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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 brachytherapy which places a single catheter
(2) into the lumpectomy cavity followed by the sources with irradiate from an inflated balloon, expanded to the size
of the cavity (b).

1.2.2. Permanent breast seed implantation

To avoid protracted radiation treatments and acute skin reactions, a novel and much less
traumatic brachytherapy technique, called Permanent Breast Seed Implantation (PBSI), was
recently developed at Sunnybrook Health Sciences Centre [4]. This procedure is generally one-
hour long and involves surgically implanting '**Pd seeds into the surgical cavity of the breast. For

'9pd is used over the traditional '*°I for prostate in which this procedure was

breast application,
initially developed for. With a relatively short half-life of 17 days and LDR of 21 keV at 2 mCi
activity [4], '®Pd can effectively deliver brachytherapy treatment while the seeds can
permanently remain in the breast. Individual '3p( seeds, in Fig. 1.6, are approximately 5 mm by

0.8 mm in dimensions, enclosed in a titanium casing with central tungsten marker.
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Figure 1.6 The physical dimensions and composition of a single '”’Pd seed [6].

Depending on different factors, between 50 and 100 seeds are used. Prior to the procedure, a CT
simulation is required to define the extents of the target volume followed by the implantation
procedure administered under local anaesthesia. Since the volume of normal tissue irradiated is
greatly reduced from XRT, the dose can be delivered more rapidly. Seeds are placed in strands to
avoid their motion since seed misplacement greater than 5 mm may lead to under dosage, putting
the patient at increased risk of local recurrence. The radioisotope half-life is chosen so that
radiation dose is delivered constantly. Thus, PBSI allows patients to be discharged home the
same day after a single one-hour treatment session. This dramatically improves the quality of life
of the patient during treatment over conventional XRT. Also, due to the low primary emission of

the 103

Pd isotope, external radiation exposure to other parts of the body and other persons is
acceptably minimal as the effective dose remains below 5 mSv (milliSieverts) [6]. The Gray and
Sievert are both SI measurements of radiation dose, however, use of the Sievert implies that
appropriate biological weighting factors have been applied to the original absorbed dose
measurement (in Grays). Essentially, the Sievert is a corrected dose for the specific material

which is irradiated [7].

Before the implantation is performed, there is a period of initial planning. This involves getting
anatomical information of the breast using x-ray computerized tomography (CT). The first stage
of implantation involves placing a localization, or fiducial, needle through a template into the
surgical cavity, under ultrasound guidance. The fiducial needle allows passage of the
brachytherapy needle for implanting linear strands of '3pq seeds into the breast. A post-implant
quality assurance screening is then performed, to ensure seeds were positioned correctly. The
seeds are delivered to locations within the patient that are fixed in 3D with respect to the location

and orientation of the template. Since the template is fixed in space with respect to the anatomic



location for treatment, we simply need to ensure that we know the position of our imaging device
with respect to the template in order to compare the planned locations of the seeds and the
imaged locations of the seeds in the same space. The stages of the PBSI procedure are illustrated

below in Fig. 1.7.

Figure 1.7 The PBSI procedure involves initial planning with CT information. followed by post-implant quality
assurance screening. The setup for implantation uses a template for inserting the fiducial needle into the breast.
which allows passage of the brachytherapy needle for implanting '**Pd seeds in linear strands [4].

Although the high potential of PBSI has already been proven by clinical studies at Sunnybrook
Health Sciences Centre, the limitation in the procedure is that an oncologist is unable to visualize
the brachytherapy sources as they are being implanted [4]. This results in the inability for a real-
time correction in the event that a seed has been incorrectly positioned. The radiograph in Fig. 1.8
is one such scenario where there is an area with too much irradiation and one with too little.
Alternatively, we could call these regions a “hot-spot” and “cold-spot”, respectively. Indeed, for
one patient among twelve that have been treated with PBSI following breast-conserving surgery,

the strands were placed too close to each other and the treated volume was much smaller than
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planned [4]. Thus, there is a need for an on-line imaging device to identify precisely the location
of the seeds and evaluate the dose distribution during and at the end of the implantation so that a
deviation from the planned dose distribution can be corrected. This will ensure that PBSI
consistently achieves appropriate target coverage, which translates to a higher cure rate for breast

cancer patients.

Figure 1.8 An example of inadequate target coverage in a CT image of the breast. demonstrating a “hot-spot” in red
and a “cold-spot” in blue. The target volume should have at least 100% of the dose over the entire volume while
maintaining the dose to the surrounding tissue at a minimum. This is quite a sensitive task as seeds cannot be

removed once implanted [4].

