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Abstract

BACKGROUND: Computer-aided methods have been widely applied to diagnose lesions
detected on breast MRI, but fully-automatic diagnosis using deep learning is rarely reported.

PURPOSE: To evaluate the diagnostic accuracy of mass lesions using ROI-based, radiomics and
deep learning methods, by taking peri-tumor tissues into consideration.

STUDY TYPE: Retrospective

POPULATION: 133 patients with histologically confirmed 91 malignant and 62 benign mass
lesions for training (74 patients with 48 malignant and 26 benign lesions for testing).

FIELD STRENGTH/SEQUENCE: 3T, using the volume imaging for breast assessment
(VIBRANT) DCE sequence.

ASSESSMENT: 3D tumor segmentation was done automatically by using fuzzy-C-means
algorithm with connected-component labeling. A total of 99 texture and histogram parameters
were calculated for each case, and 15 were selected using random forest to build a radiomics
model. Deep learning was implemented using ResNet50, evaluated with 10-fold cross-validation.
The tumor alone, smallest bounding box, and 1.2, 1.5, 2.0 times enlarged boxes were used as
inputs.
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STATISTICAL TESTS: The malignancy probability was calculated using each model, and the
threshold of 0.5 was used to make diagnosis.

RESULTS: In the training dataset, the diagnostic accuracy was 76% using three ROI-based
parameters, 84% using the radiomics model, and 86% using ROI+radiomics model. In deep
learning using per-slice basis, the area under the ROC was comparable for tumor alone, smallest
and 1.2 times box (AUC=0.97-0.99), which were significantly higher than 1.5 and 2.0 times box
(AUC=0.86 and 0.71, respectively). For per-lesion diagnosis, the highest accuracy of 91% was
achieved when using the smallest bounding box, and that decreased to 84% for tumor alone and
1.2 times box, and further to 73% for 1.5 times box and 69% for 2.0 times box. In the independent
testing dataset, the per-lesion diagnostic accuracy was also the highest when using the smallest
bounding box, 89%.

DATA CONCLUSION: Deep learning using ResNet50 achieved a high diagnostic accuracy.
Using the smallest bounding box containing proximal peri-tumor tissue as input had higher
accuracy compared to using tumor alone or larger boxes.

Keywords

Breast cancer diagnosis; DCE-MRI; Deep learning; Peri-tumor tissue; Radiomics; ResNet

Breast MRI is an important imaging modality for screening, diagnosis and pre-operative
staging of breast cancer.1:2 Many benign lesions also show strong contrast enhancement, and
may lead to false positive diagnosis, unnecessary biopsy or over treatment. With increasing
screening and preoperative MRI performed, particularly in community settings, an efficient
way for characterization of the enhancing lesions is important to improve diagnostic
accuracy.

Conventional diagnosis made by radiologists is mainly based on evaluation of the
morphological features and the DCE time course, which is subjective and varies with
radiologists’ experience. This problem was well recognized, and many computer-aided-
diagnosis (CAD) methods have been developed and reported in the literature in the last two
decades.*8 In addition to providing quantitative parameters related to shape, internal
heterogeneity and DCE kinetics, the CAD features were further related to BI-RADS
descriptors,®8 and used to build separate diagnostic models for mass and non-mass-like
enhancements, respectively.”8 With the advances in computer technology, extracting large
data from medical images using automatic algorithms becomes more feasible; and
“radiomics”, which allows high-throughput extraction of tremendous amount of quantitative
information from radiographic images, emerged.%10 Texture and histogram features based
on MR images have potential to provide noninvasive imaging biomarkers to aid in breast
cancer diagnosis, prognosis and treatment response evaluation.1112 The radiomics
signatures are also related to molecular biomarkers and subtypes, and can aid in patients’
management using precision medicine approach.13:14

