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Abstract

Background: Kilovoltage Intrafraction Monitoring (KIM) is a method which determi-
nes the three-dimensional position of the prostate from two-dimensional kilovoltage
(kV) projections taken during linac based radiotherapy treatment with real-time
feedback. Rectal displacement devices (RDDs) allow for improved rectal dosimetry
during prostate cancer treatment. This study used KIM to perform a preliminary
investigation of prostate intrafraction motion observed in patients with an RDD in
place.

Methods: Ten patients with intermediate to high-risk prostate cancer were treated
with a Rectafix RDD in place during two boost fractions of 9.5-10 Gy delivered
using volumetric modulated arc therapy (VMAT) on Clinac iX and Truebeam linacs.
Two-dimensional kV projections were acquired during treatment. KIM software was
used following treatment to determine the displacement of the prostate over time.
The displacement results were analyzed to determine the percentage of treatment
time the prostate spent within 1 mm, between 1 and 2 mm, between 2 and 3 mm
and greater than 3 mm from its initial position.

Results: KIM successfully measured displacement for 19 prostate stereotactic boost
fractions. The prostate was within 1 mm of its initial position for 84.8%, 1-2 mm
for 14%, 2-3 mm 1.2% and >3 mm only 0.4% of the treatment time.

Conclusions: In this preliminary study using KIM, KIM was successfully used to
measure prostate intrafraction motion, which was found to be small in the presence
of a rectal displacement device.

Trial registration: The Hunter New England Human Research Ethics Committee
reference number is 14/08/20/3.01.
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1 | BACKGROUND

Prostate cancer is estimated to have a low o/f ratio, indicating that
hypofractionated treatment schedules may increase the effectiveness
of treatment.! Delivery of higher doses through hypofractionation
increases the risk of damage to healthy tissues surrounding the pros-
tate, particularly the rectal wall.?2 The risk and severity of rectal toxi-
cities have been correlated with the volume of rectal wall exposed
to high doses of radiation.® The application of dose volume con-
straints in planning, along with daily image guidance to enable
reduced margins, are the most effective ways to reduce rectal dose,
but rectal displacement devices such as injected hydrogel and the
Rectafix (Scanflex Medical AB, Tumstocksvagen, Sweden) rectal
retractor are also useful in allowing for safe dose escalation.* The
Rectafix system (Fig. 1) uses a rod inserted into the patient’s rectum
and then gently depressed posteriorly and fixed in place, guided by
patient tolerance, thereby manually moving the rectum away from
the prostate. The Rectafix provides an average increase in separation
of 0.5 cm between the anterior rectal wall and posterior prostate
border, and may assist in immobilizing the rectal wall by preventing
changes in filling by gas or feces.®

Intrafraction prostate motion has the potential to reduce the
dose coverage of the prostate and to increase the dose received by
organs at risk. A variety of methods exist for monitoring the position
of the prostate during treatment, including megavoltage (MV) imag-
ing® ultrasound,” combined MV and kilovoltage (kV) imaging?®
Calypso electromagnetic guidance,’ the BrainLAB ExacTrac x-ray

11413 and Navotek radioactive

system,’® the Cyberknife platform,
fiducials.** Several of these methods require additional equipment
not available on a standard linear accelerator, are costly, and require
further expertise to implement.

Kilovoltage Intrafraction Monitoring (KIM) takes advantage of the
gantry-mounted kV imager available on many modern linear acceler-
ators to determine the position of the prostate in three dimensions
from 2D kV projections using a probability density function.t>*¢ The
geometrical accuracy of KIM has been established, and the software
has successfully been used to measure prostate displacement during

treatment in noninterventional'” and interventional studies.'®

Fic. 1. The Rectafix system. The system consists of a rectal
retracting rod attached to a vertical column and locked onto a
baseplate. A leg rest is also provided.
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In this study, KIM was used to perform a preliminary investiga-
tion of the magnitude of intrafraction motion in a series of clinical
trial patients receiving Stereotactic Body Radiation Therapy (SBRT)

to the prostate with a Rectafix in place.

