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Abstract. To reduce the target volume in image-guided radiotherapy it
has been proposed to insert a removable thermo-expandable stent near
the tumor, enabling the use of motion tracking and advanced gating tech-
niques. An algorithm for extracting geometrical data on the airway tree
from CT scans is presented, enabling clinicians to place a stent in close
proximity to a lung tumor. The algorithm segments and skeletonizes the
airway tree using wavefront propagation. Interpolated virtual slices are
placed orthogonal on the skeleton, and the diameter is estimated us-
ing 2-D active contour modeling. The segmentation was compared to
traditional region growing using seven CT scans of human lungs to vali-
date the performance. The diameter estimation was validated using five
phantom CT scans containing known diameters. Validation showed that
wavefront propagation in general segmented a larger extent of the airway
tree than region growing.

1 Introduction

According to the World Health Organization an estimated 1.61 million new cases
of lung cancer are seen each year, making it the most common cancer in the world
and the leading cause of cancer related deaths with an estimated 1.38 million
deaths per year [1].

A commonly used treatment for lung cancer is image-guided radiotherapy,
where CT scans are used to determine the planning target volume (PTV). This
volume takes geometrical variations into account, e.g. respiratory motion, by
adding a margin of up to 5 cm around the clinical target volume that it encloses.
Consequently, a portion of normal tissue is included, making it hard to apply a
conformal high dose to the cancerous tissue [2].

In order to compensate for target motion during radiotherapy, and thereby
reduce the PTV, it is common to use either breath-hold technique, gating, or
active tracking and dynamic delivery, also known as real-time tumor-tracking
radiotherapy (RTRT) [2]. However, breath-holding can be difficult for lung can-
cer patients who often have a reduced pulmonary function, while gating requires
coaching of the patient and a careful assessment of the respiratory motion [3].
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Instead, recent studies have focused on the RTRT technique, in which the
tumor is constantly tracked during radiotherapy using real-time X-rays adjust-
ing the target area accordingly [4]. This can be done by either adjusting the
couch on which the patient is placed, using the multileaf collimator (MLC) or a
combination of both [2].

Various methods have been developed in order to track the tumor. In one
study gold markers were placed near the tumor and tracked using an RTRT
system, which only irradiated the tumor when the marker was within a specified
region [4]. However, image noise and artifacts as well as air cavities and bone
tissue have been shown to reduce the ability to successfully detect gold mark-
ers. New thermo-expandable stent markers have been developed and used for
prostate cancer with the same accuracy as gold markers [5]. These stents could
also be used for lung cancer and placed during bronchoscopy thus reducing the
possibility of pneumothorax, a common complication of gold marker placement
[6].

The aim of this article is to develop a method for accurate diameter esti-
mation of the airway tree from CT data. A simple approach to segmentation of
the airways is the traditional region growing algorithm, which utilizes the sharp
contrast difference between bronchial walls and lumen [7]. However, it is subject
to leaking if the bronchial wall is not continuous in the CT scan, e.g. in minor
airways having thinner walls.

In this paper segmentation is performed using wavefront propagation, which
is similar to region growing. However it is more local since the position of the
wavefront(s) is always known, and thus leaks can be detected and confined with-
out having to terminate the whole segmentation [8, 9]. The algorithm was chosen
based on its robustness to leakage and ability to calculate a skeleton during seg-
mentation [9, 10].

To estimate diameters with sub-voxel precision 2-D active contour modeling
was used in combination with virtual re-slicing and tri-linear interpolation.

In the following the materials and methods used to develop and validate the
algorithm are presented, followed by the results of the validation. Finally, the
methods and results are discussed and a conclusion is made.

2 Materials and Methods

An algorithm was developed performing route planning in CT scans of human
lungs. The algorithm extracts geometrical data in three steps:

1. Segmentation using wavefront propagation.
2. Virtual re-slicing and interpolation.
3. Diameter estimation using 2-D active contour modeling.