In recent years, artificial intelligence (Al) algorithms, particularly deep learning, have
demonstrated remarkable progress in medical image analysis, advancing the field forward at
a rapid pace.1® Convolutional Neural Network (CNN) is a common deep learning method
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applied to analyze photographic, pathological and radiographic images, and reported to have
great potential in various clinical tasks such as segmentation, abnormality detection, disease
classification and diagnosis.1® Deep learning has been applied to detect and diagnose breast
cancer on mammography, and shows promising results. For mass lesions, the accuracy of
deep learning was comparable to that of experienced radiologists.1’-22 Breast MRI acquires
multiple sets of images with varying tissue contrast, and DCE-MRI further acquires images
at different times with varying signal intensities that need to be considered, which makes
implementation of deep learning algorithms more challenging, and rarely reported.23-25
Truhn et al. investigated the diagnostic performance of benign and malignant lesions in MRI
using radiomics and deep learning.2 In their study, the input box was much larger than the
size of small lesions, which contained the suspicious lesion with a large amount of peri-
tumor and normal tissues, and might affect the diagnostic performance.

The tumor microenvironment is known to play a very important role in growth and invasion
of tumor,26:27 and peri-tumor tissue has been shown to provide helpful information for
diagnosis and prediction of prognosis.28-32 However, how the peri-tumor tissue should be
evaluated has not been well studied.3! The main goal of this study is to evaluate the
diagnostic accuracy of breast lesions detected on DCE-MRI with deep learning, by using 5
different sizes of input boxes containing the tumor with different amount of peri-tumor
tissues to evaluate their diagnostic performance. For comparison with the deep learning
results, the diagnosis was also done with conventional methods using the whole tumor ROI-
based analysis (tumor size, volume and enhancement ratios) and radiomics.

MATERIALS AND METHODS

Patients

This is a retrospective study. A total of 133 patients were used in the training dataset,
including 91 malignant cancers (mean age 51+10), and 62 benign lesions (mean age 45+11).
All lesions were confirmed by histological examination, major types listed in Table 1. These
cases were selected from consecutive patients receiving breast MRI for diagnosis from
January 2017 to May 2018, before biopsy or any treatment. All studies with confirmed
pathological diagnosis were selected. Since one major purpose of this study was to evaluate
the peri-tumor tissues surrounding the lesion, a well-defined tumor boundary was needed,
and thus only mass lesions that were visible on contrast-enhanced images were included.
Also, to ensure peri-tumor tissue was present for analysis, large tumors with volume greater
than 12 cm3 were excluded. For independent testing, the newer cases performed from June
to Dec 2018 were used, based on the same selection criteria. This study was approved by the
ethics committee of our hospital, and informed consent was waived.

MRI Protocol and Tumor Segmentation

All patients underwent MRI on a 3T scanner (GE SIGNA HDx) using a dedicated 8-channel
bilateral breast coil. The dynamic-contrast-enhanced (DCE) scan was acquired using the
volume imaging for breast assessment (VIBRANT) sequence in the axial view to cover both
breasts, with TR=5 ms; TE=2 ms; FA=10°; slice thickness=1.2 mm; FOV=34x34cm?;
matrix size=416x416. The DCE series consisted of 6 frames: one pre-contrast (F1) and 5
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post-contrast (F2-F6). The acquisition time for each frame was 1 min 32 s. The contrast
agent, 0.1 mmol/kg gadopantetate dimeglumine (Magnevist; Bayer Schering Pharma), was
intravenously injected after the pre-contrast images were acquired, at a rate of 2 ml/s
followed by 20 ml saline flush at the same rate.

A radiologist reviewed the images, and indicated the location and the slice range that
contained the tumor, by referencing to the clinical, radiological and pathological reports.
Then, based on the information, the tumor ROI on all slices were automatically segmented
on contrast-enhanced maps by using the fuzzy-C-means (FCM) clustering algorithm with
3D connected-component labeling, as described previously.>733 The lesion location and
range information was provided to another radiologist to perform segmentation again, and
the obtained radiomics features were compared to test their reproducibility by using intra-
class-coefficient (ICC).

ROI-based and Radiomics Analysis

Three heuristic DCE parametric maps were generated according to:
Wash-in Signal Enhancement (SE) Map = [ (F2-F1) / F1]
Maximum Signal Enhancement (SE) Map = [ (F3-F1) / F1]
Wash-out Slope Map = [ (F6 — F3) / F3]

The generated DCE parametric maps were inspected to make sure no motion artifact. Figure
1 shows the DCE images (F1, F2, F3 and F6), segmented tumor, three parametric maps, and
the mean DCE time course of a benign fibroadenoma. Figure 2 shows the images of an
invasive ductal carcinoma.

