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B. Mathematical Background

The level set method (LSM) [13,14], a geometric active contour model [15], is a
reasonable choice for segmentation, as it focuses on a specific object, rather than the

whole image, and there is no need for a fixed or variable threshold. However, the
variation of the LSM, which we use for segmenting lung airway lumen, requires the
specification of several parameters as well as the determination of an initial region inside

the object for initiation [14]. Unfortunately, there is no single set of parameters that is
suitable on all types of images. In other words, every kind of image needs a specific set
of parameters. Also, there seem to be no ‘rules of thumb’ for generalization. To offset
such a problem, it is possible to use a genetic algorithm (GA) [16] as a heuristic search
method to optimize parameters of the level set method in order to obtain more accurate
results within a short period of time [12]. To provide the LSM with an initial region

inside the lumen, a seeded region growing algorithm (SRGA) [1] was used with a
dynamic low threshold (see chapter 5) to avoid over growing. The SRGA output is a
region that is quite close to the actual border of the lumen, which results in fewer
iterations of the LSM for accurate convergence on the lumen boundary.

A seeded region growing algorithm (SRGA) groups pixels into a region based on
various selection criteria. The algorithm requires a position within the region of interest
as a starting seed and a threshold as part of the selection criteria. Next, the algorithm
finds the distance between each neighboring pixel of the previously selected region (i.e. a
seed for starting) to the mean of that area and if the distance is less than the threshold,
this pixel will be added to the current region. When the distance of all neighbor pixels is
bigger than a threshold, the algorithm is terminated. In our previous work (see chapter 5),
we introduced a dynamically calculated threshold for protecting the SRGA from over
growing within the lumen area. Algorithm 1 shows the fundamental growth of a SRGA in
pseudo code where I(x,y) is the intensity of a pixel in position (x,y) and avg(currentArea)
is the average intensity of all pixels in a previously selected area by the SRGA, which is
initialized by a seed point.

Algorithml:
newArea = {seed}
repeat
currentArea = newAre
neighbourArea = neighboursOf CurrentArea
for all (x,y) EneighbourArea
if I(x,y)-avg(currentArea) < threshold Then
add (x,y) to newArea
endif
endf or

until newArea == currentArea
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Figure 1: Shows different steps on lumen center specification: (a) result of level set method, (b) result
of thinning function, (c) end points of part ¢, (d, e, £, g, h, i) result of several steps for deleting end
points.

C. Lumen Center Specification

Using the result of the SRGA as the initial contour, the level set method is able to
find the accurate border of the lumen in a very short time. Briefly, consider the fact that
when cutting a circular cylinder in any plane, the center of the resultant elliptical shape is
in the position of the cylinder centerline. Thus the current algorithm described herein
finds the luminal center without any need for reconstructing the image in order to
manipulate the airway perpendicular to the plane.
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Figure 2: Top curve shows the lumen area (mm?), middle curve shows the lumen diameter (mm), and

the bottom curve shows the airway wall thickness (mm).

Having the luminal border and using a thinning algorithm [1], our technique finds
the thin shape of the lumen, which typically is a line with at least one point (pixel) on it.
Then for objects greater than two points, the program removes the end-points of the thin
object. This process results an object with one or two points on it. In the case of two
points, the program always chooses the top/left point. The remaining point is the center of
the lumen. Fig. 1 shows these steps to find the center point of the lumen.

We also developed another method to find the center point which is faster, but we
did not find it as accurate as the previous method. In this method, the algorithm finds four
points at each side of the lumen border. By averaging top and down points and also
averaging left and right points, the algorithm finds the center point.

D. Trace Airway Cross Slices and Bifurcation Detection

A heuristic method was created (see chapter 5) for tracing airways automatically.
For finding the lumen boundary, the algorithm simply needs a pixel position to start the
SRGA, so it is necessary to locate a position inside the lumen for the next slice when
tracing the airway. To do that, the center of the current segmented lumen is used as the
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Figure 3: Shows several steps of localizing the center of both branches at a bifurcation.

starting point for the next slice. In addition to locating the starting point, the termination
condition is another important part of this tracing algorithm. As seen in Fig. 2, the lumen
area (usually) becomes bigger when reaching a bifurcation whereas before this point it
(usually) gets smaller. In other words, in the curve obtained by plotting the lumen area as
a function of the distance travelled, there is a ‘valley’ before the bifurcation. In some
diseases, however, the lumen diameter and area are expanding toward the bifurcation; in
this case, the ratio of progress for this measurement is much larger when near the
bifurcation. So we find the ratio of the current lumen area to the one which was
measured from the slice 2mm (three slice with 0.625mm thickness) away. A ratio that is
bigger than 1.2 is taken as a sign for reaching a bifurcation and therefore the next step for
finding each of the branches starts at this point (explained in next section). The algorithm
begins checking this ratio after passing five slices.

