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Background and purpose: To analyze divergences between the planned and applied

treatment doses for post-prostatectomy radiotherapy to the prostatic fossa on a

voxel-by-voxel basis based on interfractional anatomic variations and imaging frequency.

Materials and methods: For 10 patients receiving intensity-modulated postoperative

radiotherapy to the prostatic fossa, position verification was carried out by daily

in-room CT imaging in treatment position (340 fraction CTs). Applied fraction doses

were recalculated on daily CT scans, and treatment doses were accumulated on a

voxel-by-voxel basis after deformable image registration. To simulate weekly imaging,

derived weekly position correction vectors were used to rigidly register all daily scans of

the respective treatment week onto the planning CT before dose accumulation. Detailed

dose statistics of the prescribed and applied treatment doses were compared in relation

to the frequency of position verification imaging. Derived NTCP and Pinjury values were

calculated for the rectum and bladder.

Results: Despite a large variability in the pelvic anatomy, daily CT-based patient

repositioning resulted in largely negligible deviations of the analyzed dose-volume,

conformity, and uniformity parameters from the planned doses for post-prostatectomy

radiotherapy, and only the bladder exhibited significant increases in the accumulated

mean and median doses. Derived NTCP for the applied doses to the rectum and

bladder and Pinjury values did not significantly deviate from the treatment plan.

In contrast, weekly CT-based repositioning resulted in significant decreases of the

PTV coverage and dose conformity as well as large deviations of the applied

doses to the rectum and bladder from the planned doses. Consecutively, NTCP for

the rectum and Pinjury were found falsely reduced for weekly patient repositioning.
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Conclusions: Our data indicate for the first time in a voxel-by-voxel analysis that daily

imaging is required for reliable adaptive delivery of intensity-modulated radiotherapy

to the prostatic fossa. This work will help guiding adaptive treatment strategies for

post-prostatectomy radiotherapy.

Keywords: prostate cancer, prostatic fossa, post-prostatectomy radiotherapy, image-guided radiotherapy,

dosimetry, organs-at-risk, normal tissue complication probability

INTRODUCTION

Depending on tumor staging and biology, prostatectomy and
radiotherapy constitute the two key local treatment modalities
for prostate cancer patients, and after surgical tumor removal,
additional postoperative irradiation to the prostatic fossa is
indicated for patients at high risk of tumor recurrence, e.g.,
in case of locally advanced cancers, incomplete resection
or adverse PSA dynamics (1–5). The advent of modern
radiotherapy techniques like image-guided and intensity-
modulated radiotherapy (IMRT) has resulted in decreased late
treatment-related gastrointestinal and genitourinary toxicities,
thus providing a scope for dose escalation (6, 7). However,
the use of high-precision radiotherapy modalities for post-
prostatectomy treatment of the prostatic fossa strongly depends
on the pelvic anatomy with inter- and intra-fractional variations
of the bladder and rectum, making the treatment more
susceptible to dosimetric inaccuracies (8, 9). While regular
image guidance by cone-beam CT (CBCT) is widely available
and helps to reduce anatomy-dependent inaccuracies, the low
soft tissue contrast of this imaging means often impairs
accurate patient repositioning, and additional tools for positional
control such as implanted fiducials that are used for the
radiotherapy of primary prostate cancers cannot be utilized
for postoperative treatment. Therefore, patient repositioning
is often carried out according to the pelvic bony anatomy,
and anatomic and volumetric alterations of the rectum and
bladder often cannot be taken into account. For definitive
radiotherapy to the prostate gland, previous work based on
weekly CT scans and rigid registration has demonstrated
significant aberrations of the applied treatment doses from the
dose prescriptions both for IMRT and proton radiotherapy (10,
11). It has been suggested that the postoperative situation makes
prostate cancer patients even more susceptible to anatomic and
volumetric alterations, and the resulting implications of these
interfractional variations for the dose applied to the prostatic
fossa and the surrounding organs-at-risk are insufficiently
understood (12). No data are available that assessed these
variations based on daily high-quality imaging and elastic
registration algorithms.

For this analysis, we calculated interfractional variations in
postoperative pelvic anatomy and quantified resulting deviations
of the applied from the planned treatment doses using
daily diagnostic CT scans performed in treatment position
immediately before each radiotherapy fraction. Furthermore,
the dosimetric impact of the anatomic variability was analyzed
in relation to the frequency of position verification imaging.

These data will help to guide adaptive re-planning strategies for
postoperative radiotherapy to the prostatic fossa.

MATERIALS AND METHODS

Patient Selection
Ten consecutive patients received post-prostatectomy
radiotherapy to the prostatic fossa at the German Cancer
Research Center and were included in this analysis. All
patients presented with a postoperative PSA increase exceeding
0.2 ng/mL according to the guidelines of the American
Urological Association as well as a PSA doubling time >6
months and an initial Gleason Score below 8 (13, 14). The
analyses are in accordance with the Declaration of Helsinki
(Seventh Revision, 2013) and were approved by the Independent
Ethics Committee of the Medical Faculty of the University of
Heidelberg, Germany (S-380/2017).

Treatment Planning and Delivery
The clinical target volume (CTV) covered the prostatic fossa as
defined by the guidelines of the Radiation Therapy Oncology
Group (RTOG) (15). The CTVwas expanded by 7mm to create a
planning target volume (PTV), and the prescribed dose was 68Gy
in 34 fractions of 2Gy. Radiotherapy planning was performed
with the RayStation planning system (RaySearch Laboratories,
Stockholm, Sweden), and dose constraints to the organs-at-
risk (OAR) were defined based on the Quantitative Analyses
of Normal Tissue Effects in the Clinic (16–18). Patients were
instructed to present to daily treatment with an empty bowel
and a comfortably filled bladder, and patient immobilization for

treatment was carried out using a ProStep
TM

pelvic and lower
extremity support (Elekta, Stockholm, Sweden). Treatment was
applied as step-and-shoot IMRT on an Artiste linear accelerator
(Siemens, Erlangen, Germany) using 9 co-planar fields.

