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Yang, Ph.D.2, Yalin Wang, Ph.D.3, Ke Sheng, Ph.D.1

1Department of Radiation Oncology, University of California - Los Angeles, USA
2Department of Radiation Oncology, University of Southern California, Los Angeles, USA

3School of Computing, Informatics, and Decision Systems Engineering, Arizona State University,
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Abstract

Purposes: To introduce a novel surface-based dose mapping method to improve quantitative
bladder dosimetric assessment in prostate cancer (PC) radiotherapy.

Methods: Based on the planning and daily pre and post-fraction MRIs of 12 PC patients,
bladder surface models (SM) were generated on manually delineated contours and regionally
aligned via surface-based registration. Subsequently, bladder surface dose models (SDM) were
created using face-wise dose sampling. To determine the bladder intrafractional and interfractional
motion and dose variation, we performed a pose analysis between pre and post-fraction bladder
SMs, as well as surface mapping for fractional SMs. Discrepancies between the received dose,
accumulated from daily SDMs, and the planned dose were then assessed on the corresponding
SDMs. Complementary to the surface dose mapping, dose-surface-histograms (DSHs) based
comparisons were also performed.

Results: The intra-fraction pose analysis revealed a significant (p<0.05) bladder expansion, as
well as an anterior/superior drift during the treatment. The intra-fraction motion substantially
altered dose to mid-bladder body, but not the bladder surface areas distal to or contiguous with

the target. A similar pattern of dose variations was also detected by inter-fraction comparisons.
With surface registration to the common SM, the cumulative bladder dose significantly differs
from the planned dose. The discrepancy is evident in the mid-posterior range that corresponds

to a mid-to-high dose region. The received DSH significantly differs from the planned DSH

after permutation correction (p=0.0122), while the overall surface-based comparison after multiple
comparison correction is non-significant (p=0.0800).

Conclusions: We developed a novel surface-based intra- and inter-dose mapping framework
applied to a unique daily MR dataset for image-guided radiotherapy. The framework identified
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significant intra-fraction bladder positional changes, localized the intra- and inter-fraction
variations, and quantified planned vs. received dose differences on the bladder surface. The

Page 2

result indicates the importance of adopting the motion-integrated bladder SDM for bladder dose
management.

Keywords

Surface dose model; Surface-based registration; Bladder motions; Prostate Cancer

1 Introduction

Prostate cancer (PC) is the most prevalent cancers in men, affecting 11% of men in the
US1-2. With the advances of therapeutic regimens, of which external beam radiotherapy
(RT) is a mainstay treatment, the 5-year survival rate of prostate cancer patients has risen
to over 98%?2. The ten-year disease-free survival (DFS), as a more rigorous outcome metric
for evaluating the efficacy of a local treatment modality for indolent cancer3-4 is nearly
75%. Therefore, treatment-related toxicities have risen to be a major concern for the high
percentage of patients who survive cancer. Much of the focus in the past was on rectal
toxicity, which has been markedly reduced with advanced therapy techniques, including
intensity-modulated RT® and spacers’. However, genitourinary (GU) toxicity remains a
major concern8-16. According to multiple clinical trials, the 5-year late grade =2 GU toxicity
rates range from 12-15%10-14, and the 10-year rate insidiously increases to 17-20% due

to cumulative incidencel®16, The GU toxicity can be attributed to the high urethra and
bladder doses that need to be addressed separately. The current study focuses on the bladder
radiation dose-volume effect that has been reported for acute and late toxicityl”-18, More
recent studies have revealed anatomically localized dose-toxicity in the bladder, including
dysuria, retention, hematuria, and incontinence®-21, On the other hand, these studies are
based on the initial treatment plan that cannot accurately account for the actual cumulative
dose received by the bladder due to its unique anatomical characteristics. First, the bladder
is a hollow organ with urine filling. The commonly used dose-volume histogram (DVH)
cannot correctly account for the dose to the bladder wall. Second, the bladder demonstrates
substantial and rapid variations in its size, shape, and position. To better establish its
radiobiology and protect the bladder, one must improve the accuracy of its cumulative dose
characterization.

To address the first challenge that the bladder is a hollow organ, Carillo et al. demonstrated
a software tool to tally the voxel doses on the bladder contour surface and generated dose
surface histogram (DSH)22. Maggio et al. showed that the DSH was more consistent with
the dose to the bladder wall than DVH23. It was concluded by Rosewell et al.24 that “dose
reconstruction with a hollow organ model is recommended if the goal is to associate that
dose with toxicity”.

