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Abstract
The overall goal of this work was to utilize the dedicated breast SPECT-CT system
to acquire the best possible images. The work presented in this dissertation investigates
phantom and subject positioning as well as collecting data with a variety of angular
sampling and acquisition trajectories. Further, a large portion of this work was focused on
applying corrections to the system for quantitative imaging. The system was shown to
provide high quality images with minimal out-of-field signal contribution. Additionally,
the quantification procedure was shown to be within 10% of the known activity
concentration present at the time of imaging for both simple vertical axis of rotation
(VAOR) and complex projected sinusoidal wave (PROJSINE) trajectories.
Significant characterization of the patient bed positioning system was completed.
Though, it was decided that the accuracy of the bed’s movements during a scan would be
insufficient for accurate imaging with the acquisition protocol. Vertical bed movement,
the mostly likely to be implemented in an image acquisition sequence, moves with a
quadratic form and has a reproducibility of ±0.05 cm. However, when the bed was moved
vertically according to the characterized equation, it moved farther than expected. Due to
the uncertainty of the bed positioning, it is not recommended to move the bed during an
image acquisition.
Furthermore, this work investigated minimizing the cardiac and hepatic signal
acquired in human subject imaging with the non-traditional acquisition trajectories. For
each azimuthal angle around the breast, the maximum polar tilt at which the camera
would not receive direct signal from the heart or the liver was determined by sequentially
iv

imaging anthropomorphic phantoms at increasing polar tilt angles. With the maximum
polar tilt at each azimuthal angle boundary determined, a constrained PROJSINE
trajectory was created to fully sample the breast volume and part of the chest wall
without signal from the heart or liver.
Maintaining constant total counts, the relationship between the effect of angular
sampling and frequency content on image quality was explored. The results indicate that
128 projections produce high quality images for objects at low and high frequencies.
However, it was shown that for low frequency objects, the angular sampling could be
reduced and still result in high SNR and contrast due to increased counts per projection.
Additionally, this work implements and evaluates image quantification methods
for the whole breast over the range of activity concentrations expected clinically. It was
found that the VAOR acquisition trajectory produces images that are within ±10% of the
known quantity. Additionally, the PROJSINE trajectory was within ±10% in some cases,
but statistical tests showed the quantification was borderline equivalent to the known
quantity. These are highly encouraging and excellent results for nuclear medicine images.
For initial and impending human subject imaging, significant work was
completed to ensure that the imaging protocol would produce high quality images. Yet,
the procedure for imaging human subjects continues to be a learning process with each
image improving in quality. For future human subject acquisitions, it is recommended to
acquire the data with 128 projections and the constrained PROJSINE trajectory (using
scout scans to determine the location of the heart and liver).
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1 Introduction
This thesis evaluates various aspects of the hybrid single photon emission computed
tomography (SPECT) and x-ray computed mammotomography (CmT) device developed in the
Multi-Modality Imaging Laboratory (MMIL) at Duke University. Patient positioning techniques
and acquisition trajectories were developed and evaluated for improved image quality.
Additionally, steps to produce a quantitatively accurate radioactivity distribution in reconstructed
images were completed and evaluated.
The study goals in this dissertation mainly focus on positioning patients more ideally in
the field of view (FOV) of the scanner, and acquiring the best possible image data. In 2006 when
I joined the MMIL, the two independent SPECT and CT subsystems were being characterized
and evaluated, and they were on the verge of hybridization. Optimal strategies to engineer the two
subsystems into one hybrid system were under investigation. A detailed analysis of data
collection strategies as well as image measurements was necessary prior to early patient trials.
With the imaging system being nearly ready for clinical testing, my research has focused on
judiciously positioning objects/subjects and optimally collecting data for improved image quality.
Ultimately, quantitative SPECT imaging was a goal implemented in this work.

1.1 Breast Health Statistics and Management
Breast cancer is not only the most commonly diagnosed cancer among women
worldwide, but also the second leading cause of cancer death in the United States (US) [1].
Excluding skin cancer, breast cancer is the most common cancer diagnosed in US women,
accounting for about 25% of cancers [1]. The risk of developing breast cancer increases with age,
and US women have a 12.5% lifetime probability of being diagnosed with breast cancer [1].
Breast cancer can initiate in either a breast milk duct or lobule, but very rarely in other breast
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tissue types. Breasts, on average, consist of 30% fat and 70% glandular (ducts and lobules) tissues
(Figure 1.1) [2].

Figure 1.1: Schematic drawing of breast anatomy. Glandular breast tissue, made up of
ducts and lobules, is where breast cancer most frequently originates. Lobules are glands
where milk is produced during lactation, and the ducts carry the milk from them to the
nipple. [3]
While breast cancer has many different histological subtypes, in situ and invasive refer to
the spread of disease. Carcinoma in situ is a collection of abnormal cells confined to the
surroundings of their original cell type; for example, ductal carcinoma in situ (DCIS) is cancer
confined to the ducts. Between 2002 and 2006, 80% of in situ cases originated in the ducts, 12%
originated in the lobules, and all other in situ cancers had components of both ductal and lobular
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tissue, or were from unknown origin [1]. However, in situ breast cancer will not necessarily form
a tumor or become clinically problematic. On the other hand, invasive breast cancer is a
malignant disease that infiltrates into regions of the body outside its own original cell type; for
example, invasive ductal carcinoma spreads to lobular breast tissue and possibly metastasizes to
other organs. It was predicted that of the new breast cancer cases in 2009, 76% would be invasive
and 24% would be in situ [1]. Earlier cancer detection, prior to invasive spread, likely gives a
higher probability for cure and reduced morbidity, which is why general screening guidelines
have been instituted in the US and other developed nations.
General breast health screening guidelines endorsed by the American Cancer Society
state that women should: 1) optionally perform a breast self-exam beginning in their 20s; 2) have
clinical breast exams every three years in their 20’s and 30’s, and yearly after 40; and 3) have an
annual mammogram after the age of 50 [1]. During self and clinical exams, the breast, chest wall
and axillary lymph nodes are visually inspected for abnormalities and gently palpated in a circular
or zig-zag pattern. During a mammogram, the breast is compressed between two plates and two
planar radiographic images of each breast are acquired (Figure 1.2). In the craniocaudal image, xrays pass from the superior to inferior side of the breast and are acquired by an x-ray film or
digital detector placed directly underneath the breast. In the medial-lateral image, x-rays pass at
an approximately 45° angle from the medial to the lateral side of the breast with an image
acquired on the lateral side (Figure 1.2, TOP).
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x-ray source

x-ray film

Figure 1.2: (TOP) Cartoon of a woman receiving a medio-lateral mammogram where xrays originate from above and pass from medial to lateral through the breast. (BOTTOM)
Example of a two-dimensional, craniocaudal mammogram image that is normal. [5]
These guidelines are based on data trends and are constantly being re-evaluated. In 2009,
a literature review of breast cancer screening reported that breast self examination does not affect
the mortality from breast cancer, but does increase the number of biopsies of benign tissue
performed [4]. Additionally, over-diagnosis results from these mass screening procedures [4].
Another study states that over-treating DCIS is a known problem in a general screening paradigm
because not all carcinoma in situ will progress to invasive cancer [5].
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The unnecessary over-diagnosis and over-treatment are problematic because they cause
undue emotional turmoil and monetary expense to the patients, their family and society as a
whole. However, despite the over-diagnosis of breast disease, breast cancer was estimated to
cause more than 40,000 deaths in the US alone in 2009 [1]. Therefore, it seems necessary to
differentiate between the various types of carcinomas in situ. Specifically, it is important to know
which of these cancer types will go on to become malignant, and how rapidly they will progress.
It has been shown that the ~30% decrease of breast cancer mortality since 1990 can be attributed
to screening imaging protocols [6]. Perhaps improved diagnostic imaging protocols could
decrease over-diagnosis and/or over-treatment. Screening imaging protocols are relatively
efficient, high-throughput exams looking for any indication of abnormality. Diagnostic imaging
protocols, on the other hand, differentiate between benign and malignant changes (see section
1.3).
The various types of breast cancer make diagnosis and treatment a patient-specific
process. Despite efforts to pinpoint high-risk populations, 70% to 80% of women diagnosed with
breast cancer have no additional risk factors other than age and gender, [6] further reinforcing the
need for general population breast cancer screening and more specific diagnostic exams.
Although women with co-morbidities, e.g. hypertension or diabetes, are less likely to survive
breast cancer than those without them, the majority of breast cancer patients do not have comorbidities [5]. For women over the age of 70, recommendations for screening vary and are
directly dependent on the patient’s co-morbidities [5], which minimizes over-treatment for breast
cancer. Nonetheless, knowledge of patient history and risk factors can be a very useful tool in
diagnosing disease. Table 1.1 presents a list of risk factors that are associated with breast cancer
and an explanation of how the factor increases or decreases a person’s risk.
An estimated 7% of breast cancers occur from inherited genes, such as BRCA1 and
BRCA2 [7]. Other factors increasing risk are prior breast cancer, significantly dense breast tissue,
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Table 1.1: Risk factors for breast cancer and an explanation of how each factor increases or
decreases risk (Adapted from [8]).
Risk Factor
Female
Age
Country of Birth
BRCA1 / BRCA2
1 or more 1st degree relative diagnosed
with breast cancer before menopause

Increase

History of breast cancer
High postmenopausal mammographic
density
Biopsy-confirmed atypical hyperplasia
High-dose radiation to the chest
High postmenopausal bone density
>30 yr at 1st full-term pregnancy
<12 yr at menarche
>55 yr at menopause
Postmenopausal Obesity
Recent hormonal contraceptive use
Recent & long term hormone use
Alcohol consumption
Religion

Decrease

Religion
Oophorectomy before the age of 35
Lactation
Socio-economic status

Explanation
Breast tissue in women undergoes more changes
and is exposed to more and changing levels of
hormones over lifetime than in men
Likelihood to develop cancer increases with age;
tissue has a longer exposure time to hormones
and other carcinogenic factors
North Americans and Europeans are more likely
than Asians or Africans to develop cancer
These gene mutations are statistically linked to
development of disease
Cancer developed before menopause is more
likely to have a genetic basis
Previous breast cancer indicates a predisposition
to breast cancer
75% dense or more; possibly due to increased
levels of insulin-like growth factor or hormones
Atypical hyperplasia is a precursor to cancer
Radiation causes cellular changes linked to
cancer, especially significant in females aged
10-30 yr when breast tissue is developing
Linked to high estrogen levels
1st pregnancy after 30 more likely to get breast
cancer than no pregnancy at all
Increased exposure to hormones
Increased exposure to hormones
Increased exposure to hormones which are
generated and stored in fat
Increased exposure to hormones
Increased exposure to hormones
>1-2 glasses per day linked to increase in breast
cancer
Ashkenazi Jewish women have a high
percentage of BRCA1/2 carriers
Mormon and Seventh Day Adventist lifestyles
reduce their risk (no alcohol, early 1st
pregnancy)
Removal of ovaries reduces cancer risk due to
decreased hormone levels
Some pre-cancerous cells maybe secreted during
lactation
Wealthy women are more likely to get breast
cancer
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hormone replacement therapy for greater than 10 years, and a history of atypical ductal
hyperplasia or lobular carcinoma in situ (LCIS) without family history of breast cancer [8]. To
predict the short- and long-term risk of breast cancer and identify the individuals at “high risk,”
statistical models have been developed, including BRCAPRO, Claus and Gail [5]. These women
at high risk, especially those who have gene mutations, a personal history of atypical ductal
hyperplasia or LCIS with associated family history, had therapeutic or similarly significant
radiation exposure, and/or a history of a gene mutation in the family (for an untested individual),
often undergo additional diagnostic tests beyond the general screening guidelines. These women
are recommended to begin regular breast health care screening at an earlier age than the average
population (e.g. 30 versus 40), which includes an annual x-ray mammogram. They are also
recommended to be screened in intervals of 6 months rather than 12, potentially with an
additional magnetic resonance imaging (MRI) procedure and/or ultrasound [5].

1.2 Random Periareolar Fine Needle Aspiration (rpFNA)
One optional and still investigational procedure a woman at high risk for breast cancer
could undergo is random periaeolar fine needle aspiration (rpFNA), a promising and minimally
invasive diagnostic tool. rpFNA is an investigational technique that repeatedly samples the
mammary cells from the whole breast from otherwise asymptomatic women to determine breast
cancer risk and response to chemoprevention (Figure 1.3) [9-11]. In each of two anesthetized sites
on opposite lateral sides of the nipple, eight to ten 21-gauge needle aspirations are performed
using separate syringes for each aspiration. The resulting cellular samples are pooled for analysis
and scored with the Masood Cytology Index (Table 1.2) [11-13]. Samples are also tested for a
loss of expression of RARβ2, a breast cancer tumor suppressor, which has been linked to local
cellular environments that promote mammary carcinogenesis [14].
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At Duke University Medical Center’s Breast Wellness Clinic, run by Dr. Victoria
Seewaldt, this test is performed on approximately 3 to 5 patients per week. Despite the fact that
several needles need to be inserted into the breasts of these patients, there has been a >90% reenrollment (follow-up) over a 3 year period for individuals participating in this test [9, 10, 14],
and patients have only assigned the procedure a median of 1 on a 0-10 pain scale [15]. The
patient population recruited for this study has a: (1) 5 year Gail risk calculation ≥1.7% [10, 16];
(2) prior biopsy exhibiting atypical hyperplasia, LCIS, DCIS; or (3) known BRCA1/2 mutation
carrier, or a pretest probability of >30% for having a BRCA1/2 mutation carrier using BRCAPRO
software for analysis. The Gail risk calculation computes the probability for a woman to develop
in situ or invasive breast cancer in 10, 20 or 30 years based on known risk factors, such as age at
menarche, age at first live birth, current age, number of affected first-degree relatives, number of
breast biopsies and presence or absence of atypical hyperplasia [10, 16]. Since the presence of
atypia in breast rpFNA increases the scoring for overall risk of breast cancer 4-fold for high-risk
women [10], the rpFNA method already appears to be a good short-term breast cancer assessment
for this population.
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Figure 1.3: (TOP) Schematic of the rpFNA procedure, which collects random samples of
breast tissue from asymptomatic patients with 8-10 individual syringes. Image courtesy of
Martin Tornai (BOTTOM) Rendition of the rpFNA procedure. The 21-gauge needles
(smaller than the one shown in this illustration) are repeatedly inserted in the breast in a
patterned path, but does not target a specific site in the breast.
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Table 1.2: Scoring of cell types to determine cytologic status as per the Masood Cytology
Index. Sum of Masood scores: 6-10 Normal; 11-13 Proliferative (Hyperplasia without
atypia); 14-17 Hyperplasia with Atypia; ≥17 Suspicious for cancer. Women with scores of
≥19 are referred to a breast surgeon for further evaluation.
Cellular
morphology
Monolayer

Cellular
pleomorphism
Absent

Myoepithelial
cells
Many

Anisonucleosis
Absent

Nucleoi

Nucl. Overlap

Mild

Moderate

Mild

Clustering

Moderate

Few

Moderate

Loss cohesion

Conspicuous

Absent

Frequent

Micronucleoli
Micronucleoli
Macronucleoli

Absent

Chromatin
clumping
Absent

Score

Rare

2

Occasional

3

Frequent

4

1

1.3 Screening and Diagnostic Breast Cancer Imaging
The objective of breast cancer screening techniques is to correctly identify all the
individuals who have cancer, i.e. screening techniques should have high sensitivity. On the other
hand, the objective of breast cancer diagnostic tests is to correctly identify individuals who do not
have cancer, i.e. diagnostic tests should have high specificity and moderate sensitivity.
While mammography is the modality of choice for screening imaging because it is
inexpensive, low in radiation dose, sensitive and fast to complete, it also has a low positive
predictive value and frequent false negatives. In addition, mammography has a very limited
ability to detect pre-cancerous changes in women with dense breast tissue [17-19] due to the
radiographically dense overlapping structures. As a consequence, the effectiveness of this
technique may not be optimal for younger women. In spite of this finding, the sub-group of
women who are at high risk of developing the disease are recommended to begin regular
mammography screening at an earlier age (as early as 30) than other women, in hopes of
determining disease status of the patient. Early detection of breast cancer is generally accepted to
increase the survival rate of a patient [20]; however, mammography may not be the best possible
tool to for this early detection task for women with dense breasts. Table 1.3 outlines and
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Functional

Anatomical

Table 1.3: Inherent contrast, sensitivity and specificity, resolution and limitations of current
and proposed screening and diagnostic breast imaging modalities
Imaging
Modality

2D or 3D

Mammography
[21]

2D

Tomosynthesis
[21]

Pseudo
3D

Breast CT [22]

3D

MRI [23, 24]

3D

Ultrasound [23]

2D, 3D

Scintimammography with
Sestamibi
(Dual-Head,
CZT) [25]

2D

PEM with
FDG [26]

Pseudo
3D
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Diffuse Optical
Tomography
[27]

2D

Inherent
Contrast
Photon
attenuation
differences in
breast tissue
Photon
attenuation
differences in
breast tissue
Photon
attenuation
differences in
breast tissue
Contrast
enhanced blood
flow shows
areas of
abnormal
angiogenesis
Differences in
speed of sound
in breast tissues
Uptake tracer in
mitochondria
which increase
with increased
metabolic
activity
Mimics glucose,
cells’ preferred
energy source;
more energy
requires more
FDG
Absorption/
scatter of tissue;
endogenous
fluorescents;
contrast agents

NA = not available at time of publication.
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Sensitivity/
Specificity

Resolution
(mm)

Major
Problem

0.88/0.60

0.05

Overlapping
tissues

0.93/0.64

0.07
(detector
pixel)

Out of plane
blurring

NA

0.388 (reconstructed
voxel)

Poor chest
wall
coverage

0.93/0.74

0.625
(sampled
voxel)

Expensive;
time
consuming

NA

0.4

Poor image
quality

0.75(0.90)/
0.83

2.5
(detector
pixel)

Radiation to
whole body

0.86/0.91

3

Radiation to
whole body

NA

Poor depth
penetration
resulting in
surface
sampling;
poor
resolution

NA

compares other breast screening and diagnostic imaging modalities currently employed or
proposed for use.
Other x-ray techniques are being researched to remove the effect of overlapping
structures by displaying image slices of the breast, such as breast tomosynthesis [28] and CT [29,
30]. Breast tomosynthesis acquires x-ray images over a limited angular range (<180º) and
reconstructs images with non-isotropic voxel sizes (generally blurred in the axial direction
between image planes). Breast CT acquires x-ray projection images over a full 360º angular
range, and has the capability of reconstructing isotropic voxels where there is limited to no
blurring in the breast volume, and thus all structures’ volumes, including a tumor, can be
quantified. Either of these modalities has the potential to improve the breast cancer screening
paradigm at or below the radiation dose of mammography.
Other tools that have been proposed and tested for breast screening in specific
populations as well as diagnostic follow up procedures are magnetic resonance imaging (MRI),
ultrasound and scintimammography [31, 32]. MRI has been proposed as a screening tool for highrisk populations because it is able to image breast cancer with high sensitivity, irrespective of a
woman’s breast density, and without exposing the radiosensitive breast to ionizing radiation [33,
34]. Note that while radiowaves are used in the MRI imaging process, and there is radiofrequency
switching at very high rates depositing energy in the form of heat in the breast tissue, it is unclear
what if any effects there are from MRI imaging on breast cancer. Overall, MRI has higher
sensitivity than mammography, yet only moderate specificity [35]. Therefore, studies have been
completed exploring the usefulness of MRI as a tool for breast cancer surveillance in high risk
women. In one such study, MRI was found to detect significantly more pre-invasive cancers than
either mammography or ultrasound [34]. Another study found that while MRI led to more
biopsies, it also helped to detect more cancers than either mammography or ultrasound [31]. MRI
is currently recommended for screening in women with some high risk factors, such as BRCA
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mutation carriers and women who have received radiation to the chest [8, 36, 37], but not in
women who have known LCIS, atypical lobular hyperplasia or atypical ductal hyperplasia [8, 31,
37].
Ultrasound also images the breast independent of density and without ionizing radiation,
though energy is deposited in breast tissue. Ultrasound is used clinically as a diagnostic scan to
complement mammography screening. If a woman has a suspicious region in her breast, an
ultrasound image further interrogates the region to determine if it is a benign cyst or one
potentially in need of biopsy. While ultrasound has been found to be very good at identifying
cysts, it has not been shown to be better than MRI or scintimammography for diagnosis of
malignant disease [31, 34, 38].
Nuclear medicine imaging is only very modestly affected by breast density, and it also
has the ability to image functionality in the breast and could potentially identify cancers as they
form. In order to sustain their higher proliferation rates, malignant cells have greater metabolic
activity than normal cells [39, 40]. In nuclear medicine imaging, radioactive tracers can mimic
and demarcate the metabolic processes in cells, and the inherent contrast between this higher
metabolic activity of the malignant cell compared to the normal cell is directly imaged. It is well
accepted that molecular changes can occur before structural deformations, and nuclear medicine
imaging has the ability to distinguish these subtle changes [41]. However, nuclear medicine
imaging has a higher radiation dose and longer imaging times than mammography and therefore
is not ideal for screening mass populations. (One group at the Mayo Clinic is currently
investigating the cost-benefit ratio of reducing the dose to an acceptable range for mass
population screening with a planar nuclear medicine technique [42].) Its potential for use in
specific high risk populations and/or as a diagnostic tool for breast cancer identification has been
investigated and is discussed in more detail below.
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There are two types of nuclear medicine scans distinguished by the type of radionuclide
employed: positron emission and photon emission. Positron emission images are formed when a
radionuclide, such as 18F, undergoes positron decay and the emitted positron annihilates with an
electron in tissue near its originating location, and resulting in two 511 keV photons ~180º apart,
which are detected in coincidence. In dedicated breast cancer imaging, positron emission
mammography (PEM) has been explored using radioactive
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F-fluorodeoxyglucose (FDG) to

investigate the glucose metabolism of cells within the breast [26, 43].
The second type of nuclear medicine images are formed by a radionuclide’s undergoing
gamma decay, such as from 99mTc. Detector systems with application-specific collimators acquire
counts from photons, usually making images with the photons that have not been attenuated or
scattered (see Section 1.7). If one single photon emission acquisition is performed, it results in a
planar, two dimensional (2D) image. If many single photon emission images are acquired from
different views around an object, then they can be reconstructed to form a 3D SPECT image.
Scintimammography is a planar single photon imaging technique, which until the last 10 years or
so has been acquired with whole body gamma cameras, where it has been found to be useful in
diagnosing breast cancer in women with dense or fibrous breasts [32]. Additionally, whole body
SPECT imaging has been shown to improve the diagnosis and detection of recurrence of breast
cancer, as well as the evaluation of tumor extent for patients whose mammogram, ultrasound
image and fine needle aspiration results were inconclusive [32]. In 1997, a study compared whole
body MRI and scintimammography using contemporary, large-area clinical gamma cameras for
the detection of benign and malignant lesions [44]. While MRI was more sensitive than
scintimammography for this detection task, scintimammography was reported to be equally
specific. However, the study compared scintimammography using a whole body, large area
gamma camera, which is known to have poorer resolution than compact, dedicated devices such
as the one used in this work. With similar specificities already achieved and expected only to
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improve with higher performance and dedicated imaging equipment, it is believed that the
sensitivity of scintimammography will consequently improve [45].

1.4 Radiotracers for Breast Cancer Imaging
A variety of radiotracers have been developed and are being tested for imaging breast
cancer with a 99mTc radionuclide (140.6 keV gamma ray) including: nanocolloidal albumin, sulfur
colloid, DTPA-mannosyldextran, tetrofosmin, pentavalent dimercaptosuccinate acid ((V)DMSA),
and 2-methoxy isobutyl isonitrile (sestamibi or MIBI) [46-51]. Some of these radiotracers are
used for lymphoscintigraphy, while others are intravenously injected and found to concentrate in
malignant breast tissues. (V)DMSA and sestamibi are actively used for breast cancer detection
and staging, and detailed comparison studies have been performed [47-50]. Papantoniou et al.
have found that imaging with (V)DMSA yields high sensitivity, while sestamibi imaging yields
high specificity for breast cancer [50]. They further found that (V)DMSA uptake correlated very
well with cell proliferation, while sestamibi uptake correlated with angiogenesis and an oxidative
metabolism [50].

99m

Tc-sestamibi has been approved by the US Food and Drug Administration

(FDA) for imaging breast cancer in the US and is easily obtainable, while (V)DMSA has not been
FDA approved, though preliminary studies cited have been performed in Europe.
For these reasons, our studies will employ

99m

Tc-sestamibi [52-56] for dedicated breast

SPECT imaging. Sestamibi was originally developed for cardiac imaging, but it also has been
shown to localize in malignant breast tissue [57]. Sestamibi undergoes passive diffusion into the
cell, related to the cell’s negative membrane potential, and concentrates in the mitochondria
(Figure 1.4) [57-59]. Sestamibi’s malignant-to-normal cell uptake concentration is on average 6:1
and ranges between 3:1 to 10:1 [53].
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Figure 1.4: Passive diffusion of sestamibi into the cell based on negative membrane
potentials within the cell. Sestamibi is reversibly concentrated in the mitochondria. In
multidrug resistant tumors, sestamibi is actively pumped out of the cell by the Pglycoprotein pathway. Image adapted from [59].
Sestamibi has been shown to be a very useful breast imaging agent, and many breast
cancer imaging studies have been completed using sestamibi. For example, by monitoring
sestamibi clearance rates, tumors with high P-glycoprotein (Pgp) levels and an activated apoptotic
pathway can be identified [59]. If Pgp inhibitors are given, then drugs can be administered to take
advantage of apoptotic pathways [59]. Sestamibi is a useful tool in this scenario because
mitochondria, where sestamibi localizes, create the mechanism to induce apoptosis [59]. The
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utility of the imaging protocol is still under investigation, and it has been reported that complex
biphasic accumulation and washout kinetics of sestamibi in multidrug resistant (MDR)-negative
and -positive tumor cells could mask the Pgp pump dependent tracer accumulation [59, 60].
However, other cellular functions where mitochondria play a key role can also be explored, such
as in differentiating metabolically active from inactive DCIS.
The chemistry of creating radiotracers with 99mTc is not trivial because it is not part of an
organic molecule naturally occurring in the body. In fact, Tc is a man-made element of which
there are no naturally occurring isotopes. Therefore,
sestamibi, have chelating agents which encase the

99m

Tc labeled radiotracers, including

99m

Tc atom at the center of the molecule

(Figure 1.5) [41].

Figure 1.5: Diagram of the chemical structure of 99mTc-sestamibi courtesy of
http://www.newdruginfo.com/pharmacopeia/usp28/v28230/usp28nf23s0_m80783.htm. The
99m
Tc atom is at the center of the sestamibi molecule.
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1.5 Overview of the MMIL Dedicated Breast SPECT-CT Hybrid System
Dedicated breast SPECT has been investigated using both clinical whole body cameras
[61-64] and dedicated compact systems [65-67]. The main limitation to using contemporary
clinical cameras for functional breast imaging is the cameras’ large sizes, which have been
optimized for whole body imaging. Thus, these larger cameras are not able to obtain a minimal
radius of rotation around the breast, and have poorer intrinsic spatial and energy resolutions,
resulting in noisier and less resolved images than those with dedicated high performance systems
[67, 68]. To more optimally image the metabolism of the breast in particular, our lab has
developed a prototype dedicated SPECT system and integrated it into a dedicated hybrid breast
SPECT-CT system, which contours a pendant, uncompressed breast and acquires projection data
to reconstruct a 3D emission mammotomography molecular image along with a fully-3D
transmission mammotomography anatomical image (Figure 1.6) [66, 69-74]. By analogy to x-ray
mammography, it is believed that a dedicated functional and anatomical breast imaging system
could provide the highest quality and most informative image content useful for the
determination, assessment and continued evaluation of breast cancer. Furthermore, it is believed
that this can be done with high accuracy; along with reduced patient anxiety by eliminating breast
compression and having improved patient comfort.
The cone-beam CT system is composed of a rotating tungsten target x-ray source (Rad94, Varian Medical Systems, Salt Lake City, UT), with a 0.4 focal size and 14° anode angle, and a
20x25 cm2 CsI(T1)-based amorphous silicon digital x-ray detector (Paxscan 2520, Varian
Medical Systems, Salt Lake City, UT) with a grid size of 1920x1536 pixels on a 127 µm pitch.
The x-ray source and detector are attached to U-shaped metal plate securing the two at a fixed tilt,
and are adjoined to a common azimuthal rotation stage (model RV350CCHL, Newport Corp.,
Irvine, CA). The collimator attached to the x-ray source holds a metal filter composed of a 100th
attenuating value layer of cerium (0.0508cm) (Z=58, ρ=6.77g/cm3, K-edge=40.4keV, Santoku
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America, Inc., Tolleson, AZ), which yields a mean beam energy of ~36 keV and FWHM of 15%
[75]. The source-to-image distance (SID) is 60 cm and source-to-object distance (SOD) is 38 cm;
thus, an object located at the center of rotation of the system has a magnification of 1.57.
United by the azimuthal rotation stage and oriented 90° with respect to the central ray of
the x-ray source, the SPECT detector is a compact 16x20 cm2 cadmium-zinc-telluride (CZT)
based gamma camera (model LumaGEM 3200STM, Gamma Medica, Inc., Northridge, CA) with
discretized crystals, each 2.3x2.3x5 mm3 on a 2.5 mm pitch. Measured energy resolution of the
gamma camera at 140 keV is 6.7% FWHM and the parallel hole collimator sensitivity is 37.9
cps/MBq [70]. The parallel hole collimator has hexagonal holes that are 1.2 mm flat-to-flat and
has 0.2 mm lead septa that are 25.4 mm in height. A laboratory jack (model RV350CCHL,
Newport Corp., Irvine, CA) moves the gamma camera to various radii of rotation (RORs), and a
goniometric cradle (model BGM200PE, Newport Corp., Irvine, CA) tilts the detector to a
designated polar angle from 0° to 90°.
With the three motors, unique and flexible specially designed acquisition trajectories are
possible with the compact, high performance gamma camera to allow for chest wall and axillary
imaging [70, 76]. Multiple novel trajectories have been tested with anthropomorphic and
geometric phantoms in the field of view (FOV) to ascertain the optimal trajectories [65, 69, 70,
73, 77-79]. Although there are numerous (if not infinite) possible acquisition trajectories which
could be created for tomographic data acquisition with such a flexible SPECT system, trajectories
were originally created heuristically for use in our lab [72, 76], based on generally satisfying
volume sampling criteria [80] (see Section 3.1). Overall image quality (e.g., signal-to-noise ratios,
contrast, bias and variance) was assessed in the development of such trajectories. While the
sampling criteria are satisfied for much of the breast volume in a variety of developed trajectories
[76], incomplete sampling of the heart and liver causes streak artifacts throughout the
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Figure 1.6: Photograph of the hybrid SPECT-CT device with the white-faced SPECT
detector in the center, the cylindrical x-ray source on the right and the black-faced x-ray
detector on the left. Arrows indicate the directions the SPECT detector is capable of
moving. In this implementation, the CT sub-system only moves azimuthally. (Image
courtesy of Dr. Spencer Cutler.)
reconstructed volume, hindering the ability to perceive potential lesions in the chest wall, axilla
and the breast itself [77, 78].
Previous work in our lab has identified the optimal trajectory to be a sinusoid projected
onto a hemisphere (PROJSINE) (Figure 1.7, BOTTOM), because it acquires the most
mathematically complete projection information that forms the best and most complete
reconstructed image of the breast and anterior chest wall [65, 69, 70, 73, 77-79]. Other nontraditional orbits which have been studied in our lab include a tilted parallel beam (TPB) orbit
with a fixed detector tilt (e.g., TPB 45° is a TPB orbit with fixed 45° tilt), which was used during
our first SPECT-only patient study on an early bed design (Figure 1.7, MIDDLE). These
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Figure 1.7: Example trajectories employed in this work, previously tested by Dr. Caryl
Brzymialkiewicz [85]. (TOP) Vertical axis of rotation (VAOR), (MIDDLE) tilted parallel
beam (TPB), and (BOTTOM) projected sinusoidal wave (PROJSINE) are further tested in
this work. Plots on the right show polar tilt as a function of azimuthal position, where the
camera is perpendicular to the ground at 0° polar tilt.
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trajectories are compared to the traditional vertical axis of rotation (VAOR), which is known to
completely sample the breast, but does not generally capture the anterior chest wall or axilla
(Figure1.7, TOP). The PROJSINE trajectory’s complex trajectory limited its implementation, due
to the multiple parameters which must be considered when constructing the trajectory. However,
work is nearly completed to increase the feasibility of using this orbit by developing and
implementing laser sensors to the gamma camera face that would provide ranging feedback and
allow for minimal distance between the breast’s surface and detector face without colliding with
the patient or bed [81].
To reconstruct images acquired with either traditional, circular trajectories or novel, noncircular trajectories, an iterative reconstruction code with the capability to read in an “orbit file”
that designates the camera’s position during each projection is used. An iterative ordered subsets
expectation maximization (OSEM) reconstruction algorithm has been used exclusively in this
work to reconstruct the SPECT images [65]. Iterative reconstruction algorithms start with an
estimate of the imaged object and then successively update the estimate with each iteration,
comparing the difference between the estimate and the actual projection [41]. Iterative
reconstruction is a non-linear process, unlike the simpler filtered back projection (FBP), which
takes each projection image and distributes the data along a profile across the image grid. The
source distribution is determined with the addition of all the back projected images [41]. FBP
requires less time to reconstruct images than iterative techniques, but has known limitations, such
as FBP does not model some detector properties or scattered radiation [41]. These limitations can
be accounted for in post processing in some cases [41]. However, iterative techniques generally
take a long time to reconstruct images not only because multiple iterations are required, but also
because the reconstruction codes has the ability to model physical parameters of the system and
object being imaged [41]. Incorporating detector properties and object scatter are important
features to obtain quantitative images, making the iterative reconstruction very appealing.
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One aim of this work is to quantify the radioactivity in the reconstructed images. Not
only does this OSEM reconstruction code input deck support specifying novel trajectories, but it
also requires information such as collimator length and detector efficiency, in order to calculate
the amount of radioactivity present at the time of imaging. Additionally, the OSEM
reconstruction code has the flexibility to incorporate attenuation and scatter maps to correct data
for these image-degrading physical processes.

