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1. Abstract

Backgrounds: To evaluate the predictive power
of 18F-Fluorodeoxyglucose positron emission tomogra-
phy/computed tomography (18F-FDG PET/CT) derived ra-
diomics in molecular subtype classification of breast can-
cer (BC). Methods: A total of 273 primary BC patients

who underwent a 18F-FDG PET/CT imaging prior to any
treatment were included in this retrospective study, and the
values of five conventional PET parameters were calcu-
lated, including the maximum standardized uptake value
(SUVmax), SUVmean, SUVpeak, metabolic tumor volume
(MTV), and total lesion glycolysis (TLG). The ImageJ 1.50i
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software and METLAB package were used to delineate the
contour of BC lesions and extract PET/CT derived radiomic
features reflecting heterogeneity. Then, the least absolute
shrinkage and selection operator (LASSO) algorithm was
used to select optimal subsets of radiomic features and es-
tablish several corresponding radiomic signature models.
The predictive powers of individual PET parameters and
developed PET/CT derived radiomic signature models in
molecular subtype classification of BC were evaluated by
using receiver operating curves (ROCs) analyses with areas
under the curve (AUCs) as themain outcomes. Results: All
of the three SUV parameters but not MTV nor TLG were
found to be significantly underrepresented in luminal and
non-triple (TN) subgroups in comparison with correspond-
ing non-luminal and TN subgroups. Whereas, no signif-
icant differences existed in all the five conventional PET
parameters between human epidermal growth factor recep-
tor 2+ (HER2+) and HER2– subgroups. Furthermore, all of
the developed radiomic signature models correspondingly
exhibited much more better performances than all the in-
dividual PET parameters in molecular subtype classifica-
tion of BC, including luminal vs. non-luminal, HER2+ vs.
HER2–, and TN vs. non-TN classification, with a mean
value of 0.856, 0.818, and 0.888 for AUC. Conclusions:
PET/CT derived radiomic signature models outperformed
individual significant PET parameters in molecular subtype
classification of BC.

2. Introduction
As reported in cancer statistics in 2019, breast can-

cer (BC) is one of themost commonmalignancies inwomen
worldwide, ranking first in prevalence and second in mor-
tality [1]. Histological type and grade, proliferative activ-
ity and status of human epidermal growth factor receptor 2
(HER2) and hormone receptors expression are increasingly
accepted as the most common characteristics influencing
the choice of treatment options, the evaluation of therapy
responses and the prediction of survival for patients with
BC [2, 3]. Consistently, BC is categorized into four differ-
ent molecular subtypes based on expression of hormonal re-
ceptors and HER2 status, including Luminal subtype: hor-
mone receptor positive, HER2 negative; Luminal/HER2
positive subtype: hormone receptor positive, HER2 over-
expression or amplified; HER2 positive non-luminal sub-
type: hormone receptor negative, HER2 overexpression or
amplified; Triple-negative (TN) subtype: hormone recep-
tor negative and HER2 negative [4]. However, this molec-
ular subtype classification is mainly achieved through inva-
sive procedures, such as biopsy-based immunohistochem-
ical (IHC) staining or fluorescence in situ hybridization
(FISH) method [5].Moreover, heterogeneity existed in dif-
ferent BC lesions from individual BC patients, even in a
same lesion from a single BC patient [6]. Therefore, the
local biopsy could not represent the whole tumor lesion or
the distant unexamined metastatic lesions due to the existed

heterogeneity in BC lesions. A reliable and non-invasive
imaging methodology is needed to identify these gene ex-
pression profiles to develop personalized treatment and im-
prove early prognosis prediction for patients with BC [7–
10].

