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Abstract: Background and Objective: 2D and 3D tumor features are widely used in a variety of
medical image analysis tasks. However, for chemotherapy response prediction, the effectiveness
between different kinds of 2D and 3D features are not comprehensively assessed, especially in
ovarian-cancer-related applications. This investigation aims to accomplish such a comprehensive
evaluation. Methods: For this purpose, CT images were collected retrospectively from 188 advanced-
stage ovarian cancer patients. All the metastatic tumors that occurred in each patient were segmented
and then processed by a set of six filters. Next, three categories of features, namely geometric, density,
and texture features, were calculated from both the filtered results and the original segmented
tumors, generating a total of 1403 and 1595 features for the 2D and 3D tumors, respectively. In
addition to the conventional single-slice 2D and full-volume 3D tumor features, we also computed
the incomplete-3D tumor features, which were achieved by sequentially adding one individual CT
slice and calculating the corresponding features. Support vector machine (SVM)-based prediction
models were developed and optimized for each feature set. Five-fold cross-validation was used to
assess the performance of each individual model. Results: The results show that the 2D feature-
based model achieved an AUC (area under the ROC curve (receiver operating characteristic)) of
0.84 £ 0.02. When adding more slices, the AUC first increased to reach the maximum and then
gradually decreased to 0.86 & 0.02. The maximum AUC was yielded when adding two adjacent
slices, with a value of 0.91 & 0.01. Conclusions: This initial result provides meaningful information
for optimizing machine learning-based decision-making support tools in the future.

Keywords: radiomics; ovarian cancer; 2D and 3D features; incomplete 3D features; chemotherapy
response prediction; precision medicine

1. Introduction

Ovarian cancer is the most aggressive malignancy in gynecologic oncology [1]. Given
the difficulty in the early stage diagnosis of ovarian carcinoma, most patients are diagnosed
with ovarian cancer at advanced stages [2], which can lead to the formation of metastatic
tumors on various organs. To control these metastatic tumors, chemotherapy is the only
effective treatment after the primary cytoreduction [3]. However, due to the nature of
metastasis heterogeneity, the patients’ response to treatment varies largely. Thus, one
challenge in current clinical practice is to select the appropriate chemotherapy before
administrating the treatment. To address this, many studies have been conducted to
identify biomarkers from either histologic or/and imaging data that might be associated
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with patient response to chemotherapy [4-7]. Among different technologies, imaging
approaches have the advantage of evaluating the organ/tissue noninvasively with adequate
spatial resolution. Moreover, being a widely available imaging modality with relatively
operating low cost, CT is one of the most popular diagnostic tools in therapy response
assessment [8]. However, the current criteria requires both pre-therapy and 6-8 week
follow-up examinations, and the diameter-based evaluation causes low association with
the clinical outcome [9].

Meanwhile, radiomics is an emerging technology that extracts a large amount of
features from tumors segmented from various medical images [10-12]. These radiomics
features are able to quantify the complex textures, shapes, as well as other tumor charac-
teristics that are highly associated with carcinogenesis [13]. Therefore, this information
can be beneficial in determining treatment options and predicting the tumor’s response
to therapy [14]. For this technique, identifying effective radiomics features is critically
important: 2D features are easier and faster to calculate but provide less information,
while the 3D features use the entire 3D tumor volume and intuitively contain more com-
prehensive information. To this end, many studies have been conducted to explore the
effectiveness of 2D and 3D features in different applications. The prognostic performance
of 2D and 3D radiomics features in CT images of non-small cell lung cancer (NSCLC) was
investigated in [15], which demonstrated that 2D features exhibited better performance,
although both feature types had strong prognostic capability. One study compared the
2D and 3D radiomics features in characterizing gastric cancer [16], which revealed that
models constructed with 2D radiomics features had comparable performance with those
constructed with 3D features. In another study, Xu et al. [17] evaluated the prediction per-
formance of 2D and 3D radiomics features in a multi-organ, multi-modality cancer study,
and the authors concluded that 3D radiomics features were more effective. Lee et al. [18]
compared the 2D and 3D texture features for discriminating between gastric cancer and
normal gastric mucosa on CT images, and they revealed that 3D texture features were more
effective than 2D features. Despite their clinical usefulness, these studies only compare
features from the single-slice-based 2D tumor and the full-volume 3D tumor. Very few
studies have been focused on the effectiveness of incomplete 3D tumors features, which
contain only a portion of the image slices.

In this investigation, we hypothesized that the inclusion of multiple tumor slices
would lead to a substantial enhancement in the predictive accuracy of our model, but it
may also introduce more uncertainties that may adversely impact model accuracy. To
verify this hypothesis, we extracted 2D radiomics features from a single slice of the tu-
mors and then generated incomplete 3D features by sequentially adding the adjacent CT
slices. Based on each individual feature pool, we optimized the same kind of predictive
model and evaluated their performance, respectively. The details are presented in the
following sections.

