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volumetric and dosimetric data from a phase Il trial of
stereotactic body radiotherapy after radical prostatectomy
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Abstract

Purpose: Stereotactic body radiotherapy (SBRT) in the post-prostatectomy setting is
investigational. A major concern is the deformable prostate bed clinical target volume (CTV)

and the closely juxtaposed organs-at-risk (OARs). We report a volumetric and dosimetric analysis
of kilovoltage cone-beam CT (CBCT) data from the first 18 patients enrolled on a phase I1

trial of post-prostatectomy SBRT. With instructions on bladder filling and rectal preparation, we
hypothesized acceptable CTV coverage while minimal overdosing to OARs could be achieved.

Methods: All patients received 5 fractions of 6-6.8 Gy to the prostate bed. CBCT were taken
prior to and halfway through each fraction. CTV and OARs were contoured for each CBCT.
Changes in inter- and intra-fraction volume and dose were calculated. Relative changes in CTV
V95%, bladder V32.5 Gy, and rectal V32.5 Gy and V27.5 Gy were evaluated.

Results: Interfraction CTV volume remained stable, with median change +5.69% (IQR -1.73%
to +9.84%). CTV V95% exhibited median change —0.74% (IQR -9.15% to —0.07%). \olumetric
and dosimetric changes were minor from interfraction rotation and intrafraction motion. CTV

V95% was =93% in 13 of 18 (72%) patients; in the remaining five, median change was —14.09%
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(IQR -16.64% to —13.56%). Interfraction CTV volume change was significantly larger among
patients with CTV V95% <93% (+25.04% vs. +2.85%, p= 0.002).

Conclusions: With specific bladder and rectum filling protocols, CTV underdosing and
overdosing to bladder and rectum are avoided in majority of patients. Changes in CTV shape
may account for the underdosing that may be observed.

Keywords
Stereotactic body radiotherapy; Post-prostatectomy; Prostate cancer

Approximately a quarter to a third of patients with prostate cancer develop biochemical
recurrence following radical prostatectomy [1,2]. In this setting, salvage radiotherapy is

the only known curative intervention [2-5]. Alternatively, select patients may have certain
adverse pathologic features, and adjuvant radiotherapy has shown to improve biochemical
recurrence-free survival in these patients [2-4,6]. Traditionally, adjuvant and salvage
radiotherapy have been delivered with conventional fractionated radiotherapy (fraction sizes
of 1.8-2 Gy).

A body of preclinical and clinical data suggest that prostate cancer may exhibit an increased
sensitivity to higher doses per fraction by virtue of a low a/p ratio [7]. For patients

who have not had surgery, moderately hypofractionated radiotherapy (fraction sizes of
2.5-3.5 Gy) has been non-inferior to conventionally fractionated radiotherapy in three
large randomized trials [8-10]. More recently, a randomized trial confirmed non-inferiority
of extremely hypofractionated radiotherapy (fraction sizes >5 Gy) in definitive treatment
setting as well [11]. Extreme hypofractionation delivered using modern techniques in five
or fewer fractions, known as stereotactic body radiotherapy (SBRT), has shown to be safe
and effective in a pooled consortium of over 2000 patients as well as in a systematic
meta-analysis [12,13]. Another recent randomized trial found equivalence of SBRT and
longer fractionation schemes with respect to acute toxicity [14].

While hypofractionation is increasingly used in the definitive treatment setting, there

is less experience with its use in addressing microscopic or gross residual prostate

cancer cells in the post-operative setting. Several single institution prospective and
retrospective series delivering hypofractionated radiotherapy ranging from 54 to 66 Gy

in 2.3-3.0 Gy per fractions postoperatively have shown favorable acute toxicity profiles
while providing comparable biochemical control rates as conventionally fractionated
regimens [15-19]. These data provided precedence for a large randomized trial evaluating
moderately hypofractionated therapy which just completed accrual (NCT 03274687).
Extreme hypofractionation in this setting is much less studied with only one published report
of acute toxicity to date [20,21].

