) images of a patient with bone metastases. Indicated is 
a rib metastasis (arrow) with increased 18F-FES uptake. Quantitative 18F-FES uptake was 3.3 (SUVmax).
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Table 1: Patient characteristics

Baseline characteristics All patients (n=19)
Male : female 1 : 18
Age, mean years (range) 57 (36-76)
Site of metastases, n

Bone + visceral 14
Bone-only 3
Visceral-only 2

Measurable lesions, n
Measurable visceral 12
Non-measurable visceral 4
Bone-only 3

Prior systemic therapies, n
<3 lines 1
3 or 4 lines 11
≥5 lines 7

Menopausal status, n
Postmenopausal 13
Following ovariectomy 3
Goserelin treatment 2

and bone turnover markers and benefit from estradiol, calculated by a Mann-Whitney 
U test. PPV and NPV were determined for these markers alone and in combination with 
18F-FES-PET/CT findings. Analyses were performed in SPSS Statistics version 20.0.

RESULTS

Patient Characteristics
Between May 2010 and May 2013, 30 patients were screened for participation in the trial, 
out of whom 21 were included and 19 started estradiol therapy, one male and 18 females. 
Mean age was 57 years (range 36–76). Seventeen patients had bone metastases, in 14 
patients accompanied by also visceral or nodal metastases. Two patients had only visceral 
lesions. All patients had postmenopausal status, which was in two patients achieved by 
the use of LHRH agonists, while others were truly postmenopausal. Tumor histology was 
positive for ER in all patients, 12 (63%) were also PR positive, and none were HER2 positive. 
All patients were heavily pre-treated; 11 patients had already received 3-4 lines of systemic 
therapy, and 7 patients ³5 lines. Patient characteristics are summarized in table 1. For an 
overview of screening, inclusion and exclusion see the CONSORT diagram (figure 2). 

Tumor Response
Twelve patients had measurable lesions on baseline CT according to RECIST, four patients 
had non-measurable visceral lesions and three patients had only bone metastases. Four of 
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19 (21%) discontinued estradiol because of side effects and were therefore not evaluable 
for treatment response.

Seven of the remaining 15 patients experienced clinical benefit from estradiol therapy as 
indicated by stable disease ≥24 weeks. Four had radiological measurable stable disease, and 
three patients had no new lesions detected on radiological examination, no progression of 
non-measurable lesions, improvement or stabilization of symptoms, and no evidence of 
biochemical progression ≥24 weeks. They eventually experienced PD according to RECIST 
criteria at 26, 28 and 48 weeks respectively.

Finally, eight patients had PD; in five of them there was radiologic PD and in three patients 
there was substantial clinical deterioration, meriting discontinuation of therapy. One of them 
had laboratory signs of bone marrow invasion, confirmed with a biopsy, one had rising liver 
function tests, a 3-fold increase in tumor marker CA15.3 and clinical deterioration, and one 

Figure 2. CONSORT diagram of all screened (n=30) and enrolled (n=21) patients. CNS = Central nervous system; 
ECOG = Eastern Cooperative Oncology Group; 18F-FES-PET = 16α-[18F]fluoro-17β-estradiol positron emission 
tomography.

Included in the 
study 

(n = 21) 

• Excluded (n = 4) 
   - History of thromboembolic 
      events (n = 1)  
    - Symptomatic CNS lesions 
       (n = 1) 
    - ECOG performance status 
       >2 (n = 2) 
• Did not provide consent or 
opted for other therapy (n = 5) 

 

Underwent  
18F-FES-PET 

(n = 20) 

• Developed symptomatic brain 
  metastases prior to 18F-FES 
  PET (n = 1) 

Received 
estradiol 
treatment 
(n = 19) 

• Brain metastases on 18F-FES 
  PET which appeared to be 
  symptomatic after neurological 
  examination  (n = 1) 

 

Screened for 
participation 

(n = 30) 



87

5C
hapter 5

18F-FES-PET to guide estrogen therapy

patient had deterioration of pain symptoms from bone lesions, rising alkaline phosphatase 
and worsening of performance score. Overall clinical benefit rate was 37% in all treated 
patients (intention-to-treat; n=19 patients). Mean progression-free-survival was 4.7 months 
(range 0.4–15.3 months). Estradiol therapy induced an increase in serum estradiol levels 
from 89 ± 15 pmol/L at baseline to 1241 ± 225 pmol/L after 1 month of therapy. The increase 
in estradiol levels was equal among responders and non-responders.

Toxicity
In four patients (21%) estradiol therapy was terminated prematurely due to adverse events. 
These side effects were progressive thrombocytopenia (n=1), transient ischemic accident 
with atrial fibrillation (n=1), mood disorders (n=1) and signs of congestive heart failure 
(n=1). Other grade 3 serious adverse events requiring hospital admission were tumor 
flare (n=1), hypercalcemia (n=2), pneumonia (n=1) and atrial fibrillation (n=1). The patient 
who experienced a tumor flare had rapid increase of pain symptoms at known metastatic 
sites, starting already the day after initiation of estrogen therapy. Laboratory results were 
suggestive of tumor flare with increased lactate dehydrogenase and other liver enzymes. 
Symptoms and laboratory findings resolved after estradiol discontinuation. Interestingly, 
this patient with grade 3 clinical flare reaction showed highest tumor uptake of 18F-FES 
(median SUVmax 15.5, maximum SUVmax 24.3). Common but manageable grade 1-2 adverse 
events were tumor flare, fatigue, nausea, and vaginal bleeding. 

Predictive Value of 18F-FES-PET for Response to Estradiol Therapy
18F-FES uptake in tumor lesions was quantified for a total of 255 lesions (214 bone; 24 lung; 
12 lymph nodes; 1 breast; 1 soft-tissue; and 1 brain lesion) out of which 42 (16%) were 
18F-FES negative (SUVmax <1.5). Twelve out of 19 patients (63%) had only 18F-FES positive 
lesions, six (32%) had both 18F-FES positive and 18F-FES negative lesions, and one had only 
18F-FES negative lesions. Absolute 18F-FESuptake (SUVmax) varied widely between lesions 
(median 2.8; range 0.6–24.3) and patients (median 2.5; range 1.1–15.5), as is depicted in 
figure 3. ROC analysis indicated that the most optimum threshold to differentiate between 
patients with clinical benefit and patients with PD was a median SUVmax of >1.5. This 
threshold produced a PPV of 60% (95% CI: 31–83%) and a NPV of 80% (95% CI: 38–96%) 
(figure 4A), with an area under curve of 0.62.

Nine patients terminated treatment with ER antagonists 5 weeks before initiating estrogen 
therapy. Three patients of them had an earlier 18F-FES-PET obtained in another study 
(NCT01377324). These patients had much lower18F-FES uptake than on the earlier scans 
and several lesions could no longer be observed. For example, one patient had on earlier 
18F-FES-PET a median tumor 18F-FES uptake of 6.5, while in the current study SUV max was only 



88

C
hapter 5

18F-FES-PET to guide estrogen therapy

1.1. This patient benefited from estradiol despite the relatively low tumor 18F-FES uptake. 
The remaining six patients had no earlier scans available, but also had relatively low tumor 
18F-FES uptake compared to patients without recent use of drugs that can bind ER. Thus, 
ER antagonists may reduce tumor 18F-FES uptake beyond the currently used 5-week drug 
withdrawal period.50 In an explorative analysis, using the results of the previous 18F-FES-
PET scans instead of the current PET scans, the PPV and NPV increased to 64% and 100%, 
respectively (figure 4B).

Additive Value of Serum Markers
Two patients had normal tumor markers at baseline, leaving 17 patients evaluable for 
tumor markers. A response was seen in seven patients. The PPV and NPV for tumor marker 
response were 67% and 71%, respectively. Tumor marker response added to 18F-FES-PET 
results provided a PPV of 100% for 18F-FES positive patients with a tumor marker response 
and a NPV of 66% for 18F-FES negative patients with a non-response in tumor markers (table 
2).

Figure 3. 18F-FES uptake (SUVmax) in the tumors is depicted for all quantified lesions for bone, lung, nodal and other 
lesions. Patients are listed on the x-axis.
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Table 2: Association between 18F-FES-PET, tumor markers, bone turnover markers, and treatment outcome

Marker Result n Response Classification Predictive value
CB PD NE PPV NPV

18F-FES-PET* Positive 10 6 4 (4) 60%
 Negative 5 1 4 (0) 80%
Tumor marker Response 6 4 2 (1) 67%

Non response 7 2 5 (3) 71%
Not evaluable 2 1 1 (0)

Combined PET + tumor marker PET+/ Response 4 4 0 (1) 100%
 PET-/ No response 3 1 2 (0) 66%
Bone marker Normal 5 5 0 (1) 100%
PINP Increased 8 1 7 (3) 88%

Not evaluable 2 1 1 (0)
Combined PET + Bone marker PET+/ normal PINP 5 5 0 (0) 100%

PET-/ increased PINP 4 0 4 (1) 100%

Abbreviations: CB = clinical benefit, PD = progressive disease, NE = non-evaluable, PPV = positive predictive value, 
NPV = negative predictive value, 

* The optimum threshold determined by receiver operating characteristic (ROC) analysis was used to define 
18F-FES-PET positivity/negativity (SUVmax >1.5). 

Bone turnover markers were explored as potential effect sensors in patients with bone 
metastases. Mean levels were 175 ng/mL for PINP (range 17–613 ng/mL), 90 U/L for BALP 
(range 27–298 U/L), and 467 pg/mL for sCTx (range 26–1369 pg/mL). Change in bone 
turnover markers was not associated with treatment response. However, the baseline 

Figure 4. (A) Association between median 18F-FES uptake (SUVmax) in the tumors per patient and treatment outcome. 
Patients with clinical benefit (CB), progressive disease (PD) and non-evaluable (NE) patients are indicated. The 
dashed line indicates the 1.5 (SUVmax) threshold as determined by receiver operating characteristic analysis. One 
patient is not shown in the figure (indicated by *) as her median 18F-FES uptake in tumors was much higher (median 
SUVmax 15.5). Patients indicated in white had recently been treated with ER antagonists. (B) ER antagonists may 
falsely induce 18F-FES negative results. In three patients, indicated in gray, a previous 18F-FES-PET scan was available 
from another study (NCT01377324). Using this scan results in an improvement of the PPV and NPV.
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values were strongly associated with time-to-progression. Baseline PINP levels were 85 vs 
234 ng/mL (P = 0.032), and sCTx levels 195 pg/mL vs. 623 pg/mL (P = 0.032) in patients with 
clinical benefit and PD, respectively. The PPV and NPV for PINP were 100% (5/5 patients) 
and 88% (7/8 patients) for PINP ≤95 ng/mL.168 PPV and NPV were 100% (4/4 patients) and 
78% (7/9 patients) for sCTx levels >200 pg/mL. BALP levels were non-informative in this 
exploratory study. The addition of PINP to 18F-FES-PET/CT results increased both PPV and 
NPV values to 100%.

DISCUSSION

This is the first exploratory study evaluating 18F-FES-PET/CT as predictive marker for estradiol 
therapy in patients with metastatic endocrine resistant breast cancer. While the mechanism 
of anti-estrogen therapy is well known, this is not the case for the addition of estrogens. 
Based on preclinical data, we hypothesized that very high 18F-FES uptake would predict 
response to estradiol therapy. The value of 18F-FES-PET, however, turned out to be especially 
its ability to identify patients that are unlikely to benefit from estradiol therapy as a result of 
low or absent 18F-FES uptake in metastases. 

There are currently no good upfront predictive biomarkers to select patients for estradiol 
therapy. Assessing ER status by a biopsy is the current golden standard, but is sometimes 
unreliable due to heterogeneous ER expression within and among lesions, and detection of 
non-functional ER. 2’-[18F]fluoro-2’-deoxyglucose (18F-FDG) PET imaging has been tested to 
predict response to estradiol therapy. A study randomized 66 patients to 6 or 30 mg estradiol 
daily, 43 patients underwent 18F-FDG-PET imaging before and 24 h after the initiation of 
estrogen therapy.160 A metabolic flare reaction upon estradiol therapy, predefined as a 
≥12% increase in tumor 18F-FDG uptake, had a PPV of 80% (12 of 15 patients) and a NPV 
of 87% (27/31 patients) for response to estradiol therapy. Metabolic flare on 18F-FDG-PET 
in 51 patients subsequently treated with an aromatase inhibitor or fulvestrant had an 
even higher PPV and NPV of 100% and 94%.57 18F-FES-PET was evaluated earlier in three 
studies as predictive biomarker before the initiation of aromatase inhibitors, tamoxifen or 
fulvestrant. In these studies, the PPV of 18F-FES-PET ranged between 32% and 79% and the 
NPV between 82% and 100%.57,63,64 which is comparable with our findings. It is hypothesized 
that a negative 18F-FES-PET can identify tumors that have lost ER expression during the 
course of disease.57,63,64,149 Recently, ESR1 (ER) gene mutations have been described, some 
of which strongly reduce ligand binding affinity and induce endocrine resistance.169 These 
phenomena might explain the good NPV of low tumor uptake of 18F-FES. 

Our study has some limitations. First, the number of patients included was lower than 
expected. A possible explanation is that, despite the fact that previous studies have shown 
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the safety and benefits of estradiol therapy, physicians may be reluctant to refer patients for 
estrogen therapy given that anti-estrogen therapy is the key method to treat patients with ER 
positive disease. Secondly, we used CT to identify 18F-FES negative lesions. It is possible that 
18F-FDG-PET together with 18F-FES-PET increases the sensitivity for 18F-FES negative lesions, 
since especially bone lesions are difficult to characterize on CT. Finally, when evaluating the 
predictive value of 18F-FES-PET, it is important to take concomitant and recent therapies 
into account. We observed low 18F-FES uptake in several previously 18F-FES-avid lesions in 
patients that had used ER antagonists up to 5 weeks before 18F-FES-PET. Possibly, the long 
half-lives (t½) of fulvestrant (t½ = 40 days) and of tamoxifen and metabolites (t½ = 9 and 13 
days, respectively) could be responsible for the 18F-FES negative results.170–172 In the absence 
of biopsies, we are however unable to fully dissect whether the observed effects can be 
attributed to altered ER expression or to spill over effects of recent therapies.

