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Abstract

Surgery to remove breast cancer is performed almost 1,000 times a day in the United
States. The current state-of-the-art surgery uses radioactive sources to indicate the center of the
tumor and possibly a few points on the periphery as seen on mammography. Since such
guidance is very coarse, tumor free margin is not achievable and a re-excision procedure is
usually required. This approach provides no information about the margins of the tumor. Better
radiation guidance could come from labeling all cancer cells directly with a breast tumor-
seeking agent, such as CLR1404. The agent CLR1404 is taken up by breast cancer cells but
not normal cells, labeled with radioactive 2% could image the whole tumor not just points.
9mT¢ labelled nanoparticles locate sentinel lymph nodes. For the simultaneous detection and
identification of photon energies 159 keV from 2| and 141 keV from %™Tc, a radiation
detector with high energy resolution, fine spatial resolution and sufficient sensitivity is
required. This study involves the design, development, and characterization of such a handheld
radiation detector. Following the design and integration of the detector, the main characteristics
of the detector, such as energy resolution, photopeak efficiency and response at different
source-to-detector distances were investigated experimentally. Energy resolution of the
detector was found to be less than 10 keVV (FWHM) at energies below 159 keV, which allowed
resolving the radiation from the two radionuclides. Energy spectra of the radioactive sources
acquired experimentally were compared to those simulated in Monte Carlo N-Particle

Transport Code (MCNP6/X) and good agreement was observed between two curves. The study



is also targeted to give a contribution to the better localization of the SLNs and tumors by
designing an optimum collimation geometry for the detector. Based on the simulations and
experimental results, it was found out that by having a spatial resolution of 4.28+0.40 mm and
sensitivity of 188.61+1.41 cps/MB( at 5cm source-to-detector distance, the collimated detector
could meet the necessities of locating the deeply-seated SLNs that requires a detector with fine
spatial resolution and adequate sensitivity. In overall; the detector was found to be promising

for radio-guided surgery applications.
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Introduction

Primitive techniques to diagnose some of the diseases including cancer were based on
touching and sensing some critical organs, tissues and skeletal systems. That was until 1895 when
German Physicist Wilhelm Conrad Roentgen accidentally discovered x-rays during his
experiments when he was repeating Hertz’s and Lenardz’s previous work on cathode rays. [1] He
discovered that a new ray could pass through most of the tissues in the body except bones and
metals and that was x-ray. Although the first use of the x-rays was not for medical application as
Roentgen used x-rays to produce radiograph of weights in a box and to make a radiograph of her
wife’s hand, it did not take a long time after the discovery of x-rays, only within a month, x-rays
were used in the form of medical radiography as a guidance to surgeons in Europe and the United
States. [1] That was a new era for medical imaging. Shortly after the discovery of the x-rays, in
1896 Henri Becquerel discovered the radioactivity when he was studying the properties of the x-
rays by exposing potassium uranyl sulfate to sunlight and placing it on photographic plates with
the idea of by absorbing sunlight, potassium uranyl sulfate would emit the sunlight energy in the
form of x-rays. [2] After that, it did not take long for him to understand the truth and discover the
radioactivity of the uranium element [2]. Marie Curie then, discovered radium and polonium when
she was working on the characteristics of some elements. Her work was inspired by Becquerel’s

previous work. [3] Her contribution to the science was not limited to the field of physics and



chemistry, she also made a huge contribution to the field of medical imaging by designing small

and portable x-ray machines to be used in the field by medics. [3]

More than a century from the discovery of the x-rays, Gerritt Kemerink from Maastricht
University Medical Center, found an antique x-ray machine sitting in a dutch warehouse which
was used by scientists just weeks after Roentgen discovered the x-rays. [4] He took some X-rays
of hand specimens and compared the quality of the image with current x-ray machines. He found
out that the image quality was almost similar, except the old machine gave 1,500 times more
radiation dose to the skin comparing to the dose given by the current technology. [4] That was a
clear indication that the goal of medical imaging remained the same, to guide the medics having
better diagnostics on the patients, although the imaging techniques and modalities have been

improved since then.

Advancing technology and an increasing number of cases in cancer have revealed the need
to further improve medical imaging devices and modalities. To give a more specific example to
that; according to the American Cancer Society, breast cancer is one of the most common cancer
types in American women. Sometime in her life, the chance to be diagnosed with breast cancer of
an American woman is estimated at 12%. [5] The statistics by American cancer society also show
that following lung cancer, breast cancer is the first cancer type that results in the death of
American women. [5] 1 out of 38 American women die because of breast cancer. Based on the

estimation of the American Cancer Society, about 268,600 American women will be diagnosed



with invasive breast cancer and 41,760 of them will die as a result of breast cancer in 2019. [5] All
of these statistics reveal that starting from screening and evaluation to the therapy, all steps of the
cure should be treated with extra care to find the most appropriate treatment plan for a breast tumor
patient. However, non-palpable (occult, non-sensible) breast tumor localization has always been a
challenge for surgeons. This is mainly because the localization of the tumor with conventional
techniques rely on preoperative imaging. The big size and long acquisition time of conventional
imaging devices make them infeasible for intraoperative use. Sometimes, images taken
preoperatively with these imaging devices do not help the surgeon to precisely localize the tumor
during the surgery. This is because the surgeon is unable to synchronize preoperative imaging data
with the anatomy of the patient in a real-time fashion which causes the extent of the tumor
indistinguishable from the normal tissue. Consequently, the tumor margins are mislocalized and
re-excision procedure is often required. An observational study of breast surgery formed between
2003-2008 shows that among total of 2206 women diagnosed with breast cancer, 509 out of 2206
(23%) of them received one re-excision, 48 out of 509 (9.4%) patients that had one re-excision
already, received the second, and 7 out of 48 (1.4%) that had two re-excisions already, received

the third one to achieve adequate clear margins. [6]

To address the increase in re-operational and re-excision rates in breast cancer, handheld
gamma probes are designed to be used intraoperatively to improve the precision of the breast tumor

localization. Although they can be used intraoperatively, real-time image guidance is beyond the



scope of these probes as they are not intended to visually guide the surgeon during the surgery. An
audible intraoperative output from these probes is combined with the preoperative imaging data
and together let the surgeon decide and mark the surgical margins. That raised a new question to
be solved in the field of medical imaging. Is a fully intraoperative radio-guided breast surgery
possible? In that way, intraoperative image guidance could be provided letting the surgeon see the
patient anatomy, tumor, and extent simultaneously and precisely localize the surgical margins prior
to the excision. The answer was positive. There have been valuable improvements in this regard
over the last decade. Using tumor-targeted tracers labeled with radionuclides through injection to
the targeted tumor site or placing radiactive brachytherapy sources inside the tumor with the use
of a handheld gamma probe or a gamma camera by mapping the radiactive distribution inside the
tumor, real-time image guidance was provided to the surgeon. But just like any new system that
was invented, besides the innovations brought by this system, there were some limitations due to

the detector design and imaging methodology of the system.

The main motivation for this study was the same as that of the medical professionals after
the discovery of x-ray, those who immediately built and used the x-ray machine, or those who
contributed to the field of medical imaging after that: to better diagnose and treat the patients by
better guiding the doctors. In order to achieve this goal, the constraints of intraoperative handheld

gamma probes and limitations of the three dimensional, real-time image guidance system for breast



tumor surgery are addressed by designing, developing and characterizing a new radiation gamma

detector.

This dissertation consists of two Parts. Part | discusses the current state of the art of the
radio-guided breast tumor surgery in a total of 3 Chapter including some background in breast
anatomy, breast tumor physiology, surgical modalities and tumor localization procedures (Chapter
1), underlying radiation physics of radio-guided surgery of breast tumor (Chapter 2). The history
of the radio-guided surgery, literature review including the components, working principle, and
limitations of handheld gamma probes and intraoperative 3D image guidance system will be
discussed in Chapter 3 of Part I. It would be more appropriate to discuss the details and limitations
of these technologies after providing some background information on the field of radio-guided
surgery which will be presented in Chapter 1 and Chapter 2. After discussing these limitations in
detail in Chapter 3. Chapter 3 also explains how this work proposes to handle each of these

constraints.

Part Il is the contribution part of the thesis which consists of four chapters in total, Chapter

4, Chapter 5, Chapter 6, Chapter 7.

Chapter 4 focuses on the design parameters and the process of the development of the
radiation detector used in the project. Among the wide selection of detection materials, in order to

find the best fit for the project a detailed comparison and discussion are presented in terms of some



important detector characteristics. The selection of the photomultiplier type and deciding factors
are discussed. Crystal dimensions are determined based on the maximum photoelectron range and
intrinsic absorption efficiency data of the crystal. Finally, the process of development of the
detector in collaboration with Rexon Inc, (Ohio) is summarized and final production is graphically

presented.

Chapter 5 discusses the experimental and computational characterization results of the
device with no collimation in use. The energy resolution of the detector is examined by taking a
pulse height spectrum of different multi-nuclides: (}°°Cd, %'Co, ®MTc, 231, *¥’Cs and a multi-
nuclide source) experimentally. In addition to that, the experimental energy spectra are analyzed
when both **™Tc and 23| are in use together to see if the detector capable of distinguishing energy
peaks coming from each source. Some of the experimental pulse height spectra data is compared
to the Monte Carlo simulation data to validate the results. The experimental detection efficiency
of the detector at a certain source to detector distance is plotted as a function of incoming photon
energies. Finally, the detector response to the distance measurements is tested experimentally and

presented graphically.

In Chapter 6; the collimation material, thickness, and geometry are examined. Since there
is a known trade-off between sensitivity and spatial resolution, which are known as two key
characteristics of the detector, geometry of the collimation is analyzed both experimentally and

computationally (MCNP) in order to find optimum geometry of the collimation that would allow



having sufficient sensitivity and fast acquisition to create real-time image of radioactive
distribution and at the same time having a decent spatial resolution so clustered sentinel lymph
nodes at depth can be resolved from each other. Based on the presented results, an optimum
geometry of the collimation is proposed. The optimum collimation design is simulated in MCNP
and some of the detector features are characterized computationally. The results are then compared

with literature.

Chapter 7 starts with conclusions extracted from this study. In order to accomplish the aim
of the overall project, next steps: integration of the tracking system to the detector for on the fly
measurements, generation of the response functions of the detector, and generation and

implementation of the 3D image reconstruction algorithm are discussed.



Part 1. Status Quo



1. Introduction to Breast Tumor

and Surgery

1.1. Breast Tumor Basic Definitions

Breast cancer is a type of cancer that arises in breast tissue. In scientific terms, it is the
irregular growth and proliferation of tumor cells that emerge from breast tissue. [7] Glandular
and stromal tissues are the two main types of breast tissue. Glandular tissue consists of milk-
producing glands called lobules and milk passages known as ducts. Stromal tissue consists of fatty
and connective tissues as seen in Figure 1.1 (a) below. Excess soft tissue fluids and waste are
eliminated by lymphatic tissue, which is another tissue type that is located in breast tissue. Since
the breast is mainly formed of ductal and lobular tissues, cancer most commonly forms in these

cells, which are called ductal and lobular cancers, respectively. [8] Alternatively, there is a
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smaller chance of cancer forming in other non-glandular cells in the breast, which are named

sarcomas and lymphomas, which are not considered specifically as breast cancers. [8]

Chest wall - Supraclavicular lymph nodes

“ Infraclavicular
lymph nodes

* Axillary lymph nodes

~ Internal mammary
lymph nodes

an and iy Cal

b

Normal breast tissue

Lymph nodes in relation to the breast

Figure 1.1 (a) Anatomy of normal breast tissue (b) Main paths and sites of the lymphatic

vessels through nodes. (Adapted from Collins, Sam, and Amy) [8]

Lymph nodes in the body are connected to each other by lymphatic vessels. Lymph is a
fluid that flows through the lymph vessels, comprised mostly of excess water and waste, and is
managed and drained by lymphatic vessels, returning eventually to the blood circulation via the
subclain vein. Cancer cells in tissue can travel through these lymphatic vessels and end up growing
in lymph nodes. Figure 1.1 (b) above shows the main anatomic sites of the lymph nodes along

lymph vessels which includes axillary nodes (lymph nodes under the arm), supraclavicular and



11

infraclavicular nodes (lymph nodes above and below the collar bone) and internal mammary
nodes (lymph nodes inside the chest close by the breast bone). [8] The existence of cancer cells in
lymph nodes raises the likelihood of cancer cells travelling through the lymphatic system and
spread to other organs of the body. In non-invasive cancer, cancerous cells are mostly trapped in
ducts and do not penetrate to the connective and fatty tissues of the breast. Invasive breast cancer,
on the other hand, is when cancerous cells are not limited to ducts and invade the surrounding
connective tissues. The fact that the cancer is invasive does not always mean that it invades lymph
nodes and other organs as well. [9] Lobular carcinoma in situ (LCIS) and ductal carcinoma in
situ (DCIS) are the most common types of non-invasive breast cancer. As it can also be understood
from their names, DCIS is a type of breast cancer in which cancer cells are confined to the ducts.
in the same manner, LCIS is a type of breast cancer in which cancerous cells are trapped within
lobules of the breast. The most common types of invasive breast cancer are mainly divided into
two branches, infiltrating lobular carcinoma (ILC) in which the cancerous cells initially begin
in lobules of the breast and then spread to the other organs or the tissues of the body and
infiltrating ductal carcinoma (IDC) in which the cancerous cells start into ducts and propagates
to the wall of the duct and fatty connective tissue. It is more likely to spread to other organs of the
body. Among all of these modes of the breast cancer, IDC is known as the most commonly

occurring breast cancer. [9]
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1.2. Surgical Modalities for Breast Cancer

Breast tumor surgery is subdivided into four branches in terms of excision procedure: total

(simple) mastectomy, modified radical mastectomy, partial mastectomy, lumpectomy.

1.2.1. Total(Simple) Mastectomy

Total mastectomy is a surgical procedure in which the whole breast with breast tissue,
areola, and nipple is removed by the surgeon as seen in Figure 1.2. Some of the lymph nodes under
the arm may also be removed with total mastectomy. Total mastectomy is optionally offered by
the surgeons to the patients diagnosed with DCIS, stage | and Il breast cancer, stage 11l locally

advanced breast cancer. [10]

Lumpectomy Partial mastectomy
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Figure 1.2 is a graphical representation of different breast tumor surgery modalities based

on the sites and volumes excised. (Extracted from online, it is publicly used by several online

sources, no copyright or trademark information was stated)
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1.2.2. Lumpectomy

In contrast to total mastectomy in which the entire breast tissue is removed, lumpectomy
(also called a tylectomy is a form of breast-conserving surgery where the surgeon removes only

the breast tumor and some tissue around it as seen in Figure 1.2. [11]

1.2.3. Partial Mastectomy

Partial mastectomy is more comprehensive compared to lumpectomy. As seen on Figure
1.2, in addition to the lumpectomy procedure, the lining over the chest muscles deep to the tumor
is removed as well. Since the breast is saved, it can be counted in the category of breast-conserving
surgery. However, the defect in the breast will be more extensive compared to that in a

lumpectomy. [11]

1.2.4. Modified Radical Mastectomy

A modified radical mastectomy removes the entire breast with skin, areola, nipple and most
of the lymph nodes under the arm, except the pectoralis major muscle. It is the traditional method
in the treatment of breast cancer. [12] [13] Figure 1.2 shows the tissues removed during a modified

radical mastectomy.
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1.3. Sentinel Lymph Node Biopsy

In sentinel lymph nodes biopsy (SLNB), a radiotracer (mostly nanoparticles labeled with
technetium-99m, %MTc) is injected near the tumor area which guides the surgeon to localize
sentinel nodes during the surgery. Following the localization, sentinel nodes are extracted and sent
for pathological examination. It is a supportive pathological procedure performed after the
surgeries to assess whether the cancer cells have invaded the lymphatic system. Initially, only
nodes under the arm are removed for the examination. In case of positive results, the doctor may

recommend to remove additional lymph nodes. [11]

1.4. Localization Modalities in Breast Cancer

1.4.1. Wire-Guided Localization (WGL)

The traditional, non-palpable, breast-tumor localization method, known as wire-guided
localization (WGL), uses either a mammogram or an ultrasound image as a guide. A guide wire is
placed in to area of concern by radiologists to locate the tumor. Then, a second mammogram is
performed to document the position of the wire. Following the wire insertion, the surgeon locates

and removes both wire and wire-targeted area in the breast.
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1.4.2. Radioactive Seed Localization (RSL)

Although, WGL has been a useful tool to locate non-palpable breast tumors and lesions for
decades, it brought with it several irreparable drawbacks. Usually, placing the hooked wire into
the breast, as seen on Figure 1.3 (a), and the surgery procedure are performed on the same day,
which generally causes a conflict and struggle to plan, schedule and organize both procedures in a
timely manner. More importantly, a mis-localization of the tumor site and wire may have emerged
as the result of possible displacement of the inserted wire due to the post-insertion mammography
or transportation procedures. Such uncertainty in the location of the tumor creates a challenge for

the surgeon and often results in inadequate excision of the margins of the tumor. [14]

RSL has been introduced as an alternative to the WGL. A titanium capsule, with
dimensions of 4.5 mm in length and 0.8 mm in diameter, that contains 0.10-0.15 mCi (3.7-5.6
MBq) of radioactive lodine-125 (*%°1) is used in this procedure. The source is the same as that used
in permanent brachytherapy. Under mammographic or Ultrasound image guidance, the seed is
inserted to the region of interest, as seen on Figure 1.3 (b). [14] The tumor site that contains the
1251 source activity can then be excised by the surgeon with the guidance of a commercially
available gamma probe that is set to detect the low-energy gamma photons of 35 keV emitted from
1251, This probe can also be used in the SLN and localization procedure for the biopsy by changing
the energy settings to detect the 140 keV photon energies coming from **™Tc¢ labeled sulfur colloid.

[15]
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Figure 1.3 (a) Mammographic image after wire-guided localization procedure performed
(b) Mammographic image showing *?°I source inserted to the lesion (arrow) and the marking clip
(arrowhead) before the biopsy procedure. (Copied from Gray R.J., Cox C.E., Dauway E.L. et al

with permission) [14]

Since neither the radioactive seed inserted into the breast nor the equipments used in the
RSL procedure are dependent on the displacement, the programming difficulties found in the WGL
can be easily overcome by the RSL. [14] In some practices, several months have been observed

between the seed localization and surgery procedure. [14, 16] Moreover, the maneuverability of
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the portable gamma probe and continuous audible signal guide the surgeon better than the wire in

managing the localizing the center of the tumor. [14]

RSL begins with the insertion of the radioactive seed into the tumor targeted area by using
a mammography or an ultrasound image as the guidance. Thanks to commercially available
preloaded needles, surgeons do not have to load the 18-gauge needle with a *?°I seed during the
surgery. Although permanent brachytherapy is performed with magnetic resonance imaging (MRI)
guidance, MRI guidance of seed insertion is not recommended in some studies due to the limitation
of using radiation equipment in MRI room. [14] [17] [18] [19] Local anesthesia is applied to the
area of the targeted skin, then the tumor site is imaged by mammogram or ultrasound, and the
surgeon inserts the needle containing the '2°I seed into the center of the tumor. The %1 source is
inserted into the area of the lesion using the stylet to push the source just out of the needle. The
needle is then withdrawn. To verify the accurate placement of the seed in the site of the tumor,
another mammogram or ultrasound image is taken. More than one *?°I source may be placed into
the target of interest in case the size of the tumor is bigger than the average size of a breast lesion
. [14] Although ?°I has a 60-days half-life, which would allow many days between the localization
and excision procedure, the usual separation between these two procedures is only 5 days in the
U.S due to the some radiation protection principles. [15] [20] Limiting the time to five days with
the seed in place requires no radiation precautions since the dose to the skin from the seed in that

time is less than the skin dose from a single mammographic exposure [15]
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Figure 1.4 (a) Survey of the breast to determine the position of the *2°I source with a
commercially available gamma probe. (b) Survey after the incision to determine the tumor site and
depth of the tissue containing the source (Copied from Gray R.J., Cox C.E., Dauway E.L. et al

with permission) [8]

A commercially available gamma probe is equipped with various settings so different
isotopes with different peak energies can be detected. Figure 1.4 (a) shows how measurement data
as an output from the probe is collected by the surgeon by scanning it over the breast. Probes

optionally come with an audible guidance. The higher the pitch of the audio indicates the higher
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the activity detected in the area of the probe tip. This area is then marked as the incision site, which
is the smallest distance between skin and lesion. After performing the incision, the gamma probe
is utilized again to guide the surgeon deciding location and volume of the tissue dissected, as seen
on Figure 1.4 (b). Following the excision, the surgeon uses the gamma probe once more to make
sure the 21 is located inside the resected tissue and no radioactivity left inside the tumor bed. [14]
This is generally challenging because the Compton-scatter photons from the **™Tc in the lymph
system are also detected by the gamma probe in addition to photopeak energies coming from 9]
Hence, the surgeon should be well experienced and the probe should be able to distinguish the

radiation lines coming from each sources.

The resected tissue with the radioactive seed inside is then send to the pathology
department for histopathological examination. The *2°I source is located by pathology staff after
marking the area with ink. If accurate insertion of the seed was performed before the surgery, the
location of the source helps the pathology staff locate the lesion. After identification, the seed is
transported to the nuclear medicine department in a lead container for long-term decay prior to

disposal. [15] [21]

1.4.3. Radio-occult Lesion Localization (ROLL)

Radio-occult lesion localization (ROLL) was first introduced in 1996 which uses a **™Tc

labeled radiotracer intratumorly injected to the patient in order to locate and excise the tumor
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during the surgery by the guidance of a commercially available gamma probe. It has been widely
adopted to the field and used as a reliable alternative to the WGL since then. [22] As opposed to
the RSL technique which uses a 121 source to locate the center of the tumor, ROLL uses a **™Tc
labeled radiotracer called macro aggregated aloumin (MAA) for tumor localization. [22] Current
studies show that ROLL is found to be a more useful procedure than WGL in terms of comfort of
the patient, the frequency of the clear margins, and localization time and an ease to be combined

with sentinel lymph node biopsy. [22]

The ®MTc-MAA radiotracer, with a particle size range of 10-150 pm, is injected into the
tumor under the guidance of ultrasound or stereotactic mammographic imaging. [22] Since the
activity of the injected radiotracer is relatively low, between 0.027-3.324 pCi (1-123 MBQ), only
negligible amount of the activity moves to the lymph nodes, the rest staying within the tumor. [23]
[24] [25] During the injection process, the needle tip and the tumor are visualized simultaneously.
Once the needle tip is advanced to the tumor location, the radiotracer is then administrated to the
region, as seen in Figure 1.5. The mass and volume of the injected MAA mixture is often 0.5ug
and 0.2 ml respectively. [26] The radiotracer administration brings some risks with it, such as skin
contamination, missed localization and risk that the blood vessel will be punctured and tracer

carried to the liver. [22]
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Figure 1.5 Radiotracer Injection Process. (a) Needle tip is being placed into the lesion
under ultrasound guidance. (b) Syringe is integrated with a Luer-Lok connection for leakage
protection. (c) The syringe is covered with lead to protect staff from radiation. (d) Intratumoral
radiotracer injection under the guidance of ultrasound image (Copied from B. Pouw et al. [22]

with permission )

ROLL procedure can be combined with sentinel lymph node biopsy (SLNB) in two
different ways. The first technique includes the intra-tumor injection of *™Tc-MAA and

subdermal injection of ®®™Tc-nanocolloid to the level where lesion locates. [22] [27] [28] The next
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technique allows surgeon to facilitate both radiotracer in one injection by utilizing ®™Tc-albumin

nanocolloid into the tumor.