1.3. Physics of brachytherapy

Since the radionuclide sources originate from inside the body (internal radiation), it is important
to understand how the radiation behaves within an absorbing medium, so that the mechanisms of
interaction may be accounted for. Gamma-rays (y-rays) are emitted by a variety of radioactive
materials, some of the better known being ®’Co and "*’Cs. X-rays, in contrast, are produced by
radiation-producing machines via Bremsstahlung process. During the early years of radiography,
the x-rays produced by machines were of lower energy than those of typical y-rays. As machines

capable of producing higher energy x-rays were developed, and as scientists gained a deeper
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understanding of the full range of energies of the y-rays emitted by radioactive materials, they
realized that the energies of the two types have overlapped. For all intents and purposes, we will
keep the y-ray designation as those photons emitted from radionuclides by radioactive decay

process.

A radionuclide is an atom with an unstable nucleus which spontaneously undergoes radioactive
decay in order to become stable. Radioactive decay is a random process, however, every isotope
of the same type of radionuclide has the same probability of undergoing decay at any given time.
Therefore, the number of radioactive decays, dN, over time, dt, is proportional to the total number

of radionuclides, N:

bl A 1.2
T AN (1.2)

where 4 is the decay constant of that radionuclide [9]. By solving this differential equation, we

acquire an exponential equation as follows:
Nt == Noe_lt (1'3)

where N, is the initial number of radionuclides, and N, is the number of remaining radionuclides
after time, ¢ [9]. In place of a decay constant, a radionuclide is more commonly characterized by

its half-life, t;,,, which is the time for 50% of the radionuclides to decay [9]:

In2
tyys = — (1.4

There are several decay methods which can occur, depending on the radionuclide. Electron
capture is the decay mechanism of 13pd. In this process, a proton is converted into a neutron by
capturing an orbital electron, thus resulting in 15Rh as a product element and an electron

neutrino, V,:

193pd + e~ > $¥Rh+ v, (1.5)
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The vacancy created by the electron capture is then filled by electrons from outer orbitals,
resulting in the emission of 2/ kel y-rays. These photons will travel through the medium and can
undergo one of the dominant interaction processes for low energy y radiation: photoelectric effect

and Compton scattering.

1.3.1. Photoelectric effect

The photoelectric effect in Fig. 1.9, is where a y-ray is completely absorbed by an atom.
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Figure 1.9 The photoelectric effect is a mechanism of full energy deposition in a material. An incident photon
transfers all its energy to the ejected photoelectron (a), causing the K-shell hole to be filled by an orbital electron (b).
The state change of this electron results in a photon emission with energy equal to the L and K-shell energy
difference, denoted by E; and Eg, respectively.

The energy of the incident y-ray is transferred to one of the orbital electrons, which causes it to

eject as a photoelectron with energy given by:

Ephotoelectron = Ey —Ep (1.6)

where Eppotoetectron 1S the Kinetic energy of the photoelectron, E,, is the energy of the incident y-

ray, and E}, is the binding energy of the orbital electron [9]. The vacancy left in the atom by the

photoelectron is immediately filled by an electron from the outer shells, causing a photon to be
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emitted with energy equal to the difference in binding energies of the initial and final shells of the
electron. Following ejection, the photoelectron can interact with other electrons in the absorbing
medium and will become absorbed within a short distance. Thus, all of the incident y-ray energy

will have been deposited in the material.

The photoelectric effect involves mainly those electrons that are closely bound to the nucleus
(inner orbitals) in the K and L-shells. The probability for the effect becomes less for the electrons
that are more loosely bound in outer orbitals. The probability of a photon undergoing

photoelectric absorption per unit distance, g,, depends on photon energy, E,, and the atomic

number, Z, of the absorbing medium [9]:

Op X —3 (1.7)

If the energy of the incident photon is less than the ionization potential or binding energy of an
electron in a particular inner shell (i.e. if E, < E;), that electron can not be involved in the
photoelectric effect. Those y-rays with lower energy are more likely to interact by photoelectric
absorption, especially in materials with higher Z’s. Since soft tissue is generally composed of low
Z elements, the probablity of photoelectric absorption is reduced. Instead, a scattering process is

much more likely.

1.3.2. Compton scattering

The other way a y-ray interacts with an absorbing medium is by Compton scattering, as in Fig.
1.10. This is the dominant mechanism in body tissue, where the y-ray will transfer only part of its

energy to an electron. The remaining energy is taken away by a new y-ray of lower energy,

Escatter~

This process differs from the photoelectric effect in that: a) the photon transfers only a fraction of

its energy to the electron; and b) only the loosely bound electrons in the outer orbitals are

involved in the process.
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Figure 1.10 Compton scattering is an incomplete energy deposition process in a material. An incident photon
transfers part of its energy to a loosely bound electron while the remainder of its energy is scattered at some angle, 6.

