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Abstract: Radiomics based on dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI)
has been used for breast estrogen receptor (ER) and progesterone receptor (PR) status evaluation.
However, the radiomic features of peritumoral regions were not thoroughly analyzed. This study
aimed to establish and validate the multiregional radiomic signatures (RSs) for the preoperative
identification of the ER and PR status in breast cancer. A total of 443 patients with breast cancer were
divided into training (n = 356) and validation (n = 87) sets. Radiomic features were extracted from
intra- and peritumoral regions on six functional parametric maps from DCE-MRI. A two-sample
t-test, least absolute shrinkage and selection operator regression, and stepwise were used for feature
selections. Three RSs for predicting the ER and PR status were constructed using a logistic regression
model based on selected intratumoral, peritumoral, and combined intra- and peritumoral radiomic
features. The area under the receiver operator characteristic curve (AUC) was used to assess the
discriminative performance of three RSs. The AUCs of intra- and peritumoral RSs for identifying
the ER status were 0.828/0.791 and 0.755/0.733 in the training and validation sets, respectively. For
predicting the PR status, intra- and peritumoral RSs resulted in AUCs of 0.816/0.749 and 0.806/0.708
in the training and validation sets, respectively. Multiregional RSs achieved the best AUCs among
three RSs for evaluating the ER (0.851 and 0.833) and PR (0.848 and 0.763) status. In conclusion,
multiregional RSs based on functional parametric maps from DCE-MRI showed promising results
for preoperatively evaluating the ER and PR status in breast cancer patients. Further studies using a
larger cohort from multiple centers are necessary to confirm the reliability of the established models
before clinical application.

Keywords: radiomics; estrogen receptor; progesterone receptor; breast cancer; magnetic reso-
nance imaging

1. Introduction

Female breast cancer (BC) has become the most commonly diagnosed cancer, with an
estimated 2.3 million new cases in 2020 [1]. BC is a hormone-dependent disease [2]. The
expressions of estrogen receptors (ERs) and/or progesterone receptors (PRs) are present in
approximately 70%–80% of BCs, and are associated with other tumor characteristics [2–4].
In addition, the ER and PR status are important markers for determining luminal subtypes,
treatment choice, and the prognosis [5,6]. In clinical practice, gene status is evaluated using
immunohistochemical analyses of tissue samples obtained from core needle biopsies, which
are invasive and time-consuming procedures [7]. However, the time of the first diagnosis
and treatment is of crucial importance for patients with BC [8]. A study conducted by
Sitaula et al. proposed a new pathological diagnosis method, combining foreground and
background features at histopathological image parts and whole levels extracted from two
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mid-level pooling layers of pre-trained VGG16 models, which yields a better effectiveness
and efficiency for BC classification [9]. This technique might be also suitable for the
evaluation of the ER and PR status in BC patients using histopathology images. However,
that method still requires a needle biopsy to obtain histopathology images. Therefore, there
is an urgent need to develop a noninvasive and preoperative model to identify the ER and
PR status.

Radiomics is a promising new methodology, which can characterize tumor heterogene-
ity by extracting a large number of quantitative features from medical images [10,11]. Pre-
vious studies have shown that radiomic features derived from contrast-enhanced spectral
mammography, or magnetic resonance imaging (MRI) data have the potential to identify
the ER and PR status of BC [8,12,13]. However, these radiomic studies mainly focused on
intratumoral regions and ignored the surrounding tissues. Some evidence has suggested
that tumors are not only comprised of tumor cells, but also host stromal cells, which may
provide additional valuable information to diagnose BC [14–17]. In addition, two recent
studies on radiomics found that the models established using radiomic features derived
from intra- and peritumoral region in functional parametric maps, which are calculated
by dynamic contrast-enhanced MRI, achieved a better diagnostic ability than the models
based on intratumoral features for the prediction of Ki-67, HER-2, and sentinel lymph node
metastasis [18,19]. Therefore, functional parametric maps can perform semi-quantitative
analysis for intra- and peritumoral regions and capture the change existed in these regions.
Moreover, new evidence showed that the expression of estrogen and progesterone signals
in the tumor microenvironment was also different [20]. However, to the best of our knowl-
edge, to evaluate the ER and PR status in BC patients, there has been no radiomic study
based on multiregional features from functional parametric maps. Thus, a hypothesis that
combines intra- and peritumoral features might yield a better performance for evaluating
hormonal status is proposed.

In this study, we aimed to establish and validate the multiregional radiomic signa-
tures (RSs) based on functional parametric maps from DCE-MRI for the preoperative
identification of the ER and PR status of BC patients.

2. Materials and Methods
2.1. Patients

The Institutional Ethics Committee approved this retrospective study, and the require-
ment for informed consent was waived. A total of 443 female patients with pathologically
confirmed BC were selected for this study from November 2017 to February 2021. The
inclusion and exclusion criteria of the patients are provided in the Supplemental Material.
The recruitment pathway for the selected patients is shown in Supplemental Figure S1.

All patients were assigned into two cohorts at a ratio of 4:1 based on the time of
treatment [21]. The training set contained 356 patients who received treatment between
November 2017 and May 2020. The validation set contained 87 patients who received
treatment between June 2020 and February 2021. Figure 1 provides the flowchart of
approaches used in this study.