2. Materials and Methods
2.1. Database

In our study, we utilized a dataset of CT images involving 188 ovarian cancer patients.
The CT images in the dataset were retrospectively collected from the University of Ok-
lahoma Health Science Center (OUHSC). Subjects for this study included the following
criteria: (1) they had recurrent ovarian/peritoneal/tubal carcinoma of high-grade histology
(e.g., serous, endometrioid, and undifferentiated); (2) they received systemic chemotherapy
treatment after primary cytoreduction. For each patient in the dataset, there were up to
5 metastatic tumors occurred in different organs, which were marked on the pre-therapy CT
images. All these images were acquired under a routing clinical protocol. CT examinations
were captured utilizing either a GE Light Speed VCT 64 or a GE Discovery 600 16-row
detector machine with a tube voltage of 120 kVp. The currents were adjusted from 100
to 600 mA, depending on patient body size. The clinical outcome was also collected for
model assessment. In this study, 6-month progression-free survival (PFS) was utilized,
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which a common index for assessing the efficacy of new cancer chemotherapies in clinical
trials [19]. Accordingly, among all the collected 188 patients, 130 patients are responders
with a 6-month PFS of “Yes’, whereas 58 patients are non-responders with little response
to the treatments. The detailed demographic characteristics of our patients cohort can be
found in Table 1. The entire study protocol was approved by the Institutional Review Board
in the University (IRB13649).

Table 1. Information of the patients in our dataset.

6-Month PFS
Patients” Characteristics p-Value
Responders Non-Responders
Number of patients 130 58
Age 63 + 10 61+ 10 0.24
Number of tumors 272 133
Average tumor diameter (mm) 31.34+£19.3 315+ 164 0.94

2.2. Radiomics Feature Extraction

In this study, the tumor features were obtained from 2D and 3D pre-therapy CT slices.
Each segmented tumor is depicted on a number of CT slices. The central slice has the
largest 2D area, which was identified by radiologists. Accordingly, we first extracted
the quantitative features only from the central slice to generate a 2D feature pool. We
sequentially added the adjacent slices above and below the central slice until the tumor
disappears. After adding one adjacent slice, we will create the corresponding incomplete 3D
tumor feature pool (Table 2). We continued the generation of the corresponding incomplete
3D feature pool until the tumor disappears.

Table 2. Number of features calculated from original image and other processed versions of the

image.
Image Type 2D 3D
Original 104 110
Exponential 93 93
Gradient Magnitude 93 93
Local binary pattern 93 279
Logarithm 93 93
Square 93 93
Square root 93 93
Wavelet 741 741
Total 1403 1595

Before the feature computation, we developed a computer-aided image analysis
scheme to segment each individual tumor from the CT images. The tumor segmenta-
tion procedure started at the central slice where the tumor was marked by a radiologist
according to RECIST criteria [20]. The method then sequentially segmented the tumors
on the adjacent slices until the tumor disappeared. For each slice, the tumor was seg-
mented by a hybrid algorithm, which consists of two core algorithms: a region growth
approach with adaptive thresholds [21] and a dynamic contour-seeker method [22]. The
performance of this algorithm was assessed and validated by a number of our previous
studies [23-26]. Given that metastatic tumors occurred on a number of human organs
with high heterogeneity, the automated segmentation may not be able to generate the
tumor contour with satisfactory accuracy. Thus, these segmentation results were visually
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evaluated by experienced researchers and were manually corrected if needed. The entire
scheme was developed as an Image]J plugin [27], which was equipped with a user friendly
graphical user interface (GUI) to visualize the 2D and 3D tumors.

Based on the segmented tumors, we generated the 2D and 3D feature pool using the
following methods [11,12]. The feature computation scheme is based on pyradiomics [11],
an open source platform that calculates features in accordance with the definitions in
the imaging biomarker standardization initiative (IBSI) [12]. The general flowchart of
the calculation is described in Figure 1. In this module, the segmented tumor was first
processed by a number of operations including exponential, gradient magnitude, local
binary pattern (LBP), logarithm (Log), square, square root, and wavelet (Coif1) filters. Next,
the radiomics features were then calculated on the processed images as well as the original
image. The features can be divided into 3 categories, i.e., geometric, density, and texture
features (the details can be found in Supplementary Materials), which describe the tumor
in various aspects [28]. Table 2 shows a breakdown of the number of features calculated
for each image class, with the number of features per class ranging from 93 to 741. We
calculated a total of 1595 and 1403 features for the 3D and 2D feature pools, respectively.
Given that a total of up to five tumors were segmented by the scheme and the features
were extracted on each individual tumor, the case-based value of each feature is generated
by calculating the minimum F,,;, = min{F;, F,, F, ..., Fy} of all the tumor-based values.
The minimum value was selected on the basis of our empirical analysis, as it consistently
demonstrates its effectiveness in providing a stable and conservative feature representation
across the segmented tumors for each patient.
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Figure 1. Overview of the feature extraction process [11].

