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Abstract
Purpose: While intensity modulated proton therapy can deliver simultaneous integrated boost (SIB) to the dominant intraprostatic
lesion (DIL) with high precision, it is sensitive to anatomic changes. We investigated the dosimetric effects from these changes based
on pretreatment cone-beam computed tomographic (CBCT) images and identified the most important factors using a multilayer
perceptron neural network (MLPNN).
Methods and Materials: DILs were contoured based on coregistered multiparametric magnetic resonance images for 25 previously
treated prostate cancer patients. SIB plans were created with (1) prostate clinical target volume � V70 Gy = 98%; (2) DIL � V98 Gy >
95%; and (3) all organs at risk (OARs) X Xwithin clinical constraints. SIB plans were applied to daily CBCT-based deformed planning com-
puted tomography (CT)X X. DIL � V98 Gy, bladder/rectum maximum dose (Dmax) and volume changes, femur shifts, and the
distance from DIL to organs at riskOARs X Xin both planning computed tomogramsCT X Xand CBCT were calculated. Wilcoxon
signed-ranks tests were used to compare the changes. MLPNNs were used to model the change in DDIL � V98 Gy > 10%
and bladder/rectum Dmax > 80 Gy, and the relative importance factors for the model were provided. The performances
of the models were evaluated with receiver operating characteristic curves.
Results: Comparing initial plan to the average from evaluation plans, respectively, DIL � V98 Gy was 89.3% § 19.9% versus
86.2% § 21.3% (P = .151); bladder Dmax 71.9 § 0.6 Gy versus 74.5 § 2.9 Gy (P < .001); and rectum Dmax 70.1 § 2.4 Gy versus
74.9 § 9.1Gy (P = .007). Bladder and rectal volumes were 99.6% § 39.5% and 112.8% § 27.2%, respectively, of their initial
volume. The femur shift was 3.16 § 2.52 mm. In the modeling of DDIL V98 Gy > 10%, DIL to rectum distance changes, DIL to
bladder distance changes, and rectum volume changes ratio are the 3 most important factors. The areas under the receiver
operating characteristic curves were 0.89, 1.00, and 0.99 for the modeling of DDIL � V98 Gy > 10%, and bladder and rectum
Dmax > 80 Gy, respectively.
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Conclusions: Dosimetric changes in DIL SIB with intensity modulated proton therapy can be modeled and classified based on
anatomic changes on pretreatment images by an MLPNN.
© 2021 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Prostate cancer accounted for 20% of incident cancer
cases in American men in 2019.1 Radiation therapy (RT)
is utilized in approximately half of the patients’ treat-
ments.2 While the dose delivered to the prostate is typi-
cally homogeneous in external RT compared to
brachytherapy, recent studies have shown that dose esca-
lation to the dominant intraprostatic lesion (DIL),
detected via multiparametric magnetic resonance imaging
(MRI) scans,3,4 could increase the tumor control
probability.5,6 Such dose escalation has been shown to be
feasible with brachytherapy3,7−12 and external beams
using volumetric modulated arc therapy,4,8,13−15 tomo-
therapy,16 particle therapy,9,17 and Cyberknife.18

Proton therapy provides superior dose distributions and
dosimetric advantages over photon x-ray beams in many
sites. Though the data supporting protons over intensity
modulated RT for prostate cancer have been
conflicting,19,20 these studies predominantly included men
treated with first-generation passive scattering proton ther-
apy. The dosimetric advantages associated with advanced
intensity modulated proton therapy (IMPT), as well as the
application of online cone-beam computed tomographic
(CBCT) image guidance, has the potential to reduce uri-
nary/bowel toxicities by mitigating the volume of these
structures receiving moderate-to-high doses. IMPT poten-
tially will reduce radiation-induced secondary cancer for
young patients.21 Furthermore, with the advent of IMPT
and CBCT image guidance, studies have shown the feasibil-
ity of using IMPT for DIL boost and perhaps the ability to
further dose-escalate beyond that achievable with photons,
thereby improving tumor control probability.9,17,22

