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Abstract
Purpose—To assess the prostate intrafraction motion in volumetric modulated arc therapy
treatments using cine megavoltage (MV) images acquired with the electronic portal imaging
device (EPID).

Materials and methods—Ten prostate cancer patients were treated with volumetric modulated
radiation therapy (VMAT), using a Varian TrueBeam (Varian Medical Systems, Palo Alto, CA)
linear accelerator (linac) equipped with EPID for acquiring cine MV images during treatment.
Cine MV images acquisition was scheduled for single or multiple treatment fractions (between 1
and 8). A novel automatic fiducial detection algorithm that can handle irregular multileaf
collimator (MLC) apertures, field edges, fast leaf and gantry movement, and MV image noise and
artifacts in patient anatomy was used. All sets of images (~25,000 images in total) were analyzed
to measure the positioning accuracy of implanted fiducial markers and assess the prostate
movement.

Results—Prostate motion can vary greatly in magnitude among different patients. Different
motion patterns were identified showing its unpredictability. The mean displacement and standard
deviation of the intrafraction motion was generally less than 2.0 ± 2.0 mm in each of the spatial
directions. In certain patients, however, the percentage of the treatment time in which the prostate
is displaced more than 5 mm from its planned position in at least one spatial direction was 10% or
more. The maximum prostate displacement observed was 13.3 mm.

Conclusion—Prostate tracking and motion assessment was performed with MV imaging and an
EPID. The amount of prostate motion observed suggests that patients will benefit from its real-
time monitoring. MV imaging can provide the basis for real-time prostate tracking using
conventional linacs.
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I. INTRODUCTION
Patients affected by prostate cancer can be greatly benefited from the escalation of the
prescribed dose that is allowed nowadays by modern radiotherapy techniques such as
intensity modulated radiation therapy (IMRT) and volumetric modulated arc therapy
(VMAT). However, in order to fully exploit the advantages of these highly conformation
techniques, image guidance is necessary to ensure that the beam targeting is accurate enough
to provide with full tumor coverage whilst decreasing the tumor margins as well as adequate
healthy tissue sparing. Patient reproducibility between different fractions to control
interfraction motion of the prostate, as well as movement in a single fraction (intrafraction
motion) are issues to be addressed in any image-guided radiation therapy (IGRT) program.
Prostate tracking and intrafraction motion assessment has been performed by means of
Calypso electromagnetic transponders in real-time (1–4), kilovoltage (kV) and megavoltage
(MV) imaging based on fiducial markers, employing daily portal images (5–7), pre- and
post- treatment delivery kV and treatment beam MV images (8), cone-beam computed
tomography (CBCT) (9), continuous kV imaging (10), x-ray stereoscopic imaging taken
periodically during treatment with CyberKnife (11), and real-time tumor-tracking
radiotherapy with a dedicated machine (RTRT) (12). Cine magnetic resonance imaging
(MRI) images (13), and ultrasound (14) have also been employed.

Using the Calypso system, Langen et al. (4) reported that the prostate was displaced more
than 3 mm by 13.6% of the time on average (mean tracking time: 10 minute, with standard
deviation of 2 min), although this number varied greatly between the patients studied.
Similar result (prostate displaced over 3 mm 15.2% of the time in 10 min lasting treatments)
was found by Malinowski et al. (15). Also according to (4), 10 min after the setup, 25% of
the patients showed a prostate displacement > 3 mm, demonstrating that the likelihood of the
displacement increases with the elapsed time since the setup. This was also shown by
Adamson and Wu (9). Willoughby et al. (2) observed motion larger than 10 mm that
persisted more than 1 min in 2 patients out of 11, in treatments that lasted 8 min. Using
portal images in 427 patients, Kotte et al. (5) reported displacements over 3 mm in 28% of
the fractions for treatment times between 5–7 min. They also showed that the percentage of
time that the prostate can move from its initial position within a single fraction depended on
the duration of the treatment. The different types of movements that can occur were
described and classified by Kupelian et al. (1), studying treatments lasting roughly between
540 and 660 secs. The trajectories they reported showed clearly that prostate continuous
motion was unpredictable. In that study, they also reported prostate cumulative
displacements of more than 3 mm and at least 30 secs. of duration in 41% of the sessions.
These data stressed the importance of a good image guidance strategy to ensure that the
tumor is within the predefined margins of treatment when pursuing dose escalation with
margin reduction.

