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Abstract

Single Photon Emission Computed Tomography (SPECT) is a standard method for
evaluating heart disease. A new dedicated cardiac camera with CZT detectors offers
improved energy resolution and sensitivity compared to standard SPECT systems.
Simultaneous Tc99m/T1201 protocols are fast, but correction for cross-talk
between isotopes is necessary to achieve good image quality. The Triple-Energy-Window
(TEW) correction method is easy to implement and provides accurate scatter estimation
in single-isotope studies.
We retrospectively assessed the cross-talk correction using clinically acquired
single-isotope studies: 52 T1201 studies and 52 Tc99m-tetrofosmin studies, matched by
gender and BMI. Projection data from Tl-stress and Tc-rest studies were combined to
create contaminated data before reconstruction. TEW corrections were evaluated in both
primary energy windows. Modifications to the corrections were required. The modified
approach results in residual cross-talk as low as 2% but high noise levels were present in
the corrected images. Further modifications are needed to reduce noise.
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Chapter 1: Introduction

1.1

Motivation
Heart disease remains one o f the main causes of death in Canada. In 2008, heart

disease accounted for 29% of all deaths in Canada. Furthermore, 90% of Canadians have
a minimum o f one risk factor for heart disease, bringing the need for more efficient and
accurate methods for diagnosing heart disease. O f all cardiovascular deaths in 2008, 54%
of these were due to Ischemic Heart Disease. (1)
Single Photon Emission Computed Tomography (SPECT) is one o f the standard
methods used to clinically evaluate heart disease and the severity of defects in the heart.
The typical diagnostic protocols for myocardial perfusion imaging that are currently
implemented in the clinic use only one isotope for both the rest and stress states of the
heart. This leads to a total time of approximately four hours for a same-day rest-stress

Tc99m acquisition, due to the wait needed between acquisitions to minimize interference
of the tracer from the first injection in the second image. (2)
SPECT offers the possibility o f performing simultaneous dual-isotope imaging (38), as multiple isotopes can be used for the same study. Proposed protocols in can reduce
the total time to 30 minutes as well as having many more advantages. However, the
presence of interference between the isotopes presents a major problem and must be
accounted for before simultaneous dual-isotope SPECT can be clinically implemented.
(9-12).

1.2
1.2.1

The Heart and Heart Disease
Heart Anatomy
The heart is the organ whose main responsibility is to pump oxygen and nutrient

rich blood throughout the whole body to other vital organs. It m ust have a constant flow
o f blood carrying plenty of oxygen and other nutrients in order to have the energy it
requires to function properly. It is composed o f four chambers. The two upper chambers
are called the right and left atria, while the two lower ones are the right and left
ventricles. Walls o f muscle called the septa separate the left and right atria and the left
and right ventricles. (13)
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1.2.1.1

Heart Imaging - Axes
Images o f the heart will be viewed as a cross section o f the heart in different

orientations. The three main axes used in this study are the Horizontal long axis (HLA),
Vertical long axis (VLA) and Short axis (SA).
A good way o f visualizing the heart axes is to picture the heart as a cylinder that
is closed at one end. The axis of rotation o f the cylinder is the long axis of the heart. The
SA is perpendicular to the long axis. The HLA and VLA are parallel to the long axis and
orthogonal to each other. The HLA cuts horizontally across the heart and shows both the
right and left ventricles. The VLA cuts vertically and shows the anterior and inferior
walls o f the left-ventricle. (14)

1.2.2

Ischemic heart disease
Ischemic Heart Disease (EHD), or myocardial ischemia is characterised by a

reduced blood flow to the heart. This is typically due to a narrowing o f a coronary artery,
which supplies blood to the heart. IHD can typically present with an array of symptoms,
including but not limited to, angina (chest pains), decreased exercise tolerance and
difficulty in breathing or swelling of the extremities due to weakness of the heart muscle.
(15)
When the heart is under a stressed condition, which can be achieved through
exercise or by administering a drug to the patient, diseased heart muscle will typically
have a lower blood flow than its healthy counterpart. By comparing the blood flow in the

heart muscles when the heart is in a stressed state and a rest state, it is possible to
determine how severely the muscle is damaged and guide what further actions should be
taken.

1.3
1.3.1

Radioactivity and interactions with matter
Radioactive decay
Radioactive decay is a process in which an unstable nucleus transforms into a

more stable form, emitting particles and releasing energy in the process. The unstable
nucleus is referred to as the parent nucleus and the result o f the decay is referred to as the
daughter nucleus. There are many different types o f radioactive decay, including alpha
decay, beta decay, electron capture (EC), gamma decay and isomeric transition (IT). The
isotopes used in this study decay by IT and EC. (16)
Isomeric transitions deal with a daughter nucleus from a previous decay that is in
a long-lived, or metastable, state. Unlike typical gamma decay, where the excited nucleus
returns to its ground state in a very short period of time, emitting a photon in the process,
the daughter will stay in the excited state for a prolonged amount of time and will not
immediately decay to its more stable state. Just as in gamma decay, there will be a photon
emitted in an isomeric transition. It only differs from gamma decay in that there is a delay
in the time that the reaction happens. (16)
Electron capture occurs when an orbital electron is captured by the nucleus. This
decay is represented in equation 1-1. The electron (e ) combines with a proton (p+) to

form a neutron (n). This reaction leaves the atom in an excited state. Characteristic x-rays
and Auger electrons may be emitted as the atom returns to a more stable state. Some of
the energy emitted is carried away by the emitted neutrino (v). (16)
p + + e~ -» n + v + e n e r g y

1.3.2

1.3.2.1

(1-1)

Interactions of Radiation with Matter

Photoelectric Effect
The photoelectric effect is an interaction between photons and matter where an

atom absorbs the total energy of an incident photon. The energy absorbed by the atom
results in an orbital electron being ejected from the atom. This electron is called a
photoelectron. (17)

Y(E)

O
Figure 1.1 The photoelectric effect. A photon (y) of energy E interacts with an
atom, resulting in an ejected electron (e-).
In order for this interaction to occur, the incident photon must be of sufficient
energy to exceed the binding energy o f the electron it will eject. After the interaction, the
atom will be left with a vacancy in an orbital electron shell, which will be filled by
5

transition o f another orbital electron to this vacancy. This will lead to emission of
characteristic x-rays or Auger electrons. However, in materials with low atomic number
(such as tissues found in the human body), binding energies and characteristic x-ray
energies are only a few keV or less and need not to be considered in diagnostic imaging,
as the photons emitted will be absorbed by the body.

1.3.2.2

Compton Scatter
Electromagnetic radiation emitted during radioactive decay will interact with

matter as it passes through it, transferring some o f its energy to the matter. The type of
interaction that will occur will greatly depend on the energy o f the photon. At energies
required for diagnostic imaging, the principal interaction occurring is Compton scatter. In
this inelastic scattering process, a photon will interact with a loosely bound outer shell
orbital electron, as shown in figure 1.2. (17)
This interaction will cause the photon to change direction as well as losing some
o f its energy in the process. The energy lost by the photon is directly related to the angle
at which the photon is scattered after interaction with the electron. The resulting energy
o f the photon after the interaction (is”) is given by equation 1-2, where E is the initial
energy o f the photon, m0 is the mass o f an electron, c is the speed of light in vacuum and
6 is the angle representing the change in direction of the photon. (18)
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7(E)

Figure 1.2 Representation o f the Compton scattering process. A photon (y) of
initial energy E interacts with an electron. Following the interaction, the photon is
deflected from its path by a scattering angle 0. The photon has also transferred
some of its energy to the now free Compton electron (e'), resulting in a new
photon energy E’, which is less than the initial energy o f the photon.
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1.4

Single Photon Emission Computed Tomography
Single Photon Emission Computed Tomography (SPECT) remains one o f the

standard techniques for evaluating heart disease. Using this imaging method provides a
functional image, as opposed to providing information on anatomy. Functional imaging
provides information on a physiological activity within a certain tissue or organ, such as
metabolism or blood flow. With SPECT, this is achieved by injecting a compound into
the body that has been labeled with a gamma-ray-emitting radionuclide. These
compounds are referred to as tracers. The tracers are chosen to behave in a similar way to
or react with specific compounds in the body and thus provide information about the
behavior o f those native compounds. (16)
The imaging method involves acquiring images o f the distribution of the activity
emitted by the tracer at different angles around the patient. These images are called
projection images. From these projections, we can reconstruct a three dimensional image
o f the distribution o f the tracer inside the patient, resulting in an image o f the
physiological process we are interested in. Each step o f this process will be explained in
detail in the following sections.

1.4.1

Isotopes used in SPECT
While choosing an isotope suitable for imaging, we need to ensure the half-life of

the substance is relatively short. The half-life o f a radioactive nuclide is the amount of
time required for its activity to decay by half. The longer the half-life, the greater the
effective dose that will be delivered to the patient, which is to be kept low for a
diagnostic procedure.
However, the half-life of the tracer must be long enough to allow time for the
tracer to be prepared, injected into the patient and still allow sufficient time for imaging.
(19) The most commonly used isotope for myocardial perfusion imaging (MPI) is
Technetium-99m (Tc99m). With a half-life o f 6.02 hours, (20) Tc99m allows adequate
preparation and imaging times while not delivering too high an effective dose to the
patient. The typical amount o f activity injected for a one-day Tc99m-MPI study is 370
MBq at rest and 1100 MBq at stress leading to an effective patient dose o f 9.9 mSv. (21)
Another commonly used isotope in MPI is Thallium-201, with a half-life of 3.044
days. (22) As the half-life is much longer than Tc99m, the patient radiation effective dose
is much higher. To partially compensate for this, less activity is injected. The typical
amount injected for a T1201 MPI study is 130 MBq which gives an effective patient dose
o f 22 mSv. (21)
The energy o f the photon emitted by the decay is also an important factor in
choosing a radioactive tracer for SPECT imaging. Photons are emitted from tracers inside
the body and so must travel through patient tissues to reach the camera. As photons pass

through tissues, they can interact and be attenuated. We must ensure that the energy of
these photons is high enough so that they are not greatly attenuated and can escape the
body to be detected. However, the energy o f the photons has to be low enough to allow
interaction with the detector and thus detection of the photons. (16)
Tc99m emits photons at 140 keV with 88.5% abundance. (20) T1201 emits a
range of Hg x-rays between 68.9 - 80.3 keV (94.4%) as well as gamma emissions at 167
keV and 135 keV (8% and 2% respectively). (22) These energies are in the acceptable
energy range of 30 keV to 300 keV (16) in terms of minimising attenuation inside the
patient while being easily detectable by the typical SPECT gamma cameras.

