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ABSTRACT OF THE DISSERTATION

Low-Field MR-guided Stereotactic Body Radiation Therapy for

Prostate and Prostate Bed Response Management

by

Jonathan Pham
Doctor of Philosophy in Physics and Biology in Medicine
University of California, Los Angeles, 2023

Professor Dan Ruan, Chair

Stereotactic body radiation therapy (SBRT) has become a standard-of-care option for
localized prostate cancer, utilizing large fractionated dose in five or fewer fractions.
Furthermore, SBRT may also be recommended for prostate patients who undergo radical
prostatectomy as there is a high risk of biochemical recurrence. Despite improvement in
treatment efficiency, SBRT toxicity remains a significant challenge for prostate and prostate bed
patients. The development of MR-guided radiation therapy systems (MRgRT) has allowed the
acquisition of high soft tissue contrast MRI for treatment planning, adaptation, and monitoring,

which may be used to treatment toxicity. This dissertation sought to utilize a 0.35T MRgRT



system to develop new tools and features to help manage prostate and prostate bed SBRT

treatment and toxicity management.

First, an air cavity electron density correction method was proposed for MR-guided
online adaptive radiation therapy (MRgART) for more accurate dose calculation and better daily
dose constraint management. MRgART air cavity electron density correction was shown to be
unnecessary and clinically insignificant on low-field systems as SBRT plans were dosimetrically
robust to air cavity variation. Next, a half-Fourier acquisition single-shot turbo spin echo
(HASTE) MRI sequence was proposed to visualize the urethra with the aim to enable urethra
dose constraining radiation therapy to mitigate genitourinary (GU) toxicity. HASTE
demonstrated high urethra visibility with the potential to be used for treatment planning.
Furthermore, HASTE was utilized to analyze urethral inter-fractional geometric and dosimetric
variations. Urethra inter-fractional motion and anatomical changes were shown to result in daily
urethral constraint failures. Therefore, on-board urethra imaging and treatment adaption may be
warranted to protect the urethra. Lastly, a method to identify dosimetric predictors of GU
toxicity, utilizing fraction-wise dose volume histogram metrics, based on a planning dose
registration surrogate method, of urinary structures/substructures, was proposed. Planning dose
registration was shown to be an accurate surrogate to the daily delivered dose for toxicity
regression. Moreover, a logistic regression model using the identified dosimetric predictors was
able to predict GU toxicity with an accuracy/sensitivity/specificity of 0.79/ 0.67/0.82. Fraction-
wise urinary structure and substructure dosimetric predictors can be used to provide stable

dosimetric metrics to guide treatment planning.
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Chapter 1. Introduction

1.1 Stereotactic Body Radiation Therapy for Prostate Cancer

Prostate cancer is the most common cancer among men and is third to lung and colon
cancer in absolute annual mortality (1). Treatment options for prostate cancer include active
surveillance (for low-risk patients and favorable intermediate-risk disease), radical
prostatectomy, brachytherapy, and external beam radiotherapy. In conventional radiotherapy,
patients are treated in 39 to 45 fractions with 1.8 to 2.0 Gy each fraction. Prostate cancer has
been shown to have low o/p ratios (~1.5 Gy), suggesting it may be more radiosensitive to higher
doses per fractions than surrounding bladder and rectum normal tissues (3-5 Gy) (2). As a result,
larger fractionated dose schedules have been investigated with the aim to achieve higher
therapeutic ratios than conventional fractionation.

Initial randomized clinical trials using 2.4-3.4 Gy for 20-30 fractions, also known as
moderate hypofractionation, showed the efficacy, safety, and superiority of larger fractionated
dose (3-6). Furthermore, with advancement in image-guidance and radiation therapy delivery
techniques, larger fractionated dose escalations were proposed, ultimately bringing the
introduction of stereotactic body radiation therapy (SBRT). SBRT utilizes implanted fiducial x-
ray and computed tomography (CT)-based patient positioning and tracking, and intensity
modulated radiation therapy (IMRT) to deliver large (> 5 Gy) and highly conformal fractionated
dose for five or fewer fractions. The PACE-B clinical trial and a pooled SBRT consortium report
demonstrated SBRT had comparable biochemical control rates as conventional fractionation and
moderate hypofractionation while significantly reducing treatment time and cost (7,8) . As a

result, SBRT has been recognized as an accepted curative standard-of-care option for very low



through very high-risk prostate cancer patients by the National Comprehensive Cancer Network
(NCNN).

Although SBRT improves treatment efficiency, larger fractionated dose increases the risk
of acute and late genitourinary (GU) and gastrointestinal (Gl) toxicity. It is estimated the acute
(£ 90 days from start of treatment) grade > 2 GU and toxicity rates are 29.1% and 16.0% and late
(> 90 day from start of treatment) grade > are 12.0% and 2.0% (7-9). GU and Gl toxicity stem
from radiosensitivity of critical structures such as the bladder and rectum (10,11). Clinically,
SBRT treatment plans are optimized to minimize dose to these critical structures, however, they
may still receive unwarranted high dose due to their proximity to the target. Additionally, SBRT
utilizes 2-5 mm treatment margins to ensure adequate target prescription dose coverage. Target
margins are designed to account for target volume delineation uncertainty, patient setup errors,
inter-fraction variation, and intra-fraction motion, however, larger margins increase the risk of

treatment toxicity.

1.2 Stereotactic Body Radiation Therapy for Prostate Bed after Radical Prostatectomy

As mentioned, radical prostatectomy is an alternative treatment option for prostate cancer
patients. However, some patients with adverse pathologic features and or unfavorable genomic
risk score are of high risk to biochemical recurrence (12-15). Furthermore, it has been shown
that 25 to 40% of patients will experience biochemical recurrence after radical prostatectomy
(16-19). Therefore, patients with high risk of biochemical occurrence or with biochemical
recurrence after radical prostatectomy are recommended for post-operation radiation therapy in
the form adjunct radiotherapy or salvage radiotherapy. Currently, conventionally fractionated
radiotherapy (1.8 Gy over 30-33 daily fractions) directed to the prostate bed is the only curative

standard of care for post-operative patients. Despite its efficacy, post-operative radiation therapy
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is underutilized due its prolonged treatment times and financial burden (20-22). Promising
biochemical control rates and reduced treatment times from intact prostate SBRT has motivated
the exploration of SBRT for prostate bed after radical prostatectomy.

A challenge in treating prostate bed, not seen in intact prostate cases, is the clinical target
volume (CTV) is nontrivially defined and highly deformable (23). Moreover, the CTV position
and dose coverage are significantly influenced by inter-fraction and intra-fraction deformation of
the bladder and rectum (24,25). Pre-treatment bladder filling and rectum emptying instructions
can be used to minimize inter-fraction bladder and rectum variation. However, daily patient
setup using cone beam CT (CBCT) has poor soft-tissue contrast and imaging artifacts, resulting
in limited daily CTV and organ visualization. Additionally, implanted fiducial markers can be
utilized to monitor intra-fraction CTV motion. However, implanting fiducials is an invasive
procedure, requires frequency x-ray imaging, and ultimately is tracking a proxy of the target
rather than the target directly. Due to limited imaging and high anatomic uncertainty, large
planning margins (5-7 mm) must still be used to account for daily variations, increasing the risk

of treatment toxicity (26).

1.3 MR-guided Radiation Therapy

The development of MR-guided radiation therapy (MRgRT) systems, particularly the
ViewRay 0.35T MRIdian system (Cleaveland, OH, USA) has enabled the potential of reducing
prostate and prostate bed (after prostatectomy) SBRT treatment planning margins, and
subsequently reducing treatment toxicity. Magnetic resonance imaging (MRI) provides good soft
tissue contrast, which has shown to improve prostate and organ visualization and allow for
smaller prostate target volumes and reduced target volume delineation uncertainty (27).

Treatment on MRgRT systems avoid MR-CT registration uncertainty (1-2 mm) as on-board
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planning MRIs can be acquired with the patient in treatment position (28). Prior to treatment,
daily on-board MRIs allow for radiation-free and fiducial-free patient setups. Additionally,
treatment plans can be adapted based on the inter-fraction anatomic variation, which is critical
for highly deformable structures like the bladder and rectum (29,30). During treatment, real-time
MR cine images can be acquired to directly monitor target and organ intra-fraction motion,
enabling treatment gating with automatic beam hold (31,32).

In a prospective phase Il MR-guided SBRT study by Bruynzeel et al, MRgRT was
delivered in 5 fractions of 7.25 Gy to the target volume using daily plan adaptation (33). Acute
grade > 2 GU and Gl toxicity were reported at a rate of 19.8% and 3.0%, which is favorable to
the estimated 29.1 and 13.3%. MRgRT has demonstrated improved critical structure sparing
capabilities and superior treatment toxicity reduction than CT-based treatment. However, SBRT
treatment toxicity remains prevalent and the mechanisms behind the radiation-induced damage is
not understood well enough to accurately constrain the treatment, as most treatment guidelines

are based on empirical data from conventional fractionation.

1.4 Specific Aims

The goal of this dissertation is to evaluate and develop new tools and features provided
by MRgRT to help manage prostate cancer and prostate bed SBRT treatment. We hypothesize
that the 0.35T MRgRT workflow with electron density corrected adaptive planning will improve
dose accuracy and allow for better daily dose constraint management. Furthermore, we
hypothesize that 0.35T on-board MRI will provide sufficient urethra contrast for urethra
delineation and enable urethra dose-constraining treatment planning and adaptation to mitigate
SBRT GU toxicity. Lastly, we hypothesize utilizing longitudinal and granular dose-volume

histograms (DVHSs) provided by daily on-board MRI will provide comprehensive information on
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urinary substructures to establish prognostic biomarkers for predicting prostate SBRT treatment
toxicity. The following specific aims focus on developing key analysis and methodologies to

accomplish the goal:

e Specific Aim #1 (SAL): Evaluate dosimetric impact of air cavities for 0.35T
MR-guided online adaptive radiation therapy (MRgART) for prostate bed
patients after prostatectomy

e Specific Aim #2 (SA2): Develop and evaluate urethral imaging using 0.35T
MRgRT on-board MRI for urethra constraining prostate cancer treatment
planning and adaptation

e Specific Aim #3 (SA3): Develop and evaluate toxicity model for prostate
MRgRT SBRT patients based on longitudinal and granular dose-volume

histogram (DVH) information

1.5 Overview

Chapters 2, 3 and 4 contain versions of pulished manuscripts written based core on
projects of this dissertation. Two additional manuscripts (Chapter 5 and 6) are being journal
reviewed. Each chapter consists of an introduction section that thoroughly addresses the study
motivation and background.

SALl is addressed in Chapter 2. Initial phantom studies with dosimeters comparing dose
calculation and experimental verification demonstrated dose distortion from air cavity under a
0.35T magnetic field. This motivated us to explore the dosimetric impact of daily air cavities for
prostate bed patients with highly deformable organs. Chapter 2 describes the MR-guided online

adaptive radiation therapy (MRgART) workflow proposed for prostate bed with daily air cavity



variations. Chapter 3 addresses SA2 and describes the development of a urethral imaging
sequence that we have proposed for urethral dose constraining treatment planning. Furthermore,
in Chapter 3, the proposed urethra sequence was used to monitor urethra inter-fractional
geometric and dosimetric variation to determine the clinical significance of on-board urethra
visualization for urethra-focused MRgART. Chapter 5 addresses SA3, where a method to
identify dosimetric predictors of GU toxicity, utilizing fraction-wise dose volume histogram
metrics, based on a planning dose registration surrogate method, of urinary
structures/substructures, is described. Chapter 6 is provided as a technical note and
complimentary to Chapter 5 as it validates the use of the planning dose registration method as a

surrogate for the daily dose distribution for treatment response analysis.



Chapter 2. Dosimetric Effects of Air Cavities for MRI-Guided
Online Adaptive Radiation Therapy (MRgRT) of Prostate Bed after

Radical Prostatectomy

A version of this chapter has been published in Journal of Clinical Medicine: Pham J, Cao M,
Yoon SM, Gao Y, Kishan AU, Yang Y. Dosimetric Effects of Air Cavities for MRI-Guided
Online Adaptive Radiation Therapy (MRgART) of Prostate Bed after Radical Prostatectomy. J

Clin Med. 2022;11(2):364. Published 2022 Jan 12. doi:10.3390/jcm11020364

2.1 Introduction

MRgRT systems combine a MRI scanner with a linear accelerator (LINAC) radiation
therapy system. The integrated MRI scanner allows for radiation-free on-board imaging with
superior soft tissue contrast as opposed to conventionally used x-ray-based on-board imaging.
Furthermore, MRI serves as a great tool for accurate tumor and critical structure contouring,
enabling tighter treatment margins for dose escalation and treatment toxicity reduction (33).
Additionally, on-board MRI allows for accurate daily patient setup, which can be further utilized
for MRQART (34). Lastly, real-time cine MRIs can be acquired during treatment for soft-tissue-

based gating (31).

MRgRT has allowed for more personalized treatment, but it has also introduced new
treatment variables, not previously considered in conventional external beam radiation therapy
(EBRT). In particular, the effects of the magnetic field on the radiation beam have been a
primary concern for patients being treated on MRgRT systems. The presence of the magnetic
field decreases surface dose due to the elimination of electron contamination (35). However,

secondary electrons affected by the magnetic field can also contribute to out-of-field doses,
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delivering unwarranted dose to nearby structures (36). Most notably, traveling electrons,
generated within the body by the irradiating beam, are redirected by the Lorentz’s force from the
perpendicular magnetic field. In homogeneous tissue, the Lorentz force alters the point spread
kernel to be asymmetrical, resulting in an asymmetrical penumbra. At tissue-to-air-interfaces,
some electrons are subjected to the electron return effect (ERE), in which the Lorentz force
redirects the electrons back upstream to the tissue, resulting in increased tissue dose deposition
and potentially treatment hotspots. Therefore, the ERE also creates treatment cold spots at distal

air-tissue interfaces (35,37,38)

Monte Carlo modeling has been verified, using EBT3 film and thermoluminescent
dosimeter measurements in water-based phantoms, to accurately simulate the dosimetric impact
of 0.35 T and 1.5 T magnetic fields on air-tissue interfaces and is used clinically in MRgRT
treatment planning systems (TPS) for accurate dose calculation (36,39-41). Okamoto et al. and
Cusumano et al. showed 0.35 T °Co Monte Carlo simulations on a phantom with water and air
gaps was able to achieve a gamma index (dose difference threshold of 3%/ distance to agreement
threshold of 3 mm) passing rate greater than 95% (42,43). Similarly, Shortall et al. showed 1.5 T
7 MV photon Monte Carlo simulation on a polymethyl methacrylate-air phantom was able to
achieve a gamma index (3%/3 mm) passing rate greater than 95% (44). For Monte Carlo
simulation to accurately calculate the dosimetric perturbation caused by the air cavities, an
accurate electron density needs to be obtained, which can be directly converted from Hounsfield
Units (HU) on computed tomography (CT) images. However, most clinical MRgRT treatment
planning is based on MR images where the electron density is usually determined using either

image registration to CT or bulk density assignment.



A widely adopted MRgRT treatment planning workflow, using the 0.35 T ViewRay
MRIdian 6 MV LINAC (ViewRay Inc., Oakwood Village, OH, USA), starts with acquiring both
simulation CT and MR images, where the MR image is used as the planning image. Electron
density, used in ViewRay TPS Monte Carlo dose calculation, is obtained by deformably
registering the simulation CT to the planning MR. Furthermore, prior to each treatment fraction,
a daily MR image is acquired for patient setup and for use with online adaptive therapy if that is
determined to be necessary, in which case planning contours will be updated and the simulation
CT will be re-registered to the daily MRI to provide electron density for adaptive plan

recalculation or re-optimization.

In addition to patient daily anatomic changes, air cavities in the gastrointestinal tract can
vary greatly between initial simulation and subsequent treatment delivery days. Due to the ERE,
daily air cavity variations can potentially lead to deviations of the delivered dose from the
planning distribution for abdominal and pelvic treatments (45-47). Uilkema et al. generated 1.5
T 6-MV intensity-modulated radiation therapy (IMRT) plans on 10 rectal cancer patients
planning CTs with real air cavities and showed a maximum dosimetric endpoint difference
between 1.5 T and no magnetic field of 3% (48). Scripes et al. generated 1.5 T 7-MV IMRT
plans on four rectal cancer patient planning CTs with artificial air cavities and showed that the
planning target volume (PTV) hot spot dose and size increased with increasing air cavity size
(49). PTV hot spot doses increased as much as 10% for 5 cm cylindrical diameter air cavity

relative to no air cavity.