The use of continuous cine MV tracking proposed in this paper has several advantages over
the previous state-of-the-art. Electromagnetic transponders (1–4) are relatively big as
compared to fiducial markers and create artifacts on the magnetic resonance images (MRI),
an imaging modality commonly employed for prostate patients follow-up. Portal images and
CBCT based tracking techniques (5–9) cannot provide real-time motion information.
Fluoroscopic kV imaging (10) entails the delivery of additional imaging dose to the patient.
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MV imaging has the fundamental advantage of using the therapeutic beam to image what is
actually being irradiated in the patient, avoiding the delivery of additional imaging dose. A
combined on demand hybrid kV/MV strategy (16) was also proposed but no clinical study
has been performed up to now. Mao et al. (17) used MV tracking for a single patient treated
with IMRT fields. Since fixed gantry IMRT is not continuous irradiation, the fiducials could
move while not being imaged and 3D trajectories could not be reconstructed.

This work describes our clinical implementation of prostate motion tracking and 3D
trajectory reconstruction based solely on MV imaging during VMAT treatments. We present
measured data of the prostate motion during treatment and analyzed retrospectively using a
novel automatic fiducial detection algorithm (18). The technique proposed has the advantage
of being readily implementable with the equipment currently available in modern linacs.
Since VMAT enables continuous radiation beam, the beam targeting is expected to improve
when tracking the tumor during treatment. Furthermore, VMAT treatment times are shorter,
which results in less probability of motion.

II. MATERIAL AND METHODS
A) Patient selection, positioning, and treatment

Ten patients with locally advanced prostate cancer underwent radiotherapy with curative
intent as their treatment option. Fast VMAT radiotherapy treatments were provided with a
Varian TrueBeam (Varian Medical Systems, Palo Alto, California) linac. The linac was
equipped with electronic portal imaging device (EPID) and could acquire cine MV images
during treatment at a rate of ~ 5 frames/sec. and a resolution of 0.392 mm per pixel. The
Varian iTools™ software was used to obtain the images in its original resolution for the
subsequent analysis.

All of the patients have three fiducial markers implanted in the prostate. The treatment plan
consisted in all cases in two volumetric modulated arcs, each one being delivered in about
60 seconds. Four of the patients had weekly cine MV imaging and the remaining had
between one and four set of images taken on different days. The patients were positioned
with two orthogonal kV portal images followed with a 2D/2D matching of the fiducials with
their projection from the planning CT. Couch translation movements to eventually fine
adjust the patient positioning were performed according to the matching results.

B) Automatic fiducial detection and 3D position estimation
An automatic fiducial detection algorithm was developed that detected the fiducial positions
in cine MV images acquired with the therapeutic beam (18). It employed a prediction model
for the expected fiducial position on an image, based on its previous detections in the same
arc during that fraction of treatment. The algorithm used a combined criterion of shape
similarity by template matching and image intensity to recognize the fiducial markers as
projected in the MV image. A universal template formula was used for fiducial detection in
all patients taking into account the fiducial orientation as well as the case in which the
fiducials were close to or partially occluded by the leaves. Electronic artifacts in the EPID
image when the system was working were effectively removed in order to use the image
intensity. The search area was dynamically adapted between subsequent images to track the
fiducial motion. The algorithm could successfully detect fiducial markers in >90% of the
MV images acquired during patient VMAT treatments (18). The average error in the
detection was typically less than 1 mm (18). Figure 1 contains two images with fiducial
detection on MV images taken with an EPID on which the fiducials have been detected in
VMAT treatments. After the two-dimensional (2D) displacements of the fiducial were
measured on a particular image, the three-dimensional (3D) fiducial trajectories were
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estimated from all the fiducial 2D positions for the images at previous gantry angles in that
arc according to the work of Li et al. (19).

C) Assessment of fiducial detectability and prostate motion
The motion assessment through the whole treatment fraction varied depending upon the
number of images in which the fiducials could be detected. Fiducial blockage could hinder
the tracking. We first present our data about the complexity of the plans with detectability of
each of the fiducials for the two arcs in every patient treatment. For each arc, we stated the
percentage of images in which each fiducial was detected, as well as the percentage of
images in which at least one fiducial was detected. The detection happened at every time in
which the expected position of the fiducial, calculated according to the prediction scheme in
our algorithm based on the previous detected positions, lied in open beam.

