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Abstract

Purpose: The hypothesis is that 2-dimensional kV orthogonal imaging with fiducial markers
(kV-FM) and soft-tissue cone beam computed tomography (ST-CBCT) are equally reproducible
for daily positional alignments for image guided (IG) intensity modulated radiation therapy (IMRT)
for prostate cancer.
Methods and materials: Ten patients undergoing definitive treatment for prostate cancer with
IG-IMRT were imaged daily with kV-FM and ST-CBCT. For each acquired kV and CBCT image,
offline alignments to the digitally reconstructed radiograph or planning CT, respectively, were
made twice by the same physician to assess intraobserver test-retest reproducibility. The 256 kV
and 142 CBCT images were analyzed, and the test-retest analysis was performed again on a subset
of images by another physician to verify the results.
Results: The results demonstrated that kV-FM had better intraobserver test-retest reproducibility in
the anterior-posterior (AP; 95% confidence interval [CI] Pearson correlation coefficient [r], 0.987-
0.991), left-right (LR; 95% CI r, 0.955-0.969), and superior-inferior (SI; 95% CI r, 0.971-0.980)
directions for daily IG alignments compared with ST-CBCT (AP: 95% CI r, 0.804-0.877; LR: 95%
CI r, 0.877-0.924; SI: 95% CI r, 0.791-0.869). Errors associated with intraobserver test-retest
reproducibility were submillimeter with kV-FM (AP: 0.4 � 0.7 mm; RL: 0.4 � 1.0 mm; SI: 0.5 �
0.7 mm) compared with ST-CBCT (AP: 2.1 � 2.2 mm; LR: 1.3 � 1.4 mm; SI: 1.2 � 1.8 mm). The
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mean shift differences between kV-FM and ST-CBCT were 0.3 � 3.8 mm for AP, �1.1 � 8.5 mm
for LR, and �2.0 � 3.7 mm for SI. Dose-volume histograms were generated and showed that
test-retest variability associated with ST-CBCT IG-alignments resulted in significantly increased
dose to normal structures and a reduced planning target volume dose in many patients.
Conclusions: The kV-FMebased daily IG alignment for IMRT of prostate cancer is more precise
than ST-CBCT, as assessed by a physician’s ability to reproducibly align images. Given the
magnitude of the error introduced by inconsistency in making ST-CBCT alignments, these data
support a role for daily kV imaging of FM to enhance the precision of external beam dose delivery
to the prostate.
ª 2017 the Authors. Published by Elsevier Inc. on behalf of the American Society for Radiation
Oncology. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Prostate cancer is the most commonly diagnosed
malignancy among men in the United States.1 Definitive
external beam radiation therapy is a cornerstone of
treatment for prostate cancer. The use of intensity
modulated radiation therapy (IMRT) decreases the dose
delivered to the rectum and bladder compared with
3-dimensional conformal radiation therapy (CRT),
thereby allowing for dose escalation that results in
improved biochemical disease-free survival, improved
distant metastasis-free survival rates, and reduced toxic-
ities.2-7 The subsequent introduction of image guidance
techniques has brought about a reduction in margins
around the prostate from approximately 10 mm to
�5 mm, with the goal of reducing toxicity.8,9 Recent
reports suggest that acute and chronic genitourinary and
gastrointestinal toxicities associated with image guided
(IG) IMRT are reduced compared with non-IG
3-dimensional CRT.10,11 Numerous studies and a recent
meta-analysis have demonstrated comparable or improved
efficacy of IMRT compared with 3-dimensional CRT.12

Studies have confirmed that the addition of daily image
guidance may further improve outcomes in IMRT.13,14

Two on-board imaging modalities are widely in use for
IG-IMRT: 2-dimensional kV orthogonal imaging with
fiducial markers (kV-FM) and cone beam computed
tomography aligned to soft tissue (ST-CBCT). Both of
these imaging modalities offer a means of visualizing
prostate motion relative to bony anatomy such that
interfractional prostate motion may be accounted for
during daily IG alignments.15-17 Substantial work has
been done to evaluate which imaging modality provides
better precision and accuracy for daily IG alignments in
prostate cancer; however, no true consensus has been
reached, and the literature presents a mixed preference
among various centers.18-20

