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Breast cancer is the second most common cancer diagnosed among women in the
United States following skin cancer. About one—third of women cancer patients have breast

cancer. Following lung cancer, breast cancer has the second highest death rate compared
to other types of cancer. Radiation therapy is a common way to treat breast cancer after
surgery; it can significantly decrease the breast cancer recurrent rate. For early breast
cancer treatment, breast-conserving surgery followed by radiation therapy is highly
recommended compared to mastectomy. Since most of the local recurrences occur near the

tumor bed, additional boost radiation to the tumor bed benefits patients of all age groups.

In this dissertation, we developed an innovative imaging/therapy integrated system
by using radionuclide Ir-192 for breast cancer. Three major studies have been completed.
First of all, we proofed the possibility of using Ir-192 as an external source for breast
imaging by Monte Carlo simulation. Secondly, we built an imaging assembly in a physical
laboratory setting to further validate the imaging ability of Ir-192 source. Thirdly, a
preliminary 3-D conformal treatment plan was created by using a commercially available
treatment planning system to evaluate the treatment capability of using Ir-192 source in the

future.



Based on our studies, a new platform which combines imaging and treatment via a
single radiation source (Ir-192) can potentially be implemented in the future for image-
guided radiation therapy. In this context, patients are not required to undergo an external
imaging modality to guide the brachytherapy treatment, so the dual-function radiation
source can simplify the procedure and increase the efficiency. In addition, it will streamline

the device and cut down the cost significantly.
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CHAPTER 1

INTRODUCTION

1.1 Breast Cancer Overview

Tumor is a swelling part of the body and is caused by abnormal growth of tissue. It
can be separated into two categories: benign tumor and malignant tumor. Breast cancer is
a malignant tumor that starts from the breast. It can grow uncontrollably and spread to the
surrounding tissues and organs, even to the whole body (American Cancer Society [ACS],
2015). Most of the breast cancer cases are found in women, but men could develop this
disease too. In the United States, breast cancer is the second most common cancer in
women after skin cancer (National Cancer Institute [NCS], 2014), and it also has the second
highest death rate among women following lung cancer (DeSantis, Ma, Bryan, & Jemal,

2014).

1.1.1 Types of Breast Cancer

Breasts are composed mainly of connective and fatty tissues. Breast milk is
produced in small lobules, and the lobules forms lobes. The milk is transported to the nipple
through small thin tubes, which are called ducts. The breasts do not contain muscles, but
they have blood vessels and lymph vessels (Dahnert, 2011). There are many types of breast
cancers and each type is based on how the cancer cells appear under the microscope. The

most common breast cancers are carcinomas. It starts from epithelial cells which forms the



lining of breast. Sarcoma is another type of cancer that can occur in the fat and connective

tissue of breast, but it is not as common (ACS, 2015).

—— Normal duct

- Abnormal cells
in duct

Figure 1.1 Ductal carcinoma in situ (ACS, 2015).

Breast cancer types can be further categorized based on where the cancerous cells
are, and whether the cells have the ability to metastasize. Majority of the cancerous cells
start from ducts and lobules. If those cells stay in their original locations and do not invade

the surrounding tissues, the cancer is called noninvasive, or in situ. However, if those cells



spread into fat or connective tissues, it is invasive, or infiltrating (Hartmann & Loprinzi,
2012). In some rare cases, breast cancer can be a combination of different types of tumors
or even a mixture of invasive and noninvasive cancer. Ductal carcinoma in situ (DCIS)
(Figure 1.1) is the most common noninvasive breast cancer (ACS, 2015). Though it is a
noninvasive cancer, there is a high risk that the cancer will develop into an invasive cancer
in the future if the cancerous cells are not removed. Lobular carcinoma in situ (LCIS)
(Figure 1.2) is another type of noninvasive breast cancer. The cancerous cells stay in the
region of lobules and they do not spread outside of the lobules wall. Invasive ductal
carcinoma (IDC) begins in a breast duct, breaks through the duct wall, and then invades
the connective and fatty tissue around. It can also move to other locations in the human
body through the cardiovascular and lymphatic circulation system. About 75 percent of
invasive breast cancer belongs to IDC. Invasive lobular carcinoma (ILC), a very similar
type of breast cancer to IDC except for the location where the cancer starts, represents
another 15 percent of invasive breast cancer (Hartmann & Loprinzi, 2012). Other atypical
breast cancer types include Paget disease, inflammatory breast cancer, phyllodes tumor,

angiosarcoma, etc.



Lobule

-_/7 Lobule filled
/" with abnormal
cells

Figure 1.2 Lobular Carcinoma in situ (ACS, 2015).

1.1.2 Risk Factors

It is very difficult to determine the possibility that an individual will develop cancer.
However, certain risk factors can affect the likelihood of getting cancer. Different cancers
have different risk factors. For example, smoking is a significant factor for lung, mouth,
and larynx cancer, while long exposure to strong sunlight is a factor for skin cancer.
However, that does not imply that people with one or more risk factors will definitely get
cancer. Most women, who have several risk factors for breast cancer, never develop breast

cancer during their lives. On the other hand, some women with breast cancer may not have



any apparent risk factors or may carry only a limited number of risk factors. It is not so

easy to determine if those factors contribute to the disease.

Risk factors can be broadly classified to three groups: not related to personal choice,
lifestyle related factors and unclear factors (ACS, 2015). Gender, age and race are the
strongest risk factors that are predetermined (Hulka & Moorman, 2001). The risk of breast
cancer in women is a few hundred times higher than in man, because certain female
hormones such as estrogen and progesterone can stimulate the growth of cancer cells. Older
females usually have a higher risk of breast cancer. The incident rate almost doubles every
ten years until menopause (McPherson, Steel, & Dixon, 2000). Overall, white women are
a little more likely to develop breast cancer than black women, but black women are more
likely to die of this cancer. Other races including Asian, Hispanic and Native-American

woman have a lower risk to develop breast cancer.

Genetic defects are hereditary, thus family history play an important role in breast
cancer risk too. BRCA1, the first breast cancer susceptibility gene, was identified in 1990
and cloned in 1994 (Miki et al., 1994). It not only affects breast cancer, but also ovarian
cancer. Researches show that people who carry BRCA1 mutation genes have as high as an
80% chance of developing breast cancer during their lifetime (Hulka & Moorman, 2001).
BRCAZ2 is another breast cancer susceptibility gene. The mutation of BRCA2 gene has a
high risk of developing into breast cancer, but unlike BRCA1, BRCA2 does not confer a
substantially elevated risk of ovarian cancer (Wooster et al., 1994). Additionally, BRCA2
mutations for breast cancer risk are lower, around 45% (ACS, 2015). In healthy cells, both
BRCA1 and BRCA2 help prevent cancer by making proteins that keep the cells from

growing abnormally. Other gene mutations also increase the risk of breast cancer, although



not as significant as BRCA1 and BRCA2. These genes include ATM, TP53, CHEK2,
PTEN, CDHI, STK11 and PALB2 (ACS, 2015). We also need to consider family history
of breast cancer. Women, whose mother, sister or daughter (first-degree relatives) are
diagnosed with breast cancer, have doubled risk of breast cancer. If they have two first-
degree relatives with breast cancer, the risk triples (McPherson et al., 2000). BRCA1 and
BRCA2 mutations can be inherited not only from mothers, but also fathers. Furthermore,
a woman who was treated with cancer in one breast has an increased risk of developing a
new cancer in the other breast or in another part of the same breast. This risk is even higher
if breast cancer was diagnosed at a younger age. Women who start menstruating early in
life or who have a late menopause have an increased risk of developing breast cancer,
because of longer lifetime exposure to estrogen and progesterone. Ionizing radiations to

the chest wall, especially for young women, increases the risk of breast cancer.

Some lifestyles have proved to affect the risk of developing breast cancer. Having
children is one of the considerations. Women who have never given birth at all or who first
gave birth after the age of 30 have a slightly higher breast cancer risk. More pregnancies
or becoming pregnant at a young age can reduce breast cancer risk, due to the reduction of
menstruation times during lifetime (Hulka & Moorman, 2001). Breastfeeding over a long
term can also help to decrease the risk of breast cancer. Researches show that there is a
clear relationship between drinking alcohol and breast cancer. Alcohol abuse and excessive
drinking (more than 3 drinks per day) will significantly increase the risk of breast cancer,
about 1.5 times more than women who do not drink alcohol (Singletary & Gapstur, 2001).

An alcoholic drink per day slightly increases the risk.



Diet is an arguable factor. Many studies have attempted to find out the link between
diet and breast cancer risk, but there is no conclusion yet. Some studies found no evidence
that diet affects breast cancer risk (Pierce et al., 2007), while some other studies claim that
diet plays a role. For example, the research by Cho et al. (2006) indicated that greater red
meat intake was strongly related to elevated risk of breast cancers (Cho et al., 2006).
Bingham et al. (2003) found that the risk of breast cancer rises with increasing fat intake,
particularly saturated fat (Bingham et al., 2003). Research by Shin et al. (2002) indicated
no correlation between intake of dairy products and breast cancer in postmenopausal
women. However, for premenopausal women, high intake of low-fat dairy foods was
associated with a reduced risk of breast cancer (Shin et al., 2002). Another ambiguous risk
factor of breast cancer is smoking. The 2014 US Surgeon General’s report concluded that
there is “suggestive but not sufficient” evidence that smoking increases the risk of breast

cancer (ACS, 2015).

1.1.3 Diagnosis

Breast cancer can be found when symptoms appear. The most common symptoms
are breast lump and mass. The lump is usually soft, tender and can be either painless or
painful. It is imperative that women check with their breast health professionals as soon as
possible upon the discovery of a new breast lump or mass. Other symptoms include
swelling of all or part of a breast, skin irritation or dimpling, breast or nipple pain, nipple
retraction, redness, scaliness, or thickening of the nipple or breast skin, and nipple
discharge other than breast milk. Women in the early stages of breast cancer generally have

no symptoms, so it is crucial to get screening tests.



The most popular and recommended test for early screening is mammogram
(Figure 1.3). A mammogram is an X-ray of the breast. The X-ray beams pass through the
tissues and strike the film. The film will then display the density difference of the tissues,
due to the attenuation of X-rays. Screening mammograms are used to look for breast
disease in women who have no breast cancer symptoms. The ACS recommendations for
early breast cancer detection in women with an average risk of breast cancer are as follows:
For ages 40 to 44 years old, women are encouraged to begin annual screenings. Women
between the ages of 45 to 54 should get annual mammogram screenings. Women aged 55
years and older should transition to biennial screenings. The ACS does not recommend
physical breast examinations for breast cancer screening among average-risk women at any
age (Oeffinger et al., 2015). During a mammogram, the breast is pressed between two
plates in order to spread and flatten the tissue for a readable film. If the screening
mammogram shows a lump or any abnormal results, the physician will usually prescribe a
diagnostic mammogram. Unlike the screening mammogram, which only takes two
projections, the diagnostic mammogram will include more images of the area of concern.
A Dbiopsy is needed if the diagnostic mammogram shows that the abnormal area is

suspected of cancer.



