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Abstract 
Pulmonary diseases of the lung often cause the change of elasticity.  This article proposes a novel elasticity 
imaging method using multidetector-row CT (MDCT).  The new method is based on non-rigid image reg-
istration from MDCT images of the inspiratory lung to those of the expiratory lung.  The elasticity is cal-
culated by local volume change between respirations.  Also, this article introduces a new image registration 
method based on a fuzzy control system.  The fuzzy control deforms the given image according to knowledge 
on density of lung vessels, shape, and anatomical structure.  The proposed elasticity imaging method was 
evaluated using computer synthetic data and subjects' data.  The experimental results showed that the pro-
posed method deformed the given image successfully, and estimated the relative elasticity with a correlation 
coefficient of 0.86.   
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1. INTRODUCTION 
Multidetector-row computed tomography (MDCT) 
can provide sectional images that have high spatial 
resolution at a short acquisition time.  However, an 
increase of MDCT images makes manual diagnosis 
tedious and extremely time-consuming.  Therefore, 
a computer-aided diagnosis (CAD) system for chest 
MDCT images has been attracting considerable 
attentions.  There are conventional studies on the 
CAD system [1][2][3].  For example, bronchus 
extraction [4][5], detection of lung nodules [6][7], 
and analysis of diseased regions [8] have been 
studied.  These studies support us to diagnose 
pulmonary diseases and to understand lung anat-
omy.   

Human lung is an organ which exchanges gas with 
external world by repeating expansion and shrink-
age.  By comparing MDCT images of the inspira-
tory lung with those of the expiratory lung, we can 
see that the lung is widely deformed.  Expansion 
and shrinkage of the healthy lung are induced uni-
formly.  But in case of the diseased lung such as 
idiopathic interstitial pneumonia (IIP) [9], they 
might be induced non-uniformly because walls of 
the lung alveoli become thick due to plutonic in-
flammation.  As a result, uniform expansion and 
shrinkage is interfered.  In that case, it seems that 
the diseased part is stiffer than other parts.  There-
fore, the elasticity imaging can reveal the difference 

of the stiffness and can support us to diagnose the 
pulmonary diseases. 

In general, tissue elasticity has been measured by 
using ultrasonic wave [10].  The measurement 
techniques can be roughly classified into a dynamic 
technique [11][12] and a static technique [13][14].  
The dynamic technique is performed by analyzing 
the response of tissues to a low frequency wave.  
The induced displacement by the low frequency 
wave is measured by Doppler ultrasound technique 
where the displacement is determined by 
time-delay estimation methods between signals at a 
low compression level and at a high compression 
level [12].  The static technique is based on external 
tissue compression with subsequent computation of 
the strain, which is derived from cross-correlation 
analysis between acquired ultrasonic waves of pre- 
and post-compressions.  The strain can be con-
verted into an elastic modulus by measuring the 
applied stresses [13][14].  These tissue elasticity 
imaging systems are effective for analyzing soft 
tissues located near the body surface.  In other 
words, they cannot be applied to the pulmonary 
tissues because the lung is fulfilled with air and 
almost power of ultrasound is reflected at the 
boundary of the lung. 
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This article proposes a novel lung elasticity imag-
ing method using MDCT.  The method estimates 
local relative elasticity of the lung by calculating 
local volume change between respirations.  The 
local volume change can be measured by acquiring 
MDCT images of the inspiratory lung and of the 
expiratory lung from the same subject and by 
finding corresponding points between respirations.  
Thus, elasticity estimation can be performed with 
non-rigid image registration of MDCT images. 

Many image registration algorithms have been 
reported [15].  Especially, Park et al. showed a 
method for chest MDCT images [16].  This method 
first extracts bronchial tree from MDCT images, 
and then finds corresponding branching point by 
using a graph matching algorithm.  The limitation 
of this method is that it is difficult to find corre-
sponding points at the tail of bronchi because arti-
facts or spatial limitation of MDCT scanner makes 
it difficult to extract thin bronchi.  Furthermore, the 
reliability of the displacement vector decreases 
with increasing the distance from the bronchial 
tube.  

Thus, this article proposes a new image registration 
method for MDCT images of the lung between 
respirations.  The inspiratory lung should have the 
same branch structure as the expiratory lung.  
Therefore, spatial distribution of vessel density of 
the expiratory lung should be similar to that of the 
inspiratory lung.  The proposed method is imple-
mented based on a fuzzy control system.  The fuzzy 
control deforms the given MDCT images so that the 
spatial distribution of vessel density is similar to 
that of target images.  A part of this paper was 
appeared in Ref. [17]. 

