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Estrogen receptor (ER) and progesterone receptor (PR) are
important prognostic and predictive biomarkers in breast cancer.
PET using ER- and PR-specific radioligands enables a whole-
body, noninvasive assessment of receptor expression. Recent
investigations of ER imaging with '8F-fluoroestradiol have fo-
cused on diagnosing ER-positive metastatic disease, optimizing
ER-targeted drug dosage, and predicting endocrine therapy ben-
efit. Studies of PR imaging with '8F-fluorofuranyl norprogester-
one have investigated how imaging changes in PR expression as
a downstream target of ER activation may reflect an early re-
sponse to ER-targeted therapy. This focused review highlights
recent achievements in preclinical and clinical imaging of ER and
PR in breast cancer.
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Steroid hormone receptors function as ligand-activated
nuclear transcription factors that regulate gene expression.
Approximately 75% of breast cancers express estrogen re-
ceptor (ER) a and progesterone receptor (PR). Endocrine
therapy that inhibits ER signaling is indicated for primary
and metastatic ER-positive breast cancer. Immunohisto-
chemistry remains the standard method for assessing ER
and PR status. However, determination of receptor status
from tissue biopsy can be prone to sampling error. Further-
more, not all metastatic sites are amenable to biopsy, and
receptor expression across disease sites can vary within a
patient. PET using ER- and PR-specific radioligands en-
ables a whole-body, noninvasive assessment of receptor
status. This information could potentially guide treatment
decisions based on the presence and functionality of ER as
a drug target. Imaging can also provide longitudinal infor-
mation regarding ER and PR status, which can change over
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time after therapy. This focused review highlights publica-
tions within the last 5 y investigating preclinical and clinical
imaging of ER and PR in breast cancer.

18F-BASED RADIOLIGANDS FOR IMAGING ER

The most studied radiopharmaceutical for imaging ER is
16a-'8F-fluoro-17B-estradiol, or '8F-fluoroestradiol (Fig. 1).
I8F-fluoroestradiol is a radiolabeled steroid that binds to
ER protein within target cells, similarly to endogenous
estradiol. '8F-fluoroestradiol was developed at Washington
University and the University of Illinois, with most clinical
trials performed at Washington University and the Univer-
sity of Washington. These landmark studies investigated the
correlation between in vitro ER assays and '8F-fluoroestra-
diol uptake, heterogeneity of ER expression, and predictive
value for endocrine therapy response. Additional work has
been published from teams at Memorial Sloan Kettering
Cancer Center, The Netherlands, China, and Canada. De-
tails of these articles are summarized in multiple review
articles (/—4). Recent investigations have built on this foun-
dation and are highlighted herein.

Assessment of ER Status

Chae et al. recently published the largest prospective study
comparing '8F-fluoroestradiol imaging with ER protein expres-
sion (5). They aimed to demonstrate agreement between qual-
itative '8F-fluoroestradiol PET/CT interpretation and ER
immunohistochemistry. The study population consisted of 85
patients with recurrent or metastatic breast cancer (47 ER-pos-
itive, 38 ER-negative). ER positivity was defined as an Allred
score of at least 3, which reflects the proportion of positive cells
and staining intensity. '8F-fluoroestradiol uptake was interpreted
as positive if it was increased compared with background activ-
ity or negative if it was equivocal or decreased relative to back-
ground. Positive percentage agreement was 76.6% (95%
confidence interval [95%CI], 62.0-87.7; P = 0.0018). Negative
percentage agreement was 100% (95%CI, 90.8-100; P =
0.00053). Interreader agreement was high at 0.90 (95%CI,
0.78-1.0). The study concluded that '8F-fluoroestradiol PET/
CT is safe and accurate for determining ER status.

In addition to visual assessment, quantitative '8F-fluoroestradiol
analyses for distinguishing ER-positive from ER-negative lesions
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that '8F-fluoroestradiol specifically binds
to ER, similarly to endogenous estradiol,
has been provided through clinical stud-
ies correlating '8F-fluoroestradiol uptake
with ER protein expression, in vitro re-
ceptor ligand binding assays, and recep-
tor blocking studies using coinjected
nonradiolabeled estradiol. To confirm the
binding specificity of '8F-fluoroestradiol,
Salem et al. used—in engineered breast

