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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 software application was developed to assist the radiologist in
the analysis of thoracic CT data for the purpose of evaluating the re-
sponse to tumor therapy. The application provides follow-up support
for monitoring of tumor therapy by means of volumetric quantification
of tumors and temporal registration. In addition, anatomically ad-
equate three-dimensional visualization techniques for convenient ex-
amination of large data sets are included. With close cooperation be-
tween computer scientists and radiologists, the application was tested
and optimized to achieve a high degree of usability. Several clinical
studies were carried out, the results of which indicated that the applica-
tion improves therapy monitoring with respect to accuracy and time
required.
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Introduction
The influence of the progress in the image quality
of thoracic computed tomography (CT) over the
last few years has already been discussed in Part 1
of this two-part series of articles (1).

Because of the described rapid development of
scanner technology, thoracic CT offers com-
pletely new possibilities but also faces enormous
challenges concerning the quality of computer-
assisted diagnosis and therapy planning. In the
framework of the German VICORA (Virtual In-
stitute for Computer Assistance in Clinical Radi-
ology) research collaboration (2,3), applications
were developed that offer solutions in the follow-
ing areas of thoracic CT: (a) improved CT-based
functional diagnosis with quantitative CT param-
eters for each lobe and segment and methods for
quantification and classification of emphysema,
(b) examination of large data sets by means of
anatomically adequate three-dimensional (3D)
visualization techniques, and (c) follow-up of tu-
mor therapy by volumetric quantification of tu-
mors and temporal registration. These functional-
ities are implemented in two new prototypical
applications: MevisPULMO for functional analy-
sis of pulmonary CT data (1) and PulmoTREAT
for allowing therapy monitoring in metastatic
lung disease.

In this article, we discuss the motivation for the
development of PulmoTREAT, describe the use
of PulmoTREAT, and provide the results of
evaluations of PulmoTREAT.

Motivation
When one considers that lung cancer is the lead-
ing cause of cancer death (an estimated 160,440
deaths and an estimated 173,770 new cases in
2004 in the United States [4]), it becomes appar-
ent that accurate monitoring of therapy response
is of particular importance.

Although surgery is the treatment of choice for
many localized cancers, in many cases the disease
has already spread by the time of discovery. In
those cases, radiation therapy and/or chemo-
therapy are mostly performed. Since these treat-
ment options are expensive and associated with
severe stress for the patient, it is necessary to
evaluate the success of the treatment as reliably as
possible and change poorly performing therapy
options as soon as possible.

A key indicator for the success or failure of
treatment and, thus, for continuation or modifi-
cation of the current therapy is tumor growth.
Given that most thoracic CT scans provide a
large number of sections (about 400–500), it is
prohibitive to measure the volume of each nodule
manually. Therefore, according to current World
Health Organization (WHO) and RECIST (Re-
sponse Evaluation Criteria in Solid Tumors) (5)
criteria, nodule growth is estimated by measuring
the largest axial diameter of the largest nodules
and observing the change of those parameters in
two CT scans performed within an interval of
3–6 months. A diameter increase of 20% indi-
cates progressive disease and implies modification
of the treatment. In contrast, a nodule diameter
decrease of 30% indicates therapy success. Un-
fortunately, the quantification of a 3D object by
measuring a two-dimensional (2D) parameter
implies some pitfalls.

First, deducing the growth of a spherical nod-
ule from a 2D parameter change means that—
considering the RECIST thresholds—the nodules
have already grown in volume by 70% (equivalent
to a 20% diameter change) before the failure of
therapy is recognized. Second, this method as-
sumes that oncologic lung nodules tend to grow
symmetrically, which is not always valid. Third,
both finding the section with the largest diameter
and measuring it might be difficult—especially
for complex, nonspherical nodules—and there-
fore this process is subjective and error-prone.

TAKE-HOME POINTS

� The prototypical software application PulmoTREAT
assists the radiologist in the analysis of thoracic CT
data for the purpose of evaluating the response to
tumor therapy.

� A fast automatic segmentation and volumetry method for
lung nodules was developed that is robust and fast with
reproducible results in cases of large, irregular nodules
that are connected to other structures.