1.6 Introduction to Quantification
During image reconstruction, the ability to obtain quantified images depends on
correction of physical processes that reduce the detected signal. To determine the actual amount
of activity present at the time of imaging, the detection efficiency must be taken into account.
Detection efficiency (D) can be determined by:
(1.1)
where g is geometric efficiency, ε is intrinsic efficiency, f is fraction of output signals from the
detector that falls within the detection window, and F is a factor accounting for attenuation and
scatter occurring prior to a photon interacting in the detector (Figure 1.8) [41]. As described in
this dissertation, each factor was accounted for and the reconstructed value was compared to the
known-dose, calibrator-measured value.
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Figure 1.8: Acquisition geometry for gamma radiation from a breast containing 99mTc
interacting with the small FOV gamma detector. The dotted arrows represent photons and
the different physical processes occurring during detection: (1) Unattenuated photon
completely deposits its energy in the CZT detector. (2a) Unattenuated photon scatters in the
detector, depositing part of its energy in one detector element, and (2b) the scattered photon
deposits its energy in a different detector element. (3a) Photon scatters in the breast, and
then (3b) the scattered photon deposits its remaining energy in the detector. (4)
Unattenuated photon impinging on the collimator at much less than 90° angle and
attenuated by the lead collimator. (5a) Photon scatters in the breast, depositing part of its
energy in the breast, and (5b) the scattered photon deposits its remaining energy within the
breast. (6) Unattenuated photon heading in a direction not within the FOV of the detector.
While photons 1, 2 and 3 will contribute to the acquired image counts, only photon 1 in
these examples will contribute to the photopeak signal making up the image (see Figure
1.10).

1.6.1 Geometric and Intrinsic Efficiency
Geometric efficiency, gp, is a function of the detector size and collimator efficiency. In
nuclear medicine imaging generally and especially in our detector orientation, the detector is
positioned as close to the source (patient) as possible and therefore minimizes this distance.
The best geometric detection efficiency that can be achieved is through 4π solid angle
detectors because photons decay in any direction with equal probability. Thus, although it can get
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within a close proximity to the breast, the 16x20 cm2 field of view gamma camera limits the
number of photons that can be detected.
Additionally, because of the parallel hole collimator, only photons impinging at 90º ±
2.5° to the detector surface will be counted (Figure 1.9). The collimator efficiency, g, can be
calculated by:
(1.2)
where K is a constant related to the hole type (for hexagonal hole in a hexagonal array, K = 0.26),
d is the hole diameter, leff is the effective collimator hole length defined as l - 2µ-1, and t is the
septal thickness [41]. For the parallel hole collimator used in this thesis, the collimator efficiency
is:

0.26

.
.

.
⁄

.

.

.

1.212

10

(1.3)

After a photon passes through the collimator unattenuated, it must be stopped by the
detector to be counted. Intrinsic detection of photons is a direct process. In CZT, the photons
ionize the detector material, creating electron-hole pairs, and an applied voltage is used to collect
the count. The intrinsic efficiency relies on the ability of the CZT detector material to attenuate
the gamma rays and create the electron-hole pair.

25

2.54

0.122

2.475

5º

0.25

Figure 1.9: The dimensions and collimator acceptance angle of the attached lead parallel
hole lead collimator (sketch is not to scale). The length of the collimator is 2.54 cm, making
the leff 2.475 cm. The distance between the collimator and the surface of the detector is 0.25
cm. The hole diameter is 0.122 cm and the septum width is 0.02 cm. By geometry, the
collimator acceptance angle is 5°.
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1.6.2 Attenuation Correction
Attenuation of gamma rays is dependent on the distance they travel through and material
composition of the tissue. Assuming a constant attenuation coefficient for all tissue types, Chang
gives the attenuation correction factor for reconstructed voxels as:
∑

µ

(1.4)

where N is the number of voxels, µ is the linear attenuation coefficient, and d is the distance
through tissue [41]. Therefore, this method uses the Beer-Lambert law to solve for the attenuation
in each voxel of the acquired image.
Another approach to correcting for attenuation is to measure the attenuation coefficient of
tissue instead of assuming a constant value. A transmission scan, acquired and reconstructed at
the same dimensions as the emission image, can be applied to the emission reconstruction as a
map of the attenuation coefficients for each voxel.
For this work, attenuation correction was implemented by reconstructing the projection
data to the first iteration, making a mask of the image, replacing values with the attenuation
coefficient of 140 keV gamma rays in breast tissue (0.1545 cm-1), and then reconstructing the data
again using the mask of attenuation coefficients to calculate photon detection probabilities [82,
83] (Chapter 5, Figure 5.3). A CT image could be used to determine the attenuation map;
however, for SPECT data acquired with non-traditional trajectories, the volume of SPECT data
exceeds the image volume of the CT data, and thus it is not clear if the CT will provide an
adequate attenuation map for quantitative SPECT analysis. Additionally, accurate alignment of
the CT-based attenuation map within the SPECT reconstruction grid will be important for
accurate attenuation correction [84-86].
Additionally, the difference in attenuation coefficients of fat and glandular tissues at 36
keV is greater than the difference at 140 keV, thus it has not been determined if linear scaling of
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the CT measured attenuation coefficients will correctly approximate the attenuation map for the
SPECT data (Figure 1.10). Segmentation of the CT data may be necessary so that each
component of the image can be scaled appropriately [87].
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Figure 1.10: Linear attenuation coefficients of adipose and glandular tissues as a function of
energy, depicting the differences in attenuation from 36 keV to 140 keV (dotted vertical
lines) [92, 93]. The difference in the attenuation coefficients of adipose and glandular tissues
at 36 keV is 0.0635 cm-1 and at 140 keV is 0.0163 cm-1.
The ratio of the linear attenuation coefficients from 140 to 36 keV for glandular tissue is
0.159/0.306 = 0.519; while the ratio of the linear attenuation coefficients from 140 to 36 keV for
adipose tissue is 0.143/0.243 = 0.588. Therefore, multiplying the adipose tissue by the scaling
factor for glandular tissue (or vice versa) will result in an incorrect value for attenuation
correction. A project in progress is investigating how the CT-based attenuation map would best
be applied to the SPECT data [87].

28

1.6.3 Scatter Correction
While scatter has a lesser effect than attenuation, it contributes to degraded image quality
by reducing contrast and decreased quantitative accuracy. By improving the energy resolution of
a detector and narrowing the photopeak window, the contributions of counts due to scatter will
decrease. Our semiconductor gamma camera already features 6.7% FWHM energy resolution
giving us the capability to use a ±4% energy window centered around 140 keV, which minimizes
scatter contributions [88, 89].
To demonstrate the effects of the CZT gamma camera, the energy spectra of a point
source in air and water (without and with scatter) are compared (Figure 1.11). The tail on the low
energy side of the photopeak in air is due to partial charge collection in the CZT detector, while
the tail shown in the spectrum in water is due to a combination of partial charge collection and
scatter.
There are three types of scatter corrections: 1) scatter estimations based on an
approximation of the scatter point spread function (PSF); 2) energy-distribution-based methods
correcting for scatter in a pixel, based on counts acquired in one or more energy windows; and 3)
spatial-distribution-based methods which estimate the source distribution based on photopeak
data and approximate the scatter PSF by a model of blurring of the source [90]. Not all scatter
correction algorithms are appropriate or necessary for imaging a spatially homogenous medium
with

99m

Tc. For example, a Transmission Dependent Convolution Subtraction method has been

shown to produce more accurate results for objects with non-uniform densities [91]. Using this
method would not produce more accurate results for the differences in the breast tissue densities
at 140 keV (Figure 1.10). One common scatter correction technique, the dual window (DW)
method [92], uses a lower energy “scatter window” below the photopeak window. The scatter
window is multiplied by a proportionality constant to scale the counts to the intensity in the
photopeak and then the amount is subtracted from the photopeak (see Sections 6.1.3 and 6.2).
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The DW method for estimating scatter has been incorporated into the OSEM reconstruction code
[82] and has been used in this dissertation.
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Figure 1.11: Detected counts as a function of energy for a point source in air and water. The
counts from the point source in air have been normalized to the counts in water to compare
the underlying physics of detection. Notice that when the point source is imaged in air, there
is a tail on the lower energy side of the photopeak due to partial charge collection in the
CZT detector (Figure 1.6, photon 2). When the point source is in water, there is a larger
number of lower energy counts due to scatter in the water plus partial charge collection in
the detector (Figure 1.6, photons 2 & 3).

1.7 Combining Dedicated Breast SPECT-CT with rpFNA
This dissertation is working towards combining the information from whole breast
quantification and rpFNA methods to obtain a more definite indication of disease presence in
high-risk women. Currently, nuclear medicine breast imaging is only employed after
indeterminate mammography using the relative tumor-to-background tissue contrast to identify
malignancies. But in the high-risk population, quantitative functional SPECT imaging in
conjunction with random cellular sampling through rpFNA may be informative about the
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presence of disease formation before gross anatomical changes appear on mammograms. There is
no reason to believe that pre-cancerous cells or very small lesions would behave any differently
than large, clinically proven cancers, preventing the uptake of activity. However, there are very
real detector sensitivity and resolution limitations to imaging pre-cancerous and very small
lesions. Therefore, prior to injecting radioactivity into the high-risk patient population, it has been
suggested by this work that data be collected of normal, asymptomatic breasts to determine the
distribution and mean activity concentration of radioactivity in a subject population already
injected with the

99m

Tc-sestamibi, such as pre-surgical parathyroid patients. Parathyroid patients

have no additional risk or association with breast cancer and represent a cohort of patients with
“normal uptake” of sestamibi. This clinical trial could give substantial and necessary information
about the range of activity expected and the potential for being able to isolate enhanced uptake in
the whole breast. At the very least, the range of normal

99m

Tc-sestamibi uptake in the breast will

define the accuracy required if absolute quantification is employed. This dissertation outlines the
procedure for positioning human subjects, setting up optimal acquisition trajectories, and
quantifying reconstructed data, leading up to determining a baseline uptake of 99mTc-sestamibi in
the breast. Depending on the results for the range of uptake and the error associated with the
technique in practice, it can be determined if quantified SPECT-CT data from high risk rpFNA
volunteers could be confidently correlated with the Masood Index Score. Whole breast
quantification could provide data for stratification of malignancy status, especially in high-risk
women. Ultimately, the normalized activity concentrations from pooled human subject data could
be used to provide a wealth of information for indicating the presence of disease.

31

2 Characterization of Patient Bed
Object location within the field of view (FOV) of the system is highly important to
obtaining useful images. The chest wall and axilla are clinically important regions, but are hard to
image due to physical constraints of the body. The tilted x-ray source and detector are designed to
image a greater volume of the breast tissue than traditional mammography, but still the breast
must be positioned well within the x-ray beam to make chest wall and axilla imaging possible. If
the bed could be lowered during a portion of the scan, thus lowering the breast and chest wall
further into the FOV, then perhaps additional clinically relevant tissue could be imaged. The
feasibility of incorporating bed motion during the image acquisition procedure of the flexible,
dedicated breast SPECT-CT mammotomography imaging device was determined by
characterizing the precision and accuracy of 3D motions of a patient bed, which has five degrees
of freedom of movement (model 830-058, Biodex, Shirley, NY) (Figure 2.1, Table 2.1).

Figure 2.1: Photograph of the unmodified patient bed from Biodex.
http://www.biodex.com/imaging/c_arm/c_arm_840.htm
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Table 2.1: Manufacture’s reported range and reproducibility for each direction of
movement of the motorized patient bed
Direction
X
Y
Z
R
P

Range
Reproducibility
50.8 cm
±0.635 cm
±12.7 cm
±0.635 cm
25.4 cm
± 0.635 cm
±20°
±1°
±20°
±1°

The flat bed shown in Figure 2.1 has been replaced with a specially designed bed fitted to
the motorized stand (Figures 2.2 & 2.4). The current bed design has an indented head rest
(“trough”) designed for patient comfort that limits the rotational range of the x-ray CT scanner,
and thus the volume of the breast that can be imaged [93, 94]. The objective is to characterize the
patient bed’s movements to determine if the head rest can be avoided during portion(s) of the
scan, so that more of a patient’s breast and chest wall could potentially be imaged by lowering her
further into the field of view (Figure 2.2).

2.1 Measuring Repeatability and Accuracy of Patient Bed
The accuracy and precision in repeat patient positioning was determined by moving the
independent motor (Figure 2.3) in each of the bed’s five directions (Figure 2.4). The limits of
range and direction of possible bed movement are 50.8 cm axially (X), ±12.7 cm laterally (Y),
25.4 cm vertically (Z), ±20° lateral roll (R) and ±20° Trendelenburg (P) (Table 2.1). The
manufacturer reports positioning in the axial, lateral and vertical directions are repeatable to
within ±0.64 cm, and positioning the roll and Trendelenburg directions are repeatable to ±1°. For
these studies, the bed was controlled remotely via an RS-232 computer hyperterminal connection
by connecting a cable between the “remote access port” on the bed to the computer (Figure 2.5).
The bed also has foot pedal and hand-held control devices, which were not used during this study.
The readouts on the bed’s digital display, attached via cable to the bed rails, and the computer
hyperterminal were compared.
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Figure 2.2: (LEFT) Photographs of the SPECT-CT system with a breast phantom in the
field of view. Dotted green lines represent the approximate x-ray cone beam limits and
illustrate how they intersect the posterior breast. (RIGHT) Projection images of the breast
phantom displaying the volume captured by the CT system. Dark triangle in lower left is
the shadow of the “parked” SPECT camera. (TOP) The head trough of the bed is lowered
to the x-ray source and captures ~6 cm of the 11 cm nipple-to-chest-wall distance of the
breast phantom. (BOTTOM) The bed and phantom, after a 40° azimuthal CT system
rotation, were lowered as much as possible without touching the x-ray source or detector,
gaining an additional ~3.5 cm of breast depth imaging.
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Figure 2.3: Pictures of the motors (labeled in red) that control the movement of the bed in
the (TOP) X, Y, (BOTTOM) Z, R and P directions.
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Figure 2.4: Two superimposed photographs depicting the range of motion of the (TOP)
axial (X) axis and (BOTTOM) lateral (Y) axis. White arrows indicate directions of
movement. The axial and lateral movements are controlled by an electric motor (inset
photographs) that turns a shaft attached to the bed, pushing it along a wheeled track.
(CONTINUED)
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Figure 2.4 (CONTINUED): Two superimposed photographs depicting the full range of
motions of the (TOP) vertical (Z) axis and (BOTTOM) Trendelenburg (P) axis. Inset
photographs are of the motors that control the movement in each direction. White arrows
indicate directions of movement. The vertical movement is controlled by an electric motor
that drives apart two concentric tubes, one of which is attached to the bed’s wheeled track.
The Trendelenburg movement is controlled by an electric motor that drives apart two
concentric tubes attached at a fixed angle to the bed. (CONTINUED)
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Figure 2.4 (CONTINUED): Photograph of two superimposed images depicting the angular
motion of the roll (R) about the X axis. White arrows indicate directions of movement. The
roll movement is controlled by an electric motor (inset photograph) that turns a shaft
attached to the bed at a pivot point, elevating it up or lowering it down.
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Figure 2.5: Photograph of the remote access port (red arrow) where a cable can connect the
control of the bed’s motors to a computer so that it can be positioned remotely.
Using the computer control, each direction of movement was independently,
experimentally evaluated by positioning the bed at its initial home position (0 cm or degree) and
moving the bed in either 5.08 cm or 2° increments, up to its maximum displacement position.
The bed movement was moved by computer control from the home position to the new target
position and back to the home position. Each movement was repeated ten times in order to
characterize the repeatability (precision) and to determine the deviation from the expected
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movement (accuracy). The movement of the bed was determined by recording the position of the
bed at its home position and at the target position for each of the 10 sequential trials. For X, Y,
and Z directional displacements, a rigid point was established in relation to the bed, and handheld calipers (having an accuracy of 0.1 mm) were used to measure the amount of displacement.
For angular (R and P) movements, a digital protractor (model Pro3600, Flexbar, Islandia, NY)
(Table 2.2, Figure 2.6) was aligned with an edge and secured to the bed. The angular readouts
from the digital protractor’s display and computer hyperterminal readout of the bed position were
compared. These experiments were repeated with approximately 68 kg (150 lbs) of lead bricks
distributed along the length of the bed to simulate the weight of a patient (Figure 2.7). The
averages and standard deviations of each measurement were calculated. Upon observing the
trends in the result, the measured data were fit with linear or quadratic functions using Excel
software to obtain the coefficients of the line of best fit (Figure 2.8). Excel uses the least squares
method to determine the best fit for the type of curve selected.
Table 2.2: Technical specifications given by the manufacturer for the digital protractor.

Readout Range (°) Resolution Accuracy Repeatability
0 – 10
0.01
±0.05
±0.05
10 – 80
0.1
±0.20
±0.05
80 - 90
0.1
±0.10
±0.05

Figure 2.6: Image of the digital protractor used to determine the actual angular position to
which the bed moved when prompted by computer hyperterminal (image obtained from the
Flexbar website).
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Figure 2.7: Photograph of the patient bed with six 25 lbs (150 lbs or 68 kg total) lead bricks
distributed on the bed to simulate the weight of a person.
Figure 2.8 illustrates the precision and accuracy of the patient bed for each individual
direction with and without approximately 68 kg (150 lbs) of simulated patient weight. The results
show that the movement is well defined with a small error. The results also show that the added
weight does not change the way the bed moves (shape of the curve) or substantially alter the
mean bed movement. Movements in all directions except the vertical (Z) translation were linear,
with slopes of approximately 1, but included differing DC offsets. A quadratic shape
characterizes the Z directional movement, which is similar to results obtained with other
mechanisms we have encountered for vertical axis travel [70]. Recalibrating the bed according to
manufacturer recommendations did not make this movement linear, but knowledge of these
results can help us to determine corrections for positioning offsets of the bed movement during
image acquisitions.
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Figure 2.8: Plot of the measured versus input movement of the patient bed in the (TOP) X
and (BOTTOM) Y directions with (solid point ♦, solid line) and without (hollow point □,
dotted line) 68kg of weight added to the bed. The error bars for each point are smaller than
the marker denoting the point. The R2 values of linear fits to all data sets are each greater
than 0.99. (CONTINUED)
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Figure 2.8 (CONTINUED): Plot of the measured versus input movement of the patient bed
in the Z direction with (solid point ♦, solid line) and without (hollow point □, dotted line)
68kg of weight added to the bed. The error bars for each point are smaller than the marker
denoting the point. The R2 values of quadratic fits to both data sets are each greater than
0.99. (CONTINUED)
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Figure 2.8 (CONTINUED): Plot of the measured versus input movement of the patient bed
in the (TOP) R and (BOTTOM) P directions with (solid point ♦, solid line) and without
(hollow point □, dotted line) 68kg of weight added to the bed. The error bars for each point
are smaller than the marker denoting the point. The R2 values of linear fits to all data sets
are each greater than 0.99.
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Details in Table 2.3 provide the bed’s reproducibility, determined by calculating the
standard deviation of ten measurements for which the bed was always returned home and moved
to the target location, and averaging over the positioning results at the target positions. Also
included are sample values of the mean displacement measured for each direction for a variety of
inputs. Note that these measurements are well within the manufacturer’s specifications for
reproducibility. Although the bed does not necessarily move to the input position, the bed does
move in a reproducible and consistent manner that can be adapted for use in an imaging
sequence.
Table 2.3: Measurements of parameters for each direction of movement. For the mean
measured displacement values, the target and resulting positions are given.

Direction

X
Y
Z
R
P

Manufacture
Mean Measured
Mean measured
Reported
Reproducibility displacement for given expected
Reproducibility
(cm or degree)
inputs (cm or degree)
(cm or degree)
x,z=5.0 x,z=15.2 x,z=25.4
y=2.54
y=7.62 y=12.7
r,p=2°
r,p=6° r,p=10°
±0.635
±0.062
6.30
17.95
29.31
±0.635
±0.071
3.16
7.85
11.76
± 0.635
±0.056
1.45
7.02
24.25
±1
±0.018
2.26
5.71
9.03
±1
±0.033
1.83
5.86
9.68

2.2 Evaluating Patient Bed Positioning in Projection Images
The effects of the bed movement were additionally tested by acquiring projection images
of a series of small, high-contrast objects secured to the bed. These consisted of nine 5 mm (±0.03
mm) diameter acrylic spheres (BL01968AAGP2DF, Engineering Laboratories Inc, Oakland, NJ)
glued to a thin acrylic ruler in a 3x3 grid at 2.54 cm vertical spacing and 1.00 cm horizontal
spacing, which was securely held to the bed (Figure 2.9). Projection images were acquired with
the CT subsystem with the ruler and beads positioned near the detector face to minimize
magnification. The bed was then moved by designated amounts of displacement and repositioned
into its “original” or home location. Then, a follow up projection image was acquired.
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Figure 2.9: Photograph of the ruler with nine 5 mm acrylic beads superglued at regular
intervals.
Using ImageJ software, the two projections were added such that one overlaid the other,
and line profiles in the direction of the bed movement were drawn through the projections of the
acrylic spheres to determine the pixel shift in the image. The minimum grey level value was
determined by fitting Gaussian curves to the line profiles through the center of the beads to obtain
the centroid pixel value. The Gaussian distribution can be written as the function:
2
2 /2.35

2

(2.1)

where a, b, c and d are all real constants. KaleidaGraph uses the Levenberg-Marquardt algorithm,
which gives a numerical solution to the minimization of a function with multiple parameters, to
determine the best curve fit. Initial values at the expected order of magnitude of the actual value
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are input for the constants a, b, c and d, where a is the minimum value, b is the mean value, c is
the FWHM and d is the maximum value (Figure 2.10).
-800

d ~ 200

-850

-900
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a ~ -975

-950

-1000

b ~ 335
-1050
300

314

328

342

356

370

Figure 2.10: Plot of a sample data set (black line with open circles) that has a Gaussian
curve (red line) fitted to it. The constants labeled are examples of the initial inputs for this
data set.
For a line profile with three peaks (one from each acrylic bead), the “mean value” of each
peak is also its centroid. The difference in the centroid position of each bead from projection to
projection was determined. With three beads in a line, the mean shift was calculated by averaging
the relative displacement of each bead. Projection images were acquired at an initial position and
then again, after the bed was moved in one direction (Y, Z or R) and then returned to the starting
position. Analysis determined the difference in the bed’s final and initial positions from the
summed images.
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Table 2.4 gives the values for the differences in the position in the images. When directed
to move in the vertical direction, the bed had the largest final displacement from its initial
position (Figure 2.11a). The summed image shows that, although the feedback controls indicate
that the bed should be in the same position in each image, the actual final image of the phantom
position indicates otherwise. Additionally, the measured difference is larger than the
manufacturer’s reported error and the uncertainty characterized in this work. One possible
explanation for this discrepancy is that the initial positions used in this study were not the “home”
or zero position for the each axis. Instead the bed was at an arbitrary position (5.2, 2.0, 8.6, 0, 0),
moved to another non-zero position (Z = 8.8, Y = 0, R = 5) and then to its initial position (5.2,
2.0, 8.6, 0, 0) because the bed was above the system at the time this projection data was acquired
and positioned such that the beads were in the FOV near the center of the detector.
Table 2.4: Calculated shifts from projection images after bed displacement in a single
direction and repositioning to initial location.
Direction
Y
Z
R

Mean Displacement (cm)
0.070
1.622
0.023

When directed to move in the lateral and roll directions, the bed returned closer to the
initial position: within the manufacturer’s specifications and within one and two standard
deviations, respectively, of the uncertainty characterized in this work (Figure 2.11b, c). However
when the bed moved in the lateral direction, it also moved unexpectedly in the vertical direction
(Figure 2.11b). This additional movement increases the uncertainty of incorporating bed motion
into the image sequence, and its cause has not been determined.
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Figure 2.11a: (LEFT) X-ray projection image of 5 mm beads at initial bed position.
(MIDDLE) X-ray projection image of beads at bed position after input displacement in the
Z direction by 3.56 cm and repositioning to the “original” position, according to the
computer control of the bed. (RIGHT) Superimposed x-ray projection images demonstrate
the 1.622 cm residual shift in the Z direction, highlighted by the square brackets connecting
the same bead.

Initial

Final

Sum

Figure 2.11b: (LEFT) X-ray projection image of 5 mm beads at initial bed position.
(MIDDLE) X-ray projection image of beads at bed position after input displacement in the
Y direction by 5.08 cm and repositioning to the “original” position, according to the
computer control of the bed. (RIGHT) Superimposed x-ray projection images demonstrate
that while the bed traveled back to the original position, it had an unexpected 0.98 cm shift
in the Z direction that is highlighted by the brackets. The total residual displacement was
0.99 cm.
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Figure 2.11c: (LEFT) X-ray projection image of 5 mm beads at initial bed position.
(MIDDLE) X-ray projection image of beads at bed position after input displacement in the
R direction by 5° and repositioning to the “original” position, according to the computer
control of the bed. (Right) Superimposed x-ray projection images demonstrate that the bed
did a good job travelling back to the original position.

2.3 Feasibility of Incorporating Patient Bed Movement into CT
Acquisition
The procedure for measuring the mean shift of the beads was also repeated for a full CT
scan with the beads located near the center of the cone beam and vertical axis of rotation. The CT
data were reconstructed using an iterative statistical algorithm, OSTR, with 16 subsets and 5
iterations [95]. Reconstructed CT images of the beads before and after bed displacement in X, Y
and Z directions show the bed did not return to the exact spot regardless of the directed position
(Figure 2.12). Table 2.5 shows the difference in the X, Y and Z components calculated from the
same image slices in the reconstructed 3D CT image volumes before and after the bed moved
from (11.8, 2.1, 8.5, 0, 0) to (14, 0, 10, 0, 0) and back. Summed transverse planes from the two
sets of data (Figure 2.12, RIGHT) demonstrate the difference in the position of the beads. The
beads are not necessarily visible in the same slices in each image because the difference in each
direction is greater than one image slice, or 0.05 cm.
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Figure 2.12: 25 summed reconstructed CT images illustrating the location of nine 5 mm
acrylic beads (LEFT) before and (MIDDLE) after moving the bed in the X, Y and Z
directions and then returning the patient bed to its initial position. (RIGHT) The
superimposed reconstructed images of the phantom before and after the bed movement
illustrate the incorrect return position of the bed. The quadrature sum of the differences in
positions is 0.32 cm.
Table 2.5: Shift values determined from reconstructed CT images in the X, Y and Z
dimensions, following simultaneous displacement in X, Y and Z directions.
Direction
X
Y
Z

Mean Displacement (cm)
0.0767
0.0635
0.3025

Additionally, the equations that characterize the bed movement (Figure 2.8) were used to
move the bed to a new predetermined location. Initial and final projection images were acquired
before and after the bed was moved. Again, by fitting Gaussian curves to line profiles drawn
through the acrylic beads, the shift was quantified in pixels and centimeters. The measured
displacement was compared to the predetermined and input moves.
Table 2.6 shows the results of this set of movement experiments. In all cases, the bed
moved farther than expected. When drawing the line profiles to determine the bed displacement,
it was noted that the bed occasionally moved in multiple directions when input for only one
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direction was given (similarly to Figure 2.11b), although no pattern was established. While in the
projection image, it is apparent that the phantom moved in more than one direction, the bed
positional readout did not change, and therefore the direction and magnitude of the additional
movement adds uncertainty. This unreported change increases the complexity in finding an error
or correction kernel to model the movement in the reconstruction algorithm in the event bed
movement was incorporated into a patient scan.
Table 2.6: Testing equations of fit in moving bed to new position. Projection image
measured the movement of the bed in comparison with the requested and hyperterminal
reported move. The standard deviations given are the error in measuring the movement of
each bead (nine beads in one image), not from repeating the move multiple times.

Direction
X
Y
Z (1)
Z (2)
Z (3)
R
P

Initial
Position
(cm or
deg)
27.7
-5.6
15.2
19.3
15.0
0
10

Input
Position
(cm or
deg)
30.0
-0.85
19.1
16.5
10.9
2
13

Final
Position
(cm or
deg)
30.0
-0.51
19.3
16.5
18.0
2
13

Hyperterminal
Reported
Move (cm or
deg)
2.3
5.1
4.1
-2.8
3.0
2
3

Measured
Move (cm
or deg)

Standard
Deviation
(cm)

2.4
5.4
6.0
-4.5
4.5
2.8
4.1

0.01
0.02
0.02
0.01
0.03

2.4 Conclusions of Bed Characterization
The intent of this study was to ascertain the feasibility of incorporating bed motion into
the dedicated breast SPECT-CT mammotomography imaging device by characterizing its five
degrees of freedom. This study has determined that movements in axial, lateral, roll and
Trendelenburg are linear, and that vertical motion is quadratic. For our designed under-bed
imaging system setup, vertical bed motion is the most likely direction of movement to be
included during image acquisition because movement in the other directions will result in
differing magnification per projection within the breast volume. Additionally, moving in the R
and P directions will result in physical shifts of the free-hanging, uncompressed breast, according
to gravity, that our reconstruction code is not currently capable of handling. However, the vertical
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displacement has the potential to be incorporated into the reconstruction algorithm since it
already has a provision for vertical shifting, though it was originally anticipated for use with
shifting of the detector and not the object itself.
Vertical motion would allow the specially designed trajectories possible with our CT
system [70] to pass under the bed’s headrest without colliding with the customized bed [93, 94].
However, the vertical movement of the bed is quadratic, and although the bed was recalibrated
and retested, this functional form consistently persisted. Despite the fact that the motor and
gearing are different for the Z axis as opposed to the X, Y and R axes, it is the same gearing as
the P axis, which has produced a linear relationship with the input and measured movements.
Nevertheless, this quadratic relationship is consistent with other vertical movement apparatus we
have investigated [70], and knowledge of its functional form, accuracy and precision should
allow for its correction during repositioning. But, given the data collected in these studies, I think
the uncertainties associated with moving the bed during the acquisition outweigh the potential
benefits.
The bed movement is reproducible within less than ±0.07 cm (three-voxel uncertainty for
our CT system), but it is only accurate in 3D re-positioning to 0.32 cm of the expected value.
Thus, positioning the bed has some uncertainty, which may result in the bed’s colliding with the
SPECT-CT system. Extreme caution must be used when attempting to move the bed while the
imaging system is moving underneath the bed. Considering the mechanical errors of bed
positioning for imaging, the bed should be requested to move at least 0.3 cm less than desired to
insure no damaging collisions occur. For example, if it is decided that the bed should be
positioned 0.5 cm from the CT system, then the bed should be requested to move to 0.8 cm (0.5 +
0.3 cm) above the CT system to avoid potential collision. This caution may reduce the volume of
the breast imaged, but will prevent accidents. Further investigation of incorporating the shift
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information into the reconstruction code would need to take place before clinical implementation
of dynamic bed movement.
Considering that the x-ray projection and reconstructed CT images have finer resolution
than the gross system caliper characterization, the positioning error in the vertical motion of the
bed is unlikely to be useful for our system. In radiation therapy, many approaches have been
used to ensure the accuracy of patient placement, such as the use of thermally formed plastic
masks, semi-permanent tattoos, laser alignment beams and x-ray and CT images. These
approaches have their limitations. For instance, a study to determine the accuracy of thermally
formed plastic masks had errors as little as -0.02 ± 0.227 cm and as great as 0.23 ± 0.233 cm
depending on the type of mask used and direction of movement [96]. This same study also
showed that body tattoos helped minimize the error for a rigid mask system, but did not eliminate
them. In another study, the position of a bed was verified with a micrometer positioning tool
used for stereotactic radiosurgery and arranged to be less than 0.05 cm in positioning error [97].
In this same study, the limit of the total positioning accuracy was determined to be 0.2 cm
restricted by the kV and MV images used to position the patient. Although our bed’s movement
has been characterized to have similar accuracy and precision as those in literature, the error
associated with the movement during an acquisition sequence will cause a blur in the image
because of the positioning uncertainty. In the radiation therapy paradigm, this blur is accounted
for with larger treatment margins than the size of the tumor.
Furthermore, after positioning phantoms and imaging three subjects on this bed, it has
been noticed that there is vibrational motion in the spring-board-like stainless steel bed that has
not been characterized (see Section 2.6). Additionally, there will likely be some vibration in the
free-hanging, uncompressed breast itself and from the vibration translated from the bed’s
vibration. These additional uncharacterized motions will cause displacement in the breast volume
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for many sequential projection images, further complicating potential correction of the gross
vertical movement with algorithms based on sonogram or projection-to-projection shifts.
Instead, the flexible positioning of the bed should be arranged to achieve the maximum
volume of the breast in the FOV. The bed’s head trough and the ridges where the bed slopes at
different angles toward the central opening constrain the positioning of the bed relative to the xray source and detector (Figure 2.13). These points should be optimized such that the
Trendelenburg and vertical axis are adjusted to minimize the bed height with respect to the CT
system (Figure 2.13). Comparing figures 2.2 and 2.13 shows that if no bed movement is
considered, then the bed can be positioned to capture 13.25 cm nipple-to-chest wall distance or
1.75 cm less than the minimum height of the bed, when lowering the bed is an option. While this
would result in a lesser total volume imaged, the imaged volume would be better sampled and
would not have a blurring kernel applied during reconstruction. I speculate that this optimization
of the bed height will result in a better overall image quality than if the bed were moved during
the procedure, although to collect data to support this claim is outside the scope of this
dissertation. Moving the camera system up and down, as investigated by other lab members, has
been shown to be able to capture more breast volume without introducing additional sources of
error (breast vibration).
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Figure 2.13: (LEFT) Photograph of the bed re-configured to optimize the position of the bed
with respect to the CT system and (RIGHT) the resulting projection image of the breast
phantom. The bed’s contoured structures constrain its position relative to the x-ray source
and detector. This bed configuration captures ~1 cm less of nipple-to-chest wall distance
than Figure 2.2, BOTTOM.

