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ABSTRACT

In this paper, we propose a new computer-aided detection (CAD) — based method to detect
pulmonary embolism (PE) in computed tomography angiography images (CTAI). Since lung
vessel segmentation is the main objective to provide high sensitivity in PE detection, this
method performs accurate lung vessel segmentation. To concatenate clogged vessels due to
PEs, the starting region of PEs and some reference points (RPs) are determined. These RPs are
detected according to the fixed anatomical structures. After lung vessel tree is segmented,
the region, intensity, and size of PEs are used to distinguish them. We used the data sets
that have heart disease or abnormal tissues because of lung disease except PE in this work.
According to the results, 428 of 450 PEs, labeled by the radiologists from 33 patients, have
been detected. The sensitivity of the developed system is 95.1% at 14.4 false positive per
data set (FP/ds). With this performance, the proposed CAD system is found quite useful to
use as a second reader by the radiologists.

© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

thus it can be recognized in the CTA as a dark area in the pul-
monary arteries. However, manual detection of the dark spots
that correspond to PE in the CTA images is often described by

PE is a difficult disease to diagnose clinically since many other
conditions share the same symptoms [1]. It is a common dis-
order with a high morbidity and mortality for which an early
and precise diagnosis is desirable [2]. The diagnostic imaging
method of choice for the detection of PE in most institutions
is contrast-enhanced pulmonary multi detector CT angiogra-
phy (CTA) [3-6]. In the CTA images, the blood vessels appear
to be very bright because the contrast material is dissolved
in the blood. The embolus does not absorb this material, and

radiologists as troublesome and time consuming [7].

CAD based on quantitative image analysis is one of the
most important diagnosis methods [8,9]. In previous works,
lung segmentation serves as the first implementation for
some lung disease detection. In some of them, lung is seg-
mented to detect lung nodules [10,11] and to classify lung
cancer [12]. In this study, lung is segmented to segment lung
vessels and to detect PEs. To perform segmentation in 3D
images, conventional image processing methods are carried
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out. Carotid artery segmentation was carried out by Hassan at
al. using modified spatial fuzzy c-means [13] and by Rocha at
al. using random sample consensus (RANSAC) algorithm [14].
Also abdominal aortic aneurysm segmentation was achieved
by Zohios at al. using a new geometrical method [15] and by
Kohout at al. extracting blood-vessel skeleton [16]. In [17], a
novel mathematical formalization of a well-known class of
geometric primitives, namely generalized cylinders was devel-
oped for image segmentation. The detection of PE in CTA
images is a challenging research area for several research
groups. In previous works, firstly lung and lung vessel seg-
mentation were achieved to detect PE.

The most important problem is the distinction of PE from
the tissue as it has the same intensity values. Only a few
attempts have been made to find the discriminating features.
Masutani et al. recently presented a method for emboli detec-
tion based on lung vessel segmentation and to distinguish PE,
proposed to use the intensity, local contrast, length, and vol-
ume of a PE [18]. Pichon et al. used the size and the intensity
in a special way. The intensities inside a vessel were projected
on the vessel surface by computing the first quartile of inten-
sities on a ray between the surface and the medial axis of a
vessel [19]. Zhou et al. used the features based on intensity,
edge strength, length, volume, and the shape of a candidate in
relation to the local vessel [20,21]. Bouma et al. recognized that
intensity and shape are not the properties of distinction for
PE and proposed to use the shape of a vessel and the shape of
lumen inside vessels, as new features for the classification of
PE in the CTA images [22]. Besides in [23-26], model-based car-
diac diagnoses of pulmonary embolism were developed and
their methods were clinically validated on animal data sets
for PE.

