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Abstract 
When the pathologies are in the close vicinity of the lung wall, the acquisition of the pulmonary 

nodules depends on accurate segmentation of the lung fields. However, the traditional methods based on 
pixels intensity cannot segment out them correctly. The paper proposes an effective segmentation method 
based on primary component analysis (PCA) manifold. It used the lung fields’ relationship in a lung to 
construct the shape manifold with B-spline interpolation. In the manifold space, according to the position of 
the affected lung field, a measurement had been used to find an amended position, and it was projected 
back into the shape space to reconstruct the prior shape. The shape was registered with the affected one 
and then segmented the original lung section to obtain the correct lung field. The experiment results 
illustrate that the proposed method has more correct segmentation ability than the methods based on 
rolling-ball and pixel intensity. 
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1. Introduction 
  The mortality rate for lung cancer is higher than other kinds of cancers around the world 
[1], [2], while detection in the early stages of cancer can be considered the most effective way to 
improve survival [2]. Computed tomography (CT) is the most sensitive imaging technique for 
detecting lung nodules and CT can provide high spatial and high temporal resolution, excellent 
contrast resolution for the pulmonary structures [3],[4]. In the medical image processing, 
segmenting the target object is a very important, and It is the prerequisitesto analyze the objects 
[5-7]. However, lung nodule detection is a challenging task in medical imaging as lung nodules 
are difficult to detect due to low contrast, small size, or the location of the nodule [8-12]. 
Moreover, accurate segmentation of lung tissues from low dose CT images is a more 
challenging problem and the segmentation of the region of interest (ROI) based on CT value 
has some problems for extracting abnormal area of the chest [13]. With the increased number of 
sections per scan, it is crucial to develop accurate and automated algorithms to deal with the 
difficult task of lung border delineation [14-17]. The computer assistant diagnosis for the 
pulmonary nodules also requires accurate segmentation of lung field. However, many 
segmentation methods rely on a large contrast between the lung field and surrounding tissues 
[8-13]. Most of the approaches would fail when the lung fields are affected by the high density 
pathology close to the lung wall [18-20]. Armato et al had used the rolling ball algorithm to 
overcome the loss of juxta-pleural nodules in the segmentation [19], But the problem has not 
been solved properly. Especially when the high density nodules are big in size, it is difficult 
problem to choose the radius of the rolling ball. Wang et al try to identify surrounding structures 
with extra information, such as the rib cage and the diaphragm [20]. Unfortunately, at most 
situations, it is unsuccessful because the chest CT is too complex to implement. This paper 
proposes a novel segmentation method based on the shape manifold [21–23], and the method 
can outperform the mentioned methods for it enforces the available prior knowledge of the lung 
volume. 

This paper is organized as follows. In section 2, the PCA manifold construction method 
is given, and the lung field shape reconstruction based on the manifold is presented. The 
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experimental results of comparing the proposed algorithm with other algorithms are presented in 
section 3. Finally, the conclusion summarize the paper in the last section. 
 
 
2. Research Method 
2.1. Construction PCA Manifold 

The exterior smooth surface of a lung in a three-dimension space can be used as the 
prior knowledge for the lung fields segmentation. According to a lung anatomic structure, in a 
lung,  the lung surface is smooth and the lung fields boundaries are constrained by the axis 
surface. In other word, their profiles are limited by the  intersecting lines of the surface of the 
lung volume and the planes of the lung field. When the profiles in a lung are considered as the 
whole, they form the similarity manifold. A lung field can be seen as a two-dimensional m×m 
array, and it may also be considered as a vector of dimension m2×1.So n lung fields in a lung 

can be denoted by the vectors set Z ={z1, z2, ..., zn} ⊂
2m nR × , and the covariance matrix of the 

vectors is defined as follows: 
 

n

i=1

1
ˆ ˆM= ( )( )

n
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i iz z z z− −∑        (1) 

 
Where  ẑ = ( z1+ z2+ ...+ zn)/n  ,  T denotes the transpose of a vector. The eigenvalues 

and eigenvectors of the covariance M are calculated, and let the set U ={u1, u2,..., 

ur} ⊂
2m rR × r<n  includes the r eigenvectors corresponding to the  r largest eigenvalues. Let UT 

is the transpose matrix of the eigenvectors U, and the vector of the  lung field in original space 

can be expressed as  Z ⊂
2 1mR × . Thus, their corresponding eigenvector-based d-dimensions 

coordinates V ⊂ Rd×rcan be obtained by: 

 

V tU Z=          (2) 

 
For example, twenty lung fields in a lung are shown in the Fig. 1, and their position 

coordinates of the lung fields in low dimension space can be obtained by the PCA 
dimensionality reduction. The PCA coordinates of the lung fields have been show in the Fig. 2. 
In the diagram, every circle denotes the two or three-dimensional coordinate expression of a 
lung field and the number beside it is the corresponding sequential label. 