In preclinical studies long-term estrogen deprived ER positive breast cancer cells are 
used to study estrogen-induced apoptosis. After several months of culturing in estrogen-
deprived conditions, breast cancer cells adapt to the low levels of estrogens by increasing ER 
expression.173,174 Paradoxically, therapeutic doses of estrogens now no longer induce growth 
proliferation, but induce apoptosis. More recently, ESR1 gene amplification was described 
in patient-derived mouse xenografts as a possible marker for hypersensitivity to estradiol.175 
It would therefore be of interest in future studies to combine 18F-FES-PET/CT with analysis 
of ESR1 gene amplification and mutation in tumor biopsies, in order to potentially improve 
the selection of patients for estrogen therapy. 

Although ER expression is required for response to endocrine agents, ER positive tumors 
may still fail to respond, e.g. due to cross talk with other pathways. We therefore evaluated 
whether the addition of tumor and bone turnover markers could improve response 
prediction. The association of tumor marker response alone with the patient response 
classification was modest, but when tumor marker response was combined with 18F-FES-PET 
the PPV increased to 100%. Clearly, the number of patients in this study was only limited 
and therefore this observation should be further evaluated in larger studies. The same 
effects were observed for bone turnover markers, which in this limited number of patients 
performed better than 18F-FES-PET alone. Surprisingly, not the changes in bone markers 
during treatment, but the pre-treatment values were associated with time-to-progression. 
These markers are known to correlate with the number and size of bone metastases in 
breast and prostate cancer.166–168 Therefore, high serum bone markers may be useful to 
identify patients that have a poor prognosis independent of the therapy given. Whether 
bone markers are of prognostic or predictive value needs to be addressed in larger studies, 
adhering to REMARK criteria.176
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We observed a clinical benefit rate of 37% for estradiol 6 mg orally daily, which is 
comparable to the study by Ellis et al.160 Our study is the second evaluating this low-dose 
regimen, as compared to the previously standard of 30 mg orally daily. The clinical benefit 
rate observed in our study in patients that were extensively pre-treated (median of 4 prior 
regimens) provides further evidence for the efficacy of estradiol 6 mg daily. The 21% of 
patients that terminated treatment prematurely due to toxicity was relatively high; grade 3 
adverse events were noted in 42% of the patients. The high incidence of toxicity, however, 
underlines the value of upfront predictive markers for this treatment. 

CONCLUSION

Patients with acquired endocrine resistant metastatic breast cancer may paradoxically 
benefit from estradiol therapy. The relatively low response rate and toxicity accompanying 
estradiol therapy warrants exploration of potential biomarkers to predict response. 18F-FES-
PET may aid to identify patients that are unlikely to respond to estradiol therapy. The 
addition of other markers, such as bone turn over markers and tumor markers may aid to 
obtain also a good positive predictive value. 
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ABSTRACT

Androgen receptor (AR), estrogen receptor α and β (ERα, ERβ), and progesterone receptor 
(PR) are potential therapeutic targets in epithelial ovarian cancer. In this study we evaluate 
the prognostic value of these hormone receptors in ovarian cancer patients. 

In a prospective multicenter randomized controlled phase II trial 196 ovarian cancer patients 
were randomized to carboplatin/docetaxel ± celecoxib. Of 121 patients sufficient tumor 
tissue was available for hormone receptor analysis. Tissue micro-arrays were stained for AR, 
ERα, ERβ, and PR. Cluster analysis was performed to identify subgroups based on hormone 
receptor expression profile. Receptor expression was correlated to progression-free survival 
(PFS) and overall survival (OS) in uni- and multivariate analysis. 

AR, ERα, ERβ, and PR were expressed in respectively 10%, 31%, 73%, and 19%. In patients 
with synchronous metastasis tissue available (n=69 patients), discordant receptor expression 
was observed in 9-32%. ERβ expression was associated with poor PFS and OS (hazard ratios 
1.88 and 1.92). Clustering analysis revealed a subgroup with hormone receptor negative 
disease that had a favorable PFS and OS. 

Hormone receptors are expressed in the majority of ovarian cancer tumors and may serve 
as therapeutic targets. Clustering analysis can reveal subgroups with different outcome, 
which may prove valuable in selecting patients for endocrine therapy.
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INTRODUCTION

Epithelial ovarian cancer is the second most common gynecologic malignancy with an age-
adjusted yearly incidence rate of 12.3 per 100,000 women.177 The majority of patients (75%) 
present with high stage (IIb-IV) disease. Despite debulking surgery and chemotherapy, 75% of 
the patients will relapse and eventually become resistant to platinum-based chemotherapy. 
Therefore, the overall mortality is high with a 5-year survival of only 45%,177 and additional 
treatments are urgently needed.

Steroid hormones may well play a potential role in ovarian cancer development and 
progression. In preclinical studies androgens and estrogens induced tumor growth of 
ovarian cancer cell lines.178,179 A large epidemiological study in 54,436 postmenopausal 
women showed that long-term unopposed estrogens increased the risk for ovarian cancer 
by 3-fold, while the addition of progesterone had protective effects.180

Several phase II studies have evaluated hormonal treatment for ovarian cancer. However, no 
randomized studies are available and current guidelines do not advocate systemic endocrine 
therapy. In the phase II studies, patients were generally not selected based on the presence 
of the actual targets: the androgen receptor (AR), estrogen receptor (ER) and progesterone 
receptor (PR). This is remarkable, given the known predictive value of hormone receptor 
expression in other cancers. It may also be important to take into account co-expression 
of different hormone receptors isoforms. For example, AR can act as an oncogene in the 
absence of ERα, whereas it acts as a tumor suppressor in its presence.181 Furthermore, the 
ERβ isoform can behave as a tumor suppressor in the presence of ERα.182 Finally, the PR 
gene is a known estrogen-responsive gene, and absence of PR expression in ERα positive 
breast cancer is associated with decreased survival.183

To gain further insight in the role of hormone receptors, tumor tissue of uniformly treated 
epithelial ovarian cancer patients in a prospective trial was collected. AR, ER (α and β), and PR 
expression were determined on tissue micro-arrays (TMAs) and correlated to prospectively 
collected progression free survival (PFS) and overall survival (OS) data. Study execution and 
reporting was performed in adherence to REMARK criteria.184

MATERIAL AND METHODS

Patients
Between March 2003 and November 2008, epithelial ovarian cancer patients were enrolled 
in a Dutch multicenter randomized phase II study. The study results have previously been 
published and showed no difference in outcome between the two arms.14 In short, patients 
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with histological-confirmed epithelial ovarian cancer, Fallopian tube or primary peritoneal 
carcinomas, FIGO stage IC-IV, were eligible. After an upfront staging laparotomy with or 
without debulking surgery, patients were treated with docetaxel and carboplatin and 
randomized to receive 400 mg celecoxib twice daily or placebo. Data on progression free 
survival (PFS) and overall survival (OS) was prospectively collected.

Hormone receptor analysis
The construction of TMAs and immunohistochemistry are described in a supplementary 
document (supplemental files).14,185–188 Each tumor sample was represented by four different 
cores. The intensity of the nuclear staining by tumor cells for AR, ERα, ERβ and PR was 
scored as well as the percentage of positive tumor cells. Since ERβ can also be expressed in 
the cytoplasm, cytoplasmic ERβ staining was scored similarly. Based on literature, receptor 
staining was dichotomized using an arbitrary cut-off point of ≥ 10% weakly stained cells for 
AR,189 and moderately stained for ERα, ERβ and PR.187 Cores were scored by two independent 
observers that were blinded for the study endpoint, i.e. PFS and OS. In case of discordance 
between the two observers, the staining was discussed until consensus was reached. 
Patients were only included in the analysis when ≥ 2 cores were present on the slides. The 
average score of the different cores was used to obtain the score of the tumor sample. 

Statistical analysis
To determine hormone receptor expression for an individual patient, staining of the primary 
ovarian tumor was used. In case less than 2 cores of the primary tumor could be scored, 
hormone receptor expression of an omental metastasis was used whenever available. A 
one-way ANOVA with a post hoc Tukey was used to evaluate differences in expression 
between histological subgroups. A paired t-test was used to evaluate differences between 
primary and omental tumor tissue. Clustering analysis was performed to identify tumors 
with similar hormone receptor expression profiles (Multibase, 2013). 

A Cox proportional hazard model was used to analyze the prognostic value for PFS and OS 
of hormone receptor expression and presented as hazard ratio (HR). Due to low patient 
numbers (n=4) mucinous tumors were excluded. FIGO stage, histological subtype, age, 
tumor grade, and residual disease were evaluated as input parameters in univariate analysis. 
Factors that were significant in univariate analysis with P<0.1, were included in multivariate 
analysis. Results were considered significant if P<0.05 in multivariate analysis at a two-sided 
test. The hazard for hormone receptor positivity was calculated by setting the patients with 
negative staining as reference group. The hazard for other factors was calculated by setting 
the group with the lowest hazard as reference group.
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A two-way mixed average intra-class correlation coefficient (ICC) was calculated to evaluate 
the internal consistency of the immunoscore of the four cores from each individual tumor 
sample. An ICC >0.8 was considered appropriate for the validity of TMAs as opposed to 
whole tumor slides. Percentage agreement and Cohen’s kappa (κ) were determined to 
evaluate the inter-rater agreement of the two independent observers. STATA software 
package version 12.0 (STATA Corporation LP, College Station, TX, USA) and SPSS version 20.0 
were used.

RESULTS

Patient characteristics
Tumor tissue was available from a total of 121 patients (114 primary tumors and 76 omental 
metastases) that participated in the randomized trial. Mean age of the patients was 61 years 
(range 30-84 year). Nearly all patients (93%) had high stage disease (FIGO IIb-IV). Histological 
subtypes were serous (n=85), endometrioid (n=21), clear cell (n=11), and mucinous (n=4). 
Median PFS and OS were 16 and 32 months respectively. Median follow-up was 45months. 
Detailed patients characteristics are described in table 1.

Table 1: Patient Characteristics

Characteristic n=121 patients
Median (range) age, years 61 (30-84)
FIGO stage, n (%)

I-IIA
IIB-IV 
Missing

9 
111 
1

(7)
(92)
(1)

Residual disease after debulking surgery, n (%)
Present
None 
No debulking
Missing

49
54
12
6

(40)
(45)
(10)
(5)

Tumor grade, n (%)
1
2
3

17
15
89

(14)
(12)
(74)

Histological subtype, n (%)
Serous
Endometrioid 
Clear cell
Mucinous

85
21
11
4

(70)
(17)
(9)
(3)

Progression events, n (%)
No
 Yes

39
82  

(32)
(68)

Survival, n (%)
Alive 
Dead

48
73

(40)
(60)
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Hormone receptor expression
Due to insufficient tumor tissue availability, loss of tissue during construction and 
processing of the TMA, and cores not meeting the criteria mentioned earlier, in 5, 11, 10 
and 11 patients receptor expression could not be determined for AR, ERα, ERβ, and PR 
respectively. On a patient level AR was expressed in 10% (n=12), ERα in 31% (n=33), and 
PR in 19% (n=23). Nuclear ERβ staining was positive in 73% (n=88) and cytoplasmic in 53% 
(n=64) of the patients (table 2). For representative images of receptor staining see figure 1. 
There were no significant differences in receptor expression between histological subgroups 
in the post hoc analysis. There was good inter-rater agreement (range 81-95% agreement, 
κ=0.68-0.90) for the scoring of receptor expression. We observed relatively little intra-tumor 
heterogeneity as indicated by low variance in the immunoscore among cores from the same 
tumor sample (range ICC=0.90-0.97). This supports the validity of the use of TMAs to score 
hormone receptor expression in ovarian cancer as opposed to using whole tumor slides. 

Table 2: Tumor hormone receptor expression in 121 ovarian cancer patients

Hormone receptor Percentage positive, 
%

Mean immunoscore 
(range 0-12)

Inter-rater agreement,  
% (κ)

AR 10 0.3 95 (0.78)
ERα 31 3.0 94 (0.90)
ERβ (nuclear) 73 6.8 88 (0.68)
ERβ (cytoplasmic) 53 5.6 81 (0.68)
PR 19 2.4 93 (0.85)

Spatial discordance in hormone receptor expression
In 69 patients synchronous omental metastases tissue was available. We evaluated the 
discordance in receptor expression between the primary ovarian tumor and metastasis. 
Negative expression in metastasis compared to the primary tumor was noted in 9% (AR), 
17% (ERα), 9% (ERβ nuclear), 19% (ERβ cytoplasmic), and 18% (PR), and positive expression 
in the metastases compared to the primary tumor in 2% (AR), 15% (ERα), 13% (ERβ 
nuclear), 23% (ERβ cytoplasmic), and 7% (PR). These results indicate potential inter-tumoral 
heterogeneity in epithelial ovarian cancer. Between primary ovarian tumor and omental 
metastases there was no difference in the average immunoscore for AR, ERα and ERβ, but 
PR immunoscores were lower in omental metastases (2.8 vs. 2.0, P=0.036). 

ERβ is associated with poor PFS and OS
In univariate analysis, ERβ positive nuclear staining was associated with decreased PFS 
(hazard ratio [HR] 1.69; 95% confidence interval [CI] 0.91-3.15; P=0.096) and decreased OS 
(HR 1.91; 95% CI 0.94-3.89; P=0.075). A trend towards decreased OS was also observed for 
AR positivity and ERβ cytoplasmic staining, but not reaching statistical significance (P=0.10 
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and P=0.12 respectively). Other receptors were not associated with PFS or OS (table 3). 

High FIGO stage and the status of disease after debulking surgery were significant in 
univariate analysis for both PFS and OS. Therefore, these were used as parameters in 
multivariate analysis for ERβ positive nuclear staining. In multivariate analysis nuclear ERβ 
positivity remained associated with decreased PFS (HR 1.88; 95% CI 1.00-3.54; P=0.052) and 
OS (HR 1.92; 95% CI 0.93-3.96; P=0.076), but did not reach statistical significance. 

