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Abstract

Objective The aim of this study was to investigate the potential value of dual tracers '®F-FDG and '®F-FES PET/CT in
predicting response to Cyclin-Dependent 4/6 Kinase (CDK4/6) inhibitors combined with endocrine therapy for metastatic
estrogen receptor (ER)-positive breast cancer patients.

Methods This retrospective study enrolled 38 ER-positive metastatic breast cancer patients from our center who underwent
both 8F-FDG and ®F-FES PET/CT scans within 1 month before CDK4/6 inhibitors combined with endocrine therapy. The
extracted parameters comprised the maximum standardized uptake value (SUVmax) for both FDG and FES PET, as well as
the ratio between FES and FDG SUVmax. Each parameter was dichotomized based on its median threshold. The primary
endpoint was progression-free survival (PFS), which was estimated using the Kaplan—Meier method and compared by the
log-rank test.

Results After a median follow-up of 15.6 months, progressive disease was observed in 23 out of 38 patients, and the median
PFS for the whole cohort was 21.0 months [95% confidence interval (CI) 12.7-29.3]. FES and FDG PET identified 6 patients
(15.8%) with FES-negative lesions, suggesting ER heterogeneity in metastatic lesions. The median PFS of these patients
was only 5.3 months (95% CI 1.7-8.9), which was substantially shorter than that of patients with 100% FES-positive lesions
(median PFS 22.9 months, 95% CI 17.1-28.7, P <0.001). Patients with 100% FES-positive lesions who had high FES/FDG
showed significantly shorter PFS compared to those with low FES/FDG (14.9 vs. 30.5 months, P=0.003).

Conclusions This study shows that FDG and FES PET imaging may serve as valuable tools for patient selection in the context
of CDK4/6 inhibitor therapy combined with endocrine treatment, and have the potential to function as prognostic biomarkers.

Keywords '8F-FDG - '®F-FES - CDK4/6 inhibitor - Metastatic breast cancer - PFS

Introduction

Breast cancer is the most prevalent malignancy among
women, with the highest fatality rate of all female malig-
nant tumors [1]. Hormone receptor positive (HR+) breast
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cancer is the most common subtype, and endocrine therapy
is the mainstay of treatment modality [2]. Cyclin-dependent
4/6 kinase (CDK4/6) inhibitors impede the G; to S phase
transition of the cell cycle and exhibit potential in overcom-
ing endocrine resistance [3, 4]. The combination of CDK4/6
inhibitor and endocrine therapy has become a standard of
care for patients with metastatic breast cancer (MBC) who
are estrogen receptor (ER)-positive/human epidermal growth
factor receptor 2 (HER2)-negative (ER+/HER2-) [5-7]. At
present, the combination of CDK4/6 inhibitors palbociclib
or abemaciclib with endocrine therapy for patients with
ER+/HER2— advanced breast cancer has been approved
in China [8, 9]. While the combination of CDK4/6 inhibi-
tors and endocrine therapy has improved patient survival,
some patients who do not respond to this, or drug resistance
inevitably develops over time [9-11]. Due to the high inci-
dence of adverse effects, exorbitant cost of this combina-
tion therapy, and the urgency to initiate alternative treatment
promptly, early prediction of response to CDK4/6 inhibitor
combined with endocrine therapy is imperative.

The primary biomarker for selecting patients that are
candidates for CDK4/6 inhibitors combined with endocrine
therapy is the ER status, as determined by the primary lesion
is ER-positive or conducting an IHC biopsy of the lesion
[12, 13]. Nearly 40% of ER-positive primary breast cancer
patients may develop ER-negative metastatic lesions during
the course of their disease treatment, and these patients are
unlikely to benefit from ER-oriented treatment [14—16]. This
highlights the importance of conducting repeated investiga-
tions into the ER status of the disease. However, perform-
ing representative or repetitive biopsy may not always be
feasible due to the location of metastatic lesions and associ-
ated risks [17]. In addition, a single biopsy cannot represent
multiple lesions throughout the whole body, nor does it pro-
vide information on the heterogeneity of ER expression in
different lesions, which may have implications for treatment
decisions and evaluation of treatment responses [18, 19].