Daily CT Imaging
Patients were immobilized as described above and positioned
on the treatment couch based on tattooed skin markers that
were applied during the planning CT. The treatment couch was
then rotated into an in-room CT scanner (Primatom, Siemens
OCS, Malvern, USA) that was part of the linear accelerator setup
and located at a 90◦ angle in the treatment suite. All patients
received a daily diagnostic quality CT scan in treatment position
as positional verification imaging. After the scan, the couch was
re-rotated to the linear accelerator with no manipulation to the
patient setup. All scans were taken to the same specifications
as used for the individual planning CT examinations for each
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patient, and the in-room CT scanner was approved for treatment
planning scans by the respective regulatory authorities.

Analysis of Variations and Simulation of
Imaging Frequency
Contouring of target volumes and OARs was carried out by a
board-certified radiation oncologist on the planning CTs and on
all corresponding daily verification scans according to current
guidelines (15). Daily position verification imaging was rigidly
registered to the planning CT, and resulting individual doses of
each treatment fraction were calculated based on the respective
daily CT scans, and resulting daily dose distributions were
mapped onto the planning scans. Daily doses were accumulated
for each voxel using the deformable image registration module
in RayStation and compared to the dose distribution of the
treatment plan (19). Weekly verification imaging was simulated
by deriving position correction vectors from the first CT scan
of each treatment week (days 1, 6, 11, 16, 21, 26, and 31) and
applying this vector to rigidly register the five daily scans of each
treatment week to the planning scan. Daily dose distributions
resulting from daily anatomic variability and weekly CT-based
repositioning were calculated and mapped onto the planning CT
before accumulation for all treatment fractions.

Dosimetric Analyses
The applied 3D dose distribution based on daily accumulation
was compared to the planned using dose-volume indices,
including mean dose (Dmean) and doses as x % volume (Dx)
as well as treatment volume at the x Gy dose level (Vx).
Dose conformity was assessed for the prescribed doses by the
conformity (CI) and conformal (COIN) indices, and uniformity
was quantified using established parameters EUD and gEUD
(see Annex I) (20, 21). Additionally, normal tissue complication
probabilities (NTCP) for the relevant OARs and the total
probability of normal tissue injury (Pinjury) for rectum and
bladder were calculated and compared (see Annexes II, III). The
distribution of the applied doses was compared within the region
receiving more than 10% of the maximum dose using 3D gamma
analyses to the clinical tolerance level of 3%/3 mm (22).

Statistical Analysis
Dose volume indices of planned and applied doses were
compared byWilcoxon signed-rank test with corresponding two-
sided confidence intervals using in-house software developed
in Python (https://www.python.org). A P-value < 0.05 was
considered statistically significant.

RESULTS

Anatomic Variability
Patients demonstrated notable anatomic and volumetric changes
during the course of postoperative radiotherapy. CTVs were
very consistent at treatment planning for all analyzed patients
and ranged between 78.1 and 90.4ml. During the course of
treatment, the volumes remained very stable with a relative
volume difference between the planning CT and the treatment

FIGURE 1 | Relative volumes of the CTV, rectum, and bladder of each patient

during the course of radiotherapy as compared to the volumetry from the

planning CT. Error bars represent standard deviation.

scans of 1.1 ± 9.7% (Figure 1, Supplementary Figure 1). Pre-
treatment rectal volumes varied between 36.4 and 112.4ml
and decreased by on average 9.7 ± 32.3% during radiotherapy
(Supplementary Figure 1). Expectably, the bladder showed the
strongest variability with pre-treatment volumes between 108.5
and 431.2ml. During radiotherapy, average bladder volumes
were found reduced by 19.1± 66.6%. For the individual patients,
considerable differences in rectum and bladder volumes were
observed during radiotherapy.

To quantify potential implications of the observed anatomic
variations on the CTV, its geometric center was compared
between the planning CT and the daily scans following
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individual rigid registrations based on the surrounding bony
structures. The average lateral CTV displacement (X shift)
was 0.2 ± 0.2mm (fractional range: −0.4 to 0.9mm), and
individual patients demonstrated only small effects during their
daily treatment fractions (individual range: −0.9 to 1.5mm)
(Figure 2, Supplementary Figure 2). Shifts in the superior-
inferior direction (Y shifts) were on average 0.4 ± 0.8mm
(fractional range: −1.3 to 1.5mm) with considerably larger
variability for individual patients (individual range: −2.6 to
5.2mm). Changes in the anterior-posterior direction (Z shifts)
amounted to an average shift of 0.6 ± 0.7mm (fractional
range: −0.7 to 2.1mm) with strong inter-individual variability
(individual range: −5.5 to 5.8mm). As the PTV margin was set
at 7mm, evaluation of daily verification CTs did not require
treatment adaptation or re-planning due to interfractional
variability for any analyzed patient.

Impact of Anatomic Variability on Dose
Distribution
Planned and applied doses were compared regarding the CTV,
PTV, rectum, and bladder (Figure 3). As also demonstrated in
the volumetric assessment, the bladder exhibited the largest
variability between planned and accumulated doses, and the
deviations were most pronounced in the middle dose range
(Figure 4). All differences in the dose-volume indices between
planned and applied doses are summarized in Table 1. The
largest dosimetric deviations in the CTV were observed for
the V68 with a non-significant average increase of 11% for the
accumulated doses (p = 0.431). In contrast, the applied D2, D50,
Dmean, and D98 varied <2% from the corresponding parameters
in the treatment plan. No significant deviations in the uniform
dose parameters EUD and gEUD or the conformity indices CI
and COIN were measured between the accumulated and planned
doses. In the PTV, the applied D98 was found significantly
reduced by an average of 7% (p = 0.037), while all other
accumulated dosimetric parameters only varied non-significantly
from those of the treatment plan.

The applied Dmean to the rectum was reduced by an average
of 0.25Gy compared to the plan, and only the D2 deviated
significantly from the planned dose with a reduction of 1.51
± 1.69Gy (p = 0.019). Due to the observed alterations in the
bladder volume during postoperative radiotherapy, the applied
Dmean and D50 were found increased by 3.56 ± 4.02 and 5.14
± 6.51Gy, respectively (p = 0.037 for 1Dmean, p = 0.019 for
1D50). All other dosimetric parameters for the accumulated
bladder dose only deviated non-significantly from the planned
dose, and the EUDs for both the rectum and bladder were also
found comparable.

