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Online correction of intrafraction motion during volumetric
modulated arc therapy for prostate radiotherapy using
fiducial-based kV imaging: A cohort study quantifying the
frequency of shifts and analysis of men at highest risk

Lucas M. Serra | Tianming Wu | Mark C. Korpics® | Kamil Yenice |
Stanley L. Liauw

Department of Radiation and Cellular Abstract

8222?9&:2232'3"%;%hs"fgo Medical Background: Various methods exist to correct for intrafraction motion (IFM)
of the prostate during radiotherapy. We sought to characterize setup correc-
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immediately following transrectal placement of 3 fiducial markers. The most
common RT course was 20 fractions (range: 17—44). Triggered kV images were
acquired every 15 seconds over 2-3 full arcs using an onboard imaging sys-
tem. IFM correction was considered when if any two fiducial markers in a single
kV image were observed to be outside beyond a 3 mm tolerance margin. A
manual 2D/3D match was performed using the fiducial markers from the single
triggered kV image to obtain a suggested couch shift. Shift data for three (x, y, z)
planes were extracted from the record and verify system and expressed as a
single 3-dimensional translation. Shift percent (SP) was defined as the num-
ber of instances of an intrafraction correction divided by the total number of
fractions for a given patient.

Results: Over 2659 fractions of radiation, IFM was observed and corrected for
582 times across 463 (17%) fractions, and at least one shift was made over the
course of treatment in 77% of men. Univariate analysis revealed that larger rec-
tal volume or width, smaller prostate volume, and use of ADT were associated
with SP > 20% (p < 0.05). Men with a rectal width >3.6 cm were more likely
to have IFM corrected (SP > 20% 47% vs 18%, p = 0.0016). On multivariate
analysis, only rectal volume and width were associated with IFM.
Conclusions: In this cohort study, 17% of fractions were interrupted to apply
at least one couch shift. Men treated with shorter courses of therapy, such as
stereotactic body radiation therapy, or men at high risk for IFM (e.g. larger rectal
size) may warrant more careful consideration regarding the implications of IFM.
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1 | INTRODUCTION

Although newer technology has facilitated an improve-
ment in conformality and reduction in treatment time,
setup error remains an important factor in the success
of radiation therapy for prostate cancer. Intrafraction
motion (IFM), defined as internal organ motion of blad-
der, rectum and prostate or patient movement during
an individual fraction of external beam radiation ther-
apy, has been characterized in several studies, and
many approaches exist to account for IFM.! As treat-
ments become increasingly precise with tighter planning
target volume (PTV) margins, along with moderate to
highly hypofractionated dose regimens, the impact of
IFM on delivered dose accuracy may increase? We
recently published a feasibility report using a commer-
cially available triggered imaging technique to monitor
and correct for IFM (Varian Truebeam Advanced IGRT
& Motion Package, Varian Medical Systems, Palo Alto,
CA, USA).2 During treatment, this system acquires kV
images at user-specified intervals with the readily avail-
able onboard imager (OBI), and determines the location
of implanted fiducial markers. It subsequently decides
whether markers are within a pre-specified tolerance
and alerts the radiation therapist to consider a positional
correction by shifting the treatment couch. In the current
work, we sought to quantify the degree of IFM observed
in a larger cohort,and analyze clinical factors associated
with IFM.

