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Abstract

Background & Purpose

Accurate delivery of radiotherapy is critical to achieve optimal treatment outcomes. Interfraction
translational IGRT is now standard, and intrafraction motion management is becoming accessible.
Some platforms can report both translational and rotational movements in real time. This study aims
to quantify the dosimetric impact of observed intrafraction rotation of the prostate measured using
monitoring software.

Materials & Methods

A dose grid resampling algorithm was used to model the dosimetric impact of prostate rotations for
20 patients on a SBRT prostate clinical trial. Translations were corrected before and during
treatment, but rotations were not. Real time rotation data was acquired using KIM and a cumulative
histogram analysis performed. Prostate volumes were rotated by the range of observed angles and
used to calculate DVH data.

Results

The pitch axis had a higher range of observed rotations resulting in only 7 patients spending at least
90% of the beam on time across all fractions within rotation angles resulting in PTV D95%2>36Gy in
this axis. The yaw and roll axes saw 17 and 15 patients respectively achieving this criterion. All but
one of 20 patients exceeded CTV D98% 236Gy for all observed rotation angles.

Conclusions

Current CTV-PTV margins do not result in compromised CTV dose coverage due to inter and
intrafraction prostate rotations in the absence of other uncertainties. Reduced PTV dosing is due to
the extremely conformal treatment delivery but is unlikely to be clinically deleterious. Prostate
standard IGRT should continue to focus on correcting any observed translational movements.
Margin reduction could be explored in conjunction with other uncertainties.

Highlights

e Prostate intrafraction rotations are typically non-symmetrical about the pitch axis
e Observed rotations resulted in reduced PTV dose coverage for many patients

e CTV coverage was maintained for virtually all observed rotations

e  Existing SBRT CTV-PTV margins sufficient to account for intrafraction rotations
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Introduction

The use of ultra-hypofractionated, or SBRT, treatments of the prostate has gained in popularity in
recent years.’ Due to the inherent dose per fraction escalation of these approaches, there is a need
for high dose gradients to be employed with tighter than conventional margins. Along with the low
number of fractions being used, this results in an increased need for high quality image guidance to
be employed to ensure accurate treatment delivery. While commonly used systems such as Cone
Beam CT (CBCT) give reasonable image quality and a high level of positioning accuracy when used
with implanted fiducial markers, they only provide a snapshot of the position of the prostate.
Studies have shown that the prostate can undergo both translational and rotational movements
over the timespan of a single fraction delivery.*® Where decreased CTV-PTV margins are employed
there is an increased risk that geometric misses will occur due to these movements.” As such it has
been identified that it would be ideal to be able to monitor the relative orientation and location of
the prostate in real time during the treatment. This information might be used for example to gate
the beam or to adapt the treatment delivery in real time in the case of tumor tracking.®®

To address this need, several platforms have been developed to enable real time tumor position
monitoring. Some of the earliest approaches to this were to utilize the MV imaging systems typically
integrated on modern linacs to monitor the location of implanted fiducials within the beam portal
throughout the treatment delivery.’%! One significant limitation to this approach however has come
with the widespread adoption of IMRT and VMAT delivery techniques which can obscure some, or
all, of the nominal beam portal throughout the delivery. More recently 3D systems independent of
the treatment unit such as the Calypso system (Varian Medical Systems, Palo Alto, USA) have been
developed.?? Calypso utilizes implanted radiofrequency transponders which are excited and in turn
detected using a large electromagnetic array panel. While Calypso achieves good positional
accuracy and precision, it does require the use of extra external equipment in addition to the
transponders.’ To address this limitation it would be ideal to utilize a tumor monitoring platform
which only utilizes the existing widely available on-board imaging options.

Kilovoltage Intrafraction Motion (KIM) collects kV data in real time, segments prostatic fiducial
positioning, and provides a real-time output of the translational and rotational prostate positions to
the Linac treatment console.’® The TROG 15.01 SPARK clinical trial sought to verify the translational
dosimetric accuracy of KIM for the delivery of 36.25Gy in five fractions of SBRT for men with low-
intermediate risk disease.® The current study aims to describe the dosimetric impact of rotational
intrafraction motion on both the CTV and PTV in SBRT treatments of the prostate.

