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Owing to the rapid development of scanner technology, thoracic com-
puted tomography (CT) offers new possibilities but also faces enor-
mous challenges with respect to the quality of computer-assisted diag-
nosis and therapy planning. In the framework of the Virtual Institute
for Computer Assistance in Clinical Radiology cooperative research
project, a prototypical software application was developed to assist the
radiologist in functional analysis of thoracic CT data. By identifying
the anatomic compartments of the lungs, the software application en-
ables assessment of established functional CT parameters for each in-
dividual lung, pulmonary lobe, and pulmonary segment. Such region-
based assessment allows a more localized diagnosis of lung diseases
such as emphysema and more accurate estimation of regional lung
function from CT data. With close cooperation between computer sci-
entists and radiologists, the software application was tested and opti-
mized to achieve a high degree of usability. Several clinical studies were
carried out, the results of which indicated that the software application
improves quantification in diagnosis, therapy planning, and therapy
monitoring with respect to accuracy and time required.
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Introduction
The advantages of three-dimensional (3D) recon-
struction and visualization for pulmonary com-
puted tomography (CT) were outlined by Rubin
et al (1) a decade ago. Since that time, there has
been enormous progress in image quality, mainly
due to the advent of multidetector CT scanners.
The introduction of four-section CT was a break-
through for thoracic CT because this scanner
technology allowed, for the first time, the perfor-
mance of isotropic CT volume scans in a single
breath hold (2). Comparable substantial progress
is now being made in the field of cardiac CT by
the 16-section scanner technology (3). Particu-
larly in thoracic CT, this improvement in spatial
resolution results in a large number of sections,
which are difficult for a radiologist to read within
an acceptable time. On the other hand, the reso-
lution achieved in thoracic CT allows the applica-
tion of high-precision 3D image analysis tools to
thoracic CT data.

The progress in image quality has an impact on
a number of applications in thoracic CT, for ex-
ample, evaluation of the tracheobronchial tree,
assessment of diffuse lung disease, and more ac-
curate prediction of pulmonary nodule volume
and growth, as described in reference 4. These
improvements in imaging of airways, pulmonary
and systemic vessels, and lung nodules combined
with the application of image processing tech-

niques yield substantial progress in diagnostic
imaging of the lung (5). A collection of various
lung diseases imaged with multidetector CT is
shown in reference 6.

Because of the rapid development of scanner
technology, thoracic CT offers completely new
possibilities but also faces enormous challenges
concerning the quality of computer-assisted diag-
nosis and therapy planning. In the framework of
the German VICORA (Virtual Institute for Com-
puter Assistance in Clinical Radiology) research
collaboration (7,8), applications were developed
that offer solutions in the following areas of tho-
racic CT: (a) improved CT-based functional di-
agnosis with quantitative CT parameters for each
lobe and segment and methods for quantification
and classification of emphysema, (b) examination
of large data sets by means of anatomically ad-
equate 3D visualization techniques, and (c) fol-
low-up of tumor therapy by volumetric quantifi-
cation of tumors and temporal registration. These
functionalities are implemented in two new pro-
totypical applications: MeVisPULMO for func-
tional analysis of pulmonary CT data and Pul-
moTREAT for allowing therapy monitoring in
metastatic lung disease.

In this article, we discuss the motivation for the
development of MeVisPULMO, describe the use
of MeVisPULMO, and provide the results of
evaluations of MeVisPULMO. The Pulmo-
TREAT application will be presented in the next
issue of RadioGraphics.

Motivation
Recent multidetector CT devices allow improved
and more detailed imaging of lung tissue. Exami-
nations of the lung parenchyma are frequently
performed with a section thickness of 1 mm and
approximately isotropic voxels, resulting in a large
number of images. Imaging of patients with lung
emphysema typically produces data sets with 300
or more sections. Visual examination or compari-
son with previous examinations is a tedious and
time-consuming task. To perform the necessary
analyses in the clinical routine, computer assis-
tance is desirable.

Today, diffuse diseases of the lung paren-
chyma are diagnosed only descriptively. In order
to perform follow-up examinations or clinical tri-
als up to current standards, a reproducible, objec-
tive, and quantitative evaluation of diffuse dis-
eases of the lung parenchyma is required (9). In
addition to a global assessment of a parenchymal
disease, its spatial distribution can be of clinical
importance. For instance, lung volume reduction
surgery (LVRS) has been shown to be signifi-

TAKE-HOME POINTS

� The prototypical software application MeVisPULMO al-
lows convenient quantitative 3D analysis of pulmonary CT
scans.

