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Estrogen receptor (ER) expression in breast cancer is associated

with a more favorable prognosis and is necessary for a response

to endocrine therapies. Traditionally, ER expression is assessed
by in vitro assays on biopsied tumor tissue. However, recent ad-

vances have allowed in vivo evaluation of ER expression with
18F-fluoroestradiol (18F-FES) PET. Clinical studies have demon-

strated the use of 18F-FES PET as a method for quantifying in vivo
ER expression and have explored its potential as a predictive

assay and method of assessing in vivo pharmacodynamic re-

sponse to endocrine therapy. This review outlines the biology and
pharmacokinetics of 18F-FES, highlights the current experience

with 18F-FES in patient studies on breast cancer and other dis-

eases, and discusses potential clinical applications and the pos-

sible future clinical use of 18F-FES PET.
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Breast cancer is the most common cancer in women and the
second most common cause of cancer death in women in the
United States, with an estimated 231,840 new diagnoses in 2015
(1). Approximately 75% of newly diagnosed patients have estro-
gen receptor (ER)–expressing breast tumors, which are associ-
ated with a more favorable prognosis (2). ER expression in breast

cancer is traditionally assessed by in vitro assays on biopsied
tissue using qualitative or semiquantitative immunohistochemical

staining (3). A tumor’s ER status predicts the likelihood of a re-

sponse to ER-targeted therapy, also known as endocrine or hor-

mone therapy (4). Although absence of ER by in vitro assay

indicates a low likelihood of response and is associated with a

worse prognosis, the presence of ER by immunohistochemistry

does not necessarily guarantee a response to endocrine therapy

(5). Nevertheless, it is important to identify ER-positive patients

with recurrent and metastatic disease, who may respond to hor-

mone therapy and potentially avoid the toxic side effects of

chemotherapy (6).
For patients with advanced or metastatic ER-positive disease,

the advent of PET and PET/CT has made it possible to evaluate

ER expression in all metastatic lesions without multiple biopsies.

Used with 18F-FDG to detect increased glucose metabolism, PET

imaging possesses widespread oncologic applications (7). In breast

cancer, 18F-FDG PET/CT is recommended primarily for locally ad-

vanced or metastatic disease when standard staging studies are equiv-

ocal or suggestive (8).
Other radiotracers have subsequently been developed to better

characterize tumor biology, including 18F-fluoroestradiol (18F-FES).
18F-FES targets ER, enabling in vivo imaging of ER-expressing

tissues. In conjunction with 18F-FDG PET or other standard im-

aging, 18F-FES PET has the potential to assess heterogeneity in

ER expression and identify sites that have lost ER expression or

functionality. 18F-FES PET has been evaluated in numerous

breast cancer clinical studies as a promising method for quanti-

fying in vivo ER expression, predicting response to hormone

therapy, and evaluating effective ER blockade (Supplemental Table

1; supplemental materials are available at http://jnm.snmjournals.

org). This review provides a background for practitioners by high-

lighting the biology and pharmacology of 18F-FES, reviewing cur-

rent clinical experience with 18F-FES, and summarizing its potential

applications.
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18F-FES STRUCTURE, SYNTHESIS, PHARMACOKINETICS,

AND SAFETY

Early efforts to develop an ER-targeting radiotracer involved labeling
steroid and nonsteroid compounds with iodine and bromine (9).
However, the subsequent advent of PET imaging and 18F—a small
halogen that displayed uptake in target tissue, elimination in nontarget
tissue, substitution at several positions in various estrogen analogs,
and a half-life long enough to allow for multistep synthesis (10,11)—
encouraged the development of 18F-labeled compounds.
In 1984, Kiesewetter et al. found that 18F-FES exhibited the

highest uptake selectivity and target-to-background ratio among
several 18F-labeled estrogens (10). Newer compounds such 18F-
moxestrol and 4-fluoro-11b-methoxy-16a-18F-FES demonstrated
increased ER binding, with 18F-moxestrol also displaying decreased
metabolism (12,13). However, 18F-moxestrol displays suboptimal
uptake in humans, which likely arises from modest binding to
sex-hormone–binding globulin (SHBG), the main plasma protein
estradiol transporter, compared with 18F-FES (12). Although adequate
uptake in humans has been demonstrated by 4-fluoro-11b-methoxy-
16a-18F-FES, tumor uptake comparison studies and further testing
are needed. To date, 18F-FES remains the most widely studied ER
PET imaging compound.

18F-FES is highly extracted and metabolized by the liver, result-
ing in rapid early blood clearance and steady total blood activity
by 10–15 min after injection (11). By 20 min after injection, only
20% of the total activity is attributable to unmetabolized 18F-FES;
by 120 min, only 10%. Like estradiol, unmetabolized 18F-FES
is heavily protein-bound in blood. Although 18F-FES has much
higher affinity for SHBG than for albumin, the higher concentration
of albumin in blood results in an approximately 1:1 distribution of
18F-FES between SHBG and albumin (14). Its non-SHBG–bound
metabolites, comprised of glucuronide and sulfate conjugation prod-
ucts (11), are secreted in bile, resorbed via enterohepatic circulation,
and renally excreted. The rate of decline in total liver activity is
similar to the rate of increase in total bladder activity, suggesting
that 18F-FES metabolites are cleared by the kidneys at nearly the
same rate as they are released into the circulation by the liver (11).
At the highest recommended dose, 2.22 · 108 Bq, the effective dose
equivalent is 0.002 mSv/MBq, with the critical organ being the liver,
at 0.13 mSv/MBq (15). Cumulative experience in published human
studies has yet to demonstrate any associated toxicities or adverse
events. Collectively, these characteristics make 18F-FES a favorable
ER PET imaging tracer.