One major technical challenge with delivering extremely hypofractionated radiotherapy in
the post-prostatectomy setting is the deformable nature of the target, which is a “potential
space” that is itself delimited by several deformable organs-at-risk (OARS) such as the
bladder and rectum [22]. Thus, accurate dose delivery can be complicated by significant
target deformation in addition to inter-and intrafraction motion. Altogether, these can

Radiother Oncol. Author manuscript; available in PMC 2024 July 30.
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potentially lead to underdosing the target and overdosing normal surrounding tissues
[23-25].

We recently initiated a prospective phase Il trial evaluating SBRT in patients who have
undergone radical prostatectomy. Here, we present a detailed retrospective volumetric and
dosimetric study for the first 18 patients enrolled on this trial to evaluate how prostate bed
and OAR deformability between and during treatment fractions impact dose delivery.

Methods and materials

The study population consisted of the first 18 patients who developed biochemical
recurrence after prostatectomy for localized prostate cancer and enrolled onto a phase 11
single-institution trial of postoperative SBRT opened since March 1, 2018 with informed
and written consent (NCT03541850). This trial was designed to show improvement in
biochemical recurrence free survival based on dose-escalation with SBRT. All patients
were required to have a technetium-99 bone scintigraphy scan, fluciclovine PET/CT scan,
or prostate-specific membrane antigen (PSMA) PET/CT scan. Additionally, all patients
underwent magnetic resonance imaging (MRI) of the pelvis and planning CT simulation
scans obtained on Siemens SOMATOM Definition AS Scanner (Siemens Healthcare
Diagnostics, Los Angeles, CA) using 1.5 mm slice thickness. The prostate bed and, when
applicable, pelvic lymph nodes were contoured to generate the clinical target volume (CTV)
per guidelines based on the RTOG consensus guidelines and outlined in the clinical trial
protocol [26]. A’ 5 mm isotropic expansion of the CTV was used to generate the planning
target volume (PTV). Radiation plans were designed to deliver 30-34 Gy in 5 fractions

to the prostate bed such that 95% of each PTV received prescription dose. 25 Gy in 5
fractions was delivered to pelvic lymph nodes to patients at the physician’s discretion. A
table comparing equivalent dose in 2 Gy fractions (EQD?2) for this trial to the GU-003 trial
can be found in the Appendix. If gross tumor was visible on imaging, a gross tumor volume
(GTV) was defined and expanded isotropically by 3-5 mm to form a PTVoss. This target
could receive up to 40 Gy in five fractions.

Volumetric modulated arc therapy plans were generated using two to four arcs. All patients
were treated on a Novalis Tx (Brainlab, Inc, Westchester, IL 60154) or a Truebeam (Varian
Medical Systems, Palo Alto, CA 94304). Every patient was instructed to void their bladder
one hour prior to each treatment, and to drink 16—24 ounces of water to maintain a
reproducible and comfortably full bladder. They were also instructed to take an enema the
night before and morning of each treatment to ensure an empty rectum. All patients had two
kilovoltage cone beam CTs (CBCTSs) during each treatment; planar imaging with ExacTrac
was used for bony alignment prior to the first CBCT. The first CBCT was taken prior to
treatment initiation for anatomic verification, while the second was taken halfway through
treatment to assess intrafraction motions. If warranted, patients were repositioned based

on rigid-body registration of the planning CT and the CBCT acquired prior to treatment
delivery to match to bony anatomy. Matching to bony anatomy was preferred to facilitate
tracking and ensuring treatment to pelvic lymph nodes as needed while providing global
positioning adjustments that balanced all anatomic sites involved in treatment.