Themedian NTCP values derived from the accumulated doses
to the rectum and bladder were 0.87 % (min 0.36%, max 5.88%)
and 5.34% (min 0.92%, max 8.98%), respectively, and for the
treatment plan were 2.04% (min 0.92%, max 4.52) and 4.99%
(min 1.99%, max 7.03%), respectively.

The values resulting from the daily dose accumulation did not
significantly differ from the NTCP values calculated from the
treatment plans (p = 0.084 for the rectum, p = 0.770 for the
bladder; Figure 5). Similarly, Pinjury as a means of quantifying

FIGURE 2 | Distance of the CTV’s geometric center between the planning CT

and the fractional CTs in all three spatial directions and resulting total CTV shift

for each patient included in this analysis. Error bars represent standard

deviation.
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FIGURE 3 | Representative CT imaging demonstrating the planned and accumulated doses based on daily or weekly CT-based repositioning.

overall treatment-related toxicities did not significantly differ
between the planned and applied doses (p= 0.232).

Dosimetric Consequences of Daily vs.
Weekly Position Verification Imaging
To quantify the dosimetric consequences of daily vs. weekly
position verification imaging, verification CTs of each treatment
week were registered to the planning CT based on the
repositioning vector derived from the first weekly verification
scan (fractions 1, 6, 11, 16, 21, 26, and 31). Applied daily
doses were accumulated and compared to the planned doses
and accumulated doses from daily CT-based repositioning. The
strongest deviations from the planned dose-volume indices
were found in the high dose range with the D2 significantly
reduced for the CTV (−0.78 ± 0.90Gy; p = 0.037), the PTV
(−0.93 ± 0.84Gy; p = 0.006), and the rectum (−2.88 ±

2.40Gy; p = 0.002; Figure 4, Table 1) (Supplementary Table 1).
While weekly imaging-based repositioning resulted in only
non-significant deviations of the applied CTV doses, several

dosimetric indices of the PTV were found significantly reduced
upon weekly repositioning, including the Dmean (−1.40 ±

1.46Gy; p = 0.037), the D98 (−7.13 ± 7.64Gy; p = 0.014), the
V64.6 (14.3 ± 12.0%; p = 0.009), and the uniformity indices
EUD (−3.31± 4.35Gy; p= 0.027) and gEUD (−6.09± 8.68Gy;
p= 0.049). Rectal volumes exposed to 70 and 50Gy were found
significantly lower after weekly repositioning (V70: p = 0.022;
V50: p= 0.049), and the NTCP values for the rectum were found
significantly reduced for the simulated weekly repositioning
algorithm compared to both the planned NTCP (p = 0.002) and
the NTCP derived from daily repositioning (p= 0.010; Figure 5).
For the bladder, the D50 and Dmean were found increased by
6.31 ± 7.98Gy (p = 0.049) and 3.67 ± 4.90Gy (p = 0.037)
following weekly position verification imaging, respectively. The
NTCP for the bladder did not significantly deviate after weekly
repositioning in comparison to the planned NTCP or the NTCP
derived from daily CT-based positional adaption. The Pinjury
values as calculated from weekly repositioning significantly
deviated from both the planned values (p = 0.020) or the values
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FIGURE 4 | Dose-volume histograms for the CTV (blue line), PTV (green line),

rectum (light blue line), and bladder (red line) for the treatment plans (A) and

accumulated doses after daily (B) or weekly (C) repositioning. Lighter-colored

bands represent the 95% confidence interval of each dose-volume curve.

derived from daily repositioning (p= 0.004). The gamma passing
rate to the clinical tolerance level of 3%/3mm was 3.1% lower
for the weekly position verification imaging than that for daily
imaging (p= 0.001; Figure 6).

DISCUSSION

Intra- and inter-fractional variations in the pelvic anatomy
have long been hypothesized to influence prostate cancer
radiotherapy, and the resulting dosimetric impact of these
changes has been widely studied. So far, definitive studies have
been strongly impaired by the quality and frequency of available
positional imaging means and the lack of adequate image
registration tools. To the best of our knowledge, this is the

first dataset providing a CT-based voxel-wise dosimetric analysis
resulting from the interfractional alterations in postoperative
intensity-modulated radiotherapy to the prostatic fossa; daily
planning-quality in-room CT imaging was utilized prior to each
radiotherapy fraction in each patient, and an elastic registration
algorithm allowed voxel-by-voxel tracking of the fractional
treatment doses.

Our data showed that despite significant interfractional
variations in rectal and bladder volume, daily CT-based
repositioning led to only minor deviations in the dosimetric
parameters concerning the CTV, the PTV and the rectum,
while only the mean and median doses to the bladder were
significantly increased compared to the treatment plan. In
contrast, repositioning based on only weekly verification scans
resulted in significant discrepancies between the planned and
applied doses to the PTV as well as a significantly lesser dose
conformity to the target volume.

Previous datasets analyzing dosimetric implications of
variations in the pelvic anatomy for prostate radiotherapy
have been mostly based on cone-beam CT (CBCT); however,
the low quality of these images has strongly hampered viable
dosimetric analyses, and various improvement strategies have
been proposed to overcome the clear limitations of CBCT,
including enhanced CBCTs utilizing additional filters, portal
dose measurements or reliance on rigid registration with
apparent limitations for the dose accumulation strategies (8, 23–
25). Diagnostic CT to perform voxel-wise dose tracking has
so far only been used in the context of proton radiotherapy,
and two previous reports analyzing in-room CT data have
reported minor deviations in the PTV dose coverage for
definitive radiotherapy; the observed dose reductions were
mainly attributed to alterations in the rectal volume (26, 27).
For definitive IMRT to the prostate gland, only one publication
reported dose comparison data derived from daily CT scans and
an elastic registration algorithm (28). Despite the considerably
stronger impact of anatomic variations after prostatectomy, no
data are available for the quantification of dosimetric deviations
in postoperative radiotherapy of the prostatic fossa. One previous
report analyzed randomly chosen position verification CTs for
10 patients undergoing postoperative radiotherapy and reported
significant anatomic variability with the Dice coefficients for
the CTV, rectum and bladder ranging at 86.6, 77.3, and 75.4%,
respectively (29). However, this study did not perform an
accumulation of the fractional doses based on daily imaging,
but interpolated the applied doses by using about 10 randomly
chosen scans per patient; therefore, definitive conclusions
regarding the dosimetric implications of the observed variability
in the pelvic anatomy are limited.