On each parametric map, 20 Gray Level Co-occurrence Matrix (GLCM) texture features,34
and 13 histogram-based parameters (10%, 20%... 80% to 90% values, mean, standard
deviation, kurtosis and skewness) were calculated, with a total of 99 quantitative pixel-wised
imaging features. The tumor segmentation was done on each 2-D slice, and they were
rendered into a 3-D space with isotropic voxel resolution for extracting the 3D texture
features. The intra-class-coefficient (ICC) of features analyzed between the two radiologists
was 0.91+0.11, showing a high reproducibility. This was likely due to the analysis of only
mass lesions in this study, and also that the segmentation was done using a computer-
program, not manually. Therefore, the reproducibility of the extracted radiomics features
was not used as a pre-selection criterion for feature reduction.

After the features were extracted for all cases, they were properly normalized to mean=0 and
standard deviation=1. The random forest algorithm with bootstrap-aggregated decision trees
was applied to select features to build an optimal diagnostic model.3> The first step was to
select important ones and rank the discriminating significance of all features, by using a total
of 1,000 trees. During the permutation process, each feature and case could be extracted
hundreds of times. The curvature test was implemented during the process of parameter
tuning to select uncorrelated features. The significance of each feature was determined based
on the decrease of classification accuracy when this feature was removed. The diagnostic
performance was tested using 10-fold cross-validation, which could avoid over-fitting and
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also improve the general applicability of the developed model. The final diagnostic model
was built by logistic regression, first by using the top 20 features, and then by removing the
lowest one, two, three ... one by one. The AUC started to show substantial decrease after
removing 5 features; therefore, the final model was built with 15 features. The detailed
radiomics analysis and model-building procedures were described in a recent publication.38
The analysis was done using programs written in Matlab 2013b (The Mathworks Inc.).

Five whole tumor ROI-based parameters, including the 1-D tumor size, 3-D tumor volume,
mean Wash-in SE ratio, mean Maximum SE ratio and mean Wash-out slope, were
calculated. The mean values in the malignant and benign groups of the training and testing
datasets are shown in Table 2. Three ROI-based parameters that gave the best classification
performance were selected to train a logistic model for diagnosis. Then, these three ROI-
based parameters and 15 radiomics features were used to build a combined ROI+radiomics
model.

Deep Learning Analysis

Deep learning was applied to automatically differentiate the two groups, by using ResNet50
architecture. The conventional convolutional neural network (CNN) learns features using
large convolutional network architectures; and in contrast, the ResNet tries to extract
residual features, as subtraction of features learned from input of that layer, using “skip
connections”.3” The ResNet50 architecture contains one 3x3 convolutional layer, one max
pooling layer, and 16 residual blocks. Each block contains one 1x1 convolutional layer, one
3x3 convolutional layer and one 1x1 convolutional layer. The residual connection is from
the beginning of the block to the end of the block. The output of the last block was
connected to a fully-connected layer with sigmoid function to give the prediction. The
methods were similar to those used in Haarburger et al.24:25 The software code was written
in Python 3.5 using the open-source TensorFlow r1.0 library (Apache 2.0 license), on a
GPU-optimized workstation with a single NVIDIA GeForce GTX Titan X (12GB, Maxwell
architecture).

The analysis was done by using three DCE parametric maps as inputs. For each case, the
smallest square bounding box containing the entire tumor was generated. This was done by
projecting the segmented tumor ROI’s from all slices together, and the smallest square box
covering the projected boundary was generated.38 In order to evaluate the diagnostic role of
peri-tumor tissues, 5 different input boxes were used, including 1) the tumor alone by setting
all outside tumor pixels in the box as zero, 2) the smallest bounding box, 3) enlarged box by
1.2 times, 4) enlarged box by 1.5 times, and 5) enlarged box by 2.0 times. The same box was
used for all slices in one case. The input boxes of two benign cases are illustrated in Figure
3, and those of two malignant cases are shown in Figure 4.

