Hybrid Segmentation and Exploration of the Human Lungs

Dirk Bartz!, Dirk Mayer?, Jan Fischer!, Sebastian Ley?, Anxo del Rio', Steffi Thust?, Claus Peter Heussel?,
Hans-Ulrich Kauczor?, and Wolfgang StraBer®

Visual Computing for Medicine Group and >WSI/GRIS

Eberhard-Karls-University Tiibingen
Tiibingen, Germany™

(a) (b)

2Department of Radiology
Johannes-Gutenberg-University Mainz
Mainz, Germany '

(d)

Figure 1: Results of three segmentation stages: (a) Region growing, (b) 2D wave propagation, (c) 2D template matching, (d) final segmenta-
tion result after six iterations, taking about 76s on a PC with a P3 @ 850 MHz.

Abstract

Segmentation of the tracheo-bronchial tree of the lungs is notori-
ously difficult. This is due to the fact that the small size of some of
the anatomical structures are subject to partial volume effects. Fur-
thermore, the limited intensity contrast between the participating
materials (air, blood, and tissue) increases the segmentation diffi-
culties.

In this paper, we propose a hybrid segmentation method which
is based on a pipeline of three segmentation stages to extract the
lower airways down to the seventh generation of the bronchi (start-
ing with the trachea as generation zero, with decreasing sensitivity).
User interaction is limited to the specification of a seed point inside
the easily detectable trachea at the upper end of the lower airways.
Similarly, the complementary vascular tree of the lungs can be seg-
mented. Furthermore, we modified our virtual endoscopy system
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to visualize the vascular and airway system of the lungs along with
other features, such as lung tumors.

CR Categories: 1.3.7 [Three-Dimensional Graphics and Realism]:
Virtual Reality; 1.3.8 [Application]: Virtual Medicine’ J.3 [Life and
Medical Sciences]: Pulmology, Radiology’
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1 Introduction

The human body consists of several organ systems which control
the numerous body functions. Among them are the metabolism, the
circulation of the blood and other body fluids (ie., lympathic fluids),
and the respiratory functions. The latter one transports air into the
body (inhaling) and removes exhausted air from the body during
the exhale. The exchange of the air takes place in the lungs, which
are a complementary system of airways and blood vessels. Both
systems are supplied through large pipe-like structures which split
successively into smaller ones, thus creating the tracheo-bronchial
(airways) and blood vessel tree.

The tracheo-bronchial tree is connected to the outside through
the trachea which splits into the main bronchi (left and right lungs)
at the main bifurcation. The inhaled air is distributed through the
bronchial tree down to the alveoli where the oxygen/carbon-dioxide
exchange between air and blood takes place. The exhausted air
(enriched with carbon-dioxide) is then transported back up to the
trachea during the exhale. The tracheo-bronchial tree is comple-
mented by a system of pulmonary venous and arterial blood vessels



which transports the blood to and from the heart into the lungs.

Several pathologies can jeopardize a sufficient lung function.
Among them are tumors, pulmonary embolism, collapse of the
lungs (atelectasis), pneumonia, emphysema, asthma, and many
more. For a proper diagnosis and treatment, the respective patholo-
gies need to be identified and in some cases quantified. In the case
of lung-surgery, this information is necessary for the intervention
planning where the anatomical relation of diseased bronchi to non-
diseased areas is required pre-operatively, ie. to provide a safe dis-
tance to essential structures and to determine resectability. In these
cases, a representation of the vascular structures is in particular use-
ful to represent the spatial and functional relationship in the target
area. Another example is modeling and simulation of inhaled ther-
apies where the exact amount of drug deposition in the lungs is
investigated [3].

The current gold-standard to identify the respective lung
parenchyma and airways is computed tomography (CT) that is per-
formed prior to a bronchoscopy, a tool for inspections of the trachea
and central bronchi and deriving tissue samples. Due to the re-
cent technical development improving resolution and scan velocity,
multi-slice CT — in connection with virtual bronchoscopy — became
a promising alternative to bronchoscopy, if tissue samples are not
required. This is amplified by the fact that optical bronchoscopy is
limited by smaller, lower airways (third generation and up) or by
obstructions. Nevertheless, even smaller structures of the lower air-
ways are extremely difficult to segment from CT datasets, due to
leakages, caused by the notorious partial volume effect and due to
the lack of sufficient contrast to surrounding tissue or air. However,
note that the clinical benefits of virtual bronchoscopy are in princi-
ple limited to the data acquisition techniques; features that cannot
be detected by it (here multi-slice CT), can also not be exposed by
virtual bronchoscopy. In particular the lack of texture and other de-
tailed information of the mucosa and possible motion artifacts due
to swallowing limit the ability to detect tumors.