Radiother Oncol. Author manuscript; available in PMC 2024 July 30.
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Institutional board review approval was in place for the present retrospective analysis.
CBCTs acquired during treatment, along with any shifts applied for online registration
were imported and fused to the planning CTs in MIMVista (MIM Software, Cleveland,
OH). Prostate bed CTVs and OARs were re-drawn onto both CBCTs from each treatment
fraction. The percent change in inter- and intra-fractional CTV and OAR volumes were
calculated. Inter- and intra-fractional shifts (translational and rotational) were extracted

and summarized. The planning dose distribution was transferred onto the CBCTSs. Our
pre-specified criteria for adequate CTV coverage was CTV V95% >93%. Pre-specified
dosimetric criteria for OARs were bladder V32.5 Gy <40%, rectal V32.5 Gy <35%,

and rectal V27.5 Gy <50%. These criteria were derived from institutional constraints

and previous post-prostatectomy radiotherapy trials (Appendix). The following population
dosimetric parameters were extracted and summarized with univariate statistics: mean dose
to CTV, bladder, and rectum; CTV V95%; bladder VV32.5 Gy; rectum V32.5 Gy; and rectum
V27.5 Gy. Unequal variance T-test evaluated target/OAR volume and dosimetric changes
between patients with acceptable and unacceptable CTV VV95% coverage. Associations
between CTV V95% and interfractional CTV/OAR volume changes was assessed by
regression analysis. Estimates for achieving greater than 90% tumor control was calculated
with tumor control probability (TCP) modeling using the Niemierko method outlined in the
Appendix.

Patient demographic and treatment characteristics are found in Supplemental Table A. A
total of 175 CBCTs from 18 patients were assessed. One patient did not tolerate the
extension of treatment time for the second CBCT per fraction due to difficulty holding his
bladder, thus contributed only 5 CBCTs to the present analysis. Interfractional volumetric
changes are presented in Table 1. The median change in CTV volume from the simulation
to pre-treatment CBCT was +5.69% (IQR —1.73% to +9.84%). Median changes in bladder
and rectal volumes were +2.17% (IQR —-28.19% to +10.55%) and +20.97% (IQR +5.10% to
+34.64%), respectively.

Overall, intrafractional volume changes of the CTV were relatively small and also
summarized in Table 1. The median intrafractional change in CTV volume was —0.27%
(IQR -0.88% to +0.43%). Median volume change from intrafraction motion for the bladder
was +16.80% (IQR +9.07% to +22.70%) and +1.46% (IQR +0.55% to +4.95%) for the
rectum.

Translational and rotational shift data are presented in Table 2. The median time a patient
was on the treatment table, defined as the time between first treatment arc to the end of
last treatment arc was approximately 15.5 min (IQR 14-18.7). Interfractional shifts were
required in 18 of 90 (20%) treatment fractions, while shifts accounting for intrafraction
motion in the prostate bed were required in 10 of 90 (11%) fractions.

Interfractional dosimetric changes for the CTV, bladder, and rectum are presented in Table
3. The absolute median change in CTV V95% was —0.74% (IQR —9.15% to —0.07%).
After interfractional shifts were applied, CTV V95% coverage goal of 293% was met for

Radiother Oncol. Author manuscript; available in PMC 2024 July 30.
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63 of 90 (70%) of fractions delivered, corresponding to acceptable coverage in 13 of 18
(72%) patients (Fig. 1a). Median changes in bladder and rectal doses were also relatively
small. Fig. 1b-c summarizes interfractional OAR dosimetry. Eighty-three of 90 (92%) total
treatment fractions had a bladder VV32.5 Gy <40%, with median bladder V32.5 Gy equal
to 18.79% (IQR +9.50% to +28.18%). The median absolute change in bladder V32.5 Gy
was —2.00% (IQR —6.29% to +3.30%). Similarly, 88 of 90 (98%) treatment fractions had
rectal V32.5 Gy <35%, and median rectal VV32.5 Gy was +8.05% (IQR +1.94% to +16.5%).
Absolute median change in rectal V32.5 Gy was —1.21% (IQR -4.91% to +0.29%). All
fractions had a rectal V27.5 Gy <50%. Median rectal VV27.5 Gy was +16.02% (IQR
+10.14% to +25.30%), and the absolute median interfraction change was —4.88% (IQR,
-9.02% to +0.31%).

The impact of interfraction rotational changes alone on dosimetry was overall minimal and
summarized in Table 4. There was zero median change to CTV dose, and an absolute
median change of 0.01% (IQR —0.25% to +1.42%) in CTV V95%. Absolute median change
in bladder V32.5 Gy, rectum V32.5 Gy, and rectum V27.5 Gy from rotational shifts alone
were —0.05% (IQR —0.13% to +0.11%), —0.07% (IQR —0.25% to —0.01%), and —0.18%,
(IQR —-0.39% to +0.06%) respectively.