Patients with hormone receptor negative tumors have a favorable prognosis
Whereas ERα was only expressed in 31% of all patients, in the subpopulation with AR positive 
tumors all co-expressed ERα, with the exception of 1 patient (χ2; P <0.001). ERα positivity 
was also related to ERβ nuclear staining (χ2; P=0.021). Clustering analysis was performed to 
identify which tumors were related to each other with regard to their hormone receptor 
expression pattern. Based on this analysis a total of five subgroups were distinguished 
(figure 2). The prognostic value for PFS and OS was evaluated for these subgroups (figure 
3). Overall, we observed a significantly decreased survival for the subgroups that express 
hormone receptors when compared to the group that lacks the expression of all four 
hormone receptors. This holds true for both uni- and multivariate analysis, and for PFS as 
well as OS. Indicative of potential biological meaningfulness of the cluster analysis is the 
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Figure 1. Representative positive and negative staining for AR (A,B), ERα (C,D), ERβ (E,F), and PR (G,H). In AR positive 
cases (A), only weak-moderate staining was observed. For ERβ, cytoplasmic staining was observed and scored (E).
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Table 3: Uni- and multivariate analysis progression-free and overall survival

Progression-free survival Univariate analysis Multivariate analysis
HR 95% CI P-value HR 95% CI P-value

Hormone receptor
AR 1.26 0.61-2.64 0.532
ERα 1.43 0.88-2.31 0.144
ERβ (nuclear) 1.69 0.91-3.15 0.096 1.88 1.00-3.54 0.052
ERβ (cytoplasmic) 1.05 0.66-1.68 0.839
PR 0.92 0.52-1.63 0.781

Age
<55 years ref
>55 years 0.93 0.58-1.50 0.779

FIGO stage
I-IIA ref ref
IIB-IV 5.51 1.35-22.49 0.017 2.82 0.66-12.07 0.163

Tumor grade
1 ref
2 1.31 0.53-3.26 0.564
3 1.15 0.55-2.40 0.718

Histological subtype 0.101
Serous ref
Endometrioid 0.85 0.47-1.55 0.598
Clear cell 0.29 0.09-0.91 0.034

Residual disease <0.001 0.010
None ref ref
Present 2.55 1.51-4.30 <0.001 2.29 1.31-4.00 0.004
No debulking 3.59 1.63-7.94 0.002 2.90 1.24-6.77 0.014
Unknown 4.77 1.88-12.10 0.001 3.78 1.09-13.10 0.036

Overall survival Univariate analysis Multivariate analysis
HR 95% CI P-value HR 95% CI P-value

Hormone receptor
AR 1.81 0.89-3.67 0.101
ERα 0.98 0.58-1.66 0.945
ERβ (nuclear) 1.91 0.94-3.89 0.075 1.92 0.93-3.96 0.076
ERβ (cytoplasmic) 1.54 0.89-2.64 0.120
PR 1.27 0.69-2.31 0.443

Age
<55 year ref
>55 year 1.24 0.72-2.13 0.435

FIGO stage
I-IIA ref ref
IIB-IV 4.53 1.11-18.55 0.036 2.25 0.52-9.77 0.279

Tumor grade 0.893
1 ref
2 0.85 0.31-2.35 0.757
3 1.03 0.49-2.18 0.934

Histological subtype 0.148
Serous ref
Endometrioid 0.69 0.36-1.32 0.265
Clear cell 0.36 0.11-1.16 0.088

Residual disease 0.002 0.027
None ref ref
Present 2.23 1.29-3.86 0.004 1.90 1.06-3.44 0.032
No debulking 3.09 1.34-7.14 0.008 2.86 1.22-6.73 0.016
Unknown 4.79 1.76-13.03 0.002 3.96 1.14-13.71 0.030

Abbreviations:   CI: confidence interval; HR: hazard ratio; ref: reference group
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fact that the groups that were identified as the furthest neighbors (the hormone receptor 
negative subgroup versus the AR-predominant group that expresses high levels of AR, ERα 
and ERβ), also showed the most divergent outcome. With the hormone receptor negative 
subgroup as reference group (HR=1.00), the AR-predominant group had the worst PFS (HR 
3.87, 95% CI 1.12-13.33; P=0.032) and OS (HR 8.05; 95% CI 1.93-33.60;P=0.004). 
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Hazard ratio (95% CI), P-value  

reference group

3.64 (1.31-10.15), 0.013

2.16 (1.05-6.46), 0.038

2.35 (0.87-6.33), 0.092

3.87 (1.12-13.33), 0.032

reference group

3.11 (0.86-11.27), 0.084

3.77 (1.16-12.29), 0.027

5.64 (1.59-20.07), 0.007

8.05 (1.93-33.60), 0.004

Figure 3. Forest plot analysis for the prognostic value of the hormone receptor subgroups identified at clustering 
analysis in univariate analysis (left) and multivariate analysis (right). At the left side of the forest plot the indicated 
groups and patient numbers are provided, at the right side the hazard ratio, 95% confidence interval (CI) and 
P-values are indicated.
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DISCUSSION

Hormone receptors were present in the majority of tumors of epithelial ovarian cancer 
patients. ERβ and ERα were most commonly expressed in respectively 73% and 31%. 
Although the expression of the individual hormone receptors had little prognostic value, 
their combined expression pattern was associated with survival. Namely, patients with 
tumors exhibiting high levels of AR, ERα and ERβ, had poor PFS (HR 3.87) and OS (HR 8.05), 
while patients with hormone receptor negative tumors had a favorable outcome. 

Studies on the prognostic value of individual hormone receptor expression in ovarian 
cancer have obtained inconsistent results. Whereas some have implicated ERβ expression 
as a marker of poor survival,186 others have suggested ERβ positivity as favorable factor.190 
Differences in the prognostic value of ERβ among studies may partly be explained by the 
locus of expression (cytoplasmic or nuclear), with poor prognosis in the case of cytoplasmic 
staining.186 Also, at least five splice variants are known for ERβ, some of which are known 
to act as an oncogene, whereas others can act as tumor suppressor. For example ERβ2 
staining was associated with chemo resistance and poor overall survival.191 Also for ERα 
and PR results have largely been inconsistent. This can largely be attributed to small sample 
size, different antibodies used for immunohistochemistry and data analysis. Moreover, 
differences in the prognostic value of hormone receptor expression likely exist between 
histological subtypes. This is highlighted by a recent large consortium study involving 2,933 
ovarian cancer patients.192 In that study, ERα was not prognostic in high- and low-grade 
serous, clear cell and mucinous subtypes, but was associated with improved disease free 
survival in endometrioid carcinoma. Conversely, others have shown that ERα expression is 
correlated with lymphovascular space invasion and associated with poor survival.193 Finally, 
strong (but not weak) staining for PR was prognostic in high-grade serous carcinoma, and 
in endometrioid carcinoma (any staining).192 In our study only 21 (17%) of patients had 
endometrioid carcinoma, which can explain the absence of prognostic value for ERα in our 
set of patients. 

Aside from an approach regarding histological subtypes, combining information of different 
receptors may increase the prognostic value of hormone receptor analysis. Clustering of 
hormone receptors is observed in various tumor types. In breast cancer, for example, AR is 
expressed in only 12-35% of triple negative tumors, while being expressed in 83-91% of ERα 
positive tumors.194,195 In our study clustering analysis revealed different subgroups harboring 
increased prognostic value over the determination of a single hormone receptor isoform. 
Our results indicate that patients with hormone receptor negative tumors have a favorable 
survival. This contrasts with e.g. breast cancer, in which patients with hormone receptor 
negative tumors have a poor survival compared to patients with hormone receptor positive 
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disease. The observed benefit from hormone receptor negative disease may suggest a 
role of hormones in tumor growth and proliferation, resulting in poor survival in tumors 
expressing high levels of their putative receptors. Conversely, hormone receptor negative 
tumors may harbor increased chemo-sensitivity. In this study, all patients were treated 
with chemotherapy. A postmenopausal status was introduced (when not yet present) by 
the debulking surgery, but no systemic endocrine therapy was administered. Therefore, 
the favorable outcome of the hormone receptor negative subgroup might be related to 
an increased chemo-sensitivity. This would correspond to the observations in breast 
cancer, in which pathologic response rate is higher in triple negative disease, compared to 
hormone receptor positive tumors.196 It may be hypothesized that the hormone receptor 
negative tumors in our study are in fact BRCA1-associated tumors, since these are known 
to have a favorable prognosis,197 harbor increased chemo-sensitivity,198,199 and are usually 
hormone receptor negative in hereditary breast cancer.200 In contrast to BRCA-1 associated 
breast cancer, however, hormone receptors can be expressed in BRCA1-associated ovarian 
cancer.201

In patients in whom histology was obtained from two tumor lesions we detected a high 
degree of discordance in hormone receptor expression. This finding may certainly be 
responsible at least in part for the conflicting results observed for the role of hormone 
receptors in ovarian cancer. In other cancers, discordances for hormone receptors between 
primary tumor and metastases are also known to occur.9 In breast cancer, epigenetic 
changes and therapy-induced selection have, among others, been implicated in the changes 
in receptor phenotype. In our study the discordances were observed in synchronous instead 
of metachronous metastases. The observed heterogeneity among metastases in our study 
may be a result of the genomic instability that characterizes ovarian cancer.202

Our study has some limitations. In 4-9% of the patients one of the hormone receptors could 
not be determined due to loss of tumor tissue or technical failure during the preparation of 
the TMAs. This percentage is comparable to other studies using TMAs.203 Also the paucity 
of tumors with endometrioid and clear cell histology limited our analysis per histological 
subtype. Finally, our study was aimed only to evaluate the presence of hormone receptor 
expression and their prognostic value in epithelial ovarian cancer. The predictive value of 
hormone receptor expression for response to endocrine therapy therefore remains to be 
explored. 

Several endocrine therapies have shown modest anti-tumor effects in ovarian cancer 
studies. Strikingly, the far majority of studies did not select patients based on hormone 
receptor expression. In two phase II studies with the anti-androgen flutamide in 55 patients 
with platinum-resistant ovarian cancer, objective responses were observed in 4.3-6.3%, 
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and disease stabilization in 9-28% of the patients.204,205 In five phase II studies evaluating 
anti-estrogen therapy with letrozole (n=69), tamoxifen (n=207) and fulvestrant (n=26), 
objective tumor response was observed in 8-17% of the patients.4–7,206 Except for one study, 
all patients had platinum-resistant disease. A retrospective analysis in the 26 patients that 
received fulvestrant indicated that high ERα levels by immunohistochemistry, and especially 
high levels determined by quantitative immunofluorescence, was associated with clinical 
benefit from fulvestrant therapy.207 Finally, in a phase II study in 36 platinum-resistant 
ovarian cancer patients, treatment with the progesterone derivative megestrol acetate, 
induced an objective response in 19.4% of the patients.208 Several ERβ-specific therapies are 
currently in preclinical development, some of which have shown potential in other cancer 
types.209 Furthermore, results with novel anti-androgens such as abiraterone acetate and 
enzalutamide in prostate cancer could encourage further exploration of the benefit of anti-
androgen therapy in ovarian cancer.210

Together, our results indicate that hormone receptor negative ovarian tumors are associated 
with a favorable PFS and OS when compared to hormone receptor positive tumors. The 
presence of hormone receptors as well as the effects of endocrine therapies observed in 
phase II studies support further exploration of endocrine therapies in selected groups of 
ovarian cancer patients. These studies should take into account co-expression of different 
types of hormone receptors and potential heterogeneity of hormone receptor expression 
among metastases.
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ABSTRACT

The estrogen receptor (ER) α is expressed in ~70% of ovarian cancer tumors. Positron 
emission tomography (PET) of tumor ERα expression with the tracer 16α-18F-fluoro-17β-
estradiol (18F-FES) may be valuable to select ovarian cancer patients for endocrine therapy. 
The aim of this study was to evaluate the feasibility of 18F-FES-PET to determine tumor ERα 
expression non-invasively in epithelial ovarian cancer patients. 

18F-FES-PET/CT was performed shortly before cytoreductive surgery. Tumor 18F-FES uptake 
was quantified for all lesions ≥10 mm on CT and expressed as maximum standardized 
uptake value (SUVmax). 

18F-FES-PET/CT findings were compared to histology and 
immunohistochemistry for ERα, ERβ, and progesterone receptor (PR). Receptor expression 
was scored semi-quantitatively using H-scores (percentage of positive tumor cells x staining 
intensity). The optimum threshold to discriminate ER positive and negative lesions was 
determined by receiver operating characteristic analysis. 

In the 15 included patients with suspected ovarian cancer, 32 measurable lesions >10 mm 
were present on CT. Tumor 18F-FES uptake could be quantified for 28 lesions (88%), four 
lesions were visible but non-quantifiable due to high uptake in adjacent tissue. During surgery, 
histology was obtained of 23 out of 28 quantified lesions (82%). Quantitative 18F-FES uptake 
correlated with the semi-quantitative immunoscore for ERα (ρ=0.65, P <0.01), weakly with 
PR expression (ρ = 0.46, P = 0.03) and was not associated with ERβ expression (ρ=0.21, 
P=0.33). The optimal threshold to discriminate ERα positive and ERα negative lesions was 
a SUVmax >1.8, which provided a 79% sensitivity, 100% specificity, and area under the curve 
of 0.86 (95% CI 0.70-1.00). In two of seven patients with cytology/histology available at 
primary diagnosis and at debulking surgery immunohistochemical ERα expression had 
changed over time. 18F-FES-PET was in accordance with histology at debulking surgery, but 
not at primary diagnosis, indicating that 18F-FES-PET can provide reliable information about 
current tumor ERα status. 

18F-FES-PET/CT can reliably assess ERα status in epithelial ovarian cancer tumors and 
metastases non-invasively. Evaluation of the predictive value of 18F-FES-PET/CT for endocrine 
therapy in epithelial ovarian cancer patients is warranted.



111

7C
hapter 7

18F-FES-PET in ovarian cancer

INTRODUCTION

Epithelial ovarian cancer is the second most common and most lethal gynecologic malignancy. 
Therefore, new therapeutic strategies are urgently needed. The estrogen receptor alpha 
(ERα) is expressed in ~70% of the epithelial ovarian cancer patients and presents a potential 
drug target for these tumors.192 Other hormone receptors, such as ERb and progesterone 
receptor (PR) are expressed in ~75% and 20% respectively.211 In phase II studies in ovarian 
cancer patients unselected for ERα expression, endocrine therapy generated objective 
responses in up to 19% and clinical benefit in up to 51% of the patients.5,7,208,212,213

Given the relatively low response rate, predictive biomarkers would be valuable to select 
those patients that are most likely to benefit from endocrine therapy. In breast cancer the 
ERα is a good predictor for response to endocrine agents.22 It therefore seems reasonable 
to select also ovarian cancer patients for endocrine therapy based on tumor ERα expression. 
Surprisingly however, it is currently unknown whether tumor ERα expression is predictive 
for treatment response in ovarian cancer. In breast cancer patients, the ERα can be 
heterogeneously expressed among lesions within individuals and ERα expression can change 
during the course of disease.9,25 In a retrospective study, ERα expression was discordant 
in 32% of 67 ovarian cancer patients with histology from both the primary tumor and a 
synchronous omental metastasis.211 A non-invasive method to quantify ERα expression in 
multiple metastases and at different time points might therefore be a valuable asset.