Figure 1.3 Mammogram (ACS, 2015).

Not all lumps are cancerous. Some of them are cysts. They can be distinguished by
a breast ultrasound. Ultrasound, also known as sonogram, uses soundwave to detect objects
in the body. A transducer is placed on the skin of the patient’s breast and it generates high
frequency (over 1 MHz) sound waves. The waves will penetrate the tissues and feedback
an echo signal, which is in turn processed by a computer to form a black and white image.
Ultrasound, when coupled with mammogram, becomes a valuable tool for diagnosing
breast cancer. Not only is it able to differentiate between cyst and tumor, it is also painless
and safe. Patients are not exposed to radiation during the entire diagnostic process. It is an
ideal imaging modality for pregnant women and also for those who are not able to receive

a mammogram or Magnetic resonance imaging (MRI).
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MRI scan uses radio waves and strong magnetic fields to generate images of the
body. During a breast MRI scan, the patient is placed on a couch within an MRI scanner in
the prone position. There are openings on the couch for each breast that allow them to be
imaged without compression. The machine forms a strong magnetic field around the breast
to be imaged. Hydrogen atoms in tissues containing water molecules are used to create a
signal that is processed to form an image of the body. The strong magnetic field will excite
these hydrogen atoms, which then emit a radio frequency signal. This signal is measured
by a receiving coil. Furthermore, by using a gradient coil, a different coil that varies the
main magnetic field, the position information of radio signals can be read. The contrast
between different tissues is determined by the rate at which excited atoms return to the
equilibrium state (McRobbie, Moore, Graves, & Prince, 2007). Compared to both the
mammogram and the ultrasound, the MRI scan provides more detailed information and
usually takes a longer time. In order to receive a clear and useful image, it is very important
to stay still during the whole scanning process. If a screening mammogram is not enough
to determine the suspicious area, the MRI may be used as a backup. Some studies showed
that MRI for breast cancer screening has a higher sensitivity compared to mammogram and
breast ultrasound (Kuhl et al., 2005; Lee et al., 2010). MRI is sometimes used for diagnosis
purposes, such as to determine the actual size of the cancer and to look for any other cancers

in the breast.
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Figure 1.4 Breast MRI (ACS, 2015).

Biopsy is a further diagnostic procedure for the abnormal areas that are found by a
mammogram, breast ultrasound or breast MRI (Figure 1.4). It is the only way to confirm
if cancer is really present. In the United States, among the women screened annually for
10 years, approximately 50 percent will need additional imaging, and 5 to 7 percent will
have biopsies (Hubbard et al., 2011), which indicates over a million women receive breast
biopsies each year. Pathologist will examine the tissue sample from biopsy under a
microscope, and send a report containing the diagnosis results to the physician. There are
three major types of biopsies: fine needle aspiration biopsy (FNAB), core needle biopsy
(CNB) and open surgical biopsy. Depending on each patient’s specific situation, a different
technology will be applied. Some factors to be concerned include the appearance, size,

location and quantity of the suspicious lesion, or the patients’ personal preferences.
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FNAB is the least invasive diagnostic method among the three biopsies. During the
procedure, the physician extracts a small portion of tissue from the suspicious area by using
a very thin, hollow needle that is attached to a syringe. The needle size can be as small as
23 gauge (23 gauge = 0.5733mm diameter = 0.2582 mm? cross sectional area), which is
smaller than the commonly used blood test needle (Daltrey & Kissin, 2000). The sample
tissue will be examined under a microscope. If the physicians can feel the lesion with their
hands, the needle will be guided into the area just by feeling it. This is called palpation
guide. Otherwise, the physicians will need to use an ultrasound to guide the needle to the
suspicious area. The cost of FNAB is low and the result can be made available within a
shorter time frame. Since it uses a tiny needle, it has a lower probability of causing
hematoma and other rare complications, such as pneumothorax. However, the accuracy of
the diagnosis is poor, compared to CNB. Many studies (Willems, Van Deurzen, & Van
Diest, 2012) have shown that for large lesion area or metastasis cancer, the positive
prediction rate for FNAB decreases to 78%. This is because sometimes the needle is not
guided accurately to the area and so will miss collecting suspicious tissues at the cancer
cells location. Moreover, even if cancer cells are found, it is usually not possible to
determine if the cancer is invasive. The low prediction rate greatly affects its popularity.
Nowadays, FNAB is not widely used or even abandoned in many institutions in United
States and United Kingdoms, but it is still commonly used in many developing countries
(Yu, Wei, & Liu, 2012). If a final diagnosis cannot be provided by FNAB, the physicians

will prescribe a second or a different type of biopsy.

A CNB uses a larger needle to sample suspicious tissue. The needle size range from

18 gauge (18 gauge = 1.0237mm diameter = 0.8230 mm? cross sectional area) to 7 gauge



13

(7 gauge = 3.6649mm diameter = 10.5488 mm? cross sectional area) (Preibsch et al., 2015;
Nath, Robinson, Tobon, Chough, & Sumkin, 1995). The procedure is similar to FNAB, but
because the needle is larger than the one used in FNAB, much more abnormal tissue
samples can be extracted at once. CNB also requires several cores for one sampling. Also,
some imaging guided methods are usually used in tandem, such as stereotactic

mammogram, ultrasound or MRI, to locate the lesion.

In some cases, a vacuum device is used to assist in removing the tissue sample from
the needle, which is called vacuum-assisted core biopsies (Dahabreh et al., 2014). During
this process, a small incision is made on skin and a hollow probe is inserted through this
incision. The probe is guided by imaging methods and arrives at the lesion area. There is a
hole at the side of the probe, so the tissue can be suctioned into the probe. A rotating knife
equipped within the probe will then cut the tissue off. This method usually removes more

tissue than a regular CNB (ACS, 2015).

CNB is an outpatient setting. Thus, it requires local anesthesia to reduce pain,
because it removes larger pieces of tissue. A CNB is more likely to provide a clear
diagnosis than an FNAB, although it might still miss some cancers. Overall, FNAB has
average success rates of 75% to 90% for palpable lesions, and 34% to 58% for non-palpable
lesions, while the success rates of CNB are 97% and 94%, respectively (Willems et al.,

2012).

FNAB and CNB are usually accurate enough to make a diagnosis. However, a more
aggressive method called surgical biopsy needs to be applied sometimes, for example,
when the results of the CNB are inconclusive. The whole lump area will be removed during

surgical biopsy and sent to a pathologist. Since the surgery removes a great mass of breast,



14

there is a high possibility of a breast shape change after this biopsy and a scar is usually
left behind. Surgical biopsy is considered to be the most accurate, but it also carries a higher
risk of complications, such as bleeding or infection. Compared to all three major biopsies,
CNB has a highly accurate diagnosis, and is certainly more reliable than FNAB and less
invasive than surgical biopsy (Pagni, Spunticchia, Barberi, Caprio, & Paglicci, 2014). The

patients and physicians may prefer CNB to other biopsies.

A whole diagnosis procedure usually includes the three parts mentioned above and
involves three medical personnel. Firstly, self-examination or a physical examination is
done by a clinician. Secondly, a mammogram, ultrasound or MRI is handled by a
radiologist. Thirdly, a biopsy completed by a pathologist. These three diagnostic steps can

narrow down the missed diagnosis of breast cancer to less than 1% (Yu et al., 2012).

1.1.4 Treatment Methods

The treatments of breast cancer can be broadly grouped based on how the
treatments are performed and at which tumor stage they are used. Systemic therapy
includes chemotherapy, hormone therapy and targeted therapy, while local therapy

includes surgery and radiation therapy (ACS, 2015).

Systemic therapy is a treatment method where prescribed drugs administered orally
or directly into the bloodstream can reach cancer cells anywhere in the body. Depending
on when the therapy is given, systemic therapy can be separated to two categories: adjuvant
therapy and neoadjuvant therapy. Adjuvant therapy is usually applied after surgery.

Surgery is used to remove all of the cancer cells that are visible, but there are possibilities
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that some cancer cells may have been left behind or may have spread to other parts of the
human body, which cannot be seen. Adjuvant therapy is then used to kill those cancer cells,
which reduces the risk of breast cancer recurring. Unlike adjuvant therapy, neoadjuvant
therapy needs to be applied before surgery. It can help to shrink the tumor so that the tumor
can be removed with less extensive surgery. That is the reason that neoadjuvant therapy is
usually used to treat cancers that are too big to be surgically removed at the time of
diagnosis (Mauri, Pavlidis, & Ioannidis, 2005). It is also able to provide more information
on how the cancer cells respond to the treatment. Should neoadjuvant therapy fail to shrink

the tumor, other methods will be needed.

Chemotherapy treatment usually lasts for several months. It is given in cycles, with
each period of treatment followed by a recovery period. Each cycle will vary according to
the chemo drugs used. These drugs will target cells that are dividing quickly, since it is
characteristic of cancer cells. However, some other cells, such as cells in the bone marrow,
in the lining of the mouth and intestines, and in the hair follicles, also divide quickly. These
cells can be affected by chemo drugs, which can lead to side effects. Some of the most
common possible side effects include hair loss and nail changes, mouth sores, loss of
appetite or increased appetite and low blood cell counts, etc. Different types of drugs will
result in different side effects. It also depends on the amount of drugs taken and the length
of treatment. Some women may have many side effects; others may only have few. These

side effects usually last a short period of time and subside after treatment is completed.

Gene alteration is one of the important risk factors of breast cancer. Three broad
categories of gene changes that appear to contribute to tumor progression include tumor

suppressor genes, repair-mutator genes, and oncogenes (Pegram, Pietras, Bajamonde,
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Klein, & Fyfe, 2005). Targeted therapy uses drugs that specifically target these gene
mutations. Most commonly used drugs include tamoxifen for estrogen receptor, and
trastuzumab for HER-2 (Sledge, 2005). The side effects of these drugs are often mild,
compared to chemo drugs. Hormone therapy is another form of systemic therapy. It is often
used as an adjuvant therapy to help reduce the risk of cancer recurrence after surgery.
Estrogen is one of the hormones that promote the growth of cancer cells and it is hormone
receptor-positive. About 33% of breast cancer patients are hormone receptor-positive,
including estrogen receptor-positive cancers and progesterone receptor-positive cancers
(ACS, 2015). Most types of hormone therapy for breast cancer either lower estrogen levels
or stop estrogen from acting on breast cancer cells. However, this kind of treatment is
beneficial only for hormone receptor-positive breast cancers. It does not help patients

whose tumors are hormone receptor-negative.