Prostate motion trajectories based on the fiducial position detection were derived. The mean
of the anterior-posterior (AP), lateral (LAT), superior-inferior (SI), and absolute (ABS)
lengths of the displacements among all fractions and arcs for each patient was calculated
along with their standard deviation (σ). Since the treatment time was short, it was expected
to limit the motion amplitude (6). For the four patients with acquisition of weekly cine MV
images, the mean absolute displacement in each fraction was calculated, as well as its
standard deviation, as an assessment of the reproducibility of the targeting error between
different fractions. Furthermore, we identified several patterns of trajectories examining the
data available for the displacements in each fraction and arc. The percentage of the tracked
time in which the displacement exceeds 3 and 5 mm for each patient has also been assessed.

III. RESULTS
Table I presents the data of the detections of the three fiducials according to the algorithm
outlined in Section II.B, as well as the percentage of images with at least one fiducial was
detected. The detectability of the fiducials depended heavily on the control point
configuration of the VMAT fields that could block them. Two situations of largely blocked
fiducials can be seen in the counterclockwise (CCW) arcs of patients 3 and 6.

In Table II we present the motion assessed for each one of the patients studied. To
summarize, the mean of the absolute value of the displacement is presented in each of the
3D directions, as well as the absolute value of the displacement, with their corresponding
standard deviation value (σ). Based on the 3D trajectories derived from the measured data
on the EPID, the fraction of the treatment time in which the fiducials are at a distance larger
than 3 mm and 5 mm from their planned positions was calculated and is represented in
Table III. The mean displacement and standard deviation of the intrafraction motion was
generally less than 2.0 ± 2.0 mm in each of the space directions, although when combined to
calculate the 3D displacement it was likely to go beyond that value.

The prostate motion depended on each patient and, for each patient it was different between
fractions. Figure 2 contains the plot of the mean of the absolute value of the overall
displacement (averaged among the 3D estimated value from the whole set of images used
for measurement) for each fiducial and fraction, for the four patients with weekly cine MV
images. The mean displacement was reproducible for the fractions imaged along the course
of the treatment within a standard deviation less than 1 mm, but its value goes above 2 mm
in three cases, being all fast treatments (around 2 min in time duration).

Figure 3 presents several distinct prostate motion patterns measured in the patients with the
EPID, after removing the bad 2D detections (algorithm localizations that deviate from the
ground truth as determined by manual localization by more than half the dimension of the
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fiducial as seen on the MV image, that is, ~2 mm). Stable target at baseline (row 1),
continuous drift (row 2), transient excursion (row 3), persistent excursions (rows 4 and 5)
and combination of drift and excursions were seen. High frequency excursions were also
identified in trajectory (row) 2.

Table III presents the estimation the fraction of time for each patient and spatial direction
with a displacement larger than 3 and 5 mm. It was found to vary a lot among different
patients (from 0.1% to 32.1% for 3 mm displacements and from 0.0% to 24.1% for 5 mm
displacements. The beam targeting varied greatly between different patients and the margins
needed for ensuring a safe prostate radiotherapy procedure are thus patient dependent.

IV. DISCUSSION
In this work we assessed prostate intrafraction motion during VMAT treatments using cine
MV imaging. The use of the VMAT technique, which is faster than the conventional IMRT,
is expected to limit the prostate motion since the likelihood of the displacement of the
prostate gland decreases with shorter treatment time (4,9). Different trajectories could be
identified for different treatment fractions even for the same patient. For example,
trajectories 1 and 2 in Figure 3 correspond to patient 1, and trajectories 3 and 5 to patient 2.
Trajectory 5 corresponds to fraction 7 in patient 2 and the large permanent excursion at the
end of the track caused the mean and standard deviation to increase, as can be seen in Figure
2. We characterized the mean intrafraction motion for the patients studied, which varied
between patients and could be >2 mm, as well as the amount of time in which the
displacement was larger than 3 and 5 mm. In some patients, the prostate could move >5 mm
in any of the directions for nearly 10% of the tracked time (Table III). These findings
emphasize the need of a real-time image guidance strategy to be able to increase the
prescribed dose reducing the tumor’s margins, thus allowing the dose escalation. These
results also indicate that the treatment margins should be patient dependent or individualized
in order to maximally benefit from the conformal dose distributions in VMAT.