In this contribution, we introduce a hybrid segmentation method
which is based on a pipeline of three segmentation stages to extract
the lower airways up to the seventh generation of the lungs, starting
with the trachea as generation zero. User interaction is limited to
the specification of a seed point inside the easily detectable upper
airways'. Similarly, the complementary vascular tree of the lungs
can be segmented. Furthermore, we modified our virtual endoscopy
system [2] to visualize the vascular and airway system of the lungs
along with other features, such as lung tumors, from an endoscopic
point of view.

In the following parts of this paper, we briefly review related
work in the fields of virtual bronchoscopy and segmentation of the
airways in the next section. Afterwards, we will introduce the hy-
brid segmentation method, including all its pipeline stage in Sec-
tion 2.1. After briefly describing the modified virtual endoscopy
system (Section 2.6), we present our results and an evaluation of
the segmentation quality for a diverse set of datasets from healthy
subjects, and subjects who are suffering from diseases of the lungs
(Section 3). Finally in Section 4, we present some conclusions and
point to future research directions.

1.1 Related Work

Virtual endoscopy is currently one of the most popular research
fields in medical imaging and is slowly moving into the clinical
routine. Considering the extensive work developed in the last years
on the field of virtual endoscopy, here we will limit ourselves to
describe only that work which is directly related to virtual bron-
choscopy.

The application of virtual endoscopic techniques to the airways,
has been proposed since 1994 [16, 12]. Typically it uses helical

!Other parameters are pre-defined and can be modified by the users.

CT as imaging modality which provides short acquisition times and
thus minimizes the motion artifacts due to breathing and heart beat-
ing [14]. The rendering of the volumetric data can be performed
through two common ways: shaded surface rendering (polygonal
rendering) and (direct) volume rendering [13]. For shaded surface
rendering, a polygonal representation of the surface must be ex-
tracted from the volume data. Most of the approaches to virtual
endoscopy in general and virtual bronchoscopy in particular, make
use of threshold-based region growing methods as basic segmen-
tation technique to obtain the surface voxels [15, 13, 11, 4] Once
the surface has been identified, the polygonal representation is gen-
erated with the Marching Cubes algorithm [10]. However, with
these techniques and due to the complexity of the bronchial struc-
ture, only the upper bronchi could be properly segmented [15]. Law
and Heng [9] use a combination of region growing and centerline
extraction to enhance the understanding of the 3D structure of the
bronchial tree. More recently, Kiraly et al. [7] use a combination of
an adaptive 3D region growing, 2D mathematical morphology, and
an optional 2D median filter for increasing the robustness of the
segmentation algorithm while improving the quality of the results.
Also recently, Kitasaka et al.[8] used a regular region growing ap-
proach and controlled leaking and bifurcation problems by a com-
plex use of local volume of interest templates that limit the region
growing area.

In contrast, Rodenwaldt et al. [14] adopted a different approach
for the reconstruction of the 3D surface from CT data. They use the
“Navigator” software program (GE Medical Systems, Buc, France),
which employs a threshold-based modified ray casting technique to
determine and render the walls of the inner lumen. Also Fung and
Heng [5] use direct volume rendering through ray casting for their
virtual bronchoscopy application. They argue that direct volume
rendering has the advantage that no information present in the orig-
inal data is discarded during a segmentation process. However it
comes at the cost of requiring intensive parallel rendering in order to
provide interactive frame rates. A different alternative is presented
by Wegenkittl et al. [17] where an image based rendering tech-
nique is used, based on cubic environment mapping of six video se-
quences. Although this method produces real time frame rates with
a considerable image quality, it is restricted to navigation through a
fixed path and presents high pre-processing requirements. During
this time intensive pre-processing, the video sequences are com-
puted either using shaded surface rendering, or volume rendering
techniques. A further overview of existing visualization techniques
applied to airway diseases can be found in [6].

