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ABSTRACT

Purpose: We examined whether tumor 18F-fluorodeoxyglucose (18F-FDG) metabolism is 

associated with distant relapse-free survival (DRFS) in women with estrogen receptor (ER)-

positive, ERBB2-negative breast cancer.

Materials and methods: This is a multi-cohort study using public and clinical cohorts of

breast cancer patients. Public data with microarray expression up to May 2019 were 

collected from three referral centers in the USA and Japan. A cohort from Asan Medical 

Center, Korea (Asan cohort), recruited between November 2007 and December 2014, was 

also included. Women with ER-positive, ERBB2-negative breast cancer who received 

anthracycline-based neoadjuvant chemotherapy were included in this study. The primary 

outcome of this study was DRFS. Twelve multigene scores (including the 18F-FDG signature

score) for the public cohorts and maximum standardized uptake value (SUV) of 18F-FDG

positron emission tomography (PET) for the Asan cohort were measured. Additionally, a 

separate public cohort (lung cancer patients with 18F-FDG PET and gene expression profiles) 
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was analyzed for correlation between tumor 18F-FDG metabolism and 18F-FDG signature 

score.

Results: The analysis included 394 women (297 with survival data) from the public cohorts 

and 466 from the Asan cohort. The median (interquartile range) age was 49 (43–58) and 45 

(39–51) years, respectively. The median (interquartile range) follow-up period for patients 

without distant metastasis or death was 3.2 (2.3–4.4) for the public cohorts and 6.2 (5.3–7.6) 

years for the Asan cohort, respectively. Both 18F-FDG signature and maximum SUV were

associated with clinical characteristics. In a separate public cohort of lung cancer patients, 

18F-FDG signature score showed a moderate correlation with maximum SUV. The 18F-FDG

signature score of public cohorts was independently associated with DRFS (HR, 4.85; 95% 

confidence interval [CI], 1.57–11.05; P = 0.006), and the prognostic discrimination (C-index: 

0.70; 95% CI, 0.62–0.78) was comparable with those of other multigene scores. In the Asan 

cohort, multivariable analysis of tumor 18F- FDG metabolism showed that the middle and 

high tertiles of maximum SUV were prognostic for DRFS (Ter1 vs. Ter2 = HR, 2.26; 95% 
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CI, 1.17–4.39; P = 0.02: Ter1 vs. Ter 3 = HR, 2.93; 95% CI, 1.55–5.54; P = 0.001). The 8–

year DRFS was 90.7% (95% CI, 85.5–96.1%) for the low tertile and 73.7% (95% CI, 68.0–

79.8%) for the middle and high tertile values.

Conclusion: 18F-FDG PET may assess the risk of distant metastasis and death in ER-

positive, ERBB2-negative patients.

Keywords: Breast cancer, estrogen receptor, glucose metabolism, survival, positron 

emission tomography
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Introduction

Estrogen receptor (ER)-positive, ERBB2-negative breast cancer accounts for 60–70% of 

breast cancers1. Although patients are treated with curative intent, >20% of patients 

experience relapse within 10–15 years and die from metastatic disease2. The recommended 

systemic treatment for patients with operable but high-risk tumors, and those with locally 

advanced disease includes chemotherapy, followed by endocrine therapy. However, the 

diverse molecular characteristics of patients lead to diversity in the response to systemic

therapies3,4. ER-positive, ERBB2-negative breast cancer does not benefit from systemic 

chemotherapy to the same extent as other subtypes5, and not all ER-positive breast cancers 

respond optimally to endocrine therapy. Identifying patients with newly diagnosed cancer 

who are at a high risk of relapse despite standard chemo- and endocrine therapy could help 

select patients who require more effective treatments or provide a basis for recommending 

participation in clinical trials6.

The diversity in transcriptional programs accounts for much of the biological 

heterogeneity of breast cancer7. The luminal epithelial-specific genes, including ER and 
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proliferation genes, are the main gene clusters that are differentially expressed among 

intrinsic subtypes3. Likewise, multigene prognostic assays primarily rely on ER and 

proliferation-related gene expression8-16. A meta-analysis of gene expression profiles from 

large cohorts revealed that the capacity of prognostic signatures depends mainly on the 

detection of proliferation activity, and that ER expression status may contain only indirect 

information about prognosis16. The Warburg effect of aerobic glycolysis, a key metabolic 

hallmark of cancer, fuels cell growth and proliferation. Positron emission tomography (PET) 

using 18F-fluorodeoxyglucose (18F-FDG) allows visualization of the increased glucose 

metabolism in malignant tumors. In ER-positive, ERBB2-negative breast cancers, the 

maximum standardized uptake value (SUV) of 18F-FDG is associated with poor prognostic 

factors, including progesterone receptor status17, histologic grade, Ki-67 expression18, and 

21-gene recurrence score17. 18F-FDG PET provides prognostic information in a non-invasive 

manner and with a low overall cost when previously performed for staging. However, there 

is limited information on the ability of 18F-FDG PET to predict distant relapse-free survival 

(DRFS) and overall survival (OS).
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The main objective of this study was to examine the association of tumor 18F-FDG

metabolism with DRFS in multiple cohorts of ER-positive, ERBB2-negative breast cancer

patients treated with anthracycline-based neoadjuvant chemotherapy (NCT) followed by 

adjuvant endocrine therapy. A pooled analysis of publicly available prognostic data sets with 

gene expression profiles was performed for computation of 18F-FDG and multigene 

prognostic signature scores in the same patients19. A cohort from our institution was also 

analyzed. Administration of chemotherapy before surgery has an advantage over adjuvant 

chemotherapy in that it allows the differentiation of predictive markers of the response to 

chemotherapy from prognostic factors. Therefore, we also examined whether the 18F-FDG

signature score, maximum SUV, and multigene prognostic signature scores were associated 

with pathological complete response (pCR) to NCT.
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Materials and methods

Study design

This is a multi-cohort study composed of three cohort groups; 1) publicly available cohorts

of breast cancer for calculation of multigene signature scores, 2) a clinical cohort of Asan 

Medical Center for evaluation of 18F-FDG tumor metabolism, and 3) a separate public cohort 

of lung cancer for evaluating correlation between FDG values. The study design is

summarized in Fig. 1. 

Study setting and patients of publicly available cohorts 

Publicly available cohorts with microarray gene expression profiles and patient outcome 

information were selected from the Gene Expression Omnibus and ArrayExpress up to May 

2019 using the keywords “breast neoplasm,” and “neoadjuvant chemotherapy”. Seven hand-

searched articles were analyzed to identify publicly available gene expression profiling data 

and clinical outcomes of patients with ER-positive breast cancer20-26. Data series profiled on 

GeneChip® Human Genome U133A and U133 Plus 2.0 arrays (Affymetrix Inc., Santa Clara, 
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USA) were included to minimize the potential bias introduced by merging data series with 

different platforms27. After reviewing all retrieved summaries and citations, data series 

analyzing participants who received anthracycline-based chemotherapy were included. Data 

series that had no information on pathological complete response or distant relapse-free 

survival, or those that included only ER-negative participants, were excluded. An additional 

inclusion criterion at the participant level was estrogen receptor-positive, ERBB2-negative 

disease assessed by immunohistochemistry.

Study setting and patients of Asan cohort 

A clinical cohort of women with ER-positive, ERBB2-negative breast cancer who received 

anthracycline-based NCT between November 2007 and December 2014 at Asan Medical 

Center (Asan cohort), located in Seoul, Republic of Korea, was also included. Follow-up 

ended on December 31, 2019. Risk factors were examined in relation to outcomes that had 

already occurred at the start of the study. The institutional review board of Asan Medical 

Center approved the study protocol and waived the requirement for informed consent. The 
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study was performed following the Declaration of Helsinki and institutional guidelines.

Enrolled patients had American Joint Committee on Cancer stage II or III tumors (tumor 

stage ≥T2) with a histological type of invasive ductal carcinoma. All patients underwent 18F-

FDG PET/CT and received at least one cycle of NCT. Patients were excluded if they had a 

prior history of cancer or bilateral breast cancer. The number of patients enrolled during the 

study period determined the sample size of the Asan cohort.

