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บทคัดยอ 
 สวนงอกของเยื่อหุมปอดเกิดไดจากการสูดแรใยหินเขาสู

ระบบทางเดินหายใจ ซึ่งอาจจะนําไปสูการเกิดมะเร็งบนเยื่อหุมปอด ใน
การวินิจฉัยโรคแพทยจะทําการตรวจสอบภาพ CT ซึ่งตองใชเวลามาก

และอาจจะมีการคลาดเคลื่อนในผลการวินิจฉัยได ระบบการประมวลผล
ภาพของเรานั้นสามารถระบุขอบของเยื่อหุมปอดและตรวจหาสวนงอก

ของเยื่อหุมปอดได ระบบนี้ไดรับการปรับปรุงขึ้น โดยใชการปฏิบัติการ
คณิตศาสตรเชิงสัณฐานวิทยา 3 มิติ  ซึ่งมีสองขั้นตอนคือการตรวจหาขอบ
ทรวงอกและการขจัดอากาศและหลอดลม นอกจากนี้ยังนําการคํานวณ
แบบขนานมาใชเพื่อลดเวลาในการคํานวณอีกดวย   หลังจากการประเมิน
ความถูกตองและประสิทธิภาพของระบบแลว   เราไดตนแบบการ
ดําเนินการที่เหมาะสมที่สุดของทั้งสองขั้นตอน 

คําสําคัญ: มะเร็งเยื่อหุมปอด, การดําเนินการคณิตศาสตรเชิงสัณฐานวิทยา 
3 มิติ, การเขียนโปรแกรมแบบขนานโดยใชหนวยความจํารวม 

 

Abstract 
 Pleural thickenings as biomarker of exposure to asbestos 

may evolve into malignant pleural mesothelioma. The diagnosis is 

based on a visual investigation of CT images, which is a time 

consuming and subjective procedure. Our image processing system 

identifies the pleural contours and detects pleural thickenings. In 

currently implemented two algorithm steps, namely the detection of the 

thorax and the removal of air and trachea, 3D morphological operations 

were applied and tested, in order to find an optimum of its application 

in the aspect of calculation expense and accuracy. For this purpose, we 

applied parallel morphological operations to reduce the computational 

duration. After an evaluation, we obtained an experimental optimum for 

both algorithm steps. 

Keywords: Pleural mesothelioma, 3D morphological operations, 
Shared-memory parallel programming 

 

1. INTRODUCTION 

1.1 Malignant pleural mesothelioma 

 Mesothelioma is a usually malignant tumor of mesothelial 

tissue, e.g. of that of the pleura. It is statistically documented that 70-

90% of malignant pleural mesothelioma can be traced back to asbestos 

exposure [1]. After a statutory prohibition in the year 1993 in Germany 

to use asbestos, occurrence of malignant pleural mesothelioma 

morbidity and mortality in Germany is expected to peak during 2010s, 

due to the long latency period of - on the average - 35 years. 

 In Germany, an assessment program is applied to asbestos 

exposed persons. Besides a lung function test, a typical non-invasive 

diagnosis based on thoracic axial CT images is also included in this 

assessment program. Depending on the layers’ thickness, the number of 

images varies between 80 slices with a thickness of 5 mm to about 700 

slices with a thickness of 0.5 mm. The diagnostic findings are 

documented in a standardized form containing data such as their size, 

position, and growth rate [2]. 
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1.2 Motivation 

 This visual diagnostic approach is a very time consuming 

procedure, taking about 20 to 30 minutes per data set, and is considered 

as being often subjective, since differences in the diagnostic results 

between different investigating clinicians do occur. To increase the 

accuracy of the localization and of the topological information of these 

quite small image regions within a subjective visual evaluation. 

However, due to the increasing number of investigations and high work 

load of the physicians involved, this solution is not practicable. 

Therefore, a method is needed to provide a more accurate assessment of 

pleural mesothelioma at an early stage, which is reliable, consistent, and 

reproducible (Fig. 1). 

 

 
Figure 1. Examples of detected pleural thickenings from  

the software system. 

 

 After diagnosis of malignant pleural mesothelioma, survival 

time was documented to be between 4 to 18 months without any 

therapy. For early stage pleural mesothelioma, however, pleurectomy 

together with perioperative treatment can reduce the morbidity and 

delay the mortality [3]. Thus, efficient and reliable diagnosis of early 

stage pleural mesothelioma is a key factor to ease the consequences of 

the expected peak of malignant pleural mesothelioma. The aim of this 

work is to develop a computer system to automatically detect and 

quantitatively assess pleural thickenings in axial thoracic CT images. 

1.3 Application of 3D morphological operation 

 An automatic detection system was developed and 

implemented [4]. It performs a prescreening of the dataset using 

computer vision techniques. 