In vivo PET imaging utilizing 16a-[18F]-fluoro-17b-es-
tradiol ('8F-FES) is a non-invasive technique that has been
developed for visualizing and quantifying the ER status
of tumor lesions throughout the patient's body [20-22].
[18F]-Fluorodeoxyglucose ('*F-FDG) imaging is com-
monly performed in conjunction with '®F-FES imaging to
assist tumor localization and indicate tumor aggressiveness
[23-26]. Other scholars and our own research have inves-
tigated the predictive value of FDG or FES PET/CT as a
singular imaging biomarker in the combination of CDK4/6
inhibitors and endocrine therapy for breast cancer [27-31].
However, these studies had many limitations, such as the
small sample size of FDG PET data, the potential under-
estimation of metastasis diagnosis by FES PET alone, and
the inability to integrate information on tumor ER status
and metabolic activity. Therefore, the purpose of the present
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study was to investigate whether FDG and FES PET/CT
imaging can be used for response prediction in patients with
ER+/HER2— metastatic breast cancer undergoing treatment
with CDK4/6 inhibitors combined with endocrine therapy.

Methods
Patients

We conducted a retrospective study of patients with meta-
static breast cancer who underwent an imaging protocol con-
sisting of '8F-FDG and '8F-FES PET/CT prior to initiation
of CDK4/6 inhibitor therapy. The image data was collected
from December 2016 to August 2022, with a temporal off-
set of less than 1 month between the two scans. All data
were retrospectively collected from the medical records of
the Fudan University Shanghai Cancer Center. This clini-
cal research was granted approval by the Ethics Committee
and Institutional Review Board of Shanghai Cancer Center
at Fudan University, and was in accordance with the 1964
Helsinki Declaration and its later amendments or compa-
rable ethical standards. As a retrospective study, informed
consent was waived.

Each patient underwent '®F-FES scanning for the follow-
ing purposes: (1) to assess ER status of metastatic lesions
in patients scheduled for endocrine therapy, (2) to evalu-
ate heterogeneity of FES uptake in advanced breast cancer
patients, and (3) to determine ER status of metastatic lesions
post-endocrine therapy. Enrolled patients received one of the
following standard-of-care treatments: (1) palbociclib/abe-
mcaciclib + Al, (2) palbociclib/abemcaciclib + fulvestrant.
Premenopausal women with combined ovarian suppression.

PET/CT imaging

FDG-PET: Patients fasted for at least 6 h and had serum
glucose levels less than 10 mmol/L before the intravenous
injection of FDG at a dose of 3.7 MBqg/kg. PET/CT scanning
and image reconstruction according to the guidelines of the
European Association of Nuclear Medicine (EANM) [32].
Whole-body (head to mid-thigh) PET/CT was performed
60 min after tracer injection using a Siemens Biograph 16
HR PET/CT scanner or Biograph 64 mCT Flow PET/CT
scanner (Knoxville, Tennessee, USA). A CT scan (120 kVp,
0.33 s per rotation, with CareDOSE 4D) was performed
approximately 60 min after injection of the tracer. The scan
used a slice thickness of 3.0 mm and was reconstructed to a
512512 matrix (voxel size: 0.98 X 0.98 X 3.0 mm?). Then,
PET scans were conducted with a bed speed of 2 mm/s,
and PET images were reconstructed using a TrueX 4+ TOF
algorithm (2 iterations, 21 subsets, and 5 mm full width
at half-maximum) with Gaussian filtering at 5 mm full
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width at half-maximum. For all PET reconstructions, the
matrix size was 200 X 200, resulting in anisotropic voxels of
4.07x4.07x3.0 mm>. The PET images were converted into
standardized uptake value (SUV) units by normalizing the
activity concentration to the administered dosage of tracers
and the patient’s body weight.

FES-PET: Patients who received ER antagonists require
a 6-8 weeks washout period before FES PET imaging, as
these drugs prevent the tracer from binding to the ER and
result in false negative '®F-FES. No washout period was
required for Aromatase inhibitor (Al). Patients received
approximately 222 MBq of '®F-FES intravenous injection
within 1-2 min. The PET/CT scan was performed approxi-
mately 60 min post-injection of the tracer, with acquisition
parameters and image reconstruction methodology consist-
ent with that of "*F-FDG PET/CT.

