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DMLC tracking and gating can improve dose coverage for prostate VMAT
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Purpose: To assess and compare the dosimetric impact of dynamic multileaf collimator (DMLC) tracking
and gating as motion correction strategies to account for intrafraction motion during conventionally
fractionated prostate radiotherapy.

Methods: A dose reconstruction method was used to retrospectively assess the dose distributions delivered
without motion correction during volumetric modulated arc therapy (VMAT) fractions for 20 fractions of
five prostate cancer patients who received conventionally fractionated radiotherapy. These delivered dose
distributions were compared with the dose distributions which would have been delivered had DMLC
tracking or gating motion correction strategies been implemented. The delivered dose distributions were
constructed by incorporating the observed prostate motion with the patient’s original treatment plan, to
simulate the treatment delivery. The DMLC tracking dose distributions were constructed using the same
dose reconstruction method with the addition of MLC positions from linac log files obtained during DMLC
tracking simulations with the observed prostate motions input to the DMLC tracking software. The gating
dose distributions were constructed by altering the prostate motion to simulate the application of a gating
threshold of 3 mm for 5 seconds.

Results: The delivered dose distributions showed that dosimetric effects of intrafraction prostate motion
could be substantial for some fractions, with an estimated dose decrease of more than 19% and 34% from the
planned CTV Dogy, and PTV Dgso, Values respectively for one fraction. Evaluation of dose distributions for
DMLC tracking and gating deliveries showed that both interventions were effective in improving the CTV
Do9, for all of the selected fractions to within 4% of planned value for all fractions. For the delivered dose

distributions the difference in rectum Vs, for the individual fractions from planned ranged from -44% to
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101% and for the bladder Veso, the range was -61% to 26% from planned. The application of tracking
decreased the maximum rectum and bladder Vs, difference to 6% and 4% respectively.

Conclusion: For the first time, the dosimetric impact of DMLC tracking and gating to account for
intrafraction motion during prostate radiotherapy have been assessed and compared with no motion
correction. Without motion correction intrafraction prostate motion can result in a significant decrease in
target dose coverage for a small number of individual fractions. This is unlikely to effect the overall
treatment for most patients undergoing conventionally fractionated treatments. Both DMLC tracking and

gating demonstrate dose distributions for all assessed fractions that are robust to intrafraction motion.

1. INTRODUCTION

Intrafraction prostate motion can result in geometric and dosimetric uncertainties during treatment delivery.
Previous studies investigating the dosimetric effects of intrafraction prostate motion show that there is a
small drop in dose coverage for treatment fractions with large prostate motion.’® These effects are seen to
average out with increased fractionation? and over a conventionally fractionated treatment course, the
dosimetric effects caused by intrafraction motion are minimal.

To date, intrafraction prostate motion is most commonly managed by addition to treatment margins
which results in the surrounding organs at risk receiving an increase in dose to ensure sufficient target
coverage. Overcoming the uncertainties due to intrafraction prostate motion is essential to achieve the high
accuracy necessary for the safe delivery of hypofractionated and dose escalated treatment courses® which
have been shown to benefit prostate patients,” ° Localisation systems can now provide the necessary
information needed to account for intrafraction prostate motion through motion correction strategies such as
CyberKnife® and gimbaled linac’ treatments along with gating, DMLC tracking® ° and dynamic couch
tracking.™

DMLC tracking for prostate cancer radiotherapy has recently been clinically applied for the first
time® and as treatments involving motion correction such as gating and DMLC tracking become more widely
implemented, the ability to reconstruct the dose delivered during treatment will become increasingly useful
as part of the quality assurance process and the clinical workflow within treatment centres. A dose

reconstruction method which can be used to assess the dose delivered for DMLC tracking treatments has
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been developed and used to assess the potential dosimetric benefit of this motion correction technique.* *2

This method along with several other dose reconstruction techniques can be used to retrospectively provide
information on the dose delivered during gated and non-gated treatments. > To date, however the direct
dosimetric benefits of implementing a gating threshold has not be assessed relative to non-gated or DMLC
tracking treatment delivery.

The aim of this study was to assess and compare the effectiveness of DMLC tracking and gating as
motion correction strategies to account for intrafraction motion during conventionally fractionated
volumetric modulated radiotherapy (VMAT/RapidArc) prostate cancer treatments with the intention of

further extending this to dose escalated and hypofractionated treatments.