1.4.2

Radioactive tracers
The first step to acquiring an image with SPECT is to inject the subject with a

tracer which is a compound that has been labeled with a radioactive nuclide. The
compound chosen is different for each metabolic function we wish to image. In the case
o f myocardial perfusion imaging, we wish to study the function of the heart muscle. The
most commonly used tracers for this study are Tc99m-tetrofosmin and Tc99m-sestamibi.
The tracer used at the University of Ottawa Heart Institute (UOHI) is Tc99m-tetrofosmin
and this is the tracer used in this work. It has a very high and rapid uptake in the heart
muscle, taking only approximately 5 minutes to reach its maximum uptake and remains
static for the length o f most imaging procedures. (19) Tc99m-tetrofosmin can be used to
detect reversible ischemia and infarcted regions o f the heart. Myocardial ischemia is the

restriction of blood supply to the heart muscle, leading to a lack o f oxygen required to
keep the tissue alive. Blood flow may be blocked by a blood clot or a slow buildup of a
hard substance (plaque) within the arteries o f the heart. Blocking the passage of blood
prevents oxygen from reaching the heart muscle, causing the cells to die. In some cases,
there is adequate blood supply when the heart is in a normal resting state but not when
the heart is under a stressed condition with elevated heart rate. When the heart returns to
a normal resting heart rate, blood flow returns to normal. This condition is referred to as
reversible ischemia. Myocardial infarction is damage to the heart muscle which occurs
when blood flow to that part o f the heart is blocked for a long period o f time leading to
death of the heart tissues. (23)
In this study, Tc99m-tetrofosmin will be used to detect changes in perfusion
(blood flow) caused by a pharmalogical stress state o f the heart (typically induced with
the drug dipyridamole). (14)
A second tracer that can be used instead o f Tc99m-tetrofosmin for MPI is T1201.
T1201 is an analogue o f potassium. An interesting quality o f T1201 is that it starts
redistributing in the heart muscle about 10-15 minutes after injection. This characteristic
of T1201 allows for imaging of both the stress and rest states o f the heart with a single
injection of the tracer, avoiding the two injections that are common for Tc99m-tracer
protocols. (14)
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1.4.3

Image reconstruction in SPECT
In this study, image reconstruction is done using iterative reconstruction methods.

The essence o f these methods is the use o f an algorithm to approach the true image
starting from a very simple estimate (often a blank or uniform image) and to adjust this
image until it matches the true image. This is done by calculating projections from each
estimate by summing all pixel values along the projection line, which are compared to the
true projections acquired. If the projections do not match, the pixel values are updated
using the difference between the estimated and actual projections. This process is
repeated until there is convergence o f the estimated projection data with the acquired
projection data. (16) This process is shown in figure 1.3.

1.4.3.1

Maximum Likelihood Expectation Maximization Reconstruction
The particular algorithm supplied by the vendor for reconstruction o f data

acquired on our dedicated cardiac camera is the Maximum Likelihood Expectation
Maximization (MLEM) reconstruction method. MLEM computes the most likely source
distribution that would have created the observed projection data with the assumption that
the noise in the projection data is Poisson distributed. The method essentially gives
greater weight to higher count regions. The reconstruction process is formulated as
follows:

(1-3)
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where fij is the measured intensity in the j* projection element, P tj is the probability that
activity from the i* voxel will be detected in the j* projection element and xt is the
activity level o f the i,h voxel.

The equation used to compute the activity value for the (k + l)111iteration is

* '

=

(1-4)

S.*,

where x / +I is the new estimate, x f is the old estimate,

is the measured projection, ^ is

the calculated projection and Py is the backprojection. The denominator serves as a
normalization element. Convergence o f this method tends to be quite slow. (16,24)

1.5

Cameras used in SPECT
Once the tracer has been injected into the bloodstream, after a few minutes it will

have been taken up into the heart muscle. The time for complete uptake will vary
depending on which radiotracer is being used. The tracer will em it photons, which can be
detected. The most commonly used detector for SPECT imaging is the Anger gamma
camera. Recently, novel dedicated cardiac SPECT cameras have been developed based
on solid-state detectors. (25-28)
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Figure 1.3 Schematic representation o f the iterative reconstruction process. An
initial image is estimated and projections calculated from the estimate. The
calculated projections are compared to the acquired projections. If the
projections are not the same, the estimate is adjusted and the process is repeated
until convergence is reached.
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1.5.1

Anger scintillation camera
The Anger gamma camera remains the standard method o f detecting the photons

emitted in SPECT imaging. This camera consists of a parallel-hole collimator, a crystal
scintillator, typically sodium-iodide (Nal), and an array o f photomultiplier tubes (PMT).
A representation o f a typical Anger camera is shown in figure 1.4.

1.5.1.1

Parallel-hole collimator

In SPECT imaging, a collimator is used prior to the detection o f the photons to give
directional information on the detected photons. In typical scintillation cameras, parallel
hole collimators are widely used. These collimators will allow only photons which are
travelling perpendicular to the detector surface to reach the detector. The collimator is
made o f a material with a high atomic number, typically lead, in order to have high
absorbance of photons that are not travelling in the wanted direction. Parallel holes are
cast in lead or shaped from lead foils. These collimators project an image onto the
detector which is o f the same size and orientation as the source distribution. (29) A
schematic representation o f a typical parallel-hole collimator is shown in figure 1.5.
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Readout electronics
Photomultiplier

Parallel-hole

P hotons

Figure 1.4 Diagram o f the principal components of a typical Anger camera. The
photons emitted must first pass through a parallel-hole collimator, allowing
only photons traveling perpendicular in direction to the crystal to be detected,
providing directional information of the detected photons. The photon is then
absorbed in the crystal and the corresponding signal is read out and amplified
by the photomultiplier tube (PMT) array. The readout electronics determine,
record and plot the location of the detected photon.
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Figure 1.5 Schematic representation o f a typical parallel-hole collimator. The
image projected onto the detector (I) is the same size and orientation as the source
object (O).

1.5.1.2

Scintillation detectors and photomultiplier tubes
Photons from radioactive decay will interact with matter, causing either ionisation

and/or excitation o f atoms and molecules in the material. When the excited atoms return
to their ground state, energy is released. In some materials, the difference in energy
between the excited and ground states is a few eV and so this energy is released in the
form of visible light. These materials are called scintillators. The typical material used for
scintillation detectors in nuclear medicine is sodium-iodide crystal that has been doped
with thallium [Nal(Tl)]. The photons emitted from Tc99m and T1201 will interact with

the crystal, and transfer energy to the electrons in the crystal. M any o f these electrons
will be raised to an excited state. These electrons will then return to their stable state,
emitting a light photon in the process. (29)
The light photons are collected by an array o f photomultiplier tubes (PMT)
attached to the back of the crystal. The light will first be converted to electrons. The
PMTs work with very weak light signals, converting them to an electronic signal and
amplifying this created signal. The basic principle behind a PM T is illustrated in figure
1.6. The light photon is absorbed at the photocathode and its energy is transferred to a
photoelectron which is subsequently ejected. The photoelectron is accelerated to the first
dynode by an electrical potential. Multiple photoelectrons will be produced from the
interaction o f the initial photoelectron with the dynode. The new photoelectrons are then
accelerated to the next dynode, where each o f these create multiple other photoelectrons.
The voltage increases along the tube and the electronic signal gets larger at each dynode.
This process creates an electrical signal that is large enough to be shaped and processed
once it reaches the anode. (29)
The camera uses an array o f PMTs. Each scintillation event produces a shower of
light photons.

The shower o f photons can produce a signal in multiple PMTs. The

strength of the summed signal from all of the PMTs is proportional to the energy o f the
incident gamma ray. A comparison o f the relative strengths of the signals from the PMTs
can be used to determine the position o f the interaction within the crystal.
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Figure 1.6 Basic principles o f a photomultiplier tube. Explanation of principles is
provided in text.

1.5.2

CZT camera
In recent years, new technologies have been developed to further advance and

improve SPECT imaging. (30-33) The camera used in this study is the Discovery NM
530c (GE Healthcare). Unlike the standard SPECT camera, it contains solid-state
detectors based on Cadmium-Zinc-Telluride (CZT) instead o f scintillation crystals and
pinhole collimators replace the typical parallel-hole collimators. The chemical formula
for CZT is Cdi.xZnxTe, where x is the fraction o f Zn. The value o f x is typically less than
0.2. (34)
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The camera is comprised of a much larger number of detectors (19 instead of 2)
but has a much smaller field-of-view (19 cm diameter instead of 50 cm). (26)

1.5.2.1

Pinhole collimators
Pinhole collimators consist of a small pinhole aperture in a slab o f material,

typically lead, tungsten or any high-Z material with high absorbence of ionizing photons.
The pinhole is typically a few millimeters in diameter and is located at the end of a cone.
The size o f the pinhole can often be varied by using removable inserts. (29)
The principle behind imaging with a pinhole collimator is similar to that o f the
“box camera”. All o f the photons from the source that reach the detector must pass
through the pinhole. This creates an inverted image of the source on the detector. The
pinhole collimator also allows magnification o f the image of the source object.
Magnification or miniaturization o f the image occurs in relation to the ratio o f the
distance between the object and the collimator and the length o f the collimator cone.

—
'
-f
O b

0 -5 )

As indicated in figure 1.7, I and O are the sizes o f the image and object (source),
respectively, while f is the length of the collimator cone and b is the distance between the
source and the entrance to the collimator. (16)
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collimator

Figure 1.7 Schematic representation o f a typical pinhole collimator. The image
projected onto the detector (I) is magnified and inverted relative to the source
object (O). The magnification depends on the length of the collimator cone (f)
as well as the distance between the source and the entrance to the collimator (b).
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1.5.2.2

Solid state detectors
Semiconductor detectors, also known as solid state detectors, are based on

crystalline semiconductor materials. Interaction o f the materials in a solid state detector
with ionizing radiation creates electron-hole pairs in the semiconductor, which are
collected by an electric field produced by a reverse voltage. The energy required to create
these electron-hole pairs is quite small, therefore for a specific energy, more ionizations
occur, providing better energy resolution. (34) Electrodes lie on either side o f the
semiconductor, collecting the charges produced by the ionizing radiation. (35,36)
The intrinsic energy resolution in solid state detectors is better than would be
expected from Poisson statistics alone due to correlations in energy loss o f the photons in
the detector. The energy resolution at a certain energy can be determined by the
following equation (35)

FW HM = 2.35 F

( 1-6)

where E is the energy at which we require the energy resolution (FHWM), w the average
energy for electron-hole creation in the specific material and F is a quantity specific to
the material called the Fano Factor. (35) The Fano Factor is characteristic to the material
and is very difficult to measure. An experimental value of F for CZT is found to be 0.089
± 0.005. (37) The Fano factor has no units.
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1.5.3

Differences between scintillation and solid state detectors
The introduction o f cameras with solid-state based detectors offers improvements

in many imaging aspects compared to the typical cameras with scintillation detectors
currently used in SPECT.
The camera used in this study is the Discovery NM 530c manufactured by GE
Healthcare and situated at the University o f Ottawa Heart Institute. The camera is shown
in figure 1.8. Unlike past SPECT cameras, the CZT camera is stationary. The detectors
are arranged in a 90-degree arc around the patient. The field-of-view o f the camera is a
19 cm-diameter spheroid on the interior o f this arc such that a complete set of angles
required for reconstruction can be obtained without having to rotate the gantry. Each
detector is 4 cm by 4 cm with each pixel being 2.46 mm by 2.46 mm. The system
contains 19 detector heads, where each detector head contains 4 detectors in a 2x2 array,
resulting in dimensions o f 8 cm by 8 cm. (38)
The camera acquires list-mode data and collects counts for energies ranging
between 40 keV and 255 keV. In list-mode acquisition, the incoming information on the
position o f the photon is digitized, but not immediately stored into an image. Instead, the
position information for each individual event along with the tim e during the acquisition
at which it occurred and the energy measured for the incident photon are stored. This
permits retrospective framing (sorting o f the x-y location of individual events into an
image grid) o f images and more flexibility in choosing energy windows.
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Figure 1.8 Discovery NM 530c from GE Healthcare, (a) Patient bed
(b) Stationary detector arc.
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Figure 1.9 CZT detector. Each of the 19 detector heads in the system contains 4
of such detectors in a 2x2 array, which are 4 cm by 4 cm. Each detector
contains 1024 pixels (2.46 mm x 2.46 mm)

In SPECT, energy discrimination of photons is possible. The primary photons will
be detected with a distribution of energies centered on a specific photopeak energy and
the width of this peak is determined by the energy resolution o f the detector. By choosing
to limit the counts included in the image to those within a energy-window range around
the primary photon energy, we can create an image which should contain mostly primary
counts and eliminate most of the scattered counts acquired by the detector. (16,34)

After the initial image acquisition, the list file for each patient is stored on the
system and can be reprocessed to extract any required energy windows. It is therefore
possible to go back and create images for whichever energy window is desired with
Lister (GE Healthcare) software included with the CZT camera developed to reframe
images containing only counts from energy windows as specified by the user. Within
Lister, one is able to choose the central value of the desired primary window with great
accuracy. However, the upper and lower boundaries of the window are set as a percent of
the central energy. The values of the upper and lower percentages are limited to integer
values.
Cadmium-Zinc-Telluride (CZT) detectors offer improved energy resolution over
the Nal detectors currently used. The energy resolution o f N al detectors for 140 keV
photons is 10%. We see an improvement to 6% in the new CZT detectors. (28) There is
also a fourfold improvement of the sensitivity of the CZT detector, compared to Nal
detectors currently used. (38)

1.5.3.1

Low Energy Tail of the CZT Detector
The CZT detector is divided into pixels as described previously in section 1.5.3.