Local therapy is intended to treat a tumor at the site without affecting the rest of the
body. Surgery and radiation therapy are examples of local therapies. Most women with
breast cancer have some type of surgery requirement. During the procedure, a breast tumor

can be removed.

Breast-conserving surgery (BCS) (Figure 1.5) only removes the part of the breast
containing the cancer cells. Some surrounding normal tissue will also be removed in order
to clear the connective area between cancer and normal cells, as well as to reduce the risk
of cancer recurrence. How much of the breast is removed depends on the size and location
of the tumor and other factors. Sometimes, if cancer cells are found at the edges of the
surgical site, the surgeon may need to go back and remove more tissue. This operation is

called a re-excision. In some cases, when the surgeon is not able to remove enough breast
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tissue to get clear surgical margins, a mastectomy may be needed. Side effects of BCS
include pain, temporary swelling, tenderness, and hard scar tissue that will form at the

surgical site.

Figure 1.5 Breast-conserving surgery (ACS, 2015).

Mastectomy (Figure 1.6) is the surgery which removes the whole breast.
Occasionally, the nearby tissues such as axillary lymph nodes and the pectoral muscles
under the breast, or even the other breast are removed within this procedure for those high
risk patients who are diagnosed with invasive breast cancer. Side effects of mastectomy

include wound infection, hematoma and seroma.
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Figure 1.6 Mastectomy (ACS, 2015).

Early-stage breast cancer patients can choose between BCS and mastectomy.
Though the main advantage of BCS is that a woman keeps most of her breast, she will also
need radiation therapy in most cases. On the other hand, only a small percentage of women
who have mastectomy for early stage cancers require additional radiation. Researches show
that women who are treated by BCS with radiation have a slightly higher local recurrence
rate than those who are treated by mastectomy, but they have similar overall survival rate
and disease-free survival rate (McGuire et al., 2009). For some women who have invasive
breast cancer, have a large-sized tumor, or have previous treatment history, mastectomy
might be a better option. After having a mastectomy or some BCS, patients can choose

breast reconstruction to restore the breast appearance.
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Radiation therapy is usually applied to a specific area or the whole breast after

surgery or chemotherapy. It is also used to treat cancer that has spread to other areas. The

high-energy radiation can either directly damage the cells’ Deoxyribonucleic acid (DNA)

or generate charged particles, which interact with the DNA and damage it consequently.

Cancer cells with damaged DNA will lose the ability to divide and die (Lawrence, Ten

Haken, & Giaccia, 2008). Radiation therapy can significantly lower the likelihood of the

recurrence of breast cancer. It can be further classified into two different types of treatment,

external beam radiation and brachytherapy. Figure 1.7 shows a bar chart of breast cancer

treatment pattern in 2012 (ACS, 2015). Base on this chart, we can see almost 46% of breast

cancer treatments involve radiation therapy.
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Figure 1.7 Breast cancer treatment pattern in 2012. Surgery, radiation therapy and
chemotherapy are three major treatment methods for breast cancer. In 2012, about 46% of

breast cancer patients were treated by radiation therapy.
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1.2.1 External Beam Radiation

External beam radiation is the most common type of radiation therapy for breast
cancer. The radiation is generated from a machine called linear accelerator (LINAC).

LINAC uses microwave technology to accelerate electrons in a waveguide. Those electrons

will collide with a heavy metal target and generate high-energy X-rays. The high-energy

X-rays are delivered from outside of the body to the region of the patient’s tumor. It can

be used to treat all parts of the body.
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Figure 1.8 A schematic of LINAC (Tello, 2015).

Figure 1.8 shows a schematic of LINAC with inside components drew. The

klystron in the drive stand plays an important role in LINAC. It amplifies the introduced



21

radio frequency electromagnetic waves, which travel through the micro waveguide and
reach the accelerating waveguide. In some LINACs, magnetron carries the same function
as klystron. The electron gun generates electrons by thermionic emission, and the amplified
radio frequency is used to accelerate those electrons in the horizontal waveguide at the top
of the gantry. The bending magnet changes the direction of the electron beam, from
horizontal to vertical, which travels downward to the patient. There is a high density target
located at the exit of the bending magnet. The collision between the electron and the target
will generate X-rays. Since 94% of the collision energy converts to heat, thermal stability
in the LINAC is achieved through a water cooling system in the drive stand and gantry.
The X-ray beam from the target is not uniformly distributed. The photons are usually found
more at the center than at the side. Beam flattening filter is designed to absorb those
forward peaking photons. The filter is conical shaped and usually made of tungsten, steel,
lead or uranium. The flatten beam will pass through an ion chamber, which monitors
integrated dose, dose rate and filed symmetry. At the end, the radiation beams are
collimated by collimators to match the shape of the treatment target. The upper and lower
collimator jaws can define a rectangular filed size up to 40cm by 40cm. The multileaf
collimator (MLC) was first implemented by Takahashi in 1965 (Hugq, Das, Steinberg, &
Galvin, 2002). It is a key part of LINAC, especially for intensity modulated radiation
therapy (IMRT). Though all MLCs from different LINAC manufacturers (Figure 1.9) have
different types of design, such as number of leaves and leaf thickness, they all serve the
same purpose — to create a custom-specified block to spare normal tissue and direct the
radiation dose to the tumor. Other compensators include trays, wedges and blocks are also

available to modify the beam.
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Figure 1.9 MLCs from different manufactures. Left: Varian. Middle: Elekta. Right:

Siemens (Tello, 2015).
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Figure 1.10 A flowchart of a typical external beam radiation therapy treatment procedure.
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The main procedures of external beam radiation therapy include simulation,
treatment planning and radiation delivery (Figure 1.10). Simulation is usually referred to
CT simulation. In this procedure, conventional CT images are acquired and the isocenter
is placed within the tumor volume (Woody & Videtic, 2014). Depending on which part of
the body needs to be treated, different techniques will be applied. For breast cancer, two
positioning methods are used based on facility limitation and physicians’ preference. The
traditional method is the supine position. The patient is required to lie down on the
treatment couch with holder attached. Her arms need to be lifted up in order to expose the
breast without any blockage. The other method is prone position by using a specially-
designed table with a breast board. The patient’s breasts naturally hang away by gravity
through the hole of the board. Compared to the supine position, prone position can reduce
the dosage on the surrounding organs and tissues like the heart and lungs. This lowers the
risk of future complications such as heart disease, lung damage and poor cosmesis (Huppert,
Jozsef, DeWyngaert, & Formenti, 2011). During the simulation, the patient needs to keep
stable to acquire good quality images. The simulation results will be sent to physicians for
review and prescription information will be provided. The prescription contains the total
dose needed, the number of fractions, constraints, and any notes that should be delivered

to dosimetrists.

Varies techniques are used for external radiation beam treatment. Three-
dimensional conformal radiotherapy (3D-CRT) was developed from conventional
radiotherapy, which irradiates the target area with a fixed filed size. 3D-CRT limits target
area by using MLC. In the planning system, dosimetrists will arrange the MLC to form a

hollow shape which matches the target’s beam-view shape. One treatment often requires
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several fields from different angles. Compared to conventional radiotherapy, 3D-CRT
involves a reduction in the volume of healthy tissues receiving a high dose, with an increase
in dose to the target volume that includes the tumor and a limited amount of normal tissue
(Hall & Wuu, 2003). Along with the development of MLC, another treatment technique
called IMRT appeared. It is a further development of 3D-CRT. IMRT usually requires
more fields than 3D-CRT, and the MLC leaves move constantly at each field. Unlike 3D-
CRT, a larger volume of normal tissue is exposed to lower radiation doses during IMRT
treatment. Also, leakage radiation from increasing total monitor units rises the total body
dose in IMRT. Those factors increase the risk of developing secondary cancers in the future
(Hall & Wuu, 2003; Abo-Madyan et al., 2014). In 1995, Yu proposed a new method (Yu,
1995), intensity modulated arc therapy (IMAT), which is the early version of volumetric
modulated arc therapy (VMAT). The greatest difference between IMAT and IMRT is the
filed shape during treatment. In IMAT, the filed shape changes during continuous gantry
rotation by using conventional MLC. More recently, the fast development of LINAC
delivery control systems makes the feasibility of VMAT possible. These systems are able
to vary the MLC leaf positions, dose rate, and gantry rotation speed during the delivery of
IMAT (Rao et al., 2010). According to many researches, VMAT has the advantage of
efficiency, accuracy, high dose conformality and homogeneity, and low monitor units
(Otto, 2008; Rao et al., 2010; Popescu et al., 2010; Pasler, Georg, Bartelt, & Lutterbach,

2013).
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Table 1.1 Comparison of different external beam radiation therapy techniques.

Long Long Middle Short
Middle Middle High Middle
Low Low High High
High Middle Low but widely = Low
Low Low Middle High

After the treatment plan is verified and approved by physicians and physicists,
patients are ready to undergo treatment. Before radiation delivery, technicians need to
acquire new images and compare them with previous planning images to ensure the patient
position is the same as the simulation position. This is to ensure a precise delivery of the
radiation beam. This step is completed by an on-board imaging system. The imaging
system, typically combined with the treatment machine, includes a kilovoltage (kV) tube
and a flat panel detector. The tube and the detector are folded and hidden beside the gantry
when treatment machine is on standby or during the treatment. At the time of imaging, the
imaging system turns on and rotates around the same axis as the treatment head. The
represented on-board imaging systems include the Synergy® Platform from Elekta
Oncology and the On-Board Imager® (OBI) from Varian Medical Systems (Dawson &

Jaffray, 2007) (Figure 1.11).
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Figure. 1.11 A photo of Varian Edge® LINAC with OBI marked at Innovative Cancer
Institute (South Miami, FL). The kV X-ray tube and imager are marked in red. They are
folding back to standby position.

Both systems run cone beam computed tomography (CBCT) for this procedure.
The image reconstruction calculation process starts immediately after some projections are
collected. If the reconstructed results do not match to the initial simulation CT images,
therapists must use a remote control to move the treatment couch. In some cases, they need
to walk into the room and reset the patient if huge difference occurs between the CTs of

simulation and treatment. After everything is set up correctly, the treatment can begin.

External beam treatment is the oldest method of radiation therapy for breast cancer,
but it is still widely used, especially for those patients who need total breast irradiation.

