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Abstract

Purpose: Stereotactic Ablative Radiotherapy (SABR) has recently emerged as a favourable
treatment option for prostate cancer patients. With higher doses delivered over fewer
fractions, motion adaptation is a requirement for accurate delivery of SABR. This study
compared the efficacy of multileaf collimator (MLC) tracking vs. gating as a real-time

motion adaptation strategy for prostate cancer SABR patients enrolled in a clinical trial.

Methods: Forty-four prostate patients treated over five fractions in the TROG 15.01 SPARK
trial were analysed in this study. Forty-nine fractions were treated using MLC tracking and
166 fractions were treated using beam gating and couch shifts. A time-resolved motion-
encoded dose reconstruction method was used to evaluate the dose delivered using each
motion adaptation strategy and compared to an estimation of what would have been delivered

with no motion adaptation strategy implemented.

Results: MLC tracking and gating both delivered doses closer to the plan compared to when
no motion adaptation strategy was used. Differences between MLC tracking and gating were
small with differences in the mean discrepancy from the plan of -0.3% (CTV Dggx), 1.4%
(CTV D2%), 0.4% (PTV Des%), 0.2% (rectum Vsocy) and 0.0% (bladder V3zogy). On average,
0.5 couch shifts were required per gated fractions with a mean interruption duration of 1.8 +

2.6 minutes per fraction treated using gating.

Conclusion: Both MLC tracking and gating were effective strategies at improving the
accuracy of the dose delivered to the target and organs at risk. While dosimetric performance

was comparable, gating resulted in interruptions to treatment.

Clinical trial registration number: NCT02397317
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Introduction

Stereotactic ablative radiotherapy (SABR) has recently shown promising potential for the
treatment of prostate cancer [1-5] with support for the use of SABR for low and intermediate
risk patients [6], and the number of clinics opting to use SABR to treat patients is increasing
[7]. However, due to the escalated biological effect and requirement for stricter treatment
margins, techniques to manage intrafraction tumour motion must be implemented to achieve

safe and accurate SABR [8, 9].

To allow for accurate treatment delivery, dedicated systems have been developed to
adapt to intrafraction motion. The CyberKnife robotic adaptation system (Accuray Inc,
Sunnyvale, USA) [10], the Radixact system (Accuray Inc, Sunnyvale, USA) [11], and the
Vero gimballed adaptation system (Brainlab, Munich, Germany) [12] are examples of
commercial systems that were designed to perform real-time tumour tracking, but as they

involve highly specialised technology and high costs, the adoption in clinics has been limited.

It would be preferable to perform real-time tumour motion adaptation on a standard
linear accelerator (linac). Gating the treatment beam can be performed on standard linacs for
improving treatment accuracy. Gating is one of the most widely used techniques for
managing motion during the treatment of tumours affected by respiratory motion [13]. Gating
can also be used to correct for genitourinary and gastrointestinal motion in combination with
couch shifts to realign the patient to the planned position, and has been used to treat prostate
cancer patients [14, 15]. More recently, multileaf collimator (MLC) tracking has been
developed and clinically implemented [16], providing a solution for real-time intrafraction
motion adaptation that can also be implemented on a standard linac. MLC tracking has been
used to treat prostate cancer patients during standard fractionation [17] and SABR [18]

treatments as well as for lung cancer patients [19].
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MLC tracking and gating were both used for intrafraction motion adaptation during
prostate SABR treatments in the Trans-Tasman Radiation Oncology Group (TROG) 15.01
Stereotactic Prostate Ablative Radiotherapy with KIM (SPARK) clinical trial [20]. The
primary aim of the TROG 15.01 SPARK trial was to quantify the delivered dose using KIM
intervention to test improvements in patient dose distributions, cancer targeting accuracy, and
patient outcomes compared to treatment without KIM intervention. The aim of this study was
to compare the doses delivered using MLC tracking and gating for the cohort of patients

treated using SABR in the TROG 15.01 SPARK trial.