The second challenge is that the bladder is a highly variable organ influenced by urine
filling, posture changes, and surrounding organ movement. Urine filling is partially
controlled with procedures including pre-treatment water intake, but substantial residual
bladder variation cannot be eliminated. For this reason, surface mapping of daily images
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is necessary to accurately estimate the cumulative bladder surface dose. Deformable
registration algorithms designed for the entire image assume 3D space continuity and are
unsuited to register hollow organs that are not connected to its internal content?>-26, Instead,
a specialized method for surface registration was investigated'9-21, For this purpose, Palorini
et al. further applied the dose surface histogram tool to extract the bladder surface dose
from daily MVCT images and reported dose variation on a projected 2D plane2’. However,
registration of the daily bladder surfaces was performed by unfolding the bladder to fit

a rectangle, which created unrealistic bladder morphological changes and inaccuracies in
cumulative dose estimation. To better preserve the anatomy in registration, Anderson et

al. and Rosewall et al. modeled the bladder as empty surfaces and used surface-based
biomechanical simulation for inter-scan dose accumulation2428, The studies assume a
constant Young’s modulus 10 kPa and a Poisson’s ratio 0.499 for all bladders. This is a
significant simplification of the reported bladder wall Young’s modulus ranging from 4 kPa
to 260 kPa29. Also, the gravitational force of varying liquid filling was not modeled in

the mechanical analysis. More accurate biomechanical registration would require individual
patient mechanical properties that are difficult to obtain, preventing this method from being
widely applicable for prostate radiotherapy. An image-based registration method for the
unique bladder anatomy needs to be developed and tested on longitudinal 3D images.

To overcome these technical challenges in the bladder surface dose characterization, we
introduce a novel surface-based bladder dose modeling framework. We then demonstrate its
efficacy on fractionated MR-guided prostate radiotherapy images.

2 Materials and Methods

2.1 Patients and imaging data

With institutional review board approval, 12 post-prostatectomy patients receiving 5-fraction
external beam RT were retrospectively solicited from our institutional database. Radiation
treatment plans were designed to deliver 30-34 Gy in 5 fractions to the prostate bed such
that 95% of the PTV received the prescription dose and all OAR dose constraints were

met. If a gross tumor was visible on imaging, a gross tumor volume (GTV) was defined

and expanded isotropically by 3-5 mm to form a PTVGross. This target could receive up

to 40 Gy in five fractions with a simultaneous integrated boost. A treatment plan using
10-17 selected IMRT beams was generated using the ViewRay Treatment Planning System
TPS (Version 5.4, ViewRay Inc. Cleveland, OH, USA), and the optimization was controlled
by setting dose optimization parameters for the target and each OAR by the user. Dose
calculation was performed with a grid resolution of 2 mm using a Monte Carlo-based
algorithm that takes into account the MRI magnetic field effect on the dose distribution.
Planning constraints for the OAR included bladder maximum dose (Dmax) <35.7 Gy, VV32.5
Gy <35%; rectum Dmax <35.7 Gy, V27.5 Gy <45% and V32.5 Gy <30%, and rectal

wall V24 Gy <50% that were derived from institutional constraints. For plans with the
PTVGross, the bladder and rectum maximum dose were accepted if less than 39 Gy. The
final prescription dose to the prostate bed was chosen in the range of 30-34 Gy to ensure all
OAR dose constraints were met.
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Each patient underwent one bSSFP MRI scan for RT planning, as well as 5 pre and

5 post-RT fraction balanced steady-state free precession (bSSFP) MRI scans for motion
monitoring purposes. Three patients missed one of the post-RT scans due to personal issues,
resulting in a total of 129 MRIs in the study. Patients were instructed to drink 16-24 oz water
before each treatment fraction. All MRI scans were acquired with the onboard 0.35T MR as
part of the ViewRay MRIdian LINAC (Mountain View, CA, USA). These onboard images
have a field of view of 50 x 45 x 43 cm, an in-plane resolution of 1.5mm x 1.5mm, and slice
thickness ranging from 1.5mm - 3mm. The total acquisition time ranges from 25 — 172s.