As a hybrid imaging allowing for simulta-
neous anatomic imaging and molecular functional
imaging,18F-Fluorodeoxyglucose positron emission to-
mography/computed tomography (18F-FDG PET/CT)
imaging is already widely used in tumor detection, tumor
staging, treatment response evaluation and survival predic-
tion based on the provided functional information about
tumor glucose metabolism for a variety of tumors, includ-
ing BC [11]. Standardized uptake value (SUV), metabolic
tumor volume (MTV) and total lesion glycolysis (TLG)
are most commonly used semi-quantitative parameters
extracted from PET images [12]. Furthermore, these tradi-
tional PET parameters have been found to be correlated to
hormone receptors status and molecularly defined subtypes
for patients with BC [13, 14]. Nevertheless, especially for
SUV as a single pixel value, it is not able to adequately
reflect the glucose metabolism of the whole tumor with
heterogeneity [15].

It is now recognized that standard medical im-
ages may contain more useful information than that we can
see by using our naked eyes. Radiomics is an emerging
hot topic in medical imaging, which is actually a high-
throughput extraction of quantitative metrics from medi-
cal images via computational post-processing techniques
[4, 9, 10]. Indeed, radiomics is based on the assumption
that the extracted heterogeneity descriptors from medical
images are linked to genotypic and molecular characteris-
tics of the tumor lesions, and is believed to be a promis-
ing model to guide patient management in personalized
medicine [16]. To date, most studies about radiomics in
relation to molecular characterization of BC are ultrasound
[7], mammographic [17] and magnetic resonance imaging
(MRI) radiomics [9, 10, 18–20]. Few data regarding to
PET/CT radiomics for BC patients are available, especially
for the performance of radiomics models based on PET/CT
images in molecular subtype determination [4, 21, 22].

In the present investigation, the heterogeneity in
18F-FDG PET/CT images of primary BC lesions was quan-
titatively measured by radiomic analyses and several multi-
feature radiomic signature models were developed to eval-
uate the predictive performance of radiomics based on
PET/CT images in molecular subtype determination for pa-
tients with BC.

3. Materials and methods

3.1 Patient characteristics

In this retrospective single center investigation,
the following specific inclusion/exclusion criteria were ap-
plied to select eligible patients from Tianjin Medical Uni-
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versity Cancer Institute and Hospital between 1st January
2010 and 31th May 2019: (1) age ≥18 years; (2) good
mammary condition evaluated by clinical tests, mammog-
raphy andmammary ultrasonography within 3months prior
to 18F-FDG PET/CT imaging; (3) 18F-FDG PET/CT imag-
ing performed at our institution before any treatment; (4)
histological diagnosis of primary BC at any clinical stage
using pathological examination of mammary biopsy or
surgical histological specimen. Patients with pregnancy,
breast feeding and any previous relevant treatment were
excluded from this study. A total of 273 patients were
included in this study (age 51.76 ± 10.81, range, 26–78
years). General clinical data were collected from all the
included participants, and all the clinicopathological char-
acteristics collected were summarized in Table 1. This ret-
rospective study was reviewed and approved by our institu-
tional ethics committee and conducted in compliance with
the Declaration of Helsinki and relevant ethical guidelines.
Written informed consent was waived from all included pa-
tients in this study.