Methods and Materials

Planning & Treatment

A total of 20 patient treatments were investigated which consisted of 100 fractions treated on the
TROG 15.01 SPARK trial at a single center.’ In brief summary, the CTV was the prostate, and a 5mm
CTV to PTV expansion in all directions except posterior where 3 mm was used. These patients were
planned to receive 36.25 Gy in 5 fractions to the PTV using two near complete VMAT arcs with
treatment delivered on a Varian TrueBeam with a 10 MV Flattening Filter Free (FFF) 2400MU/minute



beam. All translational motions were corrected prior to treatment, and any movement of >2mm
sustained for >5s in any axis led to a gating event.

KIM Data

During treatment delivery, the translational and rotational deviations from the reference position of
three implanted markers were tracked using KIM.%® This KIM rotation data represents the angle by
which the 3D reference positions of the three implanted fiducial markers need to be rotated by in
order to reach the measured fiducial position as described by Tehrani et al.Y” While the data
generated by the KIM software represents a series of chained extrinsic rotations (pitch, roll and
yaw), for this analysis each axis was independently analyzed as a first order effect investigation of
the dosimetric impact of rotations on the prostate. A cumulative histogram analysis was performed
to assess the proportion of time each patient’s prostate was rotated by less than a given angle using
all the rotation data points measured during beam-on throughout their treatments.

Rotation Modelling

Because patients are initially set up using IGRT utilizing translational shifts alone, leaving any
measured rotations unchanged, it is postulated that the 3D dose distribution around the isocenter
should remain relatively consistent regardless of prostate rotation due to the relatively uniform
tissue composition in this region for the prostate. As such, the dose received by a rotated prostate
within this aligned outer body volume should be able to be estimated by virtually rotating the CTV
and PTV structures about the fiducial centroid and sampling the planned 3D dose grid. This sampled
dose data can be then used to create a DVH curve. Consequently, both CTV D98% and PTV D95%
were determined from the reconstructed DVH. If this analysis is done for a range of angles in each
axis it is possible to identify edge cases at which rotations result in sub-optimal dose distributions.
This process is summarized in Figure 1 with an example of how a result is calculated.

MATLAB Scripting

A custom MATLAB (The MathWorks Inc., Natick, USA) script was formulated to perform both of the
above analyses (rotation data cumulative histogram and DVH parameters with rotation angle). The
proportion of time each patient’s prostate was within a rotation angle in each axis, which results in
CTV D98%>36 Gy and PTV D95%>36Gy, was calculated.
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Figure 1. Workflow process of this study along with worked example. Rotation data from KIM is first

analyzed to generate a cumulative angle distribution about zero degrees. Next the PTV and CTV are

rotated through these angles to calculate the delivered DVH throughout the treatment. Finally these

two data sets are compared to find the proportion of time the patient spends within rotation angles
resulting in acceptable DVH results and compared to the 90% tolerance.

This script also analyzed the CTV and PTV volumes themselves as well as the 3D dose distribution in
order to assess the sphericity and conformity index for each structure. The sphericity was defined as
by Waddel as the ratio of the surface area of a sphere (with the same volume as the structure) to the
surface area of the structure in question.!® The sphericity of a sphere is 1 by definition and is less
than 1 for all other shapes. The conformity index, or Cl, is defined as the ratio of the volume of the
95% isodose line to the volume of the structure and is a measure of how over-covered the structure
is by the prescription dose. Combined, it is expected that these metrics will have some predictive
value of the dosimetric sensitivity of a given patient’s plan to rotations in each axis.

Results

Observed Rotations



The minimum, maximum, mean and standard deviation of the rotation angles was calculated using
all the KIM data for all patients, these are presented in Table 1. In the pitch axis there is a systematic
rotation noted which is absent in the roll and yaw axes. Concurrently, the range and standard
deviation of rotational angles is larger in the pitch axis. This data is graphically represented in Figure
2, showing the distribution of prostate rotation angles in each of the three axes, which demonstrates

an asymmetric distribution and extreme rotation beyond 15 degrees in some instances.

Table 1. Mean, standard deviation and range of all KIM measured data for each rotation axis.