2.3. Develop Machine Learning-Based Models to Predict Tumor Response to Chemotherapy

Pearson correlation coefficient (PCC) and LASSO (Least Absolute Shrinkage and
Selection Operator) approaches were used to reduce the dimensionality of our feature space.
First, the PCC was calculated, and a heatmap was generated to investigate the feature
dependency. After the computation, feature pairs with a Pearson correlation coefficient
(PCC) exceeding the pre-set threshold were identified, and one of the correlated features was
removed [29] to reduce the redundant information. Next, LASSO was applied on the rest
of the feature pool to create an optimal feature cluster [30], as it has the capability to handle
high-dimensional data with a limited number of observations [31]. Essentially, this method
employs a variation of the least squares regression method that employs L1 regularization
to produce sparse variable coefficients. Accordingly, LASSO constrains the sum of the
absolute values of the regression weights to be smaller than a fixed threshold. Therefore, it
improves model interpretability by removing variables irrelevant to the response variable
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and reduces the possibility of overfitting [32]. The LASSO objective function is defined
in Equation (1).

Y = LB’ + A L 1B

In the above error function, ¢ is the upper-bound threshold for the sum of the absolute
values of feature weights B, and A is a non-negative tuning parameter that regulates the
degree of the penalty. We employed the LASSO-cross validation (LASSO-CV) approach to
tune the LASSO parameters [33]. After applying LASSO, features with non-zero weights
were chosen to be included in the model. Finally, we adopted the synthetic minority over-
sampling technique (SMOTE) to add more non-responder samples and balance the dataset,
which generates samples by interpolating between one selected minority sample with its
nearest neighbors, which was performed using scikit-learn library [34].

Next, a support vector machine (SVM) was used to predict the tumor responses
(i.e., 6-month PFS). SVM has been widely validated as an effective classifier in various
medical imaging tasks [35-38]. The method constructs one or more hyperplanes to clas-
sify the feature vectors into two classes with minimal generalization error [39]. Mathe-
matically, the SVM model is established by solving the following optimization problem:
min} || w ||* + §|| € ||5 with the constraint y;(w®(x;) +b;) > 1 — &, & > 0, Vi or its dual
form maxW(a) = eTo — %ocTyiyjK(xi, xj)oc, 0< o; <C, yTtx = 0. In the above formulae,
(xi,y;) is one pair of feature vector and output value, w and b are the normal vector and
intercept of the discrimination hyperplane, ¢; is the slack variable, C is the adjusting co-
efficients for optimization errors, e is the unit vector, « is the Lagrange coefficient, and

2
_M [40]. The model’s parameters

, subject to Z]le |Bi| <t (1)

K represents kernel function K(x;, xj) = exp

(i.e., C and ¢) will be tuned to achieve optimal values during the training process. The SVM
parameter tuning was executed using grid search [41], which varies the parameters system-
atically to search through a predefined range of values and find the set that produced the
most desirable performance metrics (e.g., accuracy). This process was conducted to ensure
the robustness and reliability of our proposed approach, resulting in the selection of the
most suitable parameters for the SVM model. Finally, each classifier was then trained and
tested using a 5-fold cross-validation approach [42]. To evaluate the model performance,
the receiver operating characteristic (ROC) curve was used [43], and the area under the
ROC curve (AUC) was estimated for each model.

3. Results

Figure 2a,b illustrates tumor images from a representative non-responder and a repre-
sentative responder, respectively. Although there are no visible feature differences between
the responder and non-responder, the computed radiomics feature can classify them into
different groups. Figure 3 shows an example of metastatic tumor segmentation. The
tumor has the largest area in the central slice, and its area gradually decreases until the
tumor eventually disappears on the fourth neighboring slices of both sides (Figure 3a).
Accordingly, the segmentation procedure starts with the central slice, where the tumor was
identified by a radiologist or oncologist. Then, the segmentation continues on the adjacent
slices until the tumor disappears (Figure 3b,c).
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Figure 3. One example of the tumor segmentation process, in which the central slice is outlined
with red color. (a) Identified tumor on the CT slices. (b) Tumors outlined using our developed CAD
software. (c) Segmented tumor masks.

Figure 4a—c represents the heatmap of all the features extracted from 2D, incomplete 3D,
and 3D tumor, respectively. The maps were produced by a total of 188 observations. Each
entry in the map indicates the colorized Pearson correlation coefficient ranging from 0 (Blue)
to 1 (red). The maps illustrate that most of the features extracted from 2D tumor masks
have relatively low correlation. The similar pattern can be observed in the features obtained
from incomplete 3D tumor masks. However, the correlation structure of the features
extracted from whole 3D tumor masks was notably different, particularly in logarithm-
based, exponential, square, and square root-based features, exhibiting higher correlation
among different classes. The high correlation may be attributed to the enhancement of
certain 3D structures when applying these filters, which leads to consistent value changes on
some categories of the features. Furthermore, Figure 4d—f demonstrates the histograms of
all feature categories for 2D, incomplete 3D, and 3D features. According to the histograms,
more than 80% of correlation coefficient values for 2D and incomplete 3D features are
less than 0.5, whereas a higher percentage of 3D features have correlation coefficients
greater than 0.5. These results imply that 2D and incomplete-3D tumor features cover
comprehensive tumor characteristics with low information redundancy.
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Figure 4. Feature heatmap of (a) 2D tumors, (b) incomplete 3D tumors, and (c) 3D tumor. The corre-
sponding histograms were illustrated in (d—f) for 2D, incomplete 3D, and 3D features, respectively.