It is conceivable that the variable pelvic anatomy and the
changes in rectal and bladder filling determine the fractional dose
to the prostatic fossa and the adjacent OARs, and interfractional
motion of the prostatic bed has been reported in several analyses.
A study tracking postoperative clips at the superior and inferior
border of the prostatic fossa reported movement of the CTV
up to 5mm in all spatial directions and suggested geographical
miss in a significant percentage of patients for isotropic PTV
margins or non-daily imaging (30). Two older analyses of small
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TABLE 1 | Average relative deviation (mean values and standard deviation) of the applied from the planned dose-volume indices for daily or weekly CT-based repositioning.

Daily imaging P-value Weekly imaging P-value

CTV D98 (Gy) 0.01 ± 0.06 0.922 0.00 ± 0.08 0.675

D50 (Gy) 0.01 ± 0.01 0.322 0.00 ± 0.01 0.625

Dmean (Gy) 0.00 ± 0.01 0.322 0.00 ± 0.01 0.769

D2 (Gy) 0.00 ± 0.01 0.193 −0.01 ± 0.01 0.037*

V68 (%) 0.11 ± 0.54 0.431 0.02 ± 0.59 0.921

V64.6 (%) 0.01 ± 0.04 0.932 −0.01 ± 0.06 0.441

EUD (Gy) 0.01 ± 0.02 0.322 0.00 ± 0.03 0.769

gEUD (Gy) 0.02 ± 0.04 0.492 0.01 ± 0.05 0.695

CI 0.01 ± 0.49 0.625 −0.24 ± 0.49 0.375

COIN 0.23 ± 0.60 0.275 0.37 ± 0.72 0.193

PTV D98 (Gy) −0.07 ± 0.09 0.037* −0.11 ± 0.12 0.014*

D50 (Gy) 0.00 ±0.01 0.375 −0.01 ± 0.01 0.275

Dmean (Gy) −0.01 ± 0.01 0.275 −0.02 ± 0.02 0.037*

D2 (Gy) −0.01 ± 0.01 0.160 −0.01 ± 0.01 0.006*

V68 (%) 0.03 ± 0.49 0.625 −0.20 ± 0.51 0.375

V64.6 (%) −0.05 ± 0.08 0.084 −0.15 ± 0.13 0.009*

EUD (Gy) −0.02 ± 0.03 0.160 −0.05 ± 0.06 0.027*

gEUD (Gy) −0.04 ± 0.08 0.193 −0.09 ± 0.13 0.049*

CI 0.05 ± 0.45 0.625 −0.20 ± 0.44 0.375

COIN [n] 0.53 0.625 −0.21 ± 0.56 0.492

Rectum D50 (Gy) 0.03 ± 0.19 0.557 0.02 ± 0.22 0.557

Dmean (Gy) 0.01 ± 0.14 0.845 0.00 ± 0.14 1.000

D2 (Gy) −0.02 ± 0.02 0.019* −0.04 ± 0.03 0.002*

V70 (%) −0.52 ± 1.94 0.204 −0.98 ± 1.34 0.022*

V50 (%) −0.16 ± 0.28 0.160 −0.20 ± 0.30 0.049*

V40 (%) −0.07 ± 0.19 0.375 −0.07 ± 0.22 0.557

EUD (Gy) −0.05 ± 0.07 0.105 −0.08 ± 0.07 0.002*

gEUD (Gy) −0.06 ± 0.08 0.049* −0.10 ± 0.08 0.002*

Bladder D50 (Gy) 0.18 ± 0.23 0.037* 0.22 ± 0.28 0.049*

Dmean (Gy) 0.10 ± 0.12 0.019* 0.11 ± 0.14 0.037*

D2 (Gy) 0.00 ± 0.01 0.322 −0.01 ± 0.02 0.105

V70 (%) 0.19 ± 0.92 0.635 −0.50 ± 1.03 0.236

V55 (%) 0.06 ± 0.12 0.193 0.04 ± 0.16 0.322

V45 (%) 0.09 ± 0.13 0.064 0.10 ± 0.16 0.064

EUD (Gy) 0.00 ± 0.03 0.625 −0.01 ± 0.05 1.000

gEUD (Gy) 0.00 ± 0.04 0.845 −0.02 ± 0.06 0.846

Negative values represent decreases in accumulated doses. CTV, clinical target volume; EUD, equivalent uniform dose; gEUD, generalized equivalent uniform dose; CI, conformity index;

COIN, conformal index. Significant P values < 0.05 (*) are printed in bold.

patient cohorts receiving daily megavoltage CT (MVCT) or
CBCT suggested that upon daily imaging, the critical anatomic
variations of the prostatic fossa remain relatively small for the
majority of treatment fractions if repositioning is performed
(31, 32). Therefore, the optimal frequency of position verification
imaging for a precise and accurate dose delivery has been
strongly debated both for definitive and postoperative prostate
radiotherapy concepts. While no data are available on this topic
for the treatment of the prostatic fossa, a previous study using
CBCTs of 20 patients undergoing definitive prostate radiotherapy
suggested an improved coverage of the CTV and reduced doses
to the rectum by daily positional imaging, although the data

quality was limited by the low imaging contrast and the lack
of a deformable registration algorithm (33). Similar analyses
have suggested that daily imaging may result in better target
coverage, allowing a reduction of the PTV margins for daily
imaging (34). While these suggestions are mainly derived from
definitive treatment concepts, the data presented here back
up this suggestion also for postoperative radiotherapy: In our
dataset, daily CT-guided repositioning resulted in no significant
deviations of the applied fractional doses as compared to the
treatment plan for both the CTV and the PTV and led to a better
PTV coverage and dose homogeneity than weekly repositioning.
Additionally, most dosimetric indices for the rectum and bladder
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FIGURE 5 | Box-plot diagrams for the NTCP of the rectum and bladder and

the Pinjury values derived from the planned and accumulated doses after daily

and weekly CT-based repositioning.

were highly consistent with the treatment plan; however, the
clinical significance of these dosimetric improvements needs to
be correlated with potential improvements in the relevant clinical
outcome parameters. For definitive prostate radiotherapy, two

FIGURE 6 | Gamma passing rates after daily and weekly CT-based

repositioning to the clinical tolerance level of 3%/3mm.

prospective clinical trials have elucidated the patient benefit
of daily positional imaging. In a recent French trial, daily
CBCTs improved patients’ progression-free survival and late
rectal toxicity, but correlated with a reduced overall survival (35).
A second trial failed to demonstrate any patient impact of a PTV
margin reduction concept based on daily CBCT imaging (36).

