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An amorphous selenium (a-Se) gamma camera for

image-guided breast brachytherapy

Abstract

In the current era of screening mammography, most women are diagnosed with localized, early-
stage breast cancer. To avoid protracted radiation treatments and acute skin reactions associated
with external-beam irradiation, a less traumatic brachytherapy technique, called Permanent
Breast Seed Implantation (PBSI), was developed. This is a one-hour procedure where 60 to 80
radioactive '®Pd seeds (21 keV) are implanted into the surgical cavity of the breast, delivering
radiation only to the marginal tissue surrounding that region. A sensitive procedure like this
requires an on-line imaging device to identify precisely the location of the seeds and evaluate the
dose distribution so that deviations may be promptly corrected. Our approach is to use a gamma
camera based on amorphous selenium (a-Se) since it provides high sensitivity at x-ray
mammography energy, similar to that of 'Pd and is more cost effective than alternative
materials like CdZnTe. The objective is to evaluate the performance of an a-Se based gamma
camera. The first stage involves simulating PBSI using GATE (Geant4 Application for
Tomographic Emission), a software package offering an extensive physics library dedicated to
numerical simulations in medical imaging and radiotherapy. The next step is to examine the
efficacy of a-Se photoconversion when irradiated with a low energy gamma emitter. This is
accomplished by pulse-height spectroscopy (PHS) experimentation using an **'Am (60 keV)
source with a 110 um a-Se photoconductor target biased at 10-30 V/pm. Results from GATE
demonstrate the proof-of-concept, that in 10 s, individual seeds placed 5 cm from the detector can
be resolved to 1.3 mm accuracy. From PHS, **' Am signal can be distinguished from background
noise at fields 10V/um and greater where the photoionization energy, W: < 41 eV. Compton
scattering is negligible in both simulation and experiment. In conclusion, a tuned gamma camera

with a-Se photoconductor is able to accurately reconstruct positions of 193p{ seeds for PBSI.
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Chapter 1

Introduction to breast brachytherapy

1.1. Breast cancer

Breast cancer is one of the most commonly diagnosed cancers in women. Statistically speaking,
it’s estimated to occur in one out of every nine women and will claim the lives of 30% of those
affected [1]. The American Cancer Society (ACS) estimates that this year in the United States:
232,340 new cases of invasive breast cancer will be diagnosed and 39,620 women will die from
breast cancer [2]. With the advancement of screening mammography over recent years, there is a
related demand for advanced medical technologies to help facilitate early breast cancer detection

and treatment planning.

In the current era of screening mammography, most women are diagnosed with localized, early
stage breast cancer [1]. Stages are ranked from 0 to 4 and determined based on the size of the
tumor, whether or not the tumor has spread to the lymph nodes and whether the tumor has spread
to distal parts of the body (metastasized). Stage 0 is associated with a pre-cancerous or marker
condition. Stages 1-3 indicate the tumor is within the breast or regional lymph nodes and stage 4
is metastatic cancer in which the tumor has spread away from the breast and localized treatment
is much less plausible. Larger tumors, nodal spread and metastasis are assigned a higher stage

number and hence come with a worse prognosis.

Survival rates are often used by doctors as a standard way of discussing a patient’s prognosis or
outlook. The 5-year survival rate refers to the percentage of patients who live at least 5 years after
being diagnosed, although many patients live much longer than this period. The data in Table 1.1
is from the National Cancer Database (NCD) for patients diagnosed in 2001 and 2002 [2]. These
rates clearly indicate that as the cancer progresses, survival rate drops and successful treatment is

less likely. In addition to screening for breast cancer in the early stages, treatment options must



be carefully chosen to ensure extended remission of the disease, and to retain the quality of life of

the patient.

Table 1.1 5-year survival rates from the NCD, categorized by stage [2].

Breast Cancer Stage 5-year Survival Rate
0 93%
1 88%
2 81%
3 67%
4 15%

1.1.1. Localized treatment

The common methods used to treat breast cancer are surgery, radiation therapy and
chemotherapy [3]. Local therapy is intended to treat a tumor on-site, without affecting the rest of
the body. Surgery and radiation therapy are examples of local therapies. Since these treatments
only target a specific region, there are no physiological side effects to the body as a whole, as
opposed to chemotherapy, which can have several. Ideally, local treatment options are much

more favorable to early stage cancer patients where the tumor is confined to a small area and has

not metastasized.

