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Abstract

This thesis consists of two studies. Study 1 is an assessment of dose-volume metrics of
an '8F-FDG PET adaptive radiation therapy for vulvar and cervical cancer patients.
Study 2 is an evaluation of cumulative dose distributions from external beam radiation
therapy using CT-to-CBCT deformable image registration (DIR) for cervical cancer
patients.

Study 1: Assessment of dose-volume metrics of an ®F-FDG PET adaptive radiation
therapy for vulvar and cervical cancer patients

Purpose: Adaptive radiation therapy (ART) enables treatment to be modified with the
goal of improving the dose distribution to the patient due to changes in anatomy.
Fluorodeoxyglucose positron emission tomography and computed tomography (FDG-
PET/CT) is used for staging, treatment planning, and assessing treatment response, but
can also be used to adapt treatment. In an adaptive PET/CT study, an additional
PET/CT scan is acquired for planning purposes after a certain prescribed dose has been
delivered. The intratreatment PET/CT is used to re-contour the volumes and create a
new treatment plan that is used to deliver the remaining dose for the treatment. The goal
of adaptive radiation therapy (ART) is to reduce the dose to normal tissues while
maintaining the prescribed dose to the adapted PTV.

Materials and Methods: In this IRB-approved protocol, patients with vulvar and

cervical cancer received a planning PET/CT and an intratreatment PET/CT. Radiation
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therapy consisted of either intensity modulated radiotherapy (IMRT) or volumetric
modulated arc therapy (VMAT) with 1.8 Gy once daily to a total of 45 to 50.4 Gy and
simultaneous integrated boosts (SIB) to involved pelvic or para-aortic (PA) lymph
nodes. The primary tumor was treated to 64.4 to 66.4 Gy with sequential boosts for the
vulvar cancer patients. Cervical cancer patients were boosted with brachytherapy. SIB
dose ranged from a total of 64.4 Gy to 66.4 Gy in 25 fractions determined by the treating
physician and organs-at risk (OAR) tolerance. An intratreatment PET/CT was obtained
at 12-20 fractions when the delivered dose was between 30 to 36 Gy. All patients were
re-planned with revised OAR, gross tumor volume (GTV) and planning target volume
(PTV) contours. The same dose goals remained on the adapted plan. Dosimetric metrics
for OARs were compared using the Wilcoxon signed rank test. The criteria for
determining statistical significance was established as a p-value less than 0.05.

Results: In the vulvar analysis, out of 20 eligible patients, ART resulted in significant
reductions in OAR doses. For bladder, max dose (Dmax) median reduction (MR) was 1.1
Gy ((IQR 0.48 — 2.3 Gy), p <0.001) and for D2cc MR was 1.5 Gy ((IQR 0.51 -2.1 Gy), p <
0.001). For bowel, Dmax MR was 1.0 Gy ((IQR 0.11 - 2.9 Gy), p <0.001), for D2cc MR was
0.39 Gy ((IQR 0.023 - 1.7 Gy), p < 0.001), and for D15cc MR was 0.19 Gy ((IQR 0.026 -
0.47 Gy), p = 0.002)). For rectum, mean dose (Dmean) MR was 0.66 Gy ((IQR 0.17 - 1.7
Gy) p =0.006) and for D2cc MR was 0.46 Gy ((IQR 0.17 - 0.80 Gy), p = 0.006). Thirty-

seven cervical patients were analyzed. ART resulted in significant reductions in OAR



doses. For bladder, max dose (Dmax) median reduction (MR) was 0.89 Gy ((IQR 0.23 -
2.14 Gy), p=0.001) and for D2cc MR was 0.38 Gy ((IQR 0.12 - 1.36 Gy), p<0.0001). For
bowel, Dmax MR was 3.27 Gy ((IQR 0.50 - 5.41 Gy), p < 0.0001). For D2cc MR was 2.09
Gy ((IQR 0.30 - 4.97 Gy), p <0.0001), and for D15cc MR was 0.57 Gy (IQR 0.22 —2.07
Gy)). For rectum, Dmean MR was 0.13 Gy ((IQR 0.09 — 0.24 Gy) p = 0.0025), and for D2cc
MR was 0.44 Gy ((IQR 0.14 - 1.02 Gy), p < 0.0001).

Conclusions: Based on the analysis and response to ART of 20 eligible patients with
vulvar cancer and 37 eligible patients with cervical cancer, it can be concluded that ART
resulted in a significant reduction in OAR doses, including bladder, bowel, and rectum.
Overall, these findings suggest that ART can effectively reduce the radiation dose to

OARs and improve treatment outcomes for patients with gynecological cancers.
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Study 2: Evaluation of cumulative dose distributions from external beam radiation
therapy using CT-to-CBCT deformable image registration (DIR) for cervical cancer
patients

Purpose: Organ motion during radiation therapy in the pelvic region can potentially
lead to uncertainties with the dose delivered to critical organs during fractionated
treatment. The purpose of this study is to investigate, by means of using deformable
image registration (DIR) and dose summation techniques, the differences between the
planning dose and the delivered dose as calculated from the longitudinal cone-beam CT
(CBCT) images for cervical cancer patients.

Materials and Methods: Cervical cancer patients treated with external beam radiation
therapy (EBRT) received a planning CT (pCT) and five CBCTs, once every five fractions
of treatment. The “Merged CBCT” feature in MIM Maestro (MIM Software, Cleveland,
OH) was performed between the pCT and each CBCT to generate an extended field-of-
view (FOV) CBCT (mCBCT). A free-form multi-modality DIR was then performed
between the pCT and the mCBCT to deform the pCT structures onto the mCBCT. DIR-
generated bladder and rectum contours were further adjusted by a physician, and Dice
Similarity Coefficients (DSC) were calculated between the two. After deformation, the
investigated doses on the mCBCT were: 1) recalculated in Eclipse TPS (Varian Medical
Systems, Palo Alto, CA) using original plan parameters (ecD), and 2) deformed from

planning dose (pD) using the deformation matrix (mdD). Dose summation was
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performed to the first week’s mCBCT. Bladder D2cc, Dmax, Dmean, V45, and D50,
rectum D2cc, Dmax, Dmean, and D50, and PTV45 D90 and D98 were compared between
the three calculated doses. Dose distributions were compared in terms of dose volume
histograms (DVHs) and gamma analysis. The Wilcoxon signed rank test was used to
compare dosimetric metrics with statistical significance defined at p <0.05.

Results: For the ten patients analyzed, the average DSC were 0.72 + 0.15 for bladder and
0.80 £ 0.11 for rectum. For most cases, only the superior and inferior slices were edited by
physician. Regardless of the method of dose calculation (ecD or mdD), D2cc (bladder and
rectum), and D90 and D98 (PTV45) were within 5% of pD for at least 9 out of 10 patients.
For one patient each for bladder, rectum, and PTV45, the agreement was worse than 5%,
with the largest difference of 15.3% for bladder D2cc in a patient with large bladder filling
differences. For the Eclipse calculated dose on the merged CBCT (ecD) and t;he MIM
deformed dose on merged CBCT (mdD), the bladder Dmax was within 5% for 8 out of 10
patients, and rectum Dmax was within 5% for 7 out of 10 patients. All 10 patients for ecD
and mdD were >5% for bladder V45 due to the large variations in bladder volume
throughout treatment. Statistically significant differences for bladder D2cc between the
ecD and the mdD (p = 0.047). For bladder D50, significant differences between pD and
ecD (p=0.009) and ecD and mdD (p =0.005). Statistically significant differences for rectum
D2cc between the pD and ecD (p = 0.028) as well as ecD and mdD (p = 0.005). Statistically

significant differences for D98 between the pD and ecD (p = 0.028) and pD and mdD (p =
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0.007). The gamma analysis between the ecD and pD matched 90% of the voxels for 3 out
of 10 patients and between the mdD and pD for 1 out of 10 patients.

Conclusions: In this study, we evaluated cumulative doses based on weekly CBCTs
using a commercially-available DIR software. Using DIR and the new Merged CBCT
feature, we determined that reporting the initial planning dose would not introduce a
more than 5% difference in 90% of cases studied. Our results indicate that the mdD
produces similar dose values as the ecD for the OARs and PTV. The proposed workflow
should be used on a case-by-case basis when the weekly CBCT shows marked difference

in organs-at-risk from the planning CT.
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1. Introduction/Background

1.1 Purpose

The purpose of this thesis is to present two studies evaluating the dose-volume
differences during a fractionated treatment for patients with gynecological malignancies
treated with external beam radiation therapy (EBRT). Tumor volumes and pelvic organs
exhibit motion, deformation, and variation in size during the entire course of radiation
therapy treatment. Anatomical and functional changes during radiation therapy can
lead to an incorrect dose distribution with potential to underdose tumor volumes,
overdose organs-at-risk (OARs), and increased volumes receiving high dose. Both
studies focus on different methods to evaluate the dose-volume relationships for the
target volumes and OARs during a 5-7-week treatment period. Although margins are
added to the planning target volume (PTV) to account for uncertainties with target dose
coverage, there are limited methods to calculate the actual delivered dose to the OARs.

Study 1 focuses on the use of adaptive radiation therapy (ART) with FDG-
PET/CT as the adaptive response signal for patients with vulvar and cervical cancer.
Using an intratreatment FDG-PET/CT, the treatment is adapted to account for changes
to the target and nearby OARs. The objective of ART is to acquire an additional FDG-
PET/CT scan after a prescribed dose has been delivered, re-contour the volumes and
OARs, and create a new treatment plan to further reduce dose to normal tissue while
maintaining the prescribed dose to the PTV. A reduction in the size of the tumor can

shift in both the PTV and normal tissue as treatment course continues, and without
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adapting the plan, sensitive tissues can experience high dose because of the proximity to
the tumor. By using FDG, possible changes in anatomy and changes in tumor metabolic
activity can be observed. The aim of this research is to bridge the gap in literature on
gynecological malignancies with ART using FDG-PET/CT and to evaluate a technique
potentially able to reduce and correct both anatomical and metabolic changes due to
improved dose coverage tailoring. Our hypothesis is that an intra-treatment FDG-
PET/CT will allow for adaptive re-planning that will lower dose-volume metrics for the

sensitive nearby organs at risk while maintaining target coverage.

Study 2 focused on an evaluation of the actual delivered dose which will differ
from the planning dose due to interfractional organ motion and filling. In Study 2, we
developed a method to calculate the accumulated dose using weekly CBCT images for
cervical cancer patients. Currently, CBCT images are used for patient alignment
purposes. Different methods exist in literature for dose accumulation on CBCT. We
assessed and validated a commercial DIR software using recommendations from the
AAPM TG-132 to be used for dose accumulation between the planning CT (pCT) and
the weekly CBCT images to create the merged image, which is called the merged CBCT
(mCBCT). Dose was generated in two separate ways using the newly created mCBCT
for further comparisons between the accumulated doses compared to the planning dose
(pD). By accounting for weekly geometric changes using DIR, dose accumulation

enables a better understanding of dose-volume-effect relationships for OARs, such as



bladder and rectum. Our hypothesis is that by generating dose on the mCBCTs, we will

see a difference in the delivered dose versus the pD.

1.2 Gynecological Malignancies

Gynecological cancers are a significant health issue in the United States, with
approximately 84,000 new cases diagnosed annually and around 28,000 deaths among
women [1]. Gynecological cancers occur in the female reproductive organs with the
most common types being cervical, ovarian, uterine, vaginal, and vulvar cancer. While
screening tests are available for cervical cancer, no such options are available for other
gynecological malignancies currently. The etiology of cervical cancer begins with
infection by high-risk human papillomavirus (HPV), however not all HPV infections
culminate in cervical cancer [2]. Cervical cancer forms in the lower part of the uterus and
can extend into the vagina [3]. Uterine cancer forms in the inner lining of the uterus,
known as the endometrium, while vaginal cancer is rare and usually occurs when
tumors that originate in the cervix spread to the vagina [4]. Vulvar cancer is less
common and occurs on the outer surface of the female genitalia. Gynecological
malignancies can metastasize to pelvic and para-aortic lymph nodes along a predictable
pathway [5]. Treatment options for gynecological malignancies includes radiation
therapy, chemotherapy, surgery, or a combination of these methods. This thesis will

focus specifically on cervical and vulvar cancer.



1.3 External Beam Radiation Therapy

Radiation therapy is a treatment that uses high doses of ionizing radiation to kill
cancer cells and shrink tumors. For locally advanced cervical cancer patients, the
standard treatment involves external beam radiation therapy (EBRT) combined with
chemotherapy and brachytherapy [6]. Prior to advances in technology, patients were
treated with three-dimensional (3D) conformal radiation therapy (CRT) with the goal to
conform the dose to the tumor while sparing the dose to surrounding normal tissues [7].
However, specialized 3D CRT techniques, such as Intensity Modulated Radiation
Therapy (IMRT) and Volumetric Modulated Arc Therapy (VMAT), have further
improved treatments by reducing dose to normal tissue. IMRT enables greater
conformity and uniform dose distribution to a tumor while reducing damage to
surrounding normal tissues [8]. Meanwhile, VMAT allows for greater conformity and
shorter treatment delivery time compared to IMRT. Patients with gynecological
malignancies can be treated with either IMRT or VMAT plans which depends on the
complexity and location of the tumor.

Patients treated with radiation therapy will undergo a computed tomography
(CT) simulation prior to the start of treatment. The CT simulation is necessary for
planning purposes and is scanned in the identical patient positioning for treatment. The
CT images are used to contour the area of disease and organs at risk (OAR) and to
provide the basis for dose calculation. Additionally other imaging modalities can be

acquired. The gross tumor volume (GTV) is the gross palpable or visible extent and
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location of malignant growth. The second volume is defined as the clinical target
volume (CTV) that contains the GTV and subclinical microscopic malignant lesions. The
third volume is the planning target volume (PTV) which includes the CTV and margins
to account for uncertainties such as patient positioning, organ motion, and organ
deformation. [9]. Nodal involvement is common with gynecological malignancies and

the low dose PTV will include regional lymph nodes.

Figure 1: Example vulvar target volumes: red (GTVp); purple (PTV50.4); lime
(PTV66.4);



Figure 2: Example cervical target volumes for SIB: red (PTV45); pink (PTV55); lime
(PTV65)

1.4 Radiation Therapy Treatment Process for Gynecological
Malignancies

The treatment process includes several steps from the initial diagnosis to the
eventual radiation (RT) treatment for a patient. For the RT treatment, patients go
through the following steps: 1) consultation; 2) simulation, which includes
immobilization if used, and imaging for treatment planning; 3) target volume and organ
delineation; 5) treatment planning; 6) plan checks and quality assurance (QA); 7) patient
setup; and 8) treatment delivery [10]. Figure 3 shows the treatment process for radiation

therapy delivery.
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Figure 3: Clinical treatment planning flow for radiation therapy

Patients are typically treated with a fractionated treatment schedule spanning
five weeks. At our institution, patients receive daily kV imaging and a weekly cone-
beam computed tomography (CBCT) image for patient alignment verification purposes.

Figure 4 shows the clinical treatment delivery flow for each week of treatment.

cT ’ ‘ Weekly Weekly ‘ Weekly ‘ Weekly ‘ ‘ Weekly W
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Figure 4: Treatment delivery flow for patients with weekly CBCT images acquired
every five fractions

1.4.1 Prescription Dose and Fractionation for Gynecological
Malignancies

The typical prescription dose for gynecological malignancies ranges from 45 to
65 Gy. The typical fractionation is 25 daily fractions with a delivery of 1.8 to 2.6 Gy per

fraction.



1.5 Imaging for Gynecological Malignancies

CT images are used in radiation therapy for two key purposes: to visualize the
tumor and the OARs and to provide a map of the electron density information for the
different tissues to be used in the treatment planning system for dose calculation [11].
CT has been widely used for evaluating nodal involvement and detecting distant
metastatic disease due to its high resolution and excellent depiction of anatomy.
However, its limitations include the inability to detect small-volume metastatic
involvement in normal-sized lymph nodes and differentiate between metastasis and
reactive hyperplasia in enlarged nodes. In contrast, positron emission tomography (PET)
using fluorodeoxyglucose (FDG), which is a glucose analog tracer, has become a well-
established imaging tool for cervical cancer. PET detects the annihilation photons that
are produced when a positron interacts with an electron. A positron undergoes mutual
annihilation with an electron and their rest masses are converted into a pair of
annihilation photons with identical energies of 511 keV and are emitted simultaneously
in 180-degree opposing directions [12]. The near-simultaneous detection of the two
annihilation photons allows PET to localize the origin along a line between the two
detectors. The detection of the photon pair in opposing detectors defines the volume
from which they were emitted.