Since the travel range of the **™Tc-albumin nanocolloid tracer is limited from the injection
site, only small fraction of injected radioactivity (0.1-1%) is able to move to the lymph nodes
which allows coupling both procedure in one session. This integration is called as SNOLL
(SLNB+ROLL). [22] [29] Although one tracer SNOLL procedure found to be more comfortable,
lower cost and shorter time procedure than SLN in detection of sentinel nodes and lesion, a current

study of SNOLL shows that SNOLL is less effective than SLNB procedure in SLN detection [29]

After radiotracer administration, skin contamination and migration of the radiotracer from
breast to lymphatic vessels or breast parenchyma should be checked under the guidance of planar
gamma-camera imaging. In case of skin contamination, a decontamination process is
recommended which prevents having false findings during the localization and surgery procedure.
[22] A clinical study shows that 4 out of 959 patients (0.4%) are observed with considerable
amount of radioactivity spread to the breast parenchyma. [30] A SLNB gamma-camera imaging
procedure is applied to SNOLL procedure, in which some facilities use planar static images taken
15 min and 3hr after injection. These images are then used to visualize the patient contour when a

flood source is placed under the patient. [22] [31]
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Figure 1.6 localization in ROLL. (a) The highest output from the probe is detected and
the site marked on the skin. (b) The incision site is evaluated and determined by the surgeon. (c)
Survey performed after the incision to determine the area of the excision. (d) Excision of the tumor
with the margins determined in picture c. (e) A survey in the cavity of the breast after excision.

(Copied from B. Pouw et al. [22] with permission)

In the operating room, as with RSL, a commercially available gamma-probe can be used
to detect radiation from the radiotracer after injection. Since there are many types of gamma probes
on the market, their critical features, such as the sensitivity, energy resolution, and spatial
resolution differ. Once the location of the highest counts while passing the detector over the skin

IS detected, it is marked as the incision point. Following the incision, the probe is used to measure
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the margins by evaluation of the drop in the count moving from the tumor to the surrounding tissue.
The area determined to be tumor is then excised. A survey of the rest of the cavity is performed by
scanning the probe around the region to assess for residual tumor. In case of radioactivity found in

the cavity, the excision site is enlarged. The whole procedure is summarized in Figure 1.6.

1.4.4. Radio-guided Sentinel Lymph Node Biopsy

Technetium-99m is a cost effective, easily accessible, low-dose isotope of Technetium,
which has been widely used for the localization of the sentinel lymph nodes. There are a variety
of carriers utilized with **™Tc in SLN detection including sulfur colloid, nanocolloidal albumin,
antimony trisulfide colloid and Lymphoseek™ (**™Tc-tilmanocept, targeting CD-206 receptors on
macrophages). Among of these radiopharmaceuticals, only *°™Tc-sulfur colloid was FDA
registered until 2013. Therefore, it was the only accessible radiotracer in the United States that has
been used for SLN mapping in breast cancer until 2013. However in 2013, FDA approved one
other radiotracer to use for SLN detection breast cancer which is called as Lymphoseek™ (%*MTc-
tilmanocept). The other two radiotracer using **"Tc, described above, are widely used in foreign

countries and reported as effective as *™Tc-sulfur colloid in SLN localization. [32]

Due to the large particle size of **™Tc-sulfur colloid (having a mean particle size of 300
nm), it is believed that drainage of this radiotracer into the lymphatic vessels after the injection is

less likely to occur. As a precaution action to this potential problem, **™Tc-sulfur colloid is
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infiltrated through a filter just before the injection. However, according to a research study
performed by Martin et al., filtration of " Tc-sulfur colloid prior to injection showed no improved
impact on identifying the sentinel nodes compared to not filtering. [32] [33] Contrary to what is
believed, another study showed that filtration of the radiotracer before injection decreases the rate

of sentinel node detection compared to not filtering. [34]

A wide variety of isotope injection methods have been used in the literature in terms of
isotope volume, the time of injection, the location of injection. However, no considerable
difference in success rate has been observed. [32] Although, there is no standard volume of
injection recommended, the injection volume of the radionuclide in sentinel node identification
varies between 0.05 ml and 16 ml. [32] [35] Timing of radiotracer injection is examined by
McCarter et al. [36] No matter if the radiotracer is injected a day before or at the same day of
localization procedure, comparable results in the rate of SLNs identification have been observed
in the study. However, the authors highlight that the activity of the radiotracer at the time of
localization should be comparable for both cases, so the decay correction should be taken into

account to determine amount of activity to be injected for each case. [32, 36]

The location of the radiotracer administration is another factor that affects the success rate
in SLN localization. Several studies revealed that regardless of which method the radiotracer was
injected into the patient (intradermal (ID), subdermal (SD), intratumorally (IT) etc.), there was no

significant increase in the success rate of mapping axillary sentinel nodes. [32] However, while



26

the depth of injection has not been found to be an important factor for localization of axillary
nodes, it is important for internal mammary (IM) lymph nodes. While superficial or intradermal
(ID) injections are sufficient to identify axillary nodes, a deeper intraparenchymal (IP) injection is

required for the localization of IM nodes [37]

The current state of the art of SLN localization allows the utilization of radiotracer alone,
blue dye alone or combination of two. The success rate of SLN detection is reported as 91.2%,

89.2% and 83.1% with the use of only radionuclide, blue dye or both, respectively. [38]

The procedure for SLN localization using only radiotracer was described above. If using a
combination of radiotracer and blue dye, blue lymph vessels and nodes are first localized to guide
the surgeon determining the dissection area. Additional guidance for determining the excision area
is supplied by a gamma probe that audibly guides the surgeon to localize the nodes containing the
highest radioactivity. [32] Both radiotracer and blue nodes are then dissected by the surgeon.
Dissecting only the nodes containing the highest radioactivity is not solely enough, as reported by
Martin et al. His study showed that the probability of the most radioactive SLN being actually a
SLN positive node is 80%. [39] McMaster et al. therefore suggested a rule, which is called the
10% rule, in which all nodes that contain at least 10% of the activity of the most radioactive node

are submitted as SLNs and dissected eventually. [40]
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2. Radiation Measurements

Although current technology in radio-guided surgery is well-equipped and structured,
measurements of radiation in the human body with handheld devices or portable cameras requires
knowledge about the effects of radiation on the body. It is also essential for surgeons, engineers
and researchers to be familiar with problems that might arise during the scanning process and the
physics processes related to the issues. This will prevent surgeons from performing unnecessary

scans. [41] The subsections below discuss the relevant background on the physical processes.

2.1. Interaction of y or X-ray Radiation with Matter

In radioguided surgery, gamma particles emitted from radiotracers often result in two major
interactions within matter depending on the energy of emitted particles and atomic number of the
medium in which the interaction takes place. A gamma or x-ray photons transfers its energy,
partially or entirely, in a single interaction to an electron in the medium along its path of travel.

The energy given to the electron is then deposited in the medium. If the medium is the crystal of a
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detector then the energy deposited contributes to the number of counts recorded by the detector.

The underlying physics of the interaction of photons with matter are discussed below.

2.1.1. Photoelectric Absorption

In the photoelectric effect, an emitted photon from the radioactive source interacts with a
bound orbital electron of an atom. The photon is absorbed and part of the energy from the photon
is used to overcome the binding energy of the electron, freeing it from the atom. The other part of
the photon's energy goes into kinetic energy of the emitted electron. The ejected electron leaves a
hole in the orbital shell that it originally occupied. The electron emitted is usually a K-shell
electron. The vacancy in the shell is filled by one of the upper shell electrons through
rearrangement of electrons between shells, or alternatively, it is filled by the capture of a free
electron in the medium. The difference in the binding energies of the electrons before and after
rearrangement creates one or more characteristic x-rays. The characteristic x-ray and the ejected
electron are called a fluorescence photon and photoelectron, respectively. The low-energy
characteristic x-ray travels some distance in the medium and interacts again through one of the
two interactions mechanisms discussed and the interaction is usually with a less tightly bound
electron of an atom. The kinetic energy of the photoelectron is computed by Equation 2.1 below,
where E. is the kinetic energy of the photoelectron, hv is the energy of incoming photon and Ey

is the binding energy of the electron in its original shell:
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E,=hv—E,. (2.1)

An alternative to the characteristic florescent radiation release, when the outer-shell
electron drops to fill the vacancy in the shell from where the photoelectron originated, is the
transfer of energy to another electron in its shell or an electron with less binding energy. The
remaining energy above the binding energy appears as kinetic energy of the ejected electron as it
leaves the vicinity of the atom. The ejected electron is called an Auger electron. Since the kinetic

energy of the Auger electrons is low, its range is very short.

Incoming
photon

Photo-
electrons
** from inner

shells
-

S Incoming
photon

Fluorescence
zone ~5cm

Figure 2.1 Graphical representation of the emission of a photoelectron, auger electron and

their relative range after the interaction. (Copied from H L Byme et al. with permission.) [42]
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The Auger effect competes with the emission of characteristic x-ray florescent. On
average, the photoelectric effect results in the emission of characteristic x-rays 88% of the time
and Auger electron release the remaining 12% of the time. [43] The entire photoelectric process is

graphically summarized in Figure 2.1.

2.1.2. Compton Scattering

Compton scattering is a process in which an incoming photon has a scattering interaction
with one of the loosely bound outer shell electrons of an atom in the medium. The incident photon
scatters with an angle 6 imparting energy to the electron. The scattering interaction is illustrated in
Figure 2.2. The resulting electron is called a recoil, or Compton electron. The energy of the
scattered photon and recoil electron can be calculated from Equations 2.2 and 2.3, respectively,

which are derived from basic conservation of energy and momentum laws:

hv

hv' = T , and (2.2)
1+ r——: (1 —cos0B)
mhlzz (1 —cosH)
E,-=hv—hv' = hv Ohv (2.3)
1+ (1 —cosB)

myc?
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In the above equations, the energy of the recoil electron is denoted by E,-, the energy of the
incoming photon is hv, the energy of the scattered photon is hv'and the rest mass energy of the
electron is denoted by mqc? (511 keV'). As the scattering angle 0 decreases, the amount of energy
transferred to the electron also decreases. The interaction probability for Compton scattering
depends on the electron density in the absorber material, and as a result, the atomic number of the
absorber (Z) is a major determinating factor for the likelihood of a Compton scattering interaction.

As Z increases, the probability of having a Compton event increases as well.

= Scattered photon
7 o of lower energy

incident S "\ 8. Scattering angle
ncident f

p Ejocted
Compton
recaoil
electron

Figure 2.2 Pictorial representation of Compton Scattering. (Copied from from S.R. Cherry

et al. with permission.) [44]
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The angular distribution of scattered photons can be determined from the Klein-Nishina
formula which shows that incoming photons with higher energies are more likely scattered in the
forward direction. Hence according to Equation 2.3, energy transferred to the electron is small. On
the other hand, as the incoming photon energy decreases, the fraction of photons scattering
backwards increases as illustrated in Figure 2.3 below. Thus, on average, low energy photons will

transfer a larger fraction of their energy to the recoil electrons.

120 - 60

0 Scattering
Angle [°]

Klein — Nishina Cross — Section — do/ dQ[ll]’“cm2 / sr]

Figure 2.3 A graphical representation of the Klein-Nishina Cross-section of Compton
scattering as a function of scattering angle of the incoming photon with different initial energies.

(Copied from Scannavino et al. with permission.) [45]
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2.1.3. Pair Production

Pair production will only occur if the incoming photon energy is greater than twice the rest
mass energy of the electron (1.022 MeV). In this process a photon interacts with the electric and
magnetic (E&M) fields of an atom, or on rare occasions, with the E&M fields of an electron. The
photon disappears and an electron-positron pair is created. Since a positron is not a stable particle,
it can decay into its basic constituents, or, which is usually the case, after travelling in the medium

and losing most of its kinetic energy, it annihilates after an encountering an electron in the medium.

0.51 Mew
pholon

Negalron
e

Figure 2.4 A graphical representation of Pair Production. A photon interacts with the
positively charged nucleus of the atom, creating a positron-electron pair. The positron in the
medium combines with the free electron, two particles disappears by creating two annihilation

photons in opposite direction. (Copied online from [46] with permission.)
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Both the electron and the positron disappear and two (sometimes three) annihilation
photons in opposite direction are created, each having the rest mass energy of the electron, 0.511

MeV, as seen in Figure 2.4.

Equation 2.4 below expresses the energy relation of the pair production process. The
electron-positron pair shares the energy of the incoming photon less twice the rest mass energy of

the electron:

E,+E,~ = hv — 1022 keV . (2.4)

2.1.4. Rayleigh (Coherent) Scattering

Coherent scattering is an alternative scattering mode to the photoelectric effect and
Compton scattering, in which a photon interacts with the atom as whole. No atomic excitation or
ionization takes place in Rayleigh scattering, but the angle of the scattered photon will be different
from the original angle of the incoming photon after the interaction as illustrated in Figure 2.6

below.
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Figure 2.5 A graphical representation of Rayleigh (Coherent) Scattering.

2.1.5. Relative Proportions of the Interactions

Comprehensive analyses and measurements were performed by Evans et al. to determine
the relative importance of the three major interactions of photons with matter as a function of
atomic number of the absorber and energy of the incoming photon. [47] The results are graphically
expressed in Figure 2.6. The photoelectric effect is the predominant process for low energy

photons (< 0.3 MeV) in high atomic number absorbers. Compton scattering, on the other hand, is
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the leading mode of interaction for photons with intermediate energy (0.3-3.0 MeV) and a wide
range of atomic numbers. Pair production is dominant for higher energy photons (>3.0 MeV) and

high Z. [47]
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Figure 2.6 by Evans et al: Plot of the relative importance of these three major of gamma
and x-rays interaction with matter as a function of the atomic number of the absorber and energy

of the incoming photon. [47]

In this study, the energy range of gammas and x-rays emitted by most radioisotopes used in
radio-guided surgery is below 1 MeV and we will be observing energy transferred to the electrons

after each interaction. In this energy range the dominate photon interaction modes are the
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photolectric effect and Compton scattering and, hence, pair production is an irrelevant mode of

interaction for this project.

2.2. Interaction of Electrons with Matter

Secondary electrons are produced as a result of ionization. They are called secondary
because they are genareted from the primary radiation, such as ions, electrons or photons. Owing
to fact that secondary electrons might be created as a result of the interaction of photons with

matter, the interaction of charged particles with matter is also relevant to radio-guided surgery.

Since f*and B~ are charged particles, they can interact with the orbital electrons or the
positively charged nucleus. The interaction of electrons occurs through the loss of their kinetic

energy (or speed).

Freely moving electrons interact with bound electrons through two different modes,
ionization and excitation. When a freely moving electron approaches an orbital electron, the
repulsive coulomb force can transfer some of its kinetic energy to the orbital electron, ejecting it
from the atom if the transferred energy is sufficient, converting the atom into a positively charge
ion (a process called ionization). The ejected electron is known as a secondary electron and is

called a delta-ray. Excitation is when the moving electron transfers less energy to the orbital
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electron than necessary to ionize the atom. The result in this case is that the bound electron
transitions to a higher orbital level. A secondary electron is not created in this case. The initial

incoming or freely moving electron slows down and losses energy.

When freely moving electrons travel in the medium they slow down as they interact with
the atomic nuclei, sometimes causing a major deflection in their direction and the emission of a
photon as the result. These photons are called bremsstrahlung radiation. An approximate emission
probability of bremsstrahlung photons relative to the ionization and excitation can be determined
from Equation 2.5 below in which p is the Bremsstrahlung yield, Z is the atomic number of the

absorber atom and Ej is the maximum energy of the electron: [48]

ZEg

~ 3000 MeV (2.5)

p
Unlike gamma rays, penetration by electrons in tissue cannot be expressed by the simple
exponential attenuation law; it is rather determined by empirical formulas as in Equation 2.6 below

[49], where R is the range of the electron in the unit of g/cm?:

0.412E1-265-0.0945 InE 001 <E <25MeV

R =
0.530F — 0.106 E < 25MeV

(2.6)
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2.3. Measuring Radiation in the Tissue

The type of interaction with matter varies by the type of radiation involved, as discussed
in the previous subsections. Radioguided surgery requires a careful analysis of the effects of the

different radiation types for the accurate detection of radiation sources in the human body.

One of the other factors that affects the detection of radiation sources in the body is the
geometry of the measurement system which involves the diameter of the detector “D” and the
distance between the detector and radioactive source “d”. The ratio between flux incident on a
detector, I, to the fluence of the source, I , is approximately proportional to square of the ratio

of D to d as illustrated in Equation 2.7 below [41]:

I, D?

I « 7z (2.7)
Equation 2.7 is known as the solid angle effect in the language of radio-guided surgery. It solely
depends on the geometry of the measurement setup. It can be interpreted as follows: when the
distance between the detector and source increases, the fraction of radiation detected decreases, or
as the diameter of the detector increases, the fraction of the radiation detected increases. It is vital
for a surgeon to interpret this solid angle effect correctly in case the source in the tissue is smaller

in size and deeper in the tissue. [41]
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2.3.1. Detection of y and x-rays in tissue

Gamma and x-rays play very important roles in the detection of radioactive sources in the
tissue. Because they have a very short range in tissue, B particles, on the other hand, are not useful
to locate radioactive sources in the tissue. No matter what the origin of the y and X-rays (from y
decay, radioactive emissions, bremsstrahlung, and annihilation), they generally interact with
matter through absorption and scatter. [41] Generally, tissue has a lower atomic number than most
shielding materials and collimators, hence absorption through the photoelectric effect in tissue is
less important compared to the absorption through photoelectric effect in the collimator and in
shielding materials [41] Scatter in tissue is dominated by the Compton interaction for the typical
energies used in radio-guided surgery. As discussed in section 2.1.2, the trajectory and energy of
the scattered photon differs from that of the incoming photon after a Compton scattering event. As
a result of its change in direction, the scattered photons travel some distance in tissue and they get
further away from the region of interest (the area that contains the activity) before they are
detected. Detection of scattered photons can be reduced by using an energy window in the detector,

or a good collimator which can substantially eliminate the scatter. [41]

2.4. Challenges during Radio-guided Surgery
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In radio-guided surgery when localizing the tumors, a sufficient time of acqusition should
be determined since the decays of radioactive sources are random in nature. This means one cannot
control the events created by radioactive sources but the integration of these events can be
measured over a period of time. In radio-guided surgery this integration time generally varies
between 0.5-10 s [41] Considering a typical count rate of 10-30 cps in radio-guided surgery, a
targeted area containing weak radioactivity can easily be omitted unintentionally by the surgeon.
Smearing the image of radioactivity over an area is generally caused by fast movement of the
detection device. Such effects reduce the chance of resolving a weak point of interest from a wide
area that contains low radioactivity. Thus, choosing an appropriate integration time over an area is
very important, requiring the surgeon to extend the time of detection over structures that potentially

contain radioactivity. [41]

Another challenge in radio-guided surgery is known as shine-through. It is a "negative"
result of the improper handling of the detector during scanning process. The area that contains the
true radioactivity "shines" through the area of shallower tissues. This gives the impression of
activity in a region that actually has none and causes the surgeon to mistaken the location of the
real structures that contains activity. The solution to this problem is using different angles of
measurements by ensuring that the cylindrical axis of the detector is directed to the region of

interest for each angle used as seen in Figure 2.7. [41]
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field of view of detector

= {rue source

non-radicactive
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Figure 2.7 (a) A radioactive source is shining through a non-radioactive structure, causing
displacement of the true source by a non-radioactive structure. (b) The solution to (a) is using a
different angle of measurements by ensuring that the cylindrical axis of the detector directed to the

region of interest for the new angle used. (Copied from Wendler et al. with permission) [41]

An opposite effect to shining through is known as shadowing, illustrated in Figure 2.8. In
the case of two neighboring structures containing different radioactive intensities, one with a high
activity and the other containing a lower activity, the signal from the weaker source is
overshadowed by the stronger source. This pitfall of radio-guided surgery has a critical importance
for this study, since one of the goals of this project is to resolve sentinel lymph nodes from the

tumor that most likely contains a higher activity. The solution to this problem is possible by
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carefully adjusting the angle of the detector, thus ensuring that only the weak source is in the field

of view of the detector. [41]

a field of view of detector b

m relevant weak
== source

strong source

Figure 2.8 (a) a hot source shadowing the weak source causing the weak source undetected
by a radiation detector. (b) shows the solution to the shadowing problem in (a) in which the angle
of the detector is changed by ensuring that only relevant weak source is in the filed of view of the

detector. (Copied from Wendler et al. with permission) [41]

As mentioned in the introduction, one of the the main tasks of this project is to design and

develop such a detector so it can handle these potential pitfalls discussed above.
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2.5. Characteristics of Breast Tumor and Sentinel Nodes

Radio-guided surgery is a process brought together by combining several important steps:
the identification of anatomy of the targeted tissue and neighboring organs, the determination of
the characteristics of the tumor and neighbor structures, and the selection of a suitable radionuclide
and agent, and identifying and using the best-fit hardware (detector and supporting instruments)
based on all the above important steps. The goal of the guidance is to define the center and margins
of the tumor and sentinel nodes, surgical removal of the defined volumes, and pathological
examination. Evaluation of the tumor and node characteristics is crucial since the detection system
is chosen and designed based on the requirements of a specific type of the tumor. One should have
a clear knowledge of the typical tumor size, depth and uptake of the specific cancer in order to
select proper instruments and methodology so the goal of the process is accomplished. This section
includes some literature studies performed to evaluate the size, depth and radioactivity uptake of

breast tumor and sentinel nodes.

2.5.1. Characteristics of Occult Breast Tumor Masses

Hruska, O’Connor et al. performed a quantitative breast lesion analysis to determine the
size, depth and relative tracer uptake of a breast lesion by using dual-headed, dedicated, breast
imaging system comprising two identical opposing cadmium-zinc-telluride (CZT) detectors. The

thickness of the breast was measured in over 75 patients, finding the median thickness of the breast
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as 6.5 cm and 7 cm for cranio-caudal (CC) views (see Figure 2.9) and mediolateral oblique (MLO)

views, respectively. [50]

Figure 2.9 (a) Position of the breast and detector and resulting image in CC view. (b)
Position of the breast and detector and resulting image in MLO view. (The figure copied from

online sources in which no copyright is stated)

Hruska, O’Connor et al. also performed an analysis of the shape of the tumor mass in MBI
for 55 cancer patients. Forty-nine out of the 55 were reported to be either in a round or oval shape.