2. METHODS AND MATERIALS

To perform this dose reconstruction study we needed treatment plans and observed prostate motion
trajectories for each fraction which were used to create the necessary gated prostate motion trajectories and
DMLC tracking MLC position files. These were used to reconstruct the delivered, simulated gating and
simulated DMLC tracking doses which were then compared to the planned dose distributions. The basic
overview of the method for each fraction can be seen in FIG. 1 Each of these points is discussed below in

more detail.
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FIG. 1 Overview of dose reconstruction process for each of the selected fractions. The delivered, tracking and gated doses

required different input files to construct each distribution. The delivered dose required only the patient treatment plan and
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motion trajectory. DMLC tracking dose reconstruction required the addition of tracking MLC positions, acquired through

tracking simulations. Gating dose reconstruction required the creation of a simulated gated motion trajectory.

2.A. Prostate motion trajectory and plan selection

The intrafraction prostate motion trajectories in this study were obtained from a previous study and measured
using kilovoltage intrafraction monitoring (KIM).* In the study, 10 patients with localised prostate cancer
were treated using conventionally fractionated VMAT (RapidArc). All patient plans had a CTV to PTV
margin of 7 mm with 5 mm posteriorly. Of the 10 patients in the study, we selected the five that would have
been eligible for a prospective DMLC tracking clinical trial due to the requirement in our DMLC tracking
software that MLC leaves not involved in treatment are placed beneath the jaws. This limits the field size to
14.4 cm, the maximum leaf travel distance on a Millennium MLC. As explained in section 2.C., this
involved replanning two patients. From these five patients, there were 135 fractions with measured prostate
motion trajectories. From the 135 trajectories we selected 20. Six of these trajectories were selected
representing the different categories of translational intrafraction prostate motion previously observed: stable
target position, transient excursion, continuous drift, persistent excursion, erratic behaviour and high-
frequency excursions.*®** A further 13 trajectories were selected which displayed high mean displacement or
which would have resulted in a large number of gating events by exceeding a gating threshold of 3 mm
displacement for 5 seconds, as well as trajectories with little motion in order to span the range of clinically
observed motion. A frequency histogram of the mean displacement of each of the 135 fractions is shown in

FIG 2, where the 20 selected fractions are highlighted in red.
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FIG 2 A frequency histogram shows the spread of the mean displacements of the prostate for the 135 observed fractions. The

fractions used in this study are highlighted in red.

2.B. Delivered dose reconstruction

The reconstruction of the delivered dose distribution for each of the 20 treatment fractions was performed
using an isocenter shift dose reconstruction method*! and achieved with an in-house Matlab program and an
Eclipse (Version 10, Varian Medical Systems, Palo Alto, CA) treatment planning system (TPS). The motion
encoding Matlab program incorporates the intrafraction prostate motion trajectory acquired during treatment,
with the patient’s original treatment plan (pictured in FIG. 3a), exported from the TPS, to create a motion
encoded treatment plan which simulates the treatment delivery (FIG. 3b). The motion encoding program
divides the intrafraction prostate motion trajectory into 1 mm position bins and for each bin constructs a sub-
beam from the original treatment plan control points, representing the arc subtended by the gantry whilst the
prostate was within a given position bin. An isocenter shift was used to model the target displacement for
each sub-beam.'* The motion encoded treatment plan is then imported into the treatment planning system

and the dose recalculated.
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FIG. 3. Pictorial representation of the dose reconstruction method. (a) The patient’s original treatment plan with dual VMAT
fields (the start of each field is shown by the yellow beam shape, with control points represented by red dots). This original
treatment plan is time synchronized with the prostate motion to create (b) a motion encoded treatment plan which has a large
number of sub-beams with start positions in yellow. Each sub-beam has a different isocenter, representing a different
prostate displacement and is comprised of a varying number of control points (red dots) depending on the amount of time the

prostate was in the position corresponding to the isocentre shift of the sub-beam.

2.C. Tracking dose reconstruction

The reconstruction of the dose distributions which would be achieved with the implementation of DMLC
tracking differs from that of the delivered and gated dose reconstruction only in that it uses the treatment
MLC positions, taken from the linear accelerator log (Dynalog) file, rather than the MLC positions of the
original treatment plan. This is necessary because the MLC positions of DMLC tracking treatments are
unknown prior to treatment because they are dependent on the target motion.

In order to perform DMLC tracking simulations to obtain the tracking MLC positions, it was
necessary to adapt the patients’ treatment plans to allow for DMLC tracking. The patients’ original VMAT
treatment plans have the collimator jaws placed as close as possible to the edge of the aperture shape to
minimize the dose leakage between the leaves inside the treatment field. DMLC tracking treatment delivery
involves the repositioning of the MLC aperture so that it moves to follow the moving target. For this reason,
it is necessary to widen the collimator jaws so that the change in MLC position calculated by the DMLC
tracking software does not cause the aperture to move beneath the collimator jaws which would result in a
hold of the treatment beam.