As others have noted, both imaging modalities have
advantages and disadvantages.18 Most practitioners agree
that kV-FM has the advantage of minimal imaging dose
and reduced image acquisition and alignment time but
carries a low risk of prostate infection associated with the
procedure that is required to place the fiducial markers
(FMs). On the other hand, ST-CBCT offers a better
visualization of the bladder and rectum and avoids the risk
of infection at the expense of higher imaging dose and
longer acquisition and alignment time. Regardless of the
IG system used, practitioners generally agree that signif-
icant errors in set-up and prostate localization exist and
that improved target identification may contribute to a
reduction in treatment margins and toxicities.21,22

Research to determine the best method of image
guidance is hampered by the fact that there is no method
to demonstrate the true location of the prostate. Given that
true accuracy is difficult to assess, we suggest that the best
method of image guidance is the one that is most repro-
ducible, but we acknowledge that precision does not
imply accuracy. Test-retest is the most direct method of
assessing reproducibility. Therefore, we had 2 indepen-
dent observers with expertise in prostate cancer perform
test-retest assessments on a large number of non-
overlapping images. For the kV-FM and ST-CBCT
comparisons, we eliminated interobserver variability by
having a single physician observer perform the align-
ments of both the kV-FM and ST-CBCT images for each
daily image set.

Previous studies have attempted to assess the agree-
ment between kV-FM and ST-CBCT in daily align-
ments18,23,24 and the reproducibility of each of these
methods.19,25-27 However, these studies did not ensure
that a pair of images (eg, a 2-dimensional kV image and
its corresponding ST-CBCT image or a CBCTeCBCT
image pair) was assessed by the same observer and
thereby introduced a significant confounding factor.
These studies also did not ensure that the same observer
assessed all the images of a particular type or from a
particular patient. In several studies, radiation therapists
made the alignments, which further clouded the accuracy
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Table 1 Prostate disease characteristics in the study
population

TNM Stage Gleason
Score

Serum
PSA [ng/mL]

Stage NCCN Risk

T2bN0M0 6 7.28 IIA Intermediate
T2bN0M0 8 51.7 IIB High
T2aN0M0 4þ3 7.47 IIA Intermediate
T3bN0M0 3þ4 13.1 III Very High
T2bN0M0 4þ3 9.22 IIA Intermediate
T2bN0M0 4þ5 34.5 IIB High
T1cN0M0 3þ4 3.59 IIA Intermediate
T1cN0M0 3þ4 5.7 IIA Intermediate
T1cN0M0 3þ4 64.9 IIB High
T1cN0M0 8 20.7 IIB High

NCCN, National Comprehensive Cancer Network; PSA, prostate-
specific antigen; TNM, tumor, node, metastases.

422 P.H. Goff et al Advances in Radiation Oncology: JulyeSeptember 2017
of the shifts, especially for ST-CBCT images with which
therapists would not have much experience.23,25,26,28

Therefore, any differences observed between imaging
modalities may be due to the various observers who made
these assessments.

Methods and materials

Human experimentation

The procedures followed were in accordance with the
ethical standards of the institutional review board and the
1975 Declaration of Helsinki as revised in 2000. All
patients were informed of the risks and benefits associated
with participation and consented prior to participation in
this study.

Patient selection

The 10 patients enrolled in the study had localized
disease and were definitively treated with IG-IMRT.
Patient characteristics are listed in Table 1.

Fiducial markers, daily imaging, and alignments

Three to four FMs (PolyMark polymer markers, Civco
Medical Solutions, Orange City, IA) were placed under
ultrasound guidance with simultaneous axial and sagittal
imaging, as previously described.29 The kV and CBCT
images were acquired with the on-board imaging system
for the TrueBeam Linear Accelerator (Varian Medical
Systems, Palo Alto, CA) at the time of treatment. For
clinical care, the kV 2-dimensional images were used for
image guidance. The CBCT was used only for this
research.