Diagnostics 2022, 12, x FOR PEER REVIEW 3 of 12 
 

 

 
Figure 1. Flowchart of approaches used in this study. 

2.2. Pathological Evaluation 
The gene status of each patient was evaluated by pathologists using immunohisto-

chemical analyses. The ER or PR status were recognized as positive if at least 1% positive 
tumor nuclei were present in the sample, or otherwise deemed negative [22]. A Ki-67 ex-
pression level ≥ 14% was defined as high, or otherwise was defined as low [23]. 

2.3. MRI Acquisition 
A Signa HDxt 3.0 T MRI system (GE Healthcare Life Sciences, Chicago, IL, USA) was 

used to perform the breast examinations of all patients with the prone position. A dedi-
cated eight-channel double-breast coil was used for the DCE-MRI scans of all patients, 
which were transverse. For each scan, a pre-contrast series was initially performed and 
eight post-contrast series were then conducted after an intravenous injection of the con-
trast agent [0.5 mmol/mL of Omniscan™ (gadodiamide); GE Healthcare, Berlin, Germany] 
at 4 mL/s (0.15 mmol/kg body weight) with an equal volume of saline. The parameters of 
the scan were as follows: repetition time = 7.42 ms, echo time = 4.25 ms, flip angle = 15°, 
slice thickness = 2.20 mm, spacing between slices = 2.20 mm, inversion time = 20 ms, image 
matrix = 1024 × 1024, time per volume = 80 s, slice number = 78, and field of view = 340 × 
340 mm2. Eight post-contrast images subtracted the pre-contrast images to obtain the im-
ages of eight subtraction. 

2.4. Tumor Segmentation 
The representative slice image with the maximum diameter of the tumor in the sub-

traction image was selected by two radiologists (Reader 1, with 10 years of diagnostic 
experience in breast cancer, and Reader 2, with 5 years of experience). Another senior 
radiologist (Reader 3 with 14 years of experience) performed the evaluation for cases 
when there was a disagreement between Readers 1 and 2. All readers were blinded to the 
clinical and histopathological data. 

The intratumoral region of interest (ROI) was obtained using a semi-automatic seg-
mentation method based on the maximum between-cluster variance by Reader 1. The de-
tailed descriptions for the semi-automatic segmentation method are summarized in the 
Supplemental Material. The peritumoral ROI was acquired by dilating a radial distance 
of 4 mm from the boundary of the intratumoral ROI [19]. The procedure of tumor seg-
mentation was performed based on MATLAB 2018a (Mathworks, Natick, MA, USA). In 
addition, for tumors near the edge of the breast or chest wall, a breast parenchyma ROI 
(mask) was manually created using ITK-SNAP software (www.itksnap.org) and loaded 
into MATLAB 2018a. The dilation of the peritumoral ROI was additionally limited within 
the boundary of the breast tissue so that it did not exceed the breast region [24]. 

  

Figure 1. Flowchart of approaches used in this study.



Diagnostics 2022, 12, 2558 3 of 11

2.2. Pathological Evaluation

The gene status of each patient was evaluated by pathologists using immunohisto-
chemical analyses. The ER or PR status were recognized as positive if at least 1% positive
tumor nuclei were present in the sample, or otherwise deemed negative [22]. A Ki-67
expression level ≥14% was defined as high, or otherwise was defined as low [23].

2.3. MRI Acquisition

A Signa HDxt 3.0 T MRI system (GE Healthcare Life Sciences, Chicago, IL, USA) was
used to perform the breast examinations of all patients with the prone position. A dedicated
eight-channel double-breast coil was used for the DCE-MRI scans of all patients, which were
transverse. For each scan, a pre-contrast series was initially performed and eight post-contrast
series were then conducted after an intravenous injection of the contrast agent [0.5 mmol/mL
of Omniscan™ (gadodiamide); GE Healthcare, Berlin, Germany] at 4 mL/s (0.15 mmol/kg
body weight) with an equal volume of saline. The parameters of the scan were as follows:
repetition time = 7.42 ms, echo time = 4.25 ms, flip angle = 15◦, slice thickness = 2.20 mm,
spacing between slices = 2.20 mm, inversion time = 20 ms, image matrix = 1024 × 1024, time
per volume = 80 s, slice number = 78, and field of view = 340 × 340 mm2. Eight post-contrast
images subtracted the pre-contrast images to obtain the images of eight subtraction.

2.4. Tumor Segmentation

The representative slice image with the maximum diameter of the tumor in the sub-
traction image was selected by two radiologists (Reader 1, with 10 years of diagnostic
experience in breast cancer, and Reader 2, with 5 years of experience). Another senior
radiologist (Reader 3 with 14 years of experience) performed the evaluation for cases when
there was a disagreement between Readers 1 and 2. All readers were blinded to the clinical
and histopathological data.

The intratumoral region of interest (ROI) was obtained using a semi-automatic segmen-
tation method based on the maximum between-cluster variance by Reader 1. The detailed
descriptions for the semi-automatic segmentation method are summarized in the Supple-
mental Material. The peritumoral ROI was acquired by dilating a radial distance of 4 mm
from the boundary of the intratumoral ROI [19]. The procedure of tumor segmentation was
performed based on MATLAB 2018a (Mathworks, Natick, MA, USA). In addition, for tumors
near the edge of the breast or chest wall, a breast parenchyma ROI (mask) was manually
created using ITK-SNAP software (www.itksnap.org) and loaded into MATLAB 2018a. The
dilation of the peritumoral ROI was additionally limited within the boundary of the breast
tissue so that it did not exceed the breast region [24].