Compared to photon therapy, however, proton therapy
is more sensitive to the setup uncertainties and inter/
intrafractional anatomy changes, such as rectum and
bladder filling,23 femur rotation, lateral tissue thickness
variation, and so on.24 Even with strict bladder filling pro-
tocol and rectum immobilization techniques, the uncer-
tainties in prostate proton treatment are unavoidable. As
the dose to the DIL is typically escalated to a much higher
dose (from 120% to 200% of the prescription), any uncer-
tainties in the patient setup and anatomy changes pose a
significantly higher risk of overdose and subsequent toxic-
ity to the critical organs in the close proximity.

In this study, we report the effect of various anatomic
and setup uncertainties on DIL coverage and normal tissue
avoidance in a cohort of men treated with IMPT. Secondly,
we sought to identify predictors for DIL coverage and
normal tissue avoidance changes that may be used to deter-
mine which patients can safely be treated with IMPT with
dose escalation to DIL. A multilayer perceptron neural net-
work (MLPNN) provided by commercial statistical analysis
software was used to test the feasibility of modeling the DIL
coverage drop and maximum dose to the bladder and rec-
tum using critical parameters derived from the CBCT
images and initial treatment plans. This work can be used
for the prediction of treatment safety, the necessity of
online adaptation,25,26 and patient selection.
Materials and Methods
Patient selection and image acquisition

Twenty-five men with cT1-3bN0 prostate cancer
undergoing IMPT to prostate § proximal seminal vesicles
with available first-week daily CBCT (total 125 CBCT
images) were identified. The median age of the men was
69.5 years (range 49-83). Patients were scanned with
1.5 mm slice thickness at the simulation with a computed
tomography (CT) scanner (Somatom Definition Edge,
Siemens) for their planning CT (pCT) images. Immedi-
ately following CT simulation, each patient was scanned
with a 1.5 T MRI scanner (Aera, Siemens) at the same
setup position. T1, T2, and diffusion-weighted MRIs were
acquired. Apparent diffusion coefficient maps were gener-
ated with b-value = 800 s/mm2 for analysis.
Contouring and treatment planning

The clinical target volume (CTV) was outlined based on
the MRI of the prostate and proximal seminal vesicles.
DILs were contoured based on the multiparametric mag-
netic resonance images in Velocity AI 4.1 (Varian Medical
Systems) with consensus from 2 radiation oncologists. The
urethra was contoured on the MRI utilizing the T1 volu-
metric interpolated breath-hold sequence for each patient.
Both DIL and urethra contours were rigidly transferred
from MRIs to pCTs for treatment planning. The bladder,
rectum, and femur head were contoured for each patient
on their pCT images. Plans were created using opposed lat-
eral beams, as shown in Figure 1. Robust optimization with
5 mm setup uncertainties in the anterior/posterior and
superior/inferior directions combined with §3.5% range
uncertainties was used during the treatment planning.
Simultaneous integrated boost (SIB) plans (prescription
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Figure 1 Axial (top) and coronal (middle) view of dose distribution of a prostate dominant intraprostatic lesion simultaneous inte-
grated boost plan on the initial planning CT (left) and an evaluation deformed CT (right). The dose-volume histograms for the domi-
nant intraprostatic lesion and prostate clinical target volume, bladder, rectum, and urethra in the initial plan (solid lines) and evaluation
plan (dashed lines) are shown at the bottom. The contours in the deformed CT were drawn based on the cone-beam computed tomo-
graphic image. Abbreviations: CT = computerized tomogram.
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70 Gy in 28 fractions) were created in RayStation 8B (Ray-
Search) so that (1) the CTV V100% normalized to 98% cov-
erage; (2) DIL V98 Gy > 95% when possible; and (3) all
organs at risk (OARs) constraints (Table 1) were met. A
dose falloff objective was applied to the region surrounding
the DIL so that the rest of the CTV was not overdosed. Both
the CTV and the DIL were robustly optimized with high
weightings. The CTV was covered with single field optimiza-
tion (SFO) technique, while the DIL was optimized with
multifield optimization (MFO)X X technique. While the over-
all maximum dose was limited at 145 Gy, the maximum
dose to the “CTV − (DIL + 1.5 cm)” was robustly limited
to 75 Gy.
Patient immobilization and setup