2.5 Adhering Radiation Shielding and Foam to Patient Bed
Preparations for patient scans also included attaching radiation shielding and foam to the
specially designed patient bed. The shielding was meant to not only minimize additional patient
dose from scattered x-rays from the CT scan, but also minimize image contamination from the
radioactive patient. Lead shielding, 0.16 cm (0.0625 in) thick to attenuate 99% of 140 keV
photons, was retrofit to the designed and constructed stainless steel patient bed.
Ideally, the bed would be layered (from patient to camera system) with foam, stainless
steel and lead (Figure 2.14). While photoelectric interactions are more probable, when photons
are attenuated by lead, they undergo Compton scattering, causing some lower energy photons to
backscatter. Stainless steel has a lower probability of Compton scatter and, at 140 keV, generally
scatters in the forward direction. Thus, if the stainless steel were closer to the patient,
backscattered photons from the lead would be attenuated by the stainless steel before being able
to deposit energy into the patient (Figure 2.14).
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STAINLESS STEEL

LEAD
Figure 2.14: Sketch of a graded radiation shield where the dark gray material represents
stainless steel, and the light gray material represents lead. The dashed arrows represent
primary 140 keV photons from the patient and the solid arrows represent scattered, lower
energy photons. In stainless steel and lead, the photoelectric effect dominates the photon
interactions. Compton scattering occurs more frequently in the forward direction in
stainless steel than in lead. Therefore, there is a higher probability of backscatter in lead.
However, physically attaching the two metals together was problematic because stainless
steel is a hard metal and lead is a soft metal. There are no welding techniques to fix these two
metals together. The machine shop technicians suggested drilling holes in the stainless steel and
screwing the lead into place, but this method posed multiple problems, namely 1) sag would
occur between screws, 2) reduced shielding would occur at the screw locations because the
screws have a lower attenuation coefficient than lead, and 3) the screws would need to be flush
with the lead so as not to interfere with the proximity of the detectors and x-ray source,
minimizing the surface area of the screw holding the lead in place and further increasing the
likelihood of sag. Another suggestion was to sandwich the lead between two pieces of stainless
steel. However, the total thickness of the bed would then be increased, reducing the amount of the
chest wall that would be captured by the CT. However, layering the metals should be considered
for the next bed iteration, if thinner pieces of stainless steel sandwiching the lead sheet would
provide an acceptable strength and thickness for imaging patients.
Multiple adhesives were also tested, including contact cement (Weldwood, Baltimore,
MD), polyurethane construction adhesive (PL Premium, Mentor, OH), and Superflex Clear RTV
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(Loctite, Avon, OH). None of these, however, was found to provide enough strength to hold the
lead in place over the long term. Even adhesives that were rated for use on metals were not
acceptable, probably because most are air cured and the large surface area of the metals hindered
the drying process. Thus, the lead was glued on top of the stainless steel with the best adhesive
tested, Superflex Clear RTV, in small sections to allow for time and more edges to air cure the
adhesive. The sections were secured with overlapping edges so that there would not be reduced
shielding at the interface of the each section (Figure 2.15, TOP LEFT).
After securing the lead, the bed’s removable, central insert with a hole for the breast was
determined to be too restrictive for the breast to “sink into the FOV.” Thus, it was decided to
remove the piece and use 0.64 cm neoprene in its place, providing comfort for the patient while
allowing the natural weight of the body to push the breast more into the FOV of the CT system
(Figure 2.15, TOP RIGHT). Removing the insert also removed the lead shielding, so a lead apron
with 3 layers of 0.5 mm thick lead sheets had a hole cut into it (Figure 2.15, BOTTOM LEFT),
and it was aligned with the hole in the neoprene on the bed, providing the same shielding from
scattered x-rays and from the patient’s irradiating the gamma camera. On top of the lead apron,
1.27 cm polyurethane foam provided more comfort for the subject. The foam extends down the
length of the bed and is doubled where the hips and knees of the subject need more cushioning
(Figure 2.15, BOTTOM RIGHT).
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Figure 2.15: (TOP LEFT) Photograph of stainless steel patient bed containing lead-lined
stainless steel central insert. This insert has been removed and been replaced by (TOP
RIGHT) 0.64 cm neoprene that flexibly allows a woman’s body weight to push her further
into the FOV of the SPECT-CT system. (BOTTOM LEFT) A 0.15 cm flexible lead apron
provides shielding in place of the lead that was glued to the bed. (BOTTOM RIGHT) 1.27
cm polyurethane foam provides cushioning for better patient comfort. The foam has been
doubled where the hips and knees press against the bed.

2.6 Bed Support
Like other clinical patient beds, the bed deflects under the weight of a patient [98]. In
other clinical systems, the bed deflection is kept constant while the bed system translates along a
track (Figure 2.16). These clinical beds are more rigid than our current bed and suffer from no
additional vibrational motion after initial deflection with patient’s weight. Because our patient
bed is long and thin, small patient movements cause vibrational bed motion, which can add blur
to reconstructed images. Therefore, a motion dampening, rigid support system was necessary to
reduce uncertainty in acquired data.

59

Figure 2.16: Photograph of Siemens’ TruePoint PET-CT scanner. The bed deflects with the
patient’s weight from one cantilever point and then the bed system moves along a railed
track through the scanner, such that there is a constant deflection angle throughout
imaging. (Image courtesy of Siemens)
Since our current bed design deflects proportional to a patient’s weight and then is
positioned relative to the CT system, a rigid, fixed system attached to the bed would not
accommodate all imaging subjects. Rather, a support system not attached to the bed needed to be
implemented at a fixed height from the top of the CT system, restricting the bed minimum height.
A support system has been put in place to stabilize the bed from deflecting, vibrating and
potentially colliding with the SPECT-CT system (Figure 2.17). This support system can be
positioned at the minimum bed height prior to an imaging subject’s arrival, but if the bed position
for optimal imaging is higher, then the system can be moved up to support the bed at that
location.
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Figure 2.17: Patient bed with support system in place to help stabilize the bed with a
patient. (TOP) View of the support system (yellow stand behind x-ray source) with 80/20
pieces (green dotted box) in place to stop the patient bed at the minimum height to prevent
collision with the x-ray source and detector. (BOTTOM) Support system holding the bed in
place with the head trough resting in between two 80/20 pieces (green dotted boxes).
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3 Angular and Spatial Frequency Sampling
Practical clinical SPECT imaging is limited by many factors, including imaging time,
detector proximity and patient dose constraints. For dedicated breast SPECT imaging, it has been
decided that as a starting point subjects will be injected with 20 mCi (740 MBq) of

99m

Tc-

sestamibi since that is the amount used in other clinical SPECT protocols using sestamibi at
Duke, and literature based breast protocols use that amount extensively [99-102], and data will be
acquired for 10 minutes per breast in step-and-shoot (non-continuous) mode. Thus, imaging is
limited by finite numbers of counts and projections. The minimum number of projections
required is indirectly related to the object content. For example, a point source in air may only
need a few projections to define its location in space, while non-uniformly distributed objects
with many fine details and asymmetric background features may need to be more finely sampled
in order to accurately reconstruct the activity distributions in a semi-quantitatively meaningful
manner. Sampling insufficiencies limit the quality of 3D imaging, producing artifacts and
resolution degradation. Therefore, the relationship between angular sampling with a fully-3D
acquisition SPECT system in this thesis and its resulting image quality was explored in order to
determine optimal image acquisition protocols.

3.1 Angular Sampling
For simple circular orbits, the minimum number of projections over 180° is given as:

N=

πD
2Δx

(3.1)

where D = diameter of object to be scanned and Δx = linear sampling distance (pixel size) [103106]. Although in this formula the required number of projections is dependent on the object
diameter and pixel size, it is derived for parallel hole collimation imaging and is not necessarily
valid for non-circular or tilted trajectories [61, 107]. Because this formula is derived for 180°
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imaging, the calculated number of projections should be doubled to obtain the minimum number
of projection images to be acquired with a simple circular trajectory over 360° azimuthally to
maintain the same angular sampling. For example, a 10 cm breast imaged with a camera system
with a 0.25 cm pixel size should require 126 projections for a 360º acquisition. However, it has
been shown in our lab and elsewhere that achieving these limits may not be necessary to produce
an image of adequate diagnostic quality [104].
For acquisition trajectories that incorporate polar tilt greater than 0º, the number of
projections is not the only factor to determine whether an image is able to be accurately
reconstructed. To reconstruct an artifact-free 3D volume, Orlov’s sampling criterion states that
the trajectory used to collect the data of the volume must intersect every diameter of a unit sphere
surrounding that volume (Figure 3.1) [69, 80]. Furthermore, the volume needs to be contained
completely within the acquisition field of view. A trajectory that does not meet these conditions
and a volume outside the FOV will result in reconstructed image artifacts and could manifest as
streaks or aliasing. For trajectories used in these experiments, the volume that can be completely
reconstructed has been identified [70].
A previous study [70] indicates there is a trade-off between the number of projections and
the counts per projection for non-circular trajectories. Projection data of the 2.3 mL lesion in a
breast phantom acquired with a 0-45° PROJSINE trajectory containing 150 projection images
was post-processed to reduce the number of counts in each projection by half. Additionally,
projection files containing only every other projection image with the full count images were
created. Thus, the study compared the SNR and contrast from the reconstructed images with 150
and 75 projections with half and full counts, respectively.
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Figure 3.1: Sketch of a labeled Orlov sphere with a circular camera trajectory that does not
completely sample the volume unless it makes an additional arc to intersect other great
circles in the volume. (Image reproduced from Caryl Brzymialkiewicz [70]).
The analysis by Brzymialkiewicz et al. shows that the image derived from 150
projections with half the counts resulted in a lower contrast and SNR than the image derived from
75 projections and full counts (Figure 3.2) even though there was a conservation of the same
counts per total acquisition [70]. These results suggested that more counts per projection might be
more important to image quality than fine angular sampling. However, these experiments
included a large lesion in a uniform background and the effect of image content was not
investigated.
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Figure 3.2: Contrast versus SNR for a 2.3 mL lesion in reconstructed images of simulated
repeated measurements of PROJSINE 0-45° (±8% energy window), with a varying number
of projections and number of counts. (Image reproduced from Caryl Brzymialkiewicz [9])

3.2 Spatial Frequency Sampling
A literature review indicates that dedicated breast imaging would produce images with
uniform uptake in normal tissues and relatively higher uptake in malignant tissues [100].
However, images from our first patient study depict a non-homogeneous uptake in normal tissues
(Figure 3.3), changing the imaging task from identifying a hot spot in a smooth, uniform
background to identifying a hot spot in a mottled, noisy background. The very low clinical
activity concentration in the breast results in noisy images (Figures 3.3, 6.3) that add high
frequency image components to an otherwise low frequency, smooth background.
Image content can be defined in terms of spatial frequency, i.e., the number of variations
per unit distance or cycles/mm [108]. Thus, a uniform intensity object with no variations would
have a low spatial frequency, while the interface between two objects of different intensity would
have an inherent high spatial frequency. Additionally, image noise is a high spatial frequency
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component. Therefore, images of human subjects with a non-homogeneous, noisy background
would have a variety of spatial frequencies ranging from low to high.

2 cm Cancer
Low Uptake

Figure 3.3: Three summed, reconstructed sagittal planes smoothed with a 1-pixel-width
Gaussian filter of first patient’s left breast imaged with a TPB trajectory. The biopsyconfirmed 2 cm adenocarcinoma (solid black arrow) has a greater uptake of radioactivity
compared to the surrounding tissues, which have a heterogeneous appearance including
some areas of very low uptake (dotted black arrows).
The modulation transfer function (MTF) is a measure of the spatial resolution of a system
[108]. The higher the MTF, the better the system’s ability to image the object of the given
frequency, where generally the MTF is 1 for uniform objects with spatial frequencies of 0
cycles/mm and less than 1 for all other spatial frequencies. Since the MTF is a measure of a
system’s resolution, parameters affecting resolution will affect the MTF of the system, such as
photopeak energy window (or scatter contribution), source-to-collimator distance and sampling
insufficiencies [108, 109]. For our system, a very thorough analysis of the MTF using a novel line
source phantom imaged under a variety conditions has shown that the MTF is nearly zero at 0.2
cycles/mm for VAOR, TPB and PROJSINE trajectories (Figure 3.4) [109]. The line source
phantom in a water-filled breast phantom demonstrates the MTF’s dependence on distance and
acquisition trajectory for the dedicated breast SPECT system. While the VAOR trajectory
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completely samples the object, the MTF of the top of the line source is less than the MTF of the
bottom of the line source (Figure 3.5). However, the MTFs at the top and bottom of the line
source are the same when the line source is imaged in air or a water-filled cylinder [109].
Attenuation and/or scatter corrections were not applied to the data collected in the paper and may
contribute to the differences in the MTF measurements when the detector is at a constant distance
from all points of the line source. However, in trajectories, such as TPB, where part of an object
is closer to the detector than another (bottom vs. top of the line source), it makes sense that the
closer part will have a higher MTF at any given spatial frequency than the farther (except at 0
cycles/mm) (Figure 3.4) because resolution is a function of distance in parallel-hole collimator
SPECT imaging. Indeed the MTF is slightly higher at the bottom than at the top for the TPB and
PROJSINE data; but it would be interesting to see the MTF results with attenuation and scatter
corrections applied to these images.
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MTF
MTF
MTF

Spatial Frequency (cycles/mm)
Figure 3.4: Plots of the MTFs at the top and bottom of a line source in a breast phantom
imaged with (TOP) VAOR, (CENTER) TPB and (BOTTOM) PROJSINE trajectories.
(Adapted from [109]).
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3.3 Variations for Low Frequency Defrise Disk Phantom
To determine the interplay between image content and angular sampling for our imaging
paradigm, we vary the spatial frequency content and activity distribution within the object by
altering both the low and high frequency geometric components in the backgrounds of geometric
and anthropomorphic phantoms, and we reconstruct each with different numbers of projections
maintaining constant total counts in each image. Retaining the same overall total counts per
object acquisition modulates the number of counts per projection and therefore the noise quality
in each projection. Thus, we explore how reducing the number of projections, while keeping total
counts constant, affects the image quality. The inclusion of off-axis (i.e., polar) sampling
projections is also considered by using the unique 3D positioning trajectories – VAOR, TPB, and
PROJSINE (Chapter 1, Figure 1.7) – available with our dedicated breast SPECT imaging system
[70, 72, 110].
A mini-Defrise disk phantom (Data Spectrum, Hillsborough, NC), having acrylic disks
and gaps each 5 mm thick, (Figure 3.5, LEFT) was filled with 0.067 mCi/mL (10 mCi in 150 mL)
aqueous solution of 99mTc-pertechnetate and imaged with a ±4% energy window at 5 seconds per
256 projections (~2.5 kcts/sec) with VAOR, TPB and PROJSINE trajectories.
Next, small spheres were used to change the spatial frequency content in the gaps
between the disks. The phantom’s 5 mm disks and gaps have a spatial frequency of 0.1
cycles/mm; adding spheres increased the spatial frequency in the gaps. The 3.5 mm diameter
acrylic spheres (Engineering Laboratories, Oakland, NJ) were hexagonally close packed between
the disks (Figure 3.5, CENTER), and the phantom was refilled with the same 0.067 mCi/mL
concentration of radioactive solution and imaged with ±4% energy window at 13 seconds per
projection (~1.3 kcts/sec). The spatial frequency in the gap was then 0.2 cycles/mm (Figure 3.6).
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Figure 3.5: (LEFT) Defrise phantom with 5 mm thick acrylic disks and air gaps. (CENTER)
Defrise phantom, filled with two layers of 3.5 mm acrylic spheres hexagonally close packed
between 5 mm disks. (RIGHT) Defrise Phantom filled with 5 mm (brown), 3.5 mm
(translucent), and 2.5 mm (white) acrylic spheres in alternating layers between disks.

3.5 mm
5 mm

Figure 3.6: Sketch of 3.5 mm spheres hexagonally close packed in the 5 mm gap between
two acrylic disks. For this phantom set-up, one “cycle” is a sphere plus the activity
between the sphere and the disk, yielding 1 cycle/5 mm or 0.2 cycles/mm.
Similarly, 5 mm, 3.5 mm and 2.5 mm diameter acrylic spheres were alternately layered in
the gaps and the phantom refilled with the same concentration of radioactivity (Figure 3.5,
RIGHT). It was then imaged with a ±4% energy window at 14 seconds per projection (~1.0
kcts/sec). Therefore in this phantom setup, the spatial frequency varied widely from gap to gap,
but the spatial frequency range had low (near 0) MTF values. Thus, the spheres were not expected
to be resolved by the system, but rather distortions in the shape of the reconstructed Defrise
phantom as a whole, with altered content, was investigated.
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Listmode data sets were collected with 256 projections and resampled to 128 and 64
projections with equal noise quality, i.e., approximately the same total number of counts in each
scan. Thus, comparisons were made between the equal count density, second iteration
reconstructed images. Line profiles through each of the reconstructed images were used to
compare the peak-to-valley ratios of the gaps and disks, and additional qualitative assessments
were made between the different orbits and projection numbers.

3.3.1 Qualitative and Quantitative Results
Reconstructed images of the Defrise disk phantom under various setup and sampling
acquisition conditions using the VAOR orbit yielded the characteristic results shown in Figure
3.7. The reconstructed images including the spheres appeared similar to the disk-only results.
Qualitative differences between the images sampled at 64, 128 and 256 angular projections were
nearly indistinguishable in the uniform Defrise phantom. Thus, acquiring as few as 64 projections
can result in an adequate image for qualitative comparison. Additionally, the increased percent
noise in each projection from the reduced number of counts per projection in the 256 projection
image did not qualitatively affect the image (Tables 3.1, 3.2).
The peak heights and centroid displacements in vertical line profiles through the VAOR
disk-only data were regular and uniform, regardless of the number of projections used to
reconstruct the data (Figure 3.7). Similar results were obtained for the VAOR data collected with
various arrangements of spheres between the sampling disks. Not surprisingly, all the individual
spheres could not be visualized under any of these sampling conditions. Horizontal line profiles
through the top emission band of the phantom with and without spheres look similar, although
one could argue that large valleys in the line profile through the 3.5 mm spheres could be
attributed some spheres (Figure 3.10, TOP).
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The reconstructed images of the data collected with TPB and PROJSINE trajectories with
added acrylic spheres illustrate angularly under-sampled artifacts (Figures 3.8, 3.9), which are
similar to what we have observed in the past [70, 111]. Peaks and valleys in vertical line profiles,
due to signals between disks and from disks, were indistinguishable in TPB images due to the
known incomplete sampling with that trajectory [61, 107]. This further indicates that the artifacts
in those images are not a function of the spatial frequency information of the data, but rather due
to insufficient sampling. In PROJSINE images, some but not all peaks can be distinguished.
Interestingly, the difference between the peaks and valleys is larger in the images with added
spheres than in the images with disks alone. Note also that for the PROJSINE trajectory, the
severity of apparent curvature of the disks is somewhat reduced. This is a result of more nearly
complete sampling that was consistently observed previously [70, 111].
Table 3.1: Average number of counts per projection in each image set after listmode
resampling and reprocessing. Note: 256 projection images were acquired of each data set in
order from left to right. The percent noise (1/√N) for the 64, 128 and 256 projections are
0.009, 0.012 and 0.017, respectively.
Number of
Only Disks
3.5 mm Spheres
All Spheres
Projections VAOR TPB PROJ VAOR TPB PROJ VAOR TPB PROJ
64
13615 11900 11644 15679 16355 15402 15900 14767 15808
128
6806
5937 5841
7844
8202 7710
7944
7401 7909
256
3403
2980 2927
3910
4114 3855
3971
3695 3953
Table 3.2: Total number of counts per scan and the percent noise in each image set after
listmode resampling and reprocessing.
Number of

Only Disks

3.5 mm Spheres

All Spheres

Projection

VAOR

TPB

PROJ

VAOR

TPB

PROJ

VAOR

TPB

PROJ

64
128
256
% Noise

871343
871153
871253
0.0011

761571
759891
762762
0.0012

745246
747600
749387
0.0012

1003442
1003976
1000851
0.0010

1046739
1049894
1053282
0.00098

985752
986878
986775
0.0010

1017592
1016895
1016570
0.00099

945104
947312
945907
0.0010

1011742
1012360
1011971
0.00099
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128 Projections

256 Projections

Disks + Mult Spheres

Disks + 3.5 mm Spheres

Disks Only

64 Projections

Figure 3.7: Second iteration Defrise Phantom images with approximately equal noise
quality collected with a VAOR orbit. Right column of images has ¼ the counts per
projection as the left column, and the middle column has ½ the counts per projection as
the left column, so that each reconstruction has nearly equal total counts. (Top Row)
Defrise Phantom filled with approximately 10 mCi aqueous solution of 99mTc. (Middle
Row) Defrise Phantom including 3.5 mm acrylic spheres (in dark, emission band portion
of images) and the same concentration of radioactive solution. (Bottom Row) Defrise
Phantom layered with 5, 3.5 and 2.5 mm acrylic spheres (see Figure 3.6 for arrangement).
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128 Projections

256 Projections

Disks + Mult Spheres

Disks + 3.5 mm Spheres

Disks Only

64 Projections

Figure 3.8: Second iteration Defrise Phantom images with approximately equal noise
quality collected with a TPB orbit. (TOP) Images of disks without the acrylic spheres
demonstrate classic artifacts seen in insufficiently sampled reconstructions of disk data.
(MIDDLE, BOTTOM) Subsequent reconstructed data including the interstitial spheres as
indicated looked indistinguishable from the lower frequency (sphere-free) images.
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128 Projections

256 Projections

Disks + Multi Spheres

Disks + 3.5 mm Spheres

Disks Only

64 Projections

Figure 3.9: Second iteration Defrise Phantom images with approximately equal noise quality
collected with a PROJSINE 15-45° orbit. (TOP) Images of disks without the acrylic spheres
demonstrate artifacts seen in insufficiently sampled data. Note that the curvature of the disks
is not as great as in the TPB data (Figure 3.8). (MIDDLE, BOTTOM) Subsequent
reconstructed data including the spheres looked indistinguishable from the lower frequency
(sphere-free) images.
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Figure 3.10: Horizontal line profiles through reconstructed images of the top emission band
of Defrise phantom acquired with 256-projections with (TOP) VAOR, (CENTER) TPB and
(BOTTOM) PROJSINE trajectories. Notice that the oscillations in line profiles through
images with 3.5 mm spheres and mutliple spheres (through emmission band with 5 mm
spheres) are similar to disk only data.
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Horizontal line profiles in TPB and PROJSINE trajectories are similar to VAOR line
profiles (Figure 3.10, CENTER, BOTTOM). Again, some 3.5 mm spheres may be able to be
discerned in the line profiles through those images. In the images with multiple spheres, the 5 mm
spheres are not apparent and the line profiles appear similar to the line profiles through the
phantom without added spheres.

3.4

Point Source Phantom
Nylon spheres (Small Parts, Inc, Miramar, Fl) 2 mm in diameter were soaked in

approximately 10 mCi of aqueous

99m

Tc-pertechnetate solution for 1 hour. Due to electrostatic

effects, the radioactive molecules collected on the surface of the nylon. These radioactive spheres
were glued to a thin plastic sheet in a cross pattern, with the spheres spaced 1.5 cm center-tocenter and stacked in 4 layers spaced by 2 cm (Figure 3.11).

1

2

2cm
1.5cm

3
4

Figure 3.11: Photographs of the (LEFT) top view and the (RIGHT) side view of the
phantom imaged with 4 layers (labeled with black numbers) of 2 mm diameter nylon
spheres spaced 1.5 cm center-to-center in a cross pattern and 2 cm vertical spacing.
The data were acquired with VAOR, TPB 45° and PROJSINE trajectories containing 128
projections in a ±4% energy window. The radioactive spheres phantom was imaged in air to
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isolate the effects of sampling and resolution without attenuation and scatter. After reconstructing
and analyzing the data, there was a disconnect between the image appearance of this phantom and
the image appearance of the Defrise disk phantom (Section 3.1). To “bridge the gap” between the
two data sets, the radioactive spheres were placed sequentially closer until forming a line source
(Figure 3.12). Thus, radioactive spheres were glued at 1, 0.5 and 0.25 (touching) cm center-tocenter spacing between each previous set of spheres. In this way, the high frequency radioactive
sphere phantom became a progressively lower frequency object that mimicked the disk phantom.

Figure 3.12: Photograph of the 4 layers of nylon spheres touching to form intersecting line
sources. The black dot guides are spaced 0.5 cm center-to-center and were used to correctly
space spheres when gluing them.

3.4.1 Qualitative and Quantitative Image Assessment
The 2 mm nylon spheres are smaller than the detector’s resolution and the reconstructed
2.5 mm pixels, which contributes to the imperfect circular shape imaged by the CZT camera
(Figure 3.13) [111]. In contrast to the disk phantom results, sagittal slices show that there is no
large distortion in the reconstruction of the spheres in the cross pattern with different acquisition
orbits, despite insufficient polar sampling (Figure 3.13).
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Reconstructed images of the nylon spheres were compared by summing 7 sagittal slices,
drawing horizontal and vertical line profiles in ImageJ, using a macro in Kaleidagraph (Synergy
Software, Reading, PA) to fit Gaussian curves to the peaks and determining the FWHM and
centroid of each (see Section 1.7). The FWHMs and centroids of the peaks for the various
collected orbits were compared and statistically analyzed with Student’s t-test (see Section 1.7).
When the spheres are less than 1 cm apart, separate peaks for each sphere cannot be distinguished
in horizontal line profiles (Figure 3.14). As the spheres get closer together, the spatial frequency
increases and the MTF decreases. Thus when the spheres are 1.5, 1.0 and 0.5 cm center-to-center,
they have spatial frequencies of 0.067, 0.1 and 0.2 cycles/mm. It follows that when the spheres
are spaced at less than 1.0 cm center-to-center, they are no longer distinguishable because the
MTF is zero and the limit of resolution has been reached. When the spheres are greater than or
equal to 1 cm apart, there appears to be a variation in the shape of the nylon spheres between
trajectories. The imperfect circular shape of the spheres is probably because their size is near the
intrinsic resolution of the detector that has square 2.5 mm x 2.5 mm pixels.
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TPB

PROJSINE

0.25 cm

0.5 cm

1.0 cm

1.5 cm

VAOR

Figure 3.13: Three summed second iteration reconstructed coronal slices the top row of
99m
Tc-pertechnetate soaked 0.2 cm diameter nylon spheres imaged with (LEFT) VAOR,
(CENTER) TPB and (RIGHT) PROJSINE orbits spaced center-to-center at (FIRST) 1.5,
(SECOND) 1.0, (THIRD) 0.5 and (FOURTH) 0.25 cm. (CONTINUED)
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TPB

PROJSINE

0.25 cm

0.5 cm

1.0 cm

1.5 cm

VAOR

Figure 3.13 (CONTINUED): Three summed second iteration reconstructed sagittal slices of
Tc-pertechnetate soaked 0.2 cm diameter nylon spheres imaged with (LEFT) VAOR,
(CENTER) TPB and (RIGHT) PROJSINE orbits spaced center-to-center at (FIRST) 1.5,
(SECOND) 1.0, (THIRD) 0.5 and (FOURTH) 0.25 cm.
99m
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Figure 3.14: Four pixel wide horizontal line profiles through first row of nylon spheres.
Notice when spheres are spaced at 1.0 cm center-to-center, peaks for each of the seven
spheres can be distinguished. However, when the spheres are spaced at smaller increments,
individual peaks cannot be resolved.
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Vertical line profiles through the spheres show regular spacing and FWHM (Figure 3.15,
Table 3.3). A paired t-test of the FWHM of Gaussians fit to a line profile through the 1.5 cm
center-to-center spheres in each data set shows no statistically significant difference (p>0.05)
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Figure 3.15: Four pixel wide vertical line profiles through the last column of nylon spheres
(see example inlaid in TOP LEFT plot) in the transverse planes of (TOP from LEFT to
RIGHT; BOTTOM from LEFT to RIGHT) 1.5, 1, 0.5 and 0.25 (touching) cm center-tocenter in VAOR, TPB and PROJSINE images (compare with plots in Figures 3.4 – 3.6). The
line profiles show regular spacing and FWHM of each row of spheres for each trajectory.
Inner line profiles look similar without distortion.
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between the (linear) shape of the spheres in the vertical direction (Tables 3.4, 3.5). However,
there are some differences in size of the FWHM in the 1.5 cm center-to-center data and the 1.0
cm center-to-center data. One might expect that the nylon spheres imaged with TPB would be
statistically different from the data sets due to the elongation seen in reconstructed data acquired
with this trajectory. However, there is not enough evidence to support that the nylon spheres at
the center of the phantom imaged with a TPB trajectory are statistically different than those
imaged with the VAOR or PROSJINE trajectories. When the TPB imaged nylon spheres spaced
at 1.0cm center-to-center at the edge of the phantom are compared with the 1.5cm center-tocenter spheres imaged with VOAR and PROJSINE, they are statistically different in size.
Additionally, the size of the nylon spheres is statistically different for the 1.5 cm and 1.0 cm
center-to-center spacings when imaged with the VAOR and PROJSINE trajectories. Further
analysis needs to be conducted to investigate this behavior.
Table 3.3: Average FWHM (cm) values in the vertical line profiles in the transverse planes.
Sphere
Spacing
1.5
1
0.5
0.25

VAOR
Center
Outside
0.58
0.57
0.45
0.48
0.47
0.44
0.48
0.43

TPB
Center
Outside
0.56
0.54
0.70
0.60
0.92
0.64
0.81
0.67

PROJSINE
Center
Outside
0.53
0.51
0.59
0.49
0.61
0.52
0.59
0.52

Table 3.4: Table of p-values from paired t-test comparing the vertical FWHM of the
spheres in the inner column data sets with 1.5 cm and 1.0 cm center-to-center spacing. The
p-values comparing the same data set (e.g. VAOR 1.5 cm vs VAOR 1.5 cm) test the
difference between the inner and outer columns of spheres.
Data Set
VAOR 1.5 cm
VAOR 1 cm
TPB 1.5 cm
TPB 1 cm
PROJSINE 1.5 cm
PROJSINE 1 cm

VAOR
1.5 cm
0.66
0.00087
0.75
0.52
0.34
0.57

VAOR TPB
TPB PROJSINE PROJSINE
1 cm 1.5 cm 1 cm
1.5 cm
1 cm
0.26
0.45
0.26
0.39
0.011

0.49
0.19
0.59
0.54
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0.54
0.23
0.53

0.68
0.12

0.0094

Table 3.5: Table of p-values from paired t-test comparing the vertical FWHM of the
spheres in the outer column data sets with 1.5 cm and 1.0 cm center-to-center spacing.
VAOR VAOR TPB
TPB PROJSINE
1.5 cm 1 cm 1.5 cm 1 cm
1.5 cm
VAOR 1 cm
0.044
TPB 1.5 cm
0.89
0.33
TPB 1 cm
0.76
0.52
0.045
PROJSINE 1.5 cm
0.43
0.17
0.56 0.038
PROJSINE 1 cm
0.81
0.33 0.075
0.36
0.026
Data Set

A paired t-test confirms that there is not enough evidence to support that the 2 cm
distances between the centroids of the spheres along the columns of the phantom in each image
are statistically significantly different (p>0.05) between orbital trajectories (Tables 3.6-3.8),
except for 1) when the inner column of the 1.5 cm center-to-center nylon spheres imaged with the
TPB trajectory are compared with the inner column of the 1.0 cm center-to-center nylon spheres
imaged with the TPB trajectory and 2) when the inner 1.0 cm center-to-center nylon spheres
imaged with the TPB trajectory are compared with the 1.5 cm center-to-center nylon spheres
imaged with the PROSJINE trajectory. Between collecting the initial data set at 1.5 cm center-tocenter spacing and the other data sets with different spacings, the circular acrylic disks that the
plastic film was attached to were sanded down by another lab member for other experiments. This
physical adjustment accounts for the small changes in the distance between the layers of spheres,
although for the most part there is not enough evidence to support that the differences are
statistically significant.
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Table 3.6: Table of average distances (cm) between the centroids of the spheres in each row
in each reconstructed image.
Spacing
1.5
1
0.5
0.25

VAOR
Center Outside
2.22
2.17
2.06
2.05
2.05
2.05
2.04
2.05

Center
2.21
2.02
1.96
1.98

TPB
Outside
2.14
2.03
2.04
2.03

PROJSINE
Center Outside
2.25
2.14
2.07
2.05
2.04
2.06
2.04
2.05

TPB 0.5 cm

TPB Line

0.91
0.43
0.80
0.50
0.24
0.37
0.64
0.94
0.92

0.48
0.00
0.13
0.36
0.81
0.41
0.16
0.46

0.71
0.48
0.80
0.01
0.50
0.70
0.84

0.29
0.87
0.09
0.20
0.10
0.50

0.49
0.32
0.36
0.69
0.15
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PROJ Line

TPB 1 cm

0.97
0.96
0.19
0.55
0.17
0.58
0.09
0.49
0.68
0.94

PROJ 0.5 cm

TPB 1.5 cm

0.21
0.53
0.75
0.39
0.54
0.15
0.42
0.27
0.74
0.55
0.73

PROJ 1 cm

VAOR Line

0.44
0.27
0.16
0.20
0.57
0.06
0.16
0.21
0.63
0.24
0.20
0.27

PROJ 1.5 cm

VAOR 0.5 cm

VAOR 1.5 cm
VAOR 1 cm
VAOR 0.5 cm
VAOR Line
TPB 1.5 cm
TPB 1 cm
TPB 0.5 cm
TPB Line
PROJ 1.5 cm
PROJ 1 cm
PROJ 0.5 cm
PROJ Line

VAOR 1 cm

Data Set

VAOR 1.5 cm

Table 3.7: Table of p-values comparing the distance between the centroids of the spheres in
the inner column of each image showing that the differences are not statistically significant
between the orbital trajectories at the center of the image for any of the sphere spacing. The
p-values evaluated on the same data set (e.g. VAOR 1.5 cm versus VAOR 1.5 cm) compare
the centroid spacing between the inner and outer column of spheres.