The algorithm described in this paper also checks two other termination rules to
detect a bifurcation. If it continues to apply the SRGA on the next slice which contains
the bifurcation, the SRGA converges on the area which covers almost two-thirds of the
whole image because the starting point (i.e. the center of the previous lumen) will be
located on the lumen wall and will grow through the connected vessel and other area with
similar intensity. This will happen even if the SRGA uses the threshold calculated from
the first step of the growing. Also, rarely, the tracing algorithm may find just one of the
branches where the area is almost half (or at most 80%) of the area of the lumen from the
previous slice. So, the algorithm checks these two conditions to locate the bifurcation.
The measurements of the last few slices (at the bifurcation area) are excluded from
calculating the bifurcation angle over the slices.
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Figure 4: Shows a case that the result of thinning lumen boundary has more than two end-points.

E. Finding the Center of Branches at a Bifurcation

To localize the center of both branches, we developed a morphological method based
on the result of segmentation from the previous slice. Similar to the method that we used
to locate the center of the current lumen (purpose of which is to locate a seed on the
lumen at the next slice), the algorithm finds the thin object of the current segmented
lumen. Near a bifurcation, the shape of the lumen area will change to a dumbbell shape,
whose thinning object is a line with usually a slight curve. The algorithm uses both
endpoints of this line as the starting points for the SRGA on the next slice. If the results
of the SRGA from both endpoints do not overlap, this signifies that the next slice
contains a bifurcation and the algorithm will use these two endpoints as the starting
points for each branch. On the other hand, if an overlap did occur, the algorithm
continues in a similar manner as it did for the previous slices (using the lumen center
point for starting the SRGA on the next slice). Fig. 3 shows the result of this step of the
algorithm for two different cases. In some rare cases, the result of the thinning algorithm
may not be a line as seen in Fig. 4. In these cases, our algorithm finds two end points
with the most distance between them, and continues the algorithm with these new points.
For finding the center point in these cases, the algorithm will delete all end points.

A slight modification of our method seems to offer more accuracy. For the
modification, the algorithm finds the maximum distance between the center point of the
current lumen area and the pixels on the current lumen border which is used as half of the
maximum diameter (of the current lumen area). Then the difference is found between this
maximum diameter and length of the thin object. The thin object is extended by 1/7 of
this difference, where 1/7 was empirically obtained through trial and error efforts. For
extending the thin object line, the algorithm uses the direction of the thin object endpoints
by checking the points before the endpoints at both sides. In order to protect the system
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Figure 5: Shows the position of lumen center points in X-Y axis.

from introducing an error associated with this modification, the algorithm protects the
thin object from becoming over extended, by checking whether the end points are still
inside the lumen boundary (i.e. it is possible that the expansion direction of the thin
object is not in the same direction as the maximum diameter and therefore it may go
beyond the lumen boundary). Also, the distance between the new endpoints and the
lumen border in the extending direction is checked. If this distance is less than one half of
the extended length (again a factor that is empirically obtained) or the end point(s) are
outside the lumen boundary, the last added endpoint(s) would be removed until this
condition changes.

F. Estimating the center line of an airway

The algorithm, as described above, is able to locate the center points of a lumen
through each branch. By using the linear regression method (polyfit function in Matlab),
the algorithm is able to define a line fitted on the center points of a branch. Once we have
the estimated line for both branches of one bifurcation, the angle between these two lines
is calculated. To estimate the line, we need to reformat the position of the center points to
the actual position in a millimeter scale:

xValues = xValues * xVoxelSize
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vValues = yValues * yVoxelSize @)
zValues = zValues * zVoxelSize

where xValues, yValues, and zValues are records of lumen center pixel positions in
directions X, y and z, respectively, and xVoxelSize, yVoxelSize, and zVoxelSize are the
size of a voxel in directions X, y and z, respectively. Fig. 5 shows the position of the
center points in X-Y dimension where the X- and Y-axis are based on the number of
pixels in each direction. Then the linear regression method is applied on the position
values of each dimension to find the coefficients of the line-equation in all three
dimensions:

a = polyfit(t,.xValues,1);

b = polyfit(t,yValues,1); 2

¢ = pobyfit(t,zValues,1);
where £ is a vector of natural numbers from 1 to length(xValue). Considering the fact that
the center points near the bifurcation are not reliable and airways have a curve while near
to the bifurcation, we need to ignore the center points near to the next bifurcation area.
Thus we eliminate the last 40% of the center points, so the vector ¢ contains the natural
numbers from 1 to 0.60*length(xValue). The resulting line equation can be shown as
below:

x=a*t+xl

y=b*t+yl 3)

z=c*t+zI
where x1, y1, and z1 are the distance of the line from the center of the axis (0,0,0) and are
not important in calculating the angle between the two lines as seen in (4) below. Fig. 6
shows the result of estimating a centerline in a three dimension plane. The angle between
two estimated lines could be calculated as:
aa, +bb, +cc,