The functional information about regional glucose metabolism provided by PET
allows for greater sensitivity and specificity in most cancer imaging applications

compared to CT and other anatomic imaging methods. PET is considered superior to
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conventional imaging techniques for assessing patients with cervical cancer. The
integration of PET/CT scanners, which enables functional and anatomical information to
be obtained in a single examination, represents a significant advancement in PET
imaging technology. This integration results in a synergistic improvement in the
accuracy of interpretation of both PET and CT images. The spatial resolution for PET

images is between 4-5 mm and for CT images is around 1 mm [13].

The clinician uses the high signal from the PET-positive tumor and nodes if
involved to define and contour the target volumes which will be used for treatment
planning. The Standard Uptake Volume (SUV) is used in PET imaging as a quantitative
value that represents the metabolic activity of the tumor. The determination of SUV is

shown in Equation 1.

Radioactivity Concentration (Bq/ml)

SUV = Injected dose (Bq) / Body Mass (g) (1)

The SUV is used during the image reading process to distinguish between benign and
malignant tumors [14]. The response of a tumor to treatment can be determined from an
increase or decrease in SUV from an intratreatment PET/CT to the pre-treatment
PET/CT.

MRI imaging has become a key modality for the initial staging of cervical cancer
due to the superior soft tissue contrast of the pelvic structure [15].

Cone-beam Computed Tomography (CBCT) is a tool frequently used in radiation
therapy due to the widespread implementation of kilovoltage on board imaging (OBI)

9



on linear accelerators [16]. CBCT was first commercially available for dental imaging in
2001 and since then, the use of CBCT for radiation therapy has become popular to
reduce patient set-up errors before each treatment fraction [17]. The OBI consists of the
kV x-ray source and a kV amorphous silicon detector. The 3D volumetric images are
generated when the kV source and detector panel rotate around the patient who is
positioned on the treatment couch [18]. The images provide soft tissue and bony
structure in a smaller field-of-view (FOV) than a traditional CT image. The image quality
of CBCT is inferior to that of CT images because of the large solid angle receiving
scattered radiation. Some additional common reasons why image quality may be poor
on CBCT include artifacts, such as motion, beam hardening, metal artifacts, scatter,
noise, and lower resolution. The presence of artifacts on the CBCT was a limitation for

this study, which will be discussed further.

1.5.1 CBCT Artifacts

Artifacts in CBCT imaging refer to any discrepancy between the actual anatomy
being imaged and the appearance of that anatomy on the resulting image. The cause of
artifacts can arise from a multitude of sources. The most common artifacts include
motion, beam hardening, metal, scatter, and geometry artifacts.

Motion artifacts are caused due to patient movement during the imaging process
resulting in blurring or ghosting of the image. Common causes of motion artifacts,

especially for the pelvic region, involves the presence and movement of gastrointestinal
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gas bubbles. Motion artifacts caused by gas are frequently seen in the pelvic scan and

can induce artifacts as shown in Figure 5.

Figure 5: CBCT motion artifacts caused by gas movement located at different areas of
the pelvic area

Beam hardening occurs when low-energy x-rays are preferentially absorbed
compared to high-energy x-rays as they pass through an object resulting in artifacts that
appear as streaks on the image. This artifact is more pronounced in CBCT due to the
lower mean kV (peak) energy of the x-ray beam in comparison to conventional CT [19].

Metal artifacts are image distortions or streaks that occur due to the presence of
metal objects in the area that is being imaged, such as fiducial markers or implants.
Compared to bones or soft tissues, metallic implants have significantly higher
attenuation coefficients and density, which means that x-rays passing through these
objects are heavily absorbed, resulting in weak signals reaching the detector. When the
x-ray detector does not have an adequate dynamic range to detect these weak signals,
metal shadows can appear in the raw projection data, leading to streak artifacts that may

spread to nearby soft-tissue regions in the reconstructed CBCT images.
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Figure 6: Example of metal artifact in a prostate patient (Zhang, 2007)

Scatter artifacts occur due to scatter radiation caused when x-rays are deflected
from their original path after interacting with tissues in the area being imaged which
results in a diffuse distribution of x-rays in the final image. Several factors account for
the severity of scatter artifacts, such as the size of the area being imaged, the thickness
and density of the tissues in that region, and the geometry of the imaging system.

Geometry artifacts arise from the shape of the CBCT imaging cone. The cone-
shaped beam can result in varying thicknesses of the patient’s anatomy being imaged
which leads to differences in x-ray attenuation. To reduce the impact of geometry
artifacts, collimators or filters are used to reduce the impact of geometry artifacts.
Advanced reconstruction algorithms have also improved the impact of artifacts on
CBCT images. Types of geometry artifacts include truncation artifacts that arise due to

missing data at the edges of the FOV.
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Figure 7: Examples of a truncation artifact present in pelvic CBCT images

1.6 Adaptive PET/CT Protocols

In an adaptive PET/CT study, an additional PET/CT scan is acquired for
planning purposes after a prescribed dose has been delivered. The intratreatment
PET/CT is used to re-contour the volumes and create a new treatment plan that is used
to deliver the remaining dose for the treatment. The goal of adaptive radiation therapy
(ART) is to reduce the dose to normal tissues while maintaining the prescribed dose to
the PTV. Radiation should cause a reduction in the size of the tumor, which can cause a
shift in the PTV and normal tissue during a fractionated treatment schedule. In
gynecological malignancies, the nearby normal tissues include the bladder, rectum, and
bowel. As treatment progresses and the tumor shrinks, these tissues may experience an
increase in dose. The intratreatment PET/CT will allow for replanning and recontouring

to account for a decrease in the PTV and a sparing of dose to the normal tissues.
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1.7 Deformable Image Registration

Image registration is key to radiation therapy to geometrically align one dataset
with another to compare datasets across imaging modalities or time [20]. The goal is to
tind a transformation for mapping the points in the source image to the points in the
reference image. Image registration can be categorized into different categories: rigid,
non-rigid, affine, and projective. This study focuses on non-rigid registration, but rigid
registration is also involved. Non-rigid registration, also known as deformable image
registration (DIR), is a process used to align and map images of the same anatomical
region taken at different times, or from different modalities to each other. Unlike rigid
image registration, which only allows for translation, rotation, and scaling, DIR accounts
for changes in shape, position, and size of organs and tissues over time due to factors
such as breathing, patient movement, and anatomical changes [21]. DIR involves a
complex mathematical algorithm that applies deformation fields to one image to match
it to another image, resulting in a deformed image that is spatially registered to the
reference image. DIR is commonly used in radiation therapy treatment planning, where
it is used to fuse images from different modalities and timepoints to create a single
image that accurately represents the patient's anatomy for dose calculation and
treatment planning purposes. Different types of algorithms exist for DIR such as
intensity-based, feature-based, or a hybrid of the two. An intensity-based algorithm
measures image intensity using mathematical models such as sum of squared

differences, correlation coefficients, and mutual information to evaluate the image
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similarity between the CT volumes [22]. A feature-based algorithm uses defined
landmarks such as contours or points from the reference and target volumes to match
the volumes. By combining these two approaches, hybrid-based DIR algorithms can
effectively handle complex deformations, such as those caused by large anatomical
changes or tissue distortions. DIR is a valuable tool to provide a more accurate
registration of the tumor volume compared to rigid registration and is important for
dose summation to add dose between different treatment modalities or track dose

delivered throughout treatment.
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Study 1

2. Evaluation of Dose-Volume Metrics in an Adaptive
PET Protocol for Vulvar and Cervical Cancer

2.1 Introduction

ART is an emerging technique that allows the radiation treatment to be modified
to account for changes in the patient’s anatomy and tumor response during treatment.
This adaptation can lead to better tumor control while sparing healthy tissues,
ultimately improving treatment outcomes and reducing side effects. FDG-PET/CT is
increasingly being used for diagnosis and staging as well as response to treatment. FDG-
PET/CT is a non-invasive imaging technique that can provide information about the
metabolic activity of cancer cells in a patient’s body. This information can be used to
help tailor radiation therapy to the unique characteristic of each patient’s tumor. By
acquiring an intratreatment FDG-PET/CT, the original treatment plan can be adapted to
the change in anatomy and target volume as a response from treatment. FDG-PET/CT
has the potential to improve the effectiveness of radiation therapy while minimizing
side effects for patients.

To date, there are no known studies that investigate the use of ART with FDG-
PET/CT for patients with gynecological malignancies. FDG-PET/CT ART is potentially
useful for treatment replanning following anatomical and metabolic changes, but as an
emerging method, there are limited studies, literature reviews, and few clinical trials
using FDG PET/CT as a re-planning tool available in literature. Kong, et al., conducted a
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phase 2 clinical trial to study the effect of a mid-treatment PET/CT ART with concurrent
chemotherapy in patients with locally advanced non-small-cell lung cancer (NSCLC)
[23]. Patients received the mid-treatment FDG-PET/CT scan within 2 weeks from the
start of radiation and after 40 to 50 Gy had been delivered. The study demonstrated that
ART with FDG-PET/CT allowed for dose-escalation to the active tumor, which was the
goal of this study. Limitations discussed in this study include the nonrandomized
design and a relatively heterogenous group of patients. Xiao, et al., also investigated the
use of FDG-PET/CT for late-course ART for NSCLC with the goal of dose escalation and
reduction of the dose volume to OARs [24]. The mid-treatment PET/CT was obtained at
approximately two-thirds of the total dose, which occurred around 40 Gy. The metabolic
tumor volumes (MTVs) were compared from the baseline PET/CT to the mid-treatment
scan. The results indicated a significant reduction to the MTVs at 40 Gy and the study
concluded that late-course ART may be an effective way to reduce dose to the OAR:s.
Geets, et al., studied the use of FDG-PET ART for patients with pharyngo-laryngeal
squamous cell carcinoma [25]. In this study, FDG-PET scans were acquired at weeks 2, 3,
4, and 5 of treatment and were rigidly registered to the planning CT. The results
confirmed the value of FDG-PET for tumor volume delineation and the resulting dose
escalation on the tumor with ART.

The purpose of Study 1 is to investigate whether FDG-PET/CT-guided ART can
improve dosimetric outcomes and reduce treatment toxicity in patients with locally

advanced vulvar and cervical cancer receiving chemoradiotherapy or radiotherapy
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alone. By utilizing the advanced imaging technique to monitor metabolic activity and
adjust the treatment plan, we aim to improve the precision and effectiveness of radiation
therapy while minimizing the dose to OARs and risk of adverse effects. An objective of
this study is to address the gap in the existing literature regarding the use of FDG-

PET/CT in the management of gynecological malignancies.

2.2 Materials and Methods

Between 2012 and 2020, two Institutional Review Board (IRB)-approved
protocols were implemented for 18F-FDG PET/CT adaptive treatment planning. These
protocols enrolled women who had visible PET malignancies. Out of the 22 patients
with vulvar cancer who participated, 20 patients were deemed eligible for analysis. For
cervical cancer, 37 patients participated, and 26 patients were eligible for analysis.
Patients were planned with a pre-treatment PET/CT where the tumor and normal tissues
were contoured. Radiation therapy consisted of either IMRT or VMAT. Patients were
treated with 1.8 Gy once daily to a total of 45 to 50.4 Gy. If patients were treated with
simultaneous integrated boosts (SIB) to involved pelvic or para-aortic (PA) lymph
nodes, the SIB dose ranged from a total of 64.4 Gy to 66.4 Gy delivered in 25 fractions.
An intra-treatment PET/CT scan was obtained when 30 to 36 Gy had been delivered,
which occurred around 15 fractions of treatment. The treatment plan was adapted, and
patients were re-planned to the same dose goals but with revisions made to the GTV,

PTV, and OARs.
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To assess the dosimetric differences for adapting the treatment plan, an

unadapted plan was created. The baseline treatment plan was applied to the intra-

treatment PET-CT to create an unadapted plan to be used for comparison with the

adapted plan. Figure 8 shows how the clinical treatment process was adapted with the

intratreatment PET/CT acquired near week 4.
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Figure 8: Adapted clinical treatment process involving the intratreatment PET/CT

Figure 9 shows the process for creating the unadapted and adapted plans for this

study. For the unadapted plan, the baseline treatment plan was applied to the intra-

treatment PET/CT (PET/CT 2). If the patient received a boost, in the same manner, the

baseline boost plan was applied to the PET/CT 2. The adapted plan was already created

for the PET/CT 2. Dose was calculated using the Anisotropic Analytical Algorithm

(AAA) (Version 15.6.03), and the leaf motion calculator used was either Varian Leaf

Motion Calculator (Version 15.6.03) or Smart LMC (Version 15.6.03). All patients were

calculated with the newest version of the leaf motion calculator that was used for their
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treatment including the adapted plan that was already created. If the patient was treated
with a boost plan, a plan sum was created to generate the combined DVH for the
unadapted and adapted plans. Details of the workflow for how this process was

performed is described in Appendix A.

1PRI_XXfCT1

1APRI YYICT2 2BST_B2fCT2, 3BST_B3fCT, ...

Adapted Plan

— | ~
PET/CT1 PET/CT 2

2BST # of 3BST # of
fractions = B2 fractions = B3

Primary # of fractions = XX + YY

Figure 9: Process for creating the unadapted and adapted plans for PET/CT ART

The OAR metrics evaluated for patients with vulvar cancer included: volumes,
bladder, bowel, and rectum D2cc, bladder V56, bowel V15, bowel and rectum V45, and
rectum V50. The max, mean, and median dose were also evaluated for the bladder,
bowel, and rectum. The metrics that were evaluated for patients with cervical cancer
include: volumes, bladder, bowel, rectum, bowel D15cc, bowel V15, bowel and rectum
V45, and rectum V50. The Wilcoxon signed-rank test was used to show statistical
significance between the adapted and unadapted plans. Definition of significance was

defined as p <0.05. Table 1 shows the metrics for the vulvar and cervical evaluation. The
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dose difference was calculated between the metrics for the unadapted and adapted

plans using the following equation:

%D = (unadasctizc;:::apted) % 100 (2)

A positive percent difference indicates an improvement in the adapted plan with a
reduction in dose based on the adapted plan.

Table 1: Metrics evaluated for target volumes and OARs for vulvar and cervical cancer

[26]
Dosimetric Dosimetric
constraint constraint
Vulvar Cervical
Bladder Dmax Bladder Dmax
Dmean Dmean
Dmedian Dmedian
D2cc D2cc
V56 V56
Rectum Dmax Rectum Dmax
Dmean Dmean
Dmedian Dmedian
D2cc D2cc
V45 V45
V50 V50
Bowel Dmax Bowel Dmax
Dmean Dmean
Dmedian Dmedian
D2cc D2cc
D15cc D15cc
V15 V15
V45 V45
GTV Dmax
Dmean
Dmedian
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2.3 Results
2.3.1 Dose-Volume Metrics
2.3.1.1 Vulvar

20 patients were analyzed. Table 2 shows the dosimetric outcomes for the normal
tissue. For the bladder, ART significantly reduced all but one dosimetric constraints
including Dmax (p < 0.001), Dmean (p = 0.001), D2cc (p <0.001). For bowel, all the
dosimetric constraints were significantly reduced with Dmax (p < 0.001), D2cc (p <
0.001), and D15cc (p = 0.002). For rectum, ART significantly reduced Dmean (p = 0.006)
and D2cc (p = 0.006).

The percent difference was calculated between the unadpated and adapted plans
which is shown in Tables 3-5. For bladder metrics, 18 out of the 20 patients showed
improvement for Dmax, 15 out of 20 for Dmean and Dmed, and 17 out of 20 patients for
D2cc. For rectum, 15 out of 20 patients showed improvement for Dmax and Dmean, 14
out of 20 for Dmed and V45, and 17 out of 20 for D2cc. For bowel, 15 out of 20 patients
showed improvement for Dmax, D2cc and D15cc, 14 out of 20 for Dmean, V15, and V45,
and 12 out of 20 for Dmed. Appendix B includes each patient’s specific values for the

unadapted and adapted plan.
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Table 2: Dosimetric outcomes to OARs for vulvar cancer patients [26]

OAR Dosimetric p-value Median Interquartile
constraint reduction Range (IQR)
(Gy) (Gy)
Bladder
Dmax <0.001* 1.1 0.48-2.3
Dmean 0.001* 0.91 0.09-1.1
Dmedian 0.007* 0.64 0.08-1.1
D2cc <0.001* 1.5 0.51-21
V56 0.010* 0.01 0.003 - 0.04
Rectum
Dmax 0.083 0.49 0.045-1.13
Dmean 0.006* 0.66 017-1.7
Dmedian 0.007* 0.43 -0.052 - 1.61
D2cc 0.006* 0.46 0.17-0.80
V45 0.074 0.092 -0.0018 - 0.02
V50 0.053 0.012 -0.0023 - 0.03
Bowel
Dmax 0.001* 1.0 011-29
Dmean 0.011* 0.06 -0.005 - 0.49
Dmedian 0.039* 0.03 -0.007 - 0.46
D2cc 0.001* 0.39 0.023-1.7
D15cc 0.002* 0.19 0.026 - 0.47
V15 0.012* 0.002 -0.0002 - 0.032
V45 0.015* 0.013 -0.001 - 0.12

*Indicates significant differences

23



Table 3: Percent difference between the unadapted and adapted plans for the bladder.
Percent differences were calculated using the adapted dose as reference. A positive
percent difference indicates patients with dose reduction from the adapted plan as

indicated by green highlighting.