2. MATERIALS 
We acquired MDCT images with an MDCT scan-
ner (LightSpeed Ultra 16; GE Medical Systems, 
Milwaukee, WI).  Field of view was 360 by 360 
mm, matrix was 512 by 512 pixels, and thickness of 
slices was 0.625 mm.  The volume data including 
from the apex of the lung to the diaphragmatic 
surface were composed of over than 400 slices.  An 
example of MDCT image is shown in Figure 1.  
Because the lung and the outside body regions are 
filled by air, CT values stored in the voxels were 
about -800 HU (Hounsfield Units) and they were 
appeared as dark gray in MDCT images.  And CT 
values stored in voxels of the other regions such as 
bone, fat and muscle were between 0 and 1000 HU, 
and they were appeared as white in images.  For 
each subject who was employed in this study, a pair  
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Figure 1. An example of MDCT image. A; 

anterior, P; posterior, R; right, L; left. 

of inspiratory and expiratory MDCT images was 
acquired.  During taking MDCT images (about 15 
sec), the subject was instructed to hold his breath. 

3. LUNG ELASTICITY 
ESTIMATION USING MDCT 

Human lung repeats expansion and shrinkage for 
the purpose of gas exchanging.  In this process, soft 
part of the lung will expand and shrink greatly, and 
hard part will expand and shrink gently.  Therefore, 
local elasticity can be estimated by calculating local 
volume change of MDCT images between the in-
spiratory lung and the expiratory lung.  This study 
calculates the local volume change by image reg-
istration of MDCT images from of the inspiratory 
lung to the expiratory lung. 

Preprocessing 
From each of inspiratory and expiratory MDCT 
images, the method first segments the lung region.  
We define the lung region as air region excluding 
bronchial region and have smooth curved surface 
that doesn’t have holes or lacks.  Since the air re-
gion appears with a low CT value in MDCT images, 
the air region in the lung can be segmented by 3-D 
region growing.  The bronchial region is enclosed 
by the bronchial wall which has higher CT value 
than that of the air region.  The lung region is 
segmented by excluding the bronchial region from 
the air region.  The segmented lung region has 
many holes and lacks around hilum of lung.  Be-
cause they have higher intensity than air, they can 
be filled by morphology closing methods and then 
obtain the smooth curved lung region.   

Next, blood vessels and bronchial wall are seg-
mented by threshold processing because blood 
vessels and bronchial wall have high intensity in the 
segmented lung region.  Then, the segmented lung 
region is decomposed into five lung lobes (left 
upper and lower lobes, right upper middle and 
lower lobes) using our previously developed 
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method [18], which segments the lung lobes by 
finding the boundary surfaces based on the distri-
bution of tubular tissues and lobar fissures. 

Image registration with fuzzy control 
Assign nodes 
The segmented inspiratory lung is converted into a 
lattice structure whose distance between 
neighboring intersecting-points (i.e., nodes) is L0 
(15 mm was used in this study).  The lattice struc-
ture constructed by nodes is the initial form to be 
deformed.  The following registration processes are 
performed by updating the positions of the nodes. 

Calculate features 
Nodes are moved by a fuzzy control system so that 
the deformed inspiratory lung region is equal to the 
expiratory lung.  For each node, fuzzy control sys-
tem works with respect to three features ( , , 
and ) of a node with a coordinate value of 

VD S
L
,;[ , ]Tx y zP .   

The first feature  evalu-

ates similarity between the deforming inspiratory 
lung region and the expiratory lung with respect to 
a gradient vector, and it is calculated by; 

, ,
T

x y zVD VD VD⎡= ⎣VD ⎤⎦

)

⎤⎦

⎤⎦

 ,  (1) ( ( ) ( )ins exD D= ∇ ∇ ⊗∇VD
where  and  are the vessel densities [mm3 / 
103 mm3] calculated from MDCT images of the 
inspiratory lung and the expiratory lung, respec-
tively.  And,  is an operation to calculate the 
gradient vector of A , and  is an operation 
to calculate inner product by convoluting A  into 

 with translating A .  The smaller norm of  
means that the gradient of density of the expiratory 
lung is similar to that of the deforming lung.  And, 
the direction of shows the direction where the 
node of interest should be moved. 

insD exD

( )A

VD

∇
⊗A B

B VD

The second feature  evaluates 

spatial smoothness around the node of interest.  It is 
defined as a vector from a gravity point of the six 
neighboring nodes.  The norm of S  becomes the 
lower value when the 3-D shape around the node of 
interest becomes smooth.  And, the direction of S  
shows the direction where the node of interest 
should be moved. 

