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Abstract

Numerous studies have indicated that radiation therapy reduces the risk of the local
recurrence of breast cancer in several cases and that it has increased the overall survival rate.
Although radiation therapy is beneficial for the treatment of breast cancer, it is known to increase
the risk of both radiation toxicity and secondary breast cancer. In left-sided breast cancer,
radiation therapy treatment often leads to the heart and its components—such as the left ventricle
and left anterior descending artery—being exposed to high doses of radiation because of the
proximity of the heart to the left breast, resulting in cardiac complications several years after the
treatment. Further, it is important to deliver low doses to the left lung to reduce the risk of
pneumatic and lung fibrosis, particularly for patients with long survival rates. Modern 3D
techniques can deliver a reduced dose to the cardiac components and lungs. However, the risk
of radiation to cardiac components remains unclear, because complications are directly related
to radiation dose. Treatment techniques play an important role in sparing organs at risk (OAR)
without compromising the target. Specific techniques for left-sided breast cancer treatment result
in higher cardiac and pulmonary toxicity, which has been shown to be related to increased risk of
heart and lung diseases.

In the first two studies in this dissertation, the dose-volume metrics of the OAR were
calculated for different techniques for treating patients with left-sided breast cancer. In the first
study, the supine free-breathing (SFB), deep inspiration breath-hold in supine (SDIBH), and prone
free-breathing (PFB) techniques were evaluated to reduce the cardiac and left lung doses. Most
left-sided breast cancer patients undergoing radiation treatment are treated using the SFB

technique. The deep inspiration breath hold (DIBH) technique has been proven to reduce the



cardiopulmonary doses for breast radiation therapy. In DIBH, a patient takes a deep breath and
holds the breath during irradiation. The prone position is another technique used to reduce doses
to OAR. Our first study is the only one that compares the dose-volume metrics of OAR for the
same patient scanned in three different positions with respect to breast size. This study
demonstrates a novel, yet simple and cost-effective, technique to implement the DIBH technique
by utilizing lasers and high definition cameras. This method can be used in clinics without the
need to purchase expensive breath-hold equipment to implement the DIBH technique clinically.
In our second study, we included the prone deep inspiration breath-hold (PDIBH) method in
addition to SFB, SDIBH, and PFB techniques to evaluate the OAR. In this study, the normal tissue
complication probability (NTCP) is calculated to determine the probability of damage induced on
normal tissues for given radiation doses to OAR. This study is the first to perform a biological
evaluation based on radiobiological models for each OAR with specific endpoints in left-sided
breast cancer treatment. The NTCP values for each OAR are compared and evaluated in addition
to dose-volume histogram-based evaluations for four different techniques. In the third study, the
surface dose of the prone and supine treatments was evaluated. Skin dose can be an important
factor regarding the outcome and cosmesis for patients. Further, a superficial dose has a large
variance that depends on the incident angle relative to the surface. Understanding surface dose
dosimetry in the tangential or oblique beam is important to evaluate the skin dose, because a
higher dose leads to toxicity and a lower dose can lead to recurrences. This study also evaluates
superficial doses in the prone and supine positions with respect to two different grid sizes.

This dissertation establishes a basis for a comprehensive evaluation to help clinicians
decide on the best possible treatment techniques for left-sided breast cancer patients. Patients
with healthy lungs can be recommended the DIBH technique for a reduced dose to cardiac
components, whereas patients with compromised lung function can be recommended the prone
technique to spare the OAR. The clinician must be careful of lower skin dose when treating
patients using the prone technique, particularly for tumor bed close to the skin surface.

vi



Chapter 1: Background

1.1 What is Cancer?

Cancer is caused when the growth of cells becomes uncontrollable, consequently forming
a mass or tumor. Normal and healthy cells divide systematically, stopping reproduction and
growth when they touch other cells. On the contrary, cancer cells continue to divide disorderly
and constantly grow. Cancer cells, which make up tumors, grow and reproduce rapidly.

1.2 What is Breast Cancer?

Cancer that develops in breast is known as breast cancer. Thus, breast cancer is a
malignant tumor arising from the cells in the breast. Breast cancer can originate in different parts
of the breast. A breast comprises three main parts, namely, glands, ducts, and connective tissue.
The glands produce milk, and ducts are passages that carry milk to the nipple. The connective
tissue connects and holds all the parts together. The most common breast cancers are ductal
carcinoma, invasive ductal carcinoma, lobular carcinoma, and invasive lobular carcinoma. Breast
cancer occurs predominantly in women but could affect men as well.

1.3 Treatment for Breast Cancer

Primary methods to treat breast cancer consist of surgery, adjuvant radiation therapy (RT),
and systematic medical therapy, e.g., chemotherapy and endocrine treatment.” The most
commonly used breast treatment methods are briefly explained below; because the primary

research topic is RT, it is explained in more detail.



1.3.1 Surgery
According to the American cancer society, most breast cancer patients undergo some
form of surgery as part of their treatment.” Two main types of surgery are available to remove

breast cancer.
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Figure 1.1 Anatomy of normal breast tissue.

1.3.1.1 Breast-Conserving Surgery (Lumpectomy)

This surgery involves the removal of only part of the breast containing the cancer. In this
surgery, only tumor and some surrounding breast tissue around the tumor is removed. This
method conserves the breast and is thus called breast-conserving surgery (BCS).
1.3.1.2 Mastectomy

This surgery involves the surgical removal of the entire breast and some surrounding
tissue. A few women undergo double mastectomy or bilateral mastectomy in which both breasts

are removed.



1.3.2 Systematic Medical Therapy

Systemic therapy refers to the treatment of the circulation of pharmaceuticals in the
bloodstream after injection or ingestion. This treatment affects all parts of the body because blood
circulates across the whole body. Although chemotherapy, hormone therapy, and targeted
therapy are systemic medical treatments, each has a distinct underlying mechanism. They can
be further categorized into neoadjuvant therapy and adjuvant therapy.
1.3.2.1 Neoadjuvant Therapy

Administering systematic therapies on patients before surgery is known as neoadjuvant
therapy, whose objective is to shrink the tumor, thereby making the surgical procedure less
extensive. Moreover, neoadjuvant therapy has been found to be as effective as adjuvant
therapy—which is performed after surgery—in terms of survival, disease progression, and distant
recurrence.’
1.3.2.2 Adjuvant Therapy

Administering systematic therapies after the surgery is known as adjuvant therapy.
Systemic therapy is given after surgery to kill undetected tumor cells remaining after the surgery.
Cancer that has spread from the breast to the other parts of the body is called metastatic breast
cancer. Metastatic breast cancer patients are considered good candidates for adjuvant therapy
because of the spread of the disease.’
1.3.3 Radiation Therapy

RT is one of the most widely used therapies to treat cancer. It uses ionizing radiation to
destroy malignant tumors, thus minimizing damage to normal tissues. RT damages the DNA
within the cancer cells, thereby destroying the ability of the cells to reproduce. The damaged
cancer cells are eliminated naturally by the body. Although normal cells surrounding the tumor
are affected by the radiation, they can repair themselves. The objective of RT is to destroy
cancerous cells by irradiating the target with radiation beams and simultaneously preserving the

surrounding healthy tissue.



About half of all cancer patients undergo radiotherapy as an independent treatment or in
combination with other treatment modalities, i.e., surgery and chemotherapy.! The concept of
treating cancer with ionizing radiation was first used at the end of the 19th century. Since then,
technology has undergone major advancements and the current technology can offer increasingly
sophisticated treatment methods. To avoid undesirable side effects or radiation-induced cancer,
sparing as much normal tissue as possible is important when targeting the PTV. Accordingly,
various treatment techniques are being continuously developed to realize the objective of
maximizing the dose and radiation damage to the target volume and sparing the healthy tissues
surrounding it.

The treatment process using radiation involves three major processes, namely, computed
tomography (CT) scan, treatment planning, and RT treatment.

1.3.3.1 Computed Tomography Scan

Figure 1.2 Computed tomography scanner.

CT scan is an imaging procedure that uses special x-ray equipment to create images or
scan of areas inside the body. A typical CT machine used in RT is shown in Figure 1.2. The X-

rays from the CT scanner pass through the body and are detected by detectors after exiting the
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body. The CT scan images are used for contouring various normal surrounding tissues, organs
at risk (OAR), and target volumes. A CT scan of the treatment region is performed to obtain
accurate information on locating the tumor, OAR, and treatment planning. These 3D images are
sent to the treatment planning system for performing treatment planning.

1.3.3.2 Treatment Planning System

Figure 1.3 Eclipse Treatment planning system unit used for treatment planning.

Treatment planning systems (TPS) are of prime importance in the RT treatment
procedure. It is a sophisticated software where all the data of linear accelerators and their
characteristics are used to simulate the linear accelerator. The TPS is key to improved dose
calculation, distribution, and patient outcomes. The CT scan images are imported into the TPS
as the input data in the treatment planning process. Once the image datasets are loaded and the
tumors are identified, the CT scan images are used to contour the normal surrounding tissues or
OAR. CT images contain quantitative data that are expressed in Hounsfield units (HUs). Electron

densities are directly related to the linear attenuation coefficients of tissues in the photon beam



path length.? Thus, it is important to provide the correct relationship between HUs and electron
density in the TPS for accurate dose calculation by the algorithm.

The TPS then develops a complex plan for each beamlet to deliver radiation. The software
computes the expected dose distribution in the patient’s tissue, including variables such as tissue
type, energy, and tumor depth. Treatment beam shapes and dose distribution are chosen with
the intent to minimize the dose to critical structures and maximize the dose to the target based on
published guidelines.?
1.3.3.3 Linear Accelerator

The medical linear accelerator (LINAC) is the most used device for external beam RT
treatments for cancer patients. It delivers high-energy photons or electrons to the tumor volume
of the patient undergoing RT. These treatments are designed to damage the cancer cells while
sparing the healthy tissue around them. An electron gun produces electrons that are injected into
the waveguide. The LINAC employs microwave technology to accelerate electrons in a part of
the accelerator called the waveguide; subsequently, these electrons are collided with a heavy
metal target to produce high-energy x-rays, as shown in Figure 1.4a (schematic) and 1.4b (actual
image).

The patient lies on a moveable treatment couch that can be moved in multiple directions;
i.e., right, left, in, out, up, down; some couches can perform pitch and roll as well. The beam exits
the accelerator from the gantry. The gantry of the accelerator can be rotated a full 360 degrees
around the patient. The beam is usually shaped by a multi-leaf collimator (MLC) that is
incorporated into the head of the gantry. A modern-day LINAC usually consists of 120 MLCs, with
the MLC width varying from 0.25 cm to 1 cm. These high-energy photons are customized using
MLCs to conform to the shape of the patient's tumor. Specifically, the MLCs aid the irradiation of
the patient by shaping the tumor, with many different gantry angles being used by rotating the
gantry and the couch to maximize the dose to the target while sparing the surrounding OAR. The
major difference between 3D conformal therapy and intensity-modulated radiation therapy (IMRT)

6
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or volumetric arc therapy (VMAT) is that in 3D conformal therapy, the MLC and collimator helps
to form the shape of the target, whereas in IMRT and VMAT the software moves the MLCs to
modulate the beam to conform to the shape of the target.

1.4 Radiation Therapy Treatment Techniques

As patients now have a prolonged life expectancy, they could be at higher risk of
developing long-term complications because of radiation of OARs. Thus, different techniques are
being used to study the possibility of reducing dose to OARs without compromising the coverage
of target volume. As mentioned earlier, the current most common treatment techniques for breast
cancer include (but not limited to) the use of supine 3D Tangent technique, IMRT, and VMAT.
The 3D technique uses the MLC and the collimators to shape the beam to conform to the target
and spare the OAR in three dimensions. It helps maximize the dose to the target and spare the
healthy tissues. In addition, beam modifying devices such as wedges are included to shape the
dose around the target volume. The supine free-breathing (SFB) 3D tangent technique is
predominantly used over the others and has become a standard practice because of its easy,
reproducible, and practical set up. Thus, free-breathing in supine position is the most used
treatment technique for breast radiation treatment. A typical supine set up with the heart and left
lung, and left breast in a CT slice is shown in Figure 1.5(a). The arrows in Figure 1.5(a) represent
the volume of heart and left lung inside the treatment field edges, which is radiated. Although
technology has advanced in the last decade, the dose delivered in this position to the heart and
the left lung remains significant.

IMRT is a sophisticated method of three-dimensional (3D) conformal radiation therapy
(CRT). IMRT uses the MLC to modulate the fluences and thus optimizes the delivery of irradiation
to irregularly shaped tumor volumes. The IMRT technique thus has the capability to deliver
radiation treatment to concave volumes. This helps administer the maximum dose to target
volumes while sparing critical organs more than 3D CRT. VMAT is the latest technique to produce
IMRT-like dose distributions. IMRT uses static gantry angles while the MLCs move continuously

8



to modulate the intensity of the beam. By contrast, in VMAT, the gantry also rotates at varying
speeds and dose rates to deliver doses in single or multiple rotations of the gantry. Planning
studies comparing both techniques indicate that a better conformity and dose homogeneity,
shorter treatment time, fewer monitor units for treatment delivery, and better normal tissue sparing
are achieved with VMAT.

Many other 3D treatment techniques have been evaluated to reduce the dose to cardiac
components, such as the supine deep inspiration breath-hold (SDIBH) technique,*°® prone free-
breathing (PFB) technique,®'° and the prone deep inspiration breast hold (PDIBH) technique'"'?;
however, a consensus has not been reached over the superiority of a particular treatment
technique.*'3*'® Few studies have compared the SFB, SDIBH, and PFB techniques to evaluate
doses to OAR."%" In addition, newer techniques such as IMRT and VMAT have been used to
reduce dose to the OAR. Although modern techniques such as IMRT decrease the volume of the
heart and lung that receives high doses, a larger volume may receive lower doses owing to the
low dose spread associated with these techniques.?°?!

Irradiation in the prone position (Figure 5(b)) is another method to minimize the doses to
heart and lungs.6810.1213.19.22.23 gt dies have shown a reduction of irradiated lung volume in all
patients, and a few studies have shown a higher reduction of dose to the heart volume in the
prone position compared with the supine position.®'%1322 Further, the deep inspiration breath-hold
(DIBH) technique is used in combination with any of the above techniques to reduce the dose to
the heart.%11.22.24-27 |n DIBH, the patient takes a deep breath and holds the breath during radiation.
The DIBH has been proven to reduce cardiopulmonary doses in breast RT.510.19.22.28

In our study, we compare only the 3D techniques because they are predominantly used
for breast cancer treatment; we did not compare the treatments based on IMRT or VMAT

technique. Furthermore, 3D CRT, in conjunction with DIBH and prone techniques, is an alternative



to free breathing-based 3D CRT. In this section, two techniques are demonstrated in addition to
the supine technique, i.e., the prone and DIBH techniques used in this dissertation are explained
briefly.
1.4.1 Prone Technique

In the prone technique, the patient is simulated and treated, lying on the abdomen to pull
the breast away from the heart.'®'822 This changed shape, motion, and position of the breast and
OAR present in the treatment field raises unique concerns specific to prone breast irradiation. The
hanging down of the breast from the aperture of the positioning device results in a different dose
distribution relative to that in the supine position. The prone technique has become feasible and
reproducible with the beginning of CT scan-based treatment planning. This prone technique has
been developed to improve the dose distribution and homogeneity within the breast. It also helps
to reduce the volume of normal tissues irradiated during whole breast treatment. The dosimetry
of breast irradiation is improved by optimizing the shape of the breast, resulting in a reduction in
the magnitude of high-dose regions and isodose gradients in the breast PTV. Reduction in the
scale of high dose regions in the breast tissues can be achieved by optimization of the MLCs to
conform to the shape of the breast. Improved dose homogeneity and reduction of overdosage
within the PTV in the prone technique have been associated with better cosmetic outcomes.

Prone breast irradiation has generally been recommended for women with large
pendulous breasts to decrease acute and late toxicities. In addition, this technique has been
proven to be advantageous for most patients because it consistently reduces—if not eliminates—
the inclusion of the heart and lungs within the field. The latest technological developments in linear
accelerators and the increased accuracy of treatment planning algorithms, coupled with better
imaging and verification reproducibility, have made an accelerated fraction scheme in which 42.66

Gy are delivered in 16 fractions is possible.?2930
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(b)

Figure 1.5 Prone and supine CT images showing the heart, lungs, and left breast contours. Yellow
arrows represent the volume of organs in the radiation treatment field in a) Supine technique and
b) Prone technique. Please note that the prone technique has lower heart and lung volumes in
the treatment field compared with those of the supine technique.
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1.4.2 Deep Inspiration Breath Hold (DIBH) Technique

The DIBH technique can be used to decrease heart, LV, and LAD doses during left-sided
breast cancer radiation treatment. During both CT simulation and RT treatment, the patient takes
a deep breath and holds it for a period, during which radiation can be administered. The technique
is based upon the theory that during inspiration the expansion of the lungs and the flattening of
the diaphragm pull the heart away from the chest wall. Thus, during inspiration, the heart and the
target volume are separated, and a reduction in lung density is seen. This allows for a decrease
in the volume of heart in the radiation beam, which reduces dose to the heart, as shown in Figure
1.6.3" In addition, a fused CT image of SFB with the SDIBH technique for the same patient, along
with the heart position in both scans and radiation field edge, is shown in Figure 1.6. Please note
how heart volume is pushed away from the chest wall in the SDIBH technique, thus sparing heart
(Figure 1.6). The DIBH can be alternatively used for prone breast irradiation; the two techniques
can be (and have been) used in conjunction with the PDIBH technique as well.??> The fused CT
image of PFB with the PDIBH technique for the same patient, along with the heart position in both
scans and radiation field edge, is shown in Figure 1.7; similar observation is made for PFB and
PDIBH scans, which indicate that the heart is pushed away from the chest wall.

Both the initial imaging and the treatment delivery are performed during inhale breath-
hold, which may be voluntary or involuntary. The DIBH methods, which are based on voluntary
breath-hold and rely on external surrogates for monitoring, could have the disadvantage of
variability in patient immobilization, which may not be quantified well during the imaging
procedure.3*3* Involuntary breath-hold, on the other hand, uses an active breathing control (ABC)
device, which holds the patient’s lung at a specified and reproducible volume.3** A drawback of
all the DIBH methods is that the patients cannot always tolerate breath-hold.

In this study, we propose an in-house technique to verify voluntary breath-hold without
using expensive technology for monitoring breath-hold using RPM system or involuntary breath-
hold based device to consistently achieve breath-hold. In our clinic, we used room lasers, which
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are used for patient set up, along with high-definition cameras to implement the DIBH technique

for the treatment.

TX FIELD EDGE "

Figure 1.6 Fused SFB and SDIBH CT scan images of the same patient. Please note the position
of the heart in SFB and SDIBH scans with respect to the radiation field edge.