For each MRI scan, bladders were manually delineated by a physicist and verified by
a radiation oncologist. For each patient, all treatment MRIs were first rigidly aligned
to the planning MRI based on cross-correlation of the entire volume, and the resulted
transformations were propagated onto the bladder contour. The planning bladders (P-
bladder) and treatment bladders (T-bladders) were binarized and processed through the
pipeline illustrated in Fig. 1.

2.2 Bladder surface dose modeling

2.2.1 Surface generation and registration—As shown in Fig. 1, a triangulated
surface mesh was first generated on each binary bladder segmentation using the marching
cube algorithm30. To obtain regional alignment on the bladder surface, and thus facilitate
localized inter-bladder comparison and dose accumulation, we applied the constrained
harmonic registration (CHR) on each bladder surface31-33, Specifically, due to the elongated
shape of the bladder, the bladder surface mesh was preferably mapped to a topological
cylinder with two open boundaries. With two topological constraints set at the anterior

and posterior extreme positions, the 3D surface alignment was unfolded into a simple 2D
registration problem, through which angle-preserving (conformal) grids were mapped onto
bladder surfaces using holomorphic 1-form method32-33, Briefly, for a triangulated mesh
surface S, a harmonic 1-form w was derived iteratively by minimizing the harmonic energy:

E@) =Y v e skuoll olu, 0] |° o

where [u,v] represents an edge spanned by vertices u and v in S, &, is the edge weight
defined as the summation of the cotangents of the corner angles in two adjacent faces
sharing [u,v]. Equation (1) minimizes the difference between the tangent vector along w
and the principal direction (i.e., the principal boundary unfolding the surface), thus ensuring
the conformality. Then, a holomorphic 1-form can be calculated by paring w with its
conjugate *w following Hodge theorem, as:  + /=1( * w)3L. A holomorphic 1-form induces
a system of iso-curves called conformal net. Such induced conformal parameterization is
always a diffeomorphism for a convex polygon, such as a cylinder. The mapping between
two surfaces can be indirectly obtained via the mapping between the two corresponding

parameterized spaces z: B2 K2, as3l-32;

7o 1,(Sy) = TS, 7o 7,(3S,) = 73S, Ar = 0 @
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Where S, S5 and 7,:8, — R, 7,:.5; — R represent the subject surface, the template

surface, and the corresponding holomorphic 1-form induced conformal parameterizations,
respectively. The one-to-one mapping between Ss;and Sy ¢ : Ss— S can then be obtained
via 75, 74 and , as 7; !, As such, a surface model (SM) with aligned surface vertices and

faces in original 3D space was generated for each bladder. Visualizations of the generated
conformal grids and inter-fraction bladder surface alignment after surface-based registration
can be found in Fig. 2(a).

To evaluate surface-based registration quality, we calculated displacements of landmarks
after both rigid alignment and surface-based registration. Specifically, three landmarks,
including the left and right ureters and urethral orifice openings, were manually placed

on the planning and motion-monitoring MR. Due to the limited capability of clinical MR

in visualizing urethral details, landmarks are placed only when scan-wise correspondences
can be found with high confidence. In particular, rigid transformations obtained in section
2.1 were propagated onto landmarks defined on motion-monitoring scans, followed by
which the Euclidean distance between transformed landmarks L, and the corresponding
landmark in the planning MR, L, were calculated as Dj;ge On each of the registered
surface models from motion-monitoring scans, the surface vertex that is closest to L;in

the three-dimensional space are assigned as significant vertex and denoted S;. Similarly, the
corresponding significant vertex in the planning surface model can be found with respect
to L, and denoted S, The Euclidean distance between Syand Sy in the planning scan was
calculated as Dgy,+ A comparison between Dyjgigand Ds,ris listed in Table 1. As shown in
the table, for all three landmarks, surface-based CHR leads to consistently better alignments
than rigid registration.

2.2.2 Surface dose sampling—To create a surface dose model (SDM), on each
registered bladder surface model (SM), we interpolated local dose values from nearby
relevant voxels (RV) in the small region-of-interest normal to the surface, emulating a
sampling through the thickness of the bladder wall. RVs are defined as the voxels inside the
prism shown in Fig. 2(c). Specifically, in Fig. 2(c), for a triangular face on the surface, ¢,
with center cand normal 7", we constructed a small triangular prism, whose two triangular
bases being two dilated faces, 7mm apart from each other in the direction of 7. The
vertices of the dilated face 7, are R mm extended from the original center of calong the

3 medians of ¢ Since a 5mm artificial wall best surrogates the ‘true’ bladder wall in dose
calculation, as shown in other studies?4, we chose 7=5 mm in the study. Given the large
voxel size, a dilation parameter of £=2.5 was select to avoid empty sampling.

