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Abstract

Purpose: To compare annotation segmentation approaches and to assess the value of
radiomics analysis applied to diffusion-weighted imaging (DWI) for evaluation of breast cancer
receptor status and molecular subtyping.

Procedures: In this IRB-approved HIPAA-compliant retrospective study, 91 patients with
treatment-naive breast malignancies proven by image-guided breast biopsy, (luminal A, n=
49; luminal B, n=8; human epidermal growth factor receptor 2 [HER2]-enriched, n=11; triple
negative [TN], n=23) underwent multiparametric magnetic resonance imaging (MRI) of the
breast at 3 T with dynamic contrast-enhanced MRI, T2-weighted and DW imaging. Lesions were
manually segmented on high b-value DW images and segmentation ROIS were propagated to
apparent diffusion coefficient (ADC) maps. In addition in a subgroup (n=79) where lesions were
discernable on ADC maps alone, these were also directly segmented there. To derive radiomics
signatures, the following features were extracted and analyzed: first-order histogram (HIS), co-
occurrence matrix (COM), run-length matrix (RLM), absolute gradient, autoregressive model
(ARM), discrete Haar wavelet transform (WAV), and lesion geometry. Fisher, probability of error
and average correlation, and mutual information coefficients were used for feature selection.
Linear discriminant analysis followed by k-nearest neighbor classification with leave-one-out
cross-validation was applied for pairwise differentiation of receptor status and molecular
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subtyping. Histopathologic results were considered the gold standard.

Results: For lesion that were segmented on DWI and segmentation ROIs were propagated to
ADC maps the following classification accuracies >90% were obtained: luminal B vs. HER2-
enriched, 94.7 % (based on COM features); luminal B vs. others, 92.3 % (COM, HIS); and
HER2-enriched vs. others, 90.1 % (RLM, COM). For lesions that were segmented directly on
ADC maps, better results were achieved yielding the following classification accuracies: luminal
B vs. HER2-enriched, 100 % (COM, WAV); luminal A vs. luminal B, 91.5 % (COM, WAV); and

luminal B vs. others, 91.1 % (WAV, ARM, COM).

Conclusions: Radiomic signatures from DWI with ADC mapping allows evaluation of breast cancer
receptor status and molecular subtyping with high diagnostic accuracy. Better classification accuracies
were obtained when breast tumor segmentations could be performed on ADC maps.
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Introduction

With the revelation that breast cancer is a genetic disease, it has
become evident that traditional classifications based on tumor
histology, size, grade, and receptor status cannot fully capture its
characteristics. Gene expression profiling has revealed four main
intrinsic molecular subtypes of breast cancer that show substantial
differences in phenotypic presentation, prognosis, treatment
response, and outcome [1-5]: luminal A, luminal B, human
epidermal growth factor receptor 2 (HER2)-enriched, and triple
negative (TN) [6-8]. The assessment of molecular subtypes to
guide treatment selection is currently performed by gene
expression profiling or immunohistochemical surrogates from
tissue samples [8—10]. However, this approach can be limited, as
biopsy can only capture a small part of a potentially heterogeneous
lesion. Additionally, tumor biology may change over time and
during treatment due to epithelial-mesenchymal transition [11].

The emerging field of radiomics relies on the extraction
of mathematical patterns that are hidden within medical
images, some of which the human eye may not be able to
assess, let alone quantify; these patterns may potentially
predict disease genotypes and enable spatio-longitudinal
monitoring of the entire tumor. Previous radiomic studies in
breast cancer have primarily focused on features derived
from dynamic contrast-enhanced magnetic resonance imag-
ing (DCE-MRI) and their utility for the prediction of
molecular subtype [12—15], as well as tumor histology
[16], risk of recurrence [17, 18], response to chemotherapy
[19], and potential to metastasize [20, 21]. While DCE-MRI
is undoubtedly the most sensitive modality for the assess-
ment of breast cancer, complementary techniques such as
diffusion-weighted imaging (DWI) that provides additional
functional information have been developed to increase its
specificity. DWI with apparent diffusion coefficient (ADC)
mapping visualizes diffusivity, which indirectly reflects cell
density in solid tumors.

Nevertheless, little is known about radiomic signatures derived
from DWI for breast cancer characterization: the small number of
previous studies of radiomics of DWI primarily evaluated

differentiation between benign and malignant lesions [22-24] or
solely used histogram features for the differentiation of TN
cancers vs. other breast cancer subtypes [25]. Moreover, the actual
parameters used to perform DWI radiomics are not yet well
established, i.e., whether only the actual solid tumor itself should
be measured or if the inclusion of edema, necrosis, and
inflammation is essential for the differentiation between sub-
groups [26, 27].

Due to the recent controversy about the safety of
gadolinium-based contrast agents, there is considerable interest
to develop unenhanced MRI techniques for improved breast
cancer diagnosis and characterization [28-30]. Therefore
investigation of DWI radiomic signatures for the differentiation
of molecular subtypes is of interest and may have manifold
applications such as unenhanced assessment of tumor hetero-
geneity for improved biopsy planning to better guide treatment
decisions or the non-invasive tumor monitoring.