Whole-body imaging of tumor ERα expression could provide such information. It can be 
performed by positron emission tomography (PET) with the tracer 16α-18F-fluoro-17β-
estradiol (18F-FES).149 18F-FES-PET can predict response to endocrine therapy in breast cancer, 
and support patient-tailored therapy.63,64 It is however unknown whether 18F-FES-PET can 
also be used to evaluate ERα expression in ovarian cancer tumors and whether 18F-FES-
PET can predict response to endocrine therapy in ovarian cancer patients. Visualization 
and quantification of 18F-FES uptake in ovarian cancer lesions may be impaired by the high 
physiological uptake in liver, gut, uterus, and bladder. We therefore evaluated the feasibility 
of 18F-FES-PET/CT to accurately determine ER density in lesions of patients with epithelial 
ovarian cancer. 

MATERIALS AND METHODS

Patients
Patients diagnosed or with high clinical suspicion of epithelial ovarian cancer were eligible 
when they had tumor lesions ≥ 10 mm on diagnostic CT. Additional eligibility criteria were 
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Eastern Cooperative Oncology Group performance score ≤ 2, and a postmenopausal status. 
Patients with a history of ER positive malignancy (breast cancer, endometrial cancer), 
and patients using (anti)estrogenic drugs were excluded. All patients underwent 18F-FES-
PET/CT. Tumor tissue for histology was prospectively collected during surgery performed 
shortly after 18F-FES-PET/CT imaging. Patients were allowed to have received neoadjuvant 
chemotherapy consisting of carboplatin/paclitaxel prior to 18F-FES-PET/CT imaging. In these 
patients, 18F-FES-PET/CT was performed after the last cycle of neoadjuvant chemotherapy 
and just prior to surgery. The Committee on Ethics of the University of Groningen approved 
this study and all subjects signed a written informed consent. The study is registered in the 
ClinicalTrials.gov database (NCT01439490).

CT and 18F-FES-PET/CT imaging
All patients underwent a diagnostic CT scan to identify tumor lesions. 18F-FES was produced 
as previously described.108 Patients received approximately 200 MBq 18F-FES intravenously. 
Whole body 18F-FES-PET/CT was performed 60 min after tracer injection, using a Siemens 
Biograph 64 slice mCT (PET/CT) camera (Siemens CTI) with 2 mm reconstructed spatial 
resolution and an emission acquisition time of 3 min per bed position. Low dose CT-scan 
(for attenuation and scatter correction), and PET imaging were performed sequentially 
within one procedure. Patients in whom the diagnostic CT-scan was ≥6 weeks old at the 
moment of the 18F-FES-PET/CT also underwent a new diagnostic CT in the same procedure. 
CT scans were evaluated by an experienced radiologist and used to allocate tumor lesions ≥ 
10 mm. This threshold was chosen to limit partial volume effects and resolution-limitations 
during quantification of 18F-FES uptake. Tumor 18F-FES uptake was quantified by a nuclear 
medicine physician experienced in 18F-FES-PET imaging and according to the European 
Association of Nuclear Medicine guidelines in tumor lesions ≥ 10 mm, using fused PET/CT 
images.27 In line with previous studies we used the maximum standardized uptake value 
(SUVmax) to calculate tumor 18F-FES uptake.63,64 As an explorative analysis we also measured 
the mean standardized uptake value (SUVmean) using a 70% isocontour of the hottest pixel.214 
Concurrent with 18F-FES-PET/CT, venous blood was collected from the infusion site (prior 
to 18F-FES-injection) to evaluate serum estradiol, and sex hormone binding globulin, since 
these have been reported to negatively affect tumor 18F-FES uptake in breast cancer studies. 
40,149

Tumor histology
All patients were scheduled for cytoreductive surgery aimed at complete debulking of all 
macroscopic tumor lesions. The locations of resected tumor lesions were recorded to allow 
comparison between pathology and imaging results. All tumor lesions and macroscopic 
diameters at pathologic examination were listed in a database. Slides for histological 
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examination were prepared from all parts with suspected tumor. Hematoxylin/eosin staining 
was used to evaluate the presence of tumor cells in the resected tissue and tumors were 
typed and graded. From all tumor lesions ≥ 10 mm of which quantitative 18F-FES uptake was 
available, additional immunohistochemistry was performed. Paraffin-embedded-formalin-
fixed tumor blocks were sliced and mounted on 3-aminopropyltriethoxylane-coated glass 
slides. Immunohistochemistry was performed as previously described. Briefly, ERα was 
stained using the clinical-grade SP1 monoclonal rabbit anti-ERα antibody (Ventana), and PR 
using 1E2 monoclonal rabbit anti-PR antibody (Ventana) in the automated slide stainer with 
an iView DAB Detection kit. ERβ was stained using a monoclonal mouse anti-ERβ1 clone 
PPG5/10 (Serotec).

Immunohistochemical analysis
Two independent observers scored the slides. The percentage of positive cells was scored 
(0-100%) as well as the staining intensity (0=none, 1=weak, 2=moderate, 3=strong).185,186 
For dichotomous classification of receptor positivity, ≥ 10% of tumor cells with moderate or 
strong staining was used as cut-off point in reference to other studies in ovarian cancer.187 
For semi-quantitative analysis, the percentage of positive cells and staining intensity scores 
were multiplied to obtain the H-score (range 0–300).215 To allow correction for tumor cell 
density, the percentage tumor and stromal tissue were estimated in a 1 cm2 field of view. 
Dichotomous immunohistochemistry results, H-scores and ER density were compared to 
dichotomous and quantitative tumor 18F-FES uptake. Additionally, the association between 
serum CA-125, estradiol and sex hormone binding globulin with tumor 18F-FES uptake was 
evaluated. 

Statistical analysis
In this pilot study we aimed to enroll ~15 patients to assure the inclusion of at least 8 
patients with ERα positive histology. A sensitivity of 18F-FES-PET/CT ≥85% was anticipated. 
A stopping-rule was therefore applied when ≥ four out of eight patients with ER positive 
histology did not show tumor 18F-FES uptake (SUVmax < 1.5), since this results in a 95% 
confidence interval below 85% sensitivity. Receiver operating characteristic analysis was 
done to identify the optimal threshold to differentiate between ERα positive and ERα 
negative lesions. Sensitivity, specificity and 95% confidence intervals were calculated. 
Mann-Whitney U test was performed to evaluate differences in 18F-FES uptake between 
receptor (ERα, ERβ, PR) positive and negative tumors. A Spearman’s correlation coefficient 
was determined to evaluate the correlation between quantitative tumor 18F-FES uptake and 
semi-quantitative measures of receptor expression, as well as the correlation with serum 
estradiol, and sex hormone binding globulin.
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RESULTS

Patient characteristics
Fifteen patients were included between October 2011 and October 2013. One patient had 
a carcinosarcoma at pathological examination and was therefore excluded from further 
analyses. Of the remaining 14 patients, 13 had serous carcinoma, and one carcinoma of 
the transitional cell type. Patients had FIGO stage III (n=11), IV (n=2) and recurrent ovarian 
cancer (n=1). Nine (64%) of the 14 patients received 3 cycles of neoadjuvant chemotherapy 
prior to 18F-FES-PET/CT imaging. 18F-FES-PET/CT imaging was performed at a median of 9 
days prior to cytoreductive surgery (range 1 – 22 days). All patients had postmenopausal 
serum estradiol levels at the time of 18F-FES-PET/CT (median 0.04 nmol/L, range 0.02–0.06 
nmol/L) in accordance with the inclusion criteria. Serum CA-125 levels varied greatly at the 
time of 18F-FES-PET/CT (median 138, range 18–1771 kU/L). Patient characteristics are shown 
in table 1.

Table 1: Patient Characteristics

Characteristic n=14 patients
Age (y)

Median (range) 67 (57-82)
FIGO stage

IIIC 11
IV 2
Recurrent 1

Therapy prior to 18F-FES-PET
None 5
Neoadjuvant chemotherapy 9

Histological subtype
High-grade serous 13
Transitional-cell 1

Serum tumor marker Ca-125, kU/L
Median (range) 138 (18 – 1771)

Serum estradiol (nmol/L)
Median (range) 0.04 (0.02 – 0.06)

Serum sex hormone binding globulin, nmol/L
Median (range) 67 (37 – 142)

18F-FES-PET/CT findings
All patients had a diagnostic contrast-enhanced CT scan available. All patients underwent 
18F-FES-PET with co-registration of a low-dose CT. Of the 14 patients, two patients underwent 
a new diagnostic CT at the time of 18F-FES-PET/CT imaging, the remaining 12 patients had a 
diagnostic CT scan available that was made less than 6 weeks (median 28, range 7–41 days) 
prior to 18F-FES-PET/CT imaging. 
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On 18F-FES-PET/CT 12 out of 14 patients had lesions with 18F-FES uptake. A total of 32 lesions 
≥ 10 mm were identified on 18F-FES-PET/CT. Four additional lesions were larger than 10 
mm on earlier diagnostic CT, but could not be identified on the low-dose CT at the time 
of 18F-FES-PET/CT imaging. These four lesions were however present in patients that had 
received three cycles of neo-adjuvant chemotherapy at the time of 18F-FES-PET/CT, and all 
four lesions were confirmed to have become < 10 mm due to neodjuvant chemotherapy 
at pathological examination. Finally, four lesions were visible on 18F-FES-PET/CT but 18F-FES 
uptake could not be reliably quantified due to high physiological background uptake in the 
close proximity of the lesion (e.g. in liver, uterus and intestines). Therefore, a total of 28 
lesions, consisting of 12 ovarian tumors and 16 intra abdominal metastases, were used for 
18F-FES-PET/CT analysis. Examples of positive 18F-FES-PET/CT images of abdominal metastases 
are provided in figure 1. There were no new lesions discovered on 18F-FES-PET/CT that had 
not yet been recorded on diagnostic CT. One patient had newly diagnosed pleural effusion 
which harbored increased 18F-FES uptake. Mean tumor SUVmax of all quantified lesions 
was 2.4 (range 1.1–5.1). It was noted that 18F-FES uptake was absent in cystic parts of the 
tumor lesions (figure 2). Although not a primary aim of our study, it was noted that fusion 
of PET with the diagnostic CT was crucial for identification of the tumor lesions, since tissue 
surrounding the lesions, such as uterus, bladder and intestines harbored high physiological 
uptake. 

Figure 1. Imaging of a patient with metastatic 
lesions between stomach and spleen. (A) CT scan; 
(B) 18F-FES-PET/CT 
 

 

A B 

Figure 1. Imaging of a patient with metastatic lesions between stomach and spleen. (A) CT scan; (B) 18F-FES-PET/CT.

Figure 2. CT-scan (A) and 18F-FES-PET/CT (B) 

findings of the same patient as shown in Fig. 3. 

ERα-expression was high and tumor 18F-FES-

uptake (SUVmax) was 5.1. 18F-FES-uptake was 

absent in cystic parts of the tumor lesion (arrow 

head) when compared to solid parts (arrow).  

 

A B 

Figure 2. CT-scan (A) and 18F-FES-PET/CT (B) findings of the same patient as shown in Fig. 3. ERα expression was 
high and tumor 18F-FES uptake (SUVmax) was 5.1. 18F-FES uptake was absent in cystic parts of the tumor lesion (arrow 
head) when compared to solid parts (arrow).
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Concordance between 18F-FES-PET/CT and pathology
Concurrent histology was available for 23 (82%) of 28 lesions quantified on 18F-FES-PET/CT. 
Histology was not available of the remaining lesions due to inability to perform a complete 
debulking during surgery. ERα was positive in 19 of 23 lesions (83%) with a median H-score 
of 101 (range 0–300), ERβ was positive in 13 lesions (57%) with a median H-score of 84 
(range 0–300), and PR was positive in 10 lesions (43%) with a median H-score of 65 (range 
0–188). Examples of ERα, ERβ, and PR immunostaining are provided in figure 3. 

Tumor 18F-FES uptake was higher in ERα positive lesions than in ERα negative lesions (mean 
SUVmax 2.8 ± 1.3 vs. 1.4 ± 0.3, P=0.03). The optimum threshold for quantitative 18F-FES-PET 
imaging to discriminate between ERα positive and ERα negative lesions, as determined by 
receiver operating characteristic analysis, was a SUVmax of 1.8. Application of this threshold 
resulted in a 100% specificity (4 of 4 lesions with uptake < 1.8 were ERα negative) and 79% 
sensitivity (15/19 lesions with uptake > 1.8 were ERα positive). Also, using this threshold, 
one patient had both 18F-FES positive as well as 18F-FES negative lesions. 

Mean tumor 18F-FES uptake did not differ significantly between ERβ positive and ERβ 
negative lesions (2.9 ± 1.4 vs. 2.1 ± 1.0, P=0.19), and between PR positive and PR negative 
lesions (3.1 ± 1.5 vs. 2.1 ± 0.8, P=0.17). As expected, 18F-FES-PET/CT was not suitable to 
differentiate between ERβ positive and ERβ negative lesions with a calculated sensitivity of 
77% and specificity of 50%. The calculated sensitivity and specificity of 18F-FES-PET/CT for PR 
positive lesions were 70% and 38%. The use of SUVmean instead of SUVmax did not affect the 
sensitivity and specificity of 18F-FES-PET for ERα positive lesions, with an optimum threshold 

Figure 3. Representative examples of hematoxylin/eosin (A), ERα

(B), ERβ (C) and PR (D) staining. In this patient ERα-expression 

was high, ERβ was moderately expressed, and PR was 

heterogeneously expressed. 

A B

C D

Figure 3. Representative examples of hematoxylin/eosin (A), ERα (B), ERβ (C) and PR (D) staining. In this patient ERα 
expression was high, ERβ was moderately expressed, and PR was heterogeneously expressed.
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to discriminate between ERα positive and ERα negative lesions for a SUVmean ≥ 1.3.

In seven patients with histology at primary diagnosis, and at debulking surgery after 
neoadjuvant chemotherapy, paired samples were available to evaluate temporal 
discordance in ERα expression. In two patients (29%), there was discordant ERα expression. 
Both patients had ERα negative immunohistochemistry at diagnosis, 18F-FES-PET/CT showed 
18F-FES positive lesions, and subsequent histology obtained during debulking surgery shortly 
thereafter was ERα positive. 