After applying the PCC and LASSO feature selection methods, we identified
115 two-dimensional features as the most effective feature cluster for further analysis.
Similarly, 56-126 features were identified for different incomplete 3D tumor features pools,
and 73 features were identified from the full 3D feature pool. As illustrated in Table 3,
a minimum of 78% of the selected features can be categorized into texture-based features,
while the remainder fall into the categories of shape or density features. When dividing the
features based on the filters, we observe that the largest group of features is extracted from
the wavelet transform-based filtered images, with the features calculated from LBP-filtered
images forming the second most prominent group. Our models used these features as
inputs to generate the prediction score. Figure 5 illustrates the ROC curve achieved by the
models trained with one to nine number of slices of tumor mask and whole slices, while
Table 4 summarizes the corresponding values of AUC and overall accuracy values. The
results demonstrate that adding more slices to the central slice can increase the prediction
performance, but only for a certain range of additional slices. The highest performance was
achieved when the model was constructed with one central slice and two adjacent slices,
with the model yielding an AUC of 0.91 £ 0.01 (95% confidence interval [0.88, 0.94]) and
an overall predicting accuracy of 0.84 &= 0.03 (95% confidence interval [0.78, 0.88]). The 3D
model with three and 5 adjacent slices were the second and third best performing models,
which achieved an AUC values of 0.89 = 0.01 and 0.86 £ 0.02, respectively. Model_3D,
with an AUC of 0.86 =+ 0.02 (95% confidence interval [0.82, 0.89]), performed better than
Model_2D, with AUC of 0.84 + 0.02 (95% confidence interval [0.78, 0.88]). All these trends
are also illustrated in Figure 5b.
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Figure 5. Performance comparison of the models for six-month PFS prediction (a) ROC curves of the

prediction models. (b) The corresponding AUC values of ten prediction models (with 95% CI).

Table 3. Summary of selected features by radiomics class type and filtering method.

Radiomics Category Filter
Features Total

Shape Density Texture Wavelet LBP Other
2D 0 23 92 71 21 23 115
3D5 slices 4 18 104 77 19 30 126
3D3 Slices 0 16 75 51 9 31 91
3Dy Slices 1 20 75 52 13 31 96
3Ds glices 1 17 64 44 12 26 82
3Dk Slices 1 16 72 51 14 24 89
3D7 Slices 1 15 61 37 16 24 77
3Dg slices 0 11 51 27 7 28 62
3Dg glices 1 8 47 30 4 22 56
3D 1 8 64 34 13 26 73

Table 4. Performance comparison of the prediction models.
Model AUC + STD ACC + STD
95% CI 95% CI

oD 0.84 £ 0.02 0.75 £ 0.03

[0.78, 0.88] [0.69, 0.80]

3D o 0.89 £ 0.01 0.83 4 0.02

2 Slices [0.85,0.92] [0.77,0.87]

3D oo 0.91 +£0.01 0.84 £+ 0.02

3 Slices [0.88, 0.94] [0.78, 0.88]

3D, et 0.85 £ 0.02 0.76 £ 0.02

4 Slices [0.80, 0.89] [0.71, 0.82]

3D- o 0.86 £ 0.02 0.78 4 0.02

5 Slices [0.82,0.90] [0.72,0.83]

3Dy 0.84 £+ 0.02 0.74 £+ 0.03

6 Stices [0.79, 0.88] [0.69, 0.79]

3D e 0.86 £ 0.02 0.76 £ 0.03

7 Slices [0.80, 0.88] [0.70, 0.80]
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Table 4. Cont.

Model AUC + STD ACC + STD
95% CI 95% CI

3D e 0.84 £+ 0.02 0.75 4+ 0.03
8 Slices [0.78, 0.86] [0.70, 0.80]
3De 0.83 +0.01 0.73 £ 0.02
9 Slices [0.78, 0.87] [0.69, 0.78]
3D 0.86 £ 0.02 0.77 £ 0.02
[0.82,0.89] [0.72,0.83]

4. Discussion

In this study, we conducted a comprehensive evaluation of various radiomic fea-
ture extraction methods for predicting early response of ovarian cancer to chemotherapy.
Our investigation focused on 2D, incomplete 3D, and 3D radiomic features and their
ability to represent and discriminate the underlying tumor characteristics. Our findings
demonstrate that the incomplete 3D features extracted from the central tumor slice and its
two adjacent slices yielded better prediction accuracy and might be recommended as the
preferred approach.

As compared to the previous studies, the most unique characteristic of our investiga-
tion is that we explored the performance of the features computed from incomplete 3D
tumors, which contain a portion of the tumor slices. The comparison between the 2D or 3D
features has been investigated by many research groups. In general, the 2D features are
calculated from a single slice containing the maximal projection within the entire tumor.
Accordingly, tumor segmentation and annotation are relatively easier, but some useful
information is lost. For instance, it is difficult to accurately extract tumor volume, surface
area, spherical disproportion, and other features that reflect geometric irregularities from a
2D tumor. On the other end, despite the comprehensive information, the 3D feature suffers
from more information uncertainties. Given that it is very difficult to clearly define the
boundary between the tumor region and its surround healthy tissues, there is no segmen-
tation algorithm which is able to perfectly extract the tumor contour [44]. Moreover, the
tumor heterogeneity may only be inside several central slices. The marginal slices may only
contain suspicious surrounding tissue, and they may not have any information associated
with the needed treatment responses. As a result, more uncertainties will be added on the
segmented 3D tumors, which may adversely affect the performance of prediction models.
Therefore, there is a trade-off between adding more useful information and uncertainties
when sequentially increasing the adjacent slices. In this study, we first demonstrated that
using the central and its two neighboring slices may achieve better performance than other
situations. To the best of our knowledge, no similar studies have been performed on this
topic before.