Current technical developments may further aid the decrease
of dosimetric deviations between the applied and the planned
treatment doses. For definitive radiotherapy of the prostate, the
implantation of radiopaque or electromagnetic fiducial markers
is often used to substitute daily CT imaging, and the utilization
of electromagnetic motion trackers has also been proposed for
post-prostatectomy radiotherapy (37). MR-guided radiotherapy
enables real-time tracking of pelvic organs and may hence
contribute to minimizing inter- and intrafractional dosimetric
deviations (38–40). Also, mathematical concepts have been
proposed that guide daily patient positioning based on the
already accumulated doses for each treatment day (41). Based
on superior imaging modalities like in-room CT or in-room
MRI, adaptive treatment strategies may help to provide a daily
treatment plan based on the current anatomy. In our dataset,
despite daily diagnostic quality CT imaging, the actual mean
and median doses to the bladder were significantly higher than
planned, and although the clinical implications of this dose
increase remain unclear, adaptive postoperative radiotherapy
strategies may help to reduce doses to the OARs. This is in
contrast with previous data on definitive prostate radiotherapy,
where daily imaging resulted in only negligible dosimetric
deviations from the treatment plan (28). Voxelwise dosimetric
analyses may also help to re-evaluate and potentially revise
commonly used PTV margin concepts that have been mainly
based on observed interfractional shifts of anatomic landmarks
or probabilistic analyses (42).

While our dataset comprises daily diagnostic quality imaging
and comprehensive dosimetric information based on a state-
of-the-art elastic registration algorithm, our analysis has several
limitations. The patient cohort used for this study was relatively
small due to the complex logistics associated with the imaging
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workflow, and the small cohort size may have an impact on
the statistical power of our analyses. No intrafractional imaging
could be performed in this dataset, and no information was
available on anatomic variations during treatment. As the data
were generated from clinical procedures, all treated patients
were coached about the required rectal and bladder protocol
and received regular feedback about their anatomic deviations
as assessed by daily CT. This may explain the moderate effects
of the interfractional variability on the dosimetric parameters
of the rectum and bladder, and routine patients, especially
without coaching or daily 3D imaging, may in reality experience
significantly higher dose deviations to the OARs. The imaging
schedule was simulated by analyzing the first CT scan of every
treatment week as routinely done in clinical reality. However, it
needs to be noted that this selection process may not adequately
represent other non-daily imaging schedules.

Nevertheless, our dataset provides for the first time an
in-depth voxel-by-voxel analysis of the dosimetric impact of
interfractional variations in post-prostatectomy radiotherapy.
These data generated on the basis of daily diagnostic quality
positional CT scans and elastic registration-based dose
mapping will help to guide imaging frequency and adaptive
treatment strategies for postoperative radiotherapy to the
prostatic fossa.

CONCLUSION

Irrespective of a large variability in the pelvic anatomy,
regular rigid patient repositioning based on daily in-room CT
imaging resulted in largely negligible aberrations of the applied
treatment doses from the planned doses for post-prostatectomy
radiotherapy to the prostatic fossa, and only the bladder exhibited
increases in the accumulated mean and median doses. However,
patient repositioning according to a weekly imaging schedule
led to significant decreases in the PTV coverage and dose
conformity as well as deviations of the applied doses to the
rectum and bladder as compared to the treatment plan. Our
data indicate for the first time in a voxel-by-voxel analysis
that daily imaging is required for a reliable adaptive delivery
of intensity-modulated radiotherapy to the prostatic fossa. This

work will help to guide adaptive treatment strategies for post-
prostatectomy radiotherapy.

DATA AVAILABILITY STATEMENT

The datasets generated for this study will not be made publicly
available. These are patient data that are protected by German
Law and cannot be made available to any person other than
the treating physician without expressed written consent by each
patient included in this study.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Independent Ethics Committee of the Medical
Faculty of the University of Heidelberg. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

TB and NN planned and carried out the treatment. MS, TB,
IS, TF, CZ, OJ, DB, and NN analyzed the data. NN wrote the
manuscript. IS and DB helped with writing the manuscript. PH
and JD helped with data discussion.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2019.01191/full#supplementary-material
Supplementary Figure 1 | Mean relative volumes of the CTV, rectum, and

bladder for each treatment fraction as compared to the volumetry from the

planning CT. Error bars represent standard deviation.

Supplementary Figure 2 | Distance of the CTV’s geometric center between the

planning CT and the fractional CTs in all three spatial directions and resulting total

CTV shift for each treatment fraction. Error bars represent standard deviation.

Supplementary Table 1 | Median values and interquartile ranges of the

dose-volume indices for the treatment plan as well as the accumulated doses

based on daily or weekly positional CT imaging.