The whole treatment usually involves a 3- to 7-week course of daily fractions case by case
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(Olivotto et al., 2013), and this relatively long period causes a great inconvenient for
patients with their normal life. In addition, external beam radiation therapy may induce
some side effects, owing to the extra dose to normal tissue, such as heart disease (Darby et

al.,2013). However, the great advantage is patient feels no pain during the entire procedure.

1.2.2 Brachytherapy

Brachytherapy (from the Greek word brachy, meaning short distance), also called
internal radiation therapy, is another form of radiation therapy where a sealed radiation
source is placed inside or next to the area requiring treatment. Brachytherapy is commonly
used for cervical, prostate, breast and skin cancer as primary treatment tool. It can also be
used to treat tumors in other parts of the body and combined with external beam radiation

treatment.

Radioactive sources for brachytherapy are now available with many radionuclides
and in various shapes and sizes. The characteristics of different sources depend on their
emission type, energy level and how they are constructed. An appropriate radiation source

for treatment needs to meet the following requirements (Lee & Lowe, 2011):

1. A suitable half-life. For permanent implants, the half-life of radionuclide should
be at least a few days long. For temporary implants, the requirement is at least
a few weeks and large corrections for radioactive decay should be minimized.

In addition, in order to have a useful working life, stock sources should have a

long half-life.



28

N

A suitable energy level. The energy level of radionuclides should be high
enough to deliver sufficient dose to the treatment site, but should also be

suitable for radiation protection.

3. A suitable physical form. The physical form of radionuclides should be
insoluble, non-dispersible and can be easily encapsulated into a structure to

prevent from dispersion.

4. Suitable decay products. No gaseous or liquid decay products during

radioactive decay process.
5. A suitable activity. The radionuclides should have a high specific activity.

6. A suitable cost. The cost of radionuclides should be reasonable so that the

treatments are affordable to patients.

Common radionuclides for brachytherapy include Radium-226 (Ra-226), Cesium-137 (Cs-
137), Cobalt-60 (Co-60), Iridium-192 (Ir-192), lodine-125 (I-125), etc. The physical

characteristics of those radionuclides can be referred to Table 1.2.

The placement of radiation sources in the target area can be temporary or permanent.
Depending on the patient cases, temporary brachytherapy can be done in a single visit or
multiple visits. For a single visit treatment, the low-dose seeds, which emit radiation at a
rate between 0.4 to 2 Gy/hr (Miller & Thomadsen, 2009), are implanted and the patient
must stay in the hospital for a few days until the target area receive enough dose. The
radioactive seed will be removed on the last day. This method is potentially hazardous to

the medical staffs.
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Table 1.2 Physical characteristics of some common radionuclides used in brachytherapy

(Lee & Lowe, 2011).

Tubes,
Needles

Tubes,
Needles,
Afterloading

Tubes,
Afterloading

Wires,
Afterloading

Seeds

Seeds
Grains
Plaques

Plaques

Naturally
occurring

Fission
Product

Neutron
activation

Neutron
activation

Daughter of

Xenon-125
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activation
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activation
Fission
Product
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1620 years
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2.45 MeV
gamma ray

0.662 MeV
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1.17 and 1.33
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0.38 MeV
gamma ray

27.4,31.4 and
35.5keV X-
rays

21 keV X-ray

0.412 MeV
gamma ray

2.27 MeV
beta particles

3.54 MeV
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For multiple visits treatment, high-dose seeds, which emit radiation at a rate of more

than 12 Gy/hr (Miller & Thomadsen, 2009), are implanted and removed in the same

surgical sitting. Permanent brachytherapy involves a single hospital visit with low-dose

seeds. Dose is delivered over the lifetime of the sources. The dose rate of brachytherapy

indicates how much radiation is delivered to the surrounding medium and is expressed in

Grays per hour (Gy/h). Low-dose rate (LDR) brachytherapy involves low-dose seeds and

it is commonly used for cancers of the oral cavity (Yoshimura et al., 2009), cervix (Nag et
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al., 2002), soft tissue sarcomas (Nag, Shasha, Janjan, Petersen, & Zaider, 2001) and
prostate cancer (Ho, Burri, Cesaretti, Stone, & Stock, 2009). On the other hand, high-dose
rate (HDR) brachytherapy uses high-dose seeds. The most common treatment sites for
HDR brachytherapy include cervix (Nag et al., 2000b), endometrium (Nag et al., 2000a),
head and neck (Nag, Cano, Demanes, Puthawala, & Vikram, 2001), prostate (Yamada et
al., 2012) and breasts (Guinot et al., 2015). Most HDR treatments are performed on an
outpatient basis. Another uncommon category based on dose rate brachytherapy called
medium-dose rate (MDR) brachytherapy is characterized by a medium rate of dose

delivery, ranging between 2 Gy/hr to 12 Gy/hr (Miller & Thomadsen, 2009).

During the early days of brachytherapy treatment, all radionuclides and applicators
were applied to or inserted into the patient manually. With the growing concerns about
radiation safety, the techniques of afterloading were developed for reducing radiation
exposure to medical staffs. If the operators apply the radionuclides to the applicators by
using appropriate handling tools, it is called manual afterloading (Lee & Lowe, 2011). This
kind of afterloading can only be used for LDR treatments since the operators and other
medical staffs in the room will be irradiated. Another system called remote afterloading,
which is the most popular afterloading currently. It is also called machine afterloading. The
radionuclide is stored in a well-shielded device and remote controlled by a computer. A
room with appropriate shielding is required. Because the operators control the source
outside the treatment room, the radiation dose on the operators can be minimized. Remote
afterloading technique is available for HDR, as well as LDR. The most common
brachytherapy afterloaders include the microSelectron® Digital and Flexitron® platform

from Nucletron® - Elekta (Stockholm, Sweden), and VariSource™ iX HDR and
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GammaMedplus™ iX HDR/pulse dose rate (PDR) from Varian Medical Systems (Palo

Alto, CA) (Yue, Chen, & Zou, 2014).

Figure 1.12 Afterloader systems from different manufacturers. Top left: microSelectron®
Digital afterloader. Top right: Flexitron® afterloader. Bottom left: VariSource™ iX HDR
afterloader. Bottom right: GammaMedplus™ iX HDR/PDR afterloader.
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Figure 1.13 A flowchart of a typical brachytherapy treatment procedure.

The procedure of brachytherapy is relatively similar to external beam radiation
therapy (Figure 1.13). Imaging simulation that includes CT, MRI, positron emission
tomography (PET), etc., can provide patients’ data for treatment planning. Interstitial and
intracavitary brachytherapy are the two most commonly used HDR techniques for patients
who had BCS (Figure 1.14). For interstitial breast brachytherapy, multiple catheters are
temporary placed through the breast tissue surrounding the lumpectomy cavity, usually at
1 to 1.5 cm intervals. The number of catheters used is determined by the size and shape of

the target (Vicini & Arthur, 2005). These catheters are carefully positioned to allow optimal
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targeting of radiation to the treatment area while sparing the surrounding breast tissue.
However, due to the complicated and challenging implantation of those catheters,

interstitial brachytherapy is not offered at many radiation oncology centers (Richards et al.,

N

2004).

hoN

\

Figure 1.14 Two most common breast brachytherapy techniques. Left: Interstitial breast
brachytherapy. Right: Intracavitary breast brachytherapy (Richardson, 2010).

Intracavitary breast brachytherapy involves the placement of a single catheter into
the lumpectomy cavity. This technique is benefited with the fast development of catheter
technologies. In May 2002, the Food and Drug Administration (FDA) approved a new
treatment device (Richards et al., 2004), the MammoSite applicator (Hologic Inc.,
Marlborough, MA). This applicator opened a new era for intracavitary radiation. It
significantly simplified the delivery of breast brachytherapy by changing the implantation
process, and improved the reproducibility of dosimetry target coverage (Kelley, Cuttino,
Vicini, & Arthur, 2007). The traditional MammoSite is a 15 cm long double-lumen balloon

catheter specially designed for HDR afterloader (Figure 1.15). One port is for balloon
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volume control, which allows the saline or other contrast fluid expanding the balloon to fit
the cavity. The other port is for radiation source access, which connects to an afterloader.
The afterloader delivers the radiation dose through the catheter and into the balloon. In
order to fit different lumpectomy cavity sizes, varying shapes and sizes of balloon catheters

have been developed (Figure 1.15).

Figure 1.15 Different sizes of MammoSite applicators. Left: a 4 x 6 elliptical balloon
applicator. Middle: a 5 x 6 spherical balloon applicator. Right: a 4 x 5 spherical balloon
applicator (Kelley, Cuttino, Vicini, & Arthur, 2007).

The catheter can be placed at the time of the lumpectomy or postoperatively
following the determination of pathologic size, margin and nodal status. Imaging methods
are necessary to guide catheter insertion and verify balloon location and symmetry. The
planning dose is usually delivered between 5 to 7 days with 2 treatments per day (Richards
et al., 2004). After each treatment, the radiation source is removed and no radiation remains
in the breast in between treatments. Some new applicators (Figure 1.16), including

MammoSite multi-lumen (Hologic Inc., Marlborough, MA), Contura (Hologic Inc.,
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Marlborough, MA) and Strut Adjusted Volume Implant (SAVI) (Cianna Medical Inc.,
Aliso Viejo, CA), combine the features of interstitial and intracavitary breast brachytherapy,
which uses multiple catheters but are inserted through a single-entry point in the breast.
Many studies show that these multiple catheters applicators can provide a more precise
target dose (Yashar, Blair, Wallace, & Scanderbeg, 2009; Scanderbeg, Yashar, White, Rice,

& Pawlicki, 2010; Kim & Trombetta, 2014).