Each of the five patients eligible for DMLC tracking had their treatment plans adapted for the
purpose for DMLC tracking implementation which involved extending out each of the collimator jaws

8 mm, adding a total of 16 mm to the width of the treatment field in both the x and y direction. These
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adapted plans were used for the DMLC tracking simulations only; original plans were used for all dose
reconstruction calculations. The maximum width of the treatment field in the x direction (parallel to the leaf
motion direction) is dictated by the length of the leaves themselves with the MLC carriage separation limited
to 144 mm. The maximum distance between the x jaws is 140 mm. This limitation does not exist for the y
jaws (perpendicular to the leaf motion) which can be extended to 400 mm. Two of the five patient plans with
the addition of 16 mm exceeded the width limit on the x jaws. For these two patients it was necessary to
replan and optimise their treatments with the same objectives of the original plan and with the collimator
rotated 90 degrees, prior to extending the collimator jaws. These newly created rotated collimator plans were
used for all dose reconstruction calculations for these two patients.

DMLC tracking simulations performed to obtain the Dynalog files containing the tracking MLC
positions involved the delivery of the tracking adapted treatment plans, with extended collimator jaws, along
with the DMLC tracking software. The observed prostate motion for each fraction was used as real-time
motion input into the DMLC tracking software which calculated the new MLC position and sent it to the
MLC controller. The linac MLC system then created the Dynalog files which replicate the DMLC tracking
delivery for each fraction.

The tracking MLC positions are then used in the motion encoding process rather than the planned
MLC positions. The static treatment machine parameters such as collimator angle and jaw position are still
carried over from the original treatment plan to the created sub-beams in the motion encoded treatment plan.
2.D. Gated dose reconstruction
The reconstruction of the gated dose distribution of each fraction required the creation of new motion
trajectory files for each fraction, which represent the intrafraction prostate motion, had the gating threshold
of 3 mm for 5 seconds been used and the treatment beam paused to allow a couch shift to align the prostate
to its planned position during the fraction delivery. An in-house Matlab program was used to achieve this,
with a gating threshold of 3 mm for 5 seconds. This threshold was chosen as it will be used for an upcoming
prospective trial. It is a trade-off between treatment accuracy and efficiency and is within those published for
prostate values, for example Lin et al.”® and Li et al." have been applying 3mm for 30 seconds thresholds

clinically for treatments with longer treatment times per fraction than for the VMAT RapidArc treatments in
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this study. When the observed motion trajectory (FIG. 4a) exceeded the gating threshold, a couch shift was
modelled by returning the trajectories to the isocenter, creating gated motion trajectories.
The gated motion trajectory files (FIG. 4b) were then incorporated with the original patient

treatment plan using the dose reconstruction program which creates the gated motion encoded treatment
plan. The gated motion encoded treatment plan was then imported into the TPS and the gated dose

distribution calculated.
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FIG. 4. (a) Observed 3D prostate motion trajectory, grey areas represent treatment beam on. (b) Modified prostate motion

trajectory with a gating threshold correcting for motion >3mm for >5 seconds applied.

2.E. Calculation verification
The dose reconstruction method used for this study has been previously validated using radiographic film
measurements.** The results of the study showed that for dual-arc VMAT treatment delivery for lung to a
thorax phantom with a moving tumor. The reconstructed dose to the target volume closely agreed with the
measured dose with a 99.4% and 99.6% gamma pass rate (2 mm/2%) for a moving target delivery with
DMLC tracking and without DMLC tracking respectively.™

To further validate the method used in the current study an end-to-end experiment was performed
using one of the selected fractions (fraction number 3) and a Delta4 (ScandiDos AB, Uppsala) phantom with
the Hexamotion programmable 6D motion platform (ScandiDos AB, Uppsala). The patient plan was
calculated on the phantom CT within the TPS and then delivered to the phantom setup. For the selected
fraction the patient plan was delivered four times: to the static phantom, to phantom programmed to move
with the observed prostate trajectory with and without DMLC tracking and to the phantom programmed to
move with the gated prostate trajectory (no DMLC tracking). The motion monitoring system for these

experiments was the clinical Calypso (Varian Medical Systems, Palo Alto) real-time output which was fed to
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the DMLC tracking software. These measurements incorporated the latency of the entire clinical tracking
system (measured to be approximately 230 ms). The motion trajectories and Dynalog files obtained for each
treatment experiment were used to reconstruct the delivered dose on the phantom CT set within the TPS. The
reconstructed doses were then imported into the Delta4 software and compared to the measured doses and a
3D 3 mm/3% gamma pass rate calculated.