We hypothesized that the spatial heterogeneity of tissue
diffusivity differs between molecular breast cancer subtypes.
Therefore, the aim of this study was to evaluate the
diagnostic performance of radiomic features extracted from
standardized DWI data, using different approaches of tumor
segmentation, for the assessment of breast cancer receptor
status and molecular subtypes.

Material and Methods

This single-institution retrospective study conforms to
Health Insurance Portability and Accountability Act guide-
lines and was approved by the Institutional Review Board
with a waiver of written informed consent.

Patients

A database search was performed for patients who
underwent state-of-the-art multiparametric MRI of the breast
including DCE-MRI and DWI from January 2011 to January
2013. Inclusion criteria were the following: age > 18 years;
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biopsy-proven invasive breast cancer, not pregnant or
breastfeeding; and lesion size > 1 cm to reduce the influence
of partial volume effect on radiomic analysis [31]. One
hundred and seventeen consecutive patients matched the
inclusion criteria. Of those, twenty-six were excluded due to
prior treatment, poor image quality, or histopathology results
showing types of cancer other than invasive ductal carci-
noma and invasive lobular carcinoma. Exclusion criteria also
included personal history or breast cancer and high-risk
status. Therefore 91 women were included in the study.

MR Imaging

All MRI examinations were performed using a 3 Tesla
system (Discovery MR750; GE Healthcare, Milwaukee, WI)
with the body coil as transmitter and a dedicated 16-channel
phased-array breast coil (Sentinelle Vanguard, Toronto,
Canada) as a receiver. The state-of-the-art MRI protocol
included the following DWI sequence; a 2D, single-shot,
dual spin echo-planar DWI sequence (TR 6.000 ms; mini-
mum TE; flip angle 90°; acquisition matrix 98 x 98 or 128 x
128; reconstructed matrix 256 x 256; FOV 28-38 cm; slice
thickness 4 or 5 mm; NEX 3; slice gap 0-1 mm; fat
suppression, enhanced; parallel imaging, ASSET; acquisi-
tion time approximately 2 min for 2 b-values 0 and 1000).
The details of the full MRI sequence protocol are provided
in a different study [32].

Radiomic Analysis

Feature extraction was performed semi-automatically using
the publicly available software package MaZda 4.6 (http:/
www.eletel.p.lodz.pl/programy/mazda/), which was devel-
oped within the COST (European Cooperation in The Field
of Scientific and Technical Research) projects B11 and B21
and has been used in previous studies in the field [31, 33]. In
the present study, radiomic analysis was performed exclu-
sively using ADC maps—the latter were chosen over high b-
value images as they are less prone to some type of artifacts
such as dielectric artifacts.

Two different approaches of tumor segmentation were
compared: A single two-dimensional region of interest

a

455

(ROI): (a) drawn along the visible tumor margins on high
b-value DWI and subsequently copied to the corresponding
ADC map; and (b) drawn directly along the visible tumor
margins on the ADC map. The first approach was performed
in all patients, while the second was applied only when an
area of decreased ADC values was confidently identifiable
on the ADC maps alone without the need for correlation
with the high b-value images. Two radiologists (K.P,
13 years of experience; D.L, 4 years of experience) in
consensus drew all ROIs on the slice with the largest
transaxial lesion diameter on high b-value images or the
ADC map (Fig. 1). Adequate distance was kept from the
surrounding anatomic structures and biopsy markers. Every
tumor was segmented using a freehand ROI, which could be
adapted freely in the case of artifacts due to biopsy markers.
Artifacts were always excluded from segmentation; even
when no artifacts were visible, a distance of at least 2 mm to
the marker was kept. DCE-MRI was used to confirm tumor
localization in cases that were equivocal on DWI alone.

Gray-level normalization of each ROI was performed
using the limitation of dynamics to u+30 (u, gray-level
mean; o, gray-level standard deviation) to reduce the
influence of contrast and brightness variation which might
otherwise have an influence on feature quantification [34].
Radiomic analysis included calculation of features derived
from first-order histogram (HIS), co-occurrence matrix
(COM), run-length matrix (RLM), absolute gradient,
autoregressive model (ARM), discrete Haar wavelet trans-
form (WAV), and lesion geometry, as previously described
[35-39]. The total time for lesion segmentation and radiomic
analysis was approximately 2-3 min per ROI.

Histopathological Analysis

Tumor samples were analyzed with regard to tumor
histology, grade, and immunohistochemical status including
estrogen receptor, progesterone receptor, and HER2. Estro-
gen or progesterone receptor positive tumors (>1 % stain-
ing) were classified as hormone receptor positive.
Histological analysis of the surgical specimen was used as
reference standard. Molecular subtypes were classified as
luminal A for hormone receptor positive and HER2
negative, luminal B for hormone receptor positive and

b

Fig. 1 a The ADC map for radiomic analysis in a 44-year-old patient with a luminal B invasive ductal carcinoma in the left

breast with b manual region of interest (ROI) placement.
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HER?2 positive, HER2-enriched for hormone receptor neg-
ative and HER2 positive, and TN for hormone receptor and
HER?2 negative [1, 4, 40]. Fluorescence in situ hybridization
was used to detect gene amplification in patients with
equivocal HER?2 status.