The energy transferred to the scattered photon is related to the scattering angle 6 by:

- e mac®
scatter — 2 1.8
mgc + 1 —cosf -8}

14

where E, and Egcq¢rer are energies of the incident and scattered photon, respectively, and HieCT 18
the rest-mass energy of an electron [9]. The remainder of the energy is transferred to the recoil
electron. The probability of Compton scattering per unit distance, o., decreases gradually with

increasing E,,, and is proportional to density but quite independent of Z.

y-ray scattering falls into one of two processes; elastic and inelastic. Compton is an inelastic
scattering process since the initial kinetic energy of the y-ray is different than that after
interaction with the medium. By conservation of momentum, the y-ray must change its direction
if its energy is not completely absorbed, as in photoelectric effect. Elastic scattering differs in that
the kinetic energy of an incident y-ray is conserved after scattering, along with its momentum.

Rayleigh scattering is an example of an elastic process [9].

15



1.3.3. Attenuation

A y-ray travelling through a medium are most likely to interact by one of the two processes
described and will become completely attenuated. The number of unattenuated photons after a

distance of x in an absorbing medium is given by:
N = Nye™#* (1.9)

where N is the number of unattenuated photons after travelling a distance x, Ny is the initial
number of photons and u, the linear attenuation coefficient, is the probability of interaction per
unit distance travelled [9]. With the dominant interactions being photoelectric and Compton, u

can be approximated as the sum of the two probabilities [9]:

u= o, +oc (1.10)

Now that the dominant y-ray interaction processes have been shown, and by recalling the inverse
square law, the number of particles at the detector surface are further reduced. An appropriate
imager for PBSI must therefore have good detection efficiency for y-rays since attenuation will
ultimately limit the dose at the detector. Also, due to Compton scattering, the imager requires
energy discrimination capability so that positional information lost to scattering within the body
can be rejected based on their reduced energy. This principle is called energy-selective counting,
which is the very basis single-photon emission computed tomography (SPECT), a process of

image reconstruction in radionuclide imaging.

1.4. Imaging for PBSI

Imaging modalities that have the potential to provide the necessary information required to
perform a real-time intervention in PBSI are: a) 3D ultrasound; b) C-arm computed tomography

(CT); and ¢) gamma camera imaging [4].
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Although 3D ultrasound is able to generate 3D images in real time, this imaging modality has two
main limitations. The first is that the contrast between the seeds and the background anatomy is
poor, due to the presence of the seroma and fibrotic tissue, plus air bubbles that are introduced by
the brachytherapy needles, making the seeds difficult to identify from the noisy images. The
second reason is that to acquire an image of the underlying seed distribution the transducer must
be pressed against the breast, thereby deforming the seed distribution and reducing the

reproducibility of the image [10].

C-arm CT provides high resolution and good contrast images of the seed distribution.
Unfortunately, due to geometric constraints, the template and the fiducial needle that holds the
target volume in place has to be removed in order to acquire the images. Once the fiducial needle
is removed from the patient, it is extremely difficult for an oncologist to make an accurate
intervention even with the high quality images created from the C-arm CT [4]. Since each seed in
PBSI is essentially a radiation emitter in itself, it seems only fitting that imaging the y-rays would
be more effective than sending external radiation through the breast as in the ultrasound and CT

approach.

Radionuclide imaging is one of the most important applications of radioactivity in nuclear
medicine. These imaging laboratories are located in almost every hospital, with hundreds to
thousands of imaging procedures each month at larger institutions. The principle of imaging a
radionuclide is to acquire a picture of the distribution of a radioactive substance or material
within the body. This is done by recording the energetic emissions from the radionuclide with
external radiation detectors placed at locations outside of the patient. The preferred emissions for
this application are x-rays and y-rays of energy range 60 to 511 keV. These energies are
sufficiently penetrating in bodily tissues to be detected from deeper organs. Also, they can be
stopped efficiently by dense scintillators or other high Z detector materials and can be shielded

with reasonable thicknesses of lead.

As the name implies, a gamma camera can accomplish this task by imaging the y-ray emission of
each seed. Once specially tuned, this camera will provide the best approach to PBSI imaging,
since in contrast to CT, it will not interfere with the equipment required for the implantation. Due

to the small size, this device will also be practical for use in a variety of clinical settings.
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Furthermore, emission images from the seeds acquired by dedicated gamma camera can be co-
registered with anatomic images provided by other imaging modalities. The overall goals of this
gamma camera are to enable effective treatment of breast cancer by ensuring the accurate
placement of seeds during surgery and evaluating the seed dose distribution during and at the end
of the implantation by guiding the seed implantation and allowing for correction of a less than

optimal implant while the patient is still in the operating room and anesthetized.