2 2 2 2 2 2
\/al +b +cl xqa; + b, +c]

6 = arccos(

(4)

III. RESULTS

A. Patient CT images

The proposed method is able to automatically measure the angle of bifurcations at
several levels in lung CT images. This measurement is a result of automatically tracing
an airway as well as the bifurcation detection and then following branches in the cross
sectional lung CT images (slices). Fig. 7(a) shows a 3D view of tracing an airway as well
as one of its branches. Fig. 7(b) shows a 3D view of tracing an airway and both of its
branches. Visualizing the result of the segmentation which shows the lumen border in 3D
dimensions is very useful to radiologists in order to estimate any airway tapering and the
bifurcation angle. Having the lumen border at every slice, the algorithm is able to find the
center of the lumen area for each slice (explained in part E of II). Based on the fact that
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Figure 6: Shows the result of estimating lumen center-line as a straight line.

when cutting a circular cylinder in any plane, the center of the resultant ellipse is the
same as the center of the cylinder, the algorithm does not need to reconstruct the 3D
image to make the airway perpendicular to the plane (so this method for finding the
center of lumen is fast and accurate). Fig. 8 shows the result of estimating the center
points as a line for both branches of a bifurcation. Using (4) for measuring the angle, the
algorithm does not need to find the intersection of these two lines, and also does not need
to consider the distance of each line to the center of X-Y-Z axis. Applying this algorithm
on clinical lung CT data from patients, the algorithm is able to follow several levels of
airways while finding the bifurcations and tracking them. The algorithm stacks
bifurcation position, the slice number, and the position of branch center points for each
bifurcation, so it can recursively trace all branches at different levels. This method is
simple, accurate, and repeatable which results with useful information for radiologists.

B. Measurements on Phantom

To validate the accuracy of our method for measuring the bifurcation angle, a
phantom (Fig. 9) was constructed by placing different size plastic Y-shape pipes at

varying angles in Styrofoam. Fig. 10 shows a CT slice of this phantom near to the
bifurcation area of most of the pipes. This slice shows Y-shape pipes with different sizes
(i.e. diameter, length) and angles which are placed in different directions. This phantom
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Figure 7: (a) 3D view of the result of tracing and segmenting airway lumen through one of the
branches at a bifurcation, (b) 3D view of the result of tracing and segmenting airway lumen

through one of the branches at a bifurcation.

simulates the lung airways to which we can apply our previously reported segmentation
method (see chapter 5) followed by the morphological angle measurement method.
Before making the phantom, we measured the angle of plastic Y-shape pipes using a
protractor (angle-finder-ruler), which has +/-1 degree reading error.

Our results show that the measurements using the protractor and our method are
close to each other (See Table I) when we use 12 or more slices of the CT images. Table
I is based on measurements of those Y-shape pipes which are covered with more CT
slices. In addition to these pipes, for the Y-shape pipes with smaller length or the ones
that are in such a direction that less axial slices are needed to cover them, we prepared the
result of angle measurement in the form of Table II. This is the result of scanning a
phantom made of four different Y-shape pipes where three types of them have 60-degree
angle (types 1-3) and one type has 120-degree angle (type 4). That part of the phantom
with 60-degree angle comes in three different sizes of inner diameter (i.e. 3.0mm, 5.0mm,
and 6.0mm). In Table II we calculated the deviation of the measurement by this method
with that obtained through a manual measurement (as reference) for all pipes while
taking into account the different number of slices. Also we calculated the average
deviation from the reference angle for each type of pipes separately. The result shows
that for measuring the angle based on our method on CT data, we need almost 7 slices
(0.75mm thickness) to obtain an acceptable measurement.

Additional observations can be made from the results in this table. First, we see
that the angle measurement on pipes with smaller inner diameter is more accurate.
Second, the angle measurement based on center points as a result of applying thinning
method on lumen boundary is more accurate than angle measurement based on center
points as a result of applying center points finder based on top-down-left-right points of
lumen.
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Figure 8: shows the result of estimating center-line for both branches of a bifurcation.

IV. DISCUSSION and CONCLUSIONS

It is difficult for radiologists to measure the angle of bifurcation in lung CT images.
It is considerably more difficult to detect, localize and identify changes in successive
temporal image sequences while working with 3D data sets which may often contain
hundreds of images. It has been estimated that a radiologist often examines several
thousand images/day. In such a context, the assessment of changes over time are not only
tiresome but highly prone to inaccuracies. Thus, one can assist a radiologist in identifying
a boundary of lumen and subsequently measuring the airway bifurcation angle which will
help identification of temporal variation and help to speed up the process of diagnosis of
diseases.