18F-FES has been studied as an investigational diagnostic agent
in Canada, Europe, and Asia. Although it is currently considered
an investigational drug in the United States, several American
academic centers hold Investigational New Drug approvals that
support studies involving 18F-FES PET and 18F-FES PET/CT.
The National Cancer Institute also holds an Investigational New
Drug approval (79,005)—enabled by a University of Washington
study (16)—that can support multicenter trials in National Cancer
Institute–supported clinical trial networks. There has been discus-
sion in Europe and the United States of seeking regulatory ap-
proval for 18F-FES on the basis of published studies and accruing
data from prospective multicenter trials.

CORRELATION OF 18F-FES UPTAKE AND TUMOR

ER EXPRESSION

Multiple studies have demonstrated a correlation between 18F-
FES uptake and tumor ER expression as measured by conventional

in vitro assays (Supplemental Table 2). In 1988, Mintun et al. ver-
ified the association between 18F-FES uptake and in vitro tumor
ER concentration as measured by radioligand binding among
patients with primary breast masses (17). Subsequent studies
established the correlation between 18F-FES uptake and immuno-
histochemical assay results. Peterson et al. used an SUV threshold
of 1.1 to characterize tumors as ER-positive or ER-negative, re-
porting a correlation coefficient of 0.73 between 18F-FES uptake
and immunohistochemical index results (18) consistent with cor-
relations from studies comparing in vitro radioligand binding
assays to immunohistochemical assays (19).
Peterson et al. also studied the correlation between immuno-

histochemical assays and other 18F-FES uptake quantification
methods, finding that those that accounted for variable blood
clearance and the presence of labeled 18F-FES metabolites pro-
vided no definite advantages over simpler SUV measurements
(18). More recently, 18F-FES uptake and immunohistochemi-
cal ER expression have been demonstrated in early-stage breast
cancers, though with a lower sensitivity than found in prior
studies (20).
Other factors that can affect tumor 18F-FES uptake have also

been evaluated. Prior analyses posited that competition with higher
circulating estrogen levels in premenopausal women may contrib-
ute to false-negative 18F-FES PET results (21). However, Peterson
et al. subsequently demonstrated no significant difference in aver-
age 18F-FES uptake based on a plasma estradiol threshold of 30
pg/mL, a level typically used to indicate menopausal status (22).
In this same study, F-FES uptake was inversely associated with
plasma SHBG levels but not with testosterone levels, patient age,
or disease stage at time of imaging—discrepancies suggesting that
although a certain amount of binding to SHBG may be necessary
to protect F-FES from metabolism, protein-bound 18F-FES may
be less available to tissue ER receptors and result in decreased
18F-FES uptake. Thus, measurement of SHBG levels in patients
could be considered, especially in clinical scenarios such as the
postpartum period, when SHBG levels might be expected to be
outside the typical range.
This study also revealed only a modest effect of lower injected

specific activities on 18F-FES uptake, suggesting that cold 18F-FES
would not significantly saturate tissue ERs at specific activities of
greater than approximately 11.1 GBq/mol. However, since a small
(;10%) negative effect on 18F-FES uptake was noted for injected
18F-FES masses greater than 0.2 nmol/kg, injected mass should
aim to be below this value (22).

BASELINE 18F-FES UPTAKE AS A PREDICTOR OF RESPONSE

TO ENDOCRINE THERAPY

For patients with ER-positive breast cancer, endocrine therapy
can potentially provide effective treatment with fewer side effects
and lower morbidity than chemotherapy (6). However, ER posi-
tivity correctly predicts response in only 50%–60% of treatment-
naïve patients (5) as measured by in vitro immunohistochemical
assays, which require biopsies and are thus limited by sampling
error and disease heterogeneity. In contrast, 18F-FES PET can
evaluate ER expression across all tumor sites and present a
more complete picture of a patient’s overall ER status.
Studies have demonstrated a correlation between response to en-

docrine therapy and baseline pretreatment 18F-FES uptake (Supple-
mental Table 3). Both Dehdashti et al. and Mortimer et al. investigated
baseline 18F-FES uptake in ER-positive patients beginning tamoxifen
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therapy (23,24). Using a threshold SUV of 2.0 for baseline
18F-FES uptake, they reported a positive predictive value of
79%–87% and negative predictive value of 88%–100% for re-
sponse.
The utility of baseline 18F-FES PET imaging has also been dem-

onstrated in patients undergoing salvage therapy with aromatase
inhibitors (AIs) and fulvestrant. In a study of patients with heavily
pretreated metastatic breast cancer, Linden et al. established a
threshold 18F-FES SUV of 1.5 for baseline 18F-FES uptake, below
which no patient responded (Supplemental Fig. 1) (25). Using a
higher SUV threshold of 2.0, Dehdashti et al. demonstrated a neg-
ative predictive value of 81% for response (26). Both studies dem-
onstrated a poor positive predictive value of 34%–50%, a finding
consistent with known decreased objective response rates to endo-
crine therapy among those with recurrent and previously treated
disease (27).
Taken together, these studies demonstrate the value of 18F-FES

PET in predicting endocrine responsiveness or unresponsiveness.
Data from 4 studies evaluating response to tamoxifen, AIs, and
fulvestrant (23–26) reveal that of the 159 patients who underwent
pretreatment 18F-FES PET imaging, only 1 with a baseline 18F-FES
SUV of less than 1.5 responded to endocrine therapy by demon-
strating disease stabilization (Supplemental Fig. 2) (26).
Applying an SUV threshold of 1.5 to these data, van Kruchten

et al. studied the relationship between baseline 18F-FES PET and
response to low-dose oral estradiol as salvage therapy (28). It is
thought that long-term antiestrogen therapy may induce hypersen-
sitivity to estrogens, whereby estrogen exposure activates apopto-
sis rather than growth pathways (29). In this scenario, the presence
of ER, which could be measured by 18F-FES PET, is necessary to
induce these apoptotic pathways. The threshold SUV of 1.5 dem-
onstrated a positive predictive value of 60% and negative predic-
tive value of 80% for response to low-dose estradiol (28).
An alternative approach to predicting response uses 18F-FDG

