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Abstract
Objective. The accuracy of radiotherapy for patients with locally advanced cancer is compromised by
independentmotion ofmultiple targets. To date,MLC tracking approaches have used 2D geometric
optimisationwhere theMLC aperture shape is simply translated to correspond to the target’smotion,
which results in sub-optimal delivered dose. To address this limitation, a dose-optimisedmulti-target
MLC trackingmethodwas developed and evaluated through simulated locally advanced prostate
cancer treatments.Approach. A dose-optimisedmulti-target tracking algorithm that adapts theMLC
aperture tominimise 3Ddosimetric errorwas developed formoving prostate and static lymphnode
targets. A fast dose calculation algorithm accumulated the planned dose to the prostate and
lymphnode volumes during treatment in real time, and theMLC apertures were recalculated to
minimise the difference between the delivered and planned dosewith the includedmotion. Dose-
optimised trackingwas evaluated by simulatingfive locally advanced prostate plans and three prostate
motion traceswith a relative interfraction displacement. The same simulations were performed using
geometric-optimised tracking and no tracking. The dose-optimised, geometric-optimised, and no
tracking results were comparedwith the planned doses using a 2%/2mm γ criterion.Main results.
Themean dosimetric errorwas lowest for dose-optimisedMLC tracking, with γ-failure rates of 12%
± 8.5% for the prostate and 2.2%± 3.2% for the nodes. The γ-failure rates for geometric-optimised
MLC trackingwere 23%± 12% for the prostate and 3.6%± 2.5% for the nodes.When no tracking
was used, the γ-failure rates were 37%± 28% for the prostate and 24%± 3.2% for the nodes.
Significance. This study developed a dose-optimisedmulti-targetMLC trackingmethod that
minimises the difference between the planned and delivered doses in the presence of intrafraction
motion.When applied to locally advanced prostate cancer, dose-optimised tracking showed smaller
errors than geometric-optimised tracking and no tracking for both the prostate and nodes.

Introduction

Radiotherapy for patients with locally advanced cancer can requiremultiple targets to be irradiated
simultaneously, however differentialmotion of these targets (Pantarotto et al 2009,Weiss et al 2012, Schmidt
et al 2016, Kershaw et al 2018) can result in decreased treatment accuracy (Hwang et al 2012, van Elmpt et al
2012). Currently available adaptation systems, such as theCyberKnife (Kilby et al 2010) or Radixact (Schnarr
et al 2018) involve specialised treatment systems that adapt the radiation to a target’smotion in real time.
However, currently available commercial systems are not able to adapt tomultiple targets that have independent
motion.Multileaf collimator (MLC) tracking (Sawant et al 2008, Falk et al 2010, Keall et al 2021) can be
implemented on standard clinical systems and has been utilised to develop amulti-target trackingmethod that
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was demonstrated to trackmultiple independent targets in a simulation study (Hewson et al 2021a), as well as
experimentally on a standard linac (Hewson et al 2021b) and anMRI-linac (Liu et al 2020).

Previous implementations ofMLC trackingwere performed using a geometric optimisation approach.
Geometric-optimised tracking adapts theMLC leaf positions such that the 2Dfluence of the radiation beam
passing through amoving target and surrounding tissue is consistent withwhat was planned (Sawant et al 2008),
minimising the 2Doverexposure and underexposure to the tissue at that timestep (Ruan andKeall 2011,Moore
et al 2016). However, the exposure of the target seen in 2D from the beam’s-eye-view (BEV) is not representative
of the 3Ddose that has been delivered to the tissue, which ismore closely linked to clinical patient outcomes
from radiotherapy (Dale 1996,Olsson et al 2018, Grimm et al 2021). Thus, it would be advantageous to adapt the
treatment based on the 3Ddose over 2D geometry.

While clinical applications of geometric-optimisedMLC tracking have been demonstrated to deliver a dose
distribution closer to the plan thanwhatwould be delivered using the standard of care (Keall et al 2018a, 2018b,
Booth et al 2021), limitationswith theMLC trackingmethod, including the limited leaf width and speeds, can
result in dosimetric error (Poulsen et al 2012a). Geometric-optimisedMLC tracking does not account for the
errors that accumulate throughout a treatment, instead only optimising for the 2D geometry at each timestep
throughout the treatment. In addition to these limitations,multi-targetMLC trackingwas also found to result in
dosimetric error due to limitations with forming an adapted aperture for independentlymoving targets that
overlap in the BEV (Hewson et al 2021a, 2021b).

