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Purpose: Online adaptive radiation therapy (OART) uses daily imaging to identify changes in the patient’s anatomy and generate a
new treatment plan adapted to these changes for each fraction. The aim of this study was to determine the intrafraction motion and
planning target volume (PTV) margins required for an OART workflow on the Varian Ethos system.

Methods and Materials: Sixty-five fractions from 13 previously treated OART patients were analyzed for this retrospective study. The
prostate and seminal vesicles were contoured by a radiation oncologist on 2 cone beam computed tomography scans (CBCT) for each
fraction, the initial CBCT at the start of the treatment session, and the verification CBCT immediately before beam-on. In part 1 of the
study, PTVs of different sizes were defined on the initial CBCT, and the geometric overlap with the clinical target volume (CTV) on the
verification CBCT was used to determine the optimal OART margin. This was performed with and without a patient realignment shift
by registering the verification CBCT to the initial CBCT. In part 2 of the study, the margins determined in part 1 were used for
simulated Ethos OART treatments on all 65 fractions. The resultant coverage to the CTV on the verification CBCT, was compared
with an image guided radiation therapy (IGRT) workflow with 7-mm margins.

Results: Part 1 of the study found, if a verification CBCT and shift is performed, a 4-mm margin on the prostate and 5 mm on the
seminal vesicles resulted in 95% of the CTV covered by the PTV in >90% of fractions, and 98% of the CTV covered by the PTV in
>80% of fractions. Part 2 of the study found when these margins were used in an Ethos OART workflow, they resulted in CTV
coverage that was superior to an IGRT workflow with 7-mm margins.

Conclusions: A 4mm prostate margin and 5-mm seminal vesicles margin in an OART workflow with verification imaging are adequate
to ensure coverage on the Varian Ethos system. Larger margins may be required if using an OART workflow without verification imaging.
© 2023 The Author(s). Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Introduction

When planning radiation therapy, a clinical target vol-
ume (CTV) is defined which indicates the gross tumor
volume and any subclinical disease." A margin is added to
the CTV to create the planning target volume (PTV),'
which is used to ensure the CTV receives the prescribed
dose within an acceptable range considering process
uncertainties. The most commonly used method of calcu-
lating the margin required was proposed by Van Herk et
al,”” where to ensure a minimum dose to the CTV of 95%
of the prescribed dose for 90% of patients, the margin
required is 2.5 3, + 0.7 o, where 3, represents the standard
deviation of systematic errors, and o represents the stan-
dard deviation of random errors.

Prostate adenocarcinoma is commonly and success-
fully treated with radiation therapy, with 60 Gy in 20 frac-
tions a commonly used dose regimen.® The margin used
in prostate radiation therapy with an image guided radia-
tion therapy (IGRT) workflow is typically 5 to 8 mm,’
with 7 mm a common value depending on a range of fac-
tors in the treatment workflow.*’

Online adaptive radiation therapy (OART) is a pro-
cess where the patient’s anatomy is imaged for each frac-
tion, and a new treatment plan is generated based on the
position of the anatomy in a given fraction.” OART
changes many of the uncertainties that occur in the
treatment workflow and therefore necessitates a re-eval-
uation of the margins required.” For example, interfrac-
tion motion no longer needs to be accounted for as a
new plan is generated each day, whereas intrafraction
motion may increase due to the longer treatment times,
and contouring uncertainty may be considered a ran-
dom rather than systematic error necessitating a much
smaller margin. OART has the potential to result in
both greater target coverage and less dose to organs at
risk (OARs) both with'*'® and without'”*° margin
reductions, although the largest benefits reported with
OART come from margin reductions.'”"”

