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Background: Platinum-based chemotherapy is widely used as first-line therapy for meta-
static triple-negative breast cancer (mTNBC). Intratumor heterogeneity derived from fluor-
ine-18 fluorodeoxyglucose (‘*F-FDG) positron emission tomography/computed tomography
(PET/CT) is a potential predictor of treatment outcomes and the prognosis of breast cancer.
However, the presence of multiple lesions and complex calculation methods leads to
difficulties in the clinical use of this parameter for metastatic breast cancer. The aim of
this study is to provide a convenient and effective measurement of intratumor heterogeneity
to predict treatment outcomes for mMTNBC patients with lung metastasis.

Patients and methods: We enrolled mTNBC patients with lung metastasis who underwent
8E_.FDG PET/CT scans before first-line therapy from three clinical trials (NCT01287624,
NCT02341911 and NCT02546934). Apart from the regular FDG parameters, including standard
uptake value (SUV), total lesion glycolysis (TLG) and metabolic tumor volume (MTV), we
defined the lung index as the SUVmean divided by the difference between the SUVmax and
SUVmean for the targeted lung lesion. The MTV was automatically exported from the manual
delineation using software based on an adaptive threshold of SUV intensity >2.5 within the
TLG was
TLG=SUVmeanxMTV. Progression-free survival (PFS) and overall survival were estimated by

contouring margin. The calculated using the following formula:
the Kaplan—Meier method, and univariate and multivariate analyses were performed using the Cox
proportional hazard model.

Results: The data from 31 patients were available for analysis. The median PFS of low-lung index
(LI) patients was 8.1 months, which was significantly longer than that of high-LI patients (HR=3.3,
95% CI 1.5-7.3, p=0.003). Patients with low TLG had a significantly better PFS than those with
high TLG (HR=2.6, 95% CI 1.2-5.8, p=0.014). Patients with low TLG had significantly longer
overall survival than those with high TLG (31.2 months vs 13.9 months, HR=3.1, 95% CI 1.2-8.6,
p=0.029). Multivariate analysis confirmed the predictive value of LI and TLG.

Conclusions: This study proposed a new “PET biopsy” method to evaluate the intratumor
heterogeneity of mTNBC on pretreatment '*F-FDG PET/CT scans and indicated the pre-
dictive value of LI and TLG for first-line platinum-based treatment outcomes and overall
survival. These findings could help clinicians recognize patients who are likely to not only
have a favorable response to platinum-based therapy but also a good prognosis.
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Introduction

Breast cancer remains the most common malignant tumor
and a major cause of death among women worldwide." In
China, 278.9 thousand women were newly diagnosed with
breast cancer, and 66 thousand women died of breast cancer
in 2014, mostly from metastatic breast cancer (MBC).?
Triple-negative breast cancer (TNBC) is breast cancer
with negative estrogen receptor (ER), progesterone receptor
(PR) and human epidermal growth factor receptor-2 expres-
sion, and TNBC accounts for 15-20% of breast cancer.’
TNBC has a higher recurrence rate and worse prognosis
than other breast cancer subtypes, and metastatic triple-
negative breast cancer (mMTNBC) only has a median overall
survival (OS) of 1-1.5 years.*> Due to the limited number
of therapeutic targets, chemotherapy remains the corner-
stone for treating mTNBC. Platinum-based chemotherapy
agents are widely used in the treatment of mTNBC.* Since
there are large differences in the treatment response, the
demand for finding valuable predictive factors to identify
mTNBC patients sensitive to platinum-based treatment is of
vital importance.

Biomarkers have been proven to be good predictors for
TNBC, both in early stage and metastatic stage disease.>®
However, the biopsy procedure was not widely tolerated
by patients, which resulted in its limited clinical use.

Intratumor heterogeneity is a potential predictor of
treatment outcome and prognosis for different types of
cancer, including esophageal cancer, lung cancer and
breast cancer.””'" Functional molecular imaging such as
fluorine-18 fluorodeoxyglucose (‘*F-FDG) positron emis-
sion tomography/computed tomography (PET/CT) pro-
vides a convenient and noninvasive method to evaluate
tumor heterogeneity as well as conduct texture analysis.
Several studies have explored the predictive value of
tumor heterogeneity or PET/CT parameters of MBC; how-
ever, the methods to measure the tumor heterogeneity of
MBC were different and complicated in these studies due
to multiple tumor lesions and various breast cancer sub-
types, which created difficulties in the clinical use of this
parameter. =13

In primary lung cancer, intratumor heterogeneity was
a confirmed prognostic factor.'®'* Thus, we hypothesized
that the heterogeneity of targeted lesions in the lungs of
mTNBC patients with lung metastasis could also be
a potential predictive and prognostic marker. In this study,
we proposed a new “PET biopsy” method as a simple quanti-
tative measurement to identify the tumor heterogeneity of

mTNBC patients with lung metastasis and explored the pre-
dictive value of this parameter for first-line platinum-based
therapy response as well as OS. We also evaluated the prog-
nostic value of '*F-FDG PET/CT parameters in these patients.