1.4.1. Energy-selective counting

Radiation detectors produce electrical pulses whose amplitudes are proportional to the energies
deposited in the detector by individual y-ray interactions. This experimental technique is called
pulse-height spectroscopy (PHS) which is used to sort out multiple radiation energies striking a
radiation detector and then display the results as a histogram. This method is used in all pulse-
height analyzer (PHA) hardware implemented into a gamma camera system. The underlying
principle is to examine the amplitude of electrical signals from radiation pulses to determine the
radiation energies, or to select for counting only those energies in the desired range (energy-
selection). This technique will be detailed further in chapter 3, where PHS experiments are
performed. For energy-selection to work in a detector the total collected signal must be large
enough such that the detector can perform as a photon counting device, distinguishing single
photon emissions from a radiation source and assigning a count to it. In short, energy-selective
counting in SPECT can be used to: a) reduce the effects of background radiation; b) reduce the
effects of scattering; c) separate events caused by different radionuclides in a mixed radionuclide

sample; and d) identify emission energies from unknown radionuclides.

PHA discrimination circuits are incorporated in scintillation cameras and other nuclear medicine
imaging devices [11] to reduce effects of scattering by rejecting scattered photons of lower
energies (Compton effect). As Fig. 1.11 illustrates, scatter rejection is very important because
counting these photons would cause misalignment with their actual positions, resulting in poor
spatial resolution. In the energy data, this crops up as a small peak next to the photoelectric
absorption energy peak (or “photopeak”). By setting an energy window in the PHA, only those

energies deposited in the detector will be registered to the image processor and those outside the
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energy window are cut out. Therefore, by eliminating these lower energy events from the rest of
the histogram. only the photopeak energies will register to the image processor. These correspond
to photons which have not been scattered, and so image reconstruction can be accomplished for
their linear or nearly linear trajectories. It’s important to understand that position signals in PHS
are normalized to the total signals, so that the calculated position of interaction is independent of
the pulse-height [9].
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Figure 1.11 The left image shows how some radionuclide emissions from the body will scatter and register an
image far out of alignment from the initial source. The green checks indicate images in alignment with their origins
while the red X's show misalignments due to scattering. By defining an energy window in the pulse-height data.
shown on the right. scattering can be subtracted from the photopeak and photons with those energies will not be
passed onto the image processor.

1.4.2. The gamma camera

The SPECT technique uses a gamma camera to record 2D planar images at a series of angles
around the patient. These images are then subjected to a form of digital image processing, called
image reconstruction, in order to compute images of 2D slices through the patient [7]. Typically,
a SPECT device is arranged as several gamma cameras in a ring around the patient to reconstruct
y-ray emission in all directions. For PBSI however, the seeds do not require to be imaged, only
their 3D distribution is required. This can be accomplished with a set of just two detector heads,
arranged orthogonally, as in Fig. 1.12. Each detector is constructed with similar components: a)

the collimator, featuring several parallel-holes which selectively direct y-rays to the radiation
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detector; b) a photoconductor material using highly sensitive semiconductors like amorphous
selenium (a-Se) or cadmium zinc telluride (CdZnTe); and c¢) the pixelated electrodes with readout
electronics to acquire electrical signal from the radiation detector and process that signal into an

image.

-~

i
\ "/,
N TS
f Soft Tissue N
[\
\
\
\

Figure 1.12 The required gamma camera design for PBSI, based on CdZnTe or a-Se photoconductors [12].

In reference to Figs. 1.12 and 1.13, there is a very important component between the gamma
camera head and the y-rays. This is the collimator, which is used to selectively direct the y-rays
onto the camera head. In general, collimation is a way to filter unwanted radiation from particular
directions. The most common are optical collimators, which only allow light to pass through a

small opening, usually placed in front of a lens. This is a selective way to block certain photons,
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yet allow others to pass. Since we are using a similar principle of “absorptive collimation™ in this
gamma camera system, the collimator is essentially the weak link in the design and must
carefully be optimized for the PBSI sensitivity and resolution requirements. This will be detailed

in the next chapter, where the collimator is specifically tuned for the PBSI requirements.
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Figure 1.13 A gamma camera consists of a collimator, detector (or gamma camera head), PHA hardware and
digital image processor. The two pieces of information that the electronics receive are: position data and related
energy data. With scattering processes, the energy data is skewed to the lower end of energy spectra.

As in Fig 1.13, two important pieces of information from the radionuclide are collected by the
gamma camera head: position data and energy data [7]. Both are sent to the correction hardware
where digital image processing is done on position data and energy-selective counting on the
energy data. In the spatial data, Compton scattering events are misleading, giving incorrect
position information to the image processor (see Fig. 1.11) which essentially creates image blur.
By rejecting these, both energy and spatial resolution of the gamma camera can be improved. To
meet the PBSI technique requirements, the gamma camera must possess: a) high system spatial
resolution (< 5 mm at 10 cm from the collimator face) so that significantly misplaced seeds can
be identified and promptly corrected [4]; and b) high sensitivity at low y-ray energies (20-23
keV) to provide a short acquisition time (a few minutes) in order to facilitate correction of seed

placement while patient is anesthetized [4].