PET imaging, which has been established as a predictive biomarker
in cancers such as lymphoma (30). In breast cancer, a clinical flare
can occasionally be seen with therapeutic agents possessing ER-
agonist properties, where symptom exacerbation upon therapy ini-
tiation predicts subsequent response (31). Studies have shown that
18F-FDG PET can also detect subclinical metabolic flares in pa-
tients who subsequently respond to therapy (23,24). 18F-FDG PET
can manifest transient agonist activity early after initiation of ta-
moxifen therapy. Comparison of 18F-FDG PET findings before and
7–10 d after initiation of tamoxifen showed increased 18F-FDG
uptake in patients who subsequently responded but no significant
change in uptake in nonresponders. Metabolic flare induced by an
estradiol challenge was also predictive of response to AIs and ful-
vestrant as well as improved survival (26).
Studies supporting both pretherapy 18F-FES PET and early serial

18F-FDG PET to predict endocrine responsiveness have generated
debate about which approach is more clinically applicable. Both
radiotracers show a high negative predictive value for endocrine re-
sponsiveness, but serial 18F-FDG PET possesses a higher positive
predictive value for response than does pretherapy 18F-FES PET
(23,24). Some also argue that 18F-FDG PET is more widely available
and applied in the setting of metastatic breast cancer. However, serial
18F-FDG PET requires 2 PET scans and exposure to a therapy with
ER-agonist properties. In contrast, a single baseline 18F-FES PET
study is able to predict response for various endocrine therapies
before any exposure to therapy, directing patients without ER expres-
sion away from likely unbeneficial endocrine treatments. In addition,

the increasing use of therapeutic strategies combining endocrine and
other targeted therapy increases the need to determine ER expression
and suitability for combined treatment. One potential framework for
combining both approaches would be to first use 18F-FES to confirm
target expression in patients whose tumors express ER and then use
serial 18F-FDG PET or another standard modality to predict respon-
siveness by assessing the pharmacodynamic response to a specific
type of therapy (Supplemental Fig. 3) (32).

ABILITY OF 18F-FES PET TO ASSESS WHOLE-BODY TUMOR

BURDEN AND HETEROGENEITY OF DISEASE

One major advantage of 18F-FES PET is its ability to noninva-
sively assess the in vivo ER status of several tumor lesions across
the whole body simultaneously. Evaluating for lesions with dis-
cordant 18F-FDG and 18F-FES uptake can determine the hetero-
geneity of a patient’s disease (Supplemental Fig. 4) (16,25,33,34).
Studies correlating 18F-FES uptake with in vitro ER expression

and response to hormone therapies have demonstrated the ability of
18F-FES PET to image metastatic disease in vivo (Supplemental
Table 4) (17,21,33). Among multiple metastatic sites in individual
patients, 18F-FES uptake was concordant with in vitro ER expres-
sion (33). Patients with discordant in vitro ER expression and 18F-
FES uptake (i.e., ER-positive but 18F-FES–negative) tended to have
a decreased response to hormone therapy, suggesting that 18F-FES
PET may identify tumor sites that are ER-positive by in vitro assay
but functionally hormone therapy–resistant (16,33,34).
Kurland et al. specifically studied the within-patient and between-

patient concordance of 18F-FES uptake and a previously documented
ER-positive biopsy (35). Although 18F-FES uptake and the ratio of
18F-FES to 18F-FDG uptake were generally consistent across a single
patient, these values varied greatly between patients despite the fact
that all but one originally had ER-positive primary tumors. Thirty-
four of the 91 patients, many of whom had already undergone treat-
ment with one or more antiestrogen therapies, had an average
18F-FES SUV below 1.0, suggesting that exposure to endocrine
therapy may impose selective pressure for tumor phenotypes with
low or nonfunctional ER expression.
There was also a small number of patients who demonstrated

highly discordant 18F-FES uptake across sites (i.e., 18F-FES–positive
and 18F-FES–negative lesions), a finding that possibly reflects an
emerging loss of ER expression in only some lesions. In another
study evaluating within-patient concordance of 18F-FES uptake,
discordant 18F-FES uptake was seen only in patients pretreated with
endocrine therapy (36).
Potential discrepancies in tumor ER status and 18F-FES uptake

are particularly important for women with recurrent or metastatic
disease. Several studies have demonstrated that although a pri-
mary tumor may have been ER-positive, its metastatic lesions
may no longer express ER or may express only nonfunctional
ERs (16,33,34). Because it is clinically infeasible to biopsy all
sites of disease to determine overall ER expression, or to make
a patient undergo repeated biopsies to evaluate tumor phenotype
evolution, 18F-FES PET imaging could represent an important
adjunct for monitoring ER expression at the time of disease pro-
gression or throughout a treatment course.