In the earlier works, the properties such as intensity, size
and presumed shape of PE have been used to distinguish
PE with different tissues. However, there is not any constant
shape of PEs. It can be regionally anywhere in the vessel tree.
It is not considered as a PE if smaller than a certain size; it
can have various sizes. So in this paper, a new CAD system
for automatic detection of PE in CTA images has been pro-
posed. In order to use at vessel segmentation, some reference
points (RP) have been detected by making use of the properties
of unchangeable anatomical structure. PEs are differentiated
from the other tissues having the same intensity, such as the
heart or different lung disease tissues except for PE thanks to
RPs. We have used 33 positive data sets which have 450 PEs.
These numbers are high for data sets and PEs. The results at
the end of these processes have been analysed by the perfor-
mance measures which are used in medical image evaluation
and compared to the previous works. It has been observed
that the performance of the method for PE detection in this
paper is better than the ones in literature and the proposed
CAD system is found quite useful to use as a second reader by
the radiologists [27].

2. Materials and methods

In this work, experimental data was collected from Dr.
Siyami Ersek thoracic and cardiovascular surgery training
and research hospital. All pulmonary computed tomographic

angiography exams were performed with 16 detectors CT
(Somatom Sensation 16, Siemens, AG, Erlangen, Germany)
equipment. Patients were informed about the examination
and also for breath holding. Imaging was performed with
Bolus tracking program. After scenogram, single slice was
taken at the level of pulmonary trunk. A bolus tracking
was placed at pulmonary trunk and trigger was adjusted
to 100HU (Hounsfield Unit). 70ml non-ionic contrast agent
at the rate of 4mL/s with an automated syringe (Optistat
Contrast Delivery System, Liebel-Flarsheim, USA) was used.
When opacification was reached at the pre-adjusted level,
the exam was performed from the supraclavicular region to
the diaphragms. Contrast injection was performed via 18-20G
intra venous cannula that was placed at antecubital vein.
Scanning parameters were 120kV, 80-120 mA, slice thickness
1mm, pitch 1.0-1.2. Images were reconstructed with 1 mm and
5mm thickness, and evaluated at mediastinal window (WW
300, WL 50) with advanced workstation (Wizard, Siemens,
AG, Erlangen, Germany) in coronal, sagittal and axial planes.
Oblique plans were used when needed. Each exam consisted
of 400-500 images with 512 x 512 voxels and 0.8 mm resolu-
tion. Data sets belonging to 33 patients with 15 female and 18
male were used. Ages of females varied between 31 and 80 and
ages of males varied between 40 and 79.

To detect pulmonary embolism, firstly, lung vessel seg-
mentation was performed. Here, lung vessel segmentation
was a key point, because the performance of detecting PE
directly depended on the correctness of vessel segmentation.
The vessel segmentation, developed in this work, was cate-
gorized into three steps. The first step was pulmonary trunk
and left - right pulmonary artery (TLRPA) segmentation, the
second step was lobar and segmental vessel segmentation,
and the last step was subsegmental vessel segmentation. Lung
segmentation was a necessary process used in the begin-
ning phase of the vessel segmentation. Therefore, lungs and
mediastinum were separated and used in vessel segmentation
steps. The first step was performed in mediastinum, the sec-
ond step in the lung and mediastinum, and the third step in
the lung. The detailed flow chart of this method is shown in
Fig. 1.

2.1. Lung segmentation and mediastinum detection

In lung segmentation, initially, each image has been thresh-
olded using —300HU as the level of threshold. The voxels
smaller than the threshold level were removed from the
image. To remove vessels from the lung region and to attain
thelungas a whole, the vessels in lung region were removed by
discarding the small objects with the help of Connected Com-
ponent Labeling (CCL) algorithm. At the last step, lung regions
were segmented according to the volumes of the components
of the image.

In the CTAI, to detect mediastinum region (MR) in each
slice, minimum and maximum points of lung region were
obtained and, Xmin, Xmax, Ymin, and Ymax values were des-
ignated. These values indicated the corner of the rectangle
border. Mediastinum region was determined as a rectangle
which was reduced 10 voxels inward from each side of the
rectangle border of the lung region (Fig. 2).
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Fig. 1 - Flow chart of the proposed method for pulmonary
embolism detection including lung segmentation and lung
vessel segmentation.