MV fiducial detection can provide the basis for real-time tumor guidance. In this work we
demonstrated its feasibility, using the capabilities already available in current linacs. It is
worth to discuss briefly the challenges posed by real-time implementation. First, the time
needed for processing each image with the current implementation of our method was ~1
sec, which included template matching search and mask generation. Translating the code to
a low level language such C is expected to increase its speed by at least one order of
magnitude. Furthermore, the effect of fiducial occlusion by the leaves could be alleviated by
encouraging at least one fiducial to be under open beam during the treatment planning
process. This work was done by Ma et al. (20) in the context of four dimensional (4D)
optimization with IMRT fields. An approach in real-time implementation would be to stop
the beam delivery when the displacement estimation exceeds a pre-established threshold.
Although 2D displacements as measured on the EPID are readily available and could be
used for detecting a displacement threshold, the use of 3D estimation displacements is more
robust, especially when using continuous tracking. The 3D Bayesian tracking algorithm is
effective in estimating dynamic target position (19). Given a cine MV projection image, two
position parameters are determined. The only unknown parameter is the target position
parallel with the MV beam, which is estimated by combining the information from the
current projection (as likelihood) and previous projections (as prior) in a Bayesian
framework. Furthermore, the effect of uncertainties in target position along the treatment
beam on the final dose distributions is expected to be small. A displacement can be promptly
detected and assessed, enabling fast intervention in real-time. The MV information could be
complemented with an orthogonal kV image to calculate accurately the 3D position of the
fiducials by triangulation and confirm the actual motion (16).
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An explanation is needed for the AP displacement for patient 7. He had only two fractions
tracked and in one of them he had complex prostate movement (either rotation of
deformation) that cannot be compensated by pitching the couch (Figure 1, left, shows the
fiducial displacements detected in one MV image). That was the reason for having 24.1% of
the time with a displacement over 5 mm in the AP direction. The trajectory during this
fraction is showed in Fig. 3, row 4. In this patient the assessed displacement was
predominant in the AP direction, with no correlation in the SI direction. A similar
explanation can be made for the trajectory shown in Fig. 3, row 5 (patient 2). The fiducial
displacements were different among the three directions for most of the track (the image in
Fig. 1, right shows the prostate movement).

V. CONCLUSION
Prostate intrafraction motion assessment based on cine MV imaging during VMAT
treatments is feasible. Generally, prostate motion tends to be random without a fixed pattern,
which necessitates real-time monitoring of intrafractional prostate motion even for rotational
arc therapy with conventional fractionation scheme. Imaging in between arcs may be
helpful, but there is no guarantee that the motion will happen only at the end of each arc.
Moreover, to document and verify the target position during IMRT or arc therapy delivery,
real-time monitoring of prostate position is important and should be an integral part of
modern radiation therapy treatment systems. Prostate patients would greatly benefit from a
real-time image guidance strategy that allows margin reduction and dose escalation.
Automatic fiducial detection using an EPID can provide safe, economic, imaging dose-free,
and efficient approach for real-time image guided prostate radiotherapy.
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Summary

The amount of prostate motion and its unpredictability and variability among patients
requires its real-time monitoring to benefit most patients. We have used a conventional
linear accelerator and MV imaging with an EPID to track and assess the prostate motion
during VMAT treatments. The proposed strategy successfully demonstrated the potential
of MV imaging to monitor prostate motion based on implanted fiducials and could be
implemented in real-time.
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Figure 1.
Detection of the three fiducials on EPID MV images. The CT planned positions of the
fiducials are depicted by crosses and the localized positions with circles. Left: In this
challenging situation in which the fiducials are close to the leaf edges for this leaves
configuration, the algorithm is able to successfully detect several mm of displacement
detected for fiducials 1 (blue) and 2 (green). Fiducial 3 is displayed in red and the projection
of the isocenter is represented by the yellow cross. This patient’s motion statistics are
summarized in case 7 in the data Tables. The whole motion trajectory is showed in Figure 3,
row 4. The gantry angle for this image is 221.6 degrees. Right: This image corresponds to
the motion depicted in Fig. 3, row 5 (overall statistics for all fractions in case 2 in the
Tables). The gantry angle is 99.9 degrees. A gantry angle of 0 degrees corresponds to an
anterior-posterior beam and the gantry angle increases in the clockwise direction.
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Figure 2.
Mean value of the absolute displacement for each fraction for the patients with weekly cine
MV images. The error bars lengths correspond to two standard deviations.
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Figure 3.
Prostate motion trajectories identified with the cine MV system based on EPID. Each color
corresponds to one of the three fiducials (blue: fiducial 1; green: fiducial 2; red: fiducial 3).
Five arcs were examined for patient 1 (CW arc on fractions 5 and 6 depicted in rows 1 and
2), patient 2 (CCW arc for fractions 5 and 7 depicted on rows 3 and 5), and patient 7 (CW
arc for first fraction depicted on row 4). In row 3 the AP and SI movements are clearly
correlated.
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