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Abstract

Development and Application of a High-Resolution

Nuclear Medicine Imaging System

by

Max Chang Wu

Doctor of Philosophy

in

Bioengineering

University of California San Francisco

University of California Berkeley

Professor Bruce H. Hasegawa, Chair

Recent advances in the ability to perform genetic alterations in mice that define

specific phenotypes have revolutionized biomedical research by helping to elucidate the

relationship between genes and disease. New instruments for measurement of biological

parameters, especially those that can be applied in vivo, will greatly facilitate biomedical

experimentation. While modern medical imaging instruments provide detailed

information in human patients non-invasively, they typically have inadequate spatial

resolution for imaging mice.

This dissertation describes the development, performance characterization, and

application of a high-resolution single photon emission computed tomography (SPECT)

imaging system for mice. The system consists of a standard scintillation camera
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configured in a pinhole geometry to achieve millimeter spatial resolution by producing a

magnified image of the object. System spatial resolution, sensitivity, image uniformity,

and spatial linearity were characterized by analyzing images of test patterns of

radioactivity (phantoms).

System performance for myocardial perfusion imaging was tested using a novel

phantom modeling normal and abnormal murine myocardial perfusion. A protocol

defining the pinhole geometry, injected dose of the radiopharmaceutical, acquisition time,

and anesthesia was developed for high-resolution myocardial perfusion imaging of mice.

Studies of control mice with normal perfusion produced images comparable to those

obtained clinically in humans. A murine model of coronary occlusion was developed in

which ligation of a coronary artery produced an acute myocardial infarction distal to the

ligation. Myocardial perfusion imaging was performed on a group of mice (n = 11), and

the size of each infarct as a percentage of the myocardial volume was measured from the

in vivo images and compared to the result determined from digital autoradiography, a

gold-standard ex vivo measurement, resulting in a correlation of 0.80 (p<0.005).

In summary, this dissertation describes the development and characterization of a

high-resolution radionuclide imaging system for mice. Myocardial perfusion images

with clinical image quality were produced, and the feasibility of measurement of the size

of myocardial infarction was demonstrated. The system also is suitable for radionuclide

imaging of mice used as biomedical models of cancer and other diseases.
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Chapter 1

Introduction

I. Statement of Thesis

For many years, mice have been widely used as models of human physiology in

biological and medical experimentation because of their genetic similarity to humans,

short reproductive cycle, small size, and ease of care. Over the past two decades, our

ability to perform genetic alterations that precisely define observed abnormal phenotypes

has revolutionized the role of the mouse in biomedical research by providing more de

tailed information on the relationship between genes and disease, which can sometimes

be extended to humans based on genetic homology. However, the mouse’s small size

and associated increased metabolic, respiratory, and heart rates complicate the assessment

of anatomic and physiologic phenotypes. Instruments designed for clinical anatomic and

physiologic measurement provide very detailed information for experiments using large

animal models such as pigs, dogs, or primates, but the potential of studying the genetic

basis of disease, coupled with our unparalleled ability to manipulate the murine genome,

motivates the development of instruments specifically designed for mice that are capable

of more sophisticated and detailed measurements. These new instruments are needed to

achieve greater flexibility in the design of experiments, enable heretofore unfeasible in

vestigations, provide better information, and ultimately facilitate discovery.

The purpose of this research project is to develop a high spatial resolution imag

ing system using a clinical scintillation camera for non-invasive, in vivo investigations in

mice. We will demonstrate the performance of the imaging system with experimental



phantom studies and studies using control mice. Using an interventional murine model of

cardiovascular disease, we will measure the severity of disease from in vivo images, and

we hypothesize that the results will correlate with ex vivo tissue measurements taken at

very high spatial resolution with digital autoradiography. Finally, we will summarize the

advantages and limitations of the imaging system and discuss future directions.

II. Background

The goal of biomedical research using animal models is to understand ourselves

better, from the molecular interactions in our bodies to the physiology of our organ sys

tems to the nature of disease processes. Many different species of animals have been in

volved in biomedical research including both vertebrates and invertebrates. The choice

of a specific animal for a given study depends on several considerations including the

level of similarity in physiology, the practicality of the animal’s housing and husbandry,

the technical difficulty of working with the animal, and the body of knowledge associated

with the animal. Based on these factors, the mouse has been the dominant experimental

model of human physiology and pathophysiology over the past century, and will remain

so into the foreseeable future.

One reason mice are convenient models for biomedical research is that the ge

nomes of all mammals are far more alike than different, and the identity, order, and ar

rangement of genes are highly conserved. As genetic homology is elucidated, the loca

tion of a gene of interest in a mammal such as a mouse can be used to predict the location

of a homologous gene on the corresponding human chromosome. Naturally, the various

proteins encoded by different DNA sequences also possess many interspecies similarities,

leading to nearly identical enzymes, chemical reaction pathways, and metabolism. Par



allels in these processes lead to organ systems, such as the cardiovascular, nervous, endo

crine, and digestive systems, that operate in a very similar manner among mammals.

Correspondingly, when organ systems and body processes cease to function properly,

disease states with comparable manifestations are exhibited. While the mouse shares

these characteristics with all other mammals, other practical considerations elevate its

utility as an experimental model. Mice are small and can be maintained in large numbers

quite easily in a laboratory setting. Simple but powerful experimental techniques for ob

servation, sampling, and measurement are easy to apply. Their short reproductive cycle

permits the study of several generations in a manageable period of time. However, it is

above all the vast knowledge of the murine genome and the incomparable ability to ma

nipulate it that have established the mouse as the most powerful model system of mam

malian physiology [1].

In the early twentieth century, researchers studying Mendelian inheritance bred

mice for recessive traits such as albino coat color or pink eye color. The development of

the first inbred mouse strain in 1909 increased interest because inbred strains produce

progeny of identical genotype that are homozygous for all alleles. Spontaneous muta

tions created models of human disease that could be transferred to an inbred strain. This

work gave insight into how the genotype could affect disease phenotype, but it seemed

that diseases resulted from mutations in multiple genes rather than a single gene, which

could account for something simple like coat color. A disease model based on a single

genetic alteration would associate an altered biochemical process to a disease and, fur

thermore, would permit highly reproducible, tightly controlled experiments. Snell’s dis



covery of a dwarf mutation in 1929 [2] generated interest in finding other single-gene

mutations that had human disease analogs [3,4].

As work progressed with the study and development of inbred strains, revolution

ary advances were being made in the understanding of molecular biology throughout the

twentieth century. In the early 1980s, the merging of recombinant DNA technology with

mammalian cell culture and embryo manipulation introduced the concept of “trans

genesis” or the incorporation of foreign DNA into an animal’s genome [5]. These tech

niques have lead to an exponential increase in the numbers of transgenic animals that are

used for biomedical research, as indicated in Figure 1.1 [6], and by far, most transgenic

animals that are created are mice. The study of transgenic mice has greatly improved un

derstanding of gene regulation, signal transduction, and many other aspects of molecular

biology, developmental biology, and physiology. Through transgenic techniques, mice

with single-gene alterations now can be engineered, rather than passively searching for

them. The transgene can cause overexpression of a gene product of interest or can dis

rupt the normal expression of a gene; in both cases, the contribution of an individual gene

to the animal’s health can be studied. Furthermore, incorporation of specific genetic

promoter sequences can limit transgene expression to specific organs [4]. For example,

while a transgene is present in every cell of the mouse, if it is preceded by a promoter

specific to the liver, the transgene will only be expressed in liver cells. External control

of transgene expression has been achieved by coupling to a regulatory system, such as the

tetracycline transactivator system [7], which regulates gene expression depending on the

oral administration of tetracycline, an antibiotic. This type of system is analogous to a

switch controlling gene expression. The application of molecular biology to the creation
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of murine experimental models has accelerated the pace of discovery and revolutionized

the study of human diseases.
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Figure 1.1: A Medline search was performed from 1981 through 2000 showing the
number of citations as an index of the utilization of each species in biomedical re
search. “Mice” indicates the number of citations found using the keywords “mouse,
mice, or murine.” “Pig” indicates the number of citations found using the keywords
“pig, pigs, or porcine.” “Dog” indicates the number of citations found using the
keywords “dog, dogs, canine.” “Cat” indicates the number of citations found using
the keywords “cat, cats, or feline.” “Primate” indicates the number of citations
found using the keywords “monkey, monkeys, or primate.” These data indicate an
exponential increase in the number of transgenic mice used in research has occurred
since their introduction. (Figure courtesy of BH Hasegawa)

Advances in the use of the mouse as a model of human diseases has been concur

rent, but until now have been largely separate from the development of medical imaging

methods and instruments to study and evaluate the human body non-invasively. Wilhelm

Röntgen's discovery of X-rays in 1895, for which he won the first Nobel Prize in Physics

in 1901, came just before the first work with inbred strains of mice. It took just a few
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weeks for X-rays to be used for medical diagnosis. X-ray projection images are created

when X-rays are differentially attenuated when passing through a patient and form a

shadow image on film or a different type of radiation detector. The image is a two

dimensional map of X-ray absorption by bound electrons of the body’s constituent atoms.

Common types of X-rays are chest radiographs, mammograms, and dental X-rays, all of

which give very high-resolution anatomic information [8].

Following World War II and the development of technologies such as the nuclear

reactor, the cyclotron, and radar, medical imaging expanded to include nuclear medicine

and ultrasound imaging [8]. Nuclear medicine requires the administration of a small

amount of radioactive material into the body that then decays within the body and emits

radiation that can be detected using an external detector. A key element of nuclear medi

cine is that these techniques use radiopharmaceuticals as biological tracers that have spe

cific functional or anatomical targets within the body. Different aspects of the body’s

function are probed using different radiopharmaceuticals. Therefore, although nuclear

medicine images have poor spatial resolution compared to X-ray images and have a lim

ited role in delineating anatomic relationships, they have a powerful role in revealing the

physiologic function of specific organs, including the lungs, heart, kidneys, and brain.

Ultrasound imaging is another imaging modality that, in part, grew out of tech

nologies developed during World War II, such as sonar. This method measures differ

ences in the acoustical properties of tissues, which are related to their density and their

water, air, or bone content, and is especially sensitive to the interfaces between these

materials. Unlike in X-ray or nuclear medicine imaging, ionizing radiation is not used,

making ultrasound a common procedure for patients who are more sensitive to the harm



ful aspects of radiation, such as pregnant women. Ultrasound can also be used to obtain

functional information, and Doppler techniques can be used to measure blood flow in the

heart and other regions of the cardiovascular system.

In their simplest forms, x-ray transmission and radionuclide emission techniques

described above produce planar images, in which the three dimensional structure of the

body is superimposed on a two-detector image. In many cases, this is a severe limitation.

For example in neurological imaging, planar imaging techniques provide relatively little

diagnostic information concerning the internal anatomical and physiological relationships

within the brain. These limitations can be overcome using tomographic imaging. Tomo

graphy, from the Greek word for “slices,” is a mathematical process in which a three

dimensional representation of an object is obtained by reconstructing two-dimensional

projection data. The mathematical basis of tomography was described by Radon in 1917,

but the computationally expensive mathematical operations for computed tomography

(CT) became feasible only after the development of transistors and integrated circuits

greatly increased computing power later in the twentieth century [8].

Tomographic methods based on radiographic transmission, on radionuclide emis

sion, and on nuclear magnetic resonance now are used routinely for medical diagnosis.

X-ray computed tomography is similar to X-ray projection imaging, but instead of a

shadow image, cross-sectional slices through the object are obtained. Emission com

puted tomography is a three-dimensional form of nuclear medicine and encompasses both

single-photon emission computed tomography (SPECT) which images radiopharmaceuti

cals that emit gamma rays and positron emission tomography (PET) which images radio

pharmaceuticals that emit positrons (antimatter electrons). Magnetic resonance imaging
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(MRI), a three-dimensional technique that is acquired by a tomographic process different

than that used for CT or SPECT, but is nonetheless heavily dependent on computers.

MRI provides anatomic images with high resolution and exquisite soft-tissue contrast by

measuring the chemical environment of hydrogen within the body. Magnetic resonance

spectroscopy measures the concentration of metabolites to give functional information.

All of these medical imaging modalities were quickly adopted in clinical practice and

have emerged in a common era with the use of mice in research.

1929: First Single-Gene 2000: First Drafts of Human
Mutation Model and Murine Genomes

I
1909: First Inbred Mouse Strain 1953: Structure of DNA 1981: Transgenic Mouse

I W I V I W I # I

1 900 1 320 1 940 1 950 1 980 2000
* * AN AN AMR
1895: Discovery of X-rays 1952: 2-D Ultrasound 1972: X-ray CT

I I
1903: Nobel Prize for Radioactivity 1957: Scintillation Camera 1975: PET 1982: MRI

Figure 1.2: Timeline of important events in the use of mice in research and in medical imaging.

Both structural and functional measurements are needed for biological research

with small animals. Fortunately, anatomical methods such as MRI, CT, and ultrasound

can be adapted for high-resolution anatomical imaging, and dedicated systems now are

available commercially for small animal research. However, functional or physiological

studies are best performed using radioactive tracers, and at present most of these are per

formed invasively by tissue-counting or autoradiography for small animal research. Bio

distribution studies of a radiotracer can be performed by administering the agent, eutha

nizing the animal, removing organs of interest, and using a radiation detector such as



gamma counter to quantify the amount of radioactivity present in each organ [9].

Pharmacokinetic studies can be performed by sacrificing groups of animals at different

time points and determining the radioactivity in different organs as a function of time. If

images of the radiotracer distribution are desired, autoradiography can be performed [10].

The organ or entire animal is frozen in an embedding medium and sectioned into very

thin slices on a cryostat microtome. The slices are laid directly on film or a storage

phosphor detector [11] that is exposed to the radioactivity contained in the slices, creating

very high resolution images. The mouse's small size is advantageous for tissue-counting

and autoradiography because the tissue samples are easier to prepare and the very high

resolution of autoradiography provides adequate spatial resolution. Also, the larger sam

ple sizes that these techniques require are more easily managed when using mice.

However, these invasive methods are challenging and can be difficult to apply

experimentally. For example, sampling issues occur in autoradiography because the thin

slices of an organ or animal that are laid on a radiation detector are not a complete repre

sentation of the original object. Also, the relative orientation of the slices is lost, and the

information needs to be recovered through registration of the slices. As a practical mat

ter, many of the ex vivo and in vitro techniques require a skilled operator and can be quite

laborious and time consuming, especially when large sample sizes are required. While

these techniques have been widely used for many years and are very powerful, they are

limited by the fact that killing the animal is required to make the measurement.

For these and other reasons, the demand for instruments for physiologic meas

urement and monitoring in mice has in recent years expanded the need for functional as

sessments using imaging. As an example, radiotracers can be used to measure biological
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processes non-invasively using SPECT or PET imaging. The advantages of non

invasive, in vivo imaging in the laboratory are readily apparent when compared to in vitro

or ex vivo alternatives. In vivo imaging does not require euthanizing the animal, which

survives intact for future studies so that multiple measurements can be made on the same

animal. This enables experiments where measurements are made on the same animal at

different time points, such as dynamic or kinetic studies. Measurements made before and

after a therapeutic intervention allow the animal to act as its own control, removing the

confounding factor of variability among animals. Sample sizes can be reduced, making

experiments easier to carry out while simultaneously improving statistical power. In ad

dition, an imaging study can provide a complete three-dimensional data set where the

object of interest is seen in its entirety. Overall, in vivo imaging has the potential of pro

viding better, more complete information in a more convenient manner than invasive

techniques currently used for functional assessments in small animals.

Until recently, the use of non-invasive imaging in biomedical research was lim

ited to larger species, such as pigs or dogs, where imaging systems designed for humans

could be directly applied to animal subjects. However, the ability to create “custom”

murine experimental models with well-defined genetic alterations enables researchers to

investigate biological questions in an economical yet powerful way. In addition, much

modern biomedical research involving mice now requires non-invasive measurements on

intact organisms, including those that study the progression of disease or dose-response

relationships for specific diagnostic or therapeutic approaches. These research avenues

have motivated researchers first to modify clinical equipment and protocols to achieve

--~ *
- -ºº

, - 2 *
** **.

* * - *. ---
. .
.*** * * * **"

-***** *
f *** * *** ***
*******

*** ****

*
**

e- _-*
*-* -

.** *

------"
* ------"

ºr are sº- * -

10



the high resolution necessary to image mice and more recently to design and build imag

ing systems specifically for mice.

The seemingly limitless potential of murine models is tempered by some of the

challenging aspects of working with mice. Although the mouse's organ systems are very

similar to ours, they are much smaller. For example, a mouse's heart is a few millimeters

in diameter rather than a few centimeters in the case of a human. The mouse has a large

surface area to volume ratio because of its small size, resulting in more pronounced loss

of body heat. A faster metabolic rate is required to replace the lost heat, and the heart and

respiratory rates are increased as well. The normal resting heart rate for a mouse is

roughly six hundred beats per minute, about ten times faster than for a human [12, 13].

These order-of-magnitude differences [6] pose technical challenges that preclude the use

of standard clinical imaging systems and protocols that are not capable of resolving tiny

organs in the mouse. It therefore is necessary to move measurement systems and

physiological research traditionally done in other animals to the mouse, and eventually to

design and develop systems specifically for murine imaging. Even though this process of

development and discovery has just begun, it already is clear that they will enable bio

medical research to be performed in a powerful and revolutionary way that will lead to

important discoveries concerning our understanding of human biology and

pathophysiology.