2.5. Calculation of Functional Parametric Maps

For the intra- and peritumoral ROIs, six functional parametric maps, the maximum
slope of increase (MSI), slope of signal intensity (SIslope), initial percentage of peak enhance-
ment (Einitial), early signal enhancement ratio (ESER), percentage of peak enhancement
(Epeak), and second enhancement percentage (SEP) maps, were calculated on a pixel-by-
pixel basis according to the following equations.

MSI = max (SIi+1 − SIi) (1)

SIslope = [(SI8 − SImean)/SImean] × 100% (2)

Einitial = (SI1 − SI0)/SI0 × 100% (3)

ESER = (SI1 − SI0)/(SI2 − SI0) × 100% (4)

Epeak = (SIpeak − SI0)/SI0 × 100% (5)

SEP = (SI2 − SI0)/SI0 × 100% (6)

www.itksnap.org
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where SI is the signal intensity of each pixel in the image, SI0 represents the value of the
pixel in the pre-contrast image, SI (i), i = (1, 2, 3, 4, 5, 6, 7, 8), represents the value of the
pixel in the i-th post-contrast scan, SImean is the mean value of the first two post-contrast
time points, and SIpeak represents the image pixel value at the peak enhancement time
point identified from the time-intensity curve.

2.6. Feature Extraction

The normalization betweenµ± 3σ [µ: mean of image intensity within the ROI;σ: standard
deviation (SD)] was performed for all pixel intensities of the intra- and peritumoral ROIs, and
eight bits/pixel were used for the gray level range to change the signal-to-noise ratio of the
texture results, prior to feature extraction [25–27]. Intra- and peritumoral ROIs of six functional
parametric maps were used to calculate four categories of radiomic features including first-
order statistic features, gray level co-occurrence matrix (GLCM) features, Laws features, and
Gabor features. For each case, a total of 4980 radiomic features were extracted. Supplemental
Table S1 provides the information of these features in detail. To eliminate the limitations, which
were imposed by the units among the different feature, all features were normalized according
to the corresponding formula [z distribution = (value – mean value)/SD)].

MATLAB 2018a was used to perform the image intensity normalization and feature ex-
traction.

2.7. Interobserver Variability Assessment

Reader 1 and Reader 2 performed the ROI segmentation for 100 images, which were
randomly selected. Radiomic features were then calculated for intra- and peritumoral ROIs
of the segmented images of each radiologist. To assess the reproducibility and stability
of the feature extractions, intraclass correlation coefficient (ICC) analysis was performed.
Features with an ICC > 0.8 were deemed as stable features and chosen for subsequent
radiomic analysis [28].

2.8. Feature Selection and RS Establishment

A three-step feature selection was used according to the ER and PR status for the intra-
and peritumoral features of the training cohort, respectively. First, the features with p < 0.1 were
primarily identified using the two-sample t-test [29]. Then, the least absolute shrinkage and
selection operator regression (LASSO) based on 10-fold cross-validation was conducted [21].
Finally, a backward stepwise selection was performed, and the stopping rule was set to the
likelihood ratio test with Akaike’s information criterion [30].

The optimal feature subsets for predicting the ER and PR status were selected for
each region. The intratumoral radiomic score (intra-rad-score) and peritumoral rad-score
(peri-rad-score) for identifying the ER and PR status were, respectively, calculated based
on the selected features with nonzero coefficients, which were obtained using the logistic
regression model. To establish the multiregional RSs for the ER and PR status, the selected
intra- and peritumoral features were combined and once more fed into the LASSO and
stepwise methods. Then, the multiregional radiomics scores (multi-rad-scores) for evaluat-
ing the ER and PR status were calculated using the logistic regression model based on the
selected multiregional features.

The feature selection and RS establishment were performed by using R software
(version 3.6.2).

2.9. Statistical Analysis

The area under the receiver-operator characteristic (ROC) curve (AUC) were used to
evaluate the discriminative performance of three RSs for identifying the ER and PR status
in both the training and validation sets. MedCalc software (version 14.10.20) was used to
generate the ROC plots. The figure plots were performed using R software.
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3. Results
3.1. Patient Characteristics

A total of 443 BC patients (mean age: 51 years; age range: 23–85 years) were included
in our study. The patient characteristics are shown in Table 1. Two randomly selected
cases are shown in Figure 2, displaying the results of lesion segmentation along with six
functional parametric maps.

Table 1. The characteristics of 443 BC patients.

Characteristics Number of Patients (%)

Tumor size
≤20 162 (36.57%)
>20 281 (63.43%)

ER status
Positive 292 (65.91%)

Negative 151 (34.09%)
PR status
Positive 279 (62.98%)

Negative 164 (37.02%)
Ki-67 level

High 282 (63.66%)
Low 161 (36.34)

Histological type
Invasive ductal carcinoma 394 (88.94%)
Invasive lobular carcinoma 15 (3.39%)

Ductal carcinoma in situ 17 (3.84%)
Phyllode carcinoma 11 (2.48%)
Papillary carcinoma 6 (1.35%)
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3.2. Feature Selection and RS Establishment

In all, 1719 intratumoral and 1712 peritumoral features were shown to have a good sta-
bility. After feature selection with a two-sample t-test, LASSO and stepwise, 13 intratumoral
and seven peritumoral features were selected to calculate the intra- and peri-rad-scores for
identifying the ER status. To calculate the multi-rad-score for predicting the ER status, 17
multiregional features were chosen. Then, the three rad-scores were calculated using the
corresponding coefficients of the logistic regression model. Detailed information of those
selected features for identifying the ER status is provided in Supplemental Table S2. The
distributions of the three rad-scores and ER status in the training and validation sets are
shown in Supplemental Figures S2–S4.