Moreover, our study highlights the importance of texture-based features and wavelet
filtering for predicting treatment response. We observe that texture-based features were
more informative, especially when they are computed from the wavelet transform-processed
images. This could be attributed by the fact that texture-based features are able to capture
the heterogeneity and complexity of the tumor microenvironment, which can provide
insights into tumor biology and response to treatment. Wavelet transform is able to initially
concentrate the tumor edge and texture information, while the other irrelevant information
is discarded. Meanwhile, our study suggests that the number of slices used for CT image
analysis can have an impact on the correlation structure of extracted radiomics features.
The high correlation only occurs on the complete 3D tumor features from the tumor images
processed by certain kinds of filters (e.g., logarithm, exponential, and square), which may
be explained by the fact that such filters can enhance certain 3D structures, and these
structures could lead to consistent value changes on some categories of the features.
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Despite the promising results of our study, this study has the following limitations.
First, the dataset used in our study only consisted of 188 patients, which were collected
from a single institute. This single institute dataset may not be able to comprehensively
represent the diversified population within the entire country, therefore the robustness of
the results in this investigation should be further verified by a larger multi-institute patient
cohort. Second, although the segmentation scheme was validated in our previous studies,
the tumor segmentation accuracy was not considered. The segmentation error may also
potentially introduce noise into our 3D features and consequently reduce the predictive
performance [45]. Third, only radiomics features were used in the feature performance
comparison. Other types of features, such as deep learning features, were not investigated.
It would be worthwhile to explore the combination of deep learning features and radiomics
features in future studies. In conclusion, our study may provide valuable information for
the development of radiomics-based prediction models in the future.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/bioengineering10111334/s1.

Author Contributions: Y.Q. and N.A. initiated the concept. N.A. led the model development and
validation. K.Z. participated in the model development and optimization. X.C., P.G. and Y.S. partic-
ipated in the model evaluation. L.D., T.T., KM. and R.M. provided clinical support, reviewed the
manuscript and participated in the discussion. Y.Q. supervised the entire project. All authors have
read and agreed to the published version of the manuscript.

Funding: This investigation was partially supported by the following research grants: Grant
P20GM135009 from National Institute of General Medical Sciences (NIGMS), National Institutes of
Health (NIH); Grant HR23-122 from Center for Advancement of Science & Technology (OCAST); and
the Stephenson Cancer Center Team Grant funded by the National Cancer Institute (NCI) Cancer Cen-
ter Support Grant P30CA225520 awarded to the University of Oklahoma Stephenson Cancer Center.
We also acknowledge the University of Oklahoma Libraries” Open Access Fund to publication.

Institutional Review Board Statement: The entire study protocol was approved by the University
Institutional Review Board (IRB13649).

Informed Consent Statement: The informed consents are not required because this is a retrospective
investigation which utilized the existing de-identified patient information.

Data Availability Statement: The dataset in this study is not publicly available.

Conflicts of Interest: The authors declare no conflict of interest in this investigation.

References

1.  Siegel, R.L; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA Cancer |. Clin. 2022, 72, 7-33. [CrossRef] [PubMed]

2. Kamal, R.; Hamed, S.; Mansour, S.M.; Mounir, Y.; Sallam, S.A. Ovarian cancer screening—Ultrasound; impact on ovarian cancer
mortality. Br. ]. Radiol. 2018, 91, 20170571. (In English) [CrossRef]

3.  Narod, S. Can advanced-stage ovarian cancer be cured? Nat. Rev. Clin. Oncol. 2016, 13, 255-261. (In English) [CrossRef] [PubMed]

4. Rein, BJ.D,; Gupta, S.; Dada, R.; Safi, J.; Michener, C.; Agarwal, A. Potential Markers for Detection and Monitoring of Ovarian
Cancer. . Oncol. 2011, 2011, 475983. [CrossRef] [PubMed]

5. MAhAdevAPPA, A; Krishna, S.M.; Vimala, M.G. Diagnostic and prognostic significance of Ki-67 immunohistochemical expres-
sion in surface epithelial ovarian carcinoma. J. Clin. Diagn. Res. 2017, 11, EC08. [CrossRef]

6. Zorn, K.K; Tian, C.; McGuire, W.P.; Hoskins, W.J.; Markman, M.; Muggia, EM.; Rose, P.G.; Ozols, R.F,; Spriggs, D.; Armstrong,
D.K. The prognostic value of pretreatment CA 125 in patients with advanced ovarian carcinoma. Cancer 2009, 115, 1028-1035.
[CrossRef]