The bounding box was resized to 75x75 pixels as input into the networks. All tumor slices
were used as independent inputs, and the dataset was further augmented 20 times by using
random affine transformations. The loss function was cross entropy. The training was
implemented using the Adam optimizer fixed to 0.001.3% Parameters were initialized using
ImageNet.*° The L2 regularization was performed to prevent over-fitting of data by limiting
the squared magnitude of the kernel weights. Additionally, an early stopping strategy was
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used, in which the same epoch number was applied to all folds in cross validation. The
classification performance was evaluated using 10-fold cross-validation, and each case had
only one chance to be included in the validation group. According to the predicted
malignancy probability for each slice, the results from all slices were combined to generate
the ROC curve.

The prediction results based on 2D slices meant each slice had its own diagnostic
probability. For per-lesion diagnosis, the highest probability among all slices of one lesion
was considered. Using this definition could increase the false positive rate, and to investigate
this, the results obtained using different threshold values were compared.

Statistical Analysis

RESULTS

The statistical analysis was performed with SPSS 16.0, with £<0.05 considered significant.
In ROI-based, radiomics and ROl+radiomics analysis, after the model was built, the
malignancy probability for each lesion was calculated, and they were used for ROC analysis.
In addition, a diagnosis was made for each lesion, based on the threshold of probability > 0.5
as malignant, and then the sensitivity, specificity and accuracy were calculated. In deep
learning, the analysis was done using each slice as an individual input, and the obtained
malignancy probability from all slices were combined for performing the ROC analysis. The
curves obtained using 5 different input boxes were compared by using the DeLong test, with
alpha=0.05. The respective models developed in the training dataset were applied to the
independent testing dataset to give a diagnosis for each lesion, and then the sensitivity,
specificity and accuracy were calculated.

ROIl-based Volume and Mean DCE Parameters

Three parameters, including 3D tumor volume, wash-in SE ratio and wash-out slope, that
gave the best classification performance were combined to train a logistic model, and the
overall diagnostic accuracy was 76%. The diagnostic sensitivity, specificity and accuracy are
summarized in Table 3. The model developed from the training dataset was applied to the
testing dataset, and the accuracy was 67%.

Radiomics Analysis

The results are shown in Table 3. The 15 selected radiomics features and the diagnostic
model built by logistic regression are included in the supplementary material. The plot of the
malignancy probability based on the final radiomics model is shown in Figure 5. The
diagnostic accuracy was 84 %. When combining the three whole tumor ROI-based
parameters and the 15 selected radiomics features together, the accuracy was improved to
86%. The combined diagnostic model is also included in the supplementary material. When
applying these models to the testing dataset, the accuracy was 78% for radiomics, and 77%
for ROI+radiomics.
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Deep Learning Analysis Using ResNet50

The results obtained using 5 different input boxes containing different amount of peri-tumor
tissues were compared. The mean 3D tumor volumetric percentage in the smallest bounding
box was 34%. In ROC analysis performed using the predicted per-slice malignancy
probability, the AUC was 0.97+0.03 (range 0.93-0.99) for tumor alone, 0.98+0.03 (range
0.90-0.99) for smallest bounding box, 0.99+0.01 (range 0.97-0.99) for 1.2 times box,
0.86+0.07 (range 0.76-0.92) for 1.5 times box, 0.71+0.06 (range 0.63-0.81) for 2.0 times
box. The ROC curves obtained using these 5 different input boxes are shown in Figure 6.
The DelLong test showed that the ROC of smallest bounding box was not different compared
to tumor alone (z=1.37, p=0.42) and 1.2 times box (z=1.15, p=0.13), and significantly better
than 1.5 times (z=2.74, p=0.01) and 2.0 times boxes (z=3.25, p<0.00001).

