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Abstract. We study the performance of a computer-aided detection (CAD) system for lung nodules in computed
tomography (CT) as a function of slice thickness. In addition, we propose and compare three different training
methodologies for utilizing nonhomogeneous thickness training data (i.e., composed of cases with different slice
thicknesses). These methods are (1) aggregate training using the entire suite of data at their native thickness,
(2) homogeneous subset training that uses only the subset of training data that matches each testing case, and
(3) resampling all training and testing cases to a common thickness. We believe this study has important impli-
cations for how CT is acquired, processed, and stored. We make use of 192 CT cases acquired at a thickness of
1.25 mm and 283 cases at 2.5 mm. These data are from the publicly available Lung Nodule Analysis 2016
dataset. In our study, CAD performance at 2.5 mm is comparable with that at 1.25 mm and is much better
than at higher thicknesses. Also, resampling all training and testing cases to 2.5 mm provides the best perfor-
mance among the three training methods compared in terms of accuracy, memory consumption, and computa-
tional time. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work

in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JMI.5.1.014504]
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1 Introduction

According to the National Cancer Institute, 234,030 lung and
bronchus cancer cases are expected by the end of 2018.!
Lung cancer causes the most cancer-related deaths.” Early detec-
tion of lung cancer could improve one’s survival rate, which
rises to 87% if diagnosed in stage 1.} Formation of pulmonary
nodules in a lung is often an indication of lung cancer. Early
detection of nodules could improve a patient’s chance of
survival with improved treatment options.*

At present, radiologists utilize computed tomography (CT)
scans and chest radiographs to detect such lung nodules.
In Ref. 4, it was shown that CT scans are effective in detecting
such nodules. CT provides numerous slices of image data, espe-
cially when operated at a higher resolution (small slice thick-
ness), which can be time-consuming and potentially fatiguing
for radiologists to study. Hence, computer-aided detection
(CAD) of lung nodules in CT scans would be valuable for lung
cancer screening. CT imagery varies by slice thickness, scanner,
reconstruction algorithm, and dosage settings.> Generally, one
would like to utilize the best resolution (small slice thickness)
for CT scan; however, that would mean higher dosage for the
patient. Also, operating CT scans at a small thickness value
tends to increase the computational complexity and memory
space of the CAD system. The performance of the CAD system
for detection of lung nodules at 1.25- and 5-mm collimated slice
thicknesses is compared in Ref. 5. In Ref. 6, the accuracy of the
CAD system for detection of lung nodules using different
reconstruction slice thickness protocols in multidetector CT is

*Address all correspondence to: Barath Narayanan Narayanan, E-mail:
narayananb1@ udayton.edu
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evaluated. The impact of slice thickness and radiation dosage
levels for CAD of lung nodules in CT scans is presented in
Ref. 7. A noise addition model is developed to simulate various
dosage levels. In addition, the data are reconstructed using
a medium sharp kernel at slice thicknesses of 1.5 and 3 mm.
The study is conducted for 7 cases with a total of 28 radiologists
markings. Hence, we believe a study of CAD performance as a
function of slice thickness for a larger pool of cases and a study
of methods for managing nonhomogeneous thickness training
data are valuable for CAD systems.

Several research papers have been published in the field of
CAD of lung nodules®>® in various modalities. A CAD system
developed by two of the current authors to detect lung nodules in
CT scans is presented in Ref. 8. In that paper, intensity-based
thresholding along with morphological processing is utilized
to detect and segment the candidates simultaneously. A set of
245 features is computed for every potential nodule candidate,
and they are classified as nodules or nonnodules using a Fisher
linear discriminant (FLD) classifier. In Ref. 9, a CAD system to
detect nodules in chest radiographs is presented. An “N-Quoit
filter” is utilized in Ref. 10 for automated detection of lung
nodules. Fuzzy clustering-based diagnosis rules are described
in Ref. 11. The algorithm proposed in Ref. 12 combines 2-D
and 3-D feature analysis using a linear discriminant classifier
for CAD of lung nodules. A template-matching technique using
a genetic algorithm is proposed in Ref. 13. A simple rule-based
classifier to attenuate false positive (FP) findings is presented in
Ref. 14. The initial validation and implementation of deep learn-
ing in CAD systems for pulmonary nodule detection and diag-
nosis are provided in Ref. 15. An optimized feature selection-
based clustering approach for CAD of lung nodules in CT scans
and chest radiographs is presented in Ref. 16. An optimal suite
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of intensity, shape, and texture features is used for classification
purposes in Ref. 17. In Ref. 18, performance of various classi-
fiers such as support vector machine (SVM), K-nearest-neigh-
bor, decision tree, and linear discriminant analysis (LDA) is
compared. A gradient intensity feature descriptor for pulmonary
nodule classification is presented in Ref. 19. In Ref. 20, random
forest and SVM classifiers are compared for CAD detection of
lung nodules based on 22 handcrafted features. FLD, quadratic,
and linear classification techniques are compared for CAD of
lung nodules in Ref. 21. Some of the other published CAD algo-
rithms are described in Refs. 22-38.