� By using marker registration, automatic comparison of
nodule volumes, calculation of doubling times, and report
generation, the examination is more convenient and
faster than RECIST measurement.

� Estimation of nodule growth by means of 2D measure-
ments is associated with some pitfalls.
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Finally, it is still a tedious and time-consuming
job to find and measure the largest axial diameter
of even a few nodules manually.

Therefore, it is important to have a software
tool that supports decision making in treatment
planning and monitoring with respect to conve-
nience, accuracy, and time consumption.

At present, some commercial tools are avail-
able for tumor volumetry and follow-up in the
lung (eg, by manufacturers such as R2 Technol-
ogy, Siemens Medical Solutions, GE Healthcare,
and Philips Medical Systems). However, these
tools were designed predominantly for screening
purposes, concentrating on the segmentation of
small spherical nodules. The segmentation of

large, irregularly shaped nodules connected with
other structures of similar density (pleura, ves-
sels) does not work sufficiently well in many cases
or only with high effort and user interaction.

PulmoTREAT
The application prototype “PulmoTREAT”
(TREAT � tumor therapy response evaluation
tool), presented in this article, allows robust and
reproducible volumetry of lung nodules even for
large, nonspherical, pleurally attached and/or vas-
cularized lung nodules in CT scans.

The tool has been evaluated in several studies
and features a convenient and intuitive work flow
by avoiding time-consuming computations or
complex interactions on behalf of the radiologist
or radiology technician.

Owing to the different work flow requirements
of the baseline scan and subsequent follow-up
examinations, the software assistant runs in two
modes. In the “baseline scan” mode, the user can
identify nodules with the mouse (each of them
representing a “nodule VOI” [volume of interest]
for the segmentation calculation) by pointing and
clicking. Another mouse click starts the computa-
tion, which takes about 1–2 seconds on a com-
mon personal computer (PC). For some large
nodules, the size of the VOI needs to be adapted
before starting the segmentation. This can be eas-
ily achieved via buttons or shortcuts. After seg-
mentation, the result can be verified in a 3D over-
view of the VOI (Fig 1) or more detailed in three
orthogonal viewers (showing the axial, coronal,
and sagittal sections). If the user is not satisfied
with the automatic segmentation, he or she can
easily modify the result by adapting a single
“shape” parameter (Fig 2).

The analysis results of the currently selected
nodule (including volume, mean density, and a
histogram of the nodule voxel values) are made
available for the user. All information about the
processed nodules is summarized in a text report,
which includes a table containing nodule vol-
umes. The report can be saved as a formatted text
file.

The work flow in “follow-up” mode is essen-
tially the same as in the baseline scan mode, with
the exception of two additional features. First, the
possibility exists to register the nodule markers of

Figure 1. Baseline scan mode of PulmoTREAT. The
user can slice through the image data (left) and identify
nodule positions with the mouse. The segmentation of
the currently selected nodule can be roughly verified in
a zoomed 3D view (right).

Figure 2. Convenient correction of nodule segmen-
tation in PulmoTREAT. In the “adjust results” panel,
the radiologist can obtain a more detailed view of the
segmentation in three orthogonal viewers, which show
sagittal (left), coronal (center), and axial (right) images.
The segmentation can be easily modified by adapting a
single shape correction parameter.
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a former examination in order to support localiza-
tion of the nodules in the new scan. In addition,
the data, nodule markers, and segmentation
masks from the previous scan can be shown in an
extra viewer synchronously to the viewer of the
current scan.

Second, the volumes of each processed nodule
are compared automatically with the correspond-
ing measurements from the previous examina-
tion. The calculated information (volume, relative
growth, doubling time, etc) is gathered in an ex-
tended follow-up report (Fig 3).

Finally, to assist the radiologist in nodule de-
tection, alternative visualization modes such as
MIP (maximum intensity projection) are pro-
vided. CAD (computer-aided detection) is not
included in the software.

