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Purpose: This study evaluates a 3-step image guidance strategy (bone-prostate-rectal anterior wall alignment) to reduce posterior clini-
cal target volume-planning target volume (CTV-PTV) margins in hypofractionated prostate radiation therapy while preserving target
coverage and minimizing rectal toxicity.
Methods and Materials: Twenty-three patients (575 daily cone beam computed tomography scans) underwent a 3-step align-
ment protocol: bony alignment, prostate soft-tissue matching, and rectal anterior wall fine-tuning. A dose calculation and hybrid
deformable image registration-based workflow was created to accumulate the delivered dose. A 5-mm CTV-PTV margin (0 mm
posteriorly) with 70 Gy/25 fractions and strict rectal constraints was used. The deformable image registration uncertainty has
been thoroughly evaluated, covering geometric indicators, deformation vector field physical properties, spatial uncertainty, and
dosimetric uncertainty indicators. Normal tissue complication probability for grade ≥2 gastrointestinal (GI) and genitourinary
(GU) toxicity was calculated using the Lyman-Kutcher-Burman model. Statistical comparisons employed paired t-tests or Wil-
coxon rank tests (P < .05).
Results: The dice similarity coefficient for CTV, rectum, and bladder exceeded 0.8, with mean distance to agreement under
3 mm. Jacobian determinant analysis showed biomechanical validity, with most voxels deforming within physiological ranges
(92.23% for CTV, 89.63% for rectum, and 88.96% for bladder) and no nonphysical deformations. The distance discordance met-
ric varied from 0.01 mm to 10.25 mm, and the d index showed a 90.04% average passing rate within the PD80%. Compared to
prostate-only alignment, rectal normal tissue complication probability was significantly reduced with the 3-step strategy (7.95%
vs 13.61%, P < .01), with comparable CTV coverage (D95%:69.98 Gy delivered vs 70.98 Gy planned, P = .08). Deformable dose
accumulation confirmed adequate dominant intraprostatic lesion (DIL) coverage (median D100 %: 71.51 Gy), except for DILs
<0.7 mm from the rectal wall, or the rectal volume overlapping with DIL2 cm (DIL extends uniformly outward by 2 cm) >1.5
cm3 (requiring 2-3 mm margin expansion).
Conclusions: A 3-step image guidance protocol enhanced rectal protection while maintaining target coverage compared to prostate-only
alignment. Reducing the posterior PTV margin preserved CTV coverage, but DIL coverage varied by location. If the DIL is less than
0.7 mm from the rectum or overlaps more than 1.5 cm3 within 2 mm of the rectum, the reduced margin may not be suitable, potentially
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compromising DIL coverage, suggesting the need for personalized margins and adaptive radiation therapy to prevent underdosage.
� 2026 The Author(s). Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
Introduction
Radiation therapy for prostate cancer faces a critical
challenge in balancing tumor control and organ-at-risk
(OAR) protection. Although hypofractionated regimens
improve therapeutic efficiency, interfractional pelvic
organ motion and deformation often lead to discrepancies
between planned and delivered doses, increasing risks of
rectal toxicity and target underdosing.1-3 Current proto-
cols utilize clinical target volume-planning target volume
(CTV-PTV) margins to account for positional uncertain-
ties,4-6 with reduced posterior margins (<5 mm) shown
to lower rectal toxicity (grade ≥2 incidence: 10.7%-23.8%
over 5 years).7-10 Some units use a 0 mm margin to pro-
tect the rectum, as seen in the conventional versus hypo-
fractionated high-dose intensity-modulated radiotherapy
for prostate cancer (CHHiP) study, which implemented
complete rectal revision and demonstrated that a reduced
margin has a lowered rectal and bladder toxicity (>grade
I).11 However, margin reduction risks inadequate cover-
age of CTV, especially dominant intraprostatic lesions
(DILs), which are primarily responsible for disease recur-
rence.12-14 Insufficient targeting of DIL is an independent
risk factor for biochemical failure.15 This paradox under-
scores the need for precision image guidance to reconcile
rectal sparing and target coverage.

Existing strategies, such as prostate-only cone beam com-
puted tomography (CBCT) alignment or fiducial-based
matching, inadequately address anterior rectal wall variability
—a key determinant of GI toxicity.16-18 Moreover, conven-
tional deformable image registration (DIR) struggles with
bladder/rectal volume changes and interobserver variabil-
ity,19-21 limiting its utility in dose accumulation. To address
these challenges, we suggest a 3-step image guidance proto-
col: (1) initial bone alignment, (2) prostate soft-tissue align-
ment, and (3) fine-tuning of the anterior rectal wall. This
approach, paired with a calculation-based and hybrid DIR-
based dose accumulation process, adjusts to daily anatomical
variations and measures cumulative OAR doses.