In this paper, we address two important issues for CAD of
lung nodules in CT scans. The first issue relates to how slice
thickness impacts CAD performance given training and testing
data of the same thickness. This experiment has implications for
how CT is acquired and/or how it may be resampled for CAD
processing. The second issue relates to how to train a CAD
system for best performance given nonhomogeneous slice
thickness training data. Generally, one would like to use all
the training data available. However, this would mean pooling
of CT scans obtained from a variety of scanners and acquisition
parameters, such as slice thickness and dosage settings. We pro-
pose and compare three methodologies for utilizing nonhomo-
geneous slice thickness training data.

To study the impact of slice thickness on CAD performance,
we use the following approach. We study the CAD performance
at the native thickness of 1.25 mm and three other downsampled
stages for the same set of training and testing cases. This study
helps us determine the slice thickness at which a CT scan could
be acquired for optimal CAD performance both in terms of
accuracy and computational complexity. To determine the
best method of training for nonhomogeneous slice thickness
data, we propose and compare three methodologies. At first,
we employ the traditional CAD system approach where the
entire suite of data is utilized at their native thickness (aggregate
training method). Later, we study a homogeneous approach
where only the cases that match with the slice thickness of test-
ing data would be utilized for training purposes. Finally, we
resample all the training and testing cases to a specific thickness
value and study its impact on CAD performance. The main
purpose of these experiments is to study the CAD performance
despite varied training compositions. All the experiments
conducted in this research are implemented on the publicly
available Lung Nodule Analysis (LUNA16) dataset,*** thereby
setting a benchmark for future research efforts. We conduct two
sets of experiments utilizing 1.25- and 2.5-mm slice thickness
data from LUNA16 dataset for each of the three methodologies
to validate our study.

Our study indicates that CAD performance on 2.5-mm thick-
ness data is comparable with 1.25 mm and is significantly better
than 5.0 and 10.0 mm for the same set of training and testing
cases. This result suggests that the lower dose and reduced data
associated with 2.5 mm may be preferable to 1.25 mm both in
terms of CAD performance and processing time. Also, we find
that resampling the entire suite of data, i.e., both training and
testing, to a common slice thickness of 2.5 mm provides the
best results in terms of accuracy, computation time, and memory
consumption for the data studied in this paper.

The remainder of this paper is organized as follows.
Section 2 provides a brief description of the LUNA16 database
employed for this research. Section 3 presents the CAD algo-
rithm adopted in this paper. Section 4 describes the impact of
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slice thickness for CAD of lung nodules. Section 5 elucidates
the various training methods with nonhomogeneous data
along with their experimental results. Finally, a discussion
and conclusions are given in Secs. 6 and 7, respectively.

2 Materials

In this paper, we utilize the data presented for the LUNA16
grand challenge set up for the evaluation of CAD algorithms
to detect lung nodules.”®** The dataset used for the LUNA16
challenge is a subset of the Lung Image Database Consortium—
Image Database Research Initiative (LIDC-IDRI) database
provided at the National Biomedical Imaging Archive. This
publicly available dataset in The Cancer Imaging Archive was
created for the development of CAD systems in CT scans. The
LIDC-IDRI data are collected from various sites within the
United States.”® This established database was initiated by
the National Cancer Institute, which was further enhanced by
the Foundation of the National Institutes of Health along
with Food and Drug Administration.”® The LIDC-IDRI dataset
contains 1018 CT scans of 1010 different patients.® For
LUNA16 grand challenge, 888 CT scans are selected from
the LIDC-IDRI database. The LUNA16 dataset contains a sub-
stantial quantity of CT scans with different slice thicknesses,
which is ideal for the study conducted in this research. A panel
of four radiologists studied the CT scans in the LUNA16 dataset.
Four radiologists independently annotated scans and marked all
the suspicious lesions. Annotations above 3 mm that were
marked by at least three of the four radiologists were considered
for the LUNA16 challenge. The LUNA16 grand challenge com-
prised 1351 nodule cue points marked by radiologists. In this
research, we utilize 192 cases from the LUNA16 dataset with
268 nodule cue points with slice thickness and slice spacing
of 1.25 mm. In addition, we make use of 283 cases with 322
nodule cue points marked by radiologists with slice thickness
and slice spacing of 2.5 mm. These nodules cue points are
distinct with no redundant radiologists’ markings. For instance,
if a nodule is marked by three different radiologists, we evaluate
our performance by considering it a single target nodule rather
than three different markings, thereby avoiding redundant
nodule markings for evaluation purposes.

3 CAD System Architecture

In this section, we describe the CAD system architecture imple-
mented in this paper. The top-level block diagram of the overall
CAD system for CT scans adopted in this paper from Ref. 8 is
shown in Fig. 1. Lung segmentation is performed on the CT
scans as described in Ref. 8. Nodule candidates are detected
and segmented simultaneously using the method proposed in
Ref. 8 using multiple gray-level thresholding. Each threshold
operation is paired with a specific morphological opening oper-
ation to produce a total of 15 intermediate masks. A size- and
compactness-based expert filter is later utilized to remove many
unwanted intermediate candidates. A logical-OR operation is
performed to obtain the final candidate mask. Further details
of this algorithm can be found in Ref. 8.