� Volumes and CT parameters such as mean attenuation or
pixel index can be extracted specifically for each lung,
pulmonary lobe, or pulmonary segment for localized
assessment of restrictive and obstructive lung diseases.

� In cases of lobar resection surgery, postoperative lung
function can be estimated from results of lung function
tests and the novel CT-based image analysis technique
alone.

� To allow seamless integration into a clinical setting, the
work flow of the application is separated into a fully
automated preprocessing procedure, in which the time-
consuming image processing tasks are performed, and
an evaluation and reporting step.
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cantly more effective in cases of heterogeneously
distributed emphysema than in patients with a
homogeneous distribution (10,11). The degree of
deterioration can vary significantly between the
left and right lung or between different lobes and
segments. A compartment-specific assessment of
emphysema is especially desirable in conjunction
with recent approaches concerning broncho-
scopic LVRS, where air flow to emphysematous
segments is blocked by using one-way bronchial
valves (12,13).

A method for reproducible 3D identification of
lungs, lobes, and segments provides the means to
assess regional quantitative parameters for treat-
ment planning and monitoring. Although experi-
enced radiologists might be able to identify lobar
and sometimes even segmental boundaries on CT
scans, manual delineation on over 300 CT images
is unthinkable in the clinical routine. In addition
to pure assistance in quantification, computers
have to provide support for the radiologist in
identifying the lung regions quickly and conve-
niently. The methods have to work robustly even
in cases of severe disease.

By using the region information, functional
parameters such as volume, mean lung density,
pixel index (14), bulla index, and emphysema
type (15) can be extracted for each compartment.
This increases the significance of a CT-based pre-
diction of postoperative lung function in cases of
resection of a lung, lobe, or segment (16–18),
which is standard therapy for patients with pri-
mary non–small cell lung cancer. Currently, per-
fusion scintigraphy is performed in order to ob-
tain a functional prognosis. Since scintigraphy
does not allow 3D image analysis, it is difficult to
acquire accurate estimates for lobar function, not
to mention segmental function. Furthermore, the
examination is conducted in addition to CT and
lung function tests. By correlating quantitative
analysis results with patient-individual 3D lung
segment morphology obtained directly from CT
data acquired previously for diagnostic reasons,
additional scintigraphic examinations might be-
come dispensable.

Medical Background
Emphysema is defined anatomically by perma-
nent, destructive enlargement of airspaces distal
to the terminal bronchioles without obvious fibro-
sis (19). Reduced density and other morphologic
parameters are used for quantitative evaluation of
the stage of disease. CT images of the lung con-
tain the necessary information in order to obtain
objective and quantitative results.

For primary non–small cell lung cancer, the
only treatment known to provide a good chance
of cure is surgical removal of the tumor. This usu-
ally implies resection of the complete lung, lobe,
or segment in which the tumor is located (20).
Since smoking is known to cause not only lung
cancer but also emphysema, the lung function of
many resection candidates is already reduced pre-
operatively. This raises the question of whether
the patient will have enough functional lung pa-
renchyma after undergoing lung resection sur-
gery. Preoperative lung function is assessed by
measuring the patient’s FEV1 (forced expiratory
volume in 1 second) (21,22). Perfusion scintigra-
phy is the current standard procedure for deter-
mination of the distribution of lung function.
Evaluation of possible resection strategies such as
pneumonectomy or lobectomy is based on the
combination of the measured FEV1 and the pre-
dicted percentage of remaining lung function esti-
mated with scintigraphy.

Existing Methods
With the introduction of multidetector CT im-
ages, scientific publications concerning the identi-
fication of anatomic lung structures emerged. Ex-
amples of airway segmentation and analysis meth-
ods can be found in references 23–25. Diverse
algorithms for automated lung segmentation are
presented in references 26–29. Concerning lobar
segmentation, a fissure detection and atlas-based
algorithm was proposed by Zhang et al (30). An-
other method based on a Voronoi division of the
lungs starting from lobar bronchi was used to
identify the lobes by Zhou et al (31).

