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Abstract

Purpose: The purpose of this study was to create an algorithm to detect and classify
pulmonary nodules in two categories based on their volume greater than 100 mm3 or not,

using machine learning and deep learning techniques.

Materials and methods: The dataset used to train the model was provided by the organization
team of the SFR (French Radiological Society) Data Challenge 2019. An asynchronous and
parallel 3-stages pipeline was developed to process all the data (a data “pre-processing” stage;
a "nodule detection" stage; a “classifier” stage). Lung segmentation was achieved using 3D
U-NET algorithm; nodule detection was done using 3D Retina-UNET and classifier stage
with a support vector machine algorithm on selected features. Performances were assessed

using area under receiver operating characteristics curve (AUROC).

Results: The pipeline showed good performance for pathological nodule detection and patient
diagnosis. With the preparation dataset, an AUROC of 0.9058 (95% confidence interval [CI]:
0.8746-0.9362) was obtained, 87% yielding accuracy (95% CI: 84.83%-91.03%) for the
"nodule detection" stage, corresponding to 86% specificity (95% CI: 82%-92%) and 89%
sensitivity (95% CI: 84.83%-91.03%).

Conclusion: A fully functional pipeline using 3D U-NET, 3D Retina-UNET and classifier
stage with a support vector machine algorithm was developed, resulting in high capabilities

for pulmonary nodule classification.

Keywords: Lung cancer; Pulmonary nodule; Support vector machine; Deep learning;

Machine learning.

List of abbreviations

2D: two-dimensional;

3D: Three-dimensional;

Al Artificial intelligence;

AUC: Area under the curve;

AUROC: area under receiver operating characteristics curve;

CAD: Computer-aided diagnostic;



CNN: convolutional neural network;
CPU: Central processing units;

CT: Computed tomography;

FN: False negative;

FP: False positive;

GPU: Graphics processing units;

HU: Hounsfield unit;

LIDC: Lung Image Database Consortium;
R-CNN: Region-based convolutional neural network;
RFE: Recursive feature elimination,;
ROC: Receiver operating characteristics;

SVM: Support vector machine

Introduction

Lung cancer has the highest mortality rate among all malignant tumors [1]. It is an
aggressive disease carrying a dismal prognosis with a 5-year survival rate at 18%. In France,
lung cancer remains a major public health problem because of its frequency, but especially the
severity of the disease [2]. The key to reduce lung cancer mortality is the accurate diagnosis
of pulmonary nodules at early-stage. Early detection and examination of lung nodules, which

might be malignant, is necessary [3].

The National Lung Screening Trial study found in more than 53,000 (former-) heavy
smokers that annual screening with low-dose computed tomography (CT) reduced lung
cancer mortality and overall mortality by 20% and 6.7% respectively [4]. Screening studies
using semi-automated volume measurements have shown higher accuracy and reproducibility
compared to diameter measurements, and it has been shown that small nodules (those with a
volume < 100 mm? or diameter < 5 mm) are not predictive for lung cancer [5]. Radiologists

spend countless hours carefully detecting small spherical-shaped nodules on CT images [6].

Artificial intelligence (Al) algorithms have demonstrated remarkable progress in
image-recognition tasks. Methods ranging from convolutional neural networks (CNN) to

variational auto encoders have found myriad applications in the field of medical image
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analysis, propelling it forward at a rapid pace [7-11]. Computer-aided diagnostic (CAD)
techniques are considered to have potential beyond human experts for accurate diagnosis of
early pulmonary nodules. The sensitivity of all the selected works’ ability to detect pulmonary
nodule ranges from 68.9% to 100%, and the false positive rates range from 0.138 to 38.8 per
CT examination [12]. Some selected works achieved a sensitivity of greater than 90%,
however, high sensitivity is usually associated with a high false positive rate. The CAD
system has inherent limitations concerning the detection of advanced lung tumors, and the
human eye is still necessary in these patients. Most recently, conventional CAD solutions that
require visual confirmation to reduce false-positive calls [13] are being challenged by deep
learning algorithms that have an inherent advantage of automatic feature exploitation [14].
The detection and classification of pulmonary nodules based on deep learning technology can
continuously improve the accuracy of diagnosis through self-learning, and is an important

means to achieve CAD [15].