After detection and segmentation of potential nodule candi-
dates, the CAD system needs to perform a pattern recognition
task. To implement this, the candidates are represented by points
in feature space. Various sets of features have been proposed in
the literature for the classifier to distinguish the candidates. We
compute an entire suite of 503 features for all the detected poten-
tial candidates, which includes the 345 features mentioned in
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Fig. 1 Top-level block diagram of the CAD system adopted from Ref. 8.

Ref. 8. These features include geometrical, gradient, and inten-
sity characteristics for the raw image and various enhanced
images. Details of these features are provided in Ref. 8. The
345 features are shortlisted to 245 based on linear independence
in Ref. 8. We differ in this paper by shortlisting the top 300 from
503 features based on rank with the receiver operating character-
istic (ROC) curve criterion.*’ In both Refs. 8 and 9, sequential
forward selection (SFS) of features is implemented to determine
the optimal set of features for classification purposes solely
based on the training dataset. In SFS, features are added to
an empty set one by one. At each step, one feature is added,
and we measure the classification performance of the system.
The features that provide the best performance are selected.
This type of selection helps us avoid exhaustive enumeration.
The performance is measured in terms of free-response receiver
operating characteristic (FROC) curve. It measures the overall
sensitivity of the CAD system for a set of average number of
FPs per case. In Ref. 8, the key portion to measure the area
under the FROC curve (AUC) is from 0 to 10 FPs. We adopt
the same criterion in this paper. The candidates are distinguished
as nodules or nonnodules with the help of an FLD classifier.
It has the capability to form a well-defined boundary despite
uneven distribution of data.

In this paper, we report the results for the CAD system in
terms of FROC analysis. We study the AUC from 0 to 10
FPs along with their confidence intervals. AUC up to a specific
FP rate is a significant metric for measuring the performance.*!
In addition, we report the Automated Nodule Detection
(ANODE) 2009 scoring metric to further analyze the CAD per-
formance. The ANODE score is defined as the average sensi-
tivity at 7 predefined FP rates: 0.125, 0.25, 0.5, 1, 2, 4, and
8 in the FROC curve. The ANODE score was used as a metric
to measure CAD performance in the ANODE 2009** and
LUNA16* grand challenges.

4 Impact of Slice Thickness for CAD of
Lung Nodules

4.1 Description of the Study

In this section, we describe a methodology to study the impact
of the CAD system performance based on slice thickness of CT
scans. We exclusively use 192 CT scans with slice thickness
equal to slice spacing of 1.25 mm for this study. We average
pairs of slices together and maintain the Hounsfield units.
Averaging the densities post reconstruction provides the same
average density as a thicker slice, assuming ideal reconstruction.
We downsample at different ratios of 2, 4, and 8, thereby effec-
tively achieving a simulated thickness of 2.5, 5, and 10 mm,
respectively. For instance, a downsampling ratio of two is
achieved by averaging two consecutive slices in a CT scan
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and so on. Original cue points marked by radiologists at the
native slice thickness of 1.25 mm are mapped to corresponding
equivalent points at different downsampled thicknesses.

We apply the candidate detector as described in Sec. 3 to
determine the potential candidates at all thickness stages. We
compute a set of 503 features for each candidate. We randomly
pick 80 cases with 116 target nodules for testing, and the rest of
the 112 CT scans are utilized for training purposes. We select
features solely based on the training dataset using the SFS
method, and classification of the test candidates is performed
using an FLD classifier. Note that we utilize the same set of
cases for testing and training at all thicknesses. This study at
native and various downsampled stages helps us analyze the
CAD performance at different slice thicknesses.

We measure the CAD performance at all thicknesses based
on the nodule cue points marked by radiologists at 1.25 mm.
This helps us compare the performance of the CAD system
using the same set of nodule cue points at different thicknesses.
This approach differs from existing CAD papers in which differ-
ent datasets are utilized at different thicknesses for performance
study. Note that we maintain the homogeneity between the train
and test cases in terms of slice thickness as emphasis of this
experiment is to study the performance of the CAD system at
different slice thicknesses.

4.2 CAD Performance at Different Slice
Thicknesses

In this section, we present results for the study presented in
Sec. 4.1. Figures 2 and 3 present images of a small and large
nodule at different thicknesses. Both nodule cue points have
been transformed to equivalent points at different simulated
thicknesses based on radiologists’ marking at 1.25-mm slice
thickness. Figures 2 and 3 clearly suggest that nodules tend
to lose their shape, size, and brightness at higher slice thickness,
especially at 10 mm. Figures 2 and 3 also indicate that the
impact of downsampling is relatively high for small nodules.
SES method of feature selection is implemented at the native
thickness of 1.25 mm and simulated thickness stages solely
based on their respective training datasets. As mentioned earlier,
the SFS merit function is measured in terms of AUC from O to
10 FPs. The AUC value obtained after selection of each feature
is shown in Fig. 4. We choose a point in the AUC plot as imple-
mented in Ref. 8§ to determine the optimal suite of features nec-
essary for the best classification performance. Table 1 lists the
features selected (represented by X) by SFS algorithm for clas-
sification purposes at different thicknesses. The description of
these features is provided in Ref. 8. Local contrast enhancement
(LCE) images obtained with window size of 11 and 51 are rep-
resented by LCE1 and LCE2, respectively. We adopt this SFS
approach for other experiments conducted in this study as well.
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Fig. 2 Nodule image from the case “sub0_p73” at (a) native 1.25-mm thickness, (b) simulated 2.5-mm
thickness, (c) simulated 5-mm thickness, and (d) simulated 10-mm thickness.