A method integrating extracted information on
both the supply regions and the lobar fissures
while providing the means for fast interactive cor-
rections was proposed by Kuhnigk et al (29) and
integrated into the described software. For the
segmentation of sublobar segments that are not
separated by fissures, our approach includes an
enhanced version of the algorithm presented by
Krass et al (18) in 2000, which uses techniques
similar to the lobe segmentation approach pro-
posed in reference 31 in 2003. The refined ver-
sion makes use of the information provided by the
lobar segmentation and needs manual interaction
only for quick correction in case of misclassifica-
tions of bronchi during the automated prepro-
cessing.
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Qualitative and quantitative analyses of the
lung parenchyma were proposed in references 14
and 15 and references 32–34. An integration of
compartment segmentation methods and quanti-
tative analyses was presented by Reinhardt et al
(35) where the fissure-based lobe segmentation
from reference 30 was used, not including further
segmental subdivision. A CT image–based pre-
diction of postoperative lung function in patients
with lung cancer was compared with measured
postoperative values (16) and the perfusion scin-
tigraphy prognosis (36) by Wu et al (16,36). The
predictions were based on volume measurements
only, and the lobes were identified manually in
the CT data.

Despite the recent increase in research activi-
ties in pulmonary image processing, currently
available commercial software does not include
the analysis of lung parenchyma in CT images on
the basis of lobar or segmental regions.

MeVisPULMO
The application prototype MeVisPULMO allows
CT-based functional diagnosis with respect to the
anatomic compartments of the lung. It includes
the automated segmentation of airways, lungs,
and lung lobes and an approximation of the sub-
lobar segments. By providing the means for con-
venient interactive refinements of the lobar and
segmental regions, robustness in patients with
severe pathologic alterations is achieved. The
analyses allow a convenient, regional assessment
of CT parameters of the lung, such as total vol-
ume, mean density, pixel index, or bulla index.

MeVisPULMO was implemented using the
rapid prototyping platform MeVisLab and runs
standalone on Linux or Microsoft Windows
workstations with at least 1 GB of random-access
memory (RAM).

Work Flow
Although the technological evolution of computer
hardware is constantly continuing, analyzing CT
images of the lungs is still a time-consuming pro-
cess. While computers became faster, the amount
of data in current chest CT scans increased at a
comparable rate. Seamless integration of the anal-
ysis of 200–500 CT sections into the clinical
work flow is crucial to the clinical acceptance of
any method. MeVisPULMO solves this problem

by including fully automated preprocessing,
which is performed before the radiologist has
even seen the data. The automated preprocessing
includes segmentation of the airways and lungs,
as well as initial segmentation of lung lobes and
segments. It takes about 10 minutes on a stan-
dard personal computer (PC) with 2 GB of RAM.
Since the radiologist’s attendance is not required
for this procedure, time is not crucial at this
point. The fully automated preprocessing proce-
dure stores its results as DICOM (Digital Imag-
ing and Communications in Medicine) images
and is fully detachable from the verification and
reporting part of the application, allowing a seam-
less integration as evidence creator into a radiol-
ogy information system (RIS)–driven work flow
concept (IHE [Integrating the Healthcare Enter-
prise]). In a clinical setting, the preprocessing
should run on a dedicated computer and be trig-
gered automatically after the reconstruction of a
CT data set is completed.

At the time the radiologist inspects the data,
the complete analysis results are available. Since
the automatic detection of the lobes and espe-
cially the approximation of the segments in CT
data from patients with pathologic alterations are
not always sufficiently exact, the first thing the
radiologist has to do is to verify and eventually
refine the segmentation results interactively. After
the segmentation is completed, total volume,
mean density, pixel index, bulla index, and em-
physema type for each lung, lobe, and segment
are displayed and written into a structured textual
report for documentation purposes. This quanti-
fication step takes only a few seconds. For the
prediction of postoperative lung function, the
physician specifies the location of the tumor to be
resected. On the basis of this information and the
extracted parameters, the predicted percentage
decrease in lung function is computed for each
resection strategy. Since all necessary parameters
are already available, the report can be updated
accordingly with no further delay. This allows the
radiologist to communicate the prognostic results
to the surgeon.

Two of the methods involved, the lobar seg-
mentation and the segment approximation, re-
quire verification and, eventually, interactive re-
finement of the results proposed by the automatic
preprocessing. On the one hand, there are signifi-
cant benefits from including possibilities for veri-
fication and interactive refinement of more com-
plex image processing procedures into the work
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flow: The radiologist has actually seen and checked
the results that are the basis for all quantitative
analyses. This avoids concerns regarding reliabil-
ity that are often associated with fully automated,
nonverifiable approaches. In addition, the possi-
bility of user intervention can make methods ap-
plicable even to cases including severe pathologic
alterations or anatomic variants. On the other
hand, interactive procedures are associated with
two possible drawbacks: First, they bring up the
issue of reproducibility. There is no guarantee
that two analyses performed even on the same
data will produce the same results, as would be
the case for a fully automated method. Second,
they can be extremely time-consuming, and even
if the interaction itself is not, the waiting until the
modified results are available might be. Depend-
ing on the kind of user interaction, the validity of
the new results might not be obvious at the point
of intervention, so that they have to be verified—
and, eventually, modified—again.