Figure 1.7 Fused CT scan images of the PFB and PDIBH techniques of the same patient. Please
note the position of the heart in PFB and PDIBH scans with respect to the radiation field edge.
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1.5 Design of Dissertation
We used the European format of introduction, discussion, and conclusion based on the
three studies attached in the appendix section for this dissertation. Owing to the similarity of the

topics between studies, they could overlap.
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Chapter 2: Introduction’

Breast cancer (BC) is a major global health problem among women, with about 1.7 million
new cases diagnosed annually.?” Breast cancer mortality rate is the second highest after lung
cancer for women in the United States.*® Approximately 1 in 8 women is diagnosed with invasive
breast cancer in their lifetime and 1 in 39 women die of breast cancer.®® Adjuvant radiotherapy
has been used for the treatment of breast cancer since the 1930s. The first randomized trials for
adjuvant RT were reported by the end of 1940s. Several randomized trials conducted since then
have indicated clinically significant reduction of local recurrence and no adverse effect on the
overall survival. Combined modality, breast conserving surgery, and chemotherapy, followed by
whole breast RT, is currently becoming a standard in the treatment of early-stage breast cancer.*°

Many women with early stage breast cancer undergo radiation treatment as part of their
cancer management.’”® More than 20 years of follow-up data confirm that, after breast
conservative surgery, higher risk of local recurrence is present. However, women undergoing
breast conservative surgery followed by radiation treatment have the same long-term survival
similar to that in mastectomy.*' It has been shown that RT reduces the risk of breast cancer local
recurrence in a large number of cases, which has led to an increased overall survival rate.*? A
large meta-analysis by early breast cancer trials found that patients treated without RT after
breast-conserving surgery have 26% chance of local recurrence at five years follow up, compared

with 7% in patients, who were administered RT.*2 The analysis further indicated that, at 15 years

" This chapter is partially reproduced from work published in a peer reviewed journal. The author of this dissertation
is the first author of the published work. See Appendix C,D,F,G for the published studies and permissions.
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after diagnosis, an absolute risk reduction of 5.4% exists in breast cancer mortality with RT after
breast-conserving therapy, compared with no RT after breast conserving therapy*2.

Although RT to breast is beneficial, it is known to increase both the radiation toxicity and
secondary breast cancer.*® Specific techniques and treatment for left-sided breast cancer lead to
higher cardiac and pulmonary toxicity, which have been shown to be related to increased risk of
heart and lung diseases.**#?% |t has been considered that the primary reason for higher
complication and mortality in left-sided breast cancer is the proximity of the heart to the radiation
beams, which can result in the delivery of high doses to the heart. This can lead to higher risk of
cardiac complications to the patient undergoing RT. During regular breathing, the heart moves in
and out of the radiation beams, often in an irregular and unpredictable pattern. It is difficult to
predict the correct dose to the heart owing to uncertainties in breathing motion and its correlation
to the position of the heart in the treatment field. Thus, it can be challenging to predict the accurate
dose-volume received by the cardiac component in the free breathing technique.

Darby et al.*® have shown that an increase of 1 Gy in mean dose to the heart results in a
7.4% relative increase of major coronary events; however Taylor et al.*> have indicated a lower
risk based on a recent dosimetry study. This study further demonstrated that exposure of heart to
the ionizing radiation during RT for breast cancer significantly increases the rate of ischemic heart
disease. Another research compared a group of irradiated patients and non-irradiated patients,
and showed a significantly higher non-breast cancer-related mortality, primarily for heart disease
(R.R, 1.27) and lung cancer (R.R, 1.78).#> A retrospective study compared the ratio of patients
receiving radiation to left-sided and right-sided breast cancers and died of heart disease. The
cardiac mortality ratio was 1.21, 1.08, and 0.99 for patients diagnosed between 1973-1982,
1983-1992, and 1993-2001, respectively.*® Thus, the advantage of RT on survival rate was
overshadowed by an increased risk of non-breast cancer-related deaths. Several investigations
showed that the leading cause for these deaths was heart disease.*3#¢48 However, these results
are based on data using older treatment modalities and radiation techniques. RT techniques and
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equipment have significantly improved since these reports were published. With the advent of
modern technology, radiation exposure to the heart and lung is currently lower than that in the
past. In spite of this improvement, a few studies have shown that patients receiving RT treatment
for left-sided breast cancer are at a higher risk of long-term cardiac morbidity after the treatment.*%
52 These results were further corelated to the heart volume exposed to radiation during
treatment.53%4

A few studies suggest that arteries are particularly sensitive to radiation, and the left
anterior descending artery (LAD) is one of the typical sites of origin of ischemic heart disease.5':5?
It is further recommended that minimizing the absorbed dose to heart and LAD must be a priority,
until evidence is found for a threshold absorbed dose below which no additional risk of cardiac
morbidity and cardiac mortality is present.%® In addition to cardiac complication, an increase in
lung complications with increased absorbed lung dose is present.***¢ The lung cancer mortality
for ipsilateral lung cancer was higher than that for contralateral lung cancer for the women who
developed lung cancer after undergoing breast RT.*® The increased absorbed lung dose further
increases the incidences of radiation pneumonitis.*®

In left-sided breast cancer patients, parts of the heart, left ventricle (LV), LAD, and the left
lung are usually inside the treatment field, and are considered as OAR. Various techniques such
as DIBH and prone position have been used since then to spare the OAR without compromising
the breast planning target volume (PTV) coverage. A few studies have compared the SFB and
SDIBH or SFB and PFB techniques; however, no study has compared the dose for heart, LV,
LAD, and left lung with respect to breast PTV in three different positions on the same patient. In
our study, instead of commercially available gating systems, we developed an inhouse technique
to use a high-definition camera to check the position of the patient during treatment with respect
to lasers, as explained in section 2A. It is a simple, quick, and cost-effective technique that passes
on the benefits of the DIBH techniques to the patients and eliminated the need for expensive
devices to implement DIBH in clinics.
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Recently, radiobiological evaluation tools have become available in many treatment
planning systems. Normal tissue complication probability (NTCP) tool could be used to
biologically evaluate the plan along with dose-volume histogram (DVH)-based evaluation for
OAR.5%57 Bjological parameters, when applied to these biological models, help predict the
biological effects on OAR, and are believed to be more directly correlated with treatment outcome
than the DVH based parameters.585° Our second study additionally involved biological evaluation
of the OAR in four treatment positions in addition to commonly used dosimetric evaluation. Our
study is the first to perform a biologic evaluation on OAR of left-sided breast cancer patients and
calculate the NTCP for each treatment position of every patient. The radiobiological model and
radiobiologic evaluation are further explained in section 2.3.

Skin dose in breast cancer radiation treatment is another important factor regarding not
only the outcomes but also the cosmesis. The skin toxicity is often considered a dose-limiting
factor.5°6' Radiation dermatitis has consistently been a concern for high dose treatments for
radiation oncologists.?262 Skin dose toxicity influences the tolerance of treatment by patients and
the cosmetic outcomes of breast cancer patients.5*%¢ However, a recent study by Katz et al.®®
provided a case report of inadequate skin dose that leads to skin recurrence in the prone
treatment technique. Therefore, evaluating the dose delivered to the skin to avoid recurrences,
and (particularly) underdosing tumors near the surface in breast RT, are of significant interest.

Generally, the surface/skin dose depends on the incident beam angle, field size, source
to skin distance, beam energy, and beam modifying devices. Typical prone and supine set ups
with gantry angle relative to the skin surface are shown in Figure 2.1. In our third study, we
hypothesized that a beam incidence angle close to perpendicular in the one breast technique
could result in lower superficial dose compared with the supine position, where the breast is
treated at a tangential angle of 45-55°. Such a steep angle produces an increased surface dose
based on the obliquity factor defined by Gerbi et al.”® Das et.al”' showed that a smaller grid size
can produce a more accurate dose calculation in the buildup region. The smallest grid size
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available in the Eclipse version 13.7 is 1 mm; thus, we chose a grid size of 1 mm and clinically
used 2.5 mm to evaluate the dose in the superficial region. Thus, understanding the skin dose for
each treatment technique helps radiation oncologists in choosing the appropriate treatment plan
to elicit positive outcomes.

In this study, organ contouring, treatment planning, and dosimetric evaluation were
performed on more than 100 patients, and more than 300 treatment plans were created and
evaluated. Biological evaluation was performed on 100 treatment plans. For consistency,
contouring on all CT scans was performed by a radiation oncologist in accordance with the
national guidelines, and all the treatment plans were created by a physicist. Treatment planning,
dosimetry, laser-based DIBH, and biological evaluation procedures are explained briefly in the
next section.

2.1 Treatment Planning and Dosimetry

After the CT scans were obtained, the images were transferred to the treatment planning
system. At our institute, for the first study, we used the Eclipse planning system V11 (Varian
Medical System version 11). Furthermore, the Anisotropic Analytical Algorithm (AAA Version
11.0.31) was used for calculations, and the grid size was set to 2.5 mm for the first and second
studies. For the second and third studies the calculations were performed in the Eclipse (Varian
Medical Systems Inc., Version 13.7) TPS using the Anisotropic Analytical Algorithm (AAA; Version
13.7) for both 1 mm and 2.5 mm calculation grid sizes. Our breast radiation oncologist contoured
the breast PTV, heart, LV, LAD, and contralateral breast of each patient based on the RTOG-
130424 guidelines and RTOG Breast Cancer Atlas for planning

(https://www.rtog.org/CoreLab/ContouringAtlases/BreastCancerAtlas.aspx). According to the

atlas, the breast was defined as an all apparent CT glandular breast tissue, considering the RTOG
consensus definition of anatomical borders. The cranial border was defined as the second rib

insertion, the caudal border was defined as the loss of CT apparent breast tissue, and the anterior
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(b)

Figure 2.1 Typical beam placement for (a) Prone and (b) Supine set up for left breast. Please
note the gantry angle with respect to the skin surface.
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boundary was defined as the skin. The posterior boundary was the anterior aspect of the
pectoralis muscles. The medial border was the sternal-rib junction and the lateral border was at
the mid-axillary line.

The LAD was defined as the vessel that descends anteriolaterally from the anterior
interventricular groove to the apex of the heart.”? Cardiac contouring started superior at the level
of great vessel insertion into the heart and extended inferior to the apex of the heart. The contours
were drawn by a single physician. The lungs were contoured using an automatic segmentation
tool available in Eclipse TPS, and the lung contours were manually edited by the physician as
needed. The breast PTVs were cropped by 5 mm from the skin surface for planning because the
dosimetry in the buildup region is not well defined. " The contralateral breast was not cropped
from the skin surface.

For treatment planning, heterogeneity correction was turned on for all the calculations.
Opposing tangential beams with Field in field techniques (FIF) were used for planning. All the
treatment plans were calculated only using a 6 MV beam, and wedges were not used in any plan.
Treatments for all patients were planned using the hypo-fractionated fractionation scheme defined
by Whelan et al.”® The doses were prescribed as a total dose of 42.56 Gy in 16 fractions. The
plan was normalized to the isocenter placed in the PTV. As per the RTOG protocol, a margin of
7 mm was given to PTV to form the field shapes using MLC.* The most optimal plan was made
for each patient on each scan to compare the plans. The guideline was to have a minimum of
95% of PTV receiving 100% of the prescribed dose, with no more than 5% of the PTV volume
receiving more than 110% of the dose, and simultaneously achieve maximum sparing of the OAR.
Further, DVHs were used to analyze the PTV, dose homogeneity, and doses to OAR. For OAR,
the dose parameters were used based on the evaluated organ. For heart and left ventricle mean
dose, V2.5, V5, V10, V20, and V30 were recorded; for LAD mean dose, V2.5, V5, V10, and V20

were recorded; for lung mean dose, V10, V20, and V30 were recorded.
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2.2 Laser-Based DIBH

For DIBH, our institution developed a technique using lasers to mark the position of
patients in the FB and DIBH positions. Before scanning the patient, the breast tissue was marked
with radio-opaque wire by a radiation oncologist. The patients were first scanned in the FB
position. Patients were first marked in the medial and lateral direction with respect to lasers in the
CT room while breathing freely; they were then coached to take a deep breath and hold it i.e.,
DIBH. New positions on the patient's skin in the medial and lateral positions were marked again.
Now the patient has two marks, one representing the FB position and the second the DIBH
position with respect to lasers. The patients were asked to repeat DIBH, and a CT sim therapist
verified that they are consistently able to achieve the same position marked on their skin with
respect to lasers. Only the patients who followed the instructions, and those who held the breath
for 20 s were considered. Further, audio coaching was utilized to guide the patients for the second
scan to realize DIBH and release the breath-hold after scanning. High-definition cameras were
installed in the treatment room to clearly see the DIBH marks from outside the room. The high-
definition cameras were used to check the position of the patients during treatment with respect
to lasers to ensure the patient remains in the DIBH position. Table 2.1 represents the DIBH
simulation sheet created during CT simulation to record the shifts with respect to FB laser marks.

Please see the step by step procedure in the appendix A.

Table 2.1 Table for recording DIBH measurements.

Max breath-hold achieved (s)

Anterior FB marks and DIBH marks distance (mm)

Lateral FB marks and DIBH marks distance (mm)
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2.3 Radiobiological Modelling Biological Evaluation

Clinical radiobiology denotes the relationship between a delivered radiation dose and the
resulting biological effect on the tumor, normal tissues, and OAR. The goal of RT is to attain a
high local tumor control probability (TCP) at a low risk of normal tissue complication probability
(NTCP). NTCP models that are currently used in the TPS provide a simpler interpretation of
clinical radiobiology. Radiobiological evaluation is a complement to evaluation treatment plans
using dose distribution and the DVHs.%5" The estimated probabilities of the clinical outcome are
evaluated in terms of NTCP for the OAR. These biological indices are used to compare rival dose
distributions, as well as fractionation schedules.

The main objective of RT is to deliver a sufficiently high dose to the tumor, so that all the
tumor cells are killed, along with minimal radiation-induced damage to the surrounding normal
tissue. In physical dose-based evaluations, the dose distribution and the dosimetric endpoints are
based on a clinician's individual clinical experience and published literature to define the dose-
volume (DV) constraints. The physical quantities, such as DV, are conventionally used for plan
comparison and plan evaluation to find the coverage of target and radiation-induced complications
on the patient; it is generally evaluated using DVHs. In biological planning, the biological
endpoints are directly inputted and evaluate the actual effect of physical dose distribution on the
tissues using biological modeling. Furthermore, it is known that biologically related parameters
such as NTCP have a more direct correlation with radiation-induced complications than the DV
based parameters.®®% Thus, they help avoid variability and a dependence on the clinician's
knowledge of dose-tissue response on radiation-related OAR complications.

This study calculates the NTCP of radiotherapy plans for 3D conformal RT of left-sided
breast cancer patients undergoing treatment. Biological modeling basically utilizes the DVH of a
given plan, biological parameters of the tumor type, and normal critical tissues to calculate the
normal tissue complication probability. In this study, two NTCP models—namely, NTCP-Poisson
LQ and NTCP-LKB, which are available in Eclipse TPS—were used with the default parameters
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listed in Table 3. The user can select a specific endpoint for the NTCP calculations.”>’” The
treatment plans were exported to the Eclipse biological evaluation module and the NTCP was
calculated from DVH. The NTCP Poisson LQ function was used to calculate the NTCP of heart,
LV, and LAD with cardiac mortality as the endpoint.>” Further, the NTCP-LKB model of the lung
with all the available endpoints in Eclipse TPS was used to calculate the lung NTCP.”®8° The
NTCP input factor and the associated endpoints for each OAR for the NTCP calculations are
listed in Table 2. Detailed mathematical equations of both the models are presented in appendix
E of this dissertation. The NTCP-LKB is based on the probit function,’® whereas the NTCP-
Poisson LQ model is based on cell survival models, Poisson statistics, and the relative seriality
model”.

A cell survival curve describes the relationship between the absorbed dose and the
fraction of cells that survive. The shape of the dose response curve indicates the tissue-specific
a/B-ratio. Normal tissue cells have a/B-ratios of approximately three, while the cells of late-
responding tissues have lower a/B-ratios. The alpha, beta, D50, m, and n values used for each
evaluation are shown in appendix B.

2.4 Statistical Analysis

The mean dose, V2.5, V5, V10, V20, and V30 of different scans were compared for
statistical analysis. In addition, the skin surface dose of the prone and supine techniques—from
the surface to a depth of 5 mm—for both grid sizes was evaluated for statistical analysis. The
dosimetry parameters of the heart, LV, LAD, left lung, and skin dose of each scan were compared
using a Wilcoxon signed-rank test for the related sample using the SPSS statistical software
(version 23.0 and 25.0), because the data had a non-normal distribution. The data were

considered to be statistically significant at P-value < 0.05.
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Table 2.2 NTCP parameters for models used to evaluate OAR with specific end stage.

Structure | Organ Model End D50 Y Alpha/Beta| Seriality | Parameter | Parameter Reference
Model point/Stage (Gy) N M
Heat Heart NTCP Mortality 524 1.3 3.0 1 NA NA Gagliardi et al., Br J Radiol.
Poisson-LQ 1996; 69:839-84657
LV Heart NTCP Mortality 52.4 1.3 3.0 1 NA NA Gagliardi et al., Br J Radiol.
Poisson-LQ 1996; 69:839-846°%"
LAD Heart NTCP Mortality 524 1.3 3.0 1 NA NA Gagliardi et al., Br J Radiol.
Poisson-LQ 1996; 69:839-84657
Lung Lung NTCP Pneumonitis 30.5 NA 3.0 NA 1 0.3 Kwa et al., Radiother Oncol
Lyman (1), Grade >=2 1998;48:61-697°
Lung Lung NTCP Pneumonitis 30.8 NA 3.0 NA 0.99 0.37 Seppenwoolde et al., Int J
Lyman (2), Grade >=2 rad Onc bio, Phys,
2003;55:724-73578
Lung Lung NTCP Symptomatic 21.9 NA 3.0 NA 0.37 0.8 Moiseenko et al., Radiother
Lyman or Oncol 2003;67:265-2748°
Radiographic
pneumonitis
(<= 6 months)
Lung Lung NTCP Symptomatic 21.0 NA 3.0 NA 1.02 0.26 Moiseenko et al., Radiother
Lyman Pneumonitis Oncol 2003;67:265-27480
(<= 6 months)
Lung Lung NTCP Symptomatic 28.8 NA 3.0 NA 0.34 0.5 Moiseenko et al., Radiother
Lyman or Oncol 2003;67:265-27480
Radiographic
Fibrosis (> 6
months)
Lung Lung NTCP Symptomatic 25.0 NA 3.0 NA 0.15 0.85 Moiseenko et al., Radiother
Lyman Fibrosis (> 6 Oncol 2003;67:265-27480
months)
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Chapter 3: Objective of the Dissertation

The purpose of this research is to compare the dose to OARs and the skin dose for left-
sided breast RT with comparable planning target volume coverage. This study primarily uses four
techniques to compare the dose to OAR: SFB, SDIBH, PFB, and PDIBH techniques. In addition,
it compares the skin dose of the SFB and PFB techniques, from the surface to a 5 mm depth. The
objective of this study is to determine the best treatment technique to spare the heart without
compromising the PTV coverage and underdosing skin. This study additionally provides
guidelines to implement DIBH in clinics that do not have the software, state-of-the art technology
(such as real-time position management system), surface mapping, and devices for involuntary
breath holds.