The standard gamma cameras available are made from sodium iodide (Nal) scintillation
detectors, which provide both of these features at a reasonable cost [8]. That is why these types of

gamma cameras are the choice for radionuclide imaging with energies of 60-300 keV [9].
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However, Nal based gamma cameras cannot perform as well if we are interested in imaging
lower energy emissions < 60 keV. Due to the hygroscopic nature of the Nal crystal structure it
must be enclosed in a thin aluminum casing to prevent exposure to air from which the crystal will
readily absorb moisture. Typically, the casing absorbs almost all low energy y-rays which leaves
very little to be detected. Of course, after waiting a long period of time, Nal can acquire an image
but at such low energy, this takes about two hours, well beyond the time constraints of the one-
hour PBSI procedure [4]. Because of this, we need an alternative detector to image radionuclides
in the low energy y range < 60 keV. Furthermore, the components in these types of detectors are
bulky and not very suitable for portable gamma cameras. Use of a semiconductor detector can
overcome these issues as the advancements in photoconductors for digital radiography have

proven to be sensitive enough to distinguish single photon emissions (or photon counting).

1.4.3. Photoconductors for gamma cameras

A sufficiently large collection of signal can only be accomplished by detectors that can stop
incident y-rays such that those energies can be successfully deposited into the detector to undergo
transduction. Transduction is the transformation of one type of energy to another, for instance,
electromagnetic radiation into electrical charge, a simple direct-conversion process. In this
process, an incident photon will ionize electrons in the photoconductor, resulting in many
electron-hole pairs (EHPs) which drift to opposite electrodes with an applied electric field, E.
The EHPs can then be immediately collected as an electrical signal by the detector electronics.
Indirect-conversion detectors use a scintillation crystal to convert y-rays into optical photons.
Direct and indirect processes are illustrated in Fig. 1.14. The optical photons are then converted
into electrons via photomultiplier tubes (PMTs). PMTs are efficient at converting photons into
electrical signal but they require high-voltage, are expensive and bulky. In addition, scattering of
the optical photons in the scintillator results in degradation of spatial resolution, signal loss and
lowers the overall signal-to-noise ratio (SNR) of the detector. In contrast, in direct-conversion
detectors, generated EHPs follow the electric field lines (see left image of Fig. 1.14) prior to
being read out. Since there is no intermediary optical stage to contribute to blurring, these

systems have the important advantage of providing superior spatial and energy resolution
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compared to indirect-conversion detectors. However, the photoconductor needs to be thick

enough to yield a reasonable attenuation at required energies.
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Figure 1.14 The mechanisms of y-ray transduction in a direct-conversion semiconductor material (left), compared
to an indirect-conversion scintillation crystal (right). The first converts a photon to several EHPs via photoelectric
absorption while the latter converts to optical photons in the crystal. then to electrons in the PMTs. Scattering of the
optical photons within the crystal results in degradation of spatial resolution, signal loss and thus, lowers SNR.

Commonly used semiconductors in nuclear medicine include: silicon (Si), germanium (Ge),
cadmium telluride (CdTe), cadmium zinc telluride (CdZnTe) and amorphous selenium (a-Se),
with their properties listed Table 1.2. The W, is the photoionization energy of a photoconductor,
which measures the typical ionization energy required to generate a single EHP. The W, is
highly electric field dependent and takes the values in Table 1.2 when biased at an infinitely large
field.

Table 1.2 Common direct-conversion detectors (parentheses indicate dopants) used in nuclear medicine and their
associated density (1), atomic number (2) and photoionization energy (3). Air is shown for comparison [9].

Si(Li) | Ge(Li)or Ge | CdTeor CdZnTe a-Se Air
" op(glem’) | 2.33 5.32 6.06 4.79 0.001297
E Z 14 32 48 52, 48 30 52 34 ~7.6
> Wy (eV) 3.6 2.9 4.43 5.9 33.7
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Of all semiconductors listed above, their theoretical W, are similar, where one ionization is
produced per 3 to 6 eV of radiation energy absorbed. Comparing to air, about 34 eV is required
for ionization. Thus a semiconductor detector is not only a better absorber of radiation, but also
produces about 10x larger electrical signal. The signal is large enough to permit detection and
counting of individual radiation events. Furthermore, the size of the electrical signal is
proportional to the amount of radiation energy absorbed. Therefore, direct-conversion materials

can be readily used for energy-selection and photon counting techniques.

Unlike Nal, these semiconductors do not require an aluminum seal as they are non-hygroscopic.
In addition, they can be fabricated onto thin electronic hardware and are compatible with highly
sensitive charge-coupled devices (CCD) and complementary metal-oxide-semiconductor
(CMOS) sensors commonly used in photon counting digital cameras [12]. Unfortunately, use of
Si or Ge for y-ray detection is complicated by their high dark currents at room temperature
operation. Dark current introduces electronic noise and thus lowers the overall SNR of a
photoconductor detector. As a result, Si and Ge detectors must be operated at low temperatures

using liquid nitrogen which is technically unfeasible.