Bladder Percent Difference between Unadapted and Adapted
Plans

Dmax Dmean Dmed D2cc
Patient 1 11.9% 2.9% 1.7% 18.0%
Patient 2 2.4% 2.3% 2.4% 2.0%
Patient 3 0.0% -0.3% -0.4% -0.1%
Patient 4 3.3% -1.6% -2.5% 0.9%
Patient 5 6.9% 0.3% 0.3% 3.0%
Patient 6 44.9% 43.0% 43.4% 44.2%
Patient 7 1.3% 1.7% 1.4% 1.9%
Patient 8 4.9% -1.8% -2.8% 3.1%
Patient 9 0.5% 3.0% 4.4% 2.9%
Patient 10 21.0% 2.3% 1.2% 8.7%
Patient 11 0.8% 2.0% 1.5% 2.5%
Patient 12 4.0% 1.7% 1.4% 3.2%
Patient 13 2.3% 4.1% 2.9% 13.1%
Patient 14 1.2% 1.4% 1.2% 1.0%
Patient 15 0.1% -0.4% -0.1% -0.1%
Patient 16 -0.6% -0.9% -0.2% -0.7%
Patient 17 1.3% 2.0% 2.1% 2.4%
Patient 18 2.7% 3.6% 3.5% 3.6%
Patient 19 0.7% 2.3% 1.4% 0.8%
Patient 20 1.3% 1.5% 1.3% 4.1%
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Table 4: Percent difference between the unadapted and adapted plans for the rectum.
Percent differences were calculated using the adapted dose as reference. A positive
percent difference indicates patients with dose reduction from the adapted plan as

indicated by green highlighting.

Rectum Percent Difference between Unadapted and Adapted Plans

Dmax Dmean Dmed D2cc V45
Patient 1 0.7% 2.9% 11.4% 1.0% 4.2%
Patient 2 1.3% 5.8% 6.4% 1.4% 2.5%
Patient 3 -6.7% -2.7% -1.3% -6.7% -28.8%
Patient 4 -0.1% 1.2% 0.8% 0.1% 5.6%
Patient 5 3.7% -2.0% -0.2% 0.7% -6.0%
Patient 6 41.4% 42.0% 43.0% 43.7% 46.4%
Patient 7 1.5% 2.1% 1.3% 1.5% 0.1%
Patient 8 0.1% -0.3% -0.5% -0.1% -2.7%
Patient 9 1.9% 7.5% 14.9% 0.8% -6.1%
Patient 10 0.3% 4.3% 3.8% 0.7% 11.9%
Patient 11 -1.8% -1.3% -0.8% -2.0% -2.6%
Patient 12 1.1% 1.3% 1.1% 1.0% 0.3%
Patient 13 0.3% 1.9% 1.8% 0.5% 3.3%
Patient 14 -2.8% 0.6% 0.4% 0.2% 27.2%
Patient 15 0.3% 0.0% -0.4% 0.3% 0.0%
Patient 16 5.3% 1.2% 0.1% 6.0% 0.3%
Patient 17 1.0% 1.4% 1.1% 1.3% 3.5%
Patient 18 -1.5% 2.4% -0.1% 0.6% 9.4%
Patient 19 0.7% 0.6% 0.5% 0.7% 1.2%
Patient 20 10.0% 6.2% 3.9% 11.2% 33.3%
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Table 5: Percent difference between the unadapted and adapted plans for the bowel.
Percent differences were calculated using the adapted dose as reference. A positive
percent difference indicates patients with dose reduction from the adapted plan as

indicated by green highlighting.

Bowel Percent Difference between Unadapted and Adapted Plans
Dmax Dmean Dmed D2cc D15cc V15 V45
Patient 1 0.4% -0.1% 0.1% 0.5% 0.1% 0.1% -0.4%
Patient 2 2.5% 1.2% 1.3% 1.9% 1.4% 0.0% 3.6%
Patient 3 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% -0.1%
Patient 4 3.6% 0.0% 0.0% 1.9% 0.5% 0.0% 0.3%
Patient 5 17.9% 6.0% 5.1% 17.6% 3.0% 0.0% 40.3%
Patient 6 44.6% 43.8% 43.2% 44.2% 44.0% 12.4% 258.7%
Patient 7 4.1% 0.2% 0.2% 0.6% 0.3% 0.0% 3.1%
Patient 8 9.6% 1.2% 1.4% 8.9% 0.7% 0.3% 2.9%
Patient 9 1.4% 3.8% 7.5% 0.9% 0.5% 22.3% 28.2%
Patient 10 0.3% 0.1% 0.1% 0.2% 0.1% 0.0% 1.1%
Patient 11 5.4% 1.9% 1.4% 4.1% 2.1% 0.4% 11.2%
Patient 12 5.3% 4.0% 3.7% 3.5% 3.3% 3.2% 7.7%
Patient 13 0.4% -1.1% -1.8% 0.1% -0.1% 0.3% -4.9%
Patient 14 2.6% 0.2% -0.2% 1.4% 0.7% 0.2% -0.6%
Patient 15 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Patient 16 -1.3% -0.1% -0.1% -0.8% -0.6% 0.0% -0.6%
Patient 17 6.2% 0.2% 0.2% 3.2% 0.4% 0.0% 1.2%
Patient 18 0.0% 0.5% 0.8% -0.1% -0.2% 0.1% 1.0%
Patient 19 0.4% 0.0% 0.0% 0.2% 0.1% 0.0% 0.1%
Patient 20 -0.3% 0.0% -1.6% -0.1% 0.4% -0.1% 5.5%

Figures 10 and 11 show box plots for the unadapted and adapted D2cc and
Dmax for the OARs. For the D2cc, the bladder experienced a larger IQR range compared
to the rectum and the bowel. The median for the adapted plans decreased as compared
to the unadapted plans with the bladder showing the largest median reduction. The
rectum experienced less variability between the unadapted and adapted plan as
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compared to the bladder and bowel. For Dmax, the bladder experienced a larger median
reduction in the adapted plan. The rectum and bowel show a median reduction, but not
as large as the bladder. The rectum experienced a smaller IQR for the adapted plan as

compared to the unadapted plan.

Unadapted and adapted D2cc for OARs
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Figure 10: D2cc for bladder, bowel, and rectum between the unadapted and adapted
plans for vulvar cancer patients. (U) unadapted; (A) adapted
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Unadapted and adapted Dmax for OARs
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Figure 11: Dmax for bladder, bowel, and rectum between the unadapted and adapted
plans for vulvar cancer patients. (U) unadapted; (A) adapted

2.3.1.2 Cervix

Thirty-seven patients were analyzed. As shown in Table 6, the dose to the OARs
volumes was significantly lower in the adapted plan versus the unadapted plan with the
bladder, bowel, and rectum all benefitting from the adaptive plan (p <0.001).

The percent difference was calculated between the adapted and unadapted plans
for Tables 7-10. The unadapted dose was the reference dose for calculation. For the
bladder, 35 out of 37 patients improved for Dmax, 31 out of 37 for Dmean, 28 out of 37
for Dmed, and 33 out of 37 for D2cc. For the rectum, 32 out of 37 improved for Dmax, 29
out of 37 improved for Dmean, 27 out of 37 for Dmed and V45, and 31 out of 37 for D2cc.
For bowel, all patients improved for Dmax, 32 out of 37 for Dmean, 29 out of 37 for

Dmed, 36 out of 37 for D2cc, 34 out of 37 for D15cc, 26 out of 37 for V15, and 30 out of 37
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for V45. For the GTV, only 30 patients reported GTV metrics, and 30 out of the 35
improved for Dmax, Dmean, and Dmed.

Table 6: Dosimetric outcomes to OARs for cervical cancer patients

OAR Dosimetric p-value Median Interquartile
constraint reduction Range (IQR)
(Gy) (Gy)
Bladder

Dmax 0.0001* 0.89 0.23-2.14

Dmean 0.0008* 0.17 0.02-0.41

Dmedian 0.0035* 0.08 -0.01-0.45

D2cc <0.0001* 0.38 0.12-1.36

Rectum

Dmax <0.0001* 0.81 0.16 - 1.67

Dmean 0.0025* 0.13 0.09-0.24

Dmedian 0.1310 0.08 0.06 - 0.19

D2cc <0.0001* 0.44 0.14-1.02
V45 - 0.003 0.002 - 0.003
V50 - 0.009 -0.0001 - 0.01

Bowel

Dmax <0.0001* 3.27 0.50 - 5.41

Dmean 0.0013* 0.11 0.07-0.23

Dmedian 0.0164* 0.14 0.02-0.19

D2cc <0.0001* 2.09 0.30 -4.97

D15cc - 0.57 0.22-2.07

V15 - 0.01 -0.01 -0.06

V45 - 0.05 0.04 -0.22

*Indicates significant differences
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Table 7: Percent difference between the unadapted and adapted plans for the bladder.
Percent differences were calculated using the adapted dose as reference. A positive
percent difference indicates patients with dose reduction from the adapted plan as

indicated by green highlighting.

Bladder Percent Difference between Unadapted and Adapted Plans

Dmax Dmean Dmed D2cc

Patient 1 5.3% 0.3% 0.0% 2.6%
Patient 2 0.9% 0.0% 0.1% 0.2%
Patient 3 -8.7% -8.7% -8.4% -8.8%
Patient 4 1.2% -0.2% -0.1% 0.3%
Patient 5 7.8% 4.8% 3.8% 9.5%
Patient 6 14.6% 0.8% 1.0% 9.9%
Patient 7 1.6% 0.3% 0.1% 0.8%
Patient 8 3.5% 0.3% 0.1% 1.2%
Patient 9 0.0% 0.0% 0.0% 0.0%
Patient 10 1.4% 0.5% 0.3% 0.5%
Patient 11 -1.4% 0.0% -0.1% 0.0%
Patient 12 0.0% 0.0% -0.1% 0.3%
Patient 13 0.7% 0.3% 0.2% 0.4%
Patient 14 0.5% -0.1% -0.1% 0.2%
Patient 15 2.0% 2.1% 2.1% 1.4%
Patient 16 2.0% 0.6% 0.6% 1.2%
Patient 17 0.0% -0.2% -0.2% -0.1%
Patient 18 0.2% 0.0% 0.0% 0.0%
Patient 19 1.8% 0.6% 0.5% 0.6%
Patient 20 6.3% 0.6% -0.7% 7.0%
Patient 21 3.1% 2.3% 2.2% 3.4%
Patient 22 1.6% 0.1% 0.0% 0.8%
Patient 23 0.3% 0.2% 0.1% 0.2%
Patient 24 4.8% 0.5% 0.3% 2.5%
Patient 25 0.6% 0.5% 0.4% 0.3%
Patient 26 3.9% 1.2% 0.9% 3.5%
Patient 27 0.1% -0.2% -0.3% 0.0%
Patient 28 5.7% 1.7% 1.9% 2.6%
Patient 29 0.5% 0.4% 0.5% 0.6%
Patient 30 0.8% 0.4% 0.2% 0.6%
Patient 31 1.6% 0.8% 0.8% 1.6%
Patient 32 1.8% 1.1% 0.9% 1.0%
Patient 33 7.8% 2.8% 1.2% 6.6%
Patient 34 3.7% 1.0% 1.2% 2.1%
Patient 35 2.0% 1.0% 1.3% 2.1%
Patient 36 3.9% 0.4% 0.1% 4.2%
Patient 37 2.8% -0.2% -0.2% -0.1%
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Table 8: Percent difference between the unadapted and adapted plans for the rectum.
Percent differences were calculated using the adapted dose as reference. A positive
percent difference indicates patients with dose reduction from the adapted plan as

indicated by green highlighting.

Rectum Percent Difference between Unadapted and
Adapted Plans
Dmax Dmean Dmed D2cc V45
Patient 1 2.2% 0.1% -0.4% 1.7% -1.1%
Patient 2 1.5% 0.2% 0.2% 0.4% 0.1%
Patient 3 -4.8% -2.5% -2.4% -2.6% -1.5%
Patient 4 1.6% -0.6% -0.7% 0.2% -3.9%
Patient 5 2.4% 0.6% 1.5% 2.7% -6.1%
Patient 6 20.0% 13.0% 7.5% 20.3% 77.0%
Patient 7 16.8% 3.7% 4.0% 8.6% 1.0%
Patient 8 4.4% 0.7% 0.3% 0.9% 2.6%
Patient 9 0.1% 0.2% 0.2% 0.2% 1.0%
Patient 10 0.2% 0.5% -0.2% 0.0% 1.4%
Patient 11 0.1% -0.4% -0.3% 0.2% -6.6%
Patient 12 -0.1% 0.5% 0.1% 0.1% 3.4%
Patient 13 0.9% 0.4% 0.3% 0.5% 1.8%
Patient 14 1.0% 0.2% 0.1% 0.4% 0.7%
Patient 15 4.1% -0.1% -0.7% 2.7% 0.6%
Patient 16 2.8% 0.6% 0.4% 4.1% 0.3%
Patient 17 -0.4% 0.0% -0.2% -0.1% 0.4%
Patient 18 0.3% -0.2% -0.6% 0.2% 0.0%
Patient 19 2.0% 0.5% 0.4% 1.2% 0.6%
Patient 20 0.0% 0.3% 0.8% 0.4% 1.7%
Patient 21 1.9% -0.9% -1.6% 1.3% -5.0%
Patient 22 3.8% 0.1% -0.4% 3.3% -0.1%
Patient 23 0.3% 0.1% 0.1% 0.4% -1.9%
Patient 24 4.4% -0.2% -0.5% -0.6% -1.9%
Patient 25 3.1% 0.4% 0.6% 1.5% 0.0%
Patient 26 5.6% 1.5% 0.9% 2.3% 2.8%
Patient 27 0.0% 0.5% 0.3% -0.1% 1.1%
Patient 28 1.4% 1.4% 1.4% 1.2% 0.9%
Patient 29 0.3% -0.2% 0.1% 0.2% -0.2%
Patient 30 0.8% 0.3% 0.3% 0.4% 0.3%
Patient 31 0.8% 7.8% 0.6% 1.7% 2.2%
Patient 32 2.3% 0.6% 0.5% 1.0% 4.3%
Patient 33 3.1% 1.6% 1.5% 3.1% 5.2%
Patient 34 1.4% 0.0% -0.4% -0.2% -0.2%
Patient 35 1.7% 1.5% 1.4% 1.7% 29.1%
Patient 36 2.7% 0.7% 0.1% 3.6% 0.3%
Patient 37 0.5% 0.0% -0.1% 0.0% 0.0%
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Table 9: Percent difference between the unadapted and adapted plans for the bowel.
Percent differences were calculated using the adapted dose as reference. A positive
percent difference indicates patients with dose reduction from the adapted plan as

indicated by green highlighting.