OART has recently become clinically feasible with the
introduction of systems such as the Ethos system (Varian
Medical Systems). The Ethos OART workflow requires a
cone beam computed tomography scan (CBCT) to be
acquired for online adaptive planning and allows the user
the option to acquire a verification CBCT after online
adaptive planning is complete before delivering the treat-
ment. The treatment couch position can be adjusted based
on the verification image to compensate for intrafraction
motion. Full details of the Ethos OART system are dis-
cussed by Archambault et al.*'

Several recent studies investigate margins for prostate
OART,”” ™ but do not consider all the uncertainties spe-
cific to the Ethos OART workflow,”*** or apply to slightly
different anatomic situations (postprostatectomy without
seminal vesicles).””** This study aims to investigate the

intrafraction motion and margins required for OART
with the Ethos system to the prostate and seminal vesicles.
The study is broken into 2 parts; part 1 aims to use a sim-
plified geometric model to determine the optimal margin
for OART, and part 2 aims to verify that when this mar-
gin is used for OART in the Ethos system, including all
process uncertainties, target coverage is not compromised
compared with IGRT. For parts 1 and 2 of the study, the
effect of omitting a verification image from the adaptive
workflow was also assessed.

Methods and Materials

Sixty-five fractions from 13 patients who were previ-
ously treated with OART on the Ethos v1.1 system were
selected for this retrospective study. The patients previ-
ously received radiation therapy to the prostate and semi-
nal vesicles, and in some cases also the regional lymph
nodes, although these were ignored for the purposes of
this study. All patients gave informed consent for their
data to be used in this research and research was con-
ducted in accordance with the Code of Ethics of the
World Medical Association (Declaration of Helsinki) for
experiments involving humans. The research was catego-
rized as negligible ethical risk and exempt from ethics
committee review.

In preparation for simulation and treatment, per
department standard practice, patients were instructed to
stay well hydrated in the hours leading up to treatment
and to have their final drink of 400 mL of water 1 to
2 hours before treatment. Patients were then advised to
have their final attempt at emptying their bladder and rec-
tum 45 to 60 minutes before treatment. This guidance was
adjusted according to patient tolerance with the aim of
achieving a comfortably filled bladder, which had reached
steady-state by the time of treatment to minimize intra-
fractional bladder filling. The patient was also recom-
mended a diet to minimize gas within the gastrointestinal
tract.

During OART, per standard departmental practice,
patients received 2 CBCT images per fraction: a pretreat-
ment image used for online adaptive replanning (CBCT;.
nit)> and a verification image acquired immediately before
beam-on to correct for any intrafraction motion that
occurred during the planning stage of the adaptive treat-
ment (CBCT,i). The same imaging parameters were
used for the 2 CBCTs.

For this study, CBCT images acquired from fractions 1,
5,9, 13, and 17 were exported from Ethos and imported
into Eclipse v16.1 (Varian Medical Systems) for analysis
for each patient chosen to span the treatment course. Two
different rigid registrations were created between the
CBCTjyi and CBCT.,y¢ images for each fraction, namely
the soft tissue— based online registration that was
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manually performed during the treatment fraction and
applied to the treatment couch (REGy.; representing the
transformation matrix for the soft tissue based registration),
and a registration to the DICOM isocenter for the scenario
where no verification image was acquired and no couch
shift applied (REGno verif representing the transformation
matrix for the DICOM isocenter-based registration).

A radiation oncologist (RO) then contoured the pros-
tate and seminal vesicles de novo on the CBCTj,; and
CBCT, ¢ of each fraction of each patient. All structures
were set to the highest resolution setting available in the
Eclipse system. For the purposes of this study the prostate
and seminal vesicles were considered the CTVs. All
patient data were de-identified.

Fraction time

As intrafraction motion is known to increase as the
fraction time increases,”*® the time between acquiring
the CBCTj,;; and CBCT,4¢ is reported to assist with
interpretation of margin results. Timing information was
extracted from the image DICOM headers.