Figure 5 shows the FROC curves comparing the overall CAD
performance (including candidate detection and classification)
at different thicknesses.

Table 2 summarizes the overall CAD performance for the
testing dataset utilized in this study at different thicknesses
with target nodules marked by radiologists at 1.25 mm. Note
that every nodule marked by the radiologists at native thickness
is transformed into an equivalent cue point at all thickness
stages. To determine the confidence interval, we study the per-
formance of our CAD algorithm for the given suite of testing
cases by dividing them into 10 different sets. Table 2 shows
that the performance of the candidate detector before the appli-
cation of the classifier is consistent at all thickness stages pre-
sented in this paper.

5 Different Training Methods for CAD of
Lung Nodules Using Nonhomogeneous
Training Data

5.1 Description of the Methods

The aggregate training method is used in the majority of the
CAD systems presented in the literature. In this method, we
utilize all the training data available at their respective native
thickness. CT scans are neither resampled nor removed in
this approach, thereby using all the available training cases at
their respective native thickness.
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The homogeneous thickness training method utilizes only
the cases that match with the thickness and spacing of the testing
cases. For instance, if testing is conducted on cases acquired at
1.25-mm thickness, then training would be solely based on the
data acquired at 1.25 mm, thereby making it a homogeneous
thickness classifier.

Finally, we propose a method to maintain the homogeneity
between testing and training datasets by resampling the entire
suite of CT scans to a specific thickness value. This method
of classification helps in utilizing all the available training
resources and maintaining the homogeneity among the cases
(training and testing). We term this approach the common thick-
ness method of classification.

5.2 Experiment Based on 1.25-mm Testing Dataset

In this section, we present and compare results for the method-
ologies proposed in Sec. 5.1 for the testing cases acquired at
1.25-mm thickness. We utilize the same set of 80 cases as
chosen in Sec. 4 for testing purposes. The rest of the cases avail-
able are utilized for training the CAD system. Table 3 presents
the distribution of the training and testing datasets used for
the three different methods of classification. Different training
methodologies with different compositions are designed to
reflect the real-world scenarios. A number of cases utilized
for training purposes using the aggregate and common thickness
training methods are always the same. We intentionally
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Fig. 3 Nodule image from the case “sub0_p32” at (a) native 1.25-mm thickness, (b) simulated 2.5-mm
thickness, (c) simulated 5-mm thickness, and (d) simulated 10-mm thickness.
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designed the homogeneous thickness training method with
fewer cases because, in practice, training cases that match with
thickness and spacing of a given testing case will generally be
fewer in number.

The candidate detector (before the application of classifier)
was successfully able to detect 106 of the 116 target nodules for
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our testing dataset at both native thickness of 1.25 mm and simu-
lated downsampled thickness of 2.5 mm. SFS merit function
plot is shown in Fig. 6. FROC results comparing the various
modes of training are presented in Fig. 7. Table 4 summarizes
the overall CAD performance using three different training
methods. Like Sec. 4.2, to study the confidence interval, we
divide the testing set into 10 different subsets.

5.3 Experiment Based on 2.5-mm Testing Dataset

We study and compare the performance of all training methods
with testing being conducted on 100 cases acquired at 2.5 mm
with 114 target nodules. We utilize the rest of the cases available
for training purposes. The distribution of training and testing
datasets for this experiment is listed in Table 5 for the classifi-
cation methods proposed in Sec. 5.1.

Figure 8 and Table 6 present the overall CAD performance
for the three different training methods with 100 cases acquired
at 2.5 mm being utilized for testing. Note that 2.5-mm testing
cases are not resampled for any classification method.

5.4 Experiment Based on the Entire LUNA16
Dataset

In this section, we present results comparing the aggregate and
common thickness methods of training for the entire suite of 888
cases from the LUNA16 grand challenge.®® The homogeneous
thickness training method is not performed in this experiment

Jan-Mar 2018 « Vol. 5(1)



Narayanan, Hardie, and Kebede: Performance analysis of a computer-aided detection. ..

Table 1 Feature selected using SFS for classification using 1.25-mm
LUNA16 training dataset at all thickness levels.

Feature name 1.25mm 25 mm 5mm 10 mm

Number of slices X — X —
Equivalent diameter X X X —
Periapsis — — X X
Circularity — X — —
Elongation X X — —
Minimum voxel LCE2 — — — X
Standard deviation inside LCE1 — — X —
Fisher ratio — X — —
Moment 1 X X — —
Moment 1 LCE2 — — X X
Radial-deviation mean outside — — X —
Radial-deviation standard — — — X

deviation outside

Radial-gradient standard deviation = — — — X
outside LCE2

Standard deviation inside — X — —
Fisher ratio 1 — — — X
Standard deviation separation 3 X X X X
Fisher ratio 3 X — — —
Fisher ratio LCE1 — X — X
Contrast Z — — — X
Fisher ratio Z — X X —

Gradient magnitude mean outside 1~ X — — —

Radial-deviation mean outside 2 — — X —
Radial-deviation mean outside 3 — — X —
Radial-deviation standard — — — X

deviation outside 2

Radial-deviation standard — — X —
deviation outside 3

Radial-gradient perimeter — X — —
standard deviation separation
inside

Radial-gradient perimeter mean X — — —
outside 1

Radial-gradient perimeter mean X — — —
outside 2

Radial-gradient perimeter
standard deviation outside 1
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Table 1 (Continued).