Image interpretation

The multimodality computer platform (Syngo, Siemens,
Knoxville, TN, USA) was used to analyze the FDG and
FES PET/CT imaging. The PET images were converted into
standardized uptake value (SUV) units by normalizing the
activity concentration to the injected dose (ID) of tracers
and the patient’s body weight (BW). SUV was calculated as
(A)/(ID/BW), where A is the tissue tracer uptake in micro-
curies per gram for the hottest pixel, ID is the injected dose
in millicuries, and BW is the body weight in kilograms. A
lesion that exhibits obvious tracer accumulation outside the
normal distribution or higher than the surrounding physi-
ological uptake during visual analysis is considered positive.
Volumes of interest (VOIs) were drawn around the area of
positive lesion visible on PET for semi-quantitative analy-
sis to calculate SUVmax. PET/CT images were analyzed
qualitatively and semi-quantitatively by two board-certified
nuclear medicine doctors (with more than 5 years of work
experience) independently, and blinded to the standard
evaluation and follow-up data. In the event of a discrepancy
between the two physicians, a consensus was established to
determine the final reading for statistical analysis. To quanti-
tatively assess the uptake of FES, FDG scans were utilized in
conjunction with FES scans to precisely identify and locate
lesions. In line with our previous studies, a critical threshold
of SUVmax > 1.8 was utilized to define positivity for FES
and quantify the expression of ER [22]. FDG PET positive
lesions were defined as focal uptake levels exceeding the
corresponding background activity, rather than being attrib-
uted to physiological or inflammatory processes. In patients
with extensive metastatic lesions, following the guidelines
of the European Association of Nuclear Medicine (EANM),
20 lesions exhibiting the highest uptake on FDG PET were
meticulously selected and identified as FES lesions [32]. The
FES/FDG ratio for each lesion was also calculated. Liver

metastasis was excluded from the analysis of FES due to
physiological uptake in hepatic tissue [33]. Another opti-
mized PET parameter is the FES to FDG ratio, which can
serve as a differentiation index and reflect both tumor ER
expression and invasiveness [23, 34]. Moreover, this ratio
provides a practical first-order compensation for the partial
volume effect, making it particularly suitable for breast can-
cer with high incidence of bone metastasis. A patient's SUV-
max or FES/FDG ratio was defined as the median SUVmax
or FES/FDG ratio among all lesions detected in that patient.

Assessment of treatment response

Treatment outcome was assessed as progression-free sur-
vival (PFS), which was measured from the date of CDK4/6
inhibitor therapy initiation until the first documented dis-
ease progression or death. Clinical follow-up and response
assessment was according to Response Evaluation Criteria
in Solid Tumors (RECIST) version 1.1. Clinical benefit
rate (CBR) was defined as the percentage sum of complete
responses (CR), partial responses (PR), and stable disease
(SD) for at least 24 weeks. Patients with only unmeasur-
able lesions will be considered to have disease progression
if there is clear progression of existing lesions or discovery
of new lesions during follow-up.

Statistical analyses

Data were presented as medians (ranges) or patient counts
(percentages). To assess the predictive value of PET bio-
markers for treatment response at an individual patient level,
the median of quantified PET parameters was utilized as a
classification threshold.

Survival rates were estimated using the Kaplan-Meier
method and compared utilizing the log-rank test. Prognostic
factors were investigated through a Cox regression model
with a 95% confidence interval in both univariate and mul-
tivariate models. A P value less than 0.05 was considered
statistically significant. Statistical analyses were conducted
using IBM SPSS version 23.0.

Results
Patient characteristics

A total of 50 consecutive eligible patients with HR+/
HER2— metastatic breast cancer underwent FDG and FES
PET/CT scans prior to initiation of CDK4/6 inhibitor ther-
apy. Twelve patients were excluded from the study: five were
lost to follow-up, two discontinued CDK4/6 inhibitor due to
side effects, one was synergized with the PIK3CA inhibitor
(Alpelisib) as part of clinical trials, and four had undergone
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Screened and performed
I8F-FES and '$F-FDG
PET/CT scan
(n=50)

(Dec. 2016 — Aug. 2022)

Excluded (n=18)
Lost to follow-up (n =5)
Withdrawal caused by side
effects (n=2)

\ 4 Synergized with the PIK3CA
I8F-FES and 'F-FDG inhibitor (n = 1)
PET analysis
(n=42)