Patients and methods

Patients
The patients were collected from three prospective clinical
trials conducted at the Fudan University Shanghai Cancer
Center. These studies evaluated first-line therapy for
mTNBC with at least one treatment arm of gemcitabine
plus platinum (GP), as follows: a Phase III study (GP arm,
NCTO01287624) and two ongoing Phase II trials (GP arm,
NCT02341911 and NCT02546934). These three clinical
trials all compared GP with other chemotherapy regimens
(gemcitabine plus paclitaxel, gemcitabine plus carboplatin
and platinum plus albumin paclitaxel) for first-line therapy
in mTNBC patients. All patients who underwent a whole-
body fluorodeoxyglucose (FDG) PET/CT scan within 30
days before first-line GP treatment and had confirmed lung
metastatic lesions >8 mm were enrolled in this study. All
patients who met these criteria were available for subse-
quent analysis. Since this study is an observational study,
no intervention was applied to the patients. mTNBC was
defined as unresectable, recurrent or MBC, including de
novo stage IV breast cancer. ER, PR and HER-2 werede-
fined as ER<1%, PR<1%, and HER-2 immunohistochem-
istry (IHC) 0-1+ or immunohistochemistry (IHC) 2+ and
negative fluorescence in situ hybridization, respectively.
The tumor response was assessed after every two cycles
of treatment until the disease progressed; after disease
progression, the survival status was evaluated every 3
months. Medical and imaging data were retrospectively
collected from the medical electronic database system.
This study was approved by the Fudan University
Shanghai Cancer Center Ethics 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 the study.

PET/CT scan

"E.FDG was automatically generated by a cyclotron
(Siemens CTI RDS Eclipse ST, Knoxville, TN, USA),
and the radiochemical purity was over 95%. All patients
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were required to fast for at least 6 hrs before the exam, and
the blood glucose levels were under 10 mmol/L before the
administration of '®F-FDG (dose: 7.4 MBg/kg). Before
and after the injection, the patients laid down comfortably
in a quiet and dimly lit room. All PET/CT scans were
acquired on a Siemens biograph 16HR PET/CT scanner
(Knoxville, TN, USA) approximately 60 mins after the
injection. The PET/CT data acquisition protocol was as
follows: CT scanning was first acquired from the proximal
thighs to the head using a low-dose technique (120 kV,
80-250 mA, pitch 3.6, rotation time 0.5 ms). Immediately
after the CT scan, a PET emission scan that covered the
identical transverse field-of-view was obtained. We used
a Gaussian-filter iterative reconstruction method to recon-
struct the PET images. The coregistered images were dis-
played on a workstation.

Image analysis

Two board-certified experienced nuclear medicine physi-
cians  evaluated the images independently on
a multimodality computer platform (Syngo, Siemens,
Knoxville, TN, USA). The physicians discussed and reached
a consensus in cases of discrepancy. Quantification of the
tumor glucose metabolic activity was calculated using the
standard uptake value (SUV) based on body weight. The
targeted lesion of the lung metastasis was defined as the
lesion with the largest diameter in the lung, and all analyses
were performed on the targeted lesion. The maximum and
mean SUV (SUVmax and SUVmean, respectively) for the
targeted lesion were calculated by placing an individual ROI
around the lesion on the coregistered and fused transaxial
PET/CT images. The metabolic tumor volume (MTV) was
automatically exported from the manual delineation using
software based on an adaptive threshold of SUV intensity
>2.5 within the contouring margin. The total lesion glycoly-
sis (TLG) was calculated with the following formula:
TLG=SUVmeanxMTV. A new, simple measure of intratu-
mor heterogeneity of lung metastasis known as the lung
index (LI) was defined as the SUVmean divided by the
difference between the SUVmax and SUVmean

[(SUVmax- SUVmean)/SUVmean].