Statistical Analysis

Statistical data analysis was done directly within the MaZda
software. Fisher (ratio of between-class to within-class
variance), minimization of probability of classification error
and average correlation (POE + ACC) and mutual informa-
tion (MI) coefficients, as previously described [35], were
used for radiomic feature selection—each technique pro-
vided a set of ten individual features with the highest
discriminatory potential. In the next step, the dimensionality
of the features sets was reduced using linear discriminant
analysis, which generated most discriminatory features
(MDFs). Based on these MDFs, k-nearest neighbor (k-NN)
classification (which assigns a point in data space to the
class to which its k-nearest neighbors belong) with leave-
one-out cross-validation (LOOCV) was used for pairwise
radiomic-based differentiation between molecular subtypes/
receptor status [41, 42]. Hence, the model was trained using
all patients in the sample (n)-1 and validated on the
remaining patient. This process was repeated n times, with
n depending on the number of patients in each sample—e.g.,
for differentiation between luminal A (i patients) and
luminal B (j patients) cancers, n=i+j. This combination
of feature selection, reduction and A-NN with LOOCV has
been used recommended and used in previous studies in the
field [31, 33, 35]. The percentage of misclassified data
vectors based on the MDFs was used as the main outcome
variable, with the true class affiliations, as determined by
histopathological analysis (see below) which served as the
reference standard. Feature maps were reconstructed to
visualize differences in single radiomic features between
breast cancer subgroups. These feature maps were used for
illustrative purposes only.

Results

Of the 91 treatment-naive, biopsy-proven breast cancers, 57
were hormone receptor positive (62.6 %). Forty-nine cancers
were classified as luminal A (53.8 %), 8 as luminal B
(8.8 %), 11 as HER2-enriched (12.1 %), and 23 as TN
(25.3 %). There were 70 mass lesions and 21 non-mass
enhancing lesions on DCE-MRI. Mean lesion size was 3.5 +
2.3 cm (range, 1-16.6 cm). Mean patient age was 48 +
9.7 years (range, 2768 years).

Of the 91 lesions, in 79 lesions, areas of decreased ADC
values were confidently identifiable on ADC maps alone
without the need for correlation with the high b-value
images (41 luminal A, 6 luminal B, 10 HER2-enriched, 22
TN). Accordingly, in these 79/91 lesions, tumor

segmentation was performed using ROIs constructed on
DWI (and then copied to the ADC maps) on the one hand,
and using ROIs directly drawn on the ADC maps on the
other hand, for comparative analysis. In the remaining 12/91
patients where areas of decreased ADC values were difficult
to identify without correlation with high b-value images,
tumor segmentation was performed exclusively on high b-
value images and then copied to the ADC maps. These
twelve lesions included smaller cancers (mean size, 2.7 vs.
3.7 cm), non-mass enhancement, and/or very dense breasts.
Radiomics-based classification accuracies >80 % were
considered to be clinically relevant and are listed below:

Molecular Breast Cancer Subtypes

Best results in terms of accuracies using tumor segmentation
directly on the ADC map were achieved for luminal B
cancers: luminal A vs. luminal B, 91.5 % (POE + ACC/
based on COM and WAV features); luminal B vs. HER2-
enriched, 100 % (Fisher/based on COM and WAYV features);
luminal B vs. TN, 89.3 % (POE + ACC/based on COM
features); and luminal B vs. all others, 91.1 % (Fisher/based
on WAV, ARM, and COM features).

In addition, the separation of HER2-enriched cancers was
successful, yielding the following accuracies: HER2-
enriched vs. luminal A, 80.4 % (Fisher/based on COM
features); HER2-enriched vs. TN, 81.3 % (POE + ACC/
based on COM features); and HER2-enriched vs. all others,
81 % (Ml/based on COM features).

Likewise, using DWI for ROI delineation, best results in
terms of accuracies were achieved for luminal B cancers:
luminal A vs. luminal B, 89.5 % (Ml/based on COM
features); luminal B vs. HER2-enriched, 94.7 % (MU/entirely
based on COM features); and luminal B vs. all others,
92.3 % (Fisher/mainly based on COM and HIS features).

The separation of HER2-enriched cancers from other
breast cancers was successful, with the following accuracies:
HER2-enriched vs. luminal A, 83.3 % (Fisher/based on
COM and RLM features); and HER2-enriched vs. all others,
90.1 % (Fisher/based on RLM and COM features).

In summary, luminal B and HER2-enriched breast
cancers show distinct radiomic signatures that enable their
separation from other subtypes. Tumor delineation directly
on the ADC map yielded higher accuracies than on high b-
value images.

Receptor Status

With regard to hormone receptor status, the accuracy for
separating hormone receptor-positive vs. HER2-enriched
cancers was 84.2 % (MIl/based on COM features) in the
subgroup with tumor delineation directly on the ADC map.
All other accuracies were below 80 %.

All radiomic-based classification accuracies are given in
Tables 1 and 2.
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Discussion

In this study, we investigated the diagnostic performance of
radiomic signatures derived from DWI for the assessment of
breast cancer receptor status and molecular subtypes. We
hypothesized that the spatial heterogeneity of tissue diffu-
sivity differs between molecular breast cancer subtypes and
could be quantified by radiomic analysis. Our results
demonstrate that DWI radiomic features enable the separa-
tion between breast cancers of different receptor status and
molecular subtypes with high accuracy. Two different
approaches of tumor segmentation were explored in this
context. Tumor segmentation directly on the ADC map
yielded better results in terms of accuracy, suggesting that
the solid tumor components strongly contribute to radiomic
analysis rather than the inclusion of peritumoral or necrotic
tissue. Radiomic signatures derived from DWI may have the
potential to enable contrast agent-free spatio-longitudinal
monitoring of tumor biology before and during treatment.

