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. Heterogeneity has been demonstrated to be a predictor of treatment failure and drug resistance. Our

. study aimed to investigate imaging parameters, including tumor heterogeneity, as prognostic factors of

. response to 500 mg fulvestrant using 18F-FDG PET/CT. Twenty-seven estrogen receptor (HR)-positive/
HER2-negative metastatic breast cancer patients who received 500 mg fulvestrant and underwent
18F-FDG PET/CT before treatment were retrospectively included. In PET/CT scans, conventional
parameters (maximum and mean standardized uptake value, metabolic tumor volume [MTV], total
lesion glycolysis [TLG]) and heterogeneity parameters (intra-tumor heterogeneity index [HI] and

© inter-tumor heterogeneity coefficient of variation [COV]) were analyzed. Progression-free survival

. (PFS) was mainly assessed for efficacy. The survival analyses were performed using the Kaplan-Meier
method. Univariate and multivariate analysis were performed using the Cox proportional hazard model.
Univariate analysis indicated that a high SUVmax and a high tumor HI at baseline were associated with

. longer PFS of fulvestrant (P =0.036 and P =0.033, respectively). Liver metastasis, SUVmax and HI

. were statistically significant in multivariate analysis (P values of 0.017, 0.025 and 0.043, respectively).

. 18F-FDG based intra-tumor heterogeneity appears to be a potential predicator of efficacy of fulvestrant
among HR+HER2 — metastatic breast cancer patients.

Breast cancer is the most common malignancy in Chinese women'. 20-30% patients finally experience advanced
or metastatic breast cancer though receiving standard adjuvant therapy®. Luminal subtype (hormone receptor
[HR]+/HER2—) formed a large proportion of metastatic breast cancer?®, and endocrine therapy reveals the cor-
* nerstone of the treatment in these patients*. However, not all patients will response to endocrine therapy and
. predictive factors are needed to distinguish patients who will benefit or not.
: Metastatic breast tumors often show high intra-tumor and inter-tumor heterogeneity in genetic condition,
. biological and metabolic behaviors. Heterogeneity is therefore a prognostic factor® and may be a predictor of
. treatment failure and drug resistance, including endocrine resistance. Recently, 18F-FDG PET/CT is used to
- evaluate tumor heterogeneity by tumor textural information and glucose uptake®-®. It is an easy and non-invasive
© method to assess heterogeneity compared with genomic approach by biopsy. Previous studies show that imag-
ing classifiers are associated with event-free survival (EFS), prognostic outcome and drug resistance®*!°. These
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classifiers include maximum standard uptake value (SUVmax), mean SUV (SUVmean), metabolic volume meas-
urements (MTV), total lesion glycolysis (TLG), which reflect the level of FDG uptake. Overall, high FDG uptake
is associated with poor prognostic factors such as worse survival''* as well as endocrine resistance'’.

Previous studies focused on association between efficacy of endocrine therapy and the parameters of FDG
uptake!?, but not tumor heterogeneity. Tumor heterogeneity can be measured as an 18F-FDG PET/CT param-
eter and evaluated as heterogeneity index (HI) and coefficient of variation (COV). This study is aimed to assess
imaging parameters of 18F-FDG based tumor heterogeneity as prognostic factor of response to endocrine therapy
using 18F-FDG PET/CT. We here explore these imaging biomarkers and patient characteristics as prognostic
factor of progression-free survival (PFS) for 500 mg fulvestrant in HR+/HER2— breast cancer patients.

