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Abstract

Background: Predictive biomarkers are needed to identify oestrogen receptor-positive, human epidermal growth
factor receptor 2-negative (ER+/HER2-) metastatic breast cancer (MBC) patients who would likely benefit from cyclin-
dependent kinase 4 and 6 inhibitors combined with endocrine therapy. Therefore, we performed an exploratory study
to evaluate the tumour heterogeneity parameters based on 16a-'8F-fluoro-17B-oestradiol (‘®F-FES)-PET imaging as

a potential marker to predict progression-free survival (PFS) in MBC patients receiving palbociclib combined with
endocrine therapy.

Methods: Fifty-six ER + MBC patients underwent '8F-FES-PET/CT before the initiation of palbociclib. ®F-FES uptake
was quantified and expressed as the standardized uptake value (SUV). Interlesional heterogeneity was qualitatively
identified according to the presence or absence of '8F-FES-negative lesions. Intralesional heterogeneity was measured
by the SUV-based heterogeneity index (HI = SUVmax/SUVmean). Association with survival was evaluated using the
Cox proportional hazards model.

Results: A total of 551 metastatic lesions were found in 56 patients: 507 lesions were identified as '8F-FES-positive,
38 lesions were distributed across 10 patients without '8F-FES uptake, and the remaining 6 were liver lesions. Forty-
three patients obtained a clinical benefit, and 13 developed progressive disease (PD) within 24 weeks. Nine out of 10
patients with an '8F-FES-negative site developed PD, and the median PFS was only 2.4 months. Among 46 patients
with only 18F—FES—|oositive lesions, only four patients had PD, and the median PFS was 23.6 months. There were statisti-
cally significant differences between the two groups (P<0.001). For the subgroup of patients with only '8F-FES-posi-
tive lesions, low FES-HI patients experienced substantially longer PFS times than those with high FES-HI (26.5 months
vs. 16.5 months, P=0.004).
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Conclusions: '8F-FES-PET may provide a promising method for identifying and selecting candidate ER+/HER2- MBC
patients who would most likely benefit from palbociclib combined with endocrine treatment and could serve as a

predictive marker for treatment response.

Trial registration NCT04992156, Date of registration: August 5, 2021 (retrospectively registered).
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Background

Breast cancer is the most common malignant tumour
in women and a leading cause of cancer-related deaths
worldwide [1]. Hormone receptor-positive (HR +) breast
cancer is the most common subtype and is a candidate
for endocrine therapy [2]. Administering cyclin-depend-
ent 4/6 kinase (CDK4/6) inhibitors in combination with
endocrine therapy has become a standard of care for
patients with HR+/human epidermal growth factor
receptor 2-negative (HR+/HER2-) metastatic breast
cancer (MBC) [3-5]. Palbociclib, a first-in-class, orally
administered CDK4/6 inhibitor, has been shown to
exhibit antitumour activity by causing cell cycle arrest
and was approved in combination with endocrine ther-
apy to treat HR+/HER2- MBC patients [6]. However,
although this combination is highly effective, the major-
ity of patients experience disease progression during
treatment, and another cohort of patients is intrinsi-
cally resistant to the combination of CDK4/6 inhibitors
and endocrine therapy [7-9]. As a result, predicting the
patient response to CDK4/6 inhibitors plus endocrine
therapy has become an area of major scientific interest
so that both side effects, such as neutropenia, leukope-
nia, fatigue, and nausea, and high treatment costs can
be avoided. Furthermore, depending on the predicted
response, aggressive treatments could be commenced in
those who may benefit from the combination of CDK4/6
inhibitors and endocrine therapy, whereas other more
effective treatments could be introduced at an early time
point for patients who are unlikely to respond.