UTILITY OF 18F-FES PET IN ASSESSING IN VIVO

PHARMACODYNAMICS

Several investigators have used 18F-FES PET to study the in vivo
pharmacodynamics of standard endocrine therapies (23,24,37,38)
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and validate new investigational ER antagonists (Supplemental Ta-
ble 5) (39,40). McGuire et al. used repeated 18F-FES PET imaging
to demonstrate a change in 18F-FES uptake after initiation of endo-
crine therapy. Compared with the baseline 18F-FES PET scan, de-
creased 18F-FES uptake at known metastatic lesions 7–10 d after
initiation of tamoxifen provided evidence of receptor-mediated tu-
mor uptake of 18F-FES (41). Mortimer et al. demonstrated similar
decreases in 18F-FES uptake in patients receiving tamoxifen (24)
and showed that the mean percentage decrease in 18F-FES uptake
after initiation of therapy was significantly higher in responders
(54.8% 6 14.2%) than in nonresponders (19.4% 6 17.3%; P 5
0.0003).
Linden et al. evaluated changes in 18F-FES uptake in patients

receiving tamoxifen, AIs, or fulvestrant (37). As expected, treat-
ment with tamoxifen, a selective ER modulator, and fulvestrant,
a selective ER downregulator, was associated with a greater de-
crease in 18F-FES uptake than treatment with AIs, which de-
crease the amount of circulating estrogen and do not act directly
on ER. Van Kruchten et al. also used 18F-FES PET to study the
effects of fulvestrant on 18F-FES uptake (38). Thirty-eight per-
cent of patients demonstrated incomplete reduction of 18F-FES
uptake (defined as less than a 75% decrease in median tumor
SUV), which was significantly associated with shorter progression-
free survival. There was also wide variance in the median change
in 18F-FES SUV before and after initiation of therapy (299% to
160%), with significantly larger decreases in patients with clin-
ical response than in those with disease progression (median
change in SUV, 288% vs. 258%). Neither clinical response
nor degree of change in 18F-FES uptake correlated with plasma
drug levels of fulvestrant, pointing to the unique potential of
18F-FES PET in evaluating the effects of fulvestrant at the re-
ceptor level.
In a related preclinical study, Heidari et al. demonstrated that

increasing fulvestrant doses in murine xenografts led to parallel
decreases in 18F-FES uptake and ER expression by immunohisto-
chemical assay and that these did not correlate with 18F-FDG
uptake (42). These findings suggest that changes in ER availability
occur before detectable changes in tumor metabolism and growth.
Since higher doses (750 mg vs. 500 mg) of fulvestrant have been
studied with minimal increase in side effects (43), serial 18F-FES
PET imaging could conceivably be used to measure early block-
ade of ER to guide individualized ER-antagonist dosing. However,
this approach would require further testing to determine its accu-
racy and impact.
These concepts could also be applied to new investigational

endocrine therapies, both to demonstrate effective ER blockade
and to identify optimal dosing for complete ER downregulation.
Wang et al. described a new ERa antagonist, ARN-810, and used
18F-FES PET to validate ER target engagement (39). Dickler et al.
then evaluated ARN-810, also known as GDC-0810, in a phase I
study and used 18F-FES PET to assess pharmacodynamic activity
and demonstrated greater than 90% suppression of estradiol bind-
ing to ER in 90% of patients (40).

NON–BREAST CANCER USES OF 18F-FES

Uterine Endometrium and Myometrium

Tsuchida et al. first verified the correlation between 18F-FES
uptake and in vitro immunohistochemical measurement of ER
concentration in endometrial tissue (44). Subsequent studies dem-
onstrated a significant difference in both 18F-FES uptake and the

ratio of 18F-FDG uptake to 18F-FES uptake between endometrial
hyperplasia and endometrial cancer, as well as between low-grade
and high-grade endometrial cancer (45,46). Compared with endo-
metrial hyperplasia, low-grade endometrial carcinoma displayed
significantly lower 18F-FES uptake and higher 18F-FDG uptake,
and thus higher 18F-FDG–to–18F-FES uptake ratios. In turn, high-
grade carcinomas displayed higher 18F-FDG–to–18F-FES uptake
ratios than did low-grade endometrial carcinomas.

18F-FES PET also has potential to differentiate benign uterine
leiomyomas from malignant uterine sarcomas on the basis of 18F-
FES uptake and 18F-FDG–to–18F-FES uptake ratio (47,48). Dif-
ferentiation of sarcoma from leiomyoma can often be difficult
with MRI (49), and 18F-FDG PET findings can be equivocal
(50). Similar to endometrial pathologies, lower 18F-FES uptake
and a higher 18F-FDG–to–18F-FES uptake ratio have been associ-
ated with malignant sarcomas (47,48). Given the substantial
management and prognostic differences between the two entities,
18F-FES PET can potentially play a role in risk stratification of
indeterminate uterine masses.

Epithelial Ovarian Cancer

Up to 70% of epithelial ovarian cancers express ER at baseline
(51), and 18F-FES PET has the ability to localize primary and
metastatic lesions in such cancers (52,53). Van Kruchten et al.
studied the utility of 18F-FES PET in 15 patients with suspected
ovarian cancer, demonstrating a correlation between lesion 18F-
FES uptake and immunohistochemical ER expression, as well as
79% sensitivity and 100% specificity using an SUV threshold of
1.8 (53).
As in breast cancer, 18F-FES PET has potential utility to eval-

uate and monitor heterogeneity of disease in ovarian cancer.
Given results from phase II trials of endocrine therapy for epi-
thelial ovarian cancer (54–56), 18F-FES PET could play a role in
identifying patients who would most likely benefit from endo-
crine therapy. Although promising, however, these results have
been modest and more studies are needed to validate preliminary
findings.

Other Uses
18F-FES PET has demonstrated ER expression in normal brain

tissues and in meningiomas (57,58). There is limited evidence on the
relationship between tamoxifen and development of meningiomas
and on the utility of tamoxifen in treating refractory meningiomas
(59,60). Investigators have also begun studying the ligand-binding
domain of human ER as a potential reporter gene and 18F-FES PET
as a probe for confirming successful transfection in gene and cell
therapies (61,62). Promising results were demonstrated for various
transfection techniques, suggesting additional applications for 18F-
FES PET in basic and translational research studies.