Statistical analysis

The quantitative data were presented as medians, and the
categorical data were presented as counts (percentage).
Since the study population was a small cohort, we
selected the median as the cutoff value for the imaging
parameters. The clinicopathological characteristics were

summarized with descriptive statistics and compared
between the two groups by the chi-square test. The treat-
ment outcome was assessed by progression-free survival
(PFS) and OS. PFS was measured from the date of GP
initiation to the first documented disease progression or
death. OS was defined as the time between the date of GP
initiation and the date of death or last follow-up. Disease
progression was determined by Response Evaluation
Criteria in Solid Tumors version 1.1. PFS and OS were
estimated using the Kaplan-Meier method and compared
using the log-rank test. Hazard ratios with two-sided 95%
CIs were calculated with unadjusted and adjusted Cox
proportional hazards models for possible prognostic fac-
tors. A p-value <0.05 was considered statistically signifi-
cant. All statistical analyses were managed using SPSS
(IBM) version 23.0.

Results

Patient characteristics

A total of 31 patients who met the inclusion criteria
were enrolled, and their data were analyzed in this
study. The patient characteristics and disease character-
istics at baseline are shown in Table 1. The median age

Table | Patients characteristics

Characteristics No.(%)
Median age (range) 47 (31-70)
Menopausal status

Postmenopausal 16 (51.6)
Premenopausal 15 (48.4)
DFI

<2 years 15 (48.3)
22 years 15 (48.3)
De novo stage IV 1 (3.2)
ECOG score

0 8 (25.8)
| 23 (74.2)
Number of metastatic sites

| 9 (29)

2 16 (51.6)
23 6 (19.4)
Metastatic sites

Liver 5 (l6.l)
Bone 7 (22.6)
Lymph node 16 (51.6)

Abbreviations: DFI, disease-free interval; ECOG, eastern cooperative oncology
group.
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was 47 years. All patients, except one de novo stage IV
patient, underwent surgery and had metastatic disease.
A total of 19.4% of the patients had 3 or more meta-
static sites. In addition to lung lesions, 16.1% of patients
had liver metastasis, and 22.6% of patients had bone
metastasis.

Predictive value of the baseline

characteristics
With a median 35-month follow-up, 29 of the 31 patients
experienced progressive disease, and 20 of the 31 patients
died. The median PFS (mPFS) was 7.7 months (95% CI
6.8-8.6), and the median OS was 15.4 months (95% CI
10.1-20.8).

In terms of the relationship between the baseline char-
acteristics and PFS, patients with liver metastasis had
a significantly shorter PFS than those without liver disease

Table 2 Summary of univariate and multivariate on PFS analysis

(HR=3.6, 95% CI 1.2-10.7, p=0.02), even after balancing
DFI, metastatic sites and FDG parameters in the multi-
variate analysis (p=0.039). Regarding OS, patients without
liver metastasis had better survival outcomes than patients
with liver metastasis (HR=4.0, 95% CI 1.1-15.3, p=0.038)
in the univariate analysis but not in the multivariate ana-
lysis (p=0.12). Patients with one metastatic site were more
likely to have a better outcome than those with 2 or more
metastatic sites (HR=2.4, 95% CI 0.7-7.3, p=0.13), but
this trend did not reach statistical significance. The
detailed analysis is shown in Tables 2 and 3.

Predictive value of the PET parameters

We evaluated the predictive value of intratumor heteroge-
neity and PET parameters. The cutoff point was deter-
mined by the median value of the LI (0.56), SUVmax
(4.31), MTV (1.25 mL) and TLG (3.54 g). The median

Parameters No. Median PFS Univariate analysis Multivariate analysis
(95% CI) HR (95% CI) p-value HR (95% CI) p-value
Age
<47 15 7.7 (6.9-8.5) 0.6 (0.3-1.3) 021
247 16 7.4 3.4-11.5)
DFI
<2 years 15 7.7 (5.2-10.2) 0.7 (0.3-1.4) 03
22 years 15 7.7 (6.9-8.6)
No. of metastatic sites
[ 9 8.9 (6.1-11.6) 1.6 (0.7-4.0) 0.25
22 22 7.0 (5.0-9.0)
Liver metastasis
Yes 5 5.2 (4.5-5.8) 3.6 (1.2-10.7) 0.02 3.49 (1.06-11.43) 0.039
No 25 7.7 (7.1-8.4)
LI
<0.56 16 8.1 (6.3-9.8) 3.3 (1.5-7.3) 0.003 4.81 (1.16-19.91) 0.03
20.56 15 52 (4.1-6.2)
SUV max
<43| 15 7.9 (7.6-8.3) 1.2 (0.6-2.6) 0.576
243| 16 6.0 (3.4-8.6)
MTV(mL)
<1.25 15 7.9 (6.6-9.3) 0.9 (0.4-2.1) 0.92
>1.25 16 7.0(4.1-9.8)
TLG (g)
<3.54 16 8.1 (6.2-9.9) 2.6 (1.2-5.8) 0.014 2.15 (0.54-8.54) 0.28
>3.54 15 5.9 (3.6-84)