2 | METHODS

2.A | Quality assurance of KIM software

The KIM software was used offline to analyze kV images acquired
during delivery to determine prostate motions. Quality assurance
(QA) of the KIM software was performed on the Varian Clinac iX
machine.

The tests used were those suggested for KIM QA by Ng et al,*?
which were based on the recommendations for Calypso QA by San-
tanam et al?® The tests suggested were a static localisation test, a
dynamic test, a latency test, and a treatment interruption test. The
latency test and treatment interruption test were not performed as
KIM software was not intended for real-time use or gating during
this study. The pass criteria applied for both the static and dynamic
tests was 1.0 mm mean difference and 1.0 mm standard deviation
between the KIM software trajectory and the trajectory output by
the motion phantom.

Static localisation tests were performed to ensure that KIM was
able to trace static offsets correctly and that all directions of the soft-
ware and phantom coordinate systems were in agreement. Static locali-
sation tests were performed using the CIRS 801-P Virtually Human
Male Pelvis phantom (CIRS Inc., Norfolk, VA, USA) with an insert con-
taining three cylindrical gold fiducial markers with dimensions
0.9 x 3 mm. The phantom was offset &5 mm in each of the anterior-
posterior (AP), left-right (LR), and superior-inferior (Sl) directions.
A pre-arc of images taken during a rotation of 120° prior to treatment
commencement and one partial treatment arc were delivered to the
phantom at each position while kV images were acquired at 10 Hz.
The position determined by KIM was compared to the known static
shift and the mean difference and standard deviation were determined.

For dynamic localisation tests, a pelvic Rando phantom (The
Phantom Laboratory, Salem, NY) with three implanted cylindrical
fiducial markers with dimensions 1.0 x 3.0 mm was placed on a cus-
tom-made platform attached to a HexaMotion (Scandidos, Uppsala,
Sweden) motion phantom. The HexaMotion was programmed with
six realistic prostate motion trajectories — stable, continuous drift,
persistent excursion, transient excursion, high-frequency excursion,
and erratic behavior. One treatment arc with kV images acquired at
10 Hz was delivered for each of the motion trajectories programmed
to the HexaMotion. The mean difference and standard deviation
between the programmed and KIM measured trajectory were

determined for comparison.

2.B | Patient and treatment details

The PROstate Multicentre External beam radioTHErapy Using
Stereotactic boost (PROMETHEUS) clinical trial is a hypofractionated
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boost study delivering a stereotactic boost dose consisting of two
9.5-10 Gy fractions to patients prior to a 46 Gy course of conven-
tionally fractionated external beam radiation therapy (EBRT).

Ten patients with intermediate to high-risk prostate cancer (me-
dian age 72) provided informed consent to participate in the trial.
Patients each had three cylindrical gold fiducial markers (3 mm long,
0.9 mm diameter) inserted into their prostate. Seven patients (pa-
tients 1 to 7) received a boost dose of 9.5 Gy per fraction and three
patients (patients 8 to 10) received a boost dose of 10 Gy per frac-
tion. A PTV margin of 5 mm was applied in all directions, except
posteriorly where the margin was 3 mm. Patients had a Rectafix
device inserted during simulation CT and boost fractions to increase
the posterior displacement of the rectal wall. Planning CT scans were
acquired with a 1 mm slice thickness. All patients were instructed to
be nil by mouth from the night prior to simulation and treatment
with only clear fluids permitted. Patients were booked to receive
early appointments to limit gastrointestinal activation. Patients took
Benefibre in the fortnight prior to treatment, and were given a self-
administered Microlax enema and emptied their bowels and bladder
1 hour before treatment. Patients consumed one cup of water
30 min before the commencement of treatment.