At present, some potentially predictive biomarkers
have been found for CDK4/6 inhibitors, such as cyclin E1
(CCNE1) [10], thymidine kinase 1 (TK1) mRNA expres-
sion [11], and circulating tumour DNA (ctDNA) [12].
However, these promising biomarkers have not been
adopted in clinical practice because they are neither fully
predictive nor routinely available. CDK4/6 enzymes are
key promoters of tumour growth in HR+ breast cancer
and cooperate with oestrogen receptor (ER) pathway
activation [13, 14]. ER status is essential in the selection
of treatment protocols and is a well-known prognostic
factor [5, 15, 16]. Moreover, higher ER expression is often
associated with a better outcome for endocrine therapy
[17]. Quite a few ER-positive primary breast cancer
patients may eventually develop ER-negative metastatic

lesions, and these patients are unlikely to benefit from
ER-directed therapies [18, 19]. Collecting biopsy sam-
ples from metastatic tissue is not always feasible in daily
practice due to the location of the metastatic lesion and
the risks associated with biopsy [20]. In addition, a single
biopsy may not be representative of the entire lesion, and
tumour heterogeneity may limit the validity of the assess-
ment of a single lesion [21].

Positron emission tomography (PET) with 16a-'F-
fluoro-17B-oestradiol (**F-FES) is a noninvasive method
that visualizes and quantifies the expression of ER in
multiple tumours throughout the body (excluding lesions
in the liver, where it is metabolized) [22, 23]. Other
researchers and our previous studies have shown that
8E_FES uptake correlated well with ER expression meas-
ured by immunohistochemical staining, and '*F-FES
PET played an important role in predicting the response
to endocrine therapy [24-29]. Tumour heterogeneity
has been shown to have a profound impact on malig-
nant behaviour and treatment response, and molecular
imaging provides an important noninvasive method for
biologically characterizing tumour heterogeneity and
predicting treatment results. Therefore, our study spe-
cifically aimed to assess the heterogeneity of intralesional
and interlesional ER expression, as measured by *F-FES-
PET, to identify patients who may benefit from combina-
tion therapy and provide early predictive factors.

Methods

Patients

This retrospective study was conducted in accordance
with the principles of Good Clinical Practice and the
Declaration of Helsinki. The requirement for informed
consent was waived owing to the retrospective nature
of the study. This study was retrospectively regis-
tered with ClinicalTrials.gov (ClinicalTrials.gov identi-
fier: NCT04992156), and the other study ID number is
YOUNGBC-15.

The subjects were patients with HR+/HER2- MBC
who initiated palbociclib plus endocrine therapy between
March 2017 and December 2020 in the Fudan Univer-
sity Shanghai Cancer Center. Patients who underwent
an '8F-FES PET/computed tomography (CT) scan before
the first regimen were enrolled in this study. Additional
inclusion criteria were as follows: (1) female sex; (2)
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age > 18 vyears; (3) histologically and cytologically con-
firmed MBC; (4) HR-positive and HER2-negative status,
as defined according to the American Society of Clini-
cal Oncology (ASCO)/College of American Pathologists
(CAP) guidelines; and (5) complete medical records.

Assessment of treatment response

The patients underwent CT or magnetic resonance imag-
ing (MRI) every 2—3 months during treatment until dis-
ease progression. Tumour response was assessed by the
attending physicians according to the Response Evalu-
ation Criteria in Solid Tumours (RECIST) 1.1. Clinical
data regarding baseline patient characteristics, treatment
history, and efficacy of palbociclib plus endocrine therapy
were retrospectively acquired from the electronic medi-
cal record system.

The primary endpoint of this study was progression-
free survival (PFS), which was defined as the time from
treatment initiation to disease progression or death from
any cause. The second objective of this study was to eval-
uate the clinical benefit rate (CBR), which was defined
as the percentage of patients experiencing complete
response (CR), partial response (PR), and stable disease
(SD) for at least 24 weeks according to the RECIST 1.1
criteria.

'8F-FES PET/CT procedure

The synthesis and quality control of ®F-FES were con-
ducted as described previously [27, 30]. The patients
received approximately 222 MBq of F-FES intrave-
nously over 1-2 min. 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
mCT Flow PET/CT scanner (Knoxville, Tennessee, USA)
according to European Association of Nuclear Medicine
(EANM) guidelines [31]. Low-dose CT was acquired for
attenuation and scatter correction. A PET emission scan
covering the same spatial range was performed immedi-
ately after the low-dose CT scan. To analyse the images,
Gaussian filter iteration was used to reconstruct the
emission images. Patients who had been administered
ER antagonists were required to discontinue them for at
least 6 weeks to avoid false-negative '8F-FES results [29].