11



Table 1.1: Comparison between murine and human physiologic parameters

Parameter [units] Mouse Human
Mass [gram] 20-40 70,000
Metabolic Rate [kJ g’ day") 0.75 0.11
Heart Rate [beats min"] 400-700 60-80
Tidal Volume [m]] 0.35–0.45 500
Respiratory Rate [breaths min"] 120-170 12
Total Lung Capacity [ml] 0.90-1.40 6000
Blood Pressure (mm Hg) 118/55 120/80
Total Blood Volume [m]] 2 5000
Cardiac Output [m] min"] 12-16 5000
pH 7.34 7.4
Gestation Period [days) 19–21 280
Life Span [years] 1.5–3 76
Body Temperature [C] 36-37 36.5–37.5

III. Overview of Thesis

This dissertation will describe the development, characterization, and application

of a high resolution single photon emission computed tomography (SPECT) system. We

will begin with a brief description of the principles of nuclear medicine, the physics of

the scintillation camera, and methods for generating high resolution images by magnifi

cation with pinhole collimation. We will review prior work in pinhole SPECT imaging

of small animals, including the design of a scintillation-camera based imaging system,

correction for errors in image acquisition, animal handling and support considerations,

and algorithms for reconstruction of tomographic projection data. We will characterize

the system performance in terms of spatial resolution, sensitivity, uniformity, and shift

invariance using experimental phantom studies. The high resolution imaging approach

will be applied to myocardial perfusion imaging (i.e., blood flow and oxygen delivery to

the heart muscle), a common clinical procedure for diagnosis of coronary artery disease.

We will demonstrate high resolution myocardial perfusion imaging of control mice with
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clinical image quality and will assess the severity of disease first in an experimental

phantom model and then in an interventional murine model of coronary artery disease.

In this study we will test the hypothesis that the measurement of disease severity derived

from in vivo images acquired non-invasively will correlate with that from phosphor plate

digital autoradiography, an ex vivo technique. Finally, we will summarize the advantages

and limitations of the imaging system as well as discuss future directions.

IV.
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Chapter 2

Physics of Nuclear Medicine'

I. Radioactivity and Tracers

Unstable nuclei that decay and emit radiation are called “radionuclides.” The

emitted radiation can be in the form of electrons, positrons, alpha particles, X-rays, and

gamma rays. The rate of radioactive decay can be characterized using the half-life, the

time required for the radioactivity to decrease by one half. Radioactivity is measured

using units of Bequerels (Bq), equal to one decay or disintegration per second. An alter

native, non-SI unit is the Curie (Ci), and one Curie is equivalent to 3.7 × 10"Bequerels.

Nuclear medicine relies on the use of “radiotracers” or “radiopharmaceuticals”

that are administered to patients to gain information about different physiologic processes

related to disease. Radiopharmaceuticals are either radioactive atoms or compounds that

are chemically bound to radioactive atoms that have properties analogous to endogenous

chemicals, allowing them to participate in physiologic or biochemical processes in the

body. By definition, the tracer is introduced in minute quantities, so that it does not per

turb the normal function of the biological system. The radioactive label allows these

materials to be monitored externally to follow or trace a process of interest. The emitted

radiation is detected from outside the body, making radionuclides with penetrating emis

sions, such as X-rays and gamma rays, the most useful for imaging purposes.

Technetium-99m is the most commonly used radionuclide in nuclear medicine and emits

a single gamma ray at 140 keV. Positron-emitting radionuclides generate a pair of 511

"For a thorough review, consult Sorenson and Phelps, Physics in Nuclear Medicine, 2" Edition, 1987.
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keV gamma rays resulting from positron-electron annihilation and are also used in

nuclear medicine. Radiopharmaceuticals are commonly used to measure perfusion of

tissues, bone remodeling, sympathetic nervous system activity, and glucose metabolism.

II. Scintillation Camera

The scintillation camera is the most commonly used instrument in nuclear medi

cine to detect single photon-emitting radiopharmaceuticals. A scintillation camera con

sists of a single crystal, usually made of thallium-doped sodium iodide (NaI(Tl)) that ab

sorbs high-energy photons such as X-rays or gamma rays and emits visible light, a proc

ess known as scintillation. An array of photomultiplier tubes (PMT) coupled to the crys

tal convert the light to an electrical signal. The light photons from the scintillation crystal

interact with the photocathode in the PMT to liberate photoelectrons that then are accel

erated through a high voltage and collide with several electrodes or “dynodes” to liberate

even more electrons, thereby amplifying the signal. Finally, the photoelectrons are col

lected at an anode. Electronics shape and amplify the signal from the anode to form a

pulse. The sum of the signals from all the PMTs is proportional to the energy of the inci

dent photon. The photon’s position of interaction in the crystal is estimated by deter

mining the centroid of PMT signals. This spatial localization is not perfect mostly due to

variability both in the number photoelectrons liberated from the photocathodes of the

PMTs and in the number of scintillation photons generated from the incident high-energy

photon. The intrinsic spatial resolution of a clinical scintillation camera typically has a

value of 3 to 4 millimeters full-width-at-half-maximum (FWHM), and is based on the

combined performance of the crystal, PMTs, and electronics.
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Figure 2.1: Diagram of a scintillation camera.

In order to form a useful image, the directions of the incident photons must be

specified. In a process called absorptive collimation, the photons that contribute to an

image have trajectories defined by a collimator. Collimators are manufactured from a

slab of absorptive material, usually lead, containing a pattern of holes. Photons that pass

through the holes are able to interact with the scintillation crystal and generate signals to

form an image. The photons that intercept the collimator septa (i.e. the material between

the holes) are absorbed and do not reach the crystal. However, the lead does not stop all

the photons that should be absorbed, and some septal penetration does occur.

Many types of collimators are used in nuclear medicine. The simplest is the pin

hole collimator, consisting of a single hole at the tip of a lead cone placed on the detector,

with an imaging geometry that acts like a pinhole lens. Multi-hole collimators can be

configured in convergent, divergent, and parallel-hole formats, and the parallel-hole col

limator is the most commonly used in clinical nuclear medicine. We will not discuss

convergent or divergent multi-hole collimators any further, and we will discuss pinhole

collimation in greater detail in a subsequent Section.

r
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The geometric sensitivity of a collimator is equal to the fraction of the emitted

photons that pass through the collimator. If we consider a single hole of a parallel-hole

collimator, the geometric sensitivity is equal to the fraction of the solid angle subtended

by the hole, which is equal to the area of the hole divided by the surface area of an imagi

nary sphere with a radius equal to the distance between the object and the hole. Because

the surface area of this imaginary sphere is a function of the square of the radius, the

geometric sensitivity of the single hole follows an inverse square law. When considering

the array of holes found in a parallel-hole collimator, the number of holes that can accept

photons from the object increases as the square of the distance between the object and the

collimator, making the geometric sensitivity of a parallel-hole collimator independent of

the distance between the object and the collimator.

The spatial resolution of a parallel-hole collimator, however, does depend on the

distance between the object and the collimator. Ideally, only photons that are directed

perpendicular to the detector face, and parallel to the collimator holes, can strike the

crystal, but in reality, each hole has an acceptance cone that causes the spatial resolution

to be degraded as a function of distance. The overall system spatial resolution includes

contributions from both the intrinsic resolution and the collimator, but in almost all clini

cal situations, the performance of the collimator determines the spatial resolution of the

imaging system. The hole diameter, length, and spacing determine both the spatial reso

lution and the sensitivity for a collimator. These two properties are inherently linked, and

collimators can be designed to enhance either spatial resolution or sensitivity, but only at

the expense of the other property.
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Figure 2.2: The sensitivity of a parallel-hole collimator is independent of the object
distance. The angle subtended by a single hole is larger (more curved) when the ob
ject is closer, but then fewer holes can accept photons from the object. When the
object is further away, the solid angle subtended by a single hole is smaller, but
more holes can see the object.

Ideal acceptance
of Collimator hole

Actual acceptance

Figure 2.3: The spatial resolution of a parallel-hole collimator degrades as a func
tion of the object distance.

III. Tomography

As mentioned earlier, single photon emission computed tomography (SPECT) is

an imaging process that mathematically generates, or “reconstructs,” a three-dimensional

representation of the radionuclide distribution within a patient from a set of two

dimensional projection images. In this discussion, it is important to distinguish between

“projection data” (the image data acquired by the scintillation camera) and the “tomo

graphic data” (the three-dimensional data resulting from tomographic reconstruction).

We will use the terms “projection image” or “projection view” to refer to the two

dimensional images acquired using the scintillation camera. We will refer to the ele

ments making up these images as “pixels.” The terms “object estimate” or “reconstructed

image” will refer to the three-dimensional data set resulting from the tomographic recon
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struction, the elements of which will be referred to as “voxels.” The projection data are

acquired at many angular views around the patient, and in clinical systems, one or more

Scintillation cameras are mounted on a mechanical gantry to rotate the camera(s) around

the patient.

Patient --~ *

Figure 2.4: A scintillation camera and gantry. - - - - º
: - - --

- - -

--
Although there are many different ways to reconstruct images, the algorithms fall ■ º-'--

---

into two classes: analytic algorithms, which apply an inversion process to the projection ------

data, and iterative algorithms, where the radionuclide distribution is estimated using a -
---

model of the imaging process and corrected in a cyclic process [1]. ** -

Because of the way that the image data are acquired, we can imagine that each * -------

pixel value in a projection image is equivalent to the sum of the radionuclide density

along a line perpendicular to the detector and intersecting the position of the pixel, as

suming ideal parallel-hole collimation. The inverse of this process would be to “smear”

the pixel values back through the object space. Because the collimator only specifies the

direction of the incident photons and not the location of the emission, the values are

smeared evenly along the direction perpendicular to the detector. This process is called

“backprojection,” and when performed at the corresponding view angle for each projec

tion, an estimate of the original object is obtained. However, the object estimate is

* For a thorough review, consult Kak and Slaney, Principles of Computerized Tomographic Imaging, 1988.
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blurred with a kernel of f(r) = r". A ramp filter, equivalent to f(r) = |r, can be applied to

the projection data prior to backprojection to compensate for the blurring introduced by

the backprojection process. This algorithm, called “filtered backprojection,” or “FBP” is

the most commonly used algorithm in clinical nuclear medicine. In practice, a variety of

filters are used to produce image quality that is satisfactory to the person interpreting the

images, typically by smoothing or reducing noise in the final images.

Iterative reconstruction algorithms are another form of tomographic reconstruc

tion that include both backprojection and forward projection that are performed repeti

tively. An iterative algorithm starts with an estimate, usually a uniform estimate, of the

distribution of radiopharmaceutical in the patient and then generates simulated projection

data according to a model of the acquisition of projection images. This process is re

ferred to as “forward projection” or simply “projection.” The simulated projection data

then are compared to the acquired projection data to derive correction factors that are ap

plied and backprojected to form an updated estimate of the object. This process is re

peated until a stopping condition is met, which can be a convergence criterion based on

the difference between successive object estimates or simply a prescribed number of it

erations. The advantage of iterative algorithms is that a model of the image acquisition

process (forward projection) can compensate for physical perturbations such as photon

attenuation, scatter in the patient, and distance-dependent resolution effects due to the

collimator. The primary disadvantage is that iterative reconstruction algorithms require

that the projection-backprojection process be repeated multiple times, making it compu

tationally expensive, especially compared to analytic algorithms that consist only of a

single backprojection step.
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Figure 2.5: Projection and Backprojection. Note that backprojection introduces blurring.
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Figure 2.6: Flowchart for an iterative reconstruction algorithm.

IV. Magnification

A clinical SPECT scan is performed using a scintillation camera equipped with a

parallel-hole collimator and produces images with a spatial resolution of about one to two

centimeters FWHM, for structures 10 to 20 centimeters away from the collimator surface.

--- - - -
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While this is adequate to resolve internal structures in humans, most organs of interest in

a mouse are measured in millimeters rather than centimeters. Design parameters of

parallel-hole collimators can be adjusted to improve spatial resolution but the resulting

trade-off in geometric sensitivity would be unacceptable. In addition, the four-millimeter

intrinsic resolution of the camera remains an obstacle when imaging a mouse using scin

tillation cameras equipped with parallel-hole collimators.

Crystal Surface

Figure 2.7: Pinhole collimator geometry.

These limitations can be overcome by using a pinhole collimator to create a magnified

image of the object on the crystal face. Using this geometry, the pinhole acts like a lens

that collects a cone beam of converging rays that pass from the object through the focal

point, which is located very close to the pinhole. If the distance between the pinhole and

the crystal, the focal length, is greater than the distance between the pinhole and the ob

ject, the image of the object is magnified by a factor equal to the ratio of the focal length

to the pinhole-object distance. The magnified image is subject to the intrinsic resolution

limit of the camera, giving an apparent resolution that is equal to the intrinsic resolution

divided by the magnification factor. The overall system resolution, R., also depends on
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the size and geometry of the pinhole, and can be characterized by the following formula

[2].

R. = (**) ...■ º)
f f (Eq. 2.1)

In this formula, f is the focal length, b is the pinhole-object distance, R, is the intrinsic

resolution of the scintillation camera. In addition, the parameter d, refers to the effective

diameter of the pinhole which accounts for penetration of the aperture material by high

energy photons. Because the aperture material is thinnest near the knife-edge bordering

the hole, penetration occurs there to the greatest extent and effectively makes the hole

bigger for high-energy photons.

d. - Wd x |d + 211" tan(a/2) (Eq. 2.2)

In this formula, d is the pinhole diameter, u is the photon energy-dependent attenuation

coefficient of the aperture material, and o. is the full cone angle of the aperture [2].

As previously mentioned, the geometric sensitivity, g, of a pinhole collimator is

equal to the fraction of the solid angle subtended by the hole and varies as the inverse

square of the pinhole-object distance b [2]. The geometric sensitivity of a pinhole

collimator is given by

g = d x cos’ \'■
16b% (Eq. 2.3)

The cosine-cubed term is an obliquity factor for points off the axis of symmetry of the

pinhole. Assuming a fixed focal length, both the spatial resolution and the sensitivity im

prove as the object is moved closer to the pinhole at the cost of a decreased field of view.

A pinhole collimator is commonly used for imaging small, superficial organs, such as the
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thyroid gland, that can be placed close to the pinhole to produce a magnified image with

improved spatial resolution yet still fit within the reduced field of view.

V. Prior Work in Pinhole SPECT

One can extend the concept of pinhole radionuclide imaging of small organs in

humans to image Small animals for experimental studies by placing the animal very close

to a small pinhole. Pinhole SPECT has long been recognized as an approach for high

resolution imaging of Small animals, and the work of other investigators in this field has

been reviewed by Weber and Ivanovic [3]. In 1990, Palmer and Wollmer [4] first re

ported the use of a commercial scintillation camera equipped with a 24 centimeter focal

length pinhole collimator with a 3.3 millimeter diameter aperture for tomographic imag

ing. Phantom studies demonstrated a spatial resolution of about 4.4 millimeters FWHM

using a radius of rotation (i.e., the distance between the pinhole and the axis of rotation of

the gantry) that varied from 5 to 10 millimeters, resulting in magnifications ranging from

2.4 to 4.8. Pulmonary function was imaged in rabbits using inhaled radioactive agents,

and greater detail was demonstrated using pinhole imaging compared to parallel-hole im

aging of the lung.

In 1994, papers from the research groups of Jaszczak [5] and Weber [6, 7] were

published that extended the concept of scintillation camera-based pinhole SPECT to ro

dents. This entailed using smaller pinholes and reducing the radius of rotation to increase

the magnification. Phantom studies were performed to measure spatial resolution and

sensitivity, and animal studies were performed in rats to image the liver, bones, heart, and

brain. Both groups used a radius of rotation of about four centimeters to achieve spatial

resolutions of approximately 1.5 to 2 millimeters FWHM. Ogawa [8] pushed the resolu
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tion limits even further by attempting to image the approximately one millimeter-thick

myocardium of a mouse using a 1.0 millimeter pinhole and a magnification of 9.3.

These results are summarized in Table 2.1.

Both Jaszczak and Ogawa mentioned problems with errors caused by a shift in the

center of rotation (COR) of the gantry during the acquisition of the projection data. All

reconstruction algorithms assume that the projection images and the reconstruction vol

ume (voxelized space) share a coordinate system where the axis of rotation of the gantry

defines a line in space that serves as a natural definition for one axis of the coordinate

system. The axis of rotation is assumed to lie in the center of each projection image, par

allel to one axis and perpendicular to the other. After reconstruction, the center of the

voxelized space will coincide with the axis of rotation. A shift in the center of rotation

occurs when the axis of rotation is misaligned with the center of the projection images,

and these misalignments produce artifacts in the reconstructed images. Small errors will

result in blurring in the tomograms, while shifts larger than the pixel size will produce

donut-shaped artifacts [9]. The degree of misalignment of the center of rotation for

projection data acquired during a given SPECT study must be smaller than the size of the

pixel, which in turn depends on the size of the crystal and the size of the matrix used for

imaging. For clinical imaging, the pixel size is usually a few millimeters. When the

same matrix is used for pinhole imaging, the effective pixel size (measured in the object)

is reduced by the same factor that the effective resolution of the pinhole imaging system

is improved. A COR shift with an absolute size smaller than a pixel may be tolerable for

clinical imaging, but when the same shift is applied to the much smaller effective pixel

size that is used for pinhole imaging, severe artifacts can occur. Jaszczak's group incor

* * *
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porated a correction for COR misalignments into the reconstruction algorithm [10] but

made the assumption that the COR shift was angularly independent. Ogawa scanned a

line source located at the axis of rotation and measured the deviation in each view to ob

tain correction factors for the projection data. Unfortunately, placing a line source ex

actly at the axis of rotation is nearly impossible, making this method impractical for re

peated use. Nevertheless, these investigators were able to demonstrate the feasibility of

using pinhole collimation of a Scintillation camera to image small animals and outlined

the challenges of extending this approach to high resolution imaging of mice.

VI.