®F-FES PET Fused PET/CT CcT
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B
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FIGURE 1. '8F-fluoroestradiol PET/CT images of a postmenopausal woman with

invasive ductal carcinoma (ER-positive, PR-positive, HER2-negative) and histologically
confirmed metastatic disease show uptake in a left supraclavicular lymph node that
does not meet size criteria for anatomic enlargement (A, arrow) and retroperitoneal
lymph nodes (B, arrow). Physiologic clearance is noted in small bowel.

have been performed. Using an SUV ., of at least 1.5, the
positive and negative percentage agreements were 85.1%
and 78.9%, respectively, as published by Chae et al. (5). In
a metaanalysis of 5 '8F-fluoroestradiol imaging studies with
ER immunohistochemistry results (143 patients), pooled sen-
sitivity and specificity were 82% and 95%, respectively (6).
In another study of 13 heavily pretreated patients with met-
astatic ER-positive breast cancer, Venema et al. identified
1.54 as the optimal '®8F-fluoroestradiol SUV,,,, cutoff to
discriminate ER-positive from ER-negative lesions (7). In a
retrospective study of 46 patients with histologically con-
firmed invasive breast cancer reported by Yang et al., the
optimal '8F-fluoroestradiol threshold was 1.21 for SUV can
and 1.82 for SUV .« (8). Thus, including previously pub-
lished data, optimal '8F-fluoroestradiol SUV,,,, thresholds
for distinguishing between ER-positive and ER-negative le-
sions ranged from 1.5 to 2.0 (I-4,6).

Recent studies have also confirmed earlier evidence of a
correlation between '8F-fluoroestradiol uptake and ER protein
expression. A strong association between '8F-fluoroestradiol
SUV,..x and the Allred score (correlation coefficient, 0.83;
P < 0.0001) was reported by Chae et al. (5). Similarly, Venema
et al. reported a significant correlation between semiquan-
titative ER measurement using the H-score (0-300) and
BE_fluoroestradiol SUV . (RZ = 0.78; P = 0.01) (7).
Furthermore, Yang et al. found a correlation coefficient of
0.726 (P < 0.001) between ER expression (scored 0, 1+,
2+, or 3+) and '8F-fluoroestradiol SUV ,ca, (using a 40%
SUV hax threshold), which was slightly higher than the cor-
relation observed using SUV,,.,x (r = 0.691; P < 0.001)
(8). Gupta et al. reported a correlation coefficient of 0.767
(95%CI, 0.266-0.942; P = 0.0096) between '8F-fluoroestradiol
SUV,,ax and ER (scored 15%, 40%, 90%, and 100%) (9).
Overall, a strong correlation has been established between
imaging and pathology despite different methods for ER
protein quantification.

Binding specificity is necessary for establishing the analytic
validity of '8F-fluoroestradiol imaging. Evidence inferring

STEROID HORMONE RECEPTOR IMAGING *

cancer cell lines—a mutagenesis ap-
proach that prevents ER from binding
estradiol (/0). Through substitution of
glycine 521 for arginine in the ER li-
gand-binding pocket, '8F-fluoroestradiol
binding in cells and uptake in tumor
xenografts was completely abolished.
These results suggest that '8F-fluoroestradiol retention in ER-
positive breast cancer is strictly dependent on an intact ligand-
binding pocket with high specificity.

Given the importance of the ER ligand binding domain
for '8F-fluoroestradiol binding, frequently identified hot-
spot mutations within this region of ER in patients with
metastatic breast cancer raised questions regarding a poten-
tial effect on the diagnostic accuracy of '8F-fluoroestradiol
imaging. These mutations in the ER gene (ESRI) are bi-
ologically significant since they exhibit constitutively active
ER transcriptional function with partial resistance to endo-
crine therapy and reduced binding affinity to estradiol, and
they correlate with reduced patient survival (/7). Kumar
et al. created breast cancer cell lines expressing wild-type or
mutant ER to test whether activating ESR]/ mutations im-
pact the accuracy of '8F-fluoroestradiol PET imaging for
identifying ER-positive lesions (/2). The study showed that
ESRI mutations occurring at tyrosine 537 are not detrimen-
tal to '8F-fluoroestradiol binding or uptake in cells and
tumor xenografts. These results support '8F-fluoroestradiol
imaging as a valid option for ER-positive breast cancer with
these ESRI mutations.

Additional phase II data regarding the diagnostic accuracy
of '8F-fluoroestradiol imaging have been published by Paquette
et al. (/3). The performance of a newer ER-targeted radio-
pharmaceutical, 4-fluoro-11p-methoxy-16a-'8F-flucroestradiol,
or 8F-4FMfluoroestradiol, was compared with '®F-fluoroestradiol
in 31 patients with ER-positive breast cancer. Decreased
background uptake on PET/CT and improved tumor con-
trast were observed for '8F-4FMfluoroestradiol compared with
18F-fluoroestradiol, which may improve diagnostic confidence
and reduce false-negative results.