Image analysis

We used a multimodality computer platform (Syngo,
Siemens, Knoxville, TN, USA) for image viewing and
tracer uptake quantification. Two board-certified
nuclear medicine physicians (>5 years of working
experience) evaluated the images independently and
were blinded to the clinical outcomes. In the case of a
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discrepancy between the two physicians, a consensus
was reached on a final reading for the statistical analy-
ses. Volumes of interest (VOIs) were manually drawn
around the area of avid tumour uptake visible on PET
(higher than adjacent normal tissue background) with
the corresponding low-dose CT serving as a guide.
The lesions outlined on the 'F-FES PET image have
to be identified and located by ®F-FDG PET/CT and
diagnostic CT or MRI. To reduce the partial volume
effect and the limitation of resolution, '8F-FES uptake
was quantitated in measurable lesions with diameters
greater than 1.0 cm. In patients with numerous meta-
static lesions, up to an arbitrary maximum of 20 lesions
were selected for analysis according to the guidelines of
the EANM [31].

The '8E-FES uptake of a lesion was semiquantitatively
expressed as the maximum standardized uptake value
(SUVmax) [31]. The mean standardized uptake value
(SUVmean) was quantified using a 50% threshold of the
SUVmax of the lesion. In line with previous studies in
our centre, those with SUVmax > 1.8 were defined as
FES-positive lesions [27]. FES-Hot5 was defined as the
geometric mean FES SUVmax of the 5 hottest lesions
(up to 5 lesions per patient). Interlesional heterogene-
ity was qualitatively identified according to whether
the patient had or did not have FES-negative lesions.
A quantitative measure of intralesional heterogeneity,
the heterogeneity index (HI), which has been previ-
ously used in breast cancer patients, was obtained by
dividing the SUVmax by the SUVmean (HI = SUVmax/
SUVmean) [27, 32].

Statistical analysis

Continuous variables are displayed as the median value
and range. Survival analyses were performed using the
Kaplan—-Meier method, and survival was compared by
the log-rank test. Each parameter was dichotomized
using the median as a threshold. The Cox proportional
hazards model was used for univariate and multivari-
ate analyses, and the results are expressed as the hazard
ratio with its corresponding 95% confidence interval
[CI] and P value. Multivariate analysis with forward
stepwise selection was performed with the variables
that were proven to be significant in univariate analysis
to explore independent significant factors. The associa-
tion between pretreatment '®F-FES PET image parame-
ters and patients with a clinical benefit from palbociclib
combined with endocrine therapy was calculated by the
Pearson’s chi-square test or Mann—Whitney U test. All
data analyses were performed using SPSS Statistics ver-
sion 20.0 (IBM Corporation, Armonk, NY, USA). All
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statistical tests were two-sided, and a P value less than
0.05 denoted a statistically significant difference.

Results

Patient characteristics

From March 2017 to December 2020, 66 patients with
MBC underwent an 8F-FES PET/CT scan before start-
ing treatment with palbociclib. A total of 10 patients
were excluded from this analysis: three had HER2 + dis-
ease, three had an Eastern Cooperative Oncology Group
(ECOQG) performance status score of>2, and two had
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symptomatic brain metastases. Furthermore, in two
patients, the treatment response to fulvestrant was evalu-
ated by '®F-FES PET/CT, and the drug was not discontin-
ued before the examination. The lesions of both patients
were '8F-FES negative, which we considered to be false
negatives [33], so they were excluded from the final anal-
ysis. After excluding 10 patients who were not eligible, a
total of 56 patients were eventually included in our analy-
sis, as illustrated in Fig. 1.

Of these 56 patients, the median age was 55.5 years
(range, 23-74 vyears), 42 patients had a natural

Screened and underwent
I8F_FES PET/CT scan
(n=66)

(Mar. 2017 — Dec. 2020)

\ 4

Excluded (n=6)
HER-2 positive (n = 3)
ECOG performance status >2 (n = 3)

\ 4
8F-FES PET
lesions analysis
(n=60)

Excluded (n=2)
With symptomatic brain metastases (n = 2)

v

8F-FES PET
heterogeneity analysis
(n=58)

\ 4

Excluded (n=2)
False negative - withdrew from
fulvestrant treatment shortly (n = 2)

