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quirements. The technique must not be invasive (no markers) and must not require
physical contact with the patient to avoid deformation of soft tissues in the pelvis (this
happens with ultrasound localization). Furthermore the localization, analysis and
treatment process should be as fast as possible to maintain an acceptable patient
throughput and in particular to reduce the probability of patient or tumor movement in
the time interval between imaging and treatment.

2   Material and Methods

A cone beam CT scan will be acquired on the treatment machine for each treatment
fraction (Fig. 1). This 3D CT data set is analyzed automatically to localize the prostate
and the treatment prescription is adapted to match the actual position and orientation
of the prostate. Finally, the treatment is delivered.

    
Figure 1. (a) Prototype cone beam CT scanner mounted on the gantry of a commercial medical
linear accelerator. A diagnostic X-ray tube (right) and a flat panel imager (left) have been
added. (b) Conventional treatment planning is based on delineation of the target in 3D. Multi-
ple beams are planned that encompass the target with a safety margin for geometrical errors.

Image acquisition. The cornerstone of the system is a kilovoltage cone-beam CT
system that is integrated on the gantry of an Elekta SL-20 linear accelerator [4]. The
radiation source of the system is a diagnostic x-ray tube, with its beam axis perpen-
dicular to the treatment beam. Opposite the tube is a 41 x 41 cm flat panel imaging
device (consisting of a fluorescent screen coupled to an 1024x1024 pixel amorphous
silicon photodiode array on a glass substrate), mounted at 160 cm from the isocenter.
To obtain sufficient field of view to image the whole pelvis, the detector will be offset
by 20 cm, and half field images are made over 360 degrees of rotation in a single
gantry rotation.

A three-dimensional image of the patient is obtained by cone beam reconstruction
using the Feldkamp algorithm for limited cone reconstruction [2]. Because of the
retractable construction of the imaging system, there is a substantial flex of the com-
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ponents as function of gantry rotation. This flex is reproducible and has been taken
into account in the reconstruction algorithm to obtain a high image quality [5].

Image analysis. CT-based treatment planning in a routine clinical setting typically
takes several hours per patient (Fig. 1b). On-line application, i.e., while the patient is
on the treatment table, requires considerable acceleration of this process. The model
that will be applied is based on the observation that the movement of the prostate
relative to the pelvis can be well described by a rotation and translation, where most
rotation occurs around the left-right axis of the patient [10]. The proposed image
analysis algorithm first registers the segmented bony anatomy of the on-line CT scan
with a planning CT scan using a chamfer matching algorithm [9]. Then the displace-
ment of the prostate relative to the pelvis is measured using a registration algorithm
similar to the one developed by Woods et al [13]. For this purpose, prostate contours
are manually defined in the planning CT, which is also part of planning for conven-
tional radiotherapy. The planned prostate shape is then aligned to the on-line CT by
minimization of the variance of the gray values of the on-line CT under the predefined
prostate shape. The minimum corresponds with the rotation and translation of the
prostate from its position in the initial treatment plan.

Treatment planning, delivery and verification. Existing treatment planning tech-
nology can be employed in a novel manner to minimize the on-line planning time by
identifying the most probable degrees of prostate motion and preparing a set of plans
to accommodate this motion. First, the patient couch is translated to account for
translation of bone and prostate relative to the treatment room. Then a best fitting
treatment plan is selected from the set of pre-defined treatment plans to account for
prostate rotation.

The selected treatment plan will be delivered by means of a step-and-shoot inten-
sity delivery technique using 5 beam angles and about 20 treatment segments. The
beam shaping occurs by means of a standard multi-leaf collimator.

During treatment, regular verification such as electronic portal imaging and in-vivo
dosimetry will be performed. In addition, cone beam acquisition is repeated after
treatment delivery. Off-line re-planning based on the pre- and post-treatment CT im-
ages will be performed to determine the cumulative radiation dose delivered to pros-
tate and critical structures. For this purpose, the prostate shape and position will be
interpolated between the pre- and post-treatment scans. Because the off-line planning
is performed under less time pressure, the progress of the treatment will be more care-
fully monitored compared to the on-line procedure. In addition, the safety is increased
because possible deficiencies in each fraction can be rectified on later fractions.

3  Results

Image acquisition.  Prototypes of the hardware and software of the system have been
constructed. Cone-beam CT of anthropomorphic phantoms has been acquired on the
treatment machine, with an acquisition time of 3 minutes (Fig. 2), but a reconstruction
time of hours. The final system will acquire a scan in 1 minute and will use a hardware
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accelerated reconstruction system. With flex calibration, the image quality of the cone
beam CT data is similar to a diagnostic CT scan.

    

Figure 2. Cone-beam reconstruction of a head phantom acquired with the cone beam CT
scanner of Fig. 1. The image was made with 320 projections at 120 kVp and 200 mAs in 180 s.
(a) Surface rendering with axial slice. (b) Sagittal cut. The image quality is similar to a
diagnostic CT scan.

Image analysis. The results of the proposed algorithm for on-line prostate localization
are shown in Figs. 3a-d. In the baseline CT, the pelvic bone and the prostate are pre-
defined. On-line matching of the planning CT with the proposed cone-beam CT (both
with calibrated isocenter positions) on the pelvic bone determines the setup error
(translation and rotation) of the bony anatomy. Figs. 3a and b represent on-line CTs
and have been taken from an organ motion study, matched in this way to the planning
CT. The motion of the prostate is apparent because the prostate contours (dotted white
line), which were delineated in the planning CT, do not fit the prostate in these �on-
line� images. The motion of the prostate relative to the bony anatomy is quantified by
translating and rotating the prostate contours until they cover a homogeneous area,
i.e., an area with minimal standard deviation of gray values (Figs 3b and c). The flow
chart in Fig. 3e illustrates the algorithm. The gray boxes correspond to a-priori avail-
able information.  Because the bone matching can be performed accurately on fairly
low resolution CT and the prostate matching only requires a small part of the cone-
beam CT volume, the complete image analysis can be performed in less than 10 s on a
700 MHz PC.

For this particular problem, this procedure corresponds closely with that of manual
delineation. It is important to note that in the case of CT, such algorithms do not nec-
essarily localize the prostate, but rather the contrasting structure defined in the 3D
template. Although this is the best result that can be obtained using CT data, any sys-
tematic deviations between the actual prostate location (defined best by MR) and the
CT-defined prostate must be considered separately [6, 11].
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Figure 3.  Automated localization of the prostate. (a,b) Reference prostate contour overlaid on
the �on-line� CT based on registration to bony anatomy. This transformation is adjusted using
Woods� algorithm to locate the prostate in the on-line set (c,d). Much improved coverage of the
prostate is thus achieved. (e) Flow-chart summary of the algorithm (priors are gray).

4   Discussion and Conclusions

We implemented a system for cone beam CT on a clinical accelerator. The phantom
tests show excellent spatial resolution and contrast to noise performance. The image
quality is adequate to resolve tumors visible on diagnostic CT. A software system has
been developed for image reconstruction and processing. The image analysis is very
fast, but the cone beam CT reconstruction is at present prohibitively slow (hours). In
the final system, a specialized hardware accelerator will be applied to reduce the re-
construction time to 1 minute. One problem that needs to be addressed in more detail
is the mobility of the patient and his organs on the treatment machine in the time be-
tween image acquisition and delivery. We will perform repeat MRI studies on volun-
teers and patients to determine the time dependent statistics of prostate movement.
The results will determine the amount of margin reduction that can safely be achieved
with this approach.
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