2 | MATERIALS AND METHODS

One hundred and thirty-two men with prostate cancer
were treated with radiation therapy (RT). All patients
underwent a planning CT scan immediately follow-
ing transrectal placement of three prostatic fiducial
markers (Gold Anchor, Naslund Medical, Stockholm,
Sweden). Patients were immobilized via an alpha-cradle
(Smithers Medical Products Inc, North Canton, OH) or
Vac-Lok vacuum bag (CQ Medical, Avondale, Pennsyl-
vania, USA). A catheter was used to drain the bladder
and 120 cc of contrast was instilled into the bladder
in tandem with a urethrogram prior to the acquisition
of images. Related to the placement of fiducial mark-
ers immediately prior to CT simulation, patients were
instructed to use a fleet enema prior to simulation.
Patients were treated with volumetric modulated arc
therapy (VMAT), most commonly to 60 Gy in 20 fractions
(range: 17—44) to the prostate, with elective inclusion of
seminal vesicles and pelvic lymph nodes at clinician dis-
cretion. Androgen deprivation therapy (ADT) consisting
of LHRH-agonist and oral anti-androgen was given in a
neoadjuvant (2 month) and concurrent (1-2 month) set-
ting, with adjuvant LHRH-agonist continuing for a total
of 6—-28 months, depending on patient and clinical fac-
tors. An anisotropic PTV margin of 8 mm laterally, 6 mm

superiorly/inferiorly, and 5 mm posteriorly was applied
to the prostate clinical target volume for setup error. CT
slice thickness was 2 mm and the lateral area of fidu-
cials markers was 3.2 mmZ2. During treatment planning,
fiducial markers were delineated and reference points
were created at their centers of mass.

In each treatment fraction, an orthogonal kV image
pair was used to setup patients for treatment by prioritiz-
ing the matching of implanted fiducial marker locations.
If a large discrepancy between markers and bony
anatomy was noticed, a Cone beam CT (CBCT) would
be employed to assess soft tissue alignment. CBCTs
were also obtained once or twice weekly prior to treat-
ment to evaluate soft tissue alignment. During treatment,
triggered kV images were acquired every 15 s (5%—10%
through a fraction for a typical treatment consisting of
2-3 full arcs) using the onboard imaging system. On
each image, the system detected the markers and com-
pared their locations to the reference: a 3 mm radius
circle around the fiducial center points. The color of
the circles would change from green to red to alert
radiation therapists that a detected marker was approx-
imated to be beyond the 3 mm tolerance. If one single
marker was outside tolerance on a single image, treat-
ment would continue; if the same single marker was
outside tolerance on two consecutive images, the ther-
apist would apply a beam hold until the next triggered
kV to reevaluate. If the position of the marker was still
outside tolerance, or if at any point two markers were
outside tolerance, the therapist would perform a 2D/3D
match based on the single image and apply correction
using translational couch shifts in vertical, longitudinal
or lateral directions. If all three markers were beyond
tolerance, the therapist would stop treatment, repeat
the orthogonal pair kV-kV matching and apply neces-
sary shifts. Ultimately, the treating therapists had full
discretion to hold treatment based on the position of
markers with respect to the perceived location out of tol-
erance, and shifts smaller than 3 mm were allowed. For
this study, three-dimensional couch shifts were extracted
from the record and verify system after any correc-
tional shifts. Their magnitudes were calculated to assess
the degree of IFM and expressed as a single transla-
tion (i.e., vector) using the square root of the sum of
squares of the individual three-dimensional shifts. Of
note, in men who had pelvic lymph nodes treated with
the prostate, we chose to prioritize setup to the prostate,
despite the possibility for there to be a mismatch in setup
with the bony anatomy due to prostate motion, based on
the low chance for meaningful clinical impact related to
this setup variance?

Patient and clinical information was extracted from
the patient’s medical record including body mass index
(BMI), use of ADT, and volumes of prostate, bladder,
and rectum at simulation. Contouring of the prostate
and organs-at-risk was performed in accordance with
the RTOG normal male pelvis contouring atlas.’ Rectal
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FIGURE 1 Histogram demonstrating the magnitude of intrafraction shifts across 2659 treatment fractions. Each bar shows a shift range

above the lower boundary and up to the upper boundary (e.g. >0.3 cm and up to 0.5 cm).

width was measured as the transverse dimension of the
rectum at the mid-gland of the prostate on simulation CT.

All tests were performed in R statistical software (R
version 4.3.1) and JMP® (Version 17, SAS Institute Inc.,
Cary, NC, 1989-2023) and were two-tailed. Rectal vol-
ume and width, bladder volume, prostate volume and
BMI were divided into quartiles for analysis. Shift per-
centage (SP) was defined as the number of intrafraction
corrections divided by the total number of fractions for
a given patient. The upper quartile (SP > 20%) was
chosen as the endpoint. Our Institutional Review Board
(IRB) approved this study (#14-934A).