Materials and Methods

Clinical trial details

The TROG 15.01 SPARK trial (NCT02397317) treated 48 prostate cancer patients with low
to intermediate risk using SABR at five treatment centres. The trial protocol was approved by
the Hunter New England Human Research Ethics Committee and all patients provided
informed written consent. Patients were prescribed a dose of 36.25 Gy to 95% of the planning
target volume (PTV) in five fractions. The PTV included a 5 mm expansion from the clinical
target volume (CTV) in each direction, except posteriorly which had a 3 mm expansion.
Treatment was delivered using volumetric modulated arc therapy (VMAT) on either a Varian
Trilogy, Varian TrueBeam (Varian Medical Systems, Palo Alto, USA), or an Elekta Synergy
linac (Elekta, Crawley, UK). The trial protocol and dose-volume constraints were described
in detail by Keall, et. al [20]. All patients were implanted with three gold fiducial markers to

enable image guidance.

Motion adaptation process
Motion guidance was performed using Kilovoltage Intrafraction Monitoring (KIM) which
used the on-board kV imager to acquire images of the patient during treatment at 10 frames

per second. KIM automatically segmented the fiducial markers implanted in the prostate and
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from these 2D projections, estimated the 3D position [21] as well as rotation [22]. The
geometric accuracy and precision of KIM implemented in the 15.01 SPARK trial was found

to be within 0.5 mm for translation and 1.4° for rotation [23].

Intrafraction KIM-guided motion adaptation was then performed by either MLC
tracking or gating. Both methods corrected for 3D translational motion. Intrafraction prostate
rotation was not corrected in this study. MLC tracking corrected for motion in real-time by
recalculating the optimal leaf positions based on the leaf positions from the treatment plan
and the new target position such that underexposure and overexposure were minimised [16].
MLC tracking was implemented for 10 patients treated at one of the four treatment centres
using a Millennium 120-leaf MLC on the Varian Trilogy, with the exception of one fraction

that was treated using gating, for a total of 49 fractions.

Gating was performed at the remaining three Varian treatment centres and
intervention was performed when the prostate’s motion exceeded 2 mm (29 patients) or 3 mm
(5 patients) for longer than 5 seconds in any direction, or immediately if motion exceeded 5
mm. The 3 mm threshold was predetermined in the trial protocol due to the PTV margin of 3
mm in the posterior direction, and stricter thresholds of 2 mm were used at the institutions’
discretion. Once the treatment beam was manually gated, the couch was shifted to reposition
the patient such that the prostate was returned to its initial planned position. Gating was
available for 171 fractions, but treatment was not completed using KIM for 5 fractions due to
various technical issues [24]. A total of 166 gating fractions were included in this analysis,
and 65 of these fractions observed prostate motion that exceeded the motion threshold,

requiring intervention.

The latency of KIM was previously measured to be within 350 ms, and the latency of

MLC tracking was 230 £ 20 ms [16]. The total system latency is under 1 s and is
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considerably smaller than the 5 second gating threshold. The MLC tracking latency is not
expected to have a significant dosimetric impact for prostate treatments due to the slow
movement of the prostate. To ensure that MLC tracking did not have a negative dosimetric
impact, each patient plan that was treated using MLC tracking underwent pre-treatment
quality assurance, described previously by Keall et al. [18]. Delivered dose with MLC
tracking to a phantom placed on a motion platform was measured and compared to the dose
delivered without motion. Each of the ten patient plans passed the tolerance of 98% of points

within 2%/2 mm using a gamma comparison.

Data analysis

Delivered dose using each adaptation strategy was assessed using a dose reconstruction
method previously described by Poulsen, et. al [25]. Prostate motion was incorporated into
the treatment plan by dividing each treatment arc into several sub-arcs that each had a shifted
isocentre that corresponded to the motion trace divided into 1 mm position bins. This time-
resolved dose reconstruction method was not able to be performed for the four patients
treated with the Elekta synergy linac in this trial, thus a total of 44 patients from four
treatment centres were included in the final analysis. From these patient treatments, 215

fractions were completed and analysed in this study.