This study pioneers the application of daily iterative
CBCT (iCBCT) and hybrid DIR to validate the safety of
posterior margin elimination (0 mm) in hypofractionated
prostate radiation therapy. By correlating delivered dose
with biological indices, like equivalent uniform dose
(EUD) and normal tissue complication probability
(NTCP), we aim to establish a framework for optimizing
therapeutic ratios in hypofractionated regimens. Addi-
tionally, this research aims to provide a reference for
treatment strategies and image guidance in prostate hypo-
fractionated radiation therapy.
Methods and Materials
Patients and iCBCT image preparation

Under exempt approval from the Institutional Review
Board, we enrolled 23 patients with prostate cancer
undergoing radical radiation therapy between April 2022
and March 2023. The prescription and delineation of
radiation therapy dose volumes are guided by the recom-
mendations set forth by the International Commission on
Radiation Units and Measurements.22 DILs are the tumor
lesions visible on prostate-specific membrane antigen
(PSMA) positron emission tomography (PET)/computed
tomography (CT) (PSMA-PET/CT) and multiparametric
magnetic resonance imaging (mpMRI). The urethra was
delineated in all patients utilizing the sagittal and axial
images obtained from the thin-section 3-dimensional T2-
weighted turbo spin echo sequence. CTV was defined as
the entire prostate and part of the seminal vesicles. PTV
was generated by adding 5 mm margins to CTV in all
directions except for 0 mm margin to the anterior rectal
wall without loss of DILs and given 70 Gy in 25 fractions
(70 Gy/2.8 Gy/25 f).

The target adjacent to the rectum’s anterior wall
requires a dose of 65 Gy, as illustrated in Figure E1. The
dosimetric objective was to cover 98% of the CTV with
the 95% prescription isodose line and 100% of the DILs
with the 95% prescription isodose line.

The volumetric modulated arc therapy plans were cre-
ated using the Eclipse system (v15.6, Varian) with a 2.5-
mm-dose grid, and adopt the analytical anisotropic algo-
rithm . Treatment was conducted on the Halcyon (v3.0,
Varian) in FFF mode at 800 MU/min. Patients followed a
rectum emptying and bladder filling protocol. The struc-
ture generated by the 65 Gy dose-line (Dose_65Gy)
served as a reference for daily iCBCT (Fig. 2). Some
images were excluded due to unacceptable artifacts and
excessive rectal gas. A total of 575 iCBCT image sets were
acquired. Subsequently, the CT-simulation and iCBCT
images, along with planning doses, structures, and couch
shift values, were sent to MIM (MIMVista v7.1.6, MIM
Software Inc.) for dose accumulation.
Dose accumulation workflow

An automated contour propagation and dose accumu-
lation workflow using DIR and daily calculated dose in
synthetic CT (sCT) was developed, as shown in Figure 1.
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Figure 1 Dose accumulation workflow: (1) The pCT was initially rigidly registered, followed by intensity-based deformable
registration onto the daily iCBCT to obtain the initial DVF and contours; (2) the pCT was contour-based hybrid deformably reg-
istered onto the daily iCBCT after calibrating rectum and bladder delineations by the same physician, resulting in the final DVF;
(3) synthetic CT (sCT) combined the electron density of pCT with the contour structure of iCBCT was created and the daily
dose was calculated; (4) after that, the daily dose was warped onto the pCT; (5) steps from 1 to 4 were repeated for each of 25
fractions and the accumulated dose was accepted.
Abbreviations: CT = computed tomography; DVF = deformation vector field; iCBCT = iterative cone beam computed tomography; pCT = planning CT;
sCT = synthetic CT.
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Image registration and contour propagation (Fig. 1
(1), (2))

The planning CT was initially rigidly registered, fol-
lowed by deformable registration onto the daily iCBCT,
which employs a constrained, intensity-based algorithm
to minimize voxel HU differences. The initial deformation
vector field (DVF) and contours were obtained from the
planned CT to the fraction CT. Maintaining consistent
bladder volume was challenging despite educating
patients on rectal emptying and bladder-filling protocols.
To address bladder volume changes, the same physician
adjusted the CTV, bladder, and rectum contours on
CBCT, followed by contour-based hybrid DIR.
sCT generation and dose calculation (Fig. 1 (3))
The final DVF was used to deform pCT into CBCT, cre-

ating a synthetic CT that preserved the CT’s electron den-
sity and CBCT’s structure. Dose calculations were
performed in the Eclipse system after adjusting couch shifts
and scaling the fractional dose. The CT image origin was
set by the isocenter coordinates of skin markers in the sim-
ulation room, while the actual sCT isocenter was deter-
mined from each patient’s treatment couch shift data.

Dose accumulation (Fig. 1 (4)(5))
The sCT daily doses were converted to the pCT using

the final DVF and repeated 25 times. These doses were
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then combined on the pCT to calculate the patient’s final
accumulated dose.
DIR validation

DIR is influenced by algorithms and parameters, lead-
ing to multiple solutions. Uncertainty is notable in sliding
and uniform regions, necessitating quantification of
uncertainty in dose accumulation. This includes geomet-
ric indicators like dice similarity coefficient (DSC) and
mean distance to agreement (MDA), DVF’s physical
property index such as the Jacobian determinant, and
voxel position and dosimetric indicators like the distance
discordance metric (DDM) value and d index.