The charge collection at the boundaries of these elements is not as good as it is in the
center o f each pixel. Also, the generated signal depends on the depth o f the interaction
because o f electron-hole trapping. (34) Finally, there is an induced signal for interactions
close to the collection anode dependent on the relatively slow hole drift due to the finite
26

size o f the signal contact. All these effects combine to create a signal from primary
photons o f lower energy than the primary energy window. Figure 1.10 shows spectra of
Tc99m and T1201 acquired with the Discovery NM 530c compared to spectra obtained
with a N al detector (Infinia SPECT/CT camera). The counts present in the Tc99m
spectrum acquired with Infinia in the 70 keV to 110 keV range are caused by a variety of
different sources. The peak seen at approximately 80 keV is most likely due to
characteristic lead x-rays occurring in the collimator. This peak is caused by photoelectric
interaction of the incoming rays in the lead collimator, leading to emissions of
characteristic lead x-rays in the range of 80 keV to 90 keV. (16) Another structure
appearing in figure 1.10 is the rather large bump centered around 100 keV, which is
possibly due to backscatter in the detector crystals or even the collimator. The backscatter
peak for Tc99m occurs at 91 keV, strongly suggesting that the peak seen is in fact due to
backscatter. (16)
1.6

Simultaneous dual-isotope imaging
Simultaneous dual-isotope imaging presents many advantages compared to its

single-isotope counterpart. Simultaneous dual-isotope image acquisition would greatly
reduce the total imaging time. The total time to complete a single-isotope rest/stress
imaging protocol can reach several hours, as illustrated in the American Society of
Nuclear Cardiology (ASNC) imaging protocol guidelines (2), due to a long period of
waiting between stress and rest image acquisitions to reduce interference between the two
images. A typical single-isotope Tc99m rest/stress imaging protocol is shown in figure
1. 11.
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Figure 1.10 Point source spectra for (a) Tc99m and (b) T1201 acquired with
Discovery NM 530c and with the Infinia SPECT/CT Scanner for comparison.
Spectra were acquired in air with the collimators attached. We clearly see the
presence o f better energy resolution and the low energy tail of the CZT.
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Figure 1.11 Standard 1-day single isotope Tc99m protocol currently being used
clinically for rest/stress MPI (time not to scale). Using one isotope for both rest
and stress images requires a lengthy wait period between image acquisitions to
reduce interference between rest and stress images. This protocol is based
onaverage time values taken from the ASNC Imaging Guidelines (2). The stress
state o f the heart can be achieved through exercise or induced pharmacologically.

Current protocols being explored reduce the total imaging time from 4-5 hours to
less than 30 minutes, improving both patient experience and camera efficiency. Figure
1.12 shows such a protocol.
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Figure 1.12 Simultaneous acquisition Tc99m rest/T1201 stress 30 minute dual
isotope protocol for the CZT dedicated cardiac camera. Persantine is a drug
injected (dipyridamole) into the patient which induces the heart into a stressed
condition. Aminophylline is used to counter the effects o f persantine, returning
the heart into its rest condition.

Simultaneous dual-isotope imaging only requires one patient setup, which is
another advantage over standard single isotope protocols, and produces exact image
alignment between the rest and stress images because the patient does not move between
the two acquisitions.

1.6.1

Complications in simultaneous dual-isotope imaging
Even with all the advantages offered by simultaneous dual-isotope imaging, there

are also many complications and problems with the proposed method that have to be
tackled in order to see clinical implementation o f the associated protocols.
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1.6.1.1

High effective dose to patient
Current dual-isotope protocols provide a very high effective radiation dose to the

patient. Current Tc99m stress/T1201 rest dual-isotope protocols deliver an effective dose
of 29.3 mSv to the patient. (21) This dose is very high for a diagnostic procedure. For
single-isotope protocols with N al cameras, the patient receives significantly less effective
dose with similar diagnostic accuracy. For a Tc99m-tetrofosmin rest/stress procedure, the
patient receives a 9.9 mSv effective dose while a 22.0 mSv effective dose is delivered
during a T1201 stress-redistribution protocol. (21)
The improved sensitivity o f the CZT-based camera will allow reduced-dose
procedures to be performed on patients. The new camera gives us a four-fold
improvement o f sensitivity over typical SPECT systems and so we can acquire a
comparable image in a quarter of the time. The increased sensitivity also means that we
can inject less activity for imaging, therefore delivering less effective dose to the patient
and lowering the risks associated with the procedure. Current dual-isotope protocols
being explored with the CZT camera at the University of Ottawa Heart Institute inject 5.5
MBq of T1201 and 185 MBq o f Tc99m-tetrofosmin and have reduced the effective dose
to the patient to approximately 10 mSv, making it comparable to the dose received from
Tc99m single isotope procedures.
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1.6.1.2

Presence of cross-talk between isotopes
Another major problem with simultaneous dual-isotope imaging is the presence of

cross-talk between tracers due to Compton scatter.
Cross-talk is the presence of Compton-scattered photons from one isotope in the
primary energy-window of a second isotope. In this study, the tw o isotopes proposed for
dual-isotope imaging are Tc99m and T1201. We can see the patient spectrum of both of
these isotopes in figures 1.13 and 1.14.
From figure 1.13, it is clear that there is a significant presence of Tc99m counts in
the T1201 primary window. These extra counts interfere with the signal from the T1201
tracer. Figure 1.14 shows little contribution from T1201 scatter into the Tc99m primary
window. However, corrections can still be done in both windows in order to improve
image quality.

1.7

Scatter corrections
Many o f the techniques that are used to correct for cross-talk in dual-isotope

imaging were originally developed to correct for the detection o f scattered photons in the
photopeak of single-isotope images. Scattered photons account for 30-40% of the photons
detected in the primary energy window o f a SPECT system. (39) The detection of
scattered photons will result in a loss o f contrast in the image and can degrade the image
quality by reducing the severity of defects (regions o f reduced tracer uptake) and thus
decreasing diagnostic accuracy.
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Figure 1.13 Tc99m patient energy spectrum. Spectrum acquired with Discovery
NM 530c (GE Healthcare). The primary energy peak can clearly be seen at 140
keV, but we also notice a large number of scatter counts at lower energies. The
scale for the number o f counts is linear.
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Figure 1.14 T1201 patient energy spectrum aquired with Discovery NM 530c
(GE Healthcare). The primary x-ray emissions (70-80 keV) can clearly be seen,
as well as a small peak at 167 keV. The number of counts are scaled linearly. A
large number o f scatter counts are also noted in the 40-60 keV range.
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While using energy discrimination can eliminate a lot of the counts from scattered
photons, there is still a significant number of counts in the primary energy window from
scattered photons, even when only using one isotope. Scatter is more of an issue with the
application o f attenuation correction in images. (40) The effects o f attenuation are greater
than the effects of scatter but removal of attenuation artifacts can highlight artifacts
caused by scatter.

Thus scatter corrections are usually applied in conjunction with

corrections for attenuation. (41)
There have been many methods developed to remove the scattered counts from
single-isotope images which will be discussed in further sections. When working with
multiple isotopes, the presence o f Compton scatter becomes more of an issue, due to the
presence o f cross-talk. Cross-talk refers to the detection of photons originating from one
isotope in the energy-window of the second isotope.
Several methods have previously been developed for correction of self-scatter in
single-isotope image acquisitions. (39,42,43) Some of these corrections have been based
on direct measurement o f the scatter (44-49)L while others concentrate on developing
ways to accurately model the scatter distribution in the images (50-58) or use methods
such as convolution subtraction. (59,60)

1.7.1

Scatter Correction Based on Modeling the Scatter Distribution
Various methods have been developed to correct for scatter by calculating the

scatter distribution through modeling the probability o f photon scattering based on the
34

underlying principles o f scattering interactions. (50-58) Scatter is modeled using various
methods, often Monte-Carlo based, and subtracted before reconstructing the images. (39)
The modeling is done by calculating the probability o f interaction at each point o f each
possible photon path through the patient to determine which photons (of specific energy)
scatter, reach the detector and are registered. The probability of interaction is determined
by the Klein-Nashina equation (describing the differential cross-section o f Compton
scatter interactions). Some methods included the scatter estimation in the reconstruction
itself. (53,56-58)

In these methods, scatter compensation is achieved by mapping

scattered photons back to their point of origin.
Computation time for Monte Carlo based methods is excessive and the scatter
calculations need to be done specifically for each patient, making it very time consuming
and unappealing for daily clinical use. However, accelerated M onte Carlo methods have
been developed using approximations, making computation times quite quick. (61) These
are based on multiple approximations and therefore produce a scatter estimation that may
be less accurate than those achieved by non-accelerated Monte Carlo methods.
Methods based on analytical integration o f the Klein-Nishina equation have also
been developed, but the equation has no analytical solutions, resulting in the need for
approximations and a loss of accuracy in the scatter estimations. (50)
Other methods estimate scatter using patient-dependent scatter kernels. One
method first determines the scatter response kernel for a point source behind slabs of
different thicknesses of water and later samples this information to model variously
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shaped objects. (50,55,56,62) The point source is moved to different locations behind the
slabs and a table o f coefficients is produced that can be later consulted knowing patient
geometry to create patient specific scatter estimates. This method is sometimes referred
to as slab derived scatter estimation (62). The Effective Scatter Source Estimation
(ESSE) (55) method uses Monte Carlo derived scatter kernels to propagate an activity
distribution to the point of last scatter in the patient, creating an effective scatter source.
This scatter source is added to the activity distribution in the reconstruction process to
estimate the full projection data.
For all o f the modeling methods, the source o f all activity in the image must be
known. However, with the CZT system, the field of view (FOV) is truncated to the heart
region. Many isotopes used in SPECT tend to settle in other organs that are not located in
this FOV, but can still contribute to the measured scatter such as liver, intestines and
sometimes lungs. Since these organs are not included in the image, these scatter counts
will therefore not be accounted for in the modeling estimations, since we do not know the
geometry of the structures responsible for the scattered photons appearing in the images.
1.7.2

Convolution Based Scatter Corrections
Another subset o f scatter correction methods is the convolution based methods. In

these methods, the scatter (S(x)) is estimated by convolving the image (P) with a certain
scatter kernel (F) over the width of the image (2D).

(1-7)
—D
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The scatter distribution will strongly depend on the properties of the detector
being used and thus the scatter kernel should be chosen accordingly. The scatter estimate
S, which is essentially a blurred version o f the original image, is then subtracted from the
original image in order to complete the scatter correction. (60, 63)
A difficulty with equation 1-7 is that the scatter kernel is not spatially invariant
(depends on the position) and is depth dependent. Therefore, a multitude of scatter
kernels are needed to properly create the scatter estimate from this method. In addition,
we again run into the problem of out o f FOV scatter, as with the modeling approaches,
because the images from the CZT with its truncated FOV contain scattered photons from
sources that are outside the FOV.