To calculate the dose delivered during the gating fractions, the prostate motion trace,
including couch corrections if any occurred, was encoded into the plan. To calculate the dose
delivered during MLC tracking, the updated MLC positions were collected from the
DynalLog files at each treatment and included in the reconstructed plan in addition to the
measured motion. The dose that would have been delivered if no motion adaptation strategy
were used was also estimated for each fraction by encoding the prostate motion that would

have occurred without gating or tracking. This workflow is depicted in Figure 1. All doses
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were calculated using the planning CT and this dose reconstruction method did not consider

rotations or interfraction changes in anatomy.

The delivered dose to two targets, the CTV (Dgg% and D2y) and PTV (Dgsex), and two
normal tissues, the rectum and bladder (V3ocy) was considered. The CTV and PTV were both
included as the CTV dose is the structure of interest, however, has uncertainties that require
the margins creating the PTV. The rectum and bladder were chosen as these are two critical
dose-limiting organs for prostate cancer SABR. The total dose delivered for each patient was
also assessed by summing the dose across five fractions. The mean differences in dose from
the plan were compared using an unpaired t-test and the variances were compared using an F-
test. The correlation between prostate motion and differences in dose from the plan were

evaluated by calculating a Pearson correlation coefficient (p).

The efficiency of gated treatments was evaluated by calculating the time required to
gate and perform a couch shift for each fraction. This was calculated by determining the
duration of time between the treatment beam being gated off until the treatment beam was

switched back on resuming the treatment.



©CO~NOOOTA~AWNPE

Delivered treatment Estimated treatment
(215 fractions) (215 fractions)
MLC Tracking Gating No Intrafraction Motion
(49 fractions) (166 fractions) Adaptation
[ Original plan J
[
+ '
Couch shift performed  Couch shift not required
(65 fractions) (101 fractions)
P v J' Encode prostate motion
. that would have occurred
Encode prostate motion without intrafraction motion
i adaptation
Encode adapted
MLC leaf positions
\
Dose with Do ith aatin Dose with no intrafraction
MLC tracking se wiih gating motion adaptation
- J\ J

Y

» Compare to planned dose <«

Figure 1. The workflow used to reconstruct the doses delivered during treatment using MLC
tracking and gating. The dose that would have been delivered if no intrafraction motion
adaptation strategy was implemented was also calculated for each fraction.

Results

The distributions of prostate motion measured during MLC tracking and gating fractions are
shown in Figure 2. The means and standard deviations of motion observed for patients treated
using MLC tracking were -1.2 £ 2.4 mm (range -9.1 to 10.5 mm), 0.2 £ 1.2 mm (range -3.6 to
3.8mm)and-1.1+ 1.8 mm (range -16.9 to 7.6 mm) in the anterior-posterior (AP), left-right
(LR) and superior-inferior (SI) directions respectively. The mean and standard deviations of
motion observed for patients treated using gating were -0.5 = 1.6 mm (range -6.2 to 7.5 mm),
0.1+ 1.0 mm (range -5.9 to 6.0 mm) and -0.6 £ 1.7 mm (range -9.9 to 9.3 mm) in the AP, LR

and Sl directions respectively.
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Figure 2. Prostate motion observed in the anterior-posterior, left-right and superior-inferior
directions during treatment.

The differences between the planned doses and the doses delivered using MLC
tracking and gating, and the doses that would have been delivered without motion adaptation
for each fraction, are plotted in Figure 3. The differences of the mean difference from the
plan between MLC tracking and gating were -0.3% for the CTV Dggy (p < 0.05), 1.4% for the
CTV D2y (p < 0.05), 0.4% for the PTV Dgsy (p < 0.05), 0.2% for the rectum Vsoey (p < 0.05)

and 0.0% for the bladder Vsogy (p > 0.05).