In contrast, CdZnTe has all the desirable properties: high stopping power, low thermal noise,
room temperature operation, excellent energy resolution and excellent spatial resolution [13].
With these features, CdZnTe is increasingly being considered as an alternative to Nal/PMT
systems in a variety of applications in nuclear medicine, including intra-operative portable
imaging devices [14,15]. In comparison, CdTe has a much greater hole collection efficiency than
CdZnTe, however, space charge effect limits its performance. This occurs due to the
accumulation of trap carriers which generates a localized internal electric field. This essentially
reduces the bias field [16,17] and destroys the homogeneity of the electric field inside the
photoconductor. This effect is circumvented by introducing Zn into the structure. CdZnTe is
currently the only single crystalline semiconductor used in direct-conversion gamma cameras
since CdZnTe can operate at room temperature, unlike Si and Ge. Other advantages of CdZnTe
detectors include high sensitivity for x-rays and y-rays, due to the high atomic numbers of Cd and
Te, and better energy resolution than scintillator detectors. CdZnTe can be formed into different
shapes for different radiation-detecting applications, and a variety of electrode geometries, such

as coplanar grids, have been developed to provide unipolar (electron-only) operation, thereby
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further improving energy resolution. At this time, however, there is no CdZnTe device capable of
imaging at ~20 keV due to the lack of a high performance read-out system. Current electronic
systems developed for CdZnTe have a noise threshold of about 30 keV, which is greater than the
21 keV in PBSI [18]. Thus, there is a need to develop a read-out method such as Application
Specific Integration Circuit (ASIC) with CdZnTe dedicated to fast imaging at low gamma photon
energies before the advantage of PBSI image guidance can be achieved [18]. As an alternative to
CdZnTe, other direct-conversion materials used in xerography (x-ray application) can be well

suited to image low energy radionuclides.

Both a-Si and a-Se direct-conversion technology has been developed successfully to create large
area, flat-panel x-ray imagers (FPXIs) for digital chest radiography and mammography [19-26].
Currently, these types of detectors for diagnostic medical imaging use a-Si:H 2D arrays of
passive pixel sensor structures for x-ray image acquisition [27,28]. The a-Se photoconductive
layer is deposited directly onto this structure and serves as the x-ray-to-charge trasucer. Currently
a-Se is the only photoconductor whose technology is mature enough for application to x-ray
imaging. The main drawbacks of a-Se are its relatively low x-ray-to-charge conversion efficiency
and low x-ray attenuation coefficient, which limits its clinical applications [29]. However, a-Se

properties fit the low energy range required for PBSI imaging.

Direct-conversion digital radiography systems described above use photon integration technique.
An alternative approach that can achieve higher sensitivity is by photon counting, where the
intensity of each image pixel is equal to the number of photons that interact with the detector. In
the photon counting method, the photon-generated charge in the pixel is compared to a
predetermined threshold value where the threshold value is chosen to be, at the very least, greater
than the background noise. If the x-ray photon signal exceeds this threshold, the value of a
counter is incremented. Any photon detected with energy above the threshold value is assigned a

weight of one (i.e. single photon counter). The main advantages of photon counting over photon

integrating pixels are:

a) Better weighting of information leading to selectivity between photons of different energies
that is a major requirement of energy-selective imaging. Higher energy photons deposit more
charge in the detector than low energy ones so that in an energy integrating detector, the higher

energy photons are weighted higher. In a photon counter, events are defined by predetermined
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threshold values. Implementing a single threshold will weight all information equally.
Implementing multiple thresholds enables a means to distinguish between energy levels and thus

perform energy-selection.

b) Due to predetermined thresholds, photon counting systems are inherently linear with very
large dynamic ranges where at the low count rate, there is no limit and at high count rate by the

separation of pulses and capacity of counters.

c) The effect of amplifier noise is independent of frame readout rate as the readout is in the
digital domain after the photon has been detected [30]. This noise suppression compared to
integrating detectors gives superior SNRs, which are essential for low energy gamma photon

counting.

Although photon counting technology has been applied using gas microstrip and silicon
microstrip detectors [31,32], solid state x-ray detectors integrated with semiconductor pixel
arrays for photon counting have also been under investigation [33,34,35]. The advantage
provided by the semiconductor pixel arrays is that they are fabricated in crystalline silicon (c-Si)
CMOS technology that has a well-entrenched fabrication infrastructure so that pulse shaping and
counting circuitry can be integrated directly at the pixel level which improves SNR [36,37]. This
is benficial over counting systems where the detector and readout apparatus is discrete. A high
degree of integration and small device sizes, as provided by c-Si technology, is essential for
photon counting imagers due to the pixel resolution and count rates needed to capture the typical
fluence rates of photons in radiation imaging applications [38,39,40,41]. Thus, a portable y-ray
photon counting camera dedicated to imaging of low energy isotopes like 19pd is ideal for seed
implantation guidance, since it potentially can offer both, high spatial resolution and sensitivity.
In turn, this will satisfy both criteria for the PBSI imager. With this in mind, we examine the
potential of a-Se with photon counting readout for brachytherapy applications. With very good
sensitivity and spatial resolution at mammography energies, a-Se technology can be a very
practical and cost-effective implementation in a portable 2D gamma camera for image-guided
breast brachytherapy. This thesis aims to initiate the development of a PBSI imager based on a-
Se through proof-of-principle, by computer simulation and pulse-height spectroscopy

experiments.
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1.5. Thesis outline