Geometrical verification
To evaluate the concordance between radiation oncol-

ogist’s and DIR propagated contours, the DSC23 and
MDA24 were calculated. They were used to quantify the
degree of volume overlap and the mean 3-dimensional
distances between 2 contours, respectively. A DSC value
of ≥0.8 and MDA of <3 mm are deemed acceptable.24

Physical properties of DVF
The Jacobian determinant (J) was computed for each

voxel to evaluate local deformation in the DVF.25 J values
indicate local volume changes: J > 1 for expansion, J < 1
for compression, and J = 1 for no change. Voxels with J <
0, suggesting implausible deformations, were examined
for their proportion and distribution to ensure the DIR
results’ consistency and biomechanical validity. To evalu-
ate physiological plausibility, Jacobian determinant statis-
tics (mean § SD) and the proportion of voxels within
predefined Jacobian range were calculated for each struc-
ture: CTV (0.8 ≤ J ≤ 1.2), rectum and bladder (0.6 ≤ J ≤
1.4). Voxels outside these ranges were flagged as poten-
tially unreliable for further voxel-level dose analysis.

Voxel position and dosimetry uncertainty
Spatial uncertainty was quantified using the DDM,26

which calculates the SD of a voxel’s end-position after
completing a full cycle through all fractional DVFs. A
higher DDM indicates greater registration uncertainty.
The average DDM values for the rectum, bladder, and
CTV were reported.

Dosimetric uncertainty
The d index measures dose accumulation uncertainty

by assessing potential dose deviations within a voxel’s
neighborhood, defined by its DDM.26 It identifies any
voxel with a dose difference exceeding 2% from the refer-
ence voxel, accounting for spatial uncertainty and local
dose gradients. A d index above 1 suggests unreliable dose
accumulation. The d index passing rate (percentage of
voxels with d index ≤1) was calculated for clinical
evaluation, reflecting the reliability of the accumulated
dose distribution at specific levels. Passing rates were
assessed for the whole body at 80% and 40% of the pre-
scription dose (PD80% and PD40%).
Nondeformable DVH summation
A nondeformable DVH summation, referred to as Rig-

id_SUM, was utilized as a reproducible benchmark to val-
idate the dose accumulation based on DIR. Daily doses
were recalculated on sCTs, and dose−volume parameters
were aggregated across fractions without employing
deformable registration. This method offers a mathemati-
cally consistent and registration-independent evaluation
of cumulative dose, providing a robust reference for
assessing the accuracy of the DIR approach.
Margin verification and dosimetry assessment

The accumulative dose delivered to CTV/DIL, rectum,
bladder, and urethra was calculated and compared with
the planned dose to verify the feasibility of the margin.
Then, the dose was converted to the equivalent dose in
2 Gy fractions (EQD2) based on the linear‑quadratic
model.

To account for all volume-dose parameters, the
tumor’s generalized equivalent uniform dose was calcu-
lated with an a-value of −4 as biological indicators.27 Fur-
thermore, clinical outcomes were compared by using
Lyman-Kutcher-Burman NTCP model with n = 0.02,
m = 0.07, and TD50 = 77.9 Gy for grade >2 GI toxicity,
and similarly NTCPbladder with n = 0.12, m = 0.24, and
TD50 = 81.7 Gy for grade >2 GU toxicity.28

NTCP ¼ 1ffiffiffiffiffiffi
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TD50 is the dose causing adverse reactions in 50% of
tissues; EUD is the equivalent uniform dose; Parameters
m and n indicate the dose-response curve slope and vol-
ume dependence.

Furthermore, the dosimetric indicators and toxicity
results verified the variations in different matching meth-
ods (Fig. E2). There are 2 groups: (1) rectal anterior wall-
based matching: daily CBCT scans were adjusted using
initial bone-matching, then prostate-matching, with
important adjustments based on the rectum’s anterior
wall. (2) prostate-based matching: Daily CBCT scans
were adjusted just prostate-based matching. The
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accumulative doses (Da) from the 2 matching methods
were Da_Rectum and Da_Prostate.
Statistics
The differences in rectal and bladder volume were
compared with the 2-tailed paired t-test using SPSS Soft-
ware (version 26). The delivered and planned physical
and biological indices were compared using paired t tests
if they were normally distributed, using the Wilcoxon
rank test. Correlation of geometric measurement, volume
change, and dosimetry parameters between 2 groups of
studied parameters, planned and actual dose volume, was
analyzed by Spearman’s rank correlations (rs). Logistic
regression was employed to examine the factors associ-
ated with DIL deficit, build a multivariate model, and
identify the cut-off value. Statistical significance was set at
P < .05.
Results
Evaluation of deformation effects