The wavefront propagation algorithm returns a segmentation and skeletoniza-
tion of the airway tree. The skeleton is used for re-slicing and interpolation of
the data in order to achieve accurate sub-voxel diameter estimates. The virtual
slices are then used for estimating the diameter of the bronchi using 2-D active
contour modeling.
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2.1 Materials

A total of seven CT data sets were acquired from the Department of Medical
Physics; Oncology and the Department of Respiratory Medicine at Aalborg Hos-
pital for validation of the algorithm. The data ranged from 243 to 545 slices with
a pixel spacing of 0.8008 to 0.9766 mm and a slice thickness of 0.625 to 1.25 mm.
All CT scans had a matrix size of 512 x 512 pixels and a beam energy of 120
kVp.

Table 1. Key parameters describing test data resolution and image quality.

# No. Avg. Pixel Slice

slices tube spacing thickness
current [mml] [mm)]
[mA]
Human
1 545 150.0  0.8008 0.625
2 243 30.2  0.9766 1.25
3 483 116.5  0.8750 0.625
4 463 220.0 0.9453 0.625
5 381 72.9  0.8926 0.625
6 439 35.8  0.9766 0.625
7 409 60.8  0.8320 0.625
Phantom
8-12 64 380 0.6836 2.5

In addition to the CT data sets obtained from patients, a set of test phantom
data from the National Biomedical Imaging Archive (NBTA) [11] was used for
validating the diameter estimation. Each of the phantom CT series contained six
cylinders with a diameter of approximately 3 mm (unknown tolerance). Phantom
data contained 64 slices with a pixel spacing of 0.6836 mm and a slice thickness
of 2.5 mm. For a more detailed description of the data used see Table 1.

2.2 Segmentation

Segmentation was performed using a wavefront propagation algorithm inspired
by earlier implementations [8, 9, 10].

Wavefront propagation is a local version of region growing, propagating one
segment at a time in a certain direction (Figure 1). The algorithm works using
wavefronts, which are propagated in iterations. It is initiated with a threshold ¢
and a seed voxel in the trachea forming the first wavefront. All non-segmented
18-connected neighbors having intensities lower than the threshold ¢ constitute
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the next wavefront, and the centroid of the wavefront is added to the skeleton. To
add robustness to leakage, verification rules are implemented in the algorithm.

Seed point Initial wavefront

%

B D

Wavefront split

Fig. 1. The principle of wavefront propagation. A: The initial seed voxel in the trachea.
B: The initial wavefront propagates in all directions away from the seed voxel until the
trachea wall is reached, splitting the initial wavefront into two distinct connected com-
ponents. C: Propagation of one of the new wavefronts created by the initial wavefront.
The wavefront propagates until it is split at a bifurcation, creating two additional
wavefronts. D: Propagation of the next wavefront further into the airway tree, until it
reaches another bifurcation. The wavefront is then stopped and two new wavefronts
are created. The process is repeated until all segments have been propagated.

Wavefront verification Each new wavefront is verified to determine if it is
expanding too rapidly [8, 10]. The wavefront expansion ratio we,, is calculated
as the ratio between the number of voxels in the new wavefront n {wavefront}
and the initial wavefront n {initial wavefront} of the segment:

n {wavefront }

(1)

If weqyp exceeds the maximum allowed value wegzyp,, .. the newly formed wave-
front is considered a leak and the whole segment is rejected. If a segment is
rejected the threshold ¢ is increased by Ag. The algorithm attempts to regrow
the segment to segment as many airways as possible.

w =
“P " n {initial wavefront}

Segment verification Two verification rules are applied to completed seg-
ments. The first rule assumes child segments to be smaller than their parent
segment [8, 10, 12, 13]. The segment expansion ratio s, is the ratio between
the average number of voxels per propagation from the completed child segment
and the parent segment:

n {child} /N {child}

n {parent} /N {parent} (2)

Sexp =
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where n {child} is the number of voxels in the child segment, and N {child} is
the number of wavefront propagations in the child segment. If s, exceeds the
maximum allowed value sz, .. the completed segment is considered a leak and
discarded, as well as any new wavefronts formed from the segment.

The second verification rule prunes the segmentation, as small and insignifi-
cant segments serve no purpose for the segmentation. Segments formed by only
one or two wavefronts having no child segments are removed.

Post-processing After wavefront propagation is completed the skeleton is op-
timized. A child segment is merged with its parent if the parent segment has
only got one child segment [8].