Methods and Algorithms

Visualization
To simplify the reading of high-volume thoracic
CT data sets comprising several hundred sec-
tions, novel visualization techniques have been
developed. On the basis of a fully automatic seg-
mentation of the lungs, we compute distance
maps of the orthogonal distance from the lung
surface to the data set boundary for the six faces

of the data cuboid. Using these distance maps, we
compute the following views: (a) Gradient fil-
tered distance maps highlight nonsmooth parts of
the lung surface, which are often related to pleu-
ral nodules. In these views, even tiny pleural nod-
ules become easily visible (Fig 4 [left]). (b) Maxi-
mum intensity projection (MIP) images of the
segmented lungs provide an easy overview of the
total tumor load and may help detect more subtle
cases of pulmonary embolism (Fig 4 [center]).
(c) An image of anatomically reformatted tho-
racic data shows all voxels having the same dis-
tance along the viewing direction to the lung sur-
face. A stack of these images provides what may
be called a “peeling view” of the data, that is, an
arrangement in an onion skin layering that creates
very homogeneous images of tissue in anatomi-
cally similar positions wherein even subtle patho-
logic conditions are easy to spot (Fig 4 [right]).

More information on these visualization tech-
niques can be found in reference 6.

Segmentation and Volumetry
Owing to the problem that—especially in onco-
logic cases—many lung nodules are connected
with other structures of the same density, a
straight gradient-based approach for segmenta-
tion would not yield satisfying results. For that
reason, a hybrid algorithm was developed that
makes use of the high contrast between a nodule
and lung parenchyma for a coarse segmentation.
Afterward, adjacent structures are separated from

Figure 3. Follow-up mode of PulmoTREAT. The viewer on the left shows the baseline data set including the nod-
ule markers from the corresponding examination. The viewer in the center shows the new data set and the registered
marker. This mode is similar to the baseline scan mode in that the user can select nodules and start the segmentation.
On the right side, a detailed follow-up report is presented.
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the nodule using morphologic operations. This
separation of the pleura and vessels will be
outlined in the following sections to convey
the rough idea of the developed segmentation
method. All of the segmentation steps mentioned
do not require any kind of user interaction. As
described earlier in this article, the only user in-
teraction needed is a mouse click to identify the
nodule. Since all the calculation steps of the seg-
mentation method are performed only on the
VOI around the nodule, the algorithm is fast
enough for clinical use and takes 1–2 seconds on
a standard personal computer.

Separation of the Pleura.—First, simple
threshold-based region growing (based on the
user-defined nodule marker) is performed to ob-
tain a mask that contains both the nodule and
pleura. On the basis of this mask, the parenchyma
mask is generated using a connected component
analysis of the nonsegmented regions. Connected
component analysis is a method of finding homo-
geneous regions in an image—in this case a binary
image. This method is used to identify the largest
connected homogeneous region of voxels not be-
longing to the nodule and pleura mask. It will be
called the parenchyma mask in this article. This
parenchyma mask contains a gap caused by the
nodule. The basic idea is now to fill this gap in the
mask by applying a convex hull operation to the
parenchymal contour. The convex hull of a given
set of voxels is the smallest convex object that
contains the complete voxel set. The result of the
convex hull operation is a mask that describes
approximately how the parenchymal contour
would appear if no nodule was attached to the
pleura. This resulting “healthy” parenchymal
contour is used to separate the nodule and pleura
(Fig 5).

A question that might be raised is that tumor-
ous infiltrations are left out when this method is
used. However, such infiltrations are usually not
visible in CT scans, making it impossible to mea-
sure or even segment them reliably at present.
Therefore, we concentrate on the reproducible
segmentation of the nodule component located
within the lung.

Figure 4. Novel visualization techniques for lung CT data. Left: Filtered distance map of the right lung.
Center: Maximum intensity projection view of the right lung shows multiple calcified metastases. Right: Image of
reformatted data close to the surface of the right lung.