Part 1: Intrafraction Motion/PTV Margin
Assessment

To assess the intrafraction motion, PTVs were created
in 1-mm isotropic increments up to 10 mm and added to
the prostate and seminal vesicles as contoured on CBCT;.
nit (Fig. 1). CBCTj,; was registered to CBCTy.ys using
REGy.ip and the overlap of the PTVs on CBCTy; with
the prostate and seminal vesicles on CBCT,ir was
checked, to represent an adaptive workflow with verifica-
tion imaging. The process was then repeated but this time
applying REG,,, verits to represent an adaptive workflow

Figure 1 Sagittal visualization of initial cone beam com-
puted tomography prostate clinical target volume (red),
different planning target volume margins (blue), and veri-
fication cone beam computed tomography prostate clini-
cal target volume (yellow) for an example cone beam
computed tomography.

without verification imaging. The percentage of fractions
that the CTV defined on the CBCT,.;s was covered by dif-
ferent PTV margins were then determined for both work-
flows, as well as the motion of the structure center of
mass (COM). The smallest margin in the verification shift
(REGyerir) workflow that met the 2 following criteria was
determined as the OART optimized margin:

1) 95% of the CTV is covered by the PTV in 90% of frac-
tions.

2) 98% of the CTV is covered by the PTV in 80% of frac-
tions.

Part 2: Online Adaptive Dosimetric
Coverage Assessment

The results from part 1 of this study allow determina-
tion of the overlap of the PTV (created from the initial
position of the CTV) with the CTV at the time of beam-
on in an online adaptive context. However, in practice the
PTV is not always fully covered by the prescribed dose,
and therefore overlap with the PTV does not always guar-
antee coverage of the CTV. In addition, in the Ethos adap-
tive workflow the prostate and seminal vesicles are created
by the artificial intelligence (AI) algorithms and need to
be adjusted by the treatment team to create the PTV on a
given day. Therefore, the margins determined in part 1
were used to calculate the resultant coverage when all
uncertainties in the Ethos treatment process are taken
into account.

Part 2 of the study evaluates the CTV coverage achievable
with 3 different potential treatment workflows. These are

1) An IGRT workflow with margins of 7 mm.

2) An adaptive workflow with reduced margins (as
determined from part 1), with a verification image
acquired and shifts applied immediately before beam-
on.

3) An adaptive workflow with reduced margins (as
determined from part 1), without a verification image
before beam-on (used at some institutions to reduce
additional imaging).

A diagrammatic representation of the study process
used for workflows A, B, and C is shown in Fig. 2. Plans
were generated for each workflow with a prescription of
60 Gy/20 fractions in the Ethos v1.1 treatment planning
system, setting the rectum, bladder, prostate, and seminal
vesicles as “influencer” structures. The CTVs were set as
independent structures and were not derived from the
influencer structures, whereas PTVs were derived from
CTVs. Simulated treatments were carried out by staff that
had passed in-house Ethos credentialling tests and were
experienced in delivering clinical OART treatments. Staff



M. Byrne et al

Advances in Radiation Oncology: March 2024

Planning

For each
simulated
fraction

Workflow A

IGRT workflow

Simulation CT

Generate plan
with 7Zmm
margins

Initial CBCT
(CBCT;n)

Workflow B

Adaptive workflow
with
verification image

Simulation CT

Generate plan
with adaptive
margins

Initial CBCT
(CBCT;)

Perform
adaptive
replanning
process

Workflow C

Adaptive workflow

without

verification image

Simulation CT

Generate plan
with adaptive
margins

Initial CBCT
(CBCTi)

Perform

adaptive
replanning

process

Verification Verification Verification
CBCT (CBCTgrit) CBCT (CBCT,erit) CBCT (CBCT,eri)
- - -

R GEmTT)
Recalculate IGRT Recalculate Recalculate
plan on adaptive plan on adaptive plan on
verification verification verification
synthetic CT synthetic CT synthetic CT
) -

Figure 2 Diagram illustrating the steps used to simulate each workflow in the study. All steps shown were performed in
this study; the red boxes highlight steps that would not normally occur as part of the clinical workflow that was being
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were instructed to perform simulated treatments follow-
ing clinical workflows but were not under time pressure.
They adjusted the system generated structures as needed
until satisfied the targets and OARs were suitable for
adaptive planning, with the expectation of greater than 2-
mm accuracy in areas within 3 cm of the targets. The syn-
thetic CT's used for dose calculation were generated in the
Ethos workflow using deformable image registration
(mutual information image similarity and b-spline regu-
larization) of the planning CT.