POTENTIAL CLINICAL USES

As described in this review, 18F-FES PET has the ability to quan-
tify regional ER expression in breast cancer and preliminarily in
other cancers. As with ER assays of sampled tissue, the key value
of 18F-FES PET is in identifying patients whose tumors do not
express ER, indicating a lack of endocrine responsiveness. Studies
have also demonstrated the utility of 18F-FES as a pharmacodynamic
marker for endocrine therapy, especially to assess the degree of
blockade by ER antagonists. Below, we review possible clinical
applications in which 18F-FES PET might be applicable to cur-
rent and future practice.
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Breast Cancer Detection and Staging
18F-FES PET is unlikely to supersede 18F-FDG PET as the

primary PET tool for breast cancer staging given limitations such
as hepatic metabolism, which precludes visualization of liver me-
tastases, and considerable enterohepatic circulation, which com-
plicates abdominal imaging using 18F-FES PET (11).
Nonetheless, because it is highly specific for ER-expressing breast

cancers, 18F-FES could be a beneficial adjunct that expands the focus
in radionuclide breast cancer imaging beyond 18F-FDG for meta-
static staging and possibly beyond 18F-FDG and 99mTc-sestamibi
for primary breast cancer diagnosis (63,64). 18F-FES PET can
clarify or detect sites poorly visualized with 18F-FDG PET, such
as invasive lobular carcinomas, which tend to be less 18F-FDG–avid,
and can help with false-positive uptake due to inflammation,
healing, and other known noncancer causes of 18F-FDG uptake
(7,21,34,65). Knowledge of 18F-FES uptake might also obviate
invasive biopsy, particularly in the metastatic setting, potentially
improving the cost-effectiveness of metastatic disease workup (66).
Finally, our advancing knowledge about predisposing factors
for specific types of breast cancer could lead to a scenario in
which patients prospectively identified as being at high risk for
ER-expressing cancers might benefit from adjunct screening with
18F-FES PET.

Predicting Response to Endocrine Therapy

Consistent with growing emphasis on precision medicine and
individualized care, as well as evidence that 18F-FES PET can
improve diagnostic understanding and inform therapeutic ap-
proaches (65), 18F-FES PET could provide a tool for individual-
ized therapy. A particular advantage of 18F-FES PET is its ability
to evaluate receptor status over the entire tumor volume.
In the clinic, ER PET imaging would have its greatest impact in

metastatic breast cancer, for which it is not practical to biopsy all
sites of disease. Such being the case, clinicians often base their
choice of endocrine therapy on the ER status of the primary tumor
and not of the metastatic sites. However, studies suggest that up
to 30% of patients may lose ER expression at one or more sites
of disease after undergoing several lines of endocrine therapy
(16,28,36,38). In view of these considerations, the most immedi-
ately compelling clinical use of 18F-FES PET appears to be as a
tool for measuring regional ER expression, this being a logical
extension of the current practice of assessing ER expression by
tumor biopsy.
Recent trends in therapeutic strategies for ER-expressing breast

cancer may increase the utility of 18F-FES PET for guiding ther-
apy selection. One such trend is to target multiple breast cancer
pathways by combining agents such as everolimus or palbociclib
with endocrine therapy (8). Additional combined therapies target-
ing other pathways (e.g., epidermal growth factor receptor) are
likely in the future (67). The use of combined therapy, for which
it is difficult to discern the contribution of each agent to therapeu-
tic response, creates an increased need for biomarkers for each
target of the combined therapy. An imaging-based biomarker for
ER expression to predict or assess response could be especially
valuable and cost-effective in the setting of patients who are being
considered for combinations of endocrine therapy and other tar-
geted agents.

Barriers to Widespread Clinical Use of 18F-FES PET

Although 18F-FES PET represents a promising advancement,
barriers to more widespread use also exist. First, additional work

is required to prospectively validate its role in different clinical
contexts, similar to the process undertaken with 18F-FDG PET.
Moreover, its utility as one component in a multimarker approach
to prognostication and management must be further understood.
Finally, data from these efforts will be needed to support regula-
tory approvals, which could support the use of 18F-FES PET in a
clinical setting beyond its current investigational approvals and
role. All efforts are important given that support for 18F-FES
PET has arisen from smaller retrospective studies or single-center
prospective studies. Larger studies are needed to clarify the gen-
eralizability of the modality’s reported benefits, particularly given
the high associated costs and limited availability in most institu-
tions and settings.

CONCLUSION

18F-FES PET is a safe and potentially clinically valuable tool
for in vivo evaluation of ER expression in breast cancer. It corre-
lates well with traditional in vitro immunohistochemical methods
and has shown potential for predicting endocrine therapy re-
sponse. Limited studies have also shown the potential utility of
18F-FES PET in assessing other ER-expressing tumor types, such
as those of uterine and ovarian epithelial origin. The advantages of
18F-FES PET over in vitro methods include its ability to assess
whole-body tumor burden and heterogeneity of disease, as well as
to provide serial information about the in vivo pharmacodynamics
of various endocrine therapies. The studies reviewed in this paper
have demonstrated promising potential clinical uses of 18F-FES
PET, with perhaps the most important being a tool for individu-
alizing treatment by predicting response to endocrine therapies.
Although barriers to widespread application exist, at the time of
writing there are 10 open clinical trials of 18F-FES PET listed on
ClinicalTrial.gov, 8 of which are studying its use in breast cancer.
These and future studies will shed further light on the uses of 18F-
FES PET in guiding drug development, assessing disease burden,
and informing therapeutic decision making.

ACKNOWLEDGMENT

We thank Jonathan Allis for helpful comments.

REFERENCES

1. DeSantis CE, Fedewa SA, Goding Sauer A, Kramer JL, Smith RA, Jemal A.

Breast cancer statistics, 2015: convergence of incidence rates between black and

white women. CA Cancer J Clin. 2016;66:31–42.