For predicting the PR status, 17 intratumoral and 13 peritumoral features were chosen
to calculate the intra- and peri-rad-scores. Next, 20 multiregional features were selected
for the calculation of the multi-rad-score. Thereafter, the three rad-scores were calculated
based on the corresponding logistic regression coefficients of the selected features. Detailed
information of those selected features is summarized in Supplemental Table S3. The
distributions of the three rad-scores and ER status in the training and validation sets are
presented in Supplemental Figures S5–S7.

3.3. Radiomic Assessment

The ROC curves of the three RSs for identifying the ER status in the training and
validation sets are shown in Figure 3. The diagnostic performances of three RSs are shown
in Table 2. The multiregional RS achieved the best AUC among the three RSs in the training
(AUC: 0.851) and validation (AUC: 0.833) sets. The intratumoral RS yielded an AUC of
0.828 in the training set and 0.791 in the validation set. The AUCs of the peritumoral RS
were 0.755 and 0.733 in the training and validation sets, respectively.
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Figure 3. The receiver operator characteristic curves of the intratumoral RS (a), the peritumoral RS
(b), and the multiregional RS (c) for predicting estrogen receptor status in the training and validation
sets.

Table 2. Diagnostic performances of three RSs for predicting the estrogen receptor status in the
training and validation sets.

Intratumoral RS Peritumoral RS Multiregional RS

Metrics Training Set Validation Set Training Set Validation Set Training Set Validation Set

AUC
(95% CI)

0.828
(0.784–0.865)

0.791
(0.691–0.871)

0.755
(0.707–0.799)

0.733
(0.628–0.822)

0.851
(0.809–0.886)

0.833
(0.738–0.905)

Sensitivity 0.664 0.850 0.603 0.667 0.845 0.850
Specificity 0.839 0.704 0.815 0.741 0.694 0.778

CI, confidence interval.

For the prediction of the ER status, the ROC curves of three RSs in the training and
validation sets are presented in Figure 4, and the diagnostic performances of the three RSs
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are provided in Table 3. The AUC of the multiregional RS was the best among the three RSs
in the training (AUC: 0.848) and validation (AUC: 0.763) sets. The intratumoral RS obtained
an AUC of 0.816 in the training set and 0.746 in the validation set. The peritumoral RS
yielded an AUC of 0.806 in the training set and 0.708 in the validation set.
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Figure 4. The receiver operating characteristic curves of the intratumoral RS (a), the peritumoral RS
(b), and the multiregional RS (c) for predicting the progesterone receptor status in the training and
validation sets.

Table 3. Diagnostic performances of three RSs for predicting progesterone receptor status in the
training and validation sets.

Intratumoral RS Peritumoral RS Multiregional RS

Metrics Training Set Validation Set Training Set Validation Set Training Set Validation Set

AUC
(95% CI)

0.816
(0.772–0.855)

0.749
(0.645–0.836)

0.806
(0.761–0.846)

0.708
(0.600–0.800)

0.848
(0.806–0.883)

0.763
(0.660–0.848)

Sensitivity 0.707 0.632 0.761 0.351 0.788 0.912
Specificity 0.761 0.867 0.709 0.967 0.769 0.533

CI, confidence interval.

4. Discussion

In the present study, the intratumoral and peritumoral RSs for identifying the ER
and PR status were established using the intratumoral and peritumoral features extracted
from six functional parametric maps of DCE-MRIs. Then, the multiregional RSs were
constructed based on the combination of the selected intratumoral and peritumoral features
for predicting the ER and PR status. The results showed that the multiregional RSs yielded
the highest AUC values among the three RSs for evaluating the ER and PR status in both
the training and validation sets.

ER and PR status are important clinical markers for the molecular subtyping, prog-
noses, and treatment of BC [5,6]. However, these markers are currently assessed through
a diagnostic biopsy, which is an invasive procedure. Radiomics is an advanced technol-
ogy which can transform medical images into high-dimensional and mineable data, and
provide support for decision-making in oncology at a low cost and noninvasively through
subsequent data analyses [31]. Some studies have reported the diagnostic performances of
radiomics for the prediction of the ER and PR status in BC [12,13]. A study investigated
the performance of the radiomic features from contrast-enhanced spectral mammography
for identifying the ER and PR status of 68 breast lesions, which showed good diagnostic
abilities [12]. However, MRI has been widely used in BC patients to define the extent of
lesions, detect contralateral and occult diseases, and has been recommended for screening
high-risk women [32,33]. A radiomic study by Monti et al. analyzed the DCE-MRI pharma-
cokinetic maps of 49 patients and established radiomic models, which showed promise
for the discrimination of ER and PR status [13]. However, these radiomic studies included
smaller samples and lacked an independent validation cohort. In addition, only radiomic
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features of the intratumoral regions were investigated in these studies. Two recent studies
showed that the radiomic features of the peritumoral regions in functional parametric
maps had a diagnostic value for the pathological findings of BC, such as Ki-67, HER-2, and
sentinel lymph node metastasis [18,19]. In our study, the radiomic features were therefore
extracted from the intra- and peritumoral regions in six functional parametric maps. To
better evaluate and validate the models, our study included more samples compared with
previous studies. Moreover, an independent validation cohort was divided and used to
verify the effectiveness of the established models.

