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Functional Assessment of Individual
Lung Lobes with MDCT Images

Syoji Kobashi, Kei Kuramoto and Yutaka Hata
University of Hyogo
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1. Introduction

CT is an effective modality for evaluating the structure inside the body and the 3-D shape of
organs of interest because of ability of high spatial resolution and of high acquisition speed.
However, CT is weak to evaluate a function of organs because CT only maps X-ray
absorption coefficients of materials constructing human body. Therefore, study of functional
imaging of organs by using CT images will be a breakthrough of image diagnosis. This
chapter introduces a novel method for estimating pulmonary function using MDCT.

The human lung is composed of five anatomical compartments called “lung lobes.” The
right lung is segmented into three lung lobes (the upper, middle and lower lobes), and the
left lung is segmented into two lung lobes (the upper and lower lobes). Thoracic surgeries
such as a living-donor lobar lung transplantation (LDLLT) (Date et al., 2003a) and the
lobectomy (Kirby et al., 1993) often operate by a lung lobe. LDLLT is an operation that
transplants the right and left lower lobes of two living donors to a recipient. In this surgery,
predicting the postoperative forced vital capacity (FVC) of a recipient is necessary to select
the adequate donors. The lobectomy is a treatment that extirpates lung lobe. This surgery
excises the diseased region such as lung or improves breathing function by reducing the
lung capacity that overexpands by emphysema. In this surgery, predicting the postoperative
FVC is necessary to investigate the effectiveness of the surgery, too. Since these surgeries
treatment lobe by lobe, the prediction should be based on individual lung lobes. Although a
spirometry, which is widely used in a clinical field, enables us to measure the FVC of whole
lung, it is not available for the FVCs of the individual lung lobes.

Date et al. have proposed a method for approximating FVCs of individual lung lobes by
determining the contribution ratio to FVC of the whole lung (Date et al., 2003b). The
contribution ratio is determined from the number of lung segments occupied in the lung
lobe. The FVC of recipients that underwent the LDLLT measured at 6 months was
correlated well with the grafts FVCs of donors estimated by their method (r = 0.802).
However, the method does not consider the variation of the lobar function among subjects.
To consider such variation, a tracheal tube can measure the FVCs of the right and the left
lung respectively. However, the method is invasive due to the use of anesthesia and the
tracheal tube, and it still cannot measure the FVCs of the individual lung lobes.

This chapter proposes a novel method for measuring the FVCs of individual lung lobes by
using volume data acquired from CT scanner. This approach is based on an assumption that
the FVC of whole lung can be expressed as the change of lung lobe volumes between

www.intechopen.com
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inspiratory and expiratory. Thus, the contribution ratio of lung lobes can be obtained by
measuring the volumes of lung lobes for each of inspiratory lung and of expiratory lung.
Because of the use of MDCT images, the proposed method is less invasive in comparison
with the use of the tracheal tube. The proposed method can consider the variation of the
lobar function among subjects.

There are several segmentation methods of lung lobes from MDCT images. Zhou et al.
(Zhou et al., 2004) and Saita et al. (Saita et al., 2004) extract the lobar fissures in MDCT
images to determine the boundary surface between lung lobes. They are called LFB (lobar
fissure based) method. Because lobar fissure indicates right boundary surface of lung lobe,
this approach is high accuracy. However, this approach has two limitations; (1) it is limited
to apply the method by a lack of the lobar fissures, and (2) false positive (FP) regions of
lobar fissures will be extracted.

To overcome the difficulty of lacked lobar fissures, we proposed a new method (Kobashi et
al.,, 2010) that estimates the boundary surface between the lung lobes with the tubular tissue
density, which is called TTB (tubular tissue density based). The tubular tissues consist of the
peripheral blood vessels and peripheral bronchus. Because the tubular tissues do not cross
over the boundary surface between the lung lobes, this method defines the boundary
surface as the region where the tubular tissue density is low. Therefore, this approach can be
applied to MDCT images that have a lack of lobar fissures.

2. Method

2.1 Image acquisition and forced vital capacity measurement of the whole lung

MDCT images were acquired from an MDCT scanner (LightSpeed Ultral6, GE Medical
Systems, WI, USA). The acquisition parameters for the chest MDCT images were: the tube
voltage was 120 kV; the tube current was 440 mA; the field of view (FOV) was 360 mm; the
matrix size was 512 x 512 pixels; the slice thickness was 0.625 mm and was with no gap.
Each sliced image included volumetric data, and a volume dataset from the apex of the lung
to the diaphragmatic surface was composed of over 450 contiguous axial planes. Given these
conditions, the acquisition time requiring breath holding was about 10 sec. Fig. 1 shows raw
MDCT images of the chest.