2. Blamey RW, Hornmark-Stenstam B, Ball G, et al. ONCOPOOL: a European

database for 16,944 cases of breast cancer. Eur J Cancer. 2010;46:56–71.

3. Barnes DM, Harris WH, Smith P, Millis RR, Rubens RD. Immunohistochemical

determination of oestrogen receptor: comparison of different methods of assess-

ment of staining and correlation with clinical outcome of breast cancer patients.

Br J Cancer. 1996;74:1445–1451.

4. Davies C, Godwin J, Gray R, et al.; Early Breast Cancer Trialists’ Collaborative

Group (EBCTCG). Relevance of breast cancer hormone receptors and other

factors to the efficacy of adjuvant tamoxifen: patient-level meta-analysis of

randomised trials. Lancet. 2011;378:771–784.

5. DeSombre ER, Thorpe SM, Rose C, et al. Prognostic usefulness of estrogen

receptor immunocytochemical assays for human breast cancer. Cancer Res.

1986;46:4256s–4264s.

6. Forbes JF, Gradishar WJ, Ravdin PM. Choosing between endocrine therapy and

chemotherapy: or is there a role for combination therapy? Breast Cancer Res

Treat. 2002;75(suppl 1):S37–S44.

7. Bos R, van Der Hoeven JJ, van Der Wall E, et al. Biologic correlates of
18fluorodeoxyglucose uptake in human breast cancer measured by positron emission

tomography. J Clin Oncol. 2002;20:379–387.

18F-FES PET CLINICAL APPLICATIONS • Liao et al. 1273

http://ClinicalTrial.gov


8. Gradishar WJ, Anderson BO, Balassanian R, et al. NCCN clinical practice

guidelines in oncology: breast cancer, version 1.2016. National Comprehensive

Cancer Network website. https://www.nccn.org/professionals/physician_gls/pdf/

breast.pdf. Accessed May 12, 2016.

9. McElvany KD, Carlson KE, Welch MJ, Senderoff SG, Katzenellenbogen JA. In

vivo comparison of 16 alpha[77Br]bromoestradiol-17 beta and 16 alpha-[125I]

iodoestradiol-17 beta. J Nucl Med. 1982;23:420–424.

10. Kiesewetter DO, Kilbourn MR, Landvatter SW, Heiman DF, Katzenellenbogen JA,

Welch MJ. Preparation of four fluorine-18-labeled estrogens and their selective

uptakes in target tissues of immature rats. J Nucl Med. 1984;25:1212–1221.

11. Mankoff DA, Tewson TJ, Eary JF. Analysis of blood clearance and labeled

metabolites for the estrogen receptor tracer [F-18]-16 alpha-fluoroestradiol

(FES). Nucl Med Biol. 1997;24:341–348.

12. Jonson SD, Bonasera TA, Dehdashti F, Cristel ME, Katzenellenbogen JA, Welch MJ.

Comparative breast tumor imaging and comparative in vitro metabolism of 16alpha-

[18F]fluoroestradiol-17beta and 16beta-[18F]fluoromoxestrol in isolated hepatocytes.

Nucl Med Biol. 1999;26:123–130.

13. Bénard F, Ahmed N, Beauregard JM, et al. [18F]fluorinated estradiol derivatives

for oestrogen receptor imaging: impact of substituents, formulation and specific

activity on the biodistribution in breast tumour-bearing mice. Eur J Nucl Med

Mol Imaging. 2008;35:1473–1479.

14. Tewson TJ, Mankoff DA, Peterson LM, Woo I, Petra P. Interactions of 16alpha-

[18F]-fluoroestradiol (FES) with sex steroid binding protein (SBP). Nucl Med

Biol. 1999;26:905–913.

15. Mankoff DA, Peterson LM, Tewson TJ, et al. [18F]fluoroestradiol radiation do-

simetry in human PET studies. J Nucl Med. 2001;42:679–684.

16. Peterson LM, Kurland BF, Schubert EK, et al. A phase 2 study of 16alpha-[18F]-

fluoro-17beta-estradiol positron emission tomography (FES-PET) as a marker of

hormone sensitivity in metastatic breast cancer (MBC). Mol Imaging Biol.

2014;16:431–440.

17. Mintun MA, Welch MJ, Siegel BA, et al. Breast cancer: PET imaging of estrogen

receptors. Radiology. 1988;169:45–48.

18. Peterson LM, Mankoff DA, Lawton T, et al. Quantitative imaging of estrogen

receptor expression in breast cancer with PET and 18F-fluoroestradiol. J Nucl

Med. 2008;49:367–374.

19. Lehr HA, Mankoff DA, Corwin D, Santeusanio G, Gown AM. Application of

Photoshop-based image analysis to quantification of hormone receptor expres-

sion in breast cancer. J Histochem Cytochem. 1997;45:1559–1565.

20. Gemignani ML, Patil S, Seshan VE, et al. Feasibility and predictability of peri-

operative PET and estrogen receptor ligand in patients with invasive breast

cancer. J Nucl Med. 2013;54:1697–1702.

21. Dehdashti F, Mortimer JE, Siegel BA, et al. Positron tomographic assessment of

estrogen receptors in breast cancer: comparison with FDG-PET and in vitro

receptor assays. J Nucl Med. 1995;36:1766–1774.

22. Peterson LM, Kurland BF, Link JM, et al. Factors influencing the uptake of 18F-

fluoroestradiol in patients with estrogen receptor positive breast cancer. Nucl

Med Biol. 2011;38:969–978.

23. Dehdashti F, Flanagan FL, Mortimer JE, Katzenellenbogen JA, Welch MJ,

Siegel BA. Positron emission tomographic assessment of “metabolic flare” to

predict response of metastatic breast cancer to antiestrogen therapy. Eur J Nucl

Med. 1999;26:51–56.