All lung assessment methods start with segmenting the airway lumen (e.g. [6-11]),
which has lower Hounsfield unit (HU) comparing to the airway wall. Jong et al. [17]
reviewed such work on lung characterization and relationship between features and
diseases until 2005, providing a useful list of references. We used an accurate method
[12] (see chapter 5) with no leaking (over segmenting) problem to segment the lumen.
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Figure 9: Shows a photo of phantom.

We are able to apply this method on neighboring slices automatically. Our results
demonstrate accurate identification of the centerline of the airways.

There is some research work on measuring airway angles. Wood et al. [2,3] used 3D
seeded region growing algorithm (SRGA) to segment airway lumen from its wall. Then
by averaging x-, y-, and z-values of pixels at each cluster, their algorithm reduced the
segmented area to central axis. By finding the nearest point to the three central axis which
are forming a bifurcation, their algorithm identifies the branching point. Then by
connecting the branching points, it is able to calculate the bifurcation angle. Since lung
airways are generally not straight (i.e. they have curves at the end of each branch), this
method may not be sufficiently accurate. On the other hand, our method does not need to
find the branch point where it calculates the bifurcation angle based on the line estimation
of each branch separately. It also considers 60% of the center points of each branch. By
comparing two different methods for finding the center point of the lumen (see part C of
II and Table II), we found the morphological method is more accurate than the averaging
method. As well, the method that we used for segmenting airway lumen [12] (see chapter
5) is more accurate than the 3D SRGA, which is very sensitive to the selected threshold.
Another problem, while using SRGA, is the leaking problem which results in producing
some false branches and will corrupt the result of any angle measurements.

Kitaoka et al. [4] simulate lung airways using several equations which does not
require real lung CT image to work. It is also for simulating non-disease lung which can
be used to compare the result of angle measurements methods on non-disease lung CT
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Figure 10: Shows a CT slice of this phantom, where this slice positioned near to the

bifurcation area of most of pipes.

images. In another related work, King et al. [5] found the direction of airway at each
point based on two adjacent slices. They found the angle between the airway and the line
perpendicular to the slice plane.

Finding the airway centerline may be affected from some side effects (i.e. partial
volume, noise, artifacts, etc.), thus it will be beneficial to include as many slices as
possible (except those near the bifurcation) and then estimate the centerline over several
neighboring slices. This is one advantage of our method compared to [2,3]. Also using
our previous method for segmenting the lumen [12] (see chapter 5), our algorithm ends
up with a more accurate lumen boundary and consequently more accurate airway
centerline and accurate angle measurement.

In summary: first, our method for estimating centerline benefits from both the speed
of the SRGA and the accuracy of the LSM. Also based on the fact that the center point of
the elliptical shape of the lumen (when the airway is not perpendicular to the plane) is the
center of circular airway lumen, there is no need for time-consuming reconstruction of
3D CT images, in order to ensure a perpendicular airway to the plane. Second, by using
(4) for measuring the angle, our algorithm does not need to find the intersection of the
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branches to the centerline. Third, by comparing two different methods for finding the
center of the lumen, we found that the morphological method is more accurate. Fourth,
these whole steps for measuring bifurcation angle need a minimal amount of user
interaction. Thus, after selecting one slice from CT images, the algorithm needs just two
inputs: one mouse click (the seed for region growing algorithm) and one input number
+/- 1 (tapering direction). The rest of the subsequent processing is fully automatic.
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TABLE I: Shows the result of angle measurements on Y-Shape pipes with 6.0mm inner diameter while

considering all, or some percentage of slices.

100% of slices 80% of slices 60% of slices 40% of slices 20% of slices
P | Number | Angle Number | Angle Number | Angle Number | Angle Number | Angle
i | of slices | based of slices | based of slices | based of slices | based of slices | based
p | for on for on for on for on for on
e | branchl | Method | branchl | Method | branchl | Method | branchl | Method | branchl | Method
and 1 and and 1 and and 1 and and 1 and and 1 and
# | branch2 | Method | branch2 | Method | branch2 | Method | branch2 { Method | branch2 | Method
2 2 2 2 2
1| 30,30 59.60 24,24 59.86 18, 18 59.73 12,12 59.45 6,6 58.52
59.43 5944 59.23 58.30 52.19
21 29,28 60.08 22,22 59.84 17,17 59.91 12,11 59.75 6,6 53.86
59.66 59.73 59.40 59.20 55.75
312525 59.46 20,20 59.06 15,15 59.34 10, 10 56.94 55 53.53
59.43 59.36 59.23 58.74 55.29
41 30,30 59.59 24,24 59.75 18, 18 59.55 12,12 59.51 6,6 59.14
59.56 59.56 59.74 59.69 59.40

TABLE II: Shows the result of angle measurements where the actual angle for types 1-3 are 60 degree
(with 3.0mm, 5.0mm, and 6.0mm inner diameter for types 1,2, and 3, respectively) and for type 4
is 120 degree. Method-1 uses thinning function and Method-2 uses top-down-left-right method for

finding lumen center.