Two sets of MDCT image were acquired with inspiratory condition and with expiratory
condition. For each dataset, the proposed method segmentes the lung lobes, and measrues

Fig. 1. Raw MDCT images of the chest. Upper-left to lower-right are superior to inferior.
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the individual volumes. Thus, we can estimate the change of lung lobe volumes between the
inspiratory and the expiratory conditions. The contribution rate for the whole lung capacity
can be estaimated. By using the whole lung FVC measured by a spirometer, the individual
lung FVCs are estimated.

2.2 Image analysis

This study defines tubular tissues as a set of peripheral blood vessels and peripheral
bronchi. Because the tubular tissues do not exist on the boundary between the lung lobes,
the method determines the boundary by finding a 3-D continuous space where few tubular
tissues exist. Therefore, the method does not depend on detection accuracy of the lobar
fissures from MDCT images. The finding process is automatically performed with a fuzzy
control (Kobashi et al., 2010), and is composed from the following steps. They are applied to
both of MDCT datasets with inspiratory and with expiratory conditions.

Step 1. Segment the lung region from MDCT images.

The lung region is segmented by 3-D region growing (RG) and morphological operation
which consists of 3-D erosion and dilation methods. The bronchial region is removed from
the segmented region by extracting the air region inside the bronchial walls using 3-D RG
according to the method proposed by Mori et al. (2000).

Step 2. Extract the tubular tissues.

The peripheral blood vessels have higher CT values than the surrounding parenchyma, and
the peripheral bronchi also have high CT values. In summary, tubular tissues have high CT
values in the lung region. Thus, the peripheral blood vessels and peripheral bronchi are
collectively extracted and are called tubular tissues. They are extracted by an adaptive
thresholding using mean of a local window. Fig. 2 shows an example of the extracted
tubular tissues. Then, tubular tissue density is calculated for each voxel in the lung region.

Fig. 2. 3-D rendering image of the extracted tubular tissues.

Step 3. Determine the initial surface.

An examiner gives a plane, which runs a space where few tubular tissues using a
configured graphical user interface (GUI). The GUI displays the 3-D rendering images of the
extracted tubular tissues. The examiner rotates the rendering image to find a space with few
tubular tissues. As shown in Fig. 3, by giving a straight line on the rendering image, a plane
forwarding to the view angle is obtained as the initial surface of the boundary between the
lung lobes.
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Fig. 3. Manual determination of initial surface using the configured GUI. This figure shows
the rendering image of tubular tissues in the right lung. Two cracks of tubular tissues
corresponding to the major and minor fissures can be found. The examiner rotates the
rendering image and gives a straight line on the rendering image.

Step 4. Deform the curved surfaces and obtain the boundaries.

The initial surface is converted into trapezoidal mesh. By moving the vertexes of the mesh,
the surface can be deformed. The movement of the vertexes is automatically performed with
fuzzy control system, which evaluates the anatomical knowledge on the lobar boundaries:
(1) the moving vertex moves toward a space with low tissue density, and (2) the deforming
surface model maintains a smoothed surface. The anatomical knowledge is described by
fuzzy IF-THEN rules (e.g., Han et al., 2007), and the vertexes are moved to a position with
the higher fuzzy degree belonging to the lobar boundaries.

Step 5. Segment the lung lobes by the obtained boundaries.

Step 3 and step 4 are applied to determine one boundary for the left lung, and to determine
two boundaries for the right lung. Using the boundaries, the left lung is decomposed into
the upper and the lower lung lobes, and the right lung is decomposed into the upper, the
middle, and the lower lung lobes.

2.3 Estimation of individual forced vital capacity

This approach is based on an assumption that the FVC of whole lung is collerated with the
differences of volumes between inspiratory and expiratory. The proposed method can
calculate volumes of the individual lung lobes from a set of MDCT images on inspiratory
and expiratory of the same subject. Therefore, by using the volumes of the segmented lung
lobe region, it is possible to estimate the FVCs of individual lung lobes.

We consider that the FVC of whole lung is the sum of the FVCs of individual lung lobes. If
we can calculate the ratios that each lung lobe can contribute to the FVC of whole lung, the
FVCs of individual lung lobes are predicted. The contribution ratios are associated with the
volume differences of the segmented lung lobe region between inspiratory and expiratory.
Therefore, the FVCs of individual lung lobes are estimated by using the FVC of whole lung
measured by the spirometry and the contribution ratios.