3.2 18F-FDG PET/CT imaging

After at least 6 h of fasting, BC patients with blood
glucose levels less than 140 mg/dL received an intravenous
injection of 4 MBq/kg of 18F-FDG. Then a whole body
18F-FDG PET/CT imaging on a GE Discovery elite (GE
HealthCare, Chicago, IL, USA) was performed 1 hour af-
ter the planned intravenous administration of 18F-FDG. A
low-dose helical CT (helical pitch 0.75 : 1, 5 mm slice
thickness, 120 kV and 50–80 mAs) was first performed
for anatomical correlation and attenuation correction, fol-
lowed by a PET emission scan of 2 min per bed position
in a three-dimensional mode. The CT-based attenuation-
corrected PET images were reconstructed using an iterative
algorithm. All PET images were then converted in SUV
units using standardization by the injection dose and sub-
ject’s body weight. The volume of interest (VOI) was deter-
mined using an isocontour threshold method based on SUV,
which was delineated using a 42% threshold of the max-
imum SUV (SUVmax). Then, SUVmax, SUVmean and
SUVpeak were calculated automatically within the VOI to
determine the intensity of FDG uptake semi-quantitatively
using a commercial software (PET VCAR, GE Health-
care, Waukesha, WI, USA) on a GE Advantage Worksta-
tion 4.6 (AW 4.6). All primary BC lesions included showed
metabolic 18F-FDG uptake (SUVmax≥2.5). MTVwas de-
fined as a volumetric measurement of lesion with signifi-
cantly high 18F-FDG uptake above a threshold SUV of 2.5.
Whereas, TLG represents another volumetric index, which
is achieved by multiplying MTV by SUVmean. All PET
images reconstruction, VOI delineation, index calculation
were reviewed in consensus by two experienced PET/CT
imaging-specialized experts.

Table 1. Patients’ characteristics (n = 273).
Characteristics n (%)

Sex
Female 273 (100%)
Male 0 (0%)

Age 51.76 ± 10.81
Histology

Invasive ductal carcinoma 263 (96.34%)
Invasive lobular carcinoma 3 (1.10%)
Others 7 (2.56%)

ER
Positive 181 (66.30%)
Negative 92 (33.70%)

PR
Positive 156 (57.14%)
Negative 117 (42.86%)

HER2
Positive 106 (38.83%)
Negative 167 (61.17%)

Ki-67
<20% 34 (12.45%)
≥20% 239 (87.55%)

N staging
Positive 222 (81.32%)
Negative 51 (18.68%)

M staging
Positive 55 (20.14%)
Negative 218 (79.86%)

Staging
I 19 (6.96%)
II 139 (50.92%)
III 60 (21.98%)
IV 55 (20.14%)

Subtype
Luminal A 20 (7.33%)
Luminal B (HER2–) 106 (38.83%)
Luminal B (HER2+) 61 (22.34%)
HER2 Subtype 45 (16.48%)
Triple Negative 41 (15.02%)

ER, estrogen receptor; HER2, human epidermal growth factor re-
ceptor 2; n, number; N, node; M, metastasis; PR, progesterone re-
ceptor.

3.3 Molecular subtype classification

Molecular subtype classification of patients with
BC in this study was based on the status of hormone re-
ceptors and HER2 expression as mentioned previously.
Briefly, patients with positive immunohistochemical (IHC)
expression of estrogen receptor (ER) and progesterone re-
ceptor (PR) regardless of the status of HER2 were defined
as Luminal subtype; patients with overexpression or ampli-
fication of HER2 regardless of the status of ER or PR were
divided into HER2 positive (HER2+) subtype; patients with
negative IHC expression of hormone receptors and negative
amplification of HER2 were determined as triple negative
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Fig. 1. The workflow of this study. Briefly, a total of 273 eligible BC patients were enrolled in the radiomic analysis. Based on the molecular sub-
types classification by IHC or FISH assay, BC patients were divided into different groups for comparison, including Luminal vs. Non-luminal, HER2+ vs.
HER2– and TN vs. Non-TN. Radiomic analysis in the study mainly consist of lesion segmentation, radiomic features extraction and selection, multivariate
radiomic signature model construction, and evaluation of the predictive performance of the developed radiomic signature model in molecular subtypes
classification of BC by ROC analysis. Apart from radiomic analysis, a total of 5 conventional PET parameters (SUVmax, SUVmean, SUVpeak, MTV
and TLG) were also calculated to compare their abilities to discriminate between different molecular subytypes of BC with that of established radiomic
signature model.
BC, breast cancer; CT, computed tomography; FISH, fluorescence in situ hybridization; HER2, human epidermal growth factor receptor 2; IHC, immuno-
histochemistry; MTV, metabolic tumor volume; PET, positron emission tomography; ROC, receiver operating curve; SUV, standardized uptake value;
TLG, total lesion glycolysis; TN, non-triple.