Excluded (n=4)
Without lesions - undergone
surgery or ablation prior to PET
scans (n =4)

v

Evaluable for primary
Objective
(n=38)

Fig. 1 Patient flowchart for inclusion and exclusion

surgery or ablation prior to PET scans without defini-
tive target lesions (Fig. 1). Therefore, 38 female patients
(median age =56 years, range 2971 years) were enrolled in
our study. Time from breast cancer diagnosis to FES/FDG
PET scans ranged from O months to more than 20 years,
with a median of 6.5 years. Thirty-six patients underwent
surgery and had metastatic disease, while 2 patients were
diagnosed with de novo stage IV disease. Nearly two-thirds
of the patients (65.8%) received a combination of palbociclib
and fulvestrant or Al, 13 patients received abemaciclib in
combination of fulvestrant or Al. Seven patients underwent
premenopausal to postmenopausal transition through the
administration of luteinizing hormone releasing hormone
(LHRH) agonists. The majority of patients (86.8%) were
administered CDK4/6 inhibitors as their first-line therapy,
5 individuals received it as a second-line treatment. Patient
and main disease characteristics are summarized in Table 1.

PET/CT analysis

A total of 384 lesions were available for FDG and FES-PET
evaluation and analysis in a cohort of 38 patients, 379 lesions
showed FDG uptake and 361 lesions were avid in FES PET.
The number of lesions analyzed per patient ranges from 1
to 20, with a median of 7 lesions. Lesions were detected in
bones (n=240; 62.5%), lymph nodes (n=95; 24.8%), liver
(n=17;1.8%), lung (n=23; 6.0%), pleura (n="7; 1.8%), ovary
(n=2; 0.5%), breast (n=2; 0.5%), and soft tissue (n=2_8;
2.1%). Based on visual analysis, FDG uptake was nega-
tive in only five lesions observed in two patients, but FES
uptake was positive and located in the lung (n=1) and bones
(n=4), respectively. According to qualitative (visual) and
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Table 1 Patient demographics and disease characteristics at time of
PET scan

Characteristics n=38 %
Age, years
Median 56
Range 29-71
<55 years 15 39.5
>55 years 23 60.5
Menopausal status
Premenopausal® 7 18.4
Postmenopausal 31 81.6
Disease-free interval®
>S5y 21 553
<5y 15 39.5
Histology of primary breast cancer
IDC 30 78.9
ILC 5 13.2
Unknown 3 7.9
Hormone receptor status
ER-positive and PR-positive 29 76.3
ER-positive and PR-negative 9 23.7
Metastatic sites
Nonvisceral 24 63.2
Bone 30 78.9
Bone-only 8 21.1
Visceral disease 14 36.8
Lung 7 18.4
Pleural 4 10.5
Ovarian 2 53
Liver 5 13.2
No. of disease sites
1 14 36.8
2 8 21.1
>3 16 42.1
De novo metastatic disease 2 53
Lines of therapy prior to CDK4/6i
0 33 86.8
1 5 13.2
Prior ET for metastatic disease
None 38 100
Yes 0 0.0
Prior chemotherapy for metastatic disease
None 33 86.8
Yes 5 13.2
Endocrine therapy following FES PET
Palbociclib + Al 10 26.3
Palbociclib + Ful 15 39.5
Abemaciclib + Al 3 7.9
Abemaciclib + Ful 10 26.3
Outcome
CR 0 0.0
PR 6 15.8
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Table 1 (continued)

Characteristics n=38 %
SD 28 73.7
PD 4 10.5

Clinical benefit
None 4 10.5
Yes 34 89.5

PFS
Events 23 60.5
Censored 15 39.5

With negative '®F-FES lesions
None 32 84.2
Yes 6 15.8

IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma;
ER, estrogen receptor; PR, progesterone receptor; ET, endocrine
therapy; CR, complete responses; PR, partial responses; SD, stable
disease; PD, progressive disease; PFS, progression-free survival; Al,
Aromatase inhibitor; Ful, fulvestrant

#For premenopausal women, palbociclib combination with endocrine
therapy was given upon the administration of gonadotropin-releasing
hormone agonist