According to the per-slice results, the highest probability in one lesion was used to make
per-lesion diagnosis, using the threshold of =0.5. The results are also shown in Table 3.
When using the tumor alone, the sensitivity was 91/91=100%, the specificity was
38/62=61%, with the overall accuracy of 84%. When using the smallest bounding box, the
sensitivity was 90/91=99%, the specificity was 49/62=79%, with the overall accuracy of
91%. The results showed that when considering adjacent peri-tumor using the smallest
bounding box compared to using tumor alone, the false positive case was decreased from
24/62 to 13/62, and that improved the specificity from 61% to 79% and the accuracy from
84% to 91%. When using the enlarged boxes with more peri-tumor tissue, the prediction
accuracy became worse and worse as the box became bigger and bigger. The results in the
testing dataset showed similar trends. The accuracy for the per-lesion diagnosis was 89%
when using the smallest bounding box, and worse for larger boxes.

Per-lesion Diagnosis Based on Different Malignancy Probability Threshold

The diagnostic results of the 4 illustrated case examples are given in the figure legends. For
the imaging slice shown in Figure 1, the predicted malignancy probability using ResNet was
0.36, correctly diagnosed as benign. However, for the whole lesion, one out of the total of 14
slices had the highest malignancy probability of 0.51, leading to a wrong malignant
diagnosis according to the threshold of 0.5. If the threshold was set higher, this case could be
correctly diagnosed. In order to investigate the trade-off between sensitivity and specificity,
the results obtained with varying threshold from 0.5 to 0.7 were compared, listed in Table 4.
As expected, increasing the threshold value could improve the specificity, with decreased
sensitivity. By using the threshold of 0.5, 0.55, 0.6, 0.65 and 0.7 in the testing dataset, the
specificity was 81%, 81%, 92%, 92% and 100%, with accuracy of 89%, 89%, 81%, 78%
and 53%, respectively.

DISCUSSION

In this study we evaluated the diagnostic performance of breast mass lesions detected on
DCE-MRI using ROI-based, radiomics, and deep learning methods with different input box
sizes. In the training dataset, the accuracy was 76% using ROI-based parameters, 84% using
radiomics, and 86% using combined ROI+radiomics. In deep learning using ResNet50 with
the smallest bounding box as input, the accuracy was improved to 91%. The results obtained
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in the testing dataset using newer cases were comparable, showing exactly the same trend
with a slightly lower accuracy. The results suggest that deep learning has the potential to be
developed as a clinical diagnostic tool.

In deep learning, the selection of the input box has never been systematically studied before,
and thus, one purpose of this work was to perform and compare the results done using 5
different methods, by considering different amount of peri-tumor tissues. Previous studies
have shown that the peri-tumor environments contain important information related to the
aggressiveness of the tumor, reflecting lymphovascular invasion and angiogenesis, 2829
composition of lipid and edema,3%-32 or mammary field cancerization,*42 and that can be
used for prediction of diagnosis or prognosis. In this study we used different sizes of
bounding box as inputs to evaluate their diagnostic role. In per-lesion diagnosis, the
accuracy was the highest when using the smallest bounding box. As the size of the box
increased, the performance became worse and worse, which might be due to the diluted
information by containing too much normal tissue, as well as the degraded input image
resolution into the neural networks. We further investigated the trade-off between sensitivity
and specificity using the results of the smallest bounding box. If the lesions are enhanced
and already determined as abnormal that needs further attention, the threshold can be set
differently depending on the intended clinical applications. For example, if the goal is to rule
out malignancy, the threshold can be set higher than 0.5 to decrease false positive diagnosis.

The role of peri-tumor tissue at various distances away from the tumor in predicting tumor
aggressiveness has been investigated before. Shin et al. applied a shell-based method and
reported that the apparent diffusion coefficient (ADC) of proximal peritumoral stroma could
differentiate between low-risk and high-risk breast cancer, but not the middle or the distal
peritumoral stroma.3! Fan et al. also applied a similar method and found proximal
peritumoral stroma could differentiate between low and high Ki-67 breast cancer groups.*3
The tissues further away from the tumor boundary contained less information associated
with the tumor, thus could be interpreted as “normal”; however, there was no definition of
the cut-off distance that could be used to classify tissues into “peri-tumor” vs. “normal”. Our
results also agreed that by taking the proximal peri-tumor tissue into consideration, i.e. by
using the smallest bounding box as input in deep learning, it could achieve a higher
diagnostic accuracy compared to using tumor alone or larger boxes.