By the guidance of the pathological exam results after excision or mastectomy, the sizes of the
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oval and round tumor masses were measured with the maximum length observed in all three
dimensions. The results showed that the mean tumor sizes in each three dimensions varied between
4-20 mm. A spherical tumor shape approximation was made for those whose standard deviation
of the three dimensions was less than 10%, otherwise the shape of the tumor was assumed to be
ellipsoidal. [50]In these 49 patients with oval or spherical shaped tumor masses, the ratio of major
axis to minor axis varied between 1.0-2.4 with a mean value of 1.5 and a standard deviation value

of 0.3. [50]

In another study, the size and mass of the non-palpable tumor in 543 patients had been
analyzed clinically with both pathological and mammographic methods. The non-palpable tumor
size varied between 0.1-3 cm and median tumor size was reported as 1 cm. Both pathological and
mammographic appearance showed similar tumor characteristics in terms of mass, calcification

and size. [51]

Fortunata et al. performed a prospective study in 77 patients, diagnosed with non-palpable
breast tumors, to determine the efficiency of the intraoperative ultrasound localization. The
diameter of the tumor in these 77 patients ranged from 4-17 mm with a median diameter of 9 mm.
The range of the distance from the tumor to the closest tumor margin in 75 out of these 77 patients

changed between 0.3-3.2 cm with a median distance of 1.3 cm. [52]
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2.5.2. Characteristics of Sentinel Nodes in Breast Tumor

One of the recent studies by Waddington et al. estimated the mean dose to the specific
organs and tissues after ®™ Tc colloidal albumin administration. Subjects were selected from
patients recently diagnosed with breast cancer and having clinically lymph node —negative lesions
under 5 cm in diameter. Between 10-15 MBq (0.27-0.41 mCi) ®™Tc nanacolloid in a volume of
0.2 ml was injected for all the subjects. An immediate dynamic image and a later image at 16-24
hour post injection were taken. The range of the activities in the lymph nodes was estimated

between 0.440 and 2.53 mGy per MBq (or per 0.027 mCi) of injection. [53]

Pathological findings from a clinical study revealed that the SLN residual activity was

about 1 MBq (0.027 mCi) after 18-24 hours of intratumoral injection. [54, 55]

Bentel et al. measured the maximum depth of supraclavicular (SC) and axillary (AX)
lymph nodes on CT images in 49 patients. The maximum depths of SC lymph nodes were found
to be 2.4-9.5 cm range with a median for the maximum depth of 4.3 cm. The range of the maximum
depth of the axillary lymph nodes varied between 1.4-8 cm, with a median maximum depth of also

4.3 cm. [56]
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3. Literature Review

3.1. History of Radio-guided Surgery

Sentinel Lymph Node Biopsy for melanoma and breast cancer and intraoperative
localization of the lesions containing radiotracers for the surgical dissection of non-palpable breast
lesions were all novel clinical applications in early 1990s. [57]In 1960, Earnest A. Gould and his
team were the first researchers describing a lymph node in that they “noted at the junction of the
anterior and posterior facial vein,” during parotid gland cancer surgery. [57, 58, 59] However, in
1977, Cabanas et al. brought a new concept to the definition of the sentinel nodes by stating that,
“Anatomically, clinically, and pathologically it was found that the SLN is the first site of metastasis
and may be the only lymph node involved. If SLN biopsies are negative for metastases, no further
surgical therapy is immediately indicated.” [57, 60, 58] However, neither Cabanas et al. nor Gould
et al. defined the sentinel node in relation to activity changes in the pattern of lymphatic drainage
after a radiotracer injection; instead, their definitions were solely based on a static anatomical

structure. [57]
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In 1993, Alex et al. utilized 14.8 MBq (0.4 mCi) *™Tc sulfur colloid in 10 melanoma
patients through intradermal injection for the localization of sentinel nodes in melanoma by the
guidance of an intraoperative handheld, gamma radiation probe. [57, 61, 62] A
lymphoscintigraphic procedure was performed between 10 min and 150 min following the
injection to evaluate the sentinel lymph nodes pre-operatively followed by a sentinel lymph node
biopsy. The handheld gamma probe (C-Trak, Morgan Hill, California, USA) used in the study
carrying a Nal scintillation crystal hermetically coupled to a photomultiplier tube and integrated
to a unit consisting additional front-end electronics for the read-out of radioactive counts. [57, 61]
Alex et al. reported that all sentinel nodes evaluated in all 10 patients by lymphoscintigraphy were
identical to those localized by a gamma radiation probe. [61] In the same year, Krag et al.
performed a sentinel lymph node biopsy procedure and used the same model probe in 22 breast
cancer patients who were intradermally injected with 14.8 MBq (0.4 mCi) %™Tc sulfur colloid 1-
9 hour before the biopsy procedure. [57, 62] Among these 22 patients, sentinel nodes were

successfully localized in 18 of them. [57, 62]

In 1996, Cox et al. and his colleagues from the H. Lee Moffitt Cancer Center and Research
Institute were the first researchers to introduce intraoperative localization of non-palpable (occult)
breast lesions with the guidance of a handheld gamma probe. [57, 63] An intravenous injection of
666 MBq (18 mCi) ®MTc sestamibi was administered to a patient 1 hour before the surgical

procedure. The breast lesion was identified by the intraoperative utilization of a gamma probe and
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subsequently the lesion was dissected. [57, 63] This study lead to the development of two
techniques for the radio-guided surgical excision of occult breast lesions, using mammographic or

ultrasound image guided placement of radionuclides in the occult breast lesion. [57]

The radio-guided Occult Lesion Localization technique was first introduced in 1998 by
Luini and Veronesi et al. in which patients diagnosed with non-palpable breast lesions received
(3.7 MBq) 0.1 mCi ®™Tc¢ colloidal human serum albumin through intratumorally injection by the
guidance of mammographic or ultrasound imaging one day before the surgical procedure followed
by a day after surgical excision by the guidance of various intraoperative portable gamma probes.

[57, 64, 65]

Not until a year later, the same research group from the H.Lee Moffitt Cancer Center and
Research Institute published a first series of papers using a radioactive seed localization technique,
in which a *?°I source encapsulated in a titanium seed was placed into the center of the breast tumor
by the guidance of mammographic or ultrasound imaging 5 days prior to surgery. Intraoperative
guidance of a handheld gamma probe was then utilized to localize the center of the breast tumor,

and subsequently the spotted tumor site was surgically removed. [18, 57, 66, 67]
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3.2. The Use of Intraoperative Gamma Probes in Radio-guided
Surgery

Intraoperative handheld gamma probes combined with preoperative imaging techniques
including mammography and ultrasound are widely used in radio-guided surgery. [68] After the
first implementation of a handheld gamma probe for radio guided surgery by Alex et al. [61] and
Krag et. al [62] in 1993, several handheld gamma probes have been developed and made
commercially available. Although the goal of all these probes is to guide surgeons in localizing
target lesions, they differ in their design, including the choice of detector material, size of the unit,
choice of collimation material and collimation geometry, and front-end electronics (pre-amplifier,
photomultiplier etc.). [69] The choice of each of these components of the gamma probes are
specific to the desired task. It is clear that a success rate of any procedure to localize tumors or
SLNs is not solely dependent on the performance of the user during the surgery but also the
performance characteristics of the probes utilized. Overall sensitivity, spatial resolution, energy
resolution and contrast are the most important variable qualities of a handheld gamma probe. [58,

70,71, 72,73, 74]

The overall sensitivity of a probe is the detection ability of the probe from a radioactive
source placed at a certain distance along the center axis of the probe tip. The overall sensitivity of

a probe is often reported in units of count per second per unit activity of the particular radioactive
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source (cps/Mbq). It is simply the rate of the photons detected by the probe to the number of counts

emitted from the source per unit time. [58]

The spatial resolution of a probe, which is also known as lateral sensitivity distribution, is
the ability of a gamma probe to determine the location of a target source of activity placed at a
certain longitudinal and lateral distance from the tip of the gamma probe. [58] The spatial
resolution is often given in the unit of full width half maximum (FWHM) in mm. It is the twice of
the lateral distance of a radioactive source from the longitudinal axis of a gamma probe at a certain
depth, where the detected count rate falls to half of the maximum count rate detected at the same
distance. [58] It is a crucial characteristic of a gamma probe when localizing and resolving deep-

seated sentinel nodes, specifically when they are close to each other.

Energy resolution, or spectral discrimination, describes the ability of the detection crystal
to distinguish between different energies. Good energy resolution of a gamma probe enables
discrimination between energies of radioactive sources when simultaneously present in the patient.
[58] It is also a critical characteristic since counts due to the scattered photons should be
differentiated from the counts due to the primary photons for an accurate mapping of the

radioactive distribution of each source. [58]

Contrast is one of the other crucial characteristics of a gamma probe which directly depends

on sensitivity, spatial resolution and energy resolution of the probe. [58] In radio-guided surgery,
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contrast can be defined as the capability of a gamma probe to distinguish radioactivity in targeted

tissue from the activity in surrounding tissues. [58]

To date, no comprehensive review has been reported in the literature comparing the
performance characteristics of all commercially available intraoperative handheld gamma probes
in the market. Although it is not possible to include and compare all of the gamma probes on the
market, Table 3.1 provides comparative information on some important performance

characteristics of commonly used, commercially available handheld gamma probes.

Since gamma probes are used intraoperatively, measurements should be taken in a rapid
and accurate fashion. Fast and accurate detection does not solely depend on the performance of
the probe but is also highly dependent on the user. [68] Accurate handling of the probe during the
surgery is required for a precise detection. In addition to challenges discussed in section 2.4,
shadowing and shine-through challenges the localization of some of the SLNs with the
intraoperative gamma probes, specifically, when SLNs are deeply seated in the breast and have a
low radioactivity uptakes, they might be missed by the surgeon because of the attenuation in the

tissue. [68]
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Table 3.1 Comparision of the physical and performance characteristics of some of the
gamma probes in the market. Most of the values on the table were taken from Zamburlinia et al.
[69], Kaviani et al. [75], Van Eijk, et al. [76, 77, 78], Dorenbos et al. [79], Garnier et al. [80],
Syntfeld et al. [81], D Alexiev et al. [82], Alharbi et al. [83].
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3.3. Intraoperative 2D Gamma Cameras for Radio-guided Surgery

In order to address the obstacles and challenges of intraoperative gamma probes discussed
in Section 2.4 and 3.2, intraoperative gamma cameras have been developed and used for radio-
guided surgery. Intraoperative use of these imaging systems requires some features, including but
not limited to: portability in the operating room, rapid acquisition and display, continuous
monitoring, measurements in real time, fine spatial resolution, high energy resolution and high

sensitivity. [68]

Two-dimensional gamma cameras in radio-guided surgery differ based on their design.
They can be either mobile (or portable) or handheld. If the detector unit used in the camera system
is less than 1-2 kg in weight, which can be easily handled by an average person for the typical
acquisition time required, ~ 1 min, then the unit does not require a backing or support system and
can be used in handheld fashion, called a handheld gamma camera. If the unit is heavier, the unit
requires some support structure and is referred to as a portable or mobile gamma cameras. [68]
No matter the design, the common goal is to map the distribution of the radionuclides by providing
real-time, 2D scintigraphy images intraoperatively. [84, 85, 86, 87] The field of view provided by
mobile gamma cameras is variable as they can be designed to provide either a small field of view

(SFOW) such as 5.0x5.0 cm? or large field of view (LFOV) up to 40x30 cm?. [84, 85, 86] The
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image quality of these mobile or handheld gamma cameras is the same as that of gantry based
preoperative conventional gamma cameras [84, 88] except for a difference in coverage because of
the bigger sizes of some conventional gamma cameras providing larger field of views than the

mobile or handheld units. [84, 88]

Table 3.2 compares important physical and performance characteristics of most of the
portable or handheld gamma cameras in the market and literature. The major contribution to the

table is from Hellingman et al [68] and Tsuchimochi et al. [89]



Table 3.2 A comprehensive comparission of the physical and performance characteristics of the intraoperative gamma cameras available
in the market and literature.

14
] . luma Medi poci 2™ Sentinella SSGC
Brand [sc;g"‘le;l CGC  Crystal Cam Ergo ( G?';?;’:n Gim'a G[Z;a;'::l'a ":::I;’;g G”::"a GEM  PROBE  Minicam  Minicam Il vrs(\:\?TEM [68,89,157,  POCI 5102 Prototype  SSGC Clinical
o2 1’53] ' [68,155]  [68, 156] [68, 157] el (6, 159] 1’62] g (89,160 (68 [89,  [89, 164, [89] [68, 89] (68, 166] 167] [89,167]  [68, 89] [89, 171, [89, 172]
! ' ! ’ 173] 165] ! [169, 189] 170]
163]
Physical and Design Charecteristics
Type Portable Handheld  Handheld Portable Handheld Portable Handheld Portable Han:hel n/a n/a Handheld Handheld Handheld Handheld Handheld Portable Portable Portable
Detector
Material Gd2S05(Ce) CsI(T1) CdznTe CsI(T1) CdznTe Nal(TI) CdznTe CsI(T1) Csl(Tl)  Csl(Na) CdTe CdTe CdTe Nal(TI) Csl(Na) YAP(Ce) Cs(Na) CdTe CdTe
s:z:t(‘::;d) 78x78x275 @95X200 60x60x140  421X284X102 60X60X220 n/a Height 150 n/a n/a n/a 200x70x30  @95x150  70x170x250 64X64X76 ?95X90 @24mm  154X80X82 152x166x65 82x86x205
Weight (g) 2490 1000 800 19300 800 10000 1200 2000 1200 n/a 1500 n/a 700 1100 1200 2000 1300 2700 1400
Collimator Parallel hole Pinhole  Parallel hole  Parallel hole Parallel hole Parallel Paralle| Parallel  Parallel - Parallel pinhole Parallel Parallel hole Parallel Parallel hole Paralle| Pinhole  Parallel hole Parallel hole
type hole hole hole hole hole hole hole hole
PMT Type PS-PMT Cccb n/a PS-PD n/a PS-PMT n/a PS-PMT PS-PMT PS-PMT n/a n/a n/a PS-PMT PS-PD IPSD PS-PMT n/a n/a
Performance Characteristics
Matrli’:saiiz 300x300 125x125 16x16 512x512 16x16 n/a 16x16 20x20 18x18 16x16  256x256 16x16 16x16 29x29 50x50 n/a 300x300 32x32 32x32
FOV (mm2) 40x40 8x8 40x40 396x310 32x32 125x125 40x40 49x49 44x44  20x20 1::1%88)( 49x49 40x40 50x50 @ 40mm @ 24mm 40x40 44.8x44.8 44.8x44.8
2.1mm 5.4-8.2 at
1.6 at Omm
at0 30mm 7.3- 1.5atOmm 2.3 at
Syste.m 10 mm at 1.28- 3.8-4.9mm 10.3 mm at 2.3-8 mm at 5mm at 252.9 mm, 5.6- 246 mmat 1.8mmat 3.9-76 mmat 1.9 mmat 11at 3.9at25mm 25mm 3.4 at
Spatial 2.9mm at at 25-50 n/a n/a at 0- 12.6mm at 5% 6.3 at 50mm
3cm 100mm (10-50mm) 50mm 2.6 mm Oomm 6mm (10-50 mm) Oomm 50mm 10- 50mm 6.8 at 100
Res. (mm) 13-50 mm mm 15mm 50mm 11.2 at 100
at 18at mm mm
30mm 100mm
Sensitivity 1000 at 0 cm 214 at 237-554 at 113 at Ocm 184-477 at 61 at 100 at 210 at 204 at n/a 6.5-3.3 at n/a n/a 135 atOcm 290 atOcm 200 at Ocm 27-72* at 300 at Ocm 150 at 0 mm
(cps/MBq) 3mm 0cm Ocm Ocm Ocm Ocm Ocm Ocm Oomm
9
% FWHM  459%at 122 58% 5.20% 7.90% 8.60% n/a 8% 20% 20% >20% n/a n/a 5-7% 12% 32% 38% 15.90% 7.80% 6.90%

at 140keV kev

*High resolution low sensitivity collimation,
n/a: Not available or missing information,
PMT: Photo Multiplier Tube, IPSD: Intensified Position Sensitive Diode, PS-PMT: Position Sensitive Photo Multiplier Tube, PS-PD: Position Sensitive Photo Diode, CCD: Charge Coupled detector.

LS
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3.4. Three-Dimensional Intraoperative Image Guidance and

Freehand SPECT

Wendler et al. and his colleagues from Computer Aided Medical Procedures (CAMP,
TUM, Munich Germany) published a series of articles in 2007, which were mostly about the
feasibility of 3D intraoperative imaging of radioactive distributions using a three-dimensional
optical tracking system based on an optical sensor and a camera to track gamma probe. In one of
their first publications, they reported that localizing liver metastases in real time using the
combined power of ultrasound and a tracked gamma probe is feasible. [90] The gamma probe used
in this study was NodeSeeker (See Table 3.1) with a custom-made collimation. [90] In the same
year, Wendler et al. and his colleagues performed some radioactive measurements in a phantom
with the same gamma probe that they used in their previous study. [91] However, this time the
goal was to test the feasibility of imaging the 3D radioactive distributions of **™Tc in the phantom
by using the tracked gamma probe intraoperatively. [91] They reported that the reconstructed
images, which were generated by combining tracked gamma probe count data and associated
position and orientation of the probe, were comparable to those of a conventional SPECT system.
[91] In 2010, the same group conducted a feasibility study to integrate this system to the clinical
settings in localizing SLNs for breast cancer. This was the first time a group performed 3D

lymphatic mapping intraoperatively using a standard gamma probe and an optical system to track
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the probe and patient. [84, 92] The results were then compared to the SPECT-CT images and found

to be promising, although the system had some issues to be solved. [92]

After the first application of this system into the clinical settings, Valdes, Sicart and
Nieweg et al. published an editorial commentary which specifically focused on introducing the 3D
intraoperative image guidance system developed by Wendler et al. [84, 93] Subsequently, this 3D
image guidance system was named Freehand SPECT (fhSPECT declipse® SPECT; SurgicEye,
Munich Germany) and became commercially available in Europe and the United States in 2009

and 2011, respectively. [84, 94]

3.4.1. Freehand SPECT System

The freehand SPECT device is augmented by a three-dimensional tracking system that
tracks the position and orientation of the optically fitted patient and handheld gamma detection
probe (HGDP) or small field of view gamma camera (SFOV GC) by using a pair of video cameras.
The operator moves the freehand SPECT device around the patient by hand. Location and
orientation data from the tracking system is combined with the counts measured by HGDP or GC
to produce planar images of the radiation intensity and three-dimensional images of spots with the
highest counts measured. A 1 to 2 minutes scan produces a 3D SPECT image. The results can then
be seen on a video image of the patient with the help of a third camera which is located between

the two cameras that track orientation and the position of the probe.
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Figure 3.1 Graphical expression of the Freehand SPECT system (a) the main unit holding
the image processing computer system, touchscreen monitor and tracking system. (b) The tracking
unit contains an optical camera sensor in the middle (red star) and two Infrared (IR) camera sensors
on the sides (yellow stars), all mounted to the head of the main unit within a moveable arm. (c)
The standard gamma detection probe and corresponding fiducial tracking targets (d) areintegrated
to both HGDP and the patient. (¢) The conventional output unit of the HGDP. (The pictures copied
from Bluemel et al. [84] and the manufacturer’s website [94], with permission and the pictures

were modified for an improved representation of the system)
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The fhSPECT system comes with a main unit holding the reconstruction computer system
and touchscreen output monitor which integrated to a moveable arm module containing an
overhead unit with an optical video camera in the middle and two IR stereo cameras on the sides
as seen on Figure 3.1. The system is integrated to a HGDP or a GC in order to detect radiation
emitted from the previously injected radiotracer. Patient and HGDP are tracked by an infrared (IR)
system through two fiducial tracking targets, one secured to HGDP and the other on the patient.
[84] The system does not use any robotic or gantry-based module to move the HGDP over the
region of the interest but has the user holding and moving the probe over the ROI systematically.
The count measurements provided by HGDP are combined with the tracking data provided by
tracking system and together processed in a reconstruction algorithm to create a 3D distribution of
the radiotracer within the surgical field. [84] Since the distribution can be measured and tracked
in all dimensions, the depth information of the lesions containing radioactivity can be presented as
well. Thanks to utilization of the augmented reality overlay with video camera images (denoted as
red star in Figure 3.1), the reconstructed image of the radioactivity distribution within the surgical

field can be seen on the touchscreen monitor. [84]
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3.4.2. Literature Review on Freehand SPECT Studies coupled with Handheld

Gamma Detection Probes

In 2014, Pouw et al. performed a feasibility study that compared conventional US-guided
intratumorally injection of ®**™Tc-nanocolloid for patients having non-palpable breast tumor
scheduled for SLNB, to Freehand SPECT-guided injection of the same radiotracer to the same
patients with non-palpable tumors having a %1 brachytherapy source inserted into the tumor
preoperatively. [95] The Freehand SPECT system was coupled with a standard HGDP. The depth
difference between the center of the ®®™Tc-nanocolloid and *?°I source was measured by the
guidance of US and Freehand SPECT, separately. Then, the results were compared to each other.
The average difference in the depth measured by Freehand SPECT was found to be 10.9£6.8 mm
in 34 patients. [95] On the other hand, the average depth difference measured by US was 9.7+6.5
mm in 21 patients. [95] Although the depth measured by the two methods is not the same, the

author reported that an injection with Freehand SPECT guide may be possible. [95]

In an another study performed in 2014, Fressmeyer et al. analyzed the feasibility of using
hybrid imaging of Freehand SPECT and Ultrasonography (US) in patients diagnosed with thyroid
cancer. [96] The authors state that the maximum spatial resolution of the Freehand SPECT system
was measured at 13 mm, although the manufacturer’s reported resolution was 5 mm at the same
distance. [96] The authors highlight that, although the goal of their study is to test the feasibility

of fusion imaging and their findings are positive for that goal, 13 mm spatial resolution of Freehand



63

SPECT at depth is not sufficient to localize small thyroid structures, especially when they contain

varying amounts of radioactivity. [96]

Pouw et al., from the University of Amsterdam,investigated the ability and accuracy of
Freehand SPECT, using a standard HGDP to predict surgical margins in breast tumors in a 2016
study. [97] In 10 patients diagnosed with non-palpable breast tumors, 1-125 sources were
implanted as part of RSL. The resected tumor specimens were scanned using a freehand SPECT
system to measure the distance between the face of the resected tumor specimen resection plane
and the '?°I source. [97] The distance measurements provided by Freehand SPECT were then
compared to those provided by CT images of the same tumor specimens. The mean difference
between Freehand SPECT and CT measurements were reported as 2.9 mm, having a standard

deviation of 2.7 mm. [97]

3.4.3. Literature Review on Freehand SPECT with Small Filed of View

Gamma Camera

The first use of the Freehand SPECT in conjunction with a small field of view gamma
camera (SFOV GC) was reported by Matthies et al. in 2013. [98] The mini gamma camera utilized
in this study was provided by CrystalPhotonics, Germany. The mini camera hada 16 x 16 pixels?,
4x4 cm? CdZnTe detection crystal with a tungsten and lead collimator. [98] However, in this study

the gamma camera was not used in freehand fashion, it was mounted on a robotic arm to compare
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image quality provided by the robotic-arm SPECT system with a conventional freehand SPECT
system. [98] The result showed the robotic-arm SPECT system provided better quality images and
faster data acquisition compared to conventional Freehand SPECT system. The reason for the

improvement was attributed to optimized acquisition trajectories. [98]

In 2016, Engelen et al. performed a comprehensive phantom and clinical study in order to
test the performance of the Freehand SPECT system using a mobile compact gamma camera
(MGC) in localizing sentinel nodes in breast tumor. [54] The phantom study included
determination of sensitivity and resolvability of the Freehand SPECT-MGC hybrid system at
various source to detector distances and using different injection site-to-sentinel node distances.
The clinical study, on the other side, determined the sensitivity and resolvability of the Freehand
SPECT-MGC system in 10 breast cancer patients for various source to detector and injection site-
SN distances. The results were than compared to conventional gamma camera lymphoscintigrams.
Detection sensitivity in the phantom study revealed that, while the three-dimensional Freehand
SPECT mobile gamma camera system (3D-FHS-MGC) was able to detect minimum SN activities
of 0.08 (2.2 uCi) MBq at 36 mm source to detector distance, the 2D-flatbed imaging system was
able to detect minimum SN activities of as low as 0.02 (0.55 uCi) MBq at the same source to
detector distance. [54] Resolvability experiments in phantoms of 3D-FHS-MGC investigated
spatial resolution and resolvability, when SNs at depth are placed in close proximity to each other.