Different Methods Number of slices (0.7mm thick) to be considered for angle measurement
Y-shape for finding
pipes at lumen
various center 12 | dev% | 10 | dev% | 7 | dev% | 5 | dev.%
direction
E}fpe 1 Method 1 60.05 0.09 59.58 0.69 58.80 200 58.62 2 09
rectionl e hod 2 | 50.26 58.92 57.28 55.78

etho : 1.23 ' 1.79 : 4.53 ' 7.02

Eﬁectlionz Method 1 59.26 1.02 59.46 0.89 56.77 537 56.54 576
Method 2 59.32 143 58.89 1.84 57.39 4.34 56.48 5.86

Type 1 Method 1 60.27 0.46 60.28 0.48 59.48 0.87 58.96 173
Direction3 | Method 2 59.09 1.59 58.81 1.97 58.86 1.89 57.15 474
Deviation | Method 1 0.59 0.69 2.74 3.26
on Typel Mothod 2

etho 1.29 1.87 3.59 5.87
"ll;)i'rp;thionl Method 1 59.58 0.70 59.77 0.38 57.59 4.01 52.32 12.80

Method 2 | 59.54 0.76 59.35 1.07 57.53 411 53.39 11.02
'Il;ype 2 Method 1 59.51 0.80 59.69 0.50 57.65 3.91 54.11 9.80
trection2 I hod 2 | 58.71 58.87 57.41 55.63

etho : 2.14 : 1.88 : 4.31 : 7.28

Type 2 Method 1 59.16 1.39 57.46 4.23 53.72 10.46 49.81 16.97
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Direction3 | Method 2 60.81 1.37 60.60 1.00 58.41 264 57.97 3.37
TD}ilfeec t2i0n4 Method 1 [ 68.47 | , o, | 5834 | 506 | 5770 | 5g5 | 5677 | 547
Method2 | 59.54 | (- | 5946 | oo [ 67.70 [ 440 | 5711 | 40
Eff’fc t2i0nS Method 1 | 5926 | 4,5 | 5962 | gea | 8001 | 002 | 5795 | 404
Method2 | 69.40 | (g0 | 5953 | 78 | 5917 | 147 | 5730 | 450
Deviation | Method 1 1.33 1.70 4.44 9.84
on Type2 Mothod 2
etho 1.20 1.13 3.25 6.19
]];}iirl'::i t3ion1 Method | | 59.04 | | | 5745 | ,,, | 5444 | o0 | 5365 | g
Method2 | 5842 | , . | 5843 | , . [ 5825 | ,o. | 8628 (-
E}ilrpei t3ion2 Method | | 59.66 | oo | 5798 | 5.0 | 6244 | , 00 [ 5343 | 1504
Method2 | 59.38 | | 1o | 5835 | ,75 | 5771 | 581 | 5520 | 709
grp;ec t3ionS Method I | 59.80 | (oo | 5988 | 40, | 5884 | 1o, | 5729 | 4
Method2 | 68.52 | 5, | 5758 | 402 | 5385 | 1005 | %926 | 178
Eﬁi t3i0n4 Method | | 60.38 | (oo | 5984 | (05 | 5996 | 05 | 5837 | 574
Method2 | 59.82 | (.o | 6002 | (oo [ 5981 | ooy | 5792 | 548
]gﬁi t3ion5 Method 1 | 61.16 | (o, | 6137 | o0 [ 6190 | 5., [ 6414 |
Method2 | 59.58 | o | 5974 | .0 [ 5857 | ,ag | 5784 | 540
Deviation | Method 1 1.01 2.23 3.70 713
on Type3 Mothod 2
etho 1.42 1.97 3.93 7.84
Type 4 Method 1 | 118.7 118.69 119.7 118.6
Directionl 3 1.06 1.09 6 0.19 1 2,31
Method2 | 119.2 118.96 120.4 119.2
7 0.60 0.86 4 0.37 1 1.31
Type 4 Method 1 | 118.4 118.26 1211 NA | NA
Direction?2 7 1.27 1.45 5 0.96
Method 2 | 120.3 119.48 120.7 NA | NA
5 0.29 0.43 8 0.66
Deviation Method 1 117 107 0.58 231
on Typed Method 2
etho 0.45 0.64 0.52 1.31
Ave. on Method 1
Dev.% 1.05 1.62 3.34 6.62
Ave. on Method 2
Dev. % 1.19 1.49 3.18 6.03
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6.3 Summary of article