(TN) subtype. It was important to note that the status of
HER2 were assessed by both IHC staining and FISH assay.
Especially for patients with ambiguous results of IHC stain-
ing of HER2, FISH was used to finally determine the status
of HER2.

3.4 Extraction and measurement of radiomic features
based on PET/CT images

To extract radiomic features from PET/CT im-
ages, the contour of the region of interest (ROI) on PET
or CT images was firstly manually outlined by two ex-
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perienced PET/CT imaging-specialized experts using Im-
ageJ 1.50i software (National Institute of Health, Bethesda,
MD, USA). Any disagreement about the delineation was
resolved by consensus. Then, over the segmented tu-
mor ROI, all radiomic features were calculated by ap-
plying an existing automated computer program (MAT-
LAB, The MathWorks Inc., Natick, MA, USA). A total
of 1710 quantitative radiomic features (855 PET-based and
855 CT-based radiomic features) were extracted and calcu-
lated from PET/CT images. Data augmentation was used to
smooth the imbalance between groups. To assess their per-
formances in molecular subtype determination of patients
with BC, including Luminal vs. Non-Luminal, HER2 pos-
itive (HER2+) vs. HER2 negative (HER2–) and TN vs.
Non-TN, multivariate radiomic signature models based on
PET/CT radiomic features were developed in the present
investigation.
3.5 Statistical analyses

For quantitative variables, results were expressed
as mean± standard deviation, whereas for categorical vari-
ables, numbers and percentages were used. Wilcoxon rank-
sum test was used to determine the difference existed in
each conventional PET parameters between BC patients
groups with different molecular subtypes. Multivariate ra-
diomic signature models were developed by following a
three-step procedure to identify robust radiomic features.
First, wilcoxon test was used to select features that were
highly related to the biomarkers. A significance level of
0.05 (p < 0.05) was set as the threshold. An interfeature
coefficient (R) between all possible pairs of features was
subsequently used to eliminate high-dimensional feature re-
dundancy. R >0.80 was the cutoff for strong relationships,
in which 1 of 2 features with a lower p value was excluded.
Next, the least absolute shrinkage and selection operator
(LASSO) cox regressionmethodwas used to select themost
predictive features. Then, the radiomics score (Rad-score)
was computed for each patient through a linear combina-
tion of selected features weighted by their respective coeffi-
cients. The area under curve (AUC) in receiver-operating-
characteristic (ROC) curve analysis was used to evaluate
the performance of individual PET parameter, established
radiomic signature models in molecular subtype classifica-
tion of patients with BC. Finally, a 10-fold cross validation
with 10 times repetition was used to calculate the average
performance of these developed radiomic signature models
in consideration of the relatively small sample size in this
study. Analyses were performed using R statistical soft-
ware (version 3.2.2, The R Foundation for Statistical Com-
puting, Vienna, Austria), and difference with a p-value less
than 0.05 was interpreted as statistically significant.

4. Results

4.1 The workflow of the present investigation

To evaluate the predictive power of 18F-FDG
PET/CT derived radiomics in molecular subtype classifi-
cation of BC, a total of 273 BC patients who underwent
18F-FDG PET/CT imaging prior to any treatment were in-
cluded in the study. The different group division of BC
patient, including Luminal vs. Non-Luminal, HER2 pos-
itive (HER2+) vs. HER2 negative (HER2–) and TN vs.
Non-TN, was based on the status of ER, PR and HER2 ex-
pression by IHC assay or FISH assay. First, conventional
PET parameters, including SUVmax, SUVmean, SUV-
peak, MTV and TLG, were calculated and compared be-
tween different groups. Then, radiomic features based on
PET/CT images were extracted and selected to develop
multivariate radiomic signature models in the study, and the
predictive power of these established PET/CT-derived mul-
tivariate radiomic signature models for molecular subtype
classification of BC was evaluated by ROC analyses. The
workflow of the study was charted in Fig. 1.

