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Abstract
Purpose To determine whether 18F-FDG uptake in breast can-
cer correlates with immunohistochemically defined subtype
and is able to predict molecular subtypes.
Methods This retrospective study involved 306 patients with
308 mass-type invasive breast cancers (mean size 2.65 cm,
range 1.0–15.0 cm) who underwent 18F-FDG PET/CT before
therapy. The correlations between primary tumour 18F-FDG
uptake on PET/CT, expressed as SUVmax, and clinicopatho-
logical findings and molecular subtype, i.e. luminal A, lumi-
nal B (HER2-negative), luminal B (HER2-positive), HER2-
positive and triple-negative, were analysed. The predictors of
these subtypes were investigated.
Results The mean SUVmax of the 308 tumours was 5.33±
3.63 (range 1.15–19.01). Among the subtypes of the 308 tu-
mours, 87 (28.2 %) were luminal A, 111 (36.0 %) were luminal
B (HER2-negative), 31 (10.1 %) were luminal B (HER2-pos-
itive), 26 (8.4 %) were HER2-positive and 53 (17.2 %) were
triple-negative, and the corresponding mean SUVmax were
3.41±2.07 (range 1.18–14.30), 5.17±3.52 (range 1.35–

19.01), 6.57±3.84 (range 1.42–15.58), 7.55±3.63 (range
2.30–13.60) and 6.97±4.17 (range 1.15–16.06), respec-
tively. A cut-off value of 3.60 yielded 70.1 % sensitiv-
ity and 66.1 % specificity with an area under the re-
ceiver operating characteristics curve (AUC) of 0.734
for predicting that a tumour was of the luminal A subtype. A
cut-off value of 6.75 yielded 65.4 % sensitivity and 75.2 %
specificity with an AUC of 0.704 for predicting a HER2-
positive subtype.
Conclusion SUVmax, a metabolic semiquantitative parame-
ter, shows a significant correlation with the molecular subtype
of breast cancer, and is useful for predicting the luminal A or
HER2-positive subtype.
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Introduction

Breast cancer is a heterogeneous disease. As a result of gene
expression analysis, breast cancer is now classified into sev-
eral different subtypes [1], and this information is useful for
predicting response to treatment [2–4]. There is a correlation
between prognosis and breast cancer subtype: luminal A, lu-
minal B, human epidermal growth factor receptor 2-positive
(HER2-positive), and triple-negative [5]. However, as gene
expression profiling by microarray is not always feasible, im-
munohistochemical classification of the Bintrinsic^ subtypes
of breast cancer according to the expression status of the
oestrogen receptor (ER), progesterone receptor (PR), HER2
and Ki-67 has been suggested [6, 7]. In 2011, the St. Gallen
expert panel identified breast cancer subtypes: luminal A (ER-
positive and/or PR-positive, HER2-negative and Ki-67
<14 %), luminal B (ER-positive and/or PR-positive, HER2-
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negative and Ki-67 ≥14 %; or ER-positive and/or PR-
positive, HER2-positive, irrespective of Ki-67 expres-
sion), HER2-positive (ER-negative, PR-negative and
HER2-positive), and triple-negative (ER-negative, PR-
negative and HER2-negative) [8], and systemic treat-
ment recommendations were presented for these subtypes in
the St. Gallen consensus recommendations. Several studies
have since validated the clinical utility of these classifications
[9, 10].

Many previous studies have demonstrated relationships be-
tween 18F-FDG uptake on PET/CT and clinicopathological
characteristics, which are known to be important prognostic
indicators of long-term survival in breast cancer patients
[11–17]. Moreover, in recent years, several authors have dem-
onstrated a good correlation between 18F-FDG uptake and the
newly defined molecular subtypes [16–19]. However, the di-
agnostic performance of 18F-FDG uptake for prediction of
these molecular subtypes based on the newly determined
criteria has not been fully investigated. Only one group has
evaluated this for prediction of the luminal A subtype, but the
sample size was relatively small and no HER2-positive pa-
tients were included [19].