7. Solétormos, G.; Duffy, M.].; Abu Hassan, S.0.; Verheijen, R.H.; Tholander, B.; Bast, R.C.; Gaarenstroom, K.N.; Sturgeon, C.M.;
Bonfrer, ].M.; Petersen, PH.; et al. Clinical Use of Cancer Biomarkers in Epithelial Ovarian Cancer: Updated Guidelines from the
European Group on Tumor Markers. Int. J. Gynecol. Cancer 2016, 26, 43-51. [CrossRef]

8. Park, B.W,; Kim, ].K.; Heo, C.; Park, K.J. Reliability of CT radiomic features reflecting tumour heterogeneity according to image
quality and image processing parameters. Sci. Rep. 2020, 10, 3852. (In English) [CrossRef]

9. Sharma, M.R.; Maitland, M.L.; Ratain, M.J. RECIST: No Longer the Sharpest Tool in the Oncology Clinical Trials Toolbox—Point.
Cancer Res. 2012, 72, 5145-5149; discussion 5150. (In English) [CrossRef]


https://www.mdpi.com/article/10.3390/bioengineering10111334/s1
https://doi.org/10.3322/caac.21708
https://www.ncbi.nlm.nih.gov/pubmed/35020204
https://doi.org/10.1259/bjr.20170571
https://doi.org/10.1038/nrclinonc.2015.224
https://www.ncbi.nlm.nih.gov/pubmed/26787282
https://doi.org/10.1155/2011/475983
https://www.ncbi.nlm.nih.gov/pubmed/21577260
https://doi.org/10.7860/JCDR/2017/24350.9381
https://doi.org/10.1002/cncr.24084
https://doi.org/10.1097/IGC.0000000000000586
https://doi.org/10.1038/s41598-020-60868-9
https://doi.org/10.1158/0008-5472.CAN-12-0058

Bioengineering 2023, 10, 1334 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Gillies, RJ.; Kinahan, PE.; Hricak, H. Radiomics: Images are more than pictures, they are data. Radiology 2016, 278, 563-577.
[CrossRef]

Van Griethuysen, J.].M.; Fedorov, A.; Parmar, C.; Hosny, A.; Aucoin, N.; Narayan, V.; Beets-Tan, R.G.H.; Fillion-Robin, J.C.; Pieper,
S.; Aerts, HJ.W.L. Computational radiomics system to decode the radiographic phenotype. Cancer Res. 2017, 77, e104—e107.
[CrossRef] [PubMed]

Zwanenburg, A.; Valliéres, M.; Abdalah, M.A.; Aerts, H.J.W.L.; Andrearczyk, V.; Apte, A.; Ashrafinia, S.; Bakas, S.; Beukinga, R.J.;
Boellaard, R.; et al. The Image Biomarker Standardization Initiative: Standardized Quantitative Radiomics for High-Throughput
Image-based Phenotyping. Radiology 2020, 295, 328-338. [CrossRef] [PubMed]

Aerts, HJ.W.L.; Velazquez, E.R.; Leijenaar, R.T.H.; Parmar, C.; Grossmann, P.; Carvalho, S.; Bussink, J.; Monshouwer, R.; Haibe-
Kains, B.; Rietveld, D.; et al. Decoding tumour phenotype by noninvasive imaging using a quantitative radiomics approach. Nat.
Commun. 2014, 5, 4006. [CrossRef] [PubMed]

Palmer, A.C.; Sorger, P.K. Combination Cancer Therapy Can Confer Benefit via Patient-to-Patient Variability without Drug
Additivity or Synergy. Cell 2017, 171, 1678-1691.e13. [CrossRef] [PubMed]

Shen, C; Liu, Z.; Guan, M,; Song, ].; Lian, Y.; Wang, S.; Tang, Z.; Dong, D.; Kong, L.; Wang, M.; et al. 2D and 3D CT Radiomics
Features Prognostic Performance Comparison in Non-Small Cell Lung Cancer. Transl. Oncol. 2017, 10, 886-894. [CrossRef]
Meng, L.; Dong, D.; Chen, X.; Fang, M.; Wang, R.; Li, J.; Liu, Z.; Tian, J. 2D and 3D CT Radiomic Features Performance Comparison
in Characterization of Gastric Cancer: A Multi-Center Study. IEEE ]. Biomed. Health Inform. 2020, 25, 755-763. [CrossRef]

Xu, L; Yang, P; Yen, E.A.; Wan, Y; Jiang, Y.; Cao, Z.; Shen, X.; Wu, Y.; Wang, J.; Luo, C.; et al. A multi-organ cancer study of the
classification performance using 2D and 3D image features in radiomics analysis. Phys. Med. Biol. 2019, 64, 215009. (In English)
[CrossRef]

Lee, G.; Lee, H.Y,; Park, H.; Schiebler, M.L.; van Beek, E.J.; Ohno, Y.; Seo, ].B.; Leung, A. Radiomics and its emerging role in lung
cancer research, imaging biomarkers and clinical management: State of the art. Eur. J. Radiol. 2017, 86, 297-307. [CrossRef]
Fallowfield, L.J.; Fleissig, A. The value of progression-free survival to patients with advanced-stage cancer. Nat. Rev. Clin. Oncol.
2011, 9, 41-47. [CrossRef]