To improve the reproducibility of the radiomic models, features with a poor stability
were excluded from our study. Then, a feature selection with two-sample t-tests, LASSO,
and stepwise analyses was performed to select the optimal features from the stable features
of each region, which were used to build the intratumoral and peritumoral RSs for a
prediction of the ER and PR status, respectively. The results showed that the intra- and
peritumoral RSs yielded a good diagnostic performance for the identification of the ER and
PR status. To construct multiregional RSs, LASSO and stepwise methods were once again
used. We found that the number of Gabor features was the largest among the features
used to build the multiregional RSs, which are partially consistent with those of some
previous studies [18,34–36]. This was mainly because Gabor features could detect the
wavelike patterns of the intensity variations across different spatial scales in different
orientations [35,36]. In addition, most of the selected features were derived from Einitial
maps, which showed more useful details. Finally, we found that the multiregional RSs
achieved higher AUC values compared with the intra- and peritumoral RSs in evaluating
the ER and PR status. In addition, several recent studies also reported similar results that
the radiomic models based on the multiregional features improved the diagnostic ability of
pathological results for BC [18,19,34–37].

Computer-aided diagnosis (CAD) tools based on deep learning algorithms were suc-
cessfully performed for the analysis of large and complex histopathological images, and
achieved a good diagnostic performance and improved the work efficiency of patholo-
gists [38,39]. A study by Sitaula et al. proposed a combined model for feature extraction
to represent histopathology images capturing information in the images from different
perspectives, and obtained a good accuracy in BC classification [9]. This method indicated
that the pathological information of local lesions at the microscale is of vital importance
for BC assessment. However, our study only investigated the diagnostic performance of
the radiomic features of a macroscale tumor derived from functional parametric maps
of DCE-MRI, ignoring this important information. In addition, one study demonstrated
that radiopathomics, incorporating both radiological information of the whole tumor and
pathological information of local lesions from a biopsy, could achieve a good performance
in predicting discrepancies of the pathological response in rectal cancer [40]. Thus, in future
research, we will analyze the features of a microscale tumor derived from BC histopathol-
ogy images, and try to establish the radiopathomic models, combining the MRI features of
a macroscale tumor and the histopathology features of a microscale tumor.

This preliminary study had certain limitations. First, the sample size of the patient
cohorts in our study was limited, and all cases were derived from a single center. To further
validate the performance of our established models, more patients from multi-centers will
be included in future research. Second, there may be a potential selection bias due to the
retrospective design of this study. Third, only two-dimensional images of the largest tumor
diameters were analyzed in our study. However, radiomics analyses based on the whole
tumor volume may provide more comprehensive and important information about tumors,
when compared with the models established using two-dimensional images. Fourth, some
studies indicated that a radiomics model constructed using DCE-MRI combined with the
apparent diffusion coefficient features could improve the diagnostic performance of the
pathological results of BC [41,42]. However, the extraction of radiomic features in our study
was only performed in the functional parametric maps based on the DCE-MRI, neglecting
the features from apparent diffusion coefficient maps. Thus, multiple MRI sequences should
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be included in future radiomic studies. Finally, the pathological evaluation performed
by multiple pathologists might exist inter-operator variability in the evaluation of IHC
markers. In future research, we will carry out the relevant research to investigate the impact
of inter-operator variability in the evaluation of IHC markers.

5. Conclusions

Our study developed multiregional RSs based on functional parametric maps from
DCE-MRI, which showed favorable predictions of ER and PR status in BC patients. Further
studies using a larger cohort from multiple centers are necessary to confirm the reliability
of the established models before clinical application.
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5. Győrffy, B.; Hatzis, C.; Sanft, T.; Hofstatter, E.; Aktas, B.; Pusztai, L. Multigene prognostic tests in breast cancer: Past, present,
future. Breast Cancer Res. 2015, 17, 11. [CrossRef] [PubMed]

6. Prat, A.; Ellis, M.J.; Perou, C.M. Practical implications of gene-expression-based assays for breast oncologists. Nat. Rev. Clin.
Oncol. 2011, 9, 48–57. [CrossRef]

7. Zaha, D.C. Significance of immunohistochemistry in breast cancer. World J. Clin. Oncol. 2014, 5, 382–392. [CrossRef] [PubMed]
8. Demircioglu, A.; Grueneisen, J.; Ingenwerth, M.; Hoffmann, O.; Pinker-Domenig, K.; Morris, E.; Haubold, J.; Forsting, M.;

Nensa, F.; Umutlu, L. A rapid volume of interest-based approach of radiomics analysis of breast MRI for tumor decoding and
phenotyping of breast cancer. PLoS ONE 2020, 15, e0234871. [CrossRef]

9. Sitaula, C.; Aryal, S. Fusion of whole and part features for the classification of histopathological image of breast tissue. Health Inf.
Sci. Syst. 2020, 8, 38. [CrossRef]

