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ABSTRACT

Chronic thromboembolic pulmonary hypertension (CTEPH) is characterized by obstruction of the pulmonary vasculature
by residual organized thrombi. A morphological abnormality inside mediastinum of CTEPH patient is enlargement of
pulmonary artery. This paper presents an automated assessment of aortic and main pulmonary arterial diameters for
predicting CTEPH in low-dose CT lung screening. The distinctive feature of our method is to segment aorta and main
pulmonary artery using both of prior probability and vascular direction which were estimated from mediastinal vascular
region using principal curvatures of four-dimensional hyper surface. The method was applied to two datasets, 64 low-
dose CT scans of lung cancer screening and 19 normal-dose CT scans of CTEPH patients through the training phase with
121 low-dose CT scans. This paper demonstrates effectiveness of our method for predicting CTEPH in low-dose CT
screening.
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1. INTRODUCTION

Chronic thromboembolic pulmonary hypertension (CTEPH) is characterized by obstruction of the pulmonary vasculature
by residual organized thrombi [1][2]. Patients with CTEPH have a poor prognosis unless they receive early treatment [2].
A morphological abnormality inside mediastinum of CTEPH patient is enlargement of pulmonary artery. The diameters
of mediastinal blood vessels are effective biomarkers for pulmonary hypertension diagnosis [3]-[7]. The vascular
boundaries in the contrast-enhanced CT images are clear without complex vascular contacts. However, CT screening for
detecting the thoracic diseases in the early stage have been performed without the contrast materials. In addition, the
contrast agent injection cannot be used with participants who are allergic to these agents. The purpose of this study is to
develop an automated assessment method of aortic and main pulmonary arterial diameters using model-based blood
vessel segmentation for predicting CTEPH in low-dose CT lung screening.

Many automated segmentation methods of the aorta and main pulmonary artery were proposed [8]-[19]. Previous
automated methods are classified into three groups based on the modalities used, i.e., contrast enhanced computed
tomography (CT) approaches [8]-[10], non-contrast CT approaches [11]-[17], and magnetic resonance approaches
[18],[19]. Some solutions for aorta or main pulmonary artery segmentation on non-contrast CT images have been
proposed. In this work, we propose an automated assessment method of aortic and main pulmonary arterial diameters
using model-based blood vessel segmentation. Our method comprises training and testing phases. In the training phase,
we constructed probabilistic atlases of the aorta and main pulmonary artery centerlines that were extracted from initial
region of mediastinal blood vessel. In the testing phase, we used the mediastinal vascular centerlines and the
probabilistic atlases to segment the aorta and main pulmonary artery. The diameters of the ascending aorta and
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pulmonary trunk were measured. The method was applied to two datasets, 64 low-dose CT scans of lung cancer
screening and 19 normal-dose CT scans of CTEPH patients after a training phase with 121 low-dose CT scans. This
paper demonstrates that the proposed method achieves high performance and that the method is useful for statistical
diagnosis of CTEPH.

2. MATERIALS AND METHODS
2.1 Datasets

This study collected three CT datasets from two medical institutions. Collection and analysis of data were approved by
the Institutional Review Board at each institution. The personal information in the DICOM header information was
anonymized by our DICOM anonymization system [20]. First and second datasets are 121 scans (dataset A) and 64 scans
(dataset B) that were collected from low-dose CT lung screening in Tokyo Health Service Association. Figure 1 shows
the example of mediastinal blood vessels on non-contrast CT images. These data were acquired on Aquilion scanner with
30 mA at 120 kVp, plane resolution: 0.625 or 0.781 mm, reconstruction matrix: 512 x 512, convolution kernel: FC01,
slice thickness: 1.0 mm, and reconstruction interval: 1.0 mm. Mean and standard deviation (SD) of participant age in
dataset A and B were 62.3+10.0 and 68.0+10.8 years respectively. Third dataset is 19 scans of CTEPH patients that were
collected from Chiba University Hospital (dataset C). These data were acquired on Aquilion scanner with 112 to 295 mA
at 120 kVp, plane resolution: 0.570 to 0.698 mm, reconstruction matrix: 512 x 512, convolution kernel: FCO7, slice
thickness: 0.5 mm, reconstruction interval: 0.5 mm. Mean and SD of patient age were 64.6+6.9 years.

(A) (B)

Figure 1. An example of mediastinal blood vessels on non-contrast CT images. (A) Original CT slice, and (B) magnified
CT slice. The window center and width are 50 HU and 300 HU, respectively.

An observer determined the ground truth of the aorta and main pulmonary artery separately in the axial plane. The
vertical interval of the manual segmentation is 10 slices. The ground truth was observed with a mediastinal window
setting that had a window width and center set to 300 HU and 50 HU, respectively. The observer carried out the manual
segmentations of the all scans in datasets B and C once.

2.2 Model-based segmentation of aorta and main pulmonary artery

Our framework is shown in Figure 2. The training phase consisted of initial region segmentation of mediastinal blood
vessel, mediastinal vascular centerlines extraction, and probabilistic atlas constructions of the aorta and main pulmonary
artery centerlines. The testing phase consisted of initial region segmentation of mediastinal blood vessel, mediastinal
vascular centerlines extraction, aorta and main pulmonary artery segmentation, and three-dimensional measurements of
the aorta and main pulmonary artery diameters.