This dissertation comprises three studies: first, the three treatment positions SFB, SDIBH,
and PFB were compared for the same patient. In this study the dosimetric evaluation of OAR is
recorded and a statistical comparison was performed. In addition, an evaluation was performed
based on the small or large breast volume of the patient, i.e., left breast volume < 750 cm?and
>= 750 cm?®. Second, the four treatment positions SFB, SDIBH, PFB, and PDIBH were
dosimetrically compared and evaluated for statistical significance. In addition, a biological
evaluation of the OAR was performed for all the four techniques. These studies provide clinicians
with both DVH based dosimetric comparison and various biological model based biological
evaluations of OAR in all four techniques. The radiobiological evaluation models with cardiac
mortality as the endpoints were used to evaluate the NTCP for heart, LV, and LAD. For the lungs,
six possible endpoints available in the Eclipse TPS were used for radiobiological evaluation. Thus,

the second study additionally provides optimum guidelines based on the NTCP of OAR to find the
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most suitable techniques with respect to radiobiological evaluation of left-sided breast cancer
treatment. Third, the dose to the skin surface of the SFB and PFB techniques was compared. The
skin dose in breast cancer radiation treatment is an important factor in balancing the outcomes
and cosmesis. Skin toxicity is often considered a dose-limiting factor, and the skin dose can be
ignored in breast treatment and underdosing because it could cause recurrence. Thus,
understanding the skin dose for each treatment technique help radiation oncologists in choosing
the appropriate plan for treatment. In this study, therefore, the dose was evaluated from the
surface to a depth of 5 mm for both prone and supine techniques. Additionally, two different grid
calculation sizes of 1.0 mm and 2.5 mm were used to evaluate the influence of grid size on dose
calculation in the superficial region for prone and supine techniques.

Evaluating the current treatment techniques for breast cancer enables health care
providers to provide better disease control and care for these patients. To comprehensively
evaluate the performance of these techniques, understanding and evaluating them dosimetrically,
as well as radiologically, is important. Thus, the results of these three studies provide clinicians
with a complete overview, knowledge, and comparison of the various techniques to make an
informed decision on the best treatment technique for each patient undergoing RT for left-sided
breast cancer. In this study, only the 3D tangent techniques were evaluated, and IMRT or VMAT
treatment planning was not performed to evaluate the dose to OAR; these techniques must be
evaluated for OAR doses. Further, we did not perform a physical measurement of the skin dose
using trans-luminescent dosimeters (TLD) or diodes on the patient. This can be considered and

evaluated in the future.
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Chapter 4: Discussion?

4.1 First Study

The results of our first study suggest that the mean heart dose can be reduced by almost
half using the SDIBH and PFB techniques compared with that using the SFB technique. When
the patient takes a deep breath, the heart moves posteriorly and inferiorly because of lung
expansion and diaphragmatic movements, consequently moving away from the chest wall. The
moving of heart during SDIBH helps reduce the volume of heart in the treatment field, thereby
reducing the dose to the heart and its components. The mean dose and all the dosimetric
parameters were the lowest in PFB for the LV. It is believed that the dose to the LAD plays a
crucial role in radiation-induced cardiac toxicity.%"2 The mean dose to the LAD in SDIBH and

PFB was found to be similar, and the highest mean dose was observed in SFB. In a similar study,

Table 4.1 Dosimetry parameters (median values and quartiles) in supine free-breathing (SFB),
supine deep inspiration breath-hold (SDIBH), prone free-breathing (PFB), and prone deep
inspiration breath-hold (PDIBH) techniques for heart, left ventricle (LV), left anterior descending
artery (LAD), and left lung. Please note that all dosimetric parameters are highest in SFB.

OAR SFB SDIBH PFB
Heart 1.92 (1.42-2.76) 1.08 (0.84-1.36) 0.98 (0.83—1.15)
LV 3.19 (2.25-4.24) 1.50 (1.15-1.80) 1.34 (1.13-1.54)
LAD 21.73 (8.55-28.5) 6.30 (3.51-9.31) 6.57 (3.99-9.49)
Left lung 5.63 (4.23-6.86) 5.54 (4.29-6.42) 0.61 (0.47-0.80)

2 This chapter is partially reproduced from work published in a peer reviewed journal. The author of this dissertation
is the first author of the published work. See Appendix C,D,F,G for the published studies and permissions.
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Verhoeven et al.'® concluded that PFB results in higher doses to the heart and LAD than the SFB
and SDIBH techniques. However, the results of our study'® are different because both SDIBH and
PFB result in lower heart and LAD doses than that in SFB, irrespective of the breast volume.

We found equivocal results related to the reduction of radiation doses to the heart in PFB
in a literature study. However, all studies agree that the lung dose is drastically reduced in PFB
compared with the doses in SFB and SDIBH.5%6-1° Similarly, in our study, we found that the lung
doses are significantly lower in PFB than in SFB and SDIBH. The lung density of the irradiated
lung volume decreases in SDIBH as well.”921 10.1530 A study has indicated that an opposite effect
occurs in PFB, when the lungs are pushed downward by gravity, consequently increasing the lung
density."® However, PFB exhibits clear advantages over SFB and SDIBH in lowering lung doses
and the values of most other dosimetric parameters compared with SFB in this study.

We could not find any other study in the literature that evaluates the heart, LV, LAD, and
lung for V2.5, V5, V10, V20, and V30, and statistically compares the dosimetric parameters of the
techniques and the dosimetric differences in OAR for SFB, SDIBH, and PFB with respect to the
breast volume. The mean doses evaluated for each OAR increased in SFB and SDIBH in
ascending order of small to large breast volumes of patients, as shown in Table 3. This can be
attributed to the fact that, with the increase in breast volume, the separation between the fields
increases, thus irradiating a larger volume to sufficiently cover the PTV. Further, a large breast
volume requires wider beams to be covered, thereby radiating a larger volume in SFB and SDIBH,
resulting in higher doses to the cardiac components and the lung.

An interesting observation is that differences between the doses and dosimetric
parameters evaluated for SFB and SDIBH, and for SFB and PFB, increased in the order of small
to large breast volumes of patients, as shown in Table 3. The dosimetric parameters are the
lowest for PFB for patients with breast PTV volume >= 750 cm3. Thus, the SDIBH and PFB

techniques are more beneficial than SFB for patients with large breasts.
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4.2 Second Study

In this study, we intended to find if the DIBH in the prone position produces additional
benefits in sparing the heart and its components. The mean heart dose and mean LV dose in
PDIBH are statistically and significantly lower than those in SFB, SDIBH, and PFB. The PDIBH
exhibits a statistically significant reduction in mean LAD dose compared with SFB and PFB,;
however, no significant difference was found with respect to SDIBH. The PFB produces
statistically and significantly lower mean heart and LAD doses compared with the SFB, which is
in contrast with a study that concluded that PFB gives a higher dose. It has been reported that an

increased risk of stenosis in the LAD exists for left-sided breast cancer patients.%?

Table 3.2 Mean dosimetric parameters (median values and quartiles) of OAR in SFB, SDIBH, and
PFB based on breast PTV volume < 750 cm?® and >= 750 cm?. Please note that PFB has the
lowest mean values for heart, LV, LAD, and lung for breast PTV volume >= 750 cm?.

Breast PTV volume <
750 cm? SFB SDIBH PFB

Mean heart dose (Gy)

1.65 (1.12-2.32)

0.87 (0.71-1.21)

0.90 (0.81-1.10)

Mean LV Dose (Gy)

2.93 (1.85-4.04)

1.30 (1.01-1.70)

1.32 (1.13-1.50)

Mean LAD dose (Gy)

19.86 (7.85-25.1)

5.97 (3.01-8.53)

6.5 (3.58-9.16)

Mean lung dose (Gy)

5.48 (3.93-6.52)

5.06 (4.09-6.38)

0.61(0.48-0.97)

Breast PTV volume >=
750 cm?

Mean heart dose (Gy)

2.59 (1.87-4.06)

1.36 (0.97-1.62)

1.07 (0.87-1.31)

Mean LV Dose (Gy)

3.61 (3.02-5.77)

1.72 (1.40-2.11)

1.2 (1.11-1.58)

Mean LAD dose (Gy)

24.74 (10.22-36.75)

7.05 (3.27-12.99)

6.7 (4.51-9.93)

Mean lung dose (Gy)

5.69 (4.77-7.08)

5.7 (5.23-7.06)

0.57 (0.36-0.68)

Higher LAD dose in PFB compared with the SDIBH could be attributed to the fact that the
LAD falls close to mediastinum/chest wall because of gravity, which causes it to be closer to the
treatment field; however, in PDIBH, it lowers because the deep inspiration pushes the proximity
of LAD away from the treatment field. The QUANTEC group®' recommends that, for breast cancer

patients, the irradiated heart volume should be minimized without compromising the target
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coverage. Our results in Table 5 conclusively indicate that the PDIBH further reduces the dose to
heart, LV, and LAD compared with SFB, SDIBH, and PFB.

The mean lung doses and other dosimetric parameters evaluated in PFB and PDIBH are
statistically lower than those in SFB and SDIBH. In the prone position, the minimal beam
propagates through the lung because of the pulling away from the breast from the chest wall and
lung. Thus, the prone set up has a clear advantage over the supine set up in lowering the lung
doses and the other dosimetric parameters calculated in this study, which are in agreement with
those of several previous studies.®'%%-'8 However, similar to a study by Thomas et al.,"" we found
that the PFB administers a slightly lower lung dose than PDIBH, if the density correction caused
by increased lung volume of PDIBH is not considered. This could be because the heart volume
may have been replaced by the lung tissue in the irradiated volume; however, the increase in lung

volume could compensate the increase in dose to a small volume.

Table 4.3 Dosimetry parameters (median values and quartiles) in supine free-breathing (SFB),
supine deep inspiration breath-hold (SDIBH), prone free-breathing (PFB), and prone deep
inspiration breath-hold (PDIBH) techniques for heart, left ventricle (LV), left anterior descending
artery (LAD), and left lung.

OAR SFB SDIBH PFB PDIBH
Heart 1.88 (1.09-2.22) 0.97 (0.68—1.23) 0.85 (0.68—1.04) 0.77 (0.55-0.92)
LV 3.48 (2.21-4.60) 1.36 (0.97-2.32) 1.18 (0.98-1.34) 1.03 (0.80-1.22)
LAD 22.38 (5.34-26.19) 3.88 (2.59-7.98) 4.96 (3.45-6.56) 3.49 (2.30-5.12)
Left Lung 6.09 (4.89-7.86) 5.41 (4.80-6.75) 0.69 (0.47-0.87) 0.88 (0.62—1.31)

Further, although NTCP analysis is not currently used directly in radiotherapy plan
evaluation, itis a very important tool for comparing the radiotherapy plans and methods. An NTCP
analysis can also help find different methods to reduce radiotherapy-induced complication rates
for patients undergoing RT treatment.%:57:81-85 Therefore, we performed a biological evaluation of
each technique for the NTCP of OARs. Studies that compare the NTCP for OAR in SFB with
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SDIBH exist in the literature.823* However, no study was found that compares the NTCP for heart,
LV, LAD, and lung for supine and prone techniques. Moreover, our study is the first that calculates
and compares the NTCP values of prone techniques with those of supine techniques in free-
breathing and deep inspiration breath-hold. In addition, ours is the only study that calculates the
NTCP for six endpoints of lung complications using the NTCP LKB model for each of the four
techniques (Table 6).

Based on the biological evaluation of heart with cardiac morbidity, we found statistically
and significantly lower NTCP for SDIBH, PFB, and PDIBH techniques compared with the SFB,
which correlates with our result of lower dosimetry doses for heart for all techniques compared
with the SFB technique. A study has concluded that the SDIBH, PFB, and PDIBH techniques
significantly reduce the mean probability of both excessive cardiac mortality and lung complication
compared with the SFB technique. Our results are similar to those of a few studies that concluded
that the SDIBH significantly reduces the probability of heart and lung complication compared with
SFB.82%4 |n our study, we did not find any statistically significant difference in NTCP between the
SDIBH, PFB, and PDIBH for heart, LAD, and LV. Both the prone techniques PFB and PDIBH
showed that the NTCP of lung complication is statistically significant compared with the SFB and
SDIBH, which correlates with the lower dosimetry dose in the lung between these techniques.
4.3 Third Study

Measuring the skin dose for tangential beams is difficult. Although skin dose has been
studied relatively deeper, it could still be ignored. Most TPS is known to provide inaccurate dose
estimates.”887 Conventional model-based dose calculation algorithms have limitations at the
buildup region because of the lack of electron equilibrium and incomplete scatter conditions close
to the skin and air surface. This are caused by difficulties in modeling the contribution of dose
from electrons originating from the primary photons interacting with a part of the LINAC, flattening
filter, and collimators by the planning system. A study has concluded that the accuracy of AAA in
a solid water phantom for tangential treatment plans is comparable to that of the Monte Carlo
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method.® However, another study has concluded that the AAA algorithm cannot predict the dose

reliably at depths less than 2 mm.8° Panettiere et al.** measured the calculation accuracy of AAA

in the surface build region in tangential beam arrangements similar to that in breast treatment

planning. It concluded that, for a 6 MV beam, using the AAA does not introduce clinically

significant error in the buildup region for absorbed dose, particularly after the initial 2 mm of tissue.

Table 4.4 Calculated NTCP values (median values and quartiles) in supine free-breathing (SFB),
supine deep inspiration breath-hold (SDIBH), prone free-breathing (PFB), and prone deep
inspiration breath-hold (PDIBH) techniques with end-stage for heart, left ventricle (LV), left
anterior descending artery (LAD), and the lung.

End point/Stage Mean NTCP Mean NTCP Mean NTCP Mean NTCP
(%) SFB (%) SDIBH (%) PFB (%) PDIBH
Heart (Cardiac Mortality) 0.27 (0.01- 0 (0-0.01) 0 (0-0) 0 (0-0)
0.55)
LV (Cardiac Mortality) 0.62 (0.023- 0 (0-0.038) 0 (0-0) 0 (0-0)
1.98)
LAD (Cardiac Mortality) 4.23 (0-14.77) 0 (0-0.26) 0 (0-0.07) 0 (0-0)
Lung Pneumonitis (1), Grade >= 2 0.12 (0.1- 0.1 (0.082- 0.05 (0.05- 0.05 (0.05-
0.188) 0.13) 0.05) 0.05)
Lung Pneumonitis (2), Grade >= 2 0.69 (0.61- 0.62 (0.54- 0.36 (0.36- 0.37 (0.36-
0.88) 0.72) 0.37) 0.39)
Lung Symptomatic or Radiographic 30.24 (28.11- 28.56 (25.20- 12.47 (11.95- 14.04 (12.51-
Pneumonitis (<= 6 months) 34.52) 30.97) 14.40) 16.79)
Lung Symptomatic Pneumonitis (< 6 0.04 (0.03- 0.02 (0.02- 0.01 (0.01- 0.01 (0.01-
months) 0.073) 0.04) 0.01) 0.01)
Lung Symptomatic or Radiographic 15.09 (13.49- 13.85 (11.23- 3.2 (2.92-4.22) | 4.26 (3.26-
Fibrosis (> 6 months) 19.02) 15.89) 5.83)
Lung Symptomatic Fibrosis (> 6 months) 51.81 (48.95- 48.95 (45.96- 23.47 (19.99- 27.7 (22.58-
54.64) 51.52) 28.48) 34.01)
Lung composite 41.32 (38.21- 38.85 (33.95- 15.57 (14.82- 17.79 (15.75-
47.41) 42.36) 18.30) 21.76)

Many studies have evaluated various methods to verify the skin dose, but skin dose is not

one of the parameters recorded—unlike OARSs such as the heart and lungs.”"#7°! Skin dose, in

addition to being energy-dependent, can be grid size-dependent as well. A study has indicated

that a difference of up to 3% is observed in maximum and mean doses with a calculation grid.”
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A limitation of our study is that the dose on the patient’'s surface during treatment was not
measured using diodes or TLDs.

In this study, the superficial doses of 50 patients were compared in the prone and supine
positions. The dose at depths of 3 mm, 4 mm, and 5 mm is statistically and significantly lower in
the prone position than in the supine position. The doses at 3 mm, 4 mm, and 5 mm are similar
for the prone position with calculation grid sizes of 1 mm and 2.5 mm; a similar observation is
made for supine position for both grid sizes (Table 7). Thus, minimal effects of grid size are

observed on dose at depths beyond 2 mm for prone and supine positions.

Table 4.5 Dose (median value and quartile range) in percentage from a depth of 0—5 mm for prone
and supine techniques with grid sizes of 1.5 mm and 2.5 mm, respectively.

Technique (Grid 0 mm 1 mm 2mm 3 mm 4 mm 5 mm
size)

Prone (Grid size: 32.25 66.87 81.86 87.80 91.92 (90.90—- 95.30
1.0 mm) dose in % (29.48— (63.77— (80.26— (86.47— 92.97) (93.77-
33.92) 68.11) 82.91) 88.90) 96.00)

Supine (Grid size: 32.95 65.05 81.27 89.10 94.50 (92.57— 98.20
1.0 mm) dose in % (30.55— (63.35— (79.50— (87.23— 95.62) (96.6—
36.82) 67.99) 82.75) 90.36) 99.51)

Prone (Grid size: 36.75 60.38 77.35 87.1 91.6 (90.27— 95.10
2.5 mm) dose in % (33.3- (56.90— (74.55- (85.20— 92.76) (93.74—
39.32) 64.08) 80.37) 88.31) 96.00)

Supine (Grid size: 38.16 62.15 79.65 88.59 94.63 (92.85— 97.8
2.5 mm) dose in % (32.82— (67.27- (76.77— (86.68— 95.34) (96.71-
42.32) 67.50) 81.75) 90.14) 99.44)

An optimum surface dose must realize the primary objective of treating breast cancer
without excessive skin toxicity, such as erythema, desquamation, edema, and fibrosis. The dose
beyond the depth of 2 mm is up to 3% lower in the prone technique compared with that in the
supine technique. As mentioned earlier, the beam incidence angle is close to perpendicular in the
prone technique, which may lead to lower superficial dose in the prone technique than supine

technique. The inadequate superficial dose could lead to recurrence. Further, as indicated by
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Katz et al.,*® if a lumpectomy bed is close to the skin surface, it is important to consider the dose
in case the clinician considers treating using the prone technique (Figure 4.1). A clinician should
consider lumpectomy or tumor bed contouring, particularly for patients treated in the prone
position, to evaluate the dose to the gross tumor volume. For such cases, boost treatment should
be considered to deliver sufficient dose to the tumor bed; this prevents underdosing of the
superficial tumor beds.