Therefore, the purpose of the present study was to
determine (1) whether a correlation exists between 18F-
FDG uptake on PET/CT, expressed as the maximum
standardized uptake value (SUVmax), and the subtype of
breast cancer defined by the St. Gallen International Expert
Consensus, and (2) whether primary tumour SUVmax can
predict the molecular subtype.

Materials and methods

Patient selection

The institutional review board of our hospital approved this
retrospective study; the requirement for informed consent was
waived. Between October 2008 and December 2014, 433 fe-
male patients with newly diagnosed invasive breast cancer
underwent whole-body 18F-FDG PET/CT for initial staging.
Of these patients, 60 with no focal uptake on PET, 34 with an
apparent tumour size of less than 1 cm because of
partial volume effects, and 33 in whom data pertaining
to the immunohistochemical profiles of their tumour
were lacking, were excluded. Finally, 308 index breast
cancers in 306 patients were included in our study. Two
patients had bilateral breast cancer. In patients with
multifocal or multicentric cancer, the largest tumour
was selected. The mean interval between PET/CT and
surgery in 141 patients who underwent PET/CT and subse-
quent mastectomy or breast-conserving surgery without neo-
adjuvant chemotherapy or endocrine therapy was 26.3 days
(range 5–49 days).

18F-FDG PET/CT

All 18F-FDG PET/CT examinations were performed using a
PET/CT scanner incorporating a 16 multislice detector
(Gemini GXL16; Philips Medical Systems, Eindhoven,
The Netherlands) using gadolinium oxyorthosilicate detec-
tors. Patients were instructed to fast for 5 h before the scan,
and blood glucose was measured immediately before injection
of 4.0 MBq/kg body weight of 18F-FDG. No patients showed
a blood glucose level of more than 160mg/dL. Static emission
images were obtained approximately 60 min after injection.
For attenuation correction and anatomic localization, helical
CT scans from the top of the head to the bottom of the feet
were obtained using the following parameters: tube voltage
120 kV, effective tube current auto-mA (up to 120 mA s),
gantry rotation speed 0.5 s, detector configuration 16×
1.5 mm, slice thickness 2 mm, and transverse field of view
600 mm. Immediately after completion of the CT scan, PET
images of the region from the head to the mid-thigh were
acquired for 90 s per bed position, and the region from
the mid-thigh to the toes for 30 s per bed position
employing the variable sampling method. Images at 13–14
bed positions each of 90 s and 6 bed positions each of 30 s
were then acquired in three-dimensional mode, thus requiring
between 22 and 24 min of emission scanning per patient. The
patients were allowed to breathe normally during PET
acquisitions.

Imaging analysis

All 18F-FDG PET/CT images were retrospectively reviewed
in consensus by two experienced nuclear medicine physicians
with 10 years of experience in PET/CT without any knowl-
edge of other imaging results or clinicopathological findings
other than the presence of breast cancer. For quantitative anal-
ysis of 18F-FDG uptake, a region of interest (ROI) was placed
over the most intense area of 18F-FDG accumulation by the
primary breast tumour in each patient. The SUV was calculat-
ed as: SUV=radioactivity concentration of the region (Bq/
mL)/[injected dose (Bq)/patient weight (g)]. The SUVmax,
defined as the peak SUV in the pixel with the highest count
within the ROI, was measured and recorded for the focal areas
of uptake.

Histological evaluation

Histopathological analysis was performed on specimens ob-
tained by gross needle aspiration biopsy and surgical proce-
dures. The histological type of the tumour, tumour size, and
nuclear grade (1 well differentiated, 2moderately differentiat-
ed, 3 poorly differentiated) were determined from formalin-
fixed paraffin-embedded tumour tissue sections cut at a thick-
ness of 5 μm and stained with haematoxylin and eosin.
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Immunohistochemistry was performed on paraffin-embedded
material using primary antibodies against ER, PR and HER2,
and the proliferation index was determined using Ki-67
antibody [20]. Expression levels of ER (1D5; Dako,
Glostrup, Denmark), PR (PgR636; Dako), HER2
(Hercep Test; Dako), and Ki67 (MIB1; Dako) were de-
termined immunohistochemically in terms of the per-
centages of cancer cells positive for ER, PR and Ki67
in the nuclei, and membrane staining for HER2 used automat-
ed immunostaining systems (BOND-MAX for ER and PR;
Leica Microsystems, Tokyo, Japan; Autostainer for HER2
and Ki67; Dako).