Neither the 3D-FHS-MGC system nor the 2D flatbed imaging system was able to resolve a SN
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placed 10 mm from the injection site at 60-mm source to detector distance. [54] Although 2D-
Flatbed imaging resolved a SN 20 mm from the injection site and 60 mm from the detector, the
3D-FHS-MGC system failed to resolve this SN. [54] The phantom clustered-nodes resolvability
experiment showed that four sentinel nodes separated by 10 mm at about 40 mm depth were not
distinguished by the 3D-FHS-MGC system unless each source contains relatively high activity
(25MBq and up) and was located at only 4-mm source-to-detector depth. In a clinical resolvability
study, on the other hand, it was found that two axillary nodes separated by 11 mm and each
containing different activity were not identified and distinguished by the 3D-FHS-MGC but were
resolved by the 2D Flatbed imaging system. [54] The authors concluded that it was not possible to
distinguish a lymph node containing low activities when a higher activity node is nearby. The 3D
system was also not able to resolve lymph nodes in close proximity at depth due to the poor spatial

resolution of the MGC. [54]

3.4.4. Summary of the Limitations of the Freehand SPECT System

Despite the innovations brought by the Freehand SPECT system, there are still several
issues that need to be improved for a more effective utilization of the system in radio-guided
surgery. First and foremost, although freehand SPECT was initially intended to be used in real-
time fashion, the 3D image guidance provided in the operating room (OR), is not truly a real-time

measurement. [84, 99] This is because any alteration of the target sites within the ROI, or any
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movement of the patient during the surgical procedure, requires repetition of the whole 3D-image
creation procedure including the scanning and reconstruction process. [84] Hence, the Freehand
SPECT measurements could only be referred to as a true real-time fashion when there is no
movement of the target structures within the ROl and no change in the position of the patient

observed during the surgical procedure. [84, 99]

Secondly, no matter if the Freehand SPECT is used in conjunction with either HGDP or
SFOV GC, the resolvability of small clustered lymph nodes containing different activity uptakes

at depth is always problematic due to the poor spatial resolution of HGDP [96] or SFOV GC [54].

Moreover, according to Bluemel et al., accurate depth measurements of the target lesions
in the reconstructed 3D volume are limited when the freehand SPECT device is coupled with a

handheld SFOV GC. [84]

As discussed in Section 3.4.3, another limitation of the Freehand SPECT system that uses
SFOV GC is the inability of resolving lymph nodes, specifically when they are located less than
20 mm distance from the injection sites at typical lymph-node depth due to the shadowing effect

caused by poor spatial resolution of the collimated GC. [84, 54]

Last but not the least, Freehand SPECT coupled to either HGDP or SFOV GC is unable to
determine the surgical margins of the breast tumor accurately. This is mostly because the 2|

radioactive source implanted into the center of the tumor for the localization of the breast tumor
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by the Freehand SPECT system provides no information about the margins of the tumor but only
the center of the tumor. Using multiple radioactive seeds implanted to the tumor site still does not
provide precise information about the extent of the tumor as discussed in the study performed by

Pouw et al., explained in Section 3.4.2. [100]

3.5. Motivation for the Project

The current techniques to treat breast cancer offer some options to the patient under
certain circumstances. If the patient’s diagnostic and physiological characteristics meet certain
requirements, the patient is then given an opportunity to choose among different treatment plans,
including, but not limited to, total removal of the breast (mastectomy) or breast conserving surgery
(lumpectomy) followed by radiation therapy as discussed in Section 1.2. Each treatment technique
brings their own advantages and drawbacks. Although the total mastectomy ends up with
permanent loss of the breast, it has slightly less risk of growing a local recurrence of the cancer
cells compared to lumpectomy except when lumpectomy is followed by radiation therapy. [101]
Depending on how comprehensive the excision of the tumor was, lumpectomy however saves the
breast partially or entirely. It is easier to reconstruct the breast after partial breast conserving
surgery. However, if lumpectomy is followed by radiation therapy, there is a high possibility to
delay breast reconstruction to avoid potential postoperative complications. [102] The deciding

factors are specific to each patient. During lumpectomy operation, the tumor and some surrounding
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tissue (margins) is removed by the surgeon. Pathological examination then provides information
about how clear the margins are of cancer cells after the surgery. If the margins are all clear, then
the operation is completed. Ideally, the tumor and margins are all cleared at the first lumpectomy
attempt. However, this is often not the case. Even the pathological examination itself takes about
a week after the lumpectomy for the definitive report that could lead to having additional surgery

performed. This is called re-excision lumpectomy or simply re-excision.

Non-palpable tumor localization has always been a challenge for surgeons. The discussion
in Section 1.4 clearly explains that neither the traditional tumor localization method known as wire
guided localization (WGL) nor the most commonly used technique known as radioactive seed
localization (RSL) can provide a detailed information about the extent of the tumor. The source
can only indicate the center of the tumor and possibly provide a few local points in the tissue
around the tumor. Thus, the output from both WGL and RSL is very coarse.
In addition, intraoperative three-dimensional image guidance is not available in either of these two
localization methods, because the hardware (probes) used and the localization method applied in
both cannot achieve such guidance. In other words, they are not intended to visually guide the
surgeon during the procedure. Several studies with different localization methods and different
instrumentation have been performed over the years with attempts to provide better guidance to

the surgeons. The outcomes from these studies contributed to the localization procedure in terms
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of scheduled interventional appointments, staff time and patient wait times. Nevertheless, no

considerable decrease in re-excision and re-operation rates has been observed. [103]

The freehand SPECT device Declipse®SPECT (see Section 3.4.4) comes with an optical
3D tracking system which allows surgeon to visualize the radioactivity distribution of the tumor
on a static video image with three-dimensional view. [84, 94] Despite the novel innovation of the
system, it still has limitations that need to be addressed for the precise localization of breast tumor
and associated sentinel node intraoperatively. As discussed in Section 3.4.4, these limitations can

be summarized as followings:

(1) Freehand SPECT coupled to either SFOV GC or HGDP is unable to resolve clustered

lymph nodes at depth which is mainly due to low spatial resolution of the detector. [54]

(2) Due to the shadowing effect caused by poor spatial resolution of the detection device,
the Freehand SPECT system has difficulties distinguishing and resolving lymph nodes from the

radiotracer injection site if lymph-node-injection-site distance is less than 20 mm at depth. [54]

(3) Additionally, in the same manner as in RSL, the Freehand SPECT device does not
obtain information about the extent of the tumor. It is more focused on the localization of the
sentinel lymph node by using the ®*™Tc source and localization of the tumor by using multiple 1|
brachytherapy sources. Using multiple radioactive seeds to obtain information about the margins

of the tumor, still does not provide precise tumor margins information. In both procedures, the
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system has its limitations because of the imaging methodology and poor spatial resolution of the

detector at depth. [100] [54]

(4) Lastly, the three-dimensional image produced and projected onto the patient may be
blurred since the system does not respond to the movement of target lesion sites or the movement
of the patient during the surgery. [84] Thus, the resultant image does not register to the ROI and

the patient as patient moves. [84]

The following subsections will discuss how this project proposes to handle these

limitations of the conventional tumor localization methods and Freehand SPECT system.

3.5.1. CLR1404 Imaging Agent and Imaging of the Breast Tumor

Unlike WGL, RSL, radio-occult-lesion-localization (ROLL) or Freehand SPECT that uses
1251 radioactive seeds or intratumorally injection of *°"Tc albumin nanocolloid or %MTc
nanocolloid to obtain information about the tumor, this project proposes a breast tumor-seeking
imaging agent, such as CLR1404. CLR1404 is a tumor-targeted radioiodinated
alkylphosphocholine (APC) analog which was recently developed by Cellectar Biosciences Inc,
Madison, WI. Depending on the isotope of the lodine used in conjunction with this analog, it can

be utilized as an imaging agent, i.e.,*?*I or as a radio-therapeutic agent, i.e., *1I. [104]

According to a translational study performed by Weichert et al. from the University of

Wisconsin-Madison, as the result of testing selective uptake and retention of radioiodinated *24I-
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CLR1404 imaging agent in 57 different spontaneous, transgenic, human and rodent malignant cells
and tumor types, the agent is taken up and retained by almost all primary and metastatic malignant
tumors, including all breast tumors, no matter where the tumor anatomically resides in the body.
While the uptake in tumor cells is found to be high, no considerable uptake from normal cells is
observed. [104] Another study reported by Grudzinski et al. tested the targeted therapeutic efficacy
of the 1%°1-CLR1404 in rodents with triple-negative breast cancer (TNBC). The agent was found

to be significantly efficacious against (in vivo) metastatic TNBC models.

No clinical or theoretical study has been found in the literature that uses CLR1404 in
conjunction with 1231, However, since the chemical structure of CLR1404 is suitable with iodine
coupling (having a radioiodinated APC analog), there should be no problem in labelling any
isotope of iodine to CLR1404. lodine-123 is chosen because it is the radioisotope of lodine which
makes it suitable to be used with CLR1404 and is useful in intraoperative medical imaging because
of its short half-life, mono energetic gamma emission, i.e., 159 keV with 0.83 emission probability.
In summary, injection of *2°I-CLR1404 radiotracer would allow imaging the entire tumor and

localize it with the margins, which is not possible in RSL or Freehand SPECT procedures.

3.5.2. SLN Localization and Detector Technology

In addition to the utilization of 12%I to localize the entire tumor, this project aims to use a

9MTc based molecular agent through injection in order to localize SLNs. As discussed in Section
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3.4.3 and 3.4.4, the freehand SPECT system has difficulties distinguishing clustered lymph nodes
because of the low spatial resolution of the detector used in the probe or gamma camera. Although
the agent for nodal localization will be same as in RSL and Freehand SPECT, the detector to

localize *2%I and ®*™Tc sources will be totally different in terms of its design and characteristics.

The proposed procedure uses 12%1 to localize the tumor cells and **™Tc to identify the lymph
nodes. The energy of these radionuclides, as discussed in later chapters, are very close and require
a new detector to differentiate and localize radiation from each source. The detector will also have
to have high sensitivity. The spatial resolution, which is the most problematic characteristic of the
detector used in Freehand SPECT system, has to be sufficient for accurate depth identification.
The main task of this study is to design and develop this detector so the characteristics in terms of

sensitivity, energy resolution and spatial resolution will be adequate to the application.

3.5.3. Overview and Future Objectives

In the long-term vision of the project, the image of the radiation fields will be viewable by
surgeon on a clear, heads-up, augmented reality visor allowing the surgeon to view patient with
the reconstructed image of tumor and nodes superimposed in the patient (see Future Work). The
image projected will remain registered as the surgeon moves. By providing information about the
edges of the tumor, the project is expected to reduce the probability of having positive margins

following first breast-conserving surgery. Since the CLR1404 imaging agent is found to be taken
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up by almost all types of cancer cells not just by breast cancer cells [104], the procedure would be
beneficial for patients diagnosed with any type of non-palpable tumor by guiding surgeon to
remove tumor at the first attempt, providing adequate tumor-free margins. The surgical outcomes
in terms of clear tumor margins, re-excision, reoperation rates would be potentially improved with
this approach. Moreover, the approach can offer some considerable improvements in workflow in

relation to patient wait time, and staff time.
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4. Design and Development of

the Detector Technology

4.1. Introduction

Identifying edges of a tumor is one of the key points to improve the precision of tumor
localization in breast-conserving surgery. As noted in the previous chapter, the most recent work
(Freehand SPECT), uses a *?°I brachytherapy source and **"Tc colloidal suspension through
injection to locate the tumor and sentinel lymph nodes respectively. Nevertheless, 121 radioactive
seed does not offer any information about the extent of the tumor. This project uses CLR1404
labelled with 1231 to identify the whole tumor and ®®*"Tc labelled nanoparticles to locate SNis.
Hence, the detector selection, in terms of both its components (detector type, collimation type, and
front-end electronics including photo multiplier type) and its characteristics (detector thickness,
width, energy resolution, detection efficiency, sensitivity and decay time), is very important. The

selected detection crystal must quickly distinguish between radiation coming from 23] and *™Tc
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sources, through good energy discrimination and a short decay time, have a high light yield and
short wavelength of maximum emission. If the selected crystal is a scintillator, selection of the
photon multiplication device is another important component as part of a compact and efficient
photomultiplier device. This chapter discusses design characteristics and development of the

detector unit based on the performance characteristics needed to accomplish the goal of this work.

4.2. Determination of the Detection Crystal

4.2.1. Radioisotopes and Their Decay Schemes

In this project, as discussed earlier, the patient will be injected with CLR1404 labeled with
123 to image entire tumor. The patient will also receive nanoparticles labeled with *™T¢ through
injection near the tumor to localize SNs. 1-123 is the isotope of iodine with 13.224 [105, 106] hours
of radiological, 120-138 days [107] (unbound-iodine) of biological and 12 hours of effective half-
lives. [107] It is a good research tool to use in medical imaging because of its short half-life, ability
to provide clear SPECT images and ease of use. As seen on Figure 4.1 (a), a mono energetic
neutrino at 1.070 MeV (97%) accompanies the decay of *2%I by electron capture, resulting in 1%Te.
The transition leaves 12Te in an excited state. A 159-keV gamma photon with emission probability

of 83% is then emitted by de-excitation of 2MTe.
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Tc-99m is the other radionuclide utilized in this project. It is one of the most commonly used
medical imaging radionuclides due to its relatively short physical half-life (6.007 h). [105, 106] It
is produced from ®*Mo, which has a half-life of 66 hours. [108] In previous studies, nanoparticles
labeled with **™Tc have been shown to be a suitable imaging agent in detecting sentinel lymph
nodes for patients diagnosed with breast tumor. [109] Figure 4.1 (b) shows the decay scheme of
9MTc, It de-excites to ground state of **Tc by emitting a 141 keV gamma photon with 0.89

branching ratio.

43 Tc 99m (6007 h)

= 531123132241 043 T el s
| 0.141
i : Iy 141 keV
0.688 & I : 8%%
1.070 MeV ! '
7% 0322 P 43 T 99 (21 108
02%4 L 4l
52 Te 123m (1870 5 T \ 0294 MV
[ shihid
0,159 b T 0.159 L \09-968%
1159 ke Iy 159 keV 0.090 i \
83.3% 84% ! | Y90 keV
00 52 Te 123(1.24-10 primordial) 2.010%8% \
00 : — .
a b 44 Ru 99 (stable)

Figure 4.1 (a) Decay scheme of 23| (b) Decay scheme of the **™Tc. Figures extracted from

[105, 106] with permission.



78

4.2.2. Detector Materials

Detectors used as spectrometers can be divided into three main categories based on their
working principles: gas detectors, scintillation detectors and semi-conductor detectors. They can
be used alone or as a combination regarding to aim of the task. The most important characteristics
of an intraoperative radiation detector used in localization of SLNs and tumors are detection
efficiency, energy resolution and spatial resolution. An optimum probe in practice, of course,
would have the highest detection efficiency, best energy resolution and finest spatial resolution.
However, having these best performance characteristics all together in a detector would not be
possible. Therefore, the optimum performance parameters of a detector are application specific.

[86]

This project requires a detection crystal with adequate energy resolution to differentiate
between the 159-keV gamma from 23] and the 141-keV from %™Tc. These two energies are very
close to each other and they are relatively low. The percent energy resolution degrades as the
energy decreases, which makes the inherent energy resolution at low energies a very important
characteristic of the detector. However, having a good energy resolution alone will not be enough.
In order to detect sufficient radiation coming from the sources to create images, the detection
efficiency (sensitivity) also must be high. This is particularly true in order to image the margin of
the tumor where the tumor cell population decreases. A fine spatial resolution is needed for both

determining the edge of the tumor and localization of small lymph nodes. The detector needs a
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high sensitivity to provide information about the specific sites of the tumor while offering a rapid
search over large surgical fields. [110] Pulse pile-up is one of the potential problems for a radiation
detector. It occurs when there is a significant probability that more than one particle interacts in
the detector within the detector resolving time. Insufficient resolving time of the detector causes a
distortion of measured pulse-height spectrum. Therefore, a fast resolving time is required to
minimize pulse pile-up on the measured spectrum. The detector also needs a small size to be
compact and light, a good linearity of response, a high light yield (output), a low internal activity

(background) and dark current.

Gamma-ray detection and spectroscopy are often use one of two materials: inorganic (non-
plastic) scintillators and semiconductors. Gas filled detectors are compact, low cost and good for
room temperature operation; however, high-voltage and delicate components are needed for
operation. In addition, they are incapable of providing the required spectroscopic information.
[111] In scintillation detectors, a gamma or X ray interacting in the crystal produces a traveling
electron. As the electron moves through the crystal, it interacts with the atoms through ionization
and excitation, which, through de-excitation, results in visible light that is then converted to an
electrical pulse in a photomultiplier. In semiconductor detectors, ionization produced by the

radiation produces free electrons that are then collected as an electrical pulse.

Scintillators are generally low cost, small, and easier to grow materials. They exhibit high

gamma-detection efficiency and fast-timing characteristics. Semiconductor detectors, on the other
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hand, are known for their small size, rugged structure, high energy resolution and good
spectroscopic capability. However, they tend to be expensive materials for larger detectors, which
would be required for a high sensitivity. Cadmium Zinc Telluride (CdZnTe or CZT) is widely used
in RSL practice, albeit at a high cost. [111] Some of the most recent intraoperative imaging probes
which use CZT and Cadmium Telluride (CdTe) semiconductor materials are: Gammed (Capintec
Inc NJ, USA), Gamma Finder® (Silicon Instruments GmbH, Germany Subsidiary SenoRx Inc.
CA, USA), Navigator™ (RMD instruments LLC, MA, USA) and, Neoprobe (Neoprobe corp.

OH, USA).

A wide literature review was conducted to find an optimal detector material for this project
in terms of some important characteristics discussed above. Table 4.1 shows the comparison of
detector materials that are used in gamma spectroscopy. Among the wide selection of detector
materials shown on Table 4.1, the detector materials listed in bold font can be considered as the

most promising ones based on their performance characteristics.

CZT crystals are widely used for gamma spectroscopy in medical purposes as mentioned
earlier. The very small volume (<1.0 cm®) of CZT detectors provides excellent energy resolution
performance, i.e., < 2% at 662 keV. [81] However, the performance of the CZT is limited by the
small size of the crystal, since they are harder to grow and become expensive for larger sizes. [81]
The smaller the active surface area of the CZT crystal results in a lower the detection efficiency.

However, as the size of the crystal increases, the energy resolution becomes poorer. [81] As a
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comparison, A CZT crystal with 5.445 cm?® volume (the largest volume available) and a LaBrs(Ce)
crystal with 12.9 cm?® volume exhibits 5.1% and 3.2% resolution at 662 keV peak respectively.
[81] It becomes even worse for CZT (18.7 %) at 81 keV compared to the LaBr3(Ce) (9.1%) at
same energy. [81] Thus, at sizes large enough to provide a useful sensitivity, the CZT likely would
no longer have any advantage over LaBr3(Ce), particularly at the energies in this project. It is, of
course, still one of the best options for spectroscopic purposes since it has the best energy
resolution in miniature sizes. However, LaBr3(Ce) would be a good alternative to CZT since it has

comparable performance characteristics and much less cost compared to the CZT.

Nal(TI) is another important crystal used for spectroscopic purposes. Better energy
resolution can be obtained by LaBrs3(Ce) and LaCl3(Ce) above approximately 120 keV as
compared to the resolution obtained by Nal(TI) at same energy range. [82] Although, as the energy
falls below 120 keV the percent energy resolution of the Nal(TI) gets closer to the percent energy
resolution of LaBr3(Ce) and LaCls(Ce) , they still provide slightly better results than Nal(TI) in
terms of percent energy resolution under 120 keV which make them an excellent alternative to

Nal(T1). [82]

The energy response of LaBrs(Ce) with respect to Nal(TI) and CZT within 0-662 keV is
more linear. [82] High detection efficiency can be acquired by LaBrs(Ce) crystals thanks to their
high density and recently available larger crystal sizes. For these reasons, LaBrs(Ce) can be

considered as an excellent alternative for Nal(TIl) and a possible replacement for CZT in
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spectroscopic applications where moderate-high energy resolution and high detection efficiency is

required. [82]

LaBr3(Ce), LaClz(Ce), CeBr3(Ce) and Srlz(Eu) are all inorganic scintillators. As seen on
Table 4.1, LaBr3(Ce) demonstrates better performance characteristics than both LaCls(Ce) and
CeBr3(Ce) with regard to energy resolution, light yield and decay time. Srlz(Eu), on the other hand,
has better energy resolution below 662 keV and higher light yield as compared to LaBrz(Ce).
LaBr3(Ce), and Srlz(Eu) show comparable energy resolution characteristic above 662 keV. [112]
However, the decay time of the Srlx(Eu) is almost 20 times slower than the decay time of
LaBr3(Ce). Therefore, Srl2(Eu) is only suitable for the applications that requires low count rates.
[113] A potential pulse-pile up would occur on the spectrum of measured data, if they are used in

detection of radiation sources with high count rates.