0.29
0.30 0.07
0.08 0.56 0.77
0.40 0.63 0.96 0.92

TPB 0.5 cm

0.49
0.89
0.91
0.51
0.33
0.98
0.99
0.66

0.27
0.36
0.49
0.50
0.36
0.41
0.48

0.97
0.97
0.13
0.62
0.64
0.64

0.94
0.20
0.42
0.14
0.93

PROJ 0.5 cm

TPB 1 cm

0.97
0.39
0.79
0.77
0.83
0.21
1.00
0.90
0.99

PROJ 1 cm

TPB 1.5 cm

0.97
0.97
0.36
0.52
0.58
0.89
0.20
0.93
0.81
1.00

PROJ 1.5 cm

VAOR Line

0.28
0.28
0.38
0.85
0.21
0.28
0.39
0.27
0.27
0.32
0.37

TPB Line

VAOR 0.5 cm

VAOR 1 cm
VAOR 0.5 cm
VAOR Line
TPB 1.5 cm
TPB 1 cm
TPB 0.5 cm
TPB Line
PROJ 1.5 cm
PROJ 1 cm
PROJ 0.5 cm
PROJ Line

VAOR 1 cm

Data Set

VAOR 1.5 cm

Table 3.8: Table of p-values comparing the distance between the centroids of the spheres in
the outer column of spheres in each image showing that the differences are not statistically
significant between the orbital trajectories at the edge of the phantom for any of the sphere
spacings.

0.34
0.87 0.19
0.84 0.24 0.78
0.54 0.32 0.99 0.96

3.4.2 Simulated Disk Phantom
The rows of spheres have different information content than the disks in the disk phantom
(i.e., when the gamma camera is at 0, 60 and 120 degrees azimuthally, projection views of the
phantom look different, while projections of the disk phantom look nearly identical) (Figure
3.16). We simulated the disk phantom data by repeating four projections of the lines of spheres
touching, where one set of four rows was parallel to the gamma camera, to create a 128 projection
data set (Figure 3.17, LEFT). The line orthogonal to the gamma camera was deleted from the
projection images to ease windowing and leveling after reconstruction (Figure 3.17, RIGHT).
When the disks are simulated with the sphere data, elongation and cupping distortions are
present in the reconstructions from the data acquired with TPB and PROJSINE trajectories,
although each “disk” can be differentiated (Figures 3.18, 3.19). Vertical line profiles for VAOR
data appear as expected with equally spaced peaks of similar FWHM, while TPB and PROJSINE
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Figure 3.16: TPB projection views of (TOP) nylon spheres and (BOTTOM) Defrise disks at
(CLOCKWISE from Top) 0º, 60º and 120º azimuthal acquisition angles depicting the
difference in the information content of the images. The reconstruction code does not have
enough information to accurately reconstruct the highly symmetric Defrise disk phantom
when imaged with TPB and PROJSINE acquisition trajectories.
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Figure 3.17: (LEFT) VAOR projection image of the nylon sphere phantom spaced at 0.25
cm center-to-center with one line of beads perpendicular and the other line of spheres
parallel to the face of the detector. (RIGHT) The counts from the perpendicular line of
nylon spheres have been deleted to better window and level the reconstructed images.
line profiles are degraded and appear similar to the line profiles through the Defrise disk phantom
(Figures 3.19, 3.20). Peaks associated with the rows of spheres in TPB and PROJSINE images
can be distinguished, but they are closer together and shifted compared to the VAOR images.
Additionally, when the distance between the rows in the “disk” reconstruction is compared to the
rows in the other reconstructions, the TPB and PROJSINE disk data are statistically different
(p<0.10) from both the VAOR disk and the other data sets with varying sphere placement, but not
generally different from each other (Tables 3.9-3.12). Similar results have also been observed by
us for x-ray transmission imaging [112]. Therefore, in breast imaging where there is a diffuse
background, an elongation and blurring of information occurs within the breast due to the
acquisition trajectory, which could degrade the perceptibility of a lesion.
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VAOR

TPB

PROJSINE

Figure 3.18: Three summed second iteration reconstructed (TOP) coronal and (BOTTOM)
sagittal slices of 99mTc-pertechnetate soaked 2 mm diameter nylon spheres imaged with
(LEFT) VAOR, (CENTER) TPB and (RIGHT) PROJSINE trajectories.
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Figure 3.19: Vertical line profiles through the simulated disk data. Note that the disks can
be distinguished in each line profile, but distortions are becoming apparent.
Table 3.9: Average FWHM values in the vertical line profiles in the transverse planes. Note
the elongation in the measured size of the spheres from ~0.4 mm to more than 0.8 mm.
VAOR
Center
Outside
Disk

0.41

0.44

TPB
Center
Outside
0.82

0.83

PROJSINE
Center
Outside
0.81

0.11

Table 3.10: Table of average distance (cm) between the centroids of the spheres in each row
in each reconstructed image. Note that although the rows of spheres can be distinguished in
the TPB and PROJSINE images, the rows appear closer together than the actual 2 cm.

Disk

VAOR
Center Outside
2.07
2.04

TPB
Center Outside
1.22
0.62
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PROJSINE
Center Outside
1.55
0.91

Table 3.11: Table of p-values comparing the inner column of spheres between trajectories
and the inner column with the outer column for the same trajectory. Note that the bold
values are statistically significantly different for alpha (α) = 0.05.
Data Set
VAOR Disk TPB Disk PROJSINE Disk
VAOR 1.5 cm
0.20
0.066
0.016
VAOR 1 cm
0.91
0.048
0.003
VAOR 0.5 cm
0.59
0.055
0.002
VAOR Line
0.60
0.070
0.027
VAOR Disk
0.66
TPB 1.5 cm
0.40
0.062
0.011
TPB 1 cm
0.51
0.077
0.015
TPB 0.5 cm
0.25
0.048
0.002
TPB Line
0.34
0.080
0.058
TPB Disk
0.056
0.65
PROJSINE 1.5 cm
0.30
0.055
0.006
PROJSINE 1 cm
0.86
0.052
0.005
PROJSINE 0.5 cm
0.63
0.052
0.001
PROJSINE Line
0.62
0.063
0.028
PROJSINE Disk
0.21
0.23
0.008
Table 3.12: Table of p-values for comparing the distance between the spheres in the outer
line profile in the simulated disk phantom with the rest of the data sets. Note that the bold
values are statistically significantly different for alpha (α) = 0.05.
Data Set
VAOR Disk TPB Disk PROJSINE Disk
VAOR 1.5 cm
0.24
0.035
0.034
VAOR 1 cm
0.94
0.055
0.088
VAOR 0.5 cm
0.78
0.072
0.020
VAOR Line
0.88
0.10
0.071
TPB 1.5 cm
0.36
0.026
0.034
TPB 1 cm
0.89
0.050
0.083
TPB 0.5 cm
0.94
0.063
0.090
TPB Line
0.86
0.87
0.087
TPB Disk
0.077
PROJSINE 1.5 cm
0.19
0.031
0.037
PROJSINE 1 cm
0.90
0.060
0.083
PROJSINE 0.5 cm
0.85
0.064
0.088
PROJSINE Line
0.93
0.10
0.074
PROJSINE Disk
0.073
0.77
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3.5

Variations in Anthropomorphic Breast Phantom
To more closely approximate the clinical paradigm for which the SPECT system has

been designed, anthropomorphic phantoms are used to explore the relationship between angular
sampling and frequency content. Lesion-to-background contrast ratios of 5:1 and 10:1 filled the
975 mL anthropomorphic breast phantom (RSD, Inc., Newport Beach, CA) containing 0.3, 0.7
and 2.3 mL lesions (RSD, Inc., Newport Beach, CA). For both sets of data, the absolute lesion
concentration started as 30 µCi/mL, and the breast was 6 and 3 µCi/mL, respectively (Figure
3.20, TOP). Then, the background was diluted with small, irregularly shaped chunks of acrylic
cold spots to create a non-uniform breast background (Figure 3.20, BOTTOM). Randomly shaped
acrylic pieces provided a non-uniform background to simulate inhomogeneous radiotracer uptake.
The largest 2.3 mL lesion was used to determine the signal-to-noise (SNR) and contrast ratios in
each of the reconstructed images.
VAOR, TPB and PROJSINE trajectories with 256 projection images were acquired at 5
sec/projection. Each set of data was then down-sampled to 64 and 128 projections while
maintaining the same combined total acquired counts for the objects in that scan. Thus, each
individual projection for the 64-projection scan had roughly twice the number of counts as the
128-projection data, and four times that of the individual 256-projection data (Tables 3.13 - 3.16).
Four independent projection files with 64, 128 and 256 projections were created from the
collected data.
Table 3.13: Average counts per projection for the four data sets from each imaging
condition with lesion-to-background ratio of 10:1.
Number of
Water 10:1
Water + Acrylic 10:1
Projections VAOR TPB
PROJSINE VAOR TPB
PROJSINE
64
8324 13269
13413
7143 10936
11024
128
4348
6899
6971
3735
5698
5739
256
2194
3482
3512
1884
2877
2894
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Table 3.14: Average counts per projection for the four data sets from each imaging
condition with lesion-to-background ratio of 5:1.
Number of
Water 5:1
Water + Acrylic 5:1
Projections VAOR TPB PROJSINE VAOR TPB PROJSINE
64
9368 13029
12951
7914 12639
12868
128
4893
6778
6742
4139
6582
6696
256
2469
3421
3397
2089
3321
3374
Table 3.15: Average total counts for the four data sets from each imaging condition with a
lesion-to-background ratio of 10:1.
Number of
Water 10:1
Water + Acrylic 10:1
Projections VAOR
TPB
PROJSINE VAOR
TPB
PROJSINE
64
532720 849222
858404
457179 699912
705550
128
556528 808927
892233
478041 729408
734557
256
561735 891273
899021
482208 736424
740932
Table 3.16: Average total counts for the four data sets from each imaging condition with a
lesion-to-background ratio of 5:1.
Number of
Projections
64
128
256

Water 5:1
Water + Acrylic 5:1
VAOR
TPB
PROJSINE VAOR
TPB
PROJSINE
626299 833865
828849
506508 808927
823524
626299 867600
863007
529775 842332
857090
631995 875728
869601
534668 850196
863853
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Lesions

Figure 3.20: Photographs of 3 acrylic lesion phantoms (red arrows) inside a 975 mL
anthropomorphic breast phantom containing (TOP) a homogeneous radioactive aqueous
solution and (BOTTOM) a radioactive aqueous solution plus many irregularly shaped
acrylic pieces gathered near the nipple at the bottom.
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3.5.1 Qualitative and Quantitative Results
Reconstructed images of the anthropomorphic breast phantom show distorted breast
shape with TPB trajectory (Figures 3.21 – 3.24), while other trajectories have uniform breast
shape. The large 2.3 mL lesion is easily visualized in each image, but the lesion has some
elongation in the TPB acquisitions. The PROJSINE trajectory captures the whole breast volume,
but in this data set the images are distorted and the 0.3 and 0.7 mL lesions are very difficult to
visualize (Figure 3.25-3.26). While this trajectory has been shown to more completely sample the
breast than the TPB trajectory [70], it is more challenging to create a trajectory that closely
contours the breast phantom, which can result in lower resolution and poorer quality images (for
inexperienced lab members). Generally, the PROJSINE trajectory provides much better images
(as seen in subsequent chapters). On the other hand, the VAOR trajectory consistently provides
high quality images by completely sampling the volume, but it truncates the top of the breast.
These images have been windowed and leveled to show comparable images; however,
the specific SNR and contrast varies for each (Figure 3.27). Inclusion of the non-uniform acrylic
pieces reduces the total activity in the phantom, but the ratio between the lesion and background
fluid concentration is held constant at 10:1 or 5:1. This was assumed at the time to be similar to
the clinical environment where it was noted in a human subject’s image that a non-uniform
uptake of

99m

Tc-sestamibi tracer seems to occur throughout the breast volume. However, see

Chapter 6 for discussion of how noise can make the breast appear mottled and non-homogeneous.
Reconstructed images of the breast phantom illustrate similar shape distortions as in the cases
without the included acrylic pieces.

96

128
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VAOR

64

Figure 3.21: Second iteration, reconstructed sagittal image slices through 5:1 lesion to
background concentration ratio with the 2.3 mL 99mTc-filled lesion (30 μCi/ml) in a
homogeneous radioactive aqueous solution. The red dashed line represents the shape of the
non-distorted breast phantom.
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Figure 3.22: Second iteration, reconstructed sagittal image slices through the 2.3 mL 99mTcfilled lesion (30 μCi/ml) in the 5:1 lesion:background mixture of radioactive aqueous
solution, and acrylic pieces.
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Figure 3.23: Second iteration, reconstructed sagittal image slices through 10:1 lesion to
background concentration ratio with the 2.3 mL 99mTc-filled lesion (30 μCi/ml) in a
homogeneous radioactive aqueous solution.
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Figure 3.24: Second iteration, reconstructed sagittal image slices through 10:1 lesion to
background concentration ratio with the 2.3 mL 99mTc-filled lesion (30 μCi/ml) in a
heterogeneous radioactive aqueous solution with irregularly shaped acrylic pieces.
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Figure 3.25: Second iteration, Gaussian smoothed reconstructed coronal slices of the 10:1
homogeneous background phantom acquired with (TOP) VAOR, (MIDDLE) TPB and
(BOTTOM) PROJSINE trajectories having (LEFT) 64, (CENTER) 128 and (RIGHT) 256
projections. The PROJSINE images are unusually low quality potentially due to inadequate
ROR contouring at the time of imaging.
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Figure 3.26: Second iteration, Gaussian smoothed reconstructed coronal slices of the 10:1
heterogeneous background phantom acquired with (TOP) VAOR, (MIDDLE) TPB and
(BOTTOM) PROJSINE trajectories having (LEFT) 64, (CENTER) 128 and (RIGHT) 256
projections. The PROJINE images are unusually low quality potentially due to inadequate
ROR contouring at the time of imaging.
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For the second iteration of images, where we have previously observed an optimal tradeoff between contrast and SNR [70, 110, 111], the observed SNRs and contrasts in the TPB data
are higher than the VAOR and PROJSINE data sets, consistent with previous results (Figure
3.27) [70, 111]. This difference may be due to placement of the lesions closer to the nipple where
TPB trajectory has much closer views than the VAOR or PROJSINE trajectories. The closer
overall proximity to the object of interest with TPB trajectory minimizes distance related, spatial
resolution degradation effects, one noted advantage of the complex 3D orbits. The SNR in the
VAOR and PROJSINE data was near the detectable limit according to the Rose model that states
an SNR of 5 to 7 is required for an observer to perceive an object with 50% certainty [108].
The 2.3 mL lesion has different SNR and contrast in the coronal and sagittal slices in
both the homogeneous and non-homogeneous backgrounds (Figure 3.27). In the homogeneous
image, the different SNR and contrast values between image orientations could be because
attenuation correction was not applied; there is an apparent intensity gradient from the center of
the phantom to the edge that could affect SNR and contrast (Figures 3.21 & 3.23). Likewise this
effect occurs in the non-homogeneous data. Additionally in the non-homogeneous data, the SNRs
and contrasts could be different in orthogonal slices because different views will have a varying
amount of non-radioactive acrylic displacing the background activity, effecting the signal and
noise of the background measurement.
The smaller 0.3 mL and 0.7 mL lesions were much harder to perceive due to their size.
The SNR and contrast of these two lesions could not be confidently measured in the 5:1 contrast
ratio images with either homogeneous or non-homogeneous backgrounds. However, the lesions
were visible in the 10:1 contrast ratio images (Figure 3.27), but the SNRs and contrasts are given
for only the 0.7 mL lesion because the 0.3 mL lesion was harder to measure due its smaller size.
The 0.7 mL lesion was measured with a 2 pixel by 2 pixel ROI in one plane in both the coronal
and sagittal images. Knowing where the lesions were located helped when measuring the SNR
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and contrast in the 10:1 homogenous background, VAOR and PROJSINE images, which may
have otherwise been impossible as evident by the SNR values between 3 and 6 and contrasts
between than 1 and 3 (Figure 3.26a). Because of these difficulties, these smaller lesions have not
been used in the remainder of this dissertation. Although the relationship between lesion size and
observability has been extensively studied in our lab [45, 113], the goals of the studies herein did
not require the small lesion sizes.
Interestingly, acquisitions with 64 projections generally have the best lesion SNR and
contrast for the 2.3 mL lesion, but the worst SNR and contrast for the 0.7 mL lesion (for the given
uniform pixilation used in the reconstruction of these data). Generally, 128 and 256 projections
gave similar SNRs and contrasts for the measured lesions. Therefore, using 128 projections is an
acceptable trade-off for imaging hot spots in either homogeneous or non-homogeneous
backgrounds. The protocol currently implemented in our lab acquires images with 128
projections, which again approximates the calculated minimum number of projections necessary
to form an artifact-free image for objects 10 cm in diameter (Equation 3.1).
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Figure 3.27a: Parametric contrast versus SNR plots of the 2.3 mL lesion in a homogenous
water background with a concentration ratio of 10:1 from three summed (TOP) coronal
and (BOTTOM) sagittal planes of second iteration of reconstructed images. The hollow
points represent 64 projections, gray points represent 128 projections, and black points
represent 256 projections. Squares (■) represent data sets acquired with PROJSINE
trajectories, triangles (▲) represent data sets acquired with TPB trajectories and circles (●)
represent data sets acquired with VAOR trajectories.
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Figure 3.27b: Parametric contrast versus SNR plots of the 2.3 mL lesion in a homogenous
water background with a concentration ratio of 5:1 from three summed (TOP) coronal and
(BOTTOM) sagittal planes of second iteration of reconstructed images. The hollow points
represent 64 projections, gray points represent 128 projections, and black points represent
256 projections. Squares (■) represent data sets acquired with PROJSINE trajectories,
triangles (▲) represent data sets acquired with TPB trajectories and circles (●) represent
data sets acquired with VAOR trajectories.
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Figure 3.27c: Parametric contrast versus SNR plots of the 2.3 mL lesion in a heterogeneous
water background with a concentration ratio of 10:1 from three summed (TOP) coronal
and (BOTTOM) sagittal planes of second iteration of reconstructed images. The hollow
points represent 64 projections, gray points represent 128 projections, and black points
represent 256 projections. Squares (■) represent data sets acquired with PROJSINE
trajectories, triangles (▲) represent data sets acquired with TPB trajectories and circles (●)
represent data sets acquired with VAOR trajectories. The inset graph in the bottom chart is
the zoomed in version of the SNR and contrast values.
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Figure 3.27d: Parametric contrast versus SNR plots of the 2.3 mL lesion in a heterogeneous
water background with a concentration ratio of 10:1 from three summed (TOP) coronal
and (BOTTOM) sagittal planes of second iteration of reconstructed images. The hollow
points represent 64 projections, gray points represent 128 projections, and black points
represent 256 projections. Squares (■) represent data sets acquired with PROJSINE
trajectories, triangles (▲) represent data sets acquired with TPB trajectories and circles (●)
represent data sets acquired with VAOR trajectories.
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Figure 3.28a: Parametric contrast versus SNR plots of the 0.7 mL lesion in a homogenous
water background with a concentration ratio of 10:1 from three summed (TOP) coronal
and (BOTTOM) sagittal planes of second iteration of reconstructed images. The hollow
points represent 64 projections, gray points represent 128 projections, and black points
represent 256 projections. Squares (■) represent data sets acquired with PROJSINE
trajectories, triangles (▲) represent data sets acquired with TPB trajectories and circles (●)
represent data sets acquired with VAOR trajectories. (CONTINUED)
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Figure 3.28b (CONTINUED): Parametric contrast versus SNR plots of the 0.7 mL lesion in
a heterogeneous water background with a concentration ratio of 10:1 from three summed
(TOP) coronal and (BOTTOM) sagittal planes of second iteration of reconstructed images.
The hollow points represent 64 projections, gray points represent 128 projections, and
black points represent 256 projections. Squares (■) represent data sets acquired with
PROJSINE trajectories, triangles (▲) represent data sets acquired with TPB trajectories
and circles (●) represent data sets acquired with VAOR trajectories.
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3.6 Conclusions of Angular and Frequency Studies
Investigating the affects of angular sampling in relation to the frequency content of the
image has demonstrated that there is a relationship; for low frequency objects, the number of
angular projections can be relaxed without decreasing image quality, such as in the Defrise disk
phantom or the large lesion phantom in the breast phantom. While increasing frequency content
between the acrylic disk in the Defrise phantom, it is noted that the images do not appear different
and the line profiles demonstrating the spacing of the disks are similar for different numbers of
projections.
The deformation observed in reconstructed images of the disk phantom, both with added
spheres (high frequency content) and without (low frequency content), is not observed with the
suspended radioactive nylon spheres (high frequency objects). When the radioactive spheres were
arranged subsequently closer at increasing spatial frequencies, eventually the individual spheres
could no longer be distinguished due to the intrinsic resolution limits of the system. However,
when the linearly-arranged spheres were used to simulate the disk data, the elongation and
cupping artifacts consistent with the Defrise disk data re-appeared, indicating that the symmetry
and spatial and frequency information content of the imaged object are related to the angular
sampling required.
Some distortion was apparent in the breast phantom shape, a low frequency object, when
imaged with TPB, but the breast shape was not distorted with the other trajectories. The Orlov
volume that can be adequately sampled with the TPB trajectory is less than either VAOR or
PROJSINE trajectories, which leads to more distortion [70]. Additionally, the spherical lesions in
the anthropomorphic phantom were distorted in both the PROJSINE and TPB trajectories. The
PROJSINE trajectory has been shown to produce high quality images, however, this data
collection may have suffered from user error during my first experience creating trajectories and
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defining the ROR. The TPB trajectory It has been shown that at very large polar tilts smaller
spherical objects do distort, but this was not seen at the polar tilt used here [78].
The acrylic pieces added to the breast phantom simulated an inhomogeneous radiotracer
uptake, which we have observed in our human subject breast SPECT studies. Although the actual
activity concentration in the background was constant, the “cold spots” effectively changed the
observed lesion-to-background concentration by “diluting” the activity near the lesions and thus
the contrast in the image. Therefore, while the true lesion-to-background ratio was low, the
measured lesion-to-background ratios are 3x higher due to the non-uniform distribution of
radiotracer. More human subject data needs to be collected and evaluated to determine the
distribution of radioactivity within the breast, since studies that, for example, have been done
with planar acquisitions have not reported this inhomogeneous uptake [100]. Some of the planar
studies have shown a gradient of count densities larger to smaller from the chest wall to the
nipple [114], but this distribution could also be due to scatter from the chest wall or simply the
tapering of the breast volume, and therefore activity concentration, from chest wall to the nipple
[115, 116]. Possibly, this “non-homogeneous uptake” is actually image noise from the very low
clinical activity concentrations in the breast (see Chapter 6).
The interplay between the number of projections acquired over azimuthal 360° and the
frequency content in the image has been investigated. Changing the frequency content in the
Defrise phantom did not have an observable change in the resulting images. However, the image
quality of the anthropomorphic breast and lesions phantoms were affected by the number of
projections acquired. For the large lesion, reconstructed images from 64 projections had generally
better SNR and contrast than images reconstructed from 128 or 256 projections. However, the
opposite effect occurs for the smaller lesions. These data support the findings from the previous
study [70] that the number of counts per projection maybe more important than the number of
projections for a large 2.3 mL lesion. However, image quality of smaller objects benefits from
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more angular sampling. Thus, it is recommended to continue sampling with 128 projections for
general data acquisitions.
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4 Avoiding Cardiac and Hepatic Contamination
The heart takes up a very high concentration of

99m

Tc-sestamibi since this tracer was

originally designed as a cardiac tracer. The relative activity concentrations of the heart and nearby
liver are 12x greater than the normal breast tissue (Table 4.1) [99, 117]. Due to this large uptake
of the radiotracer by and the close proximity of these organs to the breasts, the

99m

Tc-sestamibi

signals can potentially contaminate or degrade the breast image [115, 116]. For imaging systems
that orient the detector face parallel to the breast’s central axis (nipple-to-chest direction, as in a
cranio-caudal mammogram), these organs have posed minor contamination to the imaging studies
[64, 115, 116], but the detector orientation causes a truncated breast volume in the image. Use of
slant-holed collimators angled towards the chest wall is possible to increase the acquired volume,
but would consequently result in an increase in cardiac and hepatic contamination. Our flexible
SPECT system, which can contour along the surface of a breast, has the ability to image into the
chest wall and thus a greater volume of the breast. However, contoured tilted trajectories also
potentially contribute background signal contamination from the heart and liver, in spite of the
superior energy resolution capabilities of the CZT detector coupled with the parallel-hole
collimator; this phenomenon has been noted in our early patient studies (Figure 4.1) [72, 76].
Table 4.1: Relative uptake of 99mTc-sestamibi in the breast and nearby organs potentially
imaged by the dedicated breast SPECT-CT system.

Organ

Relative Activity
Concentration
12
12
1
6

Heart
Liver
Breast
Breast Cancer

In this Chapter, the nature of the contamination due to the physical locations and avid
radiotracer uptake of the heart and liver are systematically investigated, in order to quantify the
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Figure 4.1: Polar plots of counts per projection acquired in SPECT projection images
collected with (black) PROJSINE and (grey) TPB trajectories from volunteers with biopsyconfirmed carcinoma. (TOP LEFT) SPECT images of our first volunteer, P1, were acquired
prior to combining the SPECT-CT system. Notice that the signals from first patient are
relatively large counts per projection in the TPB acquired data (up to ~3700) where the
system has views of the cardiac and hepatic uptake, but only between ~500 and ~1500 where
the organs are not in the FOV. The PROJSINE scan was limited by poor camera
positioning and did not produce a high quality, usable image, as can be deduced by the very
low counts when the system was at 15° polar tilt. From these scans, the variability of
relative organ location and contribution can be inferred, where the largest contribution in
the left breast is seen at ~20° for P1 and at ~75° for P4.
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Figure 4.2: (TOP, LEFT) Scaled, top-down schematic of the SPECT system overlaid with a
polar plot and approximate relative position of the (gray, heart shape) heart and (gray, oval
shape) liver. In a different plane, the (black circle) lesion is located at approximately 315º. A
horizontal arrow points along the patient long axis, towards the head. The SPECT gamma
camera is at the top, 0º position. From this initial position the detector system rotates
clockwise 360° according to the dotted arrow, collecting projection images in point-andshoot mode. (TOP, RIGHT) Photograph of the torso phantom showing the relative position
of the heart (red outlined with red dotted line) and liver (green outlined with green dotted
line) within the torso. (BOTTOM) Photograph of the experimental setup showing the
starting camera position and orientation of the torso and breast phantoms.
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contamination and develop trajectories which minimize or completely avoid views of these
organs, resulting in potentially superior lesion visibility, and ultimately quantification. An
anthropomorphic torso phantom with heart and liver phantoms is used to simulate the anatomic
spacing of the organs with respect to the breast phantom (Figure 4.2).

4.1 Altering Starting Point of Acquisition Trajectories
The 2.3 mL spherical phantom was placed in the inferior lateral quadrant of the 1730 mL
breast phantom (at 315° in the plot of Figure 4.2). In addition to aqueous 99mTc filled in clinically
realistic concentration ratios (Table 4.2), the breast contained irregularly shaped acrylic pieces
and spongy material to displace radioactivity and simulate non-uniform uptake in the breast (see
Figure 3.20). With a ±4% energy window centered about the 140 keV photopeak, 128 projection
images over 360° azimuth were collected with a variety of acquisition trajectories (Figure 4.3),
varying the starting position and polar tilt of some (Table 4.3). The offset starting positions of the
trajectories were chosen based on the relative location of the heart and liver, identified with the
counts per projection from a TPB 45° scout scan (Figure 4.4). Additionally, using the lesion
location in the breast, trajectories were modified to image that region more closely and directly,
such as positioning the arc in the circle-plus-arc (CPA) trajectory to collect projections closest to
the lesion’s location. The SNR and contrast in the coronal reconstructed slice containing the
lesion were evaluated to compare imaging between the different trajectories.
Table 4.2: 99mTc radioactivity distribution filled in the anthropomorphic phantoms when
acquiring data with varied trajectory starting positions
Organ Volume (mL) Absolute Activity (mCi) Activity Concentration (µCi/mL)
Torso
7000
7.72
1.10
Heart
290
3.42
11.8
Liver
1010
12.46
12.3
Breast
1740
1.72
0.99
Lesion
2.3
0.0159
6.91
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Table 4.3: Trajectories used for data acquisition. The starting point for select acquisition
trajectories was rotated to change the azimuthal position at which the detector had
maximum tilt.
Trajectory

Initial Position

TPB

0°

CPA
PROJSINE
SADDLE

0°
30°
315°
0°
30°
315°
0°

Polar Range
0° (No Tilt)
15°
45°
Arc from 15° - 45°
and circle around at
45° tilt
15° - 45°
15° - 45°
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Azimuthal Position

Polar Angle

0

0
10
20
30
40
50
60

330

CPA

0

30

330

0

30

10
20

60

30
40
50
60

90

240

120

210

150
180

90

240

120
0
0

330

30

10
20

210

40

180

Polar Angle

0
0
10
20
30
40
50
60

60

30

330

50
60

90

240

30

120

210

150

60

90

240

120
210

150

Polar Angle

180
0
0
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SADDLE

180
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0
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Figure 4.3: (LEFT) Polar plots of the acquisition trajectories with initial azimuthal
position at 0°. (RIGHT) 3D rendition of the trajectory.
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Figure 4.4: Projection images from TPB 45º scan depicting angles which contain increased
activity from the heart and liver. Images are projections 1, 10, 30, 55, 75 and 112
corresponding to azimuthal angles 0º, 28.1º, 84.4º, 154.7º, 210.9º and 315º, which were
chosen to highlight the degree of contamination from radioactivity outside the breast
phantom. The polar plot shows the relative total counts at each azimuthal angle. Thin black
arrows point to elevated count levels due to cardiac and hepatic uptake. The thick black
arrows point to chest wall and axilla counts where radioactive concentration is the same as
breast tissue. Detected counts from this region are important for breast imaging because
breast cancer can originate in these regions.
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The reconstructed images in Figure 4.5 show the qualitative differences resulting from
the variety of trajectories used. Surprisingly, the TPB 45° trajectory did not yield a reconstructed
image in which the lesion could be confidently visualized, despite the fact that the line profile
(Figure 4.5a, ROW 3, RIGHT) had a slight increase in intensity. This trajectory has been shown
in patient studies to be an advantageous and useful data collection technique. However, the lesion
location, near the chest wall of a very large breast phantom, likely interfered with visualization,
since the TPB 45° trajectory, known to sample insufficiently, had no close views of the lesion.
Perhaps if resolution recovery were implemented in the reconstruction, the lesion could have been
visualized.
The other data acquisition trajectories yielded images in which the lesion could be
visualized. The acquisitions which produced the best SNR and contrast in the second iteration
(Table 4.4) were the PROJSINE starting at 0° and TPB starting at 15°. CPA starting at 315° had a
similarly high contrast, but the SNR was not greater than in the other acquired images despite the
fact that the arc of this trajectory collected ~10 projections very close to the lesion’s location. The
lower SNR even with a close proximity acquisition was an unexpected result. Indeed, other
trajectories, such as PROJSINE starting at 315°, also did not have the high expected SNR or
contrast when collecting projections close to the lesion’s location. These unexpected results
indicate that while the optimal acquisition trajectory should have many close and direct views of
the lesion, other factors such as breast size may warrant consideration in deciding the best
trajectory. Therefore, further studies into developing trajectories that specifically minimize
cardiac and hepatic background signals and also provide sufficient sampling for reconstruction
will be investigated in the next section.
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Transverse

Intensity (arb units)

CPA Arc at 30°

CPA Arc at 0°

TPB 45°

TPB 15°

VAOR

Coronal

Pixel Number

Figure 4.5a: Four summed, second iteration coronal and transverse reconstructed slices
smoothed with a Gaussian kernel, acquired with a variety of trajectories imaging a 2.3 mL
lesion in the inferiolateral quadrant of a 1730 mL breast phantom. Line profiles across the
lesion (green line in VAOR image) show the intensity and size of the lesion imaged with
each trajectory. The black arrow points to the increased signal due to the heart and the
liver, which is apparent in many of the reconstructed images. Notice: The lesion is not
122 45° trajectory, despite looking in several
visualized in the image acquired with the TPB
planes. (CONTINUED)

Transverse

SADDLE

Intensity (arb units)

PROJSINE 15-45
Start at 315°

PROJSINE 15-45
Start at 30°

PROJSINE 15°-45°

CPA Arc at 315°

Coronal

Pixel Number

Figure 4.5b CONTINUED: Four summed, second iteration coronal and transverse
reconstructed slices smoothed with a Gaussian kernel, acquired with a variety of
trajectories imaging a 2.3 mL lesion in the inferiolateral quadrant of a 1730 mL breast
phantom. Line profiles across the lesion (green line in CPA at 315° image) show the
intensity and size of the lesion imaged with each trajectory.
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Table 4.4: SNR and contrast values of the lesion in the coronal plane for the second
iteration of reconstructed images by trajectory
Trajectory

4.2

SNR

Contrast

VAOR

3.3

4.3

TPB 15°

6.2

10.7

TPB 45°

0.6

1

CPA arcing at 0°

3.2

6.6

CPA arcing at 30°

4.8

7.4

CPA arcing at 315°

4.8

11.4

PROJSINE

6.9

10

PROJSINE at 30°

2.2

4

PROJSINE at 315°

3.1

5.6

SADDLE

3.7

7.2

Sequential TPB Trajectories
The 1740 mL anthropomorphic left-breast phantom, with a 1.6 mL thin-walled balloon

lesion (Harvard Apparatus, Holliston, MA) near the chest wall and a 2.3 mL acrylic spherical
lesion near the center of the breast, was attached to a torso containing heart and liver phantoms
(Figure 4.2) and filled with clinically realistic concentration ratios [99, 117] of aqueous

99m

Tc-

pertechnetate simulating biological radiotracer uptake (Table 4.5).
Table 4.5:
acquisition

99m

Tc radioactivity distribution in phantom during sequential TPB data

Organ
Volume (mL) Absolute Activity (mCi) Activity Concentration (µCi/mL)
Torso
7000
6.2
0.886
Heart
290
3.8
13.1
Liver
1010
11.9
11.9
Breast
1740
1.8
1.03
Chest Wall Lesion
1.6
0.011
6.88
Centered Lesion
2.3
0.016
6.96
Projection data acquired with TPB trajectories at fixed polar angles of 15°, 20°, 25°, 30°,
35°, 40°, 45°, 50° and 60° were collected for 128 projections over 360° azimuth (Figure 4.6). The
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data were again acquired with a ±4% energy window centered about the 140 keV photopeak from
99m

Tc. All scans started and finished at the same azimuthal position: the left lateral side of the left

breast phantom (Figure 4.2). The detector system had a predefined, varying radius of rotation that
contoured the breast phantom’s non-uniform shape. The phantom was not repositioned on the bed
between scans. Each scan was acquired for 10 min, and since the duration of the entire data set
collection for all TPB trajectories (1.5 hr) was much less than the half life of the radionuclide
(6.06 hr), the acquisition time was not adjusted for radioactive decay.