The measured dose to the static phantom resulted in a 3 mm/3% gamma pass rate of 100% relative to
both the original patient planned dose and the reconstructed static dose. The measured dose delivered to the
moving phantom programmed with the observed fraction trajectory resulted in a gamma pass rates of 70.3%
(delivered), 98.1% (DMLC tracking) and 97.5% (gating). When comparing each of the delivered dose
distributions to that estimated by the dose reconstruction method, the gamma pass rates were 99.8%
(delivered), 99.6% (DMLC tracking) and 98.5% (gating). These high gamma pass rates indicate that the
calculations represent the measurement conditions with a maximum dose reconstruction error (1.5%) smaller
than the effect of the motion itself (29.7%).

The fraction used for the end-to-end experiments was fraction number 3 which was in the 98"
percentile of mean displacements for the observed fractions, contained gating events and represents
persistent motion. The fraction was not representative of most of the observed fractions, which had much
smaller motion, but was selected for its complexity to best verify the dose reconstruction process.

Further verification of the motion encoding method was achieved for this study by creating motion
encoded patient treatment plans for each patient using customized motion files with both zero motion
representing the motion trajectory, had the prostate not moved from the planned position, and a constant 7
mm motion representing a sustained shift of the prostate in each of the three dimensions of motion.

The zero motion and constant 7 mm motion files were incorporated with the patient’s original
treatment plan using the motion encoding program. The constant motion encoded treatment plans were then
imported into the TPS and the dose distribution calculated. The zero motion dose distribution was then
compared to the planned dose distribution and the constant 7 mm constant motion dose distribution was
compared to the dose distribution of the original treatment plan with a 7 mm shift applied, in the opposite

direction, to the planning isocenter.
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Verification of the DMLC tracking dose reconstruction was achieved by obtaining Dynalog files
through DMLC tracking simulations using the zero motion and 7 mm shift motion files as input for each
patient. The DMLC tracking motion incorporated treatment plans created by encoding the constant motion
files and their corresponding Dynalog files was imported into the TPS and compared with the original
treatment plan.

For brevity, the constant motion verification results are not shown, however the calculated dose
distribution for the zero motion and constant 7 mm treatment plans were exactly the same as the planned and
shifted dose distributions for all five patient treatment plans used in the study. The corresponding DMLC
tracking dose reconstructions were also the same as all five of the patient’s original planned dose
distributions.

2.F. Statistical tests

From the dose distributions, dose-volume points for the CTV, PTV, rectum and bladder were computed. The
PTV dose was monitored, along with the CTV, as this volume behaves as a CTV with zero margins, moving
with the same trajectory as the plan CTV. To determine whether the dose-volume points from reconstructed
dose distributions between the planned values and the delivered, gated and DMLC tracking methods were
significantly different, e.g. whether the delivered CTV Dggy, Was significantly different from the planned
CTV Dgg, Vvalues, a two-tailed Wilcoxon rank sum test was used. The Wilcoxon test was chosen over the
paired Student’s t-test as the population of the DVH points cannot be assumed to be normally distributed.
The non-normality of the DVH points was confirmed using the Kolmogorov-Smirnov test (only the MLC
tracking bladder Vgsy, Was computed as normally distributed). All statistical tests were performed using

Matlab R2013a.

3. RESULTS

The delivered dose distributions showed that dosimetric effects of intrafraction prostate motion were
substantial for some fractions. Evaluation of dose distributions for DMLC tracking delivery and gating show
that both motion correction strategies would be effective at improving target coverage for the fractions with

high mean displacement.
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3.A. Individual fraction results

The fraction with the largest mean displacement (fraction number 1, 9.9 mm) has a reconstructed delivered
dose distribution that when compared to the planned dose distribution represents a large decrease in target
coverage while the gated and DMLC tracking dose distribution increase the coverage to close to that of the
plan. The 80% isodose curves for the planned, delivered, gated and DMLC tracking distributions for this
fraction are shown in FIG. 5. The delivered dose distribution (FIG. 5b) for this fraction has a cold spot (less
than 80% of the prescribed dose) within the center of the target volume, this occurs because the shifts
applied to the sub-beams within the dose reconstruction program result in parts of the original highly
modulated VMAT plan no longer overlapping each other as originally planned but shifting apart. The
distributions for DMLC tracking (FIG. 5c) and gating (FIG. 5d) also have less homogeneous dose coverage
due to the same effect where portions of the complex VMAT plan overlap in these reconstructed plans where
in the original plan they did not. The DVHs derived from the dose distributions for this fraction are shown in
FIG. 6. From the plots we can clearly see a 19% drop in Dggy, for the CTV and 34% for the PTV Dgsg, for the
delivered dose reconstruction compared to the planned values. A large increase in dose to the rectum is also
evident for this fraction. Improvement in dose coverage with the application of both gating and DMLC
tracking brings the Dqge, for the CTV to within 1% of the planned value. Application of gating results in the
Dgsy, for the PTV being within 3% of that planned and DMLC tracking brings the PTV Dgse, Value to within
1% of planned. Similar changes in the dose to the rectum and bladder are also evident between the gating