2 Methods for Virtual Bronchoscopy

The segmentation and visualization is based on CT data acquired
by a Siemens Somatom Volume Zoom multi-slice CT scanner (ac-
quires four spirals at a time, convolution kernel 50, collimation of
1.25mm and increment of 1mm). It typically generates for a thorax
exam a stack of 250-300 images with a matrix of 512 x 512 pixels
resolution and a spacing which varies in the sub-millimeter range
(i.e., 0.6mm - 0.7mm) for the pixel distance and 1mm for the slice
distance. Based on this dataset, we segment the tracheo-bronchial
and the blood vessel tree of the lungs using the segmentation sys-
tem SegoMeTex, and other structures of interest (ie., a tumor), if
available.

Subsequently, we reconstruct the inner surface of these structures
and generate other data-structures needed for virtual endoscopy. Fi-
nally, we explore the dataset by a virtual bronchoscopy procedure
using the VIVENDI system [1].



2.1 Segmentation

The segmentation pipeline consists of three stages (Fig. 1 and
Fig. 2). In the first stage, the trachea and central bronchi are seg-
mented using standard 3D region growing methods.
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Figure 2: Segmentation pipeline.

Partial volume effects and limited resolution of the CT scan
(which essentially cause this effect) render this method as not sat-
isfactory for segmentations of further generations of the bronchi,
since bordering voxels cannot be sufficiently differentiated from
tissue voxels®. Therefore, a 2D wave propagation is initiated to
complete the upper and central branches. Finally, a 2D template
matching procedure is used to segment small lumen, which might
be only a single voxel large. A feedback loop of the whole pipeline
repeats the stages until no meaningful additions could be made to
the previous segmentation (Fig. 2). Figure 1d shows the final re-
sults of five iterations. However, some datasets might require up to
15 iterations.
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Figure 3: Logarithmic histogram of CT dataset.

If we analyze the histogram of the CT dataset of the thorax, we
can differentiate the intensity values in the voxels into three cate-
gories (Fig. 3). All values below -950 HU (Hounsfield Units) can
be classified as definitely airway, and the intensity values above
-775 HU as non-airway. All voxels values between this isovalue
interval (from -950 HU to - 775 HU) can possibly belong to airway,
thus they are classified as uncertain.

Based on this analysis, the 3D region growing algorithm extracts
all voxels which are definitely airway, starting at the seed point in
the trachea. To prevent the leaking into the parenchyma of the lungs
in smaller airways (ie., in emphysema), we use a masking tech-
nique from texture analysis; if the average gray value of a3 x 3 x 3

2The partial volume effect is averaging low intensity air values with mid-
dle intensity bronchi wall or tissue values. The resulting voxel value cannot
safely classified as airway or wall.

voxel cube centered at the current voxel is within the save range
(below -950 HU), we consider this voxel as being part of the air-
way. Otherwise, the respective voxel is not classified as airway in
this stage. While this masking technique prevents leakage, it also
impedes the segmentation of smaller bronchi. However, we usually
accomplish the segmentation of the bronchial tree up to the fifth
generation, whereas the bordering voxels are often not included,
since their voxel values belong to the uncertain voxel value interval
(see Fig. 1a/b and Fig. 4).

In the second iteration of the segmentation pipeline, the 3D re-
gion growing algorithm runs with the same threshold on the border-
ing voxels of the previously selected voxels.

2.3 2D Wave Propagation

Starting from segmented voxels of the previous step, 2D wave prop-
agation tries to reconstruct bronchi walls within a single CT slice. It
starts at each boundary voxel of the airway voxels from 3D region
growing and propagates waves to detect the walls of the bronchi
(Fig. 4b). Voxels at position X in the uncertain areas are classi-
fied by fuzzy logic rules that consider the density value V(X) (in
Hounsfield) , the largest local N4 neighborhood (in 2D) gradient
G(X), and if voxels in the local N4 neighborhood are already clas-
sified as wall pixels (no airway) in a previous wave W(X):

fwave(X) :CU*V(X)+Cg *G(X)+Cw*W(X), (1)
with cy, =1,¢g =1,y = 0.75.

where V(X) and G(X) are mapped into the closed interval [0.0,
1.0], and W(X) is either 1 — if there is a classified wall pixel in the
N4 neighborhood — or 0 — otherwise. Essentially, if fuave(X) >
cwall, the voxel is classified as wall’.