Materials and Methods
Patients. Study population consisted of 27 consecutive patients with HR+HER2— advanced breast cancer
who were treated with 500 mg fulvestrant in Fudan University Shanghai Cancer Center and underwent fluoro-
deoxyglucose (FDG) PET/CT within 4 weeks before treatment between Jan 2011 and Dec 2015. All data were
retrospectively collected from the medical records. Advanced breast cancer is defined as unresectable, locally
advanced breast cancer, de novo stage IV breast cancer, and recurrent MBC. ER+/PR+ was defined as tumor
tissue that expressed estrogen or progesterone receptors in >10% of the cells, according to the local laboratory
parameters. HER2- was defined as immunohistochemistry (IHC) 0-1+ or immunohistochemistry (IHC) 2+
and fluorescence in situ hybridisation (FISH)—, where appropriate. Tumor tissue included primary breast cancer
or metastatic tumor tissue. Patients with HER2 over-expression or gene amplification were excluded from this
study. Patients with only bone metastasis were excluded as heterogeneity seems to be extreme in bone lesions to
influence the analysis.

This study was approved by the Fudan University Shanghai Cancer Center Ethic Committee and Institutional
Review Boards for clinical investigation. All of the methods were performed in accordance with the Declaration
of Helsinki and the relevant guidelines. All of the patients signed written informed consent forms before study.

PET/CT scans. 18F-FDG was automatically generated by using Explora FDG4 module on a cyclotron
(Siemens CTI RDS Eclipse ST, Knoxville, Tennessee, USA). The purity of radiochemical was over 95%. All
patients were required to fast for at least 6 h. Blood glucose level of each patient was measured before the admin-
istration of 18F-FDG (dosage: 7.4 MBq/kg), and it should not exceed 10 mmol/L at the time of injection. The
patients were comfortably lay down in a quiet and dimly lit room before and after the injection. All patients were
scanned on the same instrument. All PET/CT image scans were performed on a Siemens biograph 16HR PET/
CT in a 3-dimension, high resolution mode (the transaxial intrinsic spatial resolution was 4.1 mm, full-width at
half-maximum in the center of the field of view) after 60 mins after injection. The process of data acquisition was
as follows: For attenuation correction, CT scanning was first acquired using a low-dose technique [120kV, CARE
Dose (Siemens), 80-250 mA, pitch 3.6, rotation time 0.5] from the proximal thighs to head. A PET emission scan
covering the same transverse field of view was obtained immediately after the CT scan (2-3 minutes/bed). We
used a gaussian-filter iterative reconstruction method (iterations 4; subsets 8; image size 168) for the reconstruc-
tion of emission images.

Image analysis. Two board certified nuclear medicine physicians with over 5-year experiences analyzed the
images independently on a multimodality computer platform (Syngo, Siemens, Knoxville, Tennessee, USA). They
reached a consensus if there were inconsistent or equivocal interpretations.

Semiquantitative analysis of tumor glucose metabolic activity was obtained by using SUV based on body
weight. The maximum and mean SUV (SUVmax, SUVmean) for each lesion were recorded by manually placing
an individual ROI around each tumor on all consecutive slices that contained the lesion on coregistered and fused
transaxial PET/CT images. Besides, MTV was also recorded. It was automatically extracted from the manual
delineation using software based on an adaptive threshold method. The threshold was defined as SUV >2.5.
The voxels presenting SUV intensity >2.5 within the contouring margin were included to define the MTV. The
TLG was obtained by using the following formula: TLG = SUVmean x MTV. A quantitative measure of intratu-
moral heterogeneity, heterogeneity index (HI) was acquired by dividing SUVmax by SUVmean for metastatic
disease'>'. Inter-tumoral heterogeneity was evaluated as coefficient of variation (COV). The COV of metastatic
lesions was calculated from SUVmax of every ROIs as the ratio of the standard deviation to the mean®.

Treatment and follow-up. Fulvestrant was administered by intramuscular injection in a 500 mg regimen
that incorporates a day 14 loading element (500 mg on days 0, 14, and 28, and every 28 days thereafter). All the
premenopausal patients received concurrent luteinising hormone-releasing hormone analogues (LHRHa). The
patients received treatment until disease progression, intolerable toxicity, or voluntary refusal.