Consideration of both the positive and the
negative aspects of user interaction had significant
influence on the design, implementation, and
evaluation of the lobar segmentation procedure.
Inter- and intraobserver studies were performed
to demonstrate the reproducibility of interactive
lobar segmentation. These studies are described
in greater detail in the “Evaluation” section. The

critical point of integrating the interaction into a
clinically acceptable work flow was addressed by
ensuring that all time-consuming tasks are already
performed during the automatic preprocessing,
while the parts possibly requiring user interven-
tion are placed at the end of the processing pipe-
line. Special algorithms described in greater detail
in the “Methods and Algorithms” section allow
modifying the segmentation results and verifying
the effects of the modifications in real time.

More concretely, the lobar regions computed
automatically are indicated by means of color
overlays in sagittal, coronal, and axial sections,
which can be inspected simultaneously (Fig 1).
The lobar regions can be refined iteratively by
placing additional markers on blood vessels in any
of the views with the mouse. Since each marker
impacts not only its local environment but the
complete subtree of the selected vessel, few mark-
ers (usually one to 10) suffice in order to refine
the segmentation results, if necessary at all. The
effect of a new marker can be verified immedi-
ately due to the instant updating of the colored
regions in each of the views. The lobe segmenta-
tion verification and refinement procedure takes
about 1 minute per lung. Since, as mentioned
previously, the regional quantification step is very

Figure 1. User interface of MeVisPULMO during verification and refinement of the lobar segmentation. The seg-
mented regions are represented by colored overlays on sagittal (left), coronal (middle), and axial (right) images.
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fast, the extracted parameters can be updated
with respect to the refined lobar regions immedi-
ately.

In case a segmental subdivision of the lobes is
desired, the refinement step includes verifying
and, if necessary, correcting the identification of
the segmental bronchi using a 3D surface render-
ing of the segmented and preclassified bronchial
tree (Fig 2). Modifications of the classification
can be performed by clicking on a branch and
selecting its new designation (for instance, seg-
ment 3). Instantly, the color of the subtree distal
to the selected branch changes with respect to the
new characterization. This procedure can take a
few minutes, mostly depending on the abnormal-
ity of the patient’s airway anatomy. Since, at the
present stage of development, the automatic pro-
cessing is not sufficiently reliable and the work
flow of user interaction is not as optimized as for
the lobar segmentation, the subdivision of the
lobes into the pulmonary segments is probably
not yet suited for the clinical routine. However, it
does provide important additional functionality in
a research setting.

Methods and Algorithms

Segmentation of the Airways.—A seed point
in the trachea is found by analyzing two-dimen-
sional rays cast in axial sections. A special region
growing method proposed by Selle et al (37) is
used for the airway segmentation. It automatically
determines an optimal upper threshold from the
differential increase of the segmented volume
with the increasing threshold interval.

Analysis of the Airways.—The resulting seg-
mented object is analyzed to obtain a graph repre-
sentation of the bronchial tree describing the
branching topology and also including informa-
tion about the direction, diameter, and length of
each branch (37,38).

In order to derive the graph presentation, the
tubular structures are skeletonized. The imple-
mented skeletonization method is based on a
thinning algorithm and takes special care of aniso-
metric voxel size and boundary noise, yielding
exact centerline representations (37). During the
erosion process, it is important to check whether
the deletion of a particular voxel preserves the 3D

topology of the object. For further analysis, the
skeleton is interpreted as a graph, where the verti-
ces represent ramification points of the medial
axis and the edges represent the parts of the me-
dial axis between the ramifications. Hereby, the
skeleton is transformed in a directed acyclic graph
with vertices representing branch points and
edges representing connections between them. In
a postprocessing step, ambiguities are removed
from the graph topology, including trifurcations
and wrongly assigned groups of branches that are
a consequence of noise at the object boundary. A
distance transformation evaluates the gradient
along and perpendicular to the branches, while
the number of voxels assigned to each subgraph
indicates the relevance of side branches.