4.2 Comparison of conventional PET parameters
between different groups of BC patients based on
molecular subtype classification

Of the 273 BC patients with results for molecular
subtype classification, 68.5% (187/273) of patients were de-
fined as Luminal subtype and 38.8% (106/273) of patients
were with a HER2 positive regardless of hormone receptors
status (HER2+), whereas 15.0% (41/273) of patients were
tested negatively for both hormone receptors and HER2,
known as TN subtype. To assess the association between
conventional PET parameters (SUVmax, SUVmean, SUV-
peak, MTV and TLG) and molecular subtype classification,
we first compared the conventional PET parameter values
between groups with different molecular profiles (Table 2).
For Luminal BC patients, the SUVmax, SUVmean and SU-
Vpeak were found to be underrepresented in comparison
with the Non-Luminal group, whereas no significant dif-
ference of MTV or TLG existed between Luminal vs. Non-
Luminal. With respect to HER2+ vs. HER2–, no signifi-
cant differences existed between HER2+ BC patients and
HER2– patients for all the five conventional PET parame-
ters. As expected, the TN subtype group demonstrated sig-
nificantly higher values of SUVmax, SUVmean and SUV-
peak, but not for MTV or TLG in contrast with Non-TN
subtype BC patients.

4.3 Predictive power of PET/CT-derived multivariate
radiomic signature models for molecular subtype
classification of BC

A total of 1710 radiomic features (855 PET-based
and 855 CT-based radiomic features) were extracted and
computed based on PET/CT images. After LASSO regres-
sion (Fig. 2), the most predictive radiomic features based on
PET/CT images were selected to establish radiomic signa-
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Table 2. Comparison of conventional PET parameters based on molecular subtype classification of breast cancer.
n SUVmax SUVmean SUVpeak MTV TLG

Luminal 187 9.29 ± 5.50 5.72 ± 3.42 6.93 ± 4.68 16.40 ± 33.67 142.36 ± 339.75
Non-Luminal 86 12.21 ± 6.67 7.49 ± 3.99 9.02 ± 5.48 23.75 ± 101.11 239.38 ± 987.40
p <0.001 <0.001 0.001 0.993 0.173
HER2+ 106 10.65 ± 5.67 6.59 ± 3.45 7.88 ± 4.54 14.53 ± 30.69 143.06 ± 359.39
HER2– 167 9.94 ± 6.31 6.08 ± 3.84 7.40 ± 5.32 21.37 ± 76.88 191.89 ± 741.13
p 0.132 0.113 0.121 0.509 0.949
TN 41 12.70 ± 9.36 7.68 ± 4.27 9.44 ± 6.17 33.86 ± 144.49 316.61 ± 1378.81
Non-TN 232 9.78 ± 5.68 6.03 ± 3.54 7.26 ± 4.74 16.04 ± 32.02 147.53 ± 347.25
p 0.015 0.019 0.031 0.566 0.567

HER2, human epidermal growth factor receptor 2; MTV, metabolic tumor volume; n, number; PET, positron emis-
sion tomography; SUV, standardized uptake value; TLG, total lesion glycolysis; TN, non-triple.