Gene expression analysis of multigene signature scores

Data processing and quantification were performed using R statistical software version 3.6.0 

(R Foundation for Statistical Computing, Vienna, Austria, available at https://www.r-

project.org). The single-channel array normalization algorithm implemented in the 

SCAN.UPC package (version 2.26.0) from Bioconductor (http://bioconductor.org/biocLite.R

) was used to normalize the data of each series downloaded from the Gene Expression 

Omnibus repository (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi)28. Probes were 

mapped to Entrez Gene unique integers using the Brainarray chip definition files (version 
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22) available at http://brainarray.mbni.med.umich.edu/Brainarray/Database/CustomCDF/gen

Omic_curated_CDF.asp29. The four normalized datasets were merged using the sva package 

(version 3.32.1) to remove the potential batch effect across the data sets30. An empirical 

Bayes algorithm was used in the merging process31.

The 18F-FDG signature incorporated 75 genes from the glycolysis, pentose phosphate, 

and carbon fixation metabolic pathways19, and each gene was weighted based on the degree 

of differential expression between the 18F-FDG high and 18F-FDG low primary breast tumor 

samples. Metabolic pathway-based 18F-FDG signature scores were obtained using weighted 

gene voting32.

Eleven multigene signatures with a reported association with prognosis were analyzed, 

including the 21-gene recurrence8, 70-gene signature9, 50-gene signature21, 12-gene risk33, 

76-gene signature34, genomic grade index12, CIN70 signature13, PTEN signature14, 

proliferation gene module15, ESR1 signature15, and single sample predictor of intrinsic 

molecular subtype21. The signature scores were calculated, and the intrinsic molecular 

subtypes (luminal A, luminal B, HER2-enriched, basal-like, and normal-like based on the 
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prediction analysis of microarray 50 assay) were determined for each sample using the 

Bioconductor genfu package (version 2.16.0)35. For CIN70 and PTEN signature scores that 

were not included in the genfu package, a previously published method was used13,14. The 

signature genes of 21-gene recurrence, 76-gene signature, genomic grade index, proliferation 

gene module, and ESR1 were mapped to probe set ID and to Entrez Gene unique integers for 

the rest of the signatures. Only genes that could be mapped to probe set or Entrez Gene IDs 

were used. Each signature score was rescaled by designating 2.5 and 97.5 percentile values 

as 0 and 1, respectively. 

18F-FDG PET/CT of the Asan cohort

18F-FDG PET/CT imaging was performed from the skull base to the upper thigh at 50–70 

min after intravenous administration of 5.2–7.4 MBq/kg (0.14–0.2 mCi/kg) of 18F-FDG36. 

The median blood glucose level before 18F-FDG injection was 102 mg/dl (IQR, 94–109). 

Two board-certified nuclear medicine physicians who were blinded to patient outcomes drew 

a volume of interest on the primary breast cancer or metastatic lymph nodes and assessed the 
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maximum SUV of 18F-FDG uptake. The maximum standardized uptake values were 

harmonized across various PET/CT scanners (Biograph Sensation 16 and Biograph 

TruePoint 40, Siemens Healthineers, Knoxville, TN, USA; Discovery STE 8, Discovery 

PET/CT 690, and Discovery PET/CT 710, GE Healthcare, Milwaukee, WI, USA) without 

partial volume correction37. The recovery coefficient profiles of variable-sized hot cylinders 

of the American College of Radiology-approved PET phantoms (i.e., Esser phantom) were 

matched38,39. Annual 18F water cylinder phantom-based cross-calibration between PET and 

dose calibrator assured the uniform standardized uptake value of 1.0 between PET 

scanners39. Maximum SUV was analyzed as a continuous measurement or as a categorical 

estimate by grouping the patients according to the median or tertile value. 

Lung cancer microarray data with 18F-FDG PET (A separate public cohort)

Publicly available breast cancer cases with both 18F-FDG PET and gene expression profile 

data could not be identified. Alternatively, 27 matched 18F-FDG PET images and gene 

expression profiles of lung cancer patients were retrieved from The Cancer Imaging Archive 
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(http://www.cancerimagingarchive.net) and The Cancer Genome Atlas (deposited at the 

Genomic Data Commons Data Portal; https://portal.gdc.cancer.gov/exploration), 

respectively. The inclusion criteria for cases were samples containing ≥50% tumor cells and 

a metabolic tumor volume of ≥4.2 mL40,41. Raw mRNA counts were retrieved from the 

Genomic Data Commons Data Portal, and normalized and log-transformed using the 

weighted trimmed mean of M-values algorithm implemented in the edgeR Bioconductor 

package (version 3.26.8)42. The 18F-FDG signature scores were calculated as described in the 

previous section. The normalized maximum standardized uptake value (SUV) of the primary 

tumor was calculated as the maximum SUV divided by the mean SUV of the normal liver 

tissue within a spherical volume of interest with a diameter of 3 cm using PET-

VCAR software on an Advantage Workstation (version 4.3; GE Healthcare). For correlation 

analysis, the 18F-FDG signature scores were rescaled to the same mean and standard 

deviation of the normalized maximum SUV.

Variables
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The primary outcome measure of this study was DRFS. The secondary outcome was OS. 

DRFS was defined as the interval from the date of initial diagnostic biopsy (the public 

cohorts) or NCT (the Asan cohort) to the diagnosis of distant metastasis or death from breast 

cancer, non-breast cancer, or unknown causes25,43. OS was measured until the date of death 

from any cause. pCR was defined as the absence of residual invasive cancer on hematoxylin 

and eosin-stained samples of the complete resected breast specimen and all sampled regional 

lymph nodes24,25,44,45.

Factors considered potential predictors of DRFS and OS that were prespecified in the 

study protocol were age, tumor stage, clinical lymph node stage, histologic grade, ER Allred 

score, progesterone receptor status, and Ki-67 expression, as previously described24,25,44-47. 

All variables were retrieved from the public databases and the electronic medical records of 

Asan Medical Center. Predictors that had continuous values or belonged to three or more 

categories were dichotomized based on commonly used cut-off values that are relevant for 

prognosis as follows48-50: age (20–50 vs. >50), tumor stage (T1–2 vs. T3–4), clinical N stage 

(N0 vs. N1–3), histologic grade (1 or 2 vs. 3), ER score (3–6 vs. 7–8), and Ki-67 expression 
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(<20% vs. ≥20%).

Statistical analysis

Data were expressed as the median and IQR for continuous variables or numbers (%) for 

categorical variables. A two-sided P value of < 0.05 was considered significant. Categorical 

variables were compared using the χ2 test. For continuous variables, the Mann-Whitney U or 

Kruskal-Wallis test with post hoc Dunn’s test was used. Associations were analyzed using 

linear regression or Spearman rank correlation. Survival curves were estimated using the 

Kaplan-Meier method and compared with the log-rank test. 

Logistic regression analysis was used to determine the predictors of pCR, and Cox 

proportional hazard regression analysis was applied to identify independent predictors of 

DRFS and OS based on a predetermined statistical plan. Harrell’s concordance index (C-

index) was used to compare the discriminatory capacity of the multigene signature models. 

Optimism-corrected C-index was obtained by bootstrapping validation (100 bootstrap 

resamples). Patients were censored to the date of the last disease assessment. For the 
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multivariable analysis, a model was constructed including clinical and pathological 

predictors that were associated with the outcome at P ≤ 0.10. Post hoc analysis was 

performed to assess whether the overall association was consistent across all subgroups 

studied. For logistic and Cox regression, linearity, potential influential observations, and 

multicollinearity were assessed. The proportional hazard assumption was tested with 

Schoenfeld’s residual test and Schoenfeld’s partial residual plots. A restricted cubic spline 

plot was used for detecting nonlinearity and deviance residual for examining influential 

observations. Whether an overall association was consistent across all subgroups of patients 

categorized according to variables for survival analysis was examined. Estimates were 

presented with 95% CI.

Missing clinical and pathological data of the public and Asan cohorts were imputed using 

the multiple imputation method (m=10). Ten imputed data sets were generated, and estimates 

from the multiple imputed data sets were combined according to Rubin’s rule51. The 

robustness of the results was demonstrated by performing a complete case analysis as a 

sensitivity analysis of the imputation model.
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Statistical tests were performed using R statistical software, version 3.6.1 (The R 

Foundation for Statistical Computing) and IBM SPSS Statistics for Windows, version 21 

(IBM Corporation).
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Results

Study cohorts and patients

The search identified 18 data series that met the inclusion criteria. Four data series with 383 

participants were selected for analysis of pCR, and two series with 297 participants were 

selected for survival analysis24,25,44. The figure shows the flow of patients through the study 

(Fig. 2). The public cohorts included data from the University of Texas M.D. Anderson 

Cancer Center (USA), the Brown University Oncology Group (USA), and Osaka University 

Hospital (Japan).