1.7.3

Energy Based Scatter Corrections
There are many methods developed for scatter compensation that rely on direct

measurement o f scatter from the acquired data. (44-51) Most o f these methods estimate
scatter based on parts of the energy spectrum where most o f the counts are from scattered
photons. One such method performs factor analysis o f dynamic structures (FADS) on the
entire energy spectrum. Factors are extracted using matrix algebra on a data set of a
certain number of energy-window images arranged in matrix form which can then be
associated with the spectrum of primary photons and the spectrum of scattered photons.
Each row of the matrix represents the variation of the number o f counts recorded in a
pixel throughout all the energy images. (51)

This method requires a dense sampling of energy windows in order to provide
accurate scatter estimates. The greater the number o f scatter windows used in the
corrections, the more accurate it will be. The typical cameras used clinically do not have
access to list-mode data and are limited to very few energy windows (typically 4-5) per
image acquisition. One o f these windows must be reserved for the primary image, leaving
but a few scatter window options. For cameras which acquire list-mode data, the process
for these corrections would be lengthy, with the need to extract a great number o f energy
windows. The math behind the correction, while yielding accurate scatter estimates when
done correctly with an adequate amount of scatter windows, is very complicated and
much simpler scatter correction methods have been explored.

1.7.3.1

Triple Energy Window scatter correction method
We have focused our research on an energy-based scatter correction called, the

triple energy window (TEW) method. This involves a simple algorithm providing a
scatter estimate based on the counts in discrete energy windows situated directly above
and below the primary energy window. These windows will be referred to as our scatter
windows. Having access to list-mode data means that we have complete freedom to select
the energy windows that will be used. There can be issues with noise propagation with
the TEW method. In order to create accurate estimates of the spatial distribution of
scatter in the primary window, the energy windows used to create the estimates must be
quite narrow, meaning working with very low count statistics leading to a noisy scatter
estimate. Also, a subtraction is required in order to complete the correction with TEW,
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introducing noise into our primary image. Nevertheless, this method has been shown to
be effective for single isotope studies using Nal-based cameras. (44,46)
The amount of scattered photons in the primary window can be estimated as

( 1-8)

where Cs is the counts estimated to be scatter, Ca and C* are the counts in the lower and
upper scatter windows o f width wa and Wf, and wp is the width o f the primary window. A
graphical representation o f the energy windows used in TEW is shown in figure 1.15.
The number o f counts from scattered photons in each pixel can be estimated from
equation 1-8. In order to correct for scatter, a simple subtraction of the estimate from the
original image (70) is required on a pixel by pixel basis, resulting in an image containing
mostly primary photons (Ip).
/
1p

1.7.4

= 1o
/ —C
us

(1-9)

Cross-talk Correction Methods in Dual-lsotope Imaging
Dual-isotope MPI would present a great improvement in image acquisition time,

improving camera efficiency and overall patient experience. As previously discussed, an
obstacle to multi-isotope imaging is the presence of cross-talk. Many scatter correction
methods have been applied to dual-isotope studies with traditional cameras (5,64)
including the Tc99m-T1201 isotope combination that we focus on in this work (10,12,65).
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Figure 1.15 Graphical representation o f windows used in TEW. Ca and C* are the
counts in lower and upper scatter windows respectively (o f width wa and Wb)
while Cs represents the number of counts estimated to be scatter in the primary
window o f width wp.

There are, however, very few studies addressing dual-isotope imaging with
CZT-based dedicated cardiac cameras. These new cameras have improved energy
resolution and sensitivity over traditional cameras used clinically. Better energy
resolution leads to the ability to better discriminate between primary and scattered
photons while improved sensitivity leads to less noise.
In a recent study by Ben-Haim et al. (3), dual-isotope imaging was studied on a
different type of dedicated cardiac camera that uses the same CZT-based solid-state
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detectors (D-SPECT, Spectrum Dynamics). Cross-talk correction was studied using a
spillover correction. For each primary peak studied, a scatter peak situated directly below
the primary peak was also selected. Each of these windows selected is assumed to contain
counts due to primary photons, photons from cross-talk as well as counts detected with
reduced energy due to characteristics o f the detector. The method was based on one
previously developed (11). First, the method uses point sources to establish models for
downscatter and spillover effects (low energy tail) specific to the system. The scatter
models used a point source in water while the spillover effects used a point source in air.
Second, the images are acquired in different energy windows (primary and scatter
window). Third, a set of equations is solved (one for each window present) using iterative
maximum likelihood to estimate primary counts in the photopeak window and finally to
reconstruct the projections which should be free o f cross-talk counts. Although this study
demonstrated some success, we wanted to determine if the simpler TEW approach could
also provide an adequate correction. Figure 1.16 shows the windows to be used for TEW
corrections in simultaneous dual-isotope imaging.

1.8

Objectives of the thesis
The TEW method is very appealing for clinical implementation as the simple

subtraction-based correction would only take seconds to correct each image. However,
the method has yet to be validated in simultaneous dual-isotope imaging with the
dedicated cardiac CZT camera used in this study.
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Figure 1.16 Graphical representation o f windows used in TEW for dual-isotope
imaging. Ca,i and Cbj are the counts in lower and upper scatter windows
respectively with corresponding widths wa,i and wh:l. CSti represents the number
o f counts estimated to be scatter in the primary window of width wpJ. The index
i indicates the isotope (either isotope 1 or 2) for which scatter is being
estimated.

The objective of this study was to determine the quantitative and qualitative
accuracy of a modified energy based cross-talk correction in dual-isotope SPECT
imaging with a dedicated cardiac CZT-based camera. Modifications to the method were
needed in order to avoid different characteristics of the spectrum presented by the CZT
detectors. These modifications will be explained in the next chapter. All corrections are
done in image space (post-reconstruction), because we do not have access to offline
image reconstruction. The corrections are done after all images are exported from the GE
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discovery software and therefor do not have to be reimported for reconstruction before
analysis.
The author’s principal role was to perform the modified TEW correction on the
patient data sets provided followed by quantitative and qualitative analysis to determine
the accuracy o f the correction. All images required to perform the correction were
acquired from the list-mode data that were archived at the University o f Ottawa Heart
Institute (UOHI). The list-mode data for each patient were acquired between 2009 and
2010 by imaging technicians employed at the UOHI. The author created primary images
to correct as well as scatter images to create scatter estimates from the list-mode data.
The scatter was estimated and corrections applied by the author. The author wrote all
code for the corrections applied using MATLAB. The code involved importing files in
the program, creating scatter estimates from different scatter windows acquired and
corrections o f the primary image. Volume o f interest (VOI) containing only heart data for
quantitative analysis were selected on a patient by patient basis by the author. The
resulting images were analysed by the author as described in the next chapter. Mean bias
and pixel standard deviation were calculated using both code written by the author and
packaged statistical functions in MATLAB. Results for bias and pixel standard deviation
were imported into Microsoft Excel for the author to create graphical representation of
the results and for performance of statistical tests to determine significance o f the results
of this study.
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Chapter 2: Cross-talk Correction with a Dedicated
Cardiac Camera

2.1

2.1.1

Introduction

Motivation for dual-isotope imaging
Heart disease remains one of the main causes o f death in Canada, responsible for

29% o f all mortalities in 2008. (1) SPECT offers a wide range o f radioactive isotopes for
MPI. As long as we have equipment allowing us to do so and good energy
discrimination, the use o f multiple isotopes acquired simultaneously is possible with this
imaging modality. Serial dual-isotope protocols have been studied for T1201/Tc99m MPI.
(4,5) The total time for this suggested protocol is reduced to about 60-90 minutes. (2)
Simultaneous dual-isotope protocols would further reduce the total time for the procedure
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to approximately 30 minutes, (3,10) therefore improving patient experience and camera
efficiency even more than with serial dual-isotope imaging. Image alignment of the rest
and stress images is also improved by doing simultaneous imaging.

2.1.2

Complications in multi-isotope imaging
T1201 and Tc99m are two isotopes presently used in myocardial perfusion

imaging. With primary emissions around 70 keV and at 140 keV respectively, (20,22)
these two isotopes can be discriminated with adequate energy resolution and are the two
isotopes typically chosen for dual-isotope cardiac imaging.
Dual-isotope imaging brings up complications that must be surpassed before it
can be clinically implemented. The total effective dose to the patient for the ASNC
approved serial Tc99m rest/T1201 stress imaging protocols is on the order of 29 mSv
(21), which is very high for a diagnostic test. Equally important is the presence of cross
talk.
Scattered photons from one o f the isotopes can cause a significant amount of
interference in the opposing isotope’s primary energy window, causing a severe
degradation in image quality and diagnostic accuracy. This work concentrates on
correction for this interference between tracers.
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2.1.3

CZT camera
Dual-isotope imaging and the correction for cross-talk has been explored

previously. (3,10,39) Recently, dedicated cardiac cameras have been introduced for
clinical use. These new designs offer a number of potential advantages for performing
dual-isotope SPECT. One of these new systems is the Discovery NM 530c camera (GE
Healthcare) based on Cadmium-Zinc-Telluride (CZT) solid-state detectors. The
Discovery NM 530c offers improved sensitivity and energy resolution compared to the
Sodium-Iodine (Nal) scintillators typically used in diagnostic SPECT imaging. (26,27)
The detectors are solid-state based, which offer advantages compared to the typical Nal
scintillator based cameras currently used in the clinic.
Reduced-dose protocols are being developed for use with the CZT. The CZT
detector offers a 4-fold improvement on sensitivity compared to the Nal detectors (28)
Image acquisition and injected activity can be reduced while keeping the same quality
image as with previous protocols. The dual-isotope protocols being developed at the
University o f Ottawa Heart Institute for image acquisition with the new camera use
injections o f 55 MBq for T1201 and 185 MBq for Tc99m-tetrofosmin, delivering a total
effective dose to the patient o f approximately 10 mSv, which is much more reasonable
than the 29 mSv from the dual-isotope protocol described previously.
The camera also offers an improvement in energy resolution. The resolution of
the CZT detector is 6% at 140 keV . At this energy, the N al detectors offer an energy
resolution of 10%. (26)
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2.1.4

Objective
The objective o f this study is to determine the quantitative and qualitative

accuracy o f a TEW cross-talk correction in dual-isotope SPECT imaging with CZT.

2.2
2.2.1

M ethods
Tracers
The two tracers used in this study are Technitium-99m (Tc99m) tetrofosmin and

T1201- thallium-chloride. Tc99m is widely used in myocardial perfusion imaging, with
easily detectable gamma emissions at 140 keV (88.5% abundance) and a half-life of 6.02
h (20). This combination o f half-life and primary energy allows sufficient time for image
acquisition while keeping dose to the patient low. Typical effective dose to the patient
from a single-isotope tetrofosmin rest/stress one-day protocol is 9.9 mSv. (21).
Thallium-201 is the other isotope used in this study. Its main energy peak is a
collection of Hg x-rays, ranging in energy between 70 and 80 keV, with emission
abundance of 94.4% (22). It also has emissions o f 135 keV and 167 keV gamma rays
with 2% and 8% abundance, respectively. The typical effective dose to the patient from a
T1201 stress-redistribution study is 22 mSv (21).