Similar to the part discussed for second paper, to find the precision of this
measurement, one needs to measure the anatomy of lung with pathology. This is a
suggestion for future work. The limitation with simulating the lung using the phantom
explained here in this paper is that it is impossible to make a phantom to show all
properties of real lung. One property is that all lung airways have a curvature where the
simulated airways are completely straight. The other property is that all healthy lung
airways have tapering through the next level of branching which can not be simulated
using existing Y-shape pipes.
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Chapter 7: Conclusion and Future Work

7.1 Introduction

Medical imaging plays an important role in diagnosis of certain diseases.
Radiologists who use imaging technology are trained to observe and recognize normal
and pathological variations of anatomical structures, obtained through various forms of
medical imaging technologies. Medical imaging devices such as MRI and CT, nowadays,
produce very high quality images (of sub-millimeter isotropic voxel resolution) of
internal body structures. These technological advances provide radiologist/physicians the
ability to localize and classify even minute abnormalities in organs (lesions). Although
higher quality images apparently increase the probability of accurate diagnosis, the
process takes more time for the radiologist to interpret all the available information. For
instance, when a voxel thickness is reduced from 5 mm to 1 mm and its X-Y dimensions
are reduced from 2mm x2mm to 0.5mm x 0.5mm, the number of slices is increases five
times and number of pixels in each slice is increases four times.

In general, medical equipment industry which builds these medical imaging
devices (i.e. MRI, CT) embeds image-processing utilities which performs rudimentary
processing as resizing and filtering, in the commercial software sold to the customer.
Several multi-purpose packages (i.e. AFNI, ITK/VTK, Osirix) are also available for
fundamental processing such for resizing, filtering, basic segmentation, and limited
registration (e.g. are designed for specific organs such as the brain). None of these
packages were suitable for the current project, so it became necessary to design and
develop new software-package for automatically characterizing lung CT images. Several
novel suggestions originating from the radiologist were incorporated into the software. A
number of other ideas are included in suggestions for future work.

To aid radiologists in measuring airway luminal diameter and wall thickness, the
program queries the user to select a slice number and then asks the user to click on the
interested lumen area (not necessarily the exact center). The user is next asked to specify
the direction of airway tapering in addition to selecting a slice number and clicking on the
area of interest within the lumen. In addition to showing the result of lumen diameter and
wall thickness measurements, this program shows the image with the lumen boundary
being highlighted. Also it provides those points on the outer wall border which are used
for the measurement of wall thickness. Further, it plots the measurements over slices and
gives the average and standard deviation of measurements of all slices over that branch.
An example for this is provided in figure 9 in Chapter 5.

The program also illustrates lumen boundary pixels on a black and white 3D plot
after tracing a branch or after tracing a bifurcation. This output helps the user to see the
results of the program in a simple illustration which makes it easier to find any errors
and/or any lung abnormality by visualization. Also this illustration helps in extending the
program by showing the position of the lung that has some specific properties and/or
abnormalities.
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7.2 Knowledge Base Systems for Diagnosis of Lung diseases

Much research has been done on finding the relation between the quantitative
assessment of lung airways (using CT images and/or histological examination of excised
lungs) and lung diseases. While (to our knowledge) all of these methods characterize the
lung condition manually or semi-automatically processing CT images, software reported
in this thesis has been developed with minimal user interaction than previously required
to characterize lung CT images. The next step is to characterize a group of lung CT
images which involve patients who have been diagnosed with a specific disease. Through
a radiologist (CB), access to St. Joseph's Healthcare database can been obtained in order
to gather a specific group. A very small control group has been established involving a
normal population. A confounding situation exists here because there is no practical
manner in which to scan healthy volunteers by CT scanner without the risk of X-ray
exposure. The only method to establish a normal group is to look at all lung CT images to
collect patients with thoracic problems requiring CT scanning but otherwise having
healthy lung tissue. Currently, CT images of 17 patients suffering from asthma are
available although no control group data exists. Therefore it is not possible to confirm
the hypothesis on the relation between lung CT properties and specific diseases, and
consequently it’s not practical to develop a knowledge base system for automatically
recognizing some lung diseases, as was originally anticipated.

Developing a knowledge base system (or an expert system), based on the result of
lung-characterization program, will allow us to more accurately assess and diagnose these
diseases more confidently and at an earlier stage. It is expected that through the use of
current software, one will be able to demonstrate changes in various measured parameters
before and after a drug therapy. This will be particularly important in the assessment of
therapeutic response to airway modifying agents or therapies (thermoplasty) in the
treatment of asthma and chronic obstructive pulmonary disease (COPD).