Clinical follow-up and response assessment included conventional imaging (e.g. CT, MRI, bone scan), serum
tumor markers, and evaluation of symptoms, as deemed appropriate by the treating physician. Tumor assess-
ment was performed every three month until disease progression or death occurred and was identified according
to RECIST 1.1. The efficacy outcomes included progression free survival (PFS), objective response rate (ORR),
clinical benefit rate (CBR) and overall survival (OS). PFS was defined as the time from fulvestrant treatment to
objective disease progression or death for any cause before documented disease progression. ORR was defined
as proportion of patients with complete or partial response. CBR was defined as proportion of all patients with
complete response, partial response, or stable disease for at least 24 weeks. OS was defined as time interval from
fulvestrant treatment to death in follow-up.

Statistical analysis. All distributions were expressed as median for quantitative data or count (percentage)
for categorical data. We selected the median as the cut-oft value for imaging parameters. Kaplan-Meier plots
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Characteristics No. (%)
Median age, years(range) 59 (37-78)
Advanced or metastatic

De novo stage IV 2(7.4)

Metastatic 25(92.6)
DFI

<24 mo 4(14.8)

>24 mo 21(77.8)
No. of metastatic sites

1 3(11.1)

2 10 (37.0)

>3 14 (51.9)
Metastatic sites

Visceral 15 (55.6)

Liver 6(22.2)

Lung 12 (44.4)

Non-visceral 12 (44.4)
Prior palliative chemotherapy

Yes 8(29.6)

No 19 (70.4)
Lines of endocrine therapy

1 19 (70.4)

2 4(14.8)

>3 4(14.8)

Table 1. Patient characteristics.

revealed median PFS with corresponding 95% confidence intervals and P values for all patients. Associations
between baseline tumor PET-derived images parameters (SUVmax, SUVmean, MTV, TLG, HI, and COV) val-
ues/demographic factors and PFS were examined with the log-rank test. Univariate analysis was estimated using
COX proportional hazards model and expressed as hazard ratio with corresponding 95% confidence intervals
and P values. A multivariate Cox proportional hazard model was developed using stepwise regression (forward
selection) to explore independent prognostic factor of PFS. Effects of variables were expressed as hazard ratios
with corresponding 95% confidence intervals and P values. All image parameters and significant demographic
factors in the univariate analysis entered into the model. The enter limit and remove limit were P =0.10 and
P =0.15, respectively. Univariate analysis for CBR were conducted using logistic regression analysis. Evaluated
lesions included all metastatic lesions with SUV > 2.5 but excluded bone lesions. All analyses were two-sided and
P values below or equal to 0.05 were considered statistically significant. Data was analyzed by SPSS 19.0 software
(IBM Corporation, Armonk, NY, USA).

Result

Patient characteristics and treatment outcome. The demographics and clinical characteristics of the
patients were showed in Table 1. In our study, the median follow-up period was 15.6 months (range: 0.73-59.3).
The number of tumors identified by FDG PET was 2 to 12, with a median of 4 tumors per patient. At cutoff date of
the data collection (Aug, 2017), 16 patients experienced progression and 5 patients had died among 27 patients.
Median PFS was 9.4 months (95%CI 4.0-14.8) and median OS was not reached. ORR was 7.4%(2/27) and CBR
was 55.6% (15/27).

Relation between baseline tumor characteristics and PFS. Among 27 metastatic breast cancer
patients, most patients (14/27) had more than 2 metastatic sites and 6 patients (22.2%) had liver metastases. 19
patients (70.3%) received 500 mg fulvestrant as first-line endocrine therapy for MBC. 8 patients (28.6%) had been
treated with palliative chemotherapy for MBC.