ER and PR expression was scored as positive or negative
with a nuclear immunostaining cut-off of 10%. HER2 expres-
sion was evaluated as positive when membrane immunostain-
ing was complete in more than 30 % of the tumour cells (3+)
or, when less than 30 % (2+), fluorescence in situ hybridiza-
tion analysis demonstrated HER2 gene amplification.
The Ki-67 proliferation index was determined as the
percentage of nuclei that were immunostained. The final
axillary lymph node status (positive or negative) was
established by the clinician performing the pathological con-
firmation, employing axillary lymph node dissection, sentinel
lymph node biopsy or fine-needle aspiration cytology, or by
imaging techniques.

Molecular classification of groups

According to the different combinations of ER, PR and HER2
status, and in line with the recommendations of the 12th
International Breast Conference [8], the patients were catego-
rized into five subgroups:

1. Luminal A: ER-positive and/or PR-positive, HER2-
negative, Ki-67 low (<14 %)

2. Luminal B (HER2-negative): ER-positive and/or PR-
positive, HER2-negative and Ki-67 high (≥14 %)

3. Luminal B (HER2-positive): ER-positive and/or PR-
positive, HER2-positive and any Ki-67 index

4. HER2-positive: ER-negative, PR-negative and HER2-
positive

5. Triple-negative: ER-negative, PR-negative and HER2-
negative

Statistical analysis

The correlations between the SUVmax of the breast cancer and
the clinicopathological and immunohistochemical data were
evaluated using the Wilcoxon rank sum test (two variables),
the Kruskal-Wallis test (three or more nominal variables) and
linear-by-linear association test (three or more ordered vari-
ables). Variables for which p was <0.05 in univariate analysis

were subjected to multiple linear regression analysis to deter-
mine those that were independently associated with SUVmax.
We examined whether there was a significant difference in
mean SUV among the five groups, Luminal A, Luminal B
(HER2-negative), Luminal B (HER2-positive), HER2-
positive and triple-negative, using single-factor analysis of var-
iance and a multiple comparison test for parametric data with
Bonferroni correction. Receiver operating characteristic
(ROC) curve analysis was performed to examine which
subgroups could be differentiated from the others on the
basis of SUVmax. The diagnostic accuracy of the opti-
mal cut-off value for differentiating one subgroup from
the others was also determined by ROC analysis. The data
were analysed using the SAS version 9.3 statistical software
package (SAS Institute, Cary, NC). Statistical significance
was defined as p<0.05.

Table 1 Correlations between clinicopathological and SUVmax values

Number (%) SUVmax
(mean±SD)

p value

Tumour invasive size (cm)

1–2 127 (41.2) 3.51±2.14 <0.0001
>2 181 (58.8 %) 6.60±3.92

ER status

Positive 227 (73.7) 4.73±3.30 <0.0001
Negative 81 (26.3) 7.00±4.73

PR status

Positive 160 (51.9) 4.48±3.03 <0.0001
Negative 148 (48.1) 6.24±4.00

HER2 status

Negative 251 (81.5) 4.94±3.49 0.00029
Positive 57 (18.5) 7.02±3.81

Ki-67 index (%)