REFERENCES

1. Wiegel T, Bottke D, Steiner U, Siegmann A, Golz R, Störkel S, et al. Phase
III postoperative adjuvant radiotherapy after radical prostatectomy compared
with radical prostatectomy alone in pT3 prostate cancer with postoperative
undetectable prostate-specific antigen: ARO 96-02/AUO AP 09/95. J Clin

Oncol. (2009) 27:2924–30. doi: 10.1200/JCO.2008.18.9563
2. Bolla M, van Poppel H, Tombal B, Vekemans K, Da Pozzo L, de Reijke TM,

et al. Postoperative radiotherapy after radical prostatectomy for high-risk
prostate cancer: long-term results of a randomised controlled trial (EORTC
trial 22911). Lancet. (2012) 380:2018–27. doi: 10.1016/S0140-6736(12)61253-7

3. Thompson IM, Tangen CM, Paradelo J, Lucia MS, Miller G, Troyer D,
et al. Adjuvant radiotherapy for pathological T3N0M0 prostate cancer
significantly reduces risk of metastases and improves survival: long-
term followup of a randomized clinical trial. J Urol. (2009) 181:956–62.
doi: 10.1016/j.juro.2008.11.032

4. Briganti A, Karnes RJ, Joniau S, Boorjian SA, Cozzarini C, Gandaglia G, et al.
Prediction of outcome following early salvage radiotherapy among patients
with biochemical recurrence after radical prostatectomy. Eur Urol. (2014)
66:479–86. doi: 10.1016/j.eururo.2013.11.045

5. Tendulkar RD, Agrawal S, Gao T, Efstathiou JA, Pisansky TM,
Michalski JM, et al. Contemporary update of a multi-institutional
predictive nomogram for salvage radiotherapy after radical
prostatectomy. J Clin Oncol. (2016) 34:3648–54. doi: 10.1200/JCO.2016.
67.9647

6. Viani GA, Viana BS, Martin JE, Rossi BT, Zuliani G, Stefano EJ. Intensity-
modulated radiotherapy reduces toxicity with similar biochemical
control compared with 3-dimensional conformal radiotherapy for
prostate cancer: a randomized clinical trial. Cancer. (2016) 122:2004–11.
doi: 10.1002/cncr.29983

7. Bruner DW, Hunt D, Michalski JM, Bosch WR, Galvin JM, Amin M,
et al. Preliminary patient-reported outcomes analysis of 3-dimensional

Frontiers in Oncology | www.frontiersin.org 9 November 2019 | Volume 9 | Article 1191

https://www.frontiersin.org/articles/10.3389/fonc.2019.01191/full#supplementary-material
https://doi.org/10.1200/JCO.2008.18.9563
https://doi.org/10.1016/S0140-6736(12)61253-7
https://doi.org/10.1016/j.juro.2008.11.032
https://doi.org/10.1016/j.eururo.2013.11.045
https://doi.org/10.1200/JCO.2016.67.9647
https://doi.org/10.1002/cncr.29983
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Splinter et al. Dosimetric Variability of Post-prostatectomy Radiotherapy

radiation therapy versus intensity-modulated radiation therapy on the
high-dose arm of the Radiation Therapy Oncology Group (RTOG)
0126 prostate cancer trial. Cancer. (2015) 121:2422–30. doi: 10.1002/cn
cr.29362

8. Wust P, Joswig M, Graf R, Böhmer D, Beck M, Barelkowski T,
et al. Dosimetric implications of inter- and intrafractional prostate
positioning errors during tomotherapy: comparison of gold marker-based
registrations with native MVCT. Strahlenther Onkol. (2017) 193:700–6.
doi: 10.1007/s00066-017-1141-x

9. Bylund KC, Bayouth JE, Smith MC, Hass AC, Bhatia SK, Buatti JM.
Analysis of interfraction prostate motion using megavoltage cone beam
computed tomography. Int J Radiat Oncol Biol Phys. (2008) 72:949–56.
doi: 10.1016/j.ijrobp.2008.07.002

10. Zhang X, Dong L, Lee AK, Cox JD, Kuban DA, Zhu RX, et al.
Effect of anatomic motion on proton therapy dose distributions in
prostate cancer treatment. Int J Radiat Oncol Biol Phys. (2007) 67:620–9.
doi: 10.1016/j.ijrobp.2006.10.008

11. Soukup M, Söhn M, Yan D, Liang J, Alber M. Study of robustness of IMPT
and IMRT for prostate cancer against organ movement. Int J Radiat Oncol
Biol Phys. (2009) 75:941–9. doi: 10.1016/j.ijrobp.2009.04.032

12. Fargier-Voiron M, Presles B, Pommier P, Munoz A, Rit S, Sarrut D, et al.
Evaluation of a new transperineal ultrasound probe for inter-fraction image-
guidance for definitive and post-operative prostate cancer radiotherapy. Phys
Med. (2016) 32:499–505. doi: 10.1016/j.ejmp.2016.01.481

13. Thompson IM, Valicenti RK, Albertsen P, Davis BJ, Goldenberg SL, Hahn C,
et al. Adjuvant and salvage radiotherapy after prostatectomy: AUA/ASTRO
Guideline. J Urol. (2013) 190:441–9. doi: 10.1016/j.juro.2013.05.032

14. D’Amico AV, Whittington R, Malkowicz SB, Schultz D, Blank K, Broderick
GA, et al. Biochemical outcome after radical prostatectomy, external beam
radiation therapy, or interstitial radiation therapy for clinically localized
prostate cancer. JAMA. (1998) 280:969–74. doi: 10.1001/jama.280.11.969

15. Michalski JM, Lawton C, El Naqa I, Ritter M, O’Meara E, Seider MJ,
et al. Development of RTOG consensus guidelines for the definition of
the clinical target volume for postoperative conformal radiation therapy
for prostate cancer. Int J Radiat Oncol Biol Phys. (2010) 76:361–8.
doi: 10.1016/j.ijrobp.2009.02.00

16. Viswanathan AN, Yorke ED, Marks LB, Eifel PJ, Shipley WU. Radiation dose-
volume effects of the urinary bladder. Int J Radiat Oncol Biol Phys. (2010) 76(3
Suppl.):S116–22. doi: 10.1016/j.ijrobp.2009.02.090

17. Michalski JM, GayH, Jackson A, Tucker SL, Deasy JO. Radiation dose-volume
effects in radiation-induced rectal injury. Int J Radiat Oncol Biol Phys. (2010)
76(3 Suppl.):S123–9. doi: 10.1016/j.ijrobp.2009.03.078

18. Marks LB, Yorke ED, Jackson A, Ten Haken RK, Constine LS, Eisbruch
A, et al. Use of normal tissue complication probability models in
the clinic. Int J Radiat Oncol Biol Phys. (2010) 76(3 Suppl.):S10–9.
doi: 10.1016/j.ijrobp.2009.07.1754

19. Motegi K, Tachibana H, Motegi A, Hotta K, Baba H, Akimoto T. Usefulness
of hybrid deformable image registration algorithms in prostate radiation
therapy. J Appl Clin Med Phys. (2019) 20:229–36. doi: 10.1002/acm2.12515