 In the current software system, morphological operations 

have been applied twice in the 2D domain, i.e., on each CT slice to 

remove small structures remaining in each binary image. Due to the 

thorax detection step, thresholding was applied to the original CT 

image. The resulting image was then passed through a first 

morphological filtering step in order to then detect the thorax contour. 

The second usage targets the removal of the trachea, which has been 

detected as air inside pulmonary parenchyma after the classification of 

pulmonary pixels. 

However, 2D morphological operations have a critical 

drawback. A single pixel, existing on a slice, might be interpreted as a 

noise pixel, while in 3D this pixel might be a tip of an object, which 

shall not be eliminated. Hence, we introduce the application of 3D 

morphology with a choice of an appropriate structuring element to 

provide a better technique towards an even more reliable computer-

assisted diagnosis system. 

2. 3D MORPHOLOGY 

The 3D morphology is derived from the mathematical 2D 

morphology. Based on the introduction of 3D structuring element, the 

3D morphology includes 3D dilation and 3D erosion, with the following 

3D opening, and 3D closing. In the following we will describe some 

important operations utilized in this paper. 

2.1 Motivation 

We start from A as a binary three dimensional data set size 

kmm ×× , where is width and height of data set and is the 

number of layers of the data set. B is defined as a three dimensional 

structuring element of size 

m k

nnn ×× , where  is size of structuring 

element. In this paper, we use 3. Moreover, 3 types of structuring 

elements were defined according to different neighborhoods (Fig. 2) 

[5][6][7]. 

n

 

6-neighborhood 18-neighborhood 26-neighborhood  
Figure 2. 3 types of 3D structuring elements. 
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The principle of the morphological operations with the 3D 

structuring element is the technique to separate each member of a 3D 

structuring element to three 2D structuring elements (Fig. 3, Fig. 4). 

However, during the operation, they remain as a single 3D object. 

 

   
Figure 3. The separation of e.g. a 3D 6-neighborhood structuring 

element (6-N SE) to three 2D structuring elements. 

 

   
 

Figure 4. Position of each 2D member of a 3D 6-N SE in 3D data set. 

 

2.1.1 3D dilation 

 The 3D dilation of A by B is denoted )(
3

BA
D
⊕  and 

defined as: 
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under the condition that and , while 1≥+ ij kij ≤+ ⊕  

describes 2D dilation (Tab. 1). 

2.1.2 3D erosion 

 The 3D erosion of A by B is denoted )(
3

BA
D
Θ  and 

defined as: 
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for 1,...,2, −=∀ Nnm  and j  is 2, …, (k-1), while Θ  is 2D 

erosion. (Tab. 2). 

This expression can be simplified as 

)()()( 11011 ++−− Θ∧Θ∧Θ⊆ BABABAE jjjj  .           (4) 

Table 1. In order to calculate each 3D dilation result Dp for any slice p, 

slices Ap-1, Ap, and Ap+1 are taken into account in accordance to Eq. (1). 

1B  0B  1−B  

 

Table 2. In order to calculate each 3D erosion result Ep for any slice p, 

slices Ap-1, Ap, and Ap+1 are taken into account in accordance to Eq. (2) 

and (3). 

 

2.2 Transformations 

2.2.1 3D opening 

The 3D opening of A by B consists of an erosion followed 

by a dilation, using the same structuring element. It is denoted by  

, and defined as: BA
D3
o

BBABA
DDD 333

)( ⊕Θ=o                                        (5) 

Operational Slice(j) Binary 
Image 1 2 3 … p-1 p p+1 … k 

A1 B0 B-1 - - - - - - - 
A2 B1 B0 B-1 - - - - - - 
A3 - B1 B0 - - - - - - 
A4 - - B1 - - - - - - 
… - - - - B-1 - - - - 

AP-1 - - - - B0 B-1 - - - 
AP - - - - B1 B0 B-1 - - 

AP+1 - - - - - B1 B0 - - 
… - - - - - - B1 - B-1 
Ak - - - - - - - - B0 

Dj D1 D2 D3 … Dp-1 Dp Dp+1 … Dk 

Operational Slice(j) Binary 
Image 1 2 3 … p-1 p p+1 … k 

A1 - B-1 - - - - - - - 
A2 - B0 B-1 - - - - - - 
A3 - B1 B0 - - - - - - 
A4 - - B1 - - - - - - 
… - - - - B-1 - - - - 

AP-1 - - - - B0 B-1 - - - 
AP - - - - B1 B0 B-1 - - 

AP+1 - - - - - B1 B0 - - 
… - - - - - - B1 - - 
Aj - - - - - - - - - 

Ej E1 E2 E3 … Ep-1 Ep Ep+1 … Ek 

3D structuring element Members 2D structuring 
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 2.2.2 3D closing  