To address the limitations of the previousMLC tracking algorithm, a novelMLC trackingmethod that
optimises the adapted leaf positions to the 3Ddose in real-timewas developed byMejnertsen et al (2021). This
dose-optimisedMLC trackingmethod incorporates a real-time 3Ddose accumulationmethod to calculate the
MLC leaf positions that correct formotion, as well as the dosimetric errors that occur throughout a treatment.
Dose-optimisedMLC trackingwas found to reduce the delivered dosimetric error compared to geometric-
optimised tracking for single-target prostate trackingwith amean computation timewithin 40ms for each
aperture.

The aimof the current studywas to further develop dose-optimisedMLC tracking for the implementation of
multi-target tracking. The performance of dose-optimisedmulti-targetMLC trackingwas evaluated through
simulated treatments for locally advanced prostate cancer patients andwas compared to the previously used
geometric-optimisedmulti-targetMLC tracking algorithm, and standard of care treatment with no tracking.

Methods

Anoutline of the study is summarised infigure 1.

Dose-optimisedmulti-targetMLC tracking
Amulti-targetMLC trackingmethod that adapts to independentlymoving targets by re-optimising theMLC
leaf positions based on the delivered dosewas developed. The steps performed formulti-target dose-optimised
MLC trackingmethod are described below and summarised infigure 2.

Prior to treatment, a 3D volumewas generated containing dose points arranged in a staggered gridwith a
spacing of 2mmalong each 3D axis. The dose delivered during treatment was accumulated on these points,
referred to as the dose point cloud. A unique dose point cloudwas generated for each patient, where the prostate
and lymphnode point cloudswere created based on the respective planning target volume (PTV) contours, and
each point cloudwas expanded by 1 cm in each direction to encompass the dose fall-off outside of the target and
to ensure that there are no gaps in dose points within theMLC apertures. The convex hull of the lymphnode
PTVwas then generated as a boundary for the point cloud so that dose points could be arrangedwithin this
boundary tofill the empty space in the centre the lymphnodes. The prostate point cloudwas not expanded in the
superior direction and the lymph node point cloudwas not expanded in the inferior direction as this was the
regionwhere the targets overlapped. Each dose point was labelled as either belonging to the prostate or
lymphnodes. As the prostate PTV and lymph node PTVs overlap, separate dose points are generated for each
target and can exist within the same region of space but undergo independentmotion during treatment
simulation.

A detailed description of the dose optimisation algorithm, including equations used, can be found in
Mejnertsen et al (2021). A brief description of the algorithm is included below.During the treatment, the dose
optimisation process occurs over several iterations. At each timestep, the planned dose that is delivered to the
dose point cloud up until that timepoint was calculated based on the plannedMLC apertures. The 3Ddose
calculationmethodwas performed by accounting for the gantry angle, collimator angle, andMLC leaf positions,
and used a simple line-of-sight dose calculation, where one dose unit is deposited to all dose points that are
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exposedwithin the open aperture. To ensure fast dose calculation factors such as beamdivergence, attenuation
and heterogeneous tissue compositionwere not considered.

Once the planned dose for that iterationwas calculated, the dose points assigned to the prostate are shifted
independently to correspond to the prostate’s displacement at that point in the treatment. The dose points that
are assigned to the lymphnodes remain stationary. This planned dosewith the shifted dose points indicates the
desired dose to be delivered considering the plan and targetmotion.

This 3D shifted planned dosewas then projected onto the 2DBEVplane by integrating all dose points along
the gantry axis. The difference between the shifted planned dose and the dose that has been delivered up until the
timepoint was used to optimise theMLCpositions. For each leaf pair, the dose cost was calculated and the leaf
positions thatminimise that cost were selected for the adapted aperture.

Once the adapted leaf positions have been calculated and adjusted, the delivered dose to the dose point cloud
was updated, and this process repeated for each timestep until the end of treatment. Themean computation time
for dose accumulation at each timestepwas 32±10ms, and each aperture optimisation took 47±13ms.

Treatment simulations
To evaluate the performance of dose-optimisedmulti-targetMLC tracking, the algorithmwas tested in silico and
compared to the geometric-optimisedmulti-targetMLC trackingmethodwhich has been described in further
detail byHewson et al (2021a), as well as standard of care treatment wheremotion for each target is notmanaged
during treatment.