Three patients (patients 1 to 3) were treated on a Varian Clinac
iX linear accelerator (6X, maximum dose rate of 600 MU/min), and
seven patients (patients 4 to 10) were treated on a Varian Truebeam
linear accelerator (one, patient 5, with 10X, maximum dose rate of
600 MU/min, and six with 10X flattening filter free (FFF), maximum
dose rate of 2400 MU/min). All patients were treated using a two
partial arc VMAT technique, during which kV images were acquired.
Data was acquired for a total of 20 patient boost fractions. Treat-
ments using a maximum dose rate of 600 MU/min had an average
beam on time of 364 + 67 s, and treatments using a maximum dose
rate of 2400 MU/min had an average beam on time of 93 + 6 s.

2.C | IGRT and KIM acquisition

Patients treated on the Clinac were first aligned using cone beam
computed tomography (CBCT). Two-dimensional kV images were
then acquired using the kV imager mounted on the gantry perpen-
dicular to the treatment beam. Images were taken at 125 kV, 80 mA
and 13 ms at 5 Hz with a 6 x 6 cm field size and 180 cm imager
source to detector distance (SDD). The 180 cm SDD decreases the
effect of MV scatter on the kV images. Images were taken over a
gantry rotation of 120° immediately prior to treatment, and then as
the gantry rotated during delivery of VMAT treatment. This 120°
pre-arc was necessary to allow an earlier version of the KIM soft-
ware to build its probability density model to track the fiducial
marker positions. KIM software has since been updated so that pre-
treatment CBCT imaging can instead be used to build the model.
Imaging during treatment was enabled using the service mode of the
on-board imaging software, which is not currently possible in the
clinical mode. Images were saved using a research framegrabber
computer and in-house software. No real-time IGRT was used for
these treatments.

Patients treated on the Truebeam were first aligned using kV/
kV matching to assess for gross RDD error or bowel gas. A full
fan spotlight CBCT was then acquired for further alignment pur-
poses and to enable the KIM software to build its probability den-
sity function. Images were acquired during delivery of VMAT
treatment at 0.33 Hz with a 125 kV, 80 mA and 13 ms beam. A
field size of 5 x 5 cm and an imager SDD of 180 cm was used
for these patients. At the time of treatment, KIM was unable to
be used in real time on the Truebeam platform. Instead, the clini-
cal intrafraction motion review software on the Truebeam was
used to monitor the real-time prostate location during delivery.
This software generates a DRR at the same angle as the acquired
kV image and compares beam’s-eye-view position of the marker
segmented on the image and the DRR marker position. A toler-
ance for agreement of the position of each marker can be set. A
tolerance circle of 2 mm radius was used with manual treatment
interruption by the radiation therapist. Kilovoltage images were
acquired every 3 s during treatment delivery, as this is the fastest
imaging frequency available which allows for use of the Truebeam
clinical intrafraction motion review software. The field size was
reduced to 5 x 5 cm for patients treated on the Truebeam, as it
provided better marker visibility within the Truebeam clinical
intrafraction motion review software. All CBCT and kilovoltage
images were saved and fed into the KIM software offline follow-

ing treatment.

2.D | Analysis

Following treatment, the pre-arc/CBCT images and the kV projec-
tions taken during treatment were processed offline using the KIM
software. The KIM software automatically segments the location of
each fiducial marker on each 2D kV projection, then reconstructs
the 3D position of the markers by taking a maximum likelihood esti-
mation of a 3D probability density function.?* The displacement of
the prostate in each of the AP, LR, and SI directions was quantified

as a function of time throughout each fraction.

3 | RESULTS

3.A | Quality assurance of KIM software

The results of both the static and dynamic localisation tests appear
in Table 1, which shows the mean difference (x) and standard devia-
tion (o) between the expected position of the phantom and the KIM
measured position. All static localisation tests passed the criteria of
<1 mm mean difference and <1 mm standard deviation. All dynamic
tests passed the criteria of <1 mm mean difference and <1 mm stan-
dard deviation, apart from the high frequency and erratic trajecto-
ries, which both failed due to a standard deviation greater than
1 mm in the AP direction. These two motion trajectories represent
the most extreme prostate motion, with high frequency, high ampli-
tude motion, and are, therefore, the most difficult traces for KIM to

track accurately.
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TasLe 1 Static and dynamic localization results for QA of KIM
software.