Eisenhauer, E.A.; Therasse, P.; Bogaerts, J.; Schwartz, L.H.; Sargent, D.; Ford, R.; Dancey, J.; Arbuck, S.; Gwyther, S.; Mooney, M.;
et al. New response evaluation criteria in solid tumours: Revised RECIST guideline (version 1.1). Eur. J. Cancer 2009, 45, 228-247.
[CrossRef]

Roy, P; Dutta, S.; Dey, N.; Dey, G.; Chakraborty, S.; Ray, R. Adaptive thresholding: A comparative study. In Proceedings of the
2014 International Conference on Control, Instrumentation, Communication and Computational Technologies, Kanyakumari,
India, 10-11 July 2014; pp. 1182-1186. [CrossRef]

Caselles, V.; Kimmel, R.; Sapiro, G. Geodesic active contours. Int. ]. Comput. Vis. 1997, 22, 61-79. [CrossRef]

Qiu, Y.; Tan, M.; McMeekin, S.; Thai, T.; Ding, K.; Moore, K.; Liu, H.; Zheng, B. Early prediction of clinical benefit of treating
ovarian cancer using quantitative CT image feature analysis. Acta Radiol. 2016, 57, 1149-1155. [CrossRef] [PubMed]

Danala, G.; Thai, T.; Gunderson, C.C.; Moxley, K.M.; Moore, K.; Mannel, R.S.; Liu, H.; Zheng, B.; Qiu, Y. Applying Quantitative
CT Image Feature Analysis to Predict Response of Ovarian Cancer Patients to Chemotherapy. Acad. Radiol. 2017, 24, 1233-1239.
[CrossRef] [PubMed]

Danala, G.; Wang, Y.; Thai, T.; Gunderson, C.C.; Moxley, K.M.; Moore, K.; Mannel, R.S.; Cheng, S.; Liu, H.; Zheng, B.; et al.
Improving efficacy of metastatic tumor segmentation to facilitate early prediction of ovarian cancer patients’ response to
chemotherapy. SPIE BiOS 2017, 10065, 47-52. [CrossRef]

Abdoli, N.; Gilley, P.; Zhang, K.; Chen, X.; Thai, T.C.; Moore, K.; Mannel, R.S.; Qiu, Y. Comparing the effectiveness of 2D and
3D features on predicting the response to chemotherapy for ovarian cancer patients. Biophotonics Immune Responses XVIII 2023,
12380, 13-18.

Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to Image]: 25 Years of image analysis. Nat. Methods 2012, 9, 671-675.
[CrossRef]

Liu, Z.; Wang, S.; Dong, D.; Wei, J.; Fang, C.; Zhou, X.; Sun, K.; Li, L.; Li, B.; Wang, M.; et al. The Applications of Radiomics in
Precision Diagnosis and Treatment of Oncology: Opportunities and Challenges. Theranostics 2019, 9, 1303-1322. [CrossRef]
Nasir, LM.; Khan, M.A_; Yasmin, M.; Shah, ].H.; Gabryel, M.; Scherer, R.; Damasevic¢ius, R. Pearson Correlation-Based Feature
Selection for Document Classification Using Balanced Training. Sensors 2020, 20, 6793. [CrossRef]

Tibshirani, R. Regression Shrinkage and Selection Via the Lasso. Wiley R. Stat. Soc. 1996, 58, 267-288. [CrossRef]

Piles, M.; Bergsma, R.; Gianola, D.; Gilbert, H.; Tusell, L. Feature Selection Stability and Accuracy of Prediction Models for
Genomic Prediction of Residual Feed Intake in Pigs Using Machine Learning. Front. Genet. 2021, 12, 611506. (In English)
[CrossRef]

Zhang, H.; Wang, |.; Sun, Z.; Zurada, ].M.; Pal, N.R. Feature Selection for Neural Networks Using Group Lasso Regularization.
IEEE Trans. Knowl. Data Eng. 2019, 32, 659-673. [CrossRef]

Usai, M.G.; Goddard, M.E.; Hayes, B.J. LASSO with cross-validation for genomic selection. Genet. Res. 2009, 91, 427-436.
[CrossRef]

Chawla, N.V.; Bowyer, KW.,; Hall, L.O.; Kegelmeyer, W.P. SMOTE: Synthetic Minority Over-sampling Technique. J. Artif. Intell.
Res. 2002, 16, 321-357. [CrossRef]