To illustrate the application of the software to classify the CTs of patients
suffering from asthma, the procedure outlined in the present thesis was applied to 17
patients suffering from asthma. Table I shows the result of measuring inner luminal
diameter and luminal wall thickness for two or three slices per case. These slices and the
lumen in each slice were selected by a Radiologist (CB) from CT images with 1.25mm
thickness, 0.7mm x0.7mm for X-Y dimension (0.175mm after resizing), and 10 mm to
20 mm gap between slices. The ratio of 1/6 could be set as a threshold for the diagnosis a
lung disease. If the thickness to diameter ratio (TDR) can be set to 1/6 or less as being
healthy, then a TDR that is larger than 1/6 shows a possibility of a disease. Fig 1 provides
a plot based on the TDR column of Table 1. Fig 2 shows the average of deviation from
1/6 for each case. As we see in fig 2, avg(TDR) - (1/6) in most of the cases is larger than
zero which is positive evidence for our hypothesis. To unambiguously prove this kind of
hypothesis, it is necessary to examine data from healthy subjects.
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TABLE ]
Results of luminal diameter and wall thickness measurements and their computed ratio.

Thickness
Airway Airway | to
Wall Lumen External | Diameter Average of
Case | Slice | thickness | Diameter | Diameter | Ratio TDR-(1/6)
# # (mm) (mm) (mm) (TDR) TDR-(1/6) | per case

1 13 1.3825 3.5888 6.3538 0.2176 0.0509
14 0.8120 1.8692 3.4932 0.2325 0.0658 0.0584

2 11 0.6753 3.3344 4.6849 0.1441 -0.0225
13 0.8095 1.9157 3.5346 0.2290 0.0623 0.0199

3 12 1.4152 2.5874 5.4178 0.2612 0.0945
14 0.7366 0.6306 2.1038 0.3501 0.1835 0.1390

4 21 0.9834 2.2065 4.1733 0.2356 0.0690
22 0.9483 2.9642 4.8607 0.1950 0.0284 0.0487

5 11 0.6054 3.0793 4.2902 0.1411 -0.0255
12 0.6756 4.6547 6.0060 0.1125 -0.0542 -0.0399

6 19 0.5262 5.7145 6.7670 0.0778 -0.0889

20 1.4113 3.4912 6.3138 0.2235 0.0569
21 0.7975 2.4543 4.0493 0.1970 0.0303 -0.0006

7 18 0.9466 4.9819 6.8751 0.1377 -0.0290
19 1.1061 4.7365 6.9487 0.15692 -0.0075 -0.0182

8 18 0.7656 4.5938 6.1250 0.1250 -0.0417
19 0.9685 3.0066 4.9436 0.1959 0.0292 0.0584

9 68 1.0197 4.7005 6.7399 0.1513 -0.0154
69 1.303 3.0195 5.6255 0.2316 0.0650 0.0584

10 70 1.1106 5.6505 7.8717 0.1411 -0.0256

71 1.1613 5.8932 8.2158 0.1413 -0.0253
76 0.9215 4.1064 5.9493 0.1549 -0.0118 -0.0209

11 12 2.2999 2.1474 6.7472 0.3409 0.1742
13 0.7660 2.5443 4.0762 0.1879 0.0212 0.0584

12 19 0.5274 3.4254 4.4803 0.1177 -0.0489

20 1.4685 1.665 4.602 0.3191 0.1524
21 0.7241 2.1268 3.5749 0.2025 0.0359 0.0465

13 10 0.6864 3.496 4.8688 0.1410 -0.0257
11 1.1027 2.1239 4.3293 0.2547 0.0880 0.0584

14 18 1.3906 2.5451 5.3263 0.2611 0.0944
19 1.2035 2.086 4.493 0.2679 0.1012 0.0584

15 18 2.9031 2.0095 7.8157 0.3714 0.2048

19 1.8899 2.6305 6.4103 0.2948 0.1282
20 1.786 1.4265 4.9985 0.3573 0.1906 0.1745

16 8 0.7022 1.9692 3.3735 0.2081 0.0415
9 0.8992 | 0.87109 2.6695 0.3368 0.1702 0.0584
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Figure 1: A plot of the dispersion of the Thickness to Diameter Ratio from Table I.