MLC tracking maintained the CTV Dggew, CTV D2y and PTV Dgse, to within 3.3%,
4.9% and 2.3% of the plan respectively across all fractions. Gating maintained the CTV Dggu,
CTV D2y and PTV Dgsg to within 4.6%, 5.3% and 5.2% of the plan respectively. For the
organs at risk (OARs), MLC tracking maintained the rectum V3ocy and bladder V3ogcy to
within 2.5% and 2.3% of the plan, while gating maintained the bladder and rectum doses to
within 4.3% and 3.4% of the plan. The variances of the dose differences from the plan for
MLC tracking and gating were not significantly different for the CTV Dggew, CTV D2g and
PTV Dgsy (p> 0.05), but gating had significantly larger variances of differences from the plan

compared to MLC tracking for the rectum V3oey and bladder Vsocy (p < 0.01).
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Similar results are seen when the dose is summed across the entire treatment course of
five fractions, however differences from the plan are reduced when considering the whole
course for each treatment strategy (Figure 4). The dose differences from the original plan for
each patient has been included in the supplementary data. Even when considering the
summed dose across five fractions, the treatment that would have been delivered without any
intrafraction motion adaptation would have resulted in underdosing to the CTV Dggy and
PTV Dgsy of up to -5.6% and -17.0% respectively, and overdosing to the rectum Vsocy and
bladder V3ocy Of up to 1.2% and 8.5% respectively. MLC tracking and gating did not have
significantly different mean deviations from the plan (p >0.05) for the summed treatments.
However, gating still had a larger variance of differences from the plan than MLC tracking

for the bladder (p < 0.01).

When no motion adaptation strategy was used, moderate to high correlations between
the root-mean-square-error (RMSE) of the 3D prostate displacement and the absolute
difference from the plan for the CTV Dgsg% (p = 0.66), CTV D2y (p = 0.46), PTV Dosy (p =
0.86), rectum V3ogy (p = 0.65) and bladder Vsocy (p = 0.72) were observed (p < 0.05). No
statistically significant correlation was found between the RMSE of the prostate displacement
and any of these dose metrics for MLC tracking (p <0.16, p > 0.05). The correlations between
the RMSE of the prostate displacement and the absolute dose differences from the plan were
higher for gating compared to MLC tracking for the CTV Dggy (p = 0.25), CTV Dag (p =
0.22), PTV Dgs% (p = 0.32), and bladder V3ogy (p = 0.32). The rectum V3osy had no

correlation for gating (p > 0.05), comparable to MLC tracking in this study.

The performance of the two motion adaptation strategies with respect to the
magnitude of prostate motion that occurred during each fraction is shown in Figure 5.
Fractions were categorised as having small prostate motion if the prostate motion did not

exceed the threshold that would trigger a gating event (116 fractions), and fractions which
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had motion larger than this threshold was categorised a large prostate motion (99 of
fractions). The mean differences from the plan for the CTV Dosy was higher for MLC
tracking compared to gating (p < 0.05) for small motion, but not for large motion. The mean
difference from the plan for the CTV D2y was higher for MLC tracking for both smaller and
larger motion fractions (p > 0.05). The variance of differences from the plan for the rectum
V30ey and bladder Vocy was smaller for MLC tracking for both small and large motions (p <

0.5).
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Figure 3. Fraction doses. The differences between the planned dose and the dose delivered
using MLC tracking (49 fractions), gating (166 fractions), and no motion adaptation
strategies (215 fractions) for individual fractions. The whiskers represent the minimum and
maximum values. A star indicates a difference in mean between MLC tracking and gating
where p < 0.05 and a diamond indicates a difference in variance where p < 0.05.
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Figure 4. Patient doses. The differences between the planned dose and the dose delivered
using MLC tracking (10 patients), gating (34 patients), and no motion adaptation strategies
(44 patients) for the summed dose across five fractions. The whiskers represent the minimum
and maximum values. A diamond indicates a difference between MLC tracking and gating in
variance where p < 0.05.
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Figure 5. The difference between the planned dose and the dose delivered using MLC
tracking and gating plotted for fractions with (a) small prostate motion (15 MLC tracking
fractions and 100 gating fractions) and (b) large prostate motion (34 MLC tracking fractions
and 65 gating fractions). Prostate motion was considered large if it exceeded the gating
threshold of > 2mm for longer than 5 seconds. Whiskers represent the minimum and
maximum values. A star indicates a difference in mean between MLC tracking and gating
where p < 0.05 and a diamond indicates a difference in variance where p < 0.05.
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The length of time required to perform each couch shift across the 65 gated fractions
that required intervention is shown in Figure 6(a). The average time that was required to
perform a couch shift was 3.5 = 1.0 minutes. The total interruptions to treatment caused as a
result of gating the beam and performing couch shifts is shown in Figure 6(b). On average 0.5
couch shifts were required per fraction and the average total interruption per fraction overall
was 1.8 + 2.6 minutes. The mean treatment time from the beginning of the CBCT to the end