and DMLC tracking plans and the delivered plan.
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FIG. 5. 80%+ isodose curves for the fraction where the trajectory had the highest mean displacement (a) Planned dose

distribution (b) Delivered dose distribution (c) DMLC tracking dose distribution (d) Gated dose distribution. The CTV is
contoured blue, the PTV red, the rectum pink and the bladder green.
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FIG. 6. Set of DVHs comparing the planned (solid), delivered (dashed line), gated (dotted line) and DMLC tracking (dot-

dashed line) doses for the fraction with the highest mean displacement. (a) CTV, (b) PTV, (c) rectum and (d) bladder.

270  3.B. Comparison of multiple fraction results
Table 1 includes the motion type of each of the 20 selected fractions along with the mean (3D) displacement

of the fraction and the displacement percentile they fall into for the 135 fractions observed for the five
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patients. The percentage difference of the delivered, gated and DMLC tracking dosimetric values from the
planned values for the CTV Dgge,, PTV Dgse, the rectum Vesy, and the bladder Vs, are also included.

The difference between the planned dosimetric parameters CTV Dggy, and PTV Dgsy, and the
delivered dosimetric parameters increases with increasing mean displacement of the motion trajectory which
can be seen in FIG 7 as well as Table 1. Motion trajectories of fractions that did not exceed the gating
threshold of 3 mm for 5 seconds show smaller variations from the planned Dggy, and Dgse, Values for the CTV
and PTV respectively. The difference from the planned dose for all of these fractions is under 3%. Only the
fraction in the highest percentile of prostate displacement showed a significant decrease in the CTV Dggy

value and only fractions above the 93" percentile showed a drop of more than 5% to the PTV Dgsy, value.
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FIG 7. The plot shows the percentage dose difference in CTV Dggo, (blue) and PTV Dgso, (red) for the delivery distributions

for all 20 fractions in the study relative to the mean displacement percentile of each fraction.

Table 1 shows that all of the gated fractions have CTV Dggy, and PTV Dgse, Values within 4% of the
planned values. All but two of the fractions (fraction number 5 and 15), which exceeded the gating
threshold, had improved PTV dose coverage. These two fractions were characterised by sharp peaks where
the modelled gating events did not accurately represent a real-time gate and shift and the resultant gated
motion trajectory had a similar mean displacement to the original fraction trajectory. The same trend can be
seen in the CTV Dggy, Values where motions with erratic, transient and persistent motions result in a small

decrease in this dosimetric value. Motion trajectories of the fractions which did not exceed the gating
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threshold of 3mm for 5 seconds, resulted in the calculated gated dose values being the same as the delivered
dose for each of these fractions. The gated dose results for 11 of the 13 fractions with gating events show
improvements in the rectum dosimetric parameter Vs, for gating with respect to the delivered value.

The dose distributions that represent what would have been delivered had DMLC tracking been
implemented show an improvement in PTV dose coverage compared to the delivered dose distribution
calculations for all of the 20 observed fractions. The CTV Dy, for five of the 20 fractions used in this study
(fraction numbers 5, 8, 9, 10 and 15) show a decrease with the implementation of DMLC tracking relative to
without, this is likely due to combination of the motion types, the highly modulated patient plans and the
synchronisation of the motion and treatment delivery during the tracking simulations. The decrease in target
dose homogeneity also means that a single dose-volume parameter may not accurately represent the overall
dose coverage for the target. The DMLC tracking dose distributions show that this motion correction

technique would result in a significant improvement in the Dgsy, value for the PTV with a p-value of <0.001.

4. DISCUSSION

In this study, time resolved dose reconstruction was performed for 20 representative fractions from
five patients to provide dose distributions representing the delivered (without motion correction), gated and
DMLC tracking treatments. Substantial variations in the dose distributions were observed in some cases for
single fractions without gating or DMLC tracking implementation, which is consistent with findings from
previous prostate intrafraction motion dose studies.”™ *® These fractions represent a small percentage of
delivered fractions of the five patients in this study and the fractions with smaller (more common) mean
displacements show that the margins used were sufficient for target coverage. The large calculated effects of
intrafraction motion on the target coverage for individual fractions should have a small effect over an entire
conventionally fractionated treatment course as the effect is minimised with increased fractionation.? For this
reason, the outlier fractions, such as those seen in this study, with a very large decrease in target coverage
could have greater implications for hypofractionated treatment courses.