Although MRI-CT deformable registration is fast and generally considered acceptable in
obtaining electron densities for soft tissues and bones, the uncertainty associated with air cavities

and their impact on dose calculations is unknown. Furthermore, some adaptive workflows use
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bulk average electron density assignments on the daily MRI structure from the corresponding
simulation CT structure, ignoring structure inhomogeneities and air cavities (50). As a result,
depending on disappearing or appearing daily air cavities, the electron density of the daily
structure will be systematically increased or decreased, resulting in inaccurate dose calculations

(51,52).

Currently, due to time constraints, daily air cavity contouring and electron density
correction is not routinely considered in pelvic MRgART to specifically address its variation and
dosimetric uncertainty. Therefore, in this study, the dosimetric impact of air cavities were
retrospectively evaluated in a cohort of post-radical prostatectomy patients treated with SBRT on
our 0.35 T MRgRT LINAC system. Similar to prior air cavity studies, artificial air cavities were
generated in a prostate bed patient planning CT (48,49). However, patient dose will be
influenced by a 0.35 T magnetic field rather than at 1.5 T. Although the magnitude of the ERE is
expected to be less with 0.35 T than 1.5 T (weaker Lorentz force), the dosimetric difference has
not been quantified. Additionally, the dosimetric impact of artificial and real air cavities in
prostate bed daily MRI is evaluated, where the electron density is obtained from deformable
registration with a simulation CT. Furthermore, the dosimetry between MRgART air cavity

electron density corrected and non-corrected (only deformable registration) plans is compared.

2.2 Material and Methods

2.2.1 Dosimetric Impact of Artificial Air Cavities in Prostate Bed Patient Planning CT on a
0.35T MRgRT system

A prostate bed patient (Patient A) with negligible planning CT air cavities was selected.
Avrtificial tubular air cavities (diameters 0-3 cm, 0.5 cm increments) were generated along the

patient’s planning CT rectum in MIM Software (Cleveland, OH, USA) and bulk air density
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assigned in the ViewRay TPS. Figure 2-1 shows Patient A’s electron density maps with planning

CT contours and different size artificial tubular air cavities.

Three 0.35 T treatment plans were generated for each air cavity size using the ViewRay
TPS: (1) single anterior—posterior (AP) beam, (2) opposing AP—PA beams, and (3) clinical
IMRT with 15 beams. For the single AP plan, a5 cm x 5 cm AP beam was used to deliver 5 Gy
to the isocenter (center of PTV). Similarly, for the opposing AP—PA plan, two equally weighted
5cm x 5 cm AP and PA beams were used to deliver 5 Gy to the isocenter (2.5 Gy each). For
both plans, the dose distribution was calculated on the CT without an air cavity (0 cm) using a
grid resolution of 0.3 cm and the magnetic field effect on. Afterwards, both plans were forward

calculated on the CTs with various air cavity sizes (0.5-3 cm) using dose uncertainty of 1%.
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Electron Density Map

Figure 2-1. Patient A’s planning CT electron density maps with artificial tubular air cavities of
diameters: (A) 0 cm; (B) 1 cm; (C) 2 cm; and (D) 3 cm. Planning CT contours displayed: Red—
planning target volume (PTV); Green—<clinical target volume (CTV); Yellow—Dbladder; Pink—
rectum/rectal wall; Red cross—isocenter

For the clinical IMRT plan, 15 equally arced beams were placed around the isocenter
(PTV) and 32 Gy was prescribed to 95% of the PTV (5 fraction (Fx); 6.4 Gy/Fx). Dose was
optimized on the CT without the air cavity using our clinical constraints (Table 2-1), a grid
resolution of 0.2 cm, and the magnetic field effect turned on. The optimized plan was forward

calculated on the CTs with the selected air cavity sizes using dose uncertainty of 1%.
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Table 2-1. Clinical IMRT constraints for prostate bed patients.

Constraint
PTV V32 >95%
Bladder Max <35.7 Gy
Bladder V35.7 <0.03 cc
Bladder VV32.5 <35%
Rectum Wall V24 <50%
Rectum Max <35.7 Gy
Rectum V35.7 <0.03 cc
Rectum V33.75 <25%
Rectum V32.5 <30%
Rectum V27.5 <45%

2.2.2 Dosimetric Impact of Artificial Cavities Air Cavities in Prostate Bed Patient Daily MRI,
with Electron Density Obtained from Deformable Registration to Simulation CT,ona0.35 T
MRgRT System

A different prostate bed patient (Patient B), with negligible simulation CT and daily MRI
air cavities, was selected. Artificial tubular air cavities (diameter 0—3 cm, 0.5 cm increments)
were generated along the patient’s daily MRI rectum and masked with a signal intensity of 0 in
MIM Software, simulating daily appearing air cavities that are not present during the initial CT
simulation. In ViewRay TPS, the daily MRIs with various air cavity sizes were each deformably
registered to the simulation CT for electron density mapping and treatment planning. Figure 2-2
shows Patient B’s daily MRI with different size artificial tubular air cavities and corresponding
electron density map from deformable registration with simulation CT. Notably, deformed
electron density maps were unable to recreate daily MRI air cavities, resulting in inaccurate daily

MRI electron density maps for dose calculation.

Two 0.35 T MRgART treatment plans were generated for each daily MRI air cavity size
using ViewRay TPS: Plan 1— Deformed’ and Plan 2—‘Override’. In the ‘Deformed’ plan, a

clinical IMRT plan with 15 equally arced beams around the daily PTV was generated on the
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daily MRI, with electron density map obtained from the registered simulation CT, to deliver 32
Gy to 95% of the PTV. Dose was optimized using the same constraints as in Table 2-1, grid

resolution of 0.3 cm, and magnetic field effect on. In the ‘Override’ plan, daily MRI air cavities
were corrected and bulk assigned air density on the registered simulation CT’s electron density

map. Afterwards, the ‘Deformed’ plan was forward calculated on the daily MRI with a dose

uncertainty of 1%.

Daily MRI Deformed Electron Density Map

A)Ocm §

B)lcm §

C)2cm

D)3 cm

Figure 2-2. Patient B’s daily MRI with artificial tubular air cavities of diameter (A) 0 cm, (B) 1
cm, (C) 2 cm, and (D) 3 cm, and corresponding electron density map from deformable
registration with simulation CT. Notably, deformed electron density maps were unable to
recreate daily MRI air cavities, resulting in inaccurate daily MRI electron density maps. Daily
MRI contours displayed: Pink—Dbladder; Orange—PTV; Green—rectum/rectal wall.
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2.2.3 Dosimetric Impact of Real Air Cavities in Prostate Bed Patient Daily MRI, with Electron
Density Obtained from Deformable Registration to Simulation CT, on a 0.35 T MRgRT System
Five prostate bed patients (Patient 1-Patient 5) with non-negligible daily MRI air cavities
were selected. Prior to simulation and each daily MRI fraction, patients were instructed to follow
institutional bladder and rectum filling protocol. After simulation, an initial clinical 0.35 T
MRgRT IMRT plan was generated on the planning MRI with electron density obtained from
deformable registration to simulation CT. Initial clinical IMRT plans for the five prostate bed
patients used 13-17 beams arced around the PTV to deliver 32 Gy to 95% of the PTV. Dose was
optimized using the same constraints as in Table 2-1, grid resolution of 0.3 cm, and magnetic

field effect on.

For each patient, the two fractions (Fraction A and Fraction B), with the largest volume
daily MRI air cavities, were selected to simulate the adaptive planning process. Planning MRI
contours were updated to the daily MRI anatomy by a resident radiation oncologist and reviewed
by the attending physician in MIM Software. Afterwards, in ViewRay TPS, each daily fraction

MRI was deformably registered to its simulation CT.

Two 0.35 T MRgART treatment plans were prepared for each fraction using the
ViewRay TPS: Plan 1—‘Deformed’ and Plan 2—‘Override’. In the ‘Deformed’ plan, the initial
clinical plan was forward calculated on the daily MRI with an electron density map obtained
from the registered simulation CT. In the ‘Override’ plan, simulation CT and daily MRI air
cavities were manually corrected and bulk assigned water and air density on the registered
simulation CT’s electron density map, respectively. Afterwards, the initial clinical plan was
forward calculated. For ‘Deformed’ and ‘Override’ plans, the initial clinical plan was forward

calculated with dose uncertainty of 1%. Figure 2-3 shows Patient 3 Fraction A’s daily MRI,
15



corresponding deformed simulation CT, deformed electron density map (‘Deformed”), and
corrected daily air cavity electron density map (‘Override’). Daily MRI and deformed simulation
CT display significantly different air cavities. White arrows indicate workflow for obtaining
daily air cavity corrected electron density map. After daily air cavity correction, the ‘Override’

electron density map more accurately represents the daily MRI’s electron density.

A) Daily MRL D) Override Daily Electron Density Map

W |
Ju

&y * =D

C) Deformed Electron Density Map

i
s

B

Figure 2-3. Patient 3 Fraction A’s (A) daily MRI, (B) corresponding deformed simulation CT,
(C) deformed planning electron density map (‘Deformed’) and (D) corrected daily air cavity
electron density map (‘Override’). Daily MRI and deformed simulation CT display significantly
different air cavities. White arrows indicate workflow for obtaining daily air cavity corrected
electron density map. After daily air cavity correction, the ‘Override’ electron density map more
accurately represents the daily MRI’s electron density. Daily MRI contours displayed: Pink—
bladder; Orange—PTV; Green—rectum/rectal Wall; Red—daily MRI air cavity; Yellow cross—
isocenter. Simulation CT contour displayed: Blue—simulation CT air cavity.

2.2.4 Dosimetric Evaluation

For the artificial planning CT air cavities (Section 2.2.1), prostate bed (Patient A) AP,
AP-PA and clinical IMRT plan dose difference maps, for each air cavity size (0.5-3 cm),
relative to no air cavity (0 cm), were calculated and normalized to each respective plan’s
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prescribed PTV dose. Planning CT target/organ mean and max dose difference were evaluated.
Additionally, AP dose-depth curves along the isocenter were plotted for all air cavity sizes and

plans.

For the artificial daily MRI air cavities (Section 2.2.2), prostate bed (Patient B) dose difference
maps between ‘Deformed’ and ‘Override’ plans for each air cavity size (0.5-3 cm), were

calculated. Similarly, daily MRI target/organ mean and max dose difference were evaluated.

For the real daily MRI air cavities (Section 2.2.3), prostate bed (Patients 1-5) air cavity
volume changes, between simulation CT and daily MRIs (Fractions A and B), were calculated.
Furthermore, the clinical significance of MRgART air cavity electron density corrections were
evaluated based on the clinical constraint changes. The MRgART air cavity electron density
correction was considered significant if the ‘Deformed’ plan passed the clinical constraint, but

the ‘Override’ plan did not, or vice-versa.

2.3 Results

2.3.1 Dosimetric Impact of Artificial Air Cavities in Prostate Bed Patient Planning CT on a 0.35
T MRgRT System

Figure 2-4 shows prostate bed Patient A’s AP plan dose and dose difference maps for 0,
1, 2, and 3 cm diameter artificial planning CT air cavities. Similarly, Figures 2-5 and 2-6 shows
the AP—PA and clinical IMRT plan dose and dose difference maps. Figure 2-7 shows the AP
dose-depth curve, along the isocenter, for varying air cavity sizes with AP, AP—PA, and clinical
IMRT plans. For the AP and AP—PA plan, hot and cold spots within the rectum significantly
increased in magnitude and size (relative to no air cavity) with increasing air cavity size due to

the ERE, where the 3 cm air cavity resulted in a 20%/17% and 13%/13% increase to the
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rectum/rectal wall max dose, respectively. ERE, for the AP—PA and clinical plan, were
dominated by the posterior beams due to smaller attenuation on the posterior end of the target.
As a result, the hot and cold spots appear rotated relative to the AP plan. Overall, the magnitude
and size of the hot spot decreased when multiple beams were used as the dose was more
uniformly spread across the body and the ERE was averaged-out by opposing beams. The
clinical IMRT dose, with multiple optimized equally arced beams, was robust to air cavity size
and deviations remained within dose calculation uncertainty (1%). The complete target/organ
max and mean dosimetric change for each air cavity size and plan can be found in Section 2.6

Appendix (Table 2-3).
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Figure 2-4. Prostate bed Patient A’s AP plan dose distributions (overlaid on planning CT
electron density map) and dose difference (ADose (%)) maps for (A) 0, (B) 1, (C) 2, and (D) 3
cm artificial planning CT air cavity. Rectum dose difference maps show hot and cold spots
within the rectum increased in magnitude and size with increasing air cavity size due to the
electron return effect (ERE). Dose difference map planning CT contours displayed: Red—PTV;
Yellow—Dbladder; Pink—rectum; White—artificial air cavity.
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Figure 2-5. Prostate bed Patient A’s AP—PA plan dose maps (overlaid on planning CT electron
density map) and dose difference (ADose (%)) maps for (A) 0, (B) 1, (C) 2, and (D) 3cm
artificial planning CT air cavity. Rectum dose difference maps show hot and cold spots within
the rectum increased in magnitude and size with increasing air cavity size due to the electron
return effect (ERE). Dose difference map planning CT contours displayed: Red—PTV;
Yellow—Dbladder; Pink—rectum; White—artificial air cavity.
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Figure 2-6. Prostate bed Patient A’s clinical IMRT plan dose maps (overlaid on planning CT
electron density map) and dose difference (ADose(%)) maps for (A) 0, (B) 1, (C) 2, and (D) 3
cm artificial planning CT air cavity. Rectum dose difference maps show little to no dose change
within the rectum for different air cavity sizes due to dose being uniformly spread and the
electron return effect (ERE) being averaged-out by multiple opposing beams. Dose difference
map planning CT contours displayed: Red—PTV; Yellow—Dbladder; Pink—rectum; White—
artificial air cavity.
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Figure 2-7. Prostate bed Patient A’s AP dose-depth curve, along the isocenter, for varying air
cavity sizes with (A) AP, (B) AP-PA, and (C) clinical IMRT plans (normalized by respective
plan’s prescribed PTV dose). Clinical IMRT dose is more robust to air cavity sizes than AP and
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AP-PA plans and shows little deviation. Solid lines—planning CT target/organ start, dashed
lines—planning CT target/organ end.

2.3.2 Dosimetric Impact of Artificial Cavities Air Cavities in Prostate Bed Patient Daily MR,
with Electron Density Obtained from Deformable Registration to Simulation CT,ona0.35 T
MRgRT System

As shown in Figure 2-2, daily MRI deformable registration with simulation CT is unable
to create daily MRI appearing air cavities on the resulting electron density map. Figure 2-8
shows prostate bed Patient B’s ‘Deformed’ and ‘Override’ plans’ dose and dose difference maps
for 1, 2, and 3 cm artificial daily MRI air cavities. Target/organ mean and max dose difference
was relatively small (<4%) even though deformable registration was not able to attain electron
density for the air cavities. Furthermore, no noticeable dose trend as a function of air cavity size

was observed.
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Figure 2-8. Prostate bed Patient B’s ‘Deformed’ and ‘Override’ plan dose and dose difference
maps for (A) 1, (B) 2, and (C) 3 cm artificial daily MRI air cavities. Target/organ mean and max
dose difference was relatively small (<4%) despite air cavity correction in the ‘Override’ plan.
Dose difference map daily MRI contours displayed: Red—PTV, Black—bladder, Pink—rectum,
White—artificial air cavity.
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2.3.3 Dosimetric Impact of Real Air Cavities in Prostate Bed Patient daily MRI ona 0.35 T
MRgRT System, with Electron Density Obtained from Deformable Registration to Simulation
CT,

For prostate bed Patients 1-5 Fraction A and B, the mean (range) air cavity size change
between daily MRI and simulation CT was 5.69 + 10.07 cc (7.8 to + 22.9 cc), where positive

and negative air cavity change represented increasing and decreasing air volumes, respectively.

Table 2-2 shows the mean dose constraint change between ‘Deformed’ and ‘Override’
plans for all patient fractions based on respective daily MR1 with real air cavities. The complete
daily constraint and change for each plan, patient and fraction can be found in Section 2.6
Appendix (Table 2-4). The dosimetric difference between ‘Deformed’ and ‘Override’ plans did
not lead to change in clinical adaptive decision except for two fractions (Patient 3 Fraction A and
Patient 4 Fraction B). In these fractions, the ‘Override’ plan, with air cavity electron density
correction, indicated that the bladder Dmax dose and rectum V35.7 exceeded the respective
constraint, while the ‘Deformed’ plan, without correction, showed acceptable dose, although the
absolute differences were only 0.3 Gy and 0.03 cc, respectively. Overall, clinical constraint

changes between ‘Deformed’ and ‘Override’ plans were minimal.
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Table 2-2. Mean constraint change between ‘Deformed’ and ‘Override’ plans for all patient
(Patient 1-5) fractions (Fraction A and B) based on respective daily MRI with real air cavities.