Test-retest analysis

For the purpose of this study, offline alignments were
made by a single physician observer with expertise in
prostate cancer (corresponding author, R.D.E.; MD1) for
each kV- (n Z 256) and CBCT- (n Z 142) acquired
image. Each of these alignments was made twice to
determine the test-retest reproducibility in making daily
alignments for each modality. To confirm the findings
reported in the Results section, a second physician
observer, a brachytherapy fellow (MD2), repeated the
test-retest alignments with a non-overlapping set of
kV- (n Z 178) and CBCT- (n Z 100) acquired images.
Alignments did not include rotations. Fiducial markers
were ignored for the purpose of ST-CBCTebased align-
ments. The ST-CBCT alignments did not begin with an
automated registration. There was no defined protocol for
aligning the prostate gland by ST-CBCT such that the
entire prostate gland, with the recto-prostatic interface
being an important landmark, was used. The 2 daily shifts
that were generated offline were plotted as (x,y)
coordinates to represent the test and retest values. Best-fit
curves were generated with linear regression, and Pearson
correlation coefficients (r) with 95% confidence intervals
(CIs) were calculated for each data set. The magnitude of
the daily intraobserver variability is the arithmetic dif-
ference of the test-retest shift values made by 1 observer.
The mean and standard deviation (SD) of the absolute
values of these differences are presented in the Results
section.

Intraobserver comparison between kVDFM and
ST-CBCT

The first offline alignment for each kV and CBCT
image pair made by the same observer was used to
calculate the intraobserver difference between shifts
determined with the 2 imaging modalities. The magnitude
of the intraobserver variability between kV-FMe and
ST-CBCTeacquired daily images is the arithmetic
difference between shifts made by the same physician
observer. A total of 142 kV- and CBCT-acquired image
pairs that were aligned by the corresponding author were
included in this analysis.

Set-up error calculation

Data were analyzed to calculate the mean (or group
systematic) error (M) of the interfractional daily shifts for
the 10 patients as well as the SD or systematic error (S)
and the root mean squared or random error (s), as pre-
viously described by van Herk et al.,30 for both kV-FM
and ST-CBCT. The mean error is the mean of means
for the daily shifts from each of the 10 patients. The
systematic error is the SD of the mean of means, and the
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random error is the root mean squared as calculated from
the SDs of the individual patient means.
Analysis of needed margins for ST-CBCT alignment

Assuming that kV-FM is a truer method of assessing
prostate location (see Results), an analysis was performed
considering the difference of ST-CBCT from the
kV-FMedetermined shift to be a positioning error. Mar-
gins required if ST-CBCT were used were then calculated
according to van Herk’s formula (2.5 � S þ 0.7 � s),
which ensures that 90% of the patients would receive 95%
of the prescribed radiation therapy dose to the planning
target volume (PTV).31
Table 2 Errors associated with daily interfractional shifts
(mm)

A-P L-R S-I

kV-FM
Mean Error (M) �2.0 0.3 �3.3
Intensity modulated radiation therapy treatment
and planning

IMRT plans were developed on the Varian Eclipse
Treatment Planning System, Version 11. Standard treat-
ment plans incorporated 5 mm expansions from the
clinical target volume (CTV; including the prostate and
seminal vesicle) to the PTV in all dimensions. All
analyses for this research were performed offline after
treatment had been delivered. Alternative dose-volume
histograms (DVHs) for research purposes were generated
as follows. The first DVH was from the original treatment
plan, and the next 3 DVHs were derived by applying the
fluence of the original plan to new isocenters with pos-
terior shifts of 0.5, 1, and 2 SD of the intraobserver
variability for shifts made with ST-CBCTebased IG (ie,
1.1, 2.2, and 4.4 mm from the isocenter used for treat-
ment). To generate the fifth DVH, a new IMRT plan was
generated for the PTV with expanded margins that were
determined by the variability in ST-CBCTebased IG as
described in the Results section (ie, the standard 5 mm in
all dimensions with an additional 5 mm anterior-posterior
[AP] and left-right [LR] and 10 mm superior-inferior
[SI]). Each of these simulations was run for the 10
patients included in the study, and DVH data were
extracted for each contoured structure for each patient.
The AP direction was chosen for this simulation because
the majority of treatment toxicities were derived from
radiation to the bladder and rectum.
Systematic Error (S) 4.8 2.6 2.9
Random Error (s) 2.8 3.3 2.3