[1]

[2]

[3]

[4]

[5]

Table 2.1: Summary of Results for Scintillation Camera Based-Pinhole SPECT

Group Year . ■ º Magnification tº: Resolution
Palmer & | 1990 8.0 cm 24 cm 3 3.3 mm 4.4 mm
Wollmer
Weber 1994 4.5 Cm NR NR 1.0 mm 1.9 mm

2.0 mm 2.8 mm
3.3 mm 3.5 mm

Jaszczak | 1994 4.0 cm 15 Cm 3.8 0.6 mm 1.5 mm
1.2 mm 1.9 mm
2.0 mm 2.8 mm

Ogawa 1998 2.8 Cm 26 cm 9.3 1.0 mm 1.1 mm
* NR = not reported
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Chapter 3

System Description

I. Introduction

Our research goal is the development of a high resolution pinhole SPECT system

using a scintillation camera to study cardiovascular function in mice. Our primary appli

cation is to image perfusion of the myocardium, or heart muscle, a common clinical ap

plication of nuclear medicine to diagnose coronary artery disease. For clinical myo

cardial perfusion imaging, SPECT is performed using a scintillation camera equipped

with a parallel-hole collimator, resulting in a spatial resolution of about one centimeter

FWHM, which is comparable to the thickness of the human myocardium. The patient is

administered a radiopharmaceutical that indicates myocardial perfusion by distributing in

the body in proportion to blood flow, and about 2-4 percent of the administered radio

activity distributes to the myocardium. Commonly used myocardial perfusion agents in

clude technetium-99m-sestamibi ("Tc-sestamibi) and thallium-201 ("TI). The SPECT

images, which contain about 1-10 million counts in the projection data, are interpreted by

viewing the distribution of the radiopharmaceutical in the myocardium, where a regional

decrease in concentration of the radiopharmaceutical relative to other areas can indicate

obstructed blood flow to those parts of the myocardium resulting from coronary artery

disease.

With the broad goal of producing image quality, in terms of spatial resolution and

number of counts, comparable to what is achieved in clinical myocardial perfusion im

aging, we sought to delineate the spatial resolution and sensitivity requirements for the
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imaging system. Because the mouse’s heart is approximately five millimeters in di

ameter and the left ventricular myocardium is 1-2 millimeters thick, the system spatial

resolution needs to be about one millimeter FWHM in order to resolve the myocardium

and to correspond to the spatial resolution performance of a clinical SPECT system. As

described in the previous chapter, higher spatial resolution can be achieved by using a

smaller pinhole and increasing the magnification by reducing the radius of rotation,

which also recovers some of the sensitivity that is lost when using a smaller pinhole.

However, the size and extent of the animal establishes a practical minimum for the radius

of rotation. For a mouse with a body diameter of about three centimeters, a radius of ro

tation of 2-3 centimeters puts the mouse almost in contact with the pinhole collimator and

precludes any further reduction in the radius of rotation. In order to achieve one milli

meter spatial resolution, a pinhole with a diameter of one millimeter or less is required,

but a pinhole of this size at a distance of 3 centimeters from a point source has a geo

metric sensitivity on the order of 10°. If our target is to acquire one million counts in a

one hour acquisition time in order to match clinical image quality, we can estimate the

amount of activity that needs to be injected. Assuming that 4% of the radiopharma

ceutical distributes to the heart and a detection sensitivity of 10°, a projection data set

with one million counts can be acquired in one hour if about 20 millicuries of activity are

injected. This calculation is only meant to estimate the order of magnitude of activity

that is necessary to match clinical image quality. This amount of activity is not pro

hibitive to handle or use and is comparable to the amount that is administered to a human.

However, if the same amount of activity that is normally injected into a human

were administered to a mouse, the activity per unit body mass would be thousands of
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times greater. Limitations on the amount of activity that can be administered to a human

for nuclear medicine are expressed in terms of the dose, or the amount of energy ab

sorbed from the radioactive emissions per unit mass. The dose to different organs de

pends on the biodistribution of the radiopharmaceutical, and for each radiopharma

ceutical, the dose to a “critical organ” determines how much activity can be administered

to the patient. In the case of biomedical research involving animals, the primary concern

is not the health risk associated with the use of radioactive materials, but rather if the

amount of radioactivity used will have unintended health consequences that influence the

experiment. While the health consequences of administering millicurie amounts of ac

tivity to a mouse are not known at this time, they do not impact our experiments because

our goal is to demonstrate the feasibility of imaging the murine myocardium. For these

initial experiments, we will be performing acute rather than chronic studies. The problem

of health effects from the radiation dose resulting from the imaging study may impact

experiments where more than one measurement is made on an animal over a very long

period of time and will warrant future study. If we ignore these effects for now, the

order-of-magnitude sensitivity calculation that estimates a required injection of 20

millicuries of activity indicates that it is possible to achieve the desired image quality.

As described in the previous chapter, several research groups have demonstrated

the feasibility of using a scintillation camera equipped with a pinhole collimator to per

form high resolution tomographic imaging of small animals such as rabbits and rats. Our

preliminary calculations suggest that it is feasible to develop a pinhole SPECT system for

myocardial perfusion imaging of mice. We will discuss the design and development of
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the imaging system, as well as tomographic reconstruction of projection data, in this

chapter.

II. System Components

The pinhole SPECT imaging system consists of a General Electric 400 AC/T

scintillation camera with a Starport acquisition computer and a low-energy pinhole colli

mator. The GE 400 AC/T is a circular head scintillation camera with a forty centimeter

crystal diameter, but with the pinhole collimator attached, the field of view is reduced to

about 23 centimeters. A software zoom is applied so that the image matrix is the same

size as the field of view. The collimator has a 21 centimeter crystal-to-pinhole distance

(focal length) and three interchangeable pinhole apertures with diameters of 0.5, 1.0, and

2.0 millimeters.

The Starport computer controls the camera and gantry system, such as setting up

image acquisition protocols and energy windows, but is several years old and difficult to

use in comparison to modern computer systems. However, the Starport does permit the

sampling of analog (x, y, z) signals that are generated in response to the detection of a

photon. A Numa Acquisition Station, which is a personal computer-operated hardware

interface to older Scintillation camera acquisition computers, simplifies data acquisition

by employing a graphical user interface for image acquisition and protocol definition us

ing a Microsoft Windows operating system. If a photon is detected with an energy that

lies within the pre-defined energy window, the scintillation camera generates a pulse

called the z-unblanking signal, and on this signal, the Numa Acquisition Station samples

the analog x- and y-position signals to determine the location of the photon interaction

with the crystal. The Numa Acquisition Station translates the (x, y) position information

******
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into the correct pixel in the image matrix and increments the number of counts for that

pixel to generate the radionuclide image.

As mentioned earlier, the imaging geometry must be carefully designed and con

figured to achieve the desired image quality. Because the imaging geometry incorporates

a small pinhole and high magnification, low detection sensitivity and an exacerbation of

problems associated with shifts of the center of rotation result. Fundamentally, the prob

lem of COR shift results from tolerances in the motion of the gantry that are adequate for

clinical imaging but not for small animal imaging. Because the methods for correcting

for COR shift that were proposed by other investigators [1, 2] can be both complicated

and cumbersome, we sought an alternative approach, described by Moore [3], where we

rotate the animal in a vertical axis instead of rotating the scintillation camera to acquire

projection data. This configuration avoids the entire problem of COR shifts due to the

gantry by allowing the camera to be held in a fixed position. However, this approach also

requires the design of a positioning and rotation system for the mouse that can be inte

grated with image acquisition and also of an apparatus to hold the mouse in an unnatural

vertical position during image acquisition. For this project, we designed an imaging sys

tem where the object is mounted on a motorized rotating stage (Velmex B5990TS) that is

driven by a motor controller (Velmex NF-90). These units were chosen from among the

many types of motors and controllers because of their low cost and accuracy and preci

sion of rotation. The motor controller is operated using the same PC that is used to op

erate the Acquisition Station. Tomographic imaging is performed without operator inter

vention in step-and-shoot mode where the acquisition program and the motor control

program communicate with each other to coordinate acquisition of projection images
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with object rotation. The entire rotating-stage assembly is mounted on a manual (x, y, z)

translation stage and attached to an elevating table system for positioning of the object in

the field of view of the camera.

Mouse Holder

|
ge 400- a

-
Pinhole

-------Elevating
-

Scintilation.

-
- -

--~~~
- -

-

Numa Acquisition -->
Station ---

Rotating Stage º
Motor Controller Linear Translation Stages (x,y) ~~

-

Figure 3.1: System Block Diagram. --

r
--

III. Mouse Holder º
While precise rotation is achieved using an off-the-shelf rotating stage system, the -

--
axis of rotation still needs to be aligned with the center of the imaging matrix. In addi

tion, maintaining the mouse's somewhat unnatural upright position requires special con

sideration. A prototype mouse holding and positioning system was designed and fabri

cated to address these issues. The mouse is supported in an acrylic tube in what is com

parable to a seated position, with the tail protruding through a small hole in the bottom of

the tube. The mouse is held up by restraints around its front paws that are taped to the

sides of the tube. This primarily serves to pull the thorax away from the abdomen to fa

cilitate imaging of the heart. Most of the mouse's weight is supported by the bottom of

the tube and not by the paw restraints. In one version of the holder, the mouse is pulled
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into the tube by the tail through a slot in the tube. In another version, the tube is split in

half in a “clamshell” design so that the mouse can be easily placed inside.

()
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Restraints hold the
forelimbs up and pull
the thorax away from
the abdomen, but most
of the mouse's weight is
supported by the bottom
of the holder. The tail
protrudes through the
hole.

Figure 3.2: Detailed description of the mouse holder and line source.

The mouse compartment attaches to an acrylic mount that contains a line source

that is collinear to the axis of rotation of the rotating stage. A single planar image of the

line source is taken, and the entire assembly is translated along the axis of rotation until

the mouse is positioned with the organ of interest in the field of view. The axis of rota

tion is assumed to be misaligned, and a measurement is made to correct the projection

data from the planar image of the collinear line source. The position of the center of
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mass of the line source along the x-axis is determined for each value of y (row of the

image). These values are plotted and a single shift parameter, in pixels along the x-axis,

is extracted by finding the distance between the axis of rotation and the center of the

image matrix based on an average over a range of image rows. Because each projection

image is taken with the axis of rotation in the same position relative to the imaging

matrix, each projection image is shifted by the same amount. After shifting, the axis of

rotation is aligned with the center of the image matrix. The plot of the center of mass of

the x-coordinate of the line source as a function of the y-coordinate is inspected for

variations that might indicate that the axis of rotation is tilted relative to the y-axis of the

image. However, no corrections for this and other errors, such as if the axis of rotation

sweeps out a cone rather than remaining fixed, have been implemented. Qualitatively,

the axis of rotation has been observed to remain fixed, and any tilting of the axis of rota

tion relative to imaging matrix has been too small be noticeable in the reconstructed im

ages. Ultimately, the image quality resulting from this simple, first-order correction has

been sufficient because artifacts resulting from shift of the center of rotation do not

appear in the reconstructed images.
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• The position of the axis of rotation is taken to be the average center of mass
position over the useful range.

• The COR shift correction is equal to the distance between the axis of rotation
and the center of the image matrix (63.5 pixels).

Figure 3.3: Process for determining the correction for shift of the center of rotation.

IV. Reconstruction

After being corrected for COR shift error, the projection data are ready for recon

struction. Pinhole projection images are cone-beam images, unlike the images formed

using a parallel-hole collimator, and must be reconstructed using a cone-beam algorithm.

Feldkamp, Davis, and Kress introduced a fast analytic algorithm similar to filtered back

projection (FBP) that is commonly used and is often referred to as simply the “Feldkamp

algorithm” [4]. Another type of tomographic reconstruction technique, the maximum

likelihood-expectation maximization algorithm (ML-EM) also has found widespread use

in nuclear medicine [5, 6] and can be implemented for cone-beam geometries. The

Feldkamp algorithm produces a result very quickly, while the ML-EM algorithm takes

much longer, because it is an iterative algorithm where the steps are repeated. However,

corrections for physical effects in the photon detection process, such as photon attenua

tion and scatter, can be implemented in the projection step of the ML-EM algorithm.

Also, the ML-EM algorithm produces higher quality reconstructed images from noisy
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projection data than can be obtained using the Feldkamp algorithm. Both algorithms

have been implemented for reconstruction of projection data from the pinhole SPECT

system.

A. The Feldkamp Algorithm

Axis of Rotation detector plane

Figure 3.4: Coordinates used for the Feldkamp algorithm applied to a pinhole geometry.

The filtered backprojection algorithm is commonly used in medical imaging. It

can be used to reconstruct parallel-beam myocardial perfusion projection data in nuclear

medicine or one-dimensional fan-beam transmission data for X-ray CT in diagnostic ra

diology. The Feldkamp algorithm is an analytic formula that generalizes the fan-beam

FBP algorithm for one-dimensional projection data to an algorithm to reconstruct two

dimensional cone-beam data, as we have in pinhole SPECT. For purposes of discussion,

we define two coordinate axes that share a common axis of rotation, defined to be the z

axis in Figure 3.4. The first set of axes ((x, y, z) or the “unprimed” frame) is stationary

relative to the object. In this formulation, the plane that contains the focus and is perpen

dicular to the axis of rotation is defined as the “midplane.” and is spanned by the (x, y)

axes. The intersection of the axis of rotation (Z-axis) and the midplane defines the origin

of coordinates. The second set of coordinate axes (the “prime” frame) shares the same

origin but the x-axis is perpendicular to the detector plane and is rotated by an angle (b.
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the projection view angle, from the x-axis. The pixels of the projection image are in

dexed by the coordinates (Y, Z). Although the detector can be located at any distance

from the focus, for the purposes of reconstruction and without loss of generality, the pro

jection views are assumed to be located a distance equivalent to the focal length, f, away

from the focus, resulting in a magnification equal to one. Please note that the notation

used here is different from that used in Feldkamp's paper [4].

Z parallel-beam
planes within the backprojectionreconstruction

P. (Y,Z)

y' x'

detector plane

pinhole
backprojection location of pinhole (focus)

Figure 3.5: Ray paths for pinhole backprojection travel through the focus and inter
sect with different voxels in each plane of the reconstruction volume, while for a
parallel-beam backprojection, the ray path is perpendicular to the detector plane
and always intersects the corresponding voxel in each plane of the reconstruction
volume.

The principal tasks in FBP of filtering and backprojecting the projection data are

retained in the Feldkamp algorithm. However, the Feldkamp algorithm includes the ad

ditional steps of weighting the projection and weighting the backprojection. Both

weights result from the derivation of the algorithm, which also can be found in Kak and

Slaney [7]. First, the projection is multiplied by the factor

f

Nf3 + Y’ + Zº (Eq. 3.1)
projection weight =
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that is equivalent to the cosine of the angle■ shown in the shaded right triangle in Figure

3.5.

A ramp filter is applied to the weighted projection, and the result is backprojected

along the ray paths for the cone beam. The pinhole acts like a lens and creates an in

verted image on the detector. As the ray passes through different planes normal to the x'-

axis in the object estimate, it does not intersect the corresponding pixel in each plane, as

would occur in a parallel-beam geometry. Thus, the pixel from the projection view

shown in Figure 3.5 is backprojected through the pinhole to the two example voxels of

the object estimate, the positions of which are indicated by r1 and r2. The second major

difference from parallel-beam FBP is that the uniform “smearing” of the projection

through the object estimate is replaced by a weighted “smearing” in the Feldkamp algo

rithm. All voxels in a plane normal to the x-axis and thus parallel to the detector, such as

the example planes within the reconstruction volume shown in Figure 3.5, are weighted

by the same amount, although the weight depends on the distance between the plane and

the focus. For the plane containing the voxel indicated by r1, the distance b1 is equal to

the difference between f and the component of r1 parallel to the x-axis, or the scalar

product of r1 and the unit vector x'. In general, the weight factor is given by

2 2

backprojection weight = (#)
=

(7+.)
b f—r. x Eq. 3.2

so that for planes where the X-component is parallel to x' (closer to the focus), the back

projection weight is greater than one, and for planes where the X-component is anti

parallel to x', the backprojection weight is less than one. It is important to note that both

the projection and backprojection weight factors are equal to one in the limit where the
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focal length approaches infinity, which occurs in a parallel-beam geometry where the

rays never converge, and the Feldkamp algorithm reduces to parallel-beam FBP.

In our implementation of the Feldkamp algorithm, the projections are weighted

and then filtered using a Butterworth filter, which is a modified ramp filter that reduces

the noise in the reconstructed image by decreasing the contribution of high spatial fre

quencies. Each weighted, filtered projection is backprojected along a cone through the

pinhole into a three-dimensional space, as shown in Figure 3.6, and the backprojection

weight is applied. The backprojection is rotated by the view angle (-45) such that it is

aligned with the reconstruction volume containing the object estimate. The reconstructed

image results from the summation of backprojections from all view angles. The recon

structed image can be further processed by post-filtering to reduce noise using a low-pass

filter such as a Gaussian filter. The specific characteristics of both the filter used in the

reconstruction and the post-filter depend on the preferences of the person interpreting the

image, and the choice of filter type and parameters is quite subjective. Overall, post

filtering reduces noise and makes the pinhole SPECT images look more like clinical

images but also reduces contrast.
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4. Repeat until all projection views are completed.

Figure 3.6: Steps in the implementation of the Feldkamp algorithm.
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B. The Maximum Likelihood-Expectation Maximization Algorithm

The ML-EM algorithm is an iterative reconstruction algorithm rather than an

analytic inversion, such as filtered backprojection or the Feldkamp algorithm, and is

widely used in nuclear medicine. We chose to implement the ML-EM algorithm in addi

tion to the Feldkamp algorithm because the effect of noise in the projection data is re

duced in reconstructed images produced using the ML-EM algorithm, as described by

Barrett, et al. [8]. Filtered backprojection and its cousins, including the Feldkamp algo

rithm, tend to spread noise globally throughout the reconstructed image, while with ML

EM, the noise is confined. We thought that the noise performance of the ML-EM algo

rithm would be beneficial for pinhole SPECT images because the poor sensitivity of the

pinhole collimator leads to projection data with a reduced number of counts and in

creased noise.