7.3 Suggestions for Future Work

In this PhD research, the focus has been on developing segmentation-based
algorithms for quantitative analysis of CT and MRI images. This included segmenting
and characterizing of the airways in the lung. Such segmentation procedure was
fundamental for further measurements such as airway luminal diameter, bronchial wall
thickness and bronchial bifurcation angle measurements. These measurements are of
critical importance in the understanding of a number of lung diseases including asthma
and COPD. As the approach used here has been shown to be accurate with phantom
studies, further verification of these algorithms using formaldehyde-fixed animal lung
will need to be performed. Further developments of the software can take a number of
possible pathways.

The current algorithm is now only able to trace a part of the bronchial tree. In
other word, this algorithm is only able to track airways which have at most, an angle of
60 degrees to the perpendicular line drawn to the slice plane. Thus the algorithm needs to
be extended in order to segment the entire bronchial tree, where it will be able to perform
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Figure 2: shows the average of deviation of TDR from 1/6 for each case.

additional measurements and statistical calculations. Such an algorithm would need CT
lung data in 3D.

Three other enhancements remain to be implemented:
a. The analysis system could be of much help to the production radiologist with the
display and presentation of calculated luminal characteristics (diameter, wall thickness,
ratio of interest, wall tapering, etc.) on the Apple/Osirix-based working environment used
by practicing radiologists. This needs to be carefully done disrupt the normal working
procedures of the radiologist, which seem to be unique for each radiologist. This is an
interesting and non-trivial study in itself in the field of human-computer interaction
(HCD).
b. An independent study for evaluating the reproducibility of measurements obtained on
the same data at different times by the same radiologist and by multiple radiologists need
to be performed to characterize intra- and inter- observer errors.
c. A third enhancement would be to compare the same subject’s progress in time in
response to a medical intervention in time. Such a development would help the
radiologist track the progress or regression of a disease over time.

For comparing the luminal diameter and wall thickness, a measurement needs to
be taken using the Full-Width at Half-Maximum (FWHM) technique on both, phantom
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and animal lung models. In previous reports, the FWHM method is involved, where
researchers used a fixed threshold and/or manually edit away the casted rays to the
luminal wall. Thus, to minimize the user interaction, it is necessary to modify FWHM
method in order to eliminate the requirement of a fixed threshold or any manual editing.

Following an analysis of results of using the current algorithm using a
histological examination of animal lung, and also by extending the program as described
above, it would be very useful to implement a diagnostic Expert System. This is an
artificial intelligence technique, which implements rules that are used by physicians for
disease recognition. When complete, the user of this expert system will be able to assess
the probability of any specific disease or whether there is evidence of any disease. In both
cases, the expert system should present the logic and list those rules that were used as
well as uncertainty factors.

Following suggestions may be considered for further development of the software
described herein:

a. Implementation and execution of the software in C++.

b. Parallel and clustered computing may be attempted to provide almost real time
feedback to the radiologist in order to expedite his/her diagnosis and increase his/her
productivity.

c. As part of software integration, it is also necessary to provide an ‘easy to use’
interface

d. Reconstructing the lung in 3-D using isometric voxels with new memory
management procedures would enable processing of larger datasets of lung images,
looking for specific disorders.

7.4 Summary

While the current version of the software needs to be validated using histological
examination of a human/animal lung, our results using the phantom combined with the
visual assessment by a radiologist have confirmed its potential in a clinical setting.
Further, the reproducibility of the procedure as applicable to various sets of test data
gives us confidence that the algorithm can be used for inter- or intra- subject comparison
purposes.

The MATLAB environment for implementing and evaluating the present
software, results in much higher run time during execution, which can be shortened by
compiler based languages such as C or C++. But at this step of project, the run time of
algorithm is deemed acceptable for measuring lumen diameter and wall thickness over
one branch or measuring angle for several branches. The bigger the area of the image
being examined, longer it takes to perform segmentation. Currently, it takes 10 to 20
seconds for segmenting the lumen and measuring lumen diameter and wall thickness
(using Apple iMac with 2.33 GHz Dual Intel Core and 3 GB memory). This means that
tracing a branch with 20 slices (0.7mm thickness) takes 3.3 minutes to 6.6 minutes and
measuring an angle takes approximately 7-13.2 minutes. While characterizing the smaller
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airways (after 6™ level of airway branching) the actual time on the sample sets of images
is about 7 minutes to measure the angle.

The development of these tools will allow the user (a senior Radiologist) to
provide logistical support for ongoing clinical trials in Respirology and Thoracic Surgery
at McMaster University. This type of quantitative assessment of a CT examination is
considered by the health care professionals to be an advanced health technology related
to digital imaging. The completed software solution for quantitative analysis of lung CT
has strong potential for commercialization in the future. These systems will be
particularly attractive to picture archiving and communication systems (PACS) vendors
or may be marketable as a plug-in for PACS systems in the future. It is also likely that
quantitative assessment of a CT examination performed on a lung has the potential to
become routine in clinical and research practice in the near future.
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