Bowel Percent Difference between Unadapted and Adapted Plans

Dmax Dmean Dmed D2cc D15cc V15 V45
Patient 1 6.3% 1.5% 2.7% 3.9% 0.6% -0.1% 8.6%
Patient 2 3.1% 0.1% 0.1% 3.3% 1.0% 0.1% -0.1%
Patient 3 4.3% -0.8% -0.9% 1.8% 1.1% -1.1% 0.8%
Patient 4 4.2% 0.3% -0.2% 9.6% 6.5% -0.8% 1.4%
Patient 5 8.6% 3.5% 2.7% 10.8% 6.0% 1.3% 18.6%
Patient 6 14.8% -4.4% -9.9% 10.5% 1.7% -10.3% -71.8%
Patient 7 15.5% 5.8% 6.2% 13.5% 8.9% 1.5% 11.1%
Patient 8 6.3% 2.3% 3.5% 1.1% 0.9% 1.8% 10.2%
Patient 9 0.5% 0.2% 0.0% 0.5% 0.4% 0.2% 0.6%
Patient 10 1.0% -0.2% -1.0% 0.5% 0.5% -0.8% 2.3%
Patient 11 0.0% -5.4% -7.5% 0.2% 0.3% -6.3% -20.0%
Patient 12 0.4% -0.4% -0.5% 0.2% 0.1% -0.5% -1.5%
Patient 13 0.9% 0.4% 0.1% 2.6% 1.6% 0.3% 0.5%
Patient 14 6.2% 0.6% 0.4% 6.0% 3.5% -0.1% 5.8%
Patient 15 18.4% 4.0% 3.4% 16.6% 7.5% 0.9% 32.1%
Patient 16 7.9% 0.3% 1.4% 3.0% 0.5% 1.4% -2.7%
Patient 17 0.8% 0.4% 1.0% 0.3% 0.2% -0.3% 1.4%
Patient 18 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Patient 19 2.4% 0.9% 0.8% 1.4% 0.8% 0.1% 1.7%
Patient 20 9.5% 0.1% 0.8% 12.7% 8.0% 0.2% -2.6%
Patient 21 6.9% -0.3% -0.7% 0.2% 0.2% -1.7% -4.9%
Patient 22 5.9% 0.5% 0.8% 4.5% 1.4% 0.5% 0.3%
Patient 23 0.5% 0.1% 0.1% 0.4% 0.3% 0.2% 0.5%
Patient 24 7.7% 1.0% 0.8% 7.1% 1.7% 1.4% 2.5%
Patient 25 3.5% 0.4% 1.7% 6.6% 3.4% -2.2% 3.6%
Patient 26 4.7% 0.8% 0.3% 7.4% 5.3% -0.1% 4.2%
Patient 27 1.7% 1.6% 0.8% 1.5% 1.9% 1.5% 34.1%
Patient 28 10.0% 3.8% 3.4% 9.3% 7.2% 0.9% 16.7%
Patient 29 0.4% 0.9% 1.9% 0.4% 0.4% 0.1% 1.3%
Patient 30 0.6% 0.8% 99.0% 0.6% 0.5% -0.1% 3.5%
Patient 31 5.2% 0.7% -0.1% 7.9% 4.3% -0.3% 19.9%
Patient 32 5.2% 0.1% -0.2% 2.1% 0.0% 0.0% 3.1%
Patient 33 8.1% 2.2% -1.0% 16.1% 12.4% 0.2% 15.0%
Patient 34 4.1% 0.2% 0.9% 7.0% 4.2% -1.7% 0.5%
Patient 35 11.6% 3.9% 3.4% 12.3% 7.8% 2.3% 17.4%
Patient 36 6.5% 0.4% 0.2% 7.1% 0.8% 0.4% -0.3%
Patient 37 1.1% -0.4% -0.6% 0.0% -0.2% -0.3% 1.6%
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Table 10: Percent difference between the unadapted and adapted plans for the GTV.
Percent differences were calculated using the adapted dose as reference. A positive
percent difference indicates patients with dose reduction from the adapted plan as

indicated by green highlighting.

GTYV Percent Difference between Unadapted and Adapted
Plans

Dmax Dmean Dmed
Patient 1 1.1% 0.1% 0.2%
Patient 2 -0.2% 0.2% 0.2%
Patient 3 - - -
Patient 4 -0.4% -0.4% -0.4%
Patient 5 -3.9% 2.8% 4.3%
Patient 6 3.2% 8.3% 8.2%
Patient 7 9.5% 5.1% 6.0%
Patient 8 0.5% 0.4% 0.4%
Patient 9 0.2% 0.1% 0.1%
Patient 10 0.5% 0.3% 0.4%
Patient 11 2.2% -0.2% 0.0%
Patient 12 0.8% 0.2% 0.2%
Patient 13 0.2% 0.2% 0.2%
Patient 14 - - -
Patient 15 1.4% 1.4% 0.9%
Patient 16 1.3% 1.9% 2.2%
Patient 17 0.1% -0.3% -0.3%
Patient 18 0.4% 0.2% 0.2%
Patient 19 0.9% 0.5% 0.5%
Patient 20 0.4% -0.8% -0.8%
Patient 21 - - -
Patient 22 -0.1% -1.2% -0.9%
Patient 23 - - -
Patient 24 - - -
Patient 25 1.0% 0.8% 0.8%
Patient 26 1.5% 0.9% 0.9%
Patient 27 -0.2% -0.8% -0.8%
Patient 28 1.6% 1.7% 2.2%
Patient 29 0.4% 0.4% 0.5%
Patient 30 0.6% 0.3% 0.3%
Patient 31 1.1% 0.9% 0.9%
Patient 32 1.1% 0.3% 0.5%
Patient 33 1.8% 1.8% 1.9%
Patient 34 -0.3% -0.2% -0.3%
Patient 35 5.2% 1.6% 1.5%
Patient 36 0.2% 0.1% 0.1%
Patient 37 -0.1% -0.2% -0.2%
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Figures 12-15 show the box plots for the unadapted and adapted D2cc and Dmax
for the OARs and the Dmax and Dmean for the GTV. All OARs experienced a reduction
in the median. The adapted bladder and rectum did not have as large of a spread in the
IQR, but there are outliers present for the bladder and rectum. The bowel unadpated
plan has a larger IQR compared to the adapted plan. The Dmax follows similar trends as
the OARs experienced a median reduction. The IQR range for the adapted plan was
smaller than the unadapted plan for the OARs. The adapted plan for the GTV Dmax and

Dmean experienced a median reduction and a smaller IQR compared to the unadapted

plan.
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Figure 12: D2cc for bladder, bowel, and rectum between the unadapted and adapted
plans for cervical cancer patients. (U) unadapted; (A) adapted
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Figure 13: Dmax for bladder, bowel, and rectum between the unadapted and adapted
plans for cervical cancer patients. (U) unadapted; (A) adapted
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Figure 14: Dmax for GTV between the unadapted and adapted plans for cervical
cancer patients. (U) unadapted; (A) adapted
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Unadapted and adapted Dmean for GTV
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Figure 15: Dmean for GTV between the unadapted and adapted plans for cervical
cancer patients. (U) unadapted; (A) adapted

2.4 Discussion

This study demonstrated that dose to OAR:s is significantly improved using FDG-
PET/CT ART for patients with vulvar and cervical cancer. The use of an intra-treatment
PET/CT for ART corrects for anatomical and metabolic variations to improve target
coverage while sparing dose to the healthy tissues. The improvement in technology for
treatment planning, such as IMRT and VMAT, allows for the intensity of the beam to be
modulated. This technique provides excellent tumor control while sparing the dose to
the OARs [25]. IMRT is associated with lower toxicities than conventional RT in
treatment of cervical cancer and is widely used [27]. The utility of FDG-PET/CT has
increased for the diagnosis, staging, treatment planning, and evaluation of tumor
recurrence in patients with cervical cancer [28]. Zhang et al., compared the GTV as

assessed by CT, MRI, and PET/CT, and found that PET/CT GTV had the best correlation
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with pathology volume [29]. FDG PET/CT has also shown to be valuable in detecting
metastases and identifying pelvic and para-aortic lymph node chains [30]. Grigsby et al.,
showed in their retrospective study that FDG-PET was superior to CT in the detection of
abnormal nodes and is a valuable predictor of treatment outcome [31]. The use of IMRT
with FDG-PET/CT-guided ART can improve patient outcomes by reducing toxicities
and adverse side effects. ART is a method that can be used when treating diseased
volumes that may change in size because of response to treatment. The latest consensus
guidelines on contouring gynecological malignancies recommend that ART be taken
into consideration when significant clinical changes occur during treatment [32]. Our
study is the first to assess the dosimetric constraints to OARs and target volumes using
FDG-PET/CT ART to date. Although changes to the evaluated metrics were modest
between the unadapted and adapted plans for some patients, a proportion of patients
experienced significant changes between the plans, which can be clinically impactful. In
this study, we find that with ART multiple dosimetric parameters were improved. The
results provide valuable information on the impact of an adaptive plan on the dose to
normal tissue volumes, as well as patient-specific OAR and GTV metrics. Statistically
significant differences for the OARs were observed between the adapted and unadapted
plan. Many patients in this study benefitted from adaptive planning process due to the
observed differences between the OARs from the adapted plan. The percent difference
calculated for the metrics demonstrates that most patients experienced a reduction in

dose to the OARs while maintaining target coverage.
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A limitation for the vulvar cancer analysis includes the smaller cohort size, which
is due to the rarity of this form of cancer. By increasing the patient cohort, greater
statistical power could be explored to understand dosimetric differences for patients
treated with ART.

Another limitation for this study includes the high workload involved in the
creation of an adapted plan. Patients must receive an additional PET/CT scan, which
increases the radiation exposure that they are already receiving throughout the
treatment process. The radiation therapy team must create a new plan based on the
additional PET/CT scan, which is also a time-consuming process due to the many
components and steps involved in treatment planning. The adoption of ART increases
the workload required as well as the increase in financial and human resources, which
could serve as a barrier for the implementation into clinical use.

Inflammation can cause elevated FDG uptake which can present a diagnostic
challenge to distinguish between cancer cells and radiation-induced inflammation. The
presence of possible false positives exists with the use of FDG-PET/CT. FDG remains the
most used radiotracer, but further research could explore the use of other radiotracers.

Overall, these findings demonstrate the potential benefits of ART in reducing the
dose to OARs, particularly for the bladder, rectum, and bowel. The results from the
analysis of vulvar and cervical cases suggest that an intra-treatment PET volume
adaptive treatment plan can offer further sparing of OARs by detecting regions of

disease regression and the resulting reduction in target volumes. This study highlights
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the need for careful consideration of individual patient anatomy and dosimetry to
optimize the adaptive planning process. Future work involves further research and
understanding to which patients would benefit most from adaptive treatment with

FDG-PET/CT and to increase the patient cohort included for this study.

2.5 Conclusion

Adaptive treatment planning protocols with FDG-PET/CT for gynecological
malignancies presents an opportunity to ensure that prescription dose coverage is
maintained while limiting the dose to the normal tissue. In this study, doses to the
bladder, bowel, and rectum were significantly reduced with the presence of an adapted
plan from the intratreatment FDG PET/CT. The integration of metabolic and anatomic
data is useful to evaluate the cancerous cells and the tumor response to treatment. The
use of ART allows for a more individualized treatment based on the patient’s response
to treatment. FDG-PET/CT ART may be considered as a treatment option for patients
with gynecological malignancies as future studies using this method increase to provide

more data.
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Study 2

3. Evaluation of cumulative dose distributions using CT-
to-CBCT deformable image registration for cervical
cancer patients

3.1 Introduction/Background

Cone-beam computed tomography (CBCT) images are routinely used for daily
patient alignment verification. However, daily anatomical variations can be observed on
these images especially for the pelvic region where motile organs such as the bladder
and rectum vary in filling and position daily. This study explores the ability to calculate
dose on weekly CBCT images to assess the dosimetric differences between the planning
dose and the delivered dose calculated on the longitudinal CBCT images.

Several methods have been proposed in literature to calculate dose on CBCT
images using different techniques such as rigid registration (RR), DIR, in-house density
override algorithms, and deep learning methods. Kim, et al., reviewed the different
methods for cumulative dose assessment for both EBRT and brachytherapy [33]. The
methods reviewed included DVH parameter addition, 3D RR, 3D DIR, and biologic dose
summation. The results showed that when comparing DIR to parameter addition there
was not a significant difference between the accumulated D2cc. The choice of DIR
algorithm may affect the dose summation results, however. The results also noted that
the use of RR caused inaccuracies due to soft-tissue deformation, which resulted in
registration errors on the DVH parameters of the target volume and OARs. Teo et al,,

used MIM for cumulative dose summation for EBRT and brachytherapy, and concluded
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that DIR with dose summation more accurately represents dose to critical structures
[34].

This study evaluates the dosimetric difference between two generated doses on
weekly CBCT images for cervical cancer patients. Using DIR and dose summation
techniques, dose was calculated and accumulated on CBCT images. The two doses on

the CBCT images can be compared to the planning dose calculated on the planning CT.

3.2 Deformable Image Registration Algorithm

MIM Maestro® (MIM Software, Cleveland, OH, USA), a commercially available
DIR software, was used for the DIR between the planning CT and weekly CBCT images.
MIM’s VoxAlign Deformation Engine provides a suite of deformable image registration
algorithms. The deformation is first initialized using a rigid registration that can be
defined manually or automatically. The multi-modality deformable registration was
employed which is a free-form deformation that uses a feature similarity scoring metric
by maximizing the correspondence of high-dimensional feature descriptors computed
by evaluating each image voxel in the context of its neighboring voxels [35].

RegRefine and RegReveal are tools available in MIM to review and make
changes to the deformation. RegRefine allows the user to refine and optimize the results
of an initial registration to adjust points in the deformation that may be incorrect.
Locked points can be added continuously to achieve an optimal deformation. RegRefine

can handle complex deformations to produce accurate and robust registration results.
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RegReveal is the tool to allow users to visual and analyze the results of the deformable

image registration. Both tools have been validated by MIM [35].

3.2.1 Commissioning of MIM Maestro® Deformable Image
Registration Algorithm

Image registration and fusion are critical components of the radiation oncology
workflow that allows the use of multimodality and time-series image data to assist in
the definition of target volumes and normal tissue structures used for planning and
assessing treatment response. The American Association of Physicists (AAPM) TG-132 —
Use of image registration and fusion algorithms and techniques in radiotherapy is a
report issued to provide guidelines and recommendations for quality assurance and
quality control for image registration [36]. The report enumerates the steps needed for
validation of a registration algorithm for clinical use using different quantitative and
qualitative tests. We focused on the section of the report for deformable image
registration.

The Report provides digital phantom datasets to use for the evaluation of DIR.
The datasets included a fiducial in the bladder, rectum, and prostate. Figure 16 shows
the Basic Anatomical Dataset 1 and Basic Deformation Dataset 1, which were used for
our tests. The Basic Deformation Dataset 1 is the same as the Basic Anatomical Dataset 1
with added Gaussian noise variation and global offsets. The bladder, prostate, and
rectum were manually contoured on both datasets as well as landmark points added to

the fiducials and centroids of each structure.
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Figure 16: (Top) Basic Anatomical Dataset 1 and (Bottom) Basic Deformation
Dataset 1

According to TG-132 recommendations, evaluating the accuracy of the
deformation phantom requires the use of the deformation vector field (DVF); however,
the ground truth DVF provided is in a proprietary binary format. Using
recommendations by Latifi, et al., [37] and Pursley [38], the Dice similarity coefficient
(DSC) and target registration error (TRE) were calculated. Utilizing MIM’s Deformable
QA Analysis tool, the DSC and TRE were calculated for the bladder, prostate, rectum,
and the landmark points.

The DSC is a statistical tool used to quantify the degree of spatial overlap
between two sets of results and is also a metric for validating reproducibility [39]. The

value of DSC ranges from 0, indicating no spatial overlap between the two sets, to 1,

43



indicating a complete overlap. DSC has been adopted to validate the robustness of the

DIR-generated contours. The DSC is calculated by:

__lanB|
DSC = o 2

Figure 17: Dice Similarity Coefficient Calculation [39]

The TRE is a measure of the accuracy of the registration process. It is the distance
between the registered point in the transformed image and the corresponding point in
the reference image [40]. The lower the TRE value, the higher the accuracy of the
registration process. There is no specific equation to calculate the TRE as it depends on
the specific registration algorithm being used and the characteristics of the images being
registered. Defined landmark points were added to the fiducials as well as the center of

the bladder, prostate, and rectum structures on the two datasets.
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The aim of this study is to assess the feasibility of using a Merged CBCT and CT-
to-CBCT DIR to accurately calculate the delivered dose received by cervical cancer
patients. While DIR has been used for dose summation in other applications, there is
limited literature on its use in cervical cancer. Therefore, this study will provide new
data on the efficacy of DIR for dose summation in the female pelvic region using weekly
CBCT images. Specifically, we will evaluate the accuracy of CBCT dose calculations for
this purpose. Our findings will improve our understanding of the potential benefits and
limitations of using DIR in cervical cancer treatment and may inform the development

of more effective radiation therapy protocols.
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4. Materials and Methods

4.1 Clinical Case Selection

The patients in this study were recruited in accordance with an approved
Institutional Review Board (IRB) protocol. Patients with locally advanced cervical cancer
were treated with EBRT at our institution between January 2009 and December 2018.
The imaging prescription included a CT-simulation to obtain the planning CT (pCT),
weekly CBCT, and daily kV images. The pCT images were acquired using a Philips
Brilliance Big Bore CT (Philips Medical Systems, Eindhoven, Netherlands) or a Siemens
Biograph PET/CT (Siemens Healthineers, Munich, Germany). The CBCT images were
acquired using the OBI of a Varian TrueBeam (Varian Medical Systems, Palo Alto, CA,
USA). The CBCT imaging parameters followed our pelvis protocol using 125 kVp/1080
mAs, half fan, and 360° gantry rotation. EBRT was delivered to the whole pelvis with a
total dose of 45 Gy to 65 Gy in 25 fractions. Target volumes were generated and all
OARs were manually delineated on each CT slice. All plans were generated using
Eclipse version 15.6 (Varian Medical Systems, Palo Alto, CA, USA). Eligible patients
were treated with simultaneously integrated boost (SIB), which delivers different
radiation doses to different areas in each fraction. SIB can deliver highest possible dose
to the target volume without increasing the dose to healthy tissues [41].