<14 103 (33.4) 3.70±2.50 <0.0001
≧14 205 (66.6) 6.14±3.84

Nuclear grade

1 167 (54.2) 4.00±2.66 <0.0001
2 75 (24.4) 6.31±3.89

3 66 (21.4) 7.56±4.04

Histology

Invasive ductal
carcinoma

282 (91.6) 5.51±3.66 0.0014

Invasive lobular
carcinoma

13 (4.2) 3.10±1.56

Others 13 (4.2) 3.62±3.57

Axillary lymph node metastasis

Absent 173 (56.2) 4.19±2.83 <0.0001
Present 135 (43.8) 6.78±4.02

Stage

I 94 (30.5) 3.17±1.83 <0.0001
II 165 (53.6) 5.44±3.18

III 23 (7.5) 10.01±4.50

IV 26 (8.4) 8.22±4.34
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Results

Themean±standard deviation age of the 306 patients was 58.9
±13.5 years (range 30–95 years). The mean±standard devia-
tion size of the invasive tumours was 2.65±1.83 cm (range
1.0–15.0 cm). The histological classifications of the cancers
were: invasive ductal carcinoma (282 patients, 91.6 %), inva-
sive lobular carcinoma (13 patients, 4.2%), and other specified
cancers (13 patients, 4.2 %; ten mucinous carcinomas, two
apocrine carcinomas and one medullary carcinoma). The sub-
types of the 308 tumours were luminal A in 87 patients
(28.2 %), luminal B (HER2-negative) in 111 patients
(36.0 %), luminal B (HER2-positive) in 31 patients (10.1 %),
HER2-positive in 26 patients (8.4 %), and triple-negative in 53
patients (17.2 %). The clinicopathological findings and results
of univariate regression analysis for the 308 breast cancers are

summarized in Table 1. PET/CT imaging in representative pa-
tients is shown in Figs. 1 and 2.

A higher nuclear grade, a larger tumour size, a positive
axillary lymph node status and higher TNM stage were all
significantly associated with a higher SUVmax (Table 1). In
terms of immunohistochemical profile, univariate analysis
showed that ER negativity, PR negativity, HER2 positivity
and high Ki-67 expression were also significantly associated
with a higher SUVmax (Table 1).

Multiple regression analysis was performed to select inde-
pendent clinicopathological variables associated with
SUVmax in all patients with primary breast cancer. The vari-
ables entered into the multivariate models included tumour
size (categorized as ≤2 cm versus >2 cm), nuclear grade (cat-
egorized as grade 1 versus grade 2 or 3), ER, PR, HER2 and
Ki-67 expression, axillary nodal status, and TNM stage (cat-
egorized as stage I or II versus stage III or IV). Tumour size,
ER status, nuclear grade, and TNM stage were all shown to
independently influence SUVmax (Table 2).

Fig. 1 A 76-year-old woman with luminal A invasive ductal cancer (ER
100 %, PR 50 %, HER2 0, Ki-67 3 %, nuclear grade 1, T1N0M0). Axial
(a) 18F-FDG PET, (b) CT, and (c) fused images show mild uptake
(SUVmax 2.72) in the left breast tumour measuring 20 mm

Fig. 2 A 86-year-old woman with HER2-positive invasive ductal cancer
(ER 0 %, PR 0 %, HER2 3+, Ki-67 50 %, nuclear grade 2, T2N1M0).
Axial (a) 18F-FDG PET, (b) CT, and (c) fused images show intense
uptake (SUVmax 10.57) in the right breast tumour measuring 32 mm
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The mean SUVmax were 3.41±2.07 (range 1.18–14.30),
5.17±3.52 (range 1.35–19.01), 6.57±3.84 (range 1.42–
15.58), 7.55±3.63 (range 2.30–13.60) and 6.97±4.17 (range
1.15 – 16.06) for the luminal A, luminal B (HER2-negative),
luminal B (HER2-positive), HER2-positive and triple-
negative subgroups, respectively (Table 3 and Fig 3).
SUVmax differed significantly among the five subgroups
(p<0.0001). Moreover, Bonferroni correction revealed signif-
icant differences in SUVmax between the luminal A and lu-
minal B (HER2-negative) subgroups (p<0.0001), the luminal
A and luminal B (HER2-positive) subgroups (p<0.0001), the
luminal A and HER2-positive subgroups (p<0.0001), the lu-
minal A and triple-negative subgroups (p<0.0001), the lumi-
nal B (HER2-negative) and HER2-positive subgroups (p=
0.00021), and the luminal B (HER2-negative) and triple neg-
ative subgroups (p=0.00038).