Constraint Change
PTV V32 —0.27 £ 0.27%
Bladder Max —0.01 £0.24 Gy
Bladder V35.7 0.04 £0.12 cc
Bladder V32.5 0.09 + 0.87%
Rectum Wall V24 —0.25 + 0.37%
Rectum Max —0.07 £ 0.50 Gy
Rectum V35.7 0.00+0.01 cc
Rectum V33.75 —0.17 £ 0.37%
Rectum V32.5 —0.46 + 0.66%
Rectum V27.5 —0.72 + 1.01%

2.4 Discussion

This study evaluated the dosimetric impact of air cavities in prostate bed patients’
rectums on a 0.35 T MRgRT system. Artificial tubular air cavities of a range of sizes (0-3 cm)
were generated on a prostate bed patient’s planning CT and three different plans (AP, AP—PA,
clinical IMRT), were retrospectively evaluated. In the AP and AP—PA plans, the rectum and
rectal wall hotspot magnitude and size increased with increasing air cavity size. The AP—PA plan
hot spot dose was lower than the AP plan and was further reduced using clinical IMRT. The use
of opposing beams counter-balance and average-out the effect of the ERE from each beam,
reducing the magnitude and size of the resulting hot spots (45,47). Comparing our clinical IMRT
results with a previous artificial air cavity clinical IMRT study (49) using a 3 cm air cavity, the
maximum rectum hot spot change (relative to 0 cm) was expectedly smaller for 0.35 T (1%)

(Table 2-3) than 1.5 T (6%).

In our second experiment, artificial tubular air cavities were generated on a prostate bed
patient’s daily MRI, and electron density information was obtained using deformable registration

with simulation CT. Deformed electron density maps were unable to reproduce daily MRI air
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cavities due to deformation transformation not able to create air cavity density in the electron
density map ; however, the dose differences between air cavity electron density corrected
(‘Override’) and uncorrected (‘Deformed’) clinical IMRT plans were minimal (< 4%) due to
beam averaging and low magnetic field strength. Therefore, prostate bed dose calculation, based
on electron density directly derived from MR-CT deformable registration, is acceptable for

various rectal air cavity sizes under a low strength magnetic field.

Lastly, MRgART air cavity electron density correction was evaluated on prostate bed
patients’ daily MRI with real air cavities. Daily clinical constraint changes between ‘Deformed’
and ‘Override’ plan were minimal, although large variations of air cavity sizes were observed.
MRQgART air cavity electron density corrections were considered clinically significant if: (1) The
‘Deformed’ plan failed clinical constraints while the ‘Override’ plan passed; or (2) the
‘Deformed’ plan passed clinical constraints while the ‘Override’ plan failed. In Scenario 1, the
‘Deformed’ plan constraints failing would suggest the need for further plan adaptation; however,
if the correct daily air electron density was used, plan adjustment would not be necessary,
reducing treatment time. In Scenario 2, the ‘Deformed’ plan constraints passing would suggest
plan adjustment was not needed based on deformably registered CT only; however, further plan
adaptation is actually necessary when the correct air cavity electron density is used. Of the 10
real patients’ air cavity fractions, two fractions followed Scenario 2, indicating air cavity electron
density correction was necessary to improve prostate bed IMRT constraints. Despite this, the
absolute difference between the ‘Deformed’ and the ‘Override’ plans were small in these cases.
Furthermore, air cavity electron density correction is a time-intensive procedure that requires
daily air cavity segmentation and plan re-calculation or re-optimization. As a result, MRgART,

based on daily anatomical change was sufficient (53), and the need for additional air cavity
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electron density correction to detect small dosimetric changes was not warranted at the cost of

longer treatment times.

This study has several limitations. First, our real air cavity patient cohort size was small
(5 patients, 2 fractions each). A larger patient cohort would include patients with different size
and shape air cavities. However the current patient cohort had a large range of air cavity sizes
and the dosimetric change from air cavity electron density correction was negligible. Second,
this study used ViewRay, vendor-specific, deformable registration to obtain electron density
maps for daily MRIs. Deformable registration algorithms, using machine learning or a more
accurate deformation transformation method, can be used between daily MRI and simulation CT
for potentially more accurate electron density mapping (54). Despite potential improvements in
electron density accuracy, manual air cavity electron density correction used in this study
resulted in small dosimetric differences with little to no clinical significance. Lastly, this study
used Viewray, vendor-specific, Monte Carlo dose calculation, which may use underlying model
assumptions to accelerate dose calculation and thus is not generalizable to other systems.
However, Khan et al. developed a general vendor-independent Monte Carlo 0.35 T/6 MV MR-
LINAC model using GEANT4 code and was able to show good agreement with ViewRay TPS
results (55). Therefore, our results, using ViewRay TPS Monte Carlo dose calculation, is a
reasonable estimation of the dosimetric impact of air cavities in prostate bed patientsona 0.35 T

MRgRT system.

2.5 Conclusion
Clinical 0.35 T IMRT prostate bed plans are dosimetrically robust to rectum air cavity
size when multiple beam angles are used, resulting in only small dosimetric deviations stemming

from the ERE. Moreover, 0.35 T ERE dosimetric deviations are smaller than 1.5 T. Despite strict
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bladder and rectum filling protocols, air cavity size change between simulation and daily
treatment are still present. Daily MRI electron density maps obtained from deformable
registration with simulation CT, are unable to produce accurate daily air cavity electron
densities. However, 0.35 T MRgART plan recalculation or re-optimization, with air cavity
electron density correction, shows small and clinically insignificant dosimetric change relative to
uncorrected deformed electron density plans. Therefore, MRgART air cavity electron density
correction is not necessary for prostate bed patients treated with clinical IMRT on low-field

MRgRT systems.

2.6 Appendix
Table 2-3 shows prostate bed Patient A’s AP, AP-PA, and clinical IMRT planning CT

target/organ max and mean dose difference (relative to 0 cm) for each air cavity size,

Table 2-3. Prostate bed Patient A’s AP, AP-PA, and clinical IMRT planning CT target/organ
max and mean dose difference (relative to 0 cm) for each air cavity size.

AP Plan
Air Cavity Radius CTV CTV PTV PTV  Bladder Bladder Rectum  Rectum  Recum  Rectum

Wall Wall

(cm) Max Mean Max Mean Max Mean Max Mean M

ax Mean
0.5 2% 0% 2% 0% 0% 0% 0% 0% 0% 0%
1 2% 0% 2% 0% 0% 0% 0% 0% 0% 0%
15 0% 0% 0% 0% 0% 0% 5% 0% 0% 0%
2 -1% 0% -1% 0% -1% 0% 10% 0% 3% 0%
25 -1% 0% -1% 0% -1% 0% 17% -1% 10% 0%
3 0% 0% 0% 0% -1% 0% 20% -1% 13% 0%
AP—PA Plan
0.5 0% 0% 0% 0% 1% 0% 0% 0% 0% 0%
1 1% 0% 2% 0% 1% 0% 2% 0% 0% 0%
15 1% 0% 1% 0% 2% 1% 7% 0% 0% 0%
2 4% 0% 4% 0% 3% 1% 11% 0% 2% 0%
25 4% 1% 5% 0% 4% 1% 15% -1% 8% 0%
3 4% 1% 6% 1% 4% 2% 17% —1% 13% 0%
Clinical IMRT Plan

0.5 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
1 -1% 0% -1% 0% 0% 0% 1% 0% 1% 0%
15 0% 0% 0% 0% 1% 0% 1% 1% 1% 0%
2 0% 0% 0% 0% 1% 0% 1% 1% 1% 0%
25 1% 0% 1% 0% 1% 0% 1% 0% 1% 1%
3 1% 0% 1% 0% 1% 0% 1% 0% 0% 1%
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Table 2-4 shows ‘Deformed’ and ‘Override’ plan daily constraint and change (A) for Patients 1—

5 and Fractions A and B based on daily MRI with real air cavities.

Table 2-4. ‘Deformed’ (DE) and ‘Override’ (OV) plan daily constraint and change between plans
(A) for each patient (Patient 1-5) and fraction (Fraction A and B) based on daily MRI with real
air cavities. Red and black constraint values indicate failed and passing. Green constraint change
values indicates scenarios where ‘Deformed’ plan passed the constraint, but ‘Override’ failed.

Patient PTV V32 (%) Bladder Max (Gy) Bladder VV35.7 (cc) Bladder VV32.5 (%) Rectum Wall V24 (%)
DE OV A DE OV A DE OV A DE OV A DE oV A

Patient 1
Eraction A 7995 7997 002 3636 36.16 02 02 015 -005 40554061 006 1538 1537 ~0.01
Patient 1

. 87.42 86.74 —0.68 35.48 3523 —0.25 0 0 0 1357 1409 052 2553 2458 —0.95
Fraction B
Patient 2

: 93.2 92.45 —0.75 34.87 3468 019 0 0 0 7371 71.92 —1.79 16.26 1627 0.1
Fraction A
Patient2 /21 942 —0.14 3592 36.04 012 001 0.02 001 4899 4879 —02 181 181 0
Fraction B ' ' ) ' ' ) ’ ' ' ' ' ’ ' )
Patient3 o194 9172 022 3548 358 032 0 002 002 2134 21.22 —012 17.46 1673 —0.73
Fraction A
Patient 3

. 92.15 91.68 —0.47 35.48 3553 005 0 O 0 2115 211 -0.05 1752 17.14 —0.38
Fraction B
Patient 4
Eraction o 9075 9074 ~001 37.52 37.35 ~0.17 427 425 002 3963 39.63 0 1063 1056 —0.07
Patient4d o) 73 947 003 3634 3684 05 05 09 04 2444 2441 —0.03 2122 2156  0.34
Fraction B
Patient o0 1 8557 034 365 3641 -0.09 018 026 0.08 2954 3014 0.6 1461 1416 —0.45
Fraction A
Patient o7 06 87,01 —0.05 36.23 36.06 —0.17 0.03 0.02 —0.01 31.84 33.76 1.92 1263 1241 —0.22
Fraction B

Patient  Rectum Max (Gy) Rectum V35.7 (cc) Rectum V33.75 (%) Rectum V32.5 (%) Rectum V27.5 (%)
DE OV A DE OV A DE OV A DE OV A DE OV A

Patientl o o5 3444 009 0 0 0 031 04 009 225 234 009 7.83 7.83 0
Fraction A
Patientl s/ 053492 007 0 0 0 066061 -005 585 364 —221 155 1203 347
Fraction B
Patient2 )0/ 359 006 0 0 0 0 0 0 0.04 007 003 7.96 7.98 0.02
Fraction A
Patient2 5133319 001 0 0 0 0 0 0 031 037 006 854 847 —0.07
Fraction B
Patient3 5/ 76 3457 019 0 0 0 046029 -017 236 176 -0.6 847 729 118
Fraction A
Patient3 = o) 76 3465 011 0 0 0 046 028 -018 236 175 -061 845 7.35 11
Fraction B
Patient4 5/ 473526 029 0 0 0 027033 006 086 09 004 394 389 005
Fraction A
Patient 4

: 35.78 36.24 0.46 0.01 004 003 3.67 242 -1.25 591 519 -0.72 12.02 11.87 -0.15
Fraction B
Patientd 5/ 653404 009 0 0 0 009 01 001 067 05 -017 549 475 074
Fraction A
Patientd 55093362 147 0 0 0 024 0 024 068 013 —055 5 452 048
Fraction B
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Chapter 3. Evaluation of T2-Weighted MRI for Visualization and
Sparing of Urethra with MR-Guided Radiation Therapy (MRgRT)

On-Board MRI

A version of this chapter has been published Cancers Journal: Pham J, Savjani RR, Gao Y, et al.
Evaluation of T2-Weighted MRI for Visualization and Sparing of Urethra with MR-Guided
Radiation Therapy (MRgRT) On-Board MRI. Cancers (Basel). 2021;13(14):3564. Published

2021 Jul 16. doi:10.3390/cancers13143564

3.1 Introduction

Stereotactic body radiation therapy (SBRT) has become a standard of care option for
prostate cancer patients, utilizing a large-fractionated dose to shorten treatment times. Recent
SBRT reports with large prostate cancer patient cohorts have shown SBRT to have comparable
biochemical control and toxicity rates to conventional treatments (56-58). Despite improvements
in treatment efficiency, patients are still reporting acute and late gastrointestinal (GI) and
genitourinary (GU) toxicities. GU toxicities can arise due to complications along the GU tract
(59). In the past, attention has primarily been focused on sparing the bladder despite the
significant contributions of urethral injury to GU toxicities mainly due to difficulty in localizing

the urethra.

Delineating the prostatic urethra on CT is challenging due to the urethral wall and
prostate having the same physical density and average atomic number (60). Furthermore, on-
board cone beam CT (CBCT) in linear accelerators (LINACS) has poor image quality, making it
impossible to visualize the urethra during treatment. The prostatic urethra can vary in size, shape,

and length from patient to patient, but on average is approximately 3.5 cm long and 0.8 cm wide
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(61,62). Currently, there are no consensus guidelines for contouring the urethra. The use of a
Foley catheter has been used to localize and visualize the urethra on CT. However, this method
must be done prior to each treatment, is invasive and can lead to infection. Additionally, the
catheter can also rotate and deform the urethra, resulting in potential organ misalignment during
each treatment delivery (63-65). As a result, some physicians choose to contour the prostatic
urethra on the planning CT based on prior experience and knowledge. However, this is unreliable

and can be inconsistent between radiation oncologists and centers.

Alternatively, MRI provides superior soft-tissue contrast and proper MRI sequences may
be used to improve prostatic urethra conspicuity. T2-weighted (T2w) MRIs can make the urethra
appear more hyperintense (59), and are currently used in radiation therapy urethra contouring by
registering diagnostic T2w MRI to the planning CT. However, the associated MR to CT
registration can be challenging due to differences in tissue contrast between the two imaging
modalities, as well as the potentially different shape and location of the urethra on MR1 and CT,

which is often acquired on different days with different patient position (66).

Delineating the urethra enables various urethra sparing techniques for reducing GU
toxicities. Urethra sparing is most commonly implemented by limiting hotspots in the urethra as
encouraged in PACE-B (56) and ongoing NRG-GU 005 trials. This method lowers GU toxicity
and avoids loss of efficacy. Moreover, limiting hotspots can enable dose escalation elsewhere for
aggressive disease and improve biochemical control while maintaining acceptably low rates of
toxicity (67). Urethra dose de-escalation has also been attempted (33,68,69) but is not commonly

used due to the high risk of recurrence at the periurethral areas (70).
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In a study by VU Medical Center in Amsterdam (VUMC), prostate cancer patients,
undergoing urethra-sparing SBRT using MR-guided radiation therapy (MRgRT), showed lower
rates of GU toxicity (33,68,69). Besides tighter planning target volume margins and on-line
adaptation enabled by on-board MRI, the urethra was also delineated and used for urethra
sparing with dose de-escalation. In their study, the urethra was contoured on one sagittal MR
slice from the balanced steady-state free precession (bSSFP) planning MRI and expanded
isotopically by 2 mm. However, the T2/T1 weighted contrast of bSSFP is not ideal for urethra
visibility and single-slice urethral contouring is limited and can miss the full extent of the

urethra.

In this study, we sought to optimize two MRI sequences, 3D half-Fourier acquisition
single-shot turbo spin echo (HASTE) and 3D turbo spin echo (TSE) on a commercial MRgRT
system for visualization and multi-slice delineation of the prostatic urethra within an MRgRT
prostate SBRT workflow. Imaging on an MRgRT system, as opposed to a diagnostic MRI
scanner, allows the patient to be in treatment position and avoids additional systematic
uncertainties. HASTE and TSE are T2-weighted MR sequences that can directly provide urethral
contrast within the prostate. The tradeoff for our proposed sequence is the lower signal-to-noise
ratio (SNR), which can degrade urethral visualization, thus urethral contrast and SNR must be
optimized by sequence parameters adjustments for adequate urethral localization. We compared
prostatic urethra contours in five different workflows: (1) CT-based planning based on CT only
(CT-1), (2) CT-based planning based on CT and registered diagnostic T2w 3T MRI (CT-2), (3)
MRgRT-based planning with the proposed optimized urethra 3D HASTE (MRgRT-1), (4)
MRgRT-based planning with the proposed optimized urethra 3D TSE (MRgRT-2), and (5)

MRgRT-based planning with clinical bSSFP MRI (MRgRT-3).
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3.2 Materials and Methods

3.2.1 Imaging and Subject Cohort

Eleven prostate cancer patients undergoing radiation therapy between February 2020 and
June 2020 were included. Each patient provided written consent prior to the study. Patient
planning CT and diagnostic 3T T2w MRI were acquired prior to treatment. For each patient, the
proposed 3D HASTE and 3D TSE sequences were used to image the urethra on a 0.35T MRgRT
system (MRIdian, ViewRay). Of the 11 patients, eight patients (Patients 1-8) were imaged
immediately after one of their treatment fractions and three patients (Patients 9-11) were imaged
right after simulation. Additionally, a clinical bSSFP scan was acquired on the MRgRT system,
which is currently used for MRgRT treatment planning and patient setup. Although images were
acquired at different times, all but the diagnostic MRI were acquired with the patient in their

treatment position.