The purpose of this study was to create an algorithm to detect and classify pulmonary
nodules in two categories based on their volumes greater than 100 mm? or not, using machine

learning and deep learning techniques.

Material and methods

This study has been entirely designed following the General Data Protection
Regulation, as ensured by the French regulation office. Members of the AI groups who
provided CT examinations have signed an ethical charter. All images were anonymized and

pseudonymized.

Dataset

The dataset used to train the model was provided by the Data Challenge 2019 group. It
was composed by 1056 * 3D-DICOM CT images, with various resolutions and size (from 512
x 512 x 130 to 512 x 512 x 1300). This dataset access was provided in three batches: 343
DICOM patients with their related nodules annotation for the first month of development, 344
DICOM patients with annotation 3 days before the final and 344 DICOM patients without
annotation for the 2 hours final round. The whole dataset size was about 243 Gigabytes in

total.

The methods for annotation were not consistent across the dataset. The location and

size of the nodules were labelled as:



* amark of a single voxel in the middle of the nodule

» alarger spot in the middle of nodules on one single two-dimensional (2D) CT slice
* acircle surrounding nodules on one single 2D CT slice

* a3D volume to segment the selected nodules

e A few DICOM also annotated nodules smaller than 100 mm3 while it was below the

challenge detection criteria.

Processing pipeline

Our solution was based on a three-stage multithreaded pipeline implementing inter-
steps communication by asynchronous message passing (Figure 1). The first stage, named
“pre-processing”, uniformed the DICOM data and generated lung segmentation, the second
stage, named “deep learning”, detected potential nodules, the third stage, named
“classification”, to classify nodules larger than 100 mm3 and classify if the patient had

abnormal findings or not based on selected nodules features.

An orchestration mechanism managed the whole pipeline data workflow and
supervised the underlying daemon processes. The main function of this scheduler was to
parallelize across our 3-node cluster: efficiently dispatch images across the available
resources (central processing units [CPUs] and graphics processing units [GPUs]) for parallel
processing. The scheduler was based on bash scripts (Linux flock locking system) to ensure
each file was only treated once by a job. It maintained a list of all the jobs that were
completed, running or pending: a pre-processing job and an inference job for each image in
the test dataset. It then checked availability of resources on the worker nodes and scheduled

jobs on these resources when idle (through SSH connections to the worker nodes).

The pipeline was developed using a single IBM Power AC922 server offering 22 IBM
POWERO9 cores, 512 GB of system memory,4 Volta V100 NVIDIA GPU with 32 GB of
graphical memory. This server was purposely designed for machine learning and deep
learning tasks, providing good performance and robustness. We used additional machine for

the final round of the data challenge.

Due to time constraint a parallelized processing by deploying the solution on a cluster
of three IBM AC922 for a total for 60 POWERY cores and 14 Volta 100 GPUs. The

interconnection between the jobs was achieved using a fast networking interconnection



technology (InfiniBand EDR switch and adapters). The spectrum scale file system had three
advantages: first, it removed the need to perform file transfers that was time consuming for
larger 3D CT datasets. Second, it ensured consistency of data. Third it provided sustained

high performances required during the challenge and better than network file system.

Preprocessing

The pre-processing phases consist in images normalization and lungs segmentation.
CT intensities (in Hounsfield unit [HU]) were clipped between -1200 and 600 to keep air,
lungs up to bones densities. Lung segmentation was obtained with a 3D U-NET and CT

intensities were normalized to HU.

Pre-processing is a powerful way to improve the accuracy of the nodule detection
model, it helps remove unnecessary data information, by allowing the next pipeline stages to
focus on relevant features for their task. Thus, we implemented a complex preprocessing stage
for nodule region proposal network, mostly inspired from state of the art techniques. Lung
mask was computed using a 3D semantic segmentation CNN model. A last scan intensity

normalization step was performed to end the pre-processing phase.