Workflow A

The patients were planned on the simulation CT with
7-mm isotropic margins to the prostate and seminal
vesicles, which was created to represent a typical IGRT
approach. The planning CT was rigidly registered to the
CBCT iyt using the Ethos OART scheduled plan matching
algorithm,” and then registered to CBCTyeq using
REGyir. This effectively meant that the IGRT plan regis-
tration was carried out to the CBCT\.,i image acquired
immediately before treatment delivery, replicating a stan-
dard IGRT workflow. The IGRT plan was then recalcu-
lated on the synthetic CT generated from the CBCT\.f
(to represent dose resulting from workflow A).

Workflow B

An online adaptive plan using identical settings but
with the reduced margins determined in part 1 above was
created. Simulated adaptive replanning in the Ethos sys-
tem was then carried out on the CBCT;. In this process,
online adaptive plans were generated based on Al- and
user-defined CTVs. The CBCT;,;; was then registered to
CBCTy.if using the REGy.i¢ and the online adaptive plan
recalculated on the synthetic CT generated from
CBCT rif (to represent dose resulting from workflow B).

Workflow C

Online adaptive plans were calculated as per workflow
B. The CBCTj,;; was then registered to CBCT,.if using
REG o verif to represent no verification imaging shift, and
the online adaptive plan recalculated on the synthetic CT
generated from CBCT,e;¢ (to represent dose resulting
from workflow C).

Results are presented using a range of target coverage
metrics to the oncologist defined prostate and seminal

vesicle CTVs on CBCT,. and dose to the whole-body
structure. For each metric the Hodges-Lehmann estimate
of the median is shown, as well as the percentage of frac-
tions in which ideal values are met for a subset of the met-
rics.

Estimation of the effect of workflow on each radiation
therapy metric was performed using mixed effects ordinal
logistic regression. Within each model, fixed effects of
workflow and fraction number were included and a ran-
dom effect for patient was included to account for the
nonindependence of measurements from the same
patient. Results presented include odds ratios (ORs) and
contrast P values. The presented ORs correspond to the
odds of achieving a higher metric value between work-
flows and are reported with 95% Cls.

All statistical analyses were programmed using SAS
v.9.4 (SAS Institute Inc). The null hypothesis (H,) was
that there was no difference between the IGRT plan and
the adaptive plan for the patient group. Statistical signifi-
cance was set a priori at P < .05.

Results

Fraction time

The average time between acquiring the CBCT,;, and
CBCT\if was 17.1 minutes, with a standard deviation of
5.8 minutes. Both average fraction delivery time and the
variation in fraction time decreased as the course pro-
gressed (average of 18.6 £ 8.6 minutes for fraction 1, and
15.5 4 4.9 minutes for fraction 17).

Part 1: Intrafraction Motion

The percentage of fractions that had 95% and 98% of
the volume of the CTV covered by the PTV with different
margin expansions is shown in Fig. 3a and b, respectively.
The smallest margins for the prostate and seminal vesicle
PTVs ensuring 95% CTV coverage in 90% of fractions
were 5 and 6 mm without verification imaging, and 3 and
5 mm with verification imaging, respectively. The smallest
PTV margins ensuring 98% CTV coverage in 80% of frac-
tions were 6 mm for both prostate and seminal vesicles
without verification imaging, and 4 mm for the prostate
and 5 mm for seminal vesicles with verification imaging.
Considering only a workflow that uses verification imag-
ing, the smallest margin that meets both criteria is 4 mm
for the prostate and 5 mm for the seminal vesicles.