Fig. 2. The predictive power of established PET/CT derived multivariate radiomic signature models in molecular subtypes classification of BC.
The LASSO algorithm and 10-fold cross-validation were used to extract the optimal subsets of PET/CT derived radiomic features for molecular subtypes
classification of BC, including Luminal vs. Non-luminal (a), HER2+ vs. HER2– (b), TN vs. Non-TN (c). In the first column, the dash lines represented
the optimal λ selected by 10-fold cross validation, which have the minimummean square error (red dots). The second column showed LASSO coefficient
profiles of the selected subsets of radiomic features at the optimal λ (grey line) for molecular subtypes classification of BC. The third and fourth columns
showed the ROC curves of the established multivariate radiomic signature models for molecular subtypes classification of BC in comparison with that of
each conventional PET parameters in both the training and the validation cohorts. For each molecular molecular subtype classification, the performance
of the radiomic signature model outperformed all the conventional PET parameters.
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Fig. 3. The distribution of AUC, accuracy, sensitivity and specificity of the established radiomic signature models in molecular subtypes classi-
fication of BC in the 10-fold cross validation. The thick lines represent the median of performance indicators. The median AUC, accuracy, sensitivity
and specificity were used to describe the predictive power of each established radiomic models in each molecular subtype classification of BC, including
including Luminal vs. Non-Luminal (left), HER2 + vs. HER2 - (middle), TN vs. Non-TN (right).

ture models for molecular subtype classification of BC. As
presented in Supplementary Fig. 1, three most predictive
sets of radiomic features were included in each established
multivariate radiomic signature models, including Luminal
vs. Non-Luminal (Supplementary Fig. 1A), HER+ vs.
HER2– (Supplementary Fig. 1B) and TN vs. Non-TN
(Supplementary Fig. 1C). In addition, the formulas to
compute the radiomics score (Rad-score) for each patient
through a linear combination of selected features weighted
by their respective coefficients in each established multi-
variate radiomic signature models were also listed in the
Supplementary materials. To evaluate the performance
of established radomic signature models in distinguishing
molecular subtypes of BC, ROC analyses were conducted
and AUCs were used as the main outcomes. As shown in
Fig. 2, all the three established multivariate radiomic signa-
ture models significantly outperformed all the conventional
PET parameters (SUVmax, SUVmean, SUVpeak, MTV
and TLG) in molecular subtype classification of BC, with a
AUC of 0.913 and 0.725, 0.912 and 0.820, 0.968 and 0.901
for Luminal vs. non-Luminal (Fig. 2a), HER+ vs. HER2–
(Fig. 2b) and TN vs. non-TN (Fig. 2c) discrimination in
the training set and the validation set, respectively. In con-
sideration of a significant association between SUV param-
eters and molecular subtype classification of BC, several
integrated models by taking into account not only PET/CT
derived radiomic features but also SUV parameters were es-
tablished to assess their performance in molecular subtype
classification of BC. A comparable but not a superior per-
formance of integrated models in molecular subtype clas-
sification compared to radiomic signature models was ob-
served.

4.4 The mean performances of the established
radiomic signature models in discriminating molecular
subtypes of BC

In consideration of the aforementioned relatively
small sample size in this investigation, a 10-fold cross val-
idation with 10 times repetition was used to calculate the
average performance of each of these three established ra-

diomic signature models in each molecular subtypes clas-
sification, including Luminal vs. Non-Luminal, HER+ vs.
HER2– and TN vs. Non-TN. As demonstrated in Fig. 3,
each of these three developed radiomic signature mod-
els based on PET/CT images correspondingly exhibited a
strong predictive power in each molecular subtype classifi-
cation of BC, with a mean value of 0.856, 0.818 and 0.888
for AUC, a mean value of 0.864, 0.847 and 0.893 for accu-
racy, a mean value of 0.801, 0.908 and 0.933 for sensitivity
and a mean value of 0.905, 0.764 and 0.839 for specificity.
These results described above significantly suggest the sta-
bility of the outperformance of established radiomic signa-
ture models in molecular subtype classification of BC.