Each treatmentmethodwas evaluated by simulating treatmentwhere the prostate undergoes relative
motion to the pelvic lymphnodes. Five treatment plans for patients with locally advanced prostate cancer were
selected, which had prescription doses of 60Gy delivered over 20 fractions, delivered using volumetric
modulated arc therapy (VMAT). The planswere each generatedwith three 358° arcs with gantry rotation
covering 181°–179°.While standard treatments for locally advanced cancer patients previously planned the
collimator angles to 10°, 350°, and 0°, the plans in this studywere generatedwith collimator angles of 45°, 315°,

Figure 1.Anoutline of the simulations performed in this study. Treatments were simulated using the dose-optimisedmulti-target
MLC tracking algorithm and compared to geometric-optimisedmulti-targetMLC tracking and no tracking. The doses delivered
using each treatmentmethodwere reconstructed using the fast dose calculation used to guide dose-optimisation to evaluate the
performance of the leaf optimisation. Doses were also reconstructed using a treatment planning system to evaluate the clinically
relevant delivered dose. Delivered doseswere compared to the planned doses using a 3D γ comparison.
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and 45° as these angles are favourable for the performance of dose-optimisedMLC tracking. The jawswere also
expanded by 1 cm in each direction to allow formotion to be tracked.

The physical leaf limitations including leaf widths and velocity were based on aMillennium120-leafMLC
for the treatment simulations performed in this study. To simulate deliverableMLC apertures, the limited leaf
velocity was taken into account during the leaf-optimisation step such that themaximumdistance that could be
travelled at each timestepwas limited by a speed of 3.6 cm s−1 (Wijesooriya et al 2005). Gantry trajectory was
based on treatment log files frompatient treatment.

Three intrafraction prostatemotion tracesmeasured during patient treatment by Langen et al (2008)were
selected to represent a range ofmotion that the prostate could undergo. Treatments were simulated using these
three prostatemotions for each of the five locally advanced prostate patients. For locally advanced prostate
cancer treatments, the displacement of the prostate relative to the lymph nodesmay be different at the beginning
of treatment compared to the planning computed tomography (CT) image. To simulate this scenario, an
interfraction prostate displacementwas included at the beginning of eachmotion trace. The prostate was shifted
by 3mm, 2mm, and 2mm in the posterior, inferior and right directions respectively. This interfraction
displacementwas selected based on the root-mean-square deviations of internal prostate displacements with
respect to the bony anatomymeasured by Bylund et al (2008). The selected prostatemotion traces are shown in
figure 3. The lymphnodeswere assumed to befixed to the vasculature and remained static (Shih et al 2005). In a
practical treatment scenario on a standard linac, the position of the prostate would bemonitored through on-
board imaging of implanted fiducialmarkers, and the lymph nodes could bemonitored by using the bony
anatomy as a surrogate.

For both the dose-optimised and geometric-optimisedMLC tracking treatment simulations, patients were
set up to the bony anatomy and the prostatemotionwasmanaged usingMLC tracking. Thus, each tracking
strategy corrected for prostatemotion that included both interfraction and intrafraction displacement. For the
no tracking strategy, the patient was set up to the position of the prostate to replicate the dose thatwould be
delivered during the standard of care. Using this patient setup, the prostatemotion began at zero and instead
displaced the lymphnodes by 3mm, 2mm, and 2mm in the anterior, superior, and left directions respectively.

Fast dose error
To assess the performance of the leaf optimisationmethod tominimise dosimetric differences, the doses
accumulated in the dose point clouds using the fast dose calculationwere evaluated. The doses delivered during
each treatmentmethodwithmotionwere accumulated in the dose point clouds (shown infigure 2) and