All patients were asked to drink 500 mL of water
1 hour before the simulation and each treatment. A
rectal spacer (SpaceOAR Hydrogel, Augmenix, Inc.)
was injected between the prostate and rectum. Three
fiducial markers were implanted into the prostate
before simulation CT for all patients. An empty rec-
tum was advised for both simulation and treatments.
All patients were treated in the supine position. Vac-
uum cushions were placed under the patients’ knees
to minimize the rotational variation of the femur
bones.



Table 1 OAR dose constraints (RTOG 0415 arm 220)

CTV/OAR constraints CTV V100 = 98%
Bladder Dose to 15% (D15) ≤ 79 Gy

D25 ≤ 74 Gy
D35 ≤ 69 Gy
D50 ≤ 64 Gy

Rectum D15 ≤ 74 Gy
D25 ≤ 69 Gy
D35 ≤ 64 Gy
D50 ≤ 59 Gy

Penile bulb Mean ≤ 51 Gy
Optimizing goals DIL D95 ≥ 98 Gy when possible

D90 ≥ 140 Gy as much as possible
Bladder Max < 71.5 Gy
Rectum Max < 71 Gy
Femoral head Max < 40 Gy
Urethra Max < 82 Gy

Abbreviations: CTV = clinical target volume; D = dose; DIL = dominant intraprostatic lesion; max = maximum; OAR = organ at risk.
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At treatments, each patient was aligned to the bony
structures with orthogonal kV images followed by CBCT
imaging aligned to the fiducial markers. These online
match registrations, which represented the treatment
position, were saved and used for initial rigid registration
between the CBCT and pCT during offline evaluation.
Quantification of anatomic variations and
dosimetric changes

Figure 2 shows the workflow of the evaluation process.
The pCT was deformed to the corresponding CBCT
images in Velocity to create the deformed planning CT
(dCT) for dose calculation. Though the image registration
can successfully deform the body surface and bony struc-
tures, its accuracy on most soft tissue targets and OARs is
not ideal. To evaluate the dosimetric parameters
Figure 2 Flowchart of the evaluation process. Abbreviations: DIL = d
tion; OAR = organ at risk.
accurately, the prostate CTV, DIL, and urethra contours
were rigidly copied to the CBCT (based on rigid registra-
tion of fiducial markers, assuming marker positions repre-
sent the prostate’s position, and the DIL and urethra keep
their relative position within prostate CTV), and then
checked by a radiation oncologist and adjusted if needed.
The bladder and rectum contours were recontoured in
CBCT. As the rigid registrations were aligned to the fidu-
cial markers, the femur head and bone structure may be
misaligned. The mean deformation vector (femur deform)
of the femoral heads was calculated from deformation
matrix in Velocity. It is used as a parameter to predict the
CTV coverage as the proton beam is sensitive to the water
equivalent path length change along the beam. The level
of dose escalation to the DIL as well the dose variation
during daily treatment are mainly determined by its loca-
tion relative to the critical structures. To quantify them,
we calculated the shortest distance from the surface of the
ominant intraprostatic lesion; DIR = deformable image registra-
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DIL to the rectum (DIL to rectum) and bladder (DIL to
bladder) in both pCT and CBCT images for each patient.
The distances for DIL to urethra were calculated only on
the pCT images.

The dCT images were sent to the planning system for
dose calculations. Dosimetry parameters including CTV
D99, DIL V98 Gy, and Dmax to the bladder and rectum
were calculated for pCT and all daily dCT images.