Lung segmentation using a 3D CNN model

The aim of the lung segmentation was to reduce the volume to explore for the next
‘nodule detection’ pipeline stage and to improve the overall response time and avoid wrong
detections of nodules outside lungs. It was implemented using a 3D CNN U-Net model and
standards Python Computer Vision Techniques, provided by packages such as Pydicom,
SimplelTK, nibabel and OpenCV. We have also used the IBM AC922 technology to train this
network, which allowed increasing image resolution of the training dataset by 2563 instead of
1283, which was initial the limit related to 32 gigabits graphical processing unit memory of
NVIDIA V100. Once the model has inferred the lungs segmentation map from the resampled
scan, a morphological closing was applied to the model’s output in order to prevent eventual

holes in the lungs (Figures 2, 3)

CT data transformation

The goal of this phase was to clean and normalize the initial 3D image and also
remove unnecessary information for the next pipeline stage (Figure 4). Every processed

image was then written on spectrum scale shared file system for robustness in case of failure.



A completion signal was sent to the scheduler, which marked the inference phase for the

image as ready.

We resized the 878 CT data sets from Lung Image Database Consortium (LIDC) data
to a pixel size of 1.4 x 0.7 x 0.7 mm>. The LIDC dataset were split in 80/20, giving 700
patients for training, and 178 for validation. For each batch generated, patients were randomly
picked and kept according to the presence or absence of one or more nodules in the
corresponding scan. Then, for each chosen patient, a random crop of size 128 x 128 x 64 was
performed. Data augmentation operations were then applied while respecting a constraint of
distance between nodules and the edge of the image. The complete training of the algorithm
lasted during 400 epochs. Each of the epochs corresponded to 150 iterations of the batch
generation process. Since the network outputs were of different natures, the Retina UNet was

trained using a combination of loss used for both segmentation and object detection problem.

Nodule detection

A deep learning pipeline was setup to identify nodules candidates for each DICOM dataset.
Each candidates’ regions have been classified to determine whether it contains a nodule with
a volume greater than 100 mm?®. We used a Retina-UNet model that showed good
performance for object detection [16]. This network takes advantage of the U-Net architecture
and has been transferred successfully into 3D [17,18] and cancer detection (Figure 5). The
network architecture is described in Figure 2. Most important meta-parameters are the patch
size taken for tiling: 128 x 128 x 64. The U-shape of the algorithm has 5 steps (ResBlock) for
down sampling then up-sampling. Models are trained using Adam optimizer with a 10"-4
learning rate. For each batch generated, patients were randomly picked and kept according to
the presence or absence of one or more nodules in the corresponding scan. Then, for each
chosen patient, a random crop of size 128 x 128 x 64 is performed with a constraint of

balancing crop without nodules (50%) and crop with nodules (50%).

Since the network outputs are of different natures, the Retina Unet was trained using a

combination of loss used for both segmentation and object detection problem:

'-Z)(.'Iob - --(Z)('EI;‘,_,- + '-Z)Hubrr + M
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Where:

L_{CE_{Box}}(resp. L_{CE_{Pix}}): is the cross-entropy function for anchor boxes
classification (resp. pixel classification). Minimizing this function is essential to

improve the quality of the anchor box classifier (and pixel classification).

\mathscr{L}_{Huber} is the Huber loss function and reflects the distance between the

true box coordinates and the predicted ones [19].

\mathscr{L.}_{Dice}} is the Dice loss function: this loss allows penalizing false

positive pixel classification and is specially used for medical application [20].

Feature extraction and nodule classification

Nodule classification was only applied on Data Challenge data. Thirty-nine features were

extracted from detected 3D regions (Figure 5):

Probability given by the deep learning detection (one feature)
Bounding box center, size and volume (7 features)
Minimum, maximum and median of pixel intensities (3 features)

For 7 different 3D segmentations: ratio of pixel above the threshold, volume of
pixels above the threshold, ratio between average intensity above and below the
threshold, number of objects above the threshold. 6 segmentations correspond to 6
intensity thresholds (named TO to T5) uniformly spread between minimum and
maximum intensity values and the 6™ segmentation is the segmentation obtained in

the deep learning step (4 x 7 = 28 features)

The SVM allowed classify the status of patients in the Data Challenge. To classify

positive nodules according to the annotation, a support vector machine (SVM) classifier was

used and the posterior probabilities for each nodule were extracted. A linear kernel was used

in order to avoid overfitting. To measure the performance of the classifier, a cross validation

(5 folds) procedure was setup (Figure 6). Feature selection algorithm was used to eliminate

unnecessary features. Recursive feature elimination (RFE) was used [21]. Area under ROC

curve (AUROC) was used as performance metric over the cross validation, considering that

AUROC indicates general performance of the classifier [23]. The confident intervals were

calculated using a 10-fold cross validation.