Phantom AP LR Sl

position

or trajectory X (mm) o (mm) X(mm) o (mm) X(mm) o (mm)
—5 mm LR -0.66 0.26 -0.28 0.31 0.13 0.15

+5 mm LR -0.68 0.25 -0.22 0.37 0.10 0.7
—5 mm S| 001 0.24 0.17 0.32 -048 0.16

+5 mm SI 0.60 0.28 -0.20 045 -0.31 0.16
—5 mm AP -0.08 0.24 0.19 0.39 -048 0.16

+5 mm AP 0.38 0.23 0.15 0.36 -046 0.17

Stable -0.27 0.30 041 0.29 -0.03 0.19

Continuous 0.24 0.38 0.15 0.55 -0.01 0.18
Drift

Persistent -0.56 057 0.09 0.22 -0.00 0.23
Excursion

Transient -0.27 0.54 -0.04 0.23 —-0.00 0.18
Excursion

High -0.58 1.72 -0.05 0.3 -0.06 0.95
Frequency

Erratic 024 1.18 044 0.64 0.02 0.27

3.B | Patient motion results

The KIM software gives displacement of the prostate in the AP, LR,
and Sl directions as a function of time throughout each fraction.
These results were analyzed to determine the percentage of time
the prostate spent within 1 mm, between 1 and 2 mm, between 2
and 3 mm, and >3 mm from its initial position in each of the three
directions. These results appear in Table 2. Table 3 displays the
average and standard deviation for prostate displacement across all
patients and fractions measured.

The majority of motion measured by the KIM system occurred in
the AP and LR directions. The prostate was greater than 1 mm from
its initial position in the Sl direction only 2.8% of the treatment time
(see Table 2); however, the average displacement was greatest in
the Sl direction, while still being sub-millimeter (see Table 3).

Figure 2 shows an extremely stable prostate trajectory observed
during this study, plotted as a function of time. Prostate motion
during this arc did not exceed 0.5 mm in any direction.

Figure 3 shows a prostate motion trajectory for a single patient
treatment plotted in the AP, LR, and Sl directions as a function of
gantry angle. The displacements towards the end of this trajectory
were due to a gas bubble descending into the patient’s rectum which
was observed on post-treatment CBCT. This trajectory was the most
unstable trajectory recorded during this study.

KIM was able to segment markers in the majority of images;
however, for patients treated on Clinac, image quality was low when
the images were being acquired across the widest part of the hip
(around gantry 0°), resulting in errors in seed segmentation. The
large, rapidly changing displacement values around gantry 0° in
Fig. 3 are a result of erroneous segmentation in extremely low-

quality images.

WiILEY-*

TaBLE 2 Prostate displacement by direction and distance as a
percentage of treatment time.

% of Displacement

Patient Direction <1mm 1-2mm 2-3mm >3 mm
1 AP 36.8 335 18.1 11.7
LR 91.0 9.0 0.0 0.0
Sl 95.7 4.1 0.1 0.1
2 AP 69.7 30.2 0.1 0.0
LR 734 26.6 0.0 0.0
Sl 99.7 0.2 0.1 0.0
3 AP 59.0 357 52 0.1
LR 66.3 33.7 0.0 0.0
N 99.8 0.2 0.0 0.0
4 AP 94.2 5.8 0.0 0.0
LR 94.9 5.1 0.0 0.0
S| 100.0 0.0 0.0 0.0
5 AP 95.4 4.2 0.4 0.0
LR 94.1 5.9 0.0 0.0
Sl 100.0 0.0 0.0 0.0
6 AP 79.0 210 0.0 0.0
LR 85.5 14.5 0.0 0.0
Sl 90.3 9.7 0.0 0.0
7 AP 65.2 34.8 0.0 0.0
LR 98.5 15 0.0 0.0
Sl 97.0 3.0 0.0 0.0
8 AP 84.2 15.8 0.0 0.0
LR 54.2 25.0 16.7 4.1
S| 91.2 8.8 0.0 0.0
9 AP 98.3 1.7 0.0 0.0
LR 67.7 29.0 33 0.0
Sl 76.7 23.3 0.0 0.0
10 AP 76.8 232 0.0 0.0
LR 88.7 11.3 0.0 0.0
Sl 100.0 0.0 0.0 0.0
All Patients AP 79.1 18.2 1.1 0.8
LR 82.7 15.8 0.9 0.3
Sl 97.2 2.8 0.0 0.0
Overall 84.8 13.6 0.8 0.4