The bronchi belonging to each lung segment
are identified automatically. In a first step, the
main branches of the tree are evaluated to identify
the subtrees belonging to each lobe of the lung.
We obtain a fair estimate of the mapping of lung
segments to the segmented tree structure by
equally dividing the lobar subtrees according to
the number of segments in each lobe and by clas-
sifying the resulting subtrees according to their
relative position. An interactive correction of the
resulting anatomic classification is possible. An
exemplary analysis result is shown in Figure 2.

Figure 2. Image produced with 3D surface rendering
shows the segmented bronchial tree with color coding
of the classified segmental bronchi. Each branch can be
selected by using the mouse to change the classification
of subtrees manually.
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Segmentation of the Lungs.—Starting from
the bronchial tree, a conventional region growing
procedure is performed using the fixed threshold
interval from �1,024 to �400 HU in order to
provide a preliminary mask of the lung paren-
chyma. Since separate masks for the left and right
lung are needed in subsequent processing steps,
the bronchi segmentation result is used to block
the airway connection between both lungs. Un-
fortunately, the thoracic airways are not the only
obstacle for a lung separation procedure. Emphy-
sematous lungs in particular tend to be inflated by
the excessive lung pressure caused by the disease.
Therefore, the surfaces of the left and right lung
are often in direct contact, resulting in a thin ap-
pearance of the separating pleura. Its density is
lowered by partial volume effects and usually lies
below the upper threshold of �400 HU used for
the preliminary segmentation. Therefore, an
adaptive threshold method is necessary for region
separation. In MeVisPULMO, a marker-based
3D watershed transform (39) restricted to the
area of the preliminary lung mask is performed in
order to obtain separate masks for each lung ro-
bustly. By analyzing the preliminary lung mask,
two sets of markers are generated automatically
for the watershed operation in order to define left
and right lung area. Owing to the threshold con-
straint during the preliminary segmentation, lung
vasculature is excluded by the proposed proce-
dure. Since this is necessary for subsequent image
processing, several kernel-based filters including
morphologic closing are combined in order to
close gaps in the parenchyma masks.

The lung segmentation is described in greater
detail in reference 29.

Segmentation of the Lobes.—The guiding
principle in our method is to avoid a strict depen-
dence on the existence and visibility of lobar fis-
sures in the patient’s lung. While fissure detection
algorithms exist (30), a considerable amount of
clinical cases show progressive widening, incom-
pleteness, or even absence of a fissure, making
robust fissure detection difficult. Nearby tumors,
atelectasis, or emphysematous changes can
present additional problems for fissure-oriented
segmentation algorithms. Hence, instead of ex-
plicitly detecting fissures, our algorithm makes
use of the absence of larger vessels in proximity to
the lobar boundaries. To quantify this absence for
computational use, a segmentation of the vascula-
ture is needed. The segmentation of blood vessels
can be restricted to the area defined by the previ-
ously computed lung masks. Because of the high
contrast between blood vessels and parenchyma,
a conventional 3D region growing algorithm is
sufficient to obtain at least a superset of all larger
pulmonary blood vessels. By searching the data
for a high-density area in the image region where
the hilum is expected, suitable seed points are
detected automatically.

In order to quantify the absence or rareness of
larger vessels close to the lobar boundaries, a Eu-
clidean distance transform is performed. In other
words, the Euclidean distance of each voxel in the
lungs to the closest vessel voxel is calculated. An
example of a resulting distance map is shown in
the left part of Figure 3. Brighter regions indicat-
ing greater distances indicate the approximate
fissure locations on the distance map. To actually
compute the distances, the multidimensional dis-
tance transform algorithm for digitized images
proposed by Saito and Toriwaki (40) is used. In
modern multidetector CT scans, the fissures
show at least partially higher density than the sur-
rounding parenchyma (Fig 3, right image). Since
the fissure locations are only roughly indicated in
the distance map, incorporation of the density
information is desirable for a more accurate defi-
nition of the lobar boundaries.

Figure 3 shows the effect of the combination of
the 3D distance image with the density informa-
tion on a solitary axial CT section. In the distance
image to the left, fissure locations can be esti-
mated visually but appear blurred, whereas in the
original image to the right, the fissures can be

Figure 3. Image showing the vascular distances (left)
and original image with the blood vessels masked out
(right). Weighted addition of the information from
these two images produces a combined image (middle),
which allows more robust detection of lobar bound-
aries.
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traced in more detail where visible but partially
show little or no contrast. In the combined image,
the thin fissure lines are broadened and, where
not visible, roughly continued by the influence of
the distance image. This results in a more robust
lobar separation in the following segmentation
step.