Brachytherapy provides a localized irradiated area around the radiation source by
precisely placing the source directly at the site of the tumor bed. It reduces the radiation to
the healthy tissues tremendously comparing to the external beam radiation therapy. In
addition, even if the patient moves or if there is any movement of the tumor within the
body during treatment, the radiation sources retain their correct position in relation to the
tumor. All those characteristics allow a physician to use a higher total dose of radiation to

treat a smaller area in a shorter time than external beam radiation treatment.
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Figure 1.16 Multi-lumen applicators from different manufacturers. Top: MammoSite
multi-lumen (Hologic Inc., Marlborough, MA). Middle: Contura (Hologic Inc.,
Marlborough, MA). Bottom: Strut Adjusted Volume Implant (SAVI) (Cianna Medical Inc.,
Aliso Viejo, CA), (Skowronek, Wawrzyniak-Hojczyk, & Ambrochowicz, 2012).
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1.2.3 Intraoperative Radiotherapy

If the radiation is delivered to the tumor bed by a single fraction and during the
lumpectomy, it is called intraoperative radiotherapy (IORT) (Kim & Trombetta, 2014).
There are several methods that are used to deliver IORT. Electron IORT can provide a
uniform dose distribution to the tumor bed, because of the characteristic of electron beams,
where the depth of radiation penetration can be easily controlled. X-ray IORT can be
separated to two categories, orthovoltage IORT and low-energy IORT. Orthovoltage X-
ray IORT delivers 250-300 kV X-rays to the tumor bed, however, the poor uniformity as a
result of the depth of penetration causes the healthy tissues to receive high radiation dose.
It also requires additional shielding for the operating room. Compared to orthovoltage X-
ray IORT, low-energy X-ray IORT uses a maximum of 50 kV X-rays, and its relative
biological effectiveness (RBE) on tumor cells is higher due to the higher ionization density.
Furthermore, low-energy X-rays usually has a limited range, so the conventional walls of
the operating room is sufficient to stop the radiation. HDR IORT was developed in the late
1980s to lower the cost of IORT, since many cancer centers already had HDR devices.
However, due to the limited radiation penetration of the HDR source, the treatment time is
longer than other IORT techniques. That means the patient needs to stay in the operating
room longer, and more anesthesia and greater blood loss are expected. It also requires extra

measures for radiation protection.

The development of new small and mobile IORT devices (Figure 1.17) makes
IORT accessible for more hospitals. IORT provides the maximum effect to the tumor bed.
It delivers a concentrated dose of radiation to a tumor site immediately after a tumor is

removed, helping to destroy the microscopic tumor cells that may be left behind. IORT is
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precise. It spares and protects healthy tissues and organs very well. The most advantage of
IORT is shortening the treatment times (Reitsamer et al., 2008). The integration of the
complete radiation treatment into the surgical procedure helps most patients finish
treatment and get back to their normal lives quicker, compared to traditional radiation

therapy which is typically given over 5 to 6 weeks after surgery.

-
- S H INTRABEAM IORT
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Figure 1.17 Mobile IORT devices. Left: Novac 7 (New Radiant Technology — NRT, Rome,
Italy), a Electron IORT device, can generate 4, 6, 8 and 10 MeV electron beams. Right:
INTRABEAM (ZEISS, Oberkochen, Germany), a low-energy X-rays device, provides 50
kV photon beams.

1.2.4 New Technologies
AccuBoost®™

AccuBoost (Advanced Radiation Therapy, Tyngsboro, MA) (Figure 1.18) is a
breast brachytherapy system that delivers radiation to the lumpectomy cavity either as a
boost after external beam treatment or as a monotherapy of partial breast irradiation (Iftimia,

Talmadge, Ladd, & Halvorsen, 2015). This system combines a mammography unit with a
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HDR Ir-192 remote afterloader. Specially-designed tungsten alloy surface applicators are

used to collimate the radiation beam.

=

Wi

Figure 1.18 A photo of AccuBoost® system at Lynn Cancer Institute (Boca Raton, FL).

The treatment procedure of AccuBoost starts with imaging. The patient’s breast is
immobilized within the mammography system just like a normal mammography setup.

Mammogram images will be taken first and radiation oncologists will need to determine
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how much dosage is required. They will also need to choose the appropriate applicator size
and shape for this patient based on the shape and position of the tumor bed to be treated.
Two applicator shapes are available: round and D-shaped. The round shape applicator is
usually used, since majority lumpectomy cavities are spherical or slightly ovoid in shape.
However, for those cavities which are close to the chest wall, the D-shaped applicators are
more commonly used because the compression of breast will affect those cavities’ shape

(Rivard, Melhus, Wazer, & Bricault Jr, 2009).

Figure 1.19 The treatment process of AccuBoost. From top left: Step 1. Target and
applicator size selection. Step 2. Vertical treatment. Step 3. Horizontal treatment. Step 4.
Overlapping treatment (AccuBoost, 2016).
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Without decompressing the breast, the applicators will be attached to the boards on
either side of the breast with their surfaces facing each other (Figure 1.19). The applicators
are connected to an HDR afterloader through catheters. Brachytherapy dose is delivered
from these parallel-opposed beams from a stepped HDR Ir-192 source. After the two
vertical beams have delivered, this process is repeated for the two horizontal beams. A

four-field delivery plan is then formed (Figure 1.19).

AccuBoost is currently equipped in some treatment centers in the United States.
Rivard et al. (2009) evaluated the dosimetric characterization of round applicators by using
films and Monte Carlo simulation. It showed that the dosimetric agreement within a few
percent was obtained along the central axis between measurements and simulations, which
is within 1% of the published results over the radial/angular region of interest. Hamid et al.
(2012) evaluated the feasibility, implementation, and early results of 147 women patients
who were treated with AccuBoost. The result indicated that this treatment method was
associated with acceptably mild normal tissue toxicity and favorable early cosmesis.
However, not all patients can be candidates for this technique. AccuBoost is suitable for
most patients, especially for those who have larger breast size. It is very difficult to locate
posterior cavity, but surgical clips can improve the accuracy (Hepel, Leonard, Hiatt,

DiPetrillo, & Wazer, 2014).

GammaPod™

GammaPod™ (Xcision Medical Systems, Columbia, MD) is a novel stereotactic
breast irradiation device (Figure 1.20). The concept and technique of GammaPod is similar

to Gamma Knife (Elekta, Stockholm, Sweden), except for the treatment area. GammaPod
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is for breast cancer treatment, whereas Gamms Knife is for head and neck cancer patients.
It consists of a hemispherical source carrier containing 36 Cobalt-60 sources, a tungsten
collimator with two built-in collimation sizes, a dynamically controlled patient support
table and a breast immobilization cup which also serves as the stereotactic frame for the

patient (Odén et al., 2013).

Figure 1.20 The GammaPod radiation unit. Top: A photo of GammaPod unit. Bottom Left:
A schematic of GammaPod without cover. The treatment couch stands for patient loading,
and the breast immobilization cup is locked in the opening. Bottom Right: A schematic of
GammaPod shielding body, source carrier and collimator (Yu et al., 2013).
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The clinical procedure is similar to the external beam radiation therapy. GammaPod
does not carry on-board imaging system, so CT or MRI is used for planning. During the
simulation, the patient lies in prone position. The breast is immobilized in a patented breast
cup (Figure 1.20) with a two-layer design. A negative air pressure between the inner and
outer layers will provide a gentle suction to the breast, which helps to pull the breast away
from patient’s chest. The large separation between the breast and the chest lowers down
the radiation dosage on those critical organs, such as heart, lungs and chest wall. A fiducial
wire is contained in the outer layer of the breast cup to identify the stereotactic location.
The patient starts the treatment with the exact same simulation immobilization and position
to ensure accurate beam delivery. If multiple fractions are required, each fraction will

require the same imaging, planning and treatment procedure (Yu et al., 2013).

The GammaPod has its own treatment planning system (TPS), running inverse
planning algorithm. Mutaf et al. (2013) evaluated the dosimetric and spatial accuracy
between its TPS calculations and real patients’ dosimetric measurements. They found that
GammaPod TPS is able to generate a plan which meets clinical radiotherapy standards,
and these highly complex treatment plans have outstanding geometric and dosimetric
accuracy. Odén et al. (2013) compared GammaPod dosimetric characteristics to
brachytherapy results. It showed that GammaPod provides adequate and more uniform
dose coverage to centrally and peripherally located targets with an acceptable dose fall-off
and lower relative skin dose than the brachytherapy techniques including single and multi-

lumen devices.

GammaPod is not available in the market currently. The device is still under

reviews by five medical centers for clinical trials, including University of Maryland
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Medical Center, The University of Kansas Cancer Center, University of Texas
Southwestern Medical Center, Allegheny General Hospital/Western Pennsylvania Hospital
and Thomas Jefferson University Hospital (Bavley, 2012). They will collect evidence
through the clinical trials for the approval by FDA before the GammaPod can be used

clinically.

1.3 Significance and Motivation

The procedure for all types of treatment involves similar processes, i.e., from
patient staging, simulation, treatment planning, and radiation delivery, to patient follow-up
(Xing et al., 2006). The indispensable part of each process is imaging. CT, MRI and
Ultrasound (US) are commonly used imaging modalities for breast cancer. For external
beam radiation, this step is usually completed by an on-board imaging system, which
simplifies the treatment procedure and increases the accuracy. However, for brachytherapy
and the new techniques of breast cancer treatment, the imaging system uses a separated
and independent imaging method, ranging from US (Zannis, Walker, Barclay-White, &
Quiet, 2003), CT (Cuttino, Todor, & Arthur, 2005), to mammography (Sioshansi et al.,
2008), etc., to confirm the irradiation position in the current treatment procedure. Although
brachytherapy has the advantages of a focused, localized, and flexible irradiating capability,

the lack of a coherent imaging system limits its treatment accuracy.

Low energy level and short half-life radionuclides (F-18, Tc-99m, etc.) are
generally used as biosignal or biomarker sources in PET and single photon emission

computed tomography (SPECT) to generate nuclear medicine images for diagnoses. In
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clinical applications, these radionuclides are injected into the patient’s body and distributed
through the circulation system. Based on the feature of the biomarker, radionuclides are
accumulated at the region of tumor cells, because those cells have higher metabolism rate
than normal cells. Detectors in PET/SPECT will collect photon activities emitted by the
radionuclides, which are then used for image reconstruction. In these applications,
radionuclides are used as internal emission-based imaging sources. Other high-energy level
radionuclides (Co-60, Ir-192, etc.) are widely used as brachytherapy treatment sources.
However, they have never been used as transmission-based external imaging source,
because the energy level of most radionuclides is higher than the level of imaging X-ray

tubes.

The possibility of an external radionuclide source used as a “local” imaging system
is a very practical topic. A new treatment unit which combines imaging and treatment via
a single radiation source could potentially be implemented in the future for image-guided
radiation therapy (IGRT). In this context, patients are not required to use an external
imaging modality to guide the brachytherapy treatment, so the dual-function radiation
source can simplify the procedure and increase the efficiency. In addition, it will streamline

the device and reduce cost significantly by not using an additional imaging system.

In order to make this new device possible, the following works need to be done.
First of all, the Monte Carlo (MC) simulation should be used to verify the viability of this
imaging method. We will specify Ir-192 as the radionuclide for the transmission-based
imaging source, and a patient CT image set (breast with tumor) as the simulation source
data. All simulation projections will be collected through a virtual detector. They will be

reconstructed and compared to the original CT slices.
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Next, an imaging assembly need to be designed and built in a physical laboratory
setting. We will use microSelectron® (Nucletron - Elekta, Stockholm, Sweden) as the
external imaging source and the detector of Simulix Evolution™ (Nucletron BV,
Veenendaal, The Netherlands) as the imaging panel. A breast phantom (CIRS Inc., Norfolk,
VA) will be placed on a rotary stage in between the source and panel. We will collect
CBCT projections and perform the image reconstruction. The reconstructed images will be
compared to the real CT images, which will further verify the feasibility of this imaging
method. Finally, a preliminary 3-D conformal treatment plan will be drafted by using a
commercial available TPS for future evaluating the treatment ability of Ir-192 source of

this device.