In addition to deep learning, we also performed diagnosis using traditional tumor ROI-based
model and the more sophisticated radiomics model for comparison. Since malignant tumors
were more likely to be bigger and showing the wash-out DCE pattern with stronger
enhancements, using a simple ROI-based model could achieve a decent accuracy, 76% in the
training dataset. Radiomics could evaluate the internal heterogeneity by using texture and
histogram analysis, and the accuracy was improved to 84%, with 14 of 15 selected features
from texture. Our accuracy was comparable to that Truhn et al., who reported the AUC of
0.78-0.81 for radiomics.2> In another study by Whitney et al. to differentiate between
benign and Luminal A breast cancer, the AUC was 0.68 using maximum linear size, and
0.73 using radiomics features.** Since the radiomics features were extracted from the
segmented or manually contoured tumor according to the precise boundary, the margin
might not be well evaluated. Kooi et al.18 used an expanded area to compute the margin
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contrast on mammography, which may be implemented on MRI to evaluate whether it can
improve the diagnostic accuracy of detected lesions using radiomics.

In our deep learning, ResNet50 was used as the architecture of the convolutional neural
network. Deep learning with various CNN architecture has been applied to differentiate
benign and malignant mass lesions on mammography.17-22 Chougrad et al. used three
different CNN, and reported that ResNet50 could reach convergence during optimization
process faster than VGG, and obtain a good accuracy.2? Our ResNet50 method was similar
to ResNet18 and ResNet34 used in Haarburger et al. and Truhn et al.2425 In our study, each
slice was used as individual input, and L2 norm regularization, dropout and data
augmentation were applied to control overfitting. In per-slice analysis using 10-fold cross-
validation, the AUC’s were > 0.90 in all runs, suggesting that the trained model was robust
and not over-fitted. In ResNet, since it was pre-trained with photographs with RGB colors,
only 3 sets of images can be used in input channel. Haarburger et al. investigated various
combinations and found that the pre-contrast F1, post-contrast F3 and subtraction (F2-F1)
gave the best accuracy.24 In the present study we used three generated DCE parametric maps
as inputs, (F2-F1)/F1 and (F3-F1)/F1, with (F6-F3)/F3 to take the DCE wash-out pattern
into account. As T2-weighted images also provide very helpful diagnostic information, other
CNN architecture that can consider more sets of images can be investigated in the future.

Two other studies also investigated the application of deep learning for cancer diagnosis on
breast MRI. In an earlier study, Antropova et al.23 used three images as input. In a newer
study,?® they trained a long short-term memory (LSTM) network which could consider the
entire temporal sequences acquired in DCE-MRI, and achieved a significantly improved
AUC to 0.88 to differentiate benign from malignant lesions. In their study, the ROl was
selected to cover the segmented lesion, similar to our smallest bounding box. Another paper
by Zhou et al.*6 applied weakly supervised 3D deep learning, by using the entire segmented
breast as input to predict the presence of benign vs. malignant lesions inside, and obtained
AUC of 0.859. However, the main novelty in that study was to localize the lesion, not to
diagnose detected lesions. Two review papers by Reig et al.#” and Sheth et al.#8 gave
comprehensive information and new research direction about the application of Al and
machine learning for analysis of breast MRI.

This study has several limitations. First, the dataset was small for deep learning. For medical
image analysis using deep learning, it was usually done by using each slice as an
independent input, and the dataset was further enhanced with augmentation; and lastly,
appropriate methods such as L2 norm regularization and dropout were used to avoid
overfitting. Since this was a training process, the CNN results were usually compared to the
conventional ROI-based and radiomics results to evaluate their performances on the same
dataset. In the present study, we further used a separate dataset for independent testing, and
all results suggest that deep learning can achieve a high accuracy, and has the potential for
clinical implementation. Second, for per-lesion diagnosis, the highest malignancy
probability among all slices of one lesion was assigned to that lesion. Although this could
lead to a high sensitivity, it was at the expense of decreased specificity. The threshold used
for diagnosis can be adjusted depending on the intended clinical purpose. Also, how to
incorporate the predicted per-slice probabilities from all slices with an optimal weighting to
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yield the per-lesion probability needs to be further investigated. Third, in order to investigate
the impact of peri-tumor tissue, we only included mass lesions that had a clear boundary in
this study. It is known that diagnosis of mass lesions is easier and can achieve a higher
accuracy compared to non-mass-like (NML) enhancements. For NML, the tumorous tissues
and stroma are mixed, and thus, it is difficult to define the boundary for investigating the role
of peri-tumor. Since a clean dataset with well-enhanced mass lesion is used in this study, the
developed diagnostic models may not be directly applicable to other datasets. Nonetheless,
the models developed in deep learning may provide a basis to be applied to other datasets
through proper transfer learning, which is an efficient strategy commonly used in clinical
implementation of Al-based diagnostic tools.