A statistically and significantly lower mean dose is delivered to all OAR in the prone
position compared with the supine position (Table 8). The heart, LV, LAD, and left lung doses are
significantly lower in the prone position. As mentioned earlier, the heart falls anteriorly in the prone
position because the breast falls and elongates because of gravity; thus, the beam angles can be
chosen to minimize the in-field heart, LV, and LAD doses. Similar to other studies, the largest
dose reduction is seen in the left lung in the prone position compared with the supine position.68:1

However, on the contrary to a study by Verhoeven et al.” that concluded that LAD is
higher in the prone position, we found a statistically significant dose reduction in LAD for the prone
position compared with the supine position. Thus, we were able to reduce the dose to all the OAR
in the prone position. Therefore, this is the only study that compares the skin dose in the prone

and supine positions for the same patient, along with comparison of dose for OAR.

Table 4.6 Dose (median value and quartile range) in Gy for OAR in prone and supine positions.

Mean Dose for OAR Prone Position Supine Position
Heart Dose (Gy) 0.92 (0.72-1.11) 1.88 (1.42-2.58)
LV Dose (Gy) 1.31 (1.02-1.5) 3.24 (2.27-4.42)
LAD Dose (Gy) 5.81(3.71-8.6) 21.76 (6.83-26.88)
Lung Dose (Gy) 0.65 (0.48-0.85) 5.74 (4.55-6.98)
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Figure 4.1 (a) Prone and (b) Supine treatment techniques with 100% isodose line. Yellow line
represents 100% isodose line, and orange, red, and pink contours represent breast PTV,
lumpectomy, and heart, respectively.
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Chapter 5: Conclusion?®

We conclude that the radiation dose to the heart, LV, LAD, and left lung can be significantly
reduced by selecting the appropriate technique. Based on the data of the first study, we can
conclude that PFB is preferred dosimetrically over the SFB and SDIBH techniques. Although the
first study analyzed the data based on the breast volume, we conclude that—irrespective of the
breast volume—PFB is more beneficial than the SFB technique for OAR sparing. The SDIBH and
PFB technique deliver lower doses to cardiac components than the SFB technique. The PFB
technique delivers significantly lower lung doses than the SFB and SDIBH techniques. Thus, the
PFB technique could be recommended for patients with pulmonary diseases.

In our second study, we included the PDIBH technique for evaluation, along with the SFB,
SDIBH, and PFB techniques. Deep inspiration breath-hold in prone position has additional
benefits in lowering heart, LV, and LAD doses compared with the SFB, SDIBH, and PFB
techniques. The dosimetric findings are augmented with the NTCP for cardiac mortality, indicating
that a substantial reduction can be achieved using SDIBH, PFB, and PDIBH compared with the
SFB. The left Lung doses and composite NTCP for lung complications are statistically lower in
the prone techniques than in the supine techniques. Thus, the PDIBH is more significantly
beneficial in heart, LV, LAD, and lung sparing than the SDIBH. We conclude that a significant
dose reduction can be achieved using the prone technique. Each clinic should not only evaluate
the advantages and disadvantages of each technique but also consider the patient comfort level

and breathing patterns when selecting the breast technique. Better integration of biological

3 This chapter is partially reproduced from work published in a peer reviewed journal. The author of this dissertation
is the first author of the published work. See Appendix C,D,F,G for the published studies and permissions.
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models in TPS with validated input parameters (a and ) for the OAR may facilitate adoption for
clinical practice.

Our third study concluded that based on the same patient population in the prone and
supine patients treated with a 6 MV beam, the dose to OAR is lower in the prone position,
particularly for LAD and left lung. Further, the skin dose is lower in the prone position than the
supine position, which could probably result in skin recurrence. The dose from the skin surface
increases rapidly in both techniques to more than 95% at a depth of 5 mm. This confirms our
hypothesis that the prone technique delivers a lower superficial dose than the supine technique,
irrespective of the calculation grid size. Because the beam angle in the prone technique is almost
perpendicular to the surface, this observation is accurate with physical parameters. The clinician
should additionally consider routinely contouring the tumor bed, particularly for patients to be
treated with prone positions, to evaluate the dose to the gross tumor volume; this helps avoid
underdosing of superficial tumor beds. Thus, the prone position reduces the dose to the OAR;
however, the dose to the skin may also be assessed in the prone technique, and if desired, the
skin dose could be carefully augmented via a bolus or beam spoiler.

Based on these results and findings, we conclude that the PDIBH technique spares the
heart and its components the most, whereas the PFB technique spares the lung the most in
addition to adequately sparing the heart components. Furthermore, prone free-breathing
techniques are the most suitable for patients with pulmonary issues. No statistically significant
difference was found between the NTCP of SDIBH, PFB, and PDIBH techniques for heart, LV,
and LAD. The PFB technique has a statistically and significantly lower lung NTCP than the SDIBH
and PDIBH techniques. Thus, radio biologically, we conclude that prone free-breathing is the most
suitable technique for sparing OAR.

However, recurrence could occur because of underdosing of skin. In cases where skin
dose is a concern, such as when a tumor is close to the skin surface, physicians can use the
SDIBH technique to spare the heart and its components. Furthermore, the prone technique can

38



be utilized with bolus or beam spoilers to increase the skin dose, if the lung function of the patient
is compromised.
5.1 Future Work

Future work should include the IMRT and VMAT techniques in conjunction with the SDIBH
and prone techniques for sparing of OAR, along with NTCP evaluation. In addition, the dose to
the skin must be measured at various depths on the phantom to validate the dose calculated by
the treatment planning system at a superficial depth. For future studies, the radiobiological model
must be further evaluated, and the results should be clinically validated for clinical application on
a regular basis. Further, radiobiological models with different a and 3 ratios need to be examined.
Furthermore, these results must be confirmed by a long-term study on the effects on patients,

after a few decades from the administration of the RT treatment.
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Appendix A: Lasers Based DIBH Procedure

A.1 Procedure 1: Computed Tomography (CT) Scan with Lasers Based DIBH

CT Scan in free-breathing and deep inspiration breath-hold using Lasers & cameras in the

CT simulation room.

A.1.1 Prepare Patient

1.

2.

Bring the patient into room, explain the CT sim procedure.

Explain to the patient the DIBH procedure.

a. Two coaching sessions will be done to learn the extent of patients’ ability to hold the
breath for a sufficient period (usually 20 seconds or more) at a maximum inhalation
point. (Deep inspiration breath should be to a higher-than-normal level. The patient
should not be able to reach this higher level when breathing normally.)

b. Specific instructions will be given verbally to achieve deep inspiration breath-hold.

c. The first session occurs in the CT room where the patient is coached to follow the
verbal commands and hold the breath for 20+ seconds.

d. The second session occurs using the free-breathing and breath-hold mark on the
patient, where the consistent DIBH position will be determined.

Place patient on CT Table; for the supine position with both arms above head in Vac Lok,

head turned to the unaffected side, knee sponge under knees; for prone position use

prone board

Call the doctor into the wire scar and the breast.
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10.

11.

12.

13.

14.

15.

16.

17.

Let patient breathe freely, once a patient is breathing normally, then place a mark on the

patient with a sharpie where the isocenter of treatment lies during the free-breathing (2

lateral side marks and 1 mark anteriorly on the chest) with respect to fixed lasers

Instruct the patient to take in a deep breath and hold it, then place a mark on the patient

with a sharpie where the iso lies during the breath-hold (2 lateral side marks and 1 mark

anteriorly on the chest) with respect to lasers. Let the patient breath.

Please note down the distance between marks in free-breathing and breath-hold in

anterior/posterior and superior/inferior directions.

Repeat Breath-hold after 2 minutes to ensure consistency of the breath-hold.

Ensure 2 dots of the patient are visible on an outside monitor attached to verify breath-

hold during the scan. Adjust the camera if needed.

Ensure that lasers are on free-breathing marks with respect to lasers placed before free-

breathing scan place marks and BB’s on the patient.

Scan the patient with a free-breathing technique.

Begin in-room DIBH coaching first session.

Issue verbal commands

a. Relax and breathe normally

b. Take in a deep breath and (on my command), hold your breath

c. Breathe

Practice this with the patient, 2-3 times, aiming for a breath-hold of 20 seconds

a. Make sure patient marks are lined up and have the patient take a deep breath in and
hold checking the breath-hold marks for consistency. Have the patient breath.

Ask the patient to take a deep breath and hold.

Scan the patient in breath-hold and ask the patient to breath as soon as the scan is over.

If the patient releases breath-hold or breath-hold drifts out of marked position w.r.t lasers,

stop CT scan and repeat scan.

50



18. Have the patient relax and breathe normally.

19. If the patient is unable to hold the breath for 20 seconds, the patient may not be a
candidate for DIBH. Consult with Physicians and Physics on how to proceed.

20. Take photos of set up and complete normal simulation tasks.

21. Explain to the patient that between now and when they return, they need to practice taking
a deep breath in and holding it for 20-30 seconds several times a day. Let the patient
dress. Explain that it takes approximately 1 week to complete the plan. And that we will
call to schedule their first appointment as soon as the plan is complete and insurance

authorizations are obtained.

A.2 Procedure 2: Treatment Procedure with Lasers Based DIBH
DIBH Treatment delivery using Lasers and High definition cameras installed in the treatment
room with monitors located at the treatment console.
A.2.1 Prior to Bringing the Patient into the Treatment Room
1. Mode up the patient on Varian 4DITC.
2. Have the DIBH number paper printed with information on the distance between Free-
breathing to DIBH marks on the patient along with the isocenter numbers.
A.2.2 Prepare Patient
1. Bring the patient into the room and give an overview as to what will occur during the new
start procedure.
2. Review the DIBH procedure.
3. Position patient on the treatment table according to the simulation setup worksheet.
4. Align the patient to simulation marks.

5. Perform dosimetry shifts from the treatment plan. (Initial new Start)
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6. Ensure that the High definition camera is on and zoom it to see the lasers on the free-
breathing and the DIBH marks placed on the patient from outside. Adjust camera position
if necessary.

A.2.3 Patient Coaching from Treatment Console

1. Prepare the HD camera and adjust so you can see the marks on the patient’s skin clearly
w.r.t lasers.

2. Coach patient on deep-inspiration-breath-hold via in-room speaker.

a. Allow the patient to relax
b. Give patient-specific instructions designed to achieve deep inspiration breath-hold
i. Relax and breathe normally.
ii. Take in a deep breath and (on my command), hold your breath.
ii. Verify using outside monitor attached to High definition cameras
iv. Confirm patient here at the breath-hold position for the required amount of time ~
20 seconds.
v. Instruct the patient to breathe normally.
c. Repeat Step 2 a few times to determine patient can consistently
achieve the DIBH position.
A.2.4 Perform Pretreatment Verification/Filming (KV)
1. Mode up KV field, move imager arms into position.
2. Give patient-specific instructions designed to achieve deep inspiration breath-hold.
a. Relax, breath normally.
b. Take in a deep breath and (on my command), hold your breath
c. Ensure that the patient achieves breath-hold position w.r.t marks on patients and
lasers.

3. Press and hold footswitch/hand switch to acquire KV Image.
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8.

a. (Press and hold the footswitch/hand switch several seconds before the beginning
threshold is reached. This ensures that the tube is prepped in time for the X-Ray
signal.)

Ask the patient to relax and breathe normally.

Repeat steps 2 through 5 for each image taken.

Note: When imaging is occurring, the image area displays the fluoroscopic image rather

than the camera view.

Apply couch shifts at the Clinac Console.

Repeat KV images following steps 2 through 5 (based on the size of table shifts and

Department protocol) and Step #8 if shifts are again applied.

Retract KV imager arms.

A.2.5 Perform Pretreatment Verification/Filming (MV)

1.

2.

Mode up MV image fields, move imager into position.

Turn on the Clinac key to Beam -On and the Clinac is in a green Ready State.

Give patient-specific instructions designed to achieve deep inspiration breath-hold.

a. Relax, breath normally.

b. Take in a deep breath and (on my command), hold your breath.

c. Ensure that the patient achieves breath-hold position w.r.t marks on patients and
lasers.

While the patient is in breath-hold, Beam On.

Mode up 2™ portion of double image and Beam On while the_patient remains in breath-

hold state.

After a double exposure port completed, ask the patient to relax and breathe normally.

Repeat steps 1 thru 6 for each image taken.

(Note: When imaging is occurring, the image area displays the fluoroscopic image rather

than the camera view.)
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8.

9.

Apply couch shifts at the Clinac Console.
Repeat MV images following steps 1 through 6 (based on the size of table shifts and

Department protocol) and Step #9 if shifts are again applied.

10. When imaging is complete click Stop. Do not enter Exam or Series #. Cancel.

11.

Retract imager.

A.2.6 Begin Treatment

1.

2.

10.

11.

12.

13.

14.

15.

16.

Mode up treatment field.

Give patient-specific instructions designed to achieve deep inspiration breath-hold.

a. Relax, breath normally.

b. Take in a deep breath and (on my command), hold your breath.

Ensure that the patient achieves breath-hold position w.r.t marks on patients and lasers.
While the patient is in breath-hold, Beam-on the treatment field.

Monitor the breath-hold using an HD camera

Mode up the next treatment field and follow steps 6 thru 8.

When all fields have been completed, click Stop.

Do not enter Exam or Series #, select Cancel.

Click Close Patient in the session panel.

Select Close in the Patient List dialog box and Exit program.

Turn the key in the gating switch box to the Disabled position to return the Clinac to non-
gated operation.

Shutdown gating computer.

Turn off in the room camera.

54



Appendix B: Biological Evaluation Models and Parameters

) Add Function x

Structure | Heart

COrgan model

Endpoirt/Stage | Mortality (NTC [ | Use parameters
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Vaolume Whale T, Short[h] 0.30
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:
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O Cancel

Figure B.1 Organ: heart; end point/stage: cardiac mortality; model: NTCP poisson-LQ.
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Figure B.2 Organ: lung; end point/stage: pneumonitis (1) grade >=2; model: NTCP lyman.
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Figure B.3 Organ: lung; end point/stage: pneumonitis (2) grade >=2; model: NTCP lyman.

56



N T
N TR

« Add Function
Structure | Total_Lungs W
Organ model
Tissue Lung v Repair
Endpoint./Stage [ ] Use parameters
Reference Moiseenko et al., T4 Long[h] 4.00
Waolume Bath lungs T Short[h] 0.30

Fraction with long repair time | 50
[%]

Ok

Cancel

Figure B.4 Organ: Lung; End point/stage: Symptomatic or Radiographic pneumonitis (<=6

months); Model: NTCP Lyman.
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Figure B.5 Organ: lung; end point/stage: symptomatic or radiographic pneumonitis

(<=6 months); model: NTCP lyman.
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Figure B.6 Organ: lung; end point/stage: symptomatic or radiographic fibrosis; model: NTCP
lyman

O Add Function | x|
Structure | Total_Lungs W
Organ model
Tissue Lung W Repair
Endpairt/Stage [] Use parameters
Reference Moiseenko et al., T4 Long[h] 4.00
Waolume Bath lungs T Short[h] 0.30

D50 Gy Fﬁdiun with long repair time | 50
S

Parameter N

Parameter M

Ok Cancel

Figure B.7 Organ: lung; end point/stage: symptomatic fibrosis (>6 months); model: NTCP lyman
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Appendix C: Published Study 1—Evaluation of Sparing Organs at Risk in Left-Sided

Breast Irradiation in the Supine and Prone Positions with Deep Inspiration Breath Hold
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Abstract

Pupose: To compare doses to organs at risk (OARs) for left-sided whole-breast
radiation therapy with comparable planning tamget wolume (FTV) covermge using
three techriques: free breathing in 2 supine position (SFB), deep inspirational
breath-hold in 2 supine position (SDIBH), and free bresthing in prone position (PFB).
Materials and methods: Thirty-three patients with left-sided eary-stage breast can-
cer underwent CT simulation following SFB, SDIBH, and PFE protocols for whole-
breast rdiation therapy. One radiation oncologist contoured the breast PTV, heart
left wentricle (LV], and left anterior descending artery {LAD)L Treatment plans were
optimized using field-in-feld technique with the AAA algorithm. Ezch plan was opti-
mized to provide idential coverage to the PTV such that a reasonable comparison
for OAR dasimetry could be evaluasted. All plans were prescribed 4256 Gy in 16
fractions to the left-breast PTV.

Results: The mean dose in SFB for the heart, LV, and LAD was 192 3.1%, and
2173 Gy, mespectively, which were significantly higher than the mean dose in
SDIBH for the heart (108 Gy, P = 0.0001), LV (1.50 Gy, P = 0.0001), and LAD
.3 Gy, P = 0.0001) and in PFB for the beart (0.%8 Gy, P = 0.0001), LV (134 Gy,
P = 0.0001), and LAD (657 Gy, P < 0.0001). Similar findings were noted for the car-
diac components in SFB for V25 V5, V10, V20, and V30 compared with values in
SDIBH and PFB. The mean dose for the left lung in PFB was (.61 Gy that was sig-
nificantty lower than in SFB (543 Gy, P= 00001) and SDIBH (554 Gy,
P = 0.0001). Mean dose and dosimetric values for each OAR increased in SFB and
SDIBH for patients with 2 large breast volume compared with values for patients
with a small breast volume.

Conclusions: SFB results in higher heart, LAD, and LV doses than the other tech-
niques. Both PFB and SDIBH are more advantageous for these OARs irrespective of
breast wolume. PFB results in signifiantly lower lung doses than SFE and SDIBH.
PFE always provided better results than SFB for the heart. LV, LAD, and lung. This
condusion contrasts with some published studies concluding that the prone position
has no benefit for heart sparing.

Thiss is an apen access artick: under the terms of $ie Creative Commans Attribution License, which permits use, distrbution and reproduction in any medum,

provided the ariginal wodk & propesy dted.
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1 | INTRODUCTION

Lusmpectorry followed by whole-breast radistion therapy is consid-
ered the standard of care for the treatment of early-stape breast
cancer.” While radiation therapy reduces the risk of local recumence
by 28% at 5yr and improves overall survival by 5% at 15 v it &
alsn associsted with increased tosdcity *

Treatment of left-sided breast cancers in partioulsr, results in
increased risks of cardiac diseases and ischemic heant events. ™ and
radistion doses delivered to the heart, left anterior descending arlery
(LADYL and hengs when patients are in a supine position remain signifi-
cant*® Darby et al* reported that an increase of 1 Gy to the mean
dose to the heart resulls ina 7.4% relstive increase in the risks of
major coronary events. Another study demonstrated a significant
incresse in ponbresst-cancer-relsted mortality from heart disease
with relstive rigk (RR, 1.27) and lung cancer (RR, 1.7 §) associated with
breast radation® However, these results are based on data using
older radiation techiiques and treatment modali tes.