Patients with no liver metastasis had a longer PFS compared to those with liver metastasis (HR = 8.9, 95%CI
2.1-38.7, P=0.004, Fig. 1a). Median PFS was 3.0 months vs 11.9 months in patients with or without liver metas-
tasis. Patients who received prior endocrine therapy for MBC demonstrated a worse PFS compared to those who
did not (Fig. 1b). Median PFS was 16.9 months in patients with first-line endocrine therapy, while 3.3 months in
patients with subsequent endocrine therapy (HR = 3.8, 95%CI 1.1-12.9, P =0.029). Number of metastatic sites
and prior palliative chemotherapy were not significantly related to PFS (Table 2).

Relation between PET-derived parameters and PFS. The cut-off value of SUVmax, SUVmean, MTV,
HI, COV and TLG determined by median value of each value were 6.1, 3.9, 18.8 ml, 2.0, 0.27 and 72.5 g, respec-
tively. Most demographic factors were balanced in different groups of imaging groups except non-visceral metas-
tasis in MTV (Table S1). Univariate analysis indicated high SUVmax at baseline was associated with longer PFS
(HR=0.32,95%CI 0.10-0.91, P =0.033, Fig. 2a). The median PFS was 17.3 months in patients with baseline
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Figure 1. Kaplan-Meier curves for progression-free survival in patients with different tumor characteristics. (a)
For patients stratified by liver metastasis. (b) For patients stratified by line of endocrine therapy. Abbreviations:
CI, confidence interval; PFS, progression-free survival.

tumor SUVmax > 6.1 and 5.6 months in those with SUVmax < 6.1. In addition, patients with high tumor HI
revealed a significantly longer PFS compared with those with low HI (HR=0.26, 95%CI 0.074-0.91, P =0.036,
Fig. 2b). The median PFS were 16.7 and 5.6 months in patients with HI < 2.05 and HI > 2.05, respectively.
Multivariate analysis showed that liver metastasis, SUVmax and HI were independent predictive value of PFS
(P=0.017, 0.043 and 0.025, respectively, Table 2).

However, SUVmean, tumor volume parameters and COV were not predictive for PFS, with no significant P
value was observed by log-rank methods (P =0.19 for SUVmean; P =0.44 for MTV, P=0.419 for TLG, P=0.55
for COV; Table 2). We also adjusted for the non-visceral metastasis in multivariate analysis and found MTV was
still insignificant (data not shown).

Relation between PET-derived parameters and CBR. Patients with high SUVmax achieved a higher
CBR compared with those with low SUVmax (OR=6.0, 95%CI 1.1-32.5, P=0.038, Table S2). CBR was 76.9% in
patients with baseline tumor SUVmax > 6.1 and 35.7% in those with SUVmax < 6.1.

Discussion

Heterogeneity is a key feature of malignant tumor and is an important mechanism for drug resistance. 18F-FDG
PET/CT proved to be a novel method to assess tumor heterogeneity and heterogeneity parameters of PET/CT are
predictive markers for recurrence, survival and chemo-resistance. It is unclear if the heterogeneity parameters are
associated with the effectiveness of endocrine therapy. Our study was designed to evaluate the prognostic value of
novel PET parameters based on tumor heterogeneity in HR+HER2— metastatic breast cancer patients who were
treated with endocrine therapy. In this study, we retrospectively analyzed 27 HR+HER2— MBC patients who
received 500 mg fulvestrant and underwent 18F-FDG PET/CT within 4 weeks before treatment.

In our study, patients with high baseline 18F-FDG tumor uptake had longer PFS at cut-off value of 6.09
(P=0.033). The median PFS was 17.3 months in patients with baseline tumor SUVmax > 6.1 (vs 5.6 months in
those with SUVmax < 6.1). HI was associated with PFS with a cut-off value of 2.05 (P = 0.036). Patients with high
HI revealed longer PFS, compared with those with low HI. Furthermore, other tumor characteristics, like liver
metastases and lines of endocrine therapy were significant prognostic factor of PFS.