In conclusion, we applied ROI-based, radiomics, and deep learning methods to diagnose
mass lesions detected on MRI. The results obtained using 5 different input boxes in deep
learning, by considering different amount of peri-tumor tissues, were compared. It was
shown that deep learning could achieve a higher diagnostic accuracy compared to ROI-based
and radiomics models to differentiate benign from malignant lesions. The results also
showed that using the smallest bounding box that included small amount of peri-tumor
tissue adjacent to the tumor had a higher accuracy compared to using tumor alone or larger
input boxes. As many breast MRI is performed in the community settings, the Al-based
diagnostic tools may be very helpful. Automatic, computer-aided, diagnosis using artificial
intelligence is emerging, and our study may contribute in development of such diagnostic
tools in the near future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A 66-year-old patient with a benign fibroadenoma showing smooth boundary. (A) F1 Pre-
contrast image. (B) The F2 post-contrast image. The red square box is the smallest bounding
box. (C-1): The zoom-in smallest bounding box containing the tumor. (C) The F1 pre-
contrast image, (D) The F2 post-contrast image, (E) The F3 post-contrast image, (F) The last
F6 post-contrast image, showing persistent enhancement with increased intensity over time.
(G) The wash-in signal enhancement map F2-F1, (H) The F3-F1 signal enhancement map,
(1) The wash-out F6-F3 map. (J) The DCE time course shows a persistent enhancement
pattern from F1 to F6. The predicted malignancy probability is 0.69 for ROI-model (wrong),
0.20 for radiomics (correct), 0.23 for ROl+radiomics (correct), 0.36 for per-slice CNN
(correct), 0.51 for per-lesion CNN (wrong based on threshold of 0.5). There are a total of 14

slices for this case, and only one slice has malignancy probability > 0.5.
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Figure 2:
A 68-year-old patient with a malignant invasive ductal cancer showing lobulated shape and

spiculated margin. (A) F1 Pre-contrast image. (B) The F2 post-contrast image. The red
square box is the smallest bounding box. (C-1): The zoom-in smallest bounding box
containing the tumor. (C) The F1 pre-contrast image, (D) The F2 post-contrast image, (E)
The F3 post-contrast image, (F) The last F6 post-contrast image, showing wash-out DCE
pattern with decreased intensity after reaching maximum in F3. (G) The wash-in signal
enhancement map F2-F1, (H) The maximum F3-F1 signal enhancement map, (I) The wash-
out F6-F3 map. (J) The DCE time course shows a typical wash-out pattern, reaching
maximum in F3, followed by decreased intensity from F4 to F6. The predicted malignancy
probability is 0.83 for ROI-model, 0.97 for radiomics, 0.97 for ROI+radiomics, 0.97 for per-
slice CNN, 0.99 for per-lesion CNN (all correct).
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Figure 3:
Two benign cases. (A-C) A 41-year-old patient with a benign fibroadenoma showing smooth