LaBr3(Ce) is an inorganic scintillator with very attractive properties when using in medical
imaging for gamma spectrometry. Several studies have shown that it provides excellent energy
resolution, very fast decay, high temperature stability, high gamma detection efficiency and
excellent energy linearity. [114, 115] In a comparative study, the gamma spectrum of >’Co was
acquired using both LaBr3(Ce) and Nal(TI) with comparable volumes. The results showed that the
122-keV line was clearly distinguished from the 136-keV line if the LaBr3(Ce) was the detector in

use. However, Nal(TIl) was incapable of resolving these two energies. [116] Another study
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Table 4.1 Some Physical and Performance Charecteristics of Several Detection Crystals.
Several papers has been cited including [76, 77, 79, 80, 81, 82, 113, 112, 114, 145] [191,
174,192, 193, 195, 196, 175, 197, 176] [177, 178, 179, 180, 181, 182, 183, 118, 184]
however the majority of the data taken from Eijk et al. [137]

Light Deca Wavelength Energy Energy
Density Yield Timg Hygro- of maximum  Resolution Resolution References
(g/cm?®) (photons/ (ns) scopicity emission % at 662 % at 81
MeV) (nm) keV keV
[76, 77, 79,
Nal(T1) 3.67 41,000 230 Yes 230 56 9.9 5L 131
LaBr3(Ce) 53 63,000 16 Yes 380 2.6 0.1 81, 114]
LaCI3(Ce) 3.86 46,000 25 Yes 330 33 an [197, 137]
CdZnTe(very small 6.2 na na No na 1.8 na [82]
volume)
CdZnTe(comparable 6.2 na na No na 51 18.7 [81]
volume)
CeBr3(Ce) 5.07 45,000 172 Yes 370 58 1 (177, 118]
[79, 137,
BGO 71 9,000 300 No 300 9 na 115, 150]
[137, 181,
LSO 74 26,000 40 No 40 7.9 na Lo 190]
GSO 6.7 8,000 60 No 60 7.8 na [146, 191,
137]
SrI2(Ev) 46 120,000 1200 Yes 435 3 na [113, 112]
Yap 55 21,000 30 No 30 43 na [137]
LuAP 8.3 12,000 18 No 18 15 na [137, 183,
174]
LPS 6.2 30,000 30 No 30 10 na [174, 137]
Csl(Na) 451 40,000 630 Yes 420 74 na [7f3*77]9’
CsI(TI) 451 66,000 800 Slightly 550 6.6 na [77, 79, 80]
Cawo4 6.1 20,000 na No 420 Integrating na [78, 79,
mode 137]
Integrating [175, 137,
YTa04(Nb) 75 40,000 na No 410 i na 2]
1.0E+0 Integrating [194, 137,
Gd2025(Th) 73 60,000 . No 545 eared na 18]
4.0E+0 Integrating [192, 193,
Gd2025(Pr.Ce, F) 73 35,000 s No 510 eored na L3 1791
Y1.34Gd0.6003(Eu,Pr) 5.9 a2000  MOEYO No 610 Integrating na [137, 176]
Gd3Gas012(Cr,Ce) 7.1 40000  HAEY No 730 Integrating na [137, 176]
Cdwoa4 7.9 20,000 5'05'0 No 495 6.8 na [137]
1.0E+0 Integrating [174, 195,
Lu203(Eu, Th) 9.4 30,000 5 No 611 i na 196, 137]
CaHfO3(Ce) 75 10,000 40 No 390 '”t;gggte'“g na [137]
STHFO3(Ce) 77 20,000 40 No 390 '”tfngorgg'”g na [137, 178]
BaHf03(Ce) 8.4 10,000 25 No 400 '”tfngorgg'”g na [137]

na: Not available, not applicable or missing information
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demonstrated that the detector efficiency of the lanthanum bromide gets higher as the gamma ray
energy decreases due to the domination of photoelectric effect at lower energies (below 122 keV).
LaBr3(Ce) crystal detected 122-keV gamma lines 23.1% better than Nal(TI) at 15-cm source to

detector distance. [114]
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Figure 4.2 Intrinsic absorption efficiency of a 1-inch diameter LaBr3(Ce) crystal for
different energies and different crystal thicknesses. Extracted from (Extracted from Brillance®380

Scintillation Material 2009 with permission) [117]
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Figure 4.2 shows the absorption efficiency of a 1-inch diameter LaBr3(Ce) crystal for
different energies and different crystal thicknesses. As we are mainly dealing with energies below
159 keV, it shows almost 100% absorption efficiency thicknesses greater than 2.5 cm. [117] These
two important characteristics of the LaBr3(Ce), energy resolution and sensitivity, along with the
others characteristics discussed above, make it an ideal tool for this project since we want to

resolve 141 keV (**"Tc) energy from 159 keV (*°1) energy with high detection efficiency.

The only known drawback of LaBrz(Ce) crystal is the existence of internal background
(self-activity) coming from *8La, which is a naturally occurring radioisotope of La with 0.09%
abundance. The energy spectrum of LaBr3(Ce) measured by a HPGe detector is shown in Figure
4.3. The decay of *8La results in three intrinsically produced photon peaks: 789 keV gamma line
from a beta decay with 33.6% branching ratio, 1436 keVV gamma from electron capture with 66%
branching ratio and a 32-keV fluorescence x-ray peak. A 1461 keV peak coming from 4°K is also
acquired. [82] Due to the existence of 1*La in LaBrs(Ce), an average of 1.45-1.49 counts s'lcm™
self-activity was detected in the crystal. [118] However, taking this low average background count
rate into account and being aware of the gamma lines on the spectrum due to the internal activity,

the use of LaBr3(Ce) in our task should not create a problem.
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Figure 4.3 Intrinsic/Internal Energy Spectrum of LaBr3(Ce) measured by an HPGe detector.

Reproduced from Alexiew et al. [119] with permission.

4.2.3. Determination of the Required Thickness

When gamma rays and x-rays interact with matter, some portion of the energy is absorbed
by the matter through photoelectric effect, Compton scattering and pair production interactions.
However, the rest passes through without being absorbed by the material. Both the number of
absorbed and number of transmitted photons depend on the material that the radiation passes

through, its thickness and incoming photon energy. The probability of monoenergetic gamma rays
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and x rays undergoing photoelectric or Compton interactions in matter generally follows an
generally exponential relationship with the thickness of the matter. Assuming a number of photons
No of energies under 200 keV (where there will be no pair production), incident onto a slab of
material, the resulting number of photons N(x) after these gamma or x rays pass through the
material with a thickness x can be determined from Equation 4.1 and the process is graphically

represented in Figure 4.4. :

N(x) = NO e_(TI*x+UI*x) . (41)

where t; and g; are components of the linear attenuation coefficient due to the photoelectric effect
and Compton scattering, respectively. The summation of these two components (t; + a;) is
commonly expressed as linear attenuation coefficient “u;” which simplifies Equation 4.1 to

Equation 4.2. :

Ny =Ny e~ ()., (4.2)
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Figure 4.4 A graphical expression of x-rays or gamma rays pass through a material with a

thickness “x”.

The percent of photons attenuated by the material can then be determined from Equation

4.3 in which N, is the number of photons transmitted, Ny — N, is the number of photons

attenuated by the material. :

o (1-e~(19)

0

Attenuation[%] = w * 100 = = (1-—e W), (4.3)
0

The absorption efficiency of a detection crystal follows a similar analysis but looking at

the energery converted into electrons and absorbed in the crystal In this case the attenuation
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coeffiecient used in equations 4.1-4.3 would be replaced with the mass energy attenuation

coefficient, giving :

Ee = Ey(l — e_ﬂenpx)_ (44)

Where Ee is the energy given to the electrons, E; is the energy of the photons incident on the crystal,
Len IS the mass energeny attenuation coeffient, p is the density and x, as before, is the thickness of

the crystal. The percent absorption efficeincy becomes, :

Ey(l_e—#enpx)

Absorption [%] = -
Y

= (1 — e HenPX), (4.5)

which depends on the thickness and effective atomic number of the material and energy of the
incoming photons. The equations used assume a monoenergetic beam of photons. For a mixed-
energy beam, the total quantities would have to be summed for each componant of the beam, or,

if the beam has a continuous spectrum, the quantities would be integrated over the spectrum.

In this case, the minimum thickness of crystal needed can be determined by the

interpretation of Figure 4.2. Based on the Figure 4.2, which is provided by the manufacturer, the
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minimum thickness of LaBr3(Ce) crystal required to obtain 100% absorption efficiency at 159 keV

energy intrinsically is around 25 mm. [117]

4.2.4. Determination of the Minimum Diameter Needed

Diameter of a cylinder-shaped detection crystal is the other factor affecting the intrinsic
efficiency of that crystal. In this work, two cases were investigated in order to find the minimum
diameter required: Assessing a photoelectric interaction takes place in the crystal and the resulting
photoelectron moves approximately perpendicular to the cylindrical axis, as seen in Figure 4.5,
and a Monte Carlo simulations performed in order to determine the intrinsic photopeak efficiency

of the crystal for different diameter size of the crystal at thickness of 25 mm.

i.  Electron Range

For the first case, the minimum diameter needed can be expressed as the maximum distance
travelled by the electron in the crystal. The maximum distance x travelled by photoelectron in the
crystal can be calculated either by empirical formulas as stated in Equation 2.6 at page Error!

Bookmark not defined. or from Continuously Slowing Down Approximation (CSDA).
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Figure 4.5 Graphical expression of incoming photon interacts with the crystal through
photoelectric interaction just on the surface, resultant photoelectron travels distance x in
the direction of perpendicular to the cylindrical axis. Eventually, the photoelectron is

absorbed by the crystal.

The 159 keV photon emitted from 2% interacts with one of the tightly bound valance
electrons of the LaBrs. A photoelectron with energy of Ee is then emitted. Ee can be calculated
from Equation 2.1 in page Error! Bookmark not defined.. The K shell atomic binding energies
(Epb) of La and Br are found to be 39 keV and 13.5 keV respectively. [120] The calculations can be
performed for two cases: when Lanthanum is the dominant element during the interaction and
when the Bromine is. By inserting these values in Equation 2.1, the resultant photoelectron

energies are calculated as 120 keV and 145.5 keV for Lanthanum and Bromine dominant
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interactions, respectively. However, rather than separating the elements from the compounds, the
effective atomic number and mean excitation energy of the compound can be calculated, and based
on these, the CSDA ranges of the electron as a function of energy can be plotted. The calculation
of the CSDA range of electrons in LaBr3(Ce) used the NIST website. By entering the relative
weights of the Lanthanum (La), Bromine (Br) and Cerium(Ce) in the compound and using the
density of the LaBrs(Ce) as (5.08) g/cm®, NIST ESTAR software calculated the mean excitation
energy of the LaBr3(Ce) as 458.1 ev. [121] Based on that, the software plotted and tabulated CSDA

ranges as a function of energy as seen on Figure 4.6 and Table 4.2.

LANTHANUM BROMIDE Table 4.2 Data
N extracted from
Figure 4.6.

E Kinetic CSDA

E Energy Range
1w (keV) (g/cm?)
“g 10 5.62E-04
? 13 8.05E-04
2 15 1.08E-03
= 102 18 1.39E-03
20 1.74E-03
25 2.52E-03
o 7 30 3.41E-03
Y N T BT BT BT 35 4.42E-03

10 -2 -1 0 1 2 3

10 10 10 10 10 10 40 5.53E-03
Energy (MeV) 45 6.74E-03
50 8.04E-03
55 9.43E-03
60 1.09E-02
70 1.41E-02
Figure 4.6 Plotting of the CSDA range of the electron in 80 1.76E-02
90 2.14E-02
LaBrs(Ce) as a function of energy. Plotted in [121]. 100 2.54E-02
125 3.65E-02
150 4.89E-02
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By linear interpolation of Table 4.2, the CSDA range of electrons in LaBrs3(Ce) are
calculated as 0.0341 and 0.0465 g/cm? for 120 keV and 145.5 keV respectively. By dividing these
values by 5.08 g/cm?, the density of the crystal, the maximum distance travelled by photoelectron
in LaBrz was found to be 0.067 mm and 0.092 mm for La and Br dominated interactions,

respectively.

If the incoming photon is from a *™Tc¢ source instead, which has a 141 keV energy, by
using Equation 2.1 in page Error! Bookmark not defined. again, the energies of the
photoelectron is found to be 101.5 keV and 127 keV, when the incoming photon interacts with a
k-shell electron of the La and Br, respectively. The calculation procedure above is repeated and
range of the photoelectron with 101.5 keV and 127 keV is calculated as 0.051 and 0.074 mm

respectively.
As will be seen below, in no case is the electron range a determining factor in the crystal
geometry.

ii.  Intrinsic Photopeak Efficiency

Intrinsic photopeak efficiency of detection crystal is another important factor that affects
the overall sensitivity of a detection system. Percent intrinsic-photopeak efficiency of a detection

crystal can be calculated from Equation 4.6.:
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£ [%] =2 x 100 %. (4.6)

where; Ei is the energy carried by the particles incident on the front circular surface of the detection

crystal, Ep is the energy in the of photopeak deposited in the crystal volume.

Monte Carlo simulations were performed in order to calculate the intrinsic photopeak
efficiency of the crystal for different diameters of the crystal. Figure 4.7 shows the model geometry

used in the simulations.
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Figure 4.7 The model used in MCNP simulations to determine the intrinsic efficiency of

the detector.
As seen in Figure 4.7, an isotropic 1231 point source has been used at a source-to-crystal
surface distance of 30 mm. The crystal set to have a thickness of 25 mm. The geometry in Figure

4.7 was modeled in MCNP code and intrinsic percent photopeak efficiency of the detection

crystal in Equation 4.4 has been calculated as a function of radius of the crystal. The results were

then plotted as seen in Figure 4.8.
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Figure 4.8 Plot shows the results of the MCNP simulations which provided percent intrinsic

photopeak efficiency of the crystal as a function of the radius of the crystal.

As seen in Figure 4.8, there is a fast increase in intrinsic photopeak efficiency of the crystal for
crystal radius between 0-0.5 cm. After about 0.5 cm radius, the slope decreases. Therefore, the
difference in percent intrinsic photopeak efficiency of the crystal with a radius of 0.5 cm and 2.5

cm is seen as only about 14.0 percent based on the plot in Figure 4.8. Considering the higher cost
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of the crystal for larger sizes and size limit based on the task of the project, fourteen percent

difference is highly tolerable. Hence, the radius of the crystal is selected to be 5 mm.

4.3. Determination of the Photon-Multiplication Component

Radiation can be measured either directly with semiconductors or indirectly with
scintillators. When radiation incident on a semiconductor, in which negative and positive charges
are uniformly distributed, negative and positive charges are separated from each other through
ionization. [41] Thus, while negative charges travel towards anode side, positive charges travel
towards cathode, resulting in an electrical pulse which can be measured directly. Semiconductors,
therefore, do not require a photon multiplication device for photon counting. [41] However,
scintillators require a photon amplification device in order to measure the radiation. These devices

can be divided in two category as explained following subsections.

4.3.1. Measurement with Conventional Photo-Multipliers (PMT)

When radiation interacts with the scintillation material, free electrons and photons are
emitted as the result. The resultant electrons interact within the material by transferring most of

their energy to the material and that is emitted again in the form of characteristic light. [122] The
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photocathode of a conventional photo-multiplier tube (PMT) converts the energy of the light
photon to an electron through the photoelectric effect. An iterative process takes place in dynodes,
where the strong electric fields between successive dynodes accelerate the photoelectron to the
next dynode, and multiple secondary electrons are knocked out of the dynode during the impact.
These electrons hit the next dynode, generating more electrons. [122] This process continues until
the electrons hit the last dynode (anode) resulting in a measurable electric pulse. The average time
of the amplification in a PMT is ~50 ns and typical multiplication factor ranges between ~10°-

107. [122]

4.3.2. Measurement with Silicon Photo-Multipliers (SiPM)

A silicon photomultiplier (SiPM) is the other light sensing device that can be used to
measure resultant photons emitted from scintillators. It is simply a multi-pixeled photon counter
array working in a solid-state fashion detecting individual photons. Each pixel in a SiPM so-called
micro-cells, works as an individual Geiger Mueller Avalanche Photo-diode (GM-APD), connected

parallel to each other, all together constituting a single SiPM cell, as seen in Figure 4.9 (a) [123]
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Figure 4.9 (a) A single SiPM cell consisting of a matrix of microcells connected parallel to
each other. (b) Circuit showing the parallel connection of each micro-cells to each other through
series of resistors. (¢) Individual equivalent circuit of a micro-cell with series bias voltage and

resistor. (Copied from [123] with permission)

In Figure 4.9 (c), an equivalent circuit of the microcells (APDSs) is shown in which “Cq4” is
the diode capacitance in reverse bias, Rs is the silicon substrate series resistance, Rq is the
quenching resistor. Three different mode can be observed in a GM-APD operation: Quiescent
mode, discharge phase mode and recovery phase mode. Quiescent mode is when the diode is
biased to the bias voltage (Vus) reversely and the switch in In Figure 4.9 (c) is open. Once a photon
is observed or a dark event takes place, the switch gets closed and the APD enters discharge phase.
In discharge phase, the diode capacitance discharges passing through Rq and creates avalanche

multiplication inside the microcell. During avalanche process, a steady current flows in the APD
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unless it is quenched by Rq. Quenching this avalanche process results in an open switch again in
which the APD enters in recovery phase. The charging process of the bias voltage by diode
capacitance is repeated through Rq and quiescent mode is activated again, and the APS is ready

for the absorption of a new photon.

A reverse bias voltage Vs, which is only a few volts above breakdown voltage Ve of a
microcell, is applied to the SiPM cell. The magnitude of overvoltage (AV), which is the voltage

difference between Vps and Ve, varies between 30-70V, depending on the design. [124]

A microcell or an individual APD works based on a p-p-n junction-structured
photodetector. A silicon p-n junction of a photodiode creates a depletion region, which is the region
that does not contain any mobile charge carriers. A photon energy absorbed in the silicon is
transferred to the bound electron and moves it from the valence band to conduction band, creating
electron-hole pairs. [124] Intrinsic electric field, which is created by intrinsic photoelectric
interaction as the result of photon absorption, will cause the electrons to be dragged into the n side,
and holes to p-side of the photodiode. The combination of intrinsic electric field of the junction,
which is created by intrinsic photoelectric interactions, and the applied reverse bias Vs, creates a

strong electric field in the depletion region, or avalanche region, as seen on Figure 4.10. [124]
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Figure 4.10 Schematic shows p-p-n junction structure and working principle of an

APD/microcell in a SiPM. (Copied from [124] with permission)

When a sufficiently high electric field is created in the depletion region, charge carriers
will be accelerated to a point where they carry sufficient kinetic energy to create secondary charged
particles, called impact ionizations. Then, the silicon breaks down and the original electron hole
pair is converted to a net current flow in the device. This process is called Geiger discharge. [124]
Then, light is detected. However, the problem with individual microcells/APDs is when more than

one photon arrives at the surface of an APD at the same time, the APD can only detect one of
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them. [117] Thus, SiPMs contain a matrix of microcells/APDs connected parallel to each other,

will allow simultaneous multi-photon detection.

4.3.3. Advantages of SiPMs over Conventional PMTs

SiPMs have been utilized in medical imaging for over a decade to eliminate some
drawbacks originating from the use of a conventional photomultipliers (PMT). The well-known
limitations of PMTs are: relatively high cost, bulky size, sensitivity to magnetic fields and low
quantum efficiency. Some of the important advantages of SiPMs are relatively much smaller size,
low-cost, low voltage bias compatibility, and low-noise level vs. supplied regulated voltage. [111,

125]

A comparative study demonstrated that a SiPM coupled to scintillators showed comparable
gamma-spectral performance when compared with a PMT coupled to same scintillator. [126]
Scintillation crystals coupled with SiPMs provided considerably better energy resolution than a
conventional PMT coupled to same crystals for low energy range gamma detection (<200 keV).
[126] SiPMs requires a bias voltage of only a few tens of volts e.g., 25.2V, which makes them
suitable to be integrated with small internal-unit Li-ion batteries, instead of using external power
suppliers that are used with conventional PMTs. [127] For handheld applications, this feature
enables overcoming size and design complexities caused by external electronics of the

conventional detector systems. Hence, the small size, better energy resolution in detection of low
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energy gamma lines, low cost and other advantages of SiPM make it well-suited to the imaging
applications that specifically require compactness, hand-held mobility, low magnetic sensitivity,

multi-mode spectral energy selectivity and resolvability.

There are three major brands of SiPM technology: Hamamatsu, Ketek and SensL. In
another comparative study, good linearity of response within a temperature range of -20 °C and
+50 °C was recorded by SensL and Ketek brands SiPMs coupled to scintillators. [128] Overall,

sensL’s SiPM exhibited better performance than other two brands. [128]

As discussed earlier, photons emitted from scintillators impinge on the microcells of the
SiPM and are counted as the result. The wavelength of the photons emitted from the scintillator is
an important characteristic since detection efficiency of these photons by Silicon Photomultiplier
are highly depend on their wavelength as seen on Figure 4.11. Brillance-"380 is a LaBrs(Ce)
crystal, growth and procured by Saint-Gobain Ceramics & Plastics, Inc (Malvern, PA, USA).
[117] Figure 4.11 (a) shows the range of the wavelength of the photons emitted from Brillance-
™380 crystal and their corresponding percent quantum efficiencies. It varies between 340-440 nm,
having a maximum wavelength of emission at 380 nm. [117] Figure 4.11 (b) shows the photon
detection efficiency of a SensL-MicroFJ 60035 silicon photomultiplier (SensL-ON

Semiconductors ISG, Cork, Ireland) as a function of wavelength of the photons absorbed. [127]
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Figure 4.11 (a) plot of the photon detection efficiency of a SensL-MicroFJ 60035 silicon
photomultiplier (SensL-ON Semiconductors ISG, Cork, Ireland) as a function of the wavelength
of the photons absorbed. Taken from [127] (b) shows the range of the wavelength of the photons
emitted from Brillance-"380 LaBrs(Ce) crystal and their corresponding emission probabilities.

(Copied from [117] with permission)
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As it can be deduced from Figure 4.11 within the range of wavelength of the photons
emitted from the LaBr3(Ce) crystal, the silicon photomultiplier provides a wide range of high
photon detection efficiency that includes about 60 % efficiency at a wavelength of 420 nm. This
is another important factor demonstrating the compatibility of Silicon Photomultipliers with the

LaBr3 (Ce) crystal

4.4. Selection Results of the Critical Components of the Detector
Unit

As discussed in Sections 4.2 and 4.3 , based on the superior performance characteristics
and compatibility of both Silicon Photo Multipliers and the LaBr3 (Ce) crystal, it was decided that
this pair would be used as the two of the most important components of the detector in this project.
As the results of the calculations explained in Section 4.2.3 and 4.2.4, our proposed detection
crystal would be a 5% Cerium activated cylinder-shaped LaBr3(Ce) having a diameter (&) of 10
mm and a thickness of 25 mm, hermetically sealed with a 2-mm thick (sides) reflector mounted in

a 1.5 mm thick aluminum housing cylinder, as seen on Figure 4.12.
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Figure 4.12 Schematic representation of the dimensions of the detection crystal LaBr3(Ce),

reflector material and aluminum housing unit.