Correlation between quantitative 18F-FES-PET/CT and receptor expression
Quantitative tumor 18F-FES uptake (SUVmax) correlated well with the H-score for ERα (ρ=0.65, 
P<0.01, figure 4A). 18F-FES uptake showed a weak correlation with PR expression (ρ=0.46, 
P=0.03, figure 4B) and was not associated with ERβ expression (ρ=0.21, P=0.33, figure 4C). 
The weak correlation observed between 18F-FES uptake and PR expression can likely be 
explained by the fact that increased ERα expression correlated with increased PR expression 
(ρ=0.54, P<0.01) as PR is an ERα-mediated estrogen-responsive gene. Indeed median SUVmax 

was 3.8 in PR positive tumors that were also ERα positive (n=8 lesions) and only 1.2 in PR 
positive tumors that were ERα negative (n=2 lesions).

Using SUVmean instead of SUVmax provided a slightly better correlation between quantitative 
tumor 18F-FES uptake and ERα expression (ρ=0.75, P<0.01). Also PR correlated with tumor 
SUVmean (ρ=0.55, P<0.01), while ERβ expression did not correlate with tumor 18F-FES uptake 
using SUVmean (ρ=0.30, P<0.01).

It was noted that in four lesions of two patients treated with neoadjuvant chemotherapy 
quantitative tumor 18F-FES uptake was low, while tumor cells were clearly ERα positive. In 
these two patients, however, the tumors had a relatively low percentage of vital tumor cells.  

Figure 4. Correlation between quantitative tumor 18F-FES uptake (SUVmax) and semi-quantitative 

immunoscore (H-score) for tumor ERα expression (A) ERβ expression (B), and PR-expression (C).  
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Figure 4. Correlation between quantitative tumor 18F-FES uptake (SUVmax) and semi-quantitative immunoscore 
(H-score) for tumor ERα expression (A) ERβ expression (B), and PR expression (C).
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The lower ER density per cm2
 therefore likely explains these false-negative findings (figure 5). 

Correlation between quantitative 18F-FES-PET/CT and serum estradiol and sex 

hormone binding globulin
All patients had postmenopausal serum estradiol levels. Within the postmenopausal range, 
there was no trend towards lower 18F-FES uptake in individuals with higher serum estradiol 
levels (ρ=0.06, P=0.56). Increased sex hormone binding globulin levels were reported to 
negatively affect tumor 18F-FES uptake in larger breast cancer studies.40 In our study high 
serum sex hormone binding globulin levels did not correlate with lower tumor 18F-FES 
uptake (ρ=-0.18, P=0.59). 

DISCUSSION

This is the first study that showed that 18F-FES-PET/CT can reliably assess tumor ERα-status 
in patients with epithelial ovarian cancer. Twelve out of 14 patients had tumor lesions with 
an increased 18F-FES uptake. 

To the best of our knowledge, no earlier studies describing 18F-FES-PET/CT in ovarian cancer 
are available apart from one preliminary case report of 18F-FES-PET in a patient with ovarian 

Figure 5. Example of a patient with false-negative 18F-FES-PET/CT 

findings (upper panels) and true-positive 18F-FES-PET/CT findings 

(lower panels). (A) 1 cm2 overview of ERα staining; (B) 1 mm2 

overview of ERα staining of the indicated area in (A); and (C) 

corresponding 18F-FES-PET/CT findings. The arrows indicate the 

tumor mass. 18F-FES-uptake (SUVmax) was 1.3 in the tumor shown in 

the upper panel and 4.9 in the lower panel. The low tumor cell density 

in the upper panel likely explains the negative findings on 18F-FES-

PET/CT.   

 

 

B A C 

Figure 5. Example of a patient with false-negative 18F-FES-PET/CT findings (upper panels) and true-positive 18F-FES-
PET/CT findings (lower panels). (A) 1 cm2 overview of ERα staining; (B) 1 mm2 overview of ERα staining of the 
indicated area in (A); and (C) corresponding 18F-FES-PET/CT findings. The arrows indicate the tumor mass. 18F-FES 
uptake (SUVmax) was 1.3 in the tumor shown in the upper panel and 4.9 in the lower panel. The low tumor cell 
density in the upper panel likely explains the negative findings on 18F-FES-PET/CT. 
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cancer and leiomyoma in a review article that indicated that 18F-FES uptake can be observed 
in ovarian cancer.56

In our feasibility study, we learned several aspects that can be of relevance for future 
18F-FES-PET studies in ovarian cancer patients. First of all, we showed that 18F-FES uptake 
was absent in the cystic parts of lesions, and therefore a sufficiently large (e.g. >10 mm) 
solid component is required for quantification of tumor 18F-FES uptake. Secondly, in 
contrast to breast cancer where 18F-FES positive lesions can usually readily be observed 
also without concurrent CT-scan,50 in this study, ovarian cancer lesions had to be allocated 
using a concurrent or recent contrast-enhanced diagnostic CT. This is the consequence of 
the fact that the far majority of lesions develop in the abdominal cavity where visualization 
is hampered by high physiological background tracer levels in liver, gallbladder, intestines, 
uterus, kidneys and bladder.65 Finally, our study design allowed the inclusion of patients 
that had received neoadjuvant chemotherapy, which has potentially affected tumor 18F-FES 
uptake. The inclusion of neoadjuvant treated patients with high-stage disease allowed us to 
obtain both 18F-FES-PET/CT data and concurrent histology of multiple lesions from the same 
patient, which was also one of the strengths of our study. In two of nine of neoadjuvant 
treated patients, however, all lesions larger than 10 mm on earlier diagnostic CT, were 
reduced in size < 10mm due to chemotherapy effects precluding the assessment at the time 
of 18F-FES-PET. In two other neoadjuvant-treated patients, four lesions >10 mm harbored 
only few vital tumor cells at pathological examination. Thus, antitumor effects in patients 
treated with neoadjuvant chemotherapy may have impacted 18F-FES-PET sensitivity. 

To date, most 18F-FES-PET studies have used SUVmax to quantify tumor 18F-FES uptake.149 This 
method of quantification has several advantages among which its easy reproducibility. As an 
explorative analysis we also measured SUVmean using an arbitrary 70% isocontour. Although 
this slightly increased the correlation between tumor 18F-FES uptake (SUVmean) and ERα 
expression, it did not result in a better sensitivity and specificity. The most optimum way to 
quantify tumor 18F-FES uptake, using SUVmax or SUVmean with a percentage isocontour, with 
or without correction for background physiological 18F-FES uptake needs to be addressed in 
future studies. 

The current golden standard to determine hormone receptor expression is 
immunohistochemistry. This standard has some limitations in patients with metastatic 
disease. For example it may be difficult to obtain a biopsy due to e.g. the location of the 
lesion. Also, determining the current ER status of the patient on stored tissue samples can 
be unreliable due to changes in ER expression over time. Finally, a biopsy may not always 
reflect actual ER status due to intra-tumor and inter-tumor heterogeneity. These issues 
have especially been shown to play a role in breast cancer,9,25 but may also apply to ovarian 
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cancer. Specifically, we showed previously that heterogeneous ER expression among lesions 
within the same individual does also exist in ovarian cancer.211 In the current study, in two 
of seven patients with biopsies at diagnosis and at surgery several months later, discordant 
ERα expression was observed. Since the first biopsy was performed as diagnostic procedure 
prior to inclusion in the study we were unable to precisely determine which lesion was 
biopsied. Therefore, the discordance might be explained by heterogeneity between lesions, 
or by changes in ER expression, e.g. due to neoadjuvant chemotherapy effects. Either way, 
this illustrates that a single tumor biopsy may not always reliably reflect ERα-status during 
the course of disease.

18F-FES-PET has previously been evaluated to assess ER status in breast cancer metastases, 
which showed a good sensitivity of 84% and excellent specificity of 98%.10,16,70,71,149 In 
addition, 18F-FES-PET showed to be as predictive biomarker for response to antihormonal 
therapy in various studies in metastatic breast cancer patients.57,63,64 In ovarian cancer 
patients, the role of endocrine therapy is limited. Objective tumor responses to endocrine 
agents are observed in 8-19% of heavily pretreated patients in several phase II studies.4–7,206 
But surprisingly, these studies did generally not select patients based on ER expression by 
their tumor. In a retrospective study in 26 patients with ovarian cancer treated with the 
pure ER antagonist fulvestrant, higher levels of ER expression by the tumor were associated 
with clinical benefit.207

CONCLUSION

18F-FES-PET/CT can reliably assess ERα status in epithelial ovarian cancer tumors and 
metastases non-invasively, with a 79% sensitivity and 100% specificity. Based on the 
findings of this study, exploration of the value of 18F-FES-PET to predict treatment response 
to endocrine agents is warranted. Ideally, patients with ovarian cancer presenting with 
especially solid tumor lesions larger than 10 mm seem candidate to evaluate the potential 
of 18F-FES-PET/CT as predictive imaging biomarker.
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SUMMARY

For patients with estrogen receptor (ER) positive breast cancer, endocrine therapy plays a 
major role in both the adjuvant and palliative setting. Although endocrine therapies with or 
without chemotherapy have significantly reduced the recurrence risk as adjuvant therapy, 
20-30% of all patients with primary breast cancer will develop distant metastases.216 

Also when metastases have developed, long-term disease stabilization can be achieved by 
endocrine therapies. For adequate treatment decision-making it is crucial to obtain up-to-
date information on the ER status of the tumor(s), since ER expression is the sole predictor 
for response to endocrine therapy. Moreover, ER status can change during the course of 
disease in up to 30% of the patients, and therefore treatments based on the ER status of 
the primary tumor may be inadequate. Therefore, guidelines now advise to determine the 
ER status at the time of first relapse by obtaining a biopsy of a metastatic lesion. Obtaining 
a biopsy can however be difficult due to the location of a lesion; and heterogeneous ER 
expression can occur within one metastasis and among different metastases within an 
individual, which can lead to sampling errors. 

Positron emission tomography (PET) imaging of ER expression by use of the tracer 16α-[18F]
fluoro-17β-estradiol (FES) can give functional information about the ER status of all lesions 
within the body. The aim of this thesis was to address the clinical potential of the 18F-FES-PET 
technique in breast and ovarian cancer patients. 

In chapter 1 we provided a short introduction and outline of the thesis. In chapter 2, we 
have reviewed the possible applications of 18F-FES-PET imaging for metastatic breast cancer 
patients. A literature search was performed to acquire preclinical data on the development 
of ER-targeted PET tracers, and all clinical studies performed until May 2013 were included. 
The possible applications of 18F-FES-PET in breast cancer patients hat were identified by the 
literature search were: 1) as a diagnostic tool, 2) as a predictive biomarker for endocrine 
therapy, 3) to evaluate heterogeneity of ER expression among metastases, and 4) to evaluate 
change in ER binding capacity during treatment with ER antagonists. In a pooled analysis of 
studies using 18F-FES-PET and concurrent biopsies, 18F-FES-PET had a good sensitivity for 
ER positive lesions of 84% and an excellent specificity of 98%. Analysis of a limited number 
of small studies in 138 patients allowed us to evaluate the predictive value of 18F-FES-PET. 
A maximum standardized uptake value (SUVmax) ≥ 1.5 appeared to be the best predictor 
of response with a positive predictive value of 65% and a negative predictive value of 
88%. Finally, we summarized important factors that should be taken into account when 
performing clinical 18F-FES-PET studies, such as recent therapies affecting tumor 18F-FES 
uptake and patients’ menopausal status. 
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In chapter 3 we evaluated whether 18F-FES-PET could be used as an add-on diagnostic 
tool in breast cancer patients that presented with a clinical dilemma. Thirty-three breast 
cancer patients were referred for a 18F-FES-PET after standard work-up was unable to solve 
the diagnostic dilemma. Physicians were required to fill in questionnaires prior to 18F-FES-
PET, shortly after and three months after 18F-FES-PET imaging to evaluate the impact of 
18F-FES-PET on diagnostic understanding and therapy management. The clinical dilemmas 
for which patients were referred to undergo 18F-FES-PET imaging could be grouped into 
three categories: 1) patients with equivocal or conflicting findings on conventional imaging 
procedures, 2) patients with metastatic breast cancer in which ER status could not be 
determined by tissue biopsies, or 3) patients with metastases of unknown origin detected 
by conventional imaging. Although, our patients clearly represented a very selected group 
of patients in which prior work-up was inconclusive, 18F-FES-PET improved the diagnostic 
understanding of the referring physician in 88% of the cases and contributed to a change in 
therapy in 48% of the patients. This study therefore suggests that 18F-FES-PET may well be 
of value as an add-on diagnostic tool. Therefore, future studies are warranted to determine 
the exact indications in which 18F-FES-PET can be of additive value. 

In chapter 3A 18F-FES-PET was used in addition to standard work-up in a patient with a rare 
tumor type: endometrial stromal sarcoma (ESS). In this chapter we provided a review of 
the literature on the use of endocrine therapies and present a case report. ESS is a rare 
uterine tumor that frequently expresses the ER. It is commonly treated by progestins and 
there is limited data for efficacy of ER-targeted therapies. The patient that we presented 
had no further evidence-based therapies available, and in addition the most recent tumor 
biopsy had shown ER negative disease. 18F-FES-PET was performed to evaluate whether ER-
targeted therapy could be an option in this patient. Based on high 18F-FES uptake in all known 
lesions, treatment with fulvestrant was initiated. Fulvestrant is a pure anti-estrogen that 
competitively binds to the ER and down regulates ER expression. Treatment with fulvestrant 
in ESS was not earlier described in literature. Follow-up after 3 and six months revealed a 
clear reduction in tumor estrogen binding on 18F-FES-PET as well as a reduction in tumor 
volume on CT-scan. Based on this case report fulvestrant can be considered in the treatment 
of ESS after failure of megestrol and aromatase inhibitors. 18F-FES-PET may contribute to 
select the right patients for treatment with fulvestrant.

The reduction in 18F-FES uptake during fulvestrant can potentially give insights in the optimum 
dose required to inhibit the ER. In breast cancer, 500 mg fulvestrant per intramuscular 
injection on day 1, 14, 28 and every 4 weeks thereafter, is the approved dose since 2011. While 
preclinical studies have shown that fulvestrant can completely down-regulate ER expression 
and block estrogen-induced proliferation, it is unknown whether the dose administered to 
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patients is sufficient to completely abrogate ER expression. We therefore evaluated tumor 
18F-FES uptake before and during fulvestrant therapy by means of serial 18F-FES-PET imaging 
(in chapter 4) in 16 patients with metastatic breast cancer. A relative reduction of <75% with 
an absolute uptake value of  ≥ 1.5 (SUVmax) was predefined as an incomplete reduction in 
tumor 18F-FES uptake. Although fulvestrant decreased tumor 18F-FES uptake in the majority 
of patients, in ~38% of the patients there was significant residual tumor 18F-FES uptake. 
Interestingly, only one of six patients with incomplete reduction in tumor 18F-FES uptake 
had clinical benefit from fulvestrant therapy, while eight of nine patients with ≥ 75% relative 
reduction had clinical benefit. It therefore deserves further attention to evaluate whether 
18F-FES-PET could serve as an early marker of response to fulvestrant. 