Fig. 2 - Detection of mediastinum region. The borders of
segmented lungs are shown by external rectangle. The
mediastinum region between left and right lungs is shown
by internal rectangle.

2.2.  Pulmonary trunk, left pulmonary artery, right
pulmonary artery segmentation

In this section, to segment of TLRPA, initially, each image
was thresholded using 300 HU <Image < 500 HU as the level of
threshold. In the case of inaccurate scans, as a solution, 300 HU
threshold value could be lowered but in this case, pulmonary
artery could not be segmented by itself. Therefore, threshold
level below 300 HU was not suitable. In this study, accurate
CTA scans were considered. Then components outside the MR
were removed and the small gaps on the components were
filled with region growing method. The images were labeled
by CCL as 2D, and components with less than 300 number of
voxels, were removed from the image. In a similar manner,
the images were labeled by CCL as 3D and all the components
except the biggest one were removed from the image. Ascend-
ing aorta (AscA), descending aorta (DesA), superior vena cava
(SVC) were segmented and removed from the images (AscA,
DesA and SVC segmentations were explained in Section 2.4.1).
In Fig. 3a the original image, in Fig. 3b 2D, TLRPA detected by
applied method were shown.

If there is not any PE in lung vessels, the vessels properly
continue from the pulmonary trunk forward to the left-right
pulmonary artery. However, if there is a PE in the lung, vessel
structure does not regularly continue due to the low-threshold
value of the PE. The detection of the first spoiling points of the
vessel structure was covered in Section 2.2.1.

2.2.1. Pulmonary trunk, left pulmonary artery, right
pulmonary artery 3D cross section detection

The values of X, Y and Z coordinates of each voxel belonging to
TLRPA in Section 2.2 were loaded to three vectors. Then, start-
ing from Yy,in, 3D cross sections of TLRPA were taken with 5
voxel intervals to Ymax. The number of voxels of each cross
section was counted and each of them was subtracted from
the consecutive one. Starting from the pulmonary trunk, the
differences between the cross sections in left and right pul-
monary arteries had similar values if there was not any PE.
However, if the difference between the consecutive cross sec-
tions was large, the corrupted cross section due to PE was
encountered. The Y values of first corrupted cross sections
in the left and right pulmonary arteries were detected as the
starting points of PE. We called these points as 1st reference
point (RP) if it was on the right pulmonary artery and 2nd RP
if it was on the left pulmonary artery as seen in Fig. 4a and
b.

2.3.  Mediastinum thresholding

In this section, we thresholded mediastinum region so as to be
used at segmentation. First, components which were outside
of the MR were removed from the images. Then each image
was thresholded using 150HU <Image <500HU for the ves-
sel, and 1HU <Image <150 HU for PE as the level of threshold
and two difference images were obtained. Components were
labeled by CCL as 2D and if the number of voxels was under
1000, then they were removed from the images obtained for
the vessel. Images of TLRPA acquired from Section 2.2 with
two images obtained for the vessel and for PE from this sec-
tion were gathered. The resulting image is given in Fig. 5.
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Fig. 3 - Segmentation of pulmonary trunk, left pulmonary artery and right pulmonary artery. (a) The original image belongs
to a patient. (b) Segmented pulmonary trunk +left pulmonary artery + right pulmonary artery.

The PE region following TLRPA can be seen more detailed in
Fig. 4. TLRPA carried out at the end of gathering is seen in
white because of its value of 2 and other parts are seen in grey
because of their value of 1.

2.4.  Lobar and segmental vessel segmentation

This section was completed at three steps. First, some refer-
ence points were detected to use in segmentation. Second,
right and left mediastinum region lobar, segmental vessel
segmentation were achieved and lastly right and left lobar seg-
mental vessel segmentation between the pulmonary vein and
the end of MR were achieved.