To finally obtain the lobar areas from the pre-
processed image, a segmentation method is
needed to allow the extraction of 3D-connected
components separated by local maxima. Owing to
the variety of representations and abnormalities
with respect to the lobar anatomy, a convenient
way to refine the automated results is desirable.
The multidimensional interactive watershed
transform (IWT) proposed by Hahn and Peitgen
(39) covers both aspects.

The general idea of the watershed algorithm is
to separate regions with intermediary areas of lo-
cal maxima. The IWT in particular combines this
feature with the necessary means for interaction:
Its internal data representation allows an arbitrary
number of markers to be set and evaluated in real
time in order to modify the partition of the lung
into the different lobes.

Interaction is not mandatory for the lobe seg-
mentation. A set of markers for each lobe is de-
rived automatically from the bronchial tree analy-
sis.

The lobar segmentation is explained in greater
detail in reference 29.

Approximation of the Segments.—The ap-
proximation of lung segments stems from the seg-
mented and analyzed airway tree: By assigning
each lung voxel to the nearest point of the seg-
mented bronchial tree in the same lobe, the ana-
tomic classification of the bronchial tree induces a
partition of the lobes into segments. In addition
to the bronchial tree, the vessel structure of the
arteries can be segmented and analyzed to en-
hance the accuracy of the approximated positions
of segment boundaries. Figure 4 shows the result-
ing segmental regions by means of colored over-
lays.

Extraction of Region-specific Functional CT
Parameters.—By using the information ac-
quired in the preceding region identification
steps, region-specific CT parameters can now be
extracted easily from the CT data. Currently, the
program assesses the volume, mean density, pixel
index, bulla index, and emphysema type of each

lung, lobe, and segment. The pixel index (14) is
defined as the ratio of lung voxels below a certain
threshold (established values are �920 HU or
�950 HU) to the total number of voxels in the
lung. Its definition implies that the pixel index
depends significantly on scan and reconstruction
parameters as well as on the patient’s respiratory
state. In addition, the size distribution of emphy-
sematous lesions is not taken into account.

The latter aspect in particular is addressed by
the parameters bulla index and emphysema type
(15). The bulla index is derived from the percent-
age of areas covered by small, medium, and large
bullae, respectively, which in this context are de-
fined as continuous low-attenuation areas. Its val-
ues range between 0 and 10, with higher values
indicating increased destruction. The emphysema
type provides an estimate of whether bullous or
small, diffuse lesions dominate. Values are close
to �1 in the former case and approach �1 in the
latter. A detailed definition of bulla index and
emphysema type is given in reference 15.

Prediction of FEV1.—The basis for a prognosis
of postoperative FEV1 is the distribution of pre-
operative lung function. A basic assumption of
our approach is that by subtracting the contribu-
tion of the resected volume from the preopera-
tively measured lung function, a good estimate of
the postoperative value is provided. In cases of
lung volume reduction surgery (LVRS) in pa-
tients with severe emphysema, functional regions
of the parenchyma are given more room for ex-
pansion. Hence, lung function is actually sup-
posed to increase after resection of the more em-
physematous parts. Since there are no obvious

Figure 4. Axial CT image shows the results of esti-
mation of the segments, which are represented by col-
ored overlays with white boundary lines.
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heuristics for estimating this increase, we have not
yet developed a model to predict FEV1 for LVRS.
However, the presented model assumption gener-
ally applies in the case of oncologic resections,
where emphysema is usually not in its terminal
stage. Despite the exclusion of patients with se-
vere emphysema, the distribution of emphysema-
tous lesions can have a significant impact on the
prognosis. If the tumor is located in a lung region
with relatively (ie, compared to the other parts of
the lung) little emphysema, the loss of lung func-
tion is expected to be larger than in the case of
resection of a more emphysematous region. This
aspect was included in the proposed model.

Let R be an arbitrary disjoint partition of the
lungs (for instance, the lobar regions). For each
region r in R, let f(r) denote the relative functional
contribution of r. Therefore, a necessary precon-
dition is given by the following formula:

�
r �R

f �r� � 1.

In a first approach, an estimate for the func-
tional contribution of a specific lung region r to
the total lung function is given by the region’s
volumetric contribution v(r) (the volume of re-
gion r divided by the total lung volume). Thus,
for a volume-based prediction, we define f(r) :�
v(r). This choice is consistent with the necessary
precondition.