 
 

 
 

Figure 1. Lung fields in a lung 
 
 

The position coordinates, which are acquired from the lung fields, scatter along the 
smooth manifold and the sequential numbers associated with the variation trend of the manifold. 
The lung fields are high dimensional, but their intrinsic dimensionality is low. When their 
relationship has been transformed into a lower-dimensional space, especially a visual manifold 
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space of two dimensions and three dimensions, it is easier for ones to find the underlying 
relationship of the lung fields. 

Supposing that a smooth curve can denote the manifold, it can be constructed by the B-
spline interpolation. The lung fields positions are expected in  equal interval, but the small 
deviation does not influence the manifold construction. Let the spline-order d equals 4, in order 
to make the construction curve keep the curvature smooth character, and the manifold curve 
can be written as: 

 

[ ]
1

0

: 0,1 , ( ) ( )
N

n n
n

t P t p B t
−

=
→ Ω = ∑ ，4       (3) 

 
where N is the total number of the lung fields,  Bn,d (n = 0,1,2,…, N-1, d = 4) is a mixture 
function, and it is periodic B-spline basis functions [24]. The curve of the manifold can be 
denoted as P(t),  all points on the curve would be well suited for the representing of lung fields.  

 
 

 

(a)               (b) 
 

Figure 2. points distribution in the low dimension space 
 
 

However, when some lung fields in a lung have been affected by a nodule ball close to 
the thoracic wall, the affected lung fields positions have been chosen as basic construction 
points, and the construction manifold would not keep smoothly characters. Therefore, for to 
solve this problem, two rules are introduced: (1) the area variation character of the lung fields. In 
a lung, the area differences between two adjacent lung fields would show a special variation 
trend, and the character is used for the construction points choosing. The area differences of 
two adjacent lung fields can be computed by: 

 

[ , ] [ ] [ ]=
LF i j LF i LF jdA A A i j− <        (4) 

 
where dALF [i,j], ALF [i] and ALF [j] denotes the difference area between the i-th, j-th lung fields, the 
area of i-th and j-th lung field respectively. Assuming that k is the label of the maximum area 
lung field in the lung, from apex to the k-th lung field, the area difference is position; and from 
the k-th lung field to lung bases, it is negative. And they content with the relationship: 
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(2) the slow curvature variation character. The curvature on the smooth manifold is slowly 
varying, and when the t has a defined value t0 the curvature of a point can be computed by: 
 

3' " 'P ( ) P ( ) / P ( )t t tκ = ×        (6) 
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where P(t) is defined in (3), The apostrophes are one or two order derivation operator 
respectively. One of many lung fields affected by a nodule sphere is shown in figure 3(a), and 
based on the above construction points choosing rules, the manifold has been constructed as 
shown in Fig.3(b). Motivated by the principle of   PCA manifold, the neighborhood relationships, 
which are kept un-changed during dimensionality reduction, should be used to acquire the 
approximate shape for the affected lung field. 

 
2.2. Affected Shape Reconstruction 

When a lung field is affected by a high density pathology close to the lung wall, the 
corresponding shape PCA position must deviate away from the normal manifold. It can not 
denote the real lung field coordinates, therefore, the deviated position should be amended with 
the closest position on the manifold. 

 
 

 

Figure 3. An affected lung field and the position  
 
 

Then, the amended position would be projected back into the original shape space to 
acquire the prior shape. And the 2-norm measurement has been introduced to judge the 
deviation distance as: 
 

2

manifold deviatedist = p p−        (7) 

 
When dist is greater than the pre-set threshold, the closest position would be obtained. 

Supposing an affected position can be expressed as (8), the parameter u of the closest point 
can be computed by the (9). 

 

( )0 0 0, 0,
t

Q x y z=         (8) 

 

{ }0 0 ( )arg min
u

u Q C u= −        (9) 

 
Where P(u) is similarity as (3). When the variable u has a defined value u0, the closest 

position P(u0) can be computed. And the closest position also can be acquired by the geometric 
method. Let us introduce the equation (11), and the N(u0) is the unit tangent vector on the 
assuming closest point P(u0) which can be computer by (10). And the line segment between the 
Q0 and P(u0), must lies on the flat plane expressed as (11). Combined with the (3), the 
parameter value u0  and P(u0) can be determine. 