Modem radistion techmigues such as 3-dimensional confermal
radistion therapy (SDCRT). intendty-modilated radiation therapy
{IMRT), and volsmetnic-modulated arc  therapy (VMAT), are
conddered to decrense cardac and pulmonary doses, while provid-
ing excellent coverage to the target vohame with proper optimiza-
mb’\-!!

‘With advances in cancer disgnesis and management techiigues,
patients are dagnosed early and live longer and are, therefore, at
increased risk of developing long-term complications from the treat-
ment. Different techndgues are wsed o reduce doses to organs at
risk {0ARS) withowt compromising coverage of the target volime
Deep inspiration breath- hold (DIBH) s one such techmigue that has
been shown to reduce cardiac doses ™ Breast radiation while in a
prone position i another techmigue that is utilized to minimize the
dose Lo the heart and underbing heng "> However, no consensus
has been reached in tenme of the best treatment strategy between
technigues wtilizing free breathing in 2 swpine pesition and in a
rone position 13183858

The aim of this shedy & o compare dodmetnc pprameters of
various OARS in three different treatment positions for the same
patient during left-sided whole-breagt radistion therapy: a standard
free-bresthing supine pesition (SFBL a aupine position with a deep
inegpiration breath-hold (SDHIBH)L and a free-breathing prone positi on
(PFBL. In addition dosimetrc parameters were abo evalusted and
compared for three positions with respect to the breast vohame of
the patients.

2 | MATERIALS AND METHODS

Between August 2015 and July 2016, 33 patients underwent whaole-
breast radiation therapy for early-stage left-breast cances (pathologic
T1-2M0 disease] were included in this retrospeciive study with
approval Trom the instibutional review board (IRB). Eligibility was not
restricted based on the size or volame of the breast or the whaole-
breast planning target vohane (FTV). Only those patients who could
follow instrections and hold thelr breath for 2 minimum of 25 5 were
considered auitable to be incheded in this study. A Vac-Lodk posi-
tioning cushion was wed Lo immobilize patients in the supine posi-
tion. A Bionix prone-positioning breast board and Vac-Lock oushion
were used o immobilize patients in the prone position. Prior to
scanning. the radiation oncolopist marked the borders of the breast
with a radio-opague wire All scans were performed with a GE light
speed RT scanner, model no 22568521

The patients were first CT scanned in the SFB position, the sec-
ond CT scan was done according to the SDIBH protocol established
i ounr institution, and the thid CT scan was done following the PFB
protocol. Our SDIBH protecol entailed marking the patient in the
medial and lateral directions with respect to CT lasers while breath-
ing frealy. Patients were then coached to take deep breath and hold
iL New positions in the medial and lsteral directions were marked
on the patient’s skin. Patients were again asked lo take deep breath
20 that the CT simulation therapist could venify the consistency of
the breath with respect to the lasers. Audio coaching was wsed o
gude the patients through the breath-holding process High-defin
tion cameras were installed in the treatment room to cleardy obserwe
the marks made during the SDIBH procedure from outside These
cameras were alko used to dhedk the position of the patients during
treatment with respect to the lases. Table 1 presents the SDIEH
simulation data sheet used during CT simulation to recond positional
shifls with respect to laser marks during the SFB prolocol. After CT
siruilation following the SDIBH protocol, a third CT scan was taken
following the PFB protocol Figs a)-1ic) shows typical scans and
beam placement on a patient indicating anstorry and locations in
wvarous technigues.

Tasie 1 Table for reconding SDIBH measurements.
WVoluntary breath-hold details

Man: breatirhold achieved (ec)

Anterior FB b and BH bb. distance (mm)

Lateral FB bl and BH b, distance (mm
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After the CT scans were obtained, images were transfemed to
the treatment planning system (TP5). At our institute (Florida Hespl-
tal Camcer Center], we use Edipse TPS (Vardan Medical System, ver-
sion 11, Palo Alto, CA USAL One radiation oncologist who
specializes in breast contoured the breast PTV, heart, L, LAD, and
contralateral breast of each patient using the RTOG-1304™ puiddi-
nes and RTOG Breast Cancer Atlas for planning (hittps:/fwww.rtog.
org/CoreLab/ContouringAtlaces (BreastCancerAtlas asped.  Acconding
to the atlas, breast was defined as all apparent CT glandular breast
tissue, while taking into account the RTOG consensus definition of
anatomical borders. Crandal border was defined at the second rb
insertion. Cawdal border was defined as the boss of CT apparent
breast tissue Anteror boundary was defined as the skin. Posterior
boundary was the anterior aspect of the pectoralis musdes. Medial
border was the stemalib junction and lateral border was at the
mikd-aillary line. The LAD was defined as the vessel that descended
anteriolaterally from the anteror intervent ioular groove down to the
apex of the heart** Cardiac contouring started superior at the level
of the great wessel insertion into the heart and extended inferior to
the apex of the heart. Contours were drawn by one physician for
consistency. The lungs were contoured wsing an automatic segmen-
tathon tool available in Eclipse TPS, and lung contours were manually
edited by physidan as needed. Breast PTVs were cropped 5 mm
from the skin surface for planning purposes as dosimetry in the
buildup region i not well defined ® The contralateral breast was not
cropped from the sldn aurface

Treatments for all patients were planned with a field- in-field
(FIF) tangentisl beam technique. and no wedges were used in any
plan. Only a &-MV beam was wsed for all three technigues Treat-
ments for all patients were planned wsing a hypofractionated frac-
tionation scheme as defined by Whean e al™ Doses were
presoribed 25 a total dose of 4256 Gy in 16 fractions. Dose calow-
lations were performed usng the Anisotropic Anabytical Algorithm
[AAA Version 11 0.31) with a grid size of 025 » 025 om”. Treat-
ment plans were nomalized to an kocenter placed in the PTV. As
per the RTOG-1304 protocol, a 7-mm margin was added to the
PTV to form the fidd shapes using MLC™ ANl plans were opti-
mized according to specified constraints to ensure that the data
were comparable, and #5% of the PTV was presoibed to recalwe
100% of the prescribed dose while achieving madmum sparing of
0ARs. Dose-volume histograms were wsed to analyze the dodme-
try in PTV, dose homogeneity, and doses to OARs. Dosimetric
values for the mean dose, W25 W5 V10, W20 and V30, were
recorded and evaluated for all OARs In addition, dosimetric param-
eters were also evaluated within each technigue with respect to a
small and large breast volume.

2A | Statistical analysis

The mean dose W5 W5, V10, W20, and V30, was compared
between S5FB and SDIBH, 5FB and PFB, and SDIBH and PFB plans.
All the dosimetry parameters for the heart, LV, LAD, and left lung
were determined wsing a Wikoson sgned-ank test for related

WILEY
sample with SPS5 statistical software, wersion 230, as data had a

non-nrnal distrib ution. Data were considered statistical by significant
at a P wvalue = 005

3 | RESULTS

3A | Volume analysis

Heart wolume was smallest in PFB and largest in SFB. Mean heart
volume was 5924 om® frange, 380-967 an), 554 am® (range. 370—
712 om?, and 544 om® (range, 354-754 om”) for SFB, SDIBH, and
PFE respectively. Whole breast PTV volumes ranged between 330
and 1723 cm®. Mean whole-breast PTV volume was 6542 om®
frange, 2% B-1441 om®), 4606 cm® (range, 2532-1450.1 cm®), and
6859 om” frange, 302-1723 cm”) for SFB, SDIBH, and PFB, respec-
tively. Thus, mean whole-breast PTV wolume was highest in PFB and
lowest in SFB.

Based on a literature search, a breast volume of 750 o was
chosen to divide the patients into two groups: patients with a small
breast volume and patients with a large breast wolume in this
study = Patients with a breast PTV < 750 cm® were considered
to have small breasts, and patients with a breast PTV = 750 om”
were considered to have large breasts. From the 33 patients evalu-
ated in this study, 21 were considered to have small breasts, and 12
patients were considered to have large breasts.

3B | Dosimetric analbysis

The mean dose to the heart was reduced by 50% in SDIBH and
PFB 2= compared with the dose in 5FB. The mean dose to heart
in 5FB was 192Gy, compared with 111 Gy in SDIBH and
O.%8 Gy in PFB, as shown in Fig 2{a) Statistically significant dif-
ferences were found for mean doses to the heart between SFB
and SDIBH (P = 0.0001) and between SFB and PFB (P = 0.0001);
however, no statistically significant difference was found between
SDMBH and PFB (P = 0.114). Out of 33 patients, only one patient
haz higher mean heart dose in PFB as compared with SFB. All
other dosimetric values were higher in SFB than in SDIBH and
PFB, as shown in Table 2{a)

Mean LV dose was reduced by 47% in SDIEH and PFB com-
pared with the dose in SFB. The LV received the largest mean dose
319 Gy in 5FB and received doses of 1.5 Gy in SDIBH and 1.34 Gy
in PFB, as shown in Fig. 2(b). The mean dose to the LYV was signifi-
cantly reduced between SFB and SDIBH (P < 0.0001) and between
SFE and PFB (P = Q0001) but no statistically significant difference
was found between SDIBH and PFB (P = 0.137). Out of 33 patients,
anly one patient has higher mean LV dose in PFB a5 compared with
5SFEB. The LV dosimetry values were also found to be higher in SFB
than in SDIBH and PFB. A marginally lower dodmetric values in PFB
was oberved compared with SDIBH. as shown in Table 2(b).

The mean LAD dose was highest 2173 Gy, in SFB and was
630Gy in SDIBH and &57 Gy in PFB, a shown in Fig. 2{c
SDIEH and PFB resulted in 2 70% reduction in the mean LAD
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Fra. 1. Clockwize, mdal beam's eye view, sapittal, and coronal images. Green line indicates PTV, red indicates % 5% lodose line, orange
indicates MLC field shape, and yellow indicates beam owtline. Heart and lung wolumes are also shown. ja) Supine free breathing (SFH), (b
supine deep inspirational breath-hold (SDIBH) and () prone-free breathing (PFBL Mote the heart and lung positions in three technigues with

respect to beam geometny.

WILEY——

dose compared with the dose in SFB. The mean dose for LAD
was significantly reduced between SFB and SDIBH (P = Qu0001)
and between 5FB and PFB (P = 00001), but no statistically signifi-
cant reduction in dose was found between SDIBH and PFB
(P = 0127 Ouwt of 33 patients, sbx patients had higher mean LAD
dose in PFB 2= compared with SFB The LAD desimetric parame-
ters were also higher in 5FB than in SDIBH and PFB, a5 shown
in Table 2l

The mean dose to the lung was reduced by %% in PFB com-
pared with doses in 5FB and SDIBH. The lung received 5.63 Gy in
SFB, 5.54 Gy in SDIBH. and 0.61 Gy in PFB. as shown in Fig. 2(d).
Differences in mean doses to the lung were not statistically signifi-
cant between SFB and SDIBH (P = O944), but doses were signifi-
cantly different between SFB and PFB (P = 0.0001) and between
SDIEH and PFB (P = Q0001L All other dosimetric values for the
lung were akzo the lowest in PFB. a shown in Table 2{dL

.

(ch

Fia. 1e. Continued.

The P walues were aleo caloulated for all the OAR:s and for all
dosimetric parameters to identify statistically significance  differ-
ences betwesen the technigues, as shown in Table 3. SDIBH and
PFB were significantly better than 5FB according to all the dosi-
metric parameters for the heart, LV, and LAD, but there was no
significant difference between SDIBH and PFB. except in VW5 for
the LAD. The left lung was dgnificantly less at sk in PFB than in
SFB and SDIBH for all the dodmetric parameters evaluated in this
study.

3.LC | Dosimetric analysis based on breast volume

Mean doses to all OARs in patients based on breast PTV are shown
in Table 4. Differences for all dosmetric parameters between all
three techniques with respect to small and large breast volumes are
shown in Table 5. Doses to the heart, LV, LAD, and lung in SFB and
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Fio. 2. Box-whisker plot of dose with emar bars in supine free
breathing (SFH), supine deep inspiration breath-hold (SDNBH), and
jprone free-breathing (PFB) technigues. Outlier data are shown if
they existed for (a) heart, {b) left ventride [LV], (<) left anterior

descending artery (LAD). and id) lung.

SDMBH are higher for large-volume breasts than for small-volume
breasts In contragt, in PFB, mest of the dosimetnic values for all of
the OARs were lower for patients with lange breasts.

4 | DISCUSSION

Radiation-induced cardiac tovdcity and injury after radistion therapy
treatment for left-sided breast cancers are well documented in the
literature *5** The rate of major coronary events increases lineardy
with mean radiation doses to the heart without any threshold 3555
Thass, it ks important to find treatment techniques that will lower the
dose to candiac components without compromising the tanget cover-
age.

Das et al** provided an analytical approach comelating lung and
heart doses to pulmonary and cardiac complication rates. Therefore,
it is also important to reduce doses to OARs such as the left lung
and contralateral breast to reduce the risk of preumonitis, lung fiboo-
sis, and secondary cancers, especially in patients who are expected
to have long-life expec tandes **

The PFB uses gravity to pull the treated breast away from the
heart and lung, thus resulting in dose reduction to OARs. Also, in
PFR, with careful planning, one can minimize the treatment fields
going through the heart without compromising PTV coverage. A lit-
erature seanch yielded mived results on the benefits of PFB for heart
sparing Some studies have reported that the prone pod tion reduces
heart doses, ™™ but other studies have conduded that this position
is only benefidal for patients with a large breast volumes 53 |t
has been reported that in some patients, heart doses in the prone
position inorease becawse of the proximity of the heart to the trea-
ted area.’™™ A few studies have indicated that PFE provides no
bensfits for sparing the heart **™ Forment et 2l reported that
the benefits of PFB are statistically dgnificant compared with the
results of SFB when breast volume is larger than 750 e,

Owr results supgest that the mean heart dose can be reduced
by almost half wsing SDIBH and PFB compared with using SFE.
‘When the patient takes a deep breath, the heart mowes posteriorly
and inferiorly due to lumg ewpansion and diaphragmatic move-
ments. Thus the heart moves away from the chest wall Moving
of heart during SCHBH helps in reducing the wolume of the heart
in the treatment fidd, reducing the dose to the heart The mean
dose and values for all the dosimetric parameters were lowest in
PFB for the LV, It is believed that the dose to the LAD plays a
wital rode in radistion-induced cardiac toxidty™** The mean dos
to the LAD was found to be similar for S0IBH and PFB, and high-
est mean dose was in SFB. In a similar study, Venhoven et al™
concluded that PFB results in higher doses to the heart and LAD
than the S5FB and SDIBH techniques, but the results of owr study
are different as both SDIBH and PFB led to lower heart and LAD
doses than 5FB, imespective of the breast volume. A significant
reduction in V25, W5 V10, V20 and VW30 for the heart, LV and
LAD in SDIBH and PFB was observed compared with values in
SFB.
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Tasre 2 Dosimetry parameters (median values and quartiles) in supine free breathing (SFBL supine deep inspiration breath-hold (SDIEH), and
jprone free-breat hing (PFB) technigues. (8] Heart, (b left ventricle (LV), i) left anterior descending artery (LAD), and d) left lung.

SFB
fal Heart dose (Gy)
Mean dose 192 (1.42-276)
V25 1460 (§.27-22.34)
V5 481 (273-7.35)
V10 266 (1.43-4.58)
V20 174 (0.79-3.21)
v30 115 0.23-2.34)
() Left ventricle dose (Gy)
Mean dose 319 (225-4.24)
w25 3000 (18 84-39.00)
V5 $23 (5.24-14.23)
V10 501 {2349 45)
V20 310 {1.29-627)
w30 204 (0.27-4.61)
(€] LAD doss iGy)
Mean dose 2173 18.55-285)
V25 F270 (85.32-99.37)
V5 T (55.86-93.16)
V10 £150 (27.79-81.50)
V20 4R90 (13.30-7327)
W30 3433 |0.91-58.80)
{d) Left hng dose (Gy)
Mean dose 543 (423688
V15 3060 (25.75-38.3)
V5 1999 (15.97-25.00)
V10 1327 (9.76-17.16)
V20 PB4 (5.39-1298)
w30 7.54 (4.78-10.26)

‘We found equivocal results related to the reduction of radia-
tion doses to the heart in PFB in the literature search. However,
all studies agree that lung dose are dramatically reduced in PFB
compared with doses in SFB and SDIBH ™53 | une doses
are significantly lower in PFB than in 5FB and SDMIEH. The lung
dendty of the imadisted lung wolume decreases also in
SDIBH.***® One study mentioned that the opposite occurs in
PFE. as the lungs are pushed downward by gravity and conse-
quently lung density may increase™ Howewver, PFB showed clear
advantages ower SFB and SCHBH for lowering lung doses and the
values of most other dosimetric parameters compared with 5FB in
this study.

‘We did not find any other study in literature search that has
evaluated the heart LV, LAD, and lung for V25, V5, Vi0, V20,
W30 and statistically compared each dosimetric parameter between
the technigues and that has ako compared dosimetric differences
in OARs for SFB, SDMBH, and PFB with respect to breast volume.
Mean doses evaluated for each OAR increased in SFB and SDIBH

SDIBH PFB
108 (0841 .35) 0.98 (083-1.15)
720 (3.98-11.46) 6.30 ([4.47-B.87)
050 (0.22-1%2) 0,80 (0.275-1.61)
011 (0.00-084) 0.10 10.01-0.47)
000 (0.00-0.20) 0.00 (0.00-0.13)
000 (0.00-0017) 000 (000000
150 {1.15-1.80) 134 (1.13-1 54)
1154 (7.46-19.08) B92 (401-12)
105 (0.38-3.29) 0.92 (0.43-1 58)
000 (0.00-1.05) 0.30 (0.00-0.55)
000 (0.00-0.19) 0.00 (0.00-0.15)
OO0 (0.00-0000 000 f0U00-0.00)
430 (3.51-9.31) 657 (3.99-9.4%)
BAA2 (68.90-90.65) 87.50 (T4.83-9393)
3952 (11.12-61.87) 54,46 (27.45-66.70)
1266 (0.03-40.45) 19.50 {4 28-35.25)
000 (0.00-9.02) 0.9 (0.00-5.49)
000 (0.00-0.19) 0.00 (0.00-0.23)
554 (4.29-6.42) 0.41 (0.47-0.80)
3490 (28.04-39.21) 252 (1.85-4.49)
2123 (16.30-2525) 0.95 10.34-1.61)
1314 (9.84-16.37) 0.38 (0.05-0.855)
F34 (6.79-11.73) 0.10 (0.0-0.32)
715 (4.81-8.79) 0.01 (0.0-0.13)

going from patients with small to large breast volumes as shown
im Table 4. This ks because a5 breast wolume inoreazes, the separa-
tion between fiekds also increases thus imadiating a lager volume
to cover the PTV adequately. A large breast wolume also requires
wider beams to cover it, thus radiating a larger volume in 5FB and
SDMEH and leading to higher doses to cardiac components and the
lung.