The brand, type and dimensions of the Silicon Photomultiplier has been chosen based on
the diameter of the scintillator and discussion in Section 4.3. It is a SensL Micro Array FJ60035-
4P which is comprised of 4 individual 6mmJ-series SiPM cells in 2x2 array sequence mounted to
a The ARRAYJ-60035—4P—PCB evaluation board, which gives access to the output of the Micro

Array FJ60035-4P SiPM as seen on Figure 4.13. [129]
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Figure 4.13 (a) Bottom schematic view of the SensL ARRAYJ—60035—-4P—PCB evaluation

board. (b) Schematic side view of the whole unit in which SensL Micro 2x2 Array FJ60035-4P

SiPM mounted to SensL. ARRAYJ—-60035—4P—PCB evaluation board. (¢) Schematic top view of

the SensL Micro 2x2 Array FJ60035-4P SiPM. (Extracted from Manufacturer’s Technical Report

with permission.) [129]

Table 4.3 and Table 4.4 shows summary of the performance characteristics of Micro Array

FJ60035-4P SensL SiPM and LaBr3(Ce) crystal , respectively. All values on both tables extracted

from manufacturer’s technical reports.
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Table 4.3 Tabulated Performance Charecteristics of the SensL Array J-60035-4P  Silicon

Photomultiplier. VValues are taken from [127]

SensL Array J-60035-4P SiPM

Parameter Value
Type Array
Active Area 12.46x12.46 mm?
Array Size 2X2
Cell size 6x6 mm?
Microcell Size 35um
Total # of Microcells 22,292
Peak PDE Wavelength 420 nm
Minimum Bias Voltage 25.2V
Maximum Bias
Voltage 0.7V
Spectral Range 200-900 nm

Table 4.4 Tabulated Performance Charecteristics of BrillanceCe™380 LaBr3(Ce) Scintillator.
Values taken from Manufacturer’s Technical Data Report. [130]

BrillanceCe™380 LaBr3(Ce)

Scintillator

Parameter Value

Density 5.08 g/cm?®

Decay Time 16 ns

Wavelength of
Maximum 380 nm
Emission (Am)

Light Yield 63 (photon/keV)
HVL at 662 keV 1.8cm
Refractive Index

-1.9
at Am
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4.5. Development Process of the Detector Unit

After the critical components of the detector were identified, a manufacturer was
identified who could prepare the components and assemble the prototype detector. Although
the company estimated the delivery date as 2 to 3 weeks from the order date, the first iteration
of the detector unit received in early June 2017, 26 months late. While the shape and concept
of the detector were specified with the company before, the unit as delivered was not suitable
for mobile measurements. Moreover, the silicon photomultiplier was not coupled to the
scintillator and the detector was simply a box containing the components. The unit was returned
to the company with details on how the unit needed to be assembled. The second iteration of
the detector was received in January 2018, and Figure 4.14 shows a picture of the 2" iteration
of the detector. The detector unit came with a built-in preamplifier and lithium-lon battery, so
no external power or NIM pre-amplifier unit were required. However, due to connection
failures in the unit, it was returned again to the manufacturer for repair. Instead of just repairing
the detector, the company opted to rebuild a third iteration by adding some new features to the
original design of the detector. The upgraded detector was received after a long delay in

December 2018.

The same problem as with the second iteration was encountered after the arrival of the
third, but instead of sending the detector back, the detector was personally delivered to the

factory and the researcher waited for the repair. To ensure that the detector would work in the
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laboratory after being tested in the factory, the company loaned its MCA to be used during the
experimental measurements. The methods and results related to this study can be seen in
Chapters 5 and 6. The schematic details of the third iteration of the detector and planar

reconstruction from a CT scan of the detector, in both grayscale and inverse grayscale, can be

seen in Figure 4.15 and Figure 4.16, respectively.

Location
of the

LaBr Crystal
Front of thende tector

Location
of the SiPM

139 mm

250 mm

Battery Charge Connector

BNC Connector

Powar
Button

Figure 4.14 Graphical expression and dimensions of the 2" iteration of the detector unit.
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Figure 4.15 Dimensions and features of the 3™ iteration of the detector unit.
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Li-ion battery, Preamplifier
PCB and other front end electronics

SiPM and its
evaluation board
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Aluminium
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LaBr Crystal s——

Figure 4.16 A planar reconstruction from a CT scan of the detector unit, in grayscale and

inverse grayscale.
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5. Characterization of the

detector

5.1. Introduction

This work proposes to localize breast tumors using CLR1404 labeled with 23| because of
its short half-life and mono energetic gamma emission (159 keV with 0.833 emission
probability). [106] The use of 12|I-CLR1404 radiotracer would allow imaging of the entire
tumor, not just the center as with current methodologies. In addition, the project would still use
9mTc-labeled nanoparticles to localize the SNLs. One of the most commonly used medical
imaging radionuclides, ®*™Tc decays to *Tc with a half-life of 6.007 h, emitting a 141 keV
gamma with 0.89 branching ratio. [131]

Given that the proposed procedure uses 2%l and ®*™Tc, and the emission energies of these
radionuclides are very close, differentiating and localizing the radiation from each source
requires a probe with excellent energy resolution (spectral discrimination) and spatial

resolution. It is also critical to reject counts due to the scattered photons. [58]



113

The detector must also have a sufficient photopeak efficiency to detect radiation lines
coming from each source to locate at depth both tumor and lymph nodes containing activity.
The experimental characterization of a prototype detector, including characteristics such as
photopeak efficiency and energy resolution, is reported, along with Monte-Carlo validation of

the results.

5.2. Materials and Methods

5.2.1. Experimental Procedure

i.  Detector Components and Design

The detector unit is described in Chapter 4, and consists of a 10 mm diameter X 25 mm
long LaBrs (5%-Ce) cylindrical scintillation crystal sealed in a 4.75 mm diameter (top) X 2 mm
long (side) thick reflector of polytetrafluoroethylene, all of which was hermetically sealed in a
0.25 mm diameter (top) x 0.25 mm long (side) thick aluminum housing (Rexon Components
and TLD System Inc. Cleveland, Ohio). The bottom of the housing was coupled to a 12.46 mm
x 12.46 mm silicon photomultiplier (SiPM — SensL ARRAY J-60035-4P, ON Semiconductors
ISG organization, Intelligent Sensing Group, Cork, Ireland) The SiPM microarray has total of
4 6.33x6.33 mm? photo-sensing cells in a 2x2 array, each formed of 5,573 microcells, for an
of total of 22,292 microcells. Each microcell serves as an avalanche photodiode coupled to a

common anode and common cathode.
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In Figure 5.1, the components of the detector unit, the geometry and dimensions of some
critical components, and some important features are shown. Figure 5.1 also includes a planar
reconstruction from a CT scan of the detector in an inverse-gray scale, similar to Figure 4.14.
After setting the operating voltage to 29.3 V (noted as the optimal operating voltage value of
SiPM by the manufacturer), the detector was connected to the amplifier input of an APTEC
5000S Multi-Channel Analyzer (MCA) that was connected to PC running APTEC (OCIC)
multi-channel pulse height analyzing software. The schematic drawing of the instrumental

setup of the experiments is shown in Figure 5.2.

ii.  Radioisotopes Used in the Experiments and Simulations

The detector described above is designed to simultaneously visualize the radioactive
distributions of radioisotopes injected into cancerous regions with similar energies below 200
keV, and thus, 1%°Cd, 5’Co, %™Tc, and 21 sources were utilized in the experiments. In addition,
a multi-nuclide and a *3’Cs source were used to analyze the response of the detector to photon
energies above 200 keV. The source calibration data for these sources is provided in Table A.1
in Appendix A. The ®™Tc and 2%l sources were provided by the University of Wisconsin
Health Nuclear Medicine Department. The %°Cd, %’Co, *'Cs, and multi-nuclide sources were

all check sources from the University of Wisconsin-Madison Radiation Calibration Laboratory.
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Figure 5.1 On the left, a graphical representation of the detector that shows the critical
components, material composition, and associated dimensions. On the right, a two-dimensional

reconstruction from a CT image of the detector shown in inverse grayscale.
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Figure 5.2 Schematic of the main instrumental setup used to measure efficiency,

linearity, and resolution of the detector.

iii.  Background Measurement and Subtraction

Before measuring any energy spectrum, the background radiation was measured. The
instrumental setup for the background measurement can be seen in Figure 5.2 with no source
in use. The time constant and fine gain of the amplifier was set to 1.0 ps and 2.5, respectively.
The coarse gain was set to 2, raising the total gain in the amplifier to 5.0. The number of
channels in the spectrum and ADC gain was both set to 1024. An energy spectrum has been
acquired for 12,796 seconds to determine the counts due to the background. The background

subtraction was applied to all spectra acquired experimentally.
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iv.  Spectrum Measurements

Each radiation source in Table 5.1 was placed on the axis of the detector one at a time at a
specific source-to-center of the detector’s front face distances for spectral measurements. The
experimental parameters of the sources including source-to-detector surface distance (SSD),
acquisition time and MCA settings are given in Table 5.1.

After acquiring the energy spectrum of the sources, peak analysis was performed for each

source and the energy resolution of the photopeaks was determined using Equation (5.1):

AH
14

in which; AH is the channel width at half maximum, Hy is the channel number of the photopeak.
[132] The full width at half maximum of the photopeak can also be calculated in the unit of
energy after calibrating the channel number by energy and performing the evaluation in energy

units, as in Equation 5.2:

FWHM{[keV] = AH[keV]. (5.2)

As shown in Table 5.1, the energy of the sources used in this study ranged between 0-1773
keV. The energy range for a particular source, such as 1°Cd fell between 0-88 keV. Therefore,
some of the radionuclides required high gain, while others required low gain to fit optimally in

the channels of the MCA. This did not allow the use of a fixed calibration curve for all sources.
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Thus, the energy resolution of a photopeak was calculated using the channel number values
that were best estimates for the particular radionuclide. The calculated energy resolution values

are plotted as a function of energy in Section 5.3.2.

Table 5.1 Experimental and multi-channel Analyzer (MCA) settings data for each source
used to acquire energy spectrum,

MCA Settings
Experimental Settings
Amplifier ADC
Lower Level
SDD Counting Fine Coarse Total Time # of
Nuclide Gain Channel
(cm) time (s) Gain Gain Gain Const. Channels
Discriminator
109Cd 1 200 45 2 9 1us 1024 1024 122
5Co 5 200 45 2 9 1us 1024 1024 96
9mT¢ 100 120 35 2 7 1us 1024 2048 172
123] 100 300 25 2 5 1us 1024 2048 172
123] and
100%(Tc)-
9mTe 300 25 2 5 1us 1024 2048 172
25%(1)
Together
187Cs (Seed) 802, 40P 300 35 2 7 1us 1024 1024 86
Multinuclide 18, 6P 600 25 2 5 1us 1024 2024 81

@ Source-to detector distance used for energy resolution measurements.

b Source-to-detector distance used to compare experimental spectra with MCNP simulations.

v.  Photopeak Efficiency Measurements
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The multi-radionuclide source and the sources of %°Cd, >’Co, 1231 were placed at 5 cm
from detector surface as seen in Figure 5.3. The gamma spectrum of each source was acquired
separately. The total number of counts under the photopeak for each energy was provided by
the MCA software. The MCA software automatically sets a region of interest (ROI) around the
photopeak and provided the total number of counts detected in this region. By using the channel
window of this ROI, the number of background counts was calculated under the peak of interest
and subsequently, the net number of counts were determined by subtracting background counts
from the total counts for each source. The activity of each source was corrected for decay since
calibration. Using Equation 5.3, the percent photopeak efficiency, &, of each source was

calculated and plotted as a function of photopeak energy. :

N
e [%] = x 100%. (5.3)

—(In2/t)xt
Ao X BR Xe 2 XT

where N is the number of net counts detected under the photopeak area, Ao is the initial activity
of the source [Bq], BR is the gamma emission probability of the source at photopeak energy,
ti2 is the half-life of the source, t is the time since calibration and T is the experimental

acquisition time (s). [133]
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Figure 5.3 Schematic of the setup for photopeak efficiency measurements.

Vi. Distance Measurements

Detector response as a function of distance was investigated by placing a °’Co source on
the axis of the detector at various SSD, as schematically shown in Figure 5.4. The region of
interest was selected automatically by the MCA software. By using the channel window of this
ROI, background counts were subtracted and the net count rate under the 122 keV peak area

was computed for each distance.

_..-‘ X:(1,3,5,7,15’20) cm s ],

Cylinder
R SR R e R ——  —-= center axis
(x)
“Co source

Figure 5.4 Schematic of the setup for distance response measurements.



121

5.2.2. Monte Carlo Simulations

In order to validate the energy spectra of the sources, the experimental results have been
compared to computational spectra simulated with Monte Carlo MCNP6/MCNPX software
(Triad National Security, LLC, manager, and operator of LANL, Los Alamos, NM). The Monte
Carlo code allows the pulse height spectrum of the detectors to be simulated via the F8 tally
feature. In order to use this feature and get accurate results, the detector had to be modeled for

the program. The model used is shown in Figure 5.5.

i.  Modeling of the Detector and Sources

The material composition and dimensions of the front portion of the detector are shown
in Figure 5.1. Because of the critical importance of the detector geometry for the Monte Carlo
simulations, a planar image of the detector was reconstructed from a CT scan (Figure 5.5 (a)).
In order to model the geometry accurately, the acquired CT image was compared to the original
design parameters and manufacturer’s technical drawing and the 2D slice of the same portion
of the detector was drawn using SketchUp Pro 2019 software [Trimble Inc. Sunnyvale,
California], which can be seen in Figure Figure 5.5 (b). Finally, the geometry of this portion of
the detector was modeled in the MCNP6/X software by defining surface, cell and data cards.
The MCNPX Visual Editor Software with the Version of X_24E was then used to visualize the

modeled detector as seen in Figure 5.5 (c).
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Figure 5.5 Modeling of the detector for the MCNP simulations: (a) the axial cross-
section of the detector as shown in Figure 1; (b) the schematic drawing based on the CT image

of the detector; (c) the MCNP input image of the detector

The MCNP6/X software allows defining a source within a Source, Distance, Energy
Function (SDEF) card based on its position, mixed radionuclide constituents, emitted energies,
and associated gamma emission probabilities. Table A-1 in Appendix A shows the
specifications of the radiation sources used in Monte Carlo simulations. Three separate pulse-
height simulations were performed to validate the experimental energy spectra of the sources.
In the first simulation, a *3’Cs source was placed at a distance of 40 cm from the detector along

the cylindrical axis. The second simulation included two different sources, **™Tc and 2,
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placed at distances of 100 and 25 cm from the detector. In the last simulation, the multi-nuclide
source was used with a 6 cm SSD.

The sources used to simulate the pulse-height spectra in MCNP were *'Cs, the
simultaneous use of 21 and ®™MTc sources, and the multi-nuclide source. The multi-nuclide
source contained 2*°Pb (0.047 MeV), 1%°Cd (0.088 MeV), **'Cs (0.662 MeV), and ®Co (1.173
Mev and 1.333MeV). [134] All sources are assumed to be isotropic point sources since the
active dimension of the sources was small enough and detector-to-source distances large
enough to use the point source approximation. While Sin (source information) line within the
SDEF card of MCNP code defines the energy of the source in units of MeV, the value in the
SPn (source probabilities) line, on the other hand, defines the photon emission probability of
this energy. SPn values are calculated from Equation 5.4 and tabulated in Table 5.2. The values
are simply the normalization of the total gamma contribution of each radionuclide energy over

the total number of photons emitted from all sources throughout the experiments. [135]

Activity of the Radionuclide (Bq) X Branching Ratio
SPn = (5.4)

Total # of the photons emitted from the source per unit time (cps)

The position of a point source within the SDEF card is defined in X, Y and Z axes with the POS

command in the form of “POS x y z”. [135] The cylindrical axis of the simulated detector was
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defined along the Z-axis with the front surface of the detector positioned at z=0. Radiation
sources were positioned on this axis at specified z distances. Table 5.2 also provides the SDDs
used in experiments and simulated in MCNP. Finally, the NPS (number of particles) block of

the MCNP code defines the number of particles to be simulated.

Table 5.2 The source specifications and associated values used within MCNP simulations.
Exp.

MCNP Nuclide Activity  SIn [MeV] BR POS SPn NPS
[Bq] Lem]
Pulse WnTc  20E+08  0.141 0.89 100 0.958
Height
gngT"c“\;vlith 123) 9.1E+06  0.159 0.833 25 0042 LOEFO9
123'
Pulse
Sir:'_ez'gl?}Cs WCs  52E407 0662 0.851 40 0851  1.0E+07
seed
Pulse 20pp  3.2E+03  0.047 0.0418 0.082
Height wcd  11E+02  0.088 0.0363 0.003
sim:3 19Cs  15E404 0662 0.851 6 0391  5.0E+07
Multi-nuc ~ ®Co  LOE+04 1173 0.9986 0.262
Source 0Co  LOE+04 1333 0.9998 0.262

ii.  Material Composition of the Detector for MCNP Simulations

A block within the data card of an MCNP input file defines the material properties by
assigning a unique material number to each material, specifying the associated molecular
composition of each material. Thus, each cell defined within the cell card is filled by a unique
material. The data card of the MCNP input file does not include the density information of the
materials. The density is rather specified within the cell card. [135] An example of a data

definition card used in the simulations can be seen in Table 5.3.
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Table 5.3 MCNP block that defines material composition of the geometry involved.

C __________________ ——

C __________________ )

m1l 35000 -0.615695 $ Bromine and associated mass fraction
57000 -0.334505 $ Lanthanum and associated mass fraction
58000 -0.05 $ Cerium and associated mass fraction

In Table 5.3, “m1” indicates material number 1 which is LaBrz(Ce) crystal. The labels 35000,
57000 and 58000 define elemental Bromine (Z=35), Lanthanum (Z=57) and Cerium (Z=58).
Mass fractions of each element are denoted with a minus sign and the sum of the mass fractions
should be unity. Figure 5.5 (c) includes information about the filling material of each cell that
is defined in the detector geometry. The specifications of the materials defined within the data

card of the MCNP input file are shown in Table 5.4.
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Table 5.4 Material Specifications used within the MCNP simulations. Values obtained from
[136]

. Density Mass

Material Cell Number [glem?] Element Label Fraction

Cerium La 57000 -0.334505

Activated Br 35000 -0.615695

Lanthanum ° >0 C 58000 0.050000
Bromide € e

Aluminum 7,27,28, 29 2.699 Al 13000 -1.000000

C 6000 -0.000124

. N 7000 -0.755268

Dry Air 9 0.00121 0 8000 -0.231781

Ar 18000 -0.012827

SiPM 10,11 2.32 Si 14000 -1.000000

Fe 26000 -0.995000

Carbon Steel 20,21,22,23,24,25 7.874 C 6000 -0.005000

Polytetra- C 6000 -0.240183

fluoroethylene 8,30,31 2.2 F 9000 -0.759817

H 1000 -0.022100

C 6000 -0.002484

o] 8000 -0.574930

Na 11000 -0.015208

Mg 12000 -0.001266

Concrete Wall 23 2.3 Al 13000 -0.019953

Si 14000 -0.304627

K 19000 -0.010045

Ca 20000 -0.042951

Fe 26000 -0.006435

iii.  Pulse Height Tally of MCNP

The detector response of LaBrs crystal to different sources was simulated in MCNP by
using the pulse height F8 tally. The F8 tally determines both the number of particle energies
entering and leaving the specified cell. From that information, it calculates the total number of
particle energies deposited within the specified cell by subtracting the amount of particle

energies leaving the cell from the amount of particle energies entering that cell. The calculated
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score is then assigned to an energy bin. [135] The E8 card within the F8 tally card was used to
create energy bins manually based on the experimental energy calibration obtained from the
pulse-height spectrum of the LaBrz detector. As discussed in the experimental procedure
section, a fixed energy calibration curve was not applicable since the MCA settings differed
from source to source. Table 5.5 shows the E8 card definition parameters of each source used

within the pulse-height simulations.

Table 5.5 E8 card entries used within pulse-height simulations

Energy Range Number of )
Source Energy Resolution
[MeV] Channels
137Cs-seed 0.052-1.45 1024 1.365 keV/bin
Multi-nuclide 0-2.210 1222 1.809 keV/bin
99mTc-123) 0-0.4482 1024 0.438 keV/bin

The F8 tally of the MCNP input file also includes the FT8 Gaussian Energy Broadening
GEB card, which allows replication of the energy resolution characteristics of the detector
acquired experimentally. One should use this card within the F8 tally in order to have an
agreement between the FWHM widths of the energy peaks obtained experimentally and
computationally. If this function is not defined within the F8 tally card, the detected events
under the area of the energy peaks will be distributed in a single energy bin. The FT8 GEB card
is defined by three user provided coefficients: a, b and c¢. The MCNP code defines the

broadening effect of the peaks by an FWHM fit, given in Equation 5.5: [135]
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FWHM(E) = a + bVE + cEZ. (5.5)

where E is the energy of the photon. The coefficients a, b and ¢ were calculated separately for
each simulation by fitting Equation 5.5 to the experimental measurements and using the solver
add-in of Microsoft Excel (Microsoft Corporation, Redmond WA) with the spreadsheets for
FWHM as a function of energy using the least square fit method. The General Reduced
Gradient (GRG) Nonlinear Solving Method in Excel was used to calculate the coefficients, and

the resulting values are tabulated in Table 5.6.

Table 5.6 FT8 GEB card coefficients calculated from the FWHM as a function of energy plots.

MCNP Source a b C
137Cs-seed 0.027+0.003 0.0000 0.0000

Multin-nuclide 0.035+0.004 —0.0015+0.0003 29+3.2
99mTc-123 0.00856+0.0007 —0.00175+0.0002 —0.57+0.006

5.2.3. Uncertainty Assessment in Experimental Measurements

The uncertainty in photopeak efficiency, percent energy resolution and distance
measurements of the detector were calculated based on the propagation of uncertainty
principle. Type A components of uncertainty for percentage photopeak efficiency values and

the net number of counts detected for distance measurements included: statistical uncertainty
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in count rate, uncertainty due to the detector’s dead time, which were provided by MCA
software. Type B components included: uncertainty in the activity of the source, uncertainty in
the half-life of the source and uncertainty in the source-to-detector distance. The contribution
to the percent uncertainty of the percentage energy resolution values of the detector was from
uncertainty due to the dead time of the detector and statistical uncertainty in count rate which

were provided by MCA software.

5.3. Results

5.3.1. Dark Current and Background Measurement

In Figure 5.6 shows how the area under the background counts, indicated by tan color, and
relates to the total counts for the multi-nuclide source. The area under the total counts obtained
from the source and minus the background yields the net counts, shown by the green area. The

background subtraction was applied to all spectra acquired experimentally.
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Figure 5.6 The spectrum of the multi-nuclide source and background. The figure is

drawn to show the background (in tan) that is subtracted from the total counts to give the net

counts (in green).

5.3.2. Experimental Curve for the Energy Resolution

The percentage energy resolution of the detector as a function of the incoming photon

energy is shown in Figure 5.7 (a). The measured points fitted to Power-law equation by using

least-squares method is shown with a dashed line. The Power law equation is expressed in

(a*E?) and the coefficients a and b were calculated as 659.6 and -0.929, respectively.
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Figure 5.7 The detector’s energy resolution (FWHM) as a function of incident photon

energy: (a.) in terms of the percentage energy resolution, (b) in terms of energy.