The target coverage of this conventionally fractionated prostate trial was assessed using CTV dose
parameters, while the PTV coverage was also monitored as it is representative of a CTV with zero-margins

and represents an extreme case. Decreasing the margins from those used in this study would lead to a
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dosimetric effect of intrafraction motion on the target somewhere between that of the CTV and PTV in this
study.

The 20 fractions used for this study were selected to represent all of the previously observed motion
types and the entire range of prostate displacements, 12 of the 20 fractions were selected from top 80th
percentile of mean displacement. Of the 13 fractions with intrafraction prostate motion exceeding the gating
threshold, five trajectories show a decrease of more than 5% in Dgsy, for the PTV representing a substantial
difference from the dose prescribed.

Previous studies have also investigated and shown the potential dosimetric benefit of DMLC
tracking implementation. However, a direct comparison with the dosimetric benefit of implementing a gating
threshold has not been investigated. Li et al.' showed that gating was effective in reducing the mean and
maximum intrafraction motion during treatment but the dosimetric effect of gating has not been compared
against treatments without motion correction or DMLC tracking treatment techniques. The results of this
study show that with the application of either DMLC tracking or gating dose variations from planned target
coverage were reduced.

Langen et al.? performed time-synchronized dose reconstruction for Tomotherapy and step and shoot
IMRT using Calypso-measured patient data for 486 fractions from 15 patients. Their study did not include
gating or DMLC tracking. Their key findings were that only 4% of the fractions showed >1% CTV Dgs dose
reduction, and that there was no correlation between the motion and dosimetric consequences. Their findings
differ from the ‘delivered’ results in our study, in which greater dose reductions in the CTV were observed,
despite the margin (7 mm, 5 mm posterior) being larger than the Langen study (5 mm, 3 mm posterior). Our
results also show that both the PTV and CTV dose reduction are highly correlated (-0.97 and -0.85
respectively) with the mean displacement. The differences between the studies could be due to the different
patient populations, measurement methods and delivery methods, as well as the potential selection bias in
that most of the fractions selected in our study (Table 1) were in the upper range of the mean displacement
percentiles.

A study performed by Pommer et al.*

investigated the dosimetric benefits of DMLC tracking using
time resolved dose reconstruction for IMAT prostate treatments. The study used fractions representative of a

range of intrafraction motions and showed that for fractions with a mean displacement of greater than 3 mm
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DMLC tracking would be effective in improving the dose to the target relative to the delivered non-DMLC
tracking dose. The results of our study are consistent with these previous results with the DMLC tracking
dose calculations showing an improvement on the dose delivered without motion correction with all CTV
Dggys Values for all 20 fractions within 4% of the planned dose (Table 1).

Li et al.' investigated the effects of intrafraction prostate motion using a dose convolution
reconstruction method on Calypso data for 1267 fractions from 35 patients treated with step and shoot
IMRT. The patients were treated in three different groups: a group without motion correction, gate and shift
with a 3 mm for 30 seconds threshold and a gate and shift with a 5mm for 30 second threshold. They found
that more than 20% of patients had a displacement of more than 3 mm for 5% of the treatment time and that
motions of greater than 10 mm were observed to occur but were infrequent. The study showed that applying
gating thresholds reduced the mean and maximum displacements of treatment fractions for a patient cohort
compared to the group which had no motion correction applied. The study did not however directly show the
dosimetric effectiveness of applying a gating threshold, as it is not possible to know the motion, and
therefore the dose distributions, that would have been delivered for the two gating groups had the motion
correction not been applied. The results of our current study (Table 1) show that the gated dose calculations
for a threshold of 3 mm for 5 seconds represent an improvement on that of the delivered dose distributions
with all CTV Dggy, and PTV Dgsy, Values for all 20 fractions studied within 4% of the planned dose.

Study limitations

The time resolved isocenter shift dose reconstruction method used for this study only accounts for
rigid translation and does not account for rotation or deformation of the target."**! The method has been
previously experimentally verified and while it can accurately model the dose to the target, the dose to
surrounding organs at risk, which may move independently of the prostate, are less accurately modelled as
any positional or volumetric changes to these organs are unknown.

There are several limitations to the DMLC tracking simulations and dose reconstruction processes.
During DMLC tracking simulations the beginning of treatment delivery and the start of the motion trajectory
input were manually synchronised leading to an offset between the original motion trajectory and the
Dynalog tracking MLC positions when these files were combined using the dose reconstruction program.