The research objective of this thesis is to implement a gamma camera for PBSI, based on a-Se
photoconductor. Since its current application in FPXIs are sensitive to x-ray mammography
energies, very similar to those in PBSI, it will provide a cost-effective and technological
advantage over CdZnTe. The proposed PBSI gamma camera design, shown in Fig. 1.12, should
consist of two SPECTheads for image reconstruction, an appropriately tuned collimator, a
photoconductor layer (CdZnTe or a-Se), “sandwiched” between a top and bottom electrode, and
the required photon counting readout electronics associated with it. The structure of the a-Se
detector can be implemented from the same FPXI designs as mammography detectors with pixels
of 200 x 200 pm, which is suitable for PBSI since each seed will only be localized, not imaged in
detail. With specified dimensions of 10 x 10 cm, there will be a 500 x 500 pixel architecture for
this pixel size. For this particular application this pixel size is much smaller than required,
although, the use of smaller pixels result in lower noise levels in the pixel amplifiers [30] which
is desirable. With this design in place, our research goals are to: a) develop a test platform for the
evaluation of the gamma camera and to assess its imaging performance; and b) show that a-Se is
sensitive enough for photon counting at low energy. Using CdZnTe as a baseline, we will
demonstrate proof-of-principle of this gamma camera by computer simulation and perform PHS

experiments to directly measure the W,.

An a-Se detector should be able to resolve '“Pd photopeak energy to quickly localize each seed
for a 60-80 seed distribution in a breast phantom, consistent with a typical PBSI procedure.

Localization of the seeds in a short duration should be observed in the simulation, which will be

the basis of the next chapter of this thesis.
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Chapter 2

Monte Carlo simulation for permanent breast seed implantation

2.1. Monte Carlo in particle transport

Monte Carlo (MC) is a stochastic method for calculation by building models of possible results
from substituting a probability distribution for any factor with uncertainty [42]. For each photon
emission, MC samples an interaction probability distribution with random numbers. A random
number generator is used to determine the occurrence of stochastic events. For example, using
the random number, R, generated uniformly on an interval {0,1}, it is possible to simulate several
random outcomes from cumulatively integrating with R, over some probability distribution [43].
In the case of particle transport, each photon interaction is derived from the cross-section (CS) of
the target material, and by the energy of the incident photon. In nuclear physics, the concept of a

CS is used to express the likelihood of interaction between particles.

The history of using similar random processes like MC dates all the way back to the late 1700s,
where a simple needle tossing experiment was performed to calculate m. The mathematician,
Laplace did something similar by taking random points in a rectangle in 1886 and Fermi in 1930
to calculate properties of the newly discovered neutron. During the 1940s, with the development
of the Manhattan project, two scientists working on the project coined the term “Monte Carlo”
(from the casino in Monaco) while simulating the initial development of thermonuclear weapons.
Like most other things, the age of digital computing lead to exponential growth in MC simulation
potential and the associated software applications. The first complete coupled electron-photon
transport code named ETRAN became available by 1963. Then, from the 1980s, numerous MC
simulation packages for medical physics were being implemented for research and clinical

applications [44].

MC simulation is an essential component in emission tomography to aid in the design of new
medical imaging devices, assess new implementations of image reconstruction algorithms and/or

scatter correction techniques, and optimize scanning protocols. Although dedicated MC codes
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have been developed for Positron Emission Tomography (PET) and for SPECT, these tools suffer
from a variety of drawbacks and limitations in terms of validation, accuracy, and/or support [45].
On the other hand, accurate and versatile simulation libraries such as GEANT3, EGS4, MCNP,
and GEANT4 have been written for high energy physics [46]. They all include well-validated
physics models, geometry modelling tools, and efficient visualization utilities [47,48,49].
Depending upon the number samples, a MC simulation could involve thousands or tens of
thousands of recalculations before the desired statistical uncertainty is achieved. Furthermore,
with the very large number of events simulated (~7.4 x 107) for each '®*Pd source, there is a need

for cluster computing in order to complete simulations in a reasonable time frame.