The 1.78%0.06% energy resolution at 662 keV energy compares favorably with

commercial detectors, which run between 3% and 10%, except for the very small volume
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CdznTe detectors, which fall about 1.8%. [137, 119, 112, 113]Figure 5.7 (b) shows the same
data as Figure 5.7 (b) but in units of keV. Below 200 keV for the incident photon energy, the
energy resolution of the detector remains under 10 keV. This energy resolution will allow

differentiation between the 23] and °*™Tc¢ radiation.

5.3.3. Experimental Curve of the Photopeak Efficiency

The plot in Figure 8 shows the absolute photopeak efficiency of the LaBrz(Ce) detector as
a function of the incident photon energy. The curve in Figure 5.8 was fitted to a power law

equation, expressed by Equation 5.6.:

e=axEP. (5.6)

In Equation 5.6, € is the absolute percentage photopeak efficiency of the detector, E is the
energy of the incident photon in keV, and a, b are the fit coefficients, which were calculated as
a=176.65 and b=-1.374, using the least-squares method. The efficiency curve in Fig.8 follows
the trend of inverse power of the energy, as expected since the interaction probability of the

photoelectric effect is inversely proportional to the power of the energy.
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Figure 5.8 The plot of the percentage photopeak efficiency of the detector as a function

of the incident photon energy.

5.3.4. Distance Measurements

The response of the detector as a function of source-to-detector distances is shown by the
curve plotted in Figure 5.9. The curve is fitted to power equation as illustrated by Equation 5.7
in which N is the number of net counts detected per unit time (cps), x is the SSD in cm, a and

b are fitting coefficients, which were calculated by the least-squares method. :

N =a=xxb. (5.7)
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The coefficients a and b are found to be 11583 and -1.992, respectively. The curve closely

follows the expected inverse-square law trend.
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Figure 5.9 Graphical presentation of the count rate of the detector as a function of

distance for the °’Co source.

5.3.5. Monte Carlo Simulations

The spectra of the combined *™Tc¢ and 2, the multi-nuclide and *3’Cs sources acquired
experimentally were compared to those obtained in MCNP simulations for the validation, as

seen in Figure 5.10, Figure 5.11 and Figure 5.12.
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Before the comparison of the experimental and computational curve in Figure 5.10, it
should be highlighted that 141 keV energy of the ®™Tc is clearly resolved from the 159 keV

energy of the *2%I, as seen on the experimental curve of Figure 5.10.
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Figure 5.10 The energy spectrum of the combined 2| and **™Tc source, experimentally

and simulated with MCNP.

The curves in Figure 5.10 are in agreement with each other except in the Compton valley
region and at extremely low energies. The difference in the Compton valley is because MCNP
tallies one photon at a time and does not allow for multiple events simultaneously, resulting in
a clean shape for the curve. In the experiment, the summed Compton events appear shifted to

the higher energy of their combination.
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Experimental and MCNP curves in Figure 5.11 have a good agreement at photopeak
energies of 662 keV from ¥'Cs, and 1173 and 1333 keV from %°Co source. The discrepancy
observed between two curves at the energy values below ~200 keV is due, again to summation
events as well as the scattering of the photons from the surrounding materials in the
environment in which the experiments was performed. [138] Since it was not feasible to model
every detail of the geometry and material compositions of the room in MCNP, the scatter from

the surrounding materials are not represented in the MCNP curve.
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Figure 5.11 The energy spectrum of the multi-nuclide source, experimentally and

simulated with MCNP.
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Figure 5.12 shows the energy spectrum for a *3’Cs source. In general, the two curves match
well in the peak and Compton regions. The two bumps on each side of the photopeak present
in the experimental curve come from the detection of the summed events in the experiment,
and again do not show up in MCNP simulations. Scattering from the surrounding materials in
the room of experiments caused a rise in the region of the experimental curve having energies

below 200 keV, which was not represented in the MCNP curve.
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Figure 5.12 The energy spectrum of the *3’Cs source, experimentally and simulated with

MCNP.
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5.3.6. Uncertainty in Experimental Results

The total percent standard uncertainty in energy resolution values in Section 5.3.2 was
found to vary between 1.2-3.8% for the energy range of 88-662 keV. However, above 662 keV,
for at 1173 and 1333 keV photopeak energies of the ®°Co source, the percent standard
uncertainty in energy resolution varied between 14.4-23%. This is due to the low activity of
the %°Co source within the multi-nuclide causing high count statistics uncertainties even for
long acquisition times.

The total percent standard uncertainty in photopeak efficiency values in Section 5.3.3, on
the other hand, changed between 4.-7.6% for the energy range of 88-662 keV. For higher
energies, large uncertainties in photopeak efficiency values were observed because of the low
activity of the ®°Co source during the experiments.

The total percent uncertainty in the net count rates as a function of the source-to detector
distance that varied between 1-20 cm ranged between 3.9-7.6%. Further uncertainty

justification can be found in Table B.1, Table B.2 and Table B.3 in Appendix B.

5.4. Conclusion

By having an energy resolution of 1.78+0.06 % at 662 keV energy and having a capability
to distinguish between 141 keV and 159 keV energy, the detector was found to have the
necessary characteristics for the imaging procedures that need to differentiate between 23l and
9mT¢, such as in a surgical setting. Overall, very good agreement between experimental and

MCNP curves of the energy spectrum was observed. The desirable detector’s characteristics
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that were ascertained in this work along with the detectors compact mobile design supported

the design and development of a system for radio-guided surgery.
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6. Collimation Design for the

Detector

6.1. Introduction

The overall sensitivity of a detector is the ability to detect a radioactive source placed
at a certain distance along the center axis of the probe tip, which is often reported in the units
of counts per second per unit activity of the radioactive source (cps/MBQ). [58] In radio-guided
surgery applications, specifically to image the 3D radioactivity distribution of the radioactive
sources, the sensitivity of the radiation detector must be high enough, so that each radiation

type coming from each source can be detected separately.

Spatial resolution, or lateral sensitivity, of a detector is the ability to determine the
location of a target radioactive source placed at a certain longitudinal and lateral distance from
the tip of the detector, which is often given as the full-width half maximum (FWHM) in mm.
[58] It is a crucial characteristic of a detector when localizing and resolving deep-seated lymph

nodes, specifically when they are close to each other at depth.
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Both sensitivity and spatial resolution are dependent on the collimation type and
collimation geometry used with the detector. As discussed in previous chapters, this project
aims to localize and image whole breast tumor and SLN intraoperatively, by localizing tumor
containing 21 and SLN containing *™Tc. The approximate activity of SLNs was reported as
1 MBq in a clinical study. The SNs had a median diameter of 1 cm at a maximum depth of 4.3
cm from the skin. [54, 55] [56] No clinical study was found in the literature that reports the
uptake of the breast tumor masses after the injection of the CLR1404 labeled with any
radioisotpoe of lodine. However, the clinical study performed by Weichert et. al showed that
the radioactivity uptake of the CLR1404 pharmaceutical in breast cells was considerably high.
[104] A typical non-palpable breast tumor is expected to have more than 1 MBq %I residual
radioactivity uptake and have a median spherical diameter of 1 cm at a median depth of 3.3 cm
from the skin. [50] [51] The minimum center-to-center separation between two clusters of
nodes at depth is reported as 10 mm. [54] This data indicates that a detector needs a spatial
resolution of about 5 mm at a source to collimator surface distance (SCD) of 3.3 cm to identify
the edges of a breast tumor or a minimum 10 mm spatial resolution at an SDD of 4.3 cm to

resolve lymph nodes.

The freehand SPECT system discussed previously is unable to resolve the clustered
nodes separated by 10 mm at 40 mm depth. [54] This chapter focuses on the collimation design
for the handheld radiation detector built and characterized in Chapters 4 and 5. The required
spatial resolution and sensitivity values, discussed above, should be met for the precise
localization of both SLNs and breast tumors. Since there is a known trade-off between

sensitivity and spatial resolution of a detector, a double layer collimation design is proposed in
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this work to optimize spatial resolution and sensitivity while minimizing weight. The geometric
model parameters of the collimation were varied one at a time in both experiments and Monte
Carlo simulations to investigate the change in the spatial resolution and sensitivity and thereby
to determine the optimum values for both characteristics of the detector. The resulted optimum

values are then compared to existing literature.

6.2. Materials and Methods

6.2.1. Proposed Collimation Design

As prevoiusly discussed in the introduction section, the sensitivity and spatial resolution
of a detector go hand in hand. Based on the specific task required, one should define the
approximate values needed. In our case, we are trying to find a spatial resolution about 5 mm
or less at a source-to-detector distance of 3.3 cm based on the characteristics and geometry of
the tumor and SLNs as explained above. However, in order to make measurements easier for
the surgeon a spatial resolution between 5-7 mm at a source-to-detector distance of 10 cm is
desired. That means our target is going to require the spatial resolution (~5mm) but for larger
SCD (10 cm). Since having this resolution alone is not enough, the second requirement was to
achieve the minimum detectable activity of 1 MBq which is accompanying a spatial resolution
of 5 mm at 10 cm SCD. Collimation material and geometry are the key parameters that will
determine these two goals. Hence, we proposed a double collimator, as seen in Figure 6.1.
From two options for the collimator’s material that both have high atomic numbers, lead and

tungsten, lead was chosen due to the expense of tungsten and its brittle nature. The advantage
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of tungsten would have been that the collimator would be thinner, but that was not a high
priority. Figure 6.1 shows the detector with two separate collimators attached. The rear
collimator is attached to the detector and front collimator fits snugly over the rear collimator.
Each collimator has its own aperture. The x1,x2,t1,t2, dland d2 intervals are named as
geometric model parameters of the collimation, which are: x1 is the distance between rear
collimation and detector surface, x2 is the distance between front and rear collimation, d1 and
d2 aperture hole diameters of the front and rear collimator respectively, and t1 and t2 are the
thicknesses of the front and rear collimators, respectively. Sensitivity and spatial resolution
ofthe detector were investigated both experimentally and in MCNP simulations by changing
each model parameter one at a time, or varying two of the parameters and keeping the others

fixed.

Rear Collimation

Front Collimation

SO

1
t2 t1

= =

Figure 6.1 Schematic drawing of the detector with proposed double layer colllimation

attached.
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6.2.2. Experimental Procedure

i.  Experimental Setup

The detector in this study was described in detail in the previous chapter, and used a
10mm diameter x 25mm long LaBr3(5%-Ce) cylindrical scintillation crystal sealed in a
4.75mm diameter (top) x 2 mm long (side) thick reflector of polytetrafluoroethylene, all of
which was hermetically sealed in a 0.25 mm diameter (top) x 0.25 mm long (side) thick
aluminum housing. The bottom of the housing was coupled to a 12.46 mm x 12.46 mm silicon

photomultiplier.
ii.  Sensitivity Measurements

A %™Tc source was placed at a source-to-front collimator distance (SCD) of 10 cm as
seen in Figure 6.2. The sensitivity of the detector was calculated from Equation 6.1 for each

set of parameters. :

(7) ep9) x 10° s7;)

Ay(Bq) * exp (—Zl—/z X t> * BR

2

Sensitivity (cps/MBq) = (6.1)

In Equation 6.1; N is the number of net counts detected under the photopeak after background

subtraction, Ag is the initial activity of the %°™Tc source, t12 is the half-life of the **™Tc, t is the
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decay time, BR is the gamma emission probability of the **™Tc source at 141 keV photopeak

energy and T is the acquisition time.

fixed at 10 cm

821N0S WEE-21

Figure 6.2 Schematic drawing of the experimental setup for sensitivity measurements.

iii.  Spatial Resolution Measurements

As in Figure 6.3, the ®®*™Tc source was placed along the axis of the detector at 10 cm
SCD and was moved along the horizontal plane in 0.5-10 mm increments to get the horizontal
count profile of the detector as a function of distance from the axis. The net counts detected
under photopeak of each position was obtained and the net count rate as a function of x distance
was plotted. Figure 6.4 presents an example curve from the data. The resultant count profile
was fitted to a Gaussian curve by using Origin Pro® 9.1 Data Analysis and Graphing Software
(Origin Lab Corporation, DPR Group, Inc. Northampton, MA) which uses the Levenberg

Marquardt iteration algorithm to determine full-width-at-half-maximum (FWHM) of the
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Gaussian function. FWHM values provided by the software were noted as the spatial resolution

of the detector at a specific scenario having specific model parameters in Figure 6.1.
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Figure 6.3 Schematic drawing of the experimental and MCNP setup for spatial resolution
measurements.

= Count rate (cps)
Gaussian fit of Count rate (cps)

20000

Model Gaussian

y =y0 + Al(w*sqrt(pi/
Equation (4*In(2)))) * exp(-4*In

(2)*(x-xC) 2/ 2)

Plot Count Rate vs Dist
yo -169.04227 + 125.
XC -4.93099E-18 + 0.
A 109994.01287 + 1
w 5.12426 + 0.05743
Reduced C 57227.97017
R-Square ( 0.9993
Adj. R-Squ 0.99909

10000

Count rate (cps)

Distance (x) (cm)

Figure 6.4 Count profile of the detector that is used to fit Gaussian curve for spatial

resolution determination.
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iv.  Spectrum Measurement

Following the determination of the optimum model parameters that provided optimum
sensitivity and resolution based on the interpretation of the results of the experiments, the

energy spectrum of the **™Tc¢ source at 10 cm SCD was acquired.

6.2.3. Monte Carlo Simulations

The detector geometry with optimum collimation geometry that was determined based
on the experimental results was simulated by using Monte Carlo MCNP6/MCNPX software
[Triad National Security, LLC, manager, and operator of LANL, Los Alamos, NM] in order to
compare and validate experimental energy spectrum of the source with the one simulated in
MCNP. Different scenarios for geometric model parameters, which were not performed in
experiments, were simulated in MCNP to get a wider range of values for sensitivity and spatial

resolution pair.

I.  Modeling of the Geometry of the Detector and Materials Composition

The collimated detector with the optimum model parameters was simulated in MCNP.
The same detector geometry, as in Figure 5.5 (c) in Chapter 5, was modeled in MCNP by
defining surface, cell and data cards except the lead collimation added as seen in Figure 6.5.
The gray areas in Figure 6.5 (a) and the read areas in Figure 6.5 (b) represent the lead filled
front and rear collimations. The composition of materials for each cell is defined within the

data card of the MCNP input as seen in Table 5.3 of Chapter 5 except new cells, cell 32 and
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33, were defined for front and rear lead collimations. The cells 32 and 33 was filled with pure

lead having a density of 11.35 g/cm?, a label number of 82000 and a mass fraction of 1.0. [136]

A 2D Graphical b 20 view of
Drawing MCNP Model

Figure 6.5 The geometry of the collimated detector that is shown in a (a) graphical 2D

drawing (b) modeled in MCNP.

ii.  The Source and Pulse Height Tally Definition

As described in Section 5.2.2 (iii) of Chapter 5, a point source approximation was used

for ®™Tc source sitting at 10 cm of SCD. SDEF card of the MCNP was defined as having a
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9MT¢ source which is emitting photons (PAR=2) with energy of photons (erg) of 141 keV, at
a position of (POS=0 0 20.37) 10 cm from the surface of the front collimation. Pulse Height
(F8) tally was defined in terms of two parameters: E8 and FT8 cards as explained in the
previous chapter. The input values for E8 card within the pulse height tally included: energy
range of the spectrum, number of channels in the spectrum and energy resolution of each bin
of the spectrum which were determined as 0-0.679 MeV, 1024 channels and 0.663 keV/bin,
respectively. The Gaussian Energy Broadening (GEB) cofficients of the FT8 card were
calculated as a=0.0122 b=-0.007 and c=0 by using least-least squares fit method as discussed

earlier in Section 5.2.2 (iii) of Chapter 5. .
iii.  Sensitivity Simulations

The sensitivity of a detector in MCNP can be determined by using Surface Current (F1)
tally. As seen in Figure 6.6, In MCNP, Surface 12.3 represents the cylindrical front surface of
the detector. If a specified particle crosses a specified surface in the geometry of the detector,
the weight of this particle counted in the the total weight and reported as F1 tally. [135] This
is basically the fraction of the total number of the particles crossing the specified surface to the
total number of particle energies simulated (NPS). Using the source and detector geometry in
Figure 6.2 and Figure 6.5 (b), the sensitivity of the detector crossing the surface 12.3 in Figure
6.6 for each scenario, in which one or two model parameters were changed, was calculated by

using Equation 6.2:

counts ) Bq
Slecps/MBq| = W[ ] X NPS[particles/sec] X 10°® [M_Bq] : (6.2)

particles
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where; w is the total weight of the peak energy particles crossing the surface 12.3 in Figure 6.6,
or namely, the fraction of the photons with the peak energy crossing the surface 12.3 divided
by the total number of particles simulated (NPS). (10° Bq/MBq) was added in Equation 6.4 in
order to convert the unit of the sensitivity from (counts detected/photons simulated) to

(cps/MBQ).

Cylindrical
Crystal
Surface: 12.3

LaBr Cylindrical
Crystal

Figure 6.6 Schematic of the active surface area of the detection crystal tallied in

MCNP.

iv.  Spatial Resolution Simulations

Average surface Flux tally (F2) is the another output option of the MCNP which defines
fluence at the specified surface. The weight of each particle with phopeak energy that crosses
the specified surface and contributes to the fluence at that surface is summed and reported as

the F2 tally in the ouput. [135] The weight of the fluence at the surface 12.3 in Figure 6.6 was
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provided by the MCNP for different x distances along the horizantal plane in Figure 6.3. The

average flux at surface 12.3 for each case is then calculated by using Equation 6.3:

X NPS [particles] . (6.3)

counts counts/cm?
T O L

cm? particles

where, W is the weight of the flux at the surface 12.3 provided by MCNP, or it is the flux
detected on the surface 12.3 divided by (NPS) which is the number of particles simulated. The
flux profile of the detector as a function of x distances is then plotted as illustrated in Figure
6.4. The resulted flux profile was fitted to a Gaussian curve by using Origin Pro® 9.1 Data
Analysis and Graphing Software discussed previously. FWHM values provided by the Origin
Pro 9.1 software were then noted as the spatial resolution of the detector at a specific scenario

having a unique combination of model parameters in Figure 6.1.

6.2.4. Uncertainty Assessment

I.  Experimental Uncertainty

The contribution to the total percent standard uncertainty in experimantal sensitivity and
spatial resolution was from uncertainty in the activity of the source, uncertainty in the half-life,
uncertainty in the distance as the Type B components, and uncertainty due to the count statistics

and dead time as the Type A components. However, the uncertainty provided by Origin Pro
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9.1 software in determing FWHM of the Gaussian curve was added to the Type A uncertainty
in spatial resolution. The quadratic sum of each components was taken seperately for Type A
and Type B and resulted values were quadratically combined to determine the total percent

uncertainty in the sensitivity and spatial resolution.

ii.  Uncertainty of the Simulations

Total percent uncertainity in the sensitivity and spatial resolution of the detector was
provided by MCNP except uncertainity in spatial resolution included the uncertainty in FWHM

provided by Origin Pro 9.1 software.
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Table 6.1 The sensitivity and spatial resolution of detector obtained in experiments.

Spatial

Spatial

SCD t1 t2 d1 d2 x1 X2 Sensitivity SCD t1 t2 d1 d2 x1 x2 Sensitivity
(cm) mm mm mm mm mm mm (:::, (cps/MBq) cm mm mm mm mm mm mm (:ﬁ) (cps/MBq)
10 2.2 2.2 2.0 2.0 0 0 22.0 10.98 10 2.2 2.2 2.8 33 0 25 15.0 10.29
10 2.2 2.2 2.0 2.0 0 2 20.0 9.26 10 2.2 2.2 0.5 0.5 0 0 17.0 0.34
10 2.2 2.2 2.0 2.0 0 4 17.0 9.22 10 2.2 2.2 1.8 1.8 0 12.5 16.0 7.11
10 2.2 2.2 0.8 0.8 17 0 22.0 1.53 10 2.2 2.2 1.8 1.8 0 25 10.0 391
10 2.2 2.2 0.8 0.8 17 5 15.0 1.41 10 2.2 2.2 1.8 0.5 0 35 6.0 1.82
10 2.2 2.2 0.8 0.8 17 10 13.0 1.41 10 2.2 2.2 1.2 1.2 0 10 16.0 3.13
10 2.2 2.2 0.8 0.9 0 10 13.0 1.53 10 2.2 2.2 1.2 1.2 0 25 85 1.99
10 2.2 2.2 0.8 0.9 0 15 9.0 1.22 10 2.2 2.2 1.8 1.8 0 35 85 4.46
10 2.2 2.2 1.0 1.0 0 10 13.0 2.19 10 2.2 2.2 1.8 1.8 0 45 7.0 2.80
10 2.2 2.2 1.2 1.0 0 10 13.0 1.28 10 2.2 2.2 1.4 1.5 0 25 8.0 1.63
10 2.2 2.2 1.2 1.0 0 15 9.0 1.03 10 2.2 2.2 1.8 1.8 0 45 6.0 2.22
10 2.2 2.2 0.5 0.5 0 0 14.0 0.98 10 2.2 2.2 1.8 1.8 0 40 6.0 3.97
10 2.2 2.2 0.5 0.5 0 5 8.0 0.88 10 2.2 2.2 1.8 3.2 0 40 10.0 9.77
10 2.2 2.2 0.5 0.5 0 10 6.0 0.69 10 2.2 2.2 35 3.2 0 40 15.0 14.73
10 2.2 2.2 0.5 0.5 0 15 35 0.21 10 2.2 2.2 4.4 4.8 0 40 20.0 32.73
10 2.2 2.2 0.5 0.5 5 0 13.0 0.76 10 2.2 2.2 4.4 4.8 0 65 13.0 24.68
10 2.2 2.2 0.5 0.5 10 0 13.0 0.82 10 2.2 2.2 4.4 4.8 0 85 11.0 24.16
10 2.2 2.2 0.5 0.5 15 0 13.0 0.77 10 2.2 2.2 4.4 4.8 0 100 7.0 10.58
10 2.2 2.2 0.5 0.5 5 5 6.0 0.61 10 2.2 2.2 4.8 4.8 0 85 10.0 22.18
10 2.2 2.2 0.5 0.5 10 10 3.0 0.11 10 2.2 2.2 4.8 4.8 0 100 9.0 18.87
10 2.2 2.2 0.5 0.5 10 5 35 0.21 10 2.2 2.2 5.2 5.2 0 85 85 22.20
10 2.2 2.2 0.5 0.8 0 0 19.0 1.19 10 2.2 2.2 5.2 5.2 0 100 9.0 14.89
10 2.2 2.2 0.5 0.8 0 5 10.0 1.08 10 2.2 2.2 5.9 6.7 0 85 14.0 32.05
10 2.2 2.2 0.5 0.8 0 10 7.0 0.87 10 2.2 2.2 6.7 6.7 0 85 15.0 42.39
10 2.2 2.2 0.5 0.8 0 15 4.0 0.39 10 2.2 2.2 7.6 7.6 0 85 18.0 54.52
10 2.2 2.2 0.5 0.8 5 0 15.0 0.88 10 2.2 2.2 7.6 8.4 0 85 15.0 56.03
10 2.2 2.2 0.5 0.8 10 0 14.0 0.94 10 2.2 2.2 9.4 8.4 0 85 15.0 58.05
10 2.2 2.2 0.5 0.8 15 0 14.0 0.83 10 1.8 1.8 1.8 1.7 0 65 5.5 1.57
10 2.2 2.2 0.5 0.8 5 5 10.0 0.82 10 1.8 1.8 1.8 1.8 0 65 5.0 3.49
10 2.2 2.2 0.5 0.8 7.5 7.5 7.0 0.48 10 1.8 1.8 1.8 1.9 0 65 5.5 4.40
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Table 6.1 Continued.