Deformable rationality
The deformation registration of CT images to iCBCT

images, as illustrated in Figure E3, demonstrates that the
iCBCT field of view is adequately extensive, with high soft-
tissue resolution. Compared to intensity-based DIR, con-
tour-based DIR produces more realistic deformations, espe-
cially for bladders with significant volume changes, while
maintaining the shape of pelvic bones and avoiding periph-
eral image distortion. This is supported by an organ-wise
Jacobian analysis, showing an absence of nonphysical defor-
mations (J < 0) across all structures. The majority of voxels
underwent deformations within plausible ranges: 92.23%
for CTV, 89.63% for rectum, and 88.96% for bladder
(Table E1). Jacobian mapping (Fig. E4) further indicated
that voxels outside the plausible ranges were mainly located
in the bladder dome and rectosigmoid flexure, away from
high-dose areas adjacent to the targets.

Geometrical verification
Figure 3 shows changes in bladder and rectal volumes

during treatment compared to pCT. The mean bladder
CBCT volume was significantly smaller than pCT (319.92
cm3 § 134.28 cm3 vs 364.05 cm3 § 105.62 cm3, P < .01)
and had a strong correlation with daily calculation dose of
V40-60 (rs = 0.72, P < .01) in sCT, but a weak correlation
with D1cc of CTV and Dmean of the trigone (rs = −0.32,
P < .01). The rectal volume slightly increased (61.48 cm3

§ 23.25 cm3 vs 64.58 cm3 § 24.33 cm3, P < .01) and
showed a weak correlation with V70 Gy of CTV
(rs = −0.288, P < .01) and Dmean of the trigone
(rs = 0.332, P < .01). The findings showed that bladder
volume influenced self-dose and high dose in the target
and trigone, while rectal volume impacted target coverage
and average dose in the trigone, with coefficients of varia-
tion at 0.42 and 0.37, respectively. Typically, bladder vol-
ume management is stringent, treating only patients with
bladder filling within §30%; others must pause treatment
and refill their bladder. Results obtained from geometrical
analysis comparison between the final propagated and
manual contours are as follows: CTV (DSC: 0.89 § 0.01,
MDA: 0.26 § 0.04 mm), rectum (DSC: 0.95 § 0.04,
MDA: 0.43 § 0.42 mm), and bladder (DSC: 0.93 §
0.10, MDA: 0.89 § 0.68 mm) were within clinically
accepted tolerances for both DSC (>0.8) and MDA (<3
mm).

Spatial and dosimetric uncertainty
The mean DDM values ranged from 0.01 mm to

10.25 mm for the whole body, 1.37 to 3.86 mm for CTV,
2.16 to 6.05 mm for rectum, and 2.23 to 7.33 mm for
bladder. Figure 4 illustrates the voxel-wise distributions of
DDM, accumulated dose, and d index passing rate
(PD40%) for 5 representative patients. Over 95% of CTV
and rectum voxels had DDM <3 mm, and over 90% of
bladder voxels had DDM <5 mm, with larger values at
the skin surface and bladder dome. d index passing rates
ranged from 77.70% to 92.32% at PD40% and 82.09% to
93.10% at PD80% (mean § SD: 90.04% § 5.92). Voxels
failing the d criterion were mainly in areas with steep dose
gradients, like the bladder base, prostate apex, and CTV
near the anterior rectal wall.

Comparison with Rigid_SUM
Systematic differences were observed between the DIR-

based accumulated dose (Da_Rectum) and the nonde-
formable benchmark (Rigid_SUM). DIR achieved better
target coverage with higher PTV D95% (66.39 Gy vs
65.12 Gy, P < .05) and CTV V95% (98.40% vs 97.53%, P
< .05) (Table 1). For rectal protection, DIR significantly
reduced high-dose exposure, especially in V65 (0.11% vs
0.98%, P < .05). A similar trend was observed in the blad-
der, with a lower high-dose volume (V73.5cc: 5.23 cm3 vs
6.43 cm3, P < .05). These findings indicate that DIR offers
a more accurate dose representation by considering organ
motion and deformation.
Comparison of planned dose and delivered
dose

Compared to the planned dose (Dp), the Da of PTV
using daily soft-tissue matching statistically decreased,
with the median D95% dose dropping from 70.08 Gy to
66.39 Gy. Da of D95%_CTV dropping from 70.98 Gy to
69.98 Gy, with slightly decreased, and 65 Gy coverage
remained adequate (Table 1). Patients had 1 to 2 DIL



Table 1 Comparison of planned versus delivered doses for target volumes and organs at risk across various matching
strategies

ROI Dp Da_Rectum Da_Prostate Rigid_SUM

PTV

D95% (Gy) 70.08 (69.45-70.51) 66.39 (64.18-67.79) * 66.41 (63.17-67.61) 65.12 (63.03-66.66) y