A 4
Evaluable for primary
Objective
(n=56)

Oncology Group

Fig. 1 Patient flowchart for inclusion and exclusion. Abbreviations: HER-2, human epidermal growth receptor 2; ECOG, Eastern Cooperative
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postmenopausal status, 14 patients achieved postmeno-
pausal status by the use of luteinizing hormone releasing
hormone (LHRH) agonists, 37 patients received palboci-
clib combined with fulvestrant, and 19 patients received
palbociclib plus letrozole. The numbers of patients receiv-
ing palbociclib in the first-, second-, third-, and later-line
settings were 38 (67.8%), 9 (16.1%), 4 (7.2%), and 5 (8.9%),
respectively. Nearly one-third of the patients (32.1%) had
at least three metastatic sites, with bone being the most
common metastatic site (66.1%), and nearly one-half of
the patients (46.4%) had visceral metastasis. The clini-
cal characteristics of the 56 MBC patients are listed in
Table 1.

Qualitative and quantitative results of '8F-FES PET/CT

A total of 551 lesions were identified and localized in
56 patients using I8E_FES PET/CT, ¥F-FDG (n=22), or
other conventional imaging techniques. The number of
lesions per patient ranged from 1 to 20, with a median
of 9 lesions. Lesions were present in the bones (n=361,
65.5%), lymph nodes (n=127, 23.0%), lung (n =26, 4.7%),
pleura (n=13, 2.4%), peritoneum (n=1, 0.2%), ovaries
(n=3, 0.5%), soft tissue (=8, 1.5%), breast (=6, 1.1%),
and liver (=6, 1.1%). Among 551 lesions, 507 with
I8F_FES PET SUVmax> 1.8 were identified as '®F-FES-
positive lesions. Thirty-eight lesions (22 bone, six lymph
nodes, seven lung, two soft tissue, and one breast) were
considered '°F-FES-negative lesions in 10 patients
(17.9%), out of which seven (12.5%) had both F-FES-
positive and '®F-FES-negative lesions, and three had only
!8F-FES-negative lesions. The other six were liver metas-
tases, and the status of '®F-FES could not be quantified
or qualified. The '®F-FES PET SUVmax varied greatly
among lesions (median, 6.7; range, 1.0-20.3) and patients
(median, 6.5; range, 1.1-15.4), as depicted in Fig. 2.

Correlation between tumour response and "F-FES PET
Twenty patients had measurable lesions on baseline CT
or MRI according to RECIST, 25 patients had non-meas-
urable visceral lesions or lymph nodes, and 12 patients
had only bone metastases. At the time of analysis, 34
(60.7%) patients had documented disease progression:
33 patients developed radiological PD, and one patient
developed deterioration of symptoms and a fourfold
increase in the tumour marker CA153, which was defined
as clinical PD. An overall CBR of 76.8% was observed,
with three patients with CR (5.4%), six patients with PR
(10.7%) and 34 patients with SD (60.7%) at > 24 weeks. A
total of 13 patients (23.2%) had PD within 6 months from
palbociclib combined with endocrine therapy.

The baseline tumour |F-FES uptake in metastatic
patients with clinical benefit from palbociclib was simi-
lar to that in patients with PD (median SUV max, 6.5
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Table 1 Patient demographics and disease characteristics at
time of FES PET scan

Characteristics N=56 %
Age, years
Median 555
Range 23-74
<55 years 25 44.6
> 55 years 31 554
Menopausal status
Premenopausal @ 14 25.0
Postmenopausal 42 75.0
Disease-free interval
>5y 31 554
<5y 22 393
Histology of primary breast cancer
IDC 49 87.5
ILC 7 125
Hormone-receptor status
ER-positive and PR-positive 46 82.1
ER-positive and PR-negative 10 17.9
Metastatic sites
Nonvisceral 30 536
Bone 37 66.1
Bone-only 12 214
Visceral disease 26 46.4
Any lung 13 232
Pleural 7 12.5
Peritoneum 1 1.8
Ovarian 2 36
Liver 6 7.0
No. of disease sites
1 18 321
2 20 358
>3 18 321
De novo metastatic disease 3 54
Lines of therapy prior to palbociclib
0 38 67.9
1 9 16.1
2 4 7.1
>3 5 8.9
Prior ET for metastatic disease
None 43 76.8
Yes 13 232
Prior ET type for metastatic disease
Antiestrogen £ LH-RH analog 8 14.3
Aromatase inhibitor £ LH-RH analog 9 16.1
Prior chemotherapy for metastatic disease
None 43 76.8
Yes 13 232
Endocrine therapy following FES PET
palbociclib 4+ Aromatase inhibitor 19 339
palbociclib + fulvestrant 37 66.1
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Table 1 (continued)
Characteristics N=56 %
Outcome
CR 3 54
PR 6 10.7
SD 34 60.7
PD 13 232
Clinical benefit
None 13 232
Yes 43 76.8
PFS
Events 34 60.7
Censored 22 393
With negative '8F-FES lesions
None 46 82.1
Yes 10 179