Whereas the most commonly used endocrine therapies are aimed at the inhibition of the ER 
by either depleting circulating estrogens or by competitive antagonism, also stimulation by 
estradiol can generate an anti-tumor effect. Estradiol-induced apoptosis can be observed in 
breast cancer cells that are cultured in estrogen-deprived conditions for a longer period. It 
is hypothesized that estrogen-deprivation makes the tumor cells adapt to the low estradiol 
levels by increasing ER expression. Due to the up-regulation of ER expression the cells can 
still grow in response to very low estradiol levels, but at the cost of going into apoptosis when 
exposed to higher concentrations of estradiol. In chapter 5 we described a study in nineteen 
patients with metastatic breast cancer that were extensively pretreated with anti-estrogen 
therapies. A 18F-FES-PET was performed prior to the initiation of high-dose estrogen therapy. 
Based on the preclinical observations it was hypothesized that high tumor 18F-FES uptake, 
as a measure of high ER expression, would predict efficacy of high-dose estrogen therapy. 
In this study we showed that absent 18F-FES uptake was predictor of failure of high dose 
estrogen therapy. The addition of other markers, such as bone turn over markers and tumor 
markers may aid to obtain also a good positive predictive value. 

Also in ovarian cancer hormone receptors are thought to play a role in carcinogenesis and 
disease progression. Endocrine therapy is however not advocated since current phase II 
studies have only shown modest effects. Surprisingly, however, most studies were performed 
in patients that were not selected for ER expression. In chapter 6 we have evaluated the 
presence of androgen receptor (AR), ERα and ERβ, and progesterone receptor (PR) in tissue 
micro-arrays from 121 patients with epithelial ovarian cancer that were uniformly treated 
in a multicenter phase II study. ERβ was the most abundant hormone receptor isoform 
and was present in 73% of all patients, followed by ERα (31%), PR (19%) and AR (10%). 
Hormone receptor expression was compared with prospectively collected progression-free 
and overall survival data, which showed a favorable prognosis for patients with hormone 
receptor negative tumors. Interestingly, similar to reports in breast cancer, we observed 
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a relatively high degree of heterogeneity in hormone receptor expression between the 
primary ovarian tumor and omental metastases within individual patients. This would point 
towards the possible value of 18F-FES-PET for determination of ER status and subsequent 
treatment decision-making.

It was however unknown whether it was feasible to determine tumor ER expression by 
18F-FES-PET in ovarian cancer patients. This was especially of relevance since ERα expression 
is generally lower in ovarian cancer than in breast cancer; and metastases usually occur 
within the abdomen where quantification of 18F-FES uptake may be impaired by high 
physiological background uptake of 18F-FES in liver, intestines, uterus and bladder. In a 
feasibility study in fifteen patients with ovarian cancer 18F-FES-PET was performed shortly 
before debulking surgery. This allowed direct comparison of tumor 18F-FES uptake and tumor 
hormone receptor status determined via the golden standard, i.e. immunohistochemistry, 
for multiple lesions. This pilot study showed it is feasible to visualize and quantify 18F-FES 
uptake in ovarian cancer lesions. Quantitative 18F-FES uptake correlated well with semi-
quantitative ERα-scores by immunohistochemistry. The sensitivity and specificity of 
18F-FES-PET for ERα positive ovarian cancer lesions were 79% and 100%. Other important 
observations in this study were that 1) a diagnostic CT for the allocation of ovarian cancer 
lesions is recommendable, 2) quantification of 18F-FES uptake in cystic lesions is hampered, 
and 3) that neo-adjuvant chemotherapy may affect tumor ER expression and 18F-FES uptake. 
Future studies are warranted to evaluate whether 18F-FES-PET can contribute to select 
ovarian cancer patients for treatment with endocrine drugs.

FUTURE PERSPECTIVES

18F-FES-PET in breast cancer
To further optimize the use of 18F-FES-PET, it will be of relevance to dissect the effects of recent 
therapies on tumor 18F-FES uptake. In our study with fulvestrant we observed low tumor 
18F-FES uptake in the four patients that withdrew tamoxifen therapy shortly before baseline 
18F-FES-PET. Similarly, in the study with high dose estrogens 18F-FES uptake appeared to be 
hampered in patients that were recently treated with tamoxifen and fulvestrant, despite a 
5-week drug-free interval. Thus, recent use of ER antagonists can potentially lead to a false-
negative 18F-FES-PET scan. Ideally, a study should be performed in which individual patients 
undergo a 18F-FES-PET scan at two time points following withdrawal of tamoxifen and 
fulvestrant. This could allow evaluation of the period of withdrawal in which tumor 18F-FES 
uptake still increases, and the period in which tumor 18F-FES uptake reaches a plateau. 

The studies presented in this thesis were primarily designed as feasibility studies to obtain 
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new insights in the possible value of 18F-FES-PET as diagnostic tool, to predict treatment 
outcome, and to evaluate therapy effects. However, eventually one would like to know 
whether 18F-FES-PET can be implemented into clinical practice. Current guidelines advise 
re-evaluation of tumor ER- and HER2 expression at first relapse by a tumor biopsy, since 
these receptors can discordantly be expressed between primary tumor and metastases. 
However, limitations of tumor biopsies include the accessibility of tumor sites, sampling 
errors due to heterogeneity within a single tumor lesions, and unrepresentative results due 
to heterogeneity among different metastases. Potentially, some patients are subsequently 
falsely withheld from endocrine or HER2-targeted therapy, and others receive these 
therapies while the majority of the tumor burden lacks expression of these targets. While 
18F-FES-PET can be used to evaluate tumor ER expression in multiple tumor lesions within 
a patient, 89Zr-trastuzumab-PET can be used to evaluate tumor HER2 expression.217–219 In a 
multi center study (in collaboration with VUMc and Radboud University Medical Center) 200 
patients with newly diagnosed metastatic breast cancer will undergo imaging with 18F-FES-
PET, 18Zr-trastuzumab-PET and FDG-PET, tumor biopsy, and assessment of and circulating 
tumor DNA (NCT01957332). It will be evaluated whether these novel imaging techniques 
and liquid biopsies can give clinically relevant information to guide personalized therapy 
more precisely. If successful, this may result in implementation of these techniques in future 
clinical practice.

Several novel endocrine treatment strategies are currently explored, among which 
combination of endocrine drugs with drugs that inhibit growth factor signaling, cyclin-
dependent kinase 4/6 inhibitors, epigenetic drugs, novel ER down-regulators, and androgen 
receptor (AR)-targeted drugs. The mammalian target of rapamycin (mTOR) acts downstream 
of growth factor receptors and can phosphorylate and activate ERα ligand-independently. 
For this reason, combination therapy with the aromatase inhibitor exemestane and the 
mTOR-inhibitor everolimus has been explored in clinical trials. The phase III trial (BOLERO-2) 
showed that the addition of everolimus to exemestane extended median progression-free 
survival from 3.2 to 7.8 months.85,220 

Another interesting new combination is that of cyclin-dependent kinase 4/6 (CDK4/6) 
inhibitors with endocrine therapies. Activation of the ER by estrogens results in activation 
of CDK4/6. CDK4/6 on its turn, induces cell cycle progression via activation of E2F (figure 
1). Thus, CDK4/6 is a rational target in ER positive breast cancer. Indeed, in preclinical 
studies CDK4/6 inhibitors prevented cellular proliferation especially in ER positive (luminal) 
breast cancer cells.221 In addition, combination of CDK4/6 inhibition with endocrine drugs 
synergistically blocked tumor growth.222 In a phase I study, CDK4/6 inhibition was well-
tolerated, and in a recent phase II study it showed promising results when combined with 
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an aromatase inhibitor.223 In this study, progression-free survival increased from 7.5 months 
for letrozole alone to 26.2 months for the combination of letrozole plus the CDK4/6 inhibitor 
PD991 (palbociclib). 

Despite the advances in terms of progression-free survival it will remain of importance to 
select the right patients for these combination strategies. For example, the combination of 
everolimus plus exemestane results in progressive disease within 24 weeks of treatment 
initiation in ~50% of the patients. Moreover, side-effects are associated with the use of 
everolimus.85,220  Finally, the costs of one month of exemestane therapy equals ~€10,- euro, 
while combination therapy with everolimus equals ~€3600,-.224 Likely, also CDK4/6 inhibitors 
will be associated with an increase in both costs and side-effects and preclinical studies 
suggest that CDK4/6 inhibition in ER negative tumors may be counter-effective.

These facts underscore that it remains of relevance to identify those patients that are most 
likely to benefit from combination therapy and patients that won’t. Lost ER expression and 
heterogeneous ER expression are among possible reasons for therapy failure. Loss of ER 
expression in metastases compared to the primary tumor is reported in 16-40% of breast 
cancer patients with an ER positive primary tumor.8,9 18F-FES-PET may aid to identify patients 
that are most likely to respond to these compounds. 

In ER negative tumors the ESR1 (estrogen receptor) gene is usually not mutated, but 
transcription is repressed by epigenetic modifications which results in an ER negative 
phenotype. The two most important epigenetic modifications are DNA methylation and 
histone tail modifications. Histone deacetylase inhibitors and DNA methyltransferase 
inhibitors can be used to alter gene expression (figure 2). 

We and others have previously shown that HDAC-inhibition can re-express the ER in ER 
negative breast cancer cells. Also, HDAC-inhibition can re-sensitize ER negative breast 
cancer xenografts to endocrine therapies in mouse studies.82 Finally, in a randomized phase 

Figure 1. The role of CDK4/6 in estrogen-mediated cell cycle progression.
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II study in 130 metastatic breast cancer patients that progressed on a nonsteroidal aromatase 
inhibitor, exemestane plus the HDAC inhibitor entinostat was compared to exemestane plus 
placebo. The combination of exemestane plus entinostat improved PFS (4.3 v 2.3 months) and 
OS (28.1 v 19.8 months).225 

Serial 18F-FES-PET imaging could shed light on the changes of ER expression upon treatment 
with HDAC inhibitors, the time frame in which changes occur, and the duration of changes, 
which would provide critical information for the timing of combination therapies. In an ongoing 
study (NCT01153672) in ER positive breast cancer patients receiving 2 weeks of vorinostat 
treatment followed by 6 weeks of aromatase inhibitor therapy, changes in ER expression are 
measured by 18F-FES-PET after 2 and 8 weeks of treatment. 

Finally, the efficacy of endocrine therapies may be enhanced by drugs with increased ER binding 
affinity. We have shown that the estrogen receptor downregulator fulvestrant blocks the ER 
incompletely in ~38% of metastatic breast cancer patients, and that incomplete blockage was 
associated with early progression. Novel, orally available ER downregulators with high affinity 
for the ER are currently in preclinical development.226 18F-FES-PET may be used to evaluate the 
binding characteristics of novel ER-targeted drugs in vivo animal and clinical studies. Ideally, 

Figure 2. The figure shows the interactions between epigenetic enzymes (writers, erasers, readers) and 
nucleosomes. The nucleosome core consists of a histone octamer (mainly two copies each of H2A, H2B, H3 and 
H4) that is wrapped by a nuclear DNA strand of 147 bp. DNA methylation and hydroxymethylation are depicted 
as black and grey circles, respectively. DNA methylation is induced by DNA methyltransferases (DNMTs). To inhibit 
DNA methylation, DNMT inhibitors (DNMTis) are used to target and suppress DNMTs. Histone tales can be post-
transcriptionally modified using enzymes such as histone acetyltransferases (HATs). Histone acetylation can be 
inhibited by histone deacetylases (HDACs), and HDAC inhibitors (HDACis) can be used as HDAC suppressors.
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18F-FES-PET should be performed in dose-escalation studies which would allow assessment of 
the most optimal dose to completely block tumor estrogen binding capacity. 

Not only ER-targeted drugs, but also treatments targeting the androgen receptor (AR) may 
be valuable in breast cancer. The AR is expressed in ~75% of all breast tumors, and moreover 
in 12-30% of the triple-negative tumors.227,228 This offers a potential new treatment option 
for this subgroup that can nowadays only be treated with chemotherapy.229,230 AR-targeted 
therapies (flutamide, bicalutamide, nilutamide) are already widely available for the treatment 
of prostate cancer, and several novel AR-antagonists, such as enzalutamide, abiraterone 
acetate, and ARN-509 have shown promising results in this patient group.154,231,232

Tumor AR expression can be evaluated by 16β[18F]fluoro-5α-dihydrotestosterone (18F-FDHT) 
PET.233 18F-FDHT uptake is observed in metastases from prostate cancer patients.234, and AR-
targeted drugs such as enzalutamide and flutamide have shown to block tumor 18F-FDHT 
uptake.235,236 In a multi-center (in collaboration with VUMc) feasibility study in 20 metastatic 
breast cancer patients we will evaluate whether tumor 18F-FDHT uptake can be visualized 
in breast cancer patients (NCT01988324). Biopsies will be obtained to evaluate whether 
quantitative tumor 18F-FDHT uptake correlates with tumor AR expression. When 18F-FDHT-
PET proves feasible in metastatic breast cancer patients, this technique will deserve 
further exploration to select patients for AR-targeted therapies, and to evaluate AR binding 
characteristics of these drugs in vivo. 

18F-FES-PET in ovarian cancer
We have shown that it is possible to visualize and quantify tumor ERα expression not only in 
breast cancer, but also in ovarian cancer in chapter 8. Compared to breast cancer, endocrine 
therapy has moderate to poor efficacy in unselected ovarian cancer patients. It seems rational 
to select patients for these therapies based on tumor ER expression, however whether this 
indeed predicts response and which thresholds should be applied is unknown. In breast 
cancer patients tumor 18F-FES uptake >1.5 (SUVmax) was predictive of achieving clinical benefit 
from endocrine therapy, and moreover patients with tumor 18F-FES uptake below 1.5 were 
very unlikely to respond. It may however well be possible that other thresholds would apply 
to ovarian cancer. In our study, three (21%) of 16 patients stood out with visually increased 
tumor 18F-FES uptake compared to background. In these three patients 18F-FES uptake was 
high (median SUVmax >3.5) when compared to the other patients in which 18F-FES uptake was 
comparable or only slightly higher than physiological background (median SUVmax < 2.3). It 
deserves further exploration in a prospective clinical study whether those patients with clearly 
increased 18F-FES uptake are indeed the patients that could benefit from endocrine therapy.