V65Gy (%) 99.22 (98.71-99.62) 96.70 (94.13-97.12) * 96.69 (93.91-98.68) 94.96 (93.60-96.27) y

V70 (%) 95.19 (93.82-96.23) 86.00 (83.92-89.93) * 85.88 (82.41-89.89) 86.89 (84.29-88.53)

CTV

D2% (Gy) 76.04 § 0.68 75.81 § 0.78 75.53 § 0.76 z 75.65 § 1.02 y

D98% (Gy) 69.27 (68.17-70.20) 67.14 (64.78-68.25) * 67.31 (65.17-69.32) 66.12 (63.58-67.27) y

D95% (Gy) 70.98 (70.62-71.53) 69.98 (68.38-70.85) * 69.75 (68.07-71.33) 69.49 (67.66-70.21) y

V95% (%) 99.41 (99.08-99.75) 98.40 (96.79-98.99) * 98.49 (96.89-99.74) 97.53 (96.14-98.33) y

V65Gy (%) 100.00 (99.99-100.00) 99.13 (98.84-99.54) * 99.28 (99.85-99.92) 98.39 (97.22-98.90) y

V70 (%) 97.34 (96.26-98.20) 94.97 (92.65-96.15) * 93.92 (90.92-97.26) 94.13 (93.30-95.61)

DIL

D99% (Gy) 71.63 (70.22-72.57) 71.93 (68.67-72.81) 72.15 (68.65-73.04) 71.68 (66.29-72.18) y

D100% (Gy) 70.53 (69.13-72.16) 71.51 (68.71-72.59) 71.45 (67.82-72.54) 71.00 (65.00-71.89) y

Dmean (Gy) 74.24 (73.79-74.52) 74.64 (74.05-75.03) 74.41 (73.37-74.74) 74.52 (73.91-74.86)

Rectum

D0.03cc (Gy) 64.49 § 1.59 65.71 § 2.51* 67.04 § 2.51 68.49 § 2.08 y

V65 (%) 0.03 (0.00-0.07) 0.11 (0.03-0.68) * 0.34 (0.15-1.57) 0.98 (0.67-1.54) y

V62.5 (%) 0.51 (0.23-0.84) 0.53 (0.37-1.60) 1.52 (0.48-3.45) z 1.83 (1.32-2.81) y

V60 (%) 1.78 (1.40-2.29) 1.35 (1.06-2.83) 3.21 (0.99-5.60) z 3.08 (2.18-4.59) y

V50 (%) 9.76 (8.05-10.78) 7.91 (6.83-14.17) 14.14 (7.98-17.35) z 9.16 (7.92-13.06)

V40 (%) 20.89 (18.41-24.08) 20.41 (17.67-29.89) 24.02 (20.36-30.42) z 19.89 (17.90-30.35)

Dmean (Gy) 25.20 § 4.57 25.80 § 5.35 26.81 § 5.66 z 26.09 § 4.77

Bladder

V73.5 (cm3) 4.32 (1.20-6.38) 5.23 (1.42-7.36) 1.21 (0.18-2.20) z 6.43 (3.51-8.91) y

V70 (cm3) 10.33 (8.22-15.72) 11.16 (7.14-16.64) 7.80 (4.81-9.75) z 14.80 (8.33-19.80) y

V60 (%) 5.61 (4.03-8.30) 7.20 (4.83-10.38) * 5.91 (4.42-7.83) z 7.40 (4.70-10.18)

V50 (%) 9.92 (6.03-13.07) 10.96 (7.61-16.37) * 10.33 (6.80-12.91) z 10.97 (7.00-16.08)

V40 (%) 15.74 § 7.18 18.31 § 7.57 * 16.82 § 6.48 z 18.72 § 7.58

Dmean (Gy) 17.72 § 6.98 20.16 § 7.54 * 19.22 § 6.89 z 21.32 § 7.13

Wall

D0.03cc (Gy) 76.00 § 1.27 75.31 § 0.86 * 74.46 § 0.91 z 76.31 § 0.68 y

V73.5 (cm3) 3.96 (1.19-5.24) 4.35 (1.38-5.91) 1.21 (0.18-2.20) z 3.91 (2.89-6.47) y

V60 (%) 11.98 § 4.67 11.75 § 3.76 * 10.60 § 2.99 z 13.66 § 4.25 y

Dmean (Gy) 20.03 § 5.94 21.28 § 6.03 * 20.48 § 5.48 z 22.15 § 4.80

Trigone

D0.03cc (Gy) 75.45 (73.92-76.13) 74.68 (73.45-75.17) 73.16 (70.76-74.48) z 75.83 (74.63-76.41) y

V73.5 (cm3) 0.70 (0.19-1.63) 0.22 (0.02-1.80) 0.01 (0.00-0.42) z 0.85 (0.53-2.61) y