Patients with stage IV breast cancer at initial diagnosis were
excluded (n=2)

quantitative analyses (SUVmax < 1.8), it was determined
that 16 lesions (8 bones, 6 lymph nodes, and 2 soft tissue)
in 6 patients were FES-negative but FDG-positive. Addition-
ally, high FDG PET uptake was observed in 7 liver metas-
tases from 5 patients. However, qualitative and quantitative
analyses of FES PET were unattainable due to the liver's
substantial physiological FES uptake. The median SUV-
max for FDG-positive lesions (excluding 5 FDG-negative
lesions, including 1 lung and 4 bones) was determined to
be 6.6 (range 2.0-31.9), Similarly, the median SUVmax for
FES-positive lesions (excluding 7 liver metastases and 16
FES-negative lesions, including 8 bones, 6 lymph nodes, and
2 soft tissues) was found to be 6.9 (range: 1.8-38.9). At the
patient level, the median SUVmax of FDG and FES were
6.3 (range 3.4-12.5) and 7.4 (range 2.9-35.5), respectively.
The median FES/FDG ratio was 1.05 (range 0.05-7.20) in
both positive lesions and 1.08 (range 0.33-5.95) in patients
with 100% FES-positive lesions.

Tumor response

Sixteen patients had measurable lesions at baseline accord-
ing to RECIST 1.1, 22 patients had unmeasurable lesions,
and 8 of them had only bone metastases. Thirty-four of
38 (89.5%) patients derived clinical benefit from CDK4/6
inhibitor combined with endocrine therapy, with 6 PR
(15.8%) and 28 SD (73.7%), and only 4 patients expe-
rienced PD within 24 weeks. Interestingly, 4/6 patients

with FES-negative lesions experienced PD during treat-
ment, while all 32 patients with 100% FES-positive lesions
achieved clinical benefit. The comparison between patients
with clinical benefit and non-clinical benefit patients is pre-
sented in the Supplementary Table.

Prediction of response to combination therapy

At the time of analysis (May 2023), fifteen patients (39.5%)
were still on combination therapy, 23 patients discontin-
ued CDK4/6 inhibitor combined with endocrine therapy
because of progressive disease (PD). The median PFS was
21.0 months (95% CI 12.7-29.3) in the whole cohort. Before
evaluating the predictive response of PET parameters, we
analyzed the factors of patients and diseases. It is disappoint-
ing that age, disease-free interval (DFI), number of disease
sites, presence of visceral disease, number of prior treatment
lines for metastatic disease, and types of CDK4/6 inhibi-
tors regimens were not identified as predictors of PFS in the
entire cohort (Table 2).

In this study, a total of 6 patients with FES-negative
lesions all experienced disease progression, with a median
PFS of only 5.3 months (95% CI 1.7-8.9), dramatically
shorter than that of patients with 100% FES-positive lesions,
and the median PFS was 22.9 months (95% CI 17.1-28.7)
(log-rank P <0.001, Fig. 2a). Exemplary imaging of patients
with FES-negative lesions is depicted in Fig. 3. Patients with
100% FES-positive lesions exhibit a hazard ratio (HR) of
0.01 for PFS (95% CI 0.02-0.11, P <0.001) in compari-
son to those with FES-negative lesions. Of patients with
100% FES-positive tumors who may benefit from CDK4/6
inhibitors combined with endocrine therapy, we conducted
exploratory analysis using the identified PET parameters to
predict PFS of combination therapy. In the subgroup analy-
sis of patients with 100% FES-positive lesions, the median
value of PET parameters was selected as the cut-off point,
FDG SUVmax was 6.3, FES SUVmax was 7.4 and FES/
FDG ratio was 1.08, respectively (Table 3). Patients with
high FDG metabolism suggesting highly invasive tumors
showed a HR of 1.73 for PFS (95% CI 0.63—4.78, P=0.287)
compared to those with low FDG metabolism. In general,
high FES uptake suggests better endocrine therapy efficacy;
however, our study indicates that low FES uptake is asso-
ciated with improved PFS. Compared to those with low
FES uptake, high FES uptake showed a HR of 2.73 for PFS
(95% C10.96-7.74; P=0.059). Unfortunately, neither FDG
nor FES SUVmax has predictive value for PES (P> 0.05).
FES/FDG is an alternative parameter for weighting FES
uptake through metabolic aggression. The median PFS of
patients with low FES/FDG (< 1.08) was significantly longer
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Table 2 Univariate and multivariate Cox regression analyses for prediction of PFS for the entire patients