Critical to the wave propagation is the evaluation of the classi-
fied airway areas, if they really belong to the airways. To achieve
this goal, the additional voxels segmented by each wave are moni-
tored by a protocol that verifies the shape and size of each bronchus
candidate, using a set of default parameters (Fig. 4b). As metrics,
we count the number of voxels selected by the n waves propagat-
ing within a plane (BP.S,, for BronchusPlainSize). Furthermore,
we define the wave diameter (W D,,) of the current wave n as the
number of selected voxels of wave n.

Segments of the tracheo-bronchial tree are identified by se-
quences of as airway classified voxels in a wave. Figure 4b shows
two sequences marked by the red points, thus depicting a bifur-
cation. The shape rules essentially assume that no wave detects
segment splits in more than two subsequent segments at a bifurca-
tion. A third segment (of not yet selected voxels) in one 2D wave
propagation test (in one slice) is henceforth considered as leakage
into the lungs and is considered invalid. At each bifurcation, the
segment identification process starts again recursively.

As closer examination of the datasets showed, two very close
bifurcation were never located close enough to be detected as a third
segment by the 2D wave propagation, thus they were not falsely
identified as leakage.

WDy > dmas @
WDn/Wanl > dWDTati,o (3)
BPS, > dsize )

The size rules limit the growing of the wave propagation. If the
diameter of a bronchi candidate exceeds a certain size (Equation 2),
or if the wave diameter is increasing too fast from the previous wave
(Equation 3, see also black points in Fig. 4b), the respective seg-
ment recursion is terminated and the results are considered invalid.

3Typically, copqy = 1.74.



Figure 4: Completion of bronchi walls; (a) shows the result of the 3D region growing (blue). The green rectangle marks the zoomed area
shown in (b). (b) shows the wave propagation in progress. The cyan boundary voxel is chosen as starting point. The yellow circles mark the
propagated waves and the red points mark the airway candidate voxels. The black points failed the leaking test, since the number of voxels
of that wave was increasing too fast. (c) shows the completion of that segmentation by 2D wave propagation (red). The voxels (within the
body) in the iso-range of definitely airway are marked in blue, of the uncertain range in black/grey, and of the no airway range in white.

Furthermore, if candidates grow spontaneously (while shrinking
before) or the overall in plane voxel size BP.S,, of the candidate
becomes unrealistically large (Equation 4*), the recursion is again
terminated and the results are set invalid. All invalid wave propa-
gation results are removed from the segmentation.

To follow a bronchus through several slices, virtual waves are
propagated in neighboring slices. If one of these virtual waves is
similar to the shape and size of the wave propagation in the current
slice, another recursive wave propagation in the neighboring slice
is initiated.

Similar to the first step of the pipeline, 2D wave propagation
uses almost the same parameters in the subsequent iteration; only
the peripheral bronchi diameter is reduced since the lower airways
(higher generations) only grow smaller.

2.4 2D Template Matching

Without the used careful validity testing, the previous two stages
would leak into the surrounding area, if the airways become too
small to be picked up, in particular in areas where the airways might
have the size of only one voxel. To select these voxel, but still pre-
vent the leaking, we apply a 2D template matching technique which
evaluates the candidate area below templates with the isovalue cat-
egory uncertain (between

-950 HU and -775 HU). This stage is organized in two steps; the
first steps establish templates that are used in the second step to
evaluate the local voxel neighborhood.

First, 2D template matching applies 2D region growing starting
from the boundary voxels of the previous segmentations (Fig. 5).
The thresholds are varied — from the upper threshold of the un-
certain isovalue interval (-775 HU) — until the number of selected
voxels is below the critical limit (ie., 35 voxels), since it can be as-
sumed that they did not leak out. Based on this selected voxel area,
circular templates of varying sizes are generated.

In the second step, the templates are used to limit the area where
we again apply 2D region growing with the original threshold. By
moving the templates over the local area, we generate various seg-
mentation candidates (see Fig. 5b-e) which are again evaluated by a
set of fuzzy rules. This time, we consider the average density value
V(X)) (as large as possible) of the template area and the (largest

4We use dmaz = 6.1mm, dwp = 1.75, dsize = 500mm?

ratio

possible) average gradient G(X) to the surrounding voxels in the
N8 neighborhood (within a single slice). The best possible result is
then selected and added to the segmentation (Fig. 5f and Fig. 1d).

ftemplate (X) =Cave * V,(X) + Cgrad * G(X), 5)
with cave = 0.25 and cgrqq = 0.75.