15°

60°

Figure 4.6: Three dimensional rendition of the TPB trajectories with fixed polar angles
ranging from 15-60°. The radius of rotation was varied such that the gamma camera was in
closest proximity to the breast phantom for each trajectory. For clarity, the drawings of the
orbits are spaced vertically to illustrate each trajectory more clearly. (Image courtesy of Dr.
Spencer Cutler.)
Reconstruction parameters included 8 subsets and a support grid size of 160x160x160.
Attenuation correction was applied by assigning a uniform attenuation coefficient of 0.1545 cm-1
(µ value for water at 140 keV) to all voxels within the bounds of the uniform breast phantom. For
the sequential TPB trajectories, attenuation maps for data sets acquired at each angle were used
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with data collected at that angle (Figure 4.7), despite the elongation and artifacts associated with
each, because at the time it was thought that it was the best approach. When these attenuation
maps were created, a mask of the reconstructed data was made without prior smoothing or
accounting for noise in the images. Note that for Chapters 5 and 6, attenuation maps based on
known insufficiently sampled TPB data were not used. Instead, those TPB images were
attenuation corrected with VAOR-based attenuation maps.

Figure 4.7: Sample attenuation maps for (LEFT) TPB 15°, (CENTER) TPB 35° and
(RIGHT) TPB 60° showing the “corrections” implemented despite the distorted nature of
the images (Figure 4.9).

4.2.1 Qualitative Image Assessment
Reconstructed images are shown in Figures 4.8 and 4.9. Figure 4.8 shows the sum of the
three coronal slices of attenuation corrected data containing the chest wall lesion. The top and left
in the coronal slices correspond to the superior and (left) lateral sides of the left breast phantom,
respectively. Due to the visual similarity of the data in the coronal plane, the reconstructed slices
containing the centered lesion are not shown. Figure 4.9 shows the sum of three transverse slices
around the center of the chest wall lesion, but containing both lesions. The left side of the
transverse slices corresponds to the left lateral side of the left breast phantom.
In the coronal reconstructed slices of the chest wall lesion (Figure 4.8) from the 45°, 50°,
and 60° polar angle acquisitions, the edge in the inferior medial quadrant (bottom right) is blurred
and not as well defined as the phantom edges in images acquired at shallower polar angles.
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Notable in the transverse images (Figure 4.9) acquired with 40° to 60° polar angles is an
elongation of the breast plus an elongation and overlap of the lesions, which is most clearly seen
in the last image. This is consistent with previous studies on a clinical SPECT camera [61, 107]
as well as the classic insufficient sampling artifact seen by all incomplete angle tomography
systems, namely those using tomosynthesis. Additionally in the transverse images, varying depths
into the chest wall region are imaged, with activity originating from the heart and liver appearing
at the upper edge of the images acquired with 35° to 60° polar angles.
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Figure 4.8: Images of three summed, coronal slices of OSEM reconstructed, attenuation
corrected breast phantom data that include the center of the 1.6 mL chest wall lesion,
acquired at the indicated polar angles (shown in the lower right corner of image). Twopixel-wide line profiles across the lesion (green line in 15° image) highlight that the
apparent lesion size decreases with increasing angular tilt (see Figure 4.14). This is seen as
elongation in the transverse views (see Figure 4.9). Note also in the lower right corner of the
60° image that the edge of the breast is distorted.
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Figure 4.9: Images of three summed, transverse slices reconstructed with attenuation
correction breast phantom data through the center of the chest wall lesion that also includes
the centered lesion, acquired at the indicated polar angles. Note the elongation and
distortion of the breast phantom and contained lesions with increasing polar angle. At polar
angles ≥35°, cardiac and hepatic activity is seen at the chest wall of the images (red dotted
circle in 40° data). Line profiles (green line in 15° image) show elongation in the chest wall
lesion (see Figure 4.14).
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4.2.2 Azimuthal Count Distribution
From each of the 128 projections acquired, the integrated photopeak counts were plotted
as a function of the azimuthal position from which they were obtained (Figure 4.10). The curves
illustrate that, as the polar angle increases, the number of counts per projection also increases. In
this left breast experimental setup, the most dramatic count increase is in the upper right quadrant
of the plot, or at the angular position from which the camera has direct views of the heart and
liver.
In addition to increased total counts due to direct views of the heart and liver, the data
also show an increase in the total counts at angles corresponding to direct views of the torso, i.e.,
including the chest wall and axilla. An increase in counts was also seen with increasing breast
volume. These additional counts are not considered problematic, but rather may be informative
because these regions are of clinical interest. Normal torso tissue has been shown to uptake a
similar amount of radiotracer to that of normal breast [99], and this low frequency background
could degrade contrast and/or affect absolute activity quantification.
Therefore, a bound on the polar angles for each azimuthal position of this data set can be
determined from Figure 4.10, whereby the camera could maximize the volume of breast and chest
wall imaged while avoiding direct views of the heart and liver (Figure 4.11). The boundary is set
such that the counts are nearly constant for all azimuthal angles and are not greater than the
maximum in the TPB 30° image since this image does not appear to have any additional signal
from the heart and liver. The boundary was determined by noting the polar angles where the
counts were less than or equal to the maximum counts in the TPB 30° image in intervals of 10° to
15° azimuthal. Because the y-axis of the polar plot in Figure 4.11 is inverted, the trajectories must
be “outside” this boundary, i.e., ranging from 0° to 30° or 50°, depending on the azimuthal angle.
Many trajectories could be made with this boundary that allows adequate sampling of the left
breast and neighboring tissue. The left breast boundary mirrored about the x- axis would likely be
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the best boundary, limiting the maximum polar angle to image the right breast while avoiding
direct views of the heart and liver. Data to verify the limiting polar angles of the right breast have
not been collected because we do not currently have right breast phantoms or the capability to
attach a breast to the right side of the torso.
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Figure 4.10: Normalized photopeak counts acquired per projection for each data set. These
smoothed data are depicted in alternating black and gray, with the innermost black line
representing 15° polar tilt and the outermost black line representing 60° tilt. The number of
counts acquired increases with an increasing tilt angle due to a greater volume of the
phantom being imaged, as well as direct views of the torso, heart and liver backgrounds.
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Figure 4.11: The black dotted line represents the boundary for a trajectory which could
contour the left breast while avoiding direct views of the heart and liver. The gray line is the
mirrored left breast boundary that could be used for the right breast. Therefore,
trajectories should be created with polar tilt angles less than the boundary angles.

4.2.3 Mean and Standard Deviation of Counts in Breast
To characterize the effect of cardiac and hepatic contamination, the mean reconstructed
voxel value and standard deviation for regions of interest (ROI) in coronal slices near the chest
wall, center and nipple of the breast phantom were measured and compared. Despite application
of attenuation correction to the data sets, the mean value of the uniform breast background is not
equal throughout the breast volume for a given acquisition setup. This inequality could be
because the distribution of the attenuation maps used was determined with the insufficiently
sampled data instead of the known shape of the phantom. Figure 4.12 displays the mean breast
phantom background count value for coronal slices near the chest wall (though not containing the
heart and liver), in the center (not containing the lesion) and near the nipple. All values were
measured on approximately the same, fully reconstructed slice in each image. The non-lesion
containing ROIs encompassed the majority of the coronal slice of the breast. The mean counts for
each of the regions on each of the scans appear to be approximately equal, to within one standard
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deviation. However, there was a statistically significant difference (p<0.01) by paired t-test
between the mean values in the different regions. The trend in the mean count rates increasing
from the chest wall to the nipple might indicate the difficulty of attenuation correction for these
insufficiently sampled datasets.
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Figure 4.12: Region of interest averages as a function of polar angle that encompasses the
whole breast phantom in the coronal slice near the chest wall (♦), center (■) and nipple (▲)
of the breast. Note that the mean count values are statistically significantly lower at the
chest wall than at the nipple, despite the fact that this data has been attenuation corrected.

4.2.4 SNR and Contrast
For each lesion, the SNR and contrast were calculated and compared for the second
iteration coronal planes of each data set. Not only are the SNRs and contrasts of the centered
lesion higher than the chest wall lesion (Table 4.6), but there also appear to be larger differences
between the SNRs and contrasts for the two lesions with increasing polar tilt angle, which is
illustrated as the ratio of those figures of merit in Figure 4.13. Ideally, the values would be
similar regardless of the location in the breast, bringing the ratio close to 1 (see Table 4.10). This
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larger difference may be due to incomplete resolution recovery of the lesion volumes or
background contamination from the cardiac and hepatic activity.
Table 4.6: Measured SNR and contrast in the center and chest wall lesions for second
iteration, reconstructed images acquired at each polar angle.
Center
Chest Wall
Polar Angle SNR Contrast SNR Contrast
15
32.0
9.4
15.9
5.1
20
41.0
12.6
13.6
4.5
25
42.3
13.7
15.9
4.9
30
40.0
13.2
17.3
5.4
35
45.1
15.5
15.7
5.2
40
41.3
14.8
14.0
4.7
45
35.4
12.9
14.2
4.6
50
32.0
11.6
9.4
3.1
60
28.1
10.8
6.9
2.8
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Figure 4.13: The ratios of the (TOP) SNRs and (BOTTOM) contrasts of the centered lesion
to the chest wall lesion in coronal, second iteration images plotted as a function of the polar
tilt. The data show that, as the polar tilt increases, the differences for the SNR and contrast
of these lesions also increase. Ideally, these ratios would be 1.
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4.2.5 Full Width at Half Maximum
The full width at half maximum (FWHM) was measured and compared for the coronal
and transverse planes of each data set (Table 4.7). The FWHM of the lesion was determined by
obtaining a profile through the lesion and using KaleidaGraph software (Synergy Software,
Reading, PA) to fit a Gaussian function with a least squares regression about the peak. The
FWHM values associated with the line profiles are sensitive to where the profiles are drawn, so
the 2-pixel-wide line was drawn approximately through the center of the lesion (Figures 4.8 &
4.9). The overall coefficients of fit exceeded R2 = 0.95. The 1.6 mL lesion phantom is 12 mm x
16 mm, and the 2.3 mL lesion is 15 mm x 16 mm. When the FWHM of the lesions is compared
with the measured diameter of the lesions, the data indicates that a narrowing and elongation
occurs distorting the shape of the lesion imaged with larger polar angles (Figure 4.14).
Table 4.7: Horizontal and vertical FWHM (mm) of the chest wall and centered lesion in the
coronal and transverse planes.

Polar
Tilt
15
20
25
30
35
40
45
50
60

Coronal
Transverse
Chest Wall Centered Chest Wall Centered
Hor Vert Hor Vert Hor Vert Hor Vert
12.7
16.1
14.2
16
10.7
7.2
8.3
8.4
10.3

10.4
12.7
13.9
15.4
12.1
8.8
6.5
6.3
6.3

11.4
11.2
10.5
9.8
9.3
11.3
10.8
10
7.5

10.8
13.3
10.4
11
11.4
10.5
10.9
11.3
11.3
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Figure 4.14: Measured FWHM as a function of the polar tilt for the chest wall and centered
lesion phantoms obtained in the (TOP) coronal and (BOTTOM) transverse planes. The
thin-walled chest wall balloon lesion measured 15 mm in diameter (coronal view) and 20
mm long (transverse view). The measured outer diameter of the centered acrylic lesion
phantom is 17 mm and, with an acrylic wall thickness ~1 mm, the inner diameter is ~15
mm.

137

However, at shallow polar angles, this elongation does not appear to cause severe distortion
artifacts. The visual elongation and narrowing of the breast shape and lesions in the transverse (or
sagittal) plane of the reconstructed images when the detector is at a larger polar tilt are confirmed
by the quantitative FWHM measurements. Incomplete sampling is primarily to blame for these
distortions, and the issue is well known and characterized [70, 80, 107].

4.3

Removing Projections to Reduce Heart-Liver Signal
Projection views which deviated from the baseline counts due to signal from the heart

and liver were removed, and the smaller sub-set of data was reconstructed to compare with the
full set of reconstructed data. Images were qualitatively and quantitatively compared. Depending
on how many projection images contained more counts than the baseline from just the breast
phantom, different acquisitions required a different number of projection images to be removed –
between 17 and 55 projection images, resulting in a 47.8° to 154.7° removal – in some cases
greatly reducing the total acquisition counts and thus adversely affecting the image quality and
angular sampling. However, under the assumption that the post-data collection processing would
not change the image acquisition procedure, the counts between the full data set and the limitedangle data set were not normalized when comparing images. Therefore, the limited angle
PROJSINE image has 76% of the counts of the full PROJSINE image and the limited CPA image
has 55% of the counts of the full CPA image.
While the activity near the chest wall (presumably from the heart and liver) is reduced
with this method, the lesion SNRs and contrasts also decrease (Table 4.8) due to fewer overall
counts in the image. For these data, the SNRs and contrasts decrease more when more projection
images were eliminated; this is expected due to the reduced angular sampling and count statistics.
Instead of simply removing projections from the data set to avoid the heart and liver signal, they
could be weighted differently in the iterative reconstruction code, or only the unaffected part of it
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could be used. Although the number of projections removed was 21 (Figure 4.15) in the
PROJSINE case, which yielded a reasonable reconstruction of the phantom, removing 44
projections for the CPA arcing at 135° (Fig. 4.16) produced too noisy an image and the lesion
was somewhat harder to perceive; this difference in image quality is indicated by the more
dramatic decline in SNR and contrast values between the full CPA and the limited CPA. If
images of equal noise quality were compared, i.e. same number of total counts but avoiding
projections of high background activity, a smaller decrease in SNR and contrast should result, and
indeed such experiments have been conducted for limited angle SPECT studies in our lab [81].
For equal count images, the SPECT azimuthal angular acquisition can be reduced 75° and retain
image quality [81]. However, the purpose of this study was to determine our ability to reduce the
cardiac-hepatic effect using current imaging procedure. Due to the variability in the number of
projection views subtracted and the resulting effect on the image quality, this method should not
be employed as long as we have the ability to collect the data while avoiding the heart and liver,
as described earlier in Section 4.2.
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Figure 4.15: (LEFT) Plots of counts per projection for the (TOP ROW) full and (BOTTOM
ROW) limited-angle PROJSINE acquisitions. The limited-angle case has 21 fewer
projection views (24% less counts) to exclude direct views of the heart and liver. The slight
excursion in the plot where the counts drop near 0 was a detector malfunction and is not a
true indication of the trend in the data. Three summed, Gaussian smoothed, second
iteration (MIDDLE) coronal and (RIGHT) sagittal slices. Limited-angle images at bottom
show reduced activity from the heart and liver (black arrows).
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Figure 4.16: (LEFT) Plots of counts per projection for the (TOP ROW) full and (BOTTOM
ROW) limited-angle CPA acquisition. The limited-angle case has 44 fewer projection views
(45% less counts) to exclude direct views of the heart and liver. The slight excursion in the
plot where the counts drop was a detector malfunction and is not a true indication of the
trend in the data. Three summed, Gaussian smoothed, second iteration (MIDDLE) coronal
and (RIGHT) sagittal slices. Limited-angle images at bottom show reduced activity from
the heart and liver (black arrows).
Table 4.8: SNR and contrast values in the transverse plane for the second iteration of full
set and limited-angle reconstructed images from Figures 4.14 and 4.15
Trajectory

SNR

Contrast

Full PROJSINE

13.8

6.3

Limited PROJSINE

11.1

4.7

Full CPA arcing at 135°

41.8

18.7

Limited CPA arcing at 135°

17.0

9.7
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4.4

Creating a Trajectory to Avoid the Heart and Liver
The results in Figure 4.10 were utilized to determine the polar angles at which the gamma

camera could acquire signals originating in the heart and liver. An acquisition trajectory
commonly used in our lab, PROJSINE, was consequently modified to avoid cardiac and hepatic
signal by constraining its polar range. Over a 360° rotation, the standard PROJSINE path
traverses three lobes ranging in polar tilt, usually from 15° to 45° (Figure 4.17). The constrained,
three lobed PROJSINE has one lobe with a polar range from 15° to 30° and two lobes with the
standard polar range from 15° to 45° (Figure 4.17). The previously described phantom (Figure
4.2) was set up again, but the absolute lesion-to-breast radioactive concentrations were slightly
varied (Table 4.9). Then, 128 projection images over 360° azimuthally of the phantom were
acquired with TPB 15° and TPB 45° (for direct comparison), standard PROJSINE and,
constrained by the results in Section 4.2.2, constrained PROJSINE trajectories. The data sets were
reconstructed and compared qualitatively and with SNR and contrast metrics.
Table 4.9:
acquisition

99m

Tc radioactivity distribution in phantom during sequential TPB data

Organ
Volume (mL) Absolute Activity (mCi) Activity Concentration (µCi/mL)
Torso
7000
8
1.14
Heart
290
3.5
12.1
Liver
1010
12.1
12.0
Breast
1740
1.7
0.98
Chest Wall Lesion
1.6
0.011
6.88
Centered Lesion
2.3
0.014
6.09
The constrained PROJSINE trajectory is completely outside the limiting polar tilt
boundary, unlike the standard PROJSINE trajectory. For the modified trajectory, a reduced
number of counts were acquired in the upper right quadrant compared to the normal PROJSINE
trajectory (Figure 4.16), indicating that indeed the direct views of the heart and liver had been
eliminated from the acquisition. The counts per projection acquired with the constrained

142

Polar Tilt

0
0
10
20
30
40
50
60

330

30
60

90

240

120
210

150
180

Normalized Counts

0
1
0.8
0.6
0.4
0.2
0

330

30
60

90

240

120
210

150
180

Figure 4.17: (TOP LEFT) Polar plot of the normal (solid black line) and modified (dotted
black line) PROJSINE acquisition trajectories overlaid with the experimentally determined
polar tilt bounds (dashed light gray line). (TOP RIGHT) Schematic of the constrained
PROJSINE trajectory, in which one lobe (black arrow) ranges from 15° to 30° rather than
15° to 45°. (BOTTOM) Polar plots of detected counts for several trajectories; dotted black
and solid black lines indicate the counts per projection for the normal and modified
PROJSINE trajectories, respectively. For a direct count comparison, the innermost and
outermost light gray lines indicate the counts per projection for TPB 15° and contaminated
TPB 45° acquired data.
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PROJSINE trajectory more closely follow the counts per projection acquired with the TPB 15°
trajectory that has been shown to completely avoid the heart and liver (Figure 4.17, BOTTOM).
As expected, the resulting reconstructed images appear with an area of enhanced activity
in the chest wall for the image reconstructed from the data acquired outside the trajectory
boundary, but not in the image reconstructed from the modified trajectory contained within the
boundary (Figure 4.18). While artifacts due to the acquisition trajectory persist, the overall shape
of the breast and lesions are preserved and correspond to the known shapes and dimensions of the
phantoms. The counts acquired per projection for the constrained PROJSINE closely followed
those of the TPB 15° acquisition despite viewing a greater volume of the breast with additional
tilt; however, when comparing the reconstructed images (Figure 4.18), much more of the chest
wall volume is included in the constrained PROJSINE data, along with the noticeable absence of
contamination events from the heart and liver.
The ratios (center lesion:chest wall lesion) of the SNR and contrast for the normal and
modified data acquisitions are given in Table 4.10. The ratios of the SNR and contrast of the
center-to-chest-wall lesion for the re-acquired TPB 15° data is in line with the general trend
outlined in Table 4.6 and Figure 4.14. However, the chest wall lesion phantom was not visible in
the TPB 45° data, and thus, the center-to-chest-wall ratio could not be determined. Both the
unmodified and constrained PROJSINE trajectories produce ratios closer to 1 than the TPB
trajectories, most likely because they more completely sample the breast. The ratio between the
two lesions is slightly larger in the constrained trajectory, but the overall image has fewer streak
artifacts and fewer high noise pixels.
Figures of merit using SNR and contrast indicate an increasing ratio in the values of the
two lesions as the polar tilt increases, further lending credence to the use of boundary values to
limit the trajectories. The relative image quality appears to be influenced by both angular
sampling and contamination from the heart and liver, and the minimization to near elimination of
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secondary organ contamination clearly improves the imaging results. These SNR results could be
affected by the noise measurement in one large ROI instead of finding the variability between
many small ROIs throughout the background breast volume, which could better estimate the
noise. Moreover, additional studies could be done after implementing both attenuation and scatter
corrections for more quantitative imaging evaluation. It is not expected that incorporation of
scatter correction would change the trends or overall conclusions, but better estimates of the
absolute signal values would be clearer.
In both TPB and PROJSINE imaging, information near the chest wall can be obscured by
the lines where no data is present (Figure 4.18). The housing of the CZT detector creates a dead
edge at the top plane of the gamma camera where no counts are collected. The dead edge leads to
the lines in the reconstructed image near the chest wall. These lines could interfere with
qualitative and quantitative imaging by obscuring a lesion. Additional imaging information could
be acquired with a whole body gamma camera and included in the reconstruction to eliminate
these lines [77].
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Centered Lesion

Constrained
PROJSINE

Unmodified
PROJSINE

TPB45º

TPB15º

Chest Wall Lesion

Figure 4.18: Images of three summed, Gaussian smoothed, reconstructed, attenuation
corrected transverse slices of the (LEFT) chest wall and (RIGHT) center lesions acquired
with (TOP) unmodified and (BOTTOM) constrained PROJSINE trajectories. In the chest
wall region of the unmodified PROJSINE image, an enhanced region in the upper right
regions is apparent due to the heart and liver activity, consistent with earlier results. It is
removed in the constrained trajectory since there are no direct views of the heart and liver.
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Table 4.10: SNR and contrast of the chest wall and center lesion and their ratios (compare
to Table 4.6 and Figure 4.12).
Chest Wall
Center
Acquisition Trajectory
SNR
Contrast
SNR
Contrast
TPB 15°
15.9
5.1
32.0
9.4
TPB 45°
*
*
7.4
2.3
Unmodified PROJSINE
6.5
1.8
7.3
2.1
Constrained PROJSINE
6.0
1.6
8.3
2.3
*The chest wall lesion was not visible in the TPB 45° image (Figure 4.18).

Center/Chest Ratio
SNR
Contrast
2.0
1.8
*
*
1.1
1.2
1.4
1.4

4.5 Conclusions to Acquisition Trajectories Studies
Acquisition trajectories can be made to avoid direct views of the heart and liver by
limiting the camera’s polar angular range over the azimuthal acquisition range (Figure 4.11). A
nearly infinite number of trajectories can be constructed within the bounds of the maximum polar
tilt to avoid the heart and liver and remove the associated artifact while still imaging the lesion.
However, for qualitative imaging, a radiologist may be able to “read through” this artifact for
lesions located near the nipple. Therefore, a priori knowledge of the lesion location from
mammography or breast CT [99, 117] and breast size (typically smaller than the phantom used
here) may affect how much these organs should be considered when setting up an image
acquisition and ultimately how much the organs will affect the perceptibility of the lesion. For
quantitative imaging, as in previous studies [77], the heart and liver activity would probably need
to be accounted for to achieve accurate lesion activity values.
Imaging an anthropomorphic phantom filled with clinically realistic concentration ratios
of radioactivity using sequential tilted trajectories of increasing polar angle has facilitated
determination of the vantages at which the parallel-hole collimated detector has direct views of
the heart and liver activity. With this information, acquisition trajectories can be created to avoid
or minimize background contamination, especially by constraining the trajectories within a
boundary set of polar and azimuthal angles. One caveat is that there are variations in the specific
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locations of individuals’ hearts and livers, as well as variation in the subjects’ sizes (girth, height,
weight) and organ sizes. Nonetheless, the boundary conditions obtained provide a general
guideline within which trajectories can be created and modified for individuals. For example, a
few scout planar images obtained from appropriate angles prior to the scan could help determine
gross variations in the bounding polar angles. This variation must be further investigated with
clinical studies.
Although these experiments were performed on a hybrid SPECT-CT system, a CT image
was not acquired nor used to correct for attenuation of the SPECT images. The very thin plastic
(1 mm) phantoms used in these experiments were uniformly filled with water. Therefore, a mask
of the reconstructed SPECT image filled with the attenuation coefficient of water is a very good
representation of the volumetric attenuation map of the phantom. While it should be noted that a
patient’s breast is actually more heterogeneous in tissue content, at 140 keV, the difference in
attenuation coefficients for glandular and fatty tissues is very small; a single uniform value for
“breast tissue” has been shown to be a satisfactory assumption for our purposes [87].
Nevertheless, experiments are underway to implement a CT-based attenuation map due to other
advantages that such CT-based correction can have, such as anatomical registration [87].
We routinely use TPB 45° for imaging studies in our lab because it has provided high
quality images for a majority of imaging tasks, such as when a hot or cold spot is located near the
nipple region of a breast [72, 81]. However, given that a simple fixed-polar titled orbit clearly is
an undersampled dataset, other trajectories which more completely sample more of the breast and
any potential lesions should be utilized. Having identified boundary values for degrees of polar
tilt using an anthropomorphic torso phantom in this dedicated breast imaging scheme, we
recommend that trajectories be defined, such as constrained PROJSINE, within such a boundary
in an effort to achieve more quantitatively and qualitatively accurate information. Streak artifacts
and other signal degrading effects from the heart and liver activity can be minimized or avoided
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altogether. There are tradeoffs between the volume of tissue being imaged and accuracy of the
reconstruction and therefore potential effects on absolute activity quantification. However, we
demonstrated that adequate chest wall coverage can be obtained with trajectories that also avoid
direct heart and liver projection views. Further studies in human subjects are planned to validate
this recommendation for clinical imaging.
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5 Scatter Correction and Quantification
Quantification of absolute in vivo radiotracer uptake is not common for routine SPECT
imaging. Generally, nuclear medicine physicians rely on differences in relative radioactive tracer
uptake patterns to analyze molecular SPECT images. Quantification of the radioactive uptake in
the images requires careful application of corrections to the data. Because radiotracers can be
designed to label metabolic processes, receptors, and the like, their absolute in vivo quantification
of concentration could be a valuable diagnostic tool to differentiate between benign and
malignant tissue. Particularly in breast cancer patients, determining absolute in vivo quantification
via non-invasive molecular imaging could affect a patient’s treatment plan.
Other groups have investigated quantitative breast imaging using planar single photon
imaging techniques [102, 118] and have shown that quantification of size and uptake has
implications for staging disease [118]. In spite of this, it is difficult to correctly quantify smaller
volumes in planar images due to the overlapping structures. SPECT can localize the disease in 3D
space and quantify its absolute radiotracer uptake without added activity from overlapping
“normal” background tissue [119].
To develop a quantitative SPECT imaging device, the activity present at the time of
imaging must be known so that the reconstructed image value has a reasonable comparison to test
its accuracy. For these studies the initial absolute activities were measured with a calibrated dose
calibrator (CRC-30BC, Capintec, Inc., Ramsey, NJ). Dose calibrators are calibrated to have an
accuracy of ±5% for measuring the quantity of activity in syringes. However, the data in this
chapter has been analyzed in terms of activity concentration (µCi/mL) because 1) the
reconstruction code outputs the voxel values in these units, and 2) the activity concentration is
assumed to be independent of breast size, while total activity is assumed to be dependent on total
volume [117]. For this data, the volumes were measured in graduated cylinders and syringes with
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accuracies of ±25 mL and ±0.1 mL, respectively. Measurements for the fluid in the cylinder and
breast phantoms (900 and 700 mL, respectively) were made with the graduated cylinder, while
measurements for syringes and lesions were made with the syringes. Therefore, the “gold
standard” that the image measurements are being compared to have an associated set-up or
systematic error. According to standard error propagation, for activity concentration
(5.1)
where A is the activity and V is the volume, then the error propagation follows
(5.2)
where σ is the standard deviation [120]. Therefore, the variability in the activity concentration is:

0.05

(5.3)

and σV is either 25 or 0.1 mL depending on the measurement device.
The data in this chapter were collected with a ±4% photopeak energy window centered
about 140 keV. However, Section 5.3 discusses the appropriateness of this and other energy
windows for quantification. The LumaGem SPECT acquisition software collects both listmode
data and projection data. The listmode data yields files acquired at each azimuthal angle that
contain all counts from all energies above the electronic threshold recorded by the detector during
the projection. The projection data set is the concatenated 128 projections consisting of counts
acquired in the selected energy window, such as ±4%. Previous work by Dr. Caryl
Brzymialkiewicz and modified by Dr. Spencer Cutler included setting up reprocessing software
for listmode data, such that the listmode files can be resampled to produce projection data sets for
a variety of energy windows [70]. One additional feature added in this thesis work is the inclusion
of energy windows to sample the Compton scattered energy region to estimate the scatter in the
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photopeak data (described in Sections 5.2 and 5.3). Uniformity corrections were appropriately
applied to each energy window, derived from the original uniformity flood list mode data. This
chapter outlines the procedures required to quantify data acquired with our dedicated breast
SPECT system and demonstrates its utility. Preliminary studies to develop and test the
quantification procedure show the accuracy of the methods employed.

5.1 Steps for Quantification
A flow chart outlining the steps for quantifying data with this dedicated SPECT system
appears in Figure 5.1. There are a variety of physical factors that affect the accuracy of
quantification in SPECT imaging [119], such as collimator, geometry and detection efficiencies
of the SPECT camera [110], radiopharmaceutical half-life, and attenuation and scatter correction
maps. Each of these factors have been modeled and corrected for in the reconstruction algorithm
to calculate the activity at the time of imaging. The collimator dimensions, radiopharmaceutical
half life and detector efficiency are directly included into the input deck for the reconstruction
code. An “orbit file” that defines the trajectory used in data acquisition gives required information
for distance from the center-of-rotation to the detector and time per projection. Additional steps to
create the attenuation and scatter maps for each object imaged are required.