Patients received a pCT and a weekly CBCT for the 5 weeks of treatment.
Radiation therapy consisted of IMRT, and patients were treated with 1.8 Gy once daily

to a total of 45 Gy. If patients were treated with SIB, the patients were treated with 2.2 to
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2.6 Gy once daily to a total of 55 to 65 Gy. The following normal tissues were contoured
on every slice of the pCT: bladder, rectum, small bowel, large bowel (including the
sigmoid), femoral heads, kidneys, and spinal cord. Defined dose constraints were met
for all plans. The target volumes included the GTV, CTV45, and PTV45. For patients
treated with SIB, CTV/PTV55 and CTV/PTV65 were defined.

Figure 18 shows the workflow used for Study 2. The purpose of this study was to
better understand the differences between the planning dose and the delivered dose
using the weekly CBCT images. The next sections will describe how the doses were
generated on the weekly CBCT images. Three doses will be compared and discussed
further:

(i) pD — clinical planning dose calculated on the pCT

(ii) ecD — Eclipse calculated dose on the merged CBCT

(iii) ~mdD — MIM deformed dose on the merged CBCT

pCT - planning CT

CBCT,.,.s — weekly CBCT 1-5

mCBCT,.,.5 — merged CBCT 1-5

DIR;.,.s — deformable image registration 1-5

pcT  — dStr.,.s — deformed structure set 1-5
pStri.1.s — physician-adjusted contours

DIR.;s  Manual editing ecD;.;.5 — Eclipse calculated dose

with pCT of contours mdD,.;.s — MIM deformed dose

Eclipse
Merged CBCT mCBCT.y5, calculated dose Z
Export & recalculate in Eclipse ecDy_,
(mCBCT,.,.5) PStriss (ecD,5) o

CBCTjps ~

Figure 18: Study 2 Workflow for the creation of the merged CBCT, dose calculation
steps, and dose summation processes
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4.2 Generation of ecD and mdD

The pCT images, CBCT images, and DICOM RT-Struct files were imported into
the MIM software. A previous limitation with CT-to-CBCT DIR was the limited FOV of
the CBCT. The FOV diameter of a CBCT acquired on a Varian TrueBeam is 46.5 cm and
the transversal dimension from isocenter is + 8.75 cm. The longitudinal dimension is
limited to 16 cm [42]. Using MIM’s workflow “Merged CBCT,” the CBCT is deformably
stitched with the pCT by deforming the anatomy of the pCT to the anatomy of the CBCT
in the proximity of the CBCT FOV using a “limiting contour” [43]. The objective of
defining a limiting contour is to differentiate between the CBCT and pCT components of
the merged image. To achieve this, the DIR algorithm disregards image data beyond the
defined contour, focusing only on the voxels that the user specifies, which is defined as
the body of the CBCT. The result is the merged CBCT (mCBCT) image stitched to the

pCT. Figure 19 shows the pCT, the weekly CBCT, and the resulting mCBCT.

Figure 19: (a) pCT, (b) week 1 CBCT, (c) mCBCT1. The edges of the original
CBCT FOV are shown by the red dashed line in (c)
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A workflow in MIM deformed the contours from the pCT onto the mCBCT. Due
to limitations of the DIR algorithm, changes in the anatomy, and the poorer image
quality of the CBCT, the deformed contours were not always correct. A contour review
process was created. First, the student reviewed the bladder and rectum slice-by-slice
and made necessary adjustments to the contours to match the anatomy of the mCBCT. A
medical physicist reviewed the student contours and made any additional
modifications. The final step involved “expert review” by a radiation oncologist. Figure

20 shows the detailed workflow for this process.

pCT DIR
mCBCT1 dstrl  — mCBCT1
asStrl
mCBCT2 —>| dStr2 | mCBCT2
astr2
I_ —M;lua_ledmng_of_ e
I contours by physician to I
I create aStr, g 1
mCBCT3 dstr3 - ||  [mcsers
I : astr3
| I
| I
——————— B
mCBCT4 ——| dStrd mCBCT4
asStr4
mCBCT5 dstr5  —- mCBCT5
astr5

Figure 20: Diagram demonstrating the technique used for the creation of the
merged CBCT and deformed structure sets for the weekly CBCT images
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Using the mCBCTs created from the pCT and the weekly CBCT, dose was
calculated in two different ways for comparison to the planning dose (pD) using Eclipse

and MIM.

4.2.1 Creating Eclipse calculated dose on the merged CBCT (ecD)

The 5 mCBCTs were exported from MIM to Eclipse. Five treatment plans were
created: mCBCT1, mCBCT2, mCBCT3, mCBCT4, and mCBCT5. The treatment plans
were calculated with the same plan that calculated pD. The dose calculation
methodology followed that of Study 1, which is described in Chapter 2.2 and Appendix
A. Dose was calculated with Anisotropic Analytical Algorithm (AAA) (Version 15.6.03).
and the leaf motion calculator used was either Varian Leaf Motion Calculator (VLMC)
(Version 15.6.03) or Smart LMC (SLMC) (Version 15.6.03). All patients were calculated

with the newest version of the leaf motion calculator that was used for their treatment.

4.2.2 Creating MIM deformed dose on the merged CBCT (mdD)

A workflow was created in MIM to deform the pD to the mCBCT. This process
applied the deformation vector field (DVF) calculated during the image registration
process to the dose distribution. The accuracy of deformable dose mapping and
accumulation relies completely on the soundness of the underlying DVF created during
deformable image registration [44]. The result is dose deformed onto each mCBCT

(mdD) to be used for the next steps in the workflow.
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4.2.3 Spatial dose summation for ecD and mdD

The technique used for the dose summation process with ecD and mdD was
spatial dose summation using DIR. The mCBCT1 was used as the reference image. The
subsequent mCBCTs were deformed to the reference image. The DVF is propagated
onto each mCBCT to deform dose, which can then be summed between the five

mCBCTs to calculate the final accumulated dose as shown in Figure 21.

mCBCT1, Dose for week 1

ecD, 5/25 fx
mCBCT2, mCBCT1 Dose for week 2

ecD, ; 10/25 fx
mCBCT3, mCBCT1 Dose for week 3

ecD, 15/25 fx
mCBCT4, mCBCT1 Dose for week 4

ecD, 20/25 fx

— Accumulated

P (") = .

Figure 21: Diagram demonstrating the technique used for spatial dose
summation for the ecD and mdD.

The details of the workflow used for creating the mCBCT, dose calculation, and dose

summation is described in Appendix C.

4.3 Evaluation of pD, ecD, and mdD

Two independent tests were performed to assess the robustness of the DIR and

the resulting doses generated on the mCBCT compared to the pCT. A geometric
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assessment was conducted to evaluate the performance of the DIR in accurately
mapping corresponding structures between the CT and CBCT datasets. Specifically, the
output deformation field was applied to deform the features identified in the pCT and
then compared them to the features manually delineated on the CBCT, which were the
bladder and the rectum. The bladder and rectum were chosen to be structures that could
be unequivocally identified on the CBCT and to better understand the differences
present in the motility and filling of these organs throughout treatment. The PTV45 was
not deformed onto the mCBCTs but rather transferred from the pCT onto each mCBCT.
Due to the nature of how a PTV is created with predetermined margins, it was not
necessary to deform the PTV. A dosimetric evaluation was performed to compare the
differences between the three doses used in this study:

(iv)  pD —clinical planning dose calculated on the pCT

(v) ecD - Eclipse calculated dose on the merged CBCT

(vi)  mdD - MIM deformed dose on the merged CBCT

4.3.1 Geometric Evaluation

The aim of this test was to evaluate the ability of the DIR to align identical
anatomical features in both CT and CBCT images. For each patient analyzed, the pCT
structures were deformed to the mCBCTs to be used for dose calculation and dose
summation in further steps. The DSC metric was used to describe the similarity between
the features. The DSC was calculated between the DIR-generated contours and

physician-adjusted contours for each mCBCT.
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4.3.2 Dose Evaluation

The purpose of this test was to determine the ability to deform the pCT with the
mCBCT and calculate dose on the anatomy of the CBCT. By generating dose using two
methods on the mCBCT, additional differences can be analyzed to better understand the
accuracy of directly deforming dose as compared to calculating dose in the TPS.

Dose volume metrics were compared. Bladder D2cc, Dmax, Dmean, and D50 were
compared between the three doses: pD, dD, and mdD. Rectum D2cc, Dmax, Dmean,
D50, and recommended Quantitative Analyses of Normal Tissue Effects in the Clinic
(QUANTEC) metrics such as V50, V60, V65, V70, and V75 were also compared. For
PTV45, D90, D98, Dmax, Dmean, were compared. The Wilcoxon signed rank test (p <
0.05) was calculated for significance.

QUANTEC is a set of DVH based metrics for evaluating normal tissue
complications resulting from radiation therapy [45]. The dose-volume constraints
recommended as a starting point for 3D treatment planning are the following:

V50 < 50%, V60 < 35%, V65 <25%, V70 <20%, and V75 <15% [46]. IMRT planning results
in DVH curves with unique shapes compared to forward-planned 3D conformal RT (3D-
CRT), leading to a significant reduction in the volume of the rectum receiving low to
intermediate radiation doses. While the above parameters are suitable for both 3D-CRT
and IMRT, IMRT can attain superior low to intermediate dose—volume constraints,

potentially leading to lower observed rectal toxicity.

53



Dose distributions were compared using gamma analysis, which considers the
dose-difference and distance-to-agreement. The gamma analysis method compares a
reference dose to a calculated dose. All three doses, pD, ecD, and mdD, will be
compared using the gamma analysis. The gamma analysis criterion of 3%/2mm was
used to assess the dose generated on the mCBCT to the pCT. The pass-fail criteria are

¥ < 1 the calculation passes and y > 1 the calculation fails.
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5. Results

5.1 Acceptance and Commissioning of MIM Maestro® DIR Using
AAPM TG-132

The results, shown in Table 11 were compared to J. Pursley’s results presented at

the 2018 AAPM Spring Clinical meeting [38].

Source rectum

Deformed rectum
Deformed prostate

Figure 22: Results of DIR and contour comparison between the source and deformed
structures

Table 11: Deformable registration results for TG-132 phantoms

Mean DSC Mean TRE (mm)

Duke TG-132 0.867 +0.117 2,496 +2.871
J. Pursley 0.893 +0.117 2.691 +2.515
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Comparison of DSC for DIR Structures
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DSC
o
o

Contoured structures
B Duke TG-132 mJ. Pursley

Figure 23: Dice Similarity Coefficient comparison between contoured structures on
TG-132 dataset

5.2 Geometric Evaluation of dD and mdD

For the 10 patients analyzed, the bladder and rectum contours were modified on
each mCBCT. Patients were assigned to categories based on the level of modifications
necessary to the DIR-generated contours according to the DSC. Figure 24 displays a

representative patient for each of these defined categories.
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Figure 24: DIR-generated bladder, DIR-generated rectum, physician-adjusted bladder,
and physician-adjusted rectum where (a) DSC > 0.9 (b) DSC between 0.6 and 0.8 (c)
DSC < 0.6

5.3 Dose Evaluation for ecD and mdD
5.3.1 DSC

The average DSC were 0.72 + 0.15 for bladder and 0.80 £ 0.11 for rectum. Tables
12 and 13 presents the values for each mCBCT for the 10 patients analyzed. The mean

and standard deviation for each patient’'s DSC values for the 5 mCBCTs are also shown.
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Figures 25 and 26 show a box plot for each patient to visualize the distribution of values

across each patient’s mCBCTs.
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Figure 25: Box and whisker plot of the bladder DSC between the DIR-generated
contours and the physician-adjusted contours for 5 mCBCTs per patient

Table 12: Bladder DSC values for 5 mCBCT

Patient Patient Patient Patient Patient Patient Patient Patient Patient Patient
1 2 3 i | 5 6 7 8 9 10

mCBCT1

0.68 0.55 0.86 0.92 0.54 0.81 0.96 0.51 0.78 0.83

mCBCT2

0.82 0.45 0.52 0.96 0.47 0.84 0.84 0.50 0.78 0.92

mCBCT3

0.79 0.78 0.55 0.88 0.54 0.88 0.70 0.67 0.81 0.62

mCBCT4

0.87 0.76 0.50 0.94 0.70 0.63 0.58 0.62 0.73 0.90

mCBCT5

0.91 0.74 0.75 0.69 0.60 0.76 0.45 0.61 0.92 0.64

Mean + SD

082+ 066+ 063+ 088x 057 078 £ 070+ 058+ 081+ 0.78+
0.08 0.13 0.14 0.10 0.08 0.18 0.07 0.06 0.06 0.12

58



Rectum DSC
1.0

S
~ :

0.7
5 X
0.6 J_
0.5
0.4
Patient 2 Patient 4 Patient 6 Patient 8 Patient 10
Patient 1 Patient 3 Patient 5 Patient 7 Patient 9

Figure 26: Box and whisker plot of the rectum DSC between the DIR-generated
contours and the physician-adjusted contours for 5 mCBCTs per patient

Table 13: Rectum DSC values for 5 dCBCT

Patient Patient Patient Patient Patient Patient Patient Patient Patient Patient
1 2 3 4 5 6 7 8 9 10

mCBCT1| 0.82 0.72 0.97 0.85 0.88 0.66 0.90 0.64 0.83 0.85

mCBCT2| 0.90 0.68 0.96 0.89 0.88 0.68 0.85 0.54 0.77 0.95

mCBCT3| 0.84 0.74 0.92 0.92 0.82 0.65 0.79 0.65 0.75 0.89

mCBCT4| 0.86 0.69 0.93 0.86 0.84 0.69 0.86 0.63 0.71 0.95

mCBCT5| 0.83 0.84 0.85 0.87 0.85 0.61 0.87 0.65 0.70 0.84

Mean* | 0.85+ 073+ 093+ 088+ 085* 066+ 08=* 062+ 075+ 090+
SD 0.03 0.06 0.04 0.03 0.02 0.03 0.04 0.04 0.04 0.05

5.3.2 Bladder

Overall, regardless of the method of dose calculation on the mCBCT, 9 out of 10
patients were within 5% of pD for the D2cc and Dmean, and 8 out of the 10 patients for

the Dmax. Patient 6 experienced the largest difference amongst the D2cc for the three
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doses with the largest difference between the ecD and the pD at 15.30%. Statistically
significant differences for D2cc between the ecD and the mdD (p = 0.047). For D50,
significant differences between pD and ecD (p = 0.009) and ecD and mdD (p = 0.005). For
V45, all patients had a percent difference > 5% between the ecD and pD and mD and pD.
The percent difference between the mdD and ecD was more reasonable with 8 out of the
10 patients between + 0-5%.

Table 14: Percent difference for bladder D2cc, Dmax, Dmean, and V45. Percent
differences were calculated using the planning dose as reference. Green: indicates < +

0-2%, yellow: + 2-5%, and red: > + 5%.

Patient Patient Patient Patient Patient Patient Patient Patient Patient Patient
1 2 3 4 5 6 7 8 9 10

D2cc

ecD, pD | 452% 3.95% 1.05% -4.58% 0.09% 15.30% -0.12% 0.25% -0.21% -1.06%
mdD, pD| 0.85% -0.17% 0.25% -2.22% -0.66% 9.29% -0.62% 0.19% -0.68% -2.41%

mdD, ecD| -3.61% -3.87% -0.79% 2.48% -0.58% -5.22% -0.50% -0.06% -0.47% -1.37%

Dmax

ecD, pD |11.27% 3.12% 0.73% -0.94% -1.94% 7.22% 4.00% -0.37% -0.58% 1.17%
mdD, pD| 3.21% -0.86% 0.13% -0.50% 0.62% 5.86% -0.71% -0.48% -1.22% -0.38%
mdD, ecD| -6.61% -4.14% -0.60% 0.45% 2.60% -1.27% -4.52% -0.10% -0.65% -1.54%

Dmean

ecD,pD | 0.63% 4.02% 1.11% -0.57% 022% 4.82% -0.07% 3.20% 0.00% 0.70%
mdD, pD| 8.84% 9.80% 0.17% -1.24% -0.26% 2.67% -022% 0.56% -0.71% -0.89%

mdD, ecD| -0.67% -3.74% -0.93% -0.68% -0.48% -2.05% -0.15% -2.55% -0.71% -1.58%

V45

ecD, pD [129.01% 189.28% 65.93% -16.26% -65.49% 63.45% -14.28% -24.00% -34.49% 17.09%
mdD, pD [123.55% 190.18% 62.06% -21.44% -66.34% 58.63% -12.19% -42.75% -33.41% 17.09%

mdD, ecD| -2.39% 031% -2.33% —6.18% -2.47% 2.44% 2.44% —24.67% 165% 000%
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Figure 27: Relative percent difference for bladder D2cc
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Figure 28: Dose value in Gy for bladder D50 for pD, ecD, and mdD
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5.3.3 Rectum

Similarly, regardless of the method of dose calculation on the mCBCT, 9 out of 10
patients were within 5% of pD for the D2cc, 7 out of the 10 patients for the Dmax and 8
out of 10 patients for the Dmean. Patient 10 experienced the largest difference for D2cc,
Dmax and Dmean. Statistically significant differences for D2cc between the pD and ecD
(p=0.028) as well as ecD and mdD (p = 0.005).