Pelvic CTs were acquired on a 16-slice CT scanner (Sensation Open, Siemens Medical
Solutions, Erlangen, Germany) using 120 kVp and 400 mA. CT slice thickness was 1.5-3 mm
and in-plane resolutions ranged from 0.90 x 0.90 mm? to 1.27 x 1.27 mm?. Diagnostic MRIs
were acquired either in 2D or 3D. The scan parameters for the diagnostic T2w MRI, optimized

MRgRT HASTE, optimized MRgRT TSE, and clinical MRgRT bSSFP are shown in Table 3-1.

Table 3-1. Sequence parameters used for diagnostic T2W (2D and 3D) MRI, MRgRT 3D
HASTE, MRgRT 3D TSE, and clinical MRgRT 3D bSSFP.

. . Clinical
Diagnostic MRgRT MRgRT
Sequence MRgRT
T2w MRI HASTE TSE bSSEP
Acquisition Type 2D 3D 3D 3D 3D
Acquisition Orientation Axial Axial Sagittal Sagittal Axial
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Repitition Time (ms) 3530-6000 2200 1800 2000 3.37

Echo Time (ms) 95-130 205 246 250 1.45
Flip Angle 90-160° 110° 90° 90° 60°
Pixel Bandwidth (Hz/Px) 199-273 315 196 351 535

In-plane Resolution (mm?) 0.3x0.3-1.3x 1.3 0.7x0.7 15x15 15x15 15x15
180 x 180-462 x

FOV (mm?) 399 170 x 170 227 x 400 236 x 399 449 x 499
Phase Encoding Direction RL RL AP AP AP
Slice Thickness (mm) 3 15 15 1.5 1.5
Number of Slices 24-84 60 40 60 192
Parallel Imaging GRAPPA GRAPPA GRAPPA  GRAPPA None
Acceleration Factor 2-3 2 2 2 N/A
Number of Averages 14 2 6 4 1

Acquisition Duration

. 4:00-5:00 7:00 8:06 7:12 1:45
(minutes)

Both 3D HASTE and 3D TSE were qualitatively optimized for urethra visualization on
low-field MRgRT using four healthy male volunteers. Echo time (TE), relaxation time (TR), and
voxel size were tuned to provide urethra contrast while maintaining sufficient SNR.
Additionally, the number of averages was tuned to increase image SNR and minimize
motion/ghosting artifacts, while maintaining acceptable scan times. Figures 3-1 and 3-2 show the
MRgRT 3D HASTE and MRgRT 3D TSE optimization. Optimization steps for MRgRT 3D
HASTE and TSE were similar. Volunteer 1 HASTE 1 and Volunteer 2 TSE 1 (baseline) show a
noisy urethra with some urethral contrast. By increasing the number of averages to 6 (HASTE)
and 4 (TSE), the scan SNR improved and the final scan time was increased to 8:06 min and 7:14
min, respectively. Increasing TE to 407 ms (Volunteer 2 HASTE 1) resulted in lower SNR, but
greater urethral contrast as T2-weighting increased. Conversely, decreasing TE to 135/133 ms
(Volunteer 2 HASTE 2/Volunteer 2 TSE 2), resulted in higher SNR, but less urethral contrast as
T2-weighting decreased. Increasing TR to 3000 ms (Volunteer 4 TSE 2) slightly improved SNR,
but lowered urethral contrast, as prostate and urethral signal intensity were able to fully recover.

Ultimately, TE of 246/250 ms and TR of 1800/2000 ms for MRgRT 3D HASTE/TSE was
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selected to provide adequate SNR and urethral contrast. Lower resolution (Volunteer 2 HASTE 2
and 3) of 2.0 mm isotropic, compared to 1.5 mm isotropic, provided higher SNR; however, 1.5
mm isotropic was selected to capture the prostatic urethra’s fine structure. Lastly, sagittal

acquisition was preferred over axial acquisition for easier urethra visualization and delineation.

Volunteer 1 HASTE 1 Volunteer 2 HASTE 1

Volunteer 3 HASTE 1 Volunteer 4 HASTE 1
Volunteer 2 HASTE 3

Baseline

Optimized

Sequence Volunteer 1 Volunteer 1 Volunteer 2 Volunteer 2 Volunteer 2 Volunteer 3 Volunteer 4
HASTE 1 HASTE 2 HASTE 1 HASTE 2 HASTE 3 HASTE 1 HASTE 1
(baseline) . (optimized)
Acquisition Type 3D 3D 3D 3D 3D 3D 3D
Acquisition Orientation Axial Axial Axial Axial Axial Sagittal Sagittal
Relaxation Time (ms) 1800 1800 1800 1800 1800 1800
| Echo Time (ms) : 296 B _296 297 i 303 ; 246
Flip Angle 90° 90° 90° 90°
Pixel Bandwidth (Hz/Px) 196 Il 196 196
In-plane Resolution (mm?) 20x20 1.5x15 1.5x15
FOV (mm?) 225 %399 228 % 3%
lice Thickness (mm) 5
GRAPPA GRAPPA
Acceleration Factor 2 2
Number of Averages 4 6
Acquisition Duration (minutes) 5:24 8:06

Figure 3-1. MRgRT 3D HASTE optimization scheme using healthy male volunteers (red arrows
pointing towards prostatic urethra).
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Volunteer 4 TSE 1

Volunteer 4 TSE 3

Volunteer2 TSE 1 Volunteer 2 TSE 2 Volunteer 3 TSE 1

Volunteer 4 TSE 2

Baseline
Optimized
Sequence Volunteer 2 Volunteer 2 Volunteer 3 Volunteer 4 Volunteer 4 Volunteer 4
TSE1 TSE2 TSE1 TSE1 TSE2 TSE 3
(baseline) (optimized)
Acquisition Type 3D 3D 3D 3D 3D 3D
_Acquisition Orientation Axial Axial Axial Axial Sagittal Sagittal
Relaxation Time (ms) 2000 2000 2000 2000 3000 2000
Echo Time (ms) 297 133 250 297 250 250
Flip Angle . . NP, 0% 90° 2° 90° 90°
Pixel Bandwidth (Hz/Px) 351 351 351 351 351 351
In-plane Resolution (mm?) 1.5x1.5 1.5%15 1.5%x15 1.5%1.5 1.5x15 15%1.5
FOV (mm?) 236 * 399 236 x 399 236 * 399 236 x 399 236 * 399 236 = 399
Slice Thickness (mm) 1.5 1.5 1.5 1.5 1.5 1.5
Number of Slices 60 60 60 60 40 60
Parallel Imaging GRAPPA GRAPPA GRAPPA GRAPPA GRAPPA GRAPPA
Acceleration Factor 2 2 2 2 2 2
Number of Averages 2 2 4 6 4 4
Acquisition Duration (minutes) 3:35 3:35 7:14 10:49 7:14 7:14

Figure 3-2. MRgRT 3D TSE optimization scheme using healthy male volunteers (red arrows
pointing towards prostatic urethra).

3.2.2 Urethra Contours

A resident radiation oncologist with over two years of experience contoured the prostatic
urethra on each patient’s CT sim, registered pre-treatment T2w diagnostic MRI, MRgRT 3D
HASTE, and MRgRT 3D TSE MRIs. First, in the CT-1 workflow, the resident radiation
oncologist only had access to the patient’s CT sim and the prostatic urethra contour was made
using anatomical guidelines (71). Second, in the CT-2 workflow, the resident radiation
oncologist contoured the prostatic urethra using the patient’s CT sim and the diagnostic T2w
MRI which had been rigidly registered to the CT. Third, in the MRgRT-1 workflow, the resident
radiation oncologist contoured the prostatic urethra using the patient’s MRgRT 3D HASTE.
Fourth, in the MRgRT-2 workflow, the resident radiation oncologist contoured the prostatic
urethra using the patient’s MRgRT 3D TSE. Afterwards, an attending radiation oncologist with

over eight years of experience reviewed and, if necessary, edited the contours. Lastly, in the
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MRgRT-3 workflow, the attending radiation oncologist contoured the prostatic urethra using the

patient’s clinical MRgRT 3D bSSFP.

3.2.3 Evaluation Metrics

The resident radiation oncologist, attending radiation oncologist, and a senior medical
physicist with over 15 years of experience qualitatively scored the urethra visibility for each
image on a 4-point scale: 1 = no conspicuity; 2 = some conspicuity, urethra can be identified, but

not very clear; 3 = good conspicuity, urethra can be identified clearly; 4 = excellent conspicuity.

Based on the urethra conspicuity scores, MRgRT 3D HASTE in MRgRT-1 workflow had
the highest score (Table 3-2) from two out of the three observers and was subsequently used as
the reference in quantitative contour evaluation. Specifically, CT, diagnostic MRI, MRgRT 3D
TSE, and clinical MRgRT 3D bSSFP were rigidly registered to the MRgRT 3D HASTE based
on the prostate gland using MIM Software (Cleveland, OH, USA). Afterwards, the contours in
the CT-1, CT-2, MRgRT-2 and MRgRT-3 workflows were compared relative to the contours in
the MRgRT-1 workflow (MRgRT 3D HASTE) using the 95th percentile Hausdorff distance
(HD95), mean-distance-to-agreement (MDA), and DICE coefficient. The 95th percentile
Hausdorff distance was calculated as the 95th percentile surface distance between the contours

and was chosen as it was relatively stable to small outliers.
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Table 3-2. Observer 1 (OBS1—senior radiation oncologist), observer 2 (OBS2—resident
radiation oncologist), and observer 3 (OBS3—senior medical physicist) patient urethra visibility
scores for each imaging technique. Qualitative visibility scores: 1 = no conspicuity; 2 = some
conspicuity; 3 = good conspicuity; 4 = excellent conspicuity. Wilcoxon signed-rank test
statistical significance difference test was used between MRgRT 3D HASTE and different
imaging techniques for each respective observer.

. . Clinical
. Diagnostic MRgRT MRgRT
Patient CT MRgRT
T2w MRI 3D HASTE 3D TSE 3D bSSEP
OBS1 OBS2 OBS3|OBS1 OBS2 OBS3|OBS1I OBS2 OBS30BSI OBS2 OBS3/OBS1 OBS2 OBS3
1 1 1 1 |3D)2 3 3 | 3 2 4 | 3 3 3 | 2 2 2
2 1 1 1 |3D)2 2 2 | 3 2 4 | 2 3 3| 1 3 1
3 1 1 1 |@2D)2 2 2 | 3 3 3| 2 2 3| 2 3 1
4 1 1 1 |(2D)2 3 2 | 3 3 3 | 3 4 4 | 2 2 2
5 1 1 1 |(3D)3 3 3 | 4 3 4 | 3 4 4 | 3 3 2
6 1 1 1 |(2D)4 3 4 | 3 3 4 | 3 3 3| 2 3 2
7 1 1 1 |(3D)4 3 4 | 3 3 3| 2 3 3] 2 2 2
8 1 1 1 |(3D)3 3 3 | 3 3 4 | 2 3 3| 1 2 1
9 1 1 1 |@2D)2 4 3 | 2 3 3| 2 3 3| 1 3 1
10 1 1 1 |(3D)4 4 4 | 3 2 3 | 2 3 3| 1 2 1
11 1 1 1 |(2D)4 4 4 | 4 4 4 | 3 4 3| 2 3 2
Mean | 1.0 10 1.0 | 29 3.1 31 | 31 2.8 35|25 32 32| 17 25 15
gtar.‘d?‘rd 00 00 00 | 09 0.7 08 | 05 0.6 05|05 06 04| 06 0.5 0.5
eviation
p-value |<0.001 <0.001 <0.001|0.732 05  0.234| - - - 002 0219 0219<0.001 0375 <0.001

Additionally, prostatic urethra contrast-to-noise ratios (CNR) were calculated for each

image as follows:

|Prostatic urethra mean intensity - Surrounding prostate mean intensity|

CNRProstatic Urethra —

Background noise

(3-1)

The prostatic urethra mean intensity was evaluated based on the radiation oncologist’s contour.

The surrounding prostate mean intensity was evaluated based on a prostate ring contour

encompassing the prostatic urethra. The prostate ring contour was made by expanding the

prostatic urethra contour 1 cm isotropically then subtracting the original urethra. Both the

prostatic urethra and prostate ring contour were cropped to remain within the clinical prostate

contour, which was originally made on the planning image and registered/transferred to each

image. The entire clinical prostate contour for the prostate mean intensity calculation was not

used because the clinical prostate contour often extended into the bladder and would artificially
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increase the mean value. The background noise was measured as the standard deviation of the

image values inside the prostate ring contour.

The prostatic urethra qualitative and CNR results were compared using the Wilcoxon

signed-rank test with a significance level of 0.05.

3.3 Results

Table 3-2 shows the attending radiation oncologist’s (Observer 1-OBS1), resident
radiation oncologist’s (Observer 2—0BS2), and senior medical physicist’s (Observer 3—0OBS3)
qualitative urethra visibility scores for all patient images. All observers scored CT urethra
visibility a 1. For Observer 1 and 3, the qualitative scores for MRgRT 3D HASTE were scored
significantly higher than CT and clinical MRgRT 3D bSSFP. Observer 1 scored MRgRT 3D
HASTE significantly higher than MRgRT 3D TSE, but Observer 3 did not. Furthermore,
Observer 2 scored MRgRT 3D HASTE significantly higher than for CT only and not for the
other MRI techniques. Two-dimensional (2D) and 3D diagnostic T2w MRI’s qualitative scores
were not significantly different from MRgRT 3D HASTE for all observers. MRgRT 3D HASTE
was scored highest for two out of three observers and was used as a reference for quantitative

evaluation.

Figure 3-3 shows Patient 11’s (Figure 3-3a) planning CT, (Figure 3-3b) 2D diagnostic
T2w MRI, (Figure 3-3c) MRgRT 3D HASTE, (Figure 3-3d) MRgRT 3D TSE, and (Figure 3-3¢)
clinical MRgRT 3D bSSFP. There is no tissue contrast between the urethra and prostate in the
planning CT. In the MRI scans, the contrast is improved in general, but urethra visibility varies
with the different MRI sequences. Notably, the diagnostic MRI and MRgRT 3D HASTE and

TSE showed fewer motion/ghosting artifacts compared to the MRgRT 3D bSSFP (blue arrow).
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Figure 3-4 shows Patient 7°s CT and MRgRT 3D HASTE fused images with urethra
contours based on CT-1: CT only (yellow), CT-2: CT + diagnostic T2w MRI (green), MRgRT-1:
MRgRT 3D HASTE (red), MRgRT-2: MRgRT 3D TSE (blue), and MRgRT-3: clinical MRgRT

3D bSSFP (purple).

Figure 3-3. Patient 11’s (a) planning CT, (b) 2D diagnostic T2w MRI at 3T, (c) MRgRT 3D
HASTE, (d) MRgRT 3D TSE, and (e) clinical MRgRT 3D bSSFP (red arrows pointing to the
prostatic urethra). Blue arrows showing different amounts of motion/ghosting artifacts in each
MRI image. The clinical MRgRT 3D bSSFP showed significant motion/ghosting artifacts.

40



Transverse Coronal

Sagittal

3D HASTE

Figure 3-4. Patient 7’s CT (red/yellow) and MRgRT 3D HASTE (B-W linear) fused images with
urethra contours based on workflow (1) CT-1: CT only (yellow), (2) CT-2: CT + diagnostic T2w
MRI (green), (3) MRgRT-1: MRgRT 3D HASTE (red), (4) MRgRT-2: MRgRT 3D TSE (blue),
and (5) MRgRT-3: clinical MRgRT 3D bSSFP (purple) prostatic urethra contour.

Figure 3-5 shows the CT-1, CT-2, MRgRT-2 and MRgRT-3 workflows’ prostatic urethra
contours’ HD95, MDA, and DICE coefficient relative to workflow MRgRT-1’s prostatic urethra
contour. The mean HD95s for workflow CT-1, CT-2, MRgRT-2, and MRgRT-3 were 11.35 +
3.55mm, 7.62 £ 2.75 mm, 5.49 £ 2.32 mm, and 6.34 £ 2.89 mm, respectively. Similarly, the
mean MDAs were 5.77 + 2.69 mm, 3.83 £ 1.47 mm, 2.18 £ 1.19 mm, and 2.65 + 1.31 mm, and
the mean DICE coefficients were 0.07 + 0.08, 0.12 + 0.10, 0.35 £ 0.19, and 0.21 + 0.12. Overall,
the prostatic urethra contours showed great variance between the different workflows. Urethra
contours from the three MRgRT MRIs acquired in common imaging sessions (MRgRT-1,

MRgRT-2, and MRgRT-3) showed the smallest variances.