The next step is to incorporate information
about the spatial distribution of emphysema. A
boundary condition for the model is given by the
assumption that the prediction equals the vol-
ume-based prognosis if the emphysema is distrib-
uted exactly homogeneously, in which case it has
no influence on the resection strategy. Since the
pixel index (PI) parameter is currently more es-
tablished than bulla index and emphysema type,
the extracted region-specific PI measurements are
used to introduce information about the spatial
distribution of emphysema into our model. As
suggested previously, the pixel index is not always
a good parameter for comparing emphysema
scores acquired from different patients, scans, or
reconstructions. However, by correlating PI
scores of lung regions from the same scan, a reli-
able estimate for the spatial distribution of em-
physema is obtained. According to the definition
of the pixel index given in the preceding section,
its values range from 0 to 1 (or from 0% to 100%,
respectively).

Since there is no evidence that a more complex
relation would be more appropriate, a linear cor-

relation between the inverse of the pixel index
(1 � PI) and the functional contribution of a sub-
volume is assumed. We define f(r) as follows:

f�r� :� c � �1 � PI�r�� � v�r�,

where c represents a normalization factor required
to make f fulfill the necessary precondition and is
defined as follows:

c :� ��
r �R

�1 � PI�r�� � v�r���1

.

The relative predicted postoperative lung func-
tion for the resection of a region r is computed by
subtracting f(r) from 100%.

Evaluation
Overall, the segmentation of airways, lungs, and
lung lobes was tested on clinical CT scans of over
150 patients, including many with pathologic
findings such as tumors, emphysema, fibrosis,
and atelectasis. The images were acquired by
multiple clinical partners using different CT scan-
ners and protocols. The z resolution varied be-
tween 0.8 mm on a multidetector device and 5
mm on conventional spiral CT scanners, while
the x and y resolutions varied from 0.55 mm to
0.9 mm. The proposed segmentation methods
were applied successfully to each data set. The
quality of the airway segmentation and analysis
depended strongly on the z resolution of the im-
ages. Automated lobe segmentation was possible
only for multidetector scans with a reconstruction
increment of at most 2 mm. By using the interac-
tive correction method, the lobes could also be
segmented successfully in low-resolution images,
although the segmentation was less accurate due
to the fact that the lobar fissures do not show sig-
nificant density contrast in thick-section images.
In summary, a lobar analysis of CT parameters
was possible for each of the clinical scans.

Preliminary reproducibility studies were con-
ducted on a high-resolution data set (Volume
Zoom [Siemens Medical Solutions, Erlangen,
Germany]; section thickness, 1.25 mm; voxel
size, 0.8 � 0.8 � 1.0 mm), which, apart from an
extra fissure and partially disintegrating fissures,
showed relatively normal physiology. The studies
were performed at a development stage where the
automated marker generation was not yet avail-
able, forcing each user to place at least one
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marker in each lobe manually. An intraobserver
study was performed that compared five results
produced by the same user, and an interobserver
experiment was conducted with the results from
five different users. Both studies were performed
on the right lung of the selected patient. No re-
striction on the amount of interaction was ap-
plied.

For both studies, the statistical analysis of the
segmented lobe volumes showed a standard de-
viation of well below 1% per lobe. To verify the
consistency of the segmentation results more pre-
cisely, the similarity measure S was computed for
each pair of results as follows: Let L be the num-
ber of voxels in the segmented lung and let
cons(R1;R2) denote the number of voxels within
that lung that are classified consistently by the
two segmentations R1 and R2, then we define the
similarity S(R1;R2) as the ratio of the consistent
volume and the total lung volume:

S�R1;R2� � cons�R1;R2�/L.

This similarity measure is also called Jaccard
similarity (41). Similarities for both the inter- and
intraobserver studies were all above 99.5%. De-
tailed study results can be found in reference 29.

A second trial was conducted that compared
the quantitative analysis results of MeVisPULMO
and established analysis software (Pulmo [Sie-
mens Medical Solutions]). Thirty multidetector
CT data sets (Volume Zoom [Siemens Medical
Solutions] and MX 8000 [Philips Medical Sys-
tems, Best, the Netherlands]) were analyzed by
both tools. Since Pulmo does not support region-
specific quantification, the compared parameters
volume, mean lung density (MLD), and pixel
index (PI) were compared for the whole lung
only. Measured correlations for volume, MLD,
and PI were 0.997, 0.975, and 0.999, respec-
tively.