24. Mortimer JE, Dehdashti F, Siegel BA, Trinkaus K, Katzenellenbogen JA,

Welch MJ. Metabolic flare: indicator of hormone responsiveness in advanced

breast cancer. J Clin Oncol. 2001;19:2797–2803.

25. Linden HM, Stekhova SA, Link JM, et al. Quantitative fluoroestradiol positron

emission tomography imaging predicts response to endocrine treatment in breast

cancer. J Clin Oncol. 2006;24:2793–2799.

26. Dehdashti F, Mortimer JE, Trinkaus K, et al. PET-based estradiol challenge as a

predictive biomarker of response to endocrine therapy in women with estrogen-

receptor-positive breast cancer. Breast Cancer Res Treat. 2009;113:509–517.

27. Howell A, Robertson JF, Quaresma Albano J, et al. Fulvestrant, formerly ICI

182,780, is as effective as anastrozole in postmenopausal women with advanced

breast cancer progressing after prior endocrine treatment. J Clin Oncol. 2002;20:

3396–3403.

28. van Kruchten M, Glaudemans AW, de Vries EF, Schroder CP, de Vries EG,

Hospers GA. Positron emission tomography of tumour [18F]fluoroestradiol up-

take in patients with acquired hormone-resistant metastatic breast cancer prior to

oestradiol therapy. Eur J Nucl Med Mol Imaging. 2015;42:1674–1681.

29. Song RX, Mor G, Naftolin F, et al. Effect of long-term estrogen deprivation on

apoptotic responses of breast cancer cells to 17beta-estradiol. J Natl Cancer Inst.

2001;93:1714–1723.

30. Kostakoglu L, Goldsmith SJ, Leonard JP, et al. FDG-PET after 1 cycle of therapy

predicts outcome in diffuse large cell lymphoma and classic Hodgkin disease.

Cancer. 2006;107:2678–2687.

31. Plotkin D, Lechner JJ, Jung WE, Rosen PJ. Tamoxifen flare in advanced breast

cancer. JAMA. 1978;240:2644–2646.

32. Mankoff DA, Edmonds CE, Farwell MD, Pryma DA. Development of compan-

ion diagnostics. Semin Nucl Med. 2016;46:47–56.

33. Mortimer JE, Dehdashti F, Siegel BA, Katzenellenbogen JA, Fracasso P,

Welch MJ. Positron emission tomography with 2-[18F]fluoro-2-deoxy-D-glucose

and 16alpha-[18F]fluoro-17beta-estradiol in breast cancer: correlation with estro-

gen receptor status and response to systemic therapy. Clin Cancer Res. 1996;2:

933–939.

34. Tonkin K, Joy A, Basi S, et al. The potential of using discordance of estrogen

PET (FES-PET) and glucose PET (FDG-PET) scans and pathologic character-

istics including HER2 and Ki67 to predict for hormone insensitivity in women

with metastatic breast cancer [abstract]. Cancer Res. 2010;70:PD05-04.

35. Kurland BF, Peterson LM, Lee JH, et al. Between-patient and within-patient

(site-to-site) variability in estrogen receptor binding, measured in vivo by 18F-

fluoroestradiol PET. J Nucl Med. 2011;52:1541–1549.

36. Yang Z, Sun Y, Zhang Y, et al. Can fluorine-18 fluoroestradiol positron emission

tomography-computed tomography demonstrate the heterogeneity of breast can-

cer in vivo? Clin Breast Cancer. 2013;13:359–363.

37. Linden HM, Kurland BF, Peterson LM, et al. Fluoroestradiol positron emission

tomography reveals differences in pharmacodynamics of aromatase inhibitors,

tamoxifen, and fulvestrant in patients with metastatic breast cancer. Clin Cancer

Res. 2011;17:4799–4805.

38. van Kruchten M, de Vries EG, Glaudemans AW, et al. Measuring residual

estrogen receptor availability during fulvestrant therapy in patients with meta-

static breast cancer. Cancer Discov. 2015;5:72–81.

39. Wang Y, Ulaner G, Manning HC, et al. Validation of target engagement using
18F-fluoroestradiol PET in patients undergoing therapy with selective estrogen

receptor degrader, ARN-810 (GDC-0810) [abstract]. J Nucl Med. 2015;56(suppl

3):565.

40. Dickler M, Bardia A, Mayer I, et al. A first-in-human phase I study to evaluate

the oral selective estrogen receptor degrader GDC-0810 (ARN-810) in postmen-

opausal women with ER1 HER2-, advanced/metastatic breast cancer [abstract].

Cancer Res. 2015;75(15 suppl):CT231.

41. McGuire AH, Dehdashti F, Siegel BA, et al. Positron tomographic assessment of

16 alpha-[18F]fluoro-17 beta-estradiol uptake in metastatic breast carcinoma. J

Nucl Med. 1991;32:1526–1531.

42. Heidari P, Deng F, Esfahani SA, et al. Pharmacodynamic imaging guides

dosing of a selective estrogen receptor degrader. Clin Cancer Res. 2015;21:

1340–1347.

43. Young OE, Renshaw L, Macaskill EJ, et al. Effects of fulvestrant 750mg in

premenopausal women with oestrogen-receptor-positive primary breast cancer.

Eur J Cancer. 2008;44:391–399.

44. Tsuchida T, Okazawa H, Mori T, et al. In vivo imaging of estrogen receptor

concentration in the endometrium and myometrium using FES PET: influence of

menstrual cycle and endogenous estrogen level. Nucl Med Biol. 2007;34:205–

210.

45. Tsujikawa T, Yoshida Y, Kudo T, et al. Functional images reflect aggressiveness

of endometrial carcinoma: estrogen receptor expression combined with 18F-FDG

PET. J Nucl Med. 2009;50:1598–1604.