Themean SUVmaxwas 3.41±2.07 (range 1.18 – 14.30) for
luminal A tumours and 6.08±3.83 (range 1.15 – 19.01) for
non-luminal A tumours (p<0.0001). In the ROC analysis the
optimal area under the ROC curve (AUC) was 0.734. A cut-off
SUVmax of 3.60 yielded a sensitivity of 70.1 % (95 % confi-
dence interval, CI, 60.5 – 79.7 %), a specificity of 66.1 %
(95 % CI 59.8 – 72.3 %), and an accuracy of 67.2 % (95 %
CI 62.0 – 72.5 %) for differentiation of luminal A from non-
luminal A subtypes. The mean SUVmax was 7.55±3.63
(range 2.30 – 13.60) for HER2-positive tumours and 5.12±
3.57 (range 1.15 – 19.01) for non-HER2-positive tumours
(p<0.0001). A cut-off SUVmax of 6.75 yielded a sensitivity

of 65.4 % (95 % CI 47.1 – 83.7 %), a specificity of 75.2 %
(95 % CI 70.1 – 80.2 %), an accuracy of 74.4 % (95 % CI
69.5 – 79.2 %), and an AUC of 0.704 for differentiation of
HER2-positive from non-HER2-positive subtypes. The mean
SUVmax was 6.97±4.17 (range 1.15 – 16.06) for triple-
negative tumours and 4.98±3.42 (range 1.18 – 19.01) for
non-triple-negative tumours (p<0.0001). A cut-off SUVmax
of 5.45 yielded a sensitivity of 64.1% (95%CI 51.2 – 72.8%),
a specificity of 67.1% (95%CI 61.3 – 72.8%), an accuracy of
66.6 % (95 % CI 61.3 – 71.8 %), and an AUC of 0.649 for
prediction of triple-negative tumours.

Discussion

The major findings of the present study were: (1) 18F-FDG
uptake by breast cancer, expressed as SUVmax, was signifi-
cantly correlated with many clinicopathological features, and
(2) SUVmax of the primary tumour was significantly corre-
lated with the molecular subtype of breast cancer, and
was of value in predicting the luminal A or HER2-positive
subtype.

Table 2 Multiple regression analysis showing the effect of different characteristics on SUVmax

Factor Favourable Unfavourable p value Parameter estimate t value Lower 0.95 Upper 0.95

Tumour size ≤2 cm >2 cm <0.0001 1.93 5.57 1.251 2.616

ER status Positive Negative 0.0052 −1.08 −2.81 −1.842 −0.325
Nuclear grade 1 2/3 <0.0001 1.48 7.04 1.065 1.891

Stage I/II III/IV <0.0001 2.99 6.43 2.074 3.905

Table 3 SUVmax in relation to molecular subgroup

Subgroup Number (%) SUVmax

Mean±SD Range

Luminal A 87 (28.2) 3.41±2.07 1.18 – 14.30

Luminal B (HER2-negative) 111 (36.0) 5.17±3.52 1.35 – 19.01

Luminal B (HER2-positive) 31 (10.1) 6.57±3.84 1.42 – 15.58

HER2-positive 26 (8.4) 7.55±3.63 2.30 – 13.60

Triple-negative 53 (17.2) 6.97±4.17 1.15 – 16.06

Total 308 (100) 5.33±3.63 1.15 – 19.01

p<0.0001, luminal A vs. the other four subgroups

p<0.0005, luminal B (HER2-negative) vs. HER2-positive (p=0.00021),
and vs. triple-negative (p=0.00038)