10. Aerts, H.J.W.L. The Potential of Radiomic-Based Phenotyping in Precision Medicine: A Review. JAMA Oncol. 2016, 2, 1636–1642.
[CrossRef]

11. Kuo, M.D.; Jamshidi, N. Behind the numbers: Decoding molecular phenotypes with radiogenomics—Guiding principles and
technical considerations. Radiology 2014, 270, 320–325. [CrossRef] [PubMed]

12. La Forgia, D.; Fanizzi, A.; Campobasso, F.; Bellotti, R.; Didonna, V.; Lorusso, V.; Moschetta, M.; Massafra, R.; Tamborra, P.;
Tangaro, S.; et al. Radiomic Analysis in Contrast-Enhanced Spectral Mammography for Predicting Breast Cancer Histological
Outcome. Diagnostics 2020, 10, 708. [CrossRef] [PubMed]

13. Monti, S.; Aiello, M.; Incoronato, M.; Grimaldi, A.M.; Moscarino, M.; Mirabelli, P.; Ferbo, U.; Cavaliere, C.; Salvatore, M. DCE-MRI
Pharmacokinetic-Based Phenotyping of Invasive Ductal Carcinoma: A Radiomic Study for Prediction of Histological Outcomes.
Contrast Media Mol. Imaging 2018, 2018, 5076269. [CrossRef] [PubMed]

14. Mao, Y.; Keller, E.T.; Garfield, D.H.; Shen, K.; Wang, J. Stromal cells in tumor microenvironment and breast cancer. Cancer
Metastasis Rev. 2013, 32, 303–315. [CrossRef] [PubMed]

15. Hattangadi, J.; Park, C.; Rembert, J.; Klifa, C.; Hwang, J.; Gibbs, J.; Hylton, N. Breast stromal enhancement on MRI is associated
with response to neoadjuvant chemotherapy. Am. J. Roentgenol. 2008, 190, 1630–1636. [CrossRef]

16. Kim, S.-A.; Cho, N.; Ryu, E.B.; Seo, M.; Bae, M.S.; Chang, J.M.; Moon, W.K. Background parenchymal signal enhancement ratio at
preoperative MR imaging: Association with subsequent local recurrence in patients with ductal carcinoma in situ after breast
conservation surgery. Radiology 2014, 270, 699–707. [CrossRef]

17. Wu, J.; Li, B.; Sun, X.; Cao, G.; Rubin, D.L.; Napel, S.; Ikeda, D.M.; Kurian, A.W.; Li, R. Heterogeneous Enhancement Patterns of
Tumor-adjacent Parenchyma at MR Imaging Are Associated with Dysregulated Signaling Pathways and Poor Survival in Breast
Cancer. Radiology 2017, 285, 401–413. [CrossRef]

18. Li, C.; Song, L.; Yin, J. Intratumoral and Peritumoral Radiomics Based on Functional Parametric Maps from Breast DCE-MRI for
Prediction of HER-2 and Ki-67 Status. J. Magn. Reson. Imaging 2021, 54, 703–714. [CrossRef]

19. Liu, C.; Ding, J.; Spuhler, K.; Gao, Y.; Serrano Sosa, M.; Moriarty, M.; Hussain, S.; He, X.; Liang, C.; Huang, C. Preoperative
prediction of sentinel lymph node metastasis in breast cancer by radiomic signatures from dynamic contrast-enhanced MRI. J.
Magn. Reson. Imaging 2019, 49, 131–140. [CrossRef]

20. Boonyaratanakornkit, V.; McGowan, E.M.; Márquez-Garbán, D.C.; Burton, L.P.; Hamilton, N.; Pateetin, P.; Pietras, R.J. Proges-
terone Receptor Signaling in the Breast Tumor Microenvironment. Adv. Exp. Med. Biol. 2021, 1329, 443–474.

21. Nie, P.; Yang, G.; Wang, Z.; Yan, L.; Miao, W.; Hao, D.; Wu, J.; Zhao, Y.; Gong, A.; Cui, J.; et al. A CT-based radiomics nomogram
for differentiation of renal angiomyolipoma without visible fat from homogeneous clear cell renal cell carcinoma. Eur. Radiol.
2020, 30, 1274–1284. [CrossRef] [PubMed]

22. Hammond, M.E.H.; Hayes, D.F.; Dowsett, M.; Allred, D.C.; Hagerty, K.L.; Badve, S.; Fitzgibbons, P.L.; Francis, G.; Goldstein,
N.S.; Hayes, M.; et al. American Society of Clinical Oncology/College of American Pathologists guideline recommendations
for immunohistochemical testing of estrogen and progesterone receptors in breast cancer. J. Clin. Oncol. 2010, 28, 2784–2795.
[CrossRef] [PubMed]

23. Wolff, A.C.; Hammond, M.E.H.; Hicks, D.G.; Dowsett, M.; McShane, L.M.; Allison, K.H.; Allred, D.C.; Bartlett, J.M.S.; Bilous, M.;
Fitzgibbons, P.; et al. Recommendations for human epidermal growth factor receptor 2 testing in breast cancer: American Society
of Clinical Oncology/College of American Pathologists clinical practice guideline update. J. Clin. Oncol. 2013, 31, 3997–4013.
[CrossRef] [PubMed]