2.2.2

Patient set
This study is done using single isotope images acquired at standard injected

activities with the CZT camera. All patients signed informed consent to allow use o f their
47

data as approved by the University o f Ottawa Heart Institute Research Ethics Board. The
patient set includes a total of 104 patients, 52 o f which were imaged with a rest/stress
Tc99m full-dose clinical protocol, while the other 52 were imaged with a full-dose
clinical stress/redistribution T1201 protocol. The patients received Tc99m injections of
350 MBq at rest and 1100 MBq at stress or a T1201 injection o f 130 MBq. Image
acquisitions times were 3 minutes for stress images and 5 minutes for rest or
redistribution images. These activity amounts and image acquisition times are in
accordance with the recommended guidelines o f the manufacturer and confirmed as
appropriate by others (30). The patient sample represents a wide range of body-mass
indexes (BMI) but is evenly divided in gender, with a total of 26 males and 26 females
for each tracer involved. Table 2.1 shows the patient demographics.
Table 2.1 Patient demographics. The patient set includes 52 males
and 52 females.
Age

H eight

W eight

BM I

(years)

(cm)

(kg)

(kg/m 2)

Mean

63

168

79

27.9

Std. Dev.

10

9

15

4.5

Max.

89

190

111

37.2

Min.

42

149

45

16.5

A set o f simulated dual-isotope patients was created from single isotope
acquisitions. A total of 26 simulated patient studies were created as part of a previous
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study on cross-talk (67) and the same studies were used in this work. To create each
image set, a pair of patients were identified from our database o f archived studies at the
University o f Ottawa Heart Institute. Patients were matched by gender and BMI with the
expectation that this might generate more accurate estimates of cross-talk contamination.
Each simulated patient is composed of the Tc99m rest acquisition from one patient and
the T1201 stress acquisition from the other patient. The total set o f dual-isotope patients is
composed o f 26 males and 26 females. The images were created by summing the counts
from the two sets of projections on a pixel-by-pixel basis. By simulating dual-isotope
studies in this fashion, we were able to compare the corrected images to the original
single isotope acquisitions, which were not contaminated and were therefore taken as
“truth”.

2.2.3

Cross-talk compensation - Triple Energy Window method
Cross-talk is one o f the major roadblocks in the clinical implementation of dual

isotope imaging. Scatter correction in single-isotope SPECT imaging has been widely
explored in the past few decades. Many methods have been developed, proving the
possibility to greatly reduce self-scatter, and these methods are also useful for the
reduction o f cross-talk (10,46,51). However, many of these methods are based on scatter
modeling that can be very complex and time-consuming. (50-58) With the goal of clinical
implementation, the focus is to find means to eliminate cross-talk that is very quick and
simple. Developed by Ogawa et al. in 1991, the Triple Energy Window method (TEW)
meets these criteria. The correction is based on using information from the energy
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spectrum and knowledge of the behavior o f photons due to cross-talk to estimate the
amount o f cross-talk in the principal window. (44,46)
TEW correction uses two small scatter windows on either side of the photopeak.
Smaller windows more accurately estimate the spatial distribution of the scattered
photons but are subject to increased noise from poor count statistics. To evaluate this
trade-off for the CZT camera, we investigated 4 different scatter window widths for each
correction applied. Also explored in this study was the position of the scatter windows
relative to the primary energy window. All corrections were done in image space (post
reconstruction) to facilitate processing.
The study was divided into three phases. The first two phases o f the study dealt
with assessing the accuracy o f cross-talk estimates in the primary energy windows. In
phase one, an image o f the primary Tc99m window containing only T1201 counts was
created from the T1201 single-isotope study in order to evaluate the accuracy o f cross-talk
estimation in this window. Phase two involves evaluation of the method in the T1201
window using only Tc99m counts. These two first phases allow determination of several
modifications needed in order to optimize the correction of these images. The third phase
explored the TEW method with the modifications from the previous phases on the
simulated dual-isotope studies.
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2.2.4

Image Creation
In order to correct the primary images for cross-talk, a number o f different images

are needed. The camera used in this study acquires list-mode data, from which different
projection datasets can be formed containing photons from any energy windows within
the limit of acquisition energies.
The software allowing us to create our images from the Discovery NM 530c is
called Lister. Lister is a very useful tool allowing us to take the list-mode data acquired
by the camera and form images. Images are formed from the projection data in a certain
energy window. The center energy value (in keV) and boundaries o f the energy window
(in % o f the center value) can be selected to form projection data containing only counts
in the specific energy windows. As previously described in sections 1.7.3.1 and 2.2.3, for
TEW corrections two scatter windows above and below the prim ary window are used.
The values for all energy windows used in this study are given in tables 2.3 - 2.5.
Before the correction is applied, all images are reconstructed within Lister with
the use of the included reconstructed tool. The reconstruction is done with MLEM as
described in section 1.4.3.

2.2.5

Scatter fractions
Scatter fractions were calculated in order to evaluate the presence o f cross-talk in

both the Tc99m and T1201 windows. These scatter fractions are shown in table 2.2 for
both male and female patients.
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Table 2.2 Scatter fractions in Tc99m rest/ T1201 stress study

2.2.6

Tc99m cross-talk in

T1201 cross-talk in

T1201 window (%)

Tc99m window (%)

Males

30.4 ± 7 .7

6.4 ± 2 .3

Females

25.2 ± 8.3

10.9 ± 11.2

Phase 1 - Estimation of TI201 cross-talk in the Tc99m primary window.
The contamination of T1201 in the Tc99m is only on the order o f 10% (see table

2.2), but nevertheless present. The need for an accurate correction is not as great as it is in
the T1201 window and shall be explored in this section. The T1201 cross-talk was
estimated using the TEW method.

2.2.6.1

Energy windows considered
Clinically, the Tc99m images are obtained using a symmetrical window centered

at 140 keV with a width o f 10%. However, for the purposes o f this study, a symmetrical
window of 6% was chosen about the central energy o f 140 keV, to reflect the improved
energy resolution of the CZT detector. The motivation behind choosing such boundaries
for the primary window is to allow sufficient room for scatter windows above the primary
peak, without including counts from the 167 keV T1201 primary peak in the scatter
estimates.
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Several different scatter window widths were considered to find those which gave
an accurate correction while minimizing the addition o f noise into our images. In Lister,
the values of the upper and lower percentages tq choose the desired energy windows are
limited to integer values, therefore limiting the possible widths of the narrow scatter
windows, especially around 140 keV. Scatter window widths o f approximately 3, 5, 8
and 10 keV were considered.
For corrections with the smaller scatter window widths, both the lower and upper
scatter windows are approximately the same width. However, for the upper scatter
window, the upper limit o f this window is limited to 157 keV, due to the presence o f the
T1201 primary peak at 167 keV. Therefore, the width of the upper scatter window in both
the 8 and 10 keV corrections will be 5 keV, using the same upper scatter image as the 5
keV correction.
The exact values o f all window widths used for the TEW estimate of cross-talk
into the Tc99m primary window are listed in table 2.3.

2.2.6.2

Modifications to TEW
Modifications to the TEW estimate are needed in order to compensate accurately

for cross-talk. A complication arising in this energy window is the presence o f primary
T1201 counts from a secondary peak at 135 keV, which lies directly in the primary energy
window o f Tc99m. This results in T1201 primary counts that are not accounted for in the
TEW estimate.
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Table 2.3 Energy window information for TEW correction in Tc99m primary window. A
5 keV upper scatter window is used with the 8 keV and 10 keV lower scatter windows to
not have the scatter windows overlap with the 167 keV primary T1201 window.
Energy Window
P rim ary

C enter

W idth

W idth

Range

(keV)

(% )

(keV)

(keV)

140

±6

16.8

131.6-148.4

Scatter

Lower

130

±1

2.6

128.7-131.3

(3 keV)

U pper

149

±1

3.0

148.5-151.5

Scatter

Lower

129

±2

5.1

126.4-131.5

(5 keV)

U pper

150

±2

6.1

1 4 7 .9 - 154.0

Scatter

Low er

127

±3

7.7

124.1 - 131.8

(8/5 keV)

U pper

150

±2

6.1

147.9-154.0

Scatter

Low er

126

±4

10.0

121.9-131.9

(10/5 keV)

U pper

150

±2

6.1

1 4 7 .9-154.0

167

±6

20.1

1 5 6 .9 - 177.0

167 keV T1201
prim ary peak
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The primary T1201 counts in the Tc99m window can be estimated using the
thallium peak at 167 keV. An initial estimate o f how many counts reside in the 135 keV
will be produced from a modified ratio o f abundances of the two secondary T1201 peaks.
This estimate can then be subtracted accordingly. Recall the abundance o f these two
peaks being 2% for the 135 keV peak and 8% for the 167 peak from section 1.4.1. A
logical starting point for the scaling factor is 25% (2/8). However, subtraction of 25% of
the counts from the 167 keV peak resulted in overcorrection o f the images. The exact
cause of the overcorrection is unclear but may be partly due to the fact that not all counts
from the 135 keV window are detected in the 140 +/- 6% keV prim ary Tc99m window.
To avoid the overcorrection, the abundance o f the 135 keV peak was decreased in our
scaling factors. Accuracy of the correction using scaling factors ranging from 1.25%
(0.1/8) to 9.37% (0.75/8) in increments o f 0.625% (0.05/8) was evaluated.

2.2.7

Phase 2 - Estimation of Tc99m cross-talk in the T1201 primary window.
In the second phase of this study, TEW corrections will be applied to the T1201

primary window. The TEW method will first be evaluated for all 52 patients imaged with
Tc99m. At about 30%, the presence o f cross-talk from Tc99m in the T1201 window is
severely abundant, as shown in table 2.2. There is great need for accurate cross-talk
correction in this window.
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2.2.7.1

Energy windows considered
To apply the TEW correction to the T1201 image, w e require a number of

different energy windows, including the window containing the T1201 primary peak and
two scatter windows above and below this primary peak. The primary window o f the
T1201 window used clinically is an asymmetric window centered at 70 keV. The
asymmetric-window is required to capture all the information from the collection of
mercury x-rays emitted by this isotope of thallium.
The same scatter window widths as were used for correcting the Tc99m window
are again used in the T1201 window (3, 5, 8 and 10 keV), to try and find the optimal
pairing o f low noise and accurate correction. Due to limitations in Lister previously
described combined with the lower energy of the central values, it was necessary to use
asymmetrical windows for the scatter windows in order to get more exact values for the
window widths.
The exact values o f all window widths used for the TEW correction in the Tc99m
primary window are listed in table 2.4.

2 .2 .1.2

Modifications to TEW
The position o f the primary T1201 window used clinically leads to complications

that need to be avoided during the correction. First, the upper limit o f the energy window
lies at 86 keV. Should some o f the gamma rays from either T1201 or Tc99m be absorbed
by the collimator and produce characteristic tungsten x-rays (the pinhole aperature in this
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collimator is made o f tungsten), they will be registered directly in the upper scatter
window, including unwanted counts in the scatter estimation.