 The 3D Closing of A by B consists of a dilation followed by 

an erosion, using the same structuring element. It is denoted by 

, and defined as: BA
D3
•

 BBABA
DDD 333

)( Θ⊕=•                                     (6) 

2.3 Conditional dilation 

This technique describes a recursive dilation operation, also 

known as region growing, in order to restore destroyed objective 

regions [8]. Let M and , which fulfill the condition , 

be two binary images defined as “marker” and “mask”, respectively, the 

conditional dilation, denoted  is defined as: 

V VM ⊆

),( MVRl

VKMMVR
l

l ∩⊕= )(),(                               (7) 

where   is the minimum integer to satisfy: l
),(),( 1 MVRMVR ll −=                      (8) 

3. Transformations 

3.1 Thorax detection 

In order to detect the thorax out of 3D CT data, the 3D 

histogram of that CT data was created. By the method of Otsu 

supervised range-constrained thresholding [9], the binary slice was 

created. After passing the binary data through the 2D morphological 

operation, a contour finding algorithm was applied. Finally, the contour 

with the largest bounding box was defined to be the thorax contour. The 

objective of this work is to substitute the 2D with an optimal 3D 

morphological operation. 

3.2 Trachea removal 

 In order to detect and remove trachea and bronchi, the 3D 

histogram of connected pulmonary organs is modeled as a finite 

mixture of 4 Gaussian distributions ),( ii xg ϕ  with a proper 

proportion iω  of each component i = 1…4 [9]. Parameters iϕ  are 

estimated using the Expectation-Maximization algorithm. Application 

of the maximum a posteriori criterion to map all voxels x to discrete 

labels {1,..,4} leads to the classification of that pulmonary region. After 

removing trachea and bronchi with the 2D morphological operation, left 

and right lungs are separated. Also in this process, the 2D 

morphological operation shall be substituted with an optimal 3D one. 

3.3 Experimental sets 

In order to find an optimal method for each application of 

3D morphological operation in the mentioned steps, following 

experiments have been done: 

3.3.1 Thorax detection 

For this step, the morphological operation of dilation, 

erosion, opening, closing, opening followed by closing, and closing 

followed by opening has been tested to the 3D binary image of the 

image after thresholding with all three types of 3D structuring elements, 

in order to achieve the lowest number of remaining regions within the 

3D image. After that in order to bring back the original form of the 

thorax, which is now modified by the 3D morphological operations, the 

reconstruction step using the conditional dilation has been applied. 

3.3.2 Trachea removal 

 The morphological operation of dilation, erosion, opening, 

closing, opening followed by closing, and closing followed by opening 

has been tested on the 3D binary image of the segmented air and trachea 

with all three types of 3D structuring element, in order to completely 

remove air and trachea inside pulmonary organs. 

3.3.3 Parallel morphological operations 

The application of morphological operations is very time 

consuming. However, neither a Read after Write (RAW), Write after 

Read (WAR), nor Write after Write (WAW) hazard occurs during the 

execution of the directive [10], therefore we can apply parallel 

programming technique to the morphological operations, by using 

OpenMP, an application programming interface, to transform sequential 

to parallel morphological operations [11]. 

OpenMP is based on threads [11]. The execution model is 

based on the fork-join model of parallel execution where all threads 

have access to a shared memory (Fig. 5 and Fig. 6). The parallel 

directive is used to create a team of threads. Worksharing directives 
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(such as for, sections, and single) are used to distribute units of work 

among threads in the team. Each unit of work is assigned to a specific 

thread in the team, and is executed from start to finish by that same 

thread [12]. 

 

 
Figure 5. Shared memory architecture. 

 

 

Figure 6. Program flow of OpenMP. 

 

4. EVALUATION 

In order to make the decision for the technique to apply 3D 

morphology with a proper 3D structuring element, two techniques to 

assess the change of the 3D binary data set were applied to evaluate 

each tested technique, by taking into account the topology information. 

4.1 3D connected component labeling 

 3D connected component labeling is the grouping of the 

binary labeled voxels into sets of connected voxels. Each connected 

voxel set is a segment represented by a unique label, and the number of 

the labels will be the number of the components in the 3D data [6][13]. 

This algorithm is as following: 

1. Encode the input 3D binary data to the first label by 

considering the first order connection. 

2. Scan the result from last step, assigning preliminary 

labels and recording label equivalences in a local 

equivalence table. 