152

Input detector, geometric and collimator efficiency in reconstruction code

Acquire flood data to calibrate detector

Acquire point source data in air

Apply center of rotation correction

Draw large VOI encompassing all reconstructed activity in and around point
source; iteratively determine reconstruction scaling factor

Acquire data with designated 3D trajectory

Resample List Mode data to
obtain a scatter image

Reconstruct data to 1st iteration

Threshold data to create mask image for
attenuation correction (µ = 0.1545 cm-1)

Input attenuation and scatter correction images into reconstruction code and
iteratively reconstruct data

Determine the mean activity concentration in VOI

Compare to dose calibrator activity concentration
Figure 5.1: Flowchart of the steps to correct data for quantification.
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5.1.1 Reconstruction Scaling Factor
Each time the uniformity correction is applied to the system, a calibration point source is
also acquired with a VAOR trajectory to determine the reconstruction scaling factor and verify
the center of rotation shifts. To find the reconstruction scaling factor, the integral density (total
activity) is measured in the reconstructed image. Equation 5.4 is used to determine the total
activity in the reconstructed image:
∑

(5.4)

where Atot is the total activity in the cumulative volume of interest, i is the voxel number, A/V is
the reconstructed voxel value and V is the reconstructed voxel volume. Since the reconstruction
code outputs the voxel values in activity concentration (µCi/mL), each element of the image is
first multiplied by the volume of one voxel (0.253) to convert to activity (µCi). Then, all
reconstructed slices between the large bands (Figure 5.2, LEFT) from the reconstruction grid in
the VAOR image (slices 61 to 101) are summed and a region of interest (ROI) is drawn,
encompassing all counts in the image (Figure 5.2, RIGHT).

Figure 5.2: Point source in air used to calibrate the reconstruction scaling factor after each
uniformity correction. (LEFT) Image in the transverse plane shows the large bands in the
image from the reconstruction grid. (RIGHT) After multiplying the reconstructed VAOR
image by 0.253, coronal slices 61 to 101 are summed and the integrated density of a very
large ROI (black box) is compared to the dose calibrator measured value.
The reconstruction scaling factor is then determined by the ratio of the measured activity
in the image to dose calibrator measured activity (Equation 5.5). Notice that if the new scaling
factor is larger than the old factor, then the new image values will decrease due to the inversely
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proportional relationship between the reconstruction scaling factor and the output.
(5.5)

5.1.2 Attenuation Correction
Attenuation correction compensates for attenuation by modeling the spatial distribution
of attenuation coefficients in the imaged object. For the data discussed in this dissertation, a map
of the attenuation coefficients was defined by reconstructing the data to the first iteration,
thresholding the image to obtain the mask of the object, and assigning each pixel a constant
attenuation coefficient for water (0.1545 cm-1 at 140 keV) (Figure 5.3) [121]. The phantoms and
experiments discussed here are all filled with water and contain only a small amount of acrylic
shell from the phantoms themselves. The acrylic shell is ~0.5 mm with an attenuation coefficient
of 0.1493 cm-1 at 140 keV [121]. Therefore, these methods to obtain the attenuation map result in
a very realistic representation of the physical object and attenuation map. The reconstruction code
uses the attenuation map to calculate photon detection probabilities, which are incorporated into
the expectation maximization [82, 83].

Figure 5.3: Sample sagittal slice of an attenuation map of a breast phantom with constant
attenuation coefficient of 0.1545 cm-1. Notice the boundaries of the breast are not crisp
edges as one would obtain with a CT image.

5.1.3 Scatter Correction
The iterative OSEM algorithm does not model the scatter, but instead uses Dual Window
(DW) method to estimate scatter [82]. The DW method assumes the scatter in the photopeak is
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proportional to the scatter measured in the Compton continuum of the energy spectrum [122].
Therefore, to correct for scatter, the following equation is used:
,

,

,

(5.6)

where f(x,y) is the corrected image, fmeas(x,y) is the measured image, fscatt(x,y) is the scatter image
and k is the proportionality constant [122]. The DW method uses an energy window abutting and
lower in energy than the photopeak window to estimate the proportionality constant, k, of the
scatter in the photopeak [122]. The photopeak energy window used by Jaszczak et al. ranged
from 127 to 153 keV (140 keV ± 9%) and the scatter window ranged from 92 to 126 keV (109 ±
16%) [122]. Because our system has better energy resolution than the system used in that paper,
our energy windows are narrower. The 16% wide scatter window chosen for this SPECT data
correction algorithm, i.e., 113 to 133 keV, was about double the width of the ±4% photopeak
energy window (Figure 5.4). The methods to determine k are outlined in Section 5.2.
For qualitative visual purposes and quantitative observer studies, previous studies have
shown that, with eight subsets for 128 collected projection views, the second reconstructed
iteration gives the best SNR and contrast values [70]. To determine the iteration at which the
measured activity concentrations in the reconstructions approached convergence, a data set from
Section 5.3 was reconstructed with 8 subsets with the OSEM reconstruction code up to 100
iterations [82]. With each reconstruction iteration, the voxel values are updated to new values
which should be closer to the true answer according to the expectation maximization algorithm
[65]. Thus, the first iteration does not necessarily give you the best quantitative value.
The mean value (in units of µCi/mL) of an ROI in the reconstructed image was measured every 5
iterations to determine the iteration where the mean value had the least change from the previous
measurement. A reconstruction grid size of 150x150x150 was used. The isotropic voxel size was
selected to be the same as the detector pixel size, having 2.5 mm on each side, as is
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Figure 5.4: Example energy spectrum showing the ±4% photopeak energy window (dotted
lines) and the scatter window (solid lines) used for scatter correction. Note that there is a
hard electronic threshold set at 90 keV.
typical for our reconstructions. The percent change between one measurement and the next shows
that from 5 iterations to 10 iterations the change is less than 1% (Table 5.1). The plot in Figure
5.5 shows that for 8 subsets, the 20th iteration provides information that is near convergence for
each trajectory. With each increment of 5 iterations, there is not too much variation in the mean
voxel value, and it is true that another stopping point could have been selected. Twenty iterations
was chosen because it seemed that it would be sufficient for each trajectory, but different
stopping points could have been applied to different trajectories. Additionally, it should be noted
that ROI size and location can affect these results. However, the data throughout the chapter
shows that the 20th iteration provides consistent results.
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Table 5.1: Percent change in the mean voxel value from the previously measured iteration
to the indicated iteration
Iteration Number
10
15
20
25
30
35
40

VAOR
0.21
0.07
0.04
0.03
0.03
0.03
0.02

TPB
0.61
0.15
0.03
0.01
0.03
0.03
0.03

ACTIVITY CONCENTRATION (µCi/mL)

19

PROJSINE
0.35
0.00
0.05
0.04
0.03
0.02
0.01
VAOR

TPB

PROJSINE

18
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Figure 5.5: Plot of mean activity concentration in an ROI as a function of iteration number.
Iteration 20 (at dotted line) was determined to be an acceptable compromise for
convergence for each of the trajectories.
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5.2 Determining the Proportionality Constant
Jaszczak et al. used both Monte Carlo and experimental methods to determine k [122].
The experimental method determines k by comparing the integral density of counts in a ROI from
a planar image of a line source in air with the integral density of counts in a ROI from a SPECT
image of a line source in a cylinder of water [122]. This same comparison method was utilized
with some modifications to determine the proportionality constant for our detector and imaged
object geometries.
A 0.6 cm inner diameter, 32 cm long burette pipe, filled with 5 mCi of

99m

Tc-

pertechnetate diluted in 9 mL of water, was used as the line source for these experiments. The
line source was sequentially placed at the center and 1.5 cm from the edge of a 10.8 cm diameter,
25 cm tall cylinder (Figure 5.6, TOP). Additionally, the line source was measured in a 17 cm tall
polypropylene Erlenmeyer flask suspended upside-down with its base at the top of the image;
such a flask was used because it more closely resembled the shape of a breast (Figure 5.6,
BOTTOM) – the imaging task for which the SPECT system has been designed. The “off-center”
line source in the flask was angled approximately parallel to the edge of the flask at ~76° with
respect to the base of the flask (Figure 5.6, BOTTOM). Between imaging the cylinder phantom
setups and the flask phantom setups, it was necessary to cut the burette pipe for the flask phantom
setup because, although the pipe extended above the system when it was in the cylinder, it
extended below the phantom interfering with the motion of the SPECT detector in the flask setup.
Therefore, 13.7 cm of length and 3.9 mL of volume were removed from the pipe, leaving 2.8 mCi
total remaining in the burette pipe.
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25cm

17cm

Figure 5.6: Photographs of the (TOP) cylinder and (BOTTOM) polyethylene Erlenmeyer
flask phantoms with the burette pipe in the center and off-center, respectively. The dotted
green line in the flask image illustrates the angle of the line source.
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A 10 min planar image of the line source in air was acquired at the same source-todetector distance as the ROR of the VAOR data acquisition. SPECT images were acquired in 128
projections starting at 5 sec/projection (10 min imaging time) in the cylinder, but the imaging
time of the flask was increased to 6 sec/projection to account for radioactivity decay. Data were
collected with VAOR, TPB 45° and PROJSINE 15° - 45° trajectories.
SPECT data was reconstructed to 20 iterations with 8 subsets and a grid size of
160x160x160. To determine the proportionality constant, the attenuation corrected photopeak
energy window data and the scatter energy window data were each reconstructed. Since activity
was only in the line source, the attenuation map was created in Matlab by forming a 3D matrix of
the geometric objects (cylinder and cone of identical volumes of the measured phantoms), and
each map was aligned with the appropriate line source dataset in the reconstruction matrix (Figure
5.7).
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Line Source over
Attenuation Map

Scatter Map

PROJSINE

TPB

VAOR

Attenuation Map

Figure 5.7: Transverse images of (LEFT) attenuation maps, (CENTER) alignment of the
reconstructed image with the attenuation map (3 summed planes) and (RIGHT) scatter
window image (3 summed planes for display only) before multiplying by the proportionality
constant used for correcting the centered line source in the cylinder. (CONTINUED)
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Line Source over
Attenuation Map

Scatter Map

PROJSINE

TPB

VAOR

Attenuation Map

Figure 5.7 CONTINUED: Transverse images of (LEFT) attenuation maps, (CENTER)
alignment of the reconstructed image with the attenuation map (3 summed planes) and
(RIGHT) scatter window image (3 summed planes for display only) before multiplying by
the proportionality constant used for correcting the off-centered line source in the cylinder.
(CONTINUED)
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Line Source over
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Scatter Map

PROJSINE

TPB

VAOR

Attenuation Map

Figure 5.7 CONTINUED: Transverse images of (LEFT) attenuation maps, (CENTER)
alignment of the reconstructed image with the attenuation map (15 summed planes for
direct comparison with images of the angled line source) and (RIGHT) scatter window
image before multiplying by the proportionality constant (9 summed planes to capture the
whole length of the line source) used for correcting the centered line source in the flask. The
line source was secured to the base of the flask with silicon and no activity was present
above the wide part of the flask during imaging. (CONTINUED)
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TPB

VAOR

Attenuation Map

Figure 5.7 CONTINUED: Images of (LEFT) attenuation maps, (CENTER) alignment of the
reconstructed image with the attenuation map (15 summed planes to capture the whole line
source) and (RIGHT) scatter window image before multiplying by the proportionality
constant (9 summed planes to capture the whole length of the line source) used for
correcting the off-centered line source in the flask. The line source was secured to the base
of the flask with silicon and no activity was present above the wide part of the flask during
imaging.
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The planar images are recorded in counts/10min/cm2, and the reconstructed voxels are
output in µCi/mL. Therefore, to compare the planar and 3D images directly, the values in each
are converted to µCi. Additionally, since the images were collected at different times, a correction
for decay also was made. To convert the units in the planar images, the image was multiplied by:

·

·

.

·

·

.

·

.

·

.

(5.7)

The term within the parentheses represents the sensitivity of the gamma camera. The other terms
are unit conversions. The reconstructed SPECT images were multiplied by the volume of the
voxel, 0.253, to convert to µCi.
The planar and SPECT images were each summed to one column of pixels forming line
projections along the length of the line, i.e., the integral density of each row in the image (Figure
5.8). The reconstruction grid size is larger than the raw planar image, and the line profiles of the
line source must be aligned to compare the two. As is shown in Figure 5.8, line projections can be
aligned with the planar projection, and k can be iteratively determined by fitting the line
projection from the SPECT scans to the planar scans (Figures 5.9 & 5.10). Additionally, since we
know the equation of the scatter correction technique (Eq. 5.6), we can use the integral density of
the activity in planar and SPECT photopeak and scatter images to solve for the proportionality
constant. The same number of pixels or voxels are included in the integral density measurement
for comparison, since the planar and SPECT images each have the same size pixels or voxels,
respectively.
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Figure 5.8: (LEFT) Line profiles from the line source summed to create a single vector
containing all image activity from the (FIRST) planar, (SECOND) VAOR, (THIRD) TPB
and (FOURTH) PROJSINE images. The pixel size in each image is 0.25 cm, but the
reconstruction grid size is 160x160x160, larger than the planar 80x80x1.
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Plotting the planar line projection alongside line projections from the SPECT images that
have been attenuation corrected and scatter corrected with different proportionality constants
shows that the proportionality constant is actually constant over the length of the line for each
phantom setup for each trajectory (Figures 5.9 & 5.10). The line profiles indicate VAOR and
PROJSINE trajectories require similar scatter proportionality constants: between 0.1 and 0.2
when the line source is at the center or edge of the cylinder (Figure 5.9). However, in the TPBacquired data, the necessary proportionality constant is higher: between 0.2 and 0.3 (Figure 5.9).
For each trajectory, when the line source is imaged in the conical flask, the necessary
proportionality constant is lower for the line in the center – approximately 0.1 – than when the
line source is angled at the edge – between 0.1 and 0.2 (Figure 5.10). This result is unexpected; a
difference between the line source at the center of the cylinder versus the center of the flask
should only occur over the length of the line where scatter is varying, not result in an overall total
reduction in the scatter contribution when attenuation correction has been applied. Interestingly,
the proportionality constant for the TPB-acquired data in the flask is similar to the VAOR and
PROJSINE data, possibly because all of the activity in the flask was entirely within the FOV of
the TPB trajectory; perhaps if there was some additional activity outside the FOV not sufficiently
sampled, then this result might follow the observations in the cylinder.
To find the specific proportionality constant for each case, the integral density from each
line profile is determined and the proportionality constant is solved for in the following way. The
planar image has an integral density of 2011 µCi. The integral density of the attenuation corrected
line profile and the scatter line profile (not multiplied by proportionality constant) varies based on
what portion of the line profile is integrated. The bounds for each condition were determined
from Figures 5.9 and 5.10, where care was taken to include only 64 pixels in each line profile to
match the number of pixels included in the planar integral density. For these conditions, the most
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Figure 5.9: Projections of the line source in the (LEFT) center and (RIGHT) off-center of
the cylinder imaged with (TOP) VAOR, (MIDDLE) TPB and (BOTTOM) PROJSINE
trajectories. The red line is the data with only attenuation (0.1545 cm-1) correction. The
other colored lines represent data corrected with different scatter proportionality constants.

169

VAOR
Activity (µCi)

70

70

Center

60

60

50

50

40

40

30

30

20

20

10

10

0

0

TPB
Activity (µCi)

0

20

40

60

80

70

70

60

60

50

50

40

40

30

30

20

20

10

10

0

0

20

40

60

80

0

20

40

60

80

0

20

40

60

80

0
0

PROJSINE
Activity (µCi)

Atten
0.5
0.3
0.2
0.1
Planar

Off-Center

20

40

60

80

70

70

60

60

50

50

40

40

30

30

20

20

10

10

0

0
0

20

40

60

80

Figure 5.10: Projections of the line source in the (LEFT) center and (RIGHT) off-center of
the flask imaged with (TOP) VAOR, (MIDDLE) TPB and (BOTTOM) PROJSINE
trajectories. The red line is the data with only attenuation (0.1545 cm-1) correction. The
other colored lines represent data corrected with different scatter proportionality constants.
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frequent proportionality constant calculated is 0.17 (Table 5.1). It seems that using this one
proportionality constant would be acceptable for VAOR and PROJSINE data, but may present a
bias in TPB data because its proportionality constant was slightly different. Although the TPB
data could have its own proportionality constant, for simplicity it was decided to use one for all
acquisitions.

Center

Off Center

Center

Acquisition
Atten Scatter
k
VAOR
2558 3143 0.17
TPB
2774 3317 0.23
PROJSINE 2561 3129 0.18
VAOR
2544 2856 0.19
TPB
2664 3010 0.22
PROJSINE 2549 2896 0.19
VAOR
2181 2468 0.07
TPB
2144 2250 0.06
PROJSINE 2175 2334 0.07
VAOR
2455 2552 0.17
TPB
2420 2409 0.17
PROJSINE 2379 2400 0.15

Off Center

Flask

Cylinder

Table 5.2: Integral density of the attenuation corrected image, scatter image and the
resulting scatter coefficient for each image acquisition and phantom setup. The planar
image integral density is 2011 µCi.

5.3 Geometric & Anthropomorphic Phantoms
In these studies, the previously discussed quantification steps are implemented on our
dedicated SPECT system to test its linearity in measuring absolute radiotracer uptake. In
particular, the effect of data acquired with non-traditional, non-circular trajectories as well as the
effect of energy window width on absolute quantification of SPECT data are characterized and
discussed.
List mode data of the total counts in 128 projection images were collected over 360° with
VAOR, TPB30° and PROJSINE ranging from 15° to 45° polar tilt. List mode data of the total
counts acquired for all energies were sub-sampled to produce projection files for ±4%, ±8% and -
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16/+8% energy windows and scatter energy windows for each photopeak window (Table 5.2).
Again, the scatter energy windows are selected as twice the photopeak energy window and
abutting the lower energy of the photopeak energy window. Additionally, the calibration point
source image was sub-sampled to determine the correct scaling factor for each energy window
(Table 5.3).
Table 5.3: Reconstruction calibration scaling factors for each energy window
Photopeak Window Calibration Factor (keV)
±4%
0.3300
±8%
0.4510
-16+8%
0.5388
According to the DW method, the scatter window was centered around an energy that
produced a window abutting and twice the size of the photopeak window (Figure 5.11, Table
5.4). In Section 5.2, we determined that the proportionality constant has some dependence on
trajectory. However, for these studies, we assume the same proportionality constant for each
trajectory to avoid adding another variable to this study. The following results indicate that the
TPB acquired data do not need a larger proportionality constant. To find the proportionality
constant for each energy window, a syringe containing 20.6 µCi/mL of aqueous

99m

Tc

pertechnetate immersed in a cylinder filled with water (Figure 5.12) imaged with a VAOR
trajectory was reconstructed with the appropriate corrections, and we iteratively determined k
empirically. Good agreement of the derived proportionality constant (0.16 vs. 0.17) in the ±4%
energy window with the line source data in Section 5.2 supports that this method provides
appropriate results.
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Figure 5.11: Example energy spectra showing the (---) ±4%, (---) ±8%, and (---) -16+8%
energy windows used, obtaining photopeak (dotted lines) and scatter window (solid lines in
corresponding color) data for reconstruction.
Table 5.4: Scatter energy windows and proportionality constants for the tested photopeak
energy window
Photopeak Window (keV) Scatter Peak (keV) Energy Range (keV)
±4% (134.4 – 145.6)
±8% (128.8 – 151.2)
-16+8% (117.6 – 151.2)

123
109
94

113 – 133
92 – 127
71 – 116

k
0.16
0.26
0.92

Additionally, masks of the images were created as previously described (Section 5.1.2) to
correct for attenuation. For comparison with the attenuation and scatter corrected data, an
additional mask of the images was created with a coefficient of 0.12 cm-1 because Harris et al. has
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shown that a uniform coefficient of 0.12 cm-1 is effective to account for both attenuation and
scatter in water-filled phantoms [92]. The resulting quantitative values from application of each
data correction technique are compared with the dose calibrator measured quantity.

5.3.1 Linearity Test with Geometric Phantoms
Three 30 mL syringes were filled with ~10 mL of aqueous

99m

Tc-pertechnetate with the

initial radioactive concentrations given in Table 5.5. The syringes were placed in a 12.5 cm
diameter cylinder (Figure 5.12) and imaged in air, water, and water plus background activity.
Table 5.5: Initial radioactivity and activity concentration in syringes and cylinder
Phantom
Syringe 1
Syringe 2
Syringe 3
Background

Activity (µCi) Volume (mL) Activity Concentration (µCi/mL)
34.7
9.7
3.6
113.3
10
11.3
226.8
11
20.6
386.8
900
0.36

Figure 5.12: Photograph of syringes with varying concentrations of radioactivity in a
cylinder with a uniform aqueous radioactive background.
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Images reconstructed with the syringes in air are attenuation corrected with a mask of
each syringe, while the images with the syringes in aqueous background have a mask
incorporating both the syringes and background (Figure 5.13, FIRST ROW). The TPB images are
corrected with the VAOR attenuation maps to avoid errors in the distribution of the attenuation
coefficients due to insufficient sampling of the trajectory. As expected, the scatter energy window
files show a similar distribution of scatter (Figure 5.13). The files contain a varying amount of
counts because the scatter windows are different widths and the system’s electronic cutoff (90
keV) is within the 92-127 keV and 71-116 keV windows.
To find the activity concentration in the images, three sagittal slices of the reconstructed
images were summed and ROIs were drawn in the syringes and backgrounds. ROIs for the
syringes were completely within and not close to the edges of the syringes to avoid partial volume
edge effects. The mean, decay-corrected, 20th iteration, reconstructed image activity concentration
was determined (divided by 3 because 3 planes were summed) and compared with the dose
calibrator measured activity concentration. The ratio of the activity concentration measured in the
image to the dose calibrator value should be 1 for the data to be accurate. Additionally, three
reconstructed, second-iteration, coronal slices were summed and ROIs were drawn in the syringes
and backgrounds to calculate the SNR and contrast of each. All quantitative values were
compared between acquisition trajectories and energy windows.
The reconstructed data shows evident differences in contrast between the variety of
activity concentrations (Figure 5.14). The line profiles in Figure 5.14 show that there is some
variability within the syringes, which indicates the need for large ROIs within the syringe. For
this large cylindrical phantom, characteristic insufficient sampling distortions occur in the TPB
acquired data (Figure 5.15). The results indicate that the accuracy has some dependence on
activity concentration, energy window and acquisition trajectory.
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Figure 5.13: (FIRST ROW) Coronal slices of the attenuation map used to correct the
(LEFT) syringes in air and (RIGHT) syringes in water and water plus background activity.
Scatter projection images in (SECOND ROW) air, (THIRD ROW) water and (FOURTH
ROW) water plus activity from the 113 – 133 keV scatter energy windows associated with
the ±4% photopeak energy window in images acquired with (LEFT) VAOR, (CENTER)
TPB and (RIGHT) PROJSINE trajectories. The black dotted box outlines the shape of the
cylinder in the VAOR image; the shape of the cylinder in projections acquired by other
trajectories depends on the angle at which it was collected. Line profiles (at location of red
lines) in images from each scatter energy window compare the relative scatter amount
between energy windows. (CONTINUED)
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Figure 5.13 (CONTINUED): Line profiles through one projection of syringes in the cylinder
with (TOP) air, (MIDDLE) water and (BOTTOM) water plus activity backgrounds for each
energy window in images acquired with (LEFT) VAOR, (CENTER) TPB and (RIGHT)
PROJSINE trajectories. Due to the electronic cutoff in the system, the counts in the largest
width window have the smallest magnitude although this would not be the case if the
electronice cutoff was lowered and all the counts were included in the window.
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Figure 5.14: (LEFT) Average of seven summed attenuation (0.1545 cm-1) and scatter
corrected reconstructed slices (±4% energy window) of syringes in (TOP) air, (MIDDLE)
water and (BOTTOM) aqueous radioactivity background acquired with a VAOR
trajectory; images from other trajectories appear similar. (RIGHT) Three-pixel-wide line
profiles through each syringe (see dotted lines in Top Left figure) for each acquisition show
the quantitative value for each syringe.
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VAOR

TPB

PROJSINE

Figure 5.15: Eight summed, Gaussian smoothed, sagittal slices through the cylinder in
between the syringes to show the shape of the reconstructed cylinder (dashed outlines) with
each acquisition trajectory. The (TOP) VAOR trajectory fully recovers the shape of the
cylinder, while both the (MIDDLE) TPB and (BOTTOM) PROJSINE data sets are slightly
distorted.
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When the syringes are imaged in air, there is attenuation within the 2.5 cm diameter
syringes that reduces the activity concentration in the reconstructed images (Figure 5.16, FIRST
COLUMN). Therefore, applying attenuation correction is necessary. However, including
additional scatter correction over compensates when no background medium is present, which is
highlighted by the reduced accuracy when the 0.12 cm-1 attenuation coefficient is applied and
when the scatter correction method is incorporated (Figure 5.16, SECOND and FOURTH
COLUMNS). One would expect that the relationship between accuracy and energy window when
the syringes are in air would persist when the 0.12 cm-1 attenuation correction is applied (Figure
5.16, FIRST and SECOND COLUMNS), as it does when the 0.1545 cm-1 attenuation correction
is applied (Figure 5.16, FIRST and THIRD COLUMNS). Instead, an unexpected dramatic decline
in the accuracy of the -16/+8% energy window occurs. In air with only the 0.1545 cm-1
attenuation coefficient applied, the -16/+8% energy window and the PROJSINE trajectory
produce the best quantification results for each syringe, which is not consistent when the syringes
are immersed in a scattering medium. There seems to be a general trend for underestimating the
activity concentration, pointing to a need for a better attenuation correction method.
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Figure 5.16: Quantification of syringe (TOP) 1, (MIDDLE) 2, and (BOTTOM) 3 with ±4%
(■), ±8% (■) and -16/+8% (■) energy windows in air (FIRST COLUMN) with no
attenuation or scatter correction applied; (SECOND COLUMN) with an attenuation
coefficient mask of 0.12 cm-1 applied; (THIRD COLUMN) with an attenuation coefficient
mask of 0.1545 cm-1 applied; and (LAST COLUMN) with an attenuation coefficient mask of
0.1545 cm-1 and scatter correction applied.
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The quantification of the syringes in water and radioactive background shows that using
the broad beam attenuation coefficient of 0.12 cm-1 has better quantitative accuracy for the ±4%
energy window than for the ±8% or -16/+8% (Figure 5.17, LEFT). From this limited study of
syringes in water and radioactive background, correcting the data with a coefficient of 0.12 cm-1
and imaging with an ±4% energy window produces average reconstructed voxels within ±10% of
the known values, independent of acquisition trajectory or activity concentration (except data for
syringe 1 collected with VAOR). When the data was attenuation and scatter corrected, the
accuracy was typically within 10% for the syringes imaged with ±4% and ±8% energy windows.
Using the attenuation and measured scatter correction methods described, the results for the ±4%
and ±8% energy window are similar, but the ±4% energy window provides overall better
quantification of the activity concentration (Figure 5.17, RIGHT). Therefore, this syringe data set
indicates that the ±4% energy window will produce the most consistent results between
trajectories.
In these syringe data, each trajectory appears to provide adequate quantitative data, even
despite incomplete sampling in the TPB trajectory. When the syringes are in water, applying the
attenuation and scatter corrections to the ±4% energy window data results in average image
voxels within ~5% of the known activity concentration. When the syringes are in a radioactive
background medium, the PROJSINE collected data has the least accurate quantification, even
greater than 20% different from the known quantity. Generally, the accuracy is better than 10%
for activity concentrations >3 µCi/mL with any trajectory, with the exception of syringe 3 (20.6
µCi/mL) imaged with a PROJSINE trajectory. When the activity concentration is less than 3
µCi/mL in the syringe and radioactivity is present in the background, the quantification is least
accurate, which is further explored in Chapter 6.
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Figure 5.17: Ratio of image measured activity concentration to known activity
concentration in syringe 1 (3.57 µCi/mL) in (TOP) water and (BOTTOM) water plus
activity for ±4% (■), ±8% (■) and -16/+8% (■) energy windows. The activity was quantified
by correcting data with (LEFT) an attenuation map with coefficient 0.12 cm-1 and (RIGHT)
attenuation map with 0.1545 cm-1 and appropriately DW scatter correction.
(CONTINUED)
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Figure 5.17 (CONTINUED): Ratio of image measured activity concentration to known
activity concentration in syringe 2 (11.3 µCi/mL) in (TOP) water and (BOTTOM) water
plus activity for ±4% (■), ±8% (■), and -16/+8% (■) energy windows. The activity was
quantified by correcting data with (LEFT) an attenuation map with coefficient 0.12 cm-1
and (RIGHT) attenuation map with 0.1545 cm-1 and appropriately DW scatter correction.
(CONTINUED)
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Figure 5.17 (CONTINUED): Ratio of image measured activity concentration to known
activity concentration in syringe 3 (20.6 µCi/mL) in (TOP) water and (BOTTOM) water
plus activity for ±4% (■), ±8% (■), and -16/+8% (■) energy windows. The activity was
quantified by correcting data with (LEFT) an attenuation map with coefficient 0.12 cm-1
and (RIGHT) attenuation map with 0.1545 cm-1 and appropriately DW scatter correction.
(CONTINUED)
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Figure 5.17 (CONTINUED): Ratio of image measured activity concentration to known
activity concentration in background activity (0.36 µCi/mL) for ±4% (■), ±8% (■), and 16/+8% (■) energy windows. The activity was quantified by correcting data with (LEFT) an
attenuation map with coefficient 0.12 cm-1 and (RIGHT) attenuation map with 0.1545 cm-1
and DW scatter correction.
The quantification of the background activity in the cylinder is biased high with each
trajectory and energy window resulting in values greater than the known quantity. When the data
is corrected with the coefficient of 0.12 cm-1, the quantification is greater than 30% more than the
dose calibrator value. When the data is corrected with attenuation and scatter methods, the
quantification of the background is within 10% to 20% of the dose calibrator value for the VAOR
and PROJSINE trajectories in the ±4% and ±8% energy windows. The better accuracy of the
attenuation and scatter correction method indicates that it will be a more robust approach (see
Chapter 6).
SNR and contrast of the each syringe in a radioactive background from the second
iteration for the different energy windows are displayed in Figure 5.18. Although the relationship
between image quality (SNR and contrast) with respect to energy window in this data collection
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system has been thoroughly explored and discussed previously [88, 89], the metrics are given
here to discuss the potential tradeoffs for acquiring quantifiable data.
These limited results (2 images per point) indicate that the ±8% window would provide
similar quantitative accuracy as the ±4% window, along with substantial gains in SNR. However
in previous studies, the ±4% energy window has been shown to perform the best for many
imaging tasks [89]. This data set shows the -16/+8% energy window generally has the lowest
contrast with no gains in SNR compared to the other energy windows. Additionally, the SNR for
the VAOR trajectory is better than the SNR for the TPB or PROJSINE, while the contrast is
about the same. However previously, the SNR and contrast have been better in data collected
with TPB and PROJSINE trajectories than with VAOR, depending on where the lesion phantom
is located in the breast phantom [88]. In summary, quantitative and qualitative imaging should not
be done with the -16/+8% energy window and or the TPB trajectory.
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Figure 5.18: SNR versus contrast from second iteration, attenuation and scatter corrected,
reconstructed coronal slices for syringes (TOP) 1, (MIDDLE) 2, and (BOTTOM) 3 in a
radioactive background for VAOR (▲), TPB (■) and PROJSINE (♦) acquisition
trajectories and 8% (black), 16% (light grey) and 24% (medium grey) energy windows.
Each point represents the mean from two sequential scans.
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5.3.2 Breast & Lesion Phantoms
An 800 mL anthropomorphic breast phantom containing a 2.3 mL acrylic-walled sphere
(Radiological Service Devices Inc., Newport Beach, CA) and a 1.6 mL thin-walled balloon
(Harvard Apparatus, Holliston, MA) were filled with aqueous 99mTc pertechnetate (Figure 5.19).
Table 5.6 gives the initial radioactive concentrations of the spheres and background.