, ,
T

x y zS S S⎡= ⎣S

The third feature  evaluates 

whether the node of interest belongs to the correct 
lung lobe.  For example, when a node belongs to the 
right upper lobe during inspiration, the node should 

belong to the right upper lobe during expiration.   
[mm] is a vector from the node of interest to the 
nearest voxel of the correct lung lobe, which is 
defined by; 

, ,
T

x y zL L L⎡= ⎣L
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where ( )label P  is the label of the lung lobe at 
coordinate value P  in the MDCT images of the 
expiratory lung,  is the label of the lung lobe of 
the node of interest in the MDCT images of the 
deforming expiratory lung lobe.  Q  is coordinate 
value of the nearest voxel to the node of interest and 
is belonging to the correct lobes, and 

tL

( ),δ A Β
Β

 is 
Euclidean distance between point  and . A

These three feature vectors ( ,  and L ) are 
calculated for each node, and updated for each 
iteration.  And, their norms are divided by nor-
malization parameters, αVD, αS, and αL, respec-
tively.   

VD S

Move Nodes by Fuzzy Control 
Fuzzy control is a system for estimating moving 

vector of a node, , ,
T

x y zT T T⎡ ⎤= ⎣ ⎦T .  It calculates 

moving distance of the node for each axis.  The 
followings show the fuzzy control system along 
x-axis for a node, and fuzzy control of the other 
axes can be achieved in the same way.   

1. Fuzzy Linguistics:  To describe the magnitude 
of features of the node, three fuzzy linguistics, 
N, Z, and P, are defined by fuzzy membership 
functions shown in Figure 2.  And, to describe 
the magnitude of x-component of moving 
vector of the node, five fuzzy linguistics, NB, 
NM, Ze, PM, and PB, are defined by fuzzy 
membership functions shown in Figure 3.  

2. Fuzzy Rules: 27 fuzzy rules are defined as 
shown in Table 1 to determine the behavior of 
the fuzzy control system.  For example, one 
cell can be interpreted into  

  IF (VDx is N) AND (Lx is Z) 
  AND (Sx is N) THEN (Tx is NB) 

This fuzzy rule table is designed to give the 
higher dependency on the feature value Lx in 
comparison with the other feature values so 
that nodes keep belonging to the correct region.  
When the node belongs to the correct lobe, the 
moving distance of the node is determined 
primarily by the remained feature values VDx 



 

 
Figure 2. Membership functions of fuzzy 
linguistics to describe features of node.   

 
Figure 3. Membership functions of fuzzy 
linguistics to describe moving distance.   

Table 1. Fuzzy rule table for image registration of lung MDCT images.   

 Lx=N Lx=Z Lx=P 
Sx =N NB NM Ze 
Sx=Z NM Ze PM 
Sx=P 

NB 
Ze PM PB 

PB 

 

 and Sx.  Fuzzy rules in y- and z-axes are also 
designed with the same manner as those in 
x-axis.  

The x-component of moving vector, xT , is obtained 
by using Mamdani’s min-max and center of gravity 
method [19].  In the same way, moving distances 
for y- and z-axes are obtained.  This fuzzy control 
process is applied to all nodes, and after calculating 
moving vectors of all nodes, the nodes are moved 
by the calculated moving vectors simultaneously.  
The above processes are iterated until the summa-
tion of the moving vectors' norms of the all nodes 
becomes less than a convergence parameter δmin.  In 
summary, fuzzy control based image registration 
algorithm is performed with the following steps. 

(Step 0) Calculate vessel density of the expiratory 
lung.  And, convert the inspiratory lung 
region to be deformed into lattice struc-
ture representation.   

(Step 1) Calculate vessel density at every node of 
the deforming lung, and extract three 
features for every node. 

(Step 2) Calculate moving vector for every node 
using the fuzzy control system.   

(Step 3) Move all nodes by the calculated moving 
vector. 

(Step 4) If the summation of norms of moving 
vectors is less than δmin, terminate this 
procedure, otherwise go to step 1. 

Elasticity estimation using local volume 
change 
In general, bulk modulus, K, of a solid is estimated 
by stressing the solid from the surface with the 
arbitrary pressure, and it is defined as; 

 
T

PK V
V
∂⎡ ⎤= − ⎢ ⎥∂⎣ ⎦

, (4) 

where V is volume before stressing, P is pressure 
and subscript T indicates that the partial differential 
is calculated at constant temperature.  To calculate 
relative bulk modulus K of a part of the solid, we 
assume that pressure P is constant for every part of 
the solid.  This assumption derives the following 
equation from Eq. (4).  