This offset varies between fractions, but is approximately 0.5 seconds and will have a greater effect on the
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calculated dose distributions for high frequency excursion and erratic motion trajectories that have sharper
gradients of motion. Improving the accuracy of the synchronisation for the tracking simulations would lead
to more accurate tracking dose reconstructions.

The application of DMLC tracking requires the collimator jaws to be 8 mm wider in all directions.
The effect of this adaptation on the plan is small with an average increase of less than 0.5% to Dgsy, for the
PTV and to a central reference point within the prostate. This effect will necessarily be accounted for during
planning for DMLC tracking implementation.

During the gated dose reconstruction process a gating event was represented as an instantaneous
perfect couch shift, though in reality a beam hold would have occurred and time taken to adjust the couch
and realign the patient. During this time, prostate motion will continue and perfect realignment of the patient
would not necessarily be achieved. The fractions number 5 and 15 which exceeded the gating threshold but
did not have improved PTV dose coverage through the couch shift were a transient motion and a high
frequency motion trajectory. These fractions were characterised by sharp peaks where an instantaneous
couch shift did not allow for self-correction of the motion while the treatment beam was not on and the
resultant gated motion trajectory had a similar mean displacement to the original fraction trajectory.

In summary, dose coverage for prostate radiotherapy is improved with the application of motion
correction with both DMLC tracking and gating for the few fractions with high mean displacement. These
findings provide compelling evidence to perform prospective clinical studies on both of these technologies to
eliminate outlier fractions with large displacements with the dual goals of improved tumor control and

decreased treatment-related side effects.

5. CONCLUSION

For the first time, the dosimetric impact of DMLC tracking and gating to account for intrafraction motion
during prostate radiotherapy have been assessed and compared with no motion correction. Without motion
correction intrafraction prostate motion can result in a significant decrease in target dose coverage for some
fractions; both DMLC tracking and gating demonstrate dose distributions that are robust to intrafraction

motion.
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Table 1. Each of the selected fractions, their characteristic motion, mean displacement, mean displacement percentile, the calculated delivered, tracking and gated values for

dosimetric parameters for the CTV, PTV, rectum and bladder relative the planned dosimetric parameter values (100%o). P-values compare the dose-volume points for gating and

tracking with the delivered dose. The fractions with grey backgrounds did not display any gating events and therefore the gated values equal the delivered values.