Figure 5.19: Photograph of the acrylic (left) and balloon (right) spheres in the
anthropomorphic breast phantom (not shown filled with water in photograph to avoid
distortion due to refraction). The black arrow points to the water level the phantom was
filled to during image acquisition.
Table 5.6: Initial radioactivity and activity concentration of the spheres and breast
phantoms
Phantom

Activity (µCi)

Volume (mL)

Activity Conc (µCi/mL)

Acrylic
Balloon
Background

28.4
19.8
222.6

2.3
1.6
765

12.3
12.4
0.291
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VAOR, TPB 30° and PROJSINE 15° – 45° trajectories were acquired with 128
projections of listmode data that was resampled into ±4%, ±8% and -16/+8% energy windows
and their respective scatter energy windows. Attenuation and scatter correction were applied to
the data as described earlier using the same scatter proportionality constants (Table 5.4). The
attenuation map for the TPB data was defined by the PROJSINE attenuation map that imaged the
same volume, but was not distorted due to insufficient sampling. The scatter projections each

Number of Counts

energy window and acquisition trajectory is again similar (Figure 5.20).
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Figure 5.20: (TOP) Attenuation maps for the (LEFT) VAOR and (RIGHT) both the
PROJSINE and TPB trajectories. (MIDDLE) Scatter projection images from the 113 – 133
keV energy window showing the scatter distributions for the (LEFT) VAOR, (CENTER)
TPB and (RIGHT) PROJSINE trajectories. (BOTTOM) Line profiles (red dashed lines in
scatter images) were taken through the acrylic lesion to demonstrate relative scatter
between energy windows is very similar.
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Both the reconstructed and attenuation and scatter corrected VAOR and PROJSINE
spherical lesion data are generally accurate to within 10% of the known value, while TPB data
have consistently >30% deviation from the actual dose calibrator measured concentration (Figure
5.21). Because the TPB data is insufficiently sampled, elongation artifacts in the reconstructed
images distort the shape of the breast and lesions, non-uniformly dispersing the activity into an
incompletely sampled image volume. These distortions are more apparent in this irregularly
shaped object than in the symetric cylinder, where there is a slight distortion. Additionally, there
is an attenuation map inconsistency given the elongation artifact and the known, smoothly
varying, true phantom distribution. This is caused by the incomplete sampling of the object.
Therefore, the total activity is non-uniformly dispersed over the elongated volume, and
consequently the activity concentration reported in each voxel decreases. This difference is
evident in the images set to the same global maximum in Figure 5.22.
For the data reconstructed with the lower coefficient of 0.12 cm-1 also meant to
compensate for scatter, there is less variation in the accuracy of the quantification between energy
windows than was seen with the syringes. As with the syringes, the ±4% energy window
produces images with accuracy within 10% for the VAOR and PROJSINE acquired data.
Additionally, the ±8% and -16/+8% energy windows provided quantification of the lesions within
10% when the 0.12 cm-1 “effective attenuation coefficient” was applied. For the attenuation and
scatter corrected data, the ±4% and ±8% provide average activity concentrations differences to
within 10% of the known value.
However, neither method accurately quantified the diffuse background region containing
the relatively low activity concentration, similar to the result with the syringes. Although the data
collected with the PROJSINE trajectory appears to quantify the background region to within 10%
of the known value, there is no physical explanation as to why the VAOR trajectory could not as
well. Further investigation into diffuse background regions described in Sections 6.1 – 6.3 do not
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Figure 5.21: Bar charts of the ratio of image-to-dose calibrator measured activity
concentration for the (TOP) acrylic and (MIDDLE) balloon lesions and (BOTTOM)
uniform breast background for the ±4% (■), ±8% (■), and -16/+8% (■)energy windows.
The images were quantified with (LEFT) an attenaution coefficient of 0.12 cm-1 and
(RIGHT) attenuation coefficient of 0.1545 cm-1 and appropriately chosen Compton
windowed scatter correction.
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Acrylic

Balloon

Figure 5.22: Three summed, 1-pixel-wide Gaussian smoothed (LEFT & CENTER) coronal
and (RIGHT) transverse images of the reconstructed data, set to a global maximum,
containing acrylic and thin-walled, balloon radioactive lesion phantoms acquired with
(TOP) VAOR, (MIDDLE) TPB and (BOTTOM) PROJSINE trajectories.
show the same overestimation when very large (whole bresat volume) VOIs are used. However,
when small VOIs measure the background mean activity activity concentration, the value can be
overestimated (Figure 6.6). Therefore, the size of the VOI can affect the measurement of these
low count, high noise regions.
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Figure 5.23 shows a plot of the average SNR and contrast of the two lesions from two
sequential scans of each trajectory and energy windows. Despite its quantitative inaccuracy, the
TPB acquired images had the best SNR and contrast (see also Fig. 5.21), probably because the
gamma camera was able to image relatively closer to the lesions than the other trajectories could.
Comparing just the VAOR and PROJSINE trajectories, VAOR has a higher SNR and PROJSINE
has a higher contrast for the respective energy windows. The -16/+8% energy window had the
best SNR and equivocal contrast performance for the acrylic lesion, while it is difficult to say
which energy window had the best SNR or contrast performance for the balloon lesion. However,
these results generally follow the same trend as shown previously in our lab [89], indicating that
the ±4% energy window should be used going forward.
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Figure 5.23: SNR and contrast of the acrylic lesion measured in second-iteration,
attenuation and scatter corrected, reconstructed (TOP) coronal and (BOTTOM) transverse
slices acquired with VAOR (▲), TPB (■) and PROJSINE (♦) trajectories and 8% (black),
16% (light grey) and -16/+8% (medium grey) energy windows. Each point represents the
mean of two sequential scans. (CONTINUED)
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Figure 5.23 (CONTINUED): SNR and contrast of the balloon lesion measured in seconditeration, attenuation and scatter corrected, reconstructed (TOP) coronal and (BOTTOM)
transverse slices acquired with VAOR (▲), TPB (■) and PROJSINE (♦) trajectories and
±4% (black), ±8% (light grey) and -16/+8% (medium grey) energy windows. Each point
represents the mean of two sequential scans.

5.4 Evaluation of Scatter Correction with Cold Spot Imaging
To test the accuracy of the scatter correction and quantification procedure a nonradioactive area (cold spot) in a diffuse radioactive background was measured. If the data has
been adequately corrected, then the otherwise cold region will be approximately 0 µCi/mL.
However, a reasonably large cold spot must be used to overcome partial volume effects, similar
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to why the very large syringes were used in Section 5.3.1. Additionally, resolution recovery has
not been used in the quantification procedure, and thus, there may be blurring at the edge of the
interface between the cold spot and radioactive background, contributing counts to the area where
no radioactivity is present. Furthermore, because the iterative reconstruction is a non-linear
process and does not allow any voxel to have a negative value, the region may not be exactly 0
µCi/mL.
For this study, a breast phantom was filled with 700 mL of aqueous

99m

Tc-pertechnetate

(270 µCi) and a 10.5 mL cold spherical lesion phantom filled with water. This study was
performed in conjunction with other data acquisition, and it is noted that a larger amount of
background activity would have done a better job at identifying systematic errors. The phantom
was imaged with VAOR, TPB 30° and PROJSINE 15° – 45° trajectories. Data was acquired with
±4% energy window, 128 projections and 5 sec/projection.
The data was corrected and reconstructed to the 20th iteration as described in Section 5.1.
Three sagittal planes containing the cold spot were summed, and a line profile and ROI were
drawn to determine the reconstructed values in the cold spot.
The images are noisy due to the low activity concentration in the phantom (Figure 5.24),
but line profiles through the summed planes show that the very large cold spot is perceivable
below the radioactive background (Figure 5.25). These data indicate the scatter correction
appropriately models and corrects the data. Furthermore, the measured average activity
concentration in the cold spot acquired with each trajectory is approximately 0 µCi/mL (Table
5.6), indicating the quantification procedure works. Additionally, the image measured activity
concentration compared to the dose calibrator activity concentration for the VAOR, TPB and
PROJSINE trajectories are 1.08, 0.90 and 0.90, respectively (Table 5.7).
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Figure 5.24: Three summed, Gaussian-smoothed, transverse planes of the non-radioactive
lesion (cold spot) in an aqueous radioactive background, acquired with (LEFT) VAOR,
(CENTER) TPB and (RIGHT) PROJSINE trajectories. Blue dotted circles show the
location of the cold spot. Red lines indicate location of line profiles displayed in Figure 5.25.
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Figure 5.25: Line profiles through cold spot in the breast phantom acquired with the
VAOR, TPB and PROJSINE trajectories. The cold spot has a value near 0 µCi/mL.
Table 5.7: Average activity concentration (µCi/mL) in the cold spot and radioactive
background
Trajectory
VAOR
TPB
PROJSINE

Cold Spot
0.004
0.001
0.00002

Breast
0.42
0.35
0.35

5.5 Conclusions to Scatter Correction and Quantification
A method to quantify the activity concentration of regions of interest in data acquired
with our unique dedicated SPECT system has been implemented. It was determined that one
proportionality constant can be used with the DW method for these trajectories and produce
results within 10% of the known activity concentration. Although the line source data indicated
that the TPB data may require a larger proportionality constant than the VAOR or PROJSINE
trajectories, consistent underestimated quantification with TPB indicates that a further larger
proportionality constant would not produce better accuracy. The effect of changing the
proportionality constant can be seen in Figures 5.8 and 5.9, where if all other parameters are
constant, increasing the proportionality constant will decrease the image values and decreasing
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the proportionality constant will increase the image values. Further, the non-radioactive lesion
imaged in a radioactive background indicates that using one scatter proportionality factor will
adequately correct an asymmetrical object for each trajectory.
Very low activity concentrations are more difficult to quantify accurately, but the
quantification of the background of the cold spot show that it is possible, which is further
investigated in Chapter 6. For this study, ±4%, ±8% and -16/+8% photopeak energy windows
were used. The accuracy of quantifying low activity concentration regions by utilizing more of
the photopeak events (increasing the counting statistics) was investigated. The largest energy
window in most cases produced the least accurate quantification. This result could be due to the
scatter correction method used where counts were subtracted in proportion to a lower scatter
energy window. For this very large energy window, the scatter proportionality constant was large,
potentially subtracting the benefits of the large window, because the DW correction method is not
sophisticated enough to distinguish between detector events originating from scattered photons in
the phantom and partial charge collection within the detector. Therefore, narrower photopeak
energy windows, such as ±4% and ±8%, should be used for better accuracy.
An added benefit of attenuation and scatter correcting the data is that the contrast more
closely approaches the absolute filled syringe- or lesion-to-background concentrations than with
no corrections. The -16/+8% energy window produced images with the low contrast, but better
SNR; however, this energy window’s overall performance in this study indicates it should not be
selected for either quantitative or qualitative imaging, consistent with previous findings [89]. For
VAOR or PROJSINE imaging, the ±4% and ±8% energy windows have similar quantitative
accuracies, but the ±8% energy window has better SNR and contrast. It was shown previously
that the ±4% energy window has a more robust image quality and has been chosen for continued
use in our lab [89].
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Using an effective attenuation coefficient of 0.12 cm-1 as opposed to absolute attenuation
and scatter corrections did provide reasonable results, especially with the ±4% energy window.
Overall it seems the coefficient 0.12 cm-1 produced data within 10% of the known quantity and
these results agree with the literature that this alternative could be used for quantification of data.
However, it should be noted that this method is sensitive to the likeness and the alignment of the
attenuation map to the data being reconstructed.
Since the SPECT system is part of a dual modality SPECT-CT system, a CT
reconstructed data set could be used to calculate the spatial distribution map of attenuation
coefficients. The thresholding technique used in the method outlined here produces attenuation
maps with rough edges, despite that the actual object itself has clearly defined edges. The CTbased attenuation correction would overcome this limitation. However, using the CT-based
attenuation map is not a trivial endeavor [84-86]. Initial work to determine if the CT-based
attenuation correction map to improve the SPECT image accuracy has initially highlighted that
the image registration is highly important [87]. Unfortunately, these studies also indicate that if a
CT based attenuation map were employed, then resolution recovery would need to be
implemented into the reconstruction code, which requires a much longer time to reconstruct.
Using CT-based attenuation correction together with resolution recovery are topics of ongoing
investigations in our lab.
For these geometric and anthropomorphic breast data sets, VAOR and PROJSINE data
have generally 10% accuracy with respect to the known activity concentration. Insufficiently
sampled TPB data, not unexpectedly, has the worst accuracy for irregularly shaped breast and
lesion phantom data. Qualitative imaging studies in lesion and breast phantoms indicate that nontraditional trajectories perform better than VAOR because they obtain closer views of lesions,
which will depend on the location of the lesion. For diffuse background regions, larger errors
persist, which is further investigated in Chapter 6.
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6 Whole Breast Quantification
As shown in Chapter 5, we have developed a system that is capable of providing
quantifiable reconstructed data with VAOR and PROJSINE trajectories. Moreover, those results
justify a more extensive study of the accuracy and variability of the quantification procedure.
Although the TPB trajectory acquired at 30° tilt angle was not found to be reliable for
quantification, for thoroughness it will be included in this analysis.

6.1 Expected Clinical Activity Concentration
After completing the data acquisition for Chapter 5, more information about the clinical
uptake of 99mTc sestamibi was found in the literature. In the study [100], the breast uptake is about
10x less than originally calculated from [99, 117]. However O’Connor et al acquires data in
planar mode with slight breast compression, and the results are reported in units of
cts/cm2/10min/740MBq [100]. To approximate the activity concentration expected from
volumetric breast SPECT, the 10th percentile, median and 90th percentile count densities in the
breast were converted to units of µCi/mL. The 10th percentile, median and 90th percentile count
densities reported are 204, 302 and 460 cts/cm2/10min/740MBq, respectively [100].
Breast sizes are given as nipple-to-chest wall distance. For this calculation, the nipple-tochest wall distances were assumed to be 6, 9 and 12 cm, respectively, and the average
compression thickness was 5 cm [100]. The breast is assumed to be a semi-circle, and the area of
the breast is computed as 0.5πr2. In addition to accounting for the acquisition differences, the
sensitivity of the collimator must be taken into account. Given the reported collimator sensitivity
is 3.46 counts/min/kBq (0.0000577 counts/sec/MBq) [100], the range of activity concentration in
the breast in units of µCi/mL is between 0.032 and 0.072 (Table 6.1).
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Table 6.1: Determining the activity concentration in the breast from planar data reported in
[100]
Conversion Step
10th Percentile
Median
90th Percentile
Units
2
Reported value
204
302
460
cts/cm /10min/740MBq
Multiply by area
11535.9
38424.8
104049.5
cts/10min/740MBq
Convert to seconds
19.2
64.0
173.4
cts/sec/740MBq
Divide by sensitivity
333408.3
1110543.9
3007212.4
cts/sec/740MBq
µCi/20mCi
Convert to Curies
9.0
30.0
81.3
µCi/mL
Divide by volume
0.032
0.047
0.072

6.2 Two One-Sided Test for Equivalence
Typical hypothesis testing defines a null hypothesis, and the outcome of the data analysis
is that there is either enough evidence to accept the null hypothesis or there is not. However, this
type of hypothesis testing can only show if a value is greater than or less than the null hypothesis;
the standard t-test cannot be used to test for equivalence. When two groups are being tested for
equivalence, the Two One-Sided Test (TOST) is used [123]. In this case, the null hypothesis is
H0: µ < ΘL or µ > ΘU, and the alternative hypothesis is H1: ΘL ≤ µ ≤ ΘU. Then, two one-sided ttests are performed to determine if the difference between the groups is within the acceptable
limits (Figure 6.1). The values must be significantly lower than the upper limit and significantly
higher than the lower limit. If there is an overlap, then there is not enough evidence to support
that the two groups are equivalent.
The acceptable difference between the known standard and the image measured value is
dependent on what is clinically acceptable for the imaging paradigm. However, quantification of
SPECT images has not been done historically in the clinic, so there is not a “standard” acceptable
error, especially for this relatively new breast imaging technique. The acceptable difference
defined for this study could be based on the error of the dose calibrator measurement, ±5%.
However, the data presented in Chapter 5 indicates that if ±5% is the necessary criteria, then the
procedure probably will not be statistically equivalent, given that the results were generally
within 10% or 15% of the known value. It has been reported in literature that absolute SPECT
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quantification has been done in phantom and animal models with accuracies ranging within 8% to
20% of the known value [124-126]. If this range of accuracy can be used to start to ascertain the
acceptable standard for SPECT images, then the acceptable difference for this study can be based
on some percentage deviation, such as ±10%.

-0.05

-0.03

-0.01

0.01

0.03

0.05

Figure 6.1: TOST method. The x-axis shows the difference between the two groups, where 0
is no difference and the peaks of the probability density functions are set to the upper and
lower limits of the acceptable difference. In these examples, the red line indicates the actual
difference and the blue shading represents how to determine the p-value. Notice in the plot
on the left, the acceptable difference is less than in the plot on the right, ±0.022 versus
±0.036. This difference must be set to a clinically relevant level.

6.3 Variability of Quantification
These studies further characterize the variability of the quantification procedure by
repeatedly imaging approximately the same amount of radioactivity. An anthropomorphic breast
phantom was imaged with VAOR, TPB 30° and PROJSINE 15°-45° acquisition trajectories.
Acquisitions were collected with the breast phantom uniformly filled with aqueous

99m

Tc-

pertechnetate (Figure 6.2). Activity in the phantom was filled each day at a concentration 10
times greater than that expected clinically, approximately 0.39 µCi/mL (Table 6.2). For each
trajectory, 5 sequential data sets were collected, each containing 128 projections with a ±4%
energy window. After ~18 hours (3 half lives), 5 sequential data sets were collected of the
stationary phantom using the same trajectories and acquisition parameters from the previous day
to obtain images at clinical count rates. The same phantom setup with similar amounts of activity
was imaged on 3 occasions after applying a new uniformity correction and acquiring a point
source to determine the reconstruction scaling factor (Table 6.2).

204

Figure 6.2: Photograph of the water-filled, 700 mL breast phantom hanging in the FOV of
the SPECT-CT system.
Table 6.2: The activities and activity concentrations filled in the 700 mL breast phantom
each day, and the reconstruction scaling factors derived from the point source acquired
after the uniformity correction for each day.

Day

Activity (µCi)

1
2
3

253
270
270

Activity Concentration
(µCi/mL)
0.36
0.39
0.39
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Reconstruction Scaling
Factor
0.3271
0.3482
0.3263

The quantification procedure, previously described in Chapter 5, was applied to these
data sets, and each data set was reconstructed with the OSEM algorithm to the 20th iteration.
Additionally, a uniform attenuation map with constant effective coefficient of 0.12 cm-1 [92] was
also applied to the data without scatter correction, as described in Section 5.3, to compare if this
simpler approach yielded useful quantification value.
The reconstructed data is noisy, especially for the images with clinical activity
concentration, due to the low count rates (Figure 6.3). In the images of the breast phantoms at
clinical activity concentrations, the edge of the breast phantom is not clear, and there are regions
where there appears to be no activity (Figure 6.3), similar to what we have seen in human subject
imaging. With a previous CT image of the phantom, a volume of interest (VOI) was created and
aligned to the reconstructed SPECT images (Figure 6.3). The mean value in the VOI in each
image for the two activity concentrations was compared to the “known” dose calibrator value.
The mean activity concentration in the breast phantom for each acquisition was compared with
the dose calibrator measurement by the TOST. The statistical tests were carried out with two
acceptable difference values: one derived from the error in the dose calibrator and the other set at
10% of the “known” activity concentration. The dose calibrator, with an accuracy of ±5%,
measures values in activity (µCi), but the values compared are activity concentration (µCi/mL) as
output by the reconstruction code. Therefore, the error of the dose calibrator measurement and the
volume measurement in the graduated cylinder are both incorporated for the acceptable
difference. The propagation of error, as shown in Equation 5.3, gives the acceptable difference.
Thus, the standard deviation of the activity concentration for the measurement of ~253 µCi in 700
mL is:
1 2
700

0.05

253 2

253

7002

0.022

206

25

4.92

10

(6.1)
(6.2)

The standard deviation when the activity concentration is at clinical concentration is:
1 2
700

0.05

32.6

32.6 2
7002

8.02

10

(6.3)
(6.4)
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Figure 6.3: (LEFT) Coronal and (RIGHT) transverse slices (smoothed with a 3-pixel-wide
Gaussian filter) of clinical activity concentration (0.047 µCi/mL) images acquired on Day 1
with (TOP) VAOR, (MIDDLE) TPB and (BOTTOM) PROJSINE trajectories. Aqua lines in
the transverse image indicate the location of the coronal slice. Green arrows point to
fiducial markers attached to the outside of the breast. (CONTINUED)
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VAOR

TPB

PROJSINE

Figure 6.3 (CONTINUED): (ROW 1) Coronal and (ROW 2) transverse slices (smoothed
with a 3-pixel-wide Gaussian filter) of 10X clinical activity concentration (0.36 µCi/mL)
images acquired on Day 1 with (LEFT) VAOR, (CENTER) TPB and (RIGHT) PROJSINE
trajectories. (ROW 3) Coronal and (ROW 4) transverse slices (smoothed with a Gaussian
filter) showing the placement and size of the VOI used to measure the average activity
concentration in the phantoms derived from a CT image acquired of the breast phantom.
Fiducial markers (green arrows) demonstrate that the VOI was within the bounds of the
breast phantom.
The purpose of this study is to determine if the imaging system and quantification
procedure will respond consistently for each image acquired with the same parameters (trajectory,
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activity concentration, etc.). For a direct comparison of images, count statistics and noise quality
are held constant. Since each radioactive decay is governed by Poisson statistics, two images will
naturally have slightly different total counts (Table 6.3). Since the clinical activity concentration
is very low, the mean number of counts in the phantom in one projection is less than one; many
pixels within the breast region receive zero counts in any one projection. Although the day-to-day
mean number of counts in the projection image is approximately the same for a given trajectory,
between trajectories the counts vary. Additionally, the mean number of counts at clinical activity
concentrations varied more than they did at 10x clinical count rates. Nonetheless, the noise
quality for each subsequent day is assumed to be similar enough that the images were
comparable, but it must be kept in mind that these differences in noise quality could affect the
results.

PROJ

TPB

VAOR

Table 6.3: Average of the means, average voxel standard deviation and maximum pixel
value at azimuthal angle 0° from the five sequential scans each day at 10x clinical and
clinical count rates

Clinical

10X Clinical
Mean Pixel StDev Pixel Max

Mean

Pixel StDev

Pixel Max

Day 1

0.59

0.82

5

0.085

0.33

6

Day 2
Day 3
Day 1
Day 2
Day 3
Day 1
Day 2
Day 3

0.60
0.62
0.39
0.39
0.41
0.51
0.50
0.50

0.78
0.81
0.66
0.63
0.65
0.72
0.71
0.72

5
5
5
5
4
5
5
5

0.093
0.071
0.051
0.055
0.050
0.068
0.079
0.076

0.30
0.27
0.24
0.23
0.23
0.27
0.29
0.29

3
2
3
2
3
3
3
3

The mean value of the whole breast VOI in the reconstructed image was measured.
Because the activity decayed over time and not all images had exactly the same amount of initial
activity, the measured values from the 10x clinical images were corrected to the initial activity
measured in the dose calibrator on Day 1, such that scans with the same trajectory from each day
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could be directly compared. All the corrected values from each day were grouped by acquisition
trajectory (15 samples per trajectory) and compared to the known activity concentration on Day 1
of 0.36 µCi/mL. The clinical concentration data sets were decay corrected to the calculated
activity concentration at the time of the first VAOR scan on Day 1 (0.047 µCi/mL).
As expected, the range of values measured in the images corrected with attenuation and
scatter is different than when the images are corrected with a broad beam attenuation coefficient
of 0.12 cm-1 (Figure 6.4). When the acceptable difference is determined by the error propagation
from the dose calibrator and volume measurements, the image-based measured values are not
equivalent to the known values in any case (Tables 6.4 and 6.5). However, for the attenuationand scatter-corrected data, the images acquired at 10X clinical count rates are statistically
equivalent to within ±10% of the known value for each trajectory (Table 6.4). At the clinical
count rates of the attenuation- and scatter-corrected data, the VAOR data is statistically
equivalent to within ±10% of the known value, but neither the TPB nor the PROJSINE data are
(Table 6.5). The PROJSINE data is borderline and would very likely be statistically equivalent if
the acceptable difference was relaxed to ±15%.
For the data corrected with a broad beam attenuation coefficient of 0.12 cm-1, only the
VAOR data, both at 10X clinical and clinical activity concentrations, are statistically equivalent
to within ±10% of the dose calibrator. Although the data in Chapter 5 indicated that this method
had promise for quantifying data in our imaging paradigm, it has been shown with this more
rigorous statistical test that use of the 0.12cm-1 effective attenuation coefficient will not be
adequate for the non-traditional trajectories. Therefore, only the method for attenuation and
scatter correcting the data described in Chapter 5 is acceptable to within ±10% of the known
value.
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Figure 6.4: Bar charts of the ratio of image measured activity concentration to the dose
calibrator measured activity concentration (0.36 µCi/mL) for the 15 images corrected with
the (LEFT) broad beam attenuation coefficient 0.12 cm-1 approximation and (RIGHT)
attenuation and scatter corrections acquired with (TOP) VAOR, (MIDDLE) TPB and
(BOTTOM) PROJSINE trajectories. (CONTINUED)
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Figure 6.4 (CONTINUED): Bar charts of the ratio of image measured activity
concentration to the dose calibrator measured activity concentration (0.047 µCi/mL) for the
15 images corrected with the (LEFT) broad beam attenuation coefficient 0.12 cm-1
approximation and (RIGHT) attenuation and scatter corrections acquired with (TOP)
VAOR, (MIDDLE) TPB and (BOTTOM) PROJSINE trajectories.
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Table 6.4: The actual difference and p-values for the TOST with the acceptable difference
based on the error of the dose calibrator measurement (0.022 µCi/mL) and based on ±10%
of the dose calibrator measurement (0.036 µCi/mL) for the 10X clinical data.
Correction
Atten &
Scatt Corr
0.12 cm-1
Atten Corr

Trajectory

Actual
Difference

VAOR
TPB
PROJSINE
VAOR
TPB
PROJSINE

0.018
-0.027
-0.024
0.013
-0.038
-0.031

0.022 µCi/mL
Upper pLower pvalue
value
0.22
<0.0001
<0.0001
0.85
<0.0001
0.70
0.016
0.0003
<0.0001
1
<0.0001
0.99

0.036 µCi/mL
Upper pLower pvalue
value
0.0003
<0.0001
<0.0001
0.039
<0.0001
0.0018
0.0076
<0.0001
<0.0001
0.56
<0.0001
0.13

Table 6.5: The actual difference and p-values for the TOST with the acceptable difference
or based on the error of the dose calibrator measurement (0.0029 µCi/mL) and based on
±10% of the dose calibrator measurement (0.0047 µCi/mL)for the clinical data.
Correction
Atten &
Scatt Corr
0.12 cm-1
Atten Corr

Trajectory

Actual
Difference

VAOR
TPB
PROJSINE
VAOR
TPB
PROJSINE

0.0027
-0.0041
-0.0031
-0.0022
-0.0086
-0.007

0.0029 µCi/mL
Upper pLower pvalue
value
0.42
<0.001
<0.0001
0.87
<0.0001
0.59
<0.0001
0.17
<0.0001
1
<0.0001
1

0.0047 µCi/mL
Upper pLower pvalue
value
0.016
<0.0001
<0.001
0.31
<0.001
0.052
<0.0001
0.0009
<0.0001
1
<0.0001
0.99

6.4 Comparing Small VOIs to Whole Breast VOI
Although using the maximum volume will give the best average activity concentration in
the whole breast, there may be systematic spatial variation in the measurement due to the nature
of the non-traditional acquisition trajectories. To determine if the accuracy of the activity
quantification varies over the volume of the breast, nine 15 mm diameter spherical VOIs were
drawn throughout the breast volume (Figure 6.5) in images acquired with each trajectory on day 1
only (5 scans for each trajectory). The mean of the small VOI was divided by the mean of the
whole breast VOI for each scan; this ratio should equal one. Then, the average and standard
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deviation of the 5 ratios for the respective acquisition trajectory were calculated. The variation in
the quantification of activity concentration throughout the breast volume was compared.

1

2
8

3
6

4

5

9

7

Figure 6.5: Transverse slices through (TOP) VAOR, (MIDDLE) TPB and (BOTTOM)
PROJSINE 10X clinical images of the breast phantom showing the placement of the nine
15nmm diameter spherical VOIs throughout the breast.
At the 10X clinical activity concentration, the average ratio of the VOIs’ mean activity
concentration in the VAOR data trends downward toward the center of the breast (Regions 1
through 5) and upward from the chest wall to the nipple (Regions 3, 6 and 7), but in the TPB and
PROJSINE data these values are equal within one standard deviation (Figure 6.6, TOP). At the
clinical activity concentration, with exception of the VAOR data in Region 1, the ratio of the

214

mean activity concentrations are equal to within one standard deviation across the width of the
breast (Regions 1 through 5) for each trajectory (Figure 6.6, BOTTOM). Additionally, from the
chest wall to the nipple (Regions 3, 6 and 7) the ratio of the mean activity concentrations is equal
to one standard deviation for the PROJSINE and TBP trajectories, while the VAOR data are not
equal and there is no trend. Regions 6, 8 and 9 through the middle of the length of the breast are
equal within one standard deviation for each trajectory at both 10X clinical and clinical activity
concentrations. Because when the data was collected the intention was to determine if the
quantification procedure would within an acceptable difference of the dose calibrator for human
imaging, the data may not have sufficient count statistics to elucidate systematic errors. The
trends in the VAOR data are unexpected after applying attenuation and scatter corrections. There
is no physical reason why the VAOR trajectory should have different quantification in the nipple
region than at the chest wall region.
The smaller VOI regions can overestimate the mean activity concentration, especially at
the clinical activity concentrations. This series of measurements could partially explain why there
was a general overestimation of the cylinder and breast background activity concentrations in
Section 5.3. Perhaps in the cylinder and breast data, the mean in multiple regions of interest
throughout the volume should have been measured and averaged, instead of one VOI that
spanned a few planes. It can be seen in the bar charts that the average of the nine regions for each
trajectory would equal about one, which is what would be expected when measuring smaller
samples from a larger distribution. These low activity concentration regions require larger VOIs
due to relatively lower count statistics than highly concentrated hot spots.
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Figure 6.6: The ratio of the 15 mm diameter VOI compared to the whole breast VOI in the
(TOP) 10X clinical and (BOTTOM) clinical activity concentration images acquired with (■)
VAOR, (■) TPB and (■) PROJSINE trajectories.

6.5 Whole Breast Quantification
This study assesses the ability of our dedicated breast SPECT-CT system to obtain
accurate activity concentrations of the whole breast for a variety of activity concentrations and
breast sizes. As discussed in Section 1.2, rpFNA is a research technique that sample
asymptomatic breasts to determine the disease status. The motivation for whole breast
quantification is to determine if the activity concentration in the breast can be correlated with the
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rpFNA findings to give a non-invasive indication of the disease status of the breast. Typically in
nuclear medicine, whole organ quantification is not performed, but rather “hot spot”
quantification is the norm.
Three breast phantoms (Table 6.6, Figure 6.7) of different volumes (470, 935, and 1060
mL) were attached to an open torso phantom containing heart and liver phantoms (Figure 6.7,
TOP LEFT). The breast, torso, heart and liver phantoms were filled with clinical concentration
ratios of

99m

Tc-pertechnetate (Table 6.7) [117]. These breast phantoms were within the range of

typical breast and each had the most typical “rounded dome” shape [127]. The data were acquired
over three days and the concentration varied slightly from day-to-day. The 935 mL phantom was
imaged first and filled with the greatest amount of activity. Data are displayed only for relevant
activity concentrations. CT images were additionally acquired at 60 kVp and 1.25 mAs
exposure/projection with the standard tilted circular orbit with radioactivity present. Then SPECT
data were collected of each breast every 3 hours until the activity concentration inside the breast
decayed to 0.03 µCi/mL. At each time point, 3 SPECT acquisitions were obtained with the same
constrained PROJSINE trajectory (see Section 4.4).
Table 6.6: Dimensions and volume of the three breast phantoms (compare to Table 7.1)

Phantom Nipple-Chest Wall (cm) Superior-Inferior (cm) Medial-Lateral (cm)
470 mL
5
15.9
15.5
935 mL
7.4
19.5
15
1060 mL
12.1
15.9
18.7
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Liver

Heart
Torso

Figure 6.7: Photographs of (TOP LEFT) torso, liver and heart phantoms on the bed above
the (TOP RIGHT) 470, (BOTTOM LEFT) 935 and (BOTTOM RIGHT) 1060mL breast
phantoms.
Table 6.7: Initial activity concentrations (µCi/mL) used in the anthropomorphic phantoms
Phantom 470 mL 935 mL 1060 mL
Heart
5.5
8.3
5.1
Liver
5.2
9.2
4.9
Torso
0.6
0.7
0.5
Breast
0.4
0.8
0.5
CT images were aligned with the SPECT images in AMIDE matching the outer surface
of the breast in the two images (Figure 6.8), and a VOI was defined by the entire breast volume in
the CT image. The mean activity concentration in the SPECT image was measured in this VOI
and compared to the known value from the time decayed dose calibrator measurement.
Despite using the constrained PROJSINE trajectory, heart and liver signal was present in
each image (Figure 6.8). The anthropomorphic phantom used in Chapter 4 was not used in this
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study because it leaks. The torso phantom used in this study did not have the ribs and lungs
spacing the heart and liver from the chest wall of the breast, so they were physically closer to the
SPECT detector. These data support the suggestion to use scout scans to determine the maximum
poloar tilt of the SPECT detector in quadrants where direct views of the heart and liver might
occur.
The three data sets at each time point are plotted as a function of the expected activity
concentration at the time of imaging (Figure 6.9). As described in Section 2.1, Excel was used to
determine a line of best fit with the y-intercept forced to be zero. Compared with the expected
dose calibrator values, the measured data have mean squared errors of 0.004, 0.007 and 0.003 for
the various sized phantoms, respectively. The data are highly linear and consistent, regardless of
breast size and shape, and even at activity concentrations below 0.10 µCi/mL (Figure 6.9). These
data further support that the quantification approach is accurate within ±10% for clinically
relevant activity concentrations ranging from 0.03 to 0.3 µCi/mL. Although the constrained
PROJSINE has not been validated with the TOST, these data indicate that the results will follow
the standard PROJSINE trajectory and produce reasonable results.
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Transverse

1060 mL

935 mL

470 mL

Coronal

Figure 6.8: Registered SPECT-CT images of the (TOP) 470, (MIDDLE) 935 and
(BOTTOM) 1060 mL breast phantoms. For display purposes, three SPECT reconstructed
images (hot scale) are summed and smoothed with a Gaussian kernel for the viewer to see
the shape and activity distribution within the breast. The CT acquired image (gray scale)
captures less posterior breast volume due to the physical limitations of the setup, which is
currently being improved. The activity above the breast (white area in images) is due to
signal originating in the heart and liver phantoms.
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Figure 6.9: Graph of the image-based measured mean activity concentrations in the whole
breast versus the dose calibrator activity concentration in the phantom. The intercept was
forced to be zero. The slopes for each breast are very close to 1, and therefore, the ratios of
the image-to-dose calibrator values are also close to 1 independent of breast size.