5. Discussion

Results with respect to correlation betweenmolec-
ular subtypes of BC and imaging-derived parameters had
been published previously [12–15]. Especially, texture fea-
ture quantification and analyses based on medical images
are of increasing interest to a large number of investiga-
tors addressing the interaction between quantitative imag-
ing radiomic features and tumor molecular profiling [4, 16].
Moreover, considering breast cancer is a heterogeneous
class of tumor, radiomic analyses aiming at elucidating the
tumor heterogeneity reflected in medical images would en-
able an accurate prediction of tumor biological character-
istics and genetic profiling. The primary objective of this
current study was to evaluate the potential of 18F-FDG
PET/CT derived radiomic signature models to distinguish
between different molecular subtypes of BC, because of
the unique advantage of 18F-FDG PET/CT imaging over
other imaging modalities, such as mammography [17], ul-
trasound [7] and MRI [9]. As shown, BC lesions with lu-
minal subtype exhibited significantly lower FDG radioac-
tivity uptake (SUVmax, SUVmean and SUVpeak) com-
pared to that with non-luminal subtype. Similarly, all of
the three SUV parameters were found to be markedly un-
derrepresented in BC patients with non-TN subtype in con-
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trast with BC patients with TN subtype. Whereas, no sub-
stantial association was demonstrated between HER2+ BC
patients and HER2– BC patients for all the five conven-
tional PET parameters. These results demonstrated that
different molecular subtypes of BC underlined the differ-
ences described in FDG uptake by BC lesions in vivo, which
is increasingly recognized because it was previously re-
ported that BC lesions with an aggressive subtype, such
as non-luminal or TN, tended to be with an increase in
glucose metabolism which could be captured and reflected
in SUV parameters (SUVmax, SUVmean and SUVpeak)
[13–15]. Whereas, PET volumetric parameters, such as
MTV and TLG, which are always used to represent the
tumor burden, were found to be not significantly differ-
ent between different BC subgroups with different molec-
ular subtypes. With regard to the discrimination between
HER2+ and HER2– subgroups by conventional PET pa-
rameters, because both lower-glucose-metabolic BC with
luminal subtype and higher-glucose-metabolic BC with TN
were categorized into HER2– subgroup, which would lead
to the negative results about HER2+ vs. HER2– classifica-
tion by using conventional PET parameters.

Expectedly, established multivariate radiomic sig-
nature models as shown in Supplementary Fig. 1 re-
markably outperformed all the significant SUV parameters
in discrimination between different molecular subtypes of
BC. In comparison with previous literature with regard to
the association between radiomic features based on PET
images alone and molecular subtypes of BC [4, 21, 22],
our current investigation had a larger sample size and per-
formed a comprehensive radiomic analysis involving both
PET-based and CT based radiomic features. Particularly
in contrast with results from ZY Yang et al. [21], which
only focused on the discrimination between ER+ and ER–
, our study consist of analysis with regard to Luminal vs.
Non-Luminal, HER2+ vs. HER2– and TN vs. non-TN.
In this context, the results listed in our investigation would
provide an essentially complementary information about
PET/CT derived radiomic analyses in molecular character-
ization of BC. Moreover, because selecting individual ra-
diographic parameters which were not remarkably corre-
lated to each other could provide added information but not
overlapping messages with respect to various aspects of tu-
mor lesion heterogeneity, multivariate radiomic signature
model as presented in Supplementary Fig. 1 but not in-
dividual radiomic feature was used in our study to directly
evaluate the performance of PET/CT derived radiomics in
molecular subtype classification of BC, which was lack-
ing in previous relevant investigations. To some extent,
molecular subtype classification is a brilliant method to re-
flect the heterogeneity in BC and is helpful for personalized
medicine of BC patients [2, 3]. For BC patients with HER2
enrichment, a sophisticated intracellular signaling initiated
by HER2 activation on the membrane of breast cancer cells
leads to an enhanced metabolism and a subsequently ag-