Finally a diameter is estimated for each segment using the volume and length
of the segment, assuming it to be cylindrical. This information is used later
during interpolation to specify the size of the interpolated plane.

2.3 Virtual re-slicing and interpolation

The next step of the algorithm was to re-slice and interpolate the data based on
the segmented skeleton. This was done for two reasons:

1. The direction of the bronchi is not orthogonal to slices of the CT scan, which
affects the cross section appearance.

2. The size of the bronchi can be as small as a few voxels, which entails very
coarse diameter estimates due to limited image resolution.

Fig. 2. 2-D view of a bronchus with corresponding skeleton. The red line is the normal
vector n of the virtual plane and P, is the current skeleton point and center of the
virtual slice.

To accurately estimate the diameter of the bronchi the cross section must

be orthogonal to the direction of the skeleton. This was ensured by creating a

virtual slice in the CT volume perpendicular to the skeleton. The normal vector

of the plane was calculated as the direction of the skeleton at the center point
(Figure 2):

n=~FP._1— P (3)
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A point on either side of the center point was chosen as the basis for the normal
vector to give equal weight to the curvature of the bronchus around the center
point.

The problem with very coarse resolution of small bronchi still remains. There-
fore tri-linear interpolation of the plane was performed in order to estimate the
diameter at sub-voxel level [14, 15]. An approximate diameter was calculated
during segmentation, and the width of the virtual slice was defined dynamically
as four times the approximate diameter. The interpolation resolution was defined
as 101 x 101 pixels. Figure 3 shows a slice before and after interpolation.

Fig. 3. View of the original slice containing a cross section of a bronchi and the inter-
polated plane normal to the direction of the skeleton. The rotation of the interpolated
image is somewhat arbitrary, and the figures are not the exact same scale.

2.4 Diameter estimation

The bronchial diameter was estimated using 2-D active contour modeling based
on the Chan-Vese formulation [16].

Tree major adaptations were made: Addition of a stop criteria, a contour
validation step, and a diameter estimation function. The stop criteria was de-
signed to exit the iterative process of minimization and return the contour if
the difference in the length of the curve between two consecutive iterations was
below a threshold of one thousandth the width of the virtual slice. Normally the
process would continue a specified number of iterations.

In addition to the stop criteria the segmented contour was validated using
a method first described by Mcnamara et al. [17], in which the airway contour
roundness is determined. This was necessary as the skeleton from the wavefront
propagation may have points placed within bifurcations, which would lead to an
incorrect estimation of the diameter. The ratio d, between the largest diameter d;



FOURTH INTERNATIONAL WORKSHOP ON PULMONARY IMAGE ANALYSIS -14.1-

within the contour and the largest diameter d,, perpendicular to it was calculated
as: J
1
d, = 4, (4)
If d, > 1.5 the contour is discarded as it may be placed within a bifurcation or
an oblique bronchus [17].

Following the validation process the diameter d was calculated assuming a
circle of same circumference as the contour. This decision was based on the
consideration that the bronchi can easily adapt to the circular shape of the
stent. By running the algorithm on all the virtual slices an estimated diameter
of the individual bronchial segments was obtained.

2.5 Validation

Route planning is dependent on the extent of the segmentation and accuracy
of the diameter estimation. The performance and output of the algorithms was
validated as described in the following.

Segmentation The segmentation algorithm was validated both quantitatively
and qualitatively by comparison to traditional region growing [14]. In the region
growing algorithm each voxel was added to the region if the absolute difference
between the voxel intensity and the mean intensity of the region was below a
certain threshold. The threshold was determined automatically for each data set
using the highest threshold not causing excessive leakage.

To assess the degree of similarity between the segmented regions the Dice
Similarity Coefficient (DSC) was calculated. The coefficient is a measure of the
degree of overlap between two regions, and is defined as [18, 19]:

n{AN B} (5)
n{A} +n{B}
where A and B are the sets of segmented voxels using the two algorithms, and
n{A} is the number of elements in set A. Thus DSC is two times the ratio of

the intersecting volume to the sum of the two volumes, and is within the range
[0,1].

DSC =2

Diameter estimation The precision of the diameter estimation method was
examined using five phantom data sets. In each series three cylinders were skele-
tonized as shown in Figure 4 and one cylinder was skeletonized using wavefront
propagation with a manually located seed point.