An interesting observation is that differences in doses and in
dosimetric parameters evaluasted between SFB and SDIBH and
between 5FB and PFB increased from patient with small to large
breast wolumes, as shown in Table 5. Thus, SOIEH and PFE are even
maore benefical than SFB for patients with lange breasts.

5 | CONCLUSION

It k& conduded that radiation dose can be significantly reduced to
the heart, LV, LAD, and lung with the selection of the proper
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Tasre 3 P walue between PFE and SDIBH. PFB and SFE. PFB and SDIBH for all the dosimetric parameters of heart, LV, LAD, and lung
Please note that P values for heart, LV, LAD are statistically significant between SDIBH and SFB, and PFB and SFB. P walues = 005 were
considered statistically dgnificant.

D fvolume Technique Heart v LAD Lung
Mean SDIBH and SFB (e ] [T o] D000 0964
PFB and SFB (e ] [T o] D000 D000
PFB and SDIEH 0114 0137 0132 D000
W25 SDIBH and SFB 0UDDD [1Te o] DD DUODED
PFB and SFB 0UDDD [1Te o] 0034 DO
PFB and SDIEH 0242 0055 0211 0.0000
L] SDIBH and 3FB 0LD00 0000 0.000 0.0580
PFE and 3FB 0LD00 0000 0.000 0.0000
PFB and SDIEH 0736 0335 0.007 0.0000
Yi0 SDIBH and SFB QD00 0000 0.000 07791
PFB and SFB 0UDDD [1Te o] DD DO
PFB and SDIEH O7E&S OF46 0153 DO
W0 SDIBH and SFB (e ] [T o] D000 0.&73F
PFB and SFB (e ] [T o] D000 D000
PFB and SDIEH 0§32 035 0827 D000
L E ) SDIBH and SFB QD00 0000 0.000 0.5143
PFE and 3FB QD00 0000 0.000 0.0000
PFB and SDIEH [0 0311 0.955 0.0000

Tasre 4 Dosimetric parameters (median values and quartiles) of OARs inSFB SDIBH and PFE based on breast PTV volume <750 o and
>=750 cm™. Please note than PFE has the lowest mean values for heart, LV, LAD, and lung for breast PTV wolume =750 cmr.

Breast PTV volume <750 em® SFB SDIBH PFB
Mean heart dose (Gy) 145 (112-2.30) 087 (0.71-1.21) 050 (081-1.10)
Mean LV dase |Gyl 293 (1.85-4.00) 1.30 (1.01-1.70 132 {1.13-1.50)
Mean LAD dose (Gy) 1986 (785-251) 597 (301-853 £.5 |3.55-9.18)
Mean lung doss (Gy) 5.48 (3.93-6.52) 5.06 ([4.09-6.38 0.61 (0.48-0.97)
Breast PTV valurme =750 em’
Mean heart dote |Gyl 2.59 (LET-4.06) 1.36 (0.97-1.63 1.07 (0.87-1.31)
Mean LV dose (Gy) 361 (3.02-5.77) 1.72 (1.40-211) 1.2 (1.11-1.58)
Mean LAD dose (Gy) 24.74 (10.22-3475) 705 (327-1299) &.7 (4.51-9.93)
Mean lung dose (Gy) 5.49 (4.77-7.08) 57 (5.23-7.04 057 (0.34-0.48)

Tasre 5§ Dosimetric differences of median values between each technigue that ks, SFB-SDIBH, 5FB-PFB, SDIBH-PFB, based on breast PTV
vl ume

Breasgt PTV volune <750 cm® SFB-SDIBH SFE-PFB SDIBH-PFB
Mean heart dose (Gy) 0.7 oS —003
Mean LY dese (Gyl 143 161 —002
Mean LAD dode (Gy) 139 1336 —06
Mean lung dede Gyl 042 487 445
Breast PTV vaume >~750 em?®

Mean heart dese |Gyl 1235 1525 029

Mean LV dose [Gy) 189 2415 0525

Mean LAD dose 1Gy) 17.605 18,045 035

Mean hng dose (Gyl — 0005 512 5125
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technigue. PFE is obviously preferred dosimetrically over SFB and
SDMEH. PFB i maore benefidal than SFB for OARs sparing imespec-
tive of breast volumes. SDIBH and PFB deliver lower doses to car-
disc components than SFB. PFB delivers significantly lower lung
doses than SFB and SDMIBH. Thus, PFE could be the treatment of
choice for patients with underhing pulmonary diseases. in addition,
a patient-specific analysis, patient anatomy, patient comfort, selec-
tion of beam amangements and breathing patterns should be given
consideration in the selection process of technigues to treat breast
cancer.
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Abstract

Purpose: To compare dose to organs at risk (OARs) and biological evalation using nomal tissue
complication probability (NTCP) for left-sided breast radiation therapy in 4 technigues: supine free
breathing {SFB), supine deep inspiration breath hold (SDIBH), prone free breathing (PFB), and
prone deep inspiration breath hold (PDIBH)L

Methods and Materials: Twenty-five patient with left-sided breast cancer suitble for this study
underwent a computed tomography scan using SFB, SDIEH, PFE, and PDIBH. One radiation
onoologist contoured the planning target volume and QAR (cardiac components). Dose-vo lume
histograms and NTCPs for the heant, left ventricle (LV), left anterior descending antery { LA ), and
left lung were calculated for all 4 technigues.

Results: The mean hean dose in PRIBH is 0.77 Gy, which is statistically significandy lower than
in SFB (188 Gy, P < 0001), SDIBH (0.97 Gy, P < .001), and PFB (083 Gy, P < 001). The
mean left lung dose iz 069 Gy in PFB and 088 Gy in PDIBH. FFB and PDIBH have statistically
significandy lower doses compared with SFB (609 Gy, P < .0001) and SDIBH (541 Gy,
P < 0001, The mean NTCP in SFE for the heart LY, and LAD is 0.27%, 0.62%, and 4.23%,
respectively, and it is negligible for ather technigues.

Conclusions: We found that PDIBH had a dosimetrically lower mean dose for the heant and LV
compared with the other 3 techniques. In addition, SDIEH, PFE and PDIEH had statisdcally
significandy lower NTCP for the heant, LV, and LAD compared with SFB. NTCP for the left lung
was statistically significantly lower for prone technigues comparsd with supine tochnigues.
Therefore we concluded that, compared with SDIEH, PDIEH provides the addad benefit of sparing
the heant while keeping the benefit of sparing the lung as in the prone technigue.

2 019 American Society for Radiation Oncology. Published by Elsevier Inc. All rights reserved.

Sources of support: This work hal no specilic funding.
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Introduction

Radiation therapy has become an integral pan of the
combined treatment modality for the management of early
breast caoncer. It is well documented that mdiation therapy
fior breast cancer significantly increases the overall sur-
vival mie.'” However, lefi-sided breast cancer radiation
therapy has also been associated with higher candise and
pulmonary toxicity with increased risk of secondary
cancer.”™ It has also been reported thut there is o signif-
icanl increase in the mie of ischemic heart disease afler
exposure of the heart 1o inizing radiation dunng radia-
tion therapy for breast cancer.” Clarke et al® comparsd a
group of irmdisted patients with nonirmdisted patients
and found o significant increase in mortality mte, mainly
for the heart disease (rate mtio, 1.27) and lung cancer (rale
mtia, 1.78).°

Some studies suggest that artenes are especially sen-
sitive 1o radiation, and radiation-induced damage 1o the
lefi anterior descending artery (LAD) is one of the com-
ponents responsible for the ischemic heart disense.™ Tt is
alse recommended that radiation dose to the heart and
LAD be minimized as a prionty until there is evidence
that there is a threshold dose below which ther is no
extra risk of curdise morbidity and mortality."” In addition
to cardiac complications, it is well known that the increase
in lung dose also leads o an increase in the incidences of
lng complications, including mdiation p'lcurnmil.iﬁ..""
Mortality as a result of ipsiluteral lung cancer is report-
edly higher compared with contralateral lung cancer for
those women undergoing breast mdistion therapy.”

Lung and cardise doses are well documented for left
breust rudiation tresment.” Many technigues huve been
evaluated to reduce the dose 1o cordiae components, such
s deep img'lml.iun breath hold (DIEBH)'™" and prone
Pue.'ilim.u'l' but comsensus has not been meached as o
which treatment strategy is superior,'™”"* One sudy
comparad 3 technigues, supine free breathing (SFB), su-
pine DIBH (SDIBH), and prone free breathing (PFB), w0
evaluate doses o the organs at risk 0ARs)™

Recently, biological evaluation tools have become
available in many treatment planning systems, Normual
tissue complication probability (NTCP) wols could be
used to biologically evaluate the treatment plan along
with dose-volume histogram (DVH)-based evaluation for
OARs.""™ Previous studies have found that biological
parameters applied to these liological models help predict
the biological effects on normal tssues and have mone
direct comelations with treatment outcome than DVH-
hased parameters.” "

The wim of this study is 0 retrospectivel v compans
DVH and biological (NTCP) dose metrics for 4 different
trzatment technigues used for mdiation therapy 1o the left
breast: SFB, SDIBH, PFB, and prone DIBH (PDIBH).

Methods and Materials

Twenty-five patients with early-stage left-sided breast
cancer (pathologic TI1-2ND disease) undergoing whole
breast mdiation therapy between January 2017 and March
218 were selected for this retrospective study, which was
approved by the institutional review board. Patients who
could follow instructions o hold their breath for a mini-
mum of 25 seconds in supine and prone positions were
considered for this study. All computed wmogmphy (CT)
scans were performed with a GE Lightspeed RT scanner
(model number 2266521). Before the scan, a mdiation
ancologist marked the borders of the breast tissue with a
rudio-opague wire, Four scans were performed on each
patient in SFB, SDIBH, PFB, and PDIBH positions. The
radiation oncologist evaluated each CT scan o decide the
optimal treatment technique for a patient. Audio coaching
was used to guide the patients for breath holds. In this
study a commercial gating system wis nol used; instead,
an in-howse technigue was developed by using high-
defimition camers 10 observe the position of in-room la-
sers with respect to skin marks and tattoos o confirm the
position of the patient during a breath hold treatment.

The CT images were tmnsferned to the Eclipse (Varian
Medical Systems Inc, Version 13.7) treatment planning
system (TPS). One radistion oncologist was responsible
for comouring all OARs and tanget volumes, The breast
planning target volume (PTV), hean, left ventricle (LV),
and LAD of each patient were contoursd using the
RTOG-13047 guidelines and the RTOG Breast Cancer
Atlas™ (hitps:/fww.riog org'CoreLabiContouring Atlases/
BreastCancerAths aspx) in the Eclipse TPS. The breast
clinical target volume was defined as all apparent CT
glandular breast tssue, alng with considering RTOG
consensis definition of anatomic borders. The cranial
border was defined at the second rib insertion, whereas
the: caudal bomder was 2 em inferior 1o the apparent breast
tissue, The anterior aspect of the breast was defined as the
skin, and the postenior aspect was ot the antenor aspect of
the pectoralis muscles. The medial border was the sternal-
ab junction, and the lateral border was at the midaxillary
ling. The heart was contoured starting superiorly at the
level of the grea vessel insertion into the heart, and the
inferior border was defined by the apex of the hean. The
LAD was defined as the vessel that descended ante-
mwlaterally from the mierior interventrcular groove down
to the apex of the heart.™ The lungs ame contoured using
an sutomatic segmentation ol available in the TPS and
munually edited as needed by the physician, Because the
dosimetry in the buildup region is not well modeled by
the TPS dose calculation algorithm, the left breast PTVs
WETE 5 mm from the skin surface for treatment
Planning.; ! Figure lato 1d shows typical scans and beam
placement on the same patient for each technigue, The
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Figure 1  Axial and beam's eye view (BEV) image. The green line indicates planning target volume; yellow line, 100% isodose line;
orange, multileaf collimator field shape and yellow-beam owtline. The heant and left lung volumes are also shown in vaious technigues:
(&) SFB, (k) SDIBH, (c) PFB, and {d) PDIEH. Note the heant and left lung positions in these techniques with respect to beam geometry.
Abbrevimions: PDIBH = prone deep inspiration breath hold, PFB = prone froe hreathing; SDIBH = supine deep inspiration breath
hold; SFB supine free hreathing.
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Table 1 NTCP paameters for models used to evaluate QAR with specific end stage

Structure  Organ  Maode]

Endpointstage D50 {Gy) Y a/p Serialiy Parameter Paramewer References

model N M
Heat  Heam NTCP Mamnality 52.4 L3 30 1 NA NA Gagliardi et al™”
Paisson-1.0)
LV Heart NTCP Marality 52.4 13 30 1 NA NA Gagliardi et al™
Paizzon-1.0)
LAD Heant NTCP Mamnality 52.4 L3 30 1 NA NA Gagliardi et al™”
Paisson-1.0)
Lung  Lung NTCP Lyman Preumonits (13,  30.5 NA 3.0 NA 1 03 Kwa et a'®
grade 32
Lung  Lung NTCP Lyman Preumcniis (2), 308 NA 30 NA 099 037 Seppenwoolde
grade =2 etal*
Lung Lung NTCP Lyman Symptomatic or 219 MA 30 NA 037 g Moiseenka et al'®
Radiographic
JET T
(=6 ma)
Lung  Lung NTCP Lyman Symptomatic 210 NA 30 NA 102 026 Moiseenka et al**
pICumOitis
(=6 ma)
TLung Lung NTCP Lyman Symptomatic or 258 NA 30 NA 034 05 Moiseenko et 4™
radiographic
fibrosis (=6 mo)
Lung  Lung NTCP Lyman Symptomatic 350 NA 30 NA 015 085 Moiseenko et 4
fibrosis (=6 mo)

Abbreviafions LAD = left anterior descending arteny; LV = left ventricle; NA = not applicshle; NTCP = normal fisiue avmplicstion probability;

OAR = argan ol sk

prescription dose for all cases was 4266 Gy in 16 frac-
tions with o & MV photon beam wing the field-in-field
technique for planning. Anisolropic Analytical Algo-
rthm Version 13.7.14 with a grid size of 0.25 « 025 em®
wis used 0 perform caleulations, Addiionally, a 7-mm
margin was added w0 conform treatment fields around
the PTV, us reommended by the RTOG-1304 protocol, ™
All plans were optimized o0 accomplish  maximum
sparing of OARS while achieving the PTV coverage goals
(=95% of the PTV receives 1006 of the prescribed dose
with less than 107% hot spot). The DVHs were used o
evaluate PTV covemge and to record the mean dose,
V25 Gy, V5 Gy, V10 Gy, V20 Gy, and V30 Gy for all
OARs. In this present work, data of more than 100
treatment plans (4 plans/patient) were analyzed

Twa NTCP models, NTCP-Poisson LQ and NTCP-
LKB, are available in the Eclipse TPS. The user can
select a specific endpoint for the NTCP caleulations.” ™
Treatment plans were exponted o the Eclipse biological
evaluation module, and the NTCP were calculated
from DVH. The NTCP-Poisson LQ fundion was used for
caleulation of the NTCP of the heat, LV, and LAD
with curdise mortulity as the endpoint.™ NTCP-LKEB
model of the lung with all the available endpoints in the
Eclipse TPS was used for calculation of the lung
NTCP.** The NTCP input factors and associated end-
points for each QAR for the NTCP calculations are shown
in Table 1.

Statistical analysis

The dosimetne parameters for the heart, LV, LAD, and
left lung as well the calculated OAR NTCP for all 4 breast
reatment lechnigues were compared wsing a Wilcoxon
signed-rank test for the mlatad saomple with SPSS statis-
tcal software (version 2400 Dala were considered sta-
tistically significant at a P value =< 05,

Results
Volume analysis

Figure | shows the setup of all 4 technigues and in-
dicates variahility in the position of the lissue volume.
Mean whole breast PTV was 632,98 cm” (range, 236.13-
13508 cm’) for SFB, 626.62 cm® (range, 22197-
127762 cm’) for SDIBH, 654.15 e _ (mnge,
207.1-1572.55 cm”) for PFB, and 648.57 cm™ (mnge,
224 6 1364.64 em®) for PDIBH. Thus the mean whole
breast PTV was higher in prone positions, possibly
because breast tissue elongates as a result of gravity. The
mean heart volume was 548.2 em’ (mnge, 469-768 ent’)
for SFB, 507 cm” (range, 370-608 cm”) for SDIBH,
01 em® frange, #3717 em®) for PFR, and 470 em®
frange, 360.6-600 ent’) for PDIRH. Wariability in the
heart volumes can be due o physiological changes;
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Figure 2 Box-whisker plot of mean doses with emorbars in SFB, SDIEH, PFE, and PDIBH. Outlier data are shown if they existed for
{a) heart, (b) LV, {c) LAD, and {d) left lung. Abbreviegors: LAD = left anterior descending anery: LV = left ventricle:
FDIBH = prone deep inspiration breath hold; PFB = prone free breathing; SDIEH = supine deep inspiration breath hold;

SFB = supine free breathing.

during DIBH. the air in the lung pushes and likely con-
tracts the heart, which leads w0 melatively lower heart
volume compared with free breathing. Heant volume was
largest in SFB and smallest in PDIBH, which implies that
prone positions provide the lowest heart dose. The mean
left lung volume was 1198 em® (mnge, 952-1548 cm’) for
SFB, 1876 cm® (range, 17452214 cm’) for SDIBH,
1404 em® frange, 1255-1599 em®) for PFB, and 1840 em®
(range, 1621-2197 em®} for PDIBH. The left lung volume
was smallest in PFB and largest in SDIBH.

Dosimetric analysis

Mean dose to the heart was 1.88 Gy, 0.97 Gy, 0.85 Gy
and 0.77 Gy for SFB, SDIBH, PFB. and PDIBH,
respectively. The data are also shown in Figure 2a and
Table 2 and indicate the dosimetric parameters were
highest for the heart in SFB and lowest in PDIBH. & is
shown that SDIBH, PFB. and PDIBH produced a statis-
tically significant reduction in the mean heart dose
compared with SFB. For all the patients, SDIBH, PFB,
and PDIBH techniques have lower mean heart doses

compared with SFB. The LV mean doses are 3.47 Gy,
1.36 Gy, 1.18 Gy, and 1.03 Gy in 5FD, SDIBH. PFB, and
PDIBH, respectively. These are also shown in Figure Zh,
The dosimetric parameters are statistically lowest for
PDIBH, as shown in Table 2. The LAD mean doses are
2238 Gy, 3.88 Gy. 49 Gy, and 349 Gy in SFB,
SDIBH. FFB. and PDIBH, respectively, as shown in
Figure 2¢. For LAD, other dosimetric pammetes are
shown in Table 2.