10 22 22 10 08 75 75 11.0 1.30 10 1.8 18 23 19 65 6.5 5.52
10 22 22 10 08 5 5 14.0 1.95 10 1.8 18 23 23 65 8.0 7.08
10 22 22 1.0 08 0 5 11.0 2.28 10 1.8 18 23 23 85 7.0 5.02
10 22 22 10 08 0 10 9.5 2.13 10 1.8 18 23 23 110 6.0 4.99
10 22 22 10 08 0 15 6.0 1.12 10 1.8 18 3.0 23 65 8.0 8.40
10 22 22 1.0 08 15 0 16.0 2.53 10 1.8 18 34 48 65 11.0 17.91
10 22 22 10 08 10 0 19.0 2.55 10 1.8 18 34 48 105 7.0 17.31
10 22 22 1.0 08 0 0 27.0 2.64 10 1.8 18 48 48 105 9.0 21.35
10 22 22 12 15 0 0 29.0 4.95 10 1.8 18 48 59 105 9.0 24.02
10 22 22 12 15 0 5 19.0 3.88 10 18 18 71 59 105 13.0 29.08
10 22 22 12 15 0 10 13.0 3.11 0 1.8 18 71 71 105 12.0 38.86
10 22 22 12 15 0 15 10.0 2.04 10 22 22 28 28 25 17.0 19.29
10 22 22 12 15 10 15 10.0 0.89 10 22 22 44 44 25 25.0 44.65
10 22 22 12 15 10 0 25.0 3.88 0 1.8 18 16 16 65 5.0 2.47
10 22 22 12 15 5 0 26.0 4.01 10 18 18 1.8 16 65 6.0 2.72
10 22 22 15 25 0 0 32.0 4.67 10 1.8 18 1.8 18 65 6.5 3.20
10 22 22 20 25 0 0 40.0 8.76 10 1.8 18 1.8 22 65 6.0 3.58
10 22 22 20 25 0 10 21.0 7.00 10 1.8 18 22 22 65 7.0 7.24
10 22 22 20 25 0 10 15.0 5.58 0 1.8 18 28 22 65 8.0 8.49
10 22 22 20 25 0 25 10.0 1.00 10 18 18 28 22 85 6.3 6.80
10 22 22 25 25 0 10 25.0 8.47 10 18 18 28 28 85 7.0 10.49
10 22 22 25 25 0 25 10.0 2.42 10 1.8 18 28 32 85 7.5 14.27
10 22 22 25 28 0 25 8.0 411 10 18 18 3.0 32 85 8.0 14.49
10 22 22 27 28 0 25 10.0 5.02 0 25 25 16 16 65 5.5 2.08
10 22 22 28 28 0 25 11.0 4.44 0 25 25 1.8 16 65 5.2 2.43
10 22 22 28 33 0 25 9.5 3.97 10 25 25 1.8 18 65 45 2.84
10 22 22 28 36 0 25 12.0 7.32 10 25 25 20 18 65 6.0 4.00
10 2.2 2.2 3.6 3.6 0 20 220 14.39 10 25 25 20 20 65 4.7 5.78

6.3. RESULTS

6.3.1. Experimental Results
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Table 6.1 tabulates the sensitivity and spatial resolution values obtained in the
experiments. Experiments consisting of a total of 116 combinations, which had ~1000
measurements points, were performed for various scenarios of model parameters shown in
Table 6.1. The combination with the highest sensitivity was selected from the combinations of
model parameters providing a spatial resolution value of 7 mm or better at 10 cm SCD. This
setting was deemed the optimum collimation geometry, which provided a sensitivity of

5.78+0.24 cps/MBq and a spatial resolution of 4.7+0.22 mm at 10 cm SCD.

6.3.2. MCNP Results

i.  Validation of the Pulse Height Spectrum

Although 116 different model parameter combinations were used in the experiments,
untested combinations remained to be evaluated by Monte Carlo simulation. The energy
spectrum of the ®°™Tc¢ source measured with the optimum collimator in place was simulated in

MCNP and compared to that obtained in the experiment. Figure 6.7 shows this comparison.

There is a very good agreement between two curves in Figure 6.7, except the MCNP
curve is cleaner on the lower sides of the photopeak. As explained in Chapter 5, that is because

summed events cannot be represented in MCNP pulse height tally.



156

ENERGY SPECTRUM OF 99M-TC

800

700 = Experimental

600
e MICN P

500

400

NUMBER OF COUNTS

300

200

100

0 . a .
0 50 100 150 200 250 300 350 400 450 500 550 600
ENERGY (KEV)

Figure 6.7 The plot of the energy spectrum of the **™Tc source acquired in the

experiments and MCNP.
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ii.  Sensitivity and Spatial Resolution Simulations

Table 6.2 shows the sensitivity and spatial resolution values of the detector with associated
model paramers.

SCD t1 t2 di d2 x1 x2 R:;:::;Lﬂ Sensitivity
(cm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (cps/MBq)
10 1.8 1.8 2 2 0 65 4.5 8.91
10 1.8 1.8 2 2 0 45 5.6 11.25
10 1.8 1.8 2 2 0 35 6.5 12.84
10 1.8 1.8 2 2 0 15 10.9 17.42
10 1.8 1.8 2 2 0 0 52.5 22.65
10 1.8 1.8 2 2 15 65 5 8.75
10 1.8 1.8 2 2 25 65 4.8 8.72
10 1.8 1.8 2 2 45 65 5 8.65
10 1.8 1.8 2 2 15 50 5.5 10.65
10 1.8 1.8 2 2 25 40 5.5 11.75
10 1.8 1.8 2 2 45 20 9.5 15.86
10 1.8 1.8 2 2 65 0 7.5 22.12
10 1.5 1.5 3 3 100 0 6.9 48.95

As seen in Figure 6.7, the amplitude of the photopeak and area under the photopeak are
much the same for each curve. Hence, further simulations of spatial resolution and sensitivity
were performed in MCNP in order to investigate if better values for each charecteristics can be
obtained. Starting from the optimum geometric model parameters found in the experiments, a
total of 130 additional simulation points were performed for 13 different combination of model
parameters the results were tabulated in Table 6.2. Among these simulations, the combination

in bold font in Table 6.2 provided the highest sensitivity and finest spatial resolution. Having
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geometric model parameters of t1=1.5 mm t2=1.5 mm, d1=3 mm, d2=3mm, x1=100 mm and
x2=0 mm, the collimated detector was found to have a spatial resolution of 6.94+0.67 mm and

a sensitivity of 48.95+0.81 cps/MBq at 10cm SCD.

In order to compare these values to the literature, more simulations were performed in
MCNP to determine the sensitivity and spatial resolution of the detector at 5 cm SCD by using
the same optimum model parameters as above. At 5 cm SCD, the spatial resolution of the

system was found to be 4.28+0.40 mm and 188.61+1.41 cps/MBq, respectively.

Table 6.3 shows charecteristics of some of the best intraoperative handheld gamma
probes that are used for sentinel node localization. Based on the comparision of these
characteristics to the values that we obtained with our detector, it can be stated that, the detector
used in this study has much finer spatial resolution even at larger SCD. On the other hand, the
sensitivity of the detector fell into the middle of the sensitivity values obtained with other

gamma probes.

However, as discusesed earlier, the 1MBq activity detectability requirement is still

satisfied.
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Table 6.3 Comparision of the detector charecteristics with other probes on the market.
Values obtained from [69]

Spatial Sensitivity in
Probe Tvpe Resolution Air at
yp FWHM (mm) (cps/MBq)
at3cm at5cm
C-Trak Omniprobe
(Lechner 19 380160
Collimator)
Europrobe (Small
Probe with 22 140420
Collimator)
Neoprobe with
(Collimator) Used 28 390460
in fhSPECT system
Node Seeker
+
(Straight Probe) 3 930+180
Nawgatpr (without 35 210430
Collimator)
y-Locator (F8 A1) 38 92+14

6.3.3. Small Detector Design

Using the collimation geometry that provided the optimum values, MCNP simulations
were performed again in order to understand how much of the volume detection crystal is used.
The MCNPX Visual Editor Software with the Version of X_24E was utilized to visualize the

particle tracks in the MCNP simulation and Figure 6.8 was obtained.
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< Lanthanum
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1 .,_-  Crystal

Figure 6.8 Particle tracks within the detector geometry acquired by MCNP simulations.

Red dots in Figure 6.8 represents the peak energy particles deposited within the

medium. Based on the Figure 6.8, it can be summarized that with these settings, roughly one-

eigth of the crystal volume is used.
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Figure 6.9 Schematic drawing of proposed detection unit with multiple detectors.

Hence, a new more compact design of the detector would allow the use of multiple
detectors bundled together with each having its own collimation, as illustrated in Figure 6.9.
This would enable faster acqusition and faster mapping of the radiactive distribution in real
time. Another simulation in MCNP was performed with a new smaller design of the detector
in which the crystal was cut to one-eight of its volume by reducing the diameter of the crystal
from 10 mm to 5mm and and the thickness from 25 mm to 12.5 mm. Some portion of the
aluminum shielding was cut symmetrically on each side of the crystal and the thickness of the

reflector material above the cylindrical surface of the detector was reduced as shown in Figure
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6.10. Figure 6.10 shows the geometries of the detector simulated in MCNP in which the two
pictures are scaled and (a) and (b) show the geometry of the detector before and after redesign,

respectively.

(a) Bigger Design (b) Smaller Design

Figure 6.10 The 2D view of the detector geometry provided by MCNP simulations (a)

before and (b) after minimization.

The particle track within the geometry of the new detector in Figure 6.10 (b) was
simulated in MCNP and Figure 6.11 (b) was obtained in which the peak energy photons were

deposited within the entire volume of the detection crystal.
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Figure 6.11 Simulation of the photon track within: (a) the geometry of the bigger

detector and (b) of the smaller detector geometry.

By using the new geometry of the detector in Figure 6.11 (b), the sensitivity and spatial
resolution of the detector were redifened following new MCNP simulations. The sensitivity at
10 cm SCD was slightly decreased to 37.93+0.63 (cps/MBq) from 48.95+0.72 (cps/MBq).
This is because, a minority of the peak energy photons deposited at the depth of the crystal in
Figure 6.11 (a) were missed in the geometry of the new design in Figure 6.11 (b) due to the
reduced thickness of the crystal. The loss of sensitivity is more than compensated by using the
multiple detector units. On the other hand, the spatial resolution at 10 cm was increased to
5.12+0.48 mm from 6.94+£0.67 mm. The spatial resolution was improved because reducing the
thickness of the reflector material above the cylindrical surface of the crystal caused a closer

distance between the source and detection crystal so finer spatial resolution as a result.
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6.3.4. Uncertainty of the Experimental and MCNP Results

While the total percent standard uncertainty in the sensitivity values of Table 6.1, was
found to be varying between 3.4-4.9 %, the percent uncertainty in spatial resolution values of
Table 6.1 varied between 3.9-5.3 %. On the other hand, the percent uncertainty in the simulated
optimum sensitivity and spatial resolution at 10 cm SCD in Table 6.2 were calculated as 9.29

% and 9.55 % respectively.

6.4. Conclusion

Literature studies reveal that the localization of the deep seated lymph nodes in the body
and definition of the edges of the non-palpable tumors had always been problematic which
often caused re-excsion procedure of the tumor left behind. This Chapter was intended to give
a contribution to the better localization of the SLNs and tumors by designing an optimum
collimation geometry for the detector discussed in previous two Chapters. Based on the
simulations and experimental results, it was found out that by having a spatial resolution of
4.3+£0.4 mm and sensitivty of 189+1 cps/MBq at 5 cm source-to-collimator surface-distance
(SCD), and 6.94+£0.67 mm and 48.95+0.81 cps/MBq at 10cm SCD, the collimated detector
could meet the neeeds for locating the whole of a breast tumor and the deeply-seated SLNs that

requires a detector with fine spatial resolution and adequate sensitivity.
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/. Conclusion and Future

Directions

7.1. Conclusion

According to the results of Chapter 4, Chapter 5 and Chapter 6, where the portable
gamma detector with and without collimation was designed, constructed and characterized by
both experiments and simulations, the detector is capable of distinguishing between two
radioisotopes having low and close photopeak energies, e.g., 141 keV and 159 keV. In addition,
thanks to the collimation geometry explained in Chapter 6 that increased spatial resolution
while maintaining an adequate sensitivity, the localization and identification of the clustered
positive lymph nodes at depth would be possible. Furthermore, when radioactive sources such
as 12%1 with an imaging agent are used to locate the tumor, instead of placing the brachytherapy
sources at the tumor site, it could be possible to provide information about the edges of the
tumor. The detector was built to have a compact and mobile structure so intraoperative freehand

measurements can be performed. Last but not the least, the fast measurements in real time
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would be possible thanks to the proposed detector unit design as shown in Figure 6.9 of Chapter

6.

7.2. Recommended Future Directions

This work was solely focused on designing the detector hardware which can be
considered as the crucial first step of the overall project. However, as explained in the Chapter
1, the ultimate goal of the overall project is to provide a real-time guidance to the surgeon by
creating a 3D image of radiactivity distribution of the radioistopes used to lacate the tumor and
sentinel node. Following the creation of 3D radioactivity map of the sources, the image of the
radiation fields would be viewable by surgeon on a clear heads-up, augmented reality visor
allowing the surgeon to view patient with the reconstructed image of tumor and nodes
superimposed in the patient. However,in order to reach this goal of the overall project: a 3D
tracking system should be defined and integrated to the detector to track the orientation and the
position of the detector on-the-fly, a 3D image reconstruction algorithm needs to be developed
and integrated to the tracked detector so the orientation and position data coming from the
tracking system is combined with the measurements taken with the detector to create the 3D
image of the radiation fields coming from the sources. The finally part of the system is
integrating all this information into an augmented reality visor worn by the surgeon so the
reconstructed image of the tumor and the nodes would be superimposed on the patient,
viewable by the surgeon during the surgery. As the recommended future work, a brief

explanation to each of those steps will be given below.
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7.2.1. Reconstruction of the Detector

As it was proposed in Figure 6.9, the new design of the detector can be built. Having the
same detector with almost same characretistics achieved but in a much more compact size
would allow building multiple detectors bundled to each other, which would allow the surgeon

to make rapid measurements during the surgery.

7.2.2. Integration of the 3D Tracking System

An accurate position and orientation data is required for the detector. There are several
three-dimensional motion tracking techniques which provide motional data including: inertial
systems, acoustic systems, optical(radio)-video systems, microwave frequency sensors,
electromagnetic tracking systems and mechanically attached encoders. Among these, Inertial
measurement units (IMUs) have become a promising technology by having an accelerometer,
gyroscope and a magnetometer on a single chip. They are light weight, small size and low-cost
units used in most of the smartphones and in virtual reality and augmented reality displays.
[139] An IMU attached to our detector would give information about the orientation and
position of the probe by integrating linear accelerations and angular velocities data coming
from the accelerometer, gyroscope and magnetometer. The rotational and translational
movements can be measured by using an IMU which comprises of gyroscopes and
accelerometers. Short term movements can be easily tracked by using a background direction
from the accelerometer which caused by gravity. However, using an IMU consisting of only 3
axis accelerometers and 3 axis gyroscopes is not sufficient to track the accurate position and

orientation of the probe in space since small errors build up in each axis caused by the double
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integration of accelerometer data to get the position information. These errors can add up to a
drift in the absolute direction over time. The drift problem can be solved by using another
directional sensor: a 3-axis magnetometer (compass). The sensing algorithm can compensate
for small drifts for longer periods of time thanks to extra magnetic field information coming
from 3-axis magnetometer. [140] Hence, the use of an IMU comprising of a 3-axis
accelerometer, 3- axis gyroscope and a 3-axis magnetometer is being proposed to track the

absolute change in the position and orientation of the detector in space.

7.2.3. Determination of the 3D Reconstruction Algorithm.

The preoperative imaging techniques to localize SLNs are not applicable for use during
surgery because the position and anatomy of the patient during acquisition of the images is
different than the position and anatomy present during the surgery. For that reason, the real-
time information about the location of SLNs for breast conserving surgery is of high value. Our
detector system will combine readings from a handheld radiation detector with an IMU tracking
system to determine its position and the orientation in space so the three-dimensional image of
radioactivity distribution of the radiotracers injected to the body can be reconstructed in real

time to be used as the guidance for the surgeon during the surgery.

Based on the overall goals of this study, the handheld gamma detector will be scanned
around the target to detect radiation coming from the source volume. A one-dimensional
reading in count per second (cps) for each three-dimensional pose of the detector will be
acquired. The reconstruction problem is transforming this one-dimensional data into a three-

dimensional radioactivity distribution in a finite volume in space based on the readings of the
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detector accompanied with orientation and position data from the tracking system. This

reconstruction problem can be expressed by Equation 7.1:
M
gi = ZHijfj- (7.1)
j=1

Assuming the projected target volume X is composing of M volume elements (voxels) each
expressed as xj and j= 1, ....... M, the number of projection bins is denoted as i where i= 1,
....... M and gi is the detector reading in cps at projection bin i and fj is the radioactivity to be
reconstructed in voxel j (xj). Each entrie Hj; is called a system matrix coefficient, which
includes the detector’s response functions and describes the influence of radioactivity in voxel
J to the detector reading gi. In other words, it is the system matrix that describes radiation
propagation through the volume to the detector positions. In traditional nuclear medicine
imaging modalities, such as SPECT, PET, the coefficients of the system matrix can be pre-
determined from the CT scan, since the relative position and orientation of the detector are
fixed and do not depend on the scan. However, in our model, measurements will be taken at
arbitrary, on the fly, positions. Hence, the system matrix coefficients Hij should be calculated
during runtime and each detector reading gi should be accompanied with an orientation and

position vector pair.
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7.2.4. Augmented Reality System

The use of a heads-up, augmented reality display is the last step of this overall project.
A three-dimensional image of radioactive distribution can be projected on to a head-mounted
clear visor registered to the patient as the surgeon’s angle of view changes. Augmented reality
systems are widely used in medical applications for teaching and guidance purposes. The

integration of an augmented reality system to this detector unit seems to be feasible.
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Appendix A

Table A. 1 Informational data of the sources used in the experiments and MCNP
simulations.

Single Nuclide Sources

: Total
Nuclide Half Life %nﬁeaﬁ;atr;;g Source Energy Activity Reference Branching Uncertai Exp
tle (h) () 1D (keV) (Ao) (Bg) Ao date Ratio nty inthe  Evaluation
Activity
2/15/2019 ES?
09 1.11E+04 16.8 048-88- 88 3.61E+05 2:00 PM 0.0363 3.00% b oed
Cd 1 uTC ER®,PE
2/15/2019 —
7 6.52E+03 2.16 048-88- 122 3.86E+05 2:00 PM 0.856 3.00% e ped
Co DMCPE
12 uTC
2/16/2019 MC.ES?
am 6.01E+00 0.0001 n/a 141 1.74E+08 2:12PM 0.89 4.00% b
Tc ER
uTC
2/16/2019 MC ES?
2 1.32E+01 1.9 n/a 159 8.58E+06 11:47 AM 0.833 4.00% b oed
1 ER®,PE
uTC
4/1/2005 MC ES?
3’Cs 2.64E+05 1402.368 n/a 662 7.08E+07 12:00 PM 0.851 4.00% ER‘; PEd’
(Seed) uTC :
Multi-Nuclide Source
5/1/2012
10pp, 1.96E+05 1752.96 1592-24 47 9.34E+04 2:00 PM 0.0418 4.10% ES?
uTC
5/1/2012
®cq 1.11E+04 16.8 1592-24 88 1.19E+05 2:00 PM 0.0363 3.10% ES?
uTC
5/1/2012
cs 2.64E+05 1402.368 1592-24 662 2.06E+04 2:00 PM 0.851 3.00% MC,ES?,PE?
uTC
5/1/2012
%Co 4.62E+04 8.76 1592-24 1173 2.44E+04 2:00 PM 0.9986 3.00% MC,ES? PE¢
uTC
5/1/2012
%Co 4.62E+04 8.76 1592-24 1333 2.44E+04 2:00 PM 0.9998 3.00% MC,ES? PE¢
uTC

n/a: Not applicable, or missing information
2 Energy Spectrum,

® Energy Resolution,

¢ Distance Measurements,

4 PhotoPeak Efficiency

MC: Monte Carlo Simulations
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Appendix B

Table B.1 The parameters contributed to the total % standard uncertainty in the % energy
resolution for experimental calculations.
Component E=88 kev E=122 keV E=159 keV E=662 keV E=1173 keV  E=1333 keV

Type Type Type Type Type Type Type Type Type Type Type Type
A% B % A% B % A% B % A% B % A% B % A% B %

Count
statistics
and Dead- 45 3.8 15 16.7 30.9

time
provided by

MCA
Quadratic

Sum 1.2 0.0 4.5 0.0 3.8 0.0 1.5 0.0 16,7 0.0 309 0.0
Combined
Uncertainty 1.2 4.5 3.8 1.5

%

16.7 30.9

Table B.2 The parameters contributed to the total % standard uncertainty in experimental
photopeak efficiency calculations.
Component E=88 kev E=122 keV E=159 keV E=662 keV E=1173 keV  E=1333 keV

Type Type Type Type Type Type Type Type Type Type Type Type
A% B% A% B % A% B% A% B% A% B % A% B %
Activity 3.1 3.0 3.0 3.0 3.0 3.0
Half Life 0.2 0.0 0.0 0.5 0.0 0.0
Distance 3.0 3.0 3.0 3.0 3.0 3.0

MCA (Count

Statistics g 0.9 0.2 6.2 226 13.8
and dead
time)
Quadratic
Sum
Combined
Uncertainty 6.5 4.3 4.2 7.6 23.0

%

4.9 4.3 0.9 4.2 0.2 4.2 6.2 4.3 226 4.2 13.8 4.2

144
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Table B.3 The parameters contributed to the total % standard uncertainty in the net count rate

detected for distance measurements for experimental calculations.
SDD=7 cm SDD=15 cm SDD=20 cm

Component SDD=1cm SDD=3 cm SDD=5 cm
Type Type Type Type Type Type Type Type Type Type Type Type
A% B % A% B % A% B % A% B % A% B % A% B %
Activity 3.0 3.0 3.0 3.0 3.0 3.0
Half Life 0.0 0.0 0.0 0.0 0.0 0.0
Distance 7.0 5.0 3.0 2.1 1.0 0.8
MCA (Count
Statistics and 0.3 0.5 0.9 1.3 39 5.9
dead time)
Q”gjrrnat'c 03 76 05 58 09 42 13 37 39 32 59 31
Combined
Uncertainty % 7.6 5.9 4.3 3.9 5.0 6.7
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