Some Tungsten

characteristic x-rays have energies of 57.0 keV and 69.5 keV. (68) In figure 1.13, we see
a bump in the Tc99m scatter counts above the main T1201 peak. This bump could be
caused by Tungsten x-rays from interactions with the collimator or as backscatter or
escape peaks. To avoid misestimating scatter by including this bump in the scatter
estimate, the upper scatter window was shifted. Its lower energy boundary will be at 100
keV, instead of being directly adjacent to the upper boundary o f the primary energy
window, 86 keV. In order to compensate for this shift, the counts directly above the
primary T1201 window were interpolated on a pixel-by-pixel basis using the counts in
both o f the scatter windows accumulated. With this new information, a simple TEW
subtraction can be used to remove any intermediate counts in our scatter estimate, to not
over-estimate scatter in the primary image.
Upon closer examination of the Tc99m scatter profile in the T1201 primary
window, a substantial drop in counts occurs just below the lower boundary o f the T1201
primary window This drop does not affect the correction for- narrower scatter windows
(eg. 3 keV), but as the width o f the lower scatter window grows, the accuracy o f the
scatter estimate will drop. This can be avoided by scaling the total counts in the wider
scatter windows to match those in the 3 keV window, correcting in the difference in
window widths. A scaling factor for the counts in the lower scatter window can be
determined by taking the total counts per keV in each o f the lower scatter windows and
fitting a second-order polynomial to the total counts versus window width curve.
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Table 2.4 Energy window information for TEW correction in T1201 primary window
Energy Window

Primary

Center

Width

Width

Range

(keV)

(%)

(keV)

(keV)

70

- 1 4 /+ 23

25.9

5 9 .8 -8 5 .7

Scatter

Lower

57

- 1 / +4

2.9

57.7 - 60.6

(3 keV)

Upper

101

- 1 1+2

3.0

9 9 .5 - 102.5

Scatter

Lower

57

- 5 / +4

5.3

55.3 - 6 0 .6

(5 keV)

Upper

101

- 1 / +4

5.0

1 0 0 -5 - 105.5

Scatter

Lower

57

- 1 0 /+ 4

8.1

52.2 - 60.3

(8 keV)

Upper

101

- 1 1+1

8.2

9 9 .9 - 108.1

Scatter

Lower

57

- 1 3 /+ 4

9.9

50.7 - 60.6

(10 keV)

Upper

101

- 1 / +9

10.1

9 9 .9 -1 1 0 .0

2.2.7 J

Single-sided TEW

As can be seen in figure 1.14 (T1201 patient spectrum), there are a lot o f counts in
the T1201 spectrum in the 50-60 keV range o f the T1201 primary window. These counts
are due to the low energy tail of the CZT camera as well as photons that have scattered
inside the patient.
These represent T1201 counts that are included in the cross-talk estimation, which
should be mostly counts from Tc99m. The counts from the low energy tail of the CZT are
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primary counts that represent good spatial information that are included in the cross-talk
estimate and will thus cause good primary counts to be removed from the T1201 image.
A single sided TEW correction method was considered to avoid removal o f all of
these good counts. Both scatter windows were chosen above the primary T1201 window,
where there are minimal counts from T1201 but still plenty o f counts from Tc99m to
create the cross-talk estimate. The estimate is produced with the assumption that the
profile o f the cross-talk counts has a consistent shape between the primary T1201 window
and the scatter windows used for the single-sided correction. Assuming the cross-talk has
the same slope, the number of counts due to cross-talk in the primary window can be
extrapolated from the counts in the two scatter windows located above the primary T1201
window. The number o f counts per pixel in the primary image due to cross-talk is
estimated using the following equation:

(2- 1)

where C, is the number of counts in the pixel, w, is the width o f the window and E, is the
center energy o f the window. The subscript i specifies the type o f window with a and b
representing the low and high scatter windows respectively, while p represents the
primary T1201 window. The variable Cc represents the number of counts from Tc99m
cross-talk in the primary T1201 window. A schematic representation of this can be found
in figure 2.1.
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Ep

E a Eh

Energy
Figure 2.1 Schematic representation o f the Tc99m energy spectrum showing the
windows used for single sided cross-talk estimation of counts in the T1201
primary photopeak window. Ca and Q, are the counts in lower and upper scatter
windows respectively (of width wa and w/, and central energy E a and £*) while
Cc represents the number of counts estimated to be scatter in the primary
window of width wp and central energy Ep.

Table 2.5 shows the energy windows used in order to create our scatter images. The
correction is done in the same primary window.

Table 2.5 Energy w in d ow inform ation for sin g le sid ed T E W correction in T1201

window
Center

Width

Window

Range

(keV)

(% )

(keV)

(keV)

Energy Window

2.2.8

Scatter

Lower

96

- 1 1+2

2.8

94.6 - 97.4

(3 keV)

Upper

106

-1 / +2

3.2

104.4-107.6

Scatter

Lower

96

-1 /+ 4

4.8

9 5 .5 - 100.3

(5 keV)

Upper

106

-1 /+ 4

5.3

105.4-110.7

Scatter

Lower

96

-1 1+1

7.7

9 5 .0 - 102.7

(8 keV)

Upper

114

- 3 /+ 4

7.9

110.0-117.9

Scatter

Lower

96

- 1 1+9

9.6

9 5 .0 -1 0 4 .6

(10 keV)

Upper

112

- -1 /+ 8

10.1

111.4-121.5

Phase 3 - Simulated dual-isotope corrections
In the third phase of this study, the TEW correction with appropriate

modifications from the previous two phases was applied. The correction was done in both
the T1201 and Tc99m windows on the simulated dual-isotope images.
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2.2.9

2.2.9.1

Analysis

Volume of Interest Selection
Prior to analysis of results, a volume o f interest (VOI) o f the images was selected

as a cube surrounding the heart. The heart was centered in the VOI, which contained only
counts from the heart when possible. The volume was selected by close observation of
the primary image along all three axes o f the image (x, y, z). Activity outside the heart
should essentially be zero, which is hardly ever the case due to noise in the image. Limits
for pixel values in x, y and z were selected to be where the pixel value dropped to
approximately 20% o f the maximum pixel value in the image, using the color bar in the
software to determine which pixels in the image are most likely only noise and not part of
the heart volume. Figure 2.2 shows an example image o f a slice of the heart before and
after volume selection in MATLAB.
The reason for choosing a VOI around the heart for analysis is to eliminate
activity from other organs picked up in the camera field o f view (FOV) in the quantitative
analysis performed. We see a clear example of this in figure 2.2 (a), where there is
presence of high activity that is not part o f the heart, as indicated by the white arrow.
While the FOV o f the camera used is limited and centered on the heart, the FOV does
extend beyond the heart walls and other nearby organs can sometimes be seen.
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pixel number

5

10

15

pixel number

20

Figure 2.2 Example image showing a slice o f the heart (a) before VOI selection
and (b) after VOI selection. The white arrow in part (a) shows high activity
from organs that are near the heart and should not be included in the qualitative
analysis performed, justifying the need for a heart-only VOI as selected in part
(b).
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1 .2 .9.2

Single-Isotope Corrections
For the single isotope studies (sections 2.2.5 and 2.2.6), after successful correction

o f the image, there should be no counts remaining in the images. Cross-talk estimates
were assessed by taking the difference with the corresponding original image. All pixel
counts in the difference image were normalized to the maximum pixel value in the
uncorrected image, to eliminate variability in count levels between patients. The values
are therefore expressed as a percentage o f the maximum value in the uncorrected image.
The mean value and standard deviation o f the pixels in the difference image were
calculated for each patient. The mean value gives us an idea how well the correction
worked, giving 0% for a perfect correction. The standard deviation of the pixel value
gives us an idea on the level o f noise introduced into the corrected images. Additional
noise will drive up the pixel standard deviation o f the difference image, as we will get
more variability in the pixel values than if there were no noise.

These values were

averaged over the entire patient set, separated by gender. Average values of the standard
deviation were plotted versus the mean pixel difference to assess correction bias and
noise in the resulting images.

2.2.9.3

Dual-Isotope Corrections
After successful correction in dual-isotope studies (described in section 2.2.7), the

image should be the same as our truth image in that same window (e.g. T1201 image in
T1201 window). For corrections on dual-isotope contaminated images, corrected images
were compared with the single-isotope uncontaminated images in the same window
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(truth). All images were normalized to the maximum value in the truth image to eliminate
variability in count levels between patients. The mean and standard deviation of the pixel
values in the image representing the difference in pixel values o f the corrected image and
the truth image were calculated and plotted the same way as described in section 2.2.9.2.

2.2.9.4

Statistical Tests
Results were compared to determine if there were significant differences among

the different corrections. The mean bias and mean pixel standard deviation of the entire
patient set (separated by gender) were calculated. Mean values were compared using a
paired t-test. The t-statistic is calculated using equation 2-2.

isSUfe - *2,i)|
t _

SD4

(2-2)

Vn
X u and X2)i are two paired measurements, SDA is the standard deviation of the paired
differences and n is the number o f paired measurements.
To determine significance of the differences between the data sets, we compare
the t-statistic to a critical t-value. The critical t-value depends on the degrees of freedom
o f the data set and a pre-determined probability o f erroneously identifying a difference as
significant when it is not. (16) Critical t-values can be found from tables or with analysis
tools available in Excel software. For our experiments, we have chosen a cut-off o f
a=0.05 for significance, giving us a 5% probability o f falsely identifying a difference.

2.2.9.5

Qualitative analysis
The heart was divided into different sections using a 17-segment model in order

to assess perfusion. (2) The 17 segments are shown in figure 2.3.

Ant

Sep

Inf
Figure 2.3 17-Segment Heart Model for Qualitative Analysis o f Corrections. A
perfusion score is assigned to each segment, expressed as a percentage of the
maximum perfusion score. On this diagram Ant = Anterior Wall, Inf —Inferior
Wall, Sep = Septum and Lat = Lateral Wall.

A perfusion score is assigned to each o f the 17 segments in the model shown
above, to assess blood uptake in different parts o f the heart (anterior wall (Ant), inferior
wall (Inf), septum (Sep) and lateral wall (Lat). In this study, only visual comparisons
were done between the dual-isotope contaminated image, the single-isotope truth image
and various corrections to see if they work as we believe they will.
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In typical clinical MPI studies, each patient is assigned a Summed Stress Score
(SSS) and a Summed Rest Score (SRS) in order to compare the heart in the two states
and find any defects that may be present in the heart. Each segment is assigned a score Si
between 0-4, where 0 represents normal uptake, 1 represents a slight reduction in tracer
uptake (mild), 2 represents a moderate reduction in uptake (moderate), 3 is a severe
reduction in uptake (severe) and 4 is no uptake (absent).

2.3
2.3.1

Results
Phase 1 - Estimation of T1201 counts in Tc99m primary window
Quantitative results for the first part of the study are shown in figures 2.4, 2.5 and

2.6. Each o f these figures presents two graphs, one for the male patient set and one for the
female set. In all cases, the differences in the means o f the two patient sets were
statistically significant (p<0.05). For the comparison o f males to females, a p-value of
p<0.05 for the correction with 3 keV scatter windows is found while p<0.03 when using
10 keV scatter windows.
In figure 2.4, the data represent results from images corrected by TEW and by
TEW with an added scaled subtraction o f 25% o f the 167 keV T1201 peak. After scatter
correction, there should be no signal from T1201 in the Tc99m window, so the mean pixel
value represents the mean bias in the correction.
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Figure 2.4 Pixel standard deviation vs. mean pixel value for the corrected image
of T1201 counts in the Tc99m window. Each data point represents an average
over all (a) 26 males and (b) 26 females in the study. Error bars represent the
SD o f the sample o f (a) 26 males and (b) 26 females about the mean of the
patient sample.
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In figure 2.4, the data represent results from images corrected with TEW and with
TEW with an added scaled subtraction of 25% o f the 167 keV T1201 peak. 25% was
chosen to represent the ratio o f emission abundances of the two peaks (2% for the 135
keV peak and 8% for the 167 keV peak). There were significant differences in bias
between the corrections with and without scaling for the same scatter window width
(p<0.05). There were no significant differences in SD between corrections with different
scatter window widths (p>0.2). The bias and standard deviation o f images corrected with
3 keV scatter windows were significantly different than bias and standard deviation of
images corrected with wider scatter windows (5, 8 and 10 keV) (p<0.01). There were no
significant differences in bias and standard deviation between scatter windows of wider
widths for the same correction (p>0.1).
A wide range of scaling factors was explored and the scaling factor giving the
closest bias to zero for each scatter window width was chosen to be applied in the dual
isotope correction. These results are shown in figures 2.5 and 2.6. Figure 2.6 is simply a
reproduction of figure 2.5, taking a closer look around a mean pixel value of zero, to
determine the ideal scaling factor over the entire patient set. The axes were limited
between -0.25% and 0.25%.
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Figure 2.5 Pixel standard deviation vs. mean pixel value in corrected image of
T1201 counts in Tc99m window. The correction applied was TEW with an
added scaled subtraction o f different percentages of the 167 keV T1201 window,
ranging from 1.25% to 9.37% in increments o f 0.625%. Each data point
represented an average over all (a) 26 males and (b) 26 females in the study.