Here, V'(X) is mapped from [-1024,-775] to [1.0,0.0]°, and
G(X) is mapped into the range [0.0, 1.0]. Illustratively, this means
that accepted candidates have a low average density value and a
high boundary contrast. The candidate with the largest fiempiate >
0.7 (Eqn. 5) is accepted as airway (Fig. 5f and Fig. 1d).

However, if the size of the template controlled area is larger than
twice as much as for the previous slice, a leak-out is assumed, thus
the area of the current slice is assumed invalid.

In the subsequent iterations, voxels which have already been
unsuccessfully tested for inclusion, are excluded from template
matching. This is mainly to save time — 2D template matching is
the single most time consuming stage of the segmentation pipeline
— and they usually do not contribute in later iterations.

2.5 Segmenting Blood Vessels

To segment the blood vessels, we are using the same three stage seg-
mentation pipeline, based on a dataset that was scanned while in-
jecting a iodine-based contrast agent to enhance the contrast of the
blood filled vessels to the neighboring tissue. In addition, the lower
(definitely airway) and upper (no airway) thresholds are adapted
to the intensity values of the contrast agent filled blood vessels (130
HU, 250 HU).

Similar to the tracheo-bronchial tree, the pulmonary artery tree
has the tendency that its diameter is decreasing while descending
to the arteriole level of the arterial tree. If the segmentation pro-
ceeds to the complementary venous vessel tree, the diameter will
increase again, triggering the leakage detectors of the segmentation
pipeline. Thus, only the arterial tree is segmented. However, the
varying quality of the contrast agent distribution in the blood ves-
sels causes also a varying quality of its segmentation. Therefore,
no fixed Hounsfield thresholds — in contrast to the airway segmen-
tation — can be used; they need to be adapted to the specific datasets.

5Thus, the value range is reversed.
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Figure 5: Template matching: (a) shows a peripheral airway. 2D seeding is started on pixels of the category uncertain. The result is marked
blue (b). From there the seeding area templates (white polygon with black dot pattern) are formed and tested on different locations around
the seeding. The seeding is repeated on the category airway and template (marked by a pattern, (c) to (e)). (f) shows the best result after the

classification.

Furthermore, additional manual editing may be required to achieve
the necessary quality (see also Section 3 and Fig. 8c).

2.6 Virtual Endoscopy

Based on the generated segmentation, we reconstruct the iso-
surface of the segmentation (see Fig. 7¢) using the standard March-
ing Cubes algorithm [10]. Here we use the segmentation as a tem-
plate to restrict the iso-surface extraction to the volume cells that
contain segmented voxels. However, the direct reconstruction from
a (binary) segmentation can result in a bumpy appearance, caused
by interpolation artifacts due to high density differences between
the voxels of the segmentation and the not selected surrounding
voxels. Therefore, we add one layer/shell of voxels to the bound-
ary voxels of segmentation that reduces this effect. The application
of more continuous distance fields can further reduce this effect.
However, it might also reduce reconstructed segmentation details.
In some cases (ie., 7th generation bronchies in Fig. 7¢), this can
result into holes that are clearly visible from the outside, but negli-
gible for most of the interior viewpoints. A fall-back to the binary
segmentation template can reduce this artifact.

For the virtual endoscopic exploration, we use the reconstructed
models (ie., tracheo-bronchial tree and pulmonary blood vessel
tree) and render those independently. Usually, we assume a view-
point inside a bronchi, hence we render its surface semi-transparent
and the pulmonary vessels opaque. However, we can also assume
a viewpoint inside the blood vessels. Consequently, the trans-
parency parameters would be switched. Independently from the
chosen viewpoint location, the enclosing structure is rendered semi-
transparent, while the outside structure should be rendered opaque.
Note that also other structures (i.e., a tumor) can be added to the
scene. In this case, the rendering parameters need to be chosen
accordingly.

To determine the visibility of the scene components (tracheo-
bronchial tree, pulmonary arteries, and tumor(s)), we render the
front-to-back sorted opaque components using visibility driven ren-
dering algorithm as described in [1], where we use an octree-based
scene decomposition to organize the scene in hierarchical octree
blocks, in which the leaf blocks contain the actual scene geometry
(see Fig. 6 and Table 1). Finally, the semi-transparent component —
usually the tracheo-bronchial tree — is rendered. If we use the men-
tioned visibility driven rendering for this component, we trade off
rendering quality® and rendering speed [2].