41



Figure 3-6 shows prostatic urethra CNRs. The mean CNRs for CT, diagnostic T2w MRI,
MRgRT 3D HASTE, MRgRT 3D TSE, and clinical MRgRT 3D bSSFP were 0.07 + 0.05, 0.25 +
0.14, 0.44 £ 0.25, 0.39 £ 0.29, and 0.24 £ 0.14, respectively. The CNR for MRgRT 3D HASTE
was significantly greater than CT (p < 0.001), diagnostic T2w (p < 0.042), and clinical MRgRT

3D bSSFP (p < 0.014), but was not significantly different from MRgRT 3D TSE (p = 0.465).

Prostatic Urethra Contour
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Figure 3-5. Boxplot of 95th percentile Hausdorff distance, mean-distance-to-agreement, and
DICE coefficient for CT (CT-1), CT + diagnostic T2w MRI (CT-2), MRgRT 3D TSE (MRgRT-
2), and clinical MRgRT 3D bSSFP (MRgRT-3) prostatic urethra contour relative to MRgRT 3D
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HASTE’s (MRgRT-1) prostatic urethra contour. CT-based planning showed great variability
while MRgRT-based planning showed the most consistency. (Red line = median value, top edge
of box = 75th percentile, bottom edge of box = 25th percentile, whiskers = extreme data points
(not outliers), red cross = outliers).

Prostatic Urethra
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Figure 3-6. Boxplot of CT, diagnostic T2w MRI, MRgRT 3D HASTE, MRgRT 3D TSE, and
clinical MRgRT 3D bSSFP prostatic urethra CNR. Urethral MRgRT scans showed significantly
greater prostatic urethra contrast. (Red line = median value, top edge of box = 75th percentile,
bottom edge of box = 25th percentile, whiskers = extreme data points (not outliers), red cross =
outliers; n.s = not significantly different; * = significantly different—* = p < 0.05, *** =p <
0.001).

3.4 Discussion

This study evaluated five workflows with the intention of delineating the prostatic urethra
utilizing three MRgRT workflows with different MR pulse sequences on a 0.35T MRgRT
system and two conventional CT-based clinical workflows. The two new urethral T2w MR
pulses sequences, MRgRT 3D HASTE and 3D TSE, acquired 1.5 mm isotropic resolution
images in 7 to 8 min. Based on Observers 1 and 3, both urethral MRgRT sequences were
markedly better than the current clinical MRgRT 3D bSSFP and CT for urethra visualization.

Clinical 3D bSSFP has its intrinsic advantages of fast speed and high SNR, which can be used to
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acquire 3D volumetric MRI within a very short time. Optimized MRgRT 3D HASTE and TSE
showed less motion/ghosting artifacts, originating from subcutaneous fat and periprostatic fat,
and better urethra/prostate contrast than clinical MRgRT 3D bSSFP. Thus, the urethral
sequences’ intended purpose should be to supplement current clinical MRgRT 3D bSSFP for
urethral sparing. However, despite the potential improvement in GU toxicity reduction, the
current urethral scan times are long, which can introduce unwarranted organ motion from
bladder or rectum filling, potentially degrading the treatment efficacy. Future work will be
focused on decreasing the urethral scan time by exploring acceleration strategies, further
optimizing the protocol, and utilizing new vendor-improved receiver coils. Moreover, a
limitation of the study was a lack of GU toxicity reports. Future work will look to incorporate
MRgRT on-board urethral imaging into a urethra sparing study to evaluate its effectiveness in

GU toxicity reduction.

No observer was able to visualize the urethra on CT as it provided no urethral contrast.
Observer 1 and 3 reported little to no visibility on clinical MRgRT bSSFP, whereas,
contrastingly, Observer 2 reported more visibility. Despite this, all observers reported similar
high visibility scores for diagnostic MRI and MRgRT urethral scans. Overall, the MRgRT 3D
HASTE performed best and was most comparable to diagnostic MRI. Although diagnostic MRI
was acquired at higher field strength and is expected to have superior image quality, the low-
field MRgRT urethral sequences. Specifically, our low-field MRgRT urethral sequences utilized

heavier T2-weighting (larger TE), providing greater urethral contrast as seen in Figure 3-6.

Although MRgRT 3D HASTE and diagnostic MRI had similar prostatic urethra
visibility, the prostatic urethra contours differed significantly. Contour differences may be due to

the images being acquired on different days and the patient being in different positions.
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Furthermore, no strict guidelines were followed to control patient bladder and rectum fullness for
diagnostic MRI acquisition, and as a result, urethra location and shape may vary between a
patient’s diagnostic MRI and MRgRT 3D HASTE. MRgRT 3D TSE’s prostatic urethra contour
had the best agreement with MRgRT 3D HASTE’s with the highest DICE score and smallest
HD95 and MDA values. Both urethra MRgRT scans were acquired on the same day and in the
same imaging session, however, there are still significant differences between these two
contours, which may be due to different image contrast and potential motion during long
acquisition. Furthermore, the prostatic urethra is a small structure, making the oncologist’s
contour extremely sensitive to any contour deviation. Compared to MRgRT 3D TSE, MRgRT
3D HASTE showed less grainy prostate glands, and subsequently easier visualization of urethras.
This is also indicated by MRgRT 3D HASTE’s higher CNR. Although MRgRT 3D HASTE’s
CNR was superior, its standard deviation was high, indicating inconsistent performance. CNR
variance may be due to different prostate patients having varying residual amounts of urine in the
prostatic urethra. Additionally, surrounding fat and ghosting artifacts decreases the CNR of the
prostatic urethra. Furthermore, the prostatic urethra may be compressed due to nearby prostatic
hyperplasia in the transitional zone (72). Regardless, the prostatic urethra’s lining is
histologically different from the surrounding prostate and should be distinguishable on MRI (73).
Future work will focus on implementing fat suppression for more consistent contrast and

improving scan technique for motion robustness.

The quantitative results in Figure 3-5 showed considerable disagreement of prostatic
urethra position amongst CT and MR based workflows regardless of whether MRgRT imaging
was done prior to or during treatment course. High urethra contouring accuracy and precision are

critical for urethra sparing and radiation therapy efficacy as significant treatment degradation
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could occur if reduced dose regions were not positioned correctly. One limitation of the study is
a lack of a urethra ground-truth to reference. As a result, urethra accuracy could not be
confidently reported. Currently, there is no gold-standard ground-truth for the urethra. However,
our high MRgRT urethra visibility scores lead us to have higher confidence in the urethra
contouring. Furthermore, MRgRT workflow avoids additional cross-modality image registration
as the urethra can be reliably drawn on the planning MR, at the time of simulation or before
each treatment. With greater confidence, urethra sparing can be further improved with high
visibility urethra on-board imaging for patient setup and pre-beam MRgRT on-line adaptive.
Future work will be to design and construct anthropomorphic prostate phantom to study urethra
contouring accuracy of our MRgRT urethra MRI sequences. Additionally, future work will be
focused on detecting inter-observer and inter-fraction urethra localization variability for

determining urethral margin.

One weakness of our study is the small patient cohort. Future work will add more patients
to improve the power of the study. Another weakness was the qualitative scoring system, which
was subjective. Future work should recruit additional radiation oncologists for more confident

scoring and analysis.

3.5 Conclusion

Two 0.35T MRgRT T2w pulse sequences were proposed for urethra visualization and
prostatic urethra contouring. MRgRT 3D HASTE provided high contrast and spatial resolution
for prostatic urethra delineation. MRgRT workflow avoids cross-modality registration errors and
holds the potential of accurate urethra delineation and effective urethra sparing during both

initial MRgRT treatment planning and on-line adaptive radiation therapy.
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Chapter 4.Urethral Inter-fractional Geometric and Dosimetric
Variations of Prostate Cancer Patients: a study using an on-board

MRI

A version of this chapter has been published Frontiers Oncology Journal: Pham J, Savjani RR,
Yoon SM, et al. Urethral Interfractional Geometric and Dosimetric Variations of Prostate Cancer
Patients: A Study Using an Onboard MRI. Front Oncol. 2022;12:916254. Published 2022 Jul 15.

doi:10.3389/fonc.2022.916254

4.1 Introduction

Stereotactic body radiotherapy (SBRT) is now a widely accepted standard of care option
for localized prostate cancer (74). Despite an overall highly favorable safety profile, SBRT late
(13.3%) grade > 2 genitourinary (GU) toxicity rates remain a significant challenge (7,57,75,76).
Past efforts for reducing late GU toxicities have been focused on bladder sparing (77). However,
urethral injury is also a significant contributor to GU toxicity (78,79). The urethra can be
constrained below the prescription dose (urethra sparing) or above (hotspot limitation).
Prospective SBRT trials have reported allowable urethra doses ranging between 34.7 Gy and
52.5 Gy in 5 fractions (80,81). Leeman et al. analyzed patients enrolled onto trials for SBRT and
showed an increase to the maximum urethral dose metric (MUDM) correlated to an increase in
acute (< 3 months) and late (> 3 months) grade > 2 GU toxicity rates (79). While urethral sparing
approaches are appealing from the standpoint of limiting toxicity, post-radiation patterns of
failure studies have suggested that peri-urethral recurrences are common, and therefore hotspot

limitation may be a better goal for minimizing toxicity while maintaining efficacy (82).
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In addition to urethral dose constraints, urethra delineation uncertainty and intra-
fraction/inter-fraction motion can also contribute to GU toxicity. Delineating the urethra on
computed tomography (CT) images is non-trivial due to the lack of contrast between the urethra
and prostate (83). Foley catheters have been used to delineate the urethra on planning CTs;
however, the catheter can also displace and deform the urethra, resulting in urethra misposition
(65,84). Alternatively, magnetic resonance images (MRI) can be acquired and registered to
planning CTs for urethra delineation (85). Diagnostic 3T T2-weighted MRI has shown good
urethra visualization and low inter-observer urethra contouring variation (86,87). However,
contouring uncertainty from cross-modality registration adds uncertainties (88). Moreover, the
shape and location of the urethra may change between diagnostic MRI and planning CT
acquisitions, which are often acquired on different days with different patient positions. As for
urethra intra-fraction/inter-fraction motion, little has been studied and its impact on urethral dose

is unknown due to limited urethra visualization tools.

Recently, advancements in MR-guided radiation therapy (MRgRT) and the development
of MR linear accelerators (MR-LINAC), equipped with on-board MRI, have allowed the
application of MRI for prostate treatment planning, adaptation, and monitoring. MRI provides
high soft-tissue contrast for accurate tumor and critical structure delineation (89). MR-LINAC’s
on-board MRIs allow for fiducial-free daily patient setup and inter-fraction MR-guided online
adaptive radiation therapy (MRgART), where initial treatment plans can be re-calculated or re-
optimized based on the patient’s daily anatomy (90). Real-time cine MR can also be acquired
during treatment delivery to monitor intra-fraction motion and gate treatment (32). Consistent
and frequent radiation-free MR imaging, throughout patient treatment, enables use of smaller

planning margins and improved critical structure sparing (76). Furthermore, the MRgRT
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workflow minimizes cross-modality and cross-system registration errors as the MRIs are

acquired on the same system with the patient in the treatment position.

Currently, it is standard practice to acquire a 3D balanced steady-state free precession
(bSSFP) MRI for MRgRT treatment planning and daily patient setup using the ViewRay
MRIdian MR-LINAC (ViewRay INC., Oakwood Village, OH, USA). Clinical bSSFP is
intrinsically fast and has a high signal-to-noise ratio (SNR). However, it is T2/T1-weighted and
provides lower urethral contrast than T2-weighted scans (91). As a result, at our institution, a T2-
weighted MRI sequence is optimized and performed at the end of patient MR simulation for
urethra delineation (91) and are acquired with a smaller FOV covering only the prostate gland.
Due to time constraints, T2-weighted MRIs are not acquired for daily patient setup. Herein, we
analyze interobserver variability as well as geometric and dosimetric changes in the urethra
between the simulation scan and the final fraction of SBRT in a cohort of prospectively treated
patients to determine the clinical significance of on-board urethra visualization for urethra-

focused MRgART.

4.2 Method and Materials

This study was conducted according to the guidelines of the Declaration of Helsinki and
approved by the Institutional Review Board of the University of California, Los Angeles, IRB
#17-001064, on December 6, 2017. 26 prostate cancer patients undergoing MRgRT SBRT
between June 2020 and June 2021 were prospectively included. Prior to patient simulation and
each treatment fraction, patients were instructed to follow the institutional bladder filling and
rectum emptying protocol. For CT simulation, patients were immobilized with a vacuum bag and
a pelvic CT was acquired on a 16-slice CT scanner (Sensation Open, Siemens Medical Solutions,

Erlangen, Germany). For MR simulation and before each treatment fraction, a clinical b.SSFP
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MRI was acquired on a 0.35T MR-LINAC system (ViewRay MRIdian, ViewRay Inc.,
Cleveland, OH, USA) using the same immobilization device. Additionally, a urethra-specific T2-
weighted 3D half-Fourier acquisition single-shot turbo spin echo (3D HASTE) was acquired at
simulation (HASTE 1) and at the end of the final treatment fraction (HASTE 2). Urethra imaging
was only acquired at two timepoints due to clinical time constraints. 3D HASTE sequence
parameters are as follow: repetition time (TR) = 1800 ms, echo time (TE) = 246 ms, voxel size
1.5 mm isotropic, FOV = 227 x 400 mm?, number of slices = 40, number of averages = 6,
acquisition time = 8:06 minutes. A more detailed explanation of 3D HASTE sequence

optimization can be found in Pham et al (91).

The simulation clinical bSSFP MRI serves as the primary treatment planning image
(planning MRI). An attending physician contoured the prostate gland as the clinical target
volume (CTV) and all critical structures on the planning MRI in MIM Software (Cleveland, OH,
USA). Due to high MRI prostate visualization and MRgRT daily/real-time image guidance, the
planning target volume (PTV) was constructed by isotropically expanding the CTV by 2 mm.
Two radiation oncologists (RO1 and RO2) independently contoured the prostatic urethras on
both HASTE 1 and HASTE 2 for all patients. Prostatic urethra contours were cropped to be
within the PTV. HASTE 1 and 2 were rigidly registered in MIM Software using box-based
assisted alignment on the prostate. Afterwards, a medical physicist checked the registration and
manual translational/rotational adjustments were made if necessary. Urethral inter-observer and
inter-fractional geometric variation was evaluated using 95" percentile Hausdorff distance
(HD95), mean-distance-agreement (MDA), center-of-mass-shift (COMS), and DICE coefficient.
A DICE coefficient score of > 0.70 reflected a good spatial and volumetric agreement between

observers or no geometrical change between imaging fractions (87). Additionally, HASTE 1 and
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2 bladder volumes were estimated and association between bladder volume change and urethral
motion was assessed using regression analysis. Due to the HASTE images’ limited FOV,
complete bladder volume could not be measured, and as a result, a surrogate area index (Area =
A x B) was used, in which the long axis (A) and perpendicular short axis (B) of the bladder in

the central sagittal plane was measured.

Further, each RO qualitatively scored the urethra visibility of each image on a 4-point
scale: 1 = no conspicuity; 2 = some conspicuity, the urethra can be identified, but not very clear;
3 =good conspicuity, the urethra can be identified clearly; 4 = excellent conspicuity. RO1 and
RO2’s urethra visibility scores were compared using Wilcoxon signed-rank test with a

significance level of 0.05.

For dosimetric analysis, HASTE 1 and HASTE 2 were rigidly registered to their
respective clinical bSSFP MRI. Both RO’s urethra contours were transferred separately from
HASTE images for treatment planning and dose estimation. For each RO, an MRgRT treatment
plan was generated on the planning MRI using clinical contours and their respective HASTE 1
urethra contours. MRgRT plans were prescribed to deliver 40 Gy to 95% of PTV (5 fractions
(Fx); 8 Gy/Fx). Each plan was optimized to meet clinical constraints (Table 4-1), including a

urethral hotspot limiting constraint (V42Gy < 0.03cc).
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Table 4-1. Clinical constraints for prostate patients

Constraint

PTV V40Gy >95%

PTV V42Gy < 30%
Rectum V20Gy < 50%
Rectum V36Gy < 10%
Rectum V40Gy <5%
Bowel V20Gy <30cc
Urethra V42Gy <0.03 cc
Bladder V20Gy <40%
Bladder V39Gy <4cc
Bladder V40Gy <10%

Urethral hotspot limitation constraint was prioritized over urethral sparing to maintain
treatment efficacy and reduce risk of disease recurrence. The dose was calculated on the
planning MR1 with deformably registered electron density information from simulation CT using
the MRgRT treatment planning system. The final fraction urethral dose was estimated by
performing a forward calculation of the initial plan onto the final fraction patient setup bSSFP
MRI. Urethral constraint, mean dose, D0.03cc, V42Gy, and PTV mean dose change between
simulation and final fraction were evaluated. Simulation and final fraction dose parameters were

compared using paired t-test with a significance level of 0.05.