Feature name 1.25mm 25 mm 5mm 10 mm

Radial-deviation mean inside — X — —

Radial-gradient standard deviation —— — — X
outside 2

Radial-deviation mean separation = — X — —
Surface gradient LCE1 X — — —
Area outside X — — —
Distance to center projection X — X X
Standard deviation voxel below — X — —

Standard deviation voxel below — — — X
LCE1

Bottom shadow fraction — — — X

X-fraction global — X X —
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Fig. 5 FROC curves comparing CAD performance at all thickness
levels.

due to insufficient training data at each thickness value. Overall
CAD performance is analyzed based on 10-fold validation. Note
that we perform SFS based on each combination of training
folds, i.e., we perform 10 different SFS processes for 10
different training sets. Cases chosen for each fold are the same
as provided in the LUNA16 grand challenge.”®** Figure 9
shows the overall FROC curve obtained using the aggregate
and common thickness methods of training. Overall AUC values
along with their confidence intervals are provided in Table 7.
Results clearly indicate that performance of the common
thickness training method is comparable with the aggregate
method of training. However, performance can be achieved in
significantly less time using the common thickness method of
training.
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Table 2 Overall CAD performance comparison at all thickness levels.

Candidate Number of features Overall CAD 95% Confidence
Type of dataset detector sensitivity selected for performance AUC (0 to 10 FPs) ANODE
(based on thickness) (before classification) classification AUC (0 to 10 FPs) interval score
Native 1.25 mm 91.37 13 7.16 7.09 +0.90 0.496
Simulated 2.5 mm 91.37 14 7.29 7.37 £ 0.50 0.513
Simulated 5 mm 92.24 13 6.13 6.20 +0.86 0.418
Simulated 10 mm 85.34 14 4.34 4.40+0.79 0.277

Note: Bold values represent the best performance among the compared methods.

Table 3 Training and testing dataset compositions for different meth-
ods of classification—experiment based on 1.25-mm testing dataset.

Training dataset
(number of cases)

Testing dataset
(number of cases)

Classification

1.25 to 1.25 to

approach 125 mm 25mm 25mm 1.25mm 2.5 mm
Aggregate 112 283 0 80 0
Homogeneous 112 0 0 80 0
thickness

Common 0 283 112 0 80
thickness

10
of

Maximum AUC(0-10)
[}

4t
Aggregate Training
3r —#— Homogeneous Thickness Training
—— Common Thickness Training
2 s s s s s s s
0 5 10 15 20 25 30 35 40

Number of Features

Fig. 6 SFS merit function for different training methods.

6 Discussion

Several papers have addressed the study of CAD systems as a
function of slice thickness, but no research work that we are
aware of has been implemented on the newly discovered
LUNA16 dataset. We studied the performance using many
cases for a wide range of thickness utilizing the same set of nod-
ule cue points marked by the radiologists at native thickness.
Utilizing cases with slice thickness equal to slice spacing for
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Fig. 7 FROC curves comparing overall CAD performance using
different training methods for 1.25-mm testing dataset utilizing the
composition provided in Table 3.

the study helped us achieve simulated higher thickness by
a simple downsampling process. Performance was studied at
1.25, 2.5, 5, and 10 mm. This study helped us in determining
the thickness for optimal CAD performance in terms of accu-
racy, memory consumption, and computational speed.

We also addressed the issue of managing nonhomogeneous
training data in terms of slice thickness. We analyzed the per-
formance of three different training methodologies to obtain the
best CAD performance with the available training data. We stud-
ied these methods under different testing conditions, i.e., CT
scans natively acquired at 1.25 and 2.5 mm, respectively. Later,
we also studied the performance for the entire suite of 888 cases
in the LUNA16 dataset. Analyzing the performance of training
methods for a diverse set of testing data helped us identify the
best method depending on the test set in question. Studying the
confidence intervals helped us analyze the statistical signifi-
cance and variance for each training method.

Our CAD system adopted in this research® produced state-of-
the-art performance in ANODE 2009.** Most of the CAD sys-
tems presented in the literature adopt a similar approach that
includes lung segmentation, candidate detection, feature compu-
tation, and classification for lung nodule detection. We believe
our findings are relevant to this broad class of CAD systems. We
acknowledge the fact that our results and analysis are based on
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Table 4 Overall CAD performance comparison using different training methods for 1.25-mm testing dataset.

Candidate Number of features Overall CAD 95% Confidence
detector sensitivity selected for performance AUC AUC (0 to 10 FPs) ANODE
Training method (before classification) classification (0 to 10 FPs) interval score
Aggregate 91.37 11 7.36 7.27+0.78 0.530
Homogeneous thickness 91.37 13 7.16 7.09+0.90 0.496
Common thickness 91.37 14 7.44 7.44 +0.46 0.544

Note: Bold values represent the best performance among the compared methods.