24. Tunali, I.; Stringfield, O.; Guvenis, A.; Wang, H.; Liu, Y.; Balagurunathan, Y.; Lambin, P.; Gillies, R.J.; Schabath, M.B. Radial gradient
and radial deviation radiomic features from pre-surgical CT scans are associated with survival among lung adenocarcinoma
patients. Oncotarget 2017, 8, 96013–96026. [CrossRef] [PubMed]

25. Collewet, G.; Strzelecki, M.; Mariette, F. Influence of MRI acquisition protocols and image intensity normalization methods on
texture classification. Magn. Reson. Imaging 2004, 22, 81–91. [CrossRef]

26. Wang, H.; Nie, P.; Wang, Y.; Xu, W.; Duan, S.; Chen, H.; Hao, D.; Liu, J. Radiomics nomogram for differentiating between benign
and malignant soft-tissue masses of the extremities. J. Magn. Reson. Imaging 2020, 51, 155–163. [CrossRef]

27. Gibbs, P.; Turnbull, L.W. Textural analysis of contrast-enhanced MR images of the breast. Magn. Reson. Med. 2003, 50, 92–98.
[CrossRef]

http://doi.org/10.1016/j.mce.2017.08.011
http://www.ncbi.nlm.nih.gov/pubmed/28851667
http://doi.org/10.1186/s13058-015-0514-2
http://www.ncbi.nlm.nih.gov/pubmed/25848861
http://doi.org/10.1038/nrclinonc.2011.178
http://doi.org/10.5306/wjco.v5.i3.382
http://www.ncbi.nlm.nih.gov/pubmed/25114853
http://doi.org/10.1371/journal.pone.0234871
http://doi.org/10.1007/s13755-020-00131-7
http://doi.org/10.1001/jamaoncol.2016.2631
http://doi.org/10.1148/radiol.13132195
http://www.ncbi.nlm.nih.gov/pubmed/24471381
http://doi.org/10.3390/diagnostics10090708
http://www.ncbi.nlm.nih.gov/pubmed/32957690
http://doi.org/10.1155/2018/5076269
http://www.ncbi.nlm.nih.gov/pubmed/29581709
http://doi.org/10.1007/s10555-012-9415-3
http://www.ncbi.nlm.nih.gov/pubmed/23114846
http://doi.org/10.2214/AJR.07.2533
http://doi.org/10.1148/radiol.13130459
http://doi.org/10.1148/radiol.2017162823
http://doi.org/10.1002/jmri.27651
http://doi.org/10.1002/jmri.26224
http://doi.org/10.1007/s00330-019-06427-x
http://www.ncbi.nlm.nih.gov/pubmed/31506816
http://doi.org/10.1200/JCO.2009.25.6529
http://www.ncbi.nlm.nih.gov/pubmed/20404251
http://doi.org/10.1200/JCO.2013.50.9984
http://www.ncbi.nlm.nih.gov/pubmed/24101045
http://doi.org/10.18632/oncotarget.21629
http://www.ncbi.nlm.nih.gov/pubmed/29221183
http://doi.org/10.1016/j.mri.2003.09.001
http://doi.org/10.1002/jmri.26818
http://doi.org/10.1002/mrm.10496


Diagnostics 2022, 12, 2558 11 of 11

28. Tang, T.-Y.; Li, X.; Zhang, Q.; Guo, C.-X.; Zhang, X.-Z.; Lao, M.-Y.; Shen, Y.-N.; Xiao, W.-B.; Ying, S.-H.; Sun, K.; et al. Development
of a Novel Multiparametric MRI Radiomic Nomogram for Preoperative Evaluation of Early Recurrence in Resectable Pancreatic
Cancer. J. Magn. Reson. Imaging 2020, 52, 231–245. [CrossRef]

29. Liu, Z.; Zhang, X.-Y.; Shi, Y.-J.; Wang, L.; Zhu, H.-T.; Tang, Z.; Wang, S.; Li, X.-T.; Tian, J.; Sun, Y.-S. Radiomics Analysis for
Evaluation of Pathological Complete Response to Neoadjuvant Chemoradiotherapy in Locally Advanced Rectal Cancer. Clin.
Cancer Res. 2017, 23, 7253–7262. [CrossRef]

30. Yu, X.; Song, W.; Guo, D.; Liu, H.; Zhang, H.; He, X.; Song, J.; Zhou, J.; Liu, X. Preoperative Prediction of Extramural Venous
Invasion in Rectal Cancer: Comparison of the Diagnostic Efficacy of Radiomics Models and Quantitative Dynamic Contrast-
Enhanced Magnetic Resonance Imaging. Front. Oncol. 2020, 10, 459. [CrossRef]

31. Gillies, R.J.; Kinahan, P.E.; Hricak, H. Radiomics: Images Are More than Pictures, They Are Data. Radiology 2016, 278, 563–577.
[CrossRef] [PubMed]

32. Pilewskie, M.; Morrow, M. Applications for breast magnetic resonance imaging. Surg. Oncol. Clin. N. Am. 2014, 23, 431–449.
[CrossRef] [PubMed]

33. Mainiero, M.B.; Lourenco, A.; Mahoney, M.C.; Newell, M.S.; Bailey, L.; Barke, L.D.; D’Orsi, C.; Harvey, J.A.; Hayes, M.K.; Huynh,
P.T.; et al. ACR Appropriateness Criteria Breast Cancer Screening. J. Am. Coll. Radiol. 2016, 13, R45–R49. [CrossRef]