The mean dose reduction for the heart is statistically
significant between PDIBH and SFB (P < .001), FDIBH
and SDIBH (£ < 001}, and PDIBH and PFB (P < .001).
The mean dose reduction for LV is also statistically sig-
nificant between PDIBH and SFB (P < 001), PDIBH and
SDIBH (P < 001), and PDIBH and PFB (P = .001).
Additionally, the mean dose meduction for LAD is statis-
tically significant between PDIBH and SFB (P < .001)
and PDIBH and PFB (P < .0001). However, no statisti-
cally significant di ference was identified between PDIBH
and SDIBH, as indicated by the P value (P < . 194),

Mean dose to the left lung was 6.09 Gy, 541 Gy,
0.69 Gy, and (.88 Gy for SFB, SDIBH, PFB, and PDIEH,
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Table 2 Dosimenry parameters {mean values and quartiles) in SFB, SDIEH, PFE, and PDIEH

SFB SDIBH FFB PDIBH
Heant
Mean dose {Gy) 188 (1.09-227) 0,97 (0.68-1.23) 0.85 (0.6E-1.04) 0.77 {(0.550.92)
V2.5 Gy (%) 1372 {6.93-1832) A.TT (2.06-10.54) 3.61 (1L.77-6.16) 298 (1.02-4.99)
V3 Gy (%) 453 (1.B4-355) 0,30 (0.01-2.500 0.24 (0.09-0.83) 0.15 {0.01-0.44)
V10 Gy (%) 246 (0.68-33T) 0.001 {0.0040.74) 0.02 (0.00-0.26) 0003 {0.00-0.09)
V20 Gy (%) 153 (0.17-236) OO0 (0.00H0.24) 0.0 (DUO0-0004) 00 (0LD0-D.01E)
V30 Gy (%) 091 (0.09-1.74) 000 (0.00H0. 16) 0.0 (DUO0-0000) 000 {0000, 00)
Lefit ventricle
Mean dose (Gy) 347 (2.21-4.600 1.36 (0.97-2.32) L 18 (098-1.34) 103 (0.80-1.22)
V2.5 Gy (%) 2752 (18.25-40.6) 10,78 {4.22-22.90) 6.12(296-888) 300 {0.89-6.54)
V3 Gy (%) 1029 {4.52-15.03) 0,93 (0.03-6.16) 0.39 (04-122) 000 {0000, 800
V10 Gy (%) 586 (2.01-880) 000 (0.00-2.38) 0.00 (D00-0.25) .00 {0.00-0. L8)
V20 Gy (%) 380 (0.72-6.25) 000 (0.0-D.91) 0,00 (000-0007) .00 {0.00-0.00)
V30 Gy (%) 227 (0.29-454) L0 (0.00H0. 197 0.0 (DUO0-0000) 000 {0000, 00)
LAD
Mean dose (Gy) 2238 (5.34-26.19) 388 (2.59-7.98) 4.96 (345-656) 349 (2.30-5.12)
V2.5 Gy (%) 06.9 (73 50-99.89) T9.2 (52.34-96.81) B0.27 (56.95-91.03) T48 (3R.3-EE.1)
V3 Gy (%) T6.03 (39.27-8748) 19.7 (1.00-52.54) 36.78 (17.13-56.21) 1228 (0.28-41.73)
V10 Gy (%) 5565 (6.46-71.00) 003 (0.00H6.24) T.76 (0.76-17.58) 233 (0.00-8.07)
V20 Gy (%) 5385 (0.01-66.22) 000 (00046210 0.13 (0.00-1.52) .00 {0.00-0.02)
V0 Gy (%) 41.63 (0L0D-56.3T) 0L00 (0000297 0,00 {0U00-0u00) .00 {0.00-0.00)
Left ung
Mean dose {Gy) 609 (4.89-T86) 541 (4.80:6.75) 0.69 (0AT-08T) 088 (0.62-1.31)
V2.5 Gy (%) 3435 (30.73-420% 33.90 (29.53-39.63) 398 (206-5.700 6.03 (3.29-9.08)
V3 Gy (%) 21.9(1843-2332) 21.12 (18.38-25.00 1.26 (0.52-1.90) 203 (1.06-4.25)
V10 Gy (%) 14.7 (11 5-1943) 13.24 (11 18-16.16) 048 (0.16-099) 091 {0.39-2.05)
V20 Gy (%) 1094 (8.17-14.69) 9.50 (7.58-12.15) 0. 16 (D.04-0.500 049 ([0.08-1. 19
V0 Gy (%) B8 (6.27-11.83) 7.39 (5.39-9.62) 0.07 (0.00-0.21) .16 {0.01-0.70)

Abbreviaions LAD = lefl anterior descending artery; LV = lefl vensicle; PDIBH = prone deep inspirstion bresth hold; PFE = prone free

treathing; SDBH = supine deep mspiration breath hokl, SFB = supine free breathing.

mespectively, as shown in Figure 2d. The mean dose
reduction for left lung is statistically significant between
PDIBH and SFB (P = .0001) and PDIBH and SDIBH
(P = 0001). Mean left lung dose in PFB was statistical ly
lower than in PDIBH (P < 001). Other dosimetric pa-
mmeters for left lung doses are shown in Table 2. All the
statistical values of svarious OARs in the SFB, SDIBH,
and PFB with mespect to PDIBH are shown in Table 3

Biological evaluation

Cardiac mortality as an endpoint with the NTCP-
Poisson LO model was used for the calculation of the
NTCP for the heart, LV, and LAD. Mean NTCP in SFB
is 0.27% for the heart, 0.62% for the LV, and 4.23% for
the LAD, whereas it is negligible for other 3 treatment
technique, as shown in Figure 3a, 3b, and 3¢, respec-
tively. The NTCP for the left lung was calculated for all
the NTCP-LEB models available in the Eclipse TPS
with different endpoints, as shown in Table 1. The mean
composite NTCP was also penemted wsing a function
available in the Eclipse TPS for the 3 left lung

endpoints: pneumonitis (2) grade =2, symplomatic or
radiographic preumonitis (<6 months), and symptom-
atic or radiographic fibrosis (=6 months). These 3
NTCP endpoints were chosen because they cover a
bmoad range of left lung complications. The calculated
composite NTCP of the left lung is 41.32% for 5FB,
38.85% for SDIBH, 15.57% for PFB, and 17.79% for
FDIBH, as shown in Figure 3d. The NTCP for the left
lung with various technigues is shown in Figure 3e w0 3.
The NTCP for all available endpoints for the left lung
and the composite NTCP for the left lung are shown in
Table 4.

There was a statistically significant reduction in mean
NTCP value of the heart, LV, and LAD for SDIEH, PFB,
and PDIBH compared with SFB: SDIBH and SFB
(P = 0001); PFB and 5FB (P < .0001), and PDIBH and
SFB (P < .0001). There waus a statistically significant
reduction between the mean composite NTCP values of
the left lung compared with SFB: SDIBH and SFB
(P = .004), PFB and SFB (P < .0001), and PDIBH and
SFB (P < 0001); and compared with SDIBH: PFB and
SDIBH (F = .0001) mnd PDIBH and SDIBH (P - .0001).
However, PFB has statistically lower left lung doses

76



Practical Radiation Oncology: November-December 2019

Biological-dosimetric evaluation Lt breast @585

Table 3 P value between various combinations, FDIBEH and SFB, PDIBH and SDIBH, and PDIBEH and PFE, for the dosimetric

parameters of te heart, LV, LAD, and left lung

Technigue Hean LV LAD Lung
Mean dose

PDIEH & SFB <001 <001 | <001 | <001 |

PDIEH & SDIEH =.001 =.001 | =154 =001 |

PDIEH & PFB =.001 =.001 | =.001 | =001 t
V25 Gy

PDIEH & SFB <001 <001 | <001 | <001 |

PDIEH & SDIEH =.001 =.001 | =.732 =001 |

PDIEH & PFB =.002 | =.001 | =.M5 | =001 t
V5 Gy

PDIEH & SFB <.001 | <001 | <001 | <001 |

PDIEH & SDIEH =.013 | =.001 | =.023 | =001 |

PDIEH & PFB =.017 | =.002 | =.001 | =001 t
V10 Gy

PDIEH & SFB <.001 | <001 | <001 | <001 |

PDIEH & SDIEH =.036 | =.016] =.501 =001 |

PDIEH & PFB =.(M9 =064 =.001 | =001 t
V20 Gy

PDIEH & SFB <.001 | <001 | <001 | <001 |

PDIEH & SDIEH =.021 | =.010 | =.M7 | =001 |

PDIEH & PFB =.306 =441 =.002 | =001 t
V30 Gy

PDIEH & SFB <.001 | <001 | <001 | <001 |

PDIEH & SDIEH =.037 | =.011 ] =.028 | =001 |

PDIEH & PFB .35 =.503 <068 =002 §

Abbreviations: LAD = left anterior descending antery; LV = lefl ventricle; NTCP = normal tissue complication probahility; FDIBH = prone deep
inpiraton breath hold; PFB = prone free breathing: SIIBH = supine deep inspiration breath hold; SFB = supine free bresthing.

Nede thal P values for the heart and LV are statitcally sigmificantly recuced for PDIBH compered with $FB, SIIBH, and PFBE. Pvalues < 15 were
comideral satistically signilican. Up and down amows depict if P vdues represent an incresse or decesse in dose in each posiion with mgand 1o

FDIEH.

compared with PDIBH; PDIBH and PFB (P < .0001).
Statistical values of NTCP calculated for OAR in each
technique are shown in Table 5.

Discussion

Cardiae injuries such as cordise monality, comnary
heart disease, or myoamndial infarction after breast radia-
tion therupy are well discussed in literutune, " The risk
of imjury arises a few vears after radiation, but it has the
potential o continue for decades. There is no evidence 1o
date of a threshold dose for injury @used by radiation;
thus, it is imperative o minimize doses o cardiac com-
ponents. ™ Das et al”’ provided a technique o comelate
the left lung and the heart doses with pulmonary and
cardine complication rates. Thus it is important 1 find the
techniques that can lower the heant dose and spare left
lung becanse of the nsk of preamonitis, left lung fibrosis,
and cancer induction.

Mean heart dose quartile range was 1,09 10 2.21 Gy for
SFB, 0.68 10 1.23 Gy for SDIBH, 068 o 104 Gy for
PFB, and 0.55 o 0.92 Gy for PDIBH. Darby el al®

estimated that o | Gy increase in the mean heart dose
leads to o 7.4% increase in the rate of major comnary
events, Thus the mean heart dose quartile mnge will lead
o an increase in the mie of major commary events of
between 8.07% and 16.35% for SFB, 5.03% and 9.10%
for SDIBH, 503% and 7.69% for PFB, and 4.07% and
6.81% for PDIBH above baseline risk levels. Sardora
et al™ estimated that I Gy increases in the mean heart
dose lend 10 a 4% increase in the long-term risk of late
heart disease fmom baseline: thus, the mean heart dose
range calculated in this study will increase long-term risk
of late heart disease by between 4.36% to 8.88% for SFB,
2.72% and 4.92% for SDIBH, 2.72% and 4.16% for PFB,
and 2.20% and 3.68% for PDIBH above baseline risk
level. Hence, SDIBH, PFB, and PDIBH lead to a lower
risk of late heart diseases and a lower mle of major cor-
onary events compared with SFB. PDIBH leads 1w the
lowestincrense in risk estimate above baseline sk among
all the technigues,

In DIBH the heant can be pushed away from the chest
wall by inflating the left lung; therefore it is away from
treatment felds, which leads to lower heart dose. Prone
setup can reduce the dose o the heart and left lung
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a NTCP Heart (Mortality) b NTCP Left Ventricle (Mortality)
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Figure 3 Box-whisker plot of mean NTCF values with emor bars in SFB, SDIBH, PFB, and PDIBH. Ouilier data are shown if they
existed for (a) heart, (b) LV, () LAD, and {d) composite left lung; (€) symptomatic preumonitis {<6 months) of left lung; (f)
symptomatic or radiographic preumonits (<6 months) of left lungs: (g) symptomatic fibrosis (=6 months) of left lungs: (h) symp-
iomatic or mdiographic fibrosis =6 months) of left lung s (i) preumonitis (1), grade =2, of left ongs: and () preumonitis (2), grade
=2, of left hmgs. Abbreviartions: LAD = left anterior descending anery; LV = left ventricle; NTCP = nomal tissue complication
probahbility, FDIBEH = prone deep inspiration breath hold: PFB = prone free breathing; SDIBH = supine deep inspiration breath hold;

SFB = zupine free breathing.

because gravity pulls the left breast away from the chest
wall, thus minimizing the treatment fields going through
the heart and lung. Although it is widely recognized that
the heart can also be pulled anteriody by gmvity, this

study consistently found that PFB and PDIBH always
deliver lower heart doses compared with SFB. Some
studies have reported that the prone position reduces the
heart doses™ ™% however, a few studies have also
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Table 5 P value of calculaed NTCP with specific end stage of fue heart, LV, LAD, and left lung between each technique

Struc ture Endpoint/stage SDIBH& PFE& PDIEH& PDIBEH& #PDIBH& #PRB &
SFB SFB SFB SDIEH PFB SDIEH
Hean Monality D001 D001 D001 034 236 138
LV Monality D001 D001 D001 012 317 028
LAD Montality 0001 0001 0001 036 029 286
Lung Pneumonitis (1), grade =2 003 0001 0001 0001 A0L4 001
Lung Pneumaonitis (2), grade =2 00 D001 D001 D001 LT D001
Lung Sympomatic or radiographic 003 D001 D001 D001 LT D001
poeumonitis (<6 mao)
Lung Sympiomatic pneumonitis (<6 mao) .02 0001 0001 0001 1000 0001
Lung Sympomatic or radiographic 003 D001 D001 D001 LT D001
fibrosis (=6 mao)
Lung Sympiomatic fibrosis (=6 mao) ooz 0001 0001 0001 0001 0001
Lung Composiie NTCP .00 0001 0001 0001 0001 0001

Abbreviations: LAD = lefl anterior descending aniery; LV = left ventricle; NTCP = normal fissue comypllication protebility; POIBH = prone deep
inspiration tresth hold; PFB = prone free hresthing, SDIBH = supine deep inspiration breath hold; SFB = supine free breathing.

P values < 05 were comsidered statistically signilicant

statistical ly significant difference was found with respect
o SDIBH. PFB gives statistically significantly lower
mean heart and LAD dose compared with SFB, which is
in contrast w0 one study that concluded that PFB gives a
hi gher dose.™ It is reported that there is increased risk of
stenosis in the LAD for patients with lefi-sided breast
cancer.” Higher LAD dose in PFB compared with
SDIBH may be because LAD falls close to the medias-
tinumichest wall becanse of gravity placing it closer to
the treatment field, but in PDIBH it is lower because
deep inspimtion pushes the LAD away from the meat-
ment field. The QUANTEC group™ recommends that for
patients with breast cancer, the imadiated heant volume
should be minimized withoul compromising  target
coverage. From our results, it can be concluded that
PDIBH further reduces the mean dose to the heant and
LV compared with SFB, SDIBH, and PFB. PDIBH also
reduces the mean dose to the LAD compared with SFB
and PFB.

The mean lefl lung doses are satstically signifi-
cantly lower in prone setup. The mean left lung doses
und other dosimetric parameters evaluated in PFB and
PDIBH are sutistically lower compared with SFB and
SDIBH. This could be attributed 1o the geometry in
prone position: the minimal beam passes through the
left lung because of the pulling away of the breast from
the chest wall and left lung. Thus, a prone setup has a
clear advantage over a supine setup for lowering left
lung doses and other dosimetric parameters caleulated
in this study, which is in agresment with several pre-
vious studies ! * However, similar 10 a study by
Mulliez et al,* this study also found that PFB gives a
slightly lower left lung dose compared with PDIBH.
The difference in the mean left lung doses between PFB
und PDIBH will be further reduced if density cornection

is applied o the left lung because of it increased
volume in PDIBH.

NTCP analysis con assist in finding new ways 1o
reduce  radiation  thempy—indwesd  complication
mtes,"* = In the literature there are studies comparing
NTCP for OARs in SFB with SDIBH.* A literatur
search did not vield any study that has compared NTCP
for the heant, LV, LAD, and left lung with the supine and
prone technigues. This is the only study that caloulates
and compares NTCP values of prone technigues with
those of supine technigues in free breathing and DIBH. In
addition, this is the only study that has caleulated NTCP
for 6 endpoints of left lung complications using an NTCP-
LEB maodel for each of the 4 technigues.

Based on the hiological evaluation of the heant with
candine morbidity as an end result, this study found sa-
tistical ly significantly lower NTCP for SDIBH, PFB, and
PDIBH compared with SFB, which correlates with results
of lower dosimetry doses for the heart for all technigues
compared with the SFB technique. This study concludes
that SDIBH, PFB, and PDIBH techniques statistically
significantly msduce the mean probability of excessive
candine monality and of left lung complications compared
with SFB. These results are similar to those of a few
previous studies that also concluded that SDIBH leads 10
a significant reduction in the heart and left lung compli-
cation probability compared with SFB.™ 7" The present
study did not find any statistically significant difference in
the NTCP among SDIBH, PFB, and PDIBH for the hean,
LAD, and LV,

For both prone techniques (FFB and PDIBH), the
reduction of the NTCP for left lung complications was
statistically significant compared with SFB and SDIBH,
which correlates with lower dosimetry dose in the left
lung between these technigues,
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Conclusions

This study found that radiation dose can be reduced o
the heart, LV, LAD, and left lung with the selection of a
proper technique. The PDIBH technique does have added
benefits in lowenng the mean doses o hean, LV, and
LAD compared with SFB, SDIBH, and PFB technigues.
The dosimetric findings are mgmented with the NTCP for
cardiae mortality, indicating that substantial reduction can
be achieved by using SDIBH, PFB, and PDIBH companed
with SFB. Left lung doses and compisite NTCP for the
left lung complications ane statistically significantl y lower
in prome techniques compared with supine technigues.
Thus, PDIBH does provide the benefit of the heart, LV,
and left lung sparing statistically significantly better than
SDIBH. This sty concludes that statistically significant
dose reduction in the left lung can be achievad by using
prone technigues. The PDIBH seems 10 be an optimal
technique for minimizing doses o cardiae components
while adequately sparing left lung if the patient can
comfortably perform breath holding. The PFB can be the
optimal techrigue for OAR sparing for patients unable 1o
hold their breath. Each clinic should evaluate the pros and
cons of each technique while maintaining the patient’s
comfort level and breathing patterns, Better inte gration of
hiological models in the TPS with validated input pa-
rameters (2 and B) for the QAR may facilitate adoplion in
clinical prctices.
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Abstract

Introduction: The skin dose in radiation treatment for breast
cancer 15 an Important consideration m terms of not only the
outcomes but alzo cosmesis. However, an inadequate skin dose can
lead to skin recmrence. This study was underiaken to analyze how
the skin dose vanes in patents treated in the prone and supine
posifiens._

Methods: Fifty patients were scanned in the prope and supine
positions. A radiation treztment plan was created for the left breast,
using a2 6-MV beam for a presembed dese of 4266 Gy m 16
fractions. The dosze was caleulated using 1- and 2. 5-pom caleulaton
gnid sizes.