As the anatomic/geometric and dosimetric parameters
were not normally distributed, the Wilcoxon signed-rank
test was used to compare the values at the simulation to
those from daily treatments. Figure 1 demonstrates a DIL
SIB plan on an initial planning CT and a dCT. The dose-
volume histogram (DVH) X X differences for the dosimetry
parameters are shown as well. The DIL dose in the evalua-
tion changed substantially due to the enlarged rectum,
though the DIL V98 Gy was barely changed.
Correlation of dosimetric changes with
anatomic changes

To test the feasibility of modeling daily dosimetric
changes, anatomic changes in daily CBCT images were
calculated. These variables include bladder volume ratio
and rectum volume ratio (ratio = volume in CBCT/vol-
ume in pCT), initial distance in pCT, actual distance in
CBCT, and the corresponding changes from DIL to blad-
der and DIL to rectum, respectively (change = distance in
CBCT − distance in pCT). A multivariate linear regres-
sion was used to find the predictors for initial DIL V98
Gy coverage. The dosimetric changes to the bladder, rec-
tum, and DIL are complex and nonlinear functions of
input variables. MLPNN modeling in SPSS version 26
(IBM) can identify the most important factors based on
the quantity of normalized importance and were used to
model bladder Dmax > 80 Gy, rectum Dmax > 80 Gy,
and DDIL V98 Gy > 10%. The MLPNN consists of neu-
rons interconnected with optimized weights. The neurons
are simple nonlinear transfer functions that enable the
MLPNN to approximate nonlinear functions. During the
training process, the weights are determined in an itera-
tive and back-propagation process to minimize the overall
error of the model. The input layer includes all the varia-
bles mentioned previously (also shown in
Supplementary Fig 1). Two hidden layers were used in the
networks with 10 and 9 neurons in the first and second
layer, respectively. Data from 125 treatment fractions
were randomly chosen by the SPSS software, with 70% for
training and 30% for testing. The process was run several
times to check the modeling stability. The hyperbolic tan-
gent and softmax activation functions are used for the
hidden layers and the output layer, respectively. The nor-
malized importance indexes for all the dosimetric and
anatomic parameters are analyzed for each MLPNN
model. The accuracy, defined as (true positive prediction
number + true negative prediction number)/total number
for either the training or the testing sets, of the models in
the training and testing samples are presented. The per-
formances of the models are further evaluated with
receiver operating characteristic (ROC) X Xcurves. All statis-
tical tests were conducted in SPSS statistics software with
P < .05 deemed to be statistically significant.
Results
Mean CTV volume was 59.4 § 27.9 cm3 (range 24.1-
131.0 cm3). Mean bladder volume and rectum volume in
daily CBCT vs pCT were 296.2 § 153.6 cm3 vs 299.3 §
141.1 cm3 (P =.757) and 53.5 § 17.8 cm3 vs 48.0 § 16.2
cm3 (P = .006), respectively (listed in Supplementary
Table 1). The mean DIL to bladder distance and DIL to
rectum distance in the CBCT vs pCT were 1.23 §
0.84 cm vs 1.18 § 0.81 cm (P = .042) and 1.81 § 1.02 cm
vs 1.84 § 1.00 cm (P = .797), respectively. The mean DIL
to urethra distance in pCT was 0.66 § 0.43 cm. The mean
volume ratios for the bladder and rectum were 99.6% §
39.5% and 112.8% § 27.2%, respectively. The mean femur
deform was 3.16 § 2.52 mm. The mean changes for DIL
to bladder and DIL to rectum were 0.04 § 0.01 cm and
�0.04 § 0.03 cm, respectively. Figure 3 shows the distri-
butions of the bladder, rectum volume, and femur
deform. The mean volume change ratio for bladder and
rectum, the mean distance from DIL to the OARs, and
their corresponding changes are also shown in Figure 3.
Dosimetric changes