The segment approximation method was vali-
dated in vitro with two specimens of the left hu-
man lung. It was possible to work with high radia-
tion doses, resulting in excellent image quality.
The bronchi of the specimens were also recogniz-
able in the peripheral regions of the lung. The
bronchial tree was segmented, and the lung seg-
ments were determined with the methods de-
scribed earlier. The trees obtained from the speci-
mens were systematically pruned in five steps in
order to simulate the incomplete bronchial trees
obtained from in vivo radiologic data. The prun-
ing steps were defined by equal intervals of bifur-
cation hierarchies.

To validate the approximation methods for the
lung segments, the predictions made for the
pruned casts and the exact segmental anatomy of
the specimens were compared. The measure for
the approximation accuracy was the percentage of
correctly approximated voxels. The bronchial tree
of the specimens could be segmented between
three and four generations beyond the segmental
bronchi (corresponding to the sixth- or seventh-
order bronchi). The segments approximated by
using this unpruned bronchial tree were used as
reference segments for the validation study. The
correctness of the classification of the segmental
bronchi was ensured by manual identification by
an expert.

The consistency of the segment approximation
with the reference was still above 92% after prun-
ing three generations, about 84% after the fourth
pruning step, and 70% after the fifth. The quality
of the fifth pruning step corresponds to the qual-
ity of the segmentation results achieved in the
conventional helical CT data sets. The quality of
the segmentation results for the multidetector CT
data set was very near to that of the fourth prun-
ing step. From this, one can conclude that the
accuracy of the segment determination (percent-
age of correctly approximated voxels) is about
70% when based on conventional helical CT data
and more than 80% when based on multidetector
CT data. Evaluation results are presented in de-
tail in reference 18.

In order to evaluate the CT-based prognosis of
postoperative FEV1, a trial was set up to show
retrospectively that CT-based FEV1 prediction by
using MeVisPULMO correlates significantly with
the prognosis of the current standard method,
perfusion scintigraphy. Acquisition requirements
were a histologically verified diagnosis of bron-
chial carcinoma, preoperative scintigraphy, and
subsequent lobectomy or pneumonectomy. CT
data were acquired by using a single-detector spi-
ral CT unit (Somatom Plus 4 [Siemens Medical
Solutions]) and reconstructed to 3- and 5-mm
section thickness. Overall, 28 perfusion scintig-
raphy–based predictions, consisting of 15 for lo-
bectomies and bilobectomies and 13 for pneumo-
nectomies, were compared against the CT-based
values computed by using MeVisPULMO. The
predicted values were compared as percentage of
the preoperative FEV1. The overall correlation
was 0.763 with a P value of below .00001. There
was no significant systematic deviation between
the two procedures (	3%).

Discussion
During the successful analysis of over 150 patient
data sets, the proposed software demonstrated its
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applicability and robustness with respect to clini-
cal CT. In terms of quantitative evaluation, the
lobe segmentation reproducibility study and the
accuracy evaluation of the segment approxima-
tion method indicate that the image processing
results are a reliable basis for the region-specific
quantification. The comparison with an estab-
lished lung analysis tool showed a strong correla-
tion of the extracted parameters while reducing
the necessary interaction substantially and pro-
viding additional features such as lobar quantifi-
cation. The first step of clinical evaluation of CT-
based FEV1 prediction, the performed compari-
son with perfusion scintigraphy–based prognosis,
indicates that the correlation of CT with the cur-
rent standard method is good but not outstand-
ing. The nature of the prediction differences is
unclear, since no ground truth was available for
the conducted trial.

By allowing a 3D assessment of lung and lobe
regions, the CT-based approach has the potential
to exceed perfusion scintigraphy in accuracy. A
clinical trial is currently being performed in order
to compare the CT-based prognosis not only with
the prediction by perfusion scintigraphy but also
with the measured postoperative FEV1 on the day
of postoperative discharge. Modern scanner hard-
ware (Sensation 16 [Siemens Medical Solutions])
is being used for this trial so that high-resolution
images will be available, allowing full exploitation
of the advantages of 3D image analysis. This trial
might provide evidence about the premises under
which CT-based predictions match or even out-
perform perfusion scintigraphy in accuracy, po-
tentially increasing reliability in predicting post-
operative lung function in cases of lung resection
planning.

By featuring fully automated identification
procedures for all analyses but additionally pro-
viding methods for convenient verification and
correction of the lung decomposition into lobes
and segments, the proposed software allows a
simple and robust assessment of established CT
parameters specifically for each functional lung
component. The accurate region-based extraction
of lung function parameters makes it possible to
observe and quantify effects distributed unequally
across the lungs, thus permitting a more detailed
diagnosis and helping in the monitoring of disease
progress and treatment.
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