Abbreviations: PFS, progression-free survival; DFI, disease-free interval; ECOG, eastern cooperative oncology group; LI, low index; SUV, standard uptake value; MTV,

metabolic tumor volume; TLG, total lesion glycolysis.
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Table 3 Summary of univariate and multivariate on OS analysis

Parameters No. Event Median OS Univariate analysis Multivariate analysis
(95% ClI) HR (95% CI) p-value HR(95%CIl) p-value
DFI
<2 years 15 9 18.4 (8.8-27.9) 0.7 (0.3-1.8) 0.5
22 years 15 I 152 (11.5-18.9)
No. of metastatic sites
[ 9 5 31 (4.8-57.7) 2.4 (0.7-7.3) 0.13
2?2 22 15 15.2 (12.6-17.9)
Liver metastasis
Yes 5 3 10.0 (5.6—14.1) 4.0 (1.1-15.3) 0.038 2.9(0.7-11.2) 0.12
No 25 17 18.4 (7.0-29.7)
LI
<0.56 16 8 26.4 (8.6-44.4) 1.9 (0.7-4.8) 0.18
20.56 15 12 14.0 (10.7-17.1)
SUV max
<4.3| 15 9 22.9 (7.6-38.3) 1.4 (0.5-3.5) 0.473
2431 16 I 15.2 (11.5-18.9)
MTV (mL)
<1.25 15 8 26.5 (10.1-42.8) 1.6 (0.6-4.3) 0.28
21.25 16 12 13.9 (10.5-17.3)
TLG (g)
<3.54 16 8 31.2 (18.544.1) 3.1 (1.2-8.6) 0.029 2.8 (1.0-7.9) 0.04
23.54 15 12 13.9 (10.9-16.8)

Abbreviations: OS, overall survival; DFI, disease-free interval; LI, low index; SUV, standard uptake value; MTV, metabolic tumor volume; TLG, total lesion glycolysis.

PFS of low-LI patients was 8.1 months, which was sig-
nificantly longer than that of high-LI patients (5.2 months,
HR=3.3, 95% CI 1.5-7.3, p=0.003, FigurelA). Patients
with low TLG had a significantly better PFS than those
with high TLG (mPFS 8.1 months vs 5.9 months, HR=2.6,
95% CI 1.2-5.8, p=0.014, Figure 1B). The SUVmax and
MTV showed no significant value in predicting PFS with
first-line therapy. In the multivariate analysis, LI was pro-
ven to be an independent predictor of PFS (p=0.03).

With regard to OS, L1 had a trend of predicting OS (26.4
months vs 14.0 months, HR=1.9, 95% CI 0.7-4.8, p=0.18,
Figure 2A), though this trend was not statistically significant.
Furthermore, patients with low TLG had significantly longer
survival than those with high TLG (31.2 months vs 13.9
months, HR=3.1, 95% CI 1.2-8.6, p=0.029, Figure 2B). The
SUVmax and MTV were proven to not be potential predictors
of OS. Furthermore, the multivariate analysis demonstrated
TLG as an independent predictor of OS (p=0.04). A detailed
prognostic study is displayed in Tables 2 and 3. Examples of
the PET analysis are shown in Figure 3.

Discussion

Our study revealed a new method to determine the intratu-
mor heterogeneity of MBC patients with lung lesions and
investigated its potential predictive value for first-line treat-
ment response and OS. We found that baseline LI and TLG
values derived from '*F-FDG PET/CT could be potential
predictors of treatment outcome for mTNBC. We defined
this method as a “PET biopsy” given that heterogeneity is
traditionally be derived from a pathological biopsy.
Focusing on a targeted lesion on PET/CT allows for the
analysis of PET parameters and intratumor heterogeneity to
be simple and convenient for clinical use.

The CBCSGO006 study enrolled 240 mTNBC patients
and randomly assigned them to the GP and GT groups for
first-line therapy.® The results showed that the mPFS was
7.73 months in the cisplatin plus gemcitabine group and
6.47 months in the paclitaxel plus gemcitabine group
(»=0.009). Based on this clinical trial, GP regimens have
been widely used as first-line therapy for mTNBC.
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Figure | Kaplan-Meier curves for progression-free survival by low and high level of LI (A) and TLG (B).
Abbreviations: LI, lung index; TLG, total lesion glycolysis.
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Figure 2 (A and B) Kaplan—Meier curves for overall survival by low and high level of LI (A) and TLG (B).
Abbreviations: LI, lung index; TLG, total lesion glycolysis.