The mean CTV D99% and DIL V98 Gy in dCT vs pCT
were 69.6 § 0.2 Gy vs 69.8 § 0.1 Gy (P < .001) and
86.2% § 21.3% vs 89.3% § 19.9% (P = .151; Fig 4a-b),
respectively (fraction dose was multiplied by the number
of fractions to calculate the total dose). Mean bladder and
rectum maximum dose in dCT vs pCT were 74.5 §
2.9 Gy vs 71.9 § 0.6 Gy (P < .001) and 74.9 § 9.1 Gy vs
70.1 § 2.4 Gy (P = .007; Fig 4e-f), respectively.
Correlation of dosimetric changes with
anatomic changes

The linear model showed that the initial DIL to urethra
distance (P < .01) is the prediction factor for initial DIL
V98 Gy coverage. Figure 4c shows the frequency of DIL
V98 Gy changes in percentage for all the CBCT evalua-
tions. All the MLPNN models were stable. In the normal-
ized importance of the MLPNN for the modeling of DDIL
V98 Gy > 10%, DIL to rectum distance change, DIL to
bladder distance change, and rectum volume change ratio



Figure 3 (a) Boxplot for bladder volume. (b) Boxplot for rectum volume. (c) Boxplot for the mean femur deformation vector. (d)
Mean bladder and rectum volume ratio (= volume in cone-beam computed tomography/volume in planning computed tomography).
(e) Mean distance from the dominant intraprostatic lesion to bladder and rectum. (f) Their corresponding changes at cone-beam com-
puted tomography.
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were the 3 most important factors (Fig 4d). The corre-
sponding factors for bladder Dmax > 80 Gy were mean
femur deformation vector, DIL to rectum distance
change, and DIL to bladder distance change (Fig 4g). Rec-
tum volume change ratio, DIL to bladder distance change,
and initial DIL to rectum distance played the most impor-
tant roles for rectum Dmax > 80 Gy in the dCT evalua-
tions (Fig 4h).

In these 125 treatment fractions’ data, there were 20,
10, and 16 records for DV98 > 10%, bladder Dmax >
80 Gy, and rectum Dmax > 80Gy, respectively. The accu-
racies of modeling DDIL V98 Gy > 10% were 84.7% and
83.5% in the training and testing samples, respectively.
For the modeling of bladder Dmax > 80Gy, the accuracies
were 100.0% and 94.9% in the training and testing sam-
ples, respectively. For the modeling of rectum Dmax >
80 Gy, they were 98.8% and 100.0%, respectively. The
corresponding area under the receiver operating charac-
teristic curves for each MLPNN model were 0.89, 1.00,
and 0.99, respectively (Fig 5). The area under the curve
(and the associated specificity and sensitivity) was calcu-
lated from combined training and testing samples.
Discussion
Studies have shown that the DIL is the most common
site of recurrence after radiation therapy.27,28 Many
researchers have investigated the boost to DIL in clinical
trials and demonstrated the safety of this treatment with
brachytherapy, external beam x-ray radiation therapy
(XRT), or combined therapy.6,8,14,29 The SIB treatments
with XRT alone show less escalated dose than those from
brachytherapy (either mono or boost). The dosimetric



Figure 4 (a) Boxplot for clinical target volume D99 in evaluation plan and initial plans. (b) Boxplot for DIL V98 Gy in evaluation plan and
initial plans. (c) Histogram of DIL V98 Gy changes for all evaluation fractions. (d) Normalized importance factors in the multilayer percep-
tron neural network for predicting change in DIL V98 Gy > 10%. (e) Boxplot of the bladder maximum doses in both the evaluation and the
initial plans are shown at the bottom. (f) Boxplot of rectum maximum doses in both the evaluation and the initial plans are shown at the bot-
tom. (g) Normalized importance factors for the bladder maximum dose > 80 Gy. (h) Normalized importance factors for the rectum maxi-
mum dose > 80 Gy. The stars and circles are outlier cases. Abbreviations: D = dose; DIL = dominant intraprostatic lesion.
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uncertainties for XRT treating prostate without SIB tech-
nique have been extensively investigated.23,24,30−35 How-
ever, the reports of uncertainty on SIB treatment are rare.
Ballhausen et al reported a simulation study for the
dosimetric impact from intrafraction motion on the DIL
boost treatment using XRT and found that the DILs can
be covered by 90% of SIB doses with 2 mm margin on
them.36