The ML-EM algorithm, like other iterative algorithms, consists of projection and

backprojection steps that are repeated, as shown in Figure 2.6. Starting with a uniform

initial estimate of the radiopharmaceutical distribution, projection data are calculated

based on a model of the image acquisition process, also called the “projector model.”

This process of projection can incorporate realistic effects such as photon attenuation and

scatter to better simulate the acquisition of projection data. In our implementation, the

projector model only accounts for the distance and obliquity angle-dependent sensitivity

of the pinhole given in Equation 2.3. An array of correction factors is created from the

pixel-by-pixel ratio of the detected (actual) projection data to the calculated projection

data and is backprojected. The original object estimate is multiplied by the backprojected

correction factors to generate the updated object estimate. This process can be repeated
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until the original object estimate and the update are essentially unchanged, but it is

common clinical practice to perform a fixed number of iterations and use the final up

dated object estimate as the reconstructed result. We usually performed fifty iterations,

because by that point, the reconstructed image qualitatively appeared largely unchanged

from the previous iteration.

The ML-EM algorithm has a number of favorable characteristics that will be

stated without proof. The multiplicative update that is employed ensures that if the initial

object estimate and the detected projection data are entirely nonnegative, which we ex

pect in the case of photon-counting, then all updates will be nonnegative, and once a

voxel in the object estimate is set to zero, it remains equal to zero for all future updates.

The number of counts in the projection data remains the same after each iteration,

meaning that the number of counts is conserved. This is beneficial because we would not

want the reconstruction algorithm to introduce or remove counts spuriously from the

image. Finally, as previously mentioned, the noise properties of the algorithm produce

results where low intensity regions of the image have low noise [8], enabling structures

with low uptake of the radiopharmaceutical to be visualized, as shown in Figure 3.7,

which shows a transaxial slice from a myocardial perfusion study of a mouse using the

pinhole SPECT imaging system. The result using the Feldkamp algorithm is shown on

the left and the result obtained from the ML-EM algorithm is shown on the right. The

noise in the image is spread throughout the Feldkamp reconstruction and requires consid

erable post-filtering to approach clinical image quality. The ML-EM algorithm markedly

reduces noise in the reconstructed image while preserving contrast. Even low count re
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gions of the image, such as the muscle of the chest wall, are visible in the image pro

duced using ML-EM.

Qualitative evaluation of image quality resulting from both algorithms indicates a

preference for the iterative ML-EM algorithm. Images reconstructed using the Feldkamp

algorithm appear noisier and require post-filtering for interpretation. Fundamentally,

image interpretation is a subjective process, and the results obtained using the ML-EM

algorithm were found to be preferable because the reconstructed images more closely

resemble clinical images.

[1]

[2]

[3]

[4]

[5]

[6]

Feldkamp ML-EM

* Nº"T"º myocardium

t .. Cº … O)
º

- …
chest wall —

s º º, * …

Figure 3.7: Comparison of Feldkamp (not post-filtered) and ML-EM reconstruction
algorithms using projection data from a myocardial perfusion scan of a mouse from
the pinhole SPECT system. The results from the Feldkamp algorithm are noisy and
require post-filtering, while the ML-EM algorithm produces both high contrast and
low noise. The muscle of the chest wall is visualized in the ML-EM image but not
the Feldkamp image.
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Chapter 4

System Performance

I. Introduction

System performance can be characterized in terms of spatial resolution, sensi

tivity, spatial linearity, and other measures of image quality. We can compare the per

formance of the pinhole SPECT system to other high-resolution imaging systems, such as

those listed in Table 2.1, according to these objective measurements. Also, we can use

this information to plan imaging studies of mice to be able to achieve a target image

quality. For example, if we have empirically determined the spatial resolution and geo

metric sensitivity of the pinhole SPECT system as functions of the pinhole diameter, the

distance between the mouse and the pinhole, and the distance between the pinhole and

the detector, we can predict the spatial resolution and the number of counts in an image.

Conversely, if we have a target for the image quality in a given study, we can set the im

aging protocol, including the geometric parameters, acquisition time, and other issues,

according to our knowledge of the system performance. Thus, it is imperative that we

measure the system performance to be able to plan and execute experiments.

The performance of the pinhole SPECT system can be characterized by imaging

phantoms and analyzing the resulting image quality. A nuclear medicine phantom is of

ten constructed of plastic pieces and compartments that can be filled with different con

centrations of radionuclide solution to create a well-defined spatial distribution of radio

activity. Phantoms are designed to test one particular performance characteristic, such as
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spatial resolution or spatial linearity, and to exclude confounding factors from other con

tributors to the overall image quality.

In this chapter we will describe phantom studies to measure the spatial resolution,

sensitivity, image uniformity, and spatial linearity of the pinhole SPECT system. We

measured the spatial resolution as a function of object-to-pinhole distance by imaging a

line source and taking the full-width-at-half-maximum (FWHM) of the line spread func

tion. Sensitivity was measured as a function of object-to-pinhole distance by determining

the number of counts in images of a point source of known activity. A small uniform

tank of radioactive solution was imaged tomographically and reconstructed to assess the

image uniformity. Finally, we characterized the spatial linearity of the system by ana

lyzing SPECT images of a phantom consisting of a grid pattern of radioactivity.

II. Theory

A. Spatial Resolution

Spatial resolution is one component of image quality and describes the level of

detail or sharpness of an image [1]. Features of an object that are smaller than the spatial

resolution will appear blurred in the image of the object, so knowing the spatial resolu

tion performance of the imaging system will allow us to predict whether objects of a

given size will be visible in an image.

Spatial resolution is often characterized according to a linear, shift-invariant

model of the imaging system where the response to an impulse, or delta function, input is

used to predict the response to any other type of input function by taking the convolution

of the input function with the impulse response function [2]. In this case, the input repre

sents the distribution of radionuclide density and the output is the image that is produced.

****
***
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The intrinsic resolution of the Scintillation camera and the resolution of the collimator

both contribute to the response of the system and thus the spatial resolution. We can pre

dict the system spatial resolution based on mathematical models of these effects.

*-º ...■ º
f f (Eq. 2.1)

where d. = Wax d +21." tan(a/2) (Eq. 2.2)

Equation 2.1, repeated here from Chapter 2, predicts the FWHM spatial resolution

of pinhole projection images and represents the quadrature sum of the FWHM of the in

trinsic resolution (first term in the sum) and the FWHM of the pinhole collimator re

sponse function (second term in the sum), both of which have been adjusted for magnifi

cation [1]. The effective diameter d. (Equation 2.2) models the effect of high-energy

photon-penetration of the pinhole aperture material and approximates the FWHM of the

pinhole collimator response function. Equation 2.1 assumes that both the intrinsic reso

lution and the pinhole collimator response function are described by Gaussian functions

and that the system resolution results from the convolution of the two, which is also a

Gaussian. While a Gaussian function characterizes the intrinsic resolution quite well, it

does not describe the pinhole collimator response function as well, which is shown in

Figure 4.1. The response function actually has a flat region equal in width to the pinhole

diameter (assuming a magnification factor equal to one) representing uniform transmis

sion of photons through the pinhole. As the thickness of the aperture material increases

linearly, the transmission of photons through the material decreases exponentially. For a

pinhole with a small diameter, the response function resembles a Gaussian because the

flat region is narrow. However, as the pinhole diameter increases, the flat region be
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comes broader, and a Gaussian function becomes a poorer model of the response

function.

Although it is assumed in Equation 2.1 that the effective diameter (d.) is the

FWHM of the pinhole collimator response function, close inspection of Figure 4.1 re

veals otherwise. If we consider f(r) to be the response function for a pinhole collimator

with diameter d, we find that f(r) is a piecewise continuous function consisting of a con

stant region representing uniform transmission and an exponential decay resulting from

transmission of photons through a linearly increasing thickness of the aperture material

(Equation 4.1). If we set Equation 4.1 equal to 9% and solve for r, the FWHM of the pin

hole collimator response function is equal to twice this value of r, and Equation 4.2

results [3].

pinhole
aperture
material

attenuation =
coefficient

--------------
d

-
uniform transmission

of photons exponential
transmission

r = d/2

Figure 4.1: The pinhole geometry (repeated from Figure 2.7) is shown at the left.
An infinitesimal object will produce a response function f(r) on the detector surface
that has a flat top with a width equal to the pinhole diameter (assuming a magnifica
tion factor equal to one) where the transmission of photons is uniform and equal to
100%. Photon transmission through the aperture material decays exponentially as
the material increases linearly in thickness.
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1 for r < -
2

f(r) =
exp _u (2r-d) for r >G||tanl —

2 (Eq. 4.1)

FWHM = *(;) + d|l (Eq. 4.2)

Table 4.1: Comparison of effective diameter and FWHM of the pinhole collimator response function.

Pinhole Diameter [mm] | Effective Diameter [mm] FWHM Imm]
0.50 0.66 0.63
1.00 1.17 1.13
2.00 2.18 2.13

The effective diameter was calculated using Equation 2.2 and a value of 60 de

grees for the full cone angle (a) and 3.05 mm' for the attenuation coefficient (u) of the

aperture material (tungsten) at 140 keV (the energy of the gamma ray emission of”Tc).

The pinhole diameter, the effective diameter, and the FWHM of the pinhole collimator

response function from Equation 4.2 are compared in Table 4.1. In each case, the

effective diameter is larger than the FWHM of the response function, but the difference is

very small. While we will use Equations 2.1 and 2.2 to predict the spatial resolution as a

function of object-to-pinhole distance (b), focal length (f), and pinhole diameter (d), it is

important to remember that these theoretical formulas are based on the aforementioned

approximations and may overestimate the spatial resolution.

B. Sensitivity

The system sensitivity determines the number of counts acquired in a given time

for a given amount of activity. As the system sensitivity decreases, either the amount of

activity or the acquisition time will need to be increased to maintain the number of
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counts, and thus the signal-to-noise ratio, in the image. Knowing the system sensitivity is

very important for planning an experiment because other aspects of an animal imaging

protocol such as the injected dose of radionuclide and the acquisition time, are directly

dependent on the system sensitivity. As we will describe in Chapter 6, issues such as an

esthesia and immobilization are also relevant, especially for long acquisition times that

result from poor sensitivity. Thus, experimentally determined system sensitivity is an

important and useful measure of system performance and is required to plan imaging

studies.

The system sensitivity depends on the geometric sensitivity of the collimator and

the efficiency of the scintillation camera for detecting photons, which depends on the

electronics and thickness and physical properties of the scintillation crystal. For the 140

keV emission energy of technetium-99m, the most commonly used radionuclide in nu

clear medicine, a conventional scintillation camera detects around 90% of the photons

incident on the crystal. As described in Chapter 2, the geometric sensitivity is the frac

tion of photons that pass through the collimator compared to the number of photons

emitted. A parallel-hole collimator is composed of an array of holes. The sensitivity of

each hole is governed by an inverse square relationship, but as the distance between the

object and parallel-hole collimator increases, the number of holes visible to the source

increases by the square of the distance. Thus, the geometric sensitivity of a parallel-hole

collimator is independent of distance. However, a pinhole collimator consists of a single

hole, and the geometric sensitivity obeys an inverse square law (Equation 2.3, repeated

here, where the parameters b and y are defined in Figure 4.1).

2 3d; x cos’ \'
8 *-iji (Eq. 2.3)
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C. Image Uniformity

Clinical nuclear medicine images of patients are interpreted subjectively by a

physician based on their appearance. An image can appear abnormal if a “hot spot” or

“cold spot” is present, which can represent pathology related to increased or decreased

radiopharmaceutical uptake. However, image nonuniformities can occur that do not

result from differences in the object and are artifactual in nature. Exposing a scintillation

camera to a uniform flux of radiation can produce an image with nonuniformities of as

much as +10%, even with a properly functioning camera [1]. These nonuniformities can

result from differences in the light-collecting efficiencies of the photomultiplier tubes that

detect the scintillation light or from differences in the output signals of the PMTs.

Clinical scintillation camera systems are subject to quality assurance procedures in which

an image is acquired of a source with a uniform distribution of radioactivity. The image

is inspected qualitatively to determine if any hot or cold spots appear and can be analyzed

quantitatively to determine the variation in the intensities in the image pixels.

D. Spatial Linearity

Spatial or image linearity is a measure of how accurately an imaging system

reproduces a distribution consisting of straight lines. Because clinical images are

interpreted subjectively based on their appearance, nonlinearities may cause an image to

appear abnormal and cause a misdiagnosis when in fact, the problem with the image is

artifactual and not pathologic. Nonlinearities result when the x- and y-position signals do

not change linearly with the position of a radiation source across the face of the

scintillation camera. For example, when a source is moved from the edge of one of the

photomultiplier tubes toward its center, the light collection efficiency of that PMT
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increases more rapidly than the distance that the source is moved. This causes the image

of a line source crossing in front of a PMT to be bowed toward its center. The resulting

spatial nonlinearity is a characteristic “pincushion” distortion to the scintillation camera

image. Differences in sensitivity among the PMTs, nonuniformities in the transmission

of scintillation light to the PMTs, and errors produced by the electronics can cause spatial

nonlinearities [1].

A “bar phantom,” which is a pattern of parallel lead strips with a spacing equal to

the width of each strip, is imaged for quality assurance of the spatial linearity of a clinical

scintillation camera system. Usually, a bar phantom is placed on the detector face, either

with or without a parallel-hole collimator, under uniform illumination from a gamma-ray

source. The image is analyzed qualitatively, and if nonlinearities are present, the camera

can be “tuned” by electronic adjustments performed by a service engineer or by

executing a correction algorithm that is part of the camera operation software. For a

SPECT image, the spatial linearity can be evaluated using a phantom consisting of a grid

of lines, called a “Carlson” phantom. The phantom consists of a grid of channels in a

plastic block that is filled with a radioactive solution that fills the channels. The Carlson

phantom is imaged tomographically, and the spatial linearity of the image is assessed

qualitatively.

III. Methods

A. Spatial Resolution

Usually the system spatial resolution is obtained by analyzing an image of a point

or a line to give the point spread function (PSF) or line spread function (LSF), respec

tively [2]. The FWHM of the PSF or LSF of an imaging system often is used to char

53



?■ ,
!,■



acterize the system's spatial resolution. It is assumed that the size of the point or the

thickness of the line is very small compared to the FWHM of the response function so

that the input function can be considered an infinitesimal impulse. The point or line

ideally should be an order of magnitude smaller than the expected spatial resolution, but

in practical situations, a factor of four or so is adequate [1]. For a clinical scintillation

camera, a point or line with a diameter of 1-2 millimeters is filled with radioactivity and

imaged. Because the expected spatial resolution is on the order of ten millimeters at a

distance of ten to twenty centimeters from the camera, the assumption that the source is

infinitesimal is reasonable. However, the expected resolution for the pinhole SPECT

system is on the order of one millimeter to be able to resolve small structures in a mouse.

In order to ignore the effect of the finite size of the source on the measurement of spatial

resolution, we needed to use a source no bigger than a few tenths of a millimeter.

We used a small piece of size 20 polyethylene tubing (PE-20) with an inner

diameter of 0.38 millimeters as a line source. The tubing was slipped over a 27 gauge

needle attached to a tuberculin syringe, and a very small amount of aqueous "Tc

pertechnetate was drawn into the tubing but not into the needle. The tubing was removed

from the needle and the ends of the tubing were plugged using “Critoseal,” a compound

normally used for sealing hematocrit tubes. The line source was slipped into a holder that

attached to the translation stages of the positioning system in front of the pinhole colli

mator. Planar images were acquired at object-to-pinhole distances (b) of 20, 25, 30, 35,

and 40 millimeters for all three pinholes for a total of fifteen images. For the 0.5 and 1.0

millimeter diameter pinholes, each image was stopped after 50,000 counts were acquired.

54



Because the 2.0 millimeter diameter pinhole had much better geometric sensitivity,

200,000 counts were acquired for each image.

With the line source oriented vertically, the center 10 rows of each image were

summed to increase the signal-to-noise and the result was taken as the line spread func

tion. A least-squares Gaussian fit was applied using a mathematics software package to

about ten representative points that were chosen from the LSF. The standard deviation

obtained from the Gaussian fit was multiplied by 2.35 and by the voxel size conversion

factor (Equation 4.3) to obtain the FWHM in millimeters.

- -
... b

voxel size = pixel size. -
(Eq.4.3)

where b is the object-to-pinhole distance and fis the focal length.

The spatial resolution predicted by the theoretical formula (Equation 2.1) was also

plotted for comparison. We assumed that the intrinsic resolution (R) of the camera was 4

millimeters FWHM and measured the focal length of the pinhole collimator to be 211

millimeters.

B. Sensitivity

The system sensitivity was measured using a point source of "Tc-pertechnetate

positioned in the center of the image matrix so that the angle y (Figure 4.1) was equal to

zero. The point source activity was measured to be 2.9 MBq (78 puCi). Five minute

planar images were taken with the point source positioned at the same object-to-pinhole

distances as used in the spatial resolution studies. The number of counts in a region of

interest encompassing the point source was determined for each image and plotted as a

function of distance.

--
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C. Image Uniformity

After the pinhole SPECT system was configured, we performed a SPECT scan of

a small cylindrical tank filled with a uniform solution of aqueous "Tc-pertechnetate.

This first SPECT scan served as a test of system performance in that errors in system

configuration, in system control, or in the implementation of the reconstruction algo

rithm, can be detected by visual evaluation of a uniformity image.