However, our study reported a controversial result compared with previous studies. Groheux et al. found that
high SUV, including SUVmax, SUVmean and SUVpeak, were associated with shorter EFS®. However, homoge-
neity was not predictive for EFS (HR =2.27, P=0.07). Kurland et al. explored imaging biomarkers of PFS in
breast cancer patients receiving endocrine therapy'®. Endocrine therapy mainly included tamoxifen, aromatase
inhibitor and fulvestrant. FDG combined with FES PET/CT predicted the efficacy of endocrine therapy, showing
that patients with low FDG uptake had a longer median PFS, patients with high FDG uptake and high average
FES uptake had a moderate median PFS and patients with high FDG uptake and low average FES uptake had a
shorter median PFS (26.1, 7.9 months and 3.3 months, respectively). Overall, high FDG uptake predicts a worse
prognosis and efficacy for endocrine therapy.

We suppose the possible reasons as follows: 1) 173-estradiol (E2) increased glucose uptake capacity in an
HR-positive breast cancer cell line mediated by ER-dependent activation of PI3K/Akt signaling pathway'*'°. High
glucose metabolism may reflect improved activation of ER signaling pathway, which is an important proliferation
pathway in ER+ breast cancer. Therefore, fulvestrant, as a selective estrogen receptor downregulator, may reveal
an enhanced inhibition to ER signaling pathway in patients with high FDG uptake. 2) Nearly one third patients
(8/27) received prior endocrine therapy and chemotherapy before fulvestrant treatment and baseline 18F-FDG
PET/CT scan, which may influence the FDG uptake, SUV value and heterogeneity. Among patients with prior
treatments, metastatic lesions, which were responsive to previous treatments, may reduce glucose uptake and
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No. of metastatic sites
1 3 2 19.6 (Not reached)
2 0 |7 6.3 (0.0-14.0) 0.65 1.1(0.6-2.2) 0.66
>3 14 7 6.5(0.0-13.8)
Liver metastasis
Yes 6 5 3.0(1.1-4.9)
0.001 8.9 (2.1-38.7) 0.004* | 5.6 (1.1-27.0) 0.017*
No 21 11 11.9 (1.2-22.6)
Line of endocrine therapy for MBC
1 19 10 16.6 (5.8-27.6)
0.019 3.8(1.1-12.9) 0.029*
>2 8 6 3.3(2.1-4.4)
Prior palliative chemotherapy
Yes 8 4 6.5 (0-15.7)
0.95 0.97(0.3-3.0) | 0.95
No 19 12 9.4 (3.1-15.7)
cov
<0.275 14 8 8.6 (0.3-16.9)
0.55 0.7 (0.3-2.0) 0.55
>0.275 13 8 9.4 (2.4-16.4)
HI
<2.05 13 9 5.6 (0.45-10.7)
0.027 0.26 (0.07-0.9) | 0.036* | 0.69 (0.13-0.94) | 0.043*
>2.05 14 7 16.7 (8.6-24.7)
SUVmax
<6.09 14 10 5.6 (1.3-9.9)
0.026 0.32(0.1-0.91) | 0.033* | 0.50 (0.15-0.84) | 0.025%*
>6.09 13 6 17.3 (11.4-23.9)
SUVmean
<3.92 13 9 5.6 (1.7-9.4)
0.189 0.51(0.18-1.4) | 0.19
>3.92 14 7 16.7 (7.2-26.1)
MTV(ml)
<18.78 13 8 6.3 (0-14.5)
0.438 0.67 (0.24-1.8) | 0.44
>18.78 14 8 16.7 (3.8-29.6)
TLG(g)
<72.5 13 8 6.3 (0-13.6)
0.419 0.66 (0.24-1.8) | 0.42
>725 14 8 16.7 (3.8-29.6)

Table 2. Summary of progression-free survival analysis (bone only metastasis patients excluded).
Abbreviations: CI, confidence interval; PFS, progression-free survival. COV, coeflicient of variation. HI,
heterogeneity index. SUVmax, maximum standard uptake value. SUVmean, mean SUV. MTV, metabolic
volume measurements. TLG, total lesion glycolysis. *P<0.05.

vascularization, leading to less blood perfusion and hypoxia. As a result, lesions with low FDG uptake may have
decreased perfusion and receive less fulvestrant compared with the lesions with sufficient perfusion. In addition,
hypoxia may enhance the resistance to drugs. Therefore, patients with high SUV value may respond well to ful-
vestant and have a longer PFS when receiving fulvestrant.