4.3 Results

The average time between simulation and final fraction imaging was 21.4 + 4.6 days. The
RO1 and RO2’s average qualitative urethra visibility scores were 1.8 £ 0.7 and 3.2 £ 0.7. RO2
scored urethra visibility significantly greater than RO1 (p < 0.05). The average HD95, MDA,
COMS, and DICE between RO1 and RO2’s urethra contours were 2.85 + 1.34 mm, 1.02 £ 0.36

mm, 3.16 £ 1.61 mm and 0.58 + 0.15.

Figures 4-(1-4) shows four prostate patients’ (Patient A-D) HASTE 1 and 2 with RO1

and RO2 contours. Patient A-D showed ok-good inter-observer contour agreement (DICE >
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0.60). Patients A and B showed minimal urethral inter-fraction change (DICE > 0.62), while
Patients C and D showed significant urethral inter-fraction change (DICE < 0.54). The combined
RO-average HD95, MDA, COMS, and DICE between simulation and final fraction urethra
contours for all patients were 3.26 + 1.54 mm, 1.29 + 0.54 mm, 3.34 + 2.01 mm. and 0.49 + 0.18.
No correlation between urethral motion and the bladder volume surrogate was observed (R2 <

0.1).

HASTE 1 RO1
HASTE 1 Inter-observer DICE = 0.76 Inter-fraction DICE = 0.74

HASTE 2 RO2
Inter-observer DICE = 0.79 Inter-fraction DICE = 0.76

Figure 4-1. Patient A’s (A) simulation (HASTE 1) and (B) final fraction (HASTE 2) urethra
image (red arrows pointing to urethra). (C) Inter-observer urethra contour agreement between
ROL1 (purple) and RO2 (green) for HASTE 1. (D) Inter-observer urethra contour agreement
between ROL1 (blue) and RO2 (pink) for HASTE 2. Planning target volume (PTV) is contoured
in orange. Inter-fraction urethra changes for (E) RO1 and (F) RO2 on fused (checkerboard
layout) HASTE 1 and 2 images.
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HASTE 1 ROI
HASTE 1 Inter-observer DICE = 0.72 Inter-fraction DICE = 0.62

HASTE 2 RO2

HASTE 2 Inter-observer DICE = 0.69 Inter-fraction DICE = 0.66

Figure 4-2. Patient B’s (A) simulation (HASTE 1) and (B) final fraction (HASTE 2) urethra
image (red arrows pointing to urethra). (C) Inter-observer urethra contour agreement between
RO1 (purple) and RO2 (green) for HASTE 1. (D) Inter-observer urethra contour agreement
between ROL1 (blue) and RO2 (pink) for HASTE 2. Planning target volume (PTV) is contoured
in orange. Inter-fraction urethra changes for (E) RO1 and (F) RO2 on fused (checkerboard
layout) HASTE 1 and 2 images.
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HASTE 1 RO1
HASTE 1 Inter-observer DICE = 0.61 Inter-fraction DICE = 0.52

HASTE 2
Inter-observer DICE = 0.67

HASTE 2

Figure 4-3. Patient C’s (A) simulation (HASTE 1) and (B) final fraction (HASTE 2) urethra
image (red arrows pointing to urethra). (C) Inter-observer urethra contour agreement between
RO1 (purple) and RO2 (green) for HASTE 1. (D) Inter-observer urethra contour agreement
between ROL1 (blue) and RO2 (pink) for HASTE 2. Planning target volume (PTV) is contoured
in orange. Inter-fraction urethra changes for (E) RO1 and (F) RO2 on fused (checkerboard
layout) HASTE 1 and 2 images.
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HASTE 1 ROI
Inter-observer DICE = 0.68 Inter-fraction DICE = 0.29

HASTE 2 ‘RO2
Inter-observer DICE = 0.60 Inter-fraction DICE = 0.37

Figure 4-4. Patient D’s (A) simulation (HASTE 1) and (B) final fraction (HASTE 2) urethra
image (red arrows pointing to urethra). (C) Inter-observer urethra contour agreement between
ROL1 (purple) and RO2 (green) for HASTE 1. (D) Inter-observer urethra contour agreement
between ROL1 (blue) and RO2 (pink) for HASTE 2. Planning target volume (PTV) is contoured
in orange. Inter-fraction urethra changes for (E) RO1 and (F) RO2 on fused (checkerboard
layout) HASTE 1 and 2 images.

All patient simulation MRgRT plans met all clinical constraints, including urethra hotspot
constraints. The combined RO-average simulation urethral mean dose, D0.03 cc, V42 Gy, and
PTV mean dose were 40.69 + 0.37 Gy, 41.83 £ 0.21 Gy, 0.02 £ 0.01 cc, and 41.29 + 0.22 Gy.
However, for RO1 and RO2, 23/26 (88%) and 21/26 (81%) patients’ final fraction estimated
urethral dose did not meet V42Gy < 0.03cc. The combined RO-average final fraction urethral
mean dose, D0.03 cc, V42 Gy, and PTV mean dose were 41.10 + 0.68 Gy, 42.62 + 0.72 Gy, 0.50
+ 0.58 cc, and 40.84 + 0.65 Gy The final fraction urethral dose parameters were significantly
greater than simulation (p<0.05), whereas the PTV dose parameters were significantly less

(p<0.05). The combined RO-average urethral mean dose, D0.03 cc, V42Gy, and PTV mean dose
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changes were 0.41 + 0.60 Gy, 0.79 + 0.74 Gy, 0.48 £ 0.58 cc, and -0.45 + 0.71, respectively.

Overall, dose parameters and urethral constraint change was consistent for both ROs.

Figures 4-5 and 4-6 shows both ROs’ Patient A-D calculated (simulation) and estimated
(final fraction) dose and urethra V42Gy. Patient A demonstrated minimal geometric urethral
change and, as a result, little urethral dose change. Alternatively, Patient B showed minimal
geometric urethral change, but significant urethral dose changes due to other anatomical changes
such as differential bladder filling. Patient C exhibited significant geometric urethral change,
resulting in the urethra moving into hot spot regions. Patient D showed significant geometric
urethral change but little dose change, demonstrating the importance of hotspot location and

robustness of each MRgRT IMRT plan.

Patient A Patient B Patient C Patient D

Simulation

Final Fraction

V42Gy = 0.01 cc V42Gy = 2.55 cc V42Gy = 0.75 cc V42Gy = 0.02 cc

Figure 4-5. RO1’s calculated and estimated dose and urethral V42Gy for Patient A-D’s
simulation and final fraction bSSFP. RO1 simulation/final HASTE urethra contour — purple/blue.
Orange contour — PTV. Red — 105% (42 Gy) isodose region, Yellow — 95% (38 Gy) isodose
region.
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Patient A Patient B Patient C Patient D

Simulation

Final Fraction

N

V42Gy = 0.00 cc V42Gy = 1.79 cc V42Gy =0.33 cc V42Gy =0.03 cc

Figure 4-6. RO2’s calculated and estimated dose and urethral V42Gy for Patient A-D’s
simulation and final fraction bSSFP. RO2 simulation/final HASTE urethra contour — green/pink.
Orange contour — PTV. Red — 105% (42 Gy) isodose region, Yellow — 95% (38 Gy) isodose
region.

4.4 Discussion

This study evaluated prostate cancer patients' inter-fractional urethral geometric and
dosimetric change. Significant geometric and spatial urethral changes between simulation and
the final fraction were noticed, indicating the potential need for daily urethral imaging to achieve
better urethra protection by limiting urethral hotspots in MRgRT treatment planning and
delivery. Our study reveals that the efficacy of urethral hotspot limiting constraints depends on
inter-fractional urethral geometric and anatomic change as more than 80% of patients had a
failing final fraction urethra V42Gy constraint. In other words, inter-fractional urethral geometric
changes can result in a significant volume of the urethra moving into planned hot spot regions as
shown in Figures 4-5F and 4-6F. Additionally, inter-fractional anatomical changes such as the
bladder filling variation and prostate swelling can significantly alter the planned dose distribution

and result in a higher urethral dose (92). Currently, there is no well-established dosimetric
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constraint for the urethra. Prostate cancer patients were prescribed a 5 Fx x 8 Gy SBRT schedule
to the PTV, which is a higher dose than the more common, lower dose 5 Fx x 7.25 Gy schedule.
In principle, lower prescription dose may have a lower likelihood of GU toxicity, however,
urethral hotspots remain a concern for the 5 Fx x 7.25 Gy schedule as the CTV, containing the
urethra, is still prescribed to receive 40 Gy (7). MRgART workflow with on-board urethral
imaging may be valuable to account for the daily urethral change as shown in this study, and if
necessary, treatment re-optimization may be utilized to re-plan and reduce daily urethral hotspots

and, as a result, GU toxicity.

This study had several limitations. First, there is a lack of urethra ground truth to
reference, and as a result, inter-fractional urethral geometric and dosimetric changes are reported
as relative changes. Currently, there is no gold-standard ground-truth for urethra localization at
the time of treatment. Nonetheless, the much-improved soft tissue contrast with the urethral
specific MRI makes us more confident in urethra localization. Second, urethra visibility with our
current MRI sequence varied considerably between patients and between observers. Inter-patient
urethral visibility variance may be due to varying amounts of residual urine in the prostatic
urethra, surrounding fat and motion/ghosting artifacts, as well as nearby prostatic hyperplasia
compressing the prostatic urethra (86). Inter-observer urethral visibility variance can also be due
to different levels of observer experience. Further MRI sequence and imaging protocol
optimization is necessary to achieve more robust urethral visualization. Third, the reported
urethral MRI sequence took 7-8 minutes, which may be impractical for the already time-
intensive MRgART workflow. The long urethral scan time can increase the chance of unwanted
patient motion and anatomical changes. Therefore, future work will explore MR sequence

acceleration strategies. Lastly, due to long urethral imaging times and clinical time constraints,

59



urethra images were only acquired at simulation and at the final fraction, which limits the
accuracy of the reported urethral inter-fractional geometric and dosimetric changes variations.
Despite this, a total of 26 prostate cancer patients were recruited, and the reported results of the

entire cohort can be used to estimate urethral inter-fractional variations.

4.5 Conclusion

Inter-fractional urethral geometric or anatomical change can result in clinically
significant urethral dose change for prostate cancer patients treated with urethral hotspot limiting
MRgRT plans, potentially contributing to an increased urethral dose. MRgART workflow with
on-board urethral imaging may be used to reduce daily urethral hotspots and, as a result, GU

toxicity.
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Chapter 5. Dosimetric Predictors for Acute Genitourinary Toxicity
in MR-guided Stereotactic Body Radiation Therapy (SBRT):

Expanded Substructure with Fraction-wise Analysis

5.1 Introduction

Stereotactic body radiation therapy (SBRT) has been leveraged to deliver large and
highly conformal fractionated radiation (dose per fraction > 5 Gy) for curative prostate cancer
treatments (93). Overall, SBRT has been shown to have similarly high biochemical control rates
when compared to conventional treatment fractionation while also benefitting from significantly
reduced treatment times (94). Although SBRT improves treatment efficiency, genitourinary
(GU) toxicity remains a significant challenge for patients. Based on published PACE-B and
multi-center SBRT clinical trials, acute and late grade > 2 GU toxicity rates after SBRT are
estimated to be 29.1% and 12.0% (9,95,96) As a result, SBRT-specific dosimetric predictors

should be identified to reduce the risk of treatment-related GU toxicity.

Most dosimetric parameters for minimizing GU toxicity focus on whole bladder
dosimetry. However, the trigone and urethra receive high doses, similar to that of the planning
target volume (PTV), due to their proximity to the target, whereas the superior portion of the
bladder is largely spared (97,98). It also has been shown the bladder wall exposure may be more
predictive of GU toxicity than whole bladder dosimetry (99). Therefore, dosimetric parameters
for urinary substructures may better characterize exposure and be more predictive of GU toxicity
than the entire bladder volume. While there is a strong rationale to track and limit dose to these
sensitive substructures, critical substructure sparing is difficult on CT-guided treatment delivery

systems due to limited soft-tissue contrast.
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In a recently published phase I11 randomized clinical trial (MIRAGE), MRI-guided SBRT was
shown to significantly reduce acute grade > 2 GU toxicity compared to CT-guided SBRT (MRI
arm: 24.4%; CT arm: 43.4%). This benefit was attributed to the fact that MRgRT enabled PTV
margins to be reduced from 4 mm to 2 mm, allowing for improved critical structure sparing and
treatment toxicity reduction. Because all patients on the trial had on-board 0.35T MRI images
acquired prior to treatment and at simulation, the high soft-tissue contrast imaging data from the
trial provide an unprecedented ability to track doses delivered to the trigone and bladder wall not

only on the planning simulation, but also on daily anatomical changes.

Most existing dose-based toxicity predictors rely on a few pre-selected DVH points and
statistics (e.g., mean, minimum, and maximum) from the planning dose distribution. Planning
dose distributions may differ significantly from the delivered dose due to inter-fraction anatomic
variations, and thus may be imprecise for dose-toxicity modeling (100). In this study, we sought
to identify dosimetric predictors of acute GU toxicity following MRI-guided SBRT by utilizing
on-board images to track planning and daily dose of bladder and substructures (trigone, bladder
wall, and urethra). Furthermore, granular DVH points were analyzed as opposed to pre-selected
coarse clinical dose endpoints, with the goal of providing more comprehensive information to
predict treatment toxicity. A clinical toxicity regression model using only clinical parameters
was also evaluated. Dosimetric toxicity regression models were compared to the clinical
regression model and a hybrid model, combining the best performing dosimetric predictors with

the clinical parameters.
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5.2 Method and Materials

5.2.1 Patient Cohort

Sixty-nine prostate cancer patients, in the MIRAGE clinical trial (NCT04384770), treated
with SBRT using a 0.35T MR-LINAC MRgRT system (ViewRay MRIdian, ViewRay Inc.,
Cleaveland, OH, USA) were included. Nine patients were excluded from the original 78 patients
included in the MRI arm of the MIRAGE trial due to image acquisition and exporting issues
from the treatment planning and delivery system, preventing substructure contouring. During
patient simulation, a CT scan (electron density information), a 0.35T true fast imaging with
steady state precession MRI (TrueFISP, planning MRI), and a 0.35T half-Fourier acquisition
single-shot turbo spin echo MRI (HASTE, urethra imaging) were acquired. HASTE imaging
provided improved urethral delineation and was used for urethral delineation as described in
Pham et al. (101) The clinical target volume (CTV) was defined as the prostate and proximal
seminal vesicle on the planning MRI. Afterwards, the PTV was formed by isotropically
expanding the CTV by 2 mm. MRgRT SBRT plans were prescribed to deliver 40 Gy to 95% of
the PTV (5 fractions [Fx]; 8 Gy/Fx) and optimized to meet clinical constraints (Table 5-1,

complete clinical dose constraints and trial protocol can be found in Kishan et al. (102)).

Table 5-1. MRgRT SBRT clinical constraints for prostate cancer patients

Constraint Constraint
PTVV40Gy >95% |RectumV20Gy <50%
PTVV42Gy <30% |RectumV32Gy <20%

Urethra V42 Gy <0.03 cc|Rectum V36 Gy <10 %
Bladder V20 Gy <40% |RectumV38Gy <2cc
Bladder V39 Gy <2cc |RectumV40Gy <5%
Bladder V40 Gy <5% |Rectum V42 Gy <0.03 cc
Bladder V42 Gy < 0.03 cc
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Elective nodal radiotherapy (25 Gy in 5 fractions), a simultaneous integrated boost to the
gross tumor volume (GTV) (42 Gy in 5 fractions), simultaneous integrated boost (35 Gy in 5
fractions) to the pelvic node, and androgen-deprivation therapy (ADT) usage was allowed per
physician discretion. Prior to each treatment fraction delivery, a TrueFISP was acquired and the
daily prostate was aligned to the planning MRI prostate for treatment. During treatment, cine
MRIs were acquired at 4 frames per second in the sagittal plane and an automatic beam hold was
initiated if >10% of the prostate cross-sectional area moved outside a 3 mm gating margin

around the prostate.

Acute GU toxicity was evaluated using physician-scored Common Terminology Criteria
for Adverse Events, version 4.03 (CTCAE v4.03) scale, from start of SBRT up to 90 days after
SBRT (103). Grade 2 GU toxicity or greater was considered as significantly compromising to
patient quality of life after treatment. Overall, 17/69 (24.6%) of patients reported acute grade 2

GU toxicity. No GU toxicity greater than grade 2 was reported.