 
1

0
1 0 T

K V
V V
⎡ ⎤

= − ⎢ −⎣ ⎦
⎥ , (5) 

where V0 is the volume of the part before stressing 
and V1 is the volume of the deformed part after 
stressing.   

Eq. (5) indicates that we should measure volumes 
of a part of the lung region before and after stress-
ing to calculate the local elasticity of the lung tis-
sue.  Image registration of MDCT images from of 
the inspiratory lung to of the expiratory lung pro-
duces corresponding nodes between the deforming 
lungs with respiratory.  Thus, by calculating vol-
ume of hexahedron whose apexes are nodes, we can 
measure volumes of corresponding hexahedrons 
and calculate the local volume change with respi-
ratory.  According to Eq. (5), local elasticity of the 
lung tissue is defined as 

 
1⎛ ⎞

Δ = −Δ ⎜ Δ − Δ⎝ ⎠
I ⎟

E I

K V
V V

, (6) 

where ΔK  is the relative elasticity of the hexahe-
dron.  IVΔ  and EVΔ  are volumes of the hexahe-
drons in the inspiratory lung and in the expiratory 
lung, respectively.  KΔ  takes a value higher than 
1.0, and almost 1.0 indicates that the hexahedron of 
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interest is very soft because the volume of the ex-
piratory lung EVΔ  becomes almost zero, while the 
harder tissue gives the higher .  This equation 
is applied to every hexahedron in the lung, and then 
elasticity map of the lung is obtained.   

ΔK

4. EXPERIMENTAL RESULTS 
To evaluate the accuracy of estimating elasticity 
with the proposed method, it was examined by 
computer simulation experiment.  Materials of this 
experiment are MDCT images of the inspiratory 
lung of a normal healthy male subject (23 years old) 
and computer synthetic MDCT images that were 
generated by applying affine transform to the 
MDCT images of the inspiratory lung.  The syn-
thetic MDCT images were used as MDCT images 
of the expiratory lung in the method.  The affine 
matrix used was 
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 and 
2 I s

z
z z−

t =  (8) 

where [ , , ]Tx y z  is a coordinate value in MDCT 

images of the inspiratory lung, [ ], , Tx y z′ ′ ′  is a 
coordinate value of synthetic MDCT image, and cx 
(= 180) and cy (= 256) are arbitrarily determined 
point so that the origin of this transformation be the 
center axis of the left lung.  And t was a shrinking 
rate, zI and zs are z-coordinate value of the most 
inferior part (apex) and the most superior part 
(diaphragmatic surface) of the lung, respectively.  
Figure 4 (a) and (b) show sagittal images of MDCT 
images of the inspiratory lung and of computer 
synthesized expiratory lung, respectively.  As 

shown in these images, this transformation shrink 
MDCT image greatly with the superior position of 
the lung. 

Fuzzy control based image registration of the pro-
posed method was applied to transform Figure 4 (a) 
into Figure 4 (b).  The parameters, αVD, αS, and αL, 
used were 1.91, 1.67, and 1.67, respectively, that 
were determined experimentally.  Figure 4 (c) and 
(d) show vessel density map of Figure 4 (a) and (b), 
respectively.  Comparison of them shows that spa-
tial distribution of vessel density was similar.  The 
proposed method first converted the segmented 
lung region into lattice structure as shown in Figure 
5 (a).  Figure 5 (b) shows the reconstructed lattice 
structure after image registration.  By deforming 
Figure 4 (a) according to the deformed lattice 
structure, the deformed MDCT images as shown in 
Figure 5 (c) were obtained.  

Figure 6 shows absolute-subtraction images of 
MDCT images of the inspiratory lung from syn-
thetic MDCT images pre- and post- image regis-
tration.  They show that subtraction image becomes 
the darker images by applying image registration, 
and hold that the image registration works well.  
The computation time for image registration was 
approximate 5 hours using a computer (CPU: 3.0 
GHz, Memory 2 GByte, Linux).   

Relative elasticity for each hexahedron was calcu-
lated and stored into voxel-space.  A sagittal image 
of the relative elasticity images is shown in Figure 
7.  This image shows relative elasticity with a 
color-scale representation (blue-yellow-red).  Be-
cause computer synthetic images were generated by 
shrinking the superior part of the lung hardly, the 
superior position should take the lower relative 
elasticity (i.e., the superior portion is the softer 
tissue).  The obtained elasticity map shown in Fig-
ure 7 agreed with the fact, and it shows that the 
proposed method calculated relative elasticity suc-
cessfully.   