Previous studies show imaging heterogeneity markers of PET have a better predictive power on therapy
response and outcome in different cancers, such as rectal cancer, non-small cell lung cancer and nasopharyn-
geal carcinoma®”’. Most of them focused on patients who were naive to systemic treatments after diagnosis of
primary tumor or metastatic disease. We first explored the importance of heterogeneity parameters by 18F-FDG
PET/CT among patients with metastatic breast cancer and prior treatments. We evaluated the intra-tumor and
inter-tumor heterogeneity by HI and COV, respectively. We found that only intra-tumor heterogeneity was
significantly associated with PFS. It is generally believed that one metastatic lesion grows from a cell to a col-
ony dependent on clonal expansion. Intra-tumor heterogeneity may develop during this process. It may better
reflect the metabolism status and response to therapies, especially in pretreated lesions. Alterations resulting in
resistance may occur during treatment!”'%, Despite the elimination of responsive clones, the resistant clones may
reduce treatment success and lead to therapy failure'’.

We conducted all patients’ analysis including those with bone metastasis (Tables S3 and 4. Patients with only
bone metastasis were excluded as heterogeneity seems to be extreme in bone lesions to influence the analysis.
Bone metastasis includes osteolytic and osteosclerotic bone metastasis and PET/CT is more sensitive to oste-
olytic bone metastasis®’. Prior treatment may also increase18F-FDG PET/CT based tumor heterogeneity?'.
Heterogeneity of biological behavior of bone metastasis and detection bias may influence the accuracy of imaging
parameters. Therefore, these patients and lesions were excluded in our study.

Some limitations should be considered in our study. First, our study has a limited size population, which makes
it difficult to detect a significant statistical difference. We retrospectively analyzed the patients with fulvestrant

SCIENTIFICREPORTS| (2018) 8:14458 | DOI:10.1038/s41598-018-32745-z 5



www.nature.com/scientificreports/

[
o

. SUVmax____Patients Events Median PFS (months) 104 HI Patients Events Median PFS (months)
: —<609 14 10 5.6(13-99) — <205 13 9 5.6(0.45-10.7)
—=6.09 13 6 17.3(11.4-23.9) — =205 14 7 16.7(8.6-24.7)
P=0.033 P=0.036

087 0.8

0.67

0.47

0.27
0.27)

Progression free survival (proportion)
Progression free survival (proportion)

T T T T T T 0.0 T T T
.00 5.00 10.00 15.00 20.00 25.00 30.00 .00 10.00 20.00 30.00

Time (months) Time (months)

Figure 2. Kaplan-Meier curves for progression-free survival in patients with different imaging parameters. (a)
For patients stratified by SUVmax. (b) For patients stratified by HI. Abbreviations: CI, confidence interval; PES,
progression-free survival. SUVmax, maximum standard uptake value. HI, heterogeneity index.

