Determination of action thresholds for electromagnetic tracking
system-guided hypofractionated prostate radiotherapy using
volumetric modulated arc therapy
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Purpose: Hypofractionated prostate radiotherapy may benefit from both volumetric modulated arc
therapy (VMAT) due to shortened treatment time and intrafraction real-time monitoring provided
by implanted radiofrequency(RF) transponders. The authors investigate dosimetrically driven
action thresholds (whether treatment needs to be interrupted and patient repositioned) in VMAT
treatment with electromagnetic (EM) tracking.

Methods: VMAT plans for five patients are generated for prescription doses of 32.5 and 42.5 Gy in
five fractions. Planning target volume (PTV) encloses the clinical target volume (CTV) with a 3
mm margin at the prostate-rectal interface and 5 mm elsewhere. The VMAT delivery is modeled
using 180 equi-spaced static beams. Intrafraction prostate motion is simulated in the plan by dis-
placing the beam isocenter at each beam assuming rigid organ motion according to a previously
recorded trajectory of the transponder centroid. The cumulative dose delivered in each fraction is
summed over all beams. Two sets of 57 prostate motion trajectories were randomly selected to
form a learning and a testing dataset. Dosimetric end points including CTV D95%, rectum wall
Dlcc, bladder wall Dlcc, and urethra Dmax, are analyzed against motion characteristics including
the maximum amplitude of the anterior—posterior (AP), superior—inferior (SI), and left—right com-
ponents. Action thresholds are triggered when intrafraction motion causes any violations of dose
constraints to target and organs at risk (OAR), so that treatment is interrupted and patient is
repositioned.

Results: Intrafraction motion has a little effect on CTV D95%, indicating PTV margins are
adequate. Tight posterior and inferior action thresholds around 1 mm need to be set in a
patient specific manner to spare organs at risk, especially when the prescription dose is 42.5
Gy. Advantages of setting patient specific action thresholds are to reduce false positive
alarms by 25% when prescription dose is low, and increase the sensitivity of detecting dose
limits violations by 30% when prescription dose is high, compared to a generic 2 mm action
box. The sensitivity and specificity calculated from the testing dataset are consistent to the
learning set, which indicates that the patient specific approach is reliable and reproducible
within the scope of the prostate database.

Conclusions: This work introduces a formalism for ensuring a VMAT delivery meets the most
clinically important dose requirements by using patient specific and dosimetric-driven action
thresholds to hold the beam and reposition the patient when necessary. Such methods can provide
improved sensitivity and specificity compared to conventional methods, which assume directionally
symmetric action thresholds. © 2011 American Association of Physicists in Medicine.
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I. INTRODUCTION

Hypofractionated radiation treatment of prostate cancer has
been demonstrated to show therapeutic advantage compared
to the conventional dose schedule." Although hypofractio-
nated treatment is convenient and efficient for patients
because of its shortened treatment course, its longer delivery
time per fraction due to the higher dose presents a challenge
to maintain accurate dose delivery during radiation therapy.
Several groups®'* have reported the use of implanted radio-
frequency (RF) transponders (Calypso®, Seattle, WA) to
monitor intrafraction prostate motion. When the changes of
the transducer positions exceed a certain predefined action
threshold, treatment is interrupted and the patient can be repo-
sitioned according to the transducer signal, a cone-beam CT
scan or an orthogonal film pair. However, each intervention
lengthens the treatment time. As suggested by Ghilezan et al,
' the longer the patient stays in the treatment position, the
higher the probability that patient moves during treatment.
Volumetric modulated arc therapy (VMAT) is an emerging
treatment technique that offers excellent plan quality, but
greatly reduced treatment delivery time in treating prostate
cancers.'®"” The combination of these two new technologies
provides a promising approach to hypofractionated treatment.

Continuous, real-time tracking with a high sampling rate
is essential in prostate hypofractionated radiation therapy.”®
Given the motion trajectory of the prostate recorded from RF
transponders during VMAT delivery, designing an intrafrac-
tion motion reaction strategy needs to be investigated to real-
ize the full benefit of these new technologies. Setting an
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arbitrary action threshold across the entire patient population
is attractive because of its simplicity. For example, the action
thresholds can be set to be the value same as the margin
between clinical target volume (CTV) and planning target
volume (PTV). The choice of margin is based largely on the
concern to cover the target with certain statistical confidence.
What is often omitted is how the action threshold is linked to
the dosimetric consequences of the surrounding organs at
risks (OAR). A more desirable and practical strategy is to
derive the action thresholds driven by dosimetric end points
of both target coverage and OAR sparing. Another considera-
tion is that the margin is designed on a patient population
basis.?" It therefore lacks relation to and perspective from the
spatial and temporal patterns of each patient’s treatment plan.
Action thresholds tailored to each patient are better suited to
minimize the number of false positive alarms or false nega-
tive negligence, especially in the era of patient specific medi-
cine. In this paper, we propose a paradigm to retrospectively
investigate dosimetrically driven action thresholds in VMAT
treatment that integrates the motion trajectories provided
with electromagnetic tracking systems.