Table 5 Training and testing dataset compositions for different meth-
ods of classification—experiment based on 2.5-mm testing dataset.

Training dataset Testing dataset

(number of cases) 2.5-mm slice
thickness
Classification 1.25 to (number of
approach 1.25mm 25mm 25 mm cases)
Aggregate 192 183 0 100
Homogeneous 0 183 0 100
thickness
Common thickness 0 183 192 100
1
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Fig. 8 FROC curves comparing overall CAD performance using

different training methods for 2.5-mm testing dataset utilizing the
composition provided in Table 5.
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Fig. 9 FROC curves comparing aggregate and common thickness
training methods for the entire LUNA16 dataset.

Table 7 Overall CAD performance comparison using different train-
ing methods for the entire LUNA16 dataset.

Candidate

detector Overall CAD 95%

sensitivity performance  Confidence
Training (before AUC (0Oto AUC (0to 10 ANODE
method classification) 10 FPs) FPs) interval  score
Aggregate 90.36 7.75 7.77£0.19 0.596
Common 92.38 7.75 7.78 +0.08 0.597
thickness

Note: Bold values represent the best performance among the com-
pared methods.

Table 6 Overall CAD performance comparison using different training methods for 2.5-mm testing dataset.

Candidate Number of features Overall CAD 95% Confidence
detector sensitivity selected for performance AUC AUC (0 to 10 FPs) ANODE
Training method (before classification) classification (0 to 10 FPs) interval score
Aggregate 96.49 13 8.57 8.45+0.50 0.705
Homogeneous thickness 96.49 12 8.68 8.61 £ 0.56 0.718
Common thickness 96.49 12 8.74 8.66 + 0.47 0.723

Note: Bold values represent the best performance among the compared methods.
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the performance of a specific CAD system and may vary using
other CAD systems.

7 Conclusions

In this paper, we have presented two thickness-based studies for
CAD of lung nodules in CT scans. First, the study presented the
performance of the CAD system at various thickness levels.
FROC results presented in Fig. 5 and Table 2 indicate that
the CAD system provides comparable performance at native
thickness and simulated thickness of 2.5 mm. In fact, the CAD
system achieves good performance at a much faster rate (2X)
with reduced memory consumption when downsampled to a
simulated thickness of 2.5 mm. However, classification perfor-
mance deteriorates considerably when downsampled further
than 2.5 mm. Our experimental results suggest that, with
the same amount of data across various thickness values (1.25,
2.5, 5, and 10 mm), 2.5 mm is the most effective in terms of
accuracy, dosage level, computation, and memory consumption.

Second, we presented results comparing CAD performance
using three training methods for nonhomogeneous data.
Figures 7-9 indicate that the common thickness method of train-
ing (at 2.5 mm) provides the best results for all sets of testing
data studied in this paper. Tables 4, 6, and 7 indicate that AUC
and ANODE score follow the same trend in terms of perfor-
mance. Confidence intervals presented in Tables 4, 6, and 7 indi-
cate that the common thickness method is more consistent in
terms of performance when compared with other methods.
The common thickness method helps in maintaining the homo-
geneity among the cases (training and testing) and in utilizing all
the cases available for training. This performance is closely
followed by the aggregate method of training, albeit using
increased memory and more computation time. The homo-
geneous thickness method of training could be utilized when
there are sufficient training cases that match with the thickness
of the testing cases.

Disclosures

The authors declare that there are no conflicts of interest related
to this article.

Acknowledgments

The authors would like to thank the anonymous reviewers for
their helpful and constructive review of the paper.

References

1. American Cancer Society, “Cancer facts and figures 2018,” https://www.
cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/cancer-
facts-figures-2018.html (23 January 2018).

2. B. W. Stewart and C. P. Wild, “World cancer report 2014, 505,
International Agency for Research on Cancer, World Health
Organization (2014).

3. Cancer Research UK, “Lung cancer survival statistics,” http://www.
cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-
cancer-type/lung-cancer/survival (23 January 2018).

4. J. K. Field et al., “The UK lung cancer screening trial: a pilot rando-
mised controlled trial of low-dose computed tomography screening
for the early detection of lung cancer,” Health Technol. Assess.
20(40), 1-146 (2016).

5. FE Fischbach et al., “Detection of pulmonary nodules by multislice
computed tomography: improved detection rate with reduced slice
thickness,” Eur. Radiol. 13(10), 2378-2383 (2003).

6. J. Gurung et al., “Automated detection of lung nodules in multidetector
CT: influence of different reconstruction protocols on performance of
a software prototype,” RoFo 178(1), 71-77 (2006).

Journal of Medical Imaging

014504-9

7. N. Emaminejad et al., “The effects of slice thickness and radiation dose
level variations on computer-aided diagnosis (CAD) nodule detection
performance in pediatric chest CT scans,” Proc. SPIE 10134,
101340B (2017).

8. T. Messay, R. C. Hardie, and S. K. Rogers, “A new computationally
efficient CAD system for pulmonary nodule detection in CT imagery,”
Med. Image Anal. 14(3), 390-406 (2010).

9. R. C. Hardie et al., “Performance analysis of a new computer aided
detection system for identifying lung nodules on chest radiographs,”
Med. Image Anal. 12(3), 240-258 (2008).