2.4.1. Ascending aorta, descending aorta, superior vena

cava segmentation and reference points detection

In this section, some reference points were determined in
order to use in segmentation. In 2D images, the places of 1-
AscA, 2-DesA, 3-SVC and 4-TLRPA were shown in Fig. 6. SVC

(@)

shown with number 3 in Fig. 6 was used to detect the right ref-
erence points (RRP) since right lobar segmental vessel (RLSV)
could be segmented at every patient. In order to be able to
detect the RRP, firstly, locations of SVC’s were detected from
the image beginning of pulmonary trunk to the end of left
pulmonary artery in each 2D image. For this, each image was
thresholded using Image >500HU as the level of threshold
because HU of SVC was very high. Then Xy, of SVCin each of
2D image was called as 3rd RP and Yy, as 4th RP. The middle
point in X dimension value of component SVC was defined as
5th RP for each of 2D images (Fig. 7). Ymax point of cross section
of 5th RP in X dimension in right lung image was detected as
6th RP (Fig. 8). DesA shown with number 2 in Fig. 6 was used to
detect the left reference points (LRP) since left lobar segmental
vessel (LLSV) could be segmented at the every patient. DesA
were detected from the image beginning of pulmonary trunk
to the pulmonary vein in each 2D image in our previous work
[28]. Then X,i,, of DesA was called as 7th RP and Ymax as 8th
RP in each of 2D images (Fig. 9).

b)

Fig. 4 - Determining of 1st, 2nd RPs. (a) 3D Images of TLRPA rendered from 2D images in Fig. 3b (front view) (b) top view of
(a). Since left and right pulmonary arteries have PEs, the vessels structure does not continue smoothly. The arrows show
first corrupted points in both pulmonary arteries. The left first point is called as 1st RP and the right first point is called as

2nd RP.
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Fig. 5 - Thresholded mediastinum regions. This image is
acquired gathering three different images to use in
segmentation of vessel with PEs. One of them is a
thresholded image with vessel threshold level in MR,
another one is a thresholded image with PE threshold level
in MR and the last one is 2D TLRPA shown in Fig. 3b.

Image of heart appears while 2D CTAI were proceeding to
the ends and the heart gets bigger towards the number 1 lung
region as seen in Fig. 10b. During expanding, it was seen that
the lobar segmental vessels were under the expanding point
shown with an arrow in Fig. 10a. So 9th RP and 10th RP were
found from mentioned expanding point. In images, to detect
the expanding point, firstly, the region between the 3rd RP and
7th RP of number 1 lung in Fig. 10b was taken and loaded to a
new image (Fig. 10c). Secondly, Y, of the image in Fig. 10c and
Xmax of the cross section in Yy;, were detected. Here Xmax Was
called as 9th RP and Yy,;, as 10th RP. This method was applied
to all of the images from the beginning image of pulmonary
trunk to the end image of the lobar segmental vessels and
detected reference points were loaded to a vector with the
image numbers.

X

512
0 4% RP 512 Y

Fig. 7 - Determining of 3rd, 4th and 5th RPs. In the image X
and Y coordinates and sizes are shown. X,,,;,, of
predetermined SVC is 3rd RP, (Xmax — Xmin)/2 of SVC is 5th
RP and Y,y;, of SVC is 4th RP.

2.4.2. Mediastinum region lobar, segmental vessel
segmentation

In this section, RLSV and LLSV were separately determined.
Firstly, to segment PE, blocking the vessel, segmentation was
carried out. For this, all of the components that were in right
side of 1st RP detected in Section 2.2.1 for RLSV, and all of the
components that were in left side of 2nd RP for LLSV were
removed from the thresholded MR image detected in Section
2.3. Secondly, the vessels following at the end points of PE were
segmented. For this, the left side of 4th RP for RLSV, and the
right side of 2nd RP for LLSV for each images were thresh-
olded using 150 HU <Image < 500 HU as the level of threshold.
Then the regions outside MR were removed from the images.

Fig. 6 - The shown numbers are (1) ascending aorta, (2)
descending aorta, (3) superior vena cava and (4) pulmonary
trunk and left-right pulmonary artery on the original
image.