Il. METHOD AND MATERIALS
IlLA. Electromagnetically tracked motion trajectories

The design of the intrafraction motion management uti-
lizes the motion trajectory database collected by the electro-
magnetic (EM) tracking system during prostate radiation
treatment. Each trajectory consists of positions of the centroid
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FiG. 1. Frequency histograms of the maximum deviations of the AP, SI, and LAT components of the prostate intrafraction motion trajectories from the learn-

ing (top) and testing (bottom) dataset.
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of the three implanted RF transponders over 6 min. Fifty
seven prostate motion trajectories were randomly selected
from 444 files of 12 patients to form a learning dataset that is
used to determine the action thresholds. Another 57 motion
trajectories excluding the learning dataset form a testing data-
set to evaluate the method. Figure 1 plots the frequency histo-
grams of the maximum deviations of the anterior—posterior
(AP), superior—inferior (SI), and lateral (LAT) components of
the motion trajectories from the learning (top) and testing
(bottom) dataset, respectively. The maximum deviation from
the planned position of the centroid within an individual tra-
jectory ranges from —15.4 to 10.2 mm SI, —5.3 to 6.9 mm
AP, and —2.3 to 2.9 mm LAT for the learning dataset,
and —14.6 to 10.2 mm SI, —7.4 to 7.6 mm AP, and —5.3 to
7.1 mm LAT for the testing dataset, respectively.

II.B. Retrospective motion-inclusive dose calculation

To investigate the effect of intrafraction motion on the
treatment plan, we retrospectively associate a motion trajec-
tory to a VMAT delivery, and calculate delivered dose in a
cumulative fashion similar to the method proposed by Ma
et al. ** to the region of interest (ROI) that contains CTV and
OARs. VMAT delivery of a full 360 ° arc is typically mod-
eled using a number (N, = 180) of equispaced static beams
(also known as control points) as illustrated in Fig. 2(a).
Each control point corresponds to a subarc length of 360°/N,,.
In VMAT delivery, if dose cannot be delivered with the max-
imum dose rate within the specified subarc, gantry rotation
speed is reduced to compensate. Therefore time spent at each
subarc (At;), which can be linked to the corresponding time
point in the motion trajectory, is determined by

At — MU,/DRO if MU; > 360 x DRy X vq
T V()XNb/36O if MU,‘S36OXDROXVQ’

where v is the default speed of linac gantry rotation (60—
65 s per 360°), MU; is monitor units delivered at the ith sub-
arc, and DR is the maximum designated dose rate (10 MU/s).

The prostate position during each subarc can then be deter-
mined by linking the time of each subarc to the intrafraction
prostate motion trajectory recorded by the EM tracking system.
The EM tracking system samples the position of the prostate
markers with a frequency of ten frames per second [a typical
trajectory is shown in Fig. 2(b)]. The current analysis assumes
rigid organ motion, in which the motion effect is simulated in
the plan by displacing the beam isocenter at each subarc
according to a previously recorded trajectory of the transponder
centroid. Dose is recalculated at each control point with the
new isocenter setting. Therefore, for a point inside the ROI the
motion inclusive accumulative delivered dose (D) is the sum-
mation of dose contributed by each control point

)]

Nb
D = Di(MLC;,MU,,p, + Ap;), @)
i=1
where p is its static position used at treatment planning, Ap;
is the displacement simulated at delivery, and MLC; is the
aperture setup at the ith control point.
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FiG. 2. (a) Model VMAT delivery using 180 static beams. The length of the
arrow indicates the weight (relative beam-on time) of the beam. (b) An
example motion trajectory recorded by the electromagnetic tracking system.