boundary. (A) The F3 post-contrast image. (B)The green box is the smallest square
bounding box, and 1.2, 1.5, and 2 times expanded larger boxes. (c) The zoom-in image of
the smallest, 1.2, 1.5, and 2 times boxes showing tumor with different amount of peri-tumor
tissues. The predicted malignancy probability is 0.47 for ROI-model, 0.08 for radiomics,
0.10 for ROI+radiomics, 0.29 for per-slice CNN, 0.37 for per-lesion CNN (all correct). (D-
F) A 54-year-old patient with a benign fibroadenoma showing low enhancement with
indistinct boundary. The predicted malignancy probability is 0.28 for ROI-model, 0.02 for
radiomics, 0.02 for ROl+radiomics, 0.29 for per-slice CNN, 0.29 for per-lesion CNN (all
correct).
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Figure 4:
Two malignant cases. (A-C) A 44-year-old patient with an invasive ductal cancer showing

lobulated shape and spiculated margin. (A) The F3 post-contrast image. (B)The green box is
the smallest square bounding box, and 1.2, 1.5, and 2 times expanded larger boxes. (c) The
zoom-in image of the smallest, 1.2, 1.5, and 2 times boxes showing tumor with different
amount of peri-tumor tissues. The predicted malignancy probability is 0.61 for ROI-model,
0.89 for radiomics, 0.90 for ROI+radiomics, 0.98 for per-slice CNN, 0.98 for per-lesion
CNN (all correct). (D-F) A 41-year-old patient with an invasive ductal cancer with a clear
medial boundary. The predicted malignancy probability is 0.41 for ROI-model, 0.29 for
radiomics, 0.38 for ROl+radiomics (wrong prediction), 0.83 for per-slice CNN, 0.99 for per-
lesion CNN (correct prediction).
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Figure 5:

The plot of the malignancy probability calculated using the radiomics diagnostic model in
the malignant and benign lesion groups. Based on the threshold of 0.5, the overall diagnostic
accuracy is 84%. Of the total of 91 malignant and 62 benign cases, True Positive = 83 cases,
True Negative = 45 cases, False Negative = 8 cases, False Positive = 17 cases.
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The ROC curves generated by using the predicted per-slice malignancy probability of the
entire training dataset using ResNet50, with 5 different input methods: tumor alone, smallest
bounding box, 1.2, 1.5, and 2.0 enlarged boxes.
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The pathological subtypes in malignant and benign groups in training and testing datasets

Table 1.

Pathology Type Training Dataset | Testing Dataset

Malignant N=91 N=48
Invasive Ductal Cancer 75 (82%) 34 (70%)
Ductal Carcinoma In-Situ 11 (12%) 9 (20%)
Other Invasive Cancer 5 (6%) 5 (10%)

Benign N=62 N=26
Adenosis 31 (50%) 13 (50%)
Fibroadenoma 15 (24%) 8 (32%)
Other Benign Lesions 16 (26%) 5 (18%)
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The whole tumor ROI-based parameters in malignant and benign groups [mean + stdev]

Table 2.

Training Dataset

Testing Dataset

Malignant (N=91)

Benign (N=62)

Malignant (N=48)

Benign (N=26)

Wash-out slope *

Age 51+10 45:11 497 4547
1-D size (cm) 2.01+0.70 1.44£0.62 1.94+0.86 1.19+0.78
3D Volume (cm?) * 3.74£3.09 1.00+1.46 4.16£3.25 1.13+1.60
Wash-in SE ratio 1.61x0.80 1.15+0.65 1.43:0.75 1.22+0.83
Max SE ratio ™ 2.16+0.96 1.79:0.82 2.07+1.04 1.630.75

-0.03+0.14 0.09+0.16 -0.02+0.12 0.05+0.09

*
significantly different (p<0.05) between malignant and benign groups in both training dataset and testing dataset
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The per-lesion diagnostic results obtained using the model built by ResNet50 deep learning with the smallest
bounding box, based on different threshold of malignancy probability varying from 0.5to0 0.7

Malignancy Probability | Training Dataset (91 Malignant, 62 Benign) | Testing Dataset (48 Malignant, 26 Benign)
Threshold = Sensitivity Specificity Accuracy Sensitivity Specificity Accuracy

0.50 99% 79% 91% 94% 81% 89%

0.55 98% 95% 97% 94% 81% 89%

0.60 98% 97% 97% 75% 92% 81%

0.65 98% 100% 99% 71% 92% 78%

0.70 95% 100% 97% 27% 100% 53%
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