10. T. Okumura et al., “Variable N-Quoit filter applied for automatic detec-
tion of lung cancer by x-ray CT,” in Computer Assisted Radiology and
Surgery (CAR), pp. 242-247 (1998).

11. K. Kanazawa et al., “Computer-aided diagnosis for pulmonary nodules
based on helical CT images,” Comput. Med. Imaging Graphics 22(2),
157-167 (1998).

12. S. G. Armato, III, M. L. Giger, and H. MacMahon, “Automated
detection of lung nodules in CT scans: preliminary results,” Med. Phys.
28(8), 1552-1561 (2001).

13. Y. Lee et al., “Automated detection of pulmonary nodules in helical
CT images based on an improved template-matching technique,”
IEEE Trans. Med. Imaging 20(7), 595-604 (2001).

14. G. D. Rubin et al., “Pulmonary nodules on multi-detector row ct scans:
performance comparison of radiologists and computer-aided detection,”
Radiology 234(1), 274-283 (2005).

15. R. Gruetzemacher and A. Gupta, “Using deep learning for pulmonary
nodule detection and diagnosis,” in Twenty-Second American Conf. on
Information Systems, San Diego (2016).

16. B. N. Narayanan et al., “Optimized feature selection-based clustering
approach for computer-aided detection of lung nodules in different
modalities,” Pattern Anal. Appl. 1-13 (2017).

17. F. Shaukat et al., “Fully automatic and accurate detection of lung
nodules in CT images using a hybrid feature set,” Med. Phys. 44,
3615-3629 (2017).

18. M. A. Jaffar, A. B. Siddiqui, and M. Mushtaq, “Ensemble classification
of pulmonary nodules using gradient intensity feature descriptor and
differential evolution,” Cluster Comput. 1-15 (2017).

19. J. K. Liu et al., “An assisted diagnosis system for detection of early
pulmonary nodule in computed tomography images,” J. Med. Syst.
41(2), 30 (2017).

20. M. Javaid et al., “A novel approach to CAD system for the detection of
lung nodules in CT images,” Comput. Meth. Programs Biomed. 135,
125-139 (2016).

21. B. N. Narayanan, R. C. Hardie, and T. M. Kebede, “Analysis of
various classification techniques for computer aided detection system
of pulmonary nodules in CT,” in IEEE National Aerospace and
Electronics Conf. (NAECON) and Ohio Innovation Summit (OIS),
pp. 88-93 (2016).

22. J. Shiraishi et al., “Computer-aided diagnostic scheme for the detection
of lung nodules on chest radiographs: localized search method based on
anatomical classification,” Med. Phys. 33(7), 2642-2653 (2006).

23. I. Gori et al.,, “An automated system for lung nodule detection in
low-dose computed tomography,” Proc. SPIE 6514, 65143R (2007).

24. B. van Ginneken et al., “Comparing and combining algorithms for
computer-aided detection of pulmonary nodules in computed tomogra-
phy scans: the ANODEQ9 study,” Med. Image Anal. 14(6), 707-722
(2010).

25. S. G. Armato, III et al., “Computerized detection of pulmonary nodules
on CT scans,” Radiographics 19(5), 1303-1311 (1999).

26. S. G. Armato, Il et al., “The Lung Image Database Consortium (LIDC)
and Image Database Resource Initiative (IDRI): a completed reference
database of lung nodules on CT scans,” Med. Phys. 38(2), 915-931
(2011).

27. R. Wiemker et al., “Comparative performance analysis for computer
aided lung nodule detection and segmentation on ultra-low-dose vs.
standard-dose CT,” Proc. SPIE 6146, 614605 (2006).

28. M. Das et al., “Small pulmonary nodules: effect of two computer-aided
detection systems on radiologist performance,” Radiology 241(2),
564-571 (2006).

29. R. Yuan, P. M. Vos, and P. L. Cooperberg, “Computer-aided detection in
screening CT for pulmonary nodules,” Am. J. Roentgenol. 186(5),
1280-1287 (2006).

Jan-Mar 2018 « Vol. 5(1)


https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/cancer-facts-figures-2018.html
https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/cancer-facts-figures-2018.html
https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/cancer-facts-figures-2018.html
https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/cancer-facts-figures-2018.html
https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/cancer-facts-figures-2018.html
https://www.cancer.org/research/cancer-facts-statistics/all-cancer-facts-figures/cancer-facts-figures-2018.html
http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/lung-cancer/survival
http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/lung-cancer/survival
http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/lung-cancer/survival
http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/lung-cancer/survival
http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/lung-cancer/survival
https://doi.org/10.3310/hta20400
https://doi.org/10.1007/s00330-003-1915-7
https://doi.org/10.1055/s-2005-858831
https://doi.org/10.1117/12.2255000
https://doi.org/10.1016/j.media.2010.02.004
https://doi.org/10.1016/j.media.2007.10.004
https://doi.org/10.1016/S0895-6111(98)00017-2
https://doi.org/10.1118/1.1387272
https://doi.org/10.1109/42.932744
https://doi.org/10.1148/radiol.2341040589
https://doi.org/10.1007/s10044-017-0653-4
https://doi.org/10.1002/mp.2017.44.issue-7
https://doi.org/10.1007/s10586-017-0876-6
https://doi.org/10.1007/s10916-016-0669-0
https://doi.org/10.1016/j.cmpb.2016.07.031
https://doi.org/10.1109/NAECON.2016.7856779
https://doi.org/10.1109/NAECON.2016.7856779
https://doi.org/10.1118/1.2208739
https://doi.org/10.1117/12.709642
https://doi.org/10.1016/j.media.2010.05.005
https://doi.org/10.1148/radiographics.19.5.g99se181303
https://doi.org/10.1118/1.3528204
https://doi.org/10.1117/12.649790
https://doi.org/10.1148/radiol.2412051139
https://doi.org/10.2214/AJR.04.1969