I.C. Treatment planning study

VMAT plans are generated following the Memorial
Sloan—Kettering Cancer Center (MSKCC) hypofractionated
prostate dose escalation protocol. In this protocol prescrip-
tion dose varies from 32.5 to 42.5 Gy and delivered in five
fractions. The PTV encloses the CTV with a 3 mm margin at
the prostate-rectal interface and 5 mm elsewhere. No mar-
gins were placed around OAR for planning or evaluation
purposes. Further reduction of the margin is not included in
the protocol because the 3 mm margin at the prostate-rectal
interface already approaches the range of other uncertainties
such as contouring and microscopic disease. Plan optimiza-
tion is performed using the MSKCC VMAT planning sys-
tem.'”** Accumulative dose calculation accounting for
motion trajectory is performed using a separate module inte-
grated in our in-house planning system. Table I lists the clin-
ical limits for the dosimetric end points including CTV
D95%, rectal wall and bladder wall maximum dose (Dmax),
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TaBLE I. Clinical dose limits for hypofractionated prostate dose escalation
protocol at Memorial Sloan—Kettering cancer center.

Prescribed dose 32.5 Gy Prescribed dose 42.5 Gy
PTV D95% >29.3Gy PTV D95% >38.3Gy
Urethra Dmax <34.1Gy Urethra Dmax <42.5Gy
Rectal wall Dmax <33.5Gy Rectal wall Dlcc <38.5Gy
Bladder Dmax <34.1Gy Bladder Dlcc <42.0Gy

dose received by lcc of the rectal wall and bladder wall
(Dlcc), and urethra Dmax.

II.D. Derivation of plan specific action threshold

Motion inclusive dose is calculated for each of the five
patients using the learning dataset comprised of 57 motion
trajectories. Values of the dose end points are reassessed and
plotted in a histogram to illustrate the blur effect caused by
motion. Violations to any one of the dose constraints for tar-
get coverage and OAR sparing at each specific dose level are
flagged. A scatter plot serves to visualize the relationship
between dose limits violation vs motion trajectory character-
istics such as the maximum amplitude of the AP, SI, and
LAT components. Action thresholds along the three motion
components are determined using the largest possible box
that contains no dose limit violations. The resulting action
thresholds reflect the requirements of the multicriteria sce-
nario as listed in Table I. This management strategy is delib-
erately conservative with the consideration that we are at the
early stage of implementing hypofractionated prostate treat-
ment. It requires no violation in any fraction, and ignores
any mitigating effect of summation across all fractions. The
action threshold boxes are determined for all five patient
cases in this study and are determined separately for pre-
scribed doses of 32.5 and 42.5 Gy.
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IlLE. Effectiveness evaluation

Our detection strategy aims to identify as many violations
of dose limits due to intrafraction motion as possible. In
other words, the highest sensitivity (true positive fraction,
TPF) is required. As a consequence any transient target
motions outside of the action threshold box would trigger a
beam hold off, even if no dose limits are violated for this
short move. Specificity (true negative fraction, TNF) may be
sacrificed as a compromise to ensure the highest sensitivity.
The clinical consequences associated with low specificity
are interruptions to treatment although no dose limit is vio-
lated, resulting in increased treatment time. We calculate
specificity for each patient to evaluate the effectiveness of
setting a patient specific action threshold box. We also calcu-
late sensitivity and specificity for a generic action threshold
box (2 mm in each direction and the same for all plans) as a
control set for comparison.

Even if our algorithm could accurately identify the action
thresholds specific to the learning dataset, questions remain
to be answered about whether the determined action thresh-
olds could be generalized to other trajectories. To address
this concern, we tested the effectiveness of the proposed
method using the testing dataset consisting of 57 trajectories
from the patient database excluding the learning dataset. The
sensitivity and specificity of our method are calculated using
the action threshold box derived from the learning dataset,
and the dosimetric end points incorporating the testing
trajectories.

lll. RESULTS

Typical frequency histograms (learning dataset, 57 inci-
dences) of the dosimetric endpoints in the presence of
motion from one patient are plotted in Fig. 3. For this exam-
ple, prescription dose level is 42.5 Gy. One can see that