Urethra

D0.03cc (Gy) 75.59 § 0.98 75.56 § 0.86 75.14 § 0.90 z 76.07 § 0.89 y

V73.5 (cm3) 1.28 (0.89-2.56) 1.83 (0.98-2.41) * 1.38 (0.71-2.45) z 1.74 (0.96-2.52)

Abbreviations: CTV = clinical target volume; Da_Prostate = accumulative dose based on prostate matching; Da_Rectum = accumulative dose based
on anterior rectal wall matching; DIL= dominant intraprostatic lesion; Dp = planned dose; PTV = planned target volume;
Rigid_SUM = nondeformable dose summation.
Statistical significance was assessed using matched-pairs t-tests for normally distributed data, and Wilcoxon signed rank tests for non-normal data.
*/y/zIndicate significant differences. Customarily distributed values are presented as mean § SD, while non-normal distributions are shown as
medians with quartiles.
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Table 2 An overview of the 23 patients’ dominant intraprostatic lesion (DIL)

Patient
DIL

Volume Location Direction Number

1 4.50 mid (TZp+PZpm) post 1

2 4.90 base+mid (AFS+TZa/p) ant 1

3 1.30 mid (PZpm) post 1

4 15.90 mid(TZa) ant 1

5 4.60 mid+apex (PZpl) post 1

6 3.29 mid (AFS) ant 2

1.29 mid (PZpm) post

7 3.70 mid (PZpl) post 1

8 2.40 base (PZpl) post 1

9 1.78 mid (PZpm) post 1

10 1.52 apex (TZpl+PZpm) post 2

0.92 apex (TZa+PZa) ant

11 5.94 base (AFS+TZa) ant 1

12 6.45 mid (TZa) ant 1

13 9.85 mid (TZa) ant 1

14 5.24 base (AFS+TZa) ant 1

15 10.31 base (AFS+TZa) ant 1

16 5.67 mid (PZpm) post 1

17 0.55 mid (TZa) ant 1

18 9.43 mid (TZa+PZa) ant 1

19 13.72 mid (TZa/p+PZpm/pl) post 1

20 1.42 base (TZa) ant 1

21 4.55 mid+apex (TZa+AFS) ant 2

0.79 mid (PZpm) post

22 2.32 Bace (AFS+TZa) ant 1

23 1.54 mid+apex (Tzp+PZpm) post 1

Abbreviations: AFS = anterior fibromuscular stroma; ant = anterior; post = posterior; PZ = peripheral zone; TZ = transition zone.
Sector map of the prostate, modified after Weinreb et al.33
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lesions, with 42.1% in the transition zone, 39.5% in the
peripheral zone, 18.4% in the anterior fibromuscular
stroma, and with a median volume of 3.70 cm3 (1.47-6.19
cm3) (Table 2 and Fig. E5). The median D100% dose for
DILs increased from 70.53 Gy to 71.51 Gy, maintaining
target coverage. However, in 3 patients, the prescribed
dose was inadequate due to the DILs’ proximity to the
rectum’s anterior wall. Univariate analysis revealed signif-
icant correlations between the minimum distance (dmin)
from the anterior rectal wall to the DIL (OR = 0.25,
P = .008) and the rectal volume overlapping with DIL2cm
(VDIL2) (OR=1.42, P = .032) with the actual DIL deficit.
The optimal cut-offs were 0.7 mm for dmin (AUC=0.88,
sensitivity 85%, specificity 80%) and 1.5 cm3 for VDIL2

(AUC = 0.76, sensitivity 75%, specificity 70%). Clinically,
if dmin is less than 0.7 mm and VDIL2 exceeds 1.5 cm3,
there is a heightened risk of insufficient DIL dose, suggest-
ing a need to adjust the target expansion range. The V40
Gy-V60 Gy of the bladder increased significantly. Aside
from a minor increase in D0.03cc and V65 Gy for the rec-
tum’s high-dose area, other dose-volume parameters
remained stable.

In contrast to prostate-based matching, evidence indi-
cates soft-tissue matching based on the anterior rectal
wall offers better target coverage and rectal protection.
Still, caution is needed regarding increased high-dose



Table 3 Comparison of biological indicators for target volumes and organs at risk across different matching strategies

Dp Da_Rectum Da_Prostate

EUD prostate (Gy) 99.34 § 3.49 97.45 § 3.68* 96.95 § 3.42

DEUD prostate (Gy) − −1.78 (−2.31 to −0.31) −1.83 (−2.16 to −1.21)

NTCP rectum (%) 9.08 (6.96 to 13.62) 7.95 (4.13 to 13.51) 13.61 (3.31 to 19.11z)y
DNTCP rectum (%) − −3.71 (−4.95 to 2.39) 3.24 (−2.33 to 12.31)

NTCP bladder (%) 15.64 (12.34 to 20.79) 16.39 (11.93 to 20.19)* 15.28 (11.05 to 19.04z)y

DNTCP bladder (%) - −0.15 (−1.52 to 1.04) −2.01 (−2.40 to 0.13)