The final surface dose value was interpolated through inverse distance weighting of RVs, as:

== ®)

where
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1
N 1 2
o0 =(Z 5 5 ¢

In the above equations, V;represents the dose value for an RV /, W) is the interpolated
dose value for a surface face with center x. /D{x) denotes the inverse distance weighting for
the RV /to the surface face center x, in which a(x, V)2 is the squared Euclidean distance
between 7and x.

2.3 Statistical analysis

To gain an insight into the bladder motion as the cause for dose deviations, we first probed
into the anatomical changes induced by the change in filling. We then performed a surface
dose comparison between two filling states and analysis of inter-fraction dose variation,
with each fraction averaged from the low and high-filling models. Finally, we conducted an
overall comparison between the planned dose and the received dose, summed from all the
fractions.

2.3.1 Intra-fraction pose analysis between the low- and high-filling bladder
SMs—Based on MRI scans acquired pre and post-treatment, representing the bladders with
an increasing filling level, we performed a global positional comparison of bladders between
the low (pre-RT) and high-filling (post-RT) states. To perform the comparison in a common
reference frame that excluded the irrelevant external positional information, i.e., variable
location within the scanner, we performed inter-subject affine registration to transform all
treatment MR images into a target MR scan, randomly selected from our dataset. The linear
transformations were then propagated onto bladder surface models constructed in Sec. 2.2.1.
The affine transformation coarsely aligns patients to the same image to prepare for the
second step of fine surface registration. Therefore, the random selection of MR does not
influence the final result.

The relative position of each bladder was obtained through the Procrustes fit, which globally
aligns the surface model through the vertex-cloud without changing the shape34-35. To be
specific, a full Procrustes alignment is defined as36, 7(.X) = (sR.X; d), where s, R, and d
represent the uniform scale factor, the 3x3 rotation matrix and the translation vector (x; J;
2)7, respectively. The alignment target is selected as the mean bladder shape averaged from
all subjects, and the transformation is centered to the centroid of the mean shape.

The transformation parameters usually represented as a single matrix to facilitate batching
multiplication, as in3":

®)

sRX d
ol 1

The above matrix 7 form a Lie group, which resides in the Riemannian manifold where
the integration of multiple similarity matrices is written as matrix multiplication instead of
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value addition or subtraction, thus standard group comparison calculation does not apply.
As a simplification, we used a log-Euclidean framework to map the matrices onto a tangent
plane, where computations are conducted by matrix exponentials and logarithms; thus,

the standard Euclidean space statistics can be directly applied36:38-39, The mean of all
Procrustes transformations, a mean pose 7M, is defined similarly to the Karcher mean in the
Euclidean space®?, and can be calculated iteratively as36:41:

1 _
TM .1 =TM;ex p(; D _  log(TM; 1T,-)) ®)

where kis the estimation step, /7 represents the total number of subjects, and 7;denotes the
Procrustes transformation for the it" subject. The mean pose 7/ was then subtracted from
each 7;to generate a residual pose R;, whose norm represents the Euclidean distance of each
pose from the mean36:41-42_Specifically, as:

R; = log(TM™'T)) )

Subsequently, paired t-tests between the low- and high-filling groups were performed on the
residual pose, in terms of 1 scale (), 3 rotation (8, 8, ©,) and 3 translation (¢, 4, %)
parameters.

2.3.2 Intra-fraction and inter-fraction dose variations—For each patient, 10
regionally aligned surface dose models (SDM) were generated based on the daily acquired
pre and post-RT bladder contours, according to Sec. 2.2.1 and 2.2.2.