FiG. 3. Frequency histograms (57 incidences) of dosi-
metric endpoints in the presence of motion for a
patient. For this example, the prescription dose level is
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FiG. 4. Patient specific action threshold box (in solid line) is set such that no
dosimetric limits are violated in the SI, AP, and LAT directions. A generic
2 mm action threshold box (in dash line) is also plotted for comparison

intrafraction motion has little effect on CTV D95% (mean
difference from planned value 0, maximum —1.3%), indi-
cating PTV margins are adequate. Bladder wall Dlcc and
urethra Dmax in the static plan without motion are very
close to the dose limits, therefore are also more likely to
violate the dose limits in the presence of intrafraction
motion. As a result, the dosimetric results for these two
structures dominate the determination of the action thresh-
olds. In the three-Dimensional scatter plot of dose limit vio-
lation vs deviations in transponder centroid (Fig. 4), the
patient specific action threshold box (blue) is determined
where no dose violations (red points) occur within. The
generic 2 mm action threshold box is plotted in magenta for
comparison. Table II lists the boundaries of the action
threshold boxes for all patients. As one may expect, action
threshold boxes are tighter at dose level of 42.5 Gy than
those of 32.5 Gy because dose limits are more stringent. In
experiments exploring dose constraints other than those
included in Table I, such as bladder wall and rectum wall
D2cc and D5cc, action thresholds show little changes from
what are listed in Table II. In prostate treatment planning,
dose constraints at larger volume are generally easier to
meet than those at smaller volume (such as listed in Table
I). This may explain why dose constraints listed in Table I
dominate the selection of the action thresholds.

When prescription dose is 32.5 Gy, all dose limits viola-
tions can be detected by either patient specific or generic

TaBLE II. Patient specific action thresholds.
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action threshold boxes. Sensitivity of both methods was 1.0
for the learning dataset at this dose level. However, in the
learning dataset the average specificity of the patient specific
boxes is 0.74, much higher than that of a fixed box, which is
0.49. Application of patient specific action thresholds results
in elimination of 25% of false positive treatment interrup-
tions. When prescription dose escalates to 42.5 Gy, the sensi-
tivity of the patient specific box remains one for the learning
dataset, whereas the average sensitivity of the generic box is
only 0.7, although the size of the generic box is smaller. Set-
ting a patient specific action threshold box increases the
detection rate of dose limit violation by 30%. Meanwhile,
specificity of the patient specific and generic box decreases
to 0.41 and 0.49, respectively, due to the difficulty in meet-
ing all dose requirements in the treatment plan. Figure 5
shows the range of the sensitivity and specificity data.

When applying the patient specific action thresholds to
the independent testing dataset, the average sensitivity of the
method is 0.96 and 1, for the 42.5 and 32.5 Gy dose level,
respectively. The standard of a high screening sensitivity is
maintained. Meanwhile, the sensitivity of using generic
2 mm action thresholds is 0.76 and 1, for the 42.5 and
32.5 Gy dose level, respectively. Using patient specific
action thresholds still maintains its advantage in high sensi-
tivity compared to the generic 2 mm settings at the high dose
level. The patient specific and generic approach has compa-
rable specificity at the 42.5 Gy dose level, 0.71 vs 0.67, but
the former maintains a 17% (0.69 vs 0.52) advantage at the
32.5 Gy dose level. The results from the testing dataset are
consistent to the learning set, which indicates that the learn-
ing dataset does have enough data points in the critical
region that eventually determines the action thresholds de-
spite the distribution of the motion parameters and the
resulted dose histograms are far from a smooth statistical
distribution. The patient specific approach is reliable and re-
producible within the scope of the prostate database.

Superior specificity of the patient specific approach could
translate to a time saving in delivery. In our simulations that
estimate the time savings using the test dataset at dose level
of 32.5 Gy, the correction strategy is adopted to reposition
the couch to the origin whenever the motion exceeds the
action thresholds. Patient specific approach in average
resulted in 39 total false positive corrections in 13 mispre-
dicted traces with a range of 1-6 per trace, compared to 106
in 21 traces with a range of 1-12 per trace in the scenario of
using a generic 2 mm setting. If one correction costs 75 s

32.5 Gy 42.5 Gy
Patient SI Maximum (mm) AP Maximum (mm) LR Maximum (mm) SI Maximum (mm) AP Maximum (mm) LR Maximum (mm)
1 [—3.51.5] [—14] [—2.52] [—13.8] [—1.11.5] [—2.22.5]
2 [—2.63.7] [-55] [—1.7 2.8] [—13.8] [—1.13.8] [—2.22.5]
3 [—54.8] [—4.6 5] [—1.22.8] [—1.93.8] [—1.13.8] [—2.22.5]
4 [-2.55] [—55] [—1.7 2.8] [—2.6 3.8] [0 3.8] [—2.22.5]
5 [—2.45] [—55] [—2.32.8] [—1.53.8] [—0.5 3.8] [—2.32.8]
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from inside the room,® the average saving spread to the
entire 57 traces is 1.5 min. In the best scenario, the time sav-
ing could be 7.5 min for the most interrupted trace.