1) Initial region segmentation of mediastinal blood vessel

This method was employed as the first process in the training and testing phases. All data were smoothed by bilateral
filtering (6:=1.0, =30 HU) [21]. Body, bone, lungs, and airway were segmented using our previously proposed methods
based on intensity and anatomical features [22],[23]. The mediastinum was segmented from the body tissue region using
the thoracic cavity surface [24]. The CT value histogram in the mediastinum had a bimodal distribution. The CT value
histogram was divided into two classes using the Gaussian mixture model classification. A class with the highest peak
frequency was identified as the initial region of mediastinal blood vessel.
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Figure 2. Our framework for automated assessment of aortic and main pulmonary arterial diameters. (A) Training phase,
and (B) testing phase. White and gray boxes represent data and processing, respectively.

2) Mediastinal vascular centerlines extraction

Mediastinal vascular centerlines were extracted from the initial region of mediastinal blood vessel in two steps. The first
step is principal curvatures calculation of four-dimensional hyper surface. Binary images of the initial region of
mediastinal blood vessel were converted to gray-level images using three-dimensional Euclidean distance transform. A
vector of principal curvatures k = (ki, ko, ks) on each voxel was calculated from the gray-level images using the principal
curvaturse of four-dimensional hyper surface [25],[26]. The second step is curvature-based vascular centerlines
extraction. The method extracted the vascular centerlines based on two features, line similarity and vascular direction
similarity which were calculated from the principal curvatures.

3) Probabilistic atlas constructions of the aorta and main pulmonary artery centerlines

Aorta and main pulmonary artery centerlines in training data were selected and refined by an observer semi-
automatically. Probabilistic atlases for aorta and main pulmonary artery centerlines were created from training data by
following steps; morphological dilation of centerlines, spatial normalization using bounding box for lungs, standard
probability model construction, and principal component analysis. The standard probability models of aorta and main
pulmonary artery centerlines were obtained by averaging of the all spatial normalized data. Principal components of
aorta and main pulmonary artery centerlines were obtained by principal component analysis. In this study, five principal
components of aorta centerlines and two principal components of main pulmonary artery centerlines which are over 0.8
in cumulative contribution ratio were employed.

4) Aorta and main pulmonary artery segmentation

The aorta and main pulmonary artery centerlines on an input scan were selected from mediastinal vascular centerlines
using the probabilistic atlases. An optimal probabilistic atlas Z for an input scan was given by Z =
Z,AW161Z1+WoG2Zo+ .. . +WnonZn Where Z,, is a standard probability model, n is the number of principal components, Z, is
a principal component, oy is the standard deviation of the principal component, and wj is the constant value to weight the
principal component. The weight parameters w = {w1, wa, ..., W} were optimized by a cost function which is defined by
the prior probability and vascular direction calculated from the probabilistic atlas. Local optimal solution of the cost
function with weight parameters w is found out by Quasi-Newton method.

2.3 Assessment of aortic and main pulmonary arterial diameters

Thinning lines of aorta and main pulmonary artery were derived by a thinning method based on Euclidean distance
transform. Thinning line of main pulmonary artery was divided into three lines, pulmonary trunk, right main pulmonary
artery, and left main pulmonary artery. Lines with 20 mm length were selected from the thinning lines of ascending aorta
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and pulmonary trunk. Volumes of interest (VOI) along the lines were segmented from aorta and main pulmonary artery
regions using surfaces perpendicular to the lines on begin and end points. Vascular diameters were estimated from the
VOls.

3. RESULTS

Examples of the aorta and main pulmonary artery segmentation result from datasets B and C are shown in Figure 3.
Performance of segmentation was evaluated according to two metrics, Jaccard coefficient and Dice coefficient.
Performances of the aorta and main pulmonary artery segmentation are shown in Tables I and 11, respectively.

15

(A) (B) ©)

Figure 3. Segmentation results of the aorta and main pulmonary artery. (A) and (B) are the CT image and a segmentation
result from dataset B. Red and green regions are the aorta and main pulmonary artery, respectively.

Table 1. Performances of aorta segmentation

Dataset B Dataset C
Jaccard coefficient 0.916+0.013 0.911+0.023
Dice coefficient 0.956+0.007 0.953+0.012

Table 2. Performances of main pulmonary artery segmentation

Dataset B Dataset C
Jaccard coefficient 0.902+0.019 0.914+0.017
Dice coefficient 0.948+0.009 0.955+0.009

Diameter measurement results are shown in Figure 4. In dataset B, mean diameters and SD of aorta and pulmonary trunk
were 3.219+0.297 and 2.360+0.223 cm respectively. In dataset C, mean diameters and SD of aorta and pulmonary trunk
were 3.124+0.333 and 3.220+0.486 cm respectively. These diameters in the two datasets were compared by Welch’s t-
test. There was no significant difference in aorta diameters (p-value=0.275). Pulmonary trunk diameter in dataset C was
significantly larger than the diameter in dataset B (p-values=2.96x107).

4. CONCLUSIONS

We presented an automated assessment method of aortic and main pulmonary arterial diameters using model-based
blood vessel segmentation for predicting CTEPH in low-dose CT lung screening. The method was applied to two
datasets: 64 low-dose CT scans of lung cancer screening and 19 normal-dose CT scans of CTEPH patients after a
training phase with 121 low-dose CT scans. Dice coefficients of aorta segmentation in low-dose and normal-dose CT
scans were 0.956+0.007 and 0.953+0.012, respectively. The dice coefficients of the pulmonary trunk and main
pulmonary arteries segmentation in low-dose CT scans and normal-dose CT scans were 0.948+0.009 and 0.955+0.009,
respectively. The application of the method could lead to the quantitative CTEPH diagnosis in non-contrast low-dose CT
screening.
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Figure 4. Cumulative frequency of vascular diameters. The diameter histograms of the aorta and pulmonary trunk are
presented in (A) and (B), respectively. Gray and black bars are the diameters that were measured from dataset B and
dataset C.
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