The Asan cohort comprised 466 women with breast cancer (Fig. 3) with demographics

typical of the neoadjuvant setting, and it included patients with regional lymph node disease 

or T3–4 tumors (Table 1). The median time between 18F-FDG PET/computed tomography 

(CT) and the first date of NCT was 8 days (interquartile range [IQR], 6–10). All patients 

except five who were lost to follow-up (n = 4) or had ER-negative cancer after surgery (n = 

1) received adjuvant tamoxifen or aromatase inhibitor therapy.
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Multigene prognostic signature scores of the public patient cohorts

The 18F-FDG signature score and other multigene scores from gene expression profiles were 

obtained for all patients from public cohorts. All genes included in the 21-gene recurrence, 

12-gene risk, 76-gene signature, genomic grade index, chromosomal instability 70 genes 

(CIN70) signature, and proliferation gene module were mapped. However, we mapped 73 of 

75 genes for the 18F-FDG signature, 43 of 70 genes for the 70-gene signature, 43 of 50 genes 

for the 50-gene signature and a single sample predictor of the intrinsic molecular subtype, 

151 of 205 genes for the phosphatase and tensin homolog (PTEN) signature, and 468 of 469 

genes for the estrogen receptor 1 signature. There was no significant difference in 18F-FDG

signature scores among four publicly available breast cancer cohorts (P = 0.89, Fig. 4). Other 

multigene prognostic signatures did not differ significantly among the four groups (P > 

0.40). The distribution suggests that the 18F-FDG signature was a continuous variable (Fig.

5). Regarding intrinsic subtypes, 136 (34%) were luminal A, 152 (38%) were luminal B, 42 

(11%) were ERBB2-enriched, 38 (10%) were basal-like, and 26 (7%) were normal-like 

breast cancer.
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The 18F-FDG signature score had a moderate to strong positive association with most 

multigene prognostic signature scores; it had a weak negative association with estrogen 

receptor 1 (ESR1) (P < 0.001, Fig. 6). The 18F-FDG signature scores differed significantly 

according to the intrinsic molecular subtype. The luminal A and normal-like subtypes had a 

low 18F-FDG signature score, whereas the luminal B, ERBB2-enriched, and basal-like 

subtypes had significantly higher 18F-FDG signature scores than the luminal A subtype (P < 

0.001, Fig. 7a). On the other hand, the luminal A and B subtypes had significantly higher 

ESR1 scores than other subtypes (P < 0.001, Fig. 7b). All other multigene prognostic 

signature scores showed the same distribution as the 18F-FDG signature score according to 

the intrinsic subtype (P < 0.001, Fig. 8). There was a moderate association between the 18F-

FDG signature score and SUV in patients with lung cancer (Fig. 9).

Patient characteristics of the study cohorts 

The median age of patients in the public cohorts was 49 years (IQR, 43–58). There was 

significant heterogeneity across the public cohorts regarding tumor stage (P = 0.001), 
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histologic grade (P < 0.001), and pCR (P = 0.003). The 18F-FDG signature score was 

associated with clinical characteristics (Table 2).

The median age of the Asan cohort was 45 years (IQR, 39–51). The baseline values of 

the Asan cohort were significantly different from those of the public cohorts with respect to 

age (P < 0.001), tumor stage (P = 0.03), histologic grade (P < 0.001), progesterone receptor 

status (P = 0.003), and NCT response (P < 0.001). The maximum SUV ranged from 1.36 to 

25.06, with a median value of 5.14 (Fig. 10), and was associated with clinical characteristics 

(Table 2). The clinical and pathological characteristics of patients who did not undergo 18F-

FDG PET/CT before NCT were not significantly different from those of patients who 

underwent 18F-FDG PET/CT (Table 3).

Response to NCT

Of 383 patients in the public cohorts, 45 (12%) achieved a pCR. Among clinicopathological 

characteristics, histologic grade was associated with pCR, with a C-index of 0.69 (Table 4). 

All multigene prognostic signatures, including the 18F-FDG score, were associated with pCR 
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(Table 4). Multivariable models combining each multigene score and histologic grade

showed that most multigene prognostic signatures, including ESR1, were independently 

associated with pCR (Table 5), whereas the 18F-FDG signature score was not. Of 460

patients in the Asan cohort who underwent surgery, 22 (5%) achieved a pCR (Table 6). 

Multivariable analysis including histologic grade and progesterone receptor showed that 

positivity for progesterone receptor was independently associated with pCR (odds ratio, 

0.21; 95% confidence interval [CI], 0.08–0.51; P = 0.001).

Prognostic value

The median follow-up period for patients in the public cohorts without distant metastasis or 

death was 3.2 (IQR, 2.3–4.4) years. Distant metastasis or death did not occur in any of the 30 

(0%) patients who achieved a pCR. Patients with pCR had a significantly longer DRFS (P =

0.02, Fig. 11). Among the clinical and pathological factors, clinical lymph node stage was 

significantly associated with DRFS (Table 7). 18F-FDG and multigene prognostic signatures, 

except the 76-gene, CIN70, and proliferation gene module, were significantly associated 
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with DRFS (Table 7). Kaplan-Meier survival curves of DRFS according to tertiles of 

multigene signatures are shown in Fig. 12. Multivariable analysis combining each multigene 

prognostic signature with clinical lymph node stage showed that high 18F-FDG, 21-gene, 70-

gene, 50-gene, 12-gene, genomic grade index scores, and low ESR1 signature scores were 

independently associated with reduced DRFS (Table 8). Prognostic information from 18F-

FDG, ESR1, or their combination was comparable to that from other multigene prognostic 

signatures (P > 0.10, Table 9). After deleting cases with missing clinical N stage and 

histologic grade values, the results were consistent with the main prognostic data presented.

The median follow-up of patients in the Asan cohort without distant metastasis or death 

was 6.2 (IQR, 5.3–7.6) years. Distant metastasis or death did not occur in the 22 patients of 

the Asan cohort who achieved a pCR. Patients with pCR had significantly longer DRFS (P = 

0.04, Fig. 13). Age, tumor stage, clinical N stage, Ki-67 expression, and maximum SUV 

were associated with DRFS (Table 10). Multivariable analysis showed that maximum SUV 

was independently associated with DRFS and OS when analyzed as a categorical estimate by 

grouping the patients according to the median or tertile value (Table 11). Ki-67 expression 
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was not independently associated with DRFS and OS regardless of whether we analyzed it as 

a continuous variable or several ordered categories (data not shown). The apparent C-index 

of the final model for DRFS was 0.72 (95% CI, 0.67–0.77). The optimism-corrected C-index 

was 0.70 (95% CI, 0.65–0.75). Kaplan-Meier estimates for patients who were free of distant

metastasis or death were significantly different according to the maximum SUV (P < 0.001, 

Fig. 14). Post-hoc analysis of DRFS and OS showed that the overall association between 

maximum SUV and survival was consistent across most clinical and pathological subgroups

large enough to provide sufficient outcome data (Fig. 15–16). When patients were stratified 

into subgroups according to independent prognostic factors, the increase in absolute risk of 

distant metastasis and death associated with high maximum SUV applied predominantly to 

patients with clinically node-positive disease (Fig. 17–18).
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Discussion

In the present study, we showed that high tumor 18F-FDG metabolism was associated with 

reduced DRFS and OS after adjusting for standard prognostic factors in patients with ER-

positive, ERBB2-negative breast cancer treated with anthracycline-based NCT, followed by 

adjuvant endocrine therapy. The 18F-FDG signature provided prognostic information on 

DRFS that was comparable to that obtained from validated multigene prognostic signatures. 

Tumor 18F-FDG metabolism was significantly associated with standard prognostic factors 

and multigene prognostic signatures. This suggests that 18F-FDG PET can help in early 

identification of a high-risk population in ER-positive, ERBB2-negative breast cancer

patients and in establishing an appropriate treatment plan. To the best of our knowledge, this 

study is the first to demonstrate the value of tumor 18F-FDG metabolism for the long-term 

prognosis of DRFS and OS in patients with ER-positive, ERBB2-negative breast cancer.