One of the main findings of our study is the high
accuracy in the radiomic-based discrimination of luminal B
and HER2 enriched breast cancers (accuracies, 100 % and
94.7 %). This specific finding might have a direct clinical
consequence, as it might prevent the incorrect exclusion of
women from hormone therapy when they have heteroge-
neous tumors. The important information that hormone
receptors are present within the tumor might get lost, as
biopsy can only capture a snapshot of a potentially
heterogeneous tumor, and after neoadjuvant chemotherapy,
no tumor cells might be left.

In the first study that investigated the utility of DWI
radiomic signatures, Xie et al. investigated DWI and DCE-
MRI histogram features for the differentiation of TN from
other molecular subtypes with AUCs up to 0.763 [25].
Histogram features do not provide textural information in
terms of spatial relationships between the signal intensities
of pixels/voxels across a region or volume of interest [35].
This may explain why in this first study that investigated the
utility of DWI radiomic signatures, true radiomic feature
groups (e.g., COM) performed better.

Other studies have investigated radiomic signatures
derived from DWI for the differentiation of benign from
malignant breast lesions. Bickelhaupt et al. recently evalu-
ated DWI radiomic signatures for the separation between
benign and malignant breast lesions [22]. Although DWI
radiomics yielded better results than ADC mean alone, a
highly experienced breast radiologist using DCE-MRI could
not be outperformed. Another study by the same group
investigated a radiomic model extracted from kurtosis DWI
for lesion characterization [23]. The model reduced false
positives from 66 to 20 cases at a predefined sensitivity of
greater than 98 %, significantly improving specificity
compared with median ADC and apparent kurtosis coeffi-
cient alone. It has to be noted that in the aforementioned
study, there was heterogeneity in terms of hard- and
software; however, voxel size for DWI was kept constant,

60.8 % (Fisher)
91.1 % (Fisher)
81 % (MI)
73.4 % (POE)
60.8 % (MI)
79.8 % (MI)

60.8 % (MI)
79.8 % (MI)

All others

HER?2 negative
79.8 % (MI)

79.8 % (MI)

HR negative
60.8 % (MI)
60.8 % (MI)

HER?2 positive
76.4 % (MI)
79.8 % (MI)
79.8 % (MI)

73.9 % (Fisher)

HR positive
84.2 % (MI)
60.8 % (MI)
60.8 % (MI)

61.9 % (POE)
89.3 % (POE)
81.3 % (POE)
73.9 % (Fisher)

76.4 % (M)

73.4 % (POE)

TN

80.4 % (Fisher)
100 % (Fisher)

HER2-enriched

81.3 % (POE)
84.2 % (MI)
81 % (MI)

Luminal B
91.5 % (POE)
100 % (Fisher)
89.3 % (POE)
91.1 % (Fisher)

Luminal A
91.5 % (POE)
80.4 % (Fisher)
61.9 % (POE)
60.8 % (Fisher)

HER?2 human epidermal growth factor receptor 2, HR hormone receptor, M/ mutual information, POE probability of error and average correlation, 7N triple negative

Table 1. Results of groupwise texture-based cancer classifications using tumor segmentation on the ADC map

Subtypes/receptor status
HER?2 negative
Accuracies > 80% are italicized

HER2-enriched
All others

Luminal A
Luminal B
TN

HR positive
HER?2 positive
HR negative
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Table 2. Results of groupwise texture-based cancer classifications using tumor segmentation on high b-value DWI and transfer to the ADC map

All others

HER2 negative

HER?2 positive HR negative

HR positive

TN

HER2-enriched

Luminal B

Luminal A

Subtypes/receptor status

64.8 % (POE)
92.3 % (Fisher)
90.1 % (Fisher)

73.6 % (MI)
63.7 % (MI)

77.9 % (Fisher)
73.8 % (POE)

75 % (MI)
71 % (Fisher)
79.4 % (Fisher)

83.3 % (Fisher)
94.7 % (MI)

89.5 % (MI)

94.7 % (MI)

83.3 % (Fisher)

89.5 % (MI)
75 % (MI)

HER2-enriched

N

Luminal A
Luminal B

66.7 % (Fisher)

79.4 % (Fisher)
77.9 % (Fisher)

71 % (Fisher)

63.7 % (MI)

73.8 % (POE)

HR positive

73.6 % (Fisher)
63.7 % (MI)

73.6 % (Fisher)

66.7 % (Fisher)

HER?2 positive

63.7 % (M)

HR negative

- 73.6 % (Fisher)

73.6 % (Fisher)
73.6 % (Fisher)

HER2 negative
All others

73.6 % (Fisher)

63.7 % (MI)

73.6 % (MI) 63.7 % (MI)

90.1 % (Fisher)

92.3 % (Fisher)

64.8 % (POE)

Accuracies > 80% are italicized

HER?2 human epidermal growth factor receptor 2, HR hormone receptor, MI mutual information, POE probability of error and average correlation, 7N triple negative
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which might have influenced results. Parekh, ef al. attempted
to separate benign from malignant breast lesions using COM
features derived from feature maps of DWI, DCE-MRI, T1-
weighted, and T2-weighted imaging [24]. The authors found
cellular heterogeneity, evaluated using entropy on the ADC
map, to be significantly different between benign and
malignant lesions.