simulated. These highlighted steps were performed in this study to facilitate the data extraction and analysis. Note the only
difference between workflow A and workflow B is the margins used for planning and the adaptive replanning process.
Note the only difference between workflow B and workflow C is the registration used for the CBCT .. Abbreviations:
CBCT = cone beam computed tomography; CT = computed tomography; IGRT = image guided radiation therapy.
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Figure3 (A) Graph of the percentage of fractions that the PTV would cover 95% of the CTV for a range of different mar-
gins. (B) Graph of the percentage of fractions that the PTV would cover 98% of the CTV for a range of different margins.
Note: Workflow B = with verification imaging shift applied; Workflow C = no verification imaging shift. Abbreviations:
CTV = clinical target volume; PTV = planning target volume.

Table 1 is included to allow comparison with other image shift) where the average shift exceeded 1 mm
studies that use COM of the structures or fiducials. in the patient posterior direction. This indicates on
The average COM shift was <1 mm in all directions, average the structures moved posteriorly during the

except for workflow C (ie, without a verification fraction.
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Table 1
tion imaging shift (workflow B) and without (workflow C)

CTV volume and magnitude of motion calculated from the center of mass of the structures both with verifica-

CTV volume (cm?)

COM shift (mm) (average & SD)

Structure Workflow CBCT;,i¢ CBCTyesis Lateral Vertical Longitudinal 3D motion

Prostate Workflow B 57.1 £ 26.1 58.2 £27.2 0.0 £ 0.7 03+16 —02+1.8 22413
Workflow C 03413 12+24 —-0.7£25 33+£22

Seminal vesicles Workflow B 149+ 7.8 15.7 + 8.8 0.0+15 04+19 0.1+21 28+ 15
Workflow C 03+1.8 1.5+26 0.0+2.5 3.7+20

of each component).

Abbreviations: 3D = 3-dimensional; CBCT = cone beam computed tomography; COM = center of mass; CTV = clinical target volume.
Positive lateral, vertical, and longitudinal values indicate a shift to the patient’s left, posterior, and superior, respectively during the fraction. Note that
individual components are averaged as vectors, whereas 3D motion is calculated as a scalar quantity (average of the square root of the sum of squares

Part 2: Online Adaptive Coverage
Assessment

The margin values determined in part 1 were used to
perform simulated treatments for part 2 of the study. The
results of part 2 of the study are shown in Table 2. The
ORs presented compare the odds of achieving a given
dose or volume metric between treatment workflows,
with ORs >1 indicating increased odds of a higher metric
between 2 workflows and ORs <1 indicating decreased
odds of achieving a higher metric value between 2 work-
flows. For example, a comparison of workflow B versus A
indicated that patients were 20.30 times as likely to have a
higher prostate D0.35 cc metric with workflow B (OR,
20.30; 95% CI, 9.42-43.78) and this was found to be statis-
tically significant (P < .001).

Considering the verification image workflow (work-
flow B), of the 14 metrics in Table 2 that represent target
coverage, 10 showed significant improvements using
workflow B, 2 showed significant improvements for work-
flow A and 2 were not statistically significant. Similarly
considering the nonverification imaging workflow (work-
flow C), 10 showed significant improvements with work-
flow C, 2 showed improvements with workflow A, and 2
were not statistically significant.

In Table 3, the results above are presented in terms of
percentage of fractions that a given coverage goal was
met, which is more akin to how margins are typically cal-
culated. Workflow A met the 54 Gy and 57 Gy prostate
CTV goals more frequently than other workflows. Work-
flow B met all other goals more frequently than the other
workflows.

Discussion

The results from part 1 indicate the intrafraction pros-
tate motion seen in this cohort of patients is marginally
larger than has been reported in some other

studies.”*>***"** Our results suggest that prostate margins
of 4 mm are required with OART. Other studies have
reported intrafraction margins of 2 to 5 mm,” ">
depending on a range of factors in the treatment workflow.
Morgan et al”>** found a 3-mm margin was sufficient for
OART treatment of the prostatic fossa over an average
treatment time of 10.7 minutes. Using a magnetic reso-
nance (MR)-guided OART workflow with an average treat-
ment time of 33.1 minutes de Muinck Keizer et al** found
a 5-mm margin was adequate to maintain coverage.