Most women with breast cancer have some type of surgery. Many women at early-stage can
choose between breast-conserving surgery and mastectomy (removal of entire breast).
Approximately 60% of breast cancer patients are eligible for some form of breast-conserving
surgery [2]. Lumpectomy is one type of procedure which removes only the breast lump and a
surrounding “safety”” margin of normal tissue, illustrated in Fig. 1.1. The main advantage is, of
course, that the woman keeps most of her breast. How much is removed primarily depends upon
the size and location of the tumor. A disadvantage is the usual need for radiation therapy, most

often, for several weeks after surgery. For stages 1 to 3A breast cancer, a lumpectomy followed



by radiation therapy has the same survival rate as a mastectomy. Radiation therapy can
sometimes be omitted as a part of breast-conserving therapy, but this is somewhat controversial.

Furthermore, the NCD points out that the local cancer recurrence rate is 25% without radiation
and only 5% with radiation [2]. Therefore, radiation therapy should always follow-up surgery to

ensure long-term remission of breast cancer.

‘ Pectoralis muscle

Breast

‘ e ————————————— Fafty breast finsue lump

‘ ———————— Breast cancer

Milk duct

=———————— Breast glands b

Lump and surrounding
tisaue is removed

Vo

Figure 1.1 Anatomy of the breast with cancer (a) and the lumpectomy procedure (b), where the breast cancer lump
is surgically removed (from A.D.A.M. Medical Encyclopedia).

1.1.2. Radiation therapy

Radiation to the breast is often given after breast-conserving surgery to help lower the chance that
the cancer will come back in the breast or nearby lymph nodes. In general, radiation therapy uses
high energy photons or particles with the intent of destroying cancer cells and eliminating their
reproduction. The biological basis is that cancer cells can be killed by a delivery of high energy
photons or subatomic particles (ie. a radiation dose). The intensity of this dose is sufficiently
enough to ionize electrons in the cellular atomic structure, effectively destroying them entirely.
Figure 1.2 shows this principle, demonstrating how a mammalian cell culture behaves when
exposed to ionizing radiation. The most important target of the cell is the nuclear DNA, when
damaged, will result in non-viable offspring [3]. It has also been shown that rapidly dividing cell
populations like tumors, epithelial cells and blood cells, are the most sensitive to ionizing
radiation. The amount of cellular damage is also dependent on the dose of radiation, that is, the
energy absorbed per unit mass. The Systéme International (SI) unit for radiation dose is the Gray

(Gy), where 1 Gy = 1 Joule per kilogram of matter [3].
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Figure 1.2 The typical survival curves for a culture of mammalian cells exposed to particle sources (neutrons or a-
rays) and x-rays. The number of survivors (n), plotted on logarithmic scale, shows how radiation is less effective in
killing cells at low doses because the cell is capable of repairing minor radiation damage. At higher doses, however,
survival becomes exponential by a factor of 1/e for each dose increment of Dg [3].

External-beam radiotherapy (XRT) is the most common type of radiation therapy administered to
women with breast cancer. XRT is much like getting an x-ray, but the radiation intensity is much
greater, since ionizing level radiation is required to destroy cancerous tissue. The radiation is
focused from a machine outside the body on the area affected by the cancer. As in Fig. 1.3, this
machine has a rotating “C-arm” which can focus the radiation beam in multiple orientations. The
extent of radiation depends on whether mastectomy or lumpectomy was done and whether or not
lymph nodes are involved. If mastectomy was done and no lymph nodes had cancer, radiation is
targeted at the chest wall and the places where any drains exited the body. If lumpectomy was
done, most often the entire breast gets radiation, and an extra boost of radiation is given to the
area in the breast where the cancer was removed to prevent local recurrence. The boost is often
given after the treatments to whole breast end. It uses the same machine, but the beams are

directed to aim at the site where the cancer was surgically removed.



Figure 1.3 An XRT beam diagram (a) illustrates how the radiation can be targeted at the whole breast while
focused on the tumor (in red) or lymph nodes. This is accomplished with a rotating C-arm (b) which can align in
multiple orientations, utilizing either an x-ray or particle source emitter at one end. while the patient remains

stationary.