Abbreviations: Da_Prostate = accumulative dose based on prostate matching; Da_Rectum = accumulative dose based on anterior rectal wall match-
ing; Dp = planned dose; EUD = equivalent uniform dose; NTCP = normal tissue complication probability.
Statistical significance was assessed using matched-pairs t tests for normally distributed data, and Wilcoxon signed-rank tests for non-normal data.
*,yIndicate significant differences. Normally distributed data are shown as mean § SD, non-normal data as medians with quartiles.
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exposure in the bladder trigone and urethra. Further anal-
ysis of dose distribution revealed that insufficient CTV
target coverage was primarily located in the rectal anterior
wall, while the delivered dose to the prostate apex was
adequate.
Comparison of toxicity results

In contrast to prostate-based matching, soft-tissue
matching based on the anterior rectal wall offers better
target coverage and rectal protection. The trends observed
in biological indicators generally align with those of phys-
ical parameters. The mean EUD delivered to the target
demonstrated a statistically significant reduction of 1.89
Gy. Bladder NTCP remained consistent with the planned
values. In comparison to simple prostate-based alignment,
fine-tuning the anterior rectal wall provides better rectal
protection (NTCP 7.95% vs 13.61%) while maintaining
target coverage (EUD 97.45 Gy vs. 96.95 Gy) (Table 3).
Discussion
Interfractional organ motion and deformation intro-
duce uncertainties in prostate and OAR dose delivery,
impacting tumor control and toxicity risks.29 This study
observed significant prostate displacements and volume
variations despite rigorous rectal/bladder preparation.
Hypofractionation exacerbates these challenges due to
steep dose gradients, necessitating institution-specific
CTV-PTV margins.

A customized workflow was developed to incorporate
daily organ volume variations for cumulative dose calcu-
lation to the prostate and OARs (Fig. 2). The daily dose
was calculated using sCT for accurate electron density
representation. DIR was used to transfer these doses back
to pCT for summation, ensuring spatial consistency and
reliable local dose accumulation for accurate DVHs.30 To
quantify uncertainties associated with the hybrid contour-
based DIR,19-21,31 a multilevel validation was conducted.
Beyond standard geometric metrics—DSC > 0.8 and
MDA < 3 mm—a biomechanical assessment based on
the Jacobian determinant (J) was conducted. This analysis
revealed that over 88% of voxels within critical structures
experienced deformations within expected ranges. Specifi-
cally, the CTV exhibited high stability, the rectum showed
mild volumetric changes, and the bladder demonstrated a
wide spectrum of Jacobian values, consistent with its vari-
able filling status. The fact that the majority of voxels in
relevant structures displayed J-values between 0.5 and 1.5
supports the biomechanical plausibility of the DIR-pre-
dicted deformations, particularly in regions adjacent to
treatment targets, thereby validating the use of DIR for
dose accumulation in these areas. Spatial uncertainty,
measured by the DDM, was low in key structures, con-
firming registration robustness. The d index provided
voxel-wise dose confidence, highlighting higher uncer-
tainties in high-gradient areas, with overall passing rates
between 77.7% and 93.1% at PD40%-PD80% dose levels.
This approach boosts confidence in dose accumulation
accuracy and underscores the d index’s clinical impor-
tance for identifying significant dose uncertainties.

Moreover, a comparison with a nondeformable DVH
summation benchmark demonstrated that DIR-based
accumulation provided superior target coverage and a
reduction in high-dose volumes to OARs. This distinction
arises from DIR’s capability to account for voxel-level tis-
sue motion, thereby generating a more physiologically
accurate dose accumulation model. In this model, high-
dose regions are distributed over a larger volume due to
organ deformation, rather than being rigidly superim-
posed. As a result, nondeformable methods may underes-
timate therapeutic efficacy while overestimating toxicity
risks, underscoring the clinical value of DIR for precise
dose assessment.

A 5-mm CTV-to-PTV margin with posterior rectal
trimming was used to deliver 70 Gy/25 f (EQD2 = 81.2 Gy,
a/b = 3), focusing on rectal protection with constraints of
Dmax < 70 Gy and V65 < 0.01%. Compared to the CHHiP
protocol (60 Gy/20 f, EQD2 = 72 Gy, a/b=3),7 our
approach offered a higher biological dose. Potter et al32



Figure 2 Axial and sagittal view of CBCT 11 patient 8 based on soft tissue (a,b) and prostate-based matching methods (c,d).
On the planning CT, the PTV is shown by the red line and the 65 Gy dose by the green translucent line, while the CBCT displays
the bladder in purple, the rectum in brown, and the CTV in blue.
Abbreviations: CBCT = cone beam computed tomography; CT = computed tomography; CTV = clinical target volume; PTV = planning target volume.