A cylindrical plastic tube with an outside diameter of 1 inch (25.4 mm) and an in

side diameter of 7/8 inch (22.2 mm) was sealed at both ends to form a small tank and was

filled with an aqueous solution of "Tc-pertechnetate. The tank was mounted on the ro

tating stage of the imaging system with a distance between the axis of rotation and the

pinhole (i.e., the radius of rotation) of about 38 mm and centered within the image

matrix. No part of the tank exceeded the field of view of the pinhole collimator. Pro

jection data were acquired in 120 views over 360 degrees in an acquisition time of 60

minutes and reconstructed using 50 iterations of the pinhole ML-EM algorithm. A line

profile of the intensity was taken through the center of the image to evaluate the uni

formity of the reconstructed image.

D. Spatial Linearity

The standard Carlson phantom that is used for clinical quality assurance is too

large to be used with the pinhole SPECT system. Therefore, we designed and built a

miniature phantom consisting of a grid of channels in a piece of plastic. This was placed

in small cylindrical tank and filled with an aqueous solution of ”Tc-pertechnetate,

which filled the channels and formed a grid pattern. The phantom was mounted on the

rotating stage at a radius of rotation of 30 mm and centered within the image matrix.
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Projection data were acquired in 120 views over 360 degrees in an acquisition time of 60

minutes and reconstructed using 50 iterations of the pinhole ML-EM algorithm.

Figure 4.2: Diagram of the grid phantom.

The reconstructed image was analyzed for spatial nonlinearity from a transaxial

slice at the midplane (the plane containing the focus) and from a plane offset from the

midplane to represent the image volume. The spatial linearity was evaluated both quali

tatively and quantitatively. Line profiles were drawn through each row and column of

cold squares for a total of six line profiles per plane. Four peaks were present in each line

profile resulting from the channels containing the radioactive solution, and three troughs

resulted from the cold squares. The three distances between the four peaks of each line

profile were determined in voxel units for a total of eighteen peak-to-peak distances for

each plane. The average and standard deviation of the peak-to-peak distances were cal

culated, and the standard deviation was expressed as a percentage of the average.
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IV. Results

A. Spatial Resolution

Examples of Gaussian Fits to the Line Spread Function
0.5 mm Pinhole 1.0 mm Pinhole 2.0 mm Pinhole

J - I - Irri i II
|-

; i i
50 55 60 65 70 75 50 55 60 65 70 75 50 55 60 65 70 75

Pixel Pixel Pixel

Figure 4.3: The line spread function becomes wider as the pinhole diameter in
creases. A Gaussian function fits the line spread function very well for the 0.5 mm
pinhole but not as well for the 2.0 mm pinhole.

Examples of the Gaussian fit to points from the LSF for each pinhole are shown

in Figure 4.3. A Gaussian function fits the data points from the 0.5 mm diameter pinhole

fairly well but not quite as well for the 2.0 mm diameter pinhole, which has a functional

form that is a little flatter on top and steeper on the sides. The collimator response func

tion for the 2.0 mm pinhole has a broader “flat region” that is reflected in the line profile

of the LSF shown in Figure 4.3. Because a Gaussian function fitted the data for the 0.5

mm and 1.0 mm pinholes, the FWHM was calculated using the standard deviation de

rived from the Gaussian fit. However, because the line profile from the 2.0 mm pinhole

did not match a Gaussian function as well, the FWHM was determined “by eye.” The

spatial resolution as a function of object-to-pinhole distance for each pinhole is shown in

Figure 4.4 along with error bars derived from the error in the Gaussian fit. For the 2.0

mm pinhole, an error of one half of a voxel in estimating the FWHM “by eye” is

assumed.
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Spatial Resolution (0.5 mm pinhole)
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Figure 4.4: The FWHM of the line spread function is plotted as a function of object
to-pinhole distance, and the spatial resolution predicted by Equation 2.1 is plotted
for comparison.
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Equation 2.1 predicts that the spatial resolution degrades linearly as a function of

distance from the pinhole. Referring to Figure 4.1, a near-field regime (b–0) exists for

objects very close to the pinhole, and in this region the spatial resolution asymptotically

approaches the effective pinhole diameter. The measured spatial resolution data points

do not lie in the near-field regime, and thus this functional behavior is not plotted. The

measured data points demonstrate a linear degradation of spatial resolution as a function

of distance with the same slope as the predicted values as shown in Figure 4.4, but there

appears to be a constant offset between the values. Also, as the pinhole diameter

increases, the offset increases. Furthermore, the predicted spatial resolution values do not

fall within the error bars of the measured values, although the precision of the

measurements appears to be quite good, as demonstrated by the similar slopes. These

discrepancies will be explored in the “Discussion” section. Finally, the empirically

determined spatial resolution as a function of distance is plotted on one graph for all
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pinhole sizes in Figure 4.5.

Summary of Spatial Resolution Results
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Figure 4.5: Spatial resolution as a function of object-to-pinhole distance for each
pinhole diameter. The focal length was 211 mm, and at an object-to-pinhole
distance of 21 mm, the magnification was 10.
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B. Sensitivity

QD Sensitivity
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Figure 4.6: System sensitivity as a function of distance for each pinhole diameter.

The sensitivity of the pinhole SPECT system is plotted as a function of object-to

pinhole distance for each pinhole size in Figure 4.6. As expected, the sensitivity varies as

the inverse square of the distance, and doubling the pinhole diameter increases the sensi

tivity by about a factor of four.

C. Image Uniformity

Figure 4.7: Image of the uniform phantom with a line profile through the center.
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The projection data of the uniform tank contained about 30 million counts. An

example reconstructed image of the uniform tank phantom and a line profile through the

center are shown in Figure 4.7. Overall, the uniformity of the reconstructed images of the

uniform tank was very good. While there are some nonuniformities in the image, they

appear unstructured and result from noise. There are no artifactual hot or cold spots, nor

are there ring artifacts that would result from a consistent problem with a pixel in every

projection image. The standard deviation of the pixel values from the line profile repre

senting uniform activity was calculated to be 6.8% of the average pixel value.

D. Spatial Linearity

Line Profile Through Grid Phantom
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Figure 4.8: Example of a line profile through the center row of the grid phantom.
The four peaks result from the radioactive solution in the channels, and the three
troughs result from the cold squares.

Table 4.2: Quantitative Analysis of Spatial Linearity

Average peak-to-peak Standard
distance [pixels] Deviation (%)

Midplane 18.7 2.5%
Offset Plane 18.8 1.9%

The projection data of the grid phantom contained about 20 million counts, and a

reconstructed image and a line profile through the center are shown in Figure 4.9. The
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parallel lines in the grid phantom remained parallel in the images. There was no apparent

difference between the slice from the midplane and the slice offset from the midplane.

The standard deviation of the peak-to-peak distances was very small. An error of one

half of a pixel in estimating the peak-to-peak distance is about 2.5% of the distance, so

any nonlinearities are lost in the pixellation of the image. Overall, the spatial linearity of

reconstructed images was excellent.

V. Discussion

A. Spatial Resolution

The spatial resolution degraded linearly with increasing object-to-pinhole

distance, as was predicted by theory. The theoretical and measured data points formed

lines with very similar slopes. However, the values for the spatial resolution predicted by

Equation 2.1 were well outside the error bars of the measured values. It appears as

though an offset is present in the data, perhaps resulting from a systematic error in one of

the measurements of the parameters of the pinhole geometry. However, the errors asso

ciated with the measurements of physical dimensions, such as the pinhole diameters or

the object-to-pinhole distance, were not large enough to account for the discrepancy be

tween the measured and predicted results. Moreover, a systematic error in the measure

ment of a physical dimension should not change as a function of pinhole size, as we ob

serve in the data. This error can be attributed to the assumptions used in Equation 2.1.

In order for R, in Equation 2.1 to describe the FWHM of the system resolution,

both R, and d should be given in terms of their respective FWHM. Because we know

that the effective diameter (Equation 2.2) is actually bit larger than the FWHM of the

pinhole collimator response function, we expect that the value for the spatial resolution
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predicted by Equation 2.1 will be a little larger than the measured value. More impor

tantly, as the pinhole diameter increases, the flat top of the functional form of the re

sponse function becomes wider, and a Gaussian function becomes a poorer model. This

explains why the offset between the measured and predicted spatial resolution values ap

pears to increase with increasing pinhole diameter. It also explains why the error bars

increased as the pinhole diameter increased. Equation 2.1 is an approximation and gives

a good estimate of the predicted spatial resolution [4], but as we have seen, the

approximations break down in certain situations. It should be noted that the difference

between the measured and the predicted spatial resolution values is about half a milli

meter at most, and in the context of clinical nuclear medicine, a difference of this size is

practically meaningless. Only careful analysis of the high resolution experiments made

the deficiencies of the theoretical formula apparent.

For imaging experiments of mice, we expect that the mouse-to-pinhole distance

will be between twenty and thirty millimeters. At these distances, the spatial resolution

varies between about 0.6 to 2.1 mm depending on the pinhole size, which agrees with the

results of other investigators (Table 2.1) and is adequate to resolve small structures in a

mouse. For example, the heart is a few millimeters in diameter with muscular walls that

are about 1 mm thick. Also, many of the mouse’s bones are 1-2 mm thick. The spatial

resolution results indicate that it is feasible to image structures in this size range.

B. Sensitivity

As expected, the sensitivity as a function of distance follows an inverse square

law, and the sensitivity increases as the square of the pinhole diameter. For myocardial

perfusion imaging studies, usually the mouse is positioned about 25 millimeters away

- ***
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from the 1.0 mm diameter pinhole. At this distance, the system sensitivity is about 180

counts per minute per microcurie. By comparison, the sensitivity of the low energy

general purpose parallel-hole collimator that is supplied with the GE 400 AC/T scintilla

tion camera system is about 360 counts per minute per microcurie. Thus, the sensitivity

is reduced by about half compared to a typical clinical imaging configuration.

We can use these results to predict the number of counts or the amount of time for

an imaging study. If we assume that about 1 mCi of activity is in the center of the field

of view of the 1.0 mm pinhole at a distance of 25 mm, the system sensitivity is about 180

counts per minute per microcurie. Based on these numbers, an acquisition time of about

6 minutes would be required to obtain an image with one million counts, which is a rea

sonable amount of time to keep a mouse anesthetized and immobilized. This calculation

is simply an order of magnitude estimate, but it indicates that it will be feasible to image

mice using the pinhole SPECT system.

C. Image Uniformity

The lack of artifacts in the reconstructed image indicates that the system is work

ing properly from a technical standpoint. The Scintillation camera, Numa Acquisition

Station, and motor controller are communicating with each other and working as an inte

grated unit. Also, there are no artifacts that would indicate a problem of the implemen

tation of the pinhole ML-EM reconstruction algorithm. The standard deviation of the

pixel values across the uniform region was 6.8%, which is comparable to the +10%

variation that can be observed in the performance of clinical scintillation cameras [1].
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D. Spatial Linearity

There were no artifacts apparent in the images of the grid phantom, which also

confirmed that the system components were working together as expected and the recon

struction algorithm was performing well. Qualitative analysis of the images indicated

that the straight lines in the phantom remain straight in the images. Clinical quality as

surance protocols usually do not require quantitative analysis of spatial linearity. How

ever, we measured the distances between the peaks in the images, which correspond to

the distances between the channels containing radioactive solution at several different

locations in the phantom. If the parallel channels in the phantom were faithfully trans

lated into parallel lines in the image, then the distances between the peaks in the image

should remain constant. We found that the standard deviation of the peak-to-peak

distance was less than the size of a pixel, indicating that spatial linearity was maintained

to within the measurement error. This was a very encouraging result and confirmed that

the reconstruction algorithm was working properly. As described in Chapter 3, pinhole

projection images are cone-beam images, and the straight lines in the phantom do not ap

pear straight in the projection images. However, the pinhole ML-EM algorithm properly

reconstructed the projection data to produce an image in which the straight lines were

reproduced.

VI. Conclusion

Overall, the system performance results indicated that small animal imaging will

be feasible with the pinhole SPECT system. We will be able to use the empirically de

termined spatial resolution and sensitivity results to plan imaging studies of mice. The

phantom studies of tomographic imaging confirmed that the disparate system components

*** -
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are working together properly and that the reconstruction algorithm was implemented

correctly.
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Chapter 5

A Phantom Model of Myocardial Perfusion Imaging of Mice

I. Introduction

The evaluation of myocardial perfusion, or blood flow and oxygen delivery to the

heart muscle, is central to the overall assessment of coronary artery disease, which is the

single most common cause of death in the United States [1]. The coronary arteries sup

ply blood to the myocardium and regulate perfusion by changing their resistance to flow.

If the resistance is high, less blood flows to the tissue. Exercise stresses the heart and in

creases the demand for oxygen, and in response, coronary resistance decreases to increase

blood flow and oxygen delivery to the myocardium. If the coronary arteries are narrowed

by atherosclerosis, the resistance to flow is chronically reduced to maintain myocardial

perfusion. Unfortunately, there is a limit to which these mechanisms can compensate for

loss of flow due to coronary atherosclerosis. For example, if the heart is stressed and the

demand for oxygen increases, further vasodilation may not adequately increase the Sup

ply. This imbalance between oxygen supply and demand leads to myocardial ischemia, a

state of hypoxia in the tissue [2]. This condition can be relieved by various medical and

surgical therapies that improve coronary circulation and myocardial perfusion.

If a coronary artery is blocked so that myocardial perfusion at rest is impaired be

yond the compensatory effects of vasodilation of the resistance blood vessels, then the

region of the myocardium distal to the blockage is starved of blood and is “at risk” for

necrosis. This can occur as a result of chronic, severe narrowing of a coronary artery or

from an acute event that obstructs an artery. Myocardial infarction occurs whenever the
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tissue becomes necrotic and ceases to function. In these situations, the tissue is eventu

ally remodeled to form a scar. However, reperfusion therapy following an acute event

can salvage parts of the myocardium that were at risk with the goal of reducing the size

of the infarction.

Radionuclide imaging is a powerful method to assess myocardial perfusion to di

agnose coronary artery disease, determine the appropriate treatment to improve myo

cardial perfusion, and evaluate the response to therapy for acute myocardial infarction. A

radiopharmaceutical is injected into the bloodstream that distributes in the body in pro

portion to blood flow. SPECT imaging is performed to measure the spatial distribution

of the radiopharmaceutical in the heart with the goal of assessing regional myocardial

blood flow. If the blood flow to a region of the myocardium is reduced, the concentration

of the radiopharmaceutical will be decreased in that region, and the image will include an

area of reduced intensity called a “defect.” Defects can also result from physiologic

variation unrelated to coronary disease and from physical perturbations of the imaging

process such as photon attenuation. Thus, it is extremely important to determine which

defects are due to coronary artery disease and which are merely artifacts of the imaging

process. Usually, photon attenuation defects follow characteristic patterns, and the accu

racy of myocardial perfusion image interpretation is dependent on the experience and

training of the physician.

Myocardial perfusion images usually are presented according to a convention that

displays the heart in “slices” from three orthogonal planes that are oblique to the principal

anatomic planes of the body (transaxial, coronal, and sagittal). If we imagine that the left

ventricle is composed of an annular region terminated by a hemisphere or cone repre
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senting the apex, the “short-axis” slices are perpendicular to the axis of symmetry of the

left ventricular “annulus.” Two sets of “long-axis” slices are perpendicular to the short

axis slices. The “vertical long-axis” slices are oriented with the anterior wall of the myo

cardium on top and the inferior wall on the bottom of the images. The “horizontal long

axis slices” are oriented with the septum on the left and the lateral wall on the right of the

image. The thinner right ventricle is sometimes visible in the short-axis and the

horizontal long-axis views of the myocardium.

Anterior Anterior
Septal Septal

Right _- Lateral Right _- Lateral
Ventricle Ventricle

Inferior Inferior

Short-Axis Vertical Horizontal
Long-Axis Long-Axis

Figure 5.1: Orientation for display of myocardial perfusion images.

In clinical nuclear medicine, a myocardial perfusion examination generally in

cludes imaging the myocardium at rest and at stress, so that the resulting images can be

compared to determine whether ischemia is induced during stress. For example, if the

image of the heart at rest has a normal distribution of the radiopharmaceutical while the

stress image contains a defect, coronary artery disease could be present, but the resulting

loss of myocardial perfusion is reversible. In this case, the patient may be a candidate for

therapeutic intervention such as pharmacological treatment, angioplasty, or coronary by

pass. However, a defect appearing at rest could indicate a region of myocardial infarc

tion, which cannot be repaired [1]. The defect size in a myocardial perfusion image dur

ing an acute myocardial infarction gives the size of the “area at risk,” and the size of the
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defect following reperfusion therapy correlates with the size of the eventual infarct,

which will be smaller if the therapy is successful. The amount of the myocardium at risk

that was salvaged by the therapy, and thus the success of the intervention, can be evalu

ated by comparing the two images [3].

As previously mentioned, myocardial perfusion images traditionally are inter

preted by subjective evaluation of defects. Recently, there has been a trend toward semi

quantitative assessment and automated, fully-quantitative analysis of defects in myo

cardial perfusion images. One semi-quantitative measure divides the myocardium into

twenty regions and a score is assigned to each region based on its appearance to a trained

observer. A score is classified as “abnormal” if it lies outside a threshold based on the

standard deviation of the score for the same region from a database of normal scans [4,

5]. The automated quantitative methods assess perfusion defects in terms of their extent

(the size as a percentage of the myocardial volume) and their severity (related to the per

centage by which the intensity is reduced in the image). These analyses typically use

detection schemes to define myocardial boundaries and algorithms to determine the ex

tent and severity of defects [6]. The quantitative evaluations then are used to stratify pa

tients according to their risk for future cardiac events and enhance the utility of myo

cardial perfusion SPECT as a tool for patient management [7,8].