4 | DISCUSSION AND CONCLUSIONS

The KIM software was successfully used to segment fiducial markers
and determine prostate motion during prostate SBRT boost treat-
ments in 95% of fractions for ten patients with a Rectafix in place.
As such, it would appear to be a feasible approach to deploy clini-
cally on either a Clinac or TrueBeam linear accelerator. KIM per-
forms better when the incoming images have higher image quality
— this was observed for patients with a smaller distance across the
hips treated on the Clinac, and for all patients treated on the True-
beam.
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TasLe 3 Average prostate displacement in each direction for all
patients across all fractions measured.

Direction Average (mm) STD (mm) Average (Directionless) (mm)
AP 0.11 0.64 0.61
LR 0.02 0.23 0.18
Sl -0.21 0.12 0.21
0.5
AP
LR
Sl
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Fic. 2. The most stable prostate trajectory recorded during the
study. Motion in the AP, LR, and Sl directions is plotted as a
function of time.
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Fic. 3. The least stable prostate displacement recorded during the
study. Motion in the AP, LR, and Sl directions is plotted as a
function of gantry angle for a single prostate SBRT boost treatment
to highlight segmentation issues occurring when the kV projections
are being taken through the widest part of the patient when the
gantry is at zero degrees.

Very little motion was observed in this patient cohort. However,
these results should be considered preliminary and further work with
larger patient cohorts and homogeneous image acquisition and treat-
ment is required. This should enable detailed examination of changes
in observed motion due to reduced treatment times, patient prepara-
tion techniques, and rectal immobilization. To fully separate the
effect of the Rectafix on prostate motion would require a random-
ized study design with a comparison to patients without Rectafix.
However, this study has demonstrated that the implementation of

KIM imaging for SBRT prostate intrafraction motion measurement is
feasible in the clinic and can be utilized to assess new clinical prac-
tices including rectal immobilization techniques. The prostate was
two or more millimeters from its initial position only 1.2% of the
time. Patients 1 to 3 treated on the Clinac showed a higher percent-
age of prostate displacement over 1 mm than patients 4 to 7 treated
on the Truebeam. The majority of motion observed occurred in the
AP and LR directions, with very little motion observed in the SI
direction. This finding corresponds with the results of De Leon
et al,?? who found in a study of cine-MRI images for patients with
and without a Rectafix that the presence of the Rectafix significantly
reduced prostate displacement in the anterior-posterior and supe-
rior-inferior directions.?? This is in contrast to the studies on
intrafraction prostate motion in patients without a Rectafix discussed
below, which show minimal motion in the LR direction and greater
levels of motion in the S| and AP directions.

Less motion was observed in the patient cohort considered here,
treated with a Rectafix in place, when compared with the data

17 who found, in a study of 10 patients without

reported by Ng et a
an RDD, that the prostate was displaced less than 1 mm from its ini-
tial position only 62.4% of the time, and was more than 3 mm from