Imaging ER Heterogeneity in Metastatic Disease
Site-to-site ER heterogeneity across metastases is evi-
dent with '8F-fluoroestradiol imaging. Nienhuis et al. ret-
rospectively analyzed '8F-fluoroestradiol PET/CT scans for
91 patients (1,617 lesions) with metastatic ER-positive
breast cancer (/4). They found that 36% of patients had both
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18F-fluoroestradiol—positive and '8F-fluoroestradiol-negative
lesions, which is within the previously published range of
28%—45% (1—4). Aside from the interesting biologic phe-
nomena this finding may represent, such as clonal evolution
and influence of the metastatic tumor microenvironment, it
has potentially important clinical implications. Since target-
ing the site of biopsy to confirm metastatic disease in a pa-
tient with multiple lesions is based on lesion size and on
safety or accessibility, different treatment approaches may
be pursued with differing outcomes in patients with site-to-
site heterogeneity in ER expression.

Image-Guided Dosing of ER Antagonists

18F_fluoroestradiol imaging allows quantification of re-
ceptor binding during ER antagonist treatment. This ap-
proach can be used in dose escalation trials to maximize
treatment benefits while minimizing side effects. Using a
preclinical ER-positive breast cancer model, Heidari et al.
demonstrated reduced tumor uptake of '8F-fluoroestradiol
correlating with decreased ER expression in a dose-depen-
dent manner with fulvestrant, thus tracking early efficacy of
ER blockade and degradation (/5). This approach was in-
vestigated by van Kruchten et al. in a prospective study of
16 patients with metastatic ER-positive breast cancer (/6).
They tested whether the current standard dosing of fulves-
trant optimally blocks tumor ER availability by performing
I8F-fluoroestradiol PET/CT at baseline and during treat-
ment. Incomplete blockade of ER was observed in 38%
of patients and was associated with early disease progres-
sion. Thus, therapeutic monitoring via '8F-fluoroestradiol
imaging could reveal ineffective ER antagonist dosing and
potentially allow for dose adjustment or switching to an
alternative drug.

During novel drug development, serial '8F-fluoroestra-
diol imaging can be useful for selecting the optimal dosage
to achieve ER suppression while minimizing side effects.
GDC-0810, a novel ER antagonist and degrader, was in-
vestigated in a phase I trial involving 30 patients with ER-
positive metastatic breast cancer (/7). The optimal dosage
for phase II evaluation was determined by measuring the
reduction in '8F-fluoroestradiol uptake during treatment,
reflecting ER occupancy and downregulation. As a sub-
study of a therapeutic trial of Z-endoxifen (an active me-
tabolite of tamoxifen), !'®F-fluoroestradiol PET/CT was
performed at baseline and 1-5 d after treatment initiation
in 8 patients with a variety of ER-positive solid tumors (/8).
The study found a 33.6% decrease (P = 0.0078) in the
average SUV ..« as early as 1 d after Z-endoxifen admin-
istration. Thus, '8F-fluoroestradiol imaging could serve as a
useful pharmacodynamic marker for evaluating ER antag-
onist therapies.

Predicting Endocrine Therapy Response

Another clinically relevant application of '3F-fluoroestra-
diol imaging is predicting response to endocrine therapy. In
the neoadjuvant setting, 2 recent trials have incorporated
baseline !'8F-fluoroestradiol PET/CT in the study design.
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The Neo-ALL-IN trial tested the aromatase inhibitor, letro-
zole, in combination with a human epidermal growth factor
receptor 2 (HER2)-targeted drug, lapatinib, in postmeno-
pausal patients with stage II-III, ER-positive, HER2-positive
breast cancer administered before surgery (/9). Baseline '8F-
fluoroestradiol PET/CT was performed for 24 patients. An
SUVnax Of greater than 5.5 significantly correlated with clin-
ical overall response rate (P = 0.007). For the NEOCENT
trial, postmenopausal patients with ER-rich primary inva-
sive breast cancer were randomized to either neoadjuvant
chemotherapy (5-fluorouracil, epirubicin, and cyclophospha-
mide) or neoadjuvant endocrine therapy (letrozole) before
surgery (20). Baseline '8F-fluoroestradiol PET/CT was per-
formed for 26 patients (13 randomized to chemotherapy, 13
randomized to endocrine therapy). Two patients in the che-
motherapy cohort had visually negative '8F-fluoroestradiol
imaging, and both achieved a pathologic complete response.
None of the 10 evaluable patients in the chemotherapy co-
hort with '8F-fluoroestradiol-avid tumors achieved a patho-
logic complete response. None of the 5 patients in the
endocrine therapy cohort with an SUV . of less than 7.3
were pathologic responders, whereas 5 of the 7 patients in
the chemotherapy group with an SUV ., of less than 7.3
were pathologic responders (P = 0.03). These data imply
that neoadjuvant chemotherapy could be superior to endo-
crine therapy in tumors with low !'8F-fluoroestradiol uptake,
indicating nonfunctional ER. Together, these studies suggest
that '8F-fluoroestradiol imaging could be helpful for neoad-
juvant therapy selection.