23

Fraction Motion Mean Disp.  Displacement CTV D99 (%) PTV D95 (%) Rectum V65 (%0) Bladder V65 (%0)
number Type (mm) Percentile Delivered Tracking Gated Delivered Tracking Gated Delivered Tracking Gated Delivered Tracking Gated
1 Persistent 9.9 99 -19.2 -0.2 -0.7 -34.2 -0.9 -2.7 100.7 -0.3 115 -61.4 0.1 -10.8
2 Erratic 5.4 98 -3.9 -1.3 -34 -16.2 -1.6 -2.0 66.8 -1.6 -20.2 -38.0 1.7 14.0
3 Persistent 5.4 98 -1.4 -1.1 -2.6 -14.8 0.2 -1.2 16.9 15 -1.4 -37.3 -0.1 -15
4 Erratic 3.3 94 -0.6 -0.3 -2.0 -5.9 -1.0 -2.0 16.3 49 -2.6 23.8 0.6 15
5 High Freq. 3.2 94 -2.4 -2.8 -35 -3.2 -1.7 -3.3 -44.4 -0.1 2.1 25.9 -0.6 31
6 High Freq. 31 93 -3.8 -0.9 -34 -3.2 -1.1 -2.1 -18.3 0.6 -6.5 19.8 -4.4 5.4
7 Erratic 3.0 93 -16.6 -1.3 -1.2 -6.0 -1.8 -2.1 26.8 -4.4 0.0 -14.4 3.4 1.0
8 Persistent 2.7 91 -0.3 -1.3 -1.7 -2.5 -1.0 -1.6 1.6 -0.7 -1.7 -4.7 -2.2 0.3
9 Erratic 2.3 89 -1.0 -4.0 -2.1 -2.2 -1.3 -1.2 -19.5 -3.6 -11.0 14.3 -2.6 9.5
10 Persistent 2.2 88 2.0 -0.4 0.5 -1.7 0.8 -0.6 29.7 6.2 8.0 -9.0 2.3 -2.3
11 Drift 2.0 85 -2.4 -0.6 0.0 -1.3 -1.1 0.0 -23.4 2.0 -15.5 13.1 -1.2 5.6
12 High Freq. 1.7 80 -2.9 -1.8 -2.9 -1.7 -0.6 -1.7 -10.1 1.4 -10.1 8.9 2.0 8.9
13 Transient 1.5 74 -2.6 -0.9 0.0 -1.9 -0.8 -1.0 7.5 -3.2 -10.5 -4.3 3.6 4.6
14 Drift 1.4 69 -1.8 -1.2 -1.8 -1.6 -0.8 -1.6 -11.1 2.8 -11.1 5.5 -0.2 5.5
15 Transient 1.4 69 -1.2 -1.4 -15 -2.7 -0.7 -2.8 -6.6 -0.4 3.1 -4.2 -1.7 -4.0
16 Drift 1.1 60 -0.2 -0.1 -0.2 -1.4 -1.1 -1.4 -14.5 -6.3 -14.5 5.5 0.0 5.5
17 Stable 0.9 49 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 0.2 -1.8 0.2 9.6 0.8 9.6
18 Stable 0.8 36 -0.5 -0.3 -0.5 -0.3 -0.1 -0.3 -9.1 -4.1 -9.1 2.2 1.0 2.2
19 Stable 0.7 29 -0.1 -0.1 -0.1 -0.9 -0.7 -0.9 -9.0 -5.9 -9.0 1.5 -1.0 1.5
20 Stable 0.6 19 -0.1 -0.3 -0.1 -0.4 -0.4 -0.4 2.6 2.0 2.6 -3.6 -2.4 -3.6
p-values compared to delivered - 0.30 0.50 - <0.001 0.06 - 0.68 0.53 - 0.69 0.71
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Fraction  Motion Mean Disp.  Displacement CTV D99 (%) PTV D95 (%) Rectum V&5 (%) Bladder V&5 (%0)
number Tvpe (mm) Percentile Delivered Tracking Gated Delivered Tracking Gated Delivered Tracking Gated Delivered Tracking Gated
1 Persistent 09 99 -19.2 02 0.7 342 09 27 100.7 03 115 614 0.1 -10.8
2 Ematic 54 08 -39 -13 -34 -162 -1.6 -2.0 66.8 -1.6 202 -38.0 1.7 140
3 Persistent 34 o8 -1.4 -1.1 -1.6 -14.8 02 -1.2 169 13 -14 -37.3 0.1 -1.3
4 Ermratic 33 o4 0.6 0.3 -2.0 59 -1.0 -2.0 16.3 49 -1.6 238 0.6 13
5 High Freq. 32 o4 24 2.8 35 32 1.7 -3.3 -444 0.1 21 259 06 31
6 High Freq. il 93 3.8 09 34 32 -1.1 -1 -183 0.6 6.5 19.8 44 54
7 Emratic 30 93 -16.6 -13 -12 -6.0 -1.8 2.1 26.8 44 0.0 -144 34 10
8 Persistent 27 o1 0.3 -13 1.7 2.5 -1.0 -1.6 1.6 0.7 -1.7 4.7 22 0.3
9 Ermratic 23 29 -1.0 4.0 -1 22 -1.3 -1.2 -18.5 3.6 -11.0 143 2.6 8.5
10 Persistent 22 38 20 04 0.3 -1.7 R 0.6 207 6.2 g0 9.0 23 -1.3
11 Drift 20 i3 -24 0.6 0.0 -13 -1.1 0.0 -254 20 -15.5 13.1 -1.2 5.
12 High Freq. 1.7 30 29 -1.8 -9 -1.7 0.6 -1.7 -10.1 14 -10.1 39 20 go
13 Transient 1.3 74 26 09 0.0 -19 08 -1.0 7.5 32 -10.3 43 i6 4.6
14 Dnft 14 69 -18 -12 -18 -1.6 08 -1.6 -111 23 -111 55 02 55
15 Transient 1.4 69 -1.2 -14 -1.5 2.7 0.7 2.8 6.6 04 5.1 4.2 -1.7 4.0
16 Dmft 1.1 60 02 0.1 02 -14 -1.1 -14 -145 6.3 -143 55 0.0 55
17 Stable 09 49 02 02 02 02 02 02 02 -1.8 02 96 08 9.6
18 Stable 08 36 0.5 03 0.5 03 0.1 03 8.1 4.1 5.1 22 1.0 22
19 Stable 07 29 01 0.1 0.1 09 0.7 09 9.0 -39 90 15 -1.0 15
20 Stable 0.6 19 0.1 03 0.1 04 04 04 26 20 26 5.6 -24 3.6
p-values compared to delivered - 030 030 - =0.001 0.06 - 0.68 033 - 0.69 0.71
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