34. Li, C.; Yin, J. Radiomics Nomogram Based on Radiomics Score from Multiregional Diffusion-Weighted MRI and Clinical Factors
for Evaluating HER-2 2+ Status of Breast Cancer. Diagnostics 2021, 11, 1491. [CrossRef] [PubMed]

35. Braman, N.M.; Etesami, M.; Prasanna, P.; Dubchuk, C.; Gilmore, H.; Tiwari, P.; Plecha, D.; Madabhushi, A. Intratumoral and
peritumoral radiomics for the pretreatment prediction of pathological complete response to neoadjuvant chemotherapy based on
breast DCE-MRI. Breast Cancer Res. 2017, 19, 57. [CrossRef]

36. Braman, N.; Prasanna, P.; Whitney, J.; Singh, S.; Beig, N.; Etesami, M.; Bates, D.D.B.; Gallagher, K.; Bloch, B.N.; Vulchi, M.; et al.
Association of Peritumoral Radiomics with Tumor Biology and Pathologic Response to Preoperative Targeted Therapy for HER2
(ERBB2)-Positive Breast Cancer. JAMA Netw. Open 2019, 2, e192561. [CrossRef] [PubMed]

37. Sun, Q.; Lin, X.; Zhao, Y.; Li, L.; Yan, K.; Liang, D.; Sun, D.; Li, Z.-C. Deep Learning vs. Radiomics for Predicting Axillary Lymph
Node Metastasis of Breast Cancer Using Ultrasound Images: Don’t Forget the Peritumoral Region. Front. Oncol. 2020, 10, 53.
[CrossRef] [PubMed]

38. Barker, J.; Hoogi, A.; Depeursinge, A.; Rubin, D.L. Automated classification of brain tumor type in whole-slide digital pathology
images using local representative tiles. Med. Image Anal. 2016, 30, 60–71. [CrossRef] [PubMed]

39. Vink, J.P.; Van Leeuwen, M.B.; Van Deurzen, C.H.M.; De Haan, G. Efficient nucleus detector in histopathology images. J. Microsc.
2013, 249, 124–135. [CrossRef]

40. Shao, L.; Liu, Z.; Feng, L.; Lou, X.; Li, Z.; Zhang, X.-Y.; Wan, X.; Zhou, X.; Sun, K.; Zhang, D.-F.; et al. Multiparametric MRI and
Whole Slide Image-Based Pretreatment Prediction of Pathological Response to Neoadjuvant Chemoradiotherapy in Rectal Cancer:
A Multicenter Radiopathomic Study. Ann. Surg. Oncol. 2020, 27, 4296–4306. [CrossRef]

41. Fan, M.; Yuan, W.; Zhao, W.; Xu, M.; Wang, S.; Gao, X.; Li, L. Joint Prediction of Breast Cancer Histological Grade and Ki-67
Expression Level Based on DCE-MRI and DWI Radiomics. IEEE J. Biomed. Health Inform. 2020, 24, 1632–1642. [CrossRef]
[PubMed]

42. Leithner, D.; Mayerhoefer, M.E.; Martinez, D.F.; Jochelson, M.S.; Morris, E.A.; Thakur, S.B.; Pinker, K. Non-Invasive Assessment
of Breast Cancer Molecular Subtypes with Multiparametric Magnetic Resonance Imaging Radiomics. J. Clin. Med. 2020, 9, 1853.
[CrossRef] [PubMed]

http://doi.org/10.1002/jmri.27024
http://doi.org/10.1158/1078-0432.CCR-17-1038
http://doi.org/10.3389/fonc.2020.00459
http://doi.org/10.1148/radiol.2015151169
http://www.ncbi.nlm.nih.gov/pubmed/26579733
http://doi.org/10.1016/j.soc.2014.03.001
http://www.ncbi.nlm.nih.gov/pubmed/24882343
http://doi.org/10.1016/j.jacr.2016.09.021
http://doi.org/10.3390/diagnostics11081491
http://www.ncbi.nlm.nih.gov/pubmed/34441425
http://doi.org/10.1186/s13058-017-0846-1
http://doi.org/10.1001/jamanetworkopen.2019.2561
http://www.ncbi.nlm.nih.gov/pubmed/31002322
http://doi.org/10.3389/fonc.2020.00053
http://www.ncbi.nlm.nih.gov/pubmed/32083007
http://doi.org/10.1016/j.media.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26854941
http://doi.org/10.1111/jmi.12001
http://doi.org/10.1245/s10434-020-08659-4
http://doi.org/10.1109/JBHI.2019.2956351
http://www.ncbi.nlm.nih.gov/pubmed/31794406
http://doi.org/10.3390/jcm9061853
http://www.ncbi.nlm.nih.gov/pubmed/32545851

	Introduction 
	Materials and Methods 
	Patients 
	Pathological Evaluation 
	MRI Acquisition 
	Tumor Segmentation 
	Calculation of Functional Parametric Maps 
	Feature Extraction 
	Interobserver Variability Assessment 
	Feature Selection and RS Establishment 
	Statistical Analysis 

	Results 
	Patient Characteristics 
	Feature Selection and RS Establishment 
	Radiomic Assessment 

	Discussion 
	Conclusions 
	References