For the actual virtual bronchoscopy, we start in the trachea
(Fig. 7a) and traverse the tracheo-bronchial tree (Fig. 7b) to the tar-
get region of interest. Interesting structures or pathologies can be
documented for further evaluation. As we will show in the next sec-
tion, we traverse the tracheo-bronchial tree and see the pulmonary
arteries and a tumor of the lungs (Fig. 8).

We choose an indirect volume rendering technique for our visu-
alization component due to the required high sustained, full quality
rendering performance of more than 30fps. Therefore, we did not
use any mesh reduction approach, but visibility driven rendering.

For the same reasons, we opted against a direct volume render-
ing approach that might be able to generate higher quality images.
A texture-mapping-based volume rendering approach will also en-
counter severe memory problems, since the label (segmentation)
volume and the volume dataset itself are required for the proper
rendering. Finally, note that in contrast to a common misconcep-
tion, we still need a segmentation pipeline for the successful seg-
mentation of the structures of interest; a classification by (multi-
dimensional) transfer functions is not able to differentiate between
the low intensity airways, the empty space between the airways in

The occlusion culling part of the visibility calculation assumes opaque
rendering. If we nevertheless render components semi-transparent, we will
experience minor popping artifacts [2].



Figure 6: Reconstruction of iso-surface of dataset 2. The different
octree leaf blocks are coded in different colors.

the lungs, and the space outside of the body.

3 Results

The segmentation method was successfully tested on datasets from
22 patients (approximately 20000 dataset slices), who were sepa-
rated into three groups of normal subjects (n=8), emphysema (n=5),
and lung diseases with increased density, such as pneumonia (n=9).
The results of the segmentation were compared to segmentations
using only the threshold/region growing method — which is still
the widely used state-of-the-art for segmentation of the tracheo-
bronchial tree — and assessed by an experienced chest radiologist,
who also identified false positive segmentation results’.

The reliability of the segmentation is statistically measured by
the sensitivity and the positive predictive value. The sensitivity
describes the reliability that bronchi branches are found (found
bronchi branches / existing bronchi branches detected by the radiol-
ogist). In contrast, the positive predictive value (PPV) describes the
accuracy that only existing branches are detected by the segmenta-
tion pipeline (found bronchi branches / (found bronchi branches +
found false positive bronchi branches)). Therefore, one can inter-
pret the PPV as the specificity (which describes the reliability that
negative cases are detected as negative) of leaked (invalid) bronchi
branches.

The presented hybrid segmentation method identified bronchi up
to the fifth generation with a sensitivity of more than 85%, up to
the sixth generation with a sensitivity of more than 58%, and a

7Usually, an experienced radiologist can identify the tracheo-bronchial
tree up to the eighth generation.

PPV of more than 90%. Beyond the sixth generation, the sensi-
tivity drops just below 30%, while the PPV maintains its high level.
For emphysema patients, the PPV was slightly reduced due to the
damage of the alveoli which increased the leakings into false pos-
itive branches. For pneumonia patients, the sensitivity (and to a
smaller extent the PPV) are significantly reduced compared to the
other datasets. This is due to the increased density in the airways
which increases the difficulties of tracking the inner surface tremen-
dously.

While almost all parameter (propagation diameter, etc.) are pre-
specified — except the seed point —, they can be optimized for indi-
vidual datasets. However, the segmentation result is only slightly
improved compared to the “standard” setting. We consider this as
stability feature of our segmentation approach.

Two of the segmentation pipeline stages are working only on in-
dividual slice images. Consequently, the identification of structures
which grow orthogonal to the slices is not always possible in the
same iteration. As it turns out, however, the masked 3D region
growing of the next iteration — followed by the other 2D pipeline
stages — is able to compensate for this effect. As noted before, usu-
ally five to seven iterations are sufficient for a segmentation of the
tracheo-bronchial tree which is usable in our application context.
Only in few cases — ie., like the previously mentioned pathological
cases —, the algorithm requires up to 15 iterations. Overall, a typ-
ical segmentation process takes between 20 and 100 seconds on a
PC with an Intel PIII CPU running at 850MHz. A breakdown of
this this time can be found in Table 1.