gressive behavior of HER2-enriched breast cancer in con-
trast with breast cancer without HER2 accumulation [23].
Considering the tumor-promoting action of HER2 in breast
cancer, targeted therapies against HER2 were developed
and applied to clinical management, namely trastuzumab
(Trade name: Herceptin) treatment [24]. To improve the
performance of HER2-targeted therapy for BC in clinic and
make a dramatic progress in precision medicine, a precise
assessment of the target HER2 prior to treatment is essen-
tial. As known, HER2 status was most commonly tested via
IHC examination, and cases with ambiguous results usually
refer to FISH assay. A subgroup radiomic analysis focus-
ing on a cohort of BC patients who underwent a FISH assay
to finally identify HER2 status because of their equivocal
IHC results of HER2 status is planed in our future study.
The abilities of PET/CT derived radiomic signature mod-
els to discriminate molecular subtypes of BC suggest an
underlined molecular profile-involving mechanism for het-
erogeneity reflected by PET/CT derived radiomic features
[6]. Even though BC patients could benefit from current
molecular subtype classification to guide their clinical man-
agement, such as treatment options, outcome prediction and
survival prognosis, more and more investigation have dis-
covered heterogeneity existed in the same molecular sub-
type of BCwithin individuals and between individuals. The
existed heterogeneity in sensitivities to some targeted ther-
apies and neoadjuvant treatment for BC patients with the
same molecular subtype and the development of acquired
treatment resistance prompt us to further determine the per-
formance of radiomic signature model based on PET/CT
images in these concerning issues, which is what we strive
to do in near future.

The ultimate goal of accurate molecular subtype
classification for BC patients is to individualise therapy and
achieve precision medicine. Multidisciplinary therapeu-
tic approaches, including hormone therapy, HER2-targeted
therapy, chemotherapy and radiotherapy are precisely cho-
sen for BC patients based on molecular profile determi-
nation. Radiomics and artificial intelligence development
have not only shed light on molecular subtype profiling, but
also for other various aspect of clinical practice for BC pa-
tients, such as diagnosis, treatment response prediction and
survival prognosis [25]. Especially for neoadjuvant radio-
therapy or chemoradiotherapy, radiomics and artificial in-
telligence have exhibited a potential for clinical translation
in tailed treatment prediction [26–28]. With respect to BC
patients, radiological image derived artificial intelligence-
based decision supporting system for radiotherapy would
be beneficial to patient consultation, target volume delin-
eation, automated treatment planning, treatment delivery
and response evaluation and prediction [29]. Furthermore,
an enhanced prediction of neoadjuvant chemoradiotherapy
response by using PET/CT radiomic models with an addi-
tion of HER2 information suggested that accurate HER2
status determination based on radiomics would be remark-
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ably helpful to comprehensive treatment strategy involving
radiotherapy and targeted therapy [28].

Despite those encouraging results depicted in this
study, several limitations existed in this current work. First,
given the relatively small sample size in this radiomic anal-
ysis, further investigation involving a larger number of
cases is warranted to confirm the results obtained in the
study. Second, the varieties in acquisition, reconstruction
and delineation settings maybe affect the repeatability of ra-
diomic analyses due to the retrospective nature of this study.
A prospective, multicenter research with a standardization
and optimization for these settings is needed to overcome
these drawbacks. Then, a relatively limited spatial reso-
lution of PET may result in an unsatisfactory performance
of PET related radiomics in breast cancer, in particular for
patients with small lesion. In addition, this study only fo-
cused on primary breast cancer lesions but not on metastatic
lesions, therefore a further investigation involving both pri-
mary and metastatic lesions is required to complete this
study [30]. Last but not least, to comprehensively deter-
mine the phenotype-genotype interaction, radiomic analy-
ses based on not only a binary-classification but also on a
multi-classification for molecular subtype clustering of BC
should be included, which is exactly what we aim to do in
future.

6. Conclusions

Taken together, distinct imaging phenotypes
driven by different molecular profiling of BC may be cap-
tured in 18F-FDG PET/CT images and quantitatively mea-
sured by radiomic features. Established multivariate ra-
diomic signature models based on 18F-FDG PET/CT im-
ages could provide more information than conventional in-
dividual PET parameters which are currently widely used
for clinical imaging, enabling a precise reflection of tumor
heterogeneity.
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