In the aforementioned studies, different approaches to
derive and investigate DWI radiomic signatures were used
which limits generalizability of results. It stands to reason
that a prerequisite for the widespread application of
radiomics in the future will be the rigorous standardization
in terms of data acquisition and analysis across institutions
and vendors. An alternative would be the use of deep
learning neural networks, i.e., with very large heteroge-
neous datasets in which the classifier has sufficient training
data to learn what the real biological information is. In this
respect, investigation of how tumors should ideally be
segmented is of interest as it remains unclear whether the
ROI should include solid tumor components only or
additionally cover cystic, hemorrhagic, necrotic, or
inflammated regions [43]. Liu, et al. found 95 radiomic
features in cervical cancer to be insensitive to ROI variation
among T2-weighted images, ADC maps of b800 and b1000,
with ADC b1000 features yielding a lower misclassification
error [27]. In the present study, only b1000 ADC maps were
chosen for radiomic analysis. Recently, Wang, et al.
compared whole tumor, solid portion, and peritumoral
edema ROIs for the differentiation between low-grade and
high-grade gliomas [26]. They found that tumor inhomoge-
neity parameters performed better than the ones derived
from solid areas only (P =0.048); nevertheless, only HIS
and COM features were calculated. In our study, tumor
segmentation directly on ADC maps performed better for
the separation of molecular breast cancer subtypes than
segmentation and ROI transfer from high b-value DWI,
which naturally included more non-solid areas surrounding
the lesion. The ADC map represents areas of tumor with
actual hindered diffusivity and thus might allow a more
accurate assessment of the lesion than high b-value DWI,
where T2 shine through might occur. Our results suggest
that solid tumor components truly contribute to radiomic
analysis; however, further studies with three-dimensional
evaluation of DWI radiomics in larger patient cohorts are
warranted to confirm our findings.

While DWI radiomic features have not been used
clinically in this context yet, many previous studies have
investigated DCE-MRI radiomic signatures for the separa-
tion of breast cancers of different molecular subtypes,
although with mixed results. In our study, a multitude of
radiomic features from different feature categories was
derived from DWI to capture different aspects of image
texture, which might have contributed to the excellent
results. The majority of DCE-MRI radiomic studies for the
separation of molecular subtypes, however, chose to rely
solely on a small, typically COM-based subgroup of
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Fig. 2 a ADC map of a 49-year-old patient with a luminal A cancer in the right breast. b ADC map of a 67-year-old patient with
a luminal B cancer in the right breast. In our patient collective, radiomic signatures derived from DWI differentiated luminal A
from luminal B cancers with an accuracy of 91.5 % when tumor segmentation was performed on the ADC map (89.5 % when
segmented on high b-value DWI and copied to the ADC map). (DWI, diffusion-weighted imaging; ADC, apparent diffusion

coefficient).

radiomic features [14, 16, 44, 45]. Sutton, et al. demon-
strated accuracies of up to 89.2 % for the differentiation
between molecular subtypes using a combination of
pathology data and COM features [14]. Meanwhile,
Holli-Helenius achieved AUC values of 0.83—0.88 for the
separation of luminal A and B cancers in a small patient
collective (n=27) using COM-features alone [15]. These
results are in good agreement with those in our own study
(accuracies, 91.5 % and 89.5 %); however, geometric
features for shape description performed better than COM
features in our study (Fig. 2). In contrast to prior DCE-
MRI radiomic studies that show a high level of heteroge-
neity of scanners and sequence protocols and were only
partly successful [4, 12, 13, 16], the acquisition parameters
in the present study were strictly homogeneous, which
might have had a positive impact on our results. Although
DCE-MRI is the most sensitive method for the detection of
breast cancer [46, 47], the evaluation of DWI radiomic
signatures is of special interest, as they might allow for
contrast agent-free tumor biology assessment in times of
concern surrounding the safety of gadolinium-containing
contrast agents [28-30].

We acknowledge the limitations of our study. Due to
the small number of patients in some subgroups, a further
division of our population into a training and validation
dataset was not considered appropriate. Instead, we
decided to apply a k-nn classifier with leave-one-out
cross-validation, an established method that has been used
in multiple studies in the field [31, 48, 49]. Our best results
in terms of accuracies were achieved for luminal B and
HER2-enriched cancers, a finding that may in part be
attributed to the small number of patients in these groups
(n=11 and 8, respectively). The mean size of breast
cancers included in this study was relatively large, which
could explain the high number of triple-negative cancers;
at the same time, our results might not be generalizable to
smaller lesions in which only few voxel data are available
for analysis. Breast cancers were delineated manually,
which might introduce a certain level of observer-

dependency, and may not be feasible in analyzing large
datasets. Furthermore, lesions were segmented two-
dimensionally and on the slice with the largest lesion
diameter only. Larger prospective studies and multicenter
trials with an equal distribution of molecular subtypes are
needed to evaluate the robustness of DWI radiomics for the
assessment of breast cancer molecular subtypes.