The first two methods of skeletonization were used to determine how the ac-
tive contour method performs if the extracted skeleton deviated from the ideal
skeleton of the volume. The third skeletonization was created to test the robust-
ness of the diameter estimation method by subjecting it to virtual slices with an
oblique angle caused by the unstructured manual point placement. The fourth
skeletonization was made in order evaluate the performance in the practical
application.
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A \
Skeleton placed
on the axis J
B \
Skeletondis- \ "7
placed from axis /
C .
Skeleton placed\ """
manually °

Fig. 4. Side and end view of the three types of skeletons placed within the hollow
cylinders. A: Five consecutive points on the axis of the volume. B: As in A, but dis-
placed from the axis. C: Five points manually selected with the intention of creating
an unstructured skeleton.

3 Results

3.1 Segmentation

The developed segmentation algorithm was compared to a traditional 3-D region
growing algorithm. Results from the quantitative validation of the segmentation
algorithm are shown in Table 2. The values for wavefront propagation were
obtained using ¢t = —820 HU, wezp,,.. = 2.8, Seap,a., = 1.5, Ag = —10 HU,
which yielded the best results.

Table 2. Segmented volume of each image sequence using adaptive region growing
(RG) and wavefront propagation (WP). The increase in volume using wavefront prop-
agation compared to region growing and Dice Similarity Coefficient (DSC) is also listed.

# Vol. (RG) Vol. (WP) Increase DSC

[mm3] [mms]

37,889 46,814 23.6% 0.893
31,599 36,617 15.9% 0.926
38,748 57,581 48.6% 0.804
55,450 55,092  —0.6% 0.986
22,283 30,667 37.6% 0.821
29,913 27,394  —8.4% 0.945
25,983 35, 286 35.8% 0.847

N O Ot W N

The results show a positive correlation between tube current (~ dose) and
segmented volume (correlation 0.80 using region growing; 0.87 using wavefront
propagation).
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During the qualitative validation three major areas were found in which the
region growing and the wavefront propagation differed. These were:

— Spongy holes in the segmentation (false negatives on voxel level).
— Leakage into the lungs (false positives).
— Missed bronchi (false negatives on branch level).

Segmented regions are shown in Figure 5.

Wavefront propagation completed in a median time of 21.3 seconds (min 11.2
seconds, max 45.2 seconds) per CT scan using a 2.2 GHz Intel Core 2 Duo 64
bit system having 4 GB 667 MHz DDR2 RAM.

3.2 Diameter estimation

Results of the validation are shown in Table 3. One diameter estimate was dis-
carded from the manual skeleton by the validation step of the algorithm. The
active contour diameter estimation completed in a median time of 537.4 seconds
(or 8.96 minutes) per CT scan (min 5.00 minutes, max 18.33 minutes) using the
same system as during wavefront propagation.

Table 3. Results from validation of diameter estimation using active contours. The
method was applied to the four skeletons; ‘Axis’, ‘Displaced’, ‘Manual’ and ‘Wavefront’,
of which the later is the skeleton created during wavefront propagation. Values in
millimeters. Correct diameter was approximately 3 mm. *One estimate removed by
ACM validation.

Axis Displaced Manual Wavefront

Mean 3.32 3.20 3.12x% 3.09
STD 0.02 0.12 0.07 0.11

4 Conclusion

The ability to automatically segment and calculate the dimensions of the airway
tree may prove to be a valuable tool for stent placement and choosing the cor-
rect stent size, enabling planning target volume reduction within image-guided
radiotherapy of lung cancer.

Results showed that wavefront propagation provided a fast segmentation
and skeletonization of the human airway tree in seven CT image series. Also,
the estimation of the bronchial diameters using 2-D active contour modeling
proved to be a reliable method when applied to phantom CT scans with known
dimensions, and proved to be robust to imperfections in the skeleton.
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Fig. 5. Results from segmentation of the seven human subjects using region growing
and wavefront propagation. Blue denotes areas segmented by both algorithms, green
denotes areas segmented only by wavefront propagation, and red denotes areas seg-
mented only by region growing.
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