The proposed method defines the contribution ratio of the lung lobe of interest R(t) (t = {the
right upper lobe, right middle lobe, right lower lobe, left upper lobe, and left lower lobe})
through the following equation,

www.intechopen.com



Functional Assessment of Individual Lung Lobes with MDCT Images 99

V(1) -V, (t)
R(t) =
(t) > Vi(g)-Va(q)

qet

Q)

where Vi and Ve are the inspiratory and expiratory volume of the segmented lung lobe
region, respectively. In consequently, the FVCs of individual lung lobes FVC(t) are predicted
in the following equation,

FVC(t)=R(t)-FVCy,, )

where FVC,g denotes the FVC of whole lung measured by the spirometry, and sum of
contirbution ratios equals to 1. Therefore, the sum of FVC(t) equals FVCy,,,. Because of the
use of the image information (i.e., chest MDCT images), R(t) can reflect the variation of the
respiratory function among subjects in comparison with the conventional method that fixes
the contribution ratio (Date et al., 2003b).

4. Experimental results

The proposed method was applied to four normal subjects who were recruited in our
institute. Table I shows the profiles of the subjects. All the subjects provided written
informed consent according to a guideline approved by the local Ethics Committee. In the
eight collected MDCT datasets, there were partial lacks in the delineation of the lobar
fissure.

Subjects Sex g‘(ée) H(il%lt S;Eggglg VCP (cc) | FVC (cc) FE(E/?)%
A Male 23 175 No 4380 3440 87
B Male 23 172 No 4300 3780 91
C Male 22 173 No 4350 2890 99
D Male 21 178 Yes 4490 3980 91

Table I. Subject profiles; YO means years old, VCP means vital capacity predicted, and
FEV1% means ratio of FEV1 (forced expiratory volume in one second) to FVC.

Fig. 3 shows raw MDCT images, the experimental results with the proposed method, and
lobar fissures extracted by conventional method for comparison. In raw MDCT image, lobar
fissures appear with the higher CT values than the surrounding region. However, over-
extraction and under-extraction tend to be occurred. In contrast, the proposed method
determines the lobar boundaries for the lacked fissures.

To evaluate the determined boundaries with the proposed method, they were compared
with boundaries manually delineated by a physician. Because the proposed method requires
an interaction to determine the initial surface, for each dataset, the proposed method was
applied 10 times. Table II shows the comparison results for each boundary; the left major
fissure, the right major fissure, and the right minor fissure. The accuracy was evaluated by
measuring the shortest distance between the automatically determined boundary and the
manually delineated boundary. The mean * standard deviation (SD) of detecting accuracy
was 3.20 + 1.72 [mm)].
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Fig. 3. 2-D segmentation results of subject A. (a) 170th slice, (b) 186th slice, and (c) 212th slice;

(left) raw MDCT images, (middle) lung lobes segmented with the proposed method, (right)
extracted lobar fissures with the conventional method.
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Left Major Right Major Right Minor

Inspiratory 3.29+1.83 3.62+1.69 2.87+1.78
Subject A

Expiratory 3.34+1.75 3.43+1.68 2.60+1.62

Inspiratory 3.29+1.68 3.54+1.69 3.62+1.72
Subject B

Expiratory 3.16+1.76 3.39+1.67 3.33+1.68

Inspiratory 2.71+1.79 3.37+1.75 3.19+1.80
Subject C

Expiratory 3.09+1.63 3.33+1.68 2.69+1.71

Inspiratory 3.65+1.65 3.06+1.79 3.49+1.76
Subject D

Expiratory 3.05+1.71 2.94+1.75 2.83+1.82

Table II. Accuracy of detecting lobar boundaries with the proposed method (mean +
standard deviation [mm]).

Fig. 4 shows the surface shaded display (SSD) images of the segmented lung lobes. For any
subject, and for any condition of inspiratory or expiratory, the lung lobes were segmented
well. The comparison of lung lobes between the conditions of inspiratory and expiratory
demonstrates that the lobes deform largely by inspiration. Next, by counting the number of
voxels for each lung lobe, the volumes can be measured. Table III shows the lung lobe
volumes estimated by the proposed method. To validate the proposed method, lung lobe
volumes were measured manually by delineating the lung lobe boundaries with physicians.

Error ratio is computed by truth — estimated 6 apsolute mean error ratio across the lung
truth

lobes on the inspiratoy condition was 0.9 % and on the expiratory condition was 1.2 %, and
the mean was 1.1 %. As shown in this table, there are no differences of segmentation
accuracy among subjects, lung lobes, and inspiratory/expiratory conditions.

Using the estimated lung lobe volumes shown in Table III, contribution ratio was calculated
by Eq. (1). The contribution ratios calculated with the present method, and the fixed
contribution ratios introduced by Data et al. (2003b) are shown in Table IV. There are slight
differences between the estimated contribution ratios and the fixed parameters: e.g., the
contribution ratio of the right middle lobe was lower than the fixed one, and the right lower
lobe was higher than the fixed one. In addition, we can show the differences of contribution
ratios among the subjects.