Parameters No. Event Median PFS (95% CI) Log-rank Univariate analysis Multivariate analysis
P value HR (95% CI) P value HR (95% CI) P value

Age
<56 20 11 26.9 (11.4-424) 0.356  1.48 (0.63-3.45) 0.358 NA
>56 18 12 15.3 (13.5-17.1)

Disease-free interval (DFI)
<5y 15 8 21.0 (NE) 0.385 1.45(0.61-3.51) 0.387 NA
>S5y 21 14 16.5 (7.1-25.8)

No. of disease sites
12 22 13 16.5 (6.7-26.3) 0.946 0.97 (0.42-2.24) 0.946 NA
>3 16 10 21.6 (12.8-30.4)

Visceral disease
No 24 14 21.0 (11.0-31.0) 0.703  0.85(0.37-1.97) 0.703 NA
Yes 14 9 21.6 (6.5-36.7)

Lines of therapy prior to CDK4/61
0 33 19 21.6 (13.6-29.6) 0.369 1.71 (0.58-5.08) 0374 NA
1 5 4 13.8 (7.8-39.4)

Types of CDK4/61
Palbociclib+ Al/Ful 25 17 21.6 (13.6-29.7) 0.705 1.2 (0.45-3.20) 0.705 NA
Abemaciclib + Al/Ful 13 6 NE

Presence of FES-negative lesions
Yes 6 6 5.3 (1.7-8.9) <0.001* 0.01(0.02-0.11)  <0.001* NA
No 32 17 22.9 (17.1-28.7)

PFS, progression-free survival; CI, confidence interval; HR, hazard ratio; CDK4/6i, CDK4/6 inhibitors; Al, Aromatase inhibitor; Ful, fulvestrant

*Indicates statistically significant differences (P <0.05); N/A: Analysis not performed; NE: not evaluable

A

1.0+ n events mPFS
== With FES- sites 6 6 5.3
Only FES+ sites 32 17 22.9

=
2
£
2 0.84
=]
S
£
F 0.6 Log-rank test
z
]
2 P <0.001
53
0.4
£
=
2
2 0.2
e
o0
=]
S
=9
0.0 T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45

Months

Fig.2 Kaplan-Meier curve of progression-free survival (PFS)
according to PET parameters. A Patients were categorized based on
the presence or absence of FES-negative lesions to predict PFS in
the whole cohort. B The PFS predicted by patients in the subgroup

than that of patients with high FES/FDG (30.5 months vs.
14.9 months, P=0.003, Figs. 2b and 4). Patients with high
FES/FDG showed a HR of 4.12 for PFS compared to those
with low FES/FDG (95% CI 1.49-11.55; P=0.006).

@ Springer

B

1.0- n events mPFS
FES/FDG< 1.08 17 6 30.5
—— FES/FDG>1.08 15 11 14.9

0.8+

0.4+
Log-rank test
P=0.003

0.2

progression-free survival (proportion)

T T T
0 5 10 15 20 25 30 35 40 45
Months

cohort with only FES-positive lesions was stratified based on the
median FES/FDG. Abbreviations: FES—, FES-negative; FES+, FES-
positive. FES/FDG =FES SUVmax/FDG SUVmax

Discussion

We analyzed PET imaging parameters and tumor response
in patients with ER+/HER2— (primary) metastatic breast
cancer who received CDK4/6 inhibitors combined with
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A BF_FES

Fig.3 Representative imaging of patients with FES-negative lesions.
This 61-year-old woman showed positive on FES PET for the 10th
thoracic vertebrae (A yellow arrow, above), but negative FDG (B blue
arrow, above). On the contrary, FES is negative on the 12th thoracic
spine (A yellow arrow, below), and FDG is positive (B blue arrow,

IBR-FDG

below). The MIP image shows that FDG in the right axillary lymph
node is positive, while FES is negative. She was on abemaciclib com-
bined with fulvestrant as first-line of treatment for 9.1 months until
progression

Table 3 Univariate and multivariate Cox regression analyses for prediction of PFS in the subgroup of patients with only FES-positive sites