The results obtained from the public cohorts suggest that high 18F-FDG and multigene 

prognostic signature scores are associated with a higher rate of pCR. However, the 

association of these factors with pCR is the opposite of their association with poor survival. 
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The number of patients who achieved a pCR was small, and the rate of poor prognosis was 

mainly determined by those who did not achieve pCR. High 18F-FDG and multigene 

signature scores were associated with worse DRFS despite the higher chemotherapy 

sensitivity in these patients. Previous studies investigating ER-positive breast cancer 

obtained the same results for multigene prognostic signatures21,25,52,53. These observations 

highlight the fact that survival is influenced not only by chemotherapy response, but also by 

baseline biologic features and sensitivity to endocrine therapy52. NCT that modestly 

increases the pCR rate is unlikely to improve prognosis54. In this study, the increased 

sensitivity to chemotherapy did not fully compensate for the poor baseline prognosis and low 

sensitivity to endocrine therapy.

An important question is whether the results obtained in the neoadjuvant setting can be 

applied to the adjuvant setting. One limitation in this regard is that the prognostic 

information provided by 18F-FDG metabolism was obtained from a large number of patients 

with advanced clinical stage. Gene expression studies indicate that primary tumor samples 

and metastatic lymph node samples from the same individual are usually more similar to 
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each other than to other samples, suggesting that the molecular program of primary breast 

cancer is retained in nodal metastases7. Furthermore, multigene assays have a prognostic 

value that is independent from the presence or absence of lymph node involvement55-58. In 

this study, we showed that the prognostic information on DRFS provided by the 18F-FDG

signature was comparable to that obtained from validated multigene prognostic signatures. 

This suggests that 18F-FDG PET can be used to identify a low-risk population in the adjuvant 

setting when prognostic gene expression data are not available.

In this study, we analyzed the ESR1 signature as one of the multigene prognostic 

signatures. ER genes are significant determinants of intrinsic subtypes and multigene 

expression assays, and the biologic behavior of ER-low-positive cancers may be more 

similar to that of ER-negative cancers59. The ESR1 signature in this analysis was

independently associated with chemotherapy response and DRFS. The prognostic 

information provided by this signature was comparable to that of other multigene prognostic 

signatures. Negative progesterone receptor status in the Asan cohort was also associated with 

pCR. Although we failed to demonstrate a statistically significant additive benefit of a 
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combined 18F-FDG and ESR1 signature, the differential distribution of 18F-FDG and ESR1 

signature scores across intrinsic subtypes support the potential for integrating proliferation 

and ER signatures. The biologic activity derived from ER gene expression can be assessed 

noninvasively by 18F-FDG PET60. Tumors with low baseline 18F-fluoroestradiol (18F-FES)

uptake are unlikely to respond to endocrine therapy61,62, whereas they may derive a greater 

benefit from chemotherapy63. Further prospective studies are needed to test the ability of the 

combination of 18F-FDG and 18F-FES PET (proliferation and ESR1 signature) to assess 

prognosis and guide therapy selection64.

The present study had several limitations. First, the outcome data collected from the Asan 

cohort was based on events that had already occurred at the start of the study. Certain 

important clinical and pathological features, including ER expression levels, progesterone 

receptor status, and Ki-67 expression, were not available from the public cohorts. However, 

the Asan cohort included all known predictors and potential confounders. The statistical 

methods were predetermined according to the primary objectives in the study protocol. The 

possibility of information or selection bias was minimal. Second, the 18F-FDG signature 
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score in this study might not represent tumor 18F-FDG metabolism. The association between 

the 18F-FDG signature score and the maximum SUV was moderate. We included a data 

series profiled using Affymetrix microarray platforms, and not all genes included in

multigene assays are present on Affymetrix platforms. Accordingly, the genomic prognostic 

signatures analyzed may not represent the actual multigene assays; instead, they are genomic 

predictors based on similar prediction rules and the same genes. Nonetheless, the analysis

indicated that all multigene signatures that are currently recommended by appropriate 

guidelines48-50,65 were significantly associated with DRFS. Cellular proliferation requires the 

coordinated expression of hundreds of genes. Therefore, a large number of nominally 

different but equally good prognostic models can be built66. We believe that there might be 

redundancy in gene members, and our findings are generalizable. In addition, multigene 

assay results generated from fresh and formalin-fixed paraffin-embedded tissues may be 

equivalent67. The moderate association between the 18F-FDG signature score and maximum 

SUV may be due to variability in 18F-FDG uptake caused by the use of different PET 

scanners and imaging protocols without harmonization68. The SUV variability is an 
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important issue in multi-center clinical trials using PET/CT. Maximum SUV (single-pixel 

value) is reported to be highly affected by noise and leads to inaccurate results69. Although 

the Asan cohort performed SUV harmonization through matching recovery coefficient 

profiles, it is difficult to apply this method in other centers. SUV ratio (such as tumor to liver 

ratio) is thought to remove performance/reconstruction variability and may serve as a

substitute for maximum SUV in multicenter trials. However, several studies have reported 

that the SUV ratio is also dependent on PET scanner and on image reconstruction method 

and thus needs to be harmonized70. Currently, international harmonization programs, such as 

European Association of Nuclear Medicine Research Ltd. program, is thought to be a 

feasible method for reducing SUV variability. If available, software solutions, such as 

EQ.PET, may also be an adequate method for PET quantification in multicenter trials71,72.

Third, we did not establish the cut-off value of the maximum SUV to define poor and 

good prognosis for patients. The present results indicate that the harmonized maximum SUV 

of 4.1, which was the low tertile value, could be selected for a validation study based on the 

significance of the split in the survival curve.
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Conclusion

Our data suggest that high tumor 18F-FDG metabolism is associated with reduced DRFS and 

OS after adjusting for standard prognostic factors. 18F-FDG metabolism provides prognostic 

information on DRFS that may be comparable to that obtained from validated multigene 

prognostic signatures. 18F-FDG PET data may help classify ER-positive, ERBB2-negative 

patients into groups that would benefit from different therapeutic options.
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Fig. 1 Study design. The multi-cohort study composed of three cohort groups. ER = 

estrogen receptor; NCT = neoadjuvant chemotherapy
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Fig. 2 Flow diagram for the public microarray datasets. The pooled analysis included 297 

participants with available microarray data sets. GEO = Gene Expression Omnibus.
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Fig. 3 Flow diagram for the Asan cohort. Pathological complete response and survival 

were investigated in the Asan Medical Center cohort of ER-positive, ERBB2-negative breast 

cancer patients.
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Fig. 4 18F-fluorodeoxyglucose (18F-FDG) signature scores of four publicly available 

breast cancer data sets. The upper and lower whiskers represent the upper 25% and lower 

25% of scores, respectively, with the minimum and maximum scores shown at the end. The 

box plot represents the middle 50% of scores. The median marks the mid-point of the data 

shown by the line that divides the box into two parts. G1, GSE22093; G2, GSE25055; G3, 

GSE25065; G4, GSE32646.
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Fig. 5 Distribution of 18F-fluorodeoxyglucose (18F-FDG) signature scores from the 

publicly available Gene Expression Omnibus repository.
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Fig. 6 Association of 18F-fluorodeoxyglucose (18F-FDG) scores with multigene 

prognostic signatures.
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Fig. 6 Association of 18F-fluorodeoxyglucose (18F-FDG) scores with multigene 

prognostic signatures (continued). The 18F-FDG signature score was plotted against the 21-

gene recurrence score (a), 70-gene signature score (b), 50-gene score (c), 12-gene risk score 

(d), 76-gene signature score (e), genomic grade index (f), CIN70 signature score (g), PTEN 

signature score (h), proliferation gene module (i), and ESR1 signature score (j).
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Fig. 7 18F-fluorodeoxyglucose (18F-FDG) and estrogen receptor 1 (ESR1) expression 

signature scores of the intrinsic molecular subtypes. Breast cancers from public cohorts 

were analyzed. The upper and lower whiskers represent the upper 25% and lower 25% of 
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scores, respectively, with the minimum and maximum scores shown at the end. The box plot 

represents the middle 50% of scores. The median marks the mid-point of the data indicated 

by the line that divides the box into two parts. Five intrinsic molecular subtypes were 

classified by a 50-gene single sample predictor. (a) 18F-FDG signature scores differed 

significantly according to the intrinsic molecular subtype (P < .001). The luminal A and 

normal-like subtypes had low 18F-FDG signature scores, whereas the luminal B, HER2-

enriched, and basal-like subtypes had significantly higher 18F-FDG signature scores than the 

luminal A subtype (P < .001). (b) ESR1 signature scores differed significantly according to 

the intrinsic molecular subtype (P < .001). The luminal A and B subtypes had significantly 

higher ESR1 scores than other subtypes (P < .001). LA, luminal A; LB, luminal B; H, 