3 | RESULTS

Table 1 summarizes the clinical characteristics of the
cohort. Across 2659 fractions of RT, IFM correction was
performed 582 times in 463 (17%) fractions. 101/132
patients (77%) had at least one shift during their treat-
ment course while 48/132 patients (36%) had shifts with
an average magnitude of at least 5 mm. The median
intrafraction shift was 3.6 mm (range, 0-2.4 cm; IQR,
1.5-5.4 mm). For patients who had a shift, Figure 1
depicts a histogram of the frequency of raw shift mag-
nitudes on a per fraction basis. Figure S1 shows the
frequency of shift magnitude in separate x, y, z planes.
Univariate analysis revealed that larger rectal vol-
ume or width, smaller prostate volume, and use of ADT
were associated with SP > 20% (p < 0.05). Prostate

volume and ADT use were correlated; the median vol-
ume with and without ADT was 45 cc versus 70 cc,
respectively (p = 0.0004). Men with rectal width in the
top quartile (>3.6 cm) were more likely to have IFM
corrected (SP > 20% was 47% vs. 18%, p = 0.0016),
and similarly men with a rectal volume in the top quar-
tile (> 112 cc) were more likely to have SP > 20%
(44% vs. 19%, p = 0.0067). Bladder volume and BMI
were not associated with SP > 20%. Multivariate analy-
sis (MVA) including rectal width, ADT, and prostate size
demonstrated a significant association with rectal width
and SP > 20% (top quartile vs. otherwise, OR 4.14,
p = 0.0015), but not for ADT use (p = 0.13) or prostate
volume (p = 0.90, Table 2). A separate model including
an interaction term for ADT*prostate size did not signifi-
cantly change the model output (data not shown). Given
the trend observed with ADT use and SP > 20%, the
relationship between rectal width and SP > 20% was
evaluated in subsets of men with and without ADT. In this
exploratory subset analysis, the association of increas-
ing rectal width and SP was stronger in men on ADT
(Figure S2).

4 | DISCUSSION

In this cohort study evaluating IFM of the prostate in
men treated with VMAT for prostate cancer, we found
that 17% of fractions were interrupted to apply at least
one couch shift. The magnitude of IFM was 3.6 mm on

85UB01 T SUOLUIOD dA1IE1D) 9|qedljdde ayy Aq peusenob aJe seoiLe VO '8sn Jo S9Nl Joy AkeiqTauIUQ AB]1/W UO (SUONIPUOD-PUB-SWIBIALID" A3 | IMATelq 1 jBul jUO//Sdny) SUONIPUOD pue sWie | 8y} 88s *[6202/T0/.T] uo Ariqiauluo As|im ‘ofeoyd JO AisieAun Aq £09vT ZUWide/Z00T 0T/10p/uioo" A Im Arelq i jeuluo widee//sdny Wwolj papeo|umod ‘0 ‘YT66925T



JOURNAL OF APPLIED CLINICAL

** | MEDICAL PHYSICS

SERRA ET AL.