In the metastatic setting, a study by van Kruchten et al.
assessed the predictive value of '8F-fluoroestradiol imaging
for response to estradiol treatment, a therapeutic approach
for extensively pretreated patients (27). Patients with ac-
quired endocrine-resistant metastatic ER-positive breast
cancer and progression after at least 2 lines of therapy un-
derwent baseline '8F-fluoroestradiol PET/CT followed by
estradiol treatment. For 15 evaluable patients, the positive
predictive value was 60%, the negative predictive value was
80%, and the area under the curve was 0.62 using a median
SUV,.ax cutoff of 1.5 for discriminating clinical benefit
from progressive disease. The study highlighted the poten-
tial for '8F-fluoroestradiol imaging to identify patients with
acquired endocrine resistance who are unlikely to benefit
from estradiol therapy indicated by poor '8F-fluoroestradiol
uptake. This study adds to landmark studies from Washing-
ton University and the University of Washington, which
demonstrated a predictive value of '3F-fluoroestradiol imaging
for endocrine therapy benefit (/—4).

Current multicenter trials aim to validate the predictive
accuracy for endocrine therapy response in the metastatic
setting. The ECOG/ACRIN EAI142 trial (NCT02398773)
in the United States is designed to determine the negative
predictive value of '8F-fluoroestradiol PET/CT for clini-
cal benefit at 6 mo in 99 patients with ER-positive met-
astatic breast cancer treated with first-line endocrine
therapy. Ongoing European multicenter studies include
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the TRANSCAN ET-FES randomized trial (EUDRACT 2013-
000-287-29) and the IMPACT-MBC trial (NCT01957332) in
The Netherlands.

Prognostic Significance of 18F-Fluoroestradiol Imaging

Additional prognostic information may be gained from
both !8F-fluoroestradiol and '3F-FDG imaging. Kurland et al.
investigated '8F-fluoroestradiol and '8F-FDG as combined
predictors of progression-free-survival in 84 evaluable pa-
tients with ER-positive breast cancer undergoing endocrine
therapy for primary, recurrent, or metastatic disease (22). The
study identified 3 groups with distinct outcomes. Metaboli-
cally indolent disease (low '8F-FDG uptake) corresponded
with the longest median progression-free-survival (26.1 mo;
95%CI, 11.2-49.7). Metabolically aggressive but strongly
ER-positive disease (18F-FDG high; !8F-fluoroestradiol high)
corresponded with intermediate progression-free-survival
(7.9 mo; 95%CI, 5.6-11.8). Metabolically aggressive and
weakly ER-positive disease (*®F-FDG high; '8F-fluoroestradiol
low) corresponded with the shortest progression-free-
survival (3.3 mo; 95%CI, 1.4—mnot evaluable). Thus, prog-
nostic information provided by !'8F-fluoroestradiol imaging
may be most impactful for patients with metabolically aggres-
sive disease.

Future of ER Imaging

Robust evidence exists to support the clinical use of '3F-
fluoroestradiol imaging to determine ER status in metastatic
breast cancer for endocrine therapy selection. '8F-fluoroestradiol
is currently clinically approved for this indication only in
France. In 2019, Zionexa submitted a new-drug application
for 18F-fluoroestradiol (EstroTep) to the U.S. Food and Drug
Administration. After approval, important next steps for clin-
ical '8F-fluoroestradiol imaging include development of prac-
tice guidelines detailing patient preparation, scan parameters,
expected physiologic distribution, tracer uptake quantifica-
tion, scan interpretation, and standardized reporting (23).