ST-CBCT
Mean Error (M) �3.2 �0.4 �1.8
Systematic Error (S) 5.2 3.3 3.3
Random Error (s) 3.7 3.3 2.4

A-P, anterior-posterior; kV-FM, kV orthogonal imaging with fiducial
markers; L-R, left-right; S-I, superior-inferior; ST-CBCT, soft-tissue
cone beam computed tomography.
Statistics

Standard statistical analyses were performed in
GraphPad Prism v6.0h. Statistical significance for mean
difference between test-retest alignments was assessed by
the t test. Statistical significance for DVHs was assessed
by a 2-way analysis of variance.
Results

Errors associated with daily interfractional shifts
in the study population

IG alignments were made offline for both kV-FMe
and ST-CBCTebased imaging, and the associated errors
are presented Table 2. These findings are similar to what
others have found when assessing the shifts determined
by daily IG using a variety of methods.
Intraobserver reproducibility for test-retest of
interfractional shifts for daily image guided
alignments

The magnitudes of the test-retest shifts in each
dimension were plotted against one another to visualize
their correlation (Fig 1). A higher correlation of the test-
retest shifts in the kV-FM is observed in all 3
dimensions, and r with 95% CIs are presented in Table 3.
Statistically higher correlations with non-overlapping
95% CIs were observed for the test-retest shifts in the
kV-FMemediated alignments compared with ST-CBCT.
Magnitude of intraobserver variability for shifts
associated with daily alignments

To quantify the magnitude of the intraobserver vari-
ability in the test-retest daily alignments, the difference
between the test and retest shift was calculated for each
daily alignment for both kV-FM and ST-CBCT. The data
with SDs are presented in Table 4, and the magnitude of
the difference between the intraobserver test-retest shifts
was significantly less in the kV-FMebased alignments as
assessed by a 2-tailed, unpaired t test (P < .0001 in all
dimensions).
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Figure 1 Intraobserver reproducibility for test-retest of interfractional shifts for daily image guided alignments. Offline alignments to
the planning computed tomography were made twice each (test and retest) by 2 radiation oncologists (observers 1 and 2) for each set of
daily images for kV orthogonal imaging with fiducial markers and soft-tissue cone beam computed tomography. The test and retest shift
(in millimeters) for each image in each axis were plotted against one another so that correlations could be calculated (Table 3).

424 P.H. Goff et al Advances in Radiation Oncology: JulyeSeptember 2017
Errors associated with ST-CBCT IG alignments may
lead to decreased PTV coverage and increased
normal tissue dosimetry

The differences in shifts for the daily alignments for
ST-CBCT relative to kV-FM (DShiftkV-CBCT � SD),
the associated errors, and the margins needed to
account for these errors are presented in Table 5. Only
73%, 70%, and 72% of shifts in the AP, LR, and SI
dimensions, respectively, were within 3 mm of one
another for each pair of images aligned by kV-FM and
ST-CBCT. In addition, 85%, 85%, and 79% of shifts in
the AP, LR, and SI dimensions, respectively, were
within 5 mm.



Table 3 Correlation of intraobserver test-retest interfrac-
tional shifts, Pearson correlation coefficients with 95% con-
fidence intervals

A-P L-R S-I

MD1
kV-FM .989 .935 .974

.986-.991 .918-.949 .967-.980
ST-CBCT .830 .848 .422

.771-.875 .794-.888 .277-.548
MD2
kV-FM .988 .986 .977

.984-.991 .981-.989 .970-.983
ST-CBCT .863 .930 .871

.803-.906 .897-.952 .814-.912
MD1 & MD2
kV-FM .989 .963 .976

.987-991 .955-.969 .971-.980
ST-CBCT .845 .903 .834

.804-.877 .877-.924 .791-.869

A-P, anterior-posterior; kV-FM, kV orthogonal imaging with fiducial
markers; L-R, left-right; S-I, superior-inferior; ST-CBCT, soft-tissue
cone beam computed tomography.

Table 4 Intraobserver variability for test-retest shifts.
Mean difference of test-retest shifts�standard deviation
(mm)

kV-FM ST-CBCT t test P-value

A-P 0.4 � 0.7 2.1 � 2.2 < .0001
L-R 0.4 � 1.0 1.3 � 1.4 < .0001
S-I 0.5 � 0.7 1.2 � 1.8 < .0001

A-P, anterior-posterior; kV-FM, kV orthogonal imaging with fiducial
markers; L-R, left-right; S-I, superior-inferior; ST-CBCT, soft-tissue
cone beam computed tomography.