TABLE 1 Patient characteristics (n = 132). TABLE 2 Multivariate analysis for > 20% shift percent endpoint.
Number (%) or Odds ratio (95%
Median (IQR) confidence interval) p value
Race Rectal width > 3.6 cm (top 4.14 (1.72-9.96) 0.0015
Black 84 (64%) quartile vs. other)
White 36 (27%) Hormonal therapy (yes vs. no) 2.22 (0.76-6.46.) 0.13
Asian 4 (3%) Prostate volume, cc (continuous)  1.00 (0.99-1.02) 0.90
Two or more races 2 (2%)
Unknown 6 (5%) . .
Hispanic or Latino magnitude of 1-2 mm and 28% of men having a >3 mm
shift5-8 This may in part be due to the fact that some
No 120 (91%) prior studies only report the X, Y, Z components and
Yes 6 (5%) not the vector of the shift as we have. IFM can result
Unknown 6 (5%) in underdosing of the clinical target volume, and could
T stage be particularly impactful with tight PTV margins9 or
T 74 (56%) extreme hypofractionation. This degree of motion can
be addressed with PTV margins of 5-8 mm; however,
T2 31 (23%) ) .
larger margins are not without consequence as a 5 mm
3 18 (14%) reduction in separation between the prostate and rec-
T4 2.(2%) tum increases rectal V70 Gy by ~50% when prescribing
Unknown 7 (5%) 78 Gy to the PTV.'? Several publications have exam-
NCCN risk group ined the dosimetric consequences of IFM using motion
Intermediate risk 51 (39%) monitoring systems in prostate radiotherapy.Li et al.ana-
I lyzed prostate motion in 1267 tracking sessions using
High risk 70 (53%) ;
_ radiofrequency transponders (Calypso System by Var-
Metastatic 11 (8%) ian Medical Systems, Palo Alto, CA) across 35 patients
Number of radiation fractions 20 (20-20) receiving prostate radiotherapy and found that a 2 mm
Number of radiation treatment arcs PTV margin was not significantly different from a 5 mm
2 59 (45%) PTV margin for conventionally fractionated radiother-
3 62 (47%) apy plans when using the Calypso System.!" A similar
study used radiofrequency transponders to continuously
4 11 (8%) . " i ;

_ monitor prostate position with a 2 mm displacement
Received hormonal therapy 94 (11%) threshold in 89 patients receiving SBRT. Their analy-
Prostate volume (cc) 41 (32-62) sis found that without continuous monitoring, IFM would
Body mass index 29 (25-33) have resulted in roughly 10% of patients not meeting
Rectal volume (cc) 87 (68-111) a PTV D95 of >90%.'> More recently, a study of 20
Rectal width (cm) 3.1(2.7-3.6) patients receiving prostate SBRT used pre-and post-

Bladder volume (cc) 181 (152-231)

Abbreviations: IQR, interquartile range; NCCN, National Comprehensive Cancer
Network.

average, and was >5 mm in 36% of patients thereby
potentially resulting in underdosing of the intended clin-
ical target volume that had been expanded by 5-8 mm
for set up error. Clinicians should be aware of this poten-
tial for dosimetric uncertainty at the periphery of the
treatment volume, and either correct for IFM in real time,
adjust the PTV accordingly, or accept the risk of under-
dosing the target. Men treated with shorter courses of
therapy, such as stereotactic body radiation therapy, or
men at high risk for IFM (e.g. larger rectal size, or men
receiving ADT) may warrant more careful consideration
regarding the implications of IFM.

The degree of IFM observed in this cohort is
larger than other studies that report an average shift

treatment CBCT alongside triggered KVs to fiducial
markers every 3 s reported on volume coverage. The
95% isodose volumes covered the prostate volume in
all but two fractions and the 98% isodose volumes in
all but eight (4%) fractions. Notably, 90% of shifts were
below the authors’ 3 mm deviation limit.'> As evidenced
in Figure 1, a number of the shifts in our study had a
magnitude below our threshold limit of 3 mm. This is
likely a consequence of both the innate tolerance of
the system as well as the operator-dependent aspect of
image review and shift implementation. These <3 mm
shifts may be used to minimize misalignment of the
other two fiducial markers or when shifts approach but
do not quite surpass the 3 mm threshold.