HER2-enriched; B, basal-like; N, normal-like.
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Fig. 8 Multigene prognostic signature scores of the intrinsic molecular subtypes.
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Fig. 8 Multigene prognostic signature scores of the intrinsic molecular subtypes 

(continued).
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Fig. 8 Multigene prognostic signature scores of the intrinsic molecular subtypes 

(continued). Breast cancers from the publicly available Gene Expression Omnibus data sets 

were analyzed. The upper and lower whiskers represent the upper 25% and lower 25% of 

scores, respectively, with the minimum and maximum scores shown at the end. The box plot 

represents the middle 50% of scores. The median marks the mid-point of the data indicated 

by the line that divides the box into two parts. Multigene prognostic signature scores 

included the 21-gene recurrence score (a), 70-gene signature score (b), 50-gene score (c), 12-

gene risk score (d), 76-gene signature score (e), genomic grade index (f), CIN70 signature 

score (g), PTEN signature score (h), and proliferation gene module (i). Five intrinsic 

molecular subtypes were classified by a 50-gene single sample predictor. LA, luminal A; LB, 
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luminal B; H, HER2-enriched; B, basal-like; N, normal-like. P values calculated with the 

Kruskal-Wallis test with post hoc Dunn’s test between luminal A and other subtypes are 

shown.
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Fig. 9 Association between the 18F-fluorodeoxyglucose (18F-FDG) signature score and 

normalized maximum standardized uptake value (SUV) of 18F-FDG in patients with 

lung cancer.
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Fig. 10 Distribution of maximum standardized uptake value (SUV) of 18F-

fluorodeoxyglucose (18F-FDG) positron emission tomography/computed tomography 

(PET/CT) in patients with breast cancer.
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Fig. 11 Kaplan-Meier estimates of distant relapse-free survival (DRFS) from publicly 

available cohorts according to pathological complete response (pCR) after neoadjuvant 

chemotherapy. Distant relapse occurred in none of 30 (0%) patients who achieved pCR, 

whereas it occurred in 40 of 256 (15.6%) patients who did not achieve pCR. Patients with 

pCR had significantly longer DRFS (P = .02).
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Fig. 12 Prognostic distant relapse-free survival (DRFS) analysis according to tertiles of 

multigene signature scores.
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Fig. 12 Prognostic distant relapse-free survival (DRFS) analysis according to tertiles of 

multigene signature scores (continued). (a) 18F-fluorodeoxyglucose (18F-FDG) signature 

score; (b) 21-gene recurrence score; (c) 50-gene score; (d) estrogen receptor 1 (ESR1) 
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signature score. Multigene prognostic signatures, except the 76-gene, CIN70, and 

proliferation gene module, were significantly associated with DRFS.
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Fig. 13 Kaplan-Meier estimates of distant relapse-free survival (DRFS) and overall 

survival (OS) of breast cancer patients according to pathological complete response 

(pCR) after neoadjuvant chemotherapy. (a) Distant relapse occurred in none of 22 patients 
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who achieved pCR. However, among 438 patients who did not achieve pCR, distant relapse 

occurred in 81 (18.5%) patients, and the difference between the groups was significant (P 

= .04). (b) No death was observed among 22 patients who achieved pCR, whereas 49 

(11.1%) patients who did not achieve pCR died during the follow-up period.
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Figure 14 Kaplan-Meier curves of distant relapse-free survival and overall survival by 

tertiles of the maximum standardized uptake value of 18F-fluorodeoxyglucose. The 

middle and high tertile categories were combined into one high-risk group because their 
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outcome was significantly different from that of the low tertile. (a) The middle and high 

tertiles of SUV were prognostic for DRFS (hazard ratio = 2.93, 95% confidence interval [CI] 

= 1.62–5.30; P < 0.001). The 8-year DRFS rates were 90.7% (95% CI, 85.5–96.1%) for 

those in the low tertile of maximum SUV vs. 73.7% (95% CI = 68.0–79.8%) for those in the 

middle and high tertiles of maximum SUV. (b) The middle and high tertiles of SUV were 

prognostic for OS (hazard ratio = 4.87, 95% CI = 1.94–12.26; P < 0.001). The 8-year OS 

rates were 96.4% (95% CI = 92.6–100%) for those in the low tertile of maximum SUV vs. 

81.3% (95% CI = 76.0–87.0%) for those in the middle and high tertiles of maximum SUV. 

DRFS = distant relapse-free survival; OS = overall survival; SUV = standardized uptake 

value; Ter1 = low tertile; Ter2–3 = middle and high tertiles.
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Fig. 15 Extended Cox proportional hazard analyses of maximum standardized uptake 

value for distant relapse-free survival. Subgroup analysis evaluating the association 

between the maximum standardized uptake value and distant relapse-free survival according 

to clinical and pathological characteristics. The maximum standardized uptake value was 

dichotomized based on the cut-off value of the low tertile (the low tertile vs. the middle and 

high tertiles).
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Fig. 16 Extended Cox proportional hazard analyses of maximum standardized uptake 

value for overall survival. Subgroup analysis evaluating the association between the 

maximum standardized uptake value and overall survival according to clinical and 

pathological characteristics. The maximum standardized uptake value was dichotomized 

based on the cut-off value of the low tertile (the low tertile vs. the middle and high tertile). 
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Fig. 17 Kaplan-Meier curves of distant relapse-free survival (DRFS) according to 

tertiles of the maximum standardized uptake value (SUV) of 18F-fluorodeoxyglucose.
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Fig. 17 Kaplan-Meier curves of distant relapse-free survival (DRFS) according to 

tertiles of the maximum standardized uptake value (SUV) of 18F-fluorodeoxyglucose 

(continued). Subgroup analysis evaluating the association between the maximum SUV and 
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DRFS according to tumor stage (a: tumor stage T2; b: tumor stage T3–4) and clinical N stage 

(c: node-negative disease, N0; d: node-positive disease, N1–3). The maximum SUV was 

dichotomized based on the cut-off value of the low tertile. Ter1 indicates a subgroup of 

patients in the low tertile of SUV (1.36–4.14); Ter2-3 represents patients with the middle and 

high tertiles of SUV (4.14–25.06). The 8-year DRFS rates (with 95% CI) of patients in the 

low tertile of the maximum SUV vs. those in the middle, or the high tertile of SUVmax were 

(a) 89.7% (83.0–96.9%) vs. 80.1% (74.0–86.6%), (b) 92.4% (84.3–100.0%) vs. 60.3% 

(49.9–72.8%), (c) 94.9% (87.7–100%) vs. 86.8% (77.6–97.1%), and (d) 86.8% (79.4–94.9%) 

vs. 68.8% (62.0–76.3%).
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Fig. 18 Kaplan-Meier curves of overall survival (OS) according to tertiles of the 

maximum standardized uptake value (SUV) of 18F-fluorodeoxyglucose.
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Fig. 18 Kaplan-Meier curves of overall survival (OS) according to tertiles of the 

maximum standardized uptake value (SUV) of 18F-fluorodeoxyglucose (continued). 

Subgroup analysis evaluating the association between the maximum SUV and OS according 

to tumor stage (a: tumor stage T2; b: tumor stage T3–4) and clinical N stage (c: node-
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negative disease, N0; d: node-positive disease, N1–3). The maximum SUV was 

dichotomized based on the cut-off value of the low tertile. Ter1 indicates a subgroup of 

patients in the low tertile of SUV (1.36–4.14); Ter2–3 represents patients in the middle and 

high tertiles of SUV (4.14–25.06). The 8-year OS rates (with 95% CI) of patients in the low 

tertile of the maximum SUV vs. those in the middle, or the high tertile of SUVmax were (a) 

95.0% (88.8–100.0%) vs. 87.5% (81.9–93.4%), (b) 97.9% (94.0–100.0%) vs. 68.9% (58.6–

81.0%), (c) 100.0% (100.0–100.0%) vs. 97.5% (94.2–100.0%), and (d) 93.6% (87.4–

100.0%) vs. 74.9% (67.9–82.6%).
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Table 1. Clinical and pathological characteristics of the public and Asan cohorts

Public data series from GEO Asan cohort

Characteristics aMADCC bMADCC cMADCC dMiyake Total

IGR I-SPY-1 LBJ, INEN

GEICAM

USO

Chemotherapy FAC TFAC/ACT TFAC/FEC TFEC AC/AT/ACT

No. of patients 42 174 123 55 394 466

Age, years

20–50 27 93 (53.4%) 65 (52.8%) 31 (56.4%) 216 (54.8%) 341 (73.2%) 