Intra-fraction comparisons between low-filling and high-filling SDMs, generated based on
pre and post-RT scans, were conducted in terms of localized surface doses and the resultant
dose surface histograms (DSH). Firstly, paired t-tests were performed at each surface
triangular-face between all the low-filling and the corresponding high-filling SDMs from
all patients. Given the limited sample size and a large number of face-wise comparisons,
10000 nonparametric permutations were performed in two aspects: 1) on each face-wise
t-test, to avoid a normal distribution assumption; 2) on the extent of overall significance
containing all face-wise t-tests, to correct for multiple comparisons*3-45. The permutation
was followed by bin-wise paired group comparisons between the low-filling and high-filling
DSHs. Similarly, 10000 nonparametric permutations were conducted at each bin of DSHs,
as well as globally on all bins.

Apart from the intra-fraction analysis, inter-fraction dose variations were also analyzed in
terms of localized surface doses on fractional SDMs, each generated by an average of the
corresponding pre and post-RT SDMs, and the resultant DSHs. Specifically, on each local
triangular face of the SDM, fractional mean (average of all fractions from all patients),
population S.D. (standard deviation of individual inter-fraction standard deviations), and
relative population S.D. (population S.D. divided by the mean) were calculated. Besides, on
DSHs generated for all fractional SDMs, bin-wise fraction means and population S.D. were
estimated.

Med Phys. Author manuscript; available in PMC 2022 December 01.
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2.3.3 Planned and accumulated dose comparisons—~For each patient, a planned
SDM was generated based on the bladder segmentation from the planning MRI scan

asin Sec. 2.2.1 and 2.2.2. The received SDM of each patient was calculated by a
face-wise accumulation of the corresponding fractional SDM generated above. Similar

to the comparison between low- and high-filling status, face-wise paired t-tests were
conducted between the planned and the received SDMs from all patients, followed by
bin-wise comparisons of DSHs between these two groups. Distributional bias and multiple
comparison errors were corrected in both comparisons, each with 10000 nonparametric
permutations, as done in the previous section#3-45,

3 Results

3.1

3.2

Intra-fraction low- and high-filling pose changes

Results of the pose analysis between the low- (pre-RT) and high-filling (post-RT) SMs are
shown in Table 2. The low- and high-filling SMs presented significant differences in the
scale (s), rotation (), and translation (#, £,) scalars. The results can be better visualized

in Fig. 3, where the mean shapes of the low- and high-filling SMs are superimposed. The
mean shape of high-filling SMs was significantly larger than that of the low-filling ones. The
volume change is accompanied by an evident shift in both the anterior-posterior () and the
inferior-superior (2) directions. Besides, the mean shape of the high-filling group positioned
slightly rightward to that of the low-filling group, consistent with the significant p-value in
Oy The shifts in other rotational and translation axes were insignificant.

Inter-fraction and intra-fraction analyses

As shown in Fig. 4, the results of the inter-fraction analysis were projected onto the mean
shape averaged from all subjects. In particular, the mean fraction dose (Fig. 4(a)), averaged
from all patients, was the highest in the posterior bottom of the bladder due to its abutment
with the target. The dose gradually decreases towards the anterior upper end. The absolute
population standard deviation (S.D.) (Fig. 4(b)) tended to be lower in two extreme ends and
higher in the middle body of the bladder. When normalized by the local mean dose, the
relative population S.D. (Fig. 4(c)) was the highest in the upper anterior end and gradually
decreased toward the posterior bottom, which was opposite to the trend of the mean dose.
The non-uniform distributed inter-fraction dose variations were further confirmed by the
DSHs shown in Fig. 6(a), where DSH curves fluctuated greatly in low-to-medium dose
regions and converged toward the high dose regions.

Discrepancies between intra-fraction low-filling (pre-RT) and high-filling (post-RT) SDMs
were illustrated in (Fig. 4(d)), where surface doses in the low-filling group were, on average,
up to 1 Gy higher than those from the high-filling group. Group comparison between these
two groups (Fig. 4(e)) showed widespread significances encompassing the body of the
bladder, excluding the posterior base and the superior center — the two regions falling into
the highest and the lowest dose regions, respectively. After multiple comparison corrections,
the overall p-value of the low- and high-filling SDM comparisons was < 0.0001. The
widespread group differences were also reflected in their DSHs (Fig. 5(a-c)), where the
low-filling group exhibited significantly higher concentration in a wide span of the middle
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dose range. The bin-wise comparison resulted in an overall significance of p < 0.0001, after
multiple comparison corrections.