 

( ) ' '
0 0 0( ) / ( )N u C u C u=        (10) 

 

0 0 0( )( ( ) ) 0N u p u Q− =        (11) 
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From the position P(u0), let UT denote the transpose inverse of the U matrix, and the 
prior shape L of the affected lung field can be obtained by: 

 

0( )TL U p u=          (12) 

 
Following above method, the manifold has been reconstructed and one prior shape of 

the lung fields affected by the high density nodule close to the lung wall has been obtained. The 
original shape, reconstruction shape, the difference of the original, reconstruction shape and the 
affected shape have been shown in the Fig. 4 respectively.   

 
 

 
 
(a)                              (b)          (c)                              (d) 

 
Figure 4. (a) original; (b) reconstruction;(c)  difference;  (d) affected. 

 
 
3. Results and Analysis 

Low dose lung CT series have been acquired from PCsub1-20090909 dataset provided 
by Cornell university, and each series set has about two hundreds lung field images, which had 
been scanned in 1.25mm interval. In the experiment, the simulation data is obtained in the 
following ways: firstly, for reducing the computational complexity, these CT series have been 
down-sampled to half of the original series in size, and excluded the images that don't meet the 
two conditions as described in section 2. Secondly, for testing the proposed method, the ball-
shape nodules have been placed into the lung fields. The center of the nodules ball is placed on 
or close to the convex edges of the lung fields and the setting parameters of the placed nodules 
as shown in table 1. 

  
Table 1. The datasets and placed parameters 

Cases Lung CT series Center Coordinates of the Nodule Sphere Nodule Radius(pixels) 
W0001 256*256*170 130,46,60 5-25 
W0002 256*256*160 133,47,60 5-25 
W0003 256*256*151 109,45,60 5-25 

W0004 256*256*151 125,32,60 5-25 
W0005 256*256*168 113,43,60 5-25 

W0006 256*256*168 137,212,60 5-25 

W0007 256*256*148 140,208,60 5-25 

W0009 256*256*149 132,211,60 5-25 

W0010 H256*256*149 113,214,60 5-25 

 
 
3.1. Manifold Construction 

The left lung fields and right lung fields in the W0001, W0002 are placed with the nodule 
ball, whose radius is 15 pixels and center is set as Table 1 respectively. Following the described 
method in section 2, four pulmonary manifolds have been constructed as figure 5-6. The green 
smooth curve and red 'o' points denote the reconstruction manifold and control points 
respectively. Each lung fields series form the different manifolds, but the manifolds have some 
similarity on the shape, and they have verified that the manifold reconstruction method is 
feasible. 
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Figure 5. (a) W0001 left;           (b) W0001 right 
 
 

 
 

Figure 6. (a) W0002 left;            (b) W0002 right 
 
 

3.2. Prior Shape Reconstruction, Registration and Segmentation 
 
 

 
(a)                       (b)        (c)                          (d) 

 
Figure 7.  the 80th left lung field in W0002 

 
 

When the distant between the position of the affected shape and the manifold is greater 
than the pre-set threshold (default is 0.1), the amended position would be obtained by described 
method in section 2. For example, in Fig. (a), the left lung field in W0002 has been placed with 
the nodule ball, whose radius is 15 pixels and center is on the 80th lung field. In the proposed 
method, the prior approximate shape has been reconstructed,  and then it registers with the 
affected shape by the minimum distant match for harris features [25]. And it is used to segment 
out the lung field from the lung section as shown in Fig. 7(b). Let the radius of the rolling ball 
equals that the nodule radius multiplies a constant factor(the factor is 1.2), and the 
segmentation result toward the same section by the methods based on pixels intensity and 
rolling ball has been shown in Fig. 7(c) and Fig. 7(d) respectively.  

Observing the result, ones can see that, even if a lung field edge badly influenced by 
the pathology, the prior shape can be well acquired by the proposed method. 

 
3.3. Statistics Comparison 

In order to evaluate the proposed method, let '| |' denote the absolute value operation,  
a relative error about the region area is introduced as:  
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/ 100%o r oe A A A= − ×        (13) 

 
where the e, Ao, Ar is the relative error rate, the original area and the segmentation area of the 
lung field respectively. 