Conclusion

In conclusion, our preliminary data indicate a possible
potential that DWI radiomic signatures enable the assess-
ment of molecular breast cancer subtypes and receptor
status with high accuracy. DWI radiomic analysis showed
higher accuracies when tumor segmentation was performed
directly on ADC maps, indicating that solid tumor areas
are essential to radiomic analysis. Although DWI radiomic
signatures are unlikely to replace formal genetic testing,
with additional validation, they might have the potential to
provide a noninvasive, contrast-agent-free method to
assess tumor biology before and during treatment.

Funding. Open access funding provided by Medical University of Vienna.
This work was supported in part through the NIH/NCI Cancer Center
Support Grant P30 CA008748, a grant from the Susan G. Komen
Foundation, and a grant from the Breast Cancer Research Foundation.
Funding was provided by the Austrian Nationalbank ‘Jubildumsfond’
Project Nr. 16219, the 2020—Research and Innovation Framework
Programme PHC-11-2015 Nr. 6672112, and seed grants from Siemens
Austria, Novomed, and Guerbet, France.

Compliance with Ethical Standards

Conflict of Interest

Maxine S. Jochelson has received speaker honoraria from GE Healthcare.
All other authors declare that they have no conflicts of interest.

Ethical Approval

All procedures performed in studies involving human participants were in
accordance with the ethical standards of the institutional and/or national
research committee and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards.



460

Leithner D. et al.: Radiomic DWI Signatures of Breast Cancer

Informed Consent

For this type of study, formal consent is not required.

Open Access This article is distributed under the terms of the Creative

Commons Attribution 4.0 International

License (http://

creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appropri-
ate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Carey LA, Perou CM, Livasy CA, Dressler LG, Cowan D, Conway K,
Karaca G, Troester MA, Tse CK, Edmiston S, Deming SL, Geradts J,
Cheang MCU, Nielsen TO, Moorman PG, Earp HS, Millikan RC
(2006) Race, breast cancer subtypes, and survival in the Carolina
breast cancer study. J Am Med Assoc 295:2492-2502

Huber KE, Carey LA, Wazer DE (2009) Breast cancer molecular
subtypes in patients with locally advanced disease: impact on
prognosis, patterns of recurrence, and response to therapy. Semin
Radiat Oncol 19:204-210

Lam SW, Jimenez CR, Boven E (2014) Breast cancer classification by
proteomic technologies: current state of knowledge. Cancer Treat Rev
40:129-138

Mazurowski MA, Zhang J, Grimm LJ, Yoon SC, Silber JI (2014)
Radiogenomic analysis of breast cancer: luminal B molecular subtype
is associated with enhancement dynamics at MR imaging. Radiology
273:365-372

Tsoutsou PG, Vozenin MC, Durham AD, Bourhis J (2017) How could
breast cancer molecular features contribute to locoregional treatment
decision making? Crit Rev Oncol Hematol 110:43-48

Cancer Genome Atlas Network (2012) Comprehensive molecular
portraits of human breast tumours. Nature 490:61-70

Prat A, Perou CM (2011) Deconstructing the molecular portraits of
breast cancer. Mol Oncol 5:5-23

Spratt DE, Evans MJ, Davis BJ, Doran MG, Lee MX, Shah N,
Wongvipat J, Carnazza KE, Klee GG, Polkinghorn W, Tindall DJ,
Lewis JS, Sawyers CL (2015) Androgen receptor upregulation
mediates radioresistance after ionizing radiation. Cancer Res
75:4688-4696

Ahn HJ, Jung SJ, Kim TH, Oh MK, Yoon HK (2015) Differences in
clinical outcomes between luminal a and B type breast cancers
according to the St. Gallen consensus 2013. J Breast Cancer 18:149—
159

Senn HJ (2013) St. Gallen consensus 2013: optimizing and person-
alizing primary curative therapy of breast cancer worldwide. Breast
care (Basel) 8:101

Pisco AO, Huang S (2015) Non-genetic cancer cell plasticity and
therapy-induced stemness in tumour relapse: 'What does not kill me
strengthens me'. Br J Cancer 112:1725-1732

Li H, Zhu Y, Burnside ES, Huang E, Drukker K, Hoadley KA, Fan C,
Conzen SD, Zuley M, Net JM, Sutton E, Whitman GJ, Morris E,
Perou CM, Ji Y, Giger ML (2016) Quantitative MRI radiomics in the
prediction of molecular classifications of breast cancer subtypes in the
TCGA/TCIA data set. NPJ Breast Cancer; 2. https://doi.org/10.1038/
npjbcancer.2016.12

Grimm LJ, Zhang J, Mazurowski MA (2015) Computational approach
to radiogenomics of breast cancer: luminal a and luminal B molecular
subtypes are associated with imaging features on routine breast MRI
extracted using computer vision algorithms. J Magn Reson Imaging
42:902-907

Sutton EJ, Dashevsky BZ, Oh JH, Veeraraghavan H, Apte AP, Thakur
SB, Morris EA, Deasy JO (2016) Breast cancer molecular subtype
classifier that incorporates MRI features. J Magn Reson Imaging
44:122-129