The procedure itself is painless but the side effects following irradiation can be severe. Moreover,
in order to spare normal tissue while destroying cancer cells, the radiation must be delivered in
fractions over an extended period of up to 7 weeks [4]. The length of time required for XRT is
difficult for some individuals and leads some to refuse XRT, increasing the risk of cancer
recurrence. Furthermore, acute skin reactions are frequent, ranging from redness of the skin to a
painful skin breakdown. This may result in the patient terminating treatment before an effective
dose can be delivered, resulting in an incomplete recovery. Although XRT is the more
conventional way to treat breast cancer via radiation, alternative methods such as brachytherapy

have proven to be just as effective [4].

1.2. Brachytherapy

Brachytherapy, also known as internal radiation, is another way to deliver radiation therapy.
Since it is much less disruptive to the patient, brachytherapy offers an effective alternative to

XRT or may be used to add an extra boost of radiation along with XRT.

Initially, brachytherapy was used to solely treat prostate cancer but with new developments has

expanded to effectively treat other cancers as well. The most common types of cancer that can be



treated with brachytherapy are: skin, cervical, prostate and breast. Brachytherapy procedures
involve temporary placement of high-dose rate (HDR) radionuclides while others will suffice
with low-dose rate (LDR) small radioactive pellets called seeds. The commonly used seeds in
brachytherapy are '*’Cs, %°Co, "*’Ir, "I, 'Pd, and ""Ru [5].

Instead of aiming radiation beams from outside the body, seeds are placed into the breast adjacent
to the cancerous region. Their precise placement directly at the cancerous tissue site ensures
highly localized target coverage. This results in a much quicker dose delivery, while minimizing
unnecessary exposure of healthy regions of the body to harmful radiation. The sources are
typically enclosed in a protective casing to deliver dosage to the area without risking the
radioactive material to leak into the surrounding tissues. Additionally, the source is able to
effectively irradiate the target area over the duration of the treatment since it moves with the
organ or body part, whereas the patient would otherwise require precise repositioning each day
for the 6 to 7 weeks of XRT. From Equation 1.1, radiation intensity far from an isotropic point
source emission decays by the inverse square law [3]. That is, the dose, D(r), is described by the
radiation intensity (or number of photons per sec), over the surface area of an isotropic emission

(4mr?) at a distance, 7 from the source:

# of photons/s 5
# of photons/s D(ry) 41,2 D(ry) (Tz)
D(r)a yy—s) - D(r,) % of photons/s - D(r;) \n (1)
411y

While the number of photons remains the same, the density changes as they diverge. Thus, the
ratio of the dose at P;/P; in Fig. 1.4 is proportional to the inverse squares of their distances from
the source. Therefore, the radiation exposure away from the target volume is significantly
reduced from that inside of the volume. In addition, the attenuation of the photons is highly
dependent upon the surrounding medium, so by the time the radiation leaves the target volume,
the dose would have been attenuated to levels where other parts of the patient and persons in

proximity to the patient are at very low exposure.
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Figure 1.4 The left image illustrates the isotopic photon emissions from the brachytherapy source at two points: P,
and P,. At a distance, r, the effective dose. D(r), decays by the inverse square law, shown graphically on the right.

1.2.1. Breast brachytherapy techniques

Breast brachytherapy offers a number of advantages over traditional XRT. At 5 to 7 days
duration, HDR brachytherapy procedures are much quicker than 6 to 7 weeks of XRT, but they
still require regular hospital visits and can be quite painful [5]. For example, in High Dose Rate
Breast Brachytherapy (HDRBB) and Accelerated Partial Breast Irradiation (APBI) in Fig. 1.5,
treatment catheters must be inserted into the breast in order to temporarily place the HDR seeds.
If the seeds are temporary, the half-life and activity are not a major concern. However, if the
seeds will be permanently implanted as in the next procedure, half-life must be short to ensure the

patient will not remain radioactive for an extended period of time.
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Figure 1.5 HDRBB (top image) involves placing multiple catheters through the breast, then injecting HDR seeds
for temporary irradiation. APBI is another application of HDR breast<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>