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

b Patients with stage IV breast cancer at initial diagnosis were excluded (N = 3)

Abbreviations: 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

vs. 5.0; P>0.05). However, it is interesting that nine
of 10 patients with at least one '®F-FES-negative site
developed PD, and among 46 patients with 100%
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I8F_FES-positive disease, only four patients had PD
within 6 months (Fig. 2, P<0.001). Using the presence
of any '8F-FES-negative metastatic lesion to distinguish
between patients with clinical benefit and PD leads to
a positive predictive value (PPV) and negative predic-
tive value (NPV) of 91.3% and 90.0%, respectively. This
underlined that patients with any lesion lacking '*F-FES
uptake above background were unlikely to benefit from
palbociclib-based therapy.

Predictive value of '®F-FES-PET for PFS

At the time of analysis, the median PFS in the whole
population was 16.1 months (range 1.9-35.6+; 95% CI
6.8-25.4). Before analysing '®F-FES PET parameters to
predict PES, we evaluated the patients’ disease charac-
teristics before palbociclib treatment. The median PFS
was 21.6 months in patients treated with palbociclib as
the first line of treatment, 23.6 months as the second line
of treatment, and 4.2 months as the third or further line
of treatment (log-rank test P=0.005). Patients treated
with palbociclib as first-line and second-line treatment
showed HRs of 0.33 (95% CI 0.12-0.93) and 0.29 (95%
CI 0.13-0.65) for PFS compared to those treated with
palbociclib as third-line or subsequent-line treatment.
Nevertheless, the disease-free interval (DFI) from adju-
vant treatment, number of disease sites, presence of vis-
ceral disease and types of endocrine therapy were not
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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 Log-rank Univariate analysis Multivariate analysis
(95% Cl) Pvalue HR (95% Cl) Pvalue HR (95% Cl) Pvalue

Disease-free interval

<5y 22 1 23.9(1.6-46.3) 0.366 1.40(0.67-2.89) 0369 NA

>5y 31 22 15.6(10.1-21.1)

No. of disease sites

1 18 13 12.0(0.9-23.1) 0.690

2 20 12 12.1(0.6-23.6) 0.89(041-1.97) 0.789 NA

>3 18 9 23.9(14.6-33.2) 0.69(0.29-1.63) 0.397

Visceral disease

No 30 20 12.0(6.4-17.6) 0.191 0.64(0.32-1.26) 0.196 NA

Yes 26 14 23.9(14.4-33.3)

Lines of therapy prior to palbociclib

0 38 19 21.6(12.6-30.6) 0.33(0.12-0.93) 0.036*

1 9 6 23.6(7.8-39.4) 0.005*% 0.29(0.13-0.65) 0.003* / 0.170

>2 9 9 4.2(3.8-4.7)

Types of endocrine therapy

palbociclib 4 fulvestrant 37 25 12.8(7.0-18.7) 0.186 0.60(0.28-1.29) 0.192 NA

palbociclib + letrozole 19 9 26.5(4.5.7-48.5)

Presence of FES-negative lesions

Yes 10 10 24(1.1-3.7) <0.001* 0.04(0.01-0.13) <0.001* 0.04(0.01-0.13) <0.001*

No 46 24 23.6(15.8-31.4)

PFS Progression-free survival; C/ Confidence interval; HR Hazard ratio; MBC Metastatic breast cancer; SUVmax Maximum standard uptake value

" Indicates statistically significant differences (P<0.05); N/A: Analysis not performed as univariate analysis not significant

found to be prognostic factors of PES in the whole cohort
(Table 2).