3.3 The planned and received dose comparisons

Discrepancies between the planned and the received dose surface doses can be found in Fig.
6. In particular, all three example patients in Fig. 6(a) show varied extent of ‘dose-averaging’
effect in the mid body of the bladder, where the high doses are spreaded into a larger bladder
surface. Averaged from all patients, the mean of the daily accumulated surface doses was
evidently lower (up to 5 Gy) than that of the planned doses in the inferior side of the

bladder body and was slightly higher (up to 2 Gy) in the superior center (Fig. 6(b)). As
shown in Fig. 6(c), these discrepancies remained significant after face-wise nonparametric
permutation correction, while the majority of the posterior and anterior ends present little or
no differences. The overall surface dose comparison between the planned and the received
SDMs, after multiple comparison corrections, resulting in a low, albeit non-significant, a
global p-value of 0.0800. The planned vs. received comparisons can also be visualized in
DSHs (Fig. 5(d)), where the daily accumulated DSHs were on average higher than the
planned ones in the low dose range (0-10 Gy) and lower than the planned ones in the
medium to high dose range (10-35 Gy). The significant group differences, after permutation
correction, concentrated in the moderate to high dose range (25-32 Gy) that corresponding
to the middle-to-posterior body of the bladder, with a few spotted in two extreme ends (Fig.
5(e)). After multiple comparison corrections, the overall bin-wise DSH comparisons resulted
in a significant p-value of 0.0112.

3.4 Discussion

In the current study, we implemented a pipeline of conformal surface mapping for

bladder dose modeling and localized dosimetric analysis. Through surface-based constrained
harmonic registration, the local geometric alignment algorithm allowed us to establish inter-
scan correspondences of each of the surface vertices31-3248-49 and facilitate subsequent
face-wise accumulations and comparisons. Utilizing the MRI scans acquired before and after
each fraction, as two representative filling states, we were able to estimate the cumulative
bladder dose accounting for both intra- and inter-fraction bladder variations.

The current study is also the first to characterize the bladder motion patterns using statistical
pose analysis for dosimetric correlation. The anterior/inferior motion of the bladder is
restricted by the rigid pubis. Its superior end motion is only limited by the flexible
peritoneum and is less confined. Subsequently, as shown by the pose comparisons between
low- and high-filling surface models, the bladder deformation had a significant anterior/
superior directional preference with increased filling. This is consistent with the findings

in fractional surface dose comparisons, where the regions with the most displacement
(shown in Fig.3), the apex area, were the regions with the highest normalized inter-fractional
S.D.(Fig. 4(c)). However, since these regions are distal from the RT target, there is a
smaller effect on the final accumulated dose maps. The intra-fraction dose comparisons
demonstrated large dose variations in the mid-bladder surface that presented a mid-level
displacement in motion and exposed to mid-high radiation dose. The large mid-bladder
surface dose variations were also shown in the inter-fraction registration analysis. The
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results are consistent with the findings from other DVH or 2D grid-based inter-fraction
analyses2750, It is worth noting that not all patients follow the populational trends. Fig. 6(a)
exemplified individual differences: the planned high dose volumes (regions colored in red)
for patients 1 and 3 expanded and contracted, respectively, while patient 2 showed minimal
changes. The result highlights the importance of performing personalized image-guided
surface registration.

The improved registration accuracy should help establish more reliable regional dose-
symptoms relationships for guiding future radiotherapy planning practice. For example,

the mid-bladder surface dose was associated with an increased incidence of toxicity in one
study1? but not the other20, both based their analysis on the static planning images. The
discrepancy in observation could be due to the inter and intra-fractional bladder motion and
resultant deviation of the received mid-bladder wall dose from the planned dose, which is
better captured with our CHR mapping of daily MR images. The accurate cumulative dose
information can be used to design sub-surface structures in online adaptive radiotherapy for
better control of the total dose to the bladder wall and avoid undesired cumulative hot spots
that may cause acute and long-term toxicities.