>50 15 81 (46.6%) 58 (47.2%) 24 (43.6%) 178 (45.2%) 125 (26.8%)

Tumor stage

T1–2 28 108 (62.1%) 63 (51.2%) 45 (81.8%) 244 (61.9%) 322 (69.1%) 

T3–4 14 66 (37.9%) 60 (48.8%) 10 (18.2%) 150 (38.1%) 144 (30.9%)

Clinical N 

N0 10 59 (33.9%) 46 (37.4%) 19 (34.5%) 134 (34.0%) 155 (33.3%)

N1–3 16 115 (66.1%) 77 (62.6%) 36 (65.5%) 244 (61.9%) 311 (66.7%)

Unknown 16 0 (0%) 0 (0%) 0 (0%) 16 (4.1%) 0 (0%)

Histologic 

G1–2 18 118 (67.8%) 63 (51.2%) 52 (94.5%) 251 (63.7%) 401 (86.1%)

G3 16 45 (25.9%) 54 (43.9%) 3 (5.5%) 118 (29.9%) 63 (13.5%)

Unknown 8 (19.0%) 11 (6.3%) 6 (4.9%) 0 (0%) 25 (6.4%) 2 (0.4%)

ER score — — — — —

3–6 — — 62 (13.3%)

7–8 404 (86.7%)

PR status —

Negative 46 (26.4%) 30 (24.4%) 17 (30.9%) 93 (23.6%) 82 (17.6%)

Positive 128 (73.6%) 93 (75.6%) 38 (69.1%) 259 (65.7%) 384 (82.4%)

Unknown 0 (0%) 0 (0%) 0 (0%) 42 (10.7%) 0 (0%)

Ki-67 — — — — —

<20% 133 (28.6%)

≥20% 290 (62.2%)

Unknown 43 (9.2%)

NCT response

pCR 10 11 (6.3%) 19 (15.5%) 5 (9.1%) 45 (11.4%) 22 (4.7%)

No pCR 32 162 (93.1%) 94 (76.4%) 50 (90.9%) 338 (85.8%) 438 (94.0%)

Unknown 0 (0%) 1 (0.6%) 10 (8.1%) 0 (0%) 11 (2.8%) e6 (1.3%)
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Table 1. Clinical and pathological characteristics of the public and Asan cohorts

(Continued)

Public data series from GEO Asan cohort

Characteristics MADCC MADCC MADCC Miyake Total

IGR I-SPY-1 LBJ, INEN

GEICAM

USO

fDRFS data — —

Censored 151 (86.8%) 105 (85.4%) 256 (86.2%) 382 (82.0%)

Yes 23 (13.2%) 18 (14.6%) 41 (13.8%) 84 (18.0%)

gOS data — — — — —

Censored 414 (88.8%)

Yes 52 (11.2%)

DNA U133A U133A U133A U133P2 NA

aGSE22093, anthracycline-based NCT. bGSE25055, taxane-anthracycline NCT. cGSE25065, taxane-anthracycline 

NCT. dGSE32646, taxane-anthracycline NCT. Empty cells containing an em-dash (—) represent no available 

data. eNumber of patients who did not undergo surgical treatment because of loss to follow-up (n = 4), refusal of 

surgery (n = 1), and distant relapse (n = 1). fNumber of patients with distant metastasis or death. gNumber of 

patients with death. AC = anthracycline and cyclophosphamide; ACT = anthracycline, cyclophosphamide, and 

taxane; AT = anthracycline and taxane; FAC = 5-fluorouracil, doxorubicin, and cyclophosphamide; FEC = 5-

fluorouracil, epirubicin, and cyclophosphamide; F/U = follow-up; GEO = Gene Expression Omnibus; PR, 
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progesterone receptor = TFAC = paclitaxel followed by 5-fluorouracil, doxorubicin, and cyclophosphamide; 

TFEC = paclitaxel followed by 5-fluorouracil, epirubicin, and cyclophosphamide.
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Table 2. Association between 18F-fluorodeoxyglucose metabolism of breast cancer and other 

characteristicsa

Characteristics
Public cohorts (n = 394) Asan cohort (n = 466)

18F-FDG signature score P value Maximum SUV P value

Age, years

20–50 vs. >50 0.02 (-0.03–0.06) 0.52 0.09 (-0.59–0.77) 0.80

Tumor stage

T1–2 vs. T3–4 0.02 (-0.03–0.07) 0.35 0.36 (-0.29–1.01) 0.28

Clinical N stage

N0 vs. N1–3 0.04 (-0.01–0.09) 0.14 1.03 (0.40–1.66) 0.001

Histologic grade

G1–2 vs. G3 0.20 (0.15–0.25) < 0.001 3.19 (2.35–4.02) < 0.001

ER score (Allred)

3–6 vs. 7–8 — -2.87 (-3.71–(-2.02)) < 0.001

PR status

Negative vs. Positive -0.12 (-0.18–(-0.07)) < 0.001 -1.55 (-2.32–(-0.77)) < 0.001

Ki-67 expression

<20% vs. ≥20% — 1.63 (0.99–2.27) < 0.001

aData represent the regression coefficients (95% confidence interval).

Em-dash (—), not available

Abbreviations: ER, estrogen receptor; 18F-FDG, 18F-fluorodeoxyglucose; PR, progesterone receptor.
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Table 3. Comparison of clinical and pathological characteristics between patients who did 

and did not undergo 18F-fluorodeoxyglucose positron emission tomography/computed 

tomography before neoadjuvant chemotherapy

Characteristics 18F-FDG PET/CT (n = 466) No 18F-FDG PET/CT (n = 55) P value

Age, years

20–50 341 (73.2%) 45 (81.8%) 0.22

>50 125 (26.8%) 10 (18.2%)

Tumor stage

T1–2 322 (69.1%) 38 (69.1%) 1.00

T3–4 144 (30.9%) 17 (30.9%)

Clinical N stage

N0 155 (33.3%) 17 (30.9%) 0.84

N1–3 311 (66.7%) 38 (69.1%)

Histologic grade 0.72

G1–2 401 (86.4%) 46 (83.6%)

G3 63 (13.6%) 8 (14.6%)

Unknown 2 (0%) 1 (1.8%)

ER score 1.00

3–6 62 (13.3%) 7 (12.7%)

7–8 404 (86.7%) 48 (87.3%)

PR status 0.08

Negative 82 (17.6%) 4 (7.3%)

Positive 384 (82.4%) 51 (92.7%)

Ki-67 expression

<20% 133 (28.5%) 17 (30.9%) 0.31

≥20% 290 (62.2%) 24 (43.6%)

Unknown 43 (9.2%) 14 (25.5%)

Abbreviations: ER, estrogen receptor; 18F-FDG, 18F-fluorodeoxygluose; PET/CT, positron emission 

tomography/computed tomography; PR, progesterone receptor.
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Table 4. Univariable analysis for pathological complete response of the public cohorts (n = 

383)

Characteristics Odds ratio (95% CI) P value

Age, years: 20–50 vs. >50 2.00 (0.64–2.24) 0.57

Tumor stage: T1–2 vs. T3–4 1.49 (0.79–2.79) 0.21

Clinical N stage: N0 vs. N1–3 1.35 (0.66–2.77) 0.41

Histologic grade: G1–2 vs. G3 5.12 (2.58–10.17) < 0.001

PR status: negative vs. positive 0.57 (0.28–1.15) 0.12

18F-FDG signature score 8.38 (2.58–27.38) < 0.001

21-gene recurrence score 14.61 (4.85–45.64) < 0.001

70-gene signature score 32.64 (9.41–120.93) < 0.001

50-gene score 17.48 (4.54–77.60) < 0.001

12-gene risk score 28.92 (7.57–142.33) < 0.001

76-gene signature score 3.45 (1.11–10.49) 0.03

Genomic grade index 19.70 (6.25–66.48) < 0.001

CIN70 signature score 19.80 (6.01–69.42) < 0.001

PTEN signature score 20.99 (6.40–74.02) < 0.001

Proliferation gene module 9.65 (2.85–34.40) < 0.001

ESR1 signature score 0.11 (0.03–0.33) < 0.001

Abbreviations: CI, confidence interval; CIN70, chromosomal instability 70 genes; ESR, 

estrogen receptor expression; 18F-FDG; 18F-fluorodeoxyglucose; NA, not applicable; PR, 

progesterone receptor; PTEN, phosphatase and tensin homolog.
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Table 5. Multivariable analysis for pathological complete response of the public cohorts (n = 