Previous studies have evaluated biomarkers to predict =~ However, considering the low rate of gBRCA mutation
the response to first-line platinum-based therapy for expression, which is only present in 8-12% of patients

mTNBC and indicated that gBRCA1/2 mutations could with TNBC, we tried to introduce a more general predic-

5,15

predict the sensitivity of platinum-based therapy. tive marker. Tumor heterogeneity is an important feature
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PET features Patient A, Age: 50 Patient B, Age: 45
u 0.71 0.4

TLG (9) 32.38 2.0

Survival (months) Best response: SD Best response: PR
PFS 3.9 10.7

oS 18.4 31.2

Figure 3 Examples of patient analysis.

Abbreviations: LI, lung index; TLG, total lesion glycolysis; PFS, progression-free survival; OS, overall survival; PR, partial response; SD, stable disease .

of malignant cancer and is associated with cancer recur-
rence, metastasis, survival and drug resistance. BE_FDG
PET/CT is commonly used to determine tumor heteroge-
neity with the use of traditional parameters among differ-
ent kinds of malignant tumors but is mainly applied for
early or middle-stage disease.”'®'® Because of the pre-
sence of multiple lesions, unbalanced baseline and treat-
ment characteristics, complex methods to represent
heterogeneity and a limited number of patients who
undergo PET/CT, few studies have focused on mTNBC.
We enrolled 31 patients from previous or ongoing clinical
trials in our center to avoid bias on the baseline character-
istics, treatment methods, disease evaluation and image
interpretation.

Our results suggested that the new measurement method
of tumor heterogeneity, LI, was a potential predictor of first-
line therapy response for mTNBC with a cutoff value of 0.56,
which corresponds to the outcomes reported by a previous
study using a more complicated method.'*'? In addition, we
also provided evidence that LI is an independent predictor of
PFS after first-line therapy in the multivariate analysis. In this
way, doctors could identify patients who are sensitive to
platinum-based therapy. Moreover, we observed a trend
that LI predicts OS, though this trend was not statistically
significant (p=0.18). The reason behind the insignificance
may lie in the limited sample size as well as the subsequent
confounding treatments.

With regard to the traditional PET parameters, we found
that patients with high TLG showed shorter first-line PFS
(p=0.014) as well as OS (p=0.029) than those with low TLG
at a cutoff value of 3.54 g. This phenomenon indicated that
the combined features of FDG uptake per volume on the
targeted lung lesion might be another potential predictor of
treatment outcome in mTNBC. In contrast, the SUVmax and
MTYV did not appear to have prognostic value in this study,
which was to some extent inconsistent with the results of
previous studies on mTNBC.'%!? The reason could be that
we analyzed a targeted lesion instead of analyzing all lesions
of metastases as was done in prior research. Furthermore, one
of the previous research studies did not evaluate TLG,'? and
the another study had a large bias of confounding factors. '’

The mechanism of tumor heterogeneity and the relation-
ship between tumor heterogeneity and treatment outcome,
however, remain uncertain. Several studies have explored
and found that coding mutations, exogenous mutagens,
DNA methylation, chromatin remodeling and posttransla-
tional modification of histones can contribute to heteroge-
neity within tumors.'” Other studies indicated that the
mechanisms of drug resistance and intratumor heterogeneity
may be attributed to the heterogeneous therapeutic response
within a tumor, the reduction of toxicity effects of the
anticancer compound in the tumor, which could partly
explain the poor outcomes of platinum-based therapy in
our study, competitive selection during the evolution of
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cancer to a metastatic disease and genetic alterations that
lead to increased de novo metastatic lesions.'®!® Until now,
few studies have considered the reverse of tumor hetero-
geneity, which requires more effort.

Limitations existed in this study. First, our study was based
on a small sample size from three clinical trials performed over
different periods, and our results need to be confirmed by
further prospective studies with larger cohorts. Second, hetero-
geneity of the targeted lung lesion may not represent the
overall tumor heterogeneity conditions, and further studies
are needed to determine the best method of evaluating, diag-
nosing and managing tumor heterogeneity.

Conclusion

This study proposed a new “PET biopsy” method to evaluate
the intratumor heterogeneity of mTNBC on pretreatment
"E_.FDG PET/CT scans and indicated the predictive value
of LI and TLG for first-line platinum-based treatment out-
come and OS. These findings could help clinicians recognize
patients who are likely to have a favorable response to
platinum-based therapy as well as a good prognosis.
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