6% RP

Fig. 8 — Determining of 6th RPs. Ymax point of cross section
of 5th RP in X coordinate in right lung image is 6th RP.
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512
512 Y

0 8% RP

Fig. 9 - Determining of 7th and 8th RPs. In the image X and
Y coordinates and sizes are shown. X,;, of predetermined
DesA is 7th RP and Ymax of DesA is 8th RP.

Lastly, mediastinum region RLSV, and LLSV segmentation was
achieved by gathering the images which were detected at the
first and second steps.

2.4.3. Lobar segmental vessel segmentation between the
pulmonary vein and the end of MR

TLRPA and lobar segmental vessels in MR continue from lung
region and they connect to the heart with the pulmonary vein
towards the end of 2D images. RLSV and LLSV were separately
determined in this section too. To segment, RLSV and LLSV
proceed towards into the lung out of MR, firstly, each images
primarily was thresholded using 1HU <Image <500 HU as the
level of threshold. Then, the components except MR were
removed from these images. Then, the region in the right side
of 6th RP with the smaller part than 3rd RP in X dimension for
RLSV and the region in the left side of 8th RP with the smaller
part than 9th RP in X dimension for LLSV were removed from
the image thresholded in Section 2.3. So, RLSV and LLSV

Fig. 11 - Complete lung vessel 2D image which is carried
out combining pulmonary trunk, left-right pulmonary
arteries, lobar, segment and subsegment vessels.

segmentation from the outside of the MR to the pulmonary
vein was achieved.

2.5.  Subsegmental vessel segmentation

The small components in the lung region were determined as
subsegmental vessel. For this the components were labeled
by CCL as 2D, and if their voxel numbers were under 100, they
were detected to be subsegmental vessel.

2.6. Lung vessel segmentation

Theresultsin Sections 2.2, 2.4 and 2.5 were gathered to achieve
the exact lung vessel segmentation. The last formed image
was the total vessel image. One of the 2D total vessel images
can be seen in Fig. 11 and 3D images rendered from the 2D
images can be seen in Fig. 12.

10% RP

Fig. 10 — Determining of 9th and 10th RPs. (a) The original 2D image which includes heart. The heart gets bigger towards the
left lung region. During the heart expanding towards the end of 2D slice, lobar segment vessels stay under the expanding
point. This expanding point is shown with an arrow. (b) Segmented left and right lung images. Left lung image shown with
number 1 gets smaller from top to the expanding point (c) The region between the 3rd RP and 7th RP of left lung is taken
than 9th and 10th RPs are defined from the expanding point. Xmax of the cross section in Yy,;, of the expanding point is
called as 9th RP. Y,,;;,, of the expanding point is called as 10th RP.
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Fig. 12 - 3D lung vessel tree image rendered from 2D
images shown in Fig. 11.

2.7.  Pulmonary embolism detection

First of all, three chest radiologists having various experiences
analyzed the CTA data sets of 33 patients together. One of the
radiologists had 3 years of experience, the second one had 7
years of experience and the last one had 10 years of experi-
ence. They decided that three and two agreements were PE
and at least two disagreements were not PE. The number of
PEs having three agreements was 422, two agreements was
23, two disagreements which were not considered as PEs was
17. CAD system detected the 5 of 17 two disagreements as PEs.
The radiologists read the data sets with the help of CAD sys-
tem again and they confirmed the mentioned 5 candidates as
PEs too. So, the radiologists detected the 445 PEs before CAD
system and they fixed the number of PEs as 450 by using CAD
system.

Then, to detect PEs correctly with CAD system, firstly,
components in 3D vessel tree were labeled using 3D CCL
algorithm and unconnected components were removed.

XTI XTI
W&tnunmunrl
Nl 10 39

Secondly, every 3D lung vessel tree was thresholded using
1HU<Image <150 HU as the level of threshold. These compo-
nents were the candidates of PE. Some of these candidates
were not PE and they caused an increase in the number
of False Positive (FP), such as lung diseases except PE, the
partial-volume effect on the vessel, lymphoid tissue, noise,
and motion artifacts. Low number of FP and high number of
true positive (TP) were the key points of the system perfor-
mance.