of the final treatment arc for the gating treatments was 10.6 + 4.3 minutes.
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Figure 6. Histograms of (a) the time required to perform each couch shift and (b) the total
interruption time occurring per fraction as a result of couch shifts.

Discussion

Reconstruction of the doses delivered using MLC tracking and gating in the TROG 15.01
SPARK trial, and treatments simulated with no motion adaptation, showed that both motion
adaptation strategies were effective at improving the dose delivery accuracy. Figure 3 and
Figure 4 showed that MLC tracking and gating resulted in doses that were more consistent

with the original plan compared to treatment without motion adaptation.

A slightly larger distribution of prostate motion was seen for the MLC tracking

fractions as shown in Figure 2. While this may be due to the lower patient numbers treated
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with MLC tracking, this could also be attributed to differences in the treatment time. The
beam-on times during MLC tracking treatment arcs were longer as patients were treated with
a 6 MV beam (maximum dose rate 600MU/min), while the majority of gating patients were
treated using 10 MV FFF (maximum dose rate 2400MU/min). However, the difference in the
means and standard deviations of the observed motion between MLC tracking and gating

were within 1 mm and were therefore unlikely to affect the dosimetric results.

The mean differences from the plan had little difference between MLC tracking and
gating for the CTV Dogw, PTV Dgsw, bladder Vsoay, and rectum Vsocy. However, the range of
differences from the plan was wider for gating for each of these dose metrics, and the
variance of differences from the plan was larger than MLC tracking for the bladder and
rectum. This suggests that while both motion adaptation strategies perform similarly on
average, gating would result in doses that deviated more from the plan for the worst cases.
Gating treatments also had a slightly higher correlation between the RMSE of the prostate
displacement during treatment and the resulting dose difference from the plan for the CTV
Dogos, CTV D2w, PTV Dgsw, and bladder Vzosy compared to MLC tracking, likely due to
MLC tracking correcting for motion in real-time. The gating fraction that resulted in the
largest overdose to the rectum Vsocy 0f 4.3% had a mean 3D prostate displacement of 2.1 mm
but never exceeded 2 mm in any direction for longer than 5 seconds to trigger intervention.
Similarly, the gating fraction that resulted in the largest underdose to the PTV Dgsy Of -5.2%
had a mean 3D prostate displacement of 2.2 mm that was not corrected. Gating also resulted
in a larger dose discrepancy from the plan compared to the corresponding fraction simulated
with no motion adaptation for four fractions (2.5% of fractions treated with gating), where the
prostate would have had a smaller average displacement if a couch shift had not occurred,
due to the prostate drifting back toward the set-up position after the intervention. Gating may

instead show more dosimetric benefit when treating sites with larger magnitudes of motion.
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Worm et al. [26] investigated the benefit of gating to manage respiratory-induced motion
during liver SABR treatments compared to non-gated treatments and saw ranges of reduction
in the CTV Dgsy of 0.2% to 2.0% for gated fraction, compared to 0.7% to 22.0% for non-

gated fractions.