3. Resolve the equivalence classes. 

4. Re-label based on the resolved equivalence classes. 

4.2 Bit quads 

 Bit quad is a method of computing the area of binary image 

based on matching the logical state of a region therein to a binary 

pattern, the bit quad. A bit quad is a  array of bit cells with 16 

possible bit quads. They can be classified to six distinct types 

considering rotational equivalence:  and  

contains the types  and . The notation  or 

 denotes the occurrences of the corresponding type in an 

image [14][15]. Bit Quads of an image object, denoted by  , is 

defined as:  

22×

40, ≤≤ iQi DQ

]
1
0

0
1

[ ]
0
1

1
0

[ )( iQn

)( DQn

OA

CPU1 CPU2 CPUN 

Network 

Memory

.........

master 
thread 

parallel 
region 

parallel 
region 

      }{
4
3}{}{

8
7

2
}{

4
}{

43
21

DO QnQnQnQnQnA ++++=     (9) 

5. RESULTS 

The experiments have been tested on 3D CT data from 3 

patients with altogether 210 slices (ca. 55 Megapixel). 

5.1 Thorax detection 

The 3D morphology can reduce indeed the remaining 

objects. While using solely the 3D erosion without the application of 

the reconstruction, the area of thorax was decreased in size strongest, 

but the lung contours were manipulated at most (Fig. 7). 

 

 

 
Figure 7. A CT slice after thresholding, followed by the application of 

erosion with 26-N SE without the reconstruction. 
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The reconstruction of the thorax has been done after the 

application of thresholding and 3D opening with 6-N SE. The 

reconstruction was then varied by the type of structuring elements, i.e. 

6-N, 18-N, and 26-N SE (Fig. 8). Both the application of dilation and 

closing can recover 99.999% of the thorax area after the reconstruction 

using 26-N SE, measured by bit quads (Fig. 9). However, opening can 

reduce at most the remaining regions to 2.29%, measured by 3D CCL 

(Fig. 10). 

 

 

 

 
Figure 8. The application of 3D opening with 6-N SE, followed by the 

reconstruction with the 6-N, 18-N, and 26-N SE (from top to buttom). 
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Figure 9. Performance of thorax detection as the percentage of the new 

reconstructed area to the original data, measured by bit quads. 

Besides that, the cascading of two morphological operations, 

i.e. “Opening then Closing” and “Closing then Opening” did not bring 

the best performance neither in the respect of the reconstruction nor the 

reduction of classes. 
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Figure 10. Performance of thorax detection as the percentage of the 

new reconstructed area to the original data, measured by 3D CCL. 

 

5.2 Trachea removal 

 In most cases, 3D morphology can remove totally the 

remaining air and trachea (Fig. 11). Erosion by the 6-N, 18-N, and 26-N 

SE (Fig. 12) reduces the data to an average of 0.29%, 0.02%, and 0.00% 

of the original data respectively, measured by 3D CCL (Fig. 13). 

5.3 Optimal techniques 

For the detection of thorax, the usage of opening with 6-N 

SE followed by the reconstruction with 26-N SE yields the best result, 

since opening application can reduce the number of remaining class to 

the minimum. At the same time, the thorax contour remains almost the 

same (99.999%). For the usage of opening with 18-N or 26-N SE, the 

thoracic tissue, which separates left and right lung, was eliminated on 

some slices, which is not a desired effect. 

For the removal of the trachea, the usage of erosion with 26-

N SE yields the best result, since only 0.29% of the original data 

remains, by saving the calculation expense of  in 

comparison to opening with an approximate , and opening 

followed by closing with an approximate . 

))2(( 3−nO

)2( 3nO

)4( 3nO

5.4 Parallel morphological operations 

 To evaluate the performance of parallel morphological 

operations, the algorithms were implemented in C++ language and run 
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on an Intel Core2Duo 1.86GHz with 1.00 GB RAM. The average 

computational time of dilation with 26-N SE for 210 CT slices 

amounted to 14,868 ms in sequential technique, while in parallel 

programming only 9,506 ms (Fig. 14). Erosion using 26-N SE needed a 

calculation time of 13,088 ms in sequential calculation, while in parallel 

programming only 11,461 ms (Fig. 15). 

 

 
Figure 11.  Original image with its magnification. 

 

 

 

 
Figure 12. Result of Fig. 11 after removing air and trachea by using 

erosion with (1. row) 6-N, (2. row) 18-N, and (3. row) 26-N SE. 

 

6. CONCLUSION 

We have tested several morphological techniques in order to 

find an optimal one for each step. Opening with 3D 6-N SE followed by 

the reconstruction with also the 3D 26-N SE is suitable in order to 

reduce the input class for the contour finding algorithm to find the 

thorax. Erosion with 3D 26-N SE can reduce at most remaining air and 

trachea by the smallest calculation expense. Parallel morphological 

operations using the OpenMP in dilation and erosion application can 

reduce average calculation duration about 36.27% and 13.60% 

respectively, and hence enhance the efficiency of the whole diagnosis 

system. 
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Figure 13. Performance of air and trachea removal, as the percentage of 

the new number of remaining classes to the original data [%]. 
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Figure 14. Comparison of computational duration btw. sequential and 

parallel dilation with 26-N SE. 
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