treatment and baseline 18F-FDG PET/CT scan and only a small number of patients met the criteria and were
included in this study. A larger number of patients are needed to further identify the significance of heterogeneity
parameters. Second, patient characteristics are heterogeneous in terms of prior treatments, metastatic sites and
DFI (disease free survival) and the bias are unavoidable. More homogeneous patients and prospective study are
needed. Third, since we conducted the study among HR+HER2— metastatic breast cancer patients, evaluating
heterogeneity of tumor lesions by FES PET may better reveal activity of HR signaling pathway. Previous study
showed that 18F-FES uptake has a significant positive correlation with the ER expression and can predict tumor
response to endocrine therapy in ER+ breast cancer in an ER+ xenograft model, but not for 18F-FDG. Little has
been reported about the prediction of FDG PET-CT and FES PET-CT for endocrine therapy efficacy in breast
cancer patients. Yet, Kurland et al. demonstrated that patients with low FDG uptake had the longer PFS compared
with those with high FDG uptake. And FES uptake predicted PFS but only in patients with high FDG uptake.
It reported that the PFS of endocrine therapy were 26.1, 7.9 and 3.3 months, respectively in ER+ breast cancer
patients with low FDG uptake, high FDG and FES uptake and high FDG but low FES uptake. These all indicated
that 18F-FDG joining with 18F-FES imaging may better predict the efficacy of endocrine therapy and further
studies validating their prediction power are ongoing by our center and other researchers (NCT02398773).

Conclusion

This study was a pioneer work, providing preliminary data of 18F-FDG based intra-tumor heterogeneity appears
to be a potential predicator of efficacy of fulvestrant among HR+HER2— metastatic breast cancer patients. These
findings provide new methods to help the endocrine treatment of patients with HR+HER2— metastatic breast
cancer.

Availability of Materials and Data
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

References

1. Chen, W. et al. Cancer statistics in China, 2015. CA Cancer J Clin. 66, 115-132 (2016).

2. Kamby, C., Vejborg, L, Kristensen, B., Olsen, L. O. & Mouridsen, H. T. Metastatic pattern in recurrent breast cancer. Special reference
to intrathoracic recurrences. Cancer. 62, 2226-2233 (1988).

3. Li, J. et al. A nation-wide multicenter 10-year (1999-2008) retrospective clinical epidemiological study of female breast cancer in
China. BMC Cancer. 11, 364 (2011).

4. Turner, N. C,, Neven, P, Loibl, S. & Andre, F. Advances in the treatment of advanced oestrogen-receptor-positive breast cancer.
Lancet. 389, 2403-2414 (2017).

5. Yang, Z., Tang, L. H. & Klimstra, D. S. Effect of tumor heterogeneity on the assessment of Ki67 labeling index in well-differentiated
neuroendocrine tumors metastatic to the liver: implications for prognostic stratification. Am J Surg Pathol. 35, 853-860 (2011).

6. Yang, Z. et al. Pretreatment (18)F-FDG uptake heterogeneity can predict survival in patients with locally advanced nasopharyngeal
carcinoma-a retrospective study. Radiat Oncol. 10, 4 (2015).

7. Win, T. et al. Tumor heterogeneity and permeability as measured on the CT component of PET/CT predict survival in patients with
non-small cell lung cancer. Clin Cancer Res. 19, 3591-3599 (2013).

8. Groheux, D. et al. 18FDG-PET/CT for predicting the outcome in ER+/HER2— breast cancer patients: comparison of
clinicopathological parameters and PET image-derived indices including tumor texture analysis. Breast Cancer Res. 19, 3 (2017).

9. Bundschuh, R. A. et al. Textural Parameters of Tumor Heterogeneity in (1)(8)F-FDG PET/CT for Therapy Response Assessment and
Prognosis in Patients with Locally Advanced Rectal Cancer. ] Nucl Med. 55, 891-897 (2014).

SCIENTIFICREPORTS| (2018) 8:14458 | DOI:10.1038/s41598-018-32745-z 6



www.nature.com/scientificreports/

10. Kurland, B. E. et al. Estrogen Receptor Binding (18F-FES PET) and Glycolytic Activity (18F-FDG PET) Predict Progression-Free
Survival on Endocrine Therapy in Patients with ER+ Breast Cancer. Clin Cancer Res. 23, 407-415 (2017).

11. Humbert, O. et al. Prognostic relevance at 5 years of the early monitoring of neoadjuvant chemotherapy using (18)F-FDG PET in
luminal HER2-negative breast cancer. Eur ] Nucl Med Mol Imaging. 41, 416-427 (2014).