Dosimetric impact from intrafraction motion was also minor. We found zero median change
to CTV dose overall, and an absolute median change in CTV V95% of —1.76% (IQR
-16.50% to —1.29%). Of 85 analyzed intrafractional CBCTs, CTV V95% >93% was not
achieved in 36 fractions (compared with 27 based on the pre-treatment CBCT). Thus,
intrafraction motion led to an additional 9 of 54 (16.67%) fractions having target under-
coverage despite acceptable dosimetry on the pre-treatment CBCT (Fig. 1). The beam-on
times for seven of these nine fractions were in or above the 3rd quartile of beam-on times
for all patients. Median intrafraction changes of bladder and rectal doses were small and are
summarized in Table 3.

As previously mentioned, 13 of 18 (72%) patients achieved treatment adequacy of CTV
V95% =93%, while 5 (28%) patients did not. Among patients who met with interfraction
CTV V95% =93%, the median change in interfraction CTV V95% was -0.45% (IQR —1.6%
to —0.23%), while for patients with interfraction CTV V95% <93%, the median change
was —14.09% (IQR —16.64% to —13.56%) (v = 0.001). The median interfraction change

in CTV volume was significantly larger in patients with unacceptable versus acceptable
coverage (+25.04% [IQR +21.08% to +26.40%] versus +2.85% [IQR —4.41% to +8.05%],
p=0.002). Changes in OAR volumes or dose were not significantly different between
patients with acceptable versus unacceptable CTV V95% (Table 5). Regression analysis
also found no significant associations between changes in CTV, bladder, or rectal volume
changes with treatment adequacy in both patients who had acceptable or unacceptable CTV
V95% coverage. Recognizing that patients may have intrinsic differences in pelvic anatomy
from one other, we identified 4 patients who displayed both acceptable and unacceptable
CTV V95% coverages over their treatment courses to evaluate for any associations between
bladder and rectal volume changes with treatment adequacy. There remained no significant
associations between OAR volume changes with treatment adequacy on regression analysis
for each patient.

Radiother Oncol. Author manuscript; available in PMC 2024 July 30.
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To investigate the efficacy of post-prostatectomy SBRT, tumor control probability (TCP)
modeling was performed (Supplemental Table B). For TCP to be greater than 90%, a median
CTV V100% of 85% (IQR 79-88%) with range of 69—95% was predicted to be required.

Of five patients who did not meet CTV V95% >93% criteria, four patients had CTV V100%
from all treatment fractions within the range predicted to have 90% tumor control, while one
patient had two of his treatment fractions fall below this range.

Discussion

In this volumetric and dosimetric analysis of 18 patients who prospectively received SBRT
to the prostate bed with specific bladder and rectal filling instructions, we found there

was relative interfractional stability of CTV volume and median dose. 72% of patients met
pre-specified coverage goal of CTV V95% >93%, with a median decline in coverage of
approximately 15% in those patients with CTV V95% <93%. The CTV volume appeared to
be significantly larger among those patients with underdosed CTVs, but rectal and bladder
volumes were not significantly different. Intrafractional volumetric changes and shifts were
generally minor, but in 16.67% (9 of 54) of evaluable instances, the CTV V95% coverage
changed from acceptable to unacceptable on the basis of intrafractional motion. On the
other hand, interfractional changes were notable with nearly 20% of treatments requiring
shifts due to interfractional motion related to suboptimal bladder and/or rectal preparation.
Median shifts were anisotropic, and were similar to the shifts reported for conventionally
fractionated regimens [23,25,27].