MLC tracking has its own limitations. MLC tracking resulted in lower doses to the
CTV Degy and higher doses to the CTV Day, for smaller prostate motions as shown in Figure
5. In a previous experimental study, Poulsen et al. [27] found that the main contributor to
tracking error for prostate motion was leaf fitting errors that result from the finite MLC leaf
width. The width of the MLC leaves used for MLC tracking in this study was 5 mm, so
prostate motion perpendicular to the MLC leaves could only be corrected in intervals of 5
mm. To a lesser extent, the finite leaf speed also contributes to dosimetric errors. These errors
resulted in colder and hotter spots for the CTV Dggy and CTV D2y compared to gating,
particularly for smaller prostate motions shown in Figure 5(a). These errors could be
minimised by being detected and corrected for continuously throughout the treatment [28],

which will be incorporated in future development.

MLC tracking can improve treatment efficiency compared to gating for motion
adaptation. While 61% of fractions treated using gating did not have motion that required
intervention, when intervention was required, gating the beam and repositioning the patient
would result in considerable interruptions to treatment (3.5 £ 1.0 minutes per couch shift in
our study). However, it should be noted that the duration of interruptions in Figure 6 were
specific to this clinical trial and protocol used to perform couch shifts. All gating events were
performed manually by the treatment team, and a kV-kV match was required to be performed
before the couch could be repositioned [29], which contributed to the long interruption times
in this study. These interruption times could be considerably reduced if KIM was fully

integrated with the clinical system and allowed for automatic couch shifts.
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Interruption frequency and duration may widely vary for different treatment sites that
experience larger magnitudes of motion. For example, in the study by Worm et al. [26] the
treatment times for liver patients treated in free-breathing using SABR were extended from
10 to 15 minutes for non-gated treatments, to a mean of 25.2 minutes for the gated
treatments. Couch corrections were also performed to correct for baseline drift, with a mean
of 2.8 couch corrections per fraction, resulting in more interruption compared to the prostate

treatments in this study.

Treatment interruptions will also vary for different gating methods and thresholds.
While patients in this study on average had 0.5 interventions per fraction, this was lower
compared to the study by Lovelock et al. [14] which had 1.7 interventions per fraction for
prostate patients. Treatments in Lovelock et al.’s study would be gated if prostate motion
exceeded 2 mm for any amount of time, decreasing the efficiency of treatment compared to
this trial where an intervention would only occur if prostate motion exceeded 2 or 3 mm for
longer than 5 s. The 5 s threshold was chosen as a compromise between treatment efficiency
and dosimetric accuracy, and to allow the treatment team to observe whether the prostate
motion was transient such that a couch shift would not be beneficial. Treatment efficiency
will decrease with stricter gating thresholds and should be carefully chosen to also balance

the dosimetric accuracy.

Treatment interruptions should ideally be avoided for an efficient clinical workflow
and minimise patient discomfort. Longer treatment times may also result in larger prostate
displacements. Langen et al. [30] observed intrafraction prostate motion using
electromagnetic tracking and found one-eighth of their observations after 5 min showed
displacements larger than 3 mm, however this increased to one-quarter of observations made
after 10 min. Steiner et al. [31] evaluated prostate motion for patients with endorectal

balloons inserted and found that the mean prostate displacement increased with treatment
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time, requiring larger margins for longer treatments. However, we did not observe any
decreases in prostate motion for MLC tracking fractions in this study due to other differing

treatment factors between treatment centres that affected treatment time.

The accuracy of each adaptation method will be limited by the accuracy of the tumour
localization method. In this study, all adaptation processes were performed according to
motion information output by KIM. The 3D tumour localization accuracy of KIM in the
TROG 15.01 SPARK trial was quantified to be 0.0 £ 0.5, 0.0 £ 0.4 and 0.1 £ 0.3 mm in AP,
LR and SI directions respectively [23]. Other target localization methods such as the Calypso
system have previously been used to guide SABR treatments for various anatomical sites [14,
19, 26, 32]. The accuracy of Calypso is comparable to KIM, with sub-millimetre localization
accuracy and precision [33, 34]. Calypso is clinically approved and can provide motion
guidance without the need for additional imaging dose, or any pauses in position information.
Meanwhile, KIM provides real-time tumour position in 6 degrees-of-freedom using fiducial
markers that are MR-compatible and smaller than the beacons used with Calypso. KIM also
offers a solution that is highly accessible in comparison to specialised systems such as
Calypso, as it utilizes the on-board kV imager that is already equipped on modern linacs,

potentially allowing widespread implementation of SABR.