CHAPTER 2

MONTE CARLO FBCT AND CBCT SIMULATION FOR
BREAST IMAGING

2.1 Background of Monte Carlo Simulation for Medical Physics

Monte Carlo (MC) simulation is a computational algorithm that generates random
objects or processes. The repeated random sampling will produce numerical results from
certain probability distribution. It is often used to solve physical and mathematical
problems. The strength of randomness and efficiency of calculations make MC
applications available in broad areas, including industrial engineering and operations
research, physical processes and structures, random graphs and combinatorial structures,
economics and finance, and computational statistics (Kroese, Brereton, Taimre, & Botev,

2014).

The MC technique has become omnipresent in medical physics in the last 60 years.
Rogers (2006) found out that the earliest paper published in this field is written by Kahn.
The developing of MC techniques accompanies the developing of computers, since MC
technique relies on heavy computations. To date, the MC simulation is the most commonly
used method to model the transport of radiation particles. The simulation process reflects
the physical reality. Source with spectrum distribution releases particles, and those particles
travel certain distances, which are determined by a probability distribution depending on
the total interaction cross section. When the particles collide with other particles or

materials, they will be absorbed or scattered into another direction based on the

47
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corresponding differential cross section (Kawrakow, 2000). This procedure is continued

until all the particles are absorbed or leave the pre-defined geometry.

In the past two decades, various software packages based on the MC method for
particle tracking have been continuously developed. Popularly used simulation packages
include, namingly Geometry and Tracking 4 (GEANT4), Monte Carlo N-Particle
Transport Code (MCNP), Penetration and Energy Loss of Positrons and Electrons

(PENELOPE), and Electron Gamma Shower (EGS) (Grupen & Buvat, 2012).

2.1.1 GEANT4

The GEANT4 code system (Agostinelli et al., 2003) is a general purpose code
developed for particle physics applications. It was designed and developed by an
international collaboration, formed by people from different cooperating institutes,
organizations, and universities. It can simulate transportation for different particles, such
as protons, neutrons, and electrons. It can also build complex geometries and visualize

those geometries and particle trajectories, through a variety of interfaces.

It is the foundation of Tomographic Emission (GATE) simulation toolkit for
nuclear medicine application in PET and SPECT. However, compared to EGSnrc, the
weakness of GEANTH4 lies in its long computation time when electron transport is involved

in some applications (Rogers, 2000).
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2.1.2 MCNP

The MCNP system is maintained by a large team at Los Alamos National
Laboratory (Los Alamos, NM). It was originally designed as a neutron-photon transport
for reactor calculation, which induced many applications used outside of the medical
physics field (Rogers, 2006). The MCNP system can be used for simulating the transport
of neutron, photon, electron, or combination of any of them. It treats an arbitrary three-
dimensional configuration of materials in geometric cells bounded by first- and second-
degree surfaces and fourth-degree elliptical tori (X-5 Monte Carlo Team, 2008). It has a
very powerful geometry package, which embedded the Electron Transport (ETRAN) code,
for electron transport calculation. Since the MCNP system has a great flexibility, it runs

considerably slower than EGSnrc (Rogers, 2006).

2.1.3 PENELOPE

The PENELOPE code is developed and distributed by the Nuclear Energy Agency
(NEA), which is an intergovernmental agency that has 31 country members. Just like its
name, the PENELOPE code was initially designed for positrons and electrons calculation
only, and photons were introduced to the system later. Nowadays, this code has become
more general for the simulation of coupled electron-photon transport. The simulation
algorithm is based on a scattering model that combines numerical databases with analytical
cross-section models for the different interaction mechanisms and is applicable to kinetic
energies of particles from a few hundred eV to 1 GeV (Salvat, Fernandez-Varea, & Sempau,
2008). The PENELOPE code package features detailed cross-section information for low-

energy particles and a flexible geometry package for accelerator beams simulation.
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2.1.4 EGSnrc

The EGS system has a long history compared to other MC codes. The ancestor of
EGS appeared in the early-to-mid-1960’s by two independent groups, one was written by
Zerby and Moran at Oak Ridge National Laboratory (Oak Ridge, TN) and the other one
was written by Nagel at University of Bonn (Bonn, Germany) (Bielajew, Hirayama, Nelson,
& Rogers, 1994). Both of the initial codes can only simulate electron beams for some
simplex geometry and phenomena. After almost 60 years development, from EGS1 to
EGS4, The EGS system is the most widely used general purpose MC radiation transport

package now.

EGS National Research Council Canada (EGSnrc) is a new generation package of
the EGS system, which can simulate the radiation transport of particles in any element,
compound, or mixture. The dynamic energy range of particles in the EGSnrc is from 1 keV
to 10 GeV. It almost takes into account all physics processes which will happen in radiation
transport, such as bremsstrahlung production, positron annihilation, Moller and Bhabha
scattering, pair production, Compton scattering, photoelectric effect, etc (Kawrakow,
Mainegra-Hing, Rogers, Tessier, & Walter, 2011). It is stable, accurate, and the simulation
speed is faster than other MC packages (Rogers, 2006; Faddegon et al., 2009; Wang & Li,

2001; Chibani & Li, 2002).

EGSnrc contains numerous toolkits. The function egs cbct is a new user code
officially implemented into the EGSnrc since 2008. It is written by C++, and provides a
fast estimation of the scatter contribution to an ideal detector in a CBCT setup by
combining different variance reduction techniques (VRTs) and a smoothing algorithm

(Mainegra-Hing & Kawrakow, 2008). It can also be used for estimating the total signal to
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the detector or the signal’s separated transmitted and scattered components. At the
beginning, this user code was designed for the purpose of simulating a CBCT setup, but
now it can also be used for modelling conventional CT scanner setups. egs_cbct can help
reduce the simulation time significantly based on our lab hardware settings. Furthermore,
considering that our proposed dual-function system uses Ir-192, which requires the high-
energy photon transport simulation, the EGSnrc system is the most appropriate package to

be used.

2.2 Photon Interaction

Photons are electromagnetic radiation, such as X-rays and gamma rays (Hubbell,
1999), with zero mass, zero charge and a velocity of the speed of light. Since photons are
electrically neutral, atomic electrons or other charged particles will not affect their travel
by coulombic force. They travel a certain distance and collide with other particles, leading
to partial or total transfer of the photon energy to electron energy. These electrons will
deposit their energy in the medium. Photons are much more penetrating than charged

particles with similar energy level.

The general probability of photon interaction depends on photon energy and on the

material photons are traveling in. The equation is:

N =Nge ™™ (2.1)

where N and N, are output and input photons, x is the distance traveled in a certain

material, and p is linear attenuation coefficient of the material (Figure 2.1).



52

—> —>

Figure 2.1 A schematic demonstrates photon attenuation. The general probability of
photon interaction depends on photon energy and on the material photons are traveling in.
N and N, are output and input photons, L is the distance traveled in a certain material, and
U4 to Ue are linear attenuation coefficients of different materials

Since a linear attenuation coefficient is dependent on the density of a material, a
normalization of the linear attenuation coefficient per unit density of a material that is
called mass attenuation coefficient is often used. It produces a value that is constant for a
given element or compound.

_(E
N = Nye @ (2.2

where % 1s mass attenuation coefficient.

2.2.1 Photoelectric Effect

Photoelectric effect usually occurs at the most tightly bound (inner-shell) of the

atom. In this process, the incident photon completely disappears by transferring its energy
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to an inner-shell electron, and the electron is ejected. This electron is named photoelectron.

The energy of the emitted photoelectron is given by:
E(e) =hv—E(b) (2.3)

where h is planck's constant, v is the frequency of the photon, hv is incident photon energy

and E (b) is the electron binding energy.

characteristic radiation

ejected electron

Figure 2.2 A schematic of photoelectric effect. An incident photon interacts with an inner-
shell electron. The photon completely disappears by transferring its energy to the electron,
and the electron is ejected. The electrons which originally stay at outer-shell will fill in the
inner-shell electron vacancies and release characteristic radiation.

The ejected photoelectron ionizes other atoms in the tissue and loses its energy. The
electrons which originally stay at outer-shell will fill in the inner-shell electron vacancies
to stabilized the atom. Characteristic radiation or Auger electrons will be generated during

this process (Figure 2.2).
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In order to let the photoelectric effect occur, the energy of the incident photon is at
least equal to or greater than the binding energy of the electron with which it interacts. The
probability of photoelectric effect predominates at incident photon energy just above the
k-edge binding energy (Huda & Slone, 2003). It decreases quickly when the photon energy
(hv) further grows above the k-edge energy and increases significantly with atomic number

of the materials (Z). This relationship can be shown in the following equation:

Z3

P(PE) o 5

(2.4)

2.2.2 Compton Scattering

In Compton scattering, incident photons interact with loosely bound outer-shell
electrons. The incident photon is deflected to an angle 6 with respect to its original direction,
and the new scattered photon carries less energy than the original photon. The lost energy
is transferred to the outer-shell electron (recoil electron), which travels with an angle ¢.
This energy varies from zero to a large fraction of the incident photon energy. All angles
of scattering are possible. The recoil electrons deposit their energy in nearby tissues and
contribute to the patient dose. The energies of recoil electron and scatter photon are given

by (Metcalfe, Kron & Hoban, 2007):

a(1—cosB9)
1+a(1-cos )

E(e) = hv| (2.5)

1
1+a(1-cos8)

E(p) = hv[ (2.6)
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h . .
where a = m—tz, the ratio of incident photon energy (hv) to electron rest mass energy
0

(moc?=0.511 MeV). The scattered photon may move in any direction, even backscattered.

The backscattered situation will result in the maximum recoil electron energy (Figure 2.3).

scattered photo

incident photon

recoil electron

Figure 2.3 A schematic of Compton scattering. An incident photon interacts with an outer-
shell electron. The photon is deflected to an angle 6 with respect to its original direction,
and transfer energy to the outer-shell electron (recoil electron), which travels with an angle
¢. This energy varies from zero to a large fraction of the incident photon energy. All angles
of scattering are possible.