Table 5 Errors and margins associated with intraobserver
shift differences between kV-FM and ST-CBCT (mm)

A-P L-R S-I

DShiftkV-CBCT � SD 0.3 � 3.8 �1.1 � 8.5 �2.0 � 3.7
Mean Error (M) 0.5 �0.3 �2.3
Systematic Error (S) 1.0 1.3 3.2
Random Error (s) 3.4 2.9 2.2
Margins 4.8 5.4 9.5

A-P, anterior-posterior; kV-FM, kV orthogonal imaging with fiducial
markers; L-R, left-right; S-I, superior-inferior; SD, standard devia-
tion; ST-CBCT, soft-tissue cone beam computed tomography.
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DVH data that were simulated to model the effects of
variability across a wide range of errors (0.5, 1, and 2 SD)
in ST-CBCTemediated IG are presented in Figure 2 to
illustrate how PTV coverage and healthy tissue exposure
may be affected by the errors associated with intra-
observer variability of IG alignments. With a 1.1 mm (0.5
SD) posterior shift, PTV coverage with the prescribed
dose of 7560 cGy was reduced to 89.4%. A 2.2 mm
(1 SD) posterior shift reduced PTV coverage to 88.3%,
and a 4.4 mm (2 SD) posterior shift resulted in a signif-
icantly reduced PTV coverage of 83.4% (Fig 2A). With
the 4.4 mm (2 SD) posterior shift, the volume of rectal
tissue receiving a high dose of radiation (6000-7560 cGy)
was also significantly increased (Fig 2B). The CTV
coverage was not diminished by these shifts.

As shown in Table 5, significant additional margins are
needed when using ST-CBCT to account for the posi-
tioning errors determined on the basis of the test-retest
alignments with ST-CBCT. DVH data indicate that the
use of these expanded margins may lead to a significant
increase in dose delivered to all healthy tissues (Figs 2B-E).

Discussion

Here, we describe the reproducibility of these 2
imaging modalities for daily image alignment using a test-
retest strategy, whereby the variability introduced by
having variable observers assess such shifts is eliminated.
Two radiation oncologists independently performed the
test-retest analyses in this study. Previous studies have
primarily focused on quantifying interobserver variability
for a given imaging modality and have relied on multiple
observers (often therapists) when comparing alignments
between ST-CBCTe and kV-FMebased IG-alignments.
We determined via the intraobserver test-retest alignments
that kV-FM is more reproducible in the AP, LR, and SI
directions than ST-CBCT.

Furthermore, by using kV- and CBCT-acquired image
pairs that were aligned by the same physician observer,
we demonstrated that the choice of imaging modality is
relevant given the significant variability in daily align-
ments between the modalities, in agreement with previous
reports.18 We observed variability between the imaging
modalities that could affect daily prostate coverage when
using narrow expansion margins to define PTVs. By
relying on a single physician with expertise in prostate
cancer to align the daily images, we removed interob-
server variability. Controlling for interobserver vari-
ability, we found that kV-FMebased imaging was more
reproducible than ST-CBCT for making daily shifts.

Without the ability to define the true location of the
prostate, we suggest that the most reproducible imaging
modality is most suitable for IG-IMRT. However, it must
be acknowledged that it is possible to obtain highly pre-
cise alignments of FMs while achieving poor accuracy.
Any systematic errors in the process of image acquisition
and alignment could be reproducible, but inaccurate.
However, given the quality of the equipment used (Varian
TrueBeam linear accelerator) and the proper quality
assurance performed on the equipment, we believe this to
be unlikely.