Figure 5 (a) Receiver operating characteristic curve for the modeling of bladder maximum dose > 80 Gy, using the multilayer percep-
tron neural networks. (b) Receiver operating characteristic curve for the modeling of rectum maximum dose > 80 Gy, using the multi-
layer perceptron neural networks. (c) Receiver operating characteristic curve for the modeling of change in dominant intraprostatic
lesion V98 Gy > 10%, using the multilayer perceptron neural networks.
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Advanced IMPT provides much better dosimetry than
the XRT, thanks to the sharp distal falloff from the proton
Bragg peak. However, IMPT is sensitive to range/setup
uncertainties and anatomy changes. Studies have investi-
gated the sensitivity of IMPT to interfraction uncertainty
in proton therapy and found that rectal gas density over-
writes and SFO are the 2 crucial factors for increasing the
robustness of IMPT.37 Park et al report that for prostate
IMPT treatment, due to the variation in the rectal filling,
rectum is the organ that is most sensitive to interfraction
uncertainties. Rectum balloons have been used in many
centers to address this issue.38 Also, to reduce the dose to
the rectum, a gel spacer has been inserted between the
prostate and the rectum to reduce rectum dose.39

Most reports on dosimetric uncertainties in prostate
proton therapy were using the nonboost technique with
passive scattering proton therapy technique (in which it is
difficult to implement high modulation and SIB boost to
the DIL).24,33,34,37 Some reports with the IMPT technique
were using earlier proton pencil beam systems (larger
spot size) without onboard CBCT capability.30 Also,
patient data were from previous photon treatment with-
out strict bladder/rectum filling protocol and SpaceOAR
techniques.

This study was based on prostate patients treated on a
modern pencil beam scanning system with pretreatment
CBCT image, implanted markers, and following imaging
guided radiation therapy and bladder/rectum filling pro-
tocols. Although clear guidance was given to the patient
regarding the bladder filling, the bladder volumes varied
substantially among different patients (median 278 cm3

and range 116 to 697 cm3 at the simulation) and within
each patient as well (standard deviations of bladder vol-
umes in CBCT images varied from 14 to 492 cm3 for the
25 patients). The variation at the simulation between
patients was mostly due to the patients’ anatomy differen-
ces, body hydration status at simulation, and the compli-
ance with bladder filling protocol, while the variation at
treatment was mostly due to the patients’ compliance
with the bladder filling protocol and uncertainty in actual
treatment time slots. Though on average, the bladder
volume at the simulation was similar to the corresponding
volume at the treatments (P = .757; Supplementary
Table 1), the maximum doses to the bladder at the treat-
ments were significantly higher than their corresponding
doses in the initial plans. The filled bladder can reduce
the dose to the bladder and bowel. However, inconsistent
bladder filling may result in the variation of prostate posi-
tions. It was found that bladder filling variation, resulting
in changes from DIL to the bladder distance, plays one of
the most significant factors that affect V98 Gy coverage
(Fig 4e).

The rectum volume changes were greater than the
bladder volume changes (Fig 3d). It was found that DIL
to rectum distance change, resulting mainly from rectum
filling variation, was one of the most significant factors to
affect V98 Gy coverage (Fig 4d), bladder Dmax > 80 Gy
(Fig 4g), and rectum Dmax > 80 Gy (Fig 4h). Rectum fill-
ing directly affects the prostate position relative to the
femur head and body surface, which played a significant
role in V98 Gy coverage reduction. Enema administration
or rectal balloon can be used to reduce the uncertainty in
rectum filling. Variation in rectum filling resulted in
higher rectum Dmax (Fig 4h), which was sometimes sys-
tematically higher (patients 4, 7, and 23 in Supplementary
Table 1).

The femur shift represented by femur deform partially
resulted from bladder volume and rectum volume
changes, and directly affected the DIL V98 Gy coverage,
bladder Dmax, and rectum Dmax doses (Fig 4d-h).