Parameters No. Event Median PFS (95% CI) Log-rank Univariate analysis Multivariate analysis
P value HR (95% CI) P value HR (95% CI) P value
FDG SUVmax
<6.3 16 6 NE 0.282 1.73 (0.63-4.78) 0.287 NA
>6.3 16 11 21.6 (18.9-24.3)
FES SUVmax
<74 16 6 30.5 (NE) 0.051 2.73 (0.96-7.74) 0.059 NA
>74 16 11 21.0 (13.7-28.3)
FES/FDG*
<1.08 17 6 30.5 (NE) 0.003* 4.12 (1.49-11.55) 0.006* NA
>1.08 15 11 14.9 (11.4-18.3)

PFS, progression-free survival; CI, confidence interval; HR, hazard ratio; SUVmax, maximum standard uptake value

*FES/FDG =FES SUVmax/FDG SUVmax

*Indicates statistically significant differences (P <0.05); N/A: Analysis not performed; NE: not evaluable

endocrine therapy. Despite the greater heterogeneity in
pathological type, disease stage, and previous treatment
plans among patients in our study, we have identified that
the FES/FDG ratio can serve as a prognostic indicator for
ER-positive metastatic breast cancer patients undergo-
ing CDK4/6 inhibitor combined with endocrine therapy.
Yamamoto et al. proposed that the ratio of FES and FDG-
SUYV, serving as a link between ER expression and glucose
metabolism, could serve as a valuable indicator for assess-
ing the association between neutral hormone receptor sta-
tus and cell proliferation in uterine tumors [35]. Therefore,
based on our findings, we hypothesize that the ratio of
FES to FDG-SUYV in breast cancer may possess similar
parameterized indicators.

To our knowledge, this study is the first to investigate pre-
dictive value of non-invasive molecular image biomarkers

FDG and FES in ER-positive metastatic breast cancer
patients receiving CDK4/6 inhibitor combined with endo-
crine therapy. Boers et al. [30] and our previous studies
[31] have demonstrated that the heterogeneity parameters
based on FES PET can be used as an imaging biomarker to
predict the response of CDK4/6 inhibitors combined with
endocrine therapy. However, FES PET is limited to moni-
toring ER expression in tumor lesions, which may not accu-
rately evaluate the extent of tumor invasion or detect ER-
negative lesions [36, 37]. In addition, the predictive value
of FES PET primarily pertains to endocrine therapy mode,
whereas CDK4/6 inhibitors are cell cycle-targeted agents
that may be more closely associated with tumor prolifera-
tion [38] and tumor glycolytic metabolic activity [39]. Some
studies [27-29] have also elucidated the value of FDG PET
in predicting the response to combination therapy. On the
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A I8F-FES BF-FDG

Low FES/FDG

Fig.4 Representative imaging of patients with 100% FES-positive
lesions. A Low FES/FDG (< 1.08). This 57-year-old woman has three
lymph nodes and twelve bone metastases, all of which show positive
results on FES and FDG PET scans. The representative lesion was
located on the right side of the 9th rib, exhibiting SUVmax values of
7.8 and 8.7 for FES (yellow arrow) and FDG (blue arrow), respec-
tively, with a FES/FDG ratio of 0.89. She was administered palboci-
clib in combination with letrozole as first-line therapy for a duration

contrary, FDG PET serves as an indicator of tumor meta-
bolic aggressiveness; however, it lacks the capability to iden-
tify functional ER distribution and screen patients who are
suitable for endocrine therapy [40—42]. Therefore, a single
PET probe molecular image may exhibit bias, whereas the
utilization of dual probes could potentially enhance its pre-
dictive value.