Axis Mean Angle St Dev Min Angle Max Angle
Pitch 36" 49° -9.6° 19.1°
Roll 0.2° 2.1° -1.7° 9.4°
Yaw 0.1° 21° -8.7° 59°
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Figure 2. Distributions of all measured rotations for all patients in study for each axis.
Modelled Dose Coverage

For the entire cohort of 20 patients the mean sphericity and Cl was calculated along with the
number of patients who spent at least 90% of beam on time within rotations resulting in an
acceptable DVH result. This was defined as PTV D95% > 36 Gy and CTV D98% > 36 Gy as these were
the major variation tolerances in the SPARK trial. These results can be seen in Table 2. It should be
noted that two patients in the cohort had such conformal doses that any rotation of the prostate
would result in a sub-standard PTV DVH result, however even for these patients the CTV was within
acceptable rotations 100% of the time with the exception of a single patient in the pitch axis.

Table 2. Mean and standard deviation of sphericity and conformity index across all patient for CTV
and PTV along with number of patients spending at least 90% of their treatment within rotation
angles resulting in acceptable DVH results.




Sphericity Conformity Index | Number of patients within 90% (out of
20)
Structure Mean StDev | Mean StDev | Pitch Roll Yaw
CcTv 0.79 0.03 2.32 0.22 19 20 20
PTV 0.83 0.02 1.19 0.05 7 17 15

The proportion of patients spending at least a given proportion of time above protocol compliant
PTV and CTV dose coverage is shown in Figure 3a and Figure 3b respectively. The pitch axis had the
largest dosimetric impact of all three axes with most patients spending a high proportion of time at
rotation angles large enough to compromise the coverage of the PTV with 95% of the prescription

dose.
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Figure 3a & 3b. Proportion of patients spending at least a given proportion of time within rotations
resulting in acceptable PTV and CTV DVH results respectively for each axis of rotation.

Discussion

Our data suggests that the dosimetric impact of intrafractional rotation is minimal to the prostate in
the context of the 3-5 mm CTV-PTV margins used on this trial. It should be noted that as a first order
approximation, this analysis has not accounted for the full influence of other uncertainties
accounted for in the CTV-PTV margin such as delineation and seed localization errors. This has
implications for future IGRT strategies as well as margin generation.

It is remarkable to reflect on the rapid progressions in research and technology in prostate
radiotherapy, with the latter sometimes reaching implementation prior to rigorous assessment. The
adoption of conventional dose escalation prior to moderately hypofractionated radiotherapy as a
transition towards SBRT is on the background of large, randomized controlled trials.’*?*! Conversely,
technical innovations such as integration of IMRT, IGRT and MRI have been widely adopted, but
more based on surrogate endpoints such as dosimetry and accuracy.?>?* The clinical release of
innovations such as real time rotation and MRI Linacs threaten to outstrip through assessment on
how to optimally integrate them.? This will remain an ongoing challenge for our specialty.



We observed an asymmetric distribution of prostate rotations in this patient cohort, primarily in the
pitch axis. This leads to much poorer dosimetric results in the PTV for this axis. Pitch can be thought
of as a tilt in the longitudinal plane. As such, any alterations in rectal volume would be expressed by
changes in the pitch axis. In particular, given the delay between initial patient positioning and
treatment commencement, rectal filling from the proximal direction may be the cause of the
systemic positive shift noted in this axis. This systematic difference between planning and treatment
may have been affected by progressively greater adherence to the bowel preparation as the patient
progressed through the treatment journey. To minimize this, we recommend close attention to an
empty bowel protocol prior to both planning and treatment, and reducing the time from initial set-
up to commencement of treatment. Similarly with the increasing inclusion of the seminal vesicles in
the target volume in recent trials will also further increase the dosimetric impact of these prostate
tilts due to the elongation of the volume in the superior-inferior direction.2®

It can be seen that for both CTV and PTV the sphericity and Cl are highly regular with very low
variability. This would indicate that the patient population have very similar shaped prostates and
that consistent planning outcomes are being achieved respectively. In particular, a near spherical
prostate would be relatively insensitive to any rotations given the symmetry of such a volume. There
is no clear correlation between the sphericity or Cl of patients who scored poorly and the proportion
of time spent within acceptable rotation bounds. Given our patients had low to intermediate risk
disease; seminal vesicles were not systematically treated. If this were the case, the sphericity would
be less for such cases, and rotational motions may have a greater dosimetric impact.