The results from part 1 suggest a 5-mm margin is
required for coverage of the seminal vesicles. This result
matched the findings of Sheng et al** during a period of
“20 to 30 minutes,” and is consistent with known intra-
fraction motion of the seminal vesicles.”*

We have used the methodology of Sheng et al,”> which
has the advantage that it accounts for deformation and
relative motion between the prostate and seminal vesicles;
however, only considers isotropic margin expansions.
Further reduction may be possible if using anisotropic
margins. Other potential contributors to the difference in
findings between our study and other reported studies
may also include

1) Other studies have reported shorter treatment periods
than observed in this study.”>”" A study by Li et al’’
suggested 2-mm margins are adequate over an aver-
age treatment time of 8.7 minutes. As time increases,
prostate displacement is known to increase.”****
Our study observed average time, measured as the
time between CBCTj,;; and CBCTyp to be 17.1 +
5.8 minutes.

2) It is possible that adjustments can be made to patient
bladder and rectal preparation to further minimize
intrafractional motion of the bladder and rectum. A
bladder filling protocol that minimizes filling during
treatment is generally preferred for OART.*

3) Many intrafraction motion studies use fiducials or
COM to assess motion of the prostate.”””>”" These
studies often consider the prostate as a rigid structure



Table 2

Hodges-Lehmann median and statistical testing for the plan metrics analyzed

Workflow A: IGRT

Workflow B: Adaptive with verification image

Workflow C: Adaptive without verification image

Hodges- Hodges- Reject (R) or Hodges- Reject (R) or
Lehmann Lehmann Odds ratio Contrast fail to reject Lehmann Odds ratio Contrast fail to reject  Superior
Structure and metric median median (BvsA) Pvalue (FTR) H, median (CvsA) Pvalue (FTR) H, workflow
Prostate D0.35 cc 62.8 Gy 63.3 Gy 20.3 (9.42, 43.78) <.001 R 63.4 Gy 27.73 (12.63, 60.89) <.001 R A
Prostate D80% 61.1 Gy 61.8 Gy 29.14 (13.27,63.98) <.001 R 61.8 Gy 28.19 (12.68, 62.66) <.001 R B
Prostate D90% 60.7 Gy 61.6 Gy 33.21 (15.10, 73.05) <.001 R 61.5 Gy 24.38 (11.09, 53.55) <.001 R B
Prostate D95% 60.2 Gy 61.3 Gy 14.56 (7.03,30.17)  <.001 R 61.0 Gy 7.42 (3.65, 15.10) <.001 R B
Prostate D98% 59.6 Gy 60.7 Gy 5.4 (2.76, 10.57) <.001 R 60.0 Gy 2.35(1.21, 4.57) .014 R B
Prostate V54 Gy 100.0% 100.0% 0.09 (0.03, 0.29) <.001 R 99.9% 0.04 (0.01, 0.15) <.001 R A
Prostate V57 Gy 100.0% 99.8% 0.31 (0.14, 0.66) .004 R 99.6% 0.16 (0.07, 0.34) <.001 R A
Prostate V60 Gy 96.0% 98.9% 7.88 (3.95, 15.76) <.001 R 98.0% 3.88 (1.98,7.59) <.001 R B
Seminal vesicles D0.35 cc  62.6 Gy 63.1 Gy 13.5 (6.42, 28.35) <.001 R 63.1 Gy 12.59 (6.05, 26.22)  <.001 R A
Seminal vesicles D80% 60.7 Gy 61.7 Gy 19.46 (9.09, 41.68)  <.001 R 61.6 Gy 13.54 (6.39,28.66)  <.001 R B
Seminal vesicles D90% 60.4 Gy 61.3 Gy 13.35 (6.49,27.44)  <.001 R 61.2 Gy 8.72 (4.27,17.82) <.001 R B
Seminal vesicles D95% 60.0 Gy 61.0 Gy 8.27 (4.15, 16.47) <.001 R 60.8 Gy 5.02 (2.55, 9.86) <.001 R B
Seminal vesicles D98% 59.6 Gy 60.4 Gy 4.7 (2.42,9.13) <.001 R 60.0 Gy 2.46 (1.30, 4.69) .008 R B
Seminal vesicles V54 Gy~ 100.0% 100.0% 0.99 (0.41, 2.37) 975 FTR 100.0% 0.64 (0.28, 1.48) .282 FTR A
Seminal vesicles V57 Gy~ 99.9% 99.9% 0.9 (0.41, 1.96) .784 FTR 99.7% 0.6 (0.28, 1.28) 178 FTR A
Seminal vesicles V60 Gy~ 92.0% 98.7% 4.4 (2.23, 8.69) <.001 R 97.9% 2.38 (1.23, 4.60) .012 R B
Body V30 Gy 811.7 cc 596.9 cc 0.01 (0.00, 0.02) <.001 R 597.2 cc 0.01 (0.00, 0.02) <.001 R B
Body V57 Gy 202.1 cc 158.9 cc 0.01 (0.00, 0.01) <.001 R 159.1 cc 0.01 (0.00, 0.01) <.001 R B
Body V60 Gy 149.8 cc 129.6 cc 0.04 (0.02, 0.10) <.001 R 129.9 cc 0.04 (0.02, 0.10) <.001 R B