Chapter 9
Nederlandse samenvatting
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INLEIDING

Ongeveer 12% van alle vrouwen wordt gedurende haar leven gediagnosticeerd met 
borstkanker. Het mammacarcinoom is daarmee het meest voorkomende tumortype 
onder vrouwen. Op basis van tumorkarakteristieken, waaronder expressie van de 
oestrogeenreceptor en de humane epidermale groeifactorreceptor 2 (HER2) in of op de 
tumorcel, kan er een onderverdeling worden gemaakt naar verschillende subtypen. Deze 
tumorkarakteristieken zijn van belang voor het bepalen van de prognose en de therapiekeuze. 

Van alle primaire mammatumoren is 75% positief voor de oestrogeenreceptor. De 
oestrogeenreceptor kan worden geactiveerd door het vrouwelijk geslachtshormoon, 
oestradiol. Na activatie van de oestrogeenreceptor door oestradiol dimeriseert deze, 
verplaatst zich naar de nucleus, en bindt aan het DNA. Met behulp van co-repressoren en 
co-activatoren moduleert de oestrogeenreceptor uiteindelijk de transcriptie van genen die 
verantwoordelijk zijn voor celdeling en celoverleving. 

De stimulatie van celdeling door oestradiol kan worden geïnhibeerd door hormonale 
therapieën. Dit kan bijvoorbeeld door de hoeveelheid circulerend oestradiol te verlagen 
(door inhibitie van het aromatase), door blokkade van de oestrogeenreceptor (door 
receptorantagonisten), of door de expressie van de oestrogeenreceptor te verlagen. Deze 
behandelingen worden over het algemeen goed verdragen, kunnen de kans op een recidief 
verkleinen in de adjuvante situatie, en de overleving verlengen wanneer er sprake is van 
gemetastaseerde ziekte. Een hormonale behandeling heeft echter alleen zin wanneer de 
tumor de oestrogeenreceptor tot expressie brengt.

De standaard methode om de oestrogeenreceptorexpressie te bepalen is imuunhistochemisch 
onderzoek op het tumorweefsel door de patholoog. Tot voor kort ging men er vanuit 
dat wanneer er gemetastaseerde ziekte was ontstaan, de karaktereigenschappen van de 
metastasen gelijk waren gebleven aan die van de primaire tumor. Inmiddels is echter bekend dat 
tumoreigenschappen, waaronder de oestrogeenreceptorexpressie, in de loop der tijd kunnen 
veranderen. Zo is bij ongeveer 15-30% van de patiënten de oestrogeenreceptorstatus van 
een metastase, door immuunhistochemie bepaald, anders dan die in de primaire tumor. Om 
deze reden adviseren verschillende richtlijnen tegenwoordig om een biopt te nemen wanneer 
er sprake is van gemetastaseerde ziekte, om daarin o.a. de oestrogeenreceptorexpressie 
opnieuw te bepalen. In de praktijk is het echter niet altijd goed mogelijk om een biopt te 
nemen uit een metastase, bijvoorbeeld vanwege de locatie van de laesie. Daarnaast kan de 
oestrogeenreceptorexpressie ook nog verschillend zijn tussen meerdere metastasen binnen 
één individu. Dit maakt dat het biopt mogelijk niet altijd een accuraat beeld geeft van de 
algehele oestrogeenreceptorstatus.



135

9C
hapter 9

N
ederlandse sam

envatting

Een relatief nieuwe techniek om de oestrogeenreceptorstatus van metastasen te bepalen is 
door middel van moleculaire beeldvorming met positronemitterende tomografie (PET) en de 
tracer 18F-fluoroestradiol (18F-FES). De mogelijke voordelen van de 18F-FES-PET techniek zijn 
o.a. dat hij niet invasief is, een afbeelding van de gehele patiënt geeft en dat zodoende de 
oestrogeenreceptorstatus van meerdere metastasen tegelijk kan worden vastgesteld. 

Het doel van dit proefschrift is om de klinische mogelijkheden van moleculaire beeldvorming 
van de oestrogeenreceptor bij het mamma- en ovariumcarcinoom te bepalen.

SAMENVATTING VAN DIT PROEFSCHRIFT

In hoofdstuk 1 werd een korte introductie en een overzicht gegeven van de inhoud van dit 
proefschrift. hoofdstuk 2 beschreef een uitgebreide literatuurstudie naar de mogelijke klinische 
toepassingen van de 18F-FES-PET techniek. In dit review werd zowel preklinische literatuur 
gezocht waarin de ontwikkeling van de verschillende PET tracers voor de oestrogeenreceptor 
is beschreven, als ook alle klinische studies die tot op heden zijn verricht. Uit deze literatuur 
konden uiteindelijk vier mogelijke klinische toepassingen voor de 18F-FES-PET techniek worden 
geëxtraheerd, te weten: i) toepassing binnen de diagnostiek, ii) als predictieve biomarker 
voorafgaand aan therapie, iii) om heterogeniteit in oestrogeenreceptorexpressie te evalueren, 
en iv) om de oestrogeenreceptor-binding van ER (ant)agonisten te bepalen. Daarnaast 
werden een aantal punten samengevat welke van belang zullen zijn voor het optimaliseren 
van de 18F-FES-PET techniek in toekomstige studies, waaronder de mogelijke invloed van 
hoge oestrogeenspiegels in premenopausale patiënten en de effecten van recent gebruikte 
oestrogeenreceptorantagonisten op de tumor 18F-FES-opname.

Daar waar in vroege 18F-FES-PET studies vooral is gekeken naar de mogelijke rol van 18F-FES-
PET in de stagering van borstkanker, hebben wij in hoofdstuk 3 gebruik gemaakt van de hoge 
specificiteit van de 18F-FES-PET als diagnosticum. In 33 patiënten met een oestrogeenreceptor-
positief mammacarcinoom in de voorgeschiedenis, die zich presenteerde met een diagnostisch 
dilemma, werd de klinische waarde van een 18F-FES-PET scan onderzocht. Deze patiënten 
hadden reeds de standaard diagnostiek ondergaan. Met behulp van vragenlijsten aan de 
verwijzend specialist voorafgaand, vlak na, en 3 maanden na het maken van de 18F-FES-PET 
werd geëvalueerd of de 18F-FES-PET had bijgedragen aan het diagnostisch begrip en aan een 
eventuele verandering in therapie/ beleid.  In deze geselecteerde groep van patiënten droeg 
de 18F-FES-PET in 88% van de verwijzingen bij aan een verbeterd diagnostisch begrip, en in 
48% van de patiënten droeg 18F-FES-PET bij aan een verandering in het beleid. Deze pilotstudie 
suggereert dat 18F-FES-PET een belangrijke bijdrage kan leveren als aanvulling op de standaard 
diagnostiek, wanneer de standaard diagnostiek geen antwoord geeft op de vraag van de 
clinicus. Toekomstige studies zijn nodig om nog exacter te definiëren bij welke indicaties 
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18F-FES-PET van toevoegde waarde kan zijn. 

In hoofdstuk 3A werd de 18F-FES-PET als aanvulling op de standaarddiagnostiek gebruikt bij 
een patiënte met een zeldzaam tumortype: het endometriaal stromacelsarcoom. In dit case 
report met een literatuuroverzicht, werd met behulp van een 18F-FES-PET onderzocht of er 
een verhoogde oestrogeenreceptorexpressie was in de metastasen van een patiënte met een 
endometriaal stromacelsarcoom. De standaardbehandelingen met onder andere progestativa 
waren reeds door deze patiënte doorlopen. Op basis van een positieve 18F-FES-PET scan 
werd een behandeling gestart met fulvestrant, hetgeen de oestrogeenreceptor competitief 
antagoneert en tevens de expressie hiervan verlaagt. De behandeling van het endometriaal 
stromacelsarcoom met deze therapie werd niet eerder in de literatuur beschreven. Na 6 
maanden therapie werd de 18F-FES-PET scan herhaald, waarop een duidelijke afname van de 
18F-FES-opname in het tumorweefsel werd gezien. Op de CT scan werd daarnaast een afname 
in diameter gezien van de metastasen. Een behandeling met fulvestrant kan op grond van 
dit case report worden overwogen in dit zeldzame tumortype. De 18F-FES-PET kan mogelijk 
bijdragen aan het selecteren van patiënten met een hoge oestrogeenreceptorexpressie. 

De reductie in 18F-FES-opname in de tumor door een behandeling met fulvestrant kan 
mogelijk ook inzicht geven in welke dosering zorgt voor een optimale verlaging in het 
aantal vrij beschikbare oestrogeenreceptoren. Uit preklinische studies blijkt dat fulvestrant 
voor een complete inhibitie van de oestrogeenreceptor kan zorgen. Dat wil zeggen: de 
oestrogeenreceptorexpressie verdwijnt volledig, en toevoegen van oestradiol induceert geen 
tumorgroei meer. In patiënten is het echter onduidelijk of de huidige dosering van 500 mg 
intramusculair iedere 4 weken plus een oplaaddosis op dag 14 voldoende is voor het volledig 
doen afnemen van het aantal vrije oestrogeenreceptoren. Het doel van de studie in hoofdstuk 
4 was om de reductie in het aantal vrije oestrogeenreceptoren door een behandeling met 
fulvestrant (standaard dosering) te evalueren. In 16 patiënten met een gemetastaseerd 
mammacarcinoom werd een 18F-FES-PET scan verricht voorafgaand aan therapie, en de scan 
werd herhaald na 1 en 3 maanden. De relatieve reductie in tumor 18F-FES-opname gedurende 
de behandeling met fulvestrant werd gekozen als uitkomstmaat voor de verandering in het 
aantal vrije oestrogeenreceptoren. Een relatieve reductie van < 75% met een absolute 18F-FES-
opname van > 1.5 (gestandaardiseerde opname waarde/ SUVmax) werd vooraf gedefinieerd als 
een onvolledige reductie. Bij 6 (38%) van de 16 patiënten bleek er sprake van een onvolledige 
reductie in het aantal vrije oestrogeenreceptoren. Slechts 1 van de 6 patiënten met een 
onvolledige reductie had baat bij de behandeling met fulvestrant (stabiele ziekte ≥ 24 weken), 
tegenover 8 van de 9 patiënten met ≥ 75% reductie in 18F-FES-opname. 

Hoewel de gebruikelijke hormonale behandelingen bij borstkanker zich richten op het 
verlagen van de oestradiolspiegels of het blokkeren van de oestrogeenreceptor, kan ook 
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het stimuleren van de oestrogeenreceptor met oestradiol een antitumoreffect genereren.  
Dit effect lijkt vooral op te treden wanneer de tumorcellen langdurig zijn blootgesteld aan 
hele lage concentraties oestradiol. Er treedt dan een adaptatie op waarbij de tumorcel 
door up-regulatie van de oestrogeenreceptorexpressie nog kan groeien bij zeer lage 
oestradiolspiegels, maar juist in apoptose gaat bij hogere oestradiolspiegels. In hoofdstuk 
5 beschreven we een pilotstudie in patiënten met een gemetastaseerd mammacarcinoom 
waarbij de voorspellende waarde van een 18F-FES-PET voorafgaand aan een behandeling 
met hoge doses oestrogenen wordt geëvalueerd. Negentien patiënten ondergingen een 
18F-FES-PET scan om de hoogte van de oestrogeenreceptorexpressie te bepalen voorafgaand 
aan een behandeling met oestradiol. Alle patiënten waren reeds uitgebreid voorbehandeld 
met meerdere lijnen antihormonale therapie. Uit deze studie bleek dat afwezigheid van de 
oestrogeenreceptor, gedefinieerd als een lage tumor 18F-FES-opname, kon voorspellen welke 
patiënten geen baat zouden hebben van oestrogenen. Anderzijds kon de mate van 18F-FES-
opname bij patiënten met een positieve scan niet goed voorspellen welke patiënten wél 
baat zouden hebben bij een behandeling met oestradiol. We lieten zien dat het toevoegen 
van andere markers, zoals bot turnover markers en tumor markers, mogelijk kan bijdragen 
aan een betere positief voorspellende waarde. 

In tegenstelling tot de situatie bij het mammacarcinoom maakt een antihormonale therapie 
geen onderdeel uit van de standaardbehandeling van het ovariumcarcinoom, hoewel 
de meeste patiënten wel een ovariëctomie ondergaan. Hormoonreceptoren komen 
echter wel tot expressie in het ovariumcarcinoom en verschillende fase II studies hebben 
een beperkt antitumoreffect van hormonale behandelingen aangetoond. Opvallend is 
dat er in de meeste studies geen selectie plaats heeft gevonden op basis van de tumor 
oestrogeenreceptorexpressie. In hoofdstuk 6 hebben we de expressie van vier verschillende 
hormoonreceptoren in het ovariumcarcinoom bepaald: de androgeenreceptor, de 
oestrogeenreceptor-alpha en -bèta (α en β), en de progesteronreceptor. Van 121 patiënten 
die participeerden in een klinische studie werden tissue-micro-arrays geconstrueerd, waarop 
de expressie van bovenstaande receptoren met behulp van imuunhistochemie werd bepaald. 
Het tumorweefsel was positief voor de androgeenreceptor in 10%, oestrogeenreceptor-α 
in 31%, oestrogeenreceptor-β in 73%, en progesteronreceptor in 19% van de patiënten. 
Patiënten met tumoren die negatief waren voor alle vier hormoonreceptoren bleken 
de beste prognose te hebben, terwijl de overleving slecht was in de groep met een 
androgeenreceptor/oestrogeenreceptor-positieve tumor. Een nieuwe bevinding in deze 
studie was dat er een hoge mate van heterogeniteit werd geobserveerd in onder andere de 
oestrogeenreceptorexpressie. Namelijk, in 31% van de patiënten met zowel tumorweefsel 
beschikbaar van de primaire ovariumtumor als ook van een omentale metastase (n = 69 
patiënten) bleek de oestrogeenreceptorexpressie tussen beide locaties discordant. Mogelijk 
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kan een 18F-FES-PET van waarde zijn om bij patiënten met een ovariumcarcinoom de 
oestrogeenreceptorstatus te bepalen. 