46. Tsujikawa T, Yoshida Y, Kiyono Y, et al. Functional oestrogen receptor alpha

imaging in endometrial carcinoma using 16alpha-[18F]fluoro-17beta-oestradiol

PET. Eur J Nucl Med Mol Imaging. 2011;38:37–45.

47. Yoshida Y, Kiyono Y, Tsujikawa T, Kurokawa T, Okazawa H, Kotsuji F. Addi-

tional value of 16alpha-[18F]fluoro-17beta-oestradiol PET for differential diag-

nosis between uterine sarcoma and leiomyoma in patients with positive or

equivocal findings on [18F]fluorodeoxyglucose PET. Eur J Nucl Med Mol Imag-

ing. 2011;38:1824–1831.

48. Zhao Z, Yoshida Y, Kurokawa T, Kiyono Y, Mori T, Okazawa H. 18F-FES and
18F-FDG PET for differential diagnosis and quantitative evaluation of mesen-

chymal uterine tumors: correlation with immunohistochemical analysis. J Nucl

Med. 2013;54:499–506.

49. Schwartz LB, Zawin M, Carcangiu ML, Lange R, McCarthy S. Does pelvic

magnetic resonance imaging differentiate among the histologic subtypes of uter-

ine leiomyomata? Fertil Steril. 1998;70:580–587.

50. Kitajima K, Murakami K, Kaji Y, Sugimura K. Spectrum of FDG PET/CT

findings of uterine tumors. AJR. 2010;195:737–743.

51. Sieh W, Kobel M, Longacre TA, et al. Hormone-receptor expression and ovarian

cancer survival: an ovarian tumor tissue analysis consortium study. Lancet On-

col. 2013;14:853–862.

52. Yoshida Y, Kurokawa T, Tsujikawa T, Okazawa H, Kotsuji F. Positron emission

tomography in ovarian cancer: 18F-deoxy-glucose and 16alpha-18F-fluoro-17beta-

estradiol PET. J Ovarian Res. 2009;2:7-2215-2-7.

1274 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 57 • No. 8 • August 2016

https://www.nccn.org/professionals/physician_gls/pdf/breast.pdf
https://www.nccn.org/professionals/physician_gls/pdf/breast.pdf


53. van Kruchten M, de Vries EF, Arts HJ, et al. Assessment of estrogen receptor

expression in epithelial ovarian cancer patients using 16alpha-18F-fluoro-17beta-

estradiol PET/CT. J Nucl Med. 2015;56:50–55.

54. Papadimitriou CA, Markaki S, Siapkaras J, et al. Hormonal therapy with letro-

zole for relapsed epithelial ovarian cancer: long-term results of a phase II study.

Oncology. 2004;66:112–117.

55. Hasan J, Ton N, Mullamitha S, et al. Phase II trial of tamoxifen and goserelin in

recurrent epithelial ovarian cancer. Br J Cancer. 2005;93:647–651.

56. Argenta PA, Thomas SG, Judson PL, et al. A phase II study of fulvestrant in the

treatment of multiply-recurrent epithelial ovarian cancer. Gynecol Oncol. 2009;113:

205–209.

57. Moresco RM, Casati R, Lucignani G, et al. Systemic and cerebral kinetics of 16

alpha [18F]fluoro-17 beta-estradiol: a ligand for the in vivo assessment of

estrogen receptor binding parameters. J Cereb Blood Flow Metab. 1995;15:

301–311.

58. Moresco RM, Scheithauer BW, Lucignani G, et al. Oestrogen receptors in me-

ningiomas: a correlative PET and immunohistochemical study. Nucl Med Com-

mun. 1997;18:606–615.

59. Goodwin JW, Crowley J, Eyre HJ, Stafford B, Jaeckle KA, Townsend JJ. A phase

II evaluation of tamoxifen in unresectable or refractory meningiomas: a south-

west oncology group study. J Neurooncol. 1993;15:75–77.

60. Ji J, Sundquist J, Sundquist K. Association of tamoxifen with meningioma: a

population-based study in Sweden. Eur J Cancer Prev. 2016;25:29–33.

61. Takamatsu S, Furukawa T, Mori T, Yonekura Y, Fujibayashi Y. Noninvasive

imaging of transplanted living functional cells transfected with a reporter estro-

gen receptor gene. Nucl Med Biol. 2005;32:821–829.

62. Lohith TG, Furukawa T, Mori T, Kobayashi M, Fujibayashi Y. Basic evaluation

of FES-hERL PET tracer-reporter gene system for in vivo monitoring of adenoviral-

mediated gene therapy. Mol Imaging Biol. 2008;10:245–252.

63. Brem RF, Rechtman LR. Nuclear medicine imaging of the breast: a novel,

physiologic approach to breast cancer detection and diagnosis. Radiol Clin North

Am. 2010;48:1055–1074.

64. Mankoff DA, Dunnwald LK, Kinahan P. Are we ready for dedicated breast

imaging approaches? J Nucl Med. 2003;44:594–595.

65. van Kruchten M, Glaudemans AW, de Vries EF, et al. PET imaging of estrogen

receptors as a diagnostic tool for breast cancer patients presenting with a clinical

dilemma. J Nucl Med. 2012;53:182–190.

66. Koleva-Kolarova RG, Greuter MJ, van Kruchten M, et al. The value of PET/CT

with FES or FDG tracers in metastatic breast cancer: a computer simulation

study in ER-positive patients. Br J Cancer. 2015;112:1617–1625.

67. Johnston SR. Enhancing endocrine therapy for hormone receptor-positive advanced

breast cancer: cotargeting signaling pathways. J Natl Cancer Inst. 2015;107:djv212.

18F-FES PET CLINICAL APPLICATIONS • Liao et al. 1275