The mean DIL to bladder distance was less than that to
the rectum (Fig 3e), thanks to the implanted SpaceOAR,
and possibly DIL tends to be closer to the prostate base
and closer to the bladder. However, during treatments,
the distances tended to increase for the DIL to the blad-
der, while they decreased for the DIL to the rectum
(Fig 3f), which suggests a higher rectum maximum dose
increase. As shown in Figure 3d-h, the DIL to rectum and
bladder distance changes were the most important factors
that affected the DIL coverage and the maximum doses to
the bladder and rectum. The distances are much easier
and faster to be measured online than the other anatomic
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parameters, such as rectum and bladder volumes. They
could be used as screening parameters to make quick
decisions.

For DIL V98 Gy coverages there were wide variations
between patients and fractions. Some initial coverages
deviated from our goal (D95 > 98 Gy) due to the location
of DIL relative to the OARs. Figure 4c shows the distribu-
tion of V98 Gy changes, of which the majority was within
10%. The top 3 factors in Figure 4d that affected the DIL
V98 Gy coverages were all related to the rectum volume
changes, which emphasizes the critical role of reducing
the uncertainty of rectum filling. It also significantly
affected the Dmax to the bladder and the rectum, as
shown in Figure 4g-h.

Dmax doses to bladder and rectum were spread widely
at the evaluation, shown in Figure 4e-f, which indicate the
necessity of predicting their doses online. Linear models
are difficult to model the Dmax changes for bladder and
rectum, and the coverage changes to the DIL. The neural
network, on the other hand, can model more accurately
due to the ability to learn the representation in the train-
ing data and relate it to the output variables.

The neural network has been used for toxicity and out-
come predictions.40−43 In this study, we tested the feasi-
bility of modeling dosimetric changes based on simple
anatomy, geometry, and dosimetry paraments using com-
mercial statistical analysis software (SPSS). The results
show that it can accurately model the Dmax > 80 Gy for
bladder and rectum. For DIL V98 Gy coverage, the accu-
racy is not ideal, partially due to the small size of DIL,
high sensitivity of IMPT to the uncertainties, and hetero-
geneity of beam contributions from non-SFO plans.

One limitation of the study is that bilateral beam con-
figurations were used unanimously for all plans. This
beam arrangement can spare the bladder and rectum the
most in most scenarios. In special situations like retreat-
ment, more anterior and posterior oblique beams can be
used to spread out the relative biological effectiveness
uncertainties and increase the plan conformity (especially
for stereotactic body radiation therapy (SBRT) X Xcases).44 In
addition, uncertainties from intrafraction motion were
not included in the study. Intrafraction bladder filling is
continuous during the treatment and its effect can be
reduced by adding interbeam kV imaging. Enema admin-
istration or rectum balloon can prevent intrafraction rec-
tum filling uncertainties. Our study was based on 25
patients and 125 CBCT images from treatment fractions.
More data are needed to improve the model’s accuracy
and robustness.
Conclusions
We have shown the effect of interfraction anatomy
changes on the dosimetry of SIB to DIL using the IMPT
technique. The importance factors for the dosimetric
changes were investigated, and the feasibility of predicting
OARs maximum dose and DIL coverage changes based
on neural networks was demonstrated. To our knowledge,
this is the first study of this kind on DIL boost using
IMPT. It will provide information for clinical protocol
design, treatment planning, online prediction, and patient
selection. Patients with DIL near the urethra and bladder
should be carefully evaluated before being enrolled in
such treatments. Dosimetric parameters could be subject
to anatomy changes, and an online dosimetric prediction
tool is necessary for such treatment protocol. Future
improvements include enlarging patient data, adding
more patients’ specific medical information into the
model, etc. A more complicated model based on a deep
convolution neural network can be used to improve the
prediction performance.
Supplementary materials
Supplementary material associated with this article can
be found in the online version at https://doi.org/10.1016/j.
adro.2021.100826.
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