Several model parameters can influence our results. (i), the number of surfacetriangles
n. In the study by Xiong et al., an n=8192 triangular mesh can better represent geometrical
features of a bladder and yield higher registration accuracy compared with 2000 or fewer
triangles*®. More triangles, in theory, improve the accuracy of surface representation but
require longer registration and sampling time. Here in this study, we used 29502 triangles,
which were shown adequate to represent similarly shaped structures and at the same time
computationally affordable3948-49. Given that our surface triangles/faces are substantially
more than the dose voxels, further increasing mesh triangles would have a diminishing
return. (ii), the dilation parameter R in the sampling triangular prism. Using a too large
R will lead to an overly smoothed dose distribution, thus reducing the subsequent detection
sensitivity to smaller dose variations. On the contrary, give the in-plane dimension of 1.5
mm x 1.5 mm and slice thickness up to 3 mm, using an R smaller than 2.5 will lead

to empty sampling in some curved surface locations. (iii), the surrogate thickness T for
including the ‘relevant voxels’. The mean bladder wall thickness is over 3 mm for adults,
and the upper limit was reported to be 5mm for children®1-52, The thickness was found to
increase with age, while the exact number for the same person may change according to
different distention levels®1-52, A previous study modeling bladder wall dose showed that
5mm artificial wall best surrogates the 'true’ bladder wall in dose calculation?4. Thus, T=
5mm was chosen as a limit to include ‘relevant voxels’. The inverse distance-based sampling
scheme is insensitive to voxels farther from the bladder surface.

The present study is not without its weaknesses. First, the study dataset is limited by

the number of patients with complete planning, pre, and post-treatment MRI images.
Although the permutation-based correction applied on each paired t-test partially corrects
for a normal distribution assumption, the synthetic' normal’ distribution from permuting the
existed samples cannot fully represent a 'true' large cohort. Therefore, some of the findings,
for instance, the unexplained &8, changes in the pose analysis, should be taken with caution,
pending further validations from a future larger dataset. Second, the harmonic registration
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method strongly depends on the boundary conditions or the selection of constraints. Due

to the lack of stable and MRI visible geometric anchors on the bladder surface, we set

the constraints at the anterior and posterior extreme positions, which are shown to be the
regions with the most and least movements in motion, thus yielding stable correspondences
across subjects2”33, If ureter and urethra orifices are used to anchor the registration, they
cannot be reused for registration validation to avoid confirmation bias. Moreover, as the
mapping target, the topological cylinder is a good but not perfect representation of the
bladder. Previous experience on elongated structures with similar shapes (i.e., thalamus and
putamen in the brain) showed that mapping to a cylinder space, other than a canonical
sphere space, reduces distortions and, thus, is more anatomical correlated alignment31-32:45,
Although all studied bladders yield qualitatively and quantitatively consistent registration,
a structure-specific surface template generated on higher resolution images of a larger
sample size may further improve the surface registration results. Third, we used an artificial
wall structure with uniform thickness for surface dose sampling. The fixed-thickness or
thick-less surfaces have been validated as good surrogates for bladder walls in histogram-
based comparisons?3 %0, However, the bladder wall thickness and expansion/contraction
due to filling changes can be heterogeneous, resulting in a different estimated bladder dose
than that of the current uniform thickness model. Although the difference is likely small,
future image studies that are capable of quantifying the bladder wall thickness and changes
may provide a more accurate assessment for RT dose management. Finally, validating
bladder surface registration is intrinsically difficult due to the scarcity of landmarks on
bladders. Xiong et al. used the left and right bladder-ureter and bladder-urethra junctions
as the only unambiguous landmarks*6. We used the same three anatomical landmarks. Our
results are consistently better than the common clinical practice using rigid registration

and comparable/slightly superior to Xiong et al. The residual landmark misalignment is
collectively contributed by registration error and landmark placement uncertainty. Unlike
Xiong et al.46, which used high-resolution diagnostic CT for registration and validation, our
study was performed on images from 0.35T MRgRT, which provides daily 3D anatomical
images with superior soft-tissue contrast but lower resolution for landmark annotation.

The localization confidence is further affected by noise in the low field MR. The residual
misalignment could affect the quantitative assessment of bladder surface dose in the high
dose gradient region. Besides higher quality MR images acquired with improved sequence
and reconstruction, a deformable bladder phantom study with dense landmarks should be
valuable for comprehensive validation.

4 Conclusion

In this study, we introduced a novel surface-based bladder dose modeling for PC patients
treated with fractioned SBRT. Based on daily MRI scans obtained pre and post-fraction,

for the first time, we identified significant intra-fraction positional changes using bladder
surface models and quantified the intra- and inter-fraction dose variations on the bladder
surface. The motion-integrated bladder surface doses significantly deviated from the planned
dose in the mid-posterior section of the inferior bladder wall. The result indicates the need to
include both intra- and inter-fractional bladder motion management in adaptive prostate RT.
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m=) Pre-processing steps
=) Statistical analysis

I:I Pose-based analysis

I:l Dose-based analysis

Figure 1:
Illustration of the proposed pipeline for surface-based modeling and statistical analysis.