Another possible source of disconnect between preci-
sion and accuracy arises because kV-FM imaging
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Figure 2 Errors associated with image guided alignments may lead to decreased planning target volume (PTV) coverage or increased
toxicity. Dose-volume histograms (DVHs) were generated from five different intensity modulated radiation therapy plans for each of the
10 patients in the study. The first DVH was from the original treatment plan and the next 3 DVHs were derived by applying the fluence
of the original plan to new isocenters with posterior shifts of 0.5, 1, and 2 standard deviations of the intraobserver variability for shifts
made with soft-tissue cone beam computed tomographyebased image guidance (ie, 1.1, 2.2, and 4.4 mm from the isocenter used for
treatment). To generate the fifth DVH, a new intensity modulated radiation therapy plan was generated for the PTV with expanded
margins determined by the variability in soft-tissue cone beam computed tomographyebased image guidance, as described in the
Results section (ie, the standard 5 mm in all dimensions with an additional 5 mm anterior-posterior and left-right and 10 mm superior-
inferior). Each of these simulations was run for the 10 patients included in the study, and DVH data were extracted for each contoured
structure for each patient. Pooled patient DVH data were plotted for the (A) PTV including circumferential 5 mm margins (nZ 10); (B)
rectum (n Z 10); (C) bladder (n Z 10); (D) small bowel (n Z 3); and (E) large bowel (n Z 2). Two-way analysis of variance was used
to test statistically significant differences in the percent structure volume receiving a given radiation therapy dose for plans 2 to 5 relative
to plan 1. PTV with 5 mm margins at isocenter was used for treatment.
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provides a surrogate for the prostate rather than visual-
izing the organ itself (ie, FMs can move within the
prostate). Here, 3 to 4 FMs were implanted in each case
and were easily aligned to one another throughout the
course of treatment, which suggests that the FMs did not
move relative to one another. With the observed stability
of FMs, it is unlikely that all markers would shift in
3-dimensional space in the same direction simultaneously
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such that their orientation relative to one another remained
the same but changed in relationship to the prostate.
Therefore, a disconnect between precision and accuracy is
also unlikely.

The magnitude of the errors associated with the test-
retest alignments in kV-FM and ST-CBCT indicates an
important role for FMs in maximizing the reliability of
daily IG alignments. We characterized and quantified the
effect of intraobserver variation with ST-CBCT versus
kV-FM for daily set-up and then illustrated how these
errors could potentially affect PTV coverage or healthy
tissue dose. We modeled a range of errors, from 0.5 SD to
2 SD, to include both common and unlikely case sce-
narios. For illustrative purposes, we chose to model a
posterior shift because rectal toxicities are relatively
common. Although for many fractions, the dosimetric
consequences of these misalignments would be small, the
same can be said for treatment without image guidance.
As such, awareness of the residual uncertainty associated
with ST-CBCT IG is important. Physicians who want to
ensure precise alignment for the entire treatment course
may consider kV-FM IG.

Furthermore, the implementation of margins <5 mm
may not be prudent when ST-CBCT is used because the
associated uncertainties would likely affect the CTV
coverage. This has implications for the design of novel
treatment regimens that involve significant dose escala-
tion or hypofractionation, in which the use of narrow
treatment margins may be critical in maintaining accept-
able toxicity profiles. However, ST-CBCT has certain
advantages over kV-based imaging. Importantly, CBCT
visualizes the rectum and bladder and may play a key role
in the avoidance of these structures, which ensures that
the degree of filling of these organs is similar to that of the
simulation. Therefore, a combined imaging regimen
including kV-FMebased alignment with ST-CBCT may
be optimal for accurate and precise target alignment while
minimizing doses to healthy tissue.

This study was robust in the number of test-retest
alignments performed using both imaging modalities;
however, because only 2 radiation oncologists per-
formed the alignments, we cannot wholly exclude
practitioner bias. FMs are also visible by CBCT, so they
were ignored when making the ST-CBCTebased
alignments. One might have expected that the presence
of the markers would bias the study toward greater
reproducibility in the ST-CBCT alignments, but this
was not observed in this study, nor was this limitation
considered a significant confounder in a previous study
with the same limitation.18
Conclusions

In summary, kV-FMebased daily IG alignment for
IMRT of prostate cancer is more precise than ST-CBCT
as assessed by a physician’s ability to reproducibly align
daily images to the planning computed tomography.
Given the magnitude of the error introduced by ST-CBCT
alignment as demonstrated in the test-retest analyses,
these data support a role for daily kV imaging of FMs to
enhance the precision of external beam dose delivery to
the prostate.
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