Model Complexity # Polygons # Octree
Leaf Blocks
Tracheo-bronchial Tree 1,148,032 222
Pulmonary Artery Tree 822,906 116
Segmentation Pipeline Time | # Voxels [%]
Masked 3D Region Growing 3% 70
2D Wave Propagation 11% 27
2D Template Matching 86% 3
Total Segmentation Costs 76s 100
Rendering Performance fps
Opaque Display 53
Transparent Display 36

Table 1: Breakdown of typical scene complexity, segmentation and
rendering costs (dataset 1). Note that due organizational reasons
the timings for the segmentation were generated on a PC with a P3
@ 850 MHz, while the rendering was performed on a PC with a P4
@ 2.8 GHz.

The iso-surface extraction for dataset 1 (shown im Figure 7) gen-
erated 1.1M triangles for the tracheo-bronchi tree and 822K trian-
gles for the pulmonary artery tree (Table 1). In contrast, the polyg-
onal complexity of the dataset 2 (Figure 8) is significantly smaller,
mostly due to less refined segmentation result in the upper genera-
tions; the tracheo-bronchi tree consists of less than 300K triangles,
the pulmonary artery tree of 340K triangles, and the tumorofonly
44K triangles. Since we successfully apply a visibility driven ren-
dering approach (Section 2.6), we achive a sufficient rendering per-
formance of the full resolution polygon models.

After the segmentation, we explored a subset of the 22 datasets
interactively (more than 30fps on a standard PC?, see also Table 1)

8In the full opaque mode, a Linux PC equipped with an P4 CPU running
at 2.8GHz and an ATI Radeon 9700Pro graphics accelerator rendered more
than 1.1M triangles (tracheo-bronchial tree is visible only) at 53fps. In the
semi-transparent mode, it achieved 36fps rendering the tracheo-bronchial
and the pulmonary artery trees of almost 2M triangles. All geometry is
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Figure 7: Virtual endoscopy of dataset 1: (a) View in trachea down to main bi-furcation, (b) approximately the seventh generation of the
lower airways, mainly segmented by 2D template matching. The diamond shape interpolation artifacts are due to high zoom factor in this
close-up. They are very typical for Marching Cubes reconstructed iso-surfaces close to the dataset resolution (c) shows an annotated outside
representation with the tracheo-bronchial tree (grey) and pulmonary arteries (red) from a view behind the patient body (left image side is left

patient side).

using the virtual endoscopy software [1]. The exploration exposed
a high quality reconstruction, even of small structures throughout
the dataset. In Figure 7, we show two snapshots from a regular
virtual bronchoscopy. The left image (Fig. 7a) shows the endo-view
from the trachea looking down to the main bifurcation, where the
tracheo-bronchial tree splits into the left and right lungs. Figure 7b
shows the limits of the currently possible segmentation; the virtual
endoscope is located approximately in the seventh generation of the
lower airways. Due to the high zoom-factors, the typical diamond-
shape interpolation artifacts of trilinear interpolation on the voxel
cell grid are exposed. Blood vessels were visualized to provide
more context information (Fig. 7c).

In Figure 8, we show a more complex situations, where the sur-
rounding arterial blood vessels are visible through the inner surface
of the tracheo-bronchial tree. Figure 8c shows a tumor in the right
lung in green. At the same time, poor contrast and beam hardening
artifacts of the voxels of the pulmonary arteries expose segmen-
tation difficulties; the blood vessel tree is only incompletely seg-
mented ((Fig. 8c).

4 Conclusions and Future Work

In this contribution, we discussed a novel segmentation algorithm
which consists of a pipeline of three segmentation stages. The
segmentation results were combined with VIVENDI, a virtual en-
doscopy system to provide a (virtual) bronchoscopic exploration
mode. Based on a high-quality segmentation, meaningful features
could be visualized. Whereas the segmentation provided good re-
sults for a large variety of patients, it encountered problems iden-
tifying all airways with pneumonia patients, or pulmonary blood
vessel structures.

Virtual bronchoscopy is a valuable tool for the localization and
measurement of stenosis for treatment planning. However, mild
stenosis, submucosal infiltration, and superficial spreading tumors
cannot be identified, since they are usually not picked up by the

arranged in triangle strips, compiled in OpenGL display lists.

CT data, and hence they are not visualized through the virtual en-
doscopy system.

Future Work

Future work will focus on the extension of the last two pipeline
stages into 3D. While we do not expect a better segmentation result,
3D operations will reduce the number of required iteration steps,
thus it will reduce the required time. Furthermore, we are looking
into improving the stability of the algorithms for datasets with poor
tissue contrast, like the blood vessels in Figure 8.
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