6.6

Conclusions to Whole Breast Quantification
The studies in this Chapter demonstrated that our dedicated breast SPECT system is

capable of quantifying data over a wide range of activity concentrations (0.03 to 0.3 µCi/mL) to
within 10% of the known values. The VAOR trajectory completely samples the object in the
FOV, and thus, it is not surprising that the trajectory reliably produces quantifiable data. On the
other hand, the TPB data insufficiently samples the object, especially when there is additional out
of field background activity [77], and it does not produce quantifiable data, consistent with the
results in Chapter 5. Both the PROJSINE and constrained PROJSINE trajectories have been
tested over a wide range of activity concentrations and breast sizes and found to be within 10% of
the dose calibrator value. However, the PROJSINE trajectory is not statistically significantly
within the ±10% acceptable difference of the dose calibrator measured value. The constrained
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PROJSINE trajectory was not included in the TOST analysis, but it assumed that the results
would be similar to those of the PROJSINE trajectory.
The constrained PROJSINE data acquired contained signal from the heart and liver
phantoms because the phantoms were physically closer to the breast than when the polar tilt
limits were defined (Section 4.2). During this data collection, scout scans should have been
acquired to define the maximum polar tilt to avoid the heart and liver signal, which is
recommended for human subject imaging. The distance of the heart and liver from the chest wall
varies from person to person, although it is not expected to be this shallow clinically.
Nonetheless, it is encouraging that despite the out of the field of view signal, the quantification
procedure was able to quantify the data to within 10%.
It was determined that both the VAOR and PROJSINE trajectories can provide adequate
quantification within the breast using the attenuation and scatter correction methods outlined in
Chapter 5. However, when using the 0.12 cm-1 effective attenuation coefficient the data, only the
VAOR data sets were found to be equivalent to within ±10% of the dose calibrator measurement
at both 10X clinical and clinical activity concentrations. The use of 0.12 cm-1 as an approximation
for an effective attenuation and scatter correction was derived for simple circular acquisitions
with whole body gamma cameras [92]. This “effective correction” technique worked well when
acquisitions required very large energy windows due to poor energy resolution with the systems.
It is not surprising that the technique does not perform as well as a more detailed modeling of the
physics for our high-performance system which has better energy resolution and incorporates
non-traditional acquisition trajectories. The study that determined the effective attenuation
coefficient of 0.12 cm-1 could be repeated to determine a better estimate for a value that would
work with our system’s narrow ±4% energy window and PROJSINE trajectory. The advantage of
this simple approximation is that it requires less time to process the data.
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When measuring smaller VOIs within the diffuse activity concentration in the breast and
comparing it to the whole breast measurement, only VAOR data had regional trends from the
center to the edge of the breast, which was highly unexpected. Because attenuation and scatter
correction have been applied, the accuracy of the quantification should be independent of location
within the breast volume. The ratio of the mean activity concentration from the small VOI to the
whole breast VOI in the TPB and PROJSINE data were nearly equal to one standard deviation at
both 10X clinical and clinical activity concentrations, although the values varied widely with this
low count data. The overestimation in some of the small regions could explain the overestimation
reported in the cylinder and breast phantoms in Section 5.3. These data indicate that for regions
with low count statistics, large VOIs should be used.
The VAOR and PROJSINE trajectories are recommended for future use in quantifying
data, depending on the imaging task. Although, the VAOR trajectory is reliable and completely
samples the breast, it does not image into the chest wall and axilla, which are of clinical interest
in some cases. The PROJSINE trajectory has the advantage of increased imaging volume with
reasonable quantification. Despite that in Chapter 5 activity concentrations below 0.3 µCi/mL
were not accurately quantified, the data in these studies show that this procedure reliably
quantifies data to within 10% of the known value over a range of values as low as 0.03 µCi/mL.
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7 Imaging of Consenting Volunteers
To date, four volunteers have been imaged by our system. Of five volunteer candidates,
four consented to be imaged. Each candidate had biopsy-confirmed cancer and was referred by
her physician for the study prior to undergoing treatment. For each candidate, the purpose of the
study was explained on the morning of the potential scan, the procedure was described to her, she
was allowed to read the consent form (or parts were read to her), her questions were answered,
and before proceeding further, her signature was obtained. Each subject was provided with a copy
of the consent form, and scheduled for SPECT(-CT) imaging later that day. The first volunteer
was imaged only with SPECT, prior to integrating the SPECT and CT systems on a common
gantry and developing the specially designed patient bed. Subsequent volunteers were imaged
with the SPECT-CT imaging system as it has been previously described in this dissertation. The
following is a detailed procedure for imaging volunteers.

7.1 Procedure for Human Subject Imaging
Generally the day before requesting consent from a potential volunteer, we calibrated the
SPECT and CT detectors to verify that each was functioning properly. We also notified the
radiopharmacy, Nuclear Medicine Technologist, Nuclear Medicine Radiologists, and the person’s
doctor in case their assistance was necessary. After the volunteer consented to being imaged, we
assigned her an identification number to anonymize the data and photographs collected,
according to our Institutional Review Board (IRB# 3704-07) protocol for human subject research,
and HIPAA requirements. Identification numbers label data sets with “P” for patient, followed by
six digits for the date, then an underscore and the imaging order of the volunteer for the day. Due
to more recent changes in IRB procedures, dates can no longer be used as identifiers, so new
randomized numbers are used for each subject imaged.
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Before the volunteer arrived in the lab for imaging, we double checked that the system’s
hardware and software were working properly, warmed up the x-ray source by exposing a lead
shield, soaked the 6 mm diameter nylon fiducial markers in 10 mCi of 99mTc-pertechnetate for an
hour, aligned the laser systems, put clean sheets on the bed, and set up the radiation shields.
Once the patient arrived in our lab, she was given a standard hospital gown, instructed to
remove the clothes from the top half of her body and put the hospital gown on so that it opened in
the front, and asked to privately change in a back room. Due to the geometries of our imaging and
patient support systems, other clothing, such as pants, belts and shoes, can all be worn without
interfering with the acquisition. In fact, a subjects upper garments need not necessarily need to be
removed in subsequent studies except for the on-skin contact placement of the fiducial markers.
A highly experienced nuclear medicine technologist injected the SPECT volunteers with
20 mCi of

99m

Tc-labeled sestamibi in the arm contralateral to the side in which the biopsy-

confirmed cancer was diagnosed. No contrast agents were injected for the CT, and thus the single
CT-only volunteer did not have any injection. Each volunteer lay prone on the bed with her
biopsy-confirmed breast uncovered and hanging through the cutout. The contra-lateral breast was
also imaged if the subject agreed. The stainless steel bed supports the volunteer, but contains a
hexagonal hole in the center covered with layers of neoprene and 0.5 mm flexible vinyl-coated
lead sheets through which the breast protrudes from a circular hole (see Section 2.5).
For the hybrid imaging patients, medical tape was then used to adhere the radioactive
fiducial markers to the volunteer’s breast (Figure 7.1). Four 0.6 cm nylon spheres were attached
to the superior, lateral, inferior and medial aspects of the breast, spiraling downward with respect
to the chest-to-nipple axis (Figure 7.1). Care was taken to ensure that each fiducial marker is in
the field of view of the CT scan by means of the crosshair laser and scout scans (Figures 7.2 &
7.3).
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As part of my role in these human subject studies, I positioned patients in the common
field of view of both systems, which requires more art and practiced skill than science. With so
many degrees of freedom to be optimized, patient positioning can be a challenge. After much
practice and many iterations, however, it was found that the initial vertical bed position (Z)
should be at the 0 cm and the tilt (P) at +10°. The patient bed support system (see Chapter 2.6)
should be secured at the safest position in relation to the SPECT-CT system (Figure 2.13). The tilt
of the bed should be lowered to the support system such that the bed is resting on the two 80/20
pieces on either side of the head trough. With the bed at this tilt and height, the SPECT-CT
system should not have difficulty passing underneath the volunteer without collision. The patient
can slide superiorly, inferiorly and laterally to be comfortable and allow for gravity to assist in
extending her back pushing the breast further into the FOV. The bed can also move in each of
these directions (X and Y in the bed’s base reference frame) to center the breast in the FOV.
A cross-hair laser was attached to the common platform to assist in centering the breast
and estimating the volume of the breast that will be captured by the CT system (Figure 7.2).
Because breasts can be irregularly shaped [88], the nipple is not necessarily the most appropriate
natural fiducial for centering the breast. The laser shines on the breast slightly to the right of the
center-of-rotation, due to its location between the SPECT and CT detectors. To use the laser, we
align its intersection with the center-of-rotation – the point below the breast – to the visual center
of mass of the breast when the system is at 0° and 90° azimuthal angles (Figure 7.2, TOP). Then,
scout scans (x-ray projections) at 0° and 90° azimuth are acquired to verify the breast has been
centered (Figure 7.3). At the top edge of the image, we try to ensure that the breast is not cut off
too much on one side (Figure 6.3). Additionally, we estimate at the middle of the scout image
whether the breast is centered in the FOV. At this point, the volume of the breast that will be
captured can be estimated. If necessary, the patient’s position can be modified to maximize the
breast volume in the FOV by shifting the patient and repeating this procedure. Having completed
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1st: superior
fiducial placed
closest to chest
wall

2nd: lateral
fiducial placed
on a different
plane closer to
nipple

4th: medial
fiducial placed
nearest to
nipple

3rd: inferior
fiducial placed
on a different
plane closer to
nipple

Figure 7.1: (CLOCKWISE) Photographs of fiducial markers being taped to the breast
spiraling anteriorly from superior chest (clockwise in photo in CENTER photograph)
toward the nipple. The superior fiducial marker is placed closest to the chest wall (12
o’clock) and subsequent fiducial markers are placed on different imaging planes
approaching the nipple.
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Figure 7.2: Crosshair laser shines on breast with slight parallax due to its attachment
location. The vertical line shines along the center of rotation and (TOP) is best used by
aligning the part of the laser that is below the breast with the visualized center of mass of
the breast. (MIDDLE, BOTTOM) Photographs of centering in progress, depicting the
different sizes and shapes of breasts. The horizontal line is ~1 cm below the top imaging
plane of the CT system and demarcates the placement of the top-most fiducial marker.
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Center of mass
Nipple

Figure 7.3: Projection images illustrating centering of the breast in the FOV. Red dotted
lines indicate the COR of the system. (TOP LEFT) With system in the initial starting
position (the x-ray source under the subject’s head and the detector under the torso), P2’s
right breast is completely shifted to the left of the image because at this time the central ray
was at a 5 cm offset from the COR. (TOP Right) With the system in the initial starting
position, the center of mass of P3’s right breast is very well aligned in the FOV, but the
posterior breast, near the chest wall, is slightly cut off and could be better positioned.
(BOTTOM LEFT) With the system in the initial position, the center of mass of P3’s left
breast is very well aligned in the FOV and the volume at the top of the image has been
maximized. However, when the system is rotated 90°, (BOTTOM RIGHT) the breast is
misaligned. This highlights the importance of acquiring orthogonal views to verify the
centering when collecting patient data. Alternatively, a larger FOV digital x-ray detector
could eliminate this positioning problem.
extensive practice with phantoms and labmates, I can facilitate and complete the subject
positioning process in 2 minutes.
The CT scan, if collected, is acquired first. Research and optimization of the CT
acquisition code has been investigated by other members of the lab [128, 129], and it takes
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between 6 and 10 minutes to acquire the human subject CT data. Because the CT scan is currently
limited to a circular trajectory, we position the bed as far down into the FOV as possible to
maximize the breast volume imaged; this positioning requires moving the SPECT detector to a
high polar tilt (40°) to prevent its collision with the bed.
Therefore, to acquire SPECT data after the CT scan, the bed and its rigid support system
are moved vertically up, and the SPECT detector is positioned at a minimum 15° tilt for a
PROJSINE trajectory. Currently, creating SPECT trajectories by physically measuring and
mapping out radii-of-rotation azimuthally around the subject’s breast generally requires about 3
minutes to acquire and process. PROJSINE trajectories are manually created by collecting the
radius of rotation positioning of the system at (azimuth, polar) locations: (0°,15°), (60°,45°),
(120°,15°), (180°,45°), (240°,15°), and (300°,45°) (Figure 6.4). TPB trajectories at the selected
polar angle (usually 45° or 30°) are created by collecting the radius of rotation positioning of the
system at azimuth locations: 0°, 90°, 180°, and 270°. It was found experimentally that TPB
requires fewer inputs to create satisfactory breast-contouring trajectories. Dr. Spencer Cutler
developed, tested, and installed optical curtain proximity detectors on the system that auto-range
the SPECT camera to eliminate the need for manually creating trajectories [88]. For the early
subjects, this system was not in place, but for future volunteers, the proximity detectors will
position the radius of rotation of the camera while it follows a prescribed azimuthal and polar
path, such as a constrained PROJSINE trajectory.
Each volunteer allowed us to acquire multiple SPECT acquisitions. PROJSINE and TPB
trajectories were acquired because they had been shown to image larger breast volume than
VAOR and had better image quality in phantom results [70]. After collecting all the images we
could given a subject’s disposition and willingness, we repeated the procedure for both breasts for
the third and fourth volunteers. Since the woman had already been injected with the radiotracer,
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Figure 7.4: Photographs of subject P1 with the system at various azimuthal and polar
positions during acquisition of ROR data for use in the contoured trajectories. Multiple
points were interrogated to create acquisition trajectories. (TOP) The camera was
positioned within a centimeter of the edge of the breast, but it can be difficult to visualize
the distance around the parts of the system. (BOTTOM) Also, judging the distance between
the flat camera face and the curved breast surface can result in different source-to-camera
distance and, consequently, different resolutions.
the only additional risk to her is the low dose of radiation from the CT scan, which she had agreed
to have as part of the consent process.
Thus far, all volunteers have allowed us to take digital photographs of them during their
breast imaging data acquisitions for our records. We took images with a ruler to gather data
about the volume and shape of the breasts imaged. From these images, we have estimated the
dimensions of the breasts imaged thus far (Table 7.1). Also, the photographs serve as a record of
the position that the women were lying in during image acquisition, so that subsequent analysis
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could determine if we could improve their comfort or obtain more breast volume with changes in
positioning the subject and/or bed.
Table 7.1: Dimensions of volunteers' breasts estimated from photographs.
Patient
P1
P2
P3
P4

Nipple-Chest Wall (cm) Superior-Inferior (cm)
10.5
18
9.3
12.8
9.5
15
8.2
11.6

Medial-Lateral (cm)
8.4
13.8
19.5

7.2 Experience Imaging Subject P4
Volunteer P4 had surgically confirmed ductal carcinoma in situ in the left breast near the
chest wall. Generally, I had to request that volunteers move farther in the superior direction to
allow for the subjects’ backs to extend more, bringing the chest farther into the FOV, but P4’s
abdomen also protruded through the hole in the neoprene, interfering with the detectors’ rotation
and data collection (Figure 7.5, TOP). It was necessary for her to slide caudally to accommodate
the system’s passing underneath without obstruction (Figure 7.5, MIDDLE).
She breathed very heavily during the CT acquisition and shifted to turn her head. After
the CT scan was complete, she lifted her body up and complained that her rib was hurting and
that placing her arm by her side caused strain and pain. When she laid back down putting the
same breast through the opening, I briefly re-centered her, created the PROJSINE trajectory and
started the scan, but her ribs were uncomfortable and she shifted and moved during the SPECT
scan. For the TPB, she was given folded foam for use under her legs and a piece of foam for use
under her ribs (Figure 7.6). She laid more on her side, presumably to take pressure off the ribs.
She was much more still during this acquisition, not complaining of rib pain, and moving only
with normal respiration.
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For the opposite breast, she was centered with more difficulty. She was given a piece of
acrylic to spread the force of the bed out over her abdominal area. She was placed more in the
center of the hole. But with more of her weight cranially, closer to the head area of the bed, her
chest wall sank deeper into the neoprene such that the x-ray detector could not pass at the
predetermined minimum bed height (Figure 7.5, BOTTOM). The bed was vertically adjusted up
to prevent collision between her protruding chest and the CT system. It was retrospectively noted
that she could have been moved down into the FOV more, either by re-centering (after scout
scans) or from her getting more comfortable, which could have been achieved by tilting the
Trendelenburg axis instead of elevating the vertical axis.
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Stomach

Stomach

Chest wall

Figure 7.5: (TOP) The neoprene did not restrain P4’s abdomen, and thus it protruded into
the FOV. Since her abdomen is not of interest, and exposing it to x-rays would add
unnecessary dose to the subject and reduce the image quality, (MIDDLE) the subject was
asked to shift her body towards her feet, such that the bed would restrain the additional
tissue. (BOTTOM) For the acquisition of the left breast, the subject was given a thin piece
of acrylic to support and flatten her stomach area, so that her breast could be better
centered in the hole while gravity would bring her whole breast lower into the FOV.
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Figure 7.6: (TOP) P4 and (BOTTOM) P2 with extra padding under their feet to take
pressure off of their rib cages and chest regions in general.
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She did not move as much during the image acquisitions of her right breast, probably
because the acrylic prevented the facet in the stainless steel bed from digging into her ribs. She
was clearly more comfortable and did not complain as much of pain. However, only the CT and
TPB SPECT studies were acquired because of (1) her initial movement; (2) time to create the
PROJSINE trajectory and (3) she had already been at the lab 1.5 hours and was ready to leave.
According to the procedures in Chapter 5, P4’s images were retrospectively quantified to
determine if the data compared to values found in literature (Figure 7.7). A mask of the CT image
was used as the VOI to measure the whole breast activity concentration. The measured whole
breast activity concentration in volunteer P4 was 0.04 µCi/mL, in good agreement with known
uptake range in published data [100]. The measured activity concentration in the DCIS is 0.64
µCi/mL, having a contrast of 15 which is greater than the typical absolute contrast given in
literature [99]. However, the DCIS is small and cannot be visualized on the CT image. Therefore,
the ROI placement is difficult, and slight shifts in its placement can produce much different
quantified values. Perhaps a larger overall ROI in the area that measures the maximum value
could be used to compare the activity concentration of the DCIS to the normal tissue. Or

Figure 7.7: Fused SPECT and CT images of the P4’s right breast shown in the indicated
slice orientations. The volunteer had surgically confirmed ductal carcinoma in situ. SPECT
images show a clear signal enhancement (indicated by the intersection of the green
hashmarks) underneath her biopsy clip (blue arrow), seen near the top of the breast in the
transverse CT image slice. Measured whole breast activity concentration in this volunteer is
0.04 µCi/mL, and measured DCIS activity concentration is 0.64 µCi/mL.
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perhaps a standardized ROI size centered at the area of interest, independent of the area of
interest size, and the activity concentration measured, such that the measurement might not
average over the whole area of interest, but would give more confidence in the measurment.

7.3 Conclusions to Human Subject Imaging
The procedure for human volunteer imaging has been refined for hybrid SPECT-CT
imaging with our dedicated device. The detailed procedures are still being improved, e.g. by
adding proximity sensors for modifying the RORs during SPECT trajectories, additional bed
padding for patient comfort, tilt to the CT acquistion to obtain more breast volume, as well as
decreasing the total acquisition time of the CT scan, and implementing “continuous” SPECT
scaning. A great deal was learned from these first four subjects about how to go about collecting
patient data and what to expect during the image acquisitions. Further testing and evaluation of
the capabilities and usefulness of the hybrid imaging device are warranted.
Another IRB protocol has been submitted to obtain consent from volunteers who are
already being injected with

99m

Tc-sestamibi for clinical parathyroid imaging. This study will

provide a wealth of information about the quantitative uptake of

99m

Tc-sestamibi in otherwise

asymptomatic breast tissue. The initial (retrospective) activity concentration quantification in P4
was an exciting result, especially given that the measured breast activity concentration (0.04
µCi/mL) was within the normal range. The measurement of the DCIS activity concentration (0.64
µCi/mL) gives a contrast of 15 when compared to the breast, which is a higher ratio than
determined by ex vivo measurments by Maublant et al [99]. More data is required to validate the
procedure and determine the range of normal uptake in the breast. Currently, we have no way of
knowing if this whole breast quantification technique is sensitive enough to distinguish between a
completely normal breast and one containing DCIS with just one measurement or if the values
found in literature for the normal activity concentration were appropriately calibrated for
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comparison with this technique. With the proposed studies, for example, this question may be
answered, thus validating the usefulness of the overall technique.
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8 Concluding Remarks
This work has focused on obtaining the best possible SPECT data with the developed
dedicated breast SPECT-CT system and on quantifying the reconstructed images. The system has
many degrees of flexibility in positioning the object (breast) in the FOV and orienting the system
about the object (breast). The patient bed has five degrees of freedom, which have been
characterized. Additionally, the SPECT camera can move in the azimuthal (orbit around a central
point) and polar (tilting up and down) directions, and it can change its ROR (in and out) to
contour the object in the FOV. Using this flexibility, image acquisition balances maximizing the
imaging volume and adequately sampling the object. Image quality has been studied, and
physical corrections have been implemented to quantify the activity concentration in the object at
the time of imaging. Imaging studies in phantoms and human subjects reveal that the system has
potential for obtaining qualitatively and quantitatively useful images.
Although each direction of bed movement was characterized, only the vertical bed
motion is useful for this imaging paradigm because other movements cause changes in nonuniform magnification and shifting that the reconstruction code is not currently capable of
modeling. Although the reconstruction code can model the vertical movement, vertical bed
movement is not recommended after studying its accuracy and reproducibility. In addition to the
vertical movement’s uncertainty, the resulting vibration in the breast due to the movement add
complications that likely outweigh the benefit of imaging the additional breast volume.
Alternatively, the bed can be used to lower the breast into the FOV of the hybrid system,
while optimizing the bed height with respect to the x-ray source and detector. The lowest points
on the bed (the head trough and ridges) should be positioned with the vertical and Trendelenberg
motions to be within 0.5 cm of the CT system (Figure 8.1). This positioning will produce the best
data of which the system is currently capable. If the system is modified to incorporate the CT
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subsystem’s tilt, then the volume imaged will increase [75] without the added complication of
breast vibration.

Figure 8.1: Ideal positioning of the bed for human volunteer imaging with the head trough
and ridges of the bed 0.5 cm from the top plane of the x-ray source and detector.
Additional steps have been taken to ready the bed for patient imaging, such as adding
lead, neoprene and foam for radiation shielding and patient comfort. The neoprene layer stretches
with a woman’s weight to allow for her to “sink into” the FOV and potentially for the CT system
to acquire more breast volume. However, in some instances, the subject replaces the bed as the
minimum point to optimize above the CT system because her abdomen or shoulder sinks below
the minimum points of the bed. If this is the case, additional acrylic plates are available to restrict
the body from the trajectory of the system. As well, after the bed has been positioned, a support
system is placed to dampen the vibrational motion of the bed while the subject is imaged. Thus, if
the subject moves, the bed will not, but it should be verified before starting an acquisition that the
subject has not shifted into the trajectory of the system.
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Avoiding imaging the heart and liver was another factor explored in obtaining high
quality images of adequately sampled breast. While imaging human subjects, it was noted that
imaging the cardiac and hepatic uptake decreased the image quality by making it difficult to
window and level the images and increasing the voxel values near the chest wall (Figure 8.2).
With the low activity concentration in the breast, the cardiac and hepatic signal could make it
difficult to perceive hot spots, especially near the chest wall and axilla. Though a variety of
trajectories have been developed for use with this system [70], the imaging task dictates the most
appropriate trajectory, whether it be for qualitative/quantitative imaging, diagnostic imaging for
regions of interest in known locations, or maximum volume imaging for asymptomatic women.
The TPB images of the human subjects showed that it is possible to image too deep within the
chest wall, thus detracting from the overall goal of the breast image (Figure 8.2). Signal from the
heart and liver in the human subject images would have likely hindered perceiving lesions in the
chest wall if there were any (Figure 8.2). However, it has been shown to have superior contrast to

Heart Wall
2cm Lesion
Unknown?
Fiducial Marker

Figure 8.2: Sample reconstructed (8 summed planes, 3-pixel-wide Gaussian smoothed)
images acquired with a TPB trajectory from the left breast of human volunteers showing
distortion of the breast shape (blue dotted outline) and non-homogeneous uptake of the
radiotracer. (LEFT) P1 has a 2 cm lesion near her chest wall. (RIGHT) In P4, the heart wall
is visible in the image, but the very low activity concentration at the center of the breast is
not apparent.
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the other trajectories, especially when the area of interest is near the nipple. Additionally, the ease
and speed of creating the trajectory make it very appealing. On the other hand, the PROJSINE
trajectory is more complicated to create a trajectory, but the breast is more completely sampled,
and the reconstructed image is less distorted (Figure 8.3).

Cardiac & Hepatic
Activity

Fiducial Marker

Figure 8.3: PROJSINE image (3 summed planes, 3-pixel-wide Gaussian smoothed) of the
right breast of subject P4. While the chest wall has been affected by activity from the heart
and liver, the overall shape of the breast has been recovered and the activity within the
breast is more apparent than in the TPB image (Figure 8.2, RIGHT).
Another variable we observed during human subject imaging was the non-homogeneous
uptake pattern of the sestamibi compound in the image, which, at the time, we attributed to a
difference in uptake for the varying breast tissues. However, given the smoothness of the planar
data in the literature [118] and the noisy clinical activity phantom studies (Chapter 6), this nonhomogeneous patterning maybe attributed to noise in the image. An analysis of the role frequency
content of the object effects the reconstructed image determined that high frequency (edge)
content can be reliably reconstructed even in undersampled data, but diffuse regions of
radioactivity or low frequency information is distorted. Thus, in the first human subject, although
the 2 cm lesion is detected, the poor image quality of the breast background is indicated by the
artifacts and distortion within the breast. It has been noticed in phantom data that symmetric
objects (cylinders) are more reliably reconstructed with undersampled TPB data than asymmetric
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objects (breast), which tend to distort and are less quantitatively accurate. Trajectories that more
completely sample the breast recover the shape of high- and low-frequency objects. Trajectories
such as VAOR and PROJSINE have been shown to produce more quantitatively accurate data
without distorting the objects (Figure 8.3). For these trajectories, the radiotracer uptake patterns
are more homogeneous, but images are nonetheless noisy. Additional human subject imaging is
warranted to further understand the radiotracer uptake in the breast and the noise quality in the
images.
The percent noise in the image can be decreased by increasing the injected radiotracer
dose, increasing the number of detectors or increasing the acquisition time. The most likely factor
to change is the acquisition time. For phantom and human subject imaging, we have maintained a
10 min image acquisition time. However given the very low expected activity concentration and
the noisy human images to date, increasing the imaging time should be considered. For example,
images of breast phantoms filled homogeneously with aqueous radioactivity at clinical activity
concentrations and imaged with a VAOR trajectory, known to completely sample the object, have
hot spots due to noise that could be mistaken for a lesion (Figure 8.4). It is accepted clinically that
nuclear medicine imaging studies require longer times to acquire. Some nuclear medicine studies
have a planar and a SPECT acquisition. Additionally, breast MRI imaging studies take up to 40
minutes. Therefore, it seems reasonable to increase the SPECT image acquisition to improve the
count statistics in the image. After all, these SPECT studies will not be general, high-throughput
screening images; they should be high quality diagnostic images. The value of the breast SPECT
image will be in aiding the physician to determine whether or not and where to biopsy.
Mammography and MRI images are sensitive to finding masses, but SPECT studies with

99m

Tc-

sestamibi are specific in determining which mass is metabolically active. Increasing the imaging
time will likely be clinically acceptable because the resulting image should be better.
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Figure 8.4: Gaussian smoothed (LEFT) coronal and (RIGHT) transverse slices of a breast
phantom filled homogeneously at a clinical activity concentration and acquired with a
VAOR trajectory. Green arrows point to fiducial markers, while blue arrows point to
unknown (noise related) hot spots.
To improve image quality and minimize streak artifacts from the heart and liver, studies
were conducted to constrain the polar tilts at certain azimuthal angles. A general guideline has
been created for future use when building acquisition trajectories to limit the camera’s polar
angular range for each azimuthal position (Figure 8.4, TOP). Indeed, acquisition trajectories can
be made to avoid direct views of the heart and liver, but the locations of these organs will vary
from subject to subject due to differences in their height and weight. Scout scans to determine the
specific maximum polar tilt to avoid each person’s heart and liver could be done prior to the each
scan. The constrained PROJSINE trajectory was tested with out of field of view activity from
heart and liver phantoms with the anthropomorphic torso phantom and with an open torso
phantom. Scout scan were not acquired when collecting the breast data with the open torso, heart
and liver phantoms above, and the resulting images contained signal from the heart and liver
increasing the image intensity in the chest wall area. Encouragingly, the breast phantom was
quantified to within 10% of the known value, despite the additional out of field activity.
Currently, we recommend using the constrained PROJSINE trajectory with one lobe ranging
from 15° – 30° and the other two from 15° – 45° (Figure 8.4, BOTTOM) for human subject
imaging.
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Figure 8.5: (TOP) Guideline for the limiting polar tilt as a function of azimuthal position for
the left (--) and right (–) breasts. (BOTTOM) Constrained PROJSINE trajectory (–)
completely contained within the boundary of the polar tilt (blue shaded region).
For SPECT images adding information for diagnosis, trajectories can be created to image
a lesion in a known location. For example, if a lesion is near the nipple of the breast, then a TPB
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trajectory will provide images with better SNR and contrast with reduced quantitative accuracy.
In this case, high image quality may lead to a more confident decision than quantitative images. If
the lesion is known to be located near the chest wall, then a PROJSINE trajectory will provide a
better qualitative image with less distorted information. The SPECT images could be registered
with CT or MRI images for anatomical markers of disease presence.
For the task of imaging asymptomatic women, quantitative images should provide the
earliest information about disease formation, if a normal uptake value is known. A quantification
procedure for the activity concentration of ROIs and in the whole breast has been developed:
using a thresholding technique to create an attenuation map of an object and the DW method for
scatter correction, VAOR and PROJSINE data acquired with a ±4% energy window has been
shown to produce quantitative images within 10% of the known activity concentration within the
clinically expected range (0.03 to 0.3 µCi/mL). Using the broad beam attenuation coefficient 0.12
cm-1 as opposed to attenuation and scatter corrections for quantifying images proved less robust
and less reliable with more rigorous statistical testing. However, using a coefficient to
approximate attenuation and scatter requires much less image processing time, and given some
iterating a coefficient may be found for our system with narrow energy window and nontraditional trajectories. Specifically, an effective attenuation coefficient could be found for the
constrained PROJSINE trajectory since it is recommended for future use.
Very low activity concentrations are more difficult to quantify accurately due to the
higher variability in the images, but nonetheless this procedure has been able to reproducibly
quantify the data in large regions. Quantifying low activity concentrations in small regions of
interest are affected by noise and are less accurate. Therefore, in images where the whole breast is
not used as the VOI, many smaller VOIs should be measured and averaged to improve the
accuracy of the quantification.
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Since the SPECT system is part of a dual modality SPECT-CT system, a CT-based
attenuation map is the obvious next step. The thresholding technique employed in this dissertation
does not produce attenuation maps with clearly defined edges that CT-based attenuation
correction easily would. There are other advantages of the CT-based attenuation correction as
well, such as more confident modeling of the imaged volume. However, CT-based attenuation
correction has limitations, such as its sensitivity to correct alignment of the attenuation map
within the SPECT reconstruction matrix, which is automatically aligned in the thresholding
technique. It has been shown in initial experiments that segmenting attenuation coefficients for
varying tissue types may not increase the accuracy of the quantification, as the differences in
attenuation are relatively small at 140 keV. Furthermore, it seems that resolution recovery in
SPECT reconstruction will be necessary if CT-based attenuation correction is employed [87], and
thus the improvement in accuracy must be considered against the increased reconstruction time.
For imaging tasks that do not necessitate chest wall and axilla imaging, such as
determining the normal uptake value of sestamibi, the VAOR trajectory, which is completely
sampled, can be used. For imaging tasks that require the maximum volume imaged, then the
PROJSINE trajectory will provide very good results. Although the PROJSINE trajectory was
shown to be borderline equivalent within ±10% of the dose calibrator, for the increased imaged
volume, it should be acceptable.
With each human subject, the capabilities of the system and its potential for application
are further enumerated. This quantification procedure is ready to be tested in human subjects. The
procedure has been retrospectively applied to one human subject data set, where it was found that
the average activity concentration was within the normal range derived from literature. This is an
exciting result that demonstrates the feasibility of quantitating the normal uptake range in the
breast. An IRB protocol is nearly approved to image volunteers who are being injected with
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99m

Tc-sestamibi for parathyroid imaging. These subjects will provide the images to determine the

normal activity concentration range in asymptomatic breasts.
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