This work is one of the largest studies of prostatic
IFM treated with VMAT. (1) Our use of triggered kV imag-
ing during treatment offers a periodically updated (every
15 s) and more accurate view of IFM compared to some
prior studies exploring clinical factors that used pre and
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post-treatment CBCT.'*"> We analyzed a diverse range
of clinical parameters as done by others'®"6 following
a standardized procedure for planning including rectal
enema for fiducial marker placement and simulation.!”
However, there was no daily rectal prep during treatment
itself and patients were not given specific instructions
in this regard. If the rectum was significantly different
from their simulation, patients were not instructed to
evacuate. In our study, only rectal width and size were
strongly correlated with SP. Adamson et al. examined
pre- and post-treatment CBCTs in 20 prostate cancer
patients and also found that rectal filing was associ-
ated with prostate IFM as measured by intrafraction
kV fluoroscopy. Moreover, gas volume was correlated
with the maximum displacement during radiotherapy
delivery.'* Another small study of 15 prostate cancer
patients compared pre- and post-treatment CBCTs to
the initial planning CT to calculate IFM and found that
motion increased with hormone therapy, larger bladder
filling, and larger changes in bladder filling compared to
the initial scan.'® The authors also found that rectal fill-
ing was predictive of the direction of prostate motion but
not the magnitude of displacement, and they attributed
this finding to the adequacy of their rectal preparation
protocol. Shelton et al. analyzed 37 patients and found
that longer session times were the strongest predic-
tor of IFM.'® Meanwhile, a more recent study of 331
men examined patient factors including rectal, bladder,
and prostate volumes and found no relation with IFM
during CyberKnife treatment.!® Finally, IFM has been
examined using MRI-based linear accelerators with
two studies demonstrating the feasibility of automatic
prostate tracking based on high- quality 3D cine-MR
imaging .22

While we did not find ADT use to be associated with
SP on MVA, it did appear to influence the correlation
between rectal width with IFM in a linear fit model. It
is possible that a reduction in prostate volume, a well
described phenomenon during ADT?>~?° resulted in a
larger relative impact of rectal filling on IFM. However,
prostate size was not found to be associated with IFM, so
another possible explanation is that our exploratory find-
ings are influenced by the smaller number of patients
and events of subset analysis. We cannot exclude the
potential for an alternative explanation, such as ADT
causing IFM related to differential rectal filling through
altered peristalsis.

We acknowledge a few limitations in our study. The
findings of this single institution study may not be gen-
eralizable to other patient cohorts, including men who
do not undergo enema prior to fiducial placement on the
same day of simulation. Our prior work has shown that
there is minimal marker migration between day 0 and
day 7 CT scans, leading us to perform marker placement
and simulation on the same day.'” To our knowledge,
no patients had meaningful migration of their markers
over the course of therapy. If migration did occur, this
could have caused inaccurate treatment targeting and

MEDICAL PHYSICS 2=

potentially resulted in greater shift frequency. Although
prior studies have examined treatment time in relation to
IFM, we did not control for treatment time in our report-
ing of the data, which may influence the reporting of our
shift frequency. The vast majority of patients, however
had either two or three arcs of therapy, so the range of
treatment time is relatively narrow. There was a man-
ual aspect to the identification and correction of IFM
which may have influenced our findings, in comparison
to a fully automated process of IFM correction. Bladder
filling was controlled through catheterization and instil-
lation of 120 cc at simulation, and rectal volume was
controlled with an enema (for fiducial marker placement)
so any patient variance in bladder or rectal volume were
not able to be studied as a factor influencing IFM. We
did not routinely obtain CBCTs after observing IFM to
be able to comment on the potential contribution and
consequences of prostate deformation or variation in
bladder and rectal filling on dosimetry. Thus, we cannot
conclude whether bladder or rectal filling plays the more
dominant role in IFM. We also did not require patients
to follow strict bladder or rectal filling instructions prior
to treatment, even though men did have bladder and
rectal volume regulated at simulation. This discrepancy
may have potentially contributed towards some variance
in interfraction setup, and it is unclear whether it would
have also affected intrafraction setup error.

5 | CONCLUSIONS

IFM occurs in a significant percentage of men undergo-
ing prostate RT with VMAT, and is correctable utilizing
a commercially available tracking feature. On MVA, rec-
tal width and volume were associated with a larger
SP. Treatment approaches that do not account for IFM
should consider including methods of immobilization,
improved image guidance, or larger PTV margins in
order to avoid marginal miss of the prostate, which can
be increasingly consequential with shorter courses of
treatment.
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