Figure 3 Schematic diagram of bladder and rectal volume changes. The purple lines represent the bladder volumes and green
lines represent the rectal volumes at different treatment fractions.
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Figure 4 The distance discordance metric (DDM), accumulated dose and voxels failing or passing the d index criteria for
threshold dose of 40% of the prescription dose (PD40%) for 5 patients.
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found that keeping the rectal D2cc ≤ 65 Gy reduces radia-
tion enteritis risk by 10%. With D2cc doses between 60
and 65 Gy, 8.6% of patients experienced grade �2 rectal
side effects over 3 years. For targets near the anterior rectal
wall, a dose of 65 Gy (EQD2 = 72.8 Gy, a/b = 3) is deemed
sufficient (Fig. E1). Image guidance utilized a novel 65 Gy
isodose line (Dose_65Gy) as the anterior rectal wall refer-
ence. This 3-step alignment protocol (bone-prostate-rectal
anterior wall) achieved comparable target coverage with
reduced grade ≥2 GI toxicity (7.95% vs 13.61%) versus pros-
tate-based alignment. Dose_65Gy optimization minimized
interobserver variability at the critical prostate-rectum inter-
face. This was consistent with Zhang et al,18 which showed
that interobserver variability is mainly in the anterior rectal
wall, not the prostate.

DIL coverage is influenced by its proximity to the
anterior rectal wall. Combining PSMA-PET/CT and
mpMRI improves DIL delineation, revealing their pri-
mary distribution in the transitional and peripheral
zones. Assuming DILs are stable within the prostate,
with no additional boost dose applied, a full 70 Gy
dose is required for complete coverage, though 65 Gy
suffices for CTV. In 3 cases, DILs near the anterior
rectal wall and unclear CBCT boundaries led to dose
reduction, highlighting the importance of DIL location.
DIL deficit risk increases when the anterior rectal wall
is less than 0.7 mm from the DIL and a 2 cm rectal
extension overlaps more than 1.5 cm3 with the DIL. A
2 to 3 mm margin is advised,33 prioritizing image
matching on the prostate area with DIL, then adjusting
for the anterior rectal wall, despite potential rectal
toxicity. Using spacerOAR (hydrogel) between the rec-
tum and prostate may be preferable.

Dose accumulation revealed effective rectal protection
(NTCP = 7.95%) but increased bladder V40 Gy-V60 Gy
due to treatment-related volume reduction. Paradoxically,
trigone V70 Gy»V73.5 Gy, 16/23 patients decreased.
This may be due to the bottom end of the trigone being
fixed at the urethral opening, and there was often an ante-
rior and inferior displacement during treatment. Despite
only 2% volume of the bladder, the trigone showed signif-
icant movement and deformation.34 For grade ≥2 GU
toxicity, the median NTCP for the bladder was 16.39%. In
the real world, 382 patients with limited-stage prostate
cancer (T1-4N0M0) received radical radiation therapy
and were assessed for toxicity using a modified RTOG
standard between 2016 and 2020. Advanced GU toxicity
(grade ≥2) occurred in 19.9% of cases, with symptoms
like frequent urination, urinary incontinence, difficulty
urinating, and hematuria. Advanced GI toxicity (grade
≥2) was seen in 11.1% of cases, with symptoms such as
bloody stool, increased defecation frequency, and fecal
incontinence. Real-world rectal and bladder toxicity rates
were higher than calculated rates, likely due to differences
in classification, data bias, and follow-up duration. This
study highlights comparative differences, allowing for the
disregard of these biases.

To reduce the CTV-PTV margin effectively, a thor-
ough assessment of the treatment process is crucial. This
includes precise delineation of DIL, CTV, and OAR, strict
rectal and bladder preparation, a stable treatment plan,
daily image guidance, advanced radiation therapy
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technologies, and shorter treatment durations. A previous
study used the Clarity ultrasound system for real-time
monitoring of prostate motion, showing displacements
within 1 mm in 83.07%, 85.46%, and 78.27% of measure-
ments along the x, y, and z axes, respectively.35 In the cur-
rent study, treatment with a Halcyon ring gantry linac
had an average beam-on time of 1.97 minutes per frac-
tion, making intrafraction motion negligible. However, in
20.53% of fractions, the CTV_V95% objective of 98% was
not met, indicating that a zero margin toward the anterior
rectal wall requires careful evaluation.

This study is pioneering in its proposal of precise ante-
rior rectal wall matching and employs daily iCBCT along
with contour-based mixed DIR to assess the cumulative
dose and toxicity affecting the DIL and rectum. However,
it did not account for uncertainties related to prostate
rotation, intrafraction movement, contouring, and accel-
erator precision. Additionally, the study’s sample size was
limited, and there was an absence of correlation analysis
between toxicity and cumulative dosimetric parameters.
Ongoing work applies this workflow to larger cohorts to
develop predictive models for tumor control and toxicity.
Future integration of intrafraction monitoring and AI-
driven adaptive strategies could further optimize thera-
peutic ratios.
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