A simple method to quantify the extent of myocardial perfusion defects was pro

posed by O’Conner and colleagues, who tested this technique in an anthropomorphic

thorax phantom [9, 10] and applied it to patient studies [7, 11]. Their experimental stud

ies used a commercially available phantom that included compartments for the lungs,

spine, left and right ventricular chambers, left ventricular myocardium, and background
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(“whole body”). In addition, plastic blocks were inserted into the myocardial compart

ment that displaced the radioactive solution to simulate perfusion defects of 4% to 70%

of the myocardial volume. O’Conner tested his algorithm by measuring the extent of per

fusion defects in the phantom and comparing the results to the known percent volume of

the defects relative to the myocardial volume.

The ability to perform myocardial perfusion imaging of mice with clinical image

quality will enable researchers to investigate the nature of cardiovascular disease and to

test new therapeutic approaches in murine models. Quantitative measurement of defect

size, extent, or other physiologic parameters can provide more sensitive and reproducible

results than subjective image interpretation and could be used to test hypotheses in future

experiments. The pinhole SPECT imaging system developed in this project was designed

with these applications in mind, and the phantom studies of system performance indicate

that the desired image quality is feasible. We can test the feasibility of measuring defect

size with the system by imaging a phantom that models myocardial perfusion in a mouse.

However, while several human anthropomorphic thorax phantoms are commercially

available, no phantom exists that accurately models the heart of a mouse. As was the

case for the system performance measurements, we designed and fabricated a phantom

for this purpose. In this chapter, we will describe a novel phantom model of a mouse

heart. We will present images of the phantom to evaluate the performance of the pinhole

SPECT system for myocardial perfusion imaging. Finally, we will demonstrate how the

system can be used to measure the size of perfusion defects simulated by the phantom.

º
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II. Methods

A. Phantom Description

The “mouse heart” phantom that we designed models perfusion of the left ven

tricular myocardium but does not contain fillable compartments for the left ventricular

chamber, lungs, or spine. It consists of an acrylic cylinder 25 millimeters in diameter

representing the body with a 5.1 millimeter diameter hole drilled in the center of the

acrylic cylinder, but not completely through. The taper of the drill bit left a conically

shaped end to the hole that simulates the cardiac apex. The hole was partially tapped

with a 94-20 thread. A 1.7 millimeter diameter cylindrical acrylic rod was attached to the

end of a /4-20 nylon screw, and when inserted into the threaded hole, formed an annulus

with an inner diameter equal to 1.7 mm and an outer diameter equal to 5.1 mm. The di

mensions of the annulus were chosen to be comparable to the size of the left ventricle of

a mouse, and the 25-millimeter diameter of the acrylic cylinder approximates the diame

ter of a mouse’s thorax.

: : annular

|D = 1.7 mm – H : | L^2 cavitypartiallythreaded ~#T

hole Us!
mounting | : ... N-H. Z. :

hole :-4 % defect

H Hoo-º-
mm

Figure 5.2: Diagram of the "mouse heart" phantom (not to scale).
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We wished to model not only normal perfusion but also perfusion defects of a

range of different sizes. We therefore built a number of rods attached to screws (“in

serts”) with small acrylic blocks of different shapes and sizes attached to the rod. These

blocks displaced some of the radioactive fluid in the annulus to model perfusion defects.

Three types of defects were used: a small cylinder with a diameter equal to 1.7 mm to

simulate small perfusion defects, a large cylinder with a diameter equal to 3.2 mm to

simulate large perfusion defects, and a half-annulus representing myocardium in which

half of the muscle mass lacked perfusion. Three different small-cylinder and two differ

ent large-cylinder defect inserts were constructed by varying the height of the cylinder,

and three half-annulus defects with different heights were also built for a total of eight

defect inserts of various sizes. The cylindrical defect-inserts were constructed by attach

ing the base (flat side) of a cylindrical defect to the rod that formed the inner diameter of

the annular cavity. For the half-annular defects, the rod was attached to the inner curved

surface of the half-annulus. The volume of each defect was determined by applying the

appropriate formula based on dimensions that were measured with calipers. The volumes

of the various defects are summarized in Table 5.1.

2

Volume of a Cylinder = T. D* : h
(Eq. 5.1)

2 — 2 ).
Volume of a Half - Annulus = 1. It (OD’ – ID: ) h

2 4 (Eq. 5.2)
I, i.

*

-
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Small large
cylinder cylinder half-annulus

Figure 5.3: Types of defects used with the mouse heart phantom.

Table 5.1: Mouse Heart Phantom Defect Volumes

Defect Defect Type Volume
Number [cubic mm]

O none
-

1 small cylinder 1.2
2 small cylinder 1.9
3 small cylinder 3.0
4 large cylinder 7.7
5 large cylinder 12
6 half-annulus 24
7 half-annulus 34
8 half-annulus 45

B. Pinhole SPECT Imaging Protocol

SPECT imaging was performed on the mouse heart phantom with each defect in

sert and with an insert with no defect. The phantom was filled with "Tc-pertechnetate

at a concentration of about 740 MBq/ml (20 mCi/ml). For the insert with no defect, the

phantom held about 110MBq (3 mCi) of activity. The other inserts displaced some of the

myocardial volume, so there was less activity in the phantom, but the activity concentra

tion was the same. The phantom was mounted on the rotating stage at a radius of rotation

of 25 millimeters (Magnification = 8) from the 1.0 millimeter pinhole. Projection data

were acquired in a 128 x 128 matrix in 120 views over 360 degrees. The phantom was

imaged for thirty minutes for each study, resulting in about ten million counts for the in
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Sert with no defect, and the projection data for the largest defect-insert consisted of about

four million counts. The projection data were reconstructed with 50 iterations of the pin

hole ML-EM algorithm.

C. Data Analysis

A circumferential profile is a commonly used quantitative representation of the

radioactivity distribution in a myocardial perfusion image [2]. The circumferential pro

file is generated from short-axis views of the myocardium by identifying the maximal

intensity along rays from the center of a short-axis slice, which then are plotted as a

function of the angle of the ray. A normal image ideally should have a uniform profile

over all angles, while a defect will appear as a decrease in intensity over some angular

range. For this study, circumferential profiles for the images of the myocardial phantom

were plotted for short-axis slices containing each defect.

The size of each defect then was determined from the reconstructed images in

terms of the absolute volume. This was performed by defining regions of interest (ROIs)

encompassing the defect on each transaxial image based on a fifty percent threshold,

where voxels with less than half the maximum voxel value were classified as part of the

defect. The number of voxels in the ROIs from each transaxial slice were summed and

multiplied by the voxel size conversion factor to give the absolute volume of the defect.

The measured volume of each defect then was plotted relative to its actual volume, de

termined from the Equations 5.1 and 5.2. The equation of the line of best fit to the data

points and the correlation coefficient were determined by linear regression analysis.
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III. Results

Example long-axis (top row) and short-axis (bottom row) images of the mouse

heart phantom are shown in Figure 5.4. The short-axis images are perpendicular to the

long-axis images at the level of the defect. Each defect type is represented, and from left

to right there is no defect, a small cylindrical defect, a large cylindrical defect, and a half

annular defect. The quality of the reconstructed images is very good given the physical

dimensions of the myocardial wall and the simulated defects. In the image with no de

fect, the annulus is clearly visible and the cold center is well-resolved. Not only are the

defects clearly visible, it is also possible to discern the type of defect from the short-axis

views.

Defect Number. 0 3 5

-

U.
º º sº

Long-axis U U. U.

Figure 5.4: Example images of the mouse heart phantom (OD = 5.1 mm). From left
to right there is no defect, a small cylindrical defect, a large cylindrical defect, and a
half-annular defect.

Circumferential profiles (Figure 5.5) are plotted for four short-axis images and are

identified according to the number assigned to each in Figure 5.4. The plot for the image

with no defect is very uniform, and the relative value of all the angular samples lies

within 90-100% of the maximal value. The circumferential profiles for defects 3, 5, and

8 all demonstrate regions with reduced intensity corresponding to the defects. Further

more, the angular extent of each defect corresponds to the type of defect. Defect 3 is a

77



small cylinder, and its circumferential profile has a narrow angular extent of about 45 de

grees. Defect 5 is a large cylinder with double the diameter of the small cylinder and

produces a plot that is about twice as wide in angular extent than was obtained with

defect 3. The half-annular shape of defect 8 creates a defect with an angular extent of

about 180 degrees, as shown in the short-axis view in Figure 5.4. Correspondingly, about

half of the circumferential profile has a reduced intensity.

Mouse Heart Phantom Circumferential Profiles
1.2

1.0Rºº.O A
O

0.8 # *
g CO GO A E. A

Tº O - © defect 0
>§ 06' Cºe L. * * - defect 3
£ • A m * e
J A tº A A defect 5

Q■ ) O O

0.2

0.0
0 90 180 270 360

Angle [degrees]

Figure 5.5: Circumferential profiles for the short-axis images of the mouse heart
phantom shown in the previous figure.

The defect volumes measured from the SPECT images are plotted relative to the

actual defect volumes in Figure 5.6. The line of best fit had a slope equal to 0.93 and an

intercept equal to 0.20 (absolute units). The correlation coefficient, r, was calculated to

be 0.995 and was significant to a level of p < 0.001. If the measurements were perfect,

the slope of the regression line and the correlation coefficient both would equal one,

while the intercept would equal zero. Thus, the error in the slope is less than ten percent

compared to the ideal slope of 1, and the error in the intercept was less than one percent
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when compared to the scale of the y-axis. The correlation between the measured and ac

tual values was excellent.

Correlation of Defect Size

= 50 ºn Twº TM THTTTTTTTTT In a w

Q) |- m

£ 40 P. 2:
-> - -
9 an E A :: *E y 3 y = 0.93x + 0.20
J2 º H r = 0.995
op 20

t; - >
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Figure 5.6: Correlation between measurement of defect size from pinhole SPECT
images and actual defect volume.

IV. Discussion

Phantom studies are useful for evaluating an imaging system because many con

founding factors of an experiment are controlled. For example, while there is normal

physiologic variation of myocardial uptake of radiopharmaceuticals in humans and ani

mals, the concentration of the radioactive solution used to fill the phantom is known to be

constant. As a result, the circumferential profile for the insert with no defect was very

uniform with all angular samples within the range of 90-100% of the maximal value. The

angular samples from circumferential profiles of normal humans or animals can exhibit

variation from 60-100% of the maximal intensity. The background activity in the body

or other organs can be set at a specified value relative to the target. In our experiment,

background activity was omitted. Also, the geometric configuration and dimensions of

the myocardium and defects were well-defined. Under these conditions, it was clear that

***º*
:-
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the spatial resolution was adequate to visualize the cold center of the annulus and all of

the defects.

The slope and intercept of the linear fit to the measured defect size were both

close to the ideal values, and the correlation coefficient was nearly perfect. O’Conner

and colleagues tested their simple technique for quantifying defect extent from circum

ferential profiles in a multi-center trial [10]. Different hospitals with different camera

Systems, computers, and analysts performed O'Conner's technique using the same phan

tom, and each hospital produced a similar graph of measured versus actual defect size. A

slope ranging from 0.90 to 1.10 was deemed “acceptable,” and hospitals where the ex

perimental result was outside of this range were excluded from further studies, presuma

bly because of problems with the camera system, computers, or technical staff. This is

only meant to give a rough idea of the size of an “acceptable” error in the slope of the

line of best fit. The pinhole SPECT system produced a slope of 0.93, which falls within

O’Conner's acceptable range. After considering that the clinical systems described in

O'Conner’s paper have well-defined system performance and rigid quality control proce

dures, the results from the experimental pinhole SPECT system are very good.

While these results are very encouraging, the advantages of phantom studies re

sult from artificial conditions and must be taken into account when evaluating the quality

of the linear fit and the correlation. The absence of background activity makes it very

easy to visualize the cold center of the annulus and the defects. When imaging a mouse,

normal physiologic variation of uptake of the radiopharmaceutical and non-uniform

background activity make it much more difficult to detect and measure the size of de

fects, especially when they are small. However, this phantom study does demonstrate
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that the pinhole SPECT system can provide the spatial resolution necessary to visualize

the murine myocardium and that measurement of the absolute size of myocardial perfu

sion defects is feasible. Measuring the size of perfusion defects in an actual animal rather

than a phantom is a more challenging task because of non-uniform uptake, non-uniform

background, and variable geometry, which will be discussed in the next chapter.

V. Conclusion

In this chapter, we have described experiments with a novel phantom modeling

perfusion of the left ventricle of a mouse with different sizes and configurations of perfu

sion defects. The image quality from pinhole SPECT was excellent, and the annular

shape of the phantom was well resolved. In addition, all of the different defects were

visualized, and it was possible to discern the geometric configuration of each defect from

the images. Measurement of the defect volumes from the pinhole SPECT images corre

lated very well with the known defect volumes, and the parameters of the linear regres

sion demonstrate errors of less than ten percent. These results are very encouraging for in

vivo studies of murine myocardial perfusion.
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Chapter 6

In Vivo Myocardial Perfusion Imaging of Mice

I. Introduction

The evaluation of myocardial perfusion is central to the assessment of the severity

of coronary artery disease. Myocardial perfusion imaging is used to determine the extent

of myocardial ischemia or infarction and can direct patient management toward pharma

cological treatment or invasive interventions to improve myocardial perfusion. Usually,

myocardial perfusion images are evaluated subjectively by assessing whether defects in

the images result from perfusion abnormalities. Sometimes, quantitative measurements

such as defect extent (i.e., the volume of the defect expressed as a percentage of the myo

cardial volume) and severity (related to the relative amount that the image intensity is re

duced in the defect) are determined from the images. These measurements can provide a

more objective assessment of myocardial perfusion and can be used to predict the likeli

hood of future acute cardiac events.

If myocardial perfusion images of mice with clinical image quality could be gen

erated, the images could be interpreted by applying clinical analyses, and it would be

possible to evaluate murine myocardial perfusion non-invasively. Measurement of defect

size, extent, or other physiologic parameters can provide more sensitive and reproducible

results than subjective image interpretation and could be used to test experimental hy

potheses. For example, pilot studies of a new treatment for improving myocardial perfu

sion after an infarction could be tested in a murine model by imaging before and after the

intervention. The hypothesis that the treatment improves myocardial perfusion could be

*

!,

º

83



tested by analyzing the change in the extent of myocardial perfusion defects in the paired

images. In this case, in vivo imaging would provide more controlled data and allow sam

ple sizes to be reduced and experiments to proceed more quickly.

The goals of this study are to perform myocardial perfusion imaging of mice us

ing the pinhole SPECT system with image quality comparable to what is achieved in

clinical nuclear medicine and to measure the extent of myocardial perfusion defects. In

section II of this chapter we will describe the protocol that was used for myocardial per

fusion imaging of mice including injected dose, acquisition time, and anesthesia. We will

present results from studies of control mice with normal perfusion. In section III we will

show results from studies of an interventional murine model of acute myocardial infarc

tion that contain perfusion defects. We will measure the extent of the perfusion defects

and compare the results to those obtained from high-resolution digital autoradiography.

II. Protocol for Myocardial Perfusion Imaging of Mice

A. Introduction

The phantom studies described in previous chapters have demonstrated the feasi

bility of imaging annular structures with a spatial resolution of 1 mm FWHM or better

and with detection efficiencies compatible with in vivo assessments of mice. In this

study, we will test the pinhole imaging method to demonstrate the feasibility of myocar

dial perfusion imaging of mice with clinical image quality. We will describe the imaging

protocol in detail, including the distance parameters in the pinhole geometry, anesthesia,

injected dose of the radiopharmaceutical, acquisition time, animal preparation, and pro

jection image acquisition and reconstruction. We will present control images demon
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strating normal perfusion and circumferential profiles of regional myocardial perfusion

from the images.

B. Imaging Geometry

As stated in Chapter 3, we plan to achieve image quality comparable to that ob

tained in clinical studies by acquiring projection data with approximately one million

counts and millimeter spatial resolution. Both the spatial resolution and the sensitivity

are improved when the mouse is placed as close as possible to the pinhole, as described

in Chapter 2. However, there is a practical minimum for the distance between the axis of

rotation and the pinhole (i.e., the “radius of rotation”) because otherwise the pinhole col

limator itself could obstruct the rotation of the mouse. Thus, the radius of the plastic tube

holding the mouse is the minimum radius of rotation, which is about 25 millimeters. The

spatial resolution experiments indicate that millimeter spatial resolution is achievable at

this distance when using the 0.5 or 1.0 millimeter diameter pinhole. Since the sensitivity

decreases in proportion to the square of the diameter of the pinhole, we chose to use the

1.0 mm pinhole to balance the need for millimeter spatial resolution with a reasonable

level of sensitivity. In order to acquire the prescribed number of counts, we can manipu

late both the amount of activity injected and the acquisition time under the constraint that

there is a practical limit on how long we can keep the mouse anesthetized and immobi

lized. At this point, determining the ideal imaging protocol and animal preparation re

quired that we balance these parameters (number of counts and spatial resolution vs. im

aging time and injected dose), and required feasibility studies to determine what was

practical given the characteristics of the imaging system and the physical limitations of

these studies.
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C. Anesthesia

As previously described, the primary advantage of an in vivo technique is that

several measurements can be made on the same animal over a period of days or weeks. If

the animal is anesthetized for each measurement, the primary requirements for the anes

thesia are that it does not perturb the physiological system being studied and that the

animal is able to recover from anesthesia with no complications to be able to proceed

with the experiment. Although the experiments that we will describe in this chapter were

acute rather than serial studies, we needed to ensure that the mice remained immobile and

stable during the one to two hour period for both preparation and imaging, so the choice

of anesthesia was an important issue for this project.