Low binding energy electrons have higher possibilities of Compton scattering
occurrence. The probability of this occurrence is proportional to the number of outer-shell
electrons available in the materials and inversely proportional to the square root of the

photon energy (hv) (Huda & Slone, 2003). The Compton scattering process is the most
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important for energy absorption for soft tissues in the range from 100 keV to 10MeV. This

relationship can be shown as the following equation:

P(Compton) x —2—  (2.7)

(hv)"2

2.2.3 Pair Production

If a photon enters some materials with energy over 1.022 MeV, pair production
may occur. When the photon passes near an atomic nucleus, the strong field effects from
the nucleus convert the energy of the photon into a positron and electron pair. The kinetic

energy that is shared between those two electrons is given by this equation:
E(et,e”) = hv—1.022 (2.8)

The positron interacts with a free electron after losing its kinetic energy (Figure 2.4). In
this process, both particles are annihilated and two new photons each of 0.511 MeV are
generated. Annihilation radiation is emitted in this conversion of mass to energy (Metcalfe

et al., 2007).
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annihilation
photons

free electron

incident photon

electron

Figure 2.4 A schematic of pair production. An incident photon passes near an atomic
nucleus. The strong field effects from the nucleus convert the energy of the photon into a
positron and electron pair. The positron interacts with a free electron after losing its kinetic
energy. In this process, both particles are annihilated and two new photons each of 0.511
MeV are generated. Annihilation radiation is emitted in this conversion of mass to energy.

Pair production probability depends on incident photon energy and materials
atomic number. However, unlike like photoelectric effect and Compton scatter, the
probability of pair production occurrence increases with higher energy. It is proportional
to Z2 and to the log of the incident photon energy (hv). This relationship can be shown as

the following equation:

P(Pair) o« Z?log(hv)  (2.9)
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2.2.4 Coherent Scattering

Coherent scattering occurs when atomic electrons momentarily oscillate because of
electromagnetic wave. The electrons vibrate at the same frequency as electromagnetic
photons, which induce electromagnetic radiation to be emitted from all electrons in the
atom. In this process, no energy is transferred to charged particles. Therefore we usually
ignore the coherent scattering in radiotherapy, since its contribution is insignificant at
energies above approximately 100 keV in soft tissues (Metcalfe et al., 2007). The

probability of coherent scattering can be described as the following equation:

P(Coherent) « Z*°log(hv)™2  (2.10)

2.3 Materials and Methods

In order to theoretically verify the possibility of using an external radionuclide
source for imaging, MC simulation is the first step. We specified Ir-192 as the radionuclide
for the transmission-based imaging source, and a patient CT image set (breast with tumor)
as the simulation source data. All simulation projections were collected through a virtual

detector. They were reconstructed and compared to the original CT slices.

2.3.1 Hardware and Software

Based on the previous discussion of the advantages and suitability of EGSnrc
Monte Carlo system, we chose it for this work. The EGSnrc is installed in a desktop

computer under Ubuntu 14.04 (Canonical Group Limited, London, UK) Linux operation
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system (OS) with GNU Fortran and C++ compiler, Intel® Core™ i7 CPU (3.6 GHz x 8)

processors (Intel Corporation, Santa Clara, CA) and 8 GB memory.

2.3.2 Simulation Experiment Setup

Using the proposed imaging system of Ir-192 as a proof of concept, we designed a
virtual imaging model for simulation that consists of an Ir-192 radiation source, a

collimator, a phantom of source data, and a data acquisition panel.

Ir-192 is a common and important treatment source used in breast brachytherapy.
It is produced through neutron activation process (Eq. 2.11) from Ir-191 in a nuclear reactor.

Ir-192 decays to platinum-192 (Pt-192) via beta decay (Eq. 2.12).
o+ - 22 +y (211
P2lr > 122Pt+ B~ +y  (2.12)

The average energy of Ir-192 is 380 keV and its half-life is 73.87 days (Marcu, Bezak, &
Allen, 2012). In order to make the source easily accessible and manageable, the
manufacturers usually produce the source in a special pellet. Most of the Ir-192 pellets
from different manufacturers are cylindrical in shape. However, these source pellets have
slightly different spectrum characteristics due to different lengths, diameters and

encapsulation materials (Figure 2.5).
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Figure 2.5 Diagrams of three Ir-192 source pellets from different manufacturers (unit in
mm). The dark-gray area in the middle is Ir-192. (a) Source pellet from VariSource VS2000
from Varian Medical System (Palo Alto, CA, USA), (b) source pellet from microSelectron
V2 from Nucletron B.V. (Veenendaal, Netherlands), and (c) source pellet from Best
Industries Inc. (Springfield, VA, USA).

For example, VariSource VS2000 from Varian Medical System (Palo Alto, CA,
USA) usually emits a spectrum with a little lower average energy than microSelectron V2
from Nucletron B.V. (Veenendaal, Netherlands), because the pellet is thinner (Rasmussen,
Davis, Schmidt, Micka, & DeWerd, 2011). The pellets from Best Industries Inc.
(Springfield, VA, USA) usually carry a higher average energy (Pérez-Calatayud et al.,

2012) (Figure 2.6).
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Figure 2.6 Spectra plots from different Ir-192 source pellets. The shield materials and
configuration of pellets are different. VariSource VS2000 (Left) emits a spectrum with a
little lower average energy than microSelectron V2 (Middle). The pellet from Best
Industries Inc. (Right) usually has a higher average energy. We defined a point source with
VariSource VS2000 spectrum for the simulation.

For our MC simulation, we generated a photon point source with the VariSource
VS2000 spectrum. The point source is located at the negative x-axis with a distance of 19
cm from the origin, which is the center of the breast (Figure 2.7). We limited the emitting

direction of the photon to the positive x-axis.

A virtual collimator was set Scm in front of the point source to limit the irradiated
area. It is a square-shaped collimator centered at x-axis with 25.8 cm edge length (Figure
2.7). The particles transported outside of this area will be blocked completely. This
collimator setup also saves computation time by irradiating only a certain area which
reduces particle interaction times. In addition, by changing the shape of the virtual
collimator, we can simulate different CT models. For example, a strip collimator can be
used to simulate fan beam computed tomography (FBCT) and a square collimator for

CBCT.
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Figure 2.7 A schematic simulation geometry. A virtual point source with VariSource
VS2000 spectrum was placed at the negative x-axis with a distance of 19 cm from the
origin. A virtual squared collimator was set in front of the point source to limit the area
being radiated. A virtual air detector with resolution 0.1 cm % 0.1 cm in dimension of 256
x 256 was centered at the positive x-axis with a distance of 14 c¢m to the origin. In this
setup, we assume the detector is 100 % efficient, i.e., all photon energy that passes through
the detector will be recorded as air kerma. The center of the breast phantom was defined
as the origin of the geometry system.

A virtual air detector panel (Kawrakow, Mainegra-Hing, Tessier, & Walters, 2009)
is centered at the positive x-axis with a distance of 14 cm to the origin (Figure 2.7). The
dimension of each detector is 0.1 cm % 0.1 cm, 256 x 256 detectors for CBCT simulation
and 1 x 256 detectors for FBCT on the data acquisition panel. In this setup, we assume the
detector is 100% efficient, i.e., all photon energy that passes through the detector will be

recorded as air kerma (Fang, Wu, Yang, & Zhao, 2015).

Real patient transverse plane chest CT data is used in the simulation. The original

CT data has a resolution of 0.13 cm % 0.13 cm X 0.3 cm in dimension of 512 x 512 x 135
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pixels. It contains the whole chest and breasts information of a female patient who was
lying on the treatment couch in prone position (Fang et al., 2015). From the CT data set,

we cropped a volume-of-interest (VOI) rectangular box that contains only the whole breast

volume (Figure 2.8).

Figure 2.8 A slice of real patient transverse plane chest CT data used in the simulation.
The original CT data has a resolution of 0.13 cm x 0.13 cm x 0.3 cm in dimension of 512
x 512 x 135 pixels. It contains the whole chest and breasts information of a female patient
who was lying on the treatment couch in prone position. We cropped a red VOI rectangular
box that contains only the whole breast volume.
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A total of 47 slices were used for simulation. The cropped CT data forms a breast
phantom with pixel size of 110 x 110 x 47 in correspondence to a cube of 14.3 cm x 14.3
cm X 14.1 cm. We then converted the CT number of each voxel to density value based on
the CT ramp function (Saw, Loper, Komanduri, Combine, Huq, & Scicutella, 2005). This
breast phantom is used for MC FBCT and CBCT simulation. The phantom’s center is
defined as the imaging model’s geometry center. A schematic of the imaging model’s

geometry is shown in Figure 2.7.

2.3.3 Simulation Parameters

Considering the real-space setting and computation efficiency, we specified

simulation parameters as follows.

(1) The lowest photon energy permitted in this simulation is 1 keV by setting PCUT
=0.001 (photon transport cutoff energy, unit is MeV), where all photons with
kinetic energy lower than 1 keV will be abandoned in this geometry during

particles simulation.

(2) Since electrons do not contribute to the signal collected by the virtual detector,
they were not allowed to transport in the system by setting ECUT =1 (electron
transport cutoff energy, MeV), which is higher than the maximum photon

energy in the calculation (Thing & Mainegra-Hing, 2014).

(3) XCOM photon cross-sectional compilation was used in the simulation (Berger
& Hubbell, 1987); it provides total cross sections and attenuation coefficients

as well as partial cross sections calculation. At this energy level of radiation,
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coherent (Rayleigh) and incoherent (Compton) scattering were the main

interactions in the phantom.

(4) The typical manufacture-provided initial activity of Ir-192 is approximately 3.7
x 10" Bq (Goetsch, Attix, Pearson, & Thomadsen, 1991), which indicates
about 370 million atoms disintegrating per second. Considering the hardware
settings of our lab, in order to emulate the real transportations and to result in
relatively good-quality projections, we set one billion particle histories for

simulation (1 particle transportation = 1 particle history).

(5) Source and detector rotate around the imaging center (the center of the breast)

360 degrees with 1 degree interval.

The simulation process originally took about 5 days (120 hours) for the CBCT
simulation based on the set up mentioned above. On the premise of keeping the quality of
projections, we applied several methods of efficiency improving techniques (EITs) in
combination with de-noising algorithms (Kawrakow, 2002), including force detection

(Mainegra-Hing & Kawrakow, 2010) and delta transportation (Lux & Koblinger, 1991).

Force detection technique can increase the scoring efficiency. Compared to the
traditional photons scoring method that saves all photons across the detector, force
detection only records the photons that have the potential to move in the direction of the
detector. It predicts the photon trajectory and abandons the ones that will not hit the detector.
Furthermore, an exact ray-tracing algorithm is implemented to account for the attenuation

through the phantom.
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Delta transportation is also called Woodcock tracing. It transports those photons
which are not aiming at the detector. In order to implement this technique, we need to
specify the most attenuating medium in the geometry, which provides the maximum
interaction cross section Gmax. This medium is breast tissue in this study. For the photons

whose transported direction locates outside of the detector, the particle interaction in the

g . . . .
1s used for this interaction.

pre-defined medium will be skipped. A probability of 1 —

Omax

This technique can reduce the estimation time for the photon scatter phenomenon, which

contributes to the CBCT scan.