Abbreviation: IGRT = image guided radiotherapy.
The superior workflow reported is that which gave the lowest dose for body and D0.35 cc metrics, and that which gave the highest dose for other target coverage—related metrics. The null hypothesis (H,) was
that there is no difference in plan metric between the IGRT plan and the adaptive plan.
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Table 3 Percentage of fractions that different goals related to target coverage were met for each workflow
Percentage of fractions where goal is met
Workflow B: Workflow C:
Workflow A: Adaptive with Adaptive without

Structure Goal IGRT verification verification
Prostate CTV D95 > 90% (54 Gy) 100.0% 98.5% 95.4%
D95 > 95% (57 Gy) 100.0% 98.5% 93.8%
D95 > 100% (60 Gy) 63.1% 89.2% 81.5%
Seminal vesicles CTV D95 > 90% (54 Gy) 93.8% 96.9% 96.9%
D95 > 95% (57 Gy) 89.2% 96.9% 93.8%
D95 > 100% (60 Gy) 52.3% 89.2% 80.0%

Abbreviations: CTV = clinical target volume; IGRT = image guided radiotherapy.

that only translates and rotates, and do not account
for deformation of the prostate over the course of the
fraction. Like Sheng et al** we found that the COM
(Table 1) underestimates the margin required. By
contouring the full prostate and seminal vesicles the
method used in this study accounts for prostate and
seminal vesicle deformation, but also includes con-
touring uncertainty. Contouring uncertainty can be
substantial,”” although interobserver variations have
been reduced by having a single oncologist perform-
ing all the contouring for each patient in part 1 of the
study. Even so, it is likely the uncertainty in contour-
ing, particularly at the prostate apex, which is difficult
to visualize on CBCT, has contributed to the slightly
larger margins seen here. It is difficult to separate the
effects of deformation and contouring uncertainty;
however, both can occur in the clinical workflow and
were included in part 2 of this study.

It is important that dosimetric target coverage and out-
comes resulting from margin reductions are equivalent to
previous methods, as indicated by the studies of Engels
et al.’**” When the reduced margins determined in part 1
were put into the Ethos workflow with verification imag-
ing for part 2 of the study, coverage was maintained.
The statistically significant results related to target cover-
age favored the adaptive plan, indicating that coverage
improved using reduced margins in combination with an
adaptive workflow. The body structure also shows the
patient volume receiving 30 Gy is reduced by 26%, and
the volume receiving 57 Gy is reduced by 21%. Due to the
amount of data already presented we have decided not to
present results for OARs in this study; however, given the
reduction in dose to the body it stands to reason that
OAR doses should also reduce considerably, as has been
found by several other authors.'”"”