During the course of this project, we tested several different anesthetic protocols

to determine an approach that would produce a one to two hour period in which the

mouse was immobilized and breathing freely and normally, without adverse effects. We

tried isoflurane, an inhaled agent, and despite its very good attributes such as fast clear

ance and constant delivery, we found that it sometimes severely depressed the mouse’s

respiratory rate and greatly increased the tidal volume, resulting in image artifacts due to

respiratory motion. The approximately thirty minute duration of anesthesia from

ketamine and xylazine, a very commonly used drug combination for anesthetizing mice,

was too short. Increasing the dose increased the likelihood of overdose. Giving a second

dose after the initial dose wore off was an option, but performing a second intraperitoneal

injection required removing the mouse from the plastic holder. Also, we did not want to

take the chance that the mouse would recover from the anesthesia prematurely and move.

* * *
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Eventually, we settled on a combination of ketamine (50 mg/kg) and

medetomidine (0.5 mg/kg) injected intraperitoneally (IP). We found that this combina

tion provided about two hours of anesthesia without extreme depression of the respiratory

rate. All studies described in this chapter used this protocol for anesthesia.

D. Injected Dose and Acquisition Time

After the mouse was anesthetized, we performed myocardial perfusion studies by

injecting the animal with technetium-99m-hexakis-methoxyisobutylisonitrile ("Tc

sestamibi), a radiopharmaceutical that distributes in the body in proportion to blood flow.

"Tc-sestamibi is lipophilic because of the multiple organic methoxyisobutlyisonitrile

groups bonded to the technetium atom, and the resulting complex is cationic. These

properties allow sestamibi to penetrate the phospholipid-bilayer membranes of the cell

and the mitochondria, where it is sequestered by the large negative transmembrane po

tential [1]. ”Tc-sestamibi is extracted from the blood within minutes following intra

venous injection, but washout occurs much more slowly, over a period of a few hours.

Clearance occurs primarily through the hepatobiliary system, where "Tc-sestamibi is

processed by the liver, stored in the gall bladder, and eventually released into the bowel

and excreted [2].

Because the mouse has a blood volume of only about 2-3 milliliters, an intra

venous (IV) injection of a large volume would have adverse hemodynamic effects from

the sudden increase in blood volume upon injection. Generally, it is advised that no more

than 0.2 milliliters, or 200 microliters, be injected intravenously. Because "Tc

sestamibi can be obtained with a specific activity (activity per unit volume of solution) of

2.6 GBq (70 mCi) per ml, it is still possible to inject up to 520 MBq (14 mSi) of activity
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even though the injection volume is small. In practice, we usually injected 100-200 mi

croliters, or about 260-520 MBq (7-14 mCi), in the tail or jugular vein. The myocardial

perfusion imaging studies described in this thesis typically used an injection volume of

150 microliters (370 MBq or 10 mCi) and an acquisition time of 20 minutes using the 1

millimeter pinhole, resulting in about 5 million counts. Of course, all of these parameters

could be adjusted. For example, we could use the 0.5 millimeter pinhole to achieve better

spatial resolution, or we could inject more activity or image longer if we wanted to ac

quire a study with more counts. We also note that other applications, such receptor

binding or tumor imaging studies, may require a completely different set of imaging pa

rameters than myocardial perfusion imaging depending on the physical limitations and

scientific goals of the question being investigated.

E.
-

Animal Preparation

The 370 MBq (10 moi) injected activity and 20 minute acquisition time resulting

in 5 million counts obtained experimentally in pilot studies and described above are

somewhat different from the order-of-magnitude feasibility calculation performed in

Chapter 3, where we found that an injection of roughly 20 mCi and an acquisition time of

one hour were required to detect one million counts. This is due in part to the assumption

that only uptake of the radiopharmaceutical in the heart would contribute counts to the

image, when in fact, the agent distributes to the entire body, and several organs with high

uptake are also in the field of view for myocardial perfusion imaging. "Tc-sestamibi is

cleared from the body by the hepatobiliary system, and the uptake in the liver, gall blad

der, and small intestine is significant and is greater than the uptake in the heart. Clinical

myocardial perfusion images of "Tc-sestamibi have significant sub-diaphragmatic ac
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tivity, and images of mice are no different. In fact, these problems are exacerbated for a

mouse because of its relatively large liver.

The accumulation of "Tc-sestamibi in extracardiac areas also has an important

impact on the quality of myocardial perfusion images. This occurs because the mouse's

gall bladder is proximal to the apex of the heart and can interfere with visualization of the

apex, unlike the situation in the human where the gall bladder is relatively distant from

the myocardium. As described in Chapter 3, we positioned the mouse upright in the

holder with its forelimbs secured, which had the benefit of pulling the heart and the rest

of the thorax away from the liver in the abdomen. Even in this configuration, activity in

the gall bladder often was superimposed over the activity in the apex of the heart and re

mained challenging problem. With the goal of reducing activity in the gall bladder, we

decided to perform our imaging studies after injecting cholecystokinin (CCK) into the

mouse. CCK is a peptide hormone that is normally released by mucosa of the duodenum

upon gastric emptying to contract the gall bladder and release stored bile into the small

intestine to digest fats. When the gall bladder contains metabolized, but still radioactive

”Tc-sestamibi, contraction of the organ disperses the activity into the small intestine

and away from the heart. Because "Tc-sestamibi accumulates in the gall bladder over

time, we injected CCK intraperitoneally (IP) 15 minutes after injection of the radiophar

maceutical. SPECT imaging was initiated about 15 minutes after CCK injection. The

injected dose of CCK was 0.1 micrograms per kilogram body mass, which is comparable

to a large human dose.

-- - -1,4
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myocardium

gall bladder

liver

without CCK With CCK --"

Figure 6.1: Comparison of coronal slices of pinhole SPECT myocardial perfusion
images of mice using 99mTc-sestamibi with CCK (right) and without (left) to clear
the gall bladder. The focal, intense background activity in the gall bladder
interferes with the visualization of the apex of the heart, but injection of CCK
empties the contents of the gall bladder into the small intestine.

F. Summary of Protocol

Female mice of the BALB/c strain (Charles River Laboratories; Wilmington,

MA), an unremarkable albino strain commonly used in biomedical research, weighing §
*-

18–23 grams were used for control studies of myocardial perfusion. Mice were anesthe- º
tized with ketamine and medetomidine (50 mg/kg and 0.5 mg/kg IP, respectively). About º

370 MBq (10 moi) of ”Tc-sestamibi was injected into a lateral tail vein. About 15 5
minutes later, CCK (0.1 microgram/kg, IP) was injected. The mouse was placed in the : 2.
holder and restrained by the forelimbs to pull the thorax away from the abdomen. The º _5

holder was attached to the rotating stage and positioned upright in front of the pinhole. A s
planar image of the line source attached to the holder was acquired for correction of error

due to shift of the center of rotation. SPECT imaging was initiated about 15–20 minutes º

after CCK injection, and 120 projection views were acquired over a 360 degree rotation

in a 128 x 128 matrix. The acquisition time was 20 minutes. Y.
Y.
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Table 6.1: Summary of Myocardial Perfusion Imaging Protocol Parameters

Imaging Parameter Description
Pinhole Diameter 1.0 mm

Radius of Rotation 25 mm
Magnification 8
Field of View 30 mm

Acquisition Time 20 min
Anesthesia ketamine / medetomidine

(50 mg/kg / 0.5 mg/kg, IP)
Radiopharmaceutical *"To-sestamibi

(10 moi in 150 pil, IV)
Gall Bladder Clearing Agent cholecystokinin (CCK)

(0.1 pg/kg, IP)

t = T
inject t = T + 30 min

Sestamibi Start SPECT

t = 0 t = T + 15 min t = T + 50 min
inject inject CCK End SPECT

anesthesia

Figure 6.2: Timeline for myocardial perfusion imaging protocol.

Projection data were reconstructed using fifty iterations of the pinhole ML-EM

algorithm. The images were not post-filtered and were reoriented into short-axis, vertical

long-axis, and horizontal long-axis slices using a clinical nuclear medicine display and

processing workstation (ADAC Laboratories; Milpitas, CA). Circumferential profiles

(plots of maximum image intensity along rays from the center of a short-axis slice as a

function of the angle of the ray) were plotted to quantify regional myocardial perfusion.

G. Results from Control Mice

Results from a myocardial perfusion imaging study using a twenty-gram control

mouse are shown in Figure 6.3. A set of clinical myocardial perfusion images is shown
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in Figure 6.4 for comparison. Image quality is comparable between the pinhole SPECT

and clinical images. The heart looks slightly bigger with better relative spatial resolution

in the pinhole SPECT images, but sub-diaphragmatic background activity is also more

evident. Overall, the similar image quality makes it possible to interpret and analyze the

images to extract functional information.

Figure 6.3: Pinhole SPECT myocardial perfusion images from a control mouse. The
spatial resolution is about one millimeter. The first two rows are short-axis slices.
Vertical long-axis slices are shown in the third row, and horizontal long-axis slices
are shown in the fourth row.

Figure 6.4: An example of myocardial perfusion images of a human patient using a
standard clinical protocol (scintillation camera with a parallel-hole collimator). The
spatial resolution is about ten millimeters. The first two rows are short-axis slices.
Vertical long-axis slices are shown in the third row, and horizontal long-axis slices
are shown in the fourth row.

Circumferential profiles from five short-axis slices from Figure 6.3 are shown in

Figure 6.5. The slices represent the apex, mid-ventricular region, base, and intermediate
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slices between the apex and the mid-ventricular region (int a■ m) and the base and the

mid-ventricular region (int b/m). This control mouse had normal myocardial perfusion,

but its circumferential profiles have some regional decreases in intensity. While most of

the angular samples are clustered between 80-100%, some points fall around 60%, par

ticularly near the apex. These points reflect normal variations that occur when imaging

an animal. By comparison, the angular samples from the control mouse heart phantom

study (no defect) exhibited variation only from about 90-100% (Figure 5.5). The re

gional decrease in intensity at the apex could be the result of heterogeneous but normal

uptake of "Tc-sestamibi. However, it is more likely that the myocardium in this region

is simply a little thinner, a phenomenon known as “apical thinning.” The image intensity

can appear reduced even if the concentration of the radiopharmaceutical is the same if the

myocardium is thinner than the spatial resolution. This is known as the “partial-volume

effect” because when focal activity cannot be localized to a region smaller than the spa

tial resolution, the apparent concentration and the image intensity are reduced [3]. Over

all, the images in Figure 6.3 appear to be normal, and the circumferential profiles in Fig

ure 6.5 demonstrate the range of image intensities for normal perfusion, which gives a

basis of comparison for abnormal studies.
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Circumferential Profiles from Control Study
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Figure 6.5: Circumferential profiles for five short-axis slices shown in Figure 6.3.

III. Measurement of the Extent of Myocardial Perfusion Defects in Mice

A. Introduction

Quantitative measurements of myocardial perfusion will enable objective com

parisons between animals or for the same animal over time, facilitating hypothesis test

ing. In this section, we will present a study in which we measure the extent of myocar

dial perfusion defects in an interventional murine model of acute myocardial infarction

from in vivo pinhole SPECT images and from digital autoradiography. We will describe

in detail the preparation of the murine model and the protocol for pinhole SPECT imag

ing. Following imaging, the mice were euthanized, and digital autoradiography was per

formed as a direct measurement of the distribution of the radiopharmaceutical in the

heart. We will show example results from both imaging and autoradiography. We will

present a method for measuring the extent of myocardial perfusion defects from pinhole

SPECT images based on a technique presented by O’Conner and colleagues [4] and com

pare the results to autoradiography using linear regression analysis.

-
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B. Methods

1. Murine Model of Acute Myocardial Infarction

Eleven female, 18-23 gram BALB/c mice were anesthetized with ketamine and

medetomidine (50 mg/kg and 0.5 mg/kg IP, respectively) and placed on a warming pad

for acute surgery. Following a tracheotomy, the trachea was cannulated with size 50

polyethylene tubing (PE-50), and the mouse was ventilated at a tidal volume of about 0.5

ml at a rate of about 120 respirations per minute. A midline thoracotomy was performed,

and a 7-0 “Ti-CRON” cardiovascular suture (Davis and Geck; Wayne, NJ) was used to

permanently ligate part of the anterior myocardium containing the left anterior de

scending (LAD) branch of the left coronary artery. The region of the myocardium sup

plied by the LAD and distal to the ligation was deprived of blood, resulting in an acute

myocardial infarction. The size of the infarction was determined by the position of the

ligation. If the ligation was close to the apex (more distal), the resulting infarct was

small. A more proximal ligation resulted in a larger infarct. The eleven mice in the study

group had a variety of infarct sizes from 2% to 45% of the myocardial volume. The chest

was closed, and the mouse was removed from the ventilator and observed before pro

ceeding with imaging. If the infarct was small, the mouse’s cardiac function remained

largely unaffected, and it was sometimes necessary to administer an additional dose of

anesthetic that was limited to one quarter of the original dose. Mice with larger infarcts

had more severely compromised cardiac function and did not require additional anes

thesia. Also, these mice were closely observed and given some time to stabilize and re

cover before imaging.
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2. Protocol for Pinhole SPECT Imaging and Autoradiography

The protocol for pinhole SPECT imaging of control mice, described earlier in this

chapter, was followed for imaging the infarct mice as well. One hundred fifty microliters

of "Tc-sestamibi (370 MBq or 10 moi) was injected in the jugular vein, and CCK (0.1

microgram per kg) was injected IP about 15 minutes later. The mouse was placed in the

holder and restrained by the forelimbs to pull the thorax away from the abdomen. The

holder was attached to the rotating stage and positioned in front of the pinhole. A planar

image of the line source attached to the holder was acquired for correction of error due to

shift of the center of rotation. SPECT imaging was initiated about 15-20 minutes after

CCK injection, and 120 projection views were acquired over a 360 degree rotation in a

128 x 128 matrix. The acquisition time was 20 minutes.

After imaging was completed, the mouse was removed from the holder, and its

chest was reopened. Methylene blue, a blue dye, was injected into the left ventricular

chamber (intracardially or “IC”) and was circulated throughout the arterial system. Some

of the blue dye entered the coronary arteries and perfused the myocardium, staining it

blue, but the region of the myocardium distal to the ligation (the infarction) was not per

fused and remained pink. This gave visual confirmation of the infarct and its extent.

Next saturated aqueous potassium chloride was injected IC to euthanize the mouse. The

heart was excised, frozen in a tissue-embedding compound, and mounted in a cryostat

microtome. The heart was sectioned in a short-axis orientation into twenty micrometer

thick slices with about 28-36 slices sampling the heart from apex to base. The slices,

with the methylene blue stain visible, were mounted on cardboard and laid on a storage

phosphor plate. The plate was read using a Phosphorlmager 445si imaging system
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(Molecular Dynamics; Sunnyvale, CA) to produce a digital autoradiograph with 180

micrometer spatial resolution.

Inject methylene
t = T

-
blue dye.

inject **T* 39 ■ min ||Euthanize mouse.
Sestamibi Start SPECT Autoradiography.

t = 0 t = T + 15 min t = T + 50 min
Inject anesthesia. inject CCK End SPECT
Perform surgery.

Figure 6.6: Timeline for imaging and autoradiography of infarct mice.

3. Data Analysis of SPECT Images and Autoradiographs

The projection data were corrected for errors from shift of the center of rotation

and reconstructed using fifty iterations of the pinhole ML-EM algorithm. The recon

structed images were reoriented into the conventional short-axis, vertical long-axis, and

horizontal long-axis views. The extent of the perfusion defect was quantified from the in

vivo data obtained with pinhole SPECT and was compared against direct measurement of

the defect size using ex vivo autoradiography and visual inspection of the myocardium.

We followed the method of O’Conner and colleagues to quantify the extent of myo

cardial perfusion defects [4,5].

O’Conner's method models the heart as a stack of annuli terminated by a cone at

the apex. Five short-axis slices sample the entire heart and are chosen to represent the

apex, mid-ventricular region, and base, with two intermediate slices between the apex

and mid-ventricular region and the base and the mid-ventricular region. The slices were

chosen according to a consistent procedure based on the technique developed by

:
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O’Conner, et al. for their clinical studies. We first identified the slice in which the left

ventricular chamber was first visible and then selected the next slice closer to the base as

**the “apical slice.” We then determined the slice in which a decrease of intensity at the

septum was first visualized and then moved two slices closer to the apex to identify the

slice representing the base. The slice halfway between the apical and basal slices was

chosen as the mid-ventricular slice. The two intermediate slices were each halfway be

tween the apical and mid-ventricular, and the basal and mid-ventricular slices. This pro

vided a total of five short axis slices upon which we based the measurement of defect

size.

The volume of each annular slice is calculated by determining the average radius

R, or the distance from the center to the middle of the wall, the wall thickness T, and the

height h of the slice.

Slice Volume = 27t. h . T. R = k . R (Eq6.1)

where k = 27t. h. T (Eq6.2)

H R- T H *
l M Intermediate a■ n

+ mº- Mid-ventricular
Intermediate b/m

Base

Figure 6.7: Left ventricular myocardium modeled as a "stack of annuli." The apex
is modeled as an annulus topped by a cone.

All annular slices are assumed to have the same wall thickness and height, but can have

varying average radii. The myocardial volume can be estimated from the sum of the vol
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umes of the slices. However, the apical slice is treated as an annulus topped by a cone,

each with a height equal to half the height of the other annular slices. Thus, the volume

of the apical slice is two-thirds of the volume of a purely annular slice.