The de-noising algorithm decreases the statistical noise when the simulation
histories are not sufficient. This algorithm is based on Savitzky-Golay filter with adaptive

window size. Three parameters are required to be defined here for our simulation,
(1) nmax = 10, is the maximum allowed window size in one dimension
(2) nmax2d = 6, is the maximum allowed window size in two dimensions
(3) chi2max = 20, is the threshold for the chi-square test

By implementing this algorithm, it uses nmax’s value first, and then uses nmax2d. The
chi2max is used to determine whether this algorithm is applicable to a pixel value without
losing the original image’s information. Research by Kawrakow (2002) evaluates the

effects of these three parameters, and emphases that nmax must be smaller than nmax2d.

In addition, the fixed splitting technique, one of VRTs, was used to increase the
number of scoring particles (Mainegra-Hing & Kawrakow, 2010). This technique requires
two user inputs: the primary splitting numbers (N, = 200) and secondary splitting numbers

(Ns = 6000). A primary photon will be split N, times when a scatter event occurs. This
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splitting will reduce the statistical weights by a factor of N. Russian Roulette is used for
the scattered photons that are not targeting the detector by a survival rate of 1/Ns. In order
to keep the statistical weights of scattered photons constant at the detector, the subsequent

scatter events of the survival photons from Russian Roulette will be split by a factor of Nj.

2.3.4 Imaging Collection and Reconstruction

After implementing these techniques, the total simulation computation time for
CBCT was significantly reduced to 40 hours. Figure 2.9 shows one slice of FBCT radon

image and one CBCT projection with one billion particle history.

p—

(a) (b)

Figure 2.9 Sample simulated FBCT and CBCT projections. (a) is a FBCT radon image
from one slice of phantom data. The x-axis indicates rotation angles from 0° to 360°, and
the y-axis is the open fan angle. (b) is one projection of CBCT at a certain angle. The total
data set for reconstruction includes 360 similar projections from different angles.
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When all the projection data were collected, the Feldkamp-Davis-Kress (FDK)
algorithm (Feldkamp, Davis, & Kress, 1984) was used for CBCT image reconstruction and
the MATLAB’s ifanbeam command was used for FBCT image reconstruction. We applied
two filters to the projections to reduce the noise. One of the filters is a low-pass filter, which
is an adaptive Wiener filter with a size of 5 x 5 pixels to estimate the local image mean and

standard deviation, by using the following equation (Lim, 1990):

0% —v?
o

b(ny,ny) = pu+——(alng,ny) —p)  (2.13)

where a(nj, n2) and b(n;, nz) are input and output images within a neighborhood of 5 x 5
pixels, u is the local mean, o is the local variance and v is the noise variance. The filter
was used to remove the constant power additive noise. The other filter is an edge
enhancement filter based on the unsharp masking technique, which improves the contrast

of projections by subtracting a blurred image from its original (Figure 2.10).



(c)
Figure 2.10 The results of FBCT projection after filtering. The x-axis indicates rotation
angles from 0 to 360°, and the y-axis is the open fan angle. (a) Original FBCT radon image
from one slice of phantom data. (b) Result of a filtered by a 2-D 5 X 5 Wiener low-pass
filter. (c) Result of (b) filtered by an edge enhanced filter to sharpen the image.
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2.4 Results

A total of 47 corresponding images were reconstructed by using 16920 FBCT
projections (360 x 47) and 360 CBCT projections for the whole breast phantom. Among
these 47 images, 16 of them have high-density areas, which are similar to the original CT
slices. Some original CT slices and their corresponding FBCT- and CBCT-reconstructed

images are displayed in Figure 2.12.

Figure 2.11a shows one of the cropped CT slices (the number 27 slice from cranial
to caudal direction) where the high density area (lesion) is shown in bright pixels. The
reconstructed FBCT (Figure. 2.11b) image corresponding to the original CT slice shows a
similar result. The corresponding CBCT-reconstructed image marked is shown in Figure.
2.11c. Compared to the original CT slices, resulting images from both FBCT and CBCT
reconstructions are able to differentiate the lesion areas clearly. However, due to the
scattering effect, CBCT-reconstructed images contain more blur and noise than FBCT

images. The lesion areas in FBCT-reconstructed images have a sharper edge.

Figure 2.11 Original CT image, FBCT-reconstructed image, and CBCT-reconstructed
image are all at the corresponding sagittal level. (a) The original CT slice shows a high-
density area (lesion) by bright pixels. (b) The corresponding FBCT-reconstructed image.
(¢) The corresponding CBCT-reconstructed image. We used pseudocolor to display the
reconstructed images. Red represents high density and green represents low density in the
image. Compared with the original CT slices, lesions in both FBCT- and CBCT-
reconstructed images can be visually distinguished. However, due to the scattering effect,
CBCT-reconstructed images contain more blur and noise than FBCT images.
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2.5 Discussion

Through the MC simulations, both FBCT- and CBCT- reconstructed images
contained ring artifacts and CBCT results were affected more than FBCT’s. Several
reasons of ring artifacts may explain this phenomenon. First of all, energy received by
adjacent pixels on the detector panel should be similar in theory. However, low simulation
history is not able to provide sufficient “emissions” for the whole detector panel. In reality,
the initial activity of Ir-192 source is 10 Ci, which equals to 3.7 x 10'° (37 billion)
disintegrations or nuclear transformations per second. For our simulation, one billion
particle histories are only equivalent to 0.26 second of Ir-192 activity, so increasing
simulation history will absolutely increase the projection quality. Thus, we also simulated
ten billion particle histories and the results are shown in j, k, and I in Figure 2.12. The ring
artifacts were dramatically removed. However, due to the hardware limitation in our lab
and high particle history inducing extremely long calculation times, it is not feasible for us
to simulate with an even higher particle history. Figure 2.13 shows the comparison of
simulated projections with different particle histories. One can see the noise level reduces

intensely with particle history increasing.

Figure 2.12 Part of the reconstruction results and their corresponding original CT data. (a),
(b), and (c) are three slices with varied high density features from different scan depth of
original CT. (d), (e), and (f) are FBCT-reconstructed images and (g), (h), and (i) are CBCT-
reconstructed images from one billion particle histories MC simulation projections, which
corresponds to (a), (b), and (c). (j), (k), and (I) are CBCT-reconstructed images from ten
billion particle histories. High density areas are shown in bright pixels in those images.
Compared to the original CT slices, both FBCT- and CBCT-reconstructed results can
distinguish high density areas clearly. However, due to the scatter effect, CBCT-
reconstructed images contain more blur and noise than FBCT’s. The high density areas in
FBCT-reconstructed images have smoother edge and more detail information, resulting in
better quality.
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(b)

(c) (d)

Figure 2.13 Comparison of projections from different simulation particle histories. (a) 6
million particle histories. (b) 60 million particle histories. (¢) 600 million particle histories.
(d) 6 billion particle histories. It is obvious that the noise level reduces intensely with
particle history increasing.

Secondly, the intensive Compton scattering effect from the interaction between
high-energy particles and breast tissue produced intensive noise on projections. Since

particles in CBCT went through the entire breast phantom and most scatter photons hit the
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detector panel, compared with only one slice in FBCT, the noise level was much higher
than in FBCT. Figure 2.14 shows the simulated projection without scatter photons,
projection with scatter photons only, and projection with scatter photons. Evidently, the

scatter photons contribute to the majority of noise to the projections.

(a) (b) (c)

Figure 2.14 Scatter effects of simulated projections. (a) A simulated projection without
scatter photons. (b) The projection of (a) with scatter photons only. (¢) The final projection
combine (a) and (b). The scatter photons contribute to the majority of noise to the projection.

Thirdly, the reconstruction algorithm may also affect the ring artifacts. In Figure
2.11 and 2.12, however, one can still relatively identify the lesion even with the artifacts.
Additionally, we are able to reduce the scattering effect for CBCT simulation and increase
the signal to noise ratio by increasing the number of histories. In simulation, the more
histories are used, the more computation time is needed. VRTs and EITs are necessary
tools since they can increase the efficiency by at least 5 folds of computation time for our

simulation without losing the projection accuracy and quality.

On the other hand, brachytherapy requires an external imaging system to confirm

the irradiation position in the current treatment procedure. Based on the simulation results,
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we verified the feasibility that radionuclides can be used as a brachytherapy treatment
source, as well as an external imaging source. If this imaging system was used to guide the
treatment, the quality of image would not be so imperative, where the lesion’s gravity
center and volume would be the first priority and the detailed boundary information might
be neglected. The dual-function radiation source can simplify the brachytherapy procedure

and cut down the cost of an additional imaging system.

2.6 Conclusion

The MC method simulates breast FBCT and CBCT successfully by using
radionuclides Ir-192 as an external source. Though there are ring artifacts, breast with high-
density areas can be clearly distinguished in both reconstructed images. Radionuclides are
potential radiation sources for imaging. We foresee the possible application in IGRT,
through a dual-function radiation source that can conduct both imaging and therapy
sequentially. The next step is collecting experimental data from a physical laboratory

environment, and validating proposed method through laboratory application.



CHAPTER 3

DATA COLLECTION AND ANALYSIS UNDER
LABORATORY SETTING

3.1 Background of Breast CT

Mammography has the advantages of a relatively good detection performance,
short imaging time and low cost. It is the most widely used imaging modality for breast
cancer screening. However, mammography has the limitation of low sensitivity in women
with dense breasts (Kolb, Lichy, & Newhouse, 2002). Some other imaging methods are
used in the clinical setting after a screening mammogram in order to gather more
information of breast, including scintimammography, positron emission tomography,
magnetic resonance imaging, optical imaging, microwave imaging, and ultrasonography

(Boone, Nelson, Lindfors, & Seibert, 2001).

The development of digital mammography systems increases the possibilities of
seeing dense breast, compared to old film mammography, because of its wider dynamic
range. CT is not used very often for breast cancer diagnosis due to concerns about radiation
dose and cost-effectiveness (Boone et al., 2001). Patients are required to lie on the bed
during a conventional CT scan. Even if this scan is for breast, other parts of the body will
also receive radiation, such as lung, head and neck. In addition, the respiratory motion may
induce the blurring effect to the images. However, the reconstructed image quality of CT
is much better than mammography, since we are able to analyze the 3-D information.