Figure 2.The dose-optimisationmethod used to adapt theMLC leaves to the independentmotion of targets. Prior to treatment, a
volume of dose points is generated based on the contours from the treatment planning system. Throughout a treatment, the planned
dose is calculated using the plannedMLCaperture at each timestep. The prostate dose point cloud is shifted to correspond to the
motionwhile the lymph node dose point cloud is kept static. The newMLC leaf positions are then calculated using a cost function that
minimises the dosimetric error between the planned and delivered doses. Finally, the delivered dose is updated, and this process is
repeated until the end of treatment.
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compared to the planned dose delivered using the plannedMLC apertures withoutmotion, accumulated in the
same volume using the fast dose calculation described in detail byMejnertsen et al (2021). The delivered and
planned doses calculated in the prostate and lymphnode volumeswith the fast dose calculationwere compared
using a 3D γ comparisonwith a 2% relative dose/2mmdistance-to-agreement pass criterion, where the
planned dosewas considered the ground truth. Errors accumulated in the dose point cloudswere considered to
evaluate the capability of theMLCoptimisationmethod to adapt the leaves to the given desired dose
distribution, ignoring the error contribution that would result from the use of a simplified real-time dose
accumulation algorithm.

Clinical dose error
While themulti-target dose-optimisedMLC trackingmethod relies on a fast dose calculation to perform real-
time adaptation, these dose point clouds are only an approximation. To evaluate the dosimetric error resulting
from each of the treatmentmethods, the delivered doses were also calculated using a clinical treatment planning
system (TPS) (Eclipse version 16.1, VarianMedical Systems, Palo Alto, California, USA).

Analysis of the clinical dose errorwas performed using a dose reconstructionmethod previously described
by Poulsen et al (2012b). TheDICOMplan files werefirst exported from the TPS. TheDICOMplan for each
patient was thenmodified using a computer code developed usingMATLAB (MathWorks, Natick,
Massachusetts, USA)where the prostatemotionwas encoded by dividing the plan intomultiple sub-arcs,
shifting the isocentre for each sub-arc corresponding to the displacement of the prostate divided into 1mmbins.

For each treatment, two separate dose reconstructions were calculated in the TPS to reconstruct the clinical
dose to the independentlymoving structures. One dose reconstruction encoded the prostatemotion to evaluate
the dose delivered to themoving structures which included the prostate, bladder, and rectum. The other dose
reconstruction did not encodemotion to evaluate the dose delivered to the static structures which included the
lymphnodes and small bowel. Treatments usingMLC tracking had the adaptedMLC apertures encoded. Each
DICOM file was then re-imported into the TPS and the doses were calculatedwith a grid size of 2.5×2.5×
2.5mm3.

The doses calculated in the TPSwere exported, and the delivered doses using each treatmentmethodwere
compared to the planned dose volumes using a 3D γ comparison (Low andDempsey 2003)with a 2%/2mm
criterion. The dose points containedwithin the contoured prostate and lymph nodes volumeswere evaluated
individually. Dosemetrics for the prostate clinical target volume (CTV) and PTV, lymph nodeCTV and PTV,
bladder, rectum and small bowel were also assessed compared to the planned values.

AWilcoxon signed-rank test was performed to compare the γ-failure rates when dose-optimisedmulti-
targetMLC trackingwas used, compared towhen geometric-optimisedmulti-targetMLC tracking, and no
trackingwere used.

Results

Fast dose error
Themean γ-failure rates for the comparison of the fast dose calculations across the five patients are plotted in
figure 4. The overallmean γ-failure rate for the prostate and lymphnodes respectively were 10%±4.9% and
0.7%±0.6% for dose-optimised tracking, 30%±8.3% and 2.7%±1.8% for geometric-optimised tracking,
and 39%±26%and 32%±1.7%when no trackingwas used.Dose-optimised tracking had a statistically

Figure 3.The prostatemotion traces that were used for the treatment simulations relative to the planned position, including (a) a
small prostatemotion, (b)persistentmotion, and (c) a large drift. Eachmotion trace startedwith an interfraction prostate
displacement relative to the lymph nodes.
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significantly lowermean γ-failure rate compared to both geometric-optimised tracking (p< 0.001 for the
prostate and lymphnodes), and no tracking (p=0.008 for the prostate, p< 0.001 lymphnodes). An example of
the doses delivered to the dose point cloud for one of the patient plans using each treatment technique is shown
infigure 5.

Clinical dose error
Themean γ-failure rates for the comparison of the clinical dose calculations across the five patients are plotted in
figure 6. The overallmean γ-failure rate for the prostate and lymphnodes respectively were 12%±8.5% and
1.8%±2.7% for dose-optimised tracking, 23%±12%and 3.6%±2.5% for geometric-optimised tracking,
and 37%±28%and 24%±3.2%when no trackingwas used.Dose-optimised tracking had a statistically
significantly lowermean γ-failure rate compared to both geometric-optimised tracking (p< 0.001 for the
prostate, p=0.02 for the lymphnodes), and no tracking (p=0.008 for the prostate, p< 0.001 lymph nodes).