I?® reported on the use

its initial position 4.7% of the time. Keall et a
of KIM in an interventional study for 197 prostate fractions deliv-
ered to 6 patients using VMAT, where, if no repositioning had
occurred, the prostate would have been greater than 3 mm from its
isocentre position for 20% of the beam on treatment time and
greater than 5 mm from the isocentre position for 4% of the treat-
ment time. In the patient cohort measured here, the prostate was
greater than 3 mm from its initial position for less than 1% of the
treatment time. The Calypso transponder system was used by Su
et al** to monitor prostate motion for an average of 28 fractions per
patient for 17 patients treated without a RDD in place. The 3D dis-
placement of the prostate was found to be greater than 3 mm for
approximately 20% of the total monitoring time, and greater than
5 mm for about 9% of the treatment time, again demonstrating a
much larger level of motion than that observed in patients treated
with a Rectafix in place considered in this study. The results
reported in this paper are in contrast to those of Vanhanen and
Kapanen?® who found increased prostate motion during treatment
fractions with a RDD in position compared to fractions without a
RDD. Patients in that study were only instructed to have an empty
rectum and full bladder prior to treatment, whereas in this study
patients had a far stricter preparation regime prior to treatments. It
is proposed that the difference in results is due to the difference in
bowel and bladder preparation regimes applied during each study.
There are several limitations in this study. Due to the Truebeam
becoming available for clinical use during the study, the clinical deci-
sion was made to transfer patients to this machine to enable use of
higher energy and higher dose rate for treatments. For this reason,
only three patients were treated on the Clinac iX machine, with the
rest being treated on Truebeam. The image guidance strategies were
different on these two machines with real time on the Truebeam,

using the clinical intrafraction motion review software, and inter-arc



LEGGE €T AL

on the Clinac. Any influence of these different strategies has been
minimized by removing the positional changes from the data and
presenting the prostate displacement in each direction.

The low imaging frequency of 0.33 Hz used on Truebeam
increases the uncertainty in the results, as sub-millimeter accuracy of
the software has only been tested for imaging frequencies down to
1 Hz.2® This frequency of imaging was selected so that real-time
positional feedback through the Varian Truebeam intrafraction
motion review was available during treatment. The patients treated
on Truebeam were treated before the KIM system was able to run
on the Truebeam platform in real time. Further development of the
KIM software and the in-house image acquisition software has since
enabled KIM to function in real time on the Truebeam platform with
fluoroscopic x-ray imaging.

In Fig. 3, the displacements exceeding 2 mm where the gantry
angle is close to 0° are due to poor image quality, resulting in KIM
failing to segment seeds correctly. Studies using KIM generally
impose a maximum hip width of 40 cm for patient inclusion to
increase image quality. This patient’s hip width was the widest in the
study at 40.2 cm, but the patient was included anyway as the study
was noninterventional.

The minimal motion observed in patients treated with a Rectafix
device combined with a strict preparatory regime may allow the
future reduction of PTV margins for patients with an RDD in place,
as the minimized target motion resulting from the use of the Recta-
fix device will help to ensure adequate dose coverage. This has
important implications for increasing the safety and efficacy of
hypofractionated prostate radiation therapy schedules, as the reduc-
tion of margins combined with the protection of the rectum pro-
vided by the RDD will allow greater dose escalation without
increasing dose to the organs at risk. The preliminary data shown
here suggest that intrafraction motion monitoring may not be neces-
sary for patients with a Rectafix device in place, however, further
work is needed with larger patient cohorts to confirm this finding.
Bowel and bladder preparation combined with pre-treatment and
mid-treatment imaging to assist positioning and assess bladder and
rectal fullness is likely to be sufficient, as such small displacements
were observed in this cohort so that the additional imaging dose
provided by kV imaging can be avoided. Future work in this area is
required to determine if the motion reduction is due to the Rectafix
alone, or if the pre-treatment bowel and bladder preparation regime
followed by patients or fast treatment times has the most impact on
intrafraction prostate motion.

Current work being performed in relation to the PROMETHEUS
study includes an investigation of patient tolerance of the Rectafix
device via patient questionnaires. A dosimetric comparison of the
SpaceOAR rectal displacement system and the Rectafix rectal retrac-
tor has also commenced.

Intrafraction motion results obtained from both KIM software
and pre- and post-treatment couch positions for patients receiving
prostate SBRT boost treatments with a Rectafix device in place
show considerably less prostate displacement during treatment when
compared with patients treated without a Rectafix device in place.

WiILEY-

The prostate was two or more millimeters from its initial position
only 1.2% of the time. This may have implications regarding appro-
priate CTV-PTV margins, tumor dose delivery, and normal tissue

sparing.
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