Figure 5. Automatically calculated intermediate re-
sults for separation of the pleura and nodule. The pa-
renchyma mask is calculated from the original nodule
VOI (top left) by using region growing (top center). To
reduce calculation time, the parenchymal contour is
thinned out (top right). Afterward, the convex hull of
the remaining contour voxels is calculated to obtain the
“healthy” parenchyma mask (bottom left). This mask is
combined with the region growing mask to separate the
nodule and pleura (bottom center), resulting in the fi-
nal nodule segmentation (bottom right).
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Separation of Vessels.—Similarly to the
method in the preceding section, the algorithm
for vessel separation starts with threshold-based
region growing. Subsequently, an erosion opera-
tion is calculated for the resulting nodule and ves-
sel mask to eliminate the components not belong-
ing to the nodule. Afterward, the resulting mask
image is transformed into an approximation of
the nodule contour by dilation. In combination
with the original mask, this contour is refined to
the nodule contour without connected vessels
(Fig 6).

Volumetry.—Mainly because of partial volume
effects, the straightforward method of calculating
the volume by counting voxels in the segmenta-
tion mask and multiplying the result by the vol-
ume of a single voxel is not suitable for reproduc-
ible volumetry. Therefore, a variation of the par-
tial volume method (PVM) described in reference
7 was developed. On the basis of the segmenta-
tion result, three different areas are defined auto-
matically: the nodule core, a parenchyma area,
and a partial volume region. Mean attenuation
values are calculated from the parenchyma area
and the nodule core, allowing calculation of a
weighted contribution of the voxels within the
partial volume region to the nodule volume.

Temporal Registration
The temporal registration of nodule markers from
a previous scan is based on automatic segmenta-
tion of the lung mask (8). The lung mask calcu-
lated in a preprocessing step is used to define a
coordinate system that describes positions within
the lung depending on the boundaries of the lung
mask. The nodule markers of the previous exami-
nation are transformed into these “relative lung
coordinates.” They are then transformed back
into world coordinates by using the correspond-
ing lung mask of the current scan.

This registration is fast and accurate enough to
assist the user in finding the nodules in the new
scan and allows identification of the correspond-
ing nodule in the baseline scan for the currently
selected follow-up nodule automatically. For the
available follow-up data, the accuracy of the nod-
ule marker registration ranged between 0 and 20
mm, depending on the position of the nodule
marker within the lung.

Evaluation
During the development process, the tool and the
implemented segmentation were tested and im-
proved continuously by using a database of more

than 50 patient CT scans performed with differ-
ent scanners and containing about 700 nodules.
These nodules were not used in the reproducibil-
ity studies described in this section.

A reproducibility study was performed by us-
ing 16 CT scans (low dose, 0.8-mm reconstruc-
tion increment, standard lung reconstruction ker-
nel) from eight patients with lung metastases; the
scans were performed with a Volume Zoom scan-
ner (Siemens Medical Solutions, Erlangen, Ger-
many). Both scans of each patient were per-
formed within a few minutes and independently
from each other. Each case was processed twice,
once by an expert radiologist and once by a radi-
ology technician. Thus, the variability of the com-
puter-assisted volumetry for different clinical us-
ers and different scans could be observed. The
radiologist identified 105 lesions with a minimum
diameter of about 4.6 mm.

For 96 nodules (91.4%), the segmentation was
classified as successful by the radiologist; the re-
maining nine were excluded from evaluation.
Bland and Altman statistics (9) were used to de-
termine interobserver variability as well as the
agreement of volume measurement in both CT
scans. The mean volume of the measurements
was used to estimate the unknown true volume.

The results of the study showed an interscan
variability with a median of 4.7% and a 95% limit
of agreement of 26.9% (which means that an in-
crease in the volume of more than 26.9% would
have a 95% likelihood of being real growth rather
than measurement inaccuracy). As expected, the
interobserver variability was considerably smaller,
with a median of 0.1% and a 95% limit of agree-
ment of 7.1%.