Another critical step will be establishing payer coverage.
In a simulation study, '8F-fluoroestradiol PET/CT appears

to be cost effective as an initial imaging test for diagnosing
ER-positive metastatic breast cancer by decreasing the
number of biopsies and false-negative results compared with
conventional work-up (24). Additional cost-effectiveness stud-
ies are needed.

IMAGING PR USING '8F-BASED RADIOLIGANDS

PR is an estrogen-regulated target gene and can be an
indicator of ER functionality. In this paradigm, activated
ER induces PR gene transcription and ultimately increases
PR protein. When antagonists inhibit ER function, PR
messenger RNA and protein decrease.

The most studied PR-targeted radiopharmaceutical is
I8F_fluorofuranyl norprogesterone (!8F-FFNP) (Fig. 2). '8F-
FFNP is a radiolabeled progestin analog that binds to PR
protein within target cells, similarly to endogenous proges-
terone. '3F-FFNP was developed at Washington University
and the University of Illinois, and the first-in-humans study
was performed at Washington University (25). This study
demonstrated initial safety and feasibility and is the only
clinical study using this tracer published to date.

Preclinical studies have quantified binding parameters of
I8E-FFENP for PR in breast cancer cells. Using T47D cells,
which endogenously express both A and B isoforms of PR,
Salem et al. measured the equilibrium dissociation constant
of 18F-FFNP to be 0.41 = 0.05 nM, with a half-maximal
inhibitory concentration of 2.6 nM (95%CI, 2.0-3.4 nM),
by competitive binding with the nonradioactive progestin,
R5020 (26). Thus, '8F-FFNP exhibits strong binding affin-
ity for PR. Using PR-negative MDA-MB-231 cells geneti-
cally engineered to express either PR-A or PR-B, there was
no differential binding of '8F-FFNP between the 2 isoforms
(27). This is relevant since imbalanced isoform expression
can influence prognosis and treatment outcomes (27).

Imaging changes in PR as a downstream target of ER
activation may reflect an early response to endocrine therapy.
Chan et al. showed that '8F-FFNP imaging can measure
changes in PR expression as a predictor of endocrine sensi-

tivity (28). After estrogen deprivation
via ovariectomy, endocrine-sensitive

Fused PET/CT

A “F.FFNP PET

STAT1-deficient mouse mammary tu-
mors exhibited an early decrease in
ISE_.FFNP uptake. However, endocrine-
resistant tumors had no significant
change in '8F-FFNP uptake. Further-
more, '8F-fluoroestradiol and '8F-FDG
uptake was unchanged, highlighting
the unique information gained by serial
I8F-FFNP imaging.

Additionally, Salem et al. used '8F-
FFNP to measure PR expression in
endocrine-sensitive T47D cells after

CcT

FIGURE 2.
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18F-FFNP PET/CT images of a postmenopausal woman with invasive
lobular carcinoma (grade 2, ER-positive, PR-positive, HER2-negative) show uptake
in biopsy-proven left breast malignancy (A, yellow arrow), left internal mammary lymph
node (A, red arrow) and left level 1 axillary lymph node (B, arrow).

estradiol treatment, which activates
ER (27). In both cells and tumor xe-
nografts, '8F-FFNP uptake increased
after estradiol treatment. This preclinical
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study complements a recently completed clinical trial per-
formed at Washington University (NCT02455453). The tri-
al recruited 47 patients with ER-positive metastatic breast
cancer who received baseline !8F-FFNP PET/CT, treatment
with low-dose estradiol for 24 h, and then a repeat '8F-FFNP
PET/CT scan. The study aims to determine whether changes
in '8F-FFNP uptake after estradiol for 24 h predict a clinical
benefit from standard endocrine therapy. The potential sig-
nificance of this study is that '®F-FFNP imaging may repre-
sent an early biomarker for endocrine therapy response.

Future of PR Imaging

Research continues into optimizing '8F-FFNP production
methods and developing novel agents for PR imaging. A new
radiosynthesis technique has been reported to reduce the
time required for '8F-FFNP synthesis, as would be advanta-
geous for high-volume facilities (29). Two new '3F-labeled
ethisterone derivatives, !8F-EAEF and '8F-FPTT, have been
developed and tested in preclinical models (30,37). Addi-
tional preclinical and phase I studies will be needed to eval-
uate potential advantages of these agents over '3F-FFNP. As
PR function in breast cancer continues to be revealed, !8F-
FFNP imaging may be useful for identifying PR-rich targets
for combined ER and PR antagonists.
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