Next, we evaluated the predictive value of 18F_FES
PET parameters for survival in patients receiving
palbociclib-based therapy. A total of 46 patients had

only 18F—FES-positive sites, and their median PFS was
23.6 months (95% CI 15.8—-31.4); 10 patients (seven had
both positive and negative I8F_FES metastases, and three
had no '|F-FES-positive metastases) had at least one
18F-FES—negative metastatic site, and their median PFS
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Fig. 3 Kaplan—Meier curve of progression-free survival (PFS) according to heterogeneity determined by ' F-FES PET. A PFS predicted by
interlesional heterogeneity, with patients stratified by the presence or absence of '®F-FES-negative lesions in the whole cohort. B PFS predicted by
intralesional heterogeneity, with patients stratified by the median FES-HI in the subgroup cohort with only '®F-FES-positive lesions
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A BF-FDG

treatment for 5.6 months until progression occurred

g~ 3

Fig. 4 Representative imaging of patients with at least one '8F-FES-negative lesion. A Only '®F-FES-negative lesions (Fig. 2, #43). This 50-year-old
woman had 4 "8F-FDG-positive lesions in her chest wall and lymph nodes, but all were negative on '8F-FES PET. She was on palbociclib combined
with letrozole as first-line treatment for 2.3 months until progression occurred. B Presence of '#F-FES-positive and '8F-FES-negative lesions (Fig. 2,
#49). This 53-year-old woman had innumerable '8F-FDG-positive and '8F-FES-positive lesions in the pleura, lung, lymph nodes, and bone, but the
left chest wall metastasis showed outstanding uptake of '®F-FDG but not of '®F-FES. She was on palbociclib combined with fulvestrant as third-line

was only 2.4 months (95% CI 1.1-3.7) (log-rank P<0.001,
Fig. 3A and Fig. 4). Using univariate analysis, we found
lines of advanced systemic therapy with palbociclib and
presence of 'F-FES-negative lesions to be significantly
correlated with PFS. However, in multivariate analysis
using Cox proportional hazards models, only presence of
18E_FES-negative lesions was found to be a single deter-
minant of PFS (HR=0.04, 95% CI 0.01-0.13, P<0.001,
Table 2).

The presence or absence of ®F-FES-negative lesions
represents only interlesional heterogeneity and not
intralesional heterogeneity. Hence, we conducted an
exploratory analysis using identified PET biomarkers
to predict survival in patients with only ®F-FES-posi-
tive lesions. Intralesional heterogeneity was measured
by dividing the SUVmax by the SUVmean across the
8E_FES-positive metastatic lesions, which is the HIL
In the 'E-FES-positive subgroup analysis, the median

values of SUVmax, FES-Hot5 and HI were used as the
cut-off values, which were 6.5 (range 1.9-15.4), 8.1
(range 2.0-17.2) and 1.50 (range 1.33-1.57), respectively.
Regrettably, SUVmax and FES-Hot5 were not predictive
of PFES in this subgroup (log-rank P=0.258 and 0.575,
respectively, Table 3). A total of 23 patients with high HI-
FES had obviously shorter PFS times than those with low
HI (HI > 1.50, median PFS 16.5 months, 95% CI 4.4—28.6
vs. HI< 1.5, median PFS 26.5 months, 95% CI 21.8-32.2;
log-rank P=0.004, Fig. 3B and Fig. 5). Patients with low
HI-FES showed an HR of 0.27 for PFS (95% CI 0.10-0.70;
P=0.007) compared to those with high HI-FES (Table 3).