383)

Models
Odds ratio (95% CI), P value

aMultigene signature bHG (G1–2 vs. G3)

18F-FDG signature score + HG 3.12 (0.85–11.45), P = 0.09 4.09 (1.96–8.57), P < 0.001

21-gene recurrence score + HG 6.51 (1.94–21.85), P = 0.003 3.45 (1.64–7.25), P = 0.001

70-gene signature score + HG 14.17 (3.48–57.76), P < 0.001 2.90 (1.36–6.20), P = 0.006

50-gene score + HG 6.26 (1.36–28.83), P = 0.02 3.51 (1.66–7.40), P = 0.001

12-gene risk score + HG 12.71 (2.80–57.68), P = 0.001 2.90 (1.38–6.10), P = 0.005

76-gene signature score + HG 1.53 (0.44–5.32), P = 0.51 4.78 (2.33–9.81), P < 0.001

Genomic grade index + HG 8.86 (2.39–32.83), P = 0.001 3.04 (1.43–6.48), P = 0.004

CIN70 signature score + HG 8.32 (2.15–32.11), P = 0.002 3.19 (1.50–6.79), P = 0.003

PTEN signature score + HG 9.01 (2.35–34.53), P = 0.001 3.10 (1.46–6.59), P = 0.003

Proliferation gene module + HG 3.40 (0.83–13.90), P = 0.09 3.93 (1.85–8.32), P < 0.001

ESR1 signature score + HG 0.22 (0.07–0.71), P = 0.01 4.15 (2.03–8.49), P < 0.001

aOdds ratio of multigene signature included in each multivariable model.

bOdds ratio of histologic grade included in each multivariable model.

Abbreviations: CI, confidence interval; CIN70, chromosomal instability 70 genes; ESR, estrogen receptor 

expression; 18F-FDG; 18F-fluorodeoxyglucose; HG, histologic grade; PTEN, phosphatase and tensin homolog.
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Table 6. Univariable analysis for pathological complete response of the Asan cohort (n = 

460)

Characteristics Odds ratio (95% CI) P value

Age, years: 20–50 vs. >50 0.81 (0.26–2.09) 0.68

Tumor stage: T2 vs. T3–4 1.06 (0.40–2.57) 0.90

Clinical N stage: N0 vs. N1–3 1.35 (0.54–3.82) 0.54

Histologic grade: G1–2 vs. G3 2.58 (0.97–6.89) 0.06

ER score (Allred): 3–6 vs. 7–8 0.50 (0.19–1.56) 0.19

PR status: negative vs. positive 0.19 (0.08–0.45) < 0.001

Ki-67 expression: <20% vs. ≥20% 1.73 (0.56–5.38) 0.34

Maximum SUV, continuous 1.01 (0.87–1.13) 0.93

aMaximum SUV, <5.14 vs. ≥ 5.14 0.84 (0.35–1.99) 0.69

Maximum SUV, Ter1 vs. Ter2 0.66 (0.22–1.87) 0.44

Ter1 vs. Ter3 0.77 (0.27–2.13) 0.62

aMaximum SUV was dichotomized by the median value.

Abbreviations: CI, confidence interval; DRFS, distant relapse-free survival; PR, progesterone receptor; SUV, 

standardized uptake value of 18F-fluorodeoxyglucose; Ter1, low tertile of SUV (1.36–4.14); Ter2, middle tertile of 

SUV (4.14–6.62); Ter3, high tertile of SUV (6.70–25.06).
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Table 7. Univariable Cox proportional hazard analysis for distant relapse-free survival of the 

public cohort (n = 297)

Characteristics Hazard ratio (95% CI) C-index (95% CI) P value

Age, years: 20–50 vs. >50 0.60 (0.32–1.14) 0.55 (0.47–0.63) 0.12

Tumor stage, T1–2 vs. T3–4 1.39 (0.75–2.56) 0.57 (0.49–0.65) 0.29

Clinical N stage: N0 vs. N1–3 4.42 (1.73–11.26) 0.63 (0.57–0.69) 0.002

Histologic grade: G1–2 vs. G3 1.22 (0.65–2.30) 0.51 (0.43–0.59) 0.54

PR status: negative vs. positive 0.94 (0.47–1.87) 0.49 (0.42–0.56) 0.85

18F-FDG signature score 5.02 (1.63–15.42) 0.64 (0.55–0.72) 0.005

21-gene recurrence score 5.26 (1.92–14.44) 0.67 (0.59–0.75) 0.001

70-gene signature score 5.50 (1.75–17.31) 0.62 (0.53–0.72) 0.004

50-gene score 11.36 (3.12–41.41) 0.68 (0.59–0.77) < 0.001

12-gene risk score 4.27 (1.51–12.04) 0.64 (0.56–0.72) 0.006

76-gene signature score 1.77 (0.64–4.88) 0.54 (0.45–0.63) 0.27

Genomic grade index 3.12 (1.15–8.46) 0.61 (0.52–0.70) 0.03

CIN70 signature score 2.45 (0.83–7.23) 0.58 (0.49–0.67) 0.10

PTEN signature score 2.88 (1.01–8.19) 0.59 (0.50–0.69) 0.047

Proliferation gene module 2.13 (0.69–6.56) 0.55 (0.46–0.65) 0.19

ESR1 signature score 0.20 (0.07–0.58) 0.65 (0.56–0.74) 0.003

Abbreviations: CI, confidence interval; CIN70, chromosomal instability 70 genes; ESR, estrogen receptor 

expression; 18F-FDG, 18F-fluorodeoxyglucose; PR, progesterone receptor; PTEN, phosphatase and tensin 

homolog.
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Table 8. Multivariable Cox proportional hazard analysis for distant relapse-free survival of 

the public cohorts (n = 297)

aModels
Hazard ratio (95% CI), P value

bMultigene signature cClinical N stage

18F-FDG signature score + N stage 4.85 (1.57–15.05), P = 0.006 4.33 (1.70–11.05), P = 0.002

21-gene recurrence score + N stage 5.75 (2.01–16.46), P = 0.001 4.48 (1.75–11.45), P = 0.002

70-gene signature score + N stage 6.45 (1.93–21.55), P = 0.002 4.60 (1.80–11.77), P = 0.001

50-gene score + N stage 10.49 (2.69–40.82), P = 0.001 3.97 (1.56–10.15), P = 0.004

12-gene risk score + N stage 3.68 (1.31–10.34), P = 0.01 4.10 (1.61–10.48), P = 0.003

76-gene signature score + N stage 1.71 (0.59–4.95), P = 0.32 4.38 (1.72–11.17), P = 0.002

Genomic grade index + N stage 3.37 (1.15–9.85), P = 0.03 4.44 (1.74–11.33), P = 0.002

CIN70 signature score + N stage 2.61 (0.84–8.08), P = 0.10 4.45 (1.75–11.36), P = 0.002

PTEN signature score + N stage 2.84 (0.96–8.41), P = 0.06 4.35 (1.71–11.09), P = 0.002

Proliferation gene module + N stage 2.10 (0.66–6.69), P = 0.21 4.39 (1.72–11.20), P = 0.002

ESR1 signature score + N stage 0.21 (0.07–0.63), P = 0.005 4.27 (1.67–10.88), P = 0.002

aModels including multigene signature and clinical N stage.

bHazard ratio of multigene signature included in each multivariable model.

cHazard ratio of clinical N stage (N0 vs. N1–3) in each multivariable model.