In hoofdstuk 7 beschreven we een pilotstudie, waarin werd geëvalueerd of de 18F-FES-PET 
ingezet kan worden om de oestrogeenreceptorstatus te bepalen in patiënten met een 
ovariumcarcinoom. Bij 15 patiënten werd een 18F-FES-PET scan verricht, waarna kort daarop 
chirurgische resectie van de tumor(en) plaatsvond. Het resectiemateriaal stelde ons in staat 
om de oestrogeenreceptor-α-, oestrogeenreceptor-β- en progesteronreceptorexpressie te 
bepalen met behulp van imuunhistochemie. De resultaten van de imuunhistochemie (= 
gouden standaard), gescoord door twee onafhankelijke beoordelaars die geblindeerd waren 
voor de resultaten van de 18F-FES-PET, werden vervolgens vergeleken met de resultaten van 
de 18F-FES-PET. Deze pilot studie toonde aan dat het mogelijk is om de oestrogeenreceptor-
α-expressie te visualiseren en kwantificeren bij het ovariumcarcinoom. Toekomstige studies 
zullen moeten uitwijzen of het maken van een 18F-FES-PET kan bijdragen aan het selecteren 
van patiënten met een ovariumcarcinoom voor een antihormonale behandeling. 

CONCLUSIE

In dit proefschrift hebben we verschillende toepassingen voor moleculaire beeldvorming 
van de oestrogeenreceptorexpressie met behulp van een 18F-FES-PET scan geëvalueerd. Met 
behulp van kleinschalige studies werd het terrein waarop de 18F-FES-PET in de toekomst 
mogelijk ingezet kan worden zo goed mogelijk gedefinieerd. Bij een juiste gestelde indicatie 
kan de 18F-FES-PET van toegevoegde waarde zijn als aanvulling op de standaarddiagnostiek, 
wanneer deze geen goed antwoord geeft op een klinische vraagstelling. Ook kan de 18F-FES-
PET worden gebruikt om inzicht te krijgen in de reductie in vrije oestrogeenreceptoren 
tijdens een behandeling met receptorantagonisten. Dit kan in de toekomst worden ingezet 
om doseringen te optimaliseren en de bindingsaffiniteit van nieuwe therapieën te evalueren. 
Als voorspeller voor respons op therapie lijkt de 18F-FES-PET met name een goede negatief-
voorspellende waarde te hebben en zodoende kan mogelijk een zinloze antihormonale 
behandeling bij patiënten met een negatieve 18F-FES-PET worden voorkomen. Tenslotte 
verdient het de aandacht om te onderzoeken of een antihormonale therapie bij patiënten 
met een oestrogeenreceptor-positief ovariumcarcinoom zinvol is. Hierbij kan, mede gezien 
het optreden van heterogeniteit in de oestrogeenreceptorexpressie, een 18F-FES-PET 
mogelijk van waarde zijn om patiënten te selecteren voor deze behandeling.

De kennis opgedaan in de in dit proefschrift beschreven studies hebben daarnaast laten 
zien dat het in de toekomst van belang zal zijn om rekening te houden met onder meer 
de menopauzale status van patiënten en recent gebruik van middelen die binden aan de 
oestrogeenreceptor en hierdoor de tumor 18F-FES-opname kunnen beïnvloeden. 



139

9C
hapter 9

N
ederlandse sam

envatting





Supplemental filesI 



142

 

 CHAPTER 2

Supplemental table: Overview of current 18F-FES-PET clinical trials 

Condition Aim of the imaging n Status ID (NCT#)
Breast cancer Assess the change in ER expression after 

treatment with the histone deacetylase inhibitor 
vorinostat using 18F-FES-PET

14 Recruiting 01720602

Metastatic breast 
cancer

Predictive value of 18F-FES-PET and 18F-FDG-PET 
for response to endocrine therapy

72 Recruiting 01627704

Breast cancer Predictive value of 18F-FES-PET for response to 
endocrine therapy plus an AKT-inhibitor

10 Not yet 
recruiting

01714128

Ovarian cancer Feasibility of 18F-FES-PET to visualize ovarian 
cancer metastases and correlation with IHC

16 Recruiting 01439490

Metastatic breast 
cancer

Predictive value of pre-treatment 18F-FES-PET and 
18F-FDG-PET for response to endocrine therapy 

100 Active, not 
recruiting

00358098

Metastatic breast 
cancer

Predictive value of 18F-FES-PET for response to 
estradiol therapy in hormone-refractory patients

50 Recruiting 01088477

Metastatic breast 
cancer

To quantify decreases in 18F-FES uptake after 
fulvestrant 500 mg dose 
(18F-FES-PET at 0-1-3 months)

15 Recruiting 00816582

Metastatic breast 
cancer

Predictive value of serial 18F-FES-PET for response 
to fulvestrant 250 mg dose
(18F-FES-PET at 0-3 months)

100 Unknown 00816582

Primary breast 
cancer

To use 18F-FES-PET to preoperatively evaluate the 
ER status of breast cancers patients

79 Active, not 
recruiting

00647790

Metastatic breast 
cancer

To measure changes in ER expression during 
vorinostat therapy by serial 18F-FES-PET. (Primary 
study aim: clinical benefit rate of vorinostat in 
stage IV breast cancer)

20 Recruiting 01153672

Primary breast 
cancer

To evaluate the value of 18F-FES-PET for predicting 
pathologic and clinical response to neo-adjuvant 
letrozole plus lapatinib

32 Recruiting 01275859

Metastatic breast 
cancer

Estimate the ability of 18F-FES-PET to predict 
response to 1st line endocrine therapy

38 Active, not 
recruiting

00602043

Metastatic breast 
cancer

When imaging agent is available: to evaluate 
changes in 18F-FES uptake shortly after 
z-endoxifen therapy. (Primary study aim: to 
determine safety, tolerability, pharmacokinetics 
and maximum tolerated dose of z-endoxifen). 

72 Recruiting 01273168

Breast cancer To correlate baseline tumor 18F-FES uptake 
(optional), and the change in tumor 18F-FDG 
uptake (at 2 weeks) for response to neoadjuvant 
or palliative endocrine therapy

40 Completed 00362973

n = estimated number of patients
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Supplemental table: Questionnaire 

Diagnostic understanding
1

2

3

4
5

18F-FES-PET confused my understanding of this patient’s disease and led to investigations I would not 
otherwise have done.
18F-FES-PET confused my understanding of this patient’s disease but did not lead to any additional 
investigations.
18F-FES-PET had little or no effect on my understanding of this patient’s disease. 

18F-FES-PET provided information that substantially improved my understanding of this patient’s disease.
My understanding of this patient’s disease depended on diagnostic information provided by 18F-FES-PET 
(unavailable from any other nonsurgical procedures).

Therapeutic choice
1
2

3
4

5

18F-FES-PET led me to choose treatment that in retrospect was not in the best interest of the patient.
18F-FES-PET was of no influence in my choice of treatment.

18F-FES-PET did not alter my choice of treatment but did increase my confidence in the choice.
18F-FES-PET contributed to a change in therapy, but other factors (other diagnostic tests, changes in 
patient status) were equally or more important.
18F-FES-PET was very important compared with other factors in leading to a beneficial change in treatment. 
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It was observed that during fulvestrant treatment, the serum estradiol (E2) levels in patients 
as measured by fluorescent-immuno-assay increased. To determine whether this could be 
contributed to cross-reactivity between fulvestrant and the estradiol assay, the following 
experiment was performed. Increasing doses of fulvestrant (2, 5, 10, 20, 30, 50, 75, 100 
nmol/L) were added in triplicate to different sets of serum from untreated patients with 
known E2 levels (0.03, 0.04, 0.09, and 0.13 nmol/L). Serum estradiol was measured by 
fluorescent-immuno-assay, before and after the addition of fulvestrant. Since the viscosity 
of fulvestrant makes it relatively difficult to precisely add the indicated doses, fulvestrant 
levels were measured by LC/MS/MS. The increase in measured E2 was thereafter compared 
to the measured fulvestrant levels by LC/MS/MS, which allowed construction of a calibration 
curve (supplemental figure 1). We observed a ~0.05 nmol/L increase in apparent E2 for each 
10 nmol/L increase in plasma fulvestrant.

Plasma fulvestrant levels in patients in our study were determined at day 28 and day 
84, concurrently with 18F-FES-PET (supplemental figure 2A). Serum estradiol levels were 
measured at baseline, day 28 and day 84 and corrected for cross-reactivity with fulvestrant 
as described above (supplemental figure 2B).

Supplemental figure 1. Cross-reactivity between fulvestrant and estradiol (E2) fluorescent-immuno-assay.
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Supplemental figure 2. (A) Patient plasma fulvestrant levels at day 28 and 84 as measured by LC/MS/MS. (B) Patient 
serum estradiol (E2) levels at baseline, day 28 and 84, measured by fluorescent-immuno-assay and corrected for 
fulvestrant cross-reactivity.
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Specimen characteristics
Tumor tissue was paraffin-embedded and stored according to standard procedures. 
Hematoxylin/eosin staining of the provided tumor tissue was performed to select 
representative sections for the construction of TMAs as previously described.14 Every set of 
TMA contained several control tissues, including four ovarian cancer samples, which were 
used as internal controls for intra-run variability.

Immunostaining
Five µm thick slices of the recipient paraffin blocks were mounted on 
3-aminopropyltriethoxylane-coated glass slides. Each tumor sample was represented 
by four cores. Sections were de-waxed in xylene for 10 min, and rehydrated with graded 
concentrations of ethanol (100%, 96%, and 70%) and distilled water. Antigen retrieval was 
performed in the indicated buffers by the microwave method, 15 min at 95-100 °C, for AR, 
ERα and PR staining, and by autoclave treatment, 3 times 5 minutes at 115 °C, for ERβ. 
To block endogenous peroxidase activity, slides were incubated with 0.3% H202 for 30 min. 
Endogenous avidin and biotin were blocked on ER α and PR slides with a blocking kit (Vector 
Laboratories). Slides were thereafter incubated with the primary antibodies for 60 min at 
room temperature for ERα (SP1, Ventana) and PR (1E2, Ventana), and overnight at 4 °C 
for AR (441, Santa Cruz) and ERβ (14C8, Abcam). For ER α and PR, swine anti rabbit/BIO 
(DAKO, Glostrup, Denmark) 1:300 was used as secondary antibody after which streptavidin/
HRP (DAKO) 1:300 was applied. For AR and ER β, rabbit anti mouse/HRP (DAKO) 1:100 was 
used as secondary antibody, with goat anti rabbit/HRP (DAKO) 1:100 as tertiary antibody. 
All secondary and tertiary antibodies were incubated for 30 min at room temperature. All 
slides were visualized with 3,3-diaminobenzidine (DAB substrate kit, Vector Laboratories) 
and sections were counterstained with hematoxylin for 2 min. Histological proven ERα and 
PR positive breast cancer was used as positive control for ERα and PR staining. Normal 
colon tissue was used as positive control for ERβ staining and prostate cancer tissue for AR 
staining. Negative controls were obtained by omitting the primary antibody for ERα and PR, 
and incubation with normal mouse IgG1 for AR and ERβ.

Immunoscoring
The immunoreactivity for AR, ERα, ERβ and PR was scored semi-quantitatively taking into 
account the intensity of the staining and the percentage of positive tumor cells, as previously 
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described.185–188 The intensity of the staining was scored negative (0), weak (1), moderate (2) 
or strong (3) and the percentage of positive tumor cells was scored <10% (1), 10-33% (2), 33-
66% (3), and >66% (4). Nuclear staining was scored for all four receptors. Since some studies 
suggested an alternative function for cytoplasmic and nuclear ERβ, for this receptor both 
the cytoplasmic and nuclear staining were scored.186 Based on literature, receptor staining 
was dichotomized into positive and negative using an arbitrary cut-point of ≥10% weakly 
stained cells for AR,189 and moderately stained for ERα, ERβ and PR.187

All cores were scored by two independent observers that were blinded to the study 
endpoint, i.e. PFS and OS. In case of discordance between the two observers, the staining 
was discussed until consensus was reached. Patients were only included in the analysis 
when ≥2 cores with sufficient tumor cells were present on the TMA slides.
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Iñes Farinha Antunes voor de interessante 18F-FES-PET discussies; en de feestcommissie, 
Matthieu Bosman, Dr. Urszula Domanska, Christian Huisman en Naomi van der Sligte.

Onmisbaar in dit promotietraject waren jullie, kamergenoten en andere arts-onderzoekers: 
Corina, Frederike, Grytsje, Helle-Brit, Hilde, Hink, Lars, Martine, Niek, Renske, Rob, Sietske, 
Sjoukje, Sophie en Titia, wat een goeie tijd hebben we gehad! Van een extra uitstapje 
naar New York tot sneeuwhappen en opdrukken op Terschelling, van een fietstocht langs 
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Lake Michigan tot kamperen in de Noordoostpolder en weekendjes in illustere dorpjes als 
Vledder en Waskemeer, het zwembad van Sjoek, vele vrijdagmiddagborrels, geslaagde 
pubquizavonden, BBQs en kerstdiners. Kortom, te veel mooie momenten om op te noemen. 
Ik bewaar warme herinneringen aan deze tijd en ben blij dat we elkaar nog steeds regelmatig 
zien. Velen van jullie zijn naast collega’s ook echt vrienden geworden. 

Mannen van ‘Team4mijl alumni’ , met de marathon van Rome kwam er een mooi nieuw 
doel bij naast de afronding van dit proefschrift. Volgend jaar Barcelona?

Hugo, Isa, Taco, Steef, Jesse en Koen, het doet eigenlijk geen recht aan onze band om jullie 
hier simpelweg te ‘bedanken’. We hebben veel bijzondere momenten gedeeld, en ik hoop 
dat er nog velen zullen volgen. Als hoogtepunten gelden absoluut de eerste keer Soundwave, 
de roadtrip via Ljubljana, München en Köln, en de #church feesten. Maar ook de ‘gewone’ 
dagen chillen of met elkaar uitbrakken leidden vaak tot vermakelijke en spontane acties.  Ik 
zou willen dat er een 8e dag in de week zat om elkaar nog wat vaker te kunnen zien. Zonder 
jullie waren de afgelopen jaren in ieder geval een stuk saaier geweest! 

Lieve papa en mama, wat is het toch fijn om zulke ouders te hebben! Jullie onvoorwaardelijke 
steun en liefde ervaar ik bijna elke dag. Lief zusje, Mayke, ik ben blij dat je vandaag naast 
mij staat als paranimf. 

Allerliefste Jolien, wat een geluk hebben wij al in zo’n korte tijd! Bij jou kan ik volledig mezelf 
zijn en je haalt het beste in me naar boven. Ik geniet ervan om samen met jou te zijn, kan 
met je lachen en gek doen. Ik verheug me op alles wat nog komen gaat! Lieve Milou, prachtig 
meisje, nu kan papa voorlezen uit zijn eigen boekje, slaap gegarandeerd! 
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