Rezults: The mean dose difference between the prone and supine
techniques was statistically significant from a 3- to 5-mm depth for
both gnd sizes. For the 1-mm caleulation gnd size, the doses at 3-
. 4-, and 5-mm depths in the prone and supine techmques wers
87.80%: and §9.10% (P=0.003), 91.92% and 94.50% (P=0.00), and
95.30% and 98.20% (P=0.00), respectively; for the 2.5-mm gnd
size, the respective doses were 87.10% and 83 59% (P-=20.00),
91.60% and 94.63% (P=0.00), and 95.10% and 97.80% (P=0.00),
respectively. The median angles relative to the skin surface were 8
and 52 degree: for treatment in the prone and supine postions,
respectively.

Conclusions: Based on the same patient populatien, this study
demonsirates that the prone techmigue facilitates a lower skin dose
than does the supine technique, probzbly becanse of the beam
angles. The beam 15 more perpendicular to the skin swface in the
prone technique, whereas it 1= more tangential in the supine
technique, thus delivermg 2 igher skin dose Thus, dose to the skin
may also be assessed in the prone technique and if desired, the skin
dose should be carefully augmented via a bolus or beam speiler.
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Introduction

Most women with early-stage breast cancer undergo
combined treatment with radiation as part of their
cancer management [1, 2]. Treatment for breast
cancer includes surgery, radiation therapy.
chemotherapy, and hormone therapy. Radiation
therapy after breast-conserving surgery is
associated with improvement in local control and s
equivalent to mastectomy in terms of overall
survival [1-5]. This combined multimodality
treatment has improved the outcome for early-stage
breast cancer to its highest level However, as these
patients live longer, they are now experiencing and
reporfing  the  associated  radiation-induced
complications. Several studies have demonstrated
that the treatment of left breast cancer has the risk
of significantly higher radiation mortality than does
the treatment of right breast cancer [1-5]. Other
studies have shown that there 15 an increased nisk of
death due to cardiac events, as well as of developing
ipsilateral lung disease in patients with left breast
cancer who are treated with radiation therapy [6, 7].
Darby et al. [6] showed that cardiac toxicity has no

threshold dose, and that cardiac toxicity increases

linearly with the radiation dose. at a slope of]

7.4%/Gy.

Typically, most pafients with breast cancer are
treated in the supine position using tangential
radiation fields. The treatment field for left breast
irradiation includes the heart and left lung. These
organs are also partially irradiated along with the
breast planning target wolume (PTV). Various
strategies, such as deep inspiration breath hold
(DIBH) [8-10]. moderate inspiration breath hold
[11-13]. and prone breast [14-16]. have been
successfully implemented to reduce the dose
delivered to cardiac components, including the left
ventricle (LV) and left anterior descending artery
(LAD). A recent study by Taylor et al. indicated that
an increase in radiation-related injuries is seen in the
LV and LAD mn patients undergoing lefi-sided
breast radiation therapy [17]. A higher incidence of|
LAD stenosis has also been reported for lefi-sided

breast radiation therapy [18, 19].

The clinical implementation of radiation treatment
in the prone position has been well analyzed. The
prone breast treatment technique utilizes gravity,

which pulls the breast tissue away from the heart
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and lung. This geometry helps to reduce the
radiation dose fo the cardiac structures and lungs.
This technique also improves dose distribufion in
the breast. while additionally reducing the dose

delivered to the organs at nsk (OAR).

The skin dose in breast cancer radiation treatment is
an important factor when considering the balance
between cosmesis and outcome. Often, skin toxicity
15 considered as a dose lumiting factor [20, 21].
Radiation dermatitis has consistently been a
concern of radiation oncologists when using high-
dose freatments [22, 23]. Skin dose toxicity has an
impact on the tolerance of treatment and on the
cosmetic oufcomes in patients with breast cancer
[24-28]. Breast recurrences are relatively rare, either
with the prone or supine treatment. The outcomes
are reported to be similar with both techniques [29].
However, a recent study by Katz et al [30]
described a case report of inadequate skin dose that
led to skin recurrence when treated using the prone
treatment technique. Thus, it is important to
determine the dose delivered to the skin during
breast radiation therapy to avoid underdosing
tumors near the surface and prevent possible

recurrence. Moreover, determining the skin dose for

each ftreatment techmique will help radiation
oncologists choose an appropriate plan for

treatment.

In general the surface/skin dose depends on the
incident beam angle, field size, source to skin
distance, beam energy., and beam modifying
devices. The beam incidence angle is less oblique in
the prone position, which may lead to a lower
superficial dose, than in the supine position, where
the breast is treated at an angle ranging between 43-
55 degrees. Such a steep angle produces a bigger
surface dose based on the obliquity factor defined
by Gerbi et al [31]. Additionally, the TPSs are
unable to adequately compute the dose in the
superficial'buildup region due to wvoxel size
averaging [32]. In our clinic, we regularly use a 2.5-
mm grid size for 3D dose calculations. Das et.al [32]
showed that a smaller grid size can lead to a more|
accurate dose calculation in the buildup region. The
smallest grid size available in Eclipse version 13.7
is 1 mm; therefore. we chose grid sizes of 1 mm and

2.5 mm to evaluate the skin dose.

This study was undertaken fo analyze the skin dose

in a cohort of patients who underwent treatment
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planning with both techniques (prone and supine
treatments). The study was further extended to
assess the impact of varying the calculation grid size

on the skin dose. in the same patient population.

Materials and methods

Fifty patients who exhibited early-stage left breast
cancer with a pathological stage of T1-2N0 and
underwent computed tomography (CT) scanning in
both the prone and supine positions between August
2017 and March 2018 were included in this
retrospective study. The study was approved by the
AdventHealth Institutional Review Board (Orlando.
Fl. reference no #1430). All CT scans were
performed using the GE lightspeed RT scanner, at
2.5-mm slice thickness. In the supine set up. the
patient’s head was furned away to the right The
prone board (CIVCO, Kalona, USA) was used for
the prone set up. with both arms above the head and
the hands holding a hand-bar to reduce rotation of
the body, fo ensure a more reproducible setup. The
radiation oncologist marked the borders of the
breast tissue before the CT scan. CT scan images
‘were transferred to the Eclipse (Varian Medical

Systems Inc.. Version 13.7) treatment planning

system (TPS). The breast PTV, heart. LV, LAD. and
contralateral breast of each patient were contoured
by the same radiation oncologist. using RTOG-1304
[33] guidelines in the Eclipse TPS. The external
body and left lung were contoured using the
automatic contouring function, which was verified
by a physicist for accuracy. The breast PTV was

pulled 5 mm from the skin surface for both scans.

Radiation treatment was planned for the whole left
breast with 6-MV beams, using a hypo-fractioned
schedule for the prescribed dose of 42.66 Gy, in 16
fractions. The calculation was performed in the
Eclipse TPS using the Amnisofropic Analytical
Algorithm (AAA; Version 13.7) for 1- and 2.5-mm
calculation grid sizes. Two opposing tangential
fields were used to cover the breast PTV in both
prone and supine positions. The beam’s eve view
was used to find optimal gantry angles to maximize
the distance between the breast PTV and cardiac
components to mimimize the dose to the OAR
without compromising the breast PTV coverage.
The treatment field was formed by adding a 7-mm
margin to the breast PTV, as recommended in
RTOG-1304 protocol [33]. The breast PTV had an

identical coverage both in the prone and supine
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position, with at least 95% of the PTV receiving
100% of the dose. and with a maximmm dose of
108%. A dose-volume histogram (DVH) was used
to evaluate the PTV coverage and doses to the OAR.
The gantry angles of the freatment beams were
recorded in each techmique fo assess the frequency
distribution of the beam angle in this patient
population, as shown in Figure la. using isodose
lines, as shown in Figure 1b. The skin dose was
measured perpendicular to the skin surface at the
central axis of the beam. Point dosage from the skin
surface to a depth of 5 mm was recorded for
analysis. The mean dose values for the heart. LV,
LAD, and left lung were also recorded and
compared between prone and supine positions for
treatment plans using the 2.5-mm calculation grid

size.

Data between two groups were compared using
Wilcoxon signed-rank test for related samples. All
statistical analyses were performed using SPSS.
version 24.0. Data were considered statistically

significant at a P-value =0.05.

Results

For the prone position, the median angle of the
medial beam relative to the skin surface at the
central axis was 8§ degrees (3.45-12 degrees); for the
supine position. it was 325 degrees (48-55.25
degrees). The medial beam angle relafive to the skin
surface was nearly perpendicular in the prone
position but was tangential in the supine position, as

shown in the scatter plot in Figure 2.

The median breast PTV volume of the patient was
5190 cor’ (range, 354.4-756.4 cm®) in the prone
position and 544.8 cm’ (range 380.4-796.2 cm’) in
the supine position; thus, these fwo populations had
similar breast volumes. The mean dose for the prone
vs supine position for the 1-mm calculation grid size
was 32.25% vs 32.95% (P <0.62) at the surface.
66.87% vs 65.05% (P =086) at l-mm depth,
8186% vs 8127% (P =026) at 2-mm depth,
87.80% vs 89.10% (P =0.003) at 3-mm depth.
01.92% vs 94 50% (P <0.00) at 4-mm depth. and
05.30% vs 98.20% (P <0.00) at 5-mm depth. The|
mean dose for the prone vs supine position for the
2.5-mm calculation grid size was 36.75% vs 38.16%

(P <0.34) at the surface, 60.38% vs 62.15% (P
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=0.14), 77.35% wvs 79.65% (P =0.02). 87.10%
vs88.59% (P «0.00). 91.60% vs 94.63% (P <0.01).
and 95.10% vs 97.80% (P <0.01) at 1-, 2-, 3- 4
and at 5-mm depth., respectively (Figure 3a-3b and
Table 1). The stafistical comparisons using P values

are shown in Table 2.

In addition. the doses to heart, LV, LAD. and left
lung were analyzed in the supine and prone
positions. The median dose in the prone position
was 0.92 Gy (0.72-1.11 Gy) for the heart, 1.31 Gy
(1.02-1.5 Gy) for the LV, 5.81 Gy (3.71-8.6 Gy)
for the LAD, and 0.65 Gy (0.48-0.85 Gy) for the
left lung In the supine position. the respective
median doses were 1.88 Gy (1.42-2.58 Gy), 3.24 Gy
(2.27-4.42 Gy). 21.76 Gy (6.83-26.88 Gv), and 5.74
Gy (4.55-6.98 Gy). The results for all OAR using

both techniques are shown in Figure 4a-4d.

Discussion

Skin recurrence is relatively rare in breast cancer
and 1s usually associated with specific clinical and
pathological factors [30. 34, 35]. In high-energy
megavoltage beams, the dose builds up to a
maximum dose at a certain depth below the skin,

which may potentially underdose the skin. The skin

dose in breast radiation treatment plans is dependent
upon many parameters, including the energy, source
to skin distance, field size_ beam modifying devices.
and beam angles. Furthermore, it is dependent upon
the bolus in photon and electron beam treatments.
Boulle et al. [36] presented skin recurrence afier
chest wall treatments in a population of 807 patients
and concluded that photon treatment without bolus
has a much higher recurrence. An optinmim surface
dose is required to achieve the primary goal of]
treating breast cancer without excessive skin
toxicity, such as ervthema, desquamation, edema.
and fibrosis. Skin-sparing is reguired to avoid
unfavorable  cosmetic  outcomes;  however,
inadequate skin dose may lead to skin recurrence,
as shown by Katz et al [30]. Thus, clinicians should
also consider umor bed contouring, especially for
patients who will be treated in the prone posifion. to
evaluate the dose to the gross mumor volume. For
such cases, boost treatment should be considered to)
deliver an adequate dose to the mmor bed. This will
prevent underdosing of the superficial fumor beds.
The skin dose, in addition to being energy-
dependent, can also be gnid size-dependent. One
study mentioned that differences up to 3% are

observed between the maximum and mean doses
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1(a)

1(b)

Fig 1 (a): Typical beam angle and beam placement in the prone and supine treatment positions. (b):
Typical beam placement in the prone and supine treatment techniques with a 100% isodose line. The
yellow line represents the 100% isodose line; orange, red, and pink color contours represent breast PTV

lumpectomy, and heart, respectively. PTV, planning target volume.
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Medial Gantry Angle In Prone Vs Supine Technique
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Fig 2: Scatter plot of medial gantry angle in prone and supine treatment techniques for 50 patients.
Yellow and red horizontal lines represent the average medial angle for prone and supine techniques,

respectively.




Table 1: Percent skin dose (median value and quartile range) from 0-5-mm depth using the supine and prone

treatment techniques and a grid size of 1.5 or 2.5 mm

Depth 0 mm 1 mm 2 mm 3 mm 4 mm 3 mm

Prone (1.0-mm gnd | 32.23(29.48- | 66.87(63.77- | 81.86(30.26- | 87.80(86.47- | 91.92(90.90- 95.30(93.77-

size) dose I Ya 3392) 68.11) 8291) 88.90) 0297 96.00)

Supine (1.0-mm 3295(30.55- | 65.03(63.35- | 8127(79.50- | 39.10(8723- | 94.50(92.57- 08.20(96.6-

gnd size) dose in ¥ 36.82) 67.99) 82.73) 90.36) 05.62) 99.51)

Prone (2.5-mm gnd | 36.73(33.3- | 6038(36.90- | T7.35(7455- | 87.1(8520- 91.6(90.27- 95.10(93.74-

size) dose I Ya 3932) 64.08) 80.37) 8831) 02.76) 96.00)

Supine (2.5-mm 38.16(32.82- | 62.13(57.27- | T9.65(76.77- | 88.39(86.68- | 04.63(92.85- 07.8(96.71-

gnd size) dose in ¥ 4231 67.50) 81.73) 90.14) 93.34) 99.44)

Table2: P values in supine vs prone technicues for a grid size of 2.5 or 1 mm. at a depth of 0 to 5 mum. P-

values =0.05 are considered statistically significant

Depth 0 mm 1 mm 2 mm 3 mm 4 mm 5 mm

P value (1.0-mm grid size) =0.013 =0.862 =0.257 =0.003 | =0.001 | =0.001

P value (2.5-mm gmid size) =0.342 =0.142 =0.017 =0.001 =0.001 | =0001
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Fig 3 (a): Percent skin dose in the prone vs supine position from the surface (0-mm depth) to a 5-mm depth,|
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dose at a 5-mm depth, and S 5mm represents the supine dose at a 5-mm depth.
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'with a calculation grid [32]. Most TPSs provide
inaccurate dose estimates [32, 37, 38]. Many studies
have evaluated methods to verify the skin dose, but
skin dose is not a parameter that is recorded like the
dose for OAR [32, 38, 39]. Measuring the skin dose
for tangential beams can be challenging
Conventional, model-based, dose calculation
algorithms have limitations regarding the buildup

region due to the lack of electron equilibrium and
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Fig 4. Box-whisker plots of the mean doses with error bars in the supine and prone position for (a) the heart,

(b) LV, (c) LAD, and (d) left lung; outliers are also shown. LV, left ventricle; LAD, left anterior descending,

incomplete scatter conditions close to the skin and
air surface. This 15 mainly due to difficulties in
modeling the contribution of the dose in terms of the
electrons originating from the primary photons that
interact with part of the linear accelerator, flattening
filter, and collimators. One study concluded that the
accuracy of AAA in a solid-water phantom for
tangential treatment plans is comparable with that

of Monte Carlo method [40] However, another
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study concluded that the AAA algorithm cannot
reliably predict the dose at a depth less than 2 mm
[41]. Panettiere et.al [42] measured the calculation
accuracy of AAA in the surface build region in
tangential beam arrangements similar to those used
for breast freatment planning The authors
concluded that, for a 6-MV beam, the use of AAA
'will not introduce clinically significant errors in the
buildup region for the absorbed dose, especially
after the first 2 mm of tissue. One limitation of our
study is that the dose on the patient’s skin surface

was not measured.

In this study, doses at depths of 3, 4. and 5 mm were
statistically significantly lower in the prone position
than in the supine position, irrespective of the grid
size used, as shown in Table 1. These doses in the
prone position were identical between grid sizes of
1 and 2.5 mm, and similar observations were made
for the supine position. Thus, we found minimal
effects of the grid size on the dose at a depth beyond
2 mm for both positions. Our data indicate that a
depth dose reduction of up to 3% can be possible in
the prone position compared to the supine position
at 5 mm. This is because the median angle in the

prone positions was only 8 degrees. and thus the

beam was almost perpendicular to the skin surface;
in contrast, the median angle in the supine position
was 52.5 degrees.

Further, we found that a statistically significantly
lower mean dose is delivered to all OAR when in
the prone position than the supine position using a
grid size of 2.5 mm. The heart. LV, LAD, and left
lung doses were significantly lower in the prone
position. Although the heart falls anteriorly in the
prone position, smce the breast also falls and
elongates due to gravity, beam angles can be chosen
50 as to minimize in-field heart. LV, and LAD
doses. Similarly to other studies, the largest dose
reduction was seen in the left lung in the prone
position [8. 43, 44]. However, contrary to a study by
Verhoeven et al. [16], which concluded that LAD is
higher in the prone position. we found statistically
significantly lower dose to the LAD in the prone
position than in the supine position. Thus, the prone

position seems to reduce the dose fo all OAR.

Conclusions

Based on the same patient population treated in the
prone and supine positions with 6-MV beams, this
study established that the dose to the OAR is lower

in the prone position than in the supine position.
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especially for the LAD and left lung. The grid size
had a minimal effect on the dose calculated by the
treatment planning system in superficial regions.
MNotably. the skin dose was also lower in the prone
position than in the supine position. In both
techniques, the dose rapidly increased to more than
05% beyond a 5>-mm depth from the skin surface.
This wvalidates our hypothesis that the prone

technique allows for a lower superficial dose than
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