Finally, FVCs of lung lobes were estimated by using Eq. (2). Table V shows the estimated
FVCs of the individual lung lobes for all subjects. By using this table, we may predict FVC
after LDLLT. For example, assume the left lower lobe of subject A and the right lower lobe
of subject B are transplanted into a recipient. In this case, after LDLLT, FVC of the recipient
can be predicted as 2217.4 cc (=1026.2 cc + 1191.1 cc), and FVC of two donors, subject A and
subject B, will be 2413.8 cc (=3440 cc - 1026.2 cc) and 2588.9 cc (=3780cc -1191.1 cc),
respectively. In the similar way, FVC after LDLLT with the other combination of donors can
be predicted. Thus, by using this technique, we might choose the better donors for the
recipient. Of course, FVC after LDLLT will be affected by the other factors. Therefore, we
should validate this technique in the future.
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(d) Subject D.

Fig. 4. SSD images of segmentation results; left and right; the segmentation results of a

subject with inspiratory and expiratory, respectively. Different lung lobes are displayed
with the different colours.
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Left Left Right Right Right
Upper Lower Upper Middle Lower
Truth 1157 1408 938 451 1604
Inspiratory Estimated 1169 1396 937 452 1604
error ratio 1.0% -0.9% -0.1% 0.2% 0.0%
Truth 683 645 565 298 883
Expiratory Estimated 673 655 571 294 881
error ratio -1.5% 1.6% 1.1% -1.3% -0.2%
Truth 1207 1709 937 496 1814
Inspiratory Estimated 1213 1703 942 493 1811
error ratio 0.5% -0.4% 0.5% -0.6% -0.2%
Truth 740 834 561 338 945
Expiratory Estimated 744 830 571 326 946
error ratio 0.5% -0.5% 1.8% -3.6% 0.1%
Truth 1058 1111 779 362 1266
Inspiratory Estimated 1039 1130 771 348 1288
error ratio -1.8% 1.7% -1.0% -3.9% 1.7%
Truth 584 479 440 205 636
Expiratory Estimated 575 487 426 210 644
error ratio -1.5% 1.7% -3.2% 2.4% 1.3%
Truth 1150 1486 999 454 1661
Inspiratory Estimated 1168 1469 993 458 1665
error ratio 1.6% -1.1% -0.6% 0.9% 0.2%
Truth 623 684 530 277 817
Expiratory Estimated 623 684 535 275 812
error ratio 0.0% 0.0% 0.9% -0.7% -0.6%
Inspiratory absolute mean| 1.2% 1.0% 0.6% 1.4% 0.5%
Expiratory absolute mean| 0.9% 0.9% 1.7% 2.0% 0.6%
Total absolute mean| 1.1% 1.0% 1.2% 1.7% 0.5%
Table III. Estimated lung lobe volumes with the proposed method (cc).
Subject Left Upper | Left Lower [I};iheji 1\}1{115212 5; gv}:r
A 20.0% 29.8% 14.7 % 6.4% 29.1%
B 17.1% 31.8% 13.5% 6.1% 31.5%
C 20.8% 28.8% 15.4% 6.2% 28.8%
D 19.3% 27.8% 16.2% 6.5% 30.2%
Mean 19.3% 29.6% 15.0% 6.3% 29.9%
Conwv. fixed 21.1% 26.3% 15.8% 10.5% 26.3%
parameter (=4/19) (=5/19) (=3/19) (=2/19) (=5/19)

Table IV. Estimated contribution ratios of the individual lung lobes. "Conv. fixed
parameters" are parameters introduced by Data et al (2003b).
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. Left Left Right Right Right
Subject | Whole lung Upper Lower Up%)er Migdle Logver
A 3440 686.9 1026.2 506.9 218.8 1001.3

B 3780 645.8 1202.2 510.9 230.0 1191.1

C 2890 600.3 831.8 446.3 178.5 833.1
D 3980 768.1 1106.3 645.5 257.9 1202.2

Table V. Estimated FVCs of lung lobes with the proposed method (cc). The whole lung FVC
was measured by spirometry, and the others were estimated by the proposed method.

7. Conclusion

This chapter presents a novel method for estimating individual lung lobe FVC with MDCT
images. The new method can be applied to chest MDCT images with lacked fissures.
Moreover, this will be the first attempt to estimate the individual lung lobe FVC. In the
future, we should validate the estimated individual lung lobe FVC. In addition, the
effectiveness of this technique will be discussed through future clinical studies.
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