 
 

 
 

Figure 8. W0001 left lung field segmentation 
 
 

Table 2.left lung field in W0001-W0005 

 Dataset Radius 
(pixels) 

Real Area 
Method 

Intensity Ball Manifold 

W0001 

5 
10 
15 
20 
25 

7175 

7152 
7024 
6825 
6561 
6235 

7417 
7351 
7081 
6981 
6700 

7202 
7221 
7275 
7371 
7430 

W002 

5 
10 
15 
20 
25 

6583 

6542 
6419 
6220 
5949 
5608 

7046 
7011 
6723 
7069 
6819 

6722 
6625 
6709 
6857 
6820 

W0003 

5 
10 
15 
20 
25 

6317 

6273 
6155 
5966 
5707 
5381 

6716 
6655 
7523 
7683 
8149 

6581 
6497 
6327 
6550 
6574 

W0004 

5 
10 
15 
20 
25 

10870 

10818 
10685 
10474 
10195 
9849 

11061 
10974 
10934 
12044 
12203 

11126 
11163 
11156 
10991 
11115 

W0005 

5 
10 
15 
20 
25 

7286 

7275 
7165 
6983 
6735 
6424 

7598 
7556 
7315 
7059 
6732 

7345 
7531 
7297 
7382 
7302 

 
 

The left lung fields in W0001 CT series have been placed with the different nodule-balls 
respectively, And the center position of the ball changes from 50 to 100 along z-direction while 
the radius changes from 5 to 25 pixels. The testing results have been shown in Fig. 8. From the 
diagram, with nodule radius increasing, the segmentation error is increasing gradually. 
However, with the center position of nodule ball varying along the z-axis position direction, the 
segmentation error decrease a little gently. 
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To further verify the proposed method in quantity, the more testing lung fields are listed 
in table1. When the radius of the rolling-ball is fixed as 15 pixels, the experiment results have 
been shown in Table 2 and Table 3. 

For understanding the overall effect of the proposed method in Table2 and Table3, 
these data have been summed and averaged depending on  the different radius of the nodules 
respectively, and their relative errors have been shown in Fig. 9. 

 
 

Table 3. Some right lung field in W0006-W0010 

Dataset Radius 
(pixels) 

Real Area 
Methods 

Intensity Ball Manifold 

W0006 

5 
10 
15 
20 
25 6080 

6046 
5928 
5739 
5491 
5184 

652
9 

647
6 

652
0 

665
7 

643
1 

6110 
6330 
6291 
6176 
6369 

W007 

5 
10 
15 
20 
25 

7025 

7006 
6885 
6692 
6433 
6110 

7469 
7383 
7137 
6872 
6526 

7036 
7165 
7147 
7269 
7279 

W0009 

5 
10 
15 
20 
25 

7905 

7869 
7742 
7546 
7282 
6948 

750
3 

741
9 

724
3 

699
8 

669
8 

7975 
8089 
8073 
8148 
8172 

W0010 

5 
10 
15 
20 
25 6915 

6887 
6776 
6601 
6373 
6088 

734
7 

726
6 

706
8 

683
6 

653
9 

7142 
6998 
7119 
7112 
6964 

 
 
 

 
 

Figure 9. Relative errors (a) W0001-5; (b)W0006-10 
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Comparing the results in Fig. 9, the error based on pixels intensity is quickly increasing 
with increaseing of the nodule radius,  and the error based on rolling ball is varying with 
changing of the rolling-ball. In the diagram, the proposed method error is less than  the rolling 
ball and the pixel intensity threshold, and it is increasing slowly with the nodule radius 
increasing. The phenomenon steming from the manifold method has used the prior knowledge 
about the lung volume, so that it can get more reasonable results and has a small relative error 
than the others.  
 
 
4. Conclusion 

This paper presents a segmentation method for lung fields based on the shape 
manifold, and it consists of PCA dimension reducing, manifold reconstructing, position 
amending, prior shape acquiring and segmenting steps. The experiment results show that the 
proposed method can obtain some good segmentation results and it is also capable of 
improving the segmentation accuracy for the lung fields affected by the high density pathologies 
close to the thoracic wall. For it has considered the position, shape of the lung field in a lung to 
acquire a better prior shape for the affected one, the segmentation results are more accurate 
and appropriate than the other methods. Although the errors is still larger in the region area, it 
can improve the segmentation results especially for the juxta-pleural nodules. However, the 
proposed method still has an unsolved problem: when the lung fields in the apex or base of the 
lungs has been affected by the thoracic high density pathologies, the prior shape can not be 
acquired by the proposed method in general. 
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