Fig 3 SUVmax (mean values with 95 % confidence intervals) in the five
molecular subtypes of breast cancer
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Many previous studies have demonstrated relationships be-
tween 18F-FDG uptake on PET/CT and clinicopathological
characteristics (including tumour size, histological grade, ER
status, PR status, HER2 status, Ki-67 index, axillary lymph
node status, and stage) that are known to be important predic-
tors of long-term survival in breast cancer patients [11–17]. In
our present series, the primary tumour SUVmax was signifi-
cantly correlated with all immunohistochemical parameters
(ER, PR, HER2 and Ki-67). All previous studies have shown
that SUVmax is positively correlated with the Ki-67 index and
negatively correlated with ER status [11–17]. Many studies
have shown that SUVmax is negatively correlated with PR
status, except one: in a study of 36 patients, Osborne et al.
[12] found no significant association between SUV and PR
status. The existence of a relationship between 18F-FDG up-
take and HER status is a matter of controversy. Some groups
have found a significant relationship between 18F-FDG uptake
and HER2 oncogene expression [11, 15, 17], whereas others
have not found a significant correlation [12–14, 16], suggest-
ing that HER2 has no major influence on oncogene pathways.

The St. Gallen expert panel has identified five breast cancer
subtypes [8]. Luminal A is the most common subtype, show-
ing low expression of genes related to cellular proliferation.
Patients with this subtype have a higher survival rate and
lower relapse rate than those with other subtypes because of
the good response to hormone treatment. The luminal B sub-
type has a more aggressive phenotype, a higher histological
grade, a higher proliferative index and worse prognosis than
the luminal A subtype. HER2-positive breast cancers are char-
acterized by high expression of the HER2 gene, which pro-
motes tumour growth and progression. They tend to be more
aggressive than other subtypes: 75 % have a high histological
grade, more than 40 % have p53 mutations, and they are less
responsive to hormone treatment. The HER2-positive subtype
is clinically associated with a higher rate of recurrence and
mortality due to tumour aggressiveness, although the advent
of antibody treatment with trastuzumab targeting this receptor
has improved survival outcomes in the last decade [21].
Triple-negative breast cancer, especially the intrinsic basal
type, accounting for 80 % of such tumours, has a more ag-
gressive biology than other subtypes; it is associated with a
poorer outcome than luminal subtypes, and no form of
targeted therapy has yet been developed [22].

To our knowledge, only four groups have evaluated the
relationship between primary tumour 18F-FDG uptake and
molecular subtype of breast cancer [16–19]. Similar to our
series, all four groups found a significant correlation between
SUVmax and molecular subtype, the former being higher in
more biologically aggressive tumours. Four groups have dem-
onstrated that triple-negative cancers have the highest
SUVmax among five or four subgroups, whereas HER2-
positive cancers had the highest SUVmax among five sub-
groups in our series. We considered that differences among

the subjects included in these studies may account for the
differences in the results. Similar to our present study,
Miyake et al. [19] demonstrated that SUVmax is of value for
differentiating between luminal A and non-luminal A sub-
types of invasive breast cancer (AUC 0.751). Our present
results suggest that SUVmax has the potential for use in the
diagnosis of breast cancer subtype and may be useful as a
diagnostic adjunct to histopathological diagnosis. However,
further analysis in a larger patient population and amulticentre
study is necessary to confirm this speculation.

Our study had several limitations. First, it had a retrospec-
tive design and was conducted at a single institution, which
would have unavoidably introduced selection bias. Second,
the immunohistochemical results in 165 of the 306 patients
(54 %) who had undergone neoadjuvant chemotherapy or
endocrine therapy after 18F-FDG PET/CT examinations were
obtained by sonographically assisted core needle biopsy.
Therefore, the entire tumour might not have been evaluated
in these patients, resulting in degradation of the reliability of
the histopathological results. Third, we did not analyse actual
survival data.

In conclusion, SUVmax, a semiquantitative metabolic pa-
rameter obtained by 18F-FDG PET/CT, was found to be sig-
nificantly correlated with the molecular subtype of breast can-
cer, higher values being evident in more biologically aggres-
sive tumours. This index may contribute to the prediction of
the luminal A or HER2-positive subtype of invasive breast
cancer, and thus the selection of an appropriate therapeutic
strategy.
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