Holli-Helenius K, Salminen A, Rinta-Kiikka I, Koskivuo I, Briick N,
Bostrom P, Parkkola R (2017) MRI texture analysis in differentiating
luminal a and luminal B breast cancer molecular subtypes - a
feasibility study. BMC Med Imaging 17:69

Waugh SA, Purdie CA, Jordan LB, Vinnicombe S, Lerski RA, Martin
P, Thompson AM (2016) Magnetic resonance imaging texture

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

analysis classification of primary breast cancer. Eur Radiol 26:322—
330

Li H, Zhu Y, Burnside ES, Drukker K, Hoadley KA, Fan C, Conzen
SD, Whitman GJ, Sutton EJ, Net JM, Ganott M, Huang E, Morris EA,
Perou CM, Ji Y, Giger ML (2016) MR imaging Radiomics signatures
for predicting the risk of breast cancer recurrence as given by research
versions of MammaPrint, Oncotype DX, and PAM50 gene assays.
Radiology 281:382-391

Saha A, Harowicz MR, Wang W, Mazurowski MA (2018) A study of
association of Oncotype DX recurrence score with DCE-MRI
characteristics using multivariate machine learning models. J Cancer
Res Clin Oncol 144:799-807

Aghaei F, Tan M, Hollingsworth AB, Zheng B (2016) Applying a new
quantitative global breast MRI feature analysis scheme to assess tumor
response to chemotherapy. J Magn Reson Imaging 44:1099-1106
Yamamoto S, Han W, Kim Y, du L, Jamshidi N, Huang D, Kim JH,
Kuo MD (2015) Breast cancer: radiogenomic biomarker reveals
associations among dynamic contrast-enhanced MR imaging, long
noncoding RNA, and metastasis. Radiology 275:384-392

Dong Y, Feng Q, Yang W, Lu Z, Deng C, Zhang L, Lian Z, Liu J,
Luo X, Pei S, Mo X, Huang W, Liang C, Zhang B, Zhang S (2018)
Preoperative prediction of sentinel lymph node metastasis in breast
cancer based on radiomics of T2-weighted fat-suppression and
diffusion-weighted MRI. Eur Radiol 28:582-591

Bickelhaupt S, Paech D, Kickingereder P, Steudle F, Lederer W,
Daniel H, Gotz M, Giahlert N, Tichy D, Wiesenfarth M, Laun FB,
Maier-Hein KH, Schlemmer HP, Bonekamp D (2017) Prediction of
malignancy by a radiomic signature from contrast agent-free diffusion
MRI in suspicious breast lesions found on screening mammography. J
Magn Reson Imaging 46:604-616

Bickelhaupt S, Jaeger PF, Laun FB, Lederer W, Daniel H, Kuder TA,
Wauesthof L, Paech D, Bonekamp D, Radbruch A, Delorme S,
Schlemmer HP, Steudle FH, Maier-Hein KH (2018) Radiomics based
on adapted diffusion kurtosis imaging helps to clarify most mammo-
graphic findings suspicious for cancer. Radiology 287:761-770
Parekh VS, Jacobs MA (2017) Integrated radiomic framework for
breast cancer and tumor biology using advanced machine learning and
multiparametric MRI. NPJ Breast Cancer 3:43

Xie T, Zhao Q, Fu C, et al. (2018) Differentiation of triple-negative
breast cancer from other subtypes through whole-tumor histogram
analysis on multiparametric MR imaging. Eur Radiol 29:2535-2544
Wang M, Xie T, Wu Y, Yin Q, Xie S, Yao Q, Xiong J, Zhang Q
(2018) Identification of RFCS5 as a novel potential prognostic
biomarker in lung cancer through bioinformatics analysis. Oncol Lett
16:4201-4210

Liu Y, Zhang Y, Cheng R, Liu S, Qu F, Yin X, Wang Q, Xiao B, Ye
Z (2019) Radiomics analysis of apparent diffusion coefficient in
cervical cancer: a preliminary study on histological grade evaluation. J
Magn Reson Imaging 49:280-290

Runge VM (2017) Critical questions regarding gadolinium deposition
in the brain and body after injections of the gadolinium-based contrast
agents, safety, and clinical recommendations in consideration of the
EMA's pharmacovigilance and risk assessment committee recommen-
dation for suspension of the marketing authorizations for 4 linear
agents. Investig Radiol 52:317-323

Kang KM, Choi SH, Hwang M, Yun TJ, Kim JH, Sohn CH (2018) T1
shortening in the globus pallidus after multiple administrations of
gadobutrol: assessment with a multidynamic multiecho sequence.
Radiology 287:258-266

Baltzer PAT, Bickel H, Spick C, Wengert G, Woitek R, Kapetas P,
Clauser P, Helbich TH, Pinker K (2018) Potential of noncontrast
magnetic resonance imaging with diffusion-weighted imaging in
characterization of breast lesions: intraindividual comparison with
dynamic contrast-enhanced magnetic resonance imaging. Investig
Radiol 53:229-235

Mayerhoefer ME, Schima W, Trattnig S, Pinker K, Berger-Kulemann
V, Ba-Ssalamah A (2010) Texture-based classification of focal liver
lesions on MRI at 3.0 Tesla: a feasibility study in cysts and
hemangiomas. ] Magn Reson Imaging 32:352-359

Horvat JV, Durando M, Milans S, Patil S, Massler J, Gibbons G, Giri D,
Pinker K, Morris EA, Thakur SB (2018) Apparent diffusion coefficient
mapping using diffusion-weighted MRI: impact of background paren-
chymal enhancement, amount of fibroglandular tissue and menopausal
status on breast cancer diagnosis. Eur Radiol 28:2516-2524


http://dx.doi.org/10.1038/npjbcancer.2016.12
http://dx.doi.org/10.1038/npjbcancer.2016.12

Leithner D. et al.: Radiomic DWI Signatures of Breast Cancer

33.