    

 

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

Figure 4. Computer simulation experiments; (a) and (b): inspiratory and computer synthe-
sized expiratory MDCT data, (c) and (d): vessel density map of (a) and (b), respectively. 
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(a) Reconstructed mesh structure. (b) Deformed mesh structure. (c) Deformed MDCT image. 

Figure 5. Deformation with fuzzy control based image registration. 

   
Figure 6. Subtraction of MDCT images 

from the inspiratory lung to the synthesized 
expiratory lung.  (left) pre-registration: 

(right) post-registration. 

The estimated relative elasticity was evaluated by 
comparing with ground truth data, which was cal-
culated by  

 
1 2

2 2

1
1

−
⎛ ⎞Δ = −Δ Δ − Δ =⎜ ⎟ −⎝ ⎠

I I I
tK V V V

t t
, (9) 

according to Eq. (7) and (8).  Figure 8 shows the 
comparison of the estimated relative elasticity with 
the grand truth data.  The estimated elasticity value 
was deeply correlated with the grand truth value 
and correlation coefficient was 0.86. 

Next, the proposed method was applied to two 
subjects who were healthy male volunteers (subject 
1; 23 years old, and subject 2; 24 years old) with no 
smoking history.  Figure 9 show multiplanar re-
construction (MPR) images that are composed of 
axial, coronal, and sagittal images, of subject 1 and 
2.  The images show that the proposed method can 
be applied to both of subjects.  And, as shown in 
Figure 10, elasticity images were produced suc-
cessfully.  As shown in the elasticity images, the 
inferior portion of the lung has the lower relative 
elasticity.  This result agrees with the fact that the 
lower lobes have a lot of vital capacity. 

5. CONCLUSIONS 
Elasticity imaging of the lung can be one of the 
powerful diagnosing tools of pulmonary diseases.  
This paper has proposed a novel elasticity imaging 
method using MDCT.  The method is based on 
image registration that deforms MDCT images of 
the inspiratory lung into those of the expiratory 
lung where the MDCT images both of the inspira-
tory lung and expiratory lung are acquired from the 
same subject.  Then, tissue elasticity is estimated 
from local volume changes between respirations 
that are calculated from the results of image regis-
tration.  The image registration method proposed in 
this paper is based on fuzzy control, which deforms 
the given image with respect to vessel density, 
shape and anatomical structure. 

The proposed method was numerically evaluated 
by applying it to computer synthetic MDCT images.  
The experiments showed that the proposed method 
estimated the relative elasticity with strong corre-
lation with the ground truth relative elasticity cal-
culated theoretically.  The correlation coefficient 
between them was 0.86.  Also, the method was 
applied to subjects' data, and the results showed that 
the local relative elasticity of the inferior lung lobes 
takes the lower value in comparison with that of the 
superior lung lobes that are agreed with anatomical 
experimental knowledge.   

There are few limitations of the proposed method.  
One is a computation time for image registration.  
To estimate tissue elasticity of more small volumes, 
we should shorten the computation time for feature 
extraction of nodes.  The other is performance of 
image registration; there are still some errors of 
image registration around the center of lung lobes 
because vessel density of the voxels has a similar 
value and it decreases the gradient of vessel density. 
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Figure 7. Elasticity image calculated 
from Figure 5. 

Figure 8. Comparison of estimated elasticity and 
ground-truth elasticity.  Each cross represents the 

mean relative elasticity in each axial image. 

Ground-Truth Elasticity 

 

   

 

   
(a) Inspiratory images. (b) Expiratory images. (c) Deformed images. 

Figure 9. Experimental results of image registration.  Upper images: subject 1, Lower im-
ages: subject 2.  Red lines show the corresponding slices.   

In the future, we will introduce the combination of 
trachea tree matching for more precise registration 
[15][16] that will be suitable for finding global 
corresponding between images.  After applying the 
trachea tree matching, our proposed method will 
deform the images more precisely.  Also, we will 
perform numerical evaluations to evaluate the cor-
relation between estimated local elasticity and that 
measured by another system such as ultrasonic 

systems with in vitro study.  Then, we will examine 
the effectiveness of the proposed method in the 
clinical study.   
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Figure 10. Elasticity images of normal subject 1 (left) and 2 (right). 
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