When these reduced margins were used in an Ethos
workflow without verification imaging, the results were
similar but marginally inferior. As seen in Table 3, both
adaptive planning methods have more than 95% of the

CTV volume covered by 95% of the prescribed dose in
more than 90% of fractions, which is similar to the criteria
specified by Van Herk™” that the CTV receives >95% cov-
erage for 90% of the population. The IGRT plan failed to
meet this criterion for the seminal vesicles.

In Table 3 it can also be noted that the IGRT plan
tends to have better coverage at the lower isodoses, but
lower coverage at the higher isodoses. The planning goals
used (for both IGRT and adaptive) specified coverage of
the prescription dose to the CTV, and a minimum of 95%
of the prescription to the PTV. This tended to lead to
plans where the prescription isodose (60 Gy) tightly con-
formed to the CTV and the 95% isodose (57 Gy) con-
formed to the PTV. The prescription isodose therefore
had almost no margin, such that when any motion
occurred it no longer covered the CTV. This was most
pronounced for the IGRT plan as it incorporated both
inter- and intrafraction motion. In contrast, as the 95%
isodose conformed to the PTV, it was much larger in the
IGRT case, allowing for maintenance of coverage with the
95% isodose even when motion occurred. There may be
scope for future studies to adjust the goals to improve
coverage in an OART context.

In the adaptive cases, in the small number of fractions
where the intrafraction motion exceeded the margin
applied (expected to be <10% of fractions from part 1 of
the study), the drop in coverage to the CTV was more
pronounced than seen in the IGRT cases.

This study assumes that the dose as calculated is what is
delivered. This is not strictly true; however, it has previ-
ously been shown the Ethos and Eclipse treatment planning
systems perform accurately within acceptable tolerances,"’
and the geometric uncertainty of the Ethos/Halcyon sys-
tem*' is small compared with intrafraction motion seen
here, such that when combined in quadrature with other
uncertainties it is unlikely to affect the results of this study.

As the patient’s treatment course progressed it was
found that treatment time and associated intrafraction
motion decreased. One possible explanation for this may
be greater patient compliance with bowel and bladder
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Figure 4 Indicative patient timeline showing when images were acquired relative to treatment delivery (h:mm). Abbrevia-

tion: CBCT = cone beam computed tomography.

preparation instructions as the patient becomes more
familiar with the process. Another potential cause is that
the treatment team tends to become familiar with the case
and completes the treatment more quickly.

The images used in this study were the preadaptive
image taken after setting up the patient, and the pretreat-
ment image taken immediately before beam-on. This
does not encompass intrafraction motion that occurs dur-
ing beam-on and therefore does not encompass the full
intrafraction motion that occurs. However, the beam-on
time was approximately 3 minutes, which is much shorter
than the adaptive plan generation time, which was 17
minutes on average, and therefore we would argue that
the bulk of intrafractional motion has been captured (the
indicative patient timeline is shown in Fig. 4). Moreover,
provided future treatments including beam-on are able to
be completed within 17 minutes, as appears to be possi-
ble,”” the results of this study would be applicable and
representative of the intrafraction motion that occurs.

Conclusion

The results of this study indicate that intrafraction
motion can be considerable during the longer fraction
times that occur in an Ethos online adaptive workflow.
We found that the use of an OART workflow, including
verification imaging, allowed margins to be reduced from
7 mm down to 4 mm for the prostate and 5 mm for the
seminal vesicles without compromising coverage. If an
OART workflow is performed without verification imag-
ing, larger margins may be required. Reduction in mar-
gins of this magnitude leads to significant reductions in
dose to the patient’s normal tissue.
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