The difference between the planned dose and the reconstructed delivered doses for specific dosemetrics of
interest are plotted infigure 7.

An example of the dose distributions calculated using the TPS is shown infigure 8. The same patient and
motion trace thatwas plotted infigure 5 is also shown infigure 8 for the clinically calculated dose.

Figure 4.Themean γ-failure rates calculated for five patients with the fast dose calculation for (a) the prostate PTV and (b) the
lymph node PTVwhen using dose-optimised tracking, geometric-optimised tracking, and no tracking. Themean γ-failure rates
plotted correspond to eachmotion trace shown in figure 3. The error bars indicate the standard deviation.

Figure 5.An example of the differences in delivered dose compared to the planned dose, calculated using the fast dose calculation
during dose-optimised tracking, geometric-optimised tracking, and no tracking, for one of the patients in the coronal plane (top row)
and the sagittal plane (bottom row). Red areas indicate overdosing and blue areas indicate underdosing. Doses for the fast calculation
were accumulated using an arbitrary dose unit and normalised to themaximumplanned dose.
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Discussion

In this study, a novelmulti-targetMLC trackingmethodwas developed by optimising for the delivered 3Ddose
during treatment. Dose-basedmulti-targetMLC tracking allowed for the prescribed dose to be delivered to
targets thatmove independently from each other, paving theway for improved dose conformality for locally
advanced cancer patients. This dose-optimisedmulti-target trackingmethodwas evaluated through simulated
treatments and compared to previously implementedmethods including geometric-optimisedMLC tracking,
and the standard of care. The results demonstrated that anMLC trackingmethod that optimises theMLC leaves
to correct for the real-time dose could be used to adapt treatment formultiple independent targets. This study
also demonstrated that dose delivered using dose-optimised trackingwould be closer to the planned dose
distribution compared to both geometric-optimised tracking and no tracking.

Dose-optimisedmulti-target tracking had the lowestmean γ-failure ratewhen comparing the planned and
delivered doses calculated in the TPS for both the prostate and lymph nodes. Dose-optimisedmulti-target
trackingwas also found to have the lowest γ-failure rate for all threemotion traces with the exception of the
prostate with the small prostatemotion trace (figure 3(a)), where the no trackingmethod had the lowest γ-
failure rate. This was due to the difference in patient set-up for the twomethods.WhenMLC trackingwas used
the patient was set up to the lymph nodes so both interfraction and intrafraction prostatemotion had to be
corrected.When no trackingwas used, the patient was set up to the prostate. The intrafraction prostatemotion
for thismotion tracewas small, so the dosimetric error in the prostate for the no tracking strategy remained low.

Figure 6.Themean γ-failure rates for the doses calculated using the Eclipse treatment planning system for (a) the prostate PTV and (b)
the lymphnode PTVwhen using dose-optimised tracking, geometric-optimised tracking, and no tracking. Themean γ-failure rates
plotted correspond to eachmotion trace shown in figure 3. The error bars indicate the standard deviation.

Figure 7.Themean differences compared to the plan for the dosemetrics of interest for dose-optimised tracking, geometric-
optimised tracking, and no tracking, across five patient plans and threemotion traces. Thewhiskers represent theminimumand
maximumvalues.
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However, the no tracking strategy instead resulted in large dosimetric error to the lymph nodes. Due to the time
delay between patient set-up and irradiation during real patient treatments, wemay also expect the prostate to
have deviated away from the zero position at the start of the first treatment arc, whichwould lead to larger
dosimetric error to the prostate whenmotion is not tracked. Future real-timemulti-target adaptationmethods
could be combinedwith online adaptive radiotherapy techniques to correct for the relative interfraction
displacements between the primary target and lymph nodes (Thörnqvist et al 2013, Liu et al 2017).