Table 15: Percent difference for rectum D2cc, Dmax, and Dmean. Percent
differences were calculated using the planning dose as reference. Green: indicates < +
0-2%, yellow: + 2-5%, and red: > + 5%.

Patient Patient Patient Patient Patient Patient Patient Patient Patient Patient
1 2 3 4 5 6 7 8 9 10

D2cc

ecD,pD | 0.89% 3.12% 1.28% 0.13% 0.13% -0.04% -0.10% 1.14% 0.97% 12.39%
mdD, pD| 0.17% -0.59% -0.13% -0.72% -0.08% -041% -021% -0.59% 0.27% 0.19%
mdD, ecD| -0.72% -3.60% -1.39% -0.85% -0.21% -0.37% -0.10% -1.71% -0.69% -10.86%

Dmax

ecD,pD | 352% 2.88% 1.38% -543% -420% 026% -0.44% 159% 0.66% 18.72%
mdD, pD| 5.13% -1.24% -0.06% -3.57% -2.42% 1.25% -0.74% -0.98% -0.48% 3.46%

mdD, ecD| 1.55% -4.00% -0.06% 1.96% 1.85% 0.99% -0.30% -2.53% -1.13% -12.85%

Dmean

ecD,pD | 1.18% -2.11% -242% -3.26% 0.43% 2.07% -410% -1.09% 0.94% 5.75%
mdD, pD| 1.60% -3.60% -1.72% -7.50% 0.11% 6.20% -1.76% -0.94% 1.82% 0.90%

mdD, ecD| 0.42% -1.52% -1.72% -4.39% -0.32% 4.05% 2.44% 0.15% 0.87% -4.59%
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Figure 29: Relative percent difference for rectum D2cc
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Figure 30: Dose value in Gy for rectum D50 for pD, ecD, and mdD
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5.3.4 PTV45

The three doses performed similar to one another for D90 with 9 out of the 10
patients within 5% of the pD. 8 out of 10 patients were within 5% for D98 with the
largest difference for patient 8 which reached -23.00% between the mdD and pD.
Statistically significant differences for D98 between the pD and ecD (p = 0.028) and pD
and mdD (p = 0.007).

Table 16: Percent difference for PTV45 D90 and D98. Percent differences
calculated in same manner as Table 14-15.

Patient Patient Patient Patient Patient Patient Patient Patient Patient Patient
1 2 3 4 5 6 7 8 9 10

D90

ecD,pD | 0.28% -0.15% -1.90% 0.07% 0.74% -0.56% -0.06% -1.33% -0.91% 0.97%

mdD, pD| 0.17% -0.26% -1.67% -0.61% -0.77% -0.19% 0.11% -7.06% -0.07% 0.11%

mdD, ecD| -0.11% -0.11% 0.24% -0.68% -1.50% 0.37% 0.17% -581% 09% -0.9%

D98

ecD, pD | -2.06% -1.18% -5.18% -0.98% 0.13% -2.76% -0.42% -3.47% -4.48% 1.25%

mdD, pD| -0.33% -1.04% -3.97% -391% -245% -2.96% 0.09% -23.00% -2.11% -1.10%

mdD, ecD| 1.77% 0.14% 1.27% -2.96% -2.58% -0.20% 0.50% -20.23% 2.48% -2.33%
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5.3.5 DVH Comparison
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Figure 31: Patient example DVH showing a > 5% difference between bladder and
rectum pD, ecD, and mdD. Insert shows zoomed in DVH for D2cc
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Figure 32: Patient example DVH showing + 0-5% difference between bladder and
rectum pD, ecD, and mdD. Insert shows zoomed in DVH for D2cc
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5.3.6 Gamma Analysis

Figures 33-38 display gamma maps for the bladder and rectum of three
representative patients. The gamma index was set from 1.0 to 1.2 to be able to visualize

where the gamma value was failing for the bladder and rectum.

Figure 33: Patient 2 bladder gamma map results with 3%/2mm criterion. No
bladder voxels failed. Row a shows results for ecD and pD, row b shows results for
mdD and pD, and row ¢ shows results for ecD and mdD. The gamma map is shown
where 1) axial view of the bladder; 2) sagittal view of the bladder; 3) coronal view of

the bladder
66



Figure 34: Patient 2 rectum gamma map results with 3%/2mm criterion. Inferior voxels
of the rectum failed. Row a shows results for ecD and pD, row b shows results for
mdD and pD, and row ¢ shows results for ecD and mdD. The gamma map is shown
where 1) axial view of the rectum; 2) sagittal view of the rectum; 3) coronal view of the
rectum
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Figure 35: Patient 6 represents a higher number of bladder voxels failing for gamma
analysis with 3%/2mm criterion. Row a shows result for ecD and pD, row b shows
results for mdD and pD, and row ¢ shows results for ecD and mdD. The gamma map
is shown where 1) axial view of the bladder; 2) sagittal view of the bladder; 3) coronal
view of the bladder
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Figure 36: Patient 6 with greater number of rectum voxels failing gamma analysis
with 3%/2mm criterion. Row a shows result for ecD and pD, row b shows results for
mdD and pD, and row ¢ shows results for ecD and mdD. The gamma map is shown

where 1) axial view of the rectum; 2) sagittal view of the rectum; 3) coronal view of the
rectum

69



Figure 37: Patient 8 with greater number of bladder voxels failing gamma analysis
with 3%/2mm criterion. Row a shows result for ecD and pD, row b shows results for
mdD and pD, and row ¢ shows results for ecD and mdD. The gamma map is shown
where 1) axial view of the bladder; 2) sagittal view of the bladder; 3) coronal view of

the bladder
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Figure 38: Patient 8 with greater number of rectum voxels failing gamma analysis
with 3%/2mm criterion. Row a shows result for ecD and pD, row b shows results for
mdD and pD, and row ¢ shows results for ecD and mdD. The gamma map is shown

where 1) axial view of the rectum; 2) sagittal view of the rectum; 3) coronal view of the
rectum
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6. Discussion

The aim of this work was to compare the dose calculated on weekly CBCT using
DIR and dose summation to the clinical planning dose. Using MIM, a workflow created
the mCBCT from the pCT and CBCT. The DIR from the pCT structures to the mCBCT
was used for dose calculation and dose summation. Previous studies have presented
promising results using DIR for dose calculation and summation on CBCT for sites such
as head and neck and lung, but limited research exists for use of this technique for
cervical cancer.

The DSC was calculated between the DIR-generated contours and physician-
approved contours. The bladder experienced a larger spread between the minimum and
maximum value for the DSC, which contributes to the DIR algorithm not performing as
well for differences in the bladder volume between each CBCT compared to the pCT.
The rectum did not typically experience large volume changes and the adjustments
made were more minimal compared to the bladder adjustments that were necessary.
The inherent lower soft tissue contrast in CBCT degrades the registration accuracy and
the quality of the deformed contours as a result. The process of manually-adjusting the
DIR-generated contours was essential for accurate dosimetric results. Further
improvements to the DIR algorithm should be explored, specifically for the female
pelvis.

The percent difference calculation for the bladder, rectum, and PTV presented

meaningful results to compare the pD, ecD, and mdD to one another. For the bladder
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D2cc and Dmax the pD was smaller than the ecD for 6 out of the 10 patients and for 4
out of the 10 patients for the mdD. For the bladder Dmean, the pD was smaller than the
ecD for 7 out of the 10 patients and for 5 out of the 10 patients for the mdD. The mdD
was lower than the ecD for most of the metrics evaluated. However, for D2cc and Dmax,
9 out of the 10 patients were within < 5% when comparing the ecD to the mdD, which is
clinically acceptable. For the rectum D2cc, the pD was smaller than the ecD for 8 out of
the 10 patients and for 3 out of the 10 patients for the mdD. For Dmax, the pD was
smaller than the ecD for 7 out of the 10 patients and for 3 out of the 10 patients for the
mdD. For Dmean the pD was smaller for 5 out of the 10 patients for the ecD and for 5
out of the 10 patients for the mdD. Similar to the bladder, the mdD was lower than the
ecD for most patients analyzed for the rectum. The PTV45 structure was not deformed
but rather transferred onto the mCBCTs. The creation of the PTV accounts for any
deformation and patient motion, so was deemed unnecessary to deform. For the PTV
D90, the pD was lower for 4 out of the 10 patients for the ecD and for 3 out of the 10
patients for the mdD. For the PTV D98, the pD was lower for 2 out of the 10 patients for
the ecD and for 1 out of the 10 patients for the mdD. The mdD resulted in lower dose
compared to the ecD for 6 out of the 10 patients for D90 and for 5 out of the 10 patients
for D98.

The classification of the percent difference results into percent difference values
is a useful way to interpret the clinical significance of the differences observed. The <+

0-2% (green), category indicates minimal differences between the three doses analyzed,

73



while the + 2-5% (yellow), and + 2-5% (red) categories indicate increasingly significant
differences. Many patients fell into the green and yellow categories for most metrics
analyzed, but for some patients who fell into the upper limits of the yellow category and
the red category suggests that there is a strong indicator for a difference between the
delivered dose and the planned dose and patients could benefit from a replan CT or
adapted treatment. The differences in dose typically arose from variations in bladder
and rectum filling based on the weekly CBCT image compared to the pCT.

The DVH for the bladder, rectum, and PTV45 for each of three doses provided a
visualization to see the similarities and differences between the pD, ecD, and mdD. As
indicated by the percent difference results, not all patients experienced a difference
outside of the clinically acceptable tolerances; however, for the patients with > 5%
should be identified as possible candidates for an adapted plan, which could be
generated from DIR with CBCT images as indicated by this Study. Our results show a
promise to obtain dosimetric information using a Merged CBCT and CT-to-CBCT DIR.

The gamma maps provided show areas of failure typically around the patient’s
surface. The dose similarity results were analyzed on the entire mCBCT, which includes
structures that were not analyzed in this study such as the bowel, which can contribute
to the lower matching percentage and areas where the gamma index failed. The gamma
index was adjusted to show the areas of the OARs where the gamma index failed
between 1.0 to 1.2. Further work will evaluate the passing rate of gamma analysis for the

bladder and rectum structures only.
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A bladder filling protocol is not used by our institution. The bladder for most
patients between the mCBCTs was different in terms of volume. The rectum had volume
changes but not as significant as the bladder for the 10 patients analyzed. Studies have
indicated that radiation therapy with a full bladder provides better OAR sparing, but
unpredictability can still occur due to patient’s compliance and anatomical alterations
[47]. The concern with radiation to the bladder specifically is dose to the bladder wall
and not the urine volume. The dose to the bladder wall is a strong predictor of urinary
toxicity and must be optimized to keep the dose below the threshold provided by the
physician.

All patients included in the Protocol were not eligible for analysis in this study.
Limitations arose due to the robustness and nature of the DIR algorithm. The first
limitation involved the size of the patient. The CBCT of a larger patient had significant
image quality degradation and truncation. As kV x-rays pass through a larger volume of
tissue, more x-rays are absorbed and scattered inside the patient with fewer photons
reaching the detector. The result is a noisier and low contrast image. A study showed
that as patient size increased, the quality of the kV images decreased [48]. Figure 39

demonstrates the differences between CBCTs for patients of different sizes.
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Figure 39: (Left) Patient with body contained within the CBCT FOV. (Right)
Larger patient where body is not contained within the CBCT FOV and there is
truncation at the superior and inferior slices of the axial view.

The second limitation was two-fold. First, literature recommends that the
treatment isocenter is placed at the center of the target volume [49]. Most TPS
automatically place the isocenter with respect to the target volume. If a patient had
paraaortic lymph node involvement the treatment isocenter was more superior due to
the increased volume of the PTV. The more superior isocenter originates from the
manner that the target volumes were contoured. The GTV included the primary tumor
as well as positive pelvic and paraaortic lymph nodes. The CTV45 included the GTV
primary, cervix, uterus, and parametric. Lastly, the PTV45 was created by expanding the
CTV45 by 5-7 mm in all directions to account for daily set-up uncertainty. Figures 40
and 41 show the differences in isocenter location for two separate patients based on the

location of the target volume.
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Figure 40: Patient with paraaortic lymph node involvement resulting in a more
superior isocenter

Figure 41: Patient without paraaortic lymph node involvement resulting in a
more inferior isocenter
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The second aspect of the limitation involving the location of the isocenter arises
with the acquisition of the CBCT. The CBCT was taken with the treatment isocenter as
the imaging isocenter. For patients with superior isocenters, the organs used for
analysis, the bladder and rectum, are not fully contained within the CBCT resulting in a
CBCT that cannot be used for our study. Figures 42 and 43 shows the differences

between the corresponding CBCTs for the patients shown in Figures 40 and 41.

Figure 42: Patient with superior isocenter resulting in the bladder and rectum
not within the CBCT

Figure 43: Patient with inferior isocenter resulting in the bladder and rectum
within the CBCT. Example of a patient used for our study.

Another limitation involved the image quality of the CBCT. An earlier section
discussed the types of artifacts that are present in CBCT images. The artifact most

present in our protocol involved the motion artifact caused by gas bubbles specifically in
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the bowel and rectum. Due to the prominent motion artifacts, the bowel was not
included in the analysis for this study due to the poor DIR for the bowel.

Similarly, to the field in general, the TG-132 Report faces the challenge of limited
availability of well-defined ground truth information in the context of deformable
registration. The Report recommends comparing to a ground truth DVF that is
provided; however, the DVF is not available for use as it is in a proprietary binary
format. Although comparing DVFs appears to be the most comprehensive method of
validating DIR, generating clinically meaningful ground truth DVFs on actual clinical
datasets can be challenging and requires specialized software tools. This is due to the
need for establishing one-to-one voxel correspondence between the datasets, which is
often difficult to achieve when one set has missing or extra voxels compared to the
other. While artificial datasets can be generated, questions may arise about their real-
world validity. Moreover, publicly available ground truth datasets with corresponding
DVFs are scarce in practice. As a result, no DVF comparisons could be performed, which
is a uniform decision across many published papers on commercial DIR software
evaluation. Although TG-132 provides guidelines for the validation and quality
assurance of DIR algorithms, the lack of ground truth information served as a limitation.
Although the recommended tests were completed according to the Report,
modifications to the DIR-generated contours were required for all patients in this study.
Future work surrounding the validation of DIR, is still necessary to solve the lack of

ground truth problem associated with the use of DIR.
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In this study, we chose to use the week 1 mCBCT as our reference for the dose
summation technique using DIR. Weeks 2-5 mCBCT were deformed onto the week 1
mCBCT. A limitation arises between the selection of the reference image to be used. For
some patients, each weekly CBCT was very different from the others in terms of bladder
and rectum filling and position. By using the week 1 mCBCT for all patients analyzed,
we could be choosing a reference image that is an outlier to the other images for that
specific patient’s anatomy during treatment course. Future studies should compare the
differences in dose accumulation based on the selection of the reference image used for
DIR processes.

The increased scatter in CBCT images affects the relationship between the
Hounsfield units (HU) and the attenuation coefficient of the patient’s tissues. In the pCT
images, the HU pixel data can be reliably converted to electron density to model how
megavoltage (MV) photons will interact with the patient’s tissues. However, the
increased contribution of scattered photons in CBCT means that this relationship is no
longer constant and may vary based on patient size or the specific region of the body
being imaged [50]. In our study, the Eclipse calculated dose on merged CBCT (ecD) was
calculated on the CBCT HU. We did not perform a transformation to CT HU. Two
methods that we analyzed to compare the dose difference calculated on CBCT HU or CT
HU will be discussed. MIM’s SureCalc® offers a technique called “Enhanced CBCT.”

The process to create the Enhanced CBCT includes the mapping of the CBCT to the pCT
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intensities and a tool to reduce shading artifacts in the CBCT. A patient example using

the Enhanced CBCT workflow is shown in Figure 44.

Figure 44: Example patient shown utilizing the Enhanced CBCT tool in MIM

The HU values were measured for different materials on the pCT, mCBCT, and
Enhanced CBCT using a region of interest (ROI). The HU values and standard deviation
were measured for bladder, muscle, fat, cortical bone, and trabecular bone. At our
institution, a difference of + 40 HU is acceptable. The results for three example patients

are shown in Table 17.
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Table 17: Measured HU results for pCT, mCBCT, and Enhanced CBCT for
three example patients.