Based on the binary segmentation of the bladder (a), a surface mesh (b) was constructed.
Through surface-based registration, point-wise correspondences were obtained on the
bladder surface model (SM) (c), where the planning doses (d) were sampled and generated
the surface dose model (SDM) (e). On SMs, an intra-fraction pose comparison was
conducted (). On SDMs, intra-fraction (g), inter-fraction (h), and the planned vs. received
(i) dose comparisons were performed.
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Fraction 1 Fraction 2 Fraction 3

(b)

(c)

Figure 2:
Visualization of Registration and dose sampling schemes. (a) the holomorphic 1- form

induced conformal grids for 3 patients. The conformality of the parameterization can be
visualized by the checkerboard texture maps: orthogonal grids running in the cylindrical
surface are mapped as right-angled checkboard lattices on the bladder. (b) inter-bladder
alignment after surface-based registration for a sample patient in 3 different filling states.
Corresponding regions in (b), coded by the same colors, are properly aligned with respect to
the underlying anatomy. (c) the surface dose sampling scheme for one triangular face. In the
zoomed view on the middle, the red dot and arrow represent the centroid ¢and the normal
7 of the face to be interpolated, respectively. The purple shaded area denotes the triangular
prism, and dark blue dots are the sampled RVs. The right figure shows a bottom view of the
prism.
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I P I
(a) (b) (c)

Figure 3:
3D visualization of the mean shapes averaged from the low-filling (red) and the high-filling

(blue) SMs viewed from the left (a), top(b), and right (c) directions. The two groups present
an evident inferior-superior shift and size changes, while pose changes in terms of rotation
and translation in the other two directions are less visible. A-anterior, P-posterior, S-superior,
I-inferior.
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Illustration of surface distributions of mean fraction dose (a), inter-fraction S.D. of dose

(b), normalized inter-fraction S.D. of dose (c), averaged dose difference between low-filling
(pre-RT based) model and high-filling (post-RT based) model (d), and p-values of low vs.
high filling dose comparisons (). Surface face-wise p-values showed in (e) are corrected for

10000 permutations, and the overall p-value is < 0.0001.
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()

DSH representations of inter-fraction variations (a), the mean and standard deviation of low
(pre-RT) and high (post-RT) filling statuses (b), the bin-wise group comparisons of the low
vs. the high filling status (c), as well as the mean and the standard deviation of the planned
and the daily accumulated dose (d) and the bin-wise group comparison between the two
groups (e). Blue circles denote significant bin-wise differences (p<0.05) in (c) and (e) that
are corrected for 10000 permutations, and their overall p-value after the permutations are <

0.0001 and 0.0112, respectively.
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Figure6:
Illustration of surface distributions of the planned vs. accumulated doses. From top

to bottom are the planned and accumulated SDMs for three example patients (a), the
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populational averaged dose difference between the planned vs. the daily cumulative model
(b), and p-values of the planned vs. the accumulated dose comparisons (c). Surface face-
wise p-values showed in (c) are corrected for 10000 permutations, and the overall p-value is

0.0800.
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Table 1:

A comparison between D_rigid and D_surf using three manually defined landmarks: Left and right ureters, as
well as urethral orifice.
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Landmarks | Ureter L Ureter R Urethral Ori
Dyjgig (mm) 7.8 (x4.2) | 8.7 (£3.7) | 6.5(£3.0)
Dgyyre(mm) 4.6 (£2.9) | 4.8(x3.2) | 4.9(x3.0)
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Table 2:

P-value of statistical analyses on 7 pose parameters: s, 6y, 8}, 6;, &y, 1, and . Both the original p-values and
the permutation-corrected ones are provided, with the significant p-values (p < 0.05) marked by *.
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Pose parameters P P-corrected
s 3.36e-15* <0.0001*
Oy 7.48e-07* <0.0001*
0y, 0.2855 0.2868
0, 0.2841 0.2833
% 0.0638 0.0656
t 6.19e-08* | <0.0001*
t 5.07e-11* <0.0001*
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