Other studies investigating the impact of prostate rotations have tended to focus on the dosimetric
changes to the PTV and when we look at this data it does appear that these rotations have an effect

2729 with rotations in the pitch axis generally being the primary

on the dose coverage of the prostate
component.3® However, the CTV-PTV margin is meant to take motions such as these, as well as other
factors including delineation error, into account in order to ensure adequate coverage of the CTV.
For delineation, the use of a single observer for all contouring with a known variation of
approximately 1-2mm on MRI will reduce the impact of this error, and the control for real time
translational error should also reduce uncertainty.?>3! Residual errors relating to factors such as
seed positioning and hardware performance are likely to be small, but this analysis was not designed
to fully investigate these. The uniformly good CTV results found in this study indicate that the
margins currently applied in these patients are likely to be adequate. Interestingly, these margins
were even able to compensate for the observed systematic shift in the pitch axis observed in the
patient cohort between the planning imaging appointment and the treatment fractions. As such it is
likely to be inappropriate to only look at PTV dose coverage when accounting for the impact of
observed prostate rotations.

While 6 degrees of freedom (DoF) couches which allow online correction of tumor rotations are
becoming more common on new linacs there are still many centers around the world which have
only translational shifting capabilities. Even where these 6 DoF couches are available it is rare to
have any sort of real time tumor rotation measurement capability such as that afforded by the KIM
software.’ This work helps to illustrate that the realistic ranges of prostate rotations encountered
in the clinic are unlikely to cause sub-par dosimetric outcomes where only the translational shifts
have been applied as in traditional IGRT. As such, our findings will be reassuring to centers as real



time rotational data as well as methods to respond to it become more widely implemented, that
translational IGRT is likely to remain the standard of care.

While this work has focused on SBRT prostate treatments, this approach may be equally applicable
to other sites with relatively spherical tumors which might suffer from tumor rotation and
deformation throughout the treatment which could traditionally accounted for with a margin.
Examples include lung or liver tumors.

The methodology utilized here has three key assumptions which have been made to simplify the
modelling process. The first of these is the use of the reported rotation around each axis
independent of the other axes. Due to the complex interplay encountered when combining
rotations around different axes this approach was taken to enable the methodology used here.
Translational shifts were corrected prior to treatment delivery in the SPARK trial with only the
rotations remaining uncorrected and as such the external contour of the patient is likely to be very
similar to that planned. Thus the assumption has been made that the gross 3D dose distribution
across the entire pelvis remains the same regardless of the prostate rotation. Finally it has been
assumed that the PTV, and thus the CTV contained within it, rotates rigidly about the measured
rotation centroid. Due to the relatively uniform nature of the prostate region and low rotation
angles measured it was felt that this was a good first order approximation for these last two
assumptions.

Future work in this area should focus on investigating the interplay of the various rotation axes with
each other and ideally utilize prostate deformation models instead of rigid rotations to more
accurately model the actual patient situation. In addition the dosimetric impact of reducing the CTV-
PTV margin should be prospectively performed to find the optimal margin required to account for
the prostate rotations observed in the patient population.3? Given that the posterior prostate
margin is most likely to be compromised by pitch, and yet at only 3mm it was adequate in our study
for CTV dosimetric coverage, our successor prostate SBRT trial will adopt uniform 3mm CTV-PTV
margins.

Conclusions

The 3mm-5mm CTV-PTV expansion margins applied for SBRT prostate patients on the SPARK clinical
trial are adequate to account for the observed intrafraction rotations of the prostate with minimal
impact on modelled CTV dosimetry where other uncertainties such as hardware performance are
ignored. It may be appropriate to reduce these margins given the current IGRT technology available
and rotation angles observed in these patients. Adjustments for prostate rotations do not appear to
be of dosimetric benefit.
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Figure Captions

Figure 1: Workflow process of this study along with worked example. Rotation data from KIM is first
analyzed to generate a cumulative angle distribution about zero degrees. Next the PTV and CTV are
rotated through these angles to calculate the delivered DVH throughout the treatment. Finally these
two data sets are compared to find the proportion of time the patient spends within rotation angles
resulting in acceptable DVH results and compared to the 90% tolerance.

Figure 2: Distributions of all measured rotations for all patients in study for each axis.

Figure 3a & 3b. Proportion of patients spending at least a given proportion of time within rotations
resulting in acceptable PTV and CTV DVH results respectively for each axis of rotation.

Table 1. Mean, standard deviation and range of all KIM measured data for each rotation axis

Table 2: Mean and standard deviation of sphericity and conformity index across all patient for CTV
and PTV along with number of patients spending at least 90% of their treatment within rotation
angles resulting in acceptable DVH results.