Bladder Muscle Fat Cortical Bone Trabecular
Bone
Patient 1
pCT 1142 +£698  46.89+7.58 -97.89+15.12 850.97 +157.99 143.11 +46.59
mCBCT 2.03+880 33.78+11.11 -118.08 +10.80 818.69 +129.73 146.72 +42.66
Enhanced 1626 £7.33  26.03+8.28 22.07+10.68 758.10+225.79 4.92+34.31
Patient 3
pCT 8.43+16.01 54.47+14.84 -95.89+13.60 968.75+128.13 145.97 +41.78
mCBCT 317+1245  1497+9.85 -98.03+11.05 951.2+137.16 128.64 +23.38
Enhanced 2095+7.81 46.76 £10.53 28.11+14.75 742.15+102.35 232.28 + 48.02
Patient 9
pCT 24.33+13.44 54.19+14.18 -97.42+16.27 666.22 +111.96 134.17 +98.22
mCBCT 2419+1758 33.33+15.92 -96.64+7.56 614.00+164.47 101.69 + 60.32
Enhanced 4149+11.64 2048+1440 21.13+11.68 40555+96.95 26.12+80.85

Comparing the pCT and mCBCT for all three patients, patient 9 has a difference

of 52 HU for cortical bone. All other differences are within + 40 HU for pCT and

mCBCT. Comparing the pCT and Enhanced CBCT, patient 1 has a fat difference of 120

HU, cortical bone difference of 93 HU, and a trabecular bone difference of 138 HU. For

patient 3, the fat difference is 124 HU, the cortical bone difference is 86 HU, and the

trabecular bone difference is 86 HU. For patient 9, the fat difference is 118 HU, the

cortical bone difference is 260 HU, and the trabecular bone difference is 108 HU. All

three patients are within + 40 HU for bladder and muscle. The larger differences in HU

for fat and bone on the Enhanced CBCT is due to the correction step that assumes a

single tissue class for the whole body, and using the pCT as a reference, maps the CBCT
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to pCT intensities. In MIM, this correction step was used for CBCT image quality that is
less than the image quality used for this study. The result is over-correction on the CBCT
images resulting in larger HU discrepancies to the pCT. The mCBCT HU is closer to the
pCT HU, which supports our decision to calculate dose on the CBCT HU.

Another method that can be used involves the data from monthly QA for the OBI
CBCT images. Look-up tables exist at our institution which provides the HU values for
phantom data for the OBI and CT scanner. The Catphan 600 (The Phantom Laboratory,
Salem, NY, USA) was used for HU measurements. A linear fit function can be applied to

the CBCT HU as shown in Figure 45.

CBCT to CT HU conversion
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Figure 45: CBCT to CT HU conversion using monthly QA data from the
Catphan 600 phantom for our institution’s CT and OBL.

Giacometti, et al., evaluated four techniques for dose calculation on CBCT: 1)
applying a standard pCT calibration curve; 2) applying a CBCT site-specific calibration

curve; 3) performing a density override; and 4) using deformable registration [50].

83



Method 1 calculates dose on the CBCT images using the pCT calibration curve created
for the pCT images using phantom data. Method 2 calculates dose on the CBCT images
using a CBCT calibration curve generated from phantom-specific measurements.
Method 3 overrides the CBCT HU values with either HU density or CT numbers from
the CT images, and dose is calculated on the CBCT images. Method 4 deforms the pCT
images onto the CBCT images and dose is calculated on the deformed image where the
HU values are not modified. A combination of the four methods can also be used for
dose calculation on CBCT. Further studies are needed to determine the most accurate

method to be used for calculating dose on CBCT.
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7. Conclusion

This study presents the use of weekly CBCT images for dose calculation and
dose summation purposes. Using a commercially-available DIR software, the planning
CT was deformably stitched to the weekly CBCT to create a merged CBCT. We
evaluated the CT-to-CBCT DIR for the structures and demonstrated that the dose
differences between the doses generated on the mCBCTs to that of the planning CT were
clinically acceptable for most patients. MIM Maestro® performed acceptable deformable
registrations using the guidelines in TG-132. The decision to accept the DIR involved
visual verification by experienced clinical physicists and the results produced using Dice
Similarity Coefficient (DSC) and Target Registration Error (TRE). In comparison to dose
calculation algorithms, which have established guidance literature on validation, the
validation of image registration software, particularly DIR, is still at an early stage. The
matter is complicated by various factors, including the algorithm, site, metrics, and
clinical objectives, which can affect the apparent success or failure of registration.
Despite this, the Report offers a practical set of virtual phantoms and standards for
evaluating rigid registration.

The work presented here is a first step to evaluate the clinical relevance of using
a Merged CBCT and CT-to-CBCT DIR for cervical cancer patients to better understand
the dose differences from the planning dose to the delivered dose based on the changing

anatomy each week.
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Appendix A

Appendix A provides the step-by-step instructions to create the unadapted plan

for Study 1 to be compared to the adapted plan using the intratreatment FDG-PET/CT.
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Workflow:
1. Generate a new course for the patient
2. Copy the clinical plans from the treatment course into your newly created course
from step 1. Typical clinical plans: 1PRI, 1APRI, 2BST
3. Generate the following plans for patients (note that plans 1PRI, 1APRI, and 2BST
follow the same procedures)
i.  1PRI = original plan in treatment course that was planning on CT1
a. Choose newest dose calculation: Anisotropic Analytical
Algorithm (AAA) (Version 15.6.03)
b. Select the newest version of the leaf calculation that was used:
Varian Leaf Motion Calculator (Version 15.6.03) or Smart LMC
(Version 15.6.03)
c. Verify fractions of 1PRI plan match that from the treatment course
d. Recalculate dose
ii.  2BST = original plan in treatment course that was planned on CT2
a. Choose newest dose calculation: Anisotropic Analytical
Algorithm (AAA) (Version 15.6.03)
b. Select the newest version of the leaf calculation that was used:
Varian Leaf Motion Calculator (Version 15.6.03) or Smart LMC
(Version 15.6.03)

c. Verify fractions of 2BST plan match that from the treatment course
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d.

Recalculate dose

iii. =~ 1APRI = adapted plan in treatment course that was planned on CT2 as

above

a.

b.

C.

d.

e.

Assign new structure set (Ct2)

Choose newest dose calculation: Anisotropic Analytical
Algorithm (AAA) (Version 15.6.03)

Select the newest version of the leaf calculation that was used:
Varian Leaf Motion Calculator (Version 15.6.03) or Smart LMC
(Version 15.6.03)

Verify fractions of 1APRI plan match that from the treatment
course

Recalculate dose

iv.  1APRI unadapt = 1PRI original plan parameters applied to CT2 =

unadpated plan

a.

This plan is generated by copying and pasting the plan 1PRI from
the course created in step 1 and renaming the copy “1APRI
unadapt”

Assign new structure set (CT2)

Choose newest dose calculation: Anisotropic Analytical

Algorithm (AAA) (Version 15.6.03)
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d. Select the newest version of the leaf calculation that was used:
Varian Leaf Motion Calculator (Version 15.6.03) or Smart LMC
(Version 15.6.03)
e. Change the fraction number to match that of 1APRI
f. Recalculate dose
g. Make sure normalization is same for 1PRI and 1APRI_unadapt
v.  Create plan sums on CT2
a. Plan sum unadapt =1PRI + 1APRI_unadapt + 2BST_unadapt
b. Plan sum adapt = 1PRI + 1APRI + 2BST
vi.  Export the DVHs from the adapted (1APRI) and unadapted plan
(IAPRI_unadapt)
a. Select your plan
b. Open DVH with Absolute Dose and Absolute Volume selected
c. Select all structures:

Bladder
Bowel
Rectum
Sigmoid
Rt Femoral
Lt Femoral
Cord

Rt Kidney
Lt Kidney
GTVp
GTVn
PTV45
PTV50
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PTV55
PTV60
PTVe62
PTV65
PTV70
d. Export DVHs in tabular format for each plan sum
Definitions:
1. CT1 - pre-treatment PET/CT used for original plan created
2. CT2 -intra-treatment PET/CT used for the adapted plan
3. 1PRI- primary plan created on CT1
4. 1PRI_un - primary plan created on CT1 but recalculated on CT2
5. 1APRI - adapted plan created on CT2
6. 2BST —Dboost plan created on PET/CT2
7. 2BST_un - from DNU course where the boost is planned on CT1 but recalculated
on CT2

8. Plan sum adapt — 1PRI + 1APRI + 2BST

9. Plan sum unadapt — 1PRI + 1PRI_un + 2BST_un
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Appendix B

Appendix B provides the patient-specific values for the vulvar and cervical cancer

patients in Study 1.
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Table 18: Bladder unadapted and adapted DVH metrics for vulvar cancer in Gy

Unadapted Adapted

Dmax Dmean Dmed D2cc Dmax Dmean Dmed D2cc
Patient 1 69.49 42.49 40.67 64.95 62.11 41.29 40.01 55.05
Patient 2 54.90 45.14 49.42 53.05 53.59 4411 48.28 52.02
Patient 3 52.58 35.59 33.64 51.39 52.60 35.70 33.76 51.43
Patient 4 60.34 40.10 38.48 50.42 58.39 40.73 39.48 49.95
Patient 5 66.48 45.38 44.00 58.76 62.17 45.23 43.87 57.04
Patient 6 79.60 66.23 66.07 78.25 54.94 46.31 46.08 54.27
Patient 7 64.45 50.44 49.25 62.23 63.61 49.58 48.55 61.08
Patient 8 64.05 42.04 39.17 60.43 61.08 42.83 40.31 58.60
Patient 9 56.73 33.07 32.27 53.42 56.47 32.10 30.90 51.92
Patient 10| 64.08 45.66 46.67 54.14 52.97 44.61 46.13 49.82
Patient 11 61.24 48.08 46.21 59.25 60.76 47.13 45.54 57.82
Patient 12| 55.11 44.36 43.90 52.80 52.97 43.64 43.27 51.15
Patient 13| 68.84 51.60 52.06 66.87 67.30 49.57 50.60 59.13
Patient 14| 49.54 43.38 43.55 46.92 48.96 42.78 43.03 46.45
Patient 15| 67.98 52.42 52.96 65.99 67.92 52.64 53.03 66.06
Patient 16| 57.04 46.74 47.39 55.24 57.39 47.16 47.47 55.64
Patient 17| 70.27 56.01 57.03 65.47 69.39 54.89 55.87 63.92
Patient 18| 47.38 35.27 35.34 40.21 46.13 34.05 34.14 38.81
Patient 19| 70.20 54.89 53.22 69.62 69.72 53.68 52.49 69.10
Patient 20| 70.54 46.39 45.32 69.70 69.63 45.72 44.74 66.98
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Table 19: Rectum unadapted and adapted DVH metrics for vulvar cancer in Gy

Unadapted Adapted

Dmax Dmean Dmed D2cc Dmax Dmean Dmed D2cc
Patient 1 70.47 56.65 59.97 69.58 0.29 69.95 55.05 53.83
Patient 2 69.50 56.47 55.98 68.87 0.49 68.63 53.36 52.61
Patient 3 58.85 35.67 33.18 52.20 0.10 63.11 36.66 33.62
Patient 4 64.80 43.02 40.57 64.17 0.38 64.88 42.51 40.25
Patient 5 66.15 44.86 43.42 60.16 0.25 63.78 45.76 43.49
Patient 6 81.94 67.50 71.80 76.58 0.90 57.93 47.53 50.20
Patient 7 72.99 63.64 67.75 71.54 0.51 71.91 62.33 66.89
Patient 8 66.52 40.11 35.63 65.96 0.27 66.43 40.24 35.82
Patient 9 68.88 48.73 49.41 67.56 0.53 67.59 45.32 42.99
Patient 10 68.36 43.92 43.68 67.74 0.53 68.18 42.12 42.08
Patient 11 65.09 46.74 45.80 60.72 0.27 66.27 47.36 46.19
Patient 12 67.90 50.02 49.81 67.40 0.58 67.18 49.37 49.27
Patient 13 68.64 44.27 40.43 68.30 0.67 68.46 43.45 39.72
Patient 14 54.69 39.91 40.64 47.82 0.12 56.26 39.67 40.46
Patient 15 68.14 60.25 62.34 67.29 0.75 67.95 60.25 62.58
Patient 16 69.00 41.84 43.97 67.70 0.31 65.54 41.34 43.92
Patient 17 60.44 50.80 50.88 57.59 0.62 59.83 50.12 50.32
Patient 18 67.50 39.58 35.39 66.87 0.23 68.50 38.66 35.44
Patient 19 69.92 50.73 50.69 69.55 0.57 69.47 50.44 50.43
Patient 20 66.07 46.24 44.36 63.61 0.35 60.08 43.53 42.68
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Table 20: Bowel unadapted and adapted DVH metrics for vulvar cancer in Gy

Unadapted Adapted

Dmax Dmean Dmed D2cc D15cc V15 V45 |Dmax Dmean Dmed D2cc D15cc V15 V45
Patient1 | 54.91 19.17 19.39 53.74 5244 2631 272 |54.67 19.19 1936 5347 5240 2629 273
Patient2 | 55.25 37.77 36.79 5331 52.05 4,52 131 |[53.90 3731 36.32 5233 5134 452 127
Patient3 | 52.66 30.11 29.69 5228 51.92 1451 2.09 |52.66 30.12 29.70 5228 5193 14.51 2.09
Patient4 | 61.22 27.60 29.64 57.05 5296 1339 216 |59.07 27.61 29.65 5596 5268 13.39 215
Patient5 | 66.99 2944 2639 6490 5392 7.06 127 |[56.83 27.76 25.12 5517 5235 7.07 091
Patient 6 | 75.98 30.78 29.92 75.08 7455 20.65 6.36 |5254 2139 2090 5208 51.78 1837 1.77
Patient7 | 56.68 24.15 22.65 5250 50.39 10.16 0.37 |54.46 24.09 2261 5220 5024 10.15 0.36
Patient 8 | 63.67 31.71 3234 60.73 5443 1695 343 |58.07 3134 3188 5579 54.03 1690 3.33
Patient9 | 52.71 22.77 2345 51.85 51.12 1622 1.36 |51.98 2194 2182 5136 50.88 13.27 1.06
Patient 10| 48.02 28.71 2794 4748 46.81 9.82 0.64 |47.87 28.69 2792 4740 46.76 9.82 0.63
Patient 11| 58.44 30.04 32.11 56.25 5348 10.87 2.04 |55.46 2948 31.66 54.01 5238 10.82 1.84
Patient 12| 57.28 24.52 2646 5323 51.83 1398 2.70 | 54.38 2358 2553 5142 50.16 1355 2.50
Patient 13| 53.03 28.83 27.89 5230 51.84 724 097 |5282 29.16 2841 5226 5187 722 1.02
Patient 14| 58.11 27.94 3210 5144 4752 1286 1.30 | 56.66 27.89 32.15 50.74 47.19 1284 1.31
Patient 15| 53.61 36.31 36.89 5287 5219 11.12 265 |53.63 3631 3689 5287 5219 11.12 2.65
Patient 16| 55.02 32.21 30.99 54.18 53.06 14.79 2.62 |55.75 3226 31.02 54.60 5337 14.79 2.64
Patient 17| 59.99 29.69 29.19 54.71 5150 930 1.39 |56.47 29.62 29.14 53.03 51.30 930 1.37
Patient 18| 52.83 25.07 26.01 5228 51.77 11.75 1.41 |52.85 2495 2581 5235 5186 11.74 1.40
Patient 19| 54.08 22.88 24.69 53.30 5291 15.72 3.80 |53.84 2288 24.69 5321 5287 15.72 3.80
Patient 20| 53.50 6.07 126 5272 5097 397 039 |53.64 6.07 128 5277 50.78 397 0.37
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Table 21: Bladder unadapted and adapted DVH metrics for cervical cancer in