70

Males
6.25%
♦

/

♦

3.75%
\

■

■

* ~ 4 .3 7 %

*

U

♦3/3keV
■5/5keV
*8/5keV
X10/5keV

-0.25

■

4c

'

l
-0.15

i

»

"

1........ 1........ ................. .

-0.05

0.05

0.15

0.25

0.15

0.25

m e a n p ix e l v a lu e (%}

Females

8.12%

1.4

6.87%
5.62%
*313 keV

0.4
0.2

■5/5keV
A8/5keV
X10/5keV

-0.25

-0.15

-0.05

0.05

m e a n p ix e l v a lu e (%}

Figure 2.6 Pixel standard deviation vs. mean pixel value in corrected image of
T1201 counts in Tc99m window. This figure is another representation o f figure
2.5, showing a smaller range o f the mean difference (-0.25% to 0.25%) Each
data point represents an average over all (a) 26 males and (b) 26 females in the
study.
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From figure 2.6, the scaling factors to be applied in the dual-isotope corrections
were chosen. A different scaling factor is chosen for males and females. From these
results, we can see that using wider scatter windows significantly improves the mean
standard deviation o f the pixel value throughout the patient set compared to using 3 keV
wide scatter windows (p<0.005). However, there are no statistical differences between
the bias of the corrected image using wider scatter windows (5, 8 and 10 keV) (p>0.2).
Table 2.6 shows the scaling factors that were used in the dual-isotope corrections,
determined from figure 2.6.
Table 2.6 Scaling factors applied to the 167 keV T1201 peak to
correct for the 135keV T1201 peak in the Tc99m window
Scatter Window

Scaling Factor (%)

Width (keV)

Males

Females

3

6.25

8.12

5

3.75

6.87

8

4.37

5.62

10

4.37

5.62

From figure 2.6, table 2.6 and the statistical tests previously described, the image
corrected with scatter windows 10 keV wide gives the correction with the lowest standard
deviation in the pixel value while scaling factors o f 4.37% and 5.62% for males and
females respectively are required to get a better bias.
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2.3.1.1

Dependence of scaling factor on BMI
A study was done to determine if there is a correlation between the scaling factor

that gives the best bias and the body-mass index (BMI) o f the patient. The assessment
was done with the corrections using 10 keV scatter window width (as we see a better
pixel standard deviation but no significant difference between results for different scatter
window widths) and all scaling factors explored. Figure 2.7 shows a plot o f the scaling
factor that gives the ideal bias vs. BMI for both male and female patients.
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represented by squares. The graph also shows a linear trend line through both
patient sets.
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There is evidently a wide spread in both patient sets shown in figure 2.7. The
calculated correlation coefficient between the ideal scaling factor and BMI of the patient
is -0.0876 for the male patient set and -0.2021 for the female patient set. There is no
significant correlation between the ideal scaling factor and BMI for males (p>0.6) or for
females (p>0.3).

2.3.2

Phase 2 - Estimation of Tc99m cross-talk in the TI201 primary window
Quantitative results for this study are shown in figure 2.8. This figure presents

two graphs, one for the male patient set and one for the female set. For all scatter window
widths studied, the differences in the means o f the two patient sets separated by gender
were statically significant (p<0.05).
In figure 2.8, the data represent results from images corrected with TEW and
with TEW with scatter windows scaled to the same count level as the 3 keV scatter
window.
We can see from figure 2.8 that applying only a TEW correction on Tc99m
counts in the T1201 window provides a good correction for narrow scatter windows with
increasing bias as the scatter windows get wider, there are significant differences in bias
and standard deviation between corrections with wider scatter window widths (5,8 and 10
keV) and corrections with 3 keV scatter window widths. (p<0.05). There were no
significant differences in bias or SD between the corrections with wider scatter window
widths (5, 8 and 10 keV) (p>0.2). However, the wider scatter windows offer a lower
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standard deviation of the pixel values throughout the patient set. This is caused by the
drop in counts in the Tc99m spectrum at the lower boundary o f the T1201 primary
window, as seen in figure 1.13.
By applying a scaling factor to the scatter images with wider scatter windows
prior to correction in order to bring the counts back up to the same level as in the 3 keV
scatter windows, we see a significant improvement in the bias while keeping the lower
standard deviation for 5, 8 and 10 keV scatter window widths (p<0.05).

2.3.3

Dual-isotope study
Quantitative results for the dual isotope corrections are shown in figures 2.9 and

2.11. Each o f these figures presents two graphs, one for the male patient set and one for
the female set. For corrections applied with different widths o f scatter windows in each
primary window, the differences in the means o f the two patient sets (males vs. females)
were statistically significant (p<0.02).and thus results should be separated by gender.
This statement holds when scaling factors are applied as well.
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Figure 2.8 Pixel standard deviation vs. Mean pixel value in corrected image o f
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Figure 2.9 shows the results for the correction o f the simulated dual-isotope study
in the Tc99m window. The graph shows the results o f the images corrected with only
TEW as well as TEW with a scaled subtraction o f the 167 keV T1201 peak. The scaling
factor for the scaled subtraction was determined from the single-isotope study (section
2.3.1).
We see from figure 2.9 that in dual-isotope corrections, the mean difference
between the corrected and truth image is between 7% and 10% in all corrections explored
for the corrections in the Tc99m window. The added scaled subtraction, which showed a
2% difference in mean counts for the single isotope study, shifts the mean difference in
the dual-isotope study by <1%. There were no significant differences between the
different scatter window widths with or without scaling (eg. 3 keV with scaling vs. 5 keV
with scaling) (p>0.35). There were also no significant differences in bias and SD between
the corrections with and without scaling for the same scatter window width (eg. 3 keV
with scaling vs. 3 keV without scaling) (p>0.1).
The bias shown in figure 2.9 was between 7% and 10% for all corrections.
However, in table 2.2, the average scatter fraction for T1201 counts in the Tc99m window
is shown to be about 7% for males and 10% for females. There were no significant
differences between the mean scatter fraction and the mean bias for each correction
performed (p>0.1).
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Figure 2.9 Pixel standard deviation vs. mean difference between the pixel
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Figure 2.10 shows example images o f the heart from the Tc99m window for a
representative patient. In this image, we can see the truth image (a) (Tc99m single isotope
image), the contaminated image (b) and two o f the different corrections explored (c,d).
Figure 2.11 shows the results for the correction of the simulated dual-isotope
study in the T1201 window. The graph shows the results o f the images corrected with
only TEW as well as TEW with the counts o f the wider scatter windows (5, 8 and 10
keV) scaled to the count level of the 3 keV window to account for the drop in counts in
the Tc99m patient spectrum below the T1201 primary window. .
Figure 2.11 presents a mean difference between the corrected image and the truth
image in the T1201 window between 15% and 20% for all corrections explored. These
values present a significant improvement over the initial scatter fraction of Tc99m counts
in the T1201 window of 30% for males and 25% for females (p<0.01). However, while
we saw an improvement in the mean pixel value in the single-isotope study while scaling
the scatter windows to the 3 keV count level in order to compensate for a drop in counts
in the Tc99m spectrum at the lower edge o f the T1201 window (see figure 1.13), we do
not see this improvement in the dual-isotope case in any of the scatter window widths.
Adding the counts from the T1201 spectrum affects the corrections applied to the Tc99m
counts in this window. There is no significant difference in bias or SD between applying
TEW with or without the additional scaling of the scatter windows (p>0.1).
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Figure 2.10 Example heart images (mid Short Axis (SA), Horizontal Long Axis
(HLA) and Vertical Long Axis (VLA)) and polar maps in the Tc99m window,
(a) truth Tc99m image, (b) contaminated dual-isotope image, (c) TEW
correction with 3keV scatter windows and (d) TEW correction with 3keV
scatter windows with added scaled subtraction o f the 167keV T1201 peak.
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Figure 2.12 shows example images of the heart from the T1201 window for a
representative patient. In this figure, we show the truth image (T1201 single isotope
image) (a), the contaminated image (b) and two of the different corrections explored
(c,d).
Figure 2.12 shows an example of where cross-talk contamination in images
introduces unwanted artifacts. Comparing the truth

image to the dual-isotope

contaminated image o f figure 2.12, it is clear that a defect is present in the dual-isotope
SA and VLA image (lower portion of the heart, segment 10 of the polar map as given in
key of figure 2.3) and not in the truth image, leading to a potential for misdiagnosis.
However, this defect is still present in all of the corrected images, as well as new defects
introduced by the corrections, most likely by having too many primary counts (from the
low energy tail o f the CZT for instance) in our scatter estimate.
We see from figure 2.12 that many unscattered counts are lost during the
correction by comparing the truth image (a) with the different corrections (c,d). In parts c
and d o f figure 2.12, many of the regions have reduced counts relative to the truth image.
It can be hypothesized that too many primary (unscattered) counts are removed from the
contaminated image during the correction.
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Figure 2.11 Pixel standard deviation vs. mean difference between the pixel
values in the corrected contaminated image and the uncontaminated single
isotope image in corrected dual-isotope image in T1201 window. Each data
point represents an average over all (a) 26 males and (b) 26 females in the
study. Error bars represent the SD o f the sample o f (a) 26 males and (b) 26
females about the mean o f the patient sample.
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Figure 2.12 Example heart images (mid Short Axis (SA), Horizontal Long Axis
(HLA) and Vertical Long Axis (VLA)) and polar maps in the T1201 window,
(a) truth T1201 image, (b) contaminated dual-isotope image, (c) TEW with 3
keV scatter windows and (d) TEW w/ 10 keV scatter windows with counts
scaled to 3 keV level.
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From figure 1.14, we see an abundance o f T1201 counts in the region that would
be used in the lower scatter window. These counts will affect our scatter estimation and
remove many o f the T1201 primary counts from our image, resulting in the degradation of
image quality observed in figure 2.12. In order to compensate for this, a single-sided
TEW method was developed, as described in section 2.2.6.3. The quantitative results of
the single-isotope analysis for the single-sided TEW are shown in figure 2.13.
Figure 2.13 shows an overcorrection between 2% and 10% while using a single
sided TEW as described in section 2.2.6.3. The single-sided correction with 3 keV scatter
windows leads to a standard deviation of the normalized pixel values of 3%. This is a
significant increase in noise (standard deviation in the pixel value averaged over the
entire patient set separated by gender) compared to TEW corrections with or without
scaling (p<0.01), where the average standard deviation of the pixel values in that
difference images are both less than 1%, as shown in figure 2.8.
Figure 2.14 again shows a change in the results of the single sided corrections
when including the T1201 counts. We now see a bias between 2% and 5% with no
significant differences between corrections with different scatter window widths (p>0.3).
There were also no significant differences in SD between corrections (p>0.1).
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Figure 2.15 shows example images of the heart from the T1201 window for a
representative patient. In this image, we can see the truth image (T1201 single isotope
image) (a), the contaminated image (b) and several o f the different corrections explored
(c-f). Parts (a) through (d) are reproduced from figure 2.12 (a-d) for easy comparison
with images corrected with single sided TEW.
2.4