Geometric-optimisedmulti-target trackingwas able to reduce the overallmean dosimetric error compared
to no tracking, butwas found to have higher γ-failure rates compared to dose-optimisedmulti-target tracking
for all threemotion traces. As shown infigure 8, dose-optimisedmulti-target tracking did not result in
overdosing in the regionwhere the prostate and lymphnodes overlap, which can be seenwhen geometric-
optimisedmulti-target trackingwas used andwas a notable limitation of themulti-targetMLC trackingmethod
thatwas observed previously (Hewson et al 2021a). There are still physical challenges with optimising the dose to
multiple targets simultaneously by using theMLC leaves to correct for dose in the 2DBEVplane. Areas where
the targets overlap in the BEV and are covered by the same leaf pair will be limited bywhat can best be achieved
with a newMLC leaf position.While it is not guaranteed that all dose errors can be eliminated, dose-optimised
trackingwas able to deliver a dose thatwasmore consistent with the plan compared to the previousmethods for
both targets.

Clinically relevant dosemetrics from the reconstructed doses were also analysed (figure 7). Dose-optimised
multi-target tracking had the smallest deviation from the plan for the prostate CTVD98% and prostate PTV
D95%, and the differences from the plan for the lymphnodeCTVD95% and PTVD90%were small for all three
treatment strategies. One of the aims of developing a dose-optimisedmulti-target tracking strategywas to reduce
the overdosing to the organs at risk (OARs). However, these improvements were not seen, with higher doses to
the bladder V50% and rectumV50%when using dose-optimisedmulti-target tracking compared to geometric-
optimisedmulti-target tracking. This was likely a result of the dose-optimisation algorithmonly considering the
dose points that exist within the PTVs, ignoring dose errors that occur outside of these regions, including the
OARs. As the planned dose distribution to theOARs is determined by their proximities to the targets in the
planningCT, delivering a dose that is consistent withwhat was planned to a target that has nowundergone
relativemotion to theOARwill result in a dose to theOAR that is not consistent withwas planned. Instead,
future improvements to the dose optimisation algorithm should include theOARs in the dose point cloud and
avoid overdosing to theOARs by considering the clinical dose-volume constraints, optimising the adapted leaf
positions to ensure that while target dose coverage is achieved, the planning constraints for theOARs are not
violated during treatment. This would require amore advanced version of the dose-optimisation algorithm
where future gantry angles are also considered to determine the optimalMLC apertures that would allow for
OAR avoidance given the updated anatomy. Additionally, the currentmethod assumes that the targets undergo
rigid translation, so amore complexmotionmodel that includes organ deformation could be used to capture the
motion of theOARsmore accurately in the vicinity of the prostate target. However, without intrafraction

Figure 8.An example of the differences in delivered dose compared to the planned dose, calculated using the clinical treatment
planning system for dose-optimised tracking, geometric-optimised tracking, and no tracking. The dose to the prostate is shown in the
top row and the dose to the lymph nodes is shown in the bottom row. The dosewashwas normalisedwhere 100% is equal to the
prescription dose.
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volumetric images, the dose cannot be optimised to the actual anatomy and assumptions based on the anatomy
in the planningCTwill have to bemade.

Similar to the doses analysed in the clinical TPS, the γ-failure rates for the fast dose calculations were found
to be lowest for dose-optimised tracking overall, and the relative performance of each trackingmethod in
figure 6 showed similar trends to the results infigure 4. The overdosing to the targets near the overlapping region
seen infigure 5 for geometric-optimised trackingwas also reflected infigure 8where a higher dose can be seen
near the base of the prostate when using geometric-optimised tracking, as well as some loss in coverage to the
posterior part of the prostate PTV.However, the dosimetric errors observed using the clinically calculated dose
were slightly higher compared to the fast dose calculations. This suggests that theremay be some contribution to
the error resulting fromusing a fast dose calculation to guide the adaptedMLC leaf optimisation. It should also
be noted that some differences in the observed γ-failure ratesmay also be a result of the different voxel
resolutions between the two dose calculationmethods (a staggered gridwith a 2mmspacing for the dose point
cloud and a 2.5×2.5×2.5mm3 dose grid size for the clinical dose calculation).