In this study, to reduce the FP rate three methods were
applied to the candidates. (1) Very small particles were
assumed as noise (because of partial-volume effect) and
removed using 3 x 3 median filtering. (2) If any candidate was
located only in one slice, it was removed. (3) PE occludes
the vessel completely or partially, thus, its shape was like
a lump rather than a thin line. Therefore, thin-line shaped
candidates were removed by computing the shape factor. To
determine the shape factor of any candidate, first, the dimen-
sions of the smallest lump, which can include the candidate,
was obtained. Then, the ratio of the lump volume to the can-
didate volume, called the shape factor, was obtained. If this
ratio was close to zero, this means that the candidate had a
thin line shape.

Finally, different volume thresholds were applied to the PE
candidates to determine the FROC curve. The levels of volume
threshold were 6.4mm?3, 9.6 mm?3, 16 mm?3, 48 mm?3, 64 mm3,
and 80mm?3. The components having small volumes were
removed. So the remaining components were designated as
PE. Detected PEs were labeled by 3D CCL and compared with
the PEs determined by the radiologists. Then numbers of TP,
FP and False Negative (FN) were counted manually. In Table 1,
the numbers of TP, FP and FN belonging to 33 patients were
given.

3. Results

PEs belonging to a patient and marked with arrows manu-
ally by the radiologists, are shown in Fig. 13a. The 2D lung

PE (TP)
— ‘+‘
-

~

PE (TP}>-«9 .

*

FP

(b)

Fig. 13 — Results of manual and CAD detection. (a) Manual detection of pulmonary embolism by the radiologists. Three PEs
can be seen at the lobar and segment vessels (b) 2D lung vessel tree and PEs obtained from the CAD system. According to the
developed CAD system, three PEs are determined as TP, also two components are determined as FP since they are not PE.
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Table 1 - Results of CAD system according to the level of volume thresholds for 33 patients having 450 PEs. Some of PE

candidates are PE and they are called as TP, some of them are not PE and they are called as FP. The PEs which are not
detected are called as FN.

Level of volume threshold

6.4 mm?3 9.6 mm?3 16 mm?3 48 mm?3 64 mm?3 80mm?3
TP 428 403 385 321 275
FN 22 47 65 129 175
FP 476 409 385 322 271

Table 2 - The results of our CAD system and the results of the previous studies. The number of PE, the number of data

sets (ds), Sensitivity, FP/ds and remark are shown.

Reference PE ds Sensitivity (%) FP/ds Remark
Masutani [18] 21 11 100 7.7 Low PE
Pichon [19] 22 3 86 6.3 Low PE
Das [29] 168seg 33 88 4 Only peripheral PE
120sub 78
Digumarthy [30] 270 39 92 2.8 No motion
No diseases
Maizlin [31] 45 8 58 6.4 Low Sens. %, Low ds
Kiraly [32] 69 8 50 = Low Sens. %
Zhou [20] 225 14 52 11.4 Low Sens. %
Buhmann [33] 352 40 47 3.9 Low Sens. %
Wittenberg [34] 38 119 95 3.8 Low PE
Bouma [22] 116 19 58 4.0 Disease; 22% additional
63 4.9 PE
73 15
Proposed method 450 33 61 8.2 Patients who have lung
95 14.4 diseases except PE

vessel tree image with the PEs, which were detected as a result
of the proposed method, is seen with their real HU values in
Fig. 13b. The components, indicated as TP, are PEs identified
by the radiologists. The components which are indicated as FP
are not PEs. Detected 3 TPs and 2 FPs can be seen in Fig. 13b.
In the proposed method, 428 of 450 PEs determined by the
radiologists from 33 patients, were detected. Detection sensi-
tivity was adjusted by changing the volume threshold of the

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Sensitivity

0 2 4 6 8 10 12 14 16
FP/ds

Fig. 14 - FROC graph of 33 patients. Each point is acquired
due to the volume threshold. Using a 6.4 mm3 volume
threshold, the sensitivity was 0.95 with 14.4FP/ds, and we
obtained 0.90 sensitivity with 12.4 FP/ds using a 16 mm?
volume threshold the number of false positives was 8.2 per
data sets at a 80 mm? volume threshold with 0.61
sensitivity. When the level of volume threshold gets lower,
the sensitivity and FP/ds value increase. When the level of
volume threshold gets bigger, the sensitivity and FP/ds
value decrease.