Specialised systems such as the CyberKnife have also been extensively implemented
for SABR prostate treatments with promising results [35]. Colvill et al. [36] performed an
experimental comparison of various real-time adaptive radiotherapy techniques, including the
use of the CyberKnife and MLC tracking for lung and prostate SABR treatments. Each real-
time motion adaptation technique performed similarly for both the lung and prostate,
suggesting that MLC tracking could provide an accessible alternative to CyberKnife. While

dosimetric differences were not observed, there was a considerable difference in treatment



©CO~NOOOTA~AWNPE

times, with a mean of 37 minutes for CyberKnife treatment and 4.5 minutes for MLC

tracking treatment.

A limitation of this study was that this was not a randomised trial and there was an
imbalance in the patient numbers (10 patients for MLC tracking and 44 for gating). While
treatments were standardised to adhere to a trial protocol [20] it is possible that other
uncontrolled factors may influence the results. This study was also limited by the dose
reconstruction method, as the effect of target rotations and deformations on the dose could
not be calculated. The intrafraction deformation of organs was not known during treatment so
the dose to the prostate as well as the Vsocy for the bladder and rectum were both calculated
based on volumes from the planning CT. Despite this, deformations of the rectum due to
filling are the main contributions to prostate motion and causes the prostate to deform [37],

resulting in uncertainty for our calculated doses.

MLC tracking and gating were also both limited in that they did not account for
rotations and deformations in this study. However, Wolf et al. [38] found that the dosimetric
impact of rotations were minimal. MLC tracking was also limited by static jaws which had to
be widened to allow for MLC tracking. An additional 8 mm was added to the field size in
each direction, however if target motion exceeded this expansion the beam would be gated
and the patient repositioned, which occurred in three fractions. This limitation could
potentially be reduced by implementing a dynamic jaw. A couch shift was also used in eight
MLC tracking fractions where prostate displacement perpendicular to the MLC leaves
persisted at approximately half a leaf width (i.e. 2.5 mm), to compensate for dosimetric

inaccuracies that could result from leaf fitting errors.

Future work could address the limitations with gating by clinically implementing real-

time couch tracking [39] to allow for motion corrections that do not have an impact on the
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efficiency of treatment. Studies have found better agreement with the planned dose and dose
delivered to moving phantoms using couch tracking compared to MLC tracking [40-42].
Couch tracking can improve on tracking accuracy for motion perpendicular to the MLC
leaves and is not restricted by the plan modulation. Ehrbar et al. [42] compared couch
tracking and MLC tracking for SABR prostate cancer plans and found an increase in dose to
the target structures using MLC tracking compared to a static measurement. This is similar to
what was seen in this trial, with higher CTV Dggy% and CTV D2y delivered using MLC
tracking compared to gating. Ehrbar et al. also saw an increase to the urethra Dmax. The
hotspots seen during MLC tracking in this trial may similarly degrade the urethra dose,
however the locations of these hotspots are random so their impact will be minimised when
summing all fractions. MLC tracking does, however, have advantages over couch corrections
including the potential to correct for rotations [43], deformations [44] and multiple targets
[44, 45]. Ideal real-time motion adaptation may instead be achieved by integrating MLC and

couch tracking [46].

In this study, the dosimetric efficacy of two intrafraction adaptation strategies, MLC
tracking and gating, was evaluated using a standard linac to treat SABR patients in a
prospective clinical trial. Both MLC tracking and gating were similarly effective at delivering
a dose closer to the treatment plan compared to when no motion adaptation strategy is used.
While on average both motion adaptation strategies had comparable differences from the
planned doses, gating had a larger variance from the original plan for the OARs in this study
With the low barrier to implementation on a standard linac system for these motion
adaptation strategies, both MLC tracking and gating could provide a low-cost option for
intrafraction motion adaptation and make SABR treatments accessible to a wider range of

patients.
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