Discussion

Currently, there are no clinically available biomarkers
for prescribing CDK4/6 inhibitors except for ER expres-
sion mainly from primary tumour tissues [9, 15]. How-
ever, the expression status of ER in breast cancer may
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Fig. 5 Representative imaging of patients with only '8F-FES-positive lesions. A Low FES-HI (Fig. 2, #10). This 67-year-old woman had 2
18F_FES-positive lesions in the chest wall and lung, with no '®F-FES-negative lesions. The median FES-HI for the 2 avid lesions was 1.38. She was on
palbociclib combined with letrozole as first-line treatment for 30.4 months without disease progression. B High FES-HI (Fig. 2, #32). This 56-year-old
womnan had 6 '8F-FES-positive lesions in the lymph nodes, with no '8F-FES-negative lesions. The median FES-HI for the 6 avid lesions was 1.52. She
was on palbociclib combined with fulvestrant as first-line treatment for 16.5 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 Log-rank Univariate analysis Multivariate analysis
(95% CI) P value HR (95% CI) P value HR (95% CI) P value

FES SUVmax

>65 23 14 21.6(13.5-29.6) 0.258 0.63(0.28-1.42) 0.262 NA

<65 23 10 29.4(13.4-454)

FES Hot5 lesions

>8.1 23 13 23.6(14.3-32.8) 0575 0.79(0.35-1.79) 0576 NA

<81 23 1 23.9(9.3-385)

FESHI®

>1.50 23 14 16.5(4.4-28.6) 0.004* 0.27(0.10-0.70) 0.007* NA

<150 23 10 26.5(21.8-32.2)

PFS Progression-free survival; C/ Confidence interval; HR Hazard ratio; SUVmax Maximum standard uptake value; SUVmean Mean standard uptake value; H/

Heterogeneity index

2 HI=SUVmax/SUVmean; * Indicates statistically significant differences (P<0.05)

change during the course of disease progression or treat-
ment [34]. ER status discordance rates between primary
and metastatic breast cancer sites may reach approxi-
mately 32%, which might change the therapeutic strategy
and sensitivity for breast cancer patients [35]. Although
biopsy is the gold standard for assessing ER status, it is
sometimes unreliable due to interlesional and intral-
esional heterogeneities in ER expression. Furthermore,
biopsy is an invasive procedure with the risk of serious
complications and poor manoeuvrability and patient
compliance. *F-FES PET/CT has been shown to have the

potential to assess ER expression in all tumour lesions,
supporting individualized treatment strategy choices,
and could aid physicians in making therapeutic decisions
[30, 36].

In the present study, we investigated the '®F-FES-PET
imaging characteristics and tumour responses of patients
with MBC who received a CDK4/6 inhibitor combined
with endocrine therapy. Boers et al. found that patients
with 100% '8F-FES positivity benefitted most from palbo-
ciclib plus letrozole compared to those with heterogene-
ous or absent 8F-FES uptake (HR 2.1) [37]. However, the
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limitation of this study is that it only evaluated the inter-
lesional heterogeneity between MBC patients with and
without '8F-FES-negative lesions and failed to investigate
the intralesional heterogeneity among patients with 100%
18F_FES-positive metastatic lesions. Recently, a feasible
quantitative method for measuring heterogeneity, HI, has
been investigated. Our previous series of studies success-
fully used pretreatment ®F-FDG HI to predict survival
in MBC patients [32, 38, 39], and '8F-FES HI can bet-
ter reflect the heterogeneity of ER expression, especially
in patients with metastases after treatment [27]. In this
context, we designed this exploratory study to demon-
strate how interlesional heterogeneity in the presence or
absence of ER-positive lesions and intralesional hetero-
geneity in all ER-positive patients could predict the effi-
cacy of palbociclib plus letrozole or fulvestrant based on
8E-FES-PET imaging.

Our study demonstrated that pretreatment 'SF-FES
PET has value in predicting whether patients treated
with palbociclib will respond to therapy. From our data,
patients (9/10) who had any '®F-FES-negative lesions
were more likely to develop PD within 24 weeks of
therapy initiation (with no clinical benefit). In contrast,
almost all patients (42/46) who had only ®F-FES-positive
lesions obtained a clinical benefit. This is different from
the results of Boers et al, who found that a consider-
able number of '8F-FES-negative lesions also showed a
response [37]. One explanation may be that some of their
'8F-FES-negative lesions may still exhibit mild ER expres-
sion because they used an ®F-FES SUVmax cut-off of 2.0,
which is higher than the value of 1.8 we used. Another
explanation could be the differences in treatment pat-
terns and patient characteristics, and the efficacy of
palbociclib in the real-world setting differed. However,
based on their research, it seems that physicians will still
be puzzled by whether the presence of '®F-FES-negative
lesions means that patients can benefit from palboci-
clib plus endocrine therapy. In comparison, our imaging
indicators provided a better-stratified method to identify
who could benefit from palbociclib plus endocrine ther-
apy and who is not likely to benefit, which is more in con-
formity with the concept of precision medicine.