30

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Jo

Narayanan, Hardie, and Kebede: Performance analysis of a computer-aided detection. ..

. R. Opfer and R. Wiemker, “Performance analysis for computer-aided
lung nodule detection on LIDC data,” Proc. SPIE 6515, 65151C (2007).
B. Sahiner et al., “Effect of CAD on radiologists’ detection of lung nod-
ules on thoracic CT scans: observer performance study,” Proc. SPIE
6515, 65151D (2007).

S. Buhmann et al., “Clinical evaluation of a computer-aided diagnosis
(CAD) prototype for the detection of pulmonary embolism,” Acad.
Radiol. 14(6), 651-658 (2007).

A. M. Schilham, B. Van Ginneken, and M. Loog, “A computer-aided
diagnosis system for detection of lung nodules in chest radiographs with
an evaluation on a public database,” Med. Image Anal. 10(2), 247-258
(2006).

K. L. Hua et al., “Computer-aided classification of lung nodules
on computed tomography images via deep learning technique,”
OncoTargets Ther. 8, 2015-2022 (2015).

H. Yang, H. Yu, and G. Wang, “Deep learning for the classification of
lung nodules,” arXiv preprint arXiv:1611.06651 (2016).

A. A. Setio et al., “Computer-aided detection of lung cancer: combining
pulmonary nodule detection systems with a tumor risk prediction
model,” Proc. SPIE 9414, 941410 (2015).

W. Sun, B. Zheng, and W. Qian, “Computer aided lung cancer diagnosis
with deep learning algorithms,” Proc. SPIE 9785, 97850Z (2016).

A. A. A. Setio et al., “Validation, comparison, and combination of algo-
rithms for automatic detection of pulmonary nodules in computed
tomography images: the LUNA16 challenge,” Med. Image Anal. 42,
1-13 (2017).

“Lung nodule analysis,” 2016, https://lunal 6.grand-challenge.org/home
(23 January 2018).

H. Liu and H. Motoda, Feature Selection for Knowledge Discovery and
Data Mining, p. 454, Springer Science and Business Media, Heidelberg
(2012).

urnal of Medical Imaging

014504-10

41. F. W. Samuelson and N. Petrick, “Comparing image detection algo-
rithms using resampling,” in 3rd IEEE Int. Symp. on Biomedical
Imaging: Macro to Nano (ISBI), pp. 1312-1315 (2006).

42. https://anode09.grand-challenge.org/results/ (23 January 2018).

Barath Narayanan Narayanan received his masters degree and
PhD in electrical engineering from the University of Dayton in 2013
and 2017, respectively. He graduated with distinction from SRM
University, Chennai, India, in 2012 with a bachelor’s degree in elec-
trical and electronics engineering. He is currently a research engineer
at the University of Dayton Research Institute. His research interests
include pattern recognition, machine learning, and image processing.

Russell Craig Hardie is a full professor in the Department of
Electrical and Computer Engineering, the University of Dayton, with
a joint appointment in the Department of Electro-Optics. He received
the University of Dayton’s top university-wide teaching award in
2006 and the Rudolf Kingslake Medal and Prize from SPIE in 1998.
He also received the School of Engineering Award of Excellence in
teaching in 1999.

Temesguen Messay Kebede is with the Electrical and Computer
Engineering Department, the University of Dayton. He is a principal
investigator of multiple funded Department of Defense projects since
December 2014. In December 2014, he obtained his PhD from the
Electrical and Computer Engineering Department, the University of
Dayton. Since 2008, he has overseen the established Yaskawa
Motoman Robotics Laboratory. His research areas include pattern
recognition, machine learning, image and video processing, robotics,
and cyber-security.

Jan-Mar 2018 « Vol. 5(1)


https://doi.org/10.1117/12.708210
https://doi.org/10.1117/12.709851
https://doi.org/10.1016/j.acra.2007.02.007
https://doi.org/10.1016/j.acra.2007.02.007
https://doi.org/10.1016/j.media.2005.09.003
https://doi.org/10.2147/OTT.S80733
https://doi.org/10.1117/12.2080955
https://doi.org/10.1117/12.2216307
https://doi.org/10.1016/j.media.2017.06.015
https://luna16.grand-challenge.org/home
https://luna16.grand-challenge.org/home
https://luna16.grand-challenge.org/home
https://doi.org/10.1109/ISBI.2006.1625167
https://doi.org/10.1109/ISBI.2006.1625167
https://anode09.grand-challenge.org/results/
https://anode09.grand-challenge.org/results/
https://anode09.grand-challenge.org/results/