In line with our previous study, our results suggest that
patients with no or partial lesion uptake of FES are unlikely
to benefit from CDK4/6 inhibitors combined with endocrine
therapy. On the contrary, all patients with 100% FES-pos-
itive lesions achieved clinical benefits and had a superior
PFES (22.9monts vs. 5.3 months log-rank, P <0.001). For the
study of FES PET in endocrine therapy of ER + breast can-
cer, most reports showed that higher FES uptake had better
prognosis compared with patients with low/no FES uptake
[23, 43]. Interestingly, we found that patients with low FES
uptake have a longer PFS patients compared with patients
with high FES uptake in the cohort of patients with 100%
FES-positive lesions, and with borderline significance (low
FES 30.5 months vs. high FES 21.0 months, P=0.051, HR
2.73). Additionally, other scholars and our previous research
have corroborated that the uptake of FES at high or low lev-
els does not serve as an indicator for response to endocrine
therapy [31, 44-46]. Indeed, the uptake of FES corresponds
positively with ER expression, which may serve as a pre-
requisite for response to endocrine therapy. For FDG PET,
most studies suggest that a higher uptake indicates more
aggressive tumor growth and a worse prognosis [23, 47, 48].
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of 34.6 months, and no evidence of disease progression was observed
at the time of analysis. B High FES/FDG (> 1.08). This 63-year-old
woman had 5 bone metastases, all of which show positive results on
FES and FDG PET scans. The representative lesion was located on
the upper cervical spine, exhibiting SUVmax values of 10.7 and 6.1
for FES (yellow arrow) and FDG (blue arrow), respectively, with a
FES/FDG ratio of 1.75. She was on palbociclib combined with ful-
vestrant as first-line treatment for 14.9 months until progression

Our findings also support this, as patients with low FDG
uptake tend to have a more favorable prognosis compared
to those with high FDG uptake (HR 1.73). However, the
difference between the two groups was not statistically sig-
nificant (P=0.282). Although individual FES or FDG SUV-
max does not have the ability to predict PFS, exploratory
research based on the ratio of the two tracers reveals a novel
predictive factor. In the cohort of patients with 100% FES-
positive lesions, those with low FES/FDG exhibited signifi-
cantly longer PFS compared to those with high FES/FDG
(median PFS, 30.5 months vs. 14.9 months, P=0.003). This
is in line with our previous study, which demonstrated that
patients with low FES/FDG have a lower risk of progressive
disease and longer PFS during fulvestrant treatment [45].
However, our findings appear to contradict previous studies
[23], which suggest that a lower FES uptake or lower FES/
FDG ratio is indicative of resistance to endocrine therapy
and associated with a poor prognosis. The potential reasons
are postulated as follows: (1) The population in other stud-
ies exhibiting low FES uptake encompasses patients with
FES-negative lesions, which may constitute the predominant
cohort of individuals displaying endocrine resistance. In our
study, even patients with low FES uptake exhibited 100%
FES-positivity lesions, thereby maintaining sensitivity to
endocrine therapy. (2) In the PALOMA 3 trial [11], the effi-
cacy of fulvestrant plus palbociclib was not affected by the
level of expression of ER and PR. Indeed, the presence of
ER expression served as a prerequisite for the combination
of CDK4/6 inhibitors and endocrine therapy; however, no
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direct linear correlation was observed between their expres-
sion levels and clinical outcomes [49]. (3) Preclinical studies
have found an increase in glucose metabolism observed in
CDK4/6 inhibitor resistant cells [50], while high glucose
metabolism also reflects an improvement in ER signal-
ing pathway activation, which may enhance the inhibitory
effect of endocrine therapy [51]. Therefore, the underlying
mechanism of FDG PET metabolism in CDK4/6 inhibitor
combined endocrine therapy remains elusive. In our study,
among patients with 100% FES-positive lesions, those show-
ing low FES uptake demonstrated a slightly higher PFS
compared to those with high FES uptake (borderline sig-
nificance, P=0.051). This observation may partially account
for the improved prognosis associated with a lower FES/
FDG ratio.

There are some limitations to this study. First, the sam-
ple size is relatively small, and there is significant hetero-
geneity in the patients' disease characteristics, including
pathological types and prior treatment regimens. Further-
more, while the FES to FDG ratio has been systematically
investigated in uterine tumors, there is a lack of clear bio-
logical characteristics reported for breast cancer, neces-
sitating further research to confirm. Finally, liver metas-
tasis is a crucial prognostic factor in breast cancer, but its
quantification on FES PET is challenging due to the liver's
physiological high uptake. Therefore, FES/FDG does not
include liver metastasis, which may result in partial devia-
tion of the results, and this imaging biomarkers may not be
applicable for some patients with liver metastasis.

Conclusion

Our research has demonstrated that the lack of ER expres-
sion, as measured by FES PET, can serve as a predictive
factor for unlikely to response to CDK4/6 inhibitors com-
bined with endocrine therapy. Synergizing with FDG PET
can further stratify and predict survival in patients with
100% FES-positive lesions, thereby enhancing the preci-
sion of prognostication.
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