In the survival analysis, patients with *F-FES-negative
lesions exhibited a poorer prognosis with an obviously
shorter median PES than those who had only '®F-FES-
positive lesions (2.4 months vs. 23.6 months, log-rank
P<0.001). Moreover, patients with additional lines of
advanced systemic therapy with palbociclib (P=0.005)
had a worse prognosis. However, due to the strong inter-
play between ER pathways and CDK4/6 signalling, only
the presence or absence of '®F-FES uptake significantly
and independently correlated with the outcome in the
multivariate analysis. Moreover, one specific difference
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between our report and previous reports is that we fur-
ther analysed the subgroup of patients with only ®F-FES-
positive lesions. This was undertaken because, even if
this cohort has a good response to palbociclib treat-
ment, considering the heterogeneity of ER expression in
tumours, the final efficacy in each patient may be differ-
ent. As expected, patients with a low FES-HI had signifi-
cantly longer PFS times than those with a high FES-HI
(median PFS, 26.5 months vs. 16.5 months, log-rank
P=0.004).

Thus, our results suggested that for ER-positive (pri-
mary) MBC, patients with any ER-negative lesion by
8E-FES PET are unlikely to benefit from palbociclib
plus endocrine therapy, and it might be better to make
changes to the treatment protocol. Patients with only
I8F_FES-positive lesions are potential candidates for
combination therapy, but the efficacy in patients with
high FES-HI is unsatisfactory. This group of patients
should choose chemotherapy or other endocrine therapy
options, such as chidamide in combination with endo-
crine therapy or another CDK4/6 inhibitor in combina-
tion with endocrine therapy [40].

There were some limitations to this study. First, given
the retrospective design of the study, the disease charac-
teristics of the patients in the cohort were heterogene-
ous, which may include patients with inherently different
prognostic factors independent of '8F-FES uptake. How-
ever, we eliminated some known factors that can affect
I8F_FES uptake, such as discontinuation of drugs known
to bind ER less than 6 weeks before ®F-FES PET imag-
ing. In addition, the study was conducted in a single cen-
tre and was based on a small cohort of Asian patients, so
the optimal cut-off values identified in this study might
not be applicable to all patients, and external validation
is needed. Given that the patients in our study underwent
many pretreatments, but only some patients had an '°F-
FDG PET scan concurrently, CT or MRI scans may have
shown bone lesions that were no longer active, leading
to an overestimation of the number of '®F-FES-negative
lesions. Moreover, our study did not analyse the relation-
ship between 'F-FES uptake and ESR1 gene amplifica-
tion and mutation in the tumour biopsy, as these assays
provide insufficient data at present to guide therapy for
HR+ /HER2- MBC]J41] and are not performed routinely
in our centre. Although ER expression is required for a
response to palbociclib plus endocrine therapy, other
pathways may also affect the efficacy of palbociclib,
such as the androgen receptor (AR) signalling pathway
[42]. A single '8F-FES PET scan failed to show crosstalk
with other pathways; therefore, it would be of interest in
future studies to add multiple molecular imaging probes
to improve the predicted response to palbociclib-based
treatment, such as !®F-fluoro-5a-dihydrotestosterone
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(*®F-FDHT)-PET for imaging AR [43] and '8F-FDG PET
for imaging the glycolytic metabolism tumour burden
[44]. Finally, we were unable to obtain serial tumour
biopsies to assess ER status, especially liver metastases
(ER status cannot be reliably measured in liver metasta-
ses due to high background '®F-FES avidity), thus limiting
information on the accuracy of the '®F-FES PET imaging
of ER status.

Conclusion

Our study showed that interlesional and intralesional
heterogeneity demonstrated by ®F-FES-PET/CT pro-
vided a promising way to predict palbociclib plus endo-
crine therapy efficacy and provided a novel method for
better stratifying and selecting candidate MBC patients
who would most likely benefit from palbociclib plus
endocrine therapy.
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