To our knowledge, this is the first study evaluating the dosimetric implications of target and
pelvic OAR deformation when delivering SBRT postoperatively for prostate cancer. Despite
target and OAR deformation, the proportion of patients with acceptable coverage in this
study were similar to those reported in prior studies evaluating the impact of interfractional
motion on target dosimetry in the context of conventionally-fractionated post-prostatectomy
radiotherapy [25,28]. Zhu et al. reported inter- and intra-fractional target motions of the
prostate bed from 16 patients, and their associations with treatment adequacy defined as
the minimum dose to the CTV and the dose received by 95% of the CTV [25]. Five of 16
(31%) patients were considered to have inadequate treatments, but the under-dosed volume
was small and the authors did not find significant associations between CTV volume and
treatment adequacy which agrees with findings from our study [25]. Albeit for a different
pre-specified acceptability criteria of V95% >93%, our study reports 28% of patients not
meeting coverage goal. Interestingly, Zhu et al. found a significant association between
rotational changes with treatment adequacy. In the present study, dosimetric changes from
rotational shifts alone were minor, and likely were not associated with treatment adequacy.
Our mean inter- and intrafractional rotational changes were smaller (0.3 and 5.7 degrees,
respectively) compared to a range of maximal rotations of 4.1-12.2 degrees in their study.
The absolute median change in CTV V95% from interfraction rotation alone was 0.01%
(IQR -0.25% to 1.42%), and similarly dosimetric changes to bladder and rectum were

also minimal. This difference may be in part due to more stringent bladder filling and

rectal emptying preparations implemented in our trial. Notably, similar rates of target
undercoverage were achieved despite tighter PTV margins of 5 mm.

Radiother Oncol. Author manuscript; available in PMC 2024 July 30.
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In another analysis of 10 patients with 102 pre-treatment CTs, Liu et al. reported ranges of
daily CTV, bladder, and rectal volumes of 75-116%, 50-270%, and 30-180%, respectively
[28]. 53% of treatments met their acceptable coverage criteria of CTV V100 >95%, which
was lower than the 72% reported in our study. It is unclear whether Liu et al. used

specific bladder filling and rectum emptying instructions, which is important, particularly
in hypofractionated regimens [29,30]. Overall, perhaps implementing more rigorous OAR
preparations may have lessened the degree of OAR interfraction volume changes observed
in our study, thereby improving target coverage. Thus, delivering high dose per fraction in
the post-prostatectomy setting necessitates internal pelvic anatomy to be as close to those
from planning simulation scans as possible. Additional methods that ensure optimal OAR
anatomy could be use of bladder ultrasounds or rectal balloons prior to treatment.

The dosimetric changes between and during treatments were minor despite the deformable
nature of the CTV, which is delimited by deformable OARs such as the bladder and rectum.
Notably, the rectum experienced a relatively large median interfractional volume change
(+20.97%, compared to 2.17% for bladder and 5.69% for the CTV) though relatively minor
dosimetric changes were noted and OAR dosing was never unacceptably high. The same
holds true for OAR dosimetry as a result of intrafractional changes. In this scenario, the
bladder experienced a relatively large median intrafractional volume change (+16.80%,
compared to +1.46% for rectum and -0.27% for CTV), but the dosimetric impacts were
small. No significant associations were found between interfractional OAR volume changes
and CTV V95% in patients with acceptable or unacceptable treatment coverage. Moreover,
almost all interfractional CTV volumes from our study were within the predicted range

to achieve high probability for tumor control. Of note, reported dosimetric measurements
were calculated from re-contoured structures and imported planning dose distributions onto
CBCTs instead from a new dose re-calculation. Thus, reported dosimetric measurements
may underestimate true dosimetric changes, especially for patients whose external pelvic
anatomy evolves during the course of treatment. So far, we have experienced stable external
pelvic anatomy in our patients and have observed ~1-2% dosimetric differences when
comparing dose-volume histograms derived from re-contoured structures on CBCTs and
superimposed targets/OARs on planning CT.

Altogether these data suggest that while OAR volumes change, they are not the sole
determining factor for CTV coverage. Instead, the shape of target and OARs may also have
dosimetric impact. Fig. 2 shows a side-by-side comparison of two patients with relatively
similar changes in bladder and rectal volumes yet different CTV V95% coverage outcomes.
Online adaptive radiotherapy protocols may be integral in optimizing the delivered dose
distribution for post-prostatectomy radiotherapy [22,25].