Results

During the Data Challenge, we had two hours to process 344 new patients, including
extracting the ZIP archive containing the dataset. The workload itself was mostly hold by
CPUs units. As each AC922 server had 36 physical cores, hence allowing to pre-process more
than 100 images in parallel on three servers. Pre-processing required 3.5 min per DICOM,
mostly used for lung segmentation. Data heterogeneity and data format were handled using
dedicated DICOM and annotation loader. The training of the deep learning step lasted 4 days.
The training process was stopped earlier in order to respect time constraint. For object
detection problem, both classification and localization of bounding boxes outputs needed to
be evaluated. The best model used for the challenge was selected by maximizing the average

precision up to 0.87 [22].

The AUROC for patient classification (based on linear SVM) using all 39 features was
0.8811. To optimize it, a feature selection algorithm was used: recursive feature elimination
(RFE) [21]. The AUC was maximized at 0.9022 after removing 30 features. Ten features were
kept with 1 feature giving the probability of presence from the deep learning algorithm, 2
features describing the width of the nodule candidate, 2 features describing the UNet Mask
Segmentation and the 5-remaining described the segmentation at different thresholds. On 10
remaining features, several optimizations were applied, leading to an AUROC of 0.9058. First
a fixed threshold T was applied to remove nodule candidates with a probability score lower
than the threshold. Then we defined a weight for the two classes in the SVM parameter to 1
for the benign nodules and C for the malignant one. Both parameters T and C were optimized
using force brut strategies learning to optimal parameters T = 0.1 and C = 2.1. Finally, we
tried to improve the AUROC by increasing the order of the polynomial kernel up to 2 to 5
while it was originally set to 1 (1 corresponding to a linear kernel). We found that increasing

the order did not improve AUROC, and then we kept 1 as kernel order.

Finally, we obtain an AUROC of 0.9058 (95% confidence interval [CI]: 0.8746-
0.9362). Considering false negative and false positive findings as equally problematic, the
specificity was 86% (95% CI: 82%-92%), sensitivity 89% (95% CI: 88.70-92.72%) and
accuracy 87% (95% CI: 84.83%-91.03%). On the 687 patients, number of true positives was
301, number of false-negatives was 43, number of true negatives was 297 and number of
false-positives was 46. We found 4 non-solid or part-solid pulmonary nodules and 3 were

accurately detected while one was missed.



Discussion

In four weeks, we have built a fully functional solution leveraging open source
frameworks, algorithms to win the Data Challenge 2019. This study shows good
performances to detect pulmonary nodules greater than 100 mm?® in a very limited time. Based
on observations in high-risk patients from lung cancer screening trials a cut diameter below 6
mm (100 mm?) is proposed by most recent guidelines as an indicator of acceptably low cancer
risk (< 1%). Al can help us to tackle this challenge by creating an “augmented radiologist”.
Machine-learning classifiers are used to predict the malignance and after deep learning,
especially the convolutional neural network, who might be suitable for pulmonary nodule

classification when characterized by small medical datasets and small targets [15,24-27].

This study gives good performances in terms of all metrics measured including
AUROC (0.9058), sensitivity (89%) and specificity (86%). The developed system presents
excellent performance using various databases coming from different hospitals, and with
different data acquisition protocols. An improved approach might have been to provide more
annotated data, or using GPU with larger memory. With larger memory size, tile size can be
larger, and more spatial information can be captured by deep learning algorithms. We did not
manage to train correctly the network with tile size of 256 x 256 x 64. With that tile size, we
could not load more than 4 tiles on the GPU in the network. With such small batch size, the
training procedure would have converged too slowly, but this will probably be possible with
GPUs next generation. In this study we have used tile size of 128 x 128 x 64 tiles with a batch
size of 26. A larger batch size would allow reducing the iteration noise and would converge
faster. Detection can be improved by segmenting more precisely the lung because some errors
rise from true nodules localized on the pleura leading the preprocessing algorithm to consider
the nodule outside of the lung. Another way to improve the system is the classification of the
nodule candidates. In this study we used machine learning technique because the number of
patients was low. With a larger dataset we would be able to use 3D deep-learning system
classifiers that show good performance in 3D medical imaging [28,29]. Finally, some
improvements can be obtained by focusing on some situation leading to errors like pulmonary
condensations or non-solid and part-solid pulmonary nodules. Those situations should be
considered as additional classes and separated for the rest of nodules such as their confusion
is decreased [30]. To meet the schedule of the JFR data Challenge, we could manually
segment the images in the JFR datasets. Therefore, we decided to use the LUNA16- LIDC

DataSet for deep learning model training to detect nodules [31]. LIDC dataset is similar to
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JFR one but with high quality segmentation nodules. However, we used the JFR dataset to

learn the final status of the patients.