Previousmethods have investigated adapting treatment decisions in response to the dose accumulated
during the treatment.Wisotzky et al (2016) investigatedMLC aperture optimisation based on the accumulated
errors throughout the treatment, however, this studywas limited to correcting for 2Dunder- and over-exposure
for conformal and intensity-modulated radiotherapy (IMRT). Kontaxis et al (2015a, 2015b) similarly developed
an algorithm to adapt step-and-shoot IMRT treatment to anatomical changes but optimised thefluencemap for
eachMLC segment based on a 3Ddose calculation.While Kontaxis et al applied a similar principle to that used
in the current study, theirmethod did not occur on a sub-second timescale andwould not be suitable for VMAT
treatment.Muurholm et al (2021) achieved improved dosimetric accuracy through couch corrections guided by
dose accumulated to the treatment target, but were limited by rigid translations of a single target to correct for
dose error, and interruptions to treatment. Kamerling et al (2016) demonstrated real-time dose reconstruction
that calculated the doses delivered to amoving target volumewithMLC tracking for lung stereotactic body
radiation therapy, however this dosimetric informationwas not fed back into theMLC tracking algorithm to
guide treatment adaptation.

This study reported thefirst analysis of the performance of dose-optimisedMLC tracking using clinical dose
calculations in a TPS.While dosimetric errors did slightly increase for the clinical dose analysis, dose-optimised
trackingwas still found to have the lowest γ-failure rates, suggesting that although the fast dose calculation only
models zeroth-order dose deposition, it was still sufficient to performdose-optimised tracking and improve
treatment over the othermethods.However, the dosimetric accuracy of this algorithm could be further
improved by using amore advanced dose calculation algorithm. Ravkilde et al (2014) have developed a fast real-
time dose calculationmethod based on the use of a simplified version of a pencil beam convolution algorithm
(Storchi andWoudstra 1995, 1996, Storchi et al 1999) that was implemented in the Eclipse TPS. Real-time dose
calculations performed using thismethodwere shown to be accurate withmean differences between the real-
time dose calculation and themeasured doses of within−1.5%±3.9% for the cumulative dose (Ravkilde et al
2018). Improved dose calculation algorithmswith tissue densitymodellingmay be necessary when applying
dose-optimised adaptationmethods for anatomical sites with higher heterogeneity such as the lung. Future fast
dose calculation algorithms could also improve dose-optimisedMLC tracking by accounting for additional
factors such as varying field sizes and the depth of dose deposition. Implementingmore realistic dose-
calculations to guideMLC leaf optimisationmay however require a compromise between dosimetric accuracy
and computational time.

Improvements to theMLC leaf optimisationmethod could also reduce the dosimetric errors observed in this
study. Currently the dose-optimisation algorithm assigns equal weight to both overdosing and underdosing to
the entire dose point cloud. Future developments to this algorithm could look to include additional dose points
that discriminate between those belonging to the targets and theOARs and translate these dose points according
to how theOARsmove aswell as the targets. This would allow for the algorithm to further penalise overdosing to
theOARs and underdosing to the targets. This could potentially reduce the dosimetric errors to the bladder and
rectum that was observed infigure 7.

One drawback to the dose-optimisedMLC trackingmethod is that performancewas found to be dependent
on the planned collimator angles. Originally the locally advanced prostate cancer treatment planswere
generated using angles of 10°, 350° and 0°, but dose corrections performed in the BEVwere not as effective due
to the resulting geometry where the direction of leafmotionwas in the same plane of the gantry rotation. This
limitationwasmanaged by replanning these patients with collimator angles of 45° and 315° as these angles were
found to be favourable to reduce the dosimetric error.However, these collimator angles are not used in standard
treatment and resulted in lower quality plans for target coverage andOAR sparing, so a decisionwould have to
bemadewhether the benefit gained by performing dose-optimised tracking outweighs a potential reduction in
plan quality. Dose-optimised tracking should be further improved to allow for adequate dose error corrections
independent of the planned collimator angle. Despite the limitations of dose-optimisedmulti-target tracking, of
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which there are pathways to overcome, the results with the dose-optimisationmethod that has been
implemented still demonstrated the ability to trackmultiple targets with lower dose error compared to previous
methods.

Conclusion

This study developed a novelmulti-targetMLC trackingmethod that optimised theMLC leaves based on
minimising the difference between the delivered and planned doses to complex dynamic anatomy in real-time.
The results demonstrated that dose-optimisedmulti-targetMLC trackingwas able to reduce dosimetric errors
to two independentlymoving targets. There is a desire for real-time adaptive radiotherapy to be transitioned into
standard clinical practice and dose-optimisedmulti-target tracking provides one pathway toward this goal,
offering a unique solution that is accessible on current treatmentmachineswith the potential to further improve
patient outcomes.
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