20. Feuvret L, Noël G, Mazeron JJ, Bey P. Conformity index: a review. Int J Radiat
Oncol Biol Phys. (2006) 64:333–42. doi: 10.1016/j.ijrobp.2005.09.028

21. Baltas D, Kolotas C, Geramani K, Mould RF, Ioannidis G, Kekchidi M,
et al. A conformal index (COIN) to evaluate implant quality and dose
specification in brachytherapy. Int J Radiat Oncol Biol Phys. (1998) 40:515–24.
doi: 10.1016/S0360-3016(97)00732-3

22. Clasie BM, Sharp GC, Seco J, Flanz JB, Kooy HM. Numerical solutions of the
gamma-index in two and three dimensions. PhysMed Biol. (2012) 57:6981–97.
doi: 10.1088/0031-9155/57/21/6981

23. van Zijtveld M, Dirkx M, Breuers M, Kuipers R, Heijmen B. Evaluation of
the ’dose of the day’ for IMRT prostate cancer patients derived from portal
dose measurements and cone-beam CT. Radiother Oncol. (2010) 96:172–7.
doi: 10.1016/j.radonc.2010.05.015

24. Moteabbed M, Trofimov A, Sharp GC, Wang Y, Zietman AL, Efstathiou
JA, et al. A prospective comparison of the effects of interfractional
variations on proton therapy and intensity modulated radiation therapy
for prostate cancer. Int J Radiat Oncol Biol Phys. (2016) 95:444–53.
doi: 10.1016/j.ijrobp.2015.12.366

25. Owen R, Kron T, Foroudi F, Milner A, Cox J, Duchesne G. Interfraction
prostate rotation determined from in-room computerized tomography
images. Med Dosim. (2011) 36:188–94. doi: 10.1016/j.meddos.2010.
03.002

26. Wang Y, Efstathiou JA, Sharp GC, Lu HM, Ciernik IF, Trofimov AV.
Evaluation of the dosimetric impact of interfractional anatomical variations
on prostate proton therapy using daily in-room CT images.Med Phys. (2011)
38:4623–33. doi: 10.1118/1.3604152

27. Maeda Y, Sato Y, Minami H, Yasukawa Y, Yamamoto K, Tamamura H, et al.
Positioning accuracy and daily dose assessment for prostate cancer treatment
using in-room CT image guidance at a proton therapy facility. Med Phys.

(2018) 45:1832–43. doi: 10.1002/mp.12858
28. Bostel T, Sachpazidis I, Splinter M, Bougatf N, Fechter T, Zamboglou C,

et al. Dosimetric impact of interfractional variations in prostate cancer
radiotherapy – implications for imaging frequency and treatment adaptation.
Front Oncol. (2019) 9:940. doi: 10.3389/fonc.2019.00940

29. Liu F, Ahunbay E, Lawton C, Li XA. Assessment and management of
interfractional variations in daily diagnostic-quality-CT guided prostate-
bed irradiation after prostatectomy. Med Phys. (2014) 41:031710.
doi: 10.1118/1.4866222

30. Bell LJ, Cox J, Eade T, Rinks M, Kneebone A. Prostate bed motion
may cause geographic miss in post-prostatectomy image-guided intensity-
modulated radiotherapy. J Med Imaging Radiat Oncol. (2013) 57:725–32.
doi: 10.1111/1754-9485.12089

31. Kupelian PA, Langen KM, Willoughby TR, Wagner TH, Zeidan OA, Meeks
SL. Daily variations in the position of the prostate bed in patients with prostate
cancer receiving postoperative external beam radiation therapy. Int J Radiat
Oncol Biol Phys. (2006) 66:593–6. doi: 10.1016/j.ijrobp.2006.05.071

32. Ost P, De Meerleer G, De Gersem W, Impens A, De Neve W. Analysis of
prostate bed motion using daily cone-beam computed tomography during
postprostatectomy radiotherapy. Int J Radiat Oncol Biol Phys. (2011) 79:188–
94. doi: 10.1016/j.ijrobp.2009.10.029

33. Ariyaratne H, Chesham H, Pettingell J, Alonzi R. Image-guided
radiotherapy for prostate cancer with cone beam CT: dosimetric effects
of imaging frequency and PTV margin. Radiother Oncol. (2016) 121:103–8.
doi: 10.1016/j.radonc.2016.07.018

34. Li W, Vassil A, Godley A, Mossolly LM, Shang Q, Xia P. Using daily
diagnostic quality images to validate planning margins for prostate
interfractional variations. J Appl Clin Med Phys. (2016) 17:61–74.
doi: 10.1120/jacmp.v17i3.5923

35. de Crevoisier R, Bayar MA, Pommier P, Muracciole X, Pêne F, Dudouet P,
et al. Daily versus weekly prostate cancer image-guided radiotherapy: phase 3
multicenter randomized trial. Int J Radiat Oncol Biol Phys. (2018) 102:1420–9.
doi: 10.1016/j.ijrobp.2018.07.2006

36. Tøndel H, Lund JÅ, Lydersen S, Wanderås AD, Aksnessæther B, Jensen
CA, et al. Radiotherapy for prostate cancer - Does daily image guidance
with tighter margins improve patient reported outcomes compared to weekly
orthogonal verified irradiation? Results from a randomized controlled trial.
Radiother Oncol. (2018) 126:229–35. doi: 10.1016/j.radonc.2017.10.029

37. Zhu M, Bharat S, Michalski JM, Gay HA, Hou WH, Parikh PJ.
Adaptive radiation therapy for postprostatectomy patients using real-
time electromagnetic target motion tracking during external beam
radiation therapy. Int J Radiat Oncol Biol Phys. (2013) 85:1038–44.
doi: 10.1016/j.ijrobp.2012.08.001

38. Tyagi N, Fontenla S, Zelefsky M, Chong-Ton M, Ostergren K, Shah N, et al.
Clinical workflow for MR-only simulation and planning in prostate. Radiat
Oncol. (2017) 12:119. doi: 10.1186/s13014-017-0854-4