Discussion
In this thesis, we investigated cross-talk correction using a TEW estimate of

cross-talk in dual-isotope SPECT imaging on a dedicated cardiac CZT camera. Modified
TEW estimation methods were developed and an assessment of their accuracy was
performed.
In single-isotope studies, the scaling factor used for the correction of T1201 counts
in the Tc99m window was seen to depend on the gender o f the patient (Figures 2.4, 2.5
and 2.6, table 2.6). Figure 2.4 shows significant differences between the bias achieved
after correction between males and females when the images are corrected with just
TEW. For the comparison o f males to females, a p-value of p<0.05 for the correction
with 3 keV scatter windows was found while p<0.03 when using 10 keV scatter
windows.
Females generally have a lower body mass index (BMI) then males, potentially
resulting in different magnitude o f scatter and cross-talk. We measured the correlation
between BMI and the ideal scaling factor as discussed in section 2.3.1.1. However, the
results showed no significant correlation between BMI and scaling factor (p>0.3).
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Figure 2.14 Pixel standard deviation vs. mean difference between the pixel
values in the corrected contaminated image and the uncontaminated single
isotope image in corrected dual-isotope image in T1201 window. The data
shown were corrected using the single-sided TEW
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previously. Each data point represents an average over all (a) 26 males and (b)
26 females in the study. Error bars represent the SD about the mean o f the
patient samples.
87

polar maps

SA

HLA

VLA

Figure 2.15 Example heart images (mid Short Axis (SA), Horizontal Long Axis
(HLA) and Vertical Long Axis (VLA)) and polar maps in the T1201 window, (a) truth
T1201 image, (b) contaminated dual-isotope image, (c) TEW with 3 keV scatter
windows and (d) TEW with 10 keV scatter windows with counts scaled to 3 keV
level. Images with single sided TEW applied: (e) with 3 keV scatter windows and (f)
with 10 keV scatter windows.
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In hindsight, this is not surprising. The scaling factor was used to remove primary
T1201 counts from the Tc99m image, not scattered counts. BM I would differentially
attenuate 167 and 135 keV photons, but that effect should be minimal. Having ruled out
correlation with BMI, the reason behind the significant gender differentiation seen in the
scaling factor has yet to be determined and will be a point to explore in future studies.
Quantitatively, applying a single-sided correction in the T1201 window showed a
significant improvement over classic two-sided TEW (p<0.01). For TEW corrections on
simulated dual-isotope images in the T1201 window, the result showing the lowest mean
and standard deviation (with 10 keV scatter windows) still had a bias of 17%. With a
single-sided TEW correction using 10 keV scatter windows, the bias was reduced to
about 2%. Unlike the other corrections applied in this study, there were significant
differences in the scatter windows used (p<0.01). However, single-sided TEW drives the
noise level in the corrected images up. This is probably due to the fact that instead of
interpolating the counts between the scatter windows (a bounded situation) we were
extrapolating the counts to outside the range o f our scatter windows (an unbounded
situation). The scatter images were very noisy to begin with (even in 10 keV windows),
leading to misestimating the counts at every step of the correction and propagating this
noise into our scatter estimate. This may be partly due to artifacts in the Tc99m scatter
spectrum. We would not expect the scattered counts to rise at about 80 keV as they do,
since it does not follow the typical distribution of Compton scatter. The rise in counts
could be partly due to characteristic tungsten x-rays, escape peaks or backscatter.
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The use o f two different patients in our simulated dual-isotope studies could
arguably have affected our data. Having not been imaged simultaneously means a
misregistration of the rest/stress images, which may have led to changes in the
reconstructed image. In certain cases, the hearts o f the matched patients were also visibly
different in size. The reconstruction is non-linear and misalignment o f the projection data
could affect the resulting image. However, in terms of the correction itself, this is not
really an issue, as the goal was to add some sort of contamination to evaluate our
corrections. The misalignment of the images simply detracts from the realism o f the
study.
All corrections in this study were done in image space. All images (both primary
and scatter windows) were reconstructed prior to correction. Some of the images we
worked with had very few counts, such as the 3 keV scatter windows. Reconstructing
images with very little counts can lead to big increases in noise levels. When dealing with
the scatter windows, if we start with a noisy image, we will end up with a noisy estimate
for cross-talk, leading to inaccurate corrections.
Two things will be considered in future work to try and avoid the noise
propagation in our corrections from reconstructing poor counts. First, we will try
smoothing the scatter images prior to calculating cross-talk estimation. Second, to avoid
the problem o f reconstructing low count images, the cross-talk estimation and correction
will be performed in projection space (before reconstruction). By correcting in projection
space, we eliminate the need for reconstruction o f the images o f our scatter windows,
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which have very poor count statistics. Reconstruction o f the scatter windows lead to a
great amount o f noise in the images that were used for the correction.
Images from figures 2.10, 2.12 and 2.15 show some noise, even with the low
values o f standard deviation shown in the corresponding graphs showing bias and
standard deviation. This may be caused in part by including a lot o f voxels with low
counts in the calculation o f the standard deviation, where there was no activity but it is
still part of the YOI. These pixels are not supposed to have many counts in them,
representing the “hole” seen in the SA as well as comer pixels that have very few counts
but must be there as we take a cubic VOI. A better method should be developed in order
to estimate noise, perhaps along the lines o f determining a VOI to exclude those low
counts pixels, or using a method to have a heavier weighting o f pixels with actual uptake
from the heart in the standard deviation.
The use of CZT detectors in this study leads to complications that have not been
faced with standard SPECT technology. A major factor to be considered is the presence
of the low-energy tail of the CZT detector (section 1.5.3.1). Primary counts are present in
all cross-talk estimations because of this, leading to a number o f good primary counts
being removed from our primary image. These counts should be accounted for in our
correction. Methods to do so will be investigated as future work in this study.
Also having an effect on our corrections is the presence o f Tungsten characteristic
x-rays from the pinhole aperture. Recall that Tungsten has characteristic x-rays at 57.0
keV (67), which is in our lower scatter windows for corrections in the thallium window.
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This may also introduce primary counts into our scatter estimation. Limitations with
Lister while creating our scatter images might also be an issue. From tables 2.3 - 2.5, we
see that for certain scatter windows, there is a bit of an overlap between the scatter
window and the primary window (no more than 0.3 keV). Some of our scatter windows
will therefore have some primary counts (on top o f those provided by the low-energy tail
of the CZT). However, especially at 140 keV, we are very limited by working with
integer values in choosing boundaries o f energy windows as a percentage of the center.
There were no significant differences between different scatter window widths for the
same TEW correction (p>0.5), so this probably was not much o f an issue.
In the Tc99m window, cross-talk presence is not as much of an issue as it is in the
T1201 window. With such little impact on the quantitative results (from figure 2.9) and
because it is very hard to see any differences in the heart images, full clinical evaluation
of resting images should be performed in order to determine if the correction is even
necessary.
Likewise, once a cross-talk correction for the T1201 image is developed, it too
will need clinical evaluation. Clinical evaluation of the studies is required in order to
assess clinical validity of the corrections. An initial evaluation can be done by comparing
the summed perfusion scores o f corrected images to the true values. Further evaluation
would require reading o f corrected and uncorrected studies by trained nuclear cardiology
or nuclear medicine physicians.
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Upon comparison o f figures 2.10 and 2.12, we notice counts from the liver
present in the Tc99m images (lower left-hand comer) but not in the T1201 images. These
counts also show up in the dual-isotope image in the T1201 window (Figure 2.12b), while
clearly being Tc99m. The correction removed most of these counts from the T1201 image
(Figure 2.12 c-f), removing on average 95% o f scatter in each pixel o f that VOI. This
allows us to conclude that the modified TEW corrections applied in the T1201 window do
remove Tc99m cross-talk from this window.
The results presented in this thesis demonstrated that the current modifications to
the triple energy window cross-talk estimation, while correcting for cross-talk in primary
energy windows, removed too many primary counts from the image and provided
misleading images for clinical evaluation. Additional work is still needed to further
improve this energy-window based approach to cross-talk estimation and correction.
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Chapter 3: Conclusions and Future Directions

Dual-isotope imaging is a potential strength for SPECT cardiac imaging and the
new dedicated cardiac cameras offer potential advantages for its application. However,
the design o f these cameras is very different from traditional systems and this thesis has
shown that simple application o f a standard method for estimating cross-talk does not
provide acceptable images.

The TEW estimation method, while having success in

previous work with traditional Nal-based Anger-style cameras, leads to large increases in
noise in the images simulated from the Discovery NM 530c dedicated cardiac camera.
Further modifications will be needed in order to provide accurate cross-talk estimates in
both the T1201 and Tc99m primary windows explored during this thesis.
This work has led to many interesting questions and suggested directions for
further investigation. The single-isotope studies showed a statistically significant gender

dependence on the scaling factor used to scale the 167 keV T1201 peak as an estimate for
the 135 keV peak. Further investigation is required in order to determine what could
cause such differences.
The cross-talk fraction of T1201 counts into the Tc99m window was found to be
10%. The clinical impact of this level o f cross-talk on a resting Tc99m scan is unclear. It
might be worth assessing this to determine the need for correction of the T1201 cross-talk.
It might also be useful to explore different ways of quantifying noise levels in the
corrected images. The method used in this thesis did not result in an accurate measure of
the effect on the noise levels of the final corrected images. We suspect that this is due to
having too many low counts in the VOI chosen for taking the standard deviation measure.
A large number o f low pixel values can give misleadingly low average values o f noise
estimation that are not necessarily reflected in the actual images provided by the
correction.
Working in image space offers some advantages over working in projection
space, but the proposed corrections can be applied in both domains. One drawback to
working in image space is the reconstruction o f images with very low counts. W e are
basically reconstructing an image that is mostly comprised of noise. Using these noisy
scatter images to estimate corrections may drive up noise levels in the corrected image.
We might first want to explore smoothing our reconstructed scatter-window images
before determination of scatter estimates for correction. Another approach would be to
attempt the correction in projection space (prior to reconstruction).
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Another approach that might be interesting is to attempt to use a different kind of
energy window based correction. The need for cross-talk correction in simultaneous
T1201/Tc99m SPECT is to compensate for cross-talk from Tc99m in the T1201 window.
Throughout the entire patient set (males and females), we have noticed that the scatter
profile as seen in figure 1.13 remains roughly the same shape and is scaled to a certain
count level that differs from one patient to another. Describing the profile of the spectrum
and using an energy window between the primary peaks o f the two isotopes, where there
are few counts from T1201, to scale the cross-talk profile in the T1201 window could be a
simple way to estimate the scatter. Exploring methods to estimate the contribution o f the
low-energy tail in order to remove these counts from the scatter windows might also be
an interesting path to follow.
In conclusion, the results presented in this thesis show that image-based TEW
alone is not sufficient in order to compensate for cross-talk in Tc99m/T1201 dual-isotope
MPI on a dedicated cardiac camera with CZT detectors. The modifications proposed
showed slight quantitative improvements but we hypothesize that too many primary
counts are being included in all scatter estimates. Too ntany perfectly good counts are
being removed from the image providing images that do not reflect the true state o f the
heart and that may lead to misdiagnosis, false normal or even unnecessary invasive
procedures for the patient. However, there are still many roads to explore with cross-talk
corrections for these specific isotopes which could lead to a simple but successful
implementation of simultaneous Tc99m/T1201 dual-isotope SPECT imaging on a
dedicated cardiac CZT camera.
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