12. Aogi, K. et al. Utility of (18)F FDG-PET/CT for predicting prognosis of luminal-type breast cancer. Breast Cancer Res Treat. 150,
209-217 (2015).

13. Salamon, J. et al. Evaluation of intratumoural heterogeneity on (1)(8)F-FDG PET/CT for characterization of peripheral nerve sheath
tumours in neurofibromatosis type 1. Eur ] Nucl Med Mol Imaging. 40, 685-692 (2013).

14. Tahari, A. K. et al. FDG PET/CT imaging of oropharyngeal squamous cell carcinoma: characteristics of human papillomavirus-
positive and -negative tumors. Clin Nucl Med. 39, 225-231 (2014).

15. Garrido, P, Moran, J., Alonso, A., Gonzalez, S. & Gonzalez, C. 17beta-estradiol activates glucose uptake via GLUT4 translocation
and PI3K/AKkt signaling pathway in MCF-7 cells. Endocrinology. 154, 1979-1989 (2013).

16. O’Mahony, E, Razandi, M., Pedram, A., Harvey, B. ]. & Levin, E. R. Estrogen modulates metabolic pathway adaptation to available
glucose in breast cancer cells. Mol Endocrinol. 26,2058-2070 (2012).

17. De Palma, M. & Hanahan, D. The biology of personalized cancer medicine: facing individual complexities underlying hallmark
capabilities. Mol Oncol. 6, 111-127 (2012).

18. Ramos, P. & Bentires-Alj, M. Mechanism-based cancer therapy: resistance to therapy, therapy for resistance. Oncogene. 34,
3617-3626 (2015).

19. Marusyk, A. & Polyak, K. Tumor heterogeneity: causes and consequences. Biochim Biophys Acta. 1805, 105-117 (2010).

20. Uchida, K. et al. (18)F-FDG PET/CT for Diagnosis of Osteosclerotic and Osteolytic Vertebral Metastatic Lesions: Comparison with
Bone Scintigraphy. Asian Spine J. 7, 96-103 (2013).

21. Huyge, V. et al. Heterogeneity of metabolic response to systemic therapy in metastatic breast cancer patients. Clin Oncol (R Coll
Radiol). 22, 818-827 (2010).

Acknowledgements
This work was supported by Chinese Society of Clinical Oncology Youth Committee (CSCO YOUNG).

Author Contributions

Yannan Zhao collected the data, performed statistical analysis, and wrote the manuscript. Cheng Liu collected
the data, wrote the manuscript and checked the English grammars in manuscript. Yingjian Zhang performed
18F-FDG PET/CT. Chengcheng Gong, Yi Li, Yizhao Xie, and Bingrui Wu contributed to data collection. Zhongyi
Yang and Biyun Wang conceived, designed, performed the study and revised the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-32745-z.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

" | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:14458 | DOI:10.1038/s41598-018-32745-z 7


http://dx.doi.org/10.1038/s41598-018-32745-z
http://creativecommons.org/licenses/by/4.0/

	Prognostic Value of Tumor Heterogeneity on 18F-FDG PET/CT in HR+HER2− Metastatic Breast Cancer Patients receiving 500 mg Fu ...
	Materials and Methods

	Patients. 
	PET/CT scans. 
	Image analysis. 
	Treatment and follow-up. 
	Statistical analysis. 

	Result

	Patient characteristics and treatment outcome. 
	Relation between baseline tumor characteristics and PFS. 
	Relation between PET-derived parameters and PFS. 
	Relation between PET-derived parameters and CBR. 

	Discussion

	Conclusion

	Acknowledgements

	Figure 1 Kaplan–Meier curves for progression-free survival in patients with different tumor characteristics.
	Figure 2 Kaplan–Meier curves for progression-free survival in patients with different imaging parameters.
	Table 1 Patient characteristics.
	Table 2 Summary of progression-free survival analysis (bone only metastasis patients excluded).