Abbreviations: CI, confidence interval; CIN70, chromosomal instability 70 genes; ESR, estrogen receptor 

expression; 18F-FDG, 18F-fluorodeoxyglucose; PTEN, phosphatase and tensin homolog.
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Table 9. C-index analyses of prognostic models for distant relapse-free survival of the public 

cohorts (n = 297)

Models C-index (95% CI) aP value

Clinical N stage 0.63 (0.57–0.69) NA

18F-FDG signature score + clinical N stage 0.70 (0.62–0.78) 0.009

21-gene recurrence score + clinical N stage 0.72 (0.65–0.80) < 0.001

70-gene signature score + clinical N stage 0.70 (0.62–0.78) 0.03

50-gene score + clinical N stage 0.73 (0.65–0.81) 0.001

12-gene risk score + clinical N stage 0.70 (0.62–0.78) < 0.001

76-gene signature score + clinical N stage 0.64 (0.56–0.72) 0.63

Genomic grade index + clinical N stage 0.68 (0.60–0.77) 0.04

CIN70 signature score + clinical N stage 0.67 (0.59–0.76) 0.11

PTEN signature score + clinical N stage 0.68 (0.60–0.76) 0.09

Proliferation gene module + clinical N stage 0.65 (0.57–0.73) 0.42

ESR1 signature score + clinical N stage 0.71 (0.63–0.80) 0.003

18F-FDG + ESR1 signature score + clinical N stage 0.72 (0.64–0.80) 0.003

aP values indicate improved prediction relative to clinical N stage alone. CIN70 = chromosomal instability 70 

genes; ESR1 = estrogen receptor 1; 18F-FDG = 18F-fluorodeoxyglucose; PTEN = phosphatase and tensin 

homolog.
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Table 10. Univariable Cox proportional hazard analyses for survival of the Asan cohort (n = 

466)

Characteristics
DRFS OS

HR (95% CI) P value HR (95% CI) P value

Age, years: 20–50 vs. >50 1.64 (1.05–2.57) 0.03 2.12 (1.22–3.70) 0.008

Tumor stage: T2 vs. T3–4 1.74 (1.13–2.68) 0.01 1.94 (1.12–3.36) 0.02

Clinical N stage: N0 vs. N1–3 4.03 (2.08–7.81) < 0.001 8.56 (2.67–27.47) < 0.001

Histologic grade: G1–2 vs. G3 1.07 (0.58–1.98) 0.82 1.73 (0.89–3.38) 0.11

ER score (Allred): 3–6 vs. 7–8 0.90 (0.49–1.65) 0.73 0.75 (0.36–1.53) 0.42

PR status: negative vs. positive 0.64 (0.39–1.06) 0.09 0.50 (0.28–0.91) 0.02

Ki-67 expression: <20% vs. ≥20% 2.48 (1.26–4.88) 0.009 4.63 (1.53–13.98) 0.007

Maximum SUV, continuous 1.08 (1.02–1.14) 0.01 1.13 (1.06–1.21) < 0.001

aMaximum SUV, <5.14 vs. ≥ 5.14 2.21 (1.40–3.48) 0.001 3.70 (1.94–7.07) < 0.001

Maximum SUV, Ter1 vs. Ter2 2.42 (1.26–4.63) 0.008 2.78 (1.00–7.71) 0.05

Maximum SUV, Ter1 vs. Ter3 3.48 (1.87–6.50) < 0.001 7.19 (2.80–18.45) < 0.001

aMaximum SUV was dichotomized by the median value.

Abbreviations: CI, confidence interval; DRFS, distant relapse-free survival; HR, hazard ratio; OS, overall 

survival; PR, progesterone receptor; SUV, standardized uptake value of 18F-fluorodeoxyglucose; Ter1, low tertile 

of SUV (1.36–4.14); Ter2, middle tertile of SUV (4.14–6.62); Ter3, high tertile of SUV (6.70–25.06).
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Table 11. Multivariable Cox proportional hazard analyses for distant relapse-free and overall 

survival of the Asan cohort (n = 466)

Characteristics

DRFS OS

Hazard ratio 

(95% CI)
P value

Hazard ratio 

(95% CI)
P value

Age, years: 20–50 vs. >50 1.50 (0.95–2.37) 0.09 2.01 (1.13–3.58) 0.02

Tumor stage: T2 vs. T3-4 1.66 (1.06–2.58) 0.03 1.81 (1.02–3.20) 0.04

Clinical N stage: N0 vs. N1-3 3.01 (1.54–5.89) 0.001 6.21 (1.91–20.18) 0.002

Histologic grade: G1-2 vs. G3 0.76 (0.41–1.43) 0.40 1.06 (0.53–2.11) 0.87

PR status: negative vs. positive 0.75 (0.45–1.25) 0.27 0.58 (0.31–1.07) 0.08

Ki-67 expression: <20% vs. ≥20% 1.75 (0.88–3.48) 0.11 3.11 (0.97–9.99) 0.06

abMaximum SUV
Ter1 vs. Ter2 2.26 (1.17–4.39) 0.02 3.01 (1.05–8.58) 0.04

Ter1 vs. Ter3 2.93 (1.55–5.54) 0.001 6.62 (2.49–17.58) < 0.001

aHazard ratio (95% CI) of maximum SUV as a continuous measurement: 1.01 (0.99 to 1.12, P = 0.09) for distant 

relapse-free survival, and 1.12 (1.04–1.20, P = 0.003) for overall survival. bHazard ratio (95% CI) of maximum 

SUV as a categorical estimate according to the median value (<5.14 vs. ≥5.14): 2.00 (1.25–3.18, P = 0.004) for 

distant relapse-free survival and 3.58 (1.82–7.05, P < 0.001) for overall survival. CI = confidence interval; PR = 

progesterone receptor; SUV = standardized uptake value of 18F-fluorodeoxyglucose; Ter1 = low tertile of SUV 

(1.36–4.14); Ter2 = middle tertile of SUV (4.14–6.62); Ter3 = high tertile of SUV (6.70–25.06).



81

국문요약

목적: 에스트로겐 수용체 양성, ERBB2 음성 유방암 여성에서 18F-

fluorodeoxyglucose (18F-FDG) 대사와 원거리 무 재발 생존율 (DRFS)과의 연관성

을 알아보고자 하였다.  

재료 및 방법: 이 연구는 유방암 환자들의 공개 및 임상 코호트 자료들을 이용

한 다중 코호트 연구이다. 2019 년 5 월까지의 microarray expression 이 포함된

공개 코호트 자료들은 미국과 일본에 위치한 3 개의 센터에서 수집되었다. 2007 

년 11 월부터 2014 년 12 월까지의 서울 아산 병원 유방암 코호트 자료들 (아산

코호트)도 이 연구를 위해 수집되었다. 공개 및 아산 코호트 모두

anthracycline 기반의 수술 전 보조 화학 요법을 받은 유방암 여성 환자들이 이

연구에 포함되었다. 이 연구의 일차적인 목적은 DRFS 이다. 공개 코호트 자료에

서 유방암에 대한 12 개의 다중 유전자 점수 (18F-FDG signature 점수 포함)를 계

산하였고 아산 코호트 자료의 18F-FDG 양전자 방출 단층 촬영 (PET)에서 유방암

병변들의 maximum standardized uptake value (maximum SUV)를 측정하였다. 추
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가적으로, 종양의 18F-FDG 대사와 18F-FDG signature 점수 사이의 상관 관계의 분

석을 위해 18F-FDG PET 과 유전자 발현 프로파일을 모두 가진 폐암환자가 포함된

별도의 공개 코호트를 이 연구에 포함시켰다.

결과: 분석에는 공개 코호트에서 394 명 (이 중 생존 데이터가 있는 여성은 297 

명)과 아산 코호트에서 466 명의 여성들이 포함되었다. 추적 기간의 중앙값 (사

분위수)는 각각 공개 코호트에서 3.2 (2.3–4.4) 및 아산 코호트에서 6.2 (5.3–

7.6) 년이었다. 공개 코호트 자료에서 18F-FDG signature 점수는 DRFS 예측의 의

미 있는 독립 변수였다 (HR, 4.85; 95 % CI, 1.57-11.05; P = 0.006). 그리고

예후 예측 성능도 (C-index: 0.70; 95 % CI, 0.62– 0.78) 다른 다중 유전자 점

수와 비슷한 값을 보였다. 아산 코호트의 삼분위수로 나눈 종양 18F-FDG 대사

(maximum SUV)에 대한 다 변량 분석에서 (HR [95 % CI]) maximum SUV 의 중간 및

위 삼분위수들이 DRFS (2.26 [1.17–4.39], P = 0.02; 및 2.93 [1.55–5.54], P = 

0.001)의 의미 있는 예후 인자였다. 8 년 DRFS 의 경우 낮은 삼분위수에서는

90.7 % (95 % CI, 85.5–96.1 %)로 높은 생존을 보인 반면 중간 및 높은 삼분위
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수에서는 73.7 % (95 % CI, 68.0–79.8 %)로 상대적으로 낮은 생존을 보였다.

결론: 18F-FDG PET 는 ER 양성, ERBB2 음성 환자에서 원격 전이 및 사망 위험을

평가할 수 있다. 

중심단어: 유방암, 에스트로겐 수용체, 포도당 대사, 생존, 양전자 방출 단층

촬영


	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	References
	국문요약


<startpage>14
Introduction 1
Materials and methods 4
Results 15
Discussion 22
Conclusion 28
References 29
국문요약 81
</body>