Figure 6. Automatically calculated intermediate re-
sults for separation of the vasculature and nodule. A
mask that includes both vessels and the nodule is com-
puted from the original VOI (top left) by using region
growing (top center). Afterward, erosion (top right)
and dilation (bottom left) are performed, resulting in
an improved approximation of the nodule. Combina-
tion with the original nodule mask (bottom center)
leads to the final nodule segmentation (bottom right).
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Furthermore, a phantom study with nodule
phantoms 5, 10, and 20 mm in diameter was per-
formed. The nodules were generated by a vali-
dated software tool and inserted in a thoracic CT
scan (4 � 2.5-mm collimation, 2-mm reconstruc-
tion increment). In addition, nodules that simu-
lated volume growth of 10% up to 50% (in steps
of 10%) were generated. Linear regression
showed a high agreement between the simulated
and calculated increase in volume for nodules 10
and 20 mm in diameter. For 5-mm-diameter
nodules, slight volume growth was underesti-
mated. The proposed segmentation algorithm
was able to reliably detect a 10% increase in vol-
ume in all 10- or 20-mm-diameter nodules. For
5-mm-diameter nodules, a 20% increase was reli-
ably detected.

Discussion
To ensure a high degree of usability, the design
and work flow have been developed and evaluated
in close collaboration with our clinical partners
and have been described as easy to use and con-
venient. Since the implemented computer-as-
sisted volumetry is very fast and needs only little
user interaction, the examination of a single data
set does not take more time than RECIST mea-
surement. In fact, by the use of marker registra-
tion and automatic comparison of volumes, cal-
culation of doubling times, and report generation,
the examination is more convenient and faster
than RECIST measurement in the follow-up
case.

In contrast to existing commercial applica-
tions, the developed tool is able to segment and
measure even large, complex, irregular, vascular-
ized, and pleurally attached tumors reliably. The
high percentage of successfully segmented tumors
(�91%) in the study shows the robustness of the
proposed method. It is planned to integrate the
possibility of computer-assisted RECIST mea-
surement and a manual segmentation method to
be able to measure even those nodules that can-
not be successfully segmented by the presented
algorithm. Thereby, all other advantages of the
developed tool for the work flow (marker registra-
tion, automatic comparison of measurements and
report generation) could be kept, even for the ex-
amination of those difficult cases.

The reproducibility study demonstrated good
reproducibility of the segmentation and volu-
metry implemented in the presented software
tool. In contrast to RECIST measurement, the
automatic volumetry allows reliable detection of
volume growth of about 25% or more (RECIST
measurement, 70% or more). Therefore, the tool

not only reduces user interaction and time con-
sumption in follow-up examinations but also in-
creases the reliability and significance of the re-
sults of lung tumor follow-up.

Conclusions
The two prototypical applications presented in
this two-part series of articles exemplify the enor-
mous potential of 3D image processing tech-
niques. In both areas, there has been a substantial
increase in diagnostic information because of the
application of 3D image analysis. Since the first
attempts to quantify lung function from CT data
(10), this technique was applied exclusively to 2D
CT sections, yielding no information about local
pathologic conditions or lobar-specific diseases.
Today, the combination of high-quality image
data from multidetector CT with state-of-the-art
image processing techniques allows the quantifi-
cation of abnormalities related to anatomic re-
gions of the lung such as lung lobes or broncho-
pulmonary segments. In addition, the fast and
reproducible measurement of tumor volume and
growth has clear advantages over one-dimen-
sional or 2D measurements of diameters in terms
of accuracy, reproducibility, and time effort, as
was also shown in reference 11. Therefore, this
method has the potential to complement or even
replace the current RECIST standard (5).

Besides the presented diagnostic fields, multi-
detector CT is rapidly becoming the imaging mo-
dality of choice in the diagnosis of pulmonary em-
bolism (12–14). This is one of the future areas for
the development of advanced image analysis
tools, an endeavor already being started (15). In
addition, in the area of chronic obstructive pul-
monary disease (COPD) diagnosis and therapy
planning, there is high potential for medical im-
age analysis, particularly by combining the pre-
sented methods for the quantification of emphy-
sema with advanced analysis tools for the deter-
mination of bronchial wall thickness (16). The
rapid progress in the development of modern im-
age analysis in thoracic CT is now accompanied
by the development of new applications in cardiac
CT. This is also an important part of the current
research program of the VICORA collaboration.
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