Gy
Unadapted Adapted

Dmax Dmean Dmed D2cc Dmax Dmean Dmed D2cc
Patient 1 58.28 48.11 47.82 51.29 55.16 47.96 47.80 49.97
Patient 2 49.43 4417 45.52 46.12 48.99 44.15 45.49 46.03
Patient 3 57.12 50.15 50.98 56.43 62.12 54.51 55.28 61.40
Patient 4 54.51 47.51 47.70 51.11 53.88 47.62 47.77 50.98
Patient 5 55.00 48.01 47.77 52.04 50.70 45.69 45.95 47.11
Patient 6 62.96 46.56 47.36 57.56 53.74 46.18 46.87 51.86
Patient 7 54.29 46.82 47.85 50.15 53.40 46.68 47.83 49.75
Patient 8 56.60 45.40 46.73 49.20 54.64 45.25 46.66 48.61
Patient 9 50.45 47.48 47.71 48.23 50.47 47.49 47.72 48.21
Patient 10 | 51.54 46.30 47.66 48.43 50.82 46.08 47.54 48.18
Patient 11 | 53.97 46.31 46.68 47.97 54.74 46.31 46.72 47.96
Patient 12| 53.66 45.91 46.09 49.31 53.64 45.93 46.16 49.17
Patient 13 | 48.25 43.97 46.34 47.39 47.92 43.83 46.27 47.20
Patient 14 | 48.28 44.18 46.08 47.25 48.06 44.22 46.12 47.17
Patient 15| 53.17 45.53 49.01 50.54 52.12 44.59 48.00 49.82
Patient 16 | 51.28 47.35 47.33 49.55 50.23 47.09 47.05 48.98
Patient 17 | 50.30 48.63 48.65 49.19 50.29 48.72 48.76 49.24
Patient 18 | 67.98 52.42 52.96 65.99 67.84 52.40 52.97 65.97
Patient 19 | 57.41 51.84 52.73 53.80 56.37 51.53 52.46 53.47
Patient 20 | 57.07 47.02 45.97 55.58 53.49 46.71 46.30 51.71
Patient21 | 53.30 48.22 49.13 52.60 51.67 47.10 48.05 50.81
Patient22 | 50.91 48.10 48.06 49.37 50.08 48.07 48.07 48.99
Patient 23 | 47.83 43.48 46.31 47.58 47.69 43.40 46.25 47.46
Patient24 | 57.05 44.59 45.32 50.57 54.29 44.35 45.19 49.28
Patient 25 | 50.09 45.92 45.95 48.12 49.80 45.69 45.75 47.98
Patient 26 | 59.51 49.53 49.19 54.41 57.19 48.94 48.74 52.53
Patient27 | 47.17 45.90 46.31 46.86 47.10 45.98 46.43 46.88
Patient 28 | 62.22 50.11 49.99 54.66 58.66 49.24 49.06 53.24
Patient29 | 47.09 42.01 46.16 46.70 46.85 41.85 45.95 46.41
Patient 30 | 48.39 45.36 46.41 47.52 47.99 45.20 46.29 47.24
Patient 31 | 50.92 47.77 47.58 50.45 50.10 47.38 47.22 49.62
Patient 32 | 50.74 45.87 46.96 48.06 49.83 45.35 46.52 47.59
Patient 33 | 63.16 51.90 49.39 60.36 58.24 50.46 48.77 56.36
Patient34 | 56.52 46.17 46.55 49.07 54.43 45.73 45.97 48.02
Patient 35| 46.98 44.06 45.72 46.70 46.02 43.61 45.13 45.71
Patient36 | 56.29 46.42 46.67 55.51 54.10 46.24 46.63 53.20
Patient 37 | 56.03 46.34 47.00 47.98 54.48 46.42 47.11 48.01
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Table 22: Rectum unadapted and adapted DVH metrics for cervical cancer in Gy

Unadapted Adapted

Dmax Dmean Dmed D2cc Dmax Dmean  Dmed D2cc
Patient 1 58.31 42.37 46.07 50.77 57.03 42.31 46.25 49.93
Patient 2 49.79 42.49 45.66 46.24 49.04 42.41 45.57 46.08
Patient 3 58.33 44.90 46.95 55.16 61.13 46.01 48.08 56.60
Patient 4 54.47 40.19 4551 49.79 53.59 40.45 45.82 49.67
Patient 5 55.33 45.22 46.98 50.24 53.98 44.95 46.27 48.87
Patient 6 63.64 50.66 50.35 62.37 50.93 44.07 46.59 49.69
Patient 7 72.58 50.15 51.01 58.80 60.37 48.27 48.96 53.76
Patient 8 56.25 47.58 47.69 49.28 53.76 47.26 47.55 48.84
Patient 9 49.96 32.16 44.92 47.86 49.92 32.10 44.85 47.74
Patient 10 48.90 34.20 46.78 48.10 48.81 34.04 46.86 48.12
Patient 11 55.62 43.50 46.34 51.84 55.54 43.70 46.47 51.73
Patient 12 53.71 46.33 46.83 49.33 53.78 46.12 46.76 49.29
Patient 13 48.66 42.64 46.36 47.49 48.22 42.48 46.23 47.25
Patient 14| 48.69 45.28 46.41 47.60 48.20 45.17 46.38 47.41
Patient 15 58.06 38.37 40.86 54.72 55.66 38.40 41.14 53.27
Patient 16 59.14 40.29 47.54 58.04 57.46 40.04 47.35 55.63
Patient 17| 52.18 43.01 48.22 49.31 52.40 43.03 48.30 49.37
Patient 18 68.14 60.25 62.34 67.29 67.95 60.37 62.69 67.15
Patient 19 59.05 49.75 51.51 55.63 57.84 49.52 51.31 54.96
Patient 20 48.76 38.15 43.09 47.20 48.77 38.03 42.76 47.01
Patient 21 53.08 35.69 40.29 51.78 52.08 35.99 40.94 51.08
Patient 22 58.41 43.23 47.51 54.27 56.19 43.21 47.69 52.46
Patient 23 47.62 45.47 46.51 47.31 47.47 45.44 46.47 47.11
Patient 24 55.75 41.30 45.94 49.92 53.31 41.40 46.15 50.21
Patient 25 55.77 46.46 46.47 51.27 54.07 46.27 46.21 50.48
Patient 26 66.94 37.35 47.59 52.78 63.17 36.78 47.14 51.59
Patient27| 47.70 38.27 44.29 46.83 47.72 38.06 44.16 46.90
Patient 28 53.77 47.16 48.41 52.77 52.99 46.49 47.74 52.12
Patient 29 47.17 42.56 46.03 46.76 47.01 42.64 45.98 46.66
Patient 30 47.66 35.94 45.97 46.60 47.27 35.84 45.83 46.39
Patient 31 50.94 45.54 46.87 49.95 50.54 41.96 46.57 49.09
Patient 32 49.58 38.99 46.53 48.08 48.45 38.75 46.30 47.61
Patient 33 53.39 42.67 47.22 52.05 51.72 41.97 46.52 50.43
Patient 34 56.64 42.06 46.19 50.04 55.83 42.05 46.38 50.14
Patient 35 48.41 37.72 44.37 47.51 47.57 37.14 43.77 46.69
Patient 36 55.78 44.64 46.16 52.46 54.25 44.32 46.14 50.55
Patient 37| 48.70 41.56 46.58 47.74 48.44 41.56 46.65 47.75
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Table 23: Bowel unadapted and adapted DVH metrics for cervical cancer in Gy

Unadapted Adapted

Dmax Dmean Dmed D2cc D15cc V15 V45 |Dmax Dmean Dmed D2cc D15cc V15 V45
Patient1 |59.1 304 303 540 487 84 33 | 554 299 295 519 484 84 3.0
Patient2 | 70.8 231 217 682 521 153 19 | 68.6 231 216 659 516 153 19
Patient3 | 605 248 240 552 519 203 08 |579 250 242 543 513 205 0.8
Patient4 | 67.0 288 27.0 663 594 140 37 | 642 287 270 599 555 142 37
Patient5 | 733 319 320 645 518 215 45 |670 308 311 575 487 212 37
Patient6 | 635 254 232 572 506 129 13 | 541 265 255 51.1 498 142 22
Patient7 | 736 359 356 615 560 156 57 | 622 338 334 532 510 154 5.1
Patient8 | 622 278 245 496 488 107 25 | 583 271 237 490 484 105 22
Patient9 | 492 251 251 486 481 158 26 | 489 250 251 484 48.0 158 25
Patient 10 | 493 26.1 229 488 485 115 23 | 488 261 232 485 483 11.6 22
Patient 11 | 55.7 303 29.2 548 481 99 2.7 | 557 319 314 547 480 106 32
Patient 12 | 49.1 234 21.1 488 483 106 19 | 489 234 212 486 483 106 1.9
Patient13 | 575 276 257 565 519 151 39 |570 275 257 551 511 150 39
Patient 14 | 66.8 342 33,6 635 572 181 48 | 627 340 335 59.7 552 182 4.6
Patient15 | 704 272 258 634 543 245 15 |574 261 249 529 502 243 1.0
Patient16 | 75.1 249 229 597 500 171 28 | 69.2 248 225 579 498 169 29
Patient17 | 53.7 30.1 274 500 495 147 42 | 532 299 271 499 494 147 41
Patient18 | 53.6 363 369 529 522 111 27 |536 363 369 529 522 111 27
Patient19 | 65.6 400 442 564 539 161 79 | 640 396 438 556 535 161 7.8
Patient20 | 734 269 251 724 603 21.0 48 | 664 269 249 632 555 21.0 49
Patient21 | 703 243 203 539 527 148 22 | 654 244 204 538 526 151 23
Patient22 | 684 269 244 590 508 124 36 | 644 267 242 563 501 123 3.6
Patient23 | 479 273 29.0 475 473 112 36 | 476 272 290 473 471 112 3.6
Patient24 | 65.6 232 189 570 487 93 09 | 605 23.0 187 529 479 92 08
Patient25 | 724 277 261 661 523 222 48 | 699 276 257 617 505 227 4.6
Patient26 | 70.5 30.7 294 693 617 266 47 | 672 305 293 642 584 266 4.5
Patient27 | 484 205 181 476 471 7.6 06 | 476 202 179 469 462 75 04
Patient28 | 66.2 279 251 593 552 134 23 | 59.6 268 242 538 512 133 19
Patient29 | 47.6 28.7 305 473 471 115 28 | 474 284 299 471 469 115 28
Patient 30 | 489 347 36.0 482 476 88 26 | 486 344 353 479 473 88 25
Patient31 | 66.6 203 181 608 500 194 05 | 631 202 182 560 479 195 04
Patient32 | 63.4 233 228 509 480 203 25 |602 232 228 498 480 203 24
Patient33 | 712 232 19.7 705 605 160 19 | 654 227 199 592 530 159 1.6
Patient34 | 63.6 296 275 627 524 150 44 | 610 296 273 584 502 152 44
Patient35 | 66.7 255 225 616 546 183 26 | 59.0 245 217 541 503 179 21
Patient36 | 66.7 287 26,6 63.0 49.1 107 22 | 624 286 266 585 487 10.6 22
Patient37 | 51.7 239 237 483 476 192 38 | 512 240 239 484 477 193 338
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Table 24: Primary GTV unadapted and adapted DVH metrics for cervical cancer in Gy

Adapted Unadapted

Dmax Dmean Dmed | Dmax Dmean Dmed
Patient 1 58.94 49.41 48.75 58.31 49.36 48.64
Patient 2 56.13 48.67 46.79 56.21 48.55 46.71
Patient 3 - - - - - -
Patient 4 58.64 50.32 49.09 58.85 50.52 49.31
Patient 5 58.56 52.28 51.61 60.86 50.80 49.41
Patient 6 61.44 52.57 51.71 59.45 48.22 47.48
Patient 7 75.35 56.30 54.54 68.22 53.45 51.25
Patient 8 59.27 50.99 48.84 59.00 50.79 48.62
Patient 9 57.82 49.22 48.41 57.72 49.19 48.34
Patient 10 58.64 54.14 55.14 58.34 53.95 54.90
Patient 11 53.14 47.45 46.98 54.30 47.54 47.00
Patient 12 48.64 47.38 47.36 48.23 47.29 47.28
Patient 13 47.99 46.77 46.71 47.87 46.67 46.61
Patient 14 - - - - - -
Patient 15 72.36 68.31 68.34 71.36 67.35 67.75
Patient 16 58.41 51.13 50.53 57.63 50.16 49.43
Patient 17 54.93 48.26 47.79 54.86 48.40 47.94
Patient 18 68.25 67.08 67.04 67.99 66.91 66.89
Patient 19 54.11 53.19 53.22 53.59 52.92 52.93
Patient 20 57.32 47.75 46.76 57.08 48.12 47.16
Patient 21 - - - - - -
Patient 22 58.78 50.71 49.39 58.82 51.33 49.83
Patient 23 - - - - - -
Patient 24 - - - - - -
Patient 25 56.07 47.60 47.18 55.49 47.24 46.78
Patient 26 60.38 50.20 49.52 59.45 49.75 49.06
Patient 27 46.96 46.21 46.21 47.03 46.56 46.57
Patient 28 70.39 61.31 59.81 69.25 60.26 58.50
Patient 29 47.00 46.69 46.70 46.80 46.49 46.49
Patient 30 47.90 46.79 46.79 47.62 46.65 46.65
Patient 31 50.90 49.18 49.35 50.33 48.72 48.89
Patient 32 57.91 47.74 47.69 57.30 47.58 47.47
Patient 33 61.15 50.84 49.99 60.06 49.93 49.05
Patient 34 57.75 48.99 47.67 57.91 49.09 47.83
Patient 35 50.80 46.81 46.67 48.17 46.06 45.97
Patient 36 56.41 48.04 46.99 56.31 47.99 46.92
Patient 37 57.60 48.37 47.02 57.64 48.46 47.13
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Appendix C

Appendix C provides the steps for Study 2, which includes the creation of the mCBCT,

dose calculation, and dose summation workflows. The overview of the workflow for

Study 2 is shown below. The workflow can be divided into 3 sections: 1) the creation of

the mCBCT; 2) dose generation on the mCBCT; and 3) dose summation for the two

generated doses (ecD and mdD).

pCT

CBCToys =

pCT - planning CT

CBCT.,.5 — weekly CBCT 1-5

mCBCT,., s —merged CBCT 1-5

DIR;.y.5 — deformable image registration 1-5
dStri.,.s — deformed structure set 1-5
pStri.,.s — physician-adjusted contours
ecD;..5 — Eclipse calculated dose

mdD;.;.5 — MIM deformed dose

DIR.;s  Manual editing
with pCT of contours

Eclipse
Merged CBCT mCBCT,.5, calculated dose Z
dStr, Export & recalculate in Eclipse ecDy_
(mCBCT,.,.5) s PStri.ss (ecD,.5) e
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Workflow:

Part 1: Creating mCBCT

1.

i.

ii.

iii.

iv.

In MIM, verify that the planning CT (pCT), planning dose (pD), and planning
structure set have been imported. Also, verify that 5 weekly CBCT images have
been imported. Typically, the CBCT images will not have an associated dose or
structure set.
The merged CBCT workflow was created which deforms the pCT to the weekly
CBCT in MIM with the following key steps:
Create a rigid fusion between the primary (CBCT) and secondary (pCT) to
create the CBCT/Plan CT Fusion
Create the limiting body contour for FOV expansion
Perform deformable registration on the fusion series (CBCT/Plan CT Fusion).
Create pauses for Reg Reveal and Reg Refine to adjust the deformable
registration. The result is a merged CBCT.
Create a rigid fusion between the primary (pCT) and the secondary (merged
CBCT) to create the Plan/Merge Fusion
Perform deformable registration on the Plan/Merge Fusion. The contours

from the pCT are transformed to the merged CBCT.

3. Once the workflow is created for the first week mCBCT, repeat the workflow for

the next CBCTs. The same workflow will be used for the creation of the 5

mCBCT images.
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4. Open the deformed structures for each mCBCT. Review the deformed contours

and create a copy of the deformed contours to make any necessary adjustments

based on the anatomy of the deformed image. The review process for contours

includes an expert reviewer who is typically a radiation oncologist. Transfer the

original contours to the mCBCT. There should be three contours for each

structure such as:

dStructure# - manually-adjusted structure by user for specific week #

dMIM_Structure# - MIM deformed structure for specific week #

Structure — original structure from the pCT

I_ ““Manual edi_ting_of T
I contours by physician to
create aStry g

mCBCT1
astrl

mCBCT2
asStr2

pCT DIR
mCBCT1 dStrl =
mCBCT2 dstr2
mCBCT3 dstr3
mCBCT4 (—s| dStrd
mCBCT5 » dStr5 (—

Part 2: Dose Generation on mCBCT

Eclipse-calculated dose: ecD

1. Export the 5 weekly mCBCTs and deformed structure set to Eclipse
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2. Recalculate dose on each mCBCT# in the same manner as Appendix A.
3. Export the mCBCT# back to MIM with the newly calculated dose

MIM-deformed dose: mdD

1. Create a workflow in MIM that deforms the pD to the mCBCT based on the
manually adjusted structure set.

2. The workflow will be used for each mCBCT# to deform dose onto each of the
mCBCT#

Part 3: Dose summation

mCBCT1, » ( Dose for week 1
ecD, 5/25 fx
chm, @> mCBCT1 ) Dose for week 2
ecD, 10/25 fx
mCBCT3, mCBCT1 Dose for week 3
ecD; 15/25 fx
mCBCT4, mCBCT1 Dose for week 4
ecD, 20/25 fx
mCBCT5, mCBCTIT ————» Dose for week5 =— Accumulated
e iy Dose

Note: ecD and mdD use the same technique for dose summation
1. mCBCT1 is the reference image. mCBCT2-5 are deformed to mCBCT1
2. The deformation vector field (DVH) is used for dose accumulation on each

mCBCT#
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3. Each mCBCT# is deformed with dose, the doses can be summed for each

mCBCT# to calculate the final accumulated dose.
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