Researchers have developed an Al scheme to predict the invasive degree of ground-
glass nodules by using a residual learning architecture [31]. They showed that deep learning
scheme yielded equivalent or even higher performance when compared with the radiologists,
and residual learning—based CNN model could improve the performance in classifying
between invasive adenocarcinoma and non- invasive adenocarcinoma nodules [31].
Radiomics is also useful to detect lung nodules, and allows examining large volumes of
complex data to identify precise characteristics or outcomes. In the setting of lung nodules
and lung cancer, radiomics is aimed at deriving automated quantitative imaging features that

can predict nodule and tumor behavior non-invasively [32].

Our study has some limitations. First, we were only interested in nodules greater than
100 mm3. The quality of the deep learning detection is highly dependent on the diversity
learned in the training dataset, and then nodules will be correctly detected only if closed
examples are found in the training dataset.

In conclusion, our results are very encouraging, in particular for a precise and fast
detection of pulmonary nodules using CT examination. This will need further cooperation
between engineers specializing in deep learning, data scientists and radiologists to build

solutions suitable to clinical practice.
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FIGURE CAPTIONS

Figure 1. Figure shows proposed solution as a 3-stage pipeline.
Figure 2. Figure shows effect of morphological closing on lung mask

Figure 3. Figure shows segmentation process from CT data to obtain three-dimensional 3D view
of lungs in an individual patient.

Figure 4. Figure shows iterative steps of pre-processing. The initial scan intensities (A) are
loaded and normalized in Hounsfield Unit (HU). They are resampled to match a given slice
thickness that correspond roughly to the average slice thickness of the dataset and are clipped
within a given range to limit the impact of extreme values. Then the lung mask (B) is dilated (C)
and every pixel outside this dilated version is set to some padding value matching the HU
intensity of a normal tissue (C) to remove everything outside the patient’s lungs, yet keeping the
context that characterizes the nodules at the edges of the lungs. Finally, remaining bones (E) are
removed using voxel intensity thresholds (based on the known HU range for bones) in the
dilated lung mask version and padded to the same HU value matching normal tissues (F).

Figure 5. Figure shows retina-UNet architecture. Retina-UNet architecture consists of different
unified blocks of networks and subnetworks. The block (A) is a Feature Pyramid Network (FPN)
based on ResNet architecture and it composes of a bottom-up (A) and a top-down pathway. The
bottom-up pathway allows feature extraction while decreasing successively the features maps
resolution. Then the top-down pathway applies an upsampling operation to each layer and
merges it with the previous layer. The last layer of the top-down pathway is used to output a
segmentation mask (C) while less resolved layers generate the features maps inputs for the
second block used for object detection (C). Boxes are detected by applying block (D) at different
resolution. During this stage, anchor boxes of different size are generated on the input feature
map. Regions of interest correspond to a positive bounding box with shift, computed through an
anchor boxes classifier and an anchor boxes coordinates regressor. Block (E) details operations
represented by different arrows.

Figure 6. Figure shows feature extraction and nodule classification. The patient based cross
validation is showed in A. AUC calculation from a patient list in B. The feature selection process
with RFE showing the iterative in blue in C. The X labels correspond (from left to right) to the
ordered list of features iteratively removed. Thus, the first feature removed is InitScoreFeature,
and then BBCenterX. The red point in C corresponds to the optimal RFE iteration. This iteration
corresponds to the removal of the features located on the red point’s left: features from
InitScoreFeature up to BBWidthY are removed. In D, the different feature optimization are
displayed, starting with the full set of features (InitScoreFeature), then set of feature after RFE
(ScoreFeatureSelection), then optimization of the weight and threshold on low probability
(ScoreBestThreshold&Weight) and finally the optimization on the polynomial order
(ScoreBestPolyOrder).
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