https://doi.org/10.1148/radiol.2015151169
https://doi.org/10.1158/0008-5472.CAN-17-0339
https://www.ncbi.nlm.nih.gov/pubmed/29092951
https://doi.org/10.1148/radiol.2020191145
https://www.ncbi.nlm.nih.gov/pubmed/32154773
https://doi.org/10.1038/ncomms5006
https://www.ncbi.nlm.nih.gov/pubmed/24892406
https://doi.org/10.1016/j.cell.2017.11.009
https://www.ncbi.nlm.nih.gov/pubmed/29245013
https://doi.org/10.1016/j.tranon.2017.08.007
https://doi.org/10.1109/JBHI.2020.3002805
https://doi.org/10.1088/1361-6560/ab489f
https://doi.org/10.1016/j.ejrad.2016.09.005
https://doi.org/10.1038/nrclinonc.2011.156
https://doi.org/10.1016/j.ejca.2008.10.026
https://doi.org/10.1109/iccicct.2014.6993140
https://doi.org/10.1023/A:1007979827043
https://doi.org/10.1177/0284185115620947
https://www.ncbi.nlm.nih.gov/pubmed/26663390
https://doi.org/10.1016/j.acra.2017.04.014
https://www.ncbi.nlm.nih.gov/pubmed/28554551
https://doi.org/10.1117/12.2250978
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.7150/thno.30309
https://doi.org/10.3390/s20236793
https://doi.org/10.1111/j.2517-6161.1996.tb02080.x
https://doi.org/10.3389/fgene.2021.611506
https://doi.org/10.1109/TKDE.2019.2893266
https://doi.org/10.1017/S0016672309990334
https://doi.org/10.1613/jair.953

Bioengineering 2023, 10, 1334 12 of 12

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Orru, G.; Pettersson-Yeo, W.; Marquand, A.E; Sartori, G.; Mechelli, A. Using Support Vector Machine to identify imaging
biomarkers of neurological and psychiatric disease: A critical review. Neurosci. Biobehav. Rev. 2012, 36, 1140-1152. [CrossRef]
Steardo, L.; Carbone, E.A.; de Filippis, R.; Pisanu, C.; Segura-Garcia, C.; Squassina, A.; De Fazio, P. Application of Support
Vector Machine on fMRI Data as Biomarkers in Schizophrenia Diagnosis: A Systematic Review. Front. Psychiatry 2020, 11, 588.
(In English) [CrossRef] [PubMed]

Oliver, A.S.; Anuradha, M.; Justus, J.J.; Bellam, K.; Jayasankar, T. An Efficient Coding Network Based Feature Extraction with
Support Vector Machine Based Classification Model for CT Lung Images. J. Med. Imaging Health Inform. 2020, 10, 2628-2633.
[CrossRef]

Wang, H.; Zheng, B.; Yoon, S.W.; Ko, H.S. A support vector machine-based ensemble algorithm for breast cancer diagnosis. Eur. J.
Oper. Res. 2018, 267, 687-699. [CrossRef]

Huang, S.; Cai, N.; Pacheco, P.P; Narrandes, S.; Wang, Y.; Xu, W. Applications of Support Vector Machine (SVM) Learning in
Cancer Genomics. Cancer Genom. Proteom. 2018, 15, 41-51. [CrossRef]

Chang, C.; Lin, C. LIBSVM: A Library for Support Vector Machines. ACM Trans. Intell. Syst. Technol. 2013, 2, 27. (In English)
[CrossRef]

Liu, R;; Liu, E;; Yang, J.; Li, M.; Wang, F. Optimizing the Hyper-parameters for SVM by Combining Evolution Strategies with
a Grid Search. In Proceedings of the Intelligent Control and Automation: International Conference on Intelligent Computing,
ICIC 2006, Kunming, China, 16-19 August 2006; Huang, D.-S., Li, K., Irwin, G.W., Eds.; Springer: Berlin/Heidelberg, Germany,
2006; pp. 712-721.

Li, Q.; Doi, K. Reduction of bias and variance for evaluation of computer-aided diagnosis schemes. Med. Phys. 2006, 33, 868-875.
[CrossRef]

Mandrekar, J.N. Receiver Operating Characteristic Curve in Diagnostic Test Assessment. J. Thorac. Oncol. 2010, 5, 1315-1316.
(In English) [CrossRef] [PubMed]

Oliver, A.; Freixenet, J.; Marti, J.; Pérez, E.; Pont, J.; Denton, E.R.; Zwiggelaar, R. A review of automatic mass detection and
segmentation in mammographic images. Med. Image Anal. 2010, 14, 87-110. [CrossRef] [PubMed]

Rizzo, S.; Botta, F.; Raimondi, S.; Origgi, D.; Fanciullo, C.; Morganti, A.G.; Bellomi, M. Radiomics: The facts and the challenges of
image analysis. Eur. Radiol. Exp. 2018, 2, 36. (In English) [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.neubiorev.2012.01.004
https://doi.org/10.3389/fpsyt.2020.00588
https://www.ncbi.nlm.nih.gov/pubmed/32670113
https://doi.org/10.1166/jmihi.2020.3263
https://doi.org/10.1016/j.ejor.2017.12.001
https://doi.org/10.1212/WNL.0000000000202779
https://doi.org/10.1145/1961189.1961199
https://doi.org/10.1118/1.2179750
https://doi.org/10.1097/JTO.0b013e3181ec173d
https://www.ncbi.nlm.nih.gov/pubmed/20736804
https://doi.org/10.1016/j.media.2009.12.005
https://www.ncbi.nlm.nih.gov/pubmed/20071209
https://doi.org/10.1186/s41747-018-0068-z
https://www.ncbi.nlm.nih.gov/pubmed/30426318

	Introduction 
	Materials and Methods 
	Database 
	Radiomics Feature Extraction 
	Develop Machine Learning-Based Models to Predict Tumor Response to Chemotherapy 

	Results 
	Discussion 
	References