5.2.2 Dosimetric Feature Selection

For retrospective dose analysis, daily TrueFISP scans were rigidly (only translation)
registered to the planning MRI using the alignment from daily treatment setup. The trigone,
bladder, bladder wall, rectum, and rectal wall were contoured on the simulation and five daily
pre-treatment MRIs for each patient. Bladder and rectal walls were delineated by generating a 3
mm inner ring from the bladder and rectum contours, respectively. Daily dose to each structure
was estimated by transferring the planning dose distributions to the daily MRI based on the daily
setup alignment (Figure 5-1). Absolute and relative cumulative DVVHs were granularly (0 to 51

Gy, 0.1 Gy increments) extracted for each structure from the simulation and daily treatment
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scans to provide comprehensive dosimetric metrics for evaluation. Additionally, structure

volume, mean dose, minimum dose, and maximum dose were recorded.

SIM _ Fx1 Fx2

Fx3 Fx4 Fx5

Figure 5-1. Simulation/Planning MRI (SIM) and pre-treatment (Fx 1-5) daily MRI for a prostate
patient. Planning dose distribution/isodose is overplayed on each MRI. Simulation and daily
trigones, bladder, and rectum are contoured in green, yellow, and blue, respectively.

Patients were randomly partitioned into a training (55 patients) and testing set (14) with
similar grade 2 GU toxicity rates (14/55 = 25.5%; 3/14 = 21.4%) in each set. Simulation and
daily structure parameters were incorporated as candidate features for dosimetric predictors to
infer grade 2 GU toxicity. All features were normalized to have a mean of 0 and standard
deviation of 1. Features with no variance among patients were removed. Additionally, features
were pre-filtered using t-test (p < 0.05) followed by a maximum relevance minimum redundancy

(mRMR) algorithm to reduce highly correlated and redundant features.

Logistic regression with three different feature selection schemes were investigated,
specifically: a benchmark flat selection scheme with least absolute shrinkage and selection

(LASSO), and two time group selection approaches, time-group LASSO and interactive grouped
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greedy algorithm (IGA) (104-107). Ideally, a sparse logistic regression should follow the

following optimization scheme for m patients:

m
minz log(l + e‘yi("T“i+C)) s.t.. #of significant components or group (x) < K (5-1)
X
i=1

where y; represents the response (y; = 1 for GU grade >2; y; = —1 GU grade < 2), a;
represents the i-th feature of the feature matrix, A e R™*", x is the feature weight vector, and c
is the scalar intercept. However, direct regularization of counting nontrivial components or
groups corresponds to LO regularization which is highly nonconvex, where the solution can be
computationally expensive and subject to local optimums. To this end, relaxed forms, such as L1
regularization was used as a surrogate for the ideal LO regularization for feature selection. L1 (or
LASSO) regularization adds a penalty term proportional to the absolute value of the feature
weights, thus feature weights can be driven down to exactly zero, promoting sparsity and feature
reduction. L1 regularization is a convex optimization problem, thus standard convex

optimization methods (gradient descent) can be efficiently used to achieve feature selection.

5.2.3 Flat Single Layer Feature Selection
LASSO logistic regression selects features by optimizing the following objective function

for m patients:

m
min » log(1+ ™" a49) + 2)xlly (5-2)
X

=1
where A is £,-norm regularization parameter. The first term of the objective function is the cost
function of the logistic regression, which is defined as the negative log-likelihood function. The
second term is the L1 regularization. Larger A values result in stronger regularization (higher
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sparsity/feature reduction) and vice versa. A was selected based on five-fold cross validation on

the training cohort. A range of a 1000 log-spaced A values between 0.0001 and 100 was selected.

During five-fold cross validation regularization tuning, the training cohort was divided
into five equal-sized groups. In each group, at least one patient had a GU grade > 2. For each
fold, a group was selected as the validation set and the remaining four groups given a
regularization value, were used to train the feature selection model. The model’s deviance was
evaluated on the validation set, and this was repeated four more times, selecting a new unique
group to be the validation set each time. For each regularization value, the average and standard
deviation of the deviance from cross-validation was calculated, and the regularization with
minimum deviance and low variance selected as the optimal value for feature selection on the

entire training set.

5.2.4 Time-grouped Feature Selection

For groups LASSO and IGA, features identified across the simulation/planning and five
treatments (fractions 1-5) were grouped to encourage consistency and stability. Therefore,
filtered features with incomplete groups, due to pre-filtering, had missing timepoint features
recovered. Additionally, CTV, PTV, and urethra features had their features for fractions 1-5
padded with values from simulation, as these structures were only contoured for the simulation
anatomy due to time constraints and the urethra imaging (HASTE) only being acquired during
simulation. Time-group LASSO logistic regression selects group features by optimizing the

following objective function for m patients:

m k
. —vi(xTa:
mxlnzlog(l 4+ e Vilx “l+c)) + QZ”xGi”z (5-3).
i=1 i=1
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Similar to LASSO, time-group LASSO also encouraged feature selection but regularized with
L2,1 in contrast to flat L1 regularization so that the sparsity-encouraging L1 structure was
imposed on the group level G and a smoothing-encouraging L2 structure was imposed within the
group. L2 (or Ridge) regularization added a penalty term proportional to the square of the feature
weights, which smoothed weights and prevented model overfitting. Here, a was the £, ;-norm
regularization parameter and promoted sparsity among grouped features, while allowing features
within groups to be kept. The feature weight vector, X, was divided into k non-overlapping

groups xg,, Xg,, ---» Xg, - @ Was tuned using five-fold cross validation and a range of 1000 log-

spaced values between 0.01 and 1 was selected.
IGA utilized a forward-backward greedy approach to achieve feature selection.

Candidate groups, G, were identified to drive down the criterion function:

Q = log(1+ e@at)) a3 (5-4),

IGA applied L2 regularization on the candidate group, where p was the ridge factor. Initially, the
criterion function was evaluated with no groups. At each iteration, k, a forward group selection
was performed followed by a backward group elimination step. During the forward step, the
criterion function was evaluated for each group and the group that reduced the criterion function
the most was selected. At the end of the forward step, the criterion function gain, § (k) was
calculated. Afterwards, the backward step was implemented to eliminate redundant groups.
During the backward step, the difference between the criterion function of the current groups and

the function with one group removed was evaluated. If the smallest difference was less than the
threshold @, the least significant group was removed. The elimination step was repeated until

the smallest difference was no longer less than the threshold, leaving only significant groups.
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The regularization parameter p and the number of iterations was tuned using five-fold cross-
validation and a range of 1000 log-spaced values between 0.01 and 10 and a maximum iteration

of 20.

For time-group LASSO and IGA, an additional feature post-filtering was applied to
remove the remaining highly correlated groups amongst each organ/structure. For a selected
organ/structure, unique combinations of group features were used to train a logistic regression

model and the validation set was evaluated with the following cost function:

m
> tog(1+ et oflag, || (5-5)

i=1
|| 6,1l was the LO norm and counted the number of groups for the selected organ, and o

represented the respective tuned regularization parameter for time-group LASSO («) and IGA (p).
The group combination with the lowest five-fold cross-validated average cost function value was
selected for the respective organ. Post-filtering was applied for each organ, starting with the organ
with the most amount of group features to the least.
5.2.5 Toxicity Regression Models

Grade 2 GU toxicity prediction was evaluated on the validation set (cross-validation on
training set) and testing set. A dosimetric logistic regression model was trained on either the
training folds (cross-validation evaluation) or the entire training set (testing set evaluation) using
the selected features from either LASSO, time-group LASSO, or IGA. Performance was
evaluated using receiver operating (ROC) area under the curve (AUC), accuracy, sensitivity, and
specificity determined by the optimal operating point of the training. Dosimetric model

validation performances were compared using a one-way ANOVA test (p<0.05). Additionally, a
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clinical logistic regression model was trained and evaluated using only clinical parameters (age,
baseline International Prostate Symptom (IPSS) score, prostate volume ADT usage, nodal
treatment, GTV boost, and spaceoar hydrogel). A hybrid logistic regression model was then
trained and evaluated, combining dosimetric predictors from the best testing performing
dosimetric model and clinical parameters. The best performing dosimetric model, clinical model,
and hybrid model were compared using a one-way ANOVA test (p<0.05). Finally, the feature
importance of the best performing toxicity regression model was evaluated based on its logistic

regression weight.

5.3 Results

Table 5-2 shows the dosimetric feature selection results by LASSO, time-group LASSO
(without and with LO post-filtering), and IGA (without and with LO post-filtering). LASSO
selected 12 features, time-group LASSO selected 8 groups, and IGA selected 15 groups. LO post-
filtering removed neighboring bladder and rectal wall DVH features, resulting in 7 and 12 groups
being selecting for time-group LASSO and IGA, respectively. All features were selected from

each structure, except the PTV.

Table 5-3 shows the validation and testing GU toxicity regression performance for
LASSO, time-group LASSO (without and with LO post-filtering), and IGA (without and with LO
post-filtering). Validation performances were not significantly different among LASSO, time-
group LASSO (without and with LO post-filtering), and IGA (without and with LO post-
filtering). LO post-filtering improved the testing performance of IGA, resulting in the best testing

performance with accuracy, sensitivity, and specificity of 0.79, 0.67, and 0.82, respectively.

70



Table 5-2. Dosimetric features selected by LASSO, group LASSO (without and with LO-post

filtering), and IGA (without and with LO-post filtering). Group LASSO and IGA selected groups
features. Each group contains 6 features for each timepoint. (simulation + Fx 1-5). Absolute (ml)
and relative (%) DVH values were evaluated.

LASSO Time-group LASSO IGA
Post- None None LO None LO
Filtering
CTV 419 Gy CTV SIM 419 Gy CTV (%) 419 Gy CTV (%) 419 Gy CTV (%) 419 Gy CTV (%)
(%)
19.7 Gy Bladder Wall 19.7 Gy Bladder 19.7 Gy Bladder Wall 19.7 Gy Bladder
Fx1 (ml) Wall (ml) (ml) Wall (ml)
Bladder | 19.8 Gy Bladder Wall 19.8 Gy Bladder 19.8 Gy Bladder | 19.8 Gy Bladder Wall
Wall Fx1 (%) Wall (%) Wall (%) (%)
19.9 Gy Bladder Wall
(%)
19.8 Gy Bladder Fx3 | 19.8 Gy Bladder (ml) | 19.8 Gy Bladder 19.8 Gy Bladder (ml) 19.8Gy Bladder
(ml) (ml) (ml)
Bladder 20.5 Gy Bladder (ml) 20.5 Gy Bladder
(ml)
15.9 Gy Trigone (ml) | 15.9 Gy Trigone 15.9 Gy Trigone (ml) 15.9 Gy Trigone
(ml) (ml)
18.2 Gy Trigone (ml) 18.2 Gy Trigone
(ml)
19.3 Gy Trigone Fx3
(ml)
Trigone | 41.2 Gy Trigone Fx1
(ml)
43.2 Gy Trigone Fx4
(ml)
43.3 Gy Trigone (ml) 43.3 Gy Trigone
(ml)
41.4 Gy Urethra SIM | 41.4 Gy Urethra (%) 41.4 Gy Urethra 41.4 Gy Urethra (%) 41.4 Gy Urethra
(%) (%) (%)
Urethra 41.7 Gy Urethra (%) 41.7 Gy Urethra 41.7 Gy Urethra (%) 41.7 Gy Urethra
(%) (%)
1.2 Gy Rectal Wall 1.2 Gy Rectal Wall 1.2 Gy Rectal Wall
SIM (%) (%) (%)
Rectal 1.2 Gy Rectal Wall
Wall Fx1 (%)
44 Gy Rectal Wall 44 Gy Rectal Wall (%)
Fx2 (%)
44.1 Gy Rectal Wall 44.1 Gy Rectal
(%) Wall (%)
Rectum 8.5 Gy Rectum (%) 8.5 Gy Rectum 8.5 Gy Rectum (%) 8.5 Gy Rectum
(%) (%)

8.9 Gy Rectum Fx4
(%)

A hybrid model, combining IGA (with LO post-filtering) dosimetric predictors and

clinical parameters, was trained. Table 4 shows the validation and testing GU toxicity regression

performance for IGA (with LO post-filtering), clinical model with only clinical parameters, and
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hybrid model. Post-hoc analysis of the one-way ANOVA indicated the clinical and hybrid had

significantly different validation AUC, accuracy, and specificity, whereas IGA (with LO post-

filtering) did not have significantly different validation performance. Moreover, IGA (with LO

post-filtering) had the same testing performance as the hybrid model, which was higher than the

clinical model.

Table 5-3. Validation and testing grade 2 GU toxicity regression performance using LASSO,
time-group LASSO (without and with LO-post filtering), and IGA (without and with LO-post
filtering (p-value determined by one-way ANOVA).

LASSO Time-Group LASSO IGA p-value
Post-Filtering None None LO None LO
Validation AUC (95% CI) 0.84 (0.63-1.05) | 0.66 (0.51-0.80) | 0.62 (0.43-0.81) | 0.64 (0.45-0.83) | 0.57 (0.52-0.61) 0.185
Validation Accuracy (95% CI) 0.87 (0.70-1.05) | 0.71(0.62-0.80) | 0.67 (0.46-0.88) | 0.60 (0.42-0.78) | 0.69 (0.62-0.79) 0.210
Validation Sensitivity (95% CI) 0.80 (0.54-1.06) | 0.53(0.14-0.93) | 0.63(0.27-1.00) | 0.60 (0.36-0.84) | 0.37 (0.30-0.43) 0.367
Validation Specificity (95% CI) 0.90 (0.76-1.04) | 0.79 (0.64-0.93) | 0.68 (0.34-1.01) | 0.61(0.42-0.79) | 0.80 (0.74-0.87) 0.299

Testing Accuracy
Testing Sensitivity
Testing Specificity

0.71
0.33
0.82

0.50
0.00
0.64

0.43
0.00
0.55

0.36
0.33
0.33

0.79
0.67
0.82

Table 5-4. Validation and testing grade 2 GU toxicity regression performance for IGA (with LO
post-filtering), clinical model with only clinical parameters, and hybrid model (combing IGA and
clinical parameters). (p-value determined by one-way ANOVA).

IGA Clinical Hybrid p-value
(with LO post-
filtering)
Validation AUC (95% CI) 0.57 (0.52-0.61) 0.72 (0.63-0.82) | 0.48 (0.36-0.62) 0.02
Validation Accuracy (95% CI) 0.69 (0.62-0.79) 0.82 (0.76-0.87) | 0.54 (0.37-0.72) 0.02
Validation Sensitivity (95% CI) 0.37 (0.30-0.43) 0.53 (0.14-0.93) | 0.36 (0.15-0.58) 0.61
Validation Specificity (95% CI) 0.80 (0.74-0.87) 0.90 (0.81-0.99) | 0.61 (0.41-0.81) 0.03

Testing Accuracy
Testing Sensitivity
Testing Specificity

0.79
0.67
0.82

0.64
0.33
0.73

0.79
0.67
0.82

Figure 5-2 shows the relative feature importance identified by IGA (with LO-post

filtering). Bladder VV19.8 Gy and VV20.5 Gy was shown to be the most important dosimetric
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predictor for grade 2 GU toxicity followed by trigone V15.9 Gy and 18.2 Gy. Simulation-only

structures such as the urethra and CTV showed the lowest importance.

IGA Feature Importance

0.5

0 B || I I . e

419Gy 41.4Gy 41.7Gy 19.7Gy [9.8Gy 205Gy 1.2Gy 44.1Gy 8.5Gy 15.9Gy 18.2Jy 43.3Gy
-0.5 CTV (%) Urethra Urethra Bladder Rladder Bladder Rectal Rectal Rectum Trigone Trigone Trigone
(%) (%) Wall (ml) § (ml) (ml)  Wall (%) Wall (%) (%) (ml) (ml) (ml)

-1.5

HSIM Fx1 Fx2 Fx3 B Fx4 EFx5

Figure 5-2. Relative feature importance (determined by logistic regression weight) identified by
IGA with LO-post filtering.

5.4 Discussion

In this study, we sought to identify dosimetric predictors for predicting grade >2 GU
toxicity in a cohort of prostate cancer patients treated with MRgRT SBRT. Dosimetric
predictors were expanded beyond the bladder to include the CTV, PTV, trigone, bladder wall,
urethra, rectum, and rectal wall. Additionally, in contrast to static planning-based predictions
using pre-selected clinical dose endpoints, a per-fraction framework was used to account for
granular DVH points at different timepoints throughout SBRT. Fractional and granular DVH
generated a larger feature space to be analyzed (>20,000 initial features). Three feature selection
approaches (LASSO, time-group LASSO, and IGA) were used to reduce features that were then
evaluated with the aim of identifying new dosimetric constraints for mitigating GU toxicity in

prostate cancer patients treated with MRgRT SBRT.
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Single layer LASSO selected fewer features than time-group LASSO and IGA as it
identified features at specific time points making it less susceptible to overfitting. Despite
LASSO’s high validation performance, the 95% confidence interval was large indicating the
training cohort was limited and highly variable. Furthermore, the selected features were not
consistent across multiple timepoints, resulting in low interpretability and casting doubt into
consistency and generalizability. In contrast, with an effort to explicitly encourage feature
consistency/stability and interpretability, time-group LASSO and IGA selected 8 and 15 groups,
respectively. After LO post-filtering, time-group LASSO and IGA selected 7 and 12 features,
corresponding to 42 and 72 total features. Both group-based feature selection methods identified
more features than LASSO, as they operate as take it or leave it on the group level. In principle,
incorporating more features may risk overfitting, as illustrated by time-group LASSO’s poor

testing performance.