Myocardial Volume = k . (R. + R + Rint b/m mid-w +R... +0.67R.) (Eq6.3)

The extent of the infarct in a slice i can be expressed as the fraction of the volume of the

slice that is infarcted F. The percent infarcted myocardium (%IM) is the infarct volume

over all slices divided by the total myocardial volume. The constant k cancels and Equa

tion 6.4 results.

% IM - Fusºba. + Fm b/m Rim b/m + Find-vKnºw + Fm a/m Rim a/m + 0.67F. Kre,
Kºs + Rim b/m + Knºw + Rim a/m + 0.67R, (Eq 6.4)

The total volume of each myocardial slice was compared against the fraction of

the slice that is infarcted F, as determined from a circumferential profile of that slice.

O’Conner observed that while there is always some variability in the relative value of the

angular samples in a circumferential profile representing normal perfusion, infarcted re

gions have values well below the maximum intensity. This allows us to measure the

fraction of infarcted myocardium by determining the fraction of angular samples that had

an intensity below a predetermined threshold value. O’Conner determined the threshold

by analyzing circumferential profiles from images of the left ventricular myocardium of

an anthropomorphic thorax phantom with no perfusion defects and found that none of the

angular samples fell below 63% of the maximum value and set the threshold to 60%.

However, he also applied thresholds ranging from 50% to 65% and found that the result

ing estimates of the percent infarcted myocardium did not depend significantly on the

choice of the threshold.
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We applied the O'Conner technique to the perfusion images of the murine myo

cardium obtained in this project. We began by acquiring and analyzing a number of con

trol studies of normal murine myocardium to determine the appropriate threshold for our

experiments. In the control study shown in Figure 6.3, the angular samples measured

from normal myocardium varied from 60% to 100% of the maximum intensity (Figure

6.5). Six control BALB/c mice, which were very similar in all respects to the mice in the

study group, were imaged according to the protocol described in this chapter. Five

circumferential profiles spanning the heart from apex to base were generated for each

mouse. Our results demonstrated more variability than O’Conner's because we scanned

actual mice with normal physiologic and geometric variations, rather than a phantom

with uniform activity concentration and consistent geometry. The lowest value for an

angular sample was 54%, so we set our threshold to 50%. Therefore, in the following

studies, regions of the myocardium with circumferential profile values above 50% of

maximum were identified as “normal”, while those below 50% were identified as “ab

normal” or “infarct.”

In order to use O’Conner's method to determine the percent infarcted myo

cardium, we needed to determine the infarcted fraction and the average radius for each

short-axis slice, according to Equation 6.4. We used the 50% threshold to determine the

infarcted fraction for each slice and fitted a circle “by eye” to the center of the myo

cardium and measured the radius. The percent infarcted myocardium was calculated for

each of the eleven mice in the study group.

The percent infarcted myocardium was also measured from autoradiographs of

the murine myocardium. Each autoradiograph was composed of 28-36 short-axis slices

:
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sampling the heart from apex to base. These myocardial slices contained "Tc

sestamibi, which continued to emit photons. Thus, the storage-phosphor plate measures

the same signal that is detected in the pinhole SPECT imaging process, but both the spa

tial resolution and signal-to-noise ratio are far superior for autoradiography. For this rea

son, autoradiography is considered a “gold-standard” for radionuclide imaging, and we

have used autoradiography as a reference measurement.

The autoradiographs were analyzed by drawing a region of interest (ROI) that en

compassed the myocardium on each slice and a separate ROI encompassing the infarct.

The sum of the number of pixels in the ROIs encompassing the infarct was divided by the

sum of the number of pixels of the ROIs representing the myocardium. This allowed us

to calculate the percent infarcted myocardium measured from autoradiography, which we

took as the actual value. The percentage infarcted myocardium from pinhole SPECT was

plotted against the measurement from autoradiography, from which the best linear fit and

correlation coefficient were determined using linear regression analysis.

C. Results

Figure 6.8: Short-axis (rows 1 and 2), vertical long-axis (row 3), and horizontal long
axis (row 4) pinhole SPECT myocardial perfusion images from infarct study #1.
The perfusion defect is located from the apex to the anterior-lateral wall at the mid
ventricular level.
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Figure 6.9: The threshold for determining if angular samples were part of an infarct
was set at 50%. For this study, the entire apex (diamond data points) was under
50% and was infarcted, as is seen in the images (previous figure). Part of the mid
ventricular region is involved, while most of the base is largely uninvolved.

Figure 6.10: Example autoradiographs from infarct study #1. The spatial resolution
is about an order of magnitude better than in the pinhole SPECT images (Figure
6.8).

Figure 6.8 shows a set of myocardial perfusion images from infarct study #1, in

which the individual slices are presented in a conventional orientation. The image quality

is comparable to the control study shown in Figure 6.3, with the myocardium well

resolved and the right ventricle visible and with very little background activity. In the

first row of short axis slices, the region near the apex is less intense and the anterior

lateral region of the annulus (i.e., around “2 o'clock”) is missing in slices near the mid

ventricular region due to the surgically induced perfusion defect. In the long-axis views,

*

>

R

102



* - - -
º º** -- º(; , , - * -( * * * *-- -

* * *
Y ** = -- - -

e

C
º ºº º -

** *** - - ---

s _-----
C *- ** - -

• * -f
e * * * * -

2.
t - * *

s



it is apparent that there is a large perfusion defect from the apex to the mid-ventricular

region.

Five circumferential profiles spanning the heart from apex to base for infarct

study #1 are shown in Figure 6.9. The points below the 50% threshold were considered

to be part of the infarct. The percent infarcted myocardium, calculated according to

O’Conner's method, was 45% for this study, indicating a rather large perfusion defect.

The measurement of percent infarcted myocardium from autoradiography was about

34%, indicating that the measurement from the pinhole SPECT image overestimated the

percentage infarcted myocardium in this case. Regardless, a large portion of this mouse's

heart was not perfused, and its cardiac function was severely compromised.

Example autoradiographs from infarct study #1, shown in Figure 6.10, present

two rows of short-axis slices from apex to near the base. Both the spatial resolution and

signal-to-noise ratio of the autoradiographs is excellent. The apex had little uptake of

"Tc-sestamibi resulting in a low signal in the autoradiograph. The orientation of these

images is rotated by about 45 degrees counterclockwise from the pinhole SPECT images.

The right ventricle is visible in the lower left corner of the autoradiographs in the middle

of the second row of Figure 6.10, and the anterior wall is directed toward the upper left

corner. Near the mid-ventricular region, the perfusion defect is mostly anterior and lat

eral. These results agree well with both the pinhole SPECT images and the circum

ferential profiles.
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Figure 6.11: Short-axis (rows 1 and 2), vertical long-axis (row 3), and horizontal
long-axis (row 4) pinhole SPECT myocardial perfusion images from infarct study
#5. There is a small perfusion defect at the apex. Hepatic background activity is
evident, especially at the bottom of the first and third rows.

Circumferential Profiles from Infarct Study #5
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Figure 6.12: Circumferential profiles for infarct study #5 are shown. A large num
ber of angular samples from the apex (diamond data points) are very close to, but
just above, the 50% threshold and thus were not classified as part of an infarct. The
measurement of 96 IM from the pinhole SPECT image was 0% but was about 12%
from autoradiography.

Figure 6.13: Example autoradiographs from infarct study #5. An apical perfusion
defect is evident, confirming the observation from the pinhole SPECT images, but
most of the heart demonstrates normal perfusion.
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Example images from another infarct study are shown in Figure 6.11. Back

ground activity in the liver is present and obscures a small portion of the inferior wall in

the short-axis slices near the apex in the first row of images. There appears to be a small

apical defect that is most easily seen in the long axis views; however, the defect appears

to be far smaller than the one shown in Figure 6.8. Many of the apical angular samples

from the circumferential profile have reduced intensity, but the values do not fall below

the 50% threshold and thus were not classified as part of an infarct. In fact, application

of the O'Conner method classified this case as free from infarcts (0% IM). The results

from autoradiography (Figure 6.13) confirmed the presence of an apical defect and indi

cated a %IM of about 12%. In this case, the incorrect measurement represents a failure

of the algorithm for quantifying the infarct extent rather than of the imaging system itself

because the apical perfusion defect is plainly visible, and the perfusion would be classi

fied as abnormal by subjective evaluation.

Extent of Infarcted Myocardium (%IM)
50%

40%

©
30%

y
y = 0.82x + 0.042

©
20% A 4× r = 0.80Jº p < 0.005©10% –%

0% +6. r^ I I t

0% 10% 20%. 30% 40% 50%

Autoradiography

;

Figure 6.14: The measurement of percent infarcted myocardium is plotted for all
eleven mice in the study group.
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The measurement of the infarct extent from the pinhole SPECT image is plotted

against the measurement from autoradiography for each of the eleven mice in the study

group in Figure 6.14. The infarct extent varied from 2% to 45% of the myocardial vol

ume. The slope of the linear fit was 0.82 and the intercept was 4.2%, whereas the ideal

values are a slope of one and an intercept of zero. As expected, the results are poorer

than results from the phantom study because the phantom study was more tightly con

trolled. The correlation coefficient of 0.80 also was poorer than the nearly perfect corre

lation of the phantom study. However, the correlation coefficient was significant to a

level of p < 0.005.

D. Discussion

The image quality from the infarct studies was very good and similar to the con

trol studies, as was expected because the imaging protocols were the same. The images

from the control studies, as shown in Figure 6.3, demonstrated normal perfusion, and per

fusion defects in the images from the infarct studies are clearly evident in Figures 6.8 and

6.11. Thus, we met the goal of using pinhole SPECT to produce image quality compara

ble to clinical images of humans. We were able to interpret the images in a similar man

ner and identify regional perfusion defects.

Quantitatively measuring the extent of perfusion defects proved to be a more dif

ficult task than simply producing images of acceptable image quality. While the results

from the mouse heart phantom study were excellent, the measurement of percent in

farcted myocardium from the in vivo studies was more scattered, although the correlation

coefficient of 0.80 was significant to a level of p < 0.005. Verani, et al. performed a

:
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similar experiment in a canine model of coronary occlusion [6]. SPECT imaging was

performed according to a clinical protocol using a scintillation camera with a parallel

hole collimator, and a similar ex vivo measurement of infarct size was performed. The

size of the perfusion defect was measured from circumferential profiles of the SPECT

image using a 50% threshold to differentiate normal from infarcted myocardium. For the

thirteen dogs in the study group, Verani found a correlation of 0.85 (p < 0.001) between

the in vivo and ex vivo measurements. The parameters of the regression line were not re

ported. Our results with the pinhole SPECT system produced a similar correlation coef

ficient and level of statistical significance compared with Verani’s results from a large

animal model and a clinical imaging protocol.

The data point from infarct study #5 was explained in detail in the previous sec

tion, where no angular samples were below the 50% threshold even though a defect was

evident in both the image and the autoradiographs. If we look closely at Figure 6.14, we

see that there were three cases where the 9%IM measured from autoradiography was

around 11% to 12%. For these points, the 9%IM measured from the SPECT image varied

from 0% to over 20%. While we have explained the reason for the 0% measurement,

there is still a great deal of variability in the measurement. While we have shown that it

is feasible to perform an in vivo measurement of percent infarcted myocardium, the accu

racy and precision of the measurement will need to be established before it can be applied

experimentally. Perhaps modifications will need to be made to the imaging protocol or to

O’Conner's algorithm for calculating the percent infarcted myocardium to improve the

accuracy and precision. However, it is important to note that this was the first attempt to

measure the size of myocardial infarcts from in vivo SPECT imaging in mice, and dem
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onstrating feasibility is the first step in developing a useful experimental measurement

technique.

IV. Conclusion

We have improved upon the methods for scintillation camera-based pinhole

SPECT of the investigators listed in Table 2.1 and produced superior quality myocardial

perfusion images from which it is possible to make the equivalent of clinical diagnoses.

Images can be interpreted to discern whether perfusion is normal or if defects are present.

We also have extended the work to demonstrate the feasibility of measuring the extent of

perfusion defects, a useful quantitative assessment of cardiovascular function. Additional

work is required to make the measurement of the percent infarcted myocardium a useful

experimental technique. However, no other similar measurements from scintillation

camera-based pinhole SPECT images has yet been reported, and it was an accomplish

ment to demonstrate feasibility.
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Chapter 7

Conclusion

The development of medical imaging as a diagnostic tool historically has oc

curred during the same time period as the increase in the use of mice as models of human

disease. However, the sub-field of “small animal” imaging has emerged only recently as

an area of research in medical imaging, largely driven by the need for non-invasive

methods to evaluate anatomy and physiology in modern experimental studies with small

animals. In addition, the recent development of transgenic animals makes this need more

critical. Our goal was to develop not only a high-resolution imaging system, but also a

protocol for myocardial perfusion imaging of mice with image quality comparable to

human clinical imaging so that the images could be interpreted in a similar manner and

quantitative measurements such as myocardial infarct extent could be extracted. Dual

development of both the engineering and the biological aspects of this multidisciplinary

problem was the focus of this bioengineering dissertation.

Our approach was to develop a scintillation camera-based pinhole SPECT system

as described by other investigators, such as Jaszczak, Weber, and Ogawa, who estab

lished the feasibility of high-magnification pinhole SPECT imaging. Their work per

formed small animal imaging in a manner similar to clinical imaging, where a scintilla

tion camera was rotated around a stationary supine or prone animal. However, this ap

proach is susceptible to potential errors and image artifacts caused by shifts of the center

of rotation (COR) of the mechanical gantry supporting the scintillation camera, limiting

the image quality. For this reason, we developed an imaging geometry in which the
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scintillation camera was fixed and the mouse was imaged upright with a vertical axis of

rotation to overcome potential center of rotation errors. The system was implemented

with a personal computer-interface to the scintillation camera (Numa Acquisition Station)

to acquire image data and to control a motorized stage system to rotate the animal in front

of the camera. We developed a special tube to hold the mouse upright and devised a cor

rection for COR shift based on a planar image of a line source incorporated into the

holder. For reconstruction of tomographic projection data, we implemented both the

analytic Feldkamp algorithm and the iterative maximum likelihood-expectation maximi

zation (ML-EM) algorithm.

We performed spatial resolution and sensitivity measurements using a variety of

pinhole sizes and object-to-pinhole distances and found that the results were comparable

to theoretical predictions. Also, our results for spatial resolution and sensitivity agreed

with those reported by other investigators (Table 2.1) when imaging parameters such as

pinhole size and magnification were similar. We also assessed the spatial uniformity and

spatial linearity through phantom studies and found that the reconstructed images were

free of artifacts. For the specific task of murine myocardial perfusion imaging, we de

signed and built a phantom to model perfusion of a mouse’s left ventricle with perfusion

defects of different shapes and sizes. This novel phantom was intended to test the pin

hole SPECT system in the same manner that commercially available anthropomorphic

thorax phantoms are used to test clinical scintillation camera systems. We found that im

age quality from the “mouse heart” phantom was excellent and that the defects could be

resolved. Linear regression analysis of the measurement of the absolute volume of the

defects from the pinhole SPECT images and the known volume of the defects produced a
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slope of 0.93 and an intercept of about one percent, compared to ideal values of one and

zero, respectively. The correlation coefficient of 0.995 was excellent and highly

significant (p<0.001).

Performing in vivo imaging studies with mice was far more complicated than im

aging phantoms. Other investigators have reported imaging parameters and have shown

images that have demonstrated the feasibility of high-resolution imaging using a conven

tional scintillation camera. Our goal was to extend this work to develop pinhole SPECT

as a useful biomedical research tool. Therefore, we developed a protocol and timeline for

myocardial perfusion imaging of mice that specified the injected dose of the radiophar

maceutical, anesthesia, acquisition time, pinhole size, distance between the object and the

pinhole, and the choice of tomographic reconstruction algorithm.

Our protocol was far more clearly defined and repeatable than other published

protocols and produced results in control studies that matched or exceeded clinical image

quality and far exceeded previously published results for scintillation camera-based pin

hole SPECT. The image quality permitted techniques and analysis previously developed

for clinical studies to be applied to the pinhole SPECT images to assess the mouse’s

myocardial perfusion. In these studies, we measured the extent of myocardial perfusion

defects from in vivo pinhole SPECT images in an interventional murine model of acute

myocardial infarction. We compared the in vivo results from pinhole SPECT against

measurements obtained from digital autoradiography, a gold-standard ex vivo measure

ment of radionuclide concentration. For the eleven animals in the study group with in

farct sizes ranging from 2% to 45% of the myocardial volume, the regression line be

tween in vivo and ex vivo results had a slope of 0.82, an intercept of 4%, and a correlation

1 11



coefficient of 0.80, which was significant to a level of p < 0.005. These results demon

strate the feasibility of measuring the extent of myocardial infarction using pinhole

SPECT. In vivo measurements make it possible to perform multiple measurements on the

same animal at different times, which will simplify experiments, reduce sample sizes, and

improve statistical power. An in vivo technique to determine the extent of myocardial

infarction will be useful to assess the response to new therapeutic interventions for myo

cardial infarction.

The type of functional cardiovascular imaging that we have developed in this

work is one part of the broad field of medical imaging. Many different modalities of

anatomical and functional imaging are being applied to small animal imaging. While we

modified clinical equipment to implement an imaging system with the required level of

spatial resolution, efforts are underway to build dedicated instruments for small animal

imaging, and devices for high-resolution positron emission tomography, ultrasound,

magnetic resonance imaging, and x-ray computed tomography now are commercially

available to research laboratories. High-resolution single-photon imaging systems are in

earlier stages of development, and many utilize the pinhole imaging geometry described

in this dissertation. However, as new detectors with high intrinsic spatial resolution are

developed and applied to medical imaging, different imaging configurations can be

applied.

The availability of imaging systems intended for mice and other small animals is

beginning to revolutionize the approach to biomedical research. Coupled with advances

in genetics and molecular biology, scientists are poised to learn more about the funda
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