A possible strategy to further improve acceptable CTV coverage raises into question whether
larger PTV margins should be used to properly account for deformation. However, a larger
PTV margin would lead to overdosing adjacent OARs. Given that comparatively few studies,
even in the setting of conventional fractionation, have truly investigated the optimal dose
delivered to the prostatic fossa CTV, an intriguing possibility is that the dose presumed to

be necessary for oncologic outcome may be higher than the actual required dose for cancer
control. That is, the prostate bed CTV may be adequately covered by a lower isodose line

Radiother Oncol. Author manuscript; available in PMC 2024 July 30.
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than the prescription dose, and this lower dose may be the true necessary oncologic dose.
However, it is too premature to report either efficacy or toxicity data from the current trial,
as the primary endpoint is four-year biochemical recurrence-free survival and the median
follow-up for the 18 patients in this subgroup analysis is still short.

This study is not without limitations. First, the soft-tissue resolution of kilovoltage CBCTs
is not optimal, potentially affecting the accuracy of contours derived from CBCTs. As all
contours were done by a single investigator and reviewed by an independent investigator,
there was high internal consistency. Improvements in image quality may account for more
accurate daily anatomic changes on CBCT images. MRI image guidance has superior soft
tissue contrast compared to CT based images, making it a potential tool to accurately assess
changes in post-operative prostate bed and open opportunities for adaptive re-planning.
Another limitation of this study is that only one CBCT was taken to account for intrafraction
motion during any given treatment session. While continuous or frequent monitoring is ideal
to assess the true extent of intrafraction motion, one CBCT was thought to suffice in this
study to balance the time required to acquire on-board imaging with the increased likelihood
of intrafraction motion with time. However, the true volumetric and dosimetric impacts from
intrafraction motion may be underestimated.

In conclusion, the dosimetric and volumetric data from this prospective trial indicate that
with specific bladder filling and rectal emptying patient instructions, CTV coverage is well
maintained without overdosing OARs despite the deformable anatomy involved with post-
prostatectomy SBRT. To maintain adequate CTV coverage and OAR safety when delivering
high doses per fraction necessitates optimizing anatomic conditions on day of treatment to
be as close to those from planning simulation scans. Acceptable CTV coverage may also be
influenced by the shapes OARs ultimately assume at the time of treatment.
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Fig. 1.

Frequency distribution of interfractional (black) and intrafractional (grey) dosimetry for
each treatment session. (a) CTV V95%, with coverage goal CTV V95% >98% +5% was
considered acceptable, (b) Bladder VV32.5 with ideal constraint <35% +5%, (c) Rectum
V32.5 with ideal constraint <30% +5% and (d) Rectum 27.5 with ideal constraint <45%
+5%.
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Fig. 2.
Comparison of CTV and OAR contours between a patient who had acceptable and

unacceptable CT V95% coverage. Both patients had relatively smaller bladder volumes and
larger rectal volumes compared to original plan. However, the shape of the OAR, and thus
the prostate bed CTV, still appears different at the level of the femoral head.
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Table 4

Interfraction percent dose changes due to rotational shifts.

Mean Median Q1 Q3
CTV dose (%) * 028 0.0 0.00  0.00
CTV V95% 061  0.01 -0.25 142
Bladder dose (%) 0.38  0.02 -0.30 053
Bladder V325 (%) 032 -0.05  -013 0.11
Rectum dose (%)~ -0.08  0.10 -070 115
Rectum V32,5 (%) -0.42 -0.07  -0.25 -0.01
Rectum V27.5 (%) -050 -018  -0.39 0.06

Page 16

CTV: clinical target volume; CTV V95%: proportion of CTV volume receiving 95% of prescribed dose or more. Coverage goal was CTV95% to be
>98% +5%; V32.5: proportion of volume receiving 32.5 Gy or more; VV27.5: proportion of volume receiving 27.5 Gy or more; Q1: 1st quartile; Q3

= 3rd quartile;

*
Expressed in relative percentage. Non-asterisk values are expressed in absolute percentages.
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