39. de Muinck Keizer DM, Pathmanathan AU, Andreychenko A, Kerkmeijer
LGW, van der Voort van Zyp JRN, Tree AC, et al. Fiducial marker based intra-
fraction motion assessment on cine-MR for MR-Linac treatment of prostate
cancer. Phys Med Biol. (2019) 64:07NT02. doi: 10.1088/1361-6560/ab09a6

40. Bostel T, Pfaffenberger A, Delorme S, Dreher C, Echner G, Haering
P, et al. Prospective feasibility analysis of a novel off-line approach
for MR-guided radiotherapy. Strahlenther Onkol. (2018) 194:425–34.
doi: 10.1007/s00066-017-1258-y

41. Kurz C, Süss P, Arnsmeyer C, Haehnle J, Teichert K, Landry
G, et al. Dose-guided patient positioning in proton radiotherapy

Frontiers in Oncology | www.frontiersin.org 10 November 2019 | Volume 9 | Article 1191

https://doi.org/10.1002/cncr.29362
https://doi.org/10.1007/s00066-017-1141-x
https://doi.org/10.1016/j.ijrobp.2008.07.002
https://doi.org/10.1016/j.ijrobp.2006.10.008
https://doi.org/10.1016/j.ijrobp.2009.04.032
https://doi.org/10.1016/j.ejmp.2016.01.481
https://doi.org/10.1016/j.juro.2013.05.032
https://doi.org/10.1001/jama.280.11.969
https://doi.org/10.1016/j.ijrobp.2009.02.00
https://doi.org/10.1016/j.ijrobp.2009.02.090
https://doi.org/10.1016/j.ijrobp.2009.03.078
https://doi.org/10.1016/j.ijrobp.2009.07.1754
https://doi.org/10.1002/acm2.12515
https://doi.org/10.1016/j.ijrobp.2005.09.028
https://doi.org/10.1016/S0360-3016(97)00732-3
https://doi.org/10.1088/0031-9155/57/21/6981
https://doi.org/10.1016/j.radonc.2010.05.015
https://doi.org/10.1016/j.ijrobp.2015.12.366
https://doi.org/10.1016/j.meddos.2010.03.002
https://doi.org/10.1118/1.3604152
https://doi.org/10.1002/mp.12858
https://doi.org/10.3389/fonc.2019.00940
https://doi.org/10.1118/1.4866222
https://doi.org/10.1111/1754-9485.12089
https://doi.org/10.1016/j.ijrobp.2006.05.071
https://doi.org/10.1016/j.ijrobp.2009.10.029
https://doi.org/10.1016/j.radonc.2016.07.018
https://doi.org/10.1120/jacmp.v17i3.5923
https://doi.org/10.1016/j.ijrobp.2018.07.2006
https://doi.org/10.1016/j.radonc.2017.10.029
https://doi.org/10.1016/j.ijrobp.2012.08.001
https://doi.org/10.1186/s13014-017-0854-4
https://doi.org/10.1088/1361-6560/ab09a6
https://doi.org/10.1007/s00066-017-1258-y
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Splinter et al. Dosimetric Variability of Post-prostatectomy Radiotherapy

using multicriteria-optimization. Z Med Phys. (2018) 29:216–28.
doi: 10.1016/j.zemedi.2018.10.003

42. van Herk M. Errors and margins in radiotherapy. Semin Radiat Oncol. (2004)
14:52–64. doi: 10.1053/j.semradonc.2003.10.003

43. Zhou SM, Das S, Wang Z, Marks LB. Relationship between the
generalized equivalent uniform dose formulation and the Poisson statistics-
based tumor control probability model. Med Phys. (2004) 31:2606–9.
doi: 10.1118/1.1783532

44. Kallman P, Agren A, Brahme A. Tumour and normal tissue responses to
fractionated non-uniform dose delivery. Int J Radiat Biol. (1992) 62:249–62.
doi: 10.1080/09553009214552071

45. Agren A, Brahme A, Turesson I. Optimization of uncomplicated control
for head and neck tumors. Int J Radiat Oncol Biol Phys. (1990) 19:1077–85.
doi: 10.1016/0360-3016(90)90037-K

46. Giantsoudi D, Baltas D, Karabis A, Mavroidis P, Zamboglou N, Tselis N, et al.
A gEUD-based inverse planning technique for HDR prostate brachytherapy:
feasibility study.Med Phys. (2013) 40:041704. doi: 10.1118/1.4793766

47. Takam R, Bezak E, Yeoh EE, Marcu L. Assessment of normal tissue
complications following prostate cancer irradiation: comparison of radiation

treatment modalities using NTCP models. Med Phys. (2010) 37:5126–37.
doi: 10.1118/1.3481514

48. Zamboglou C, Sachpazidis I, Koubar K, Drendel V, Wiehle R, Kirste S,
et al. Evaluation of intensity modulated radiation therapy dose painting for
localized prostate cancer using (68)Ga-HBED-CC PSMA-PET/CT: a planning
study based on histopathology reference. Radiother Oncol. (2017) 123:472–7.
doi: 10.1016/j.radonc.2017.04.021

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Splinter, Bostel, Sachpazidis, Fechter, Zamboglou, Jäkel, Huber,

Debus, Baltas and Nicolay. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org 11 November 2019 | Volume 9 | Article 1191

https://doi.org/10.1016/j.zemedi.2018.10.003
https://doi.org/10.1053/j.semradonc.2003.10.003
https://doi.org/10.1118/1.1783532
https://doi.org/10.1080/09553009214552071
https://doi.org/10.1016/0360-3016(90)90037-K
https://doi.org/10.1118/1.4793766
https://doi.org/10.1118/1.3481514
https://doi.org/10.1016/j.radonc.2017.04.021
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Dosimetric Impact of Interfractional Variations for Post-prostatectomy Radiotherapy to the Prostatic Fossa—Relevance for the Frequency of Position Verification Imaging and Treatment Adaptation
	Introduction
	Materials and Methods
	Patient Selection
	Treatment Planning and Delivery
	Daily CT Imaging
	Analysis of Variations and Simulation of Imaging Frequency
	Dosimetric Analyses
	Statistical Analysis

	Results
	Anatomic Variability
	Impact of Anatomic Variability on Dose Distribution
	Dosimetric Consequences of Daily vs. Weekly Position Verification Imaging

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material
	References