34.

35.

36.

37.
38.
39.

40.

41.
42.

43.

Ba-Ssalamah A, Muin D, Schernthaner R, Kulinna-Cosentini C,
Bastati N, Stift J, Gore R, Mayerhoefer ME (2013) Texture-based
classification of different gastric tumors at contrast-enhanced CT. Eur
J Radiol 82:¢537-¢543

Collewet G, Strzelecki M, Mariette F (2004) Influence of MRI
acquisition protocols and image intensity normalization methods on
texture classification. Magn Reson Imaging 22:81-91

(2006) Texture analysis for magnetic resonance imaging. Prague:
Med4publishing s.r.o

Hu Y, Dennis TJ (1994) Textured image segmentation by context
enhanced clustering. IEE proceedings, Vision, Image and Signal
Processing 141:413-421

Kashyap R, Chellappa R (1983) Estimation and choice of neighbors in
spatial-interaction models of images. IEEE Trans Inf Theory 29:60-72
MaZda Web Site Feature Names List. http://www.eletel.p.lodz.pl/
programy/mazda/download/FeaturerList.pdf (accessed June 22, 2018)
MazZda Web Site MaZda User's Manual. http://www.eletel.p.lodz.pl/
mazda/download/mazda_manual.pdf (accessed June 12, 2018)

Hon JD, Singh B, Sahin A, du G, Wang J, Wang VY, Deng FM,
Zhang DY, Monaco ME, Lee P (2016) Breast cancer molecular
subtypes: from TNBC to QNBC. Am J Cancer Res 6:1864-1872
Fukunaga K (1990) Introduction to statistical pattern recognition.
Academic Press Professional, Inc, San Diego

Duda RO, Hart PE, Stork DG (2012) Pattern classification. John
Wiley & Sons, Hoboken

Skogen K, Schulz A, Dormagen JB, Ganeshan B, Helseth E, Server A
(2016) Diagnostic performance of texture analysis on MRI in grading
cerebral gliomas. Eur J Radiol 85:824-829

44,

45.

46.

47.

48.

49.

461

Fan M, Li H, Wang S, Zheng B, Zhang J, Li L (2017) Radiomic
analysis reveals DCE-MRI features for prediction of molecular
subtypes of breast cancer. PLoS One 12:¢0171683

Wu J, Sun X, Wang J, Cui Y, Kato F, Shirato H, lkeda DM, Li R
(2017) Identifying relations between imaging phenotypes and molec-
ular subtypes of breast cancer: model discovery and external
validation. J Magn Reson Imaging 46:1017-1027

Clauser P, Mann R, Athanasiou A, Prosch H, Pinker K, Dietzel M,
Helbich TH, Fuchsjager M, Camps-Herrero J, Sardanelli F, Forrai G,
Baltzer PAT (2018) A survey by the European Society of Breast
Imaging on the utilisation of breast MRI in clinical practice. Eur
Radiol 28:1909-1918

Saslow D, Boetes C, Burke W, Harms S, Leach MO, Lehman CD,
Morris E, Pisano E, Schnall M, Sener S, Smith RA, Warner E, Yaffe
M, Andrews KS, Russell CA, American Cancer Society Breast Cancer
Advisory Group (2007) American Cancer Society guidelines for
breast screening with MRI as an adjunct to mammography. CA
Cancer J Clin 57:75-89

LiZ, Mao Y, Li H, Yu G, Wan H, Li B (2016) Differentiating brain
metastases from different pathological types of lung cancers using
texture analysis of T1 postcontrast MR. Magn Reson Med 76:1410—
1419

Fruehwald-Pallamar J, Czerny C, Holzer-Fruehwald L, Nemec SF,
Mueller-Mang C, Weber M, Mayerhoefer ME (2013) Texture-based
and diffusion-weighted discrimination of parotid gland lesions on MR
images at 3.0 Tesla. NMR Biomed 26:1372-1379

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.?


http://www.eletel.p.lodz.pl/programy/mazda/download/FeaturerList.pdf
http://www.eletel.p.lodz.pl/programy/mazda/download/FeaturerList.pdf
http://www.eletel.p.lodz.pl/mazda/download/mazda_manual.pdf
http://www.eletel.p.lodz.pl/mazda/download/mazda_manual.pdf

	 Imaging for the Assessment of Breast Cancer Receptor Status and Molecular Subtypes
	Abstract
	Introduction
	Material and Methods
	Patients
	MR Imaging
	Radiomic Analysis
	Histopathological Analysis
	Statistical Analysis

	Results
	Molecular Breast Cancer Subtypes
	Receptor Status

	Discussion
	Conclusion
	Funding
	Compliance with Ethical Standards
	References