PE candidates to evaluate the performance of the method and
the average number of FP/ds was counted. Using 6.4 mm?3 vol-
ume threshold, the sensitivity was 95% at 14.4 FP/ds, and 90%
of sensitivity was obtained at 12.4 FP/ds using 16 mm? volume
threshold and 61% of sensitivity at 8.2 FP/ds was obtained for
80 mm?3 volume threshold. PEs in subsegmental vessels can-
not be detected by using high volume thresholds. Therefore,
detection sensitivity and FP/ds decrease and only large PEs are
detected. If small volume thresholds are used, small PEs can
be detected in addition to large PEs. Thus, sensitivity and FP/ds
rate increase. The results at the end of these processes have
been analyzed by the performance measures which are used
in medical image evaluation. Fig. 14 shows the FROC curve for
this detection test.

4, Discussion and conclusion

The comparison of the results of the method proposed in this
study and the results of the previous studies are provided in
Table 2. As can be seen in Table 2, Masutani et al. have achieved
aresult of high sensitivity in their work but they have detected
low number of PEs from a few data sets. Similarly, Pichon et al.
have detected low number of PEs from only three patients.
Sensitivity in their study is lower than that of the proposed
method in this work. Das et al. have used the same number
of data sets as in this study. Their number of PEs is high, but
it is not possible to compare their PE detection performance
with ours, because they detect the PEs only in the segmental
and subsegmental vessels. Digumarthy et al. have had high
sensitivity with high data sets, but they have used the data
sets which have no other disease except for PEs. Although,
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the data sets from patients with heart or lung diseases except
for PE have been used in this work, sensitivity of proposed
method is higher than that of their study. However, FP/ds is a
bit higher than their works, too. Maizlin et al. have had lower
number of PEs, and lower number of data sets than our work,
but their sensitivity is lower than that of our study. Zhou et al.
and Kiraly et al. have had lower number of data sets and lower
number of PEs than our study, however their sensitivities are
low. Also Buhmann et al. have had higher number of data sets
and lower number of PEs than our study, however their sensi-
tivity is low. The FP/ds in our study is worse than these three
works, but if these FP/ds values are evaluated according to
the number of data sets and number of PEs, this is an accept-
able result. When compared according to FP/ds, it should be
expected that FP rate is high when the number of PEs is low.
For example, patient number 31 in our data sets has only 3
PEs. The result of the CAD system for this patientis TP=3 and
FP=15, 14, 14, 13 for 16 mm?, 48 mm?3, 64 mm?, 80 mm? volume
threshold values respectively. As mentioned by Araoz et al. in
a panel discussion, the rate of positive pulmonary CTAs is in
the range of 5-10% in most studies [1]. Therefore, a high FP
rate is relevant in the case of having less number of PEs or
absence of PE. Wittenberg et al. have had higher data sets but
lower number of PEs than our work. Their sensitivity value is
the same as ours but if the sensitivity is evaluated according
to the number of PEs, it can be seen that the result of our work
is more confidential. Also their FP/ds value is better than that
of our study since the number of PEs in their work is lower
than that of our work. Bouma et al. have detected 20% more
PEs than the radiologists had detected before, then they have
made the radiologists approve the last result but the mini-
mum and maximum sensitivity and minimum and maximum
FP/ds are worse than those of our work. As a result, it has been
observed that the performance of the method for PE detection
in this paper is better than the ones in literature and the pro-
posed CAD system is found quite useful to use as a second
reader by the radiologists.
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