LASSO and time-group LASSO are shrinkage-based approaches and have inherently
large estimation bias and relatively restrictive conditions on feature selection consistency,
resulting in less relevant features being selected over more informative ones (108). Additionally,
L1 regularization was used as a surrogate for LO regularization to promote sparsity and achieve
feature selection at a significantly lower computational cost. The performance of L1
regularization as a surrogate for LO regularization may be suboptimal when restrictive isometry
property (RIP) condition is not satisfied. This study evaluated granular DVH metrics, which
included highly correlated DVH points from neighboring dose increments, potentially resulting
in the feature space not adequately satisfying the RIP condition. Although, L1 regularization can
promote sparsity, the model generated was not generalizable and resulted in unacceptable testing

performance. L1 regularization does not penalize the selection of additional features, and as a
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result, correlated and redundant features may be selected. This results the feature weight being
divided among the correlated features as opposed to selecting and weighing a single feature from
the correlated group. To mitigate this effect, a LO post-filtering step was added after time-group
LASSO to remove correlated features. Post-processing was preferred as it is less computationally
expensive to evaluate the LO regularization on the post-processed reduced feature space than if it
were to be implemented on the larger feature space just after pre-filtering. However, LO post-
filtering did not significantly improve the performance of time-group LASSO as bulk feature
reduction was already completed based on the L2,1 regularization. Future studies will explore
implementing a cost for adding additional features in the shrinkage approaches as this is

expected to improve feature identification and algorithm performance.

Alternatively, IGA is a greedy search-based approach, and utilizes forward steps to select
features and backward elimination steps to remove redundant groups. IGA has been shown to be
comparably computationally expensive as time-group LASSO (107). The IGA algorithm mimics
LO regularization by selecting and keeping features based on criterion function thresholds
(Equation 4), whereas LO regularization linearly weights each feature added as seen in Equation
5. The IGA criterion function, utilizes L2 regularization to fit selected features, and therefore
IGA can be interpreted as applying an L2,0 regularization, so instead of a constant LO penalty, it
applies a dynamic penalty that is based on the gain of the criterion function. Initially, IGA’s
testing performance was poor, however, after LO post-filtering, IGA achieved the best testing

performance, suggesting the LO post-filtering enhanced IGA’s feature selection scheme.

Clinical parameters have been shown to be correlated with increased risk of treatment
toxicity after SBRT (109,110). Therefore, a clinical model, including only clinical parameters

such as patient-specific variables (age, baseline IPSS, prostate volume) and treatment variables
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(ADT, nodal treatment, GTV boost, and spaceoar hydrogel usage), was compared to the
dosimetric IGA regression model. IGA (with LO post-filtering) was found to have higher testing
performance than the clinical model. Moreover, combining clinical parameters with IGA
dosimetric features into a hybrid model resulted in the same testing performance as IGA.
Univariate analysis of clinical parameters in our training cohort showed there was no significant
difference between GU grade 2 and grade < 2 toxicity groups, except for use of nodal treatment
(p <0.03). Thus, clinical parameters did not have significant predictive power and addition of

clinical parameters did not improve the performance of the dosimetric IGA model.

IGA identified bladder V19.8 Gy and V20.5 Gy as the most important dosimetric
predictors, which is consistent with the bladder V20Gy clinical dose constraint, followed by
trigone V15.9 Gy and V18.2 Gy. Simulation/planning bladder dose had the greatest importance
whereas fraction 4 trigone dose had the greatest importance among all its respective timepoints,
suggesting daily trigone dose monitoring and potentially sparing (with treatment adaptation) may
be beneficial in reducing GU toxicity. IGA also identified urethra V41.4 Gy and V41.7 Gy,
which was consistent with the MIRAGE trial protocol and with GU toxicity literature as limiting
urethral hotspot has been shown to reduce GU toxicity (111). However, IGA indicated low
importance to urethral hotspot limitation. Low importance might stem from the urethra only
being delineated during simulation, resulting in the urethral fractional dosimetric features being
padded with simulation values, thus urethra daily dosimetric variations was not accurately
evaluated for toxicity regression. Currently, the TrueFISP MRI sequence used for treatment
planning and daily patient setup does not provide sufficient urethral contrast for delineation.
Therefore, a HASTE sequence has been developed to provide urethral contrast for urethra-dose

constraining treatment planning (101). However, the HASTE sequence has an acquisition time of
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8 minutes which is longer than the 2-minute TrueFISP MRI, and thus prevents daily urethra
image acquisition and dose monitoring without the disruption of clinical workflow. Future work
will explore faster urethra image acquisition techniques in order to provide daily on-board

urethra dosimetric evaluation.

A limitation of this study was the relatively small patient cohort, which limited the
robustness of the feature selection approaches. As mentioned, the MIRAGE trial demonstrated
MR-guided SBRT significantly reduced toxicity rates compared to CT-guided SBRT. Thus, new
patients entering our institute are being offered and treated with a similar protocol as used in this
study, allowing for a larger patient cohort to be accumulated, which can be used to develop more
robust models for evaluation. A second limitation is this is a single-institution study, and all
patients underwent similar treatment planning and were required to meet institutional constraints,
thus there is minimal variation in DVH features amongst the cohort, making feature selection
challenging. One possibility is to introduce large diversity by combining data from different
institutions using variable constraints for a more heterogenous data set. Third, daily MRIs were
registered to planning MRIs to estimate daily organ dose based on planned dose distributions,
which may be different from the actual daily delivered dose, resulting in inaccurate features and
weakened predictions. The rigidly transferred dose method used in this study was compared to
daily delivered dose for a few patients and the dosimetric difference was found to be
insignificant. Moreover, this study utilized granular DVH metrics, which are limited as they do
not include spatial information. Therefore, DVH metrics are not able to detect small differences
between patient treatment plans. Future work will be focused on implementing additional spatial
features, such as MRI radiomics or dose distribution dosiomics, to better quantify differences

between patient anatomy and dose distributions, and improve toxicity prediction (112,113).
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Lastly, patient-reported toxicity measures may reflect other quality of life components to
complement physician-scored CTCAE and may be incorporated into future studies for more

comprehensive analysis endpoints (114).

5.5 Conclusion

Identification and analysis of fractional grouped dosimetric predictors with machine
learning methods has been demonstrated and has the potential to predict GU toxicity. Awareness
of sensitive bladder substructures such as the trigone, bladder wall, and urethra and the effect of
radiation exposures to these substructures at multiple time points throughout SBRT may provide
reliable dosimetric constraints to guide treatment planning. Overall, IGA-based logistic
regression feature selection resulted in the best post-MRgRT SBRT GU toxicity prediction

performance.
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Chapter 6. Evidence-based Feasibility Study on Using Planning Dose

as Surrogate for Actual Dose in Response Prediction

6.1 Introduction

Radiotherapy dose constraints have been studied extensively with the goal to optimize
clinical outcome and treatment response (115). However, there is a long-standing logic gap in
coping with this important family of variables in that while the clinical outcome truly depends on
the actual received dose, dose constraint is typically imposed and assessed at the time of
planning; before treatment. This limitation can be attributed to both lack of convenient
mechanisms to record the actual delivered dose and the need to have planning guidelines. Efforts
to bridge or minimize this planning dose surrogate map includes using perturbation analysis to
account for possible inter- and intra- fraction anatomy variations with margins and uncertainty
dose maps or adaptation schemes to introduce additional control (23-25). In this study, we take a
different perspective and performed an evidence-based study to test the hypothesis that a
planning-dose derived surrogate can be used as a proxy for the actual delivered dose for the
purpose of response prediction. Specifically, we performed the analysis at two levels. First, we
evaluated the plan versus delivered dose difference by comparing the daily dose delivered vs. the
surrogate-derived dose calculated at planning, focusing on the major clinical planning dosimetric
parameters. Second, we tested the actual impact on clinical response prediction using a

regression map based on the surrogate derived daily dose.
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6.2 Method and Materials

6.2.1 Data Description

Twenty prostate cancer patients from the MRI arm of the MIRAGE clinical trial
(NCTO0484770) who did not experience any treatment delivery interruptions were selected for
this analysis. Patients were treated with stereotactic body radiation therapy (SBRT) using a
0.35T MR-LINAC (MRIdian, ViewRay Inc., Cleveland, OH, USA). During simulation, patients
followed a bladder and rectum filling protocol and a 0.35T true fast imaging with steady state
precession MRI (TrueFISP) was acquired for treatment planning. A CT scan was acquired and
deformably registered to the planning MRI to provide electron density information. SBRT plans
were prescribed to deliver 8 Gy per fraction for 5 fractions to the PTV. The complete clinical

protocol can be found in Kishan et al (102).

Prior to each treatment fraction, a TrueFISP MRI was acquired. The bladder, bladder
wall, rectum, rectal wall, and trigone were retrospectively contoured. The bladder and rectal
walls were delineated by generating a 3 mm inner ring from the bladder and rectum contours.
Daily dose distribution was estimated with two methods: 1) recalculation-based and 2)
registration-based. With the recalculation approach, the daily electron density was derived from
deformable registration of the simulation CT to the pre-treatment MRI, and planning monitor
units and segments were applied to forward calculate the dose using a Monte Carlo algorithm
with a statistical uncertainty of 1%. With the registration approach, the daily dose was estimated
by transferring the planning dose distribution according to the estimated deformation between
the daily and planning MRI. While the recalculation-based approach provided a more accurate
representation of the daily dose distribution, it required proprietary knowledge of the machine

parameters and beam models, adjudicated deformable registration of planning CT to daily MR,
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and a Monte Carlo dose calculation engine. The registration-based method only required MRI-
MRI registration and we hypothesized that the registration-based method would provide a
reasonable surrogate to the daily dose distribution and specifically tested out this hypothesis

using the following two analyses.

6.2.2 Dose Volume Histogram Analysis

DVH constraints for the bladder, bladder wall, rectum, rectal wall, and trigone from the
MIRAGE trial and literature were selected as dosimetric parameters (Table 6-1) (116-119).
Additionally, organ mean and max doses were evaluated. Daily dose parameters from
recalculation-based and registration-based methods were compared using a two-sided t-test

(p<0.05).

Table 6-1. Prostate organ-at-risk (OAR) dose volume histogram (DVH) parameter based on
MIRAGE trial and literature

Organ Dose Endpoint |
Bladder V20 Gy (%), V40 Gy (%), D2 cc (Gy)
Bladder Wall V20 Gy (%), V36 Gy (%)
Rectum |V20 Gy (%), V32 Gy (%), V36 Gy (%), V40 Gy (%), D2 cc (Gy)
Rectal Wall V24 Gy (%), V39 Gy (%)
Trigone V16 Gy (%), V43 Gy (%)

6.2.3 Regression Impact Analysis

Acute grade 2 or greater genitourinary (GU) toxicity based on physician-scored Common
Terminology Criteria for Adverse Events, version 4.03 (CTCAE v4.03) scale, from the start of
SBRT up to 90 days after SBRT was selected as the regression toxicity endpoint (103). Overall,
5/20 (25.0%) of patients reported acute grade 2 GU toxicity. We applied an existing fraction-
wise logistic regression map, utilizing DVHs from both the simulation and daily urinary

structures (bladder) and substructures (bladder wall, trigone) as the probing acute GU toxicity
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model (120). Acute GU grade 2 toxicity prediction was compared between recalculation-based

and registration-based methods using McNemar’s test.

6.3 Results

Table 6-2 shows the daily dosimetric parameters difference between the recalculation-
based and registration-based daily dose estimation methods. No statistically significant
differences were observed except the trigone V16 Gy (p=0.04), with an absolute mean difference
of 0.34%. Table 6-3 shows the contingency table for grade > 2 GU toxicity prediction using
fraction-wise logistic regression with recalculation-based and registration-based daily dose
estimation methods. Both methods correctly predicted 15/20 (75%) of the responses in this 20-
patient cohort with McNemar’s test p-value of 1, indicating no statistically significance between

toxicity predictions.
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Table 6-2. Daily dose parameter difference between recalculation-based and registration-based
daily dose estimation methods

Organ Dosimetric Mean STD p-

Endpoint Difference | Difference | value

(two-

tail)

V20 Gy (%) -0.03 0.78 0.68

Bladder | V40 Gy (%) 0.00 0.27 0.99

D2 cc (Gy) -0.08 0.79 0.31

Mean (Gy) 0.00 0.27 0.96

Max (Gy) 0.05 0.51 0.32

V20 Gy (%) -0.06 0.67 0.40

Bladder | V36 Gy (%) -0.07 0.68 0.30
Wall

Mean (Gy) -0.01 0.25 0.65

Max (Gy) 0.04 0.49 0.42

V20 Gy (%) 0.08 1.30 0.54

V32 Gy (%) 0.05 0.55 0.39

V36 Gy (%) 0.03 0.39 0.42

Rectum V40 Gy (%) 0.00 0.18 0.83

D2 cc (Gy) 0.08 0.89 0.39

Mean (Gy) 0.02 0.23 0.36

Max (Gy) -0.02 0.83 0.84

V24 Gy (%) 0.08 1.11 0.47

Rectal V39 Gy (%) 0.03 0.41 0.50
Wall

Mean (Gy) 0.02 0.24 0.32

Max (Gy) -0.02 0.83 0.84

V16 Gy (%) -0.34 1.62 0.04

Trigone V43 Gy (%) 0.02 0.23 0.34

Mean (Gy) -0.14 0.84 0.09

Max (Gy) -0.08 0.60 0.22
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Table 6-3. Contingency table for grade > 2 GU toxicity prediction using fraction-wise logistic
regression with recalculation-based and registration-based daily dose estimation methods

Registration-based

. Grade >2 GU | Grade <2 GU
5 Toxicity Toxicity
® w Grade>2
3 @ GU Toxicity 12 3
8 o)

& Grade<?2
GU Toxicity 2 3

6.4 Discussion

Current MRgRT planning deformably registers simulation CT to simulation planning
MRI to provide electron density information for planning dose distribution estimation. The
recalculation-based approach follows a similar procedure to obtain daily dose. While deforming
simulation CT to daily MRI may yield some inconsistency in electron density, studies have
shown that pseudo electron density generation and possible dose distribution variations due to
transient gas bubbles minimally impact dose (120,121). Therefore, recalculation provides a
reasonable clinical reference for daily dose. This study provides evidence for the feasibility of
using planning dose distribution registration as a surrogate for the daily dose distribution. The
use of a surrogate based on the planning dose distribution is desirable because informed clinical
decisions need to be made before the actual treatment is started. It is also convenient to
circumvent the complexity of generating and processing daily high-quality on-table electron-

density maps to support dose recalculation.

In this patient cohort, none of the cases had online adaptation or treatment re-
optimization. Registration-based daily dose estimation showed no statistically significant

difference from recalculation-based daily dose estimation for all urinary structure dose
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parameters, except for the trigone V16, which can stem from the trigone being a small urinary
substructure and sensitive to dose perturbation and uncertainty from dose calculation. The
absolute mean difference observed in trigone V16 was 0.34%, which is within the 1% dose
calculation uncertainty used and arguably has no clinical significance. Furthermore, when tested
against response of grade > 2 GU toxicity, the regression showed no statistical difference, despite
the difference in trigone DVH metrics. This alludes to the observation that while small structures
located at high dose gradient regions may be subject to higher dose metric approximation errors,
they also exhibit high variations across patients and treatment fractions, leading to reduced
contribution in robust regression models. Therefore, when response regression is considered

holistically, registration-based dose distribution can be used as a surrogate to the daily dose.

This pilot study selected 20 patients whose treatment delivery fractions were
uninterrupted and unadapted to ensure the reliability of the response regression. It is desirable
to increase the cohort size for further robustness analysis. Nevertheless, we demonstrated that
probability of the two estimations being significantly different is small and likely clinically

insignificant; the impact in response prediction is also minimal.

6.5 Conclusion

When planning dose is propagated via registration to daily treatment imaging and is used
as a surrogate to recalculation-based daily dose distribution estimation, only small and clinically
insignificant absolute dose difference is observed. Moreover, this surrogate works well for
response prediction based on this pilot study. A larger cohort is desired to further validate this

finding.
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