V. DISCUSSION

We propose a motion management strategy that calculates
patient-specific, dosimetric-driven action thresholds. Natu-
rally asymmetric action thresholds are derived according to
the spatial dose distribution patterns of the patient’s treat-
ment plan. The action threshold along the posterior direction
is particularly small, around 1 mm over the five patient cases
for a prescription dose of 42.5 Gy, compared to the other
directions. If a 1 mm accuracy requirement is beyond that
achievable for the dose delivery and motion monitoring sys-
tems, it would argue for designing a treatment plan that is
able to accommodate larger motion deviations in the poste-
rior direction. In the scenario where motion sensitivity stud-
ies such as the one discussed here are performed during the
planning process, the motion analysis could provide valuable
feedback to the planning process and would facilitate a redis-
tribution of OAR toxicities to maximize delivery efficiency
and effectiveness. Combining the two aspects of planning
and delivery as a feedback loop could provide more flexibil-
ity in delivering the correct dose to target while sparing the
surrounding OARs, rather than addressing the problems
separately.

The primary focus of our investigation is the management
of intrafraction motion. Systematic patient setup error or
drastic surrounding organ deformation (e.g., bladder or rec-
tum filling) can also deteriorate the accuracy of dose deliv-
ery. Before the delivery of each fraction, an orthogonal film
pair or a volumetric cone-beam CT can be taken to verify
that the patient is correctly setup using the EM tracking sig-
nal, and no significant organ deformations are observed. The
residual setup error after passing the two checks is small and
has little effect on the final action threshold box, given that
the residual error is coupled with the motion error in a
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quadratic rather than an additive manner. If bladder or rec-
tum filling significantly differs from what is observed in the
simulation, remedies such as online replanning *** should
be taken before the treatment can take place.

One potential criticism of the current methodology is that
a simple rigid organ motion has been incorporated into dose
calculation. For the high dose scenario where dose limits
violations are often present, we used Dlcc instead of the
maximum point dose. Because Dlcc is less sensitive to
motion than a point dose, our estimate may still be a valid in-
dicator. Nevertheless paradigms that build dose assessment
based on deformable registration®® would be useful and ap-
plicable in future investigations. Volumetric arc therapy pro-
vides the opportunity to acquire one or multiple cone-beam
CTs during treatment.>” The 3D volumetric image sets serve
as the true record of the delivery and could provide motion
information of the OARs during treatment, which are absent
from the Calypso system . The countours of the target as
well as the OARs such as bladder and rectum can be pro-
jected to the record image sets via deformable registration.
The dose delivered to the patient can be estimated and used
as a more accurate input in the determination of the action
thresholds.

Currently, Varian Medical Systems (Palo Alto, CA) and
Calypso Medical Technologies (Seattle, WA) are collaborat-
ing to provide an option called “gate and shift” for Varian’s
linacs. Using this methodology, any intrafraction motion that
exceeded predefined thresholds would trigger a beam hold
off at the linac until the patient could be automatically repo-
sitioned according to the EM tracking signal, at which time,
delivery would be restored. The patient specific box derived
from our method can be easily adopted for the use of this
function. Prostate rotation on an average of a few degrees is
observed in Li’s calypso study.?® The ExacTrac 6D robotic
couch provided by BrainLab (Feldkirchen, Germany) poten-
tially can correct the rotational deviation with the three ven-
dors’ co-operation. By collecting more clinical data and
advancing our knowledge in building a prostate rotation
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model, we will incorporate rotation in our accumulative dose
calculation model and improve the current strategy. Further-
more, applying a more intelligent classification method such
as using an action threshold polygon or ellipsoid can cer-
tainly improve the specificity of the motion management
strategy. Adaptive strategies that track the motion signal,
calculate any trend in position, predict the near-term motion
trajectory, and make a decision whether to correct the shift,
will be more powerful.” ! Future investigations are needed
to incorporate dosimetric-driven criteria into the design of
advanced management strategies and evaluating its clinical
efficacy.

VI. CONCLUSION

This work introduces a method that ensures a VMAT
delivery meeting the most clinically important dose end
points by using patient specific and dosimetric-driven action
thresholds to hold the beam and reposition the patient when
necessary. Such methods can provide improved sensitivity
and specificity compared to conventional methods, which
assume directionallysymmetric action thresholds.
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