2.1.1. Compute resources

Due to the magnitude of calculations required for MC simulation, high-performance computing is
normally required to run complex particle transport simulations in a reasonable time frame. For
this we need to select the appropriate resources to use. The Lakehead University High-
Performance Computing Centre (LUHPCC) was used to run simulations on their 240 compute
core Linux cluster that was installed in the summer of 2011. The cluster is composed of 20
compute nodes housed within five Dell PowerEdge C6100 series chassis (4 nodes/chassis), a
PowerEdge R710 login/head node, and a PowerEdge R710 storage node with 12 TB of direct
attached storage in a PowerVault MD 1200. A PowerConnect 6248 Gigabit Ethernet switch
serves as an interconnection fabric between all of these components making it suitable for serial
farming and low-bandwidth MPI cross-node calculations. A PowerEdge C410x PCle Expansion

Chassis also provides general purpose graphics processing unit capabilities.

2.1.2. Introduction to GATE

GATE (Geant4 Application for Emission Tomography) is a widely used Monte Carlo Simulation
platform, which is being developed by the OpenGATE collaboration since 2001 [50]. Computer

simulation is often used in designing modern emission tomography instruments. Before a device
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is built, there is a need to test its capability with a validated platform. GATE provides that in a
“toolkit” which can simulate interactions of photons and subatomic particles with matter, specific
for tomography applications. It features a broad range of physics processes validated by particle
physics experiments, sophisticated geometry description, powerful visualization, 3D rendering
and other original features desirable for emission tomography [50]. The package also contains

tools useful for analyzing results for both energy and spatial representation.

Dedicated to the modeling of planar tomography, SPECT and PET acquisitions, this platform is
widely used to assist in the research and development of new imaging devices and techniques.
Validation of the platform has been quite successful in recent scintillation camera simulations.
Results obtained with GATE are generally within 6% of published results from similar
tomography experiments [51,52]. Following the first public release of GATE in 2004 a major
enhancement, referred to as GATE V6, was published in 2010 [50]. Besides the introduction of
CT and radiotherapy simulations, the recent version allows the selection of various physical
models for a specific process, but also the simulation of optical and hadronic processes. It also
includes options for speeding up GATE simulations. GATE has proven to be a powerful and
worldwide well received tool to design and study medical imaging devices owing to the
flexibility to build a device based on usage of macros. Macros are script files, which
systematically provide details to GATE of how the simulation is to be performed. These macros
are the building blocks, specifying materials and parameters for building the detector, defining
the sources and activating particle interactions. In the following section, the essential macro

commands have been included in textboxes for reference.

2.2. GATE simulation method

GATE is composed of several modules, broken down into components shown in Fig. 2.1,
defining the geometry and mechanisms associated with each particle interaction. As an MC tool,
GATE also needs a random number generator. The class libraries for high energy physics
(CLHEP) provide various ones such as Ranlux64, the James Random and the Mersenne Twister
[53]. Each simulation can be broken down into 6 steps: a) define the radiation detector and

phantom geometry; b) set up the detector model (ie. SPECT, PET, etc.); c) define the source(s);
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d) set up the physics processes; e) specify the data output format; and f) initialize the simulation
[53]. Since the detector geometry remains the same in each run, it is included into the main macro
called gamma.mac, along with the configuration for defining orientation and materials used for
each component. The digitizer, physics and output scripts have also been included into this file.
Sources have been separated into different macros since the configuration file can call upon

which source is to be simulated.
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Figure 2.1 A diagram from the GATE user’s guide, showing the simulation architecture categorized by modules.
Each module is divided further into several components defining the simulation parameters [53].
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2.2.1. Geometry setup

The first volume which is created is the world. Each new volume created is contained within the
world and thus the dimensions must be large enough to include all of the simulated geometries
like the detector and the breast phantom. The macro shown below generates the world with an air

medium of dimensions 120x120x120 cm in X-Y-Z coordinates:

/gate/world/geometry/setXLength 120 cm
/gate/world/geometry/setYLength 120 cm
/gate/world/geometry/setZLength 120 cm
/gate/world/setMaterial Air

All new volumes contained within the world are termed “daughters” and those daughters may
also be “parent” volumes to smaller daughter volumes. This nested chain of geometry building is
especially important when discussing readout of hits. A hit refers to any interaction event, where
an incident photon deposits some energy. A sensitive volume, termed, crystalSD or phantomSD,
must be attached to whatever volume where a photon hit is recorded [53]. For instance, if we
wish to separate hits in the detector from hits in the phantom, we assign different sensitive
detectors to them. CrystalSD is assigned to record hits in the a-Se and phantomSD for the breast
phantom. The first will output hits recorded only in the photoconductor layer while the latter can
output hits in the other components. The main reason for separating the two is that crystalSD
generates both positional and energy data, while the phantomSD provides information on the
scattering processes, such as which scattering process occurs and where in the volume.
Essentially, a breast phantom and one or two SPECTheads composed of<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>