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A B S T R A C T  

Over the last few years there has been a great demand for noninvasive, dedicated, 

small-animal imaging systems for biomedical research applications. In this disserta

tion we wiU discuss the development and performance of two gamma-ray systems and 

a dual modality CT/SPECT system. Initially we introduce FASTSPECT, a sta-

tionarv'. scintillator-based. single-photon emission computed tomography (SPECT) 

system that was originally built as a brain imager. We discuss its transformation 

into a small-animal imaging system and validate its performance by presenting high-

resolution images of phantoms and animals. Furthermore, we discuss the develop

ment of an in vivo imaging protocol for rat myocardial models using FASTSPECT. 

The infarct size obtained from the images is quantified and compared with the my

ocardial infarct size measured from histology. 

Semiconductor detectors can exhibit good spatial and energy resolution, and there

fore offer a promising alternative to scintillation technology. We discuss the perfor

mance of a semiconductor detector system, previously developed in our group, for 

planar and tomographic imaging of small animals. The same gamma-ray detector is 

used in a dual modality system for imaging mice. The system combines an anatomi

cal imaging modality, x-ray CT. with a functional modality, SPECT. We present the 

development of the CT/SPECT system and illustrate its performance by presenting 

high-resolution images of phantoms and mice. Finally, we introduce a procedure for 

evaluating estimation methods without the use of a gold standard. 
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Chapter 1 

INTRODUCTION TO ANIMAL IMAGING 

1.1 Motivation 

Noninvasive, in vivo imaging of animals is an important tool in biomedical research. 

Several imaging technologies, such as magnetic resonance imaging (MPU). computed 

tomography (CT), ultrasound (US), and the nuclear medicine imaging modalities of 

positron emission tomography (PET) and single-photon emission computed tomog

raphy (SPECT), allow large animals (such as canine, pigs, primates, etc.) and small 

animals (such as mice. rats, rabbits, etc.) to be studied noninvasively, enabUng lon

gitudinal studies to be performed on the same animal. The alternative is usually 

tissue harvesting which precludes monitoring the progress of a disease and the effec

tiveness of a potential pharmaceutical without the use of large animal populations. 

Small-animal imaging has showTi great promise in the areas of oncology, cardiology, 

molecular biology, drug discovery and development, and genetics (Green et al. 2001). 

Disease and treatment models in small animals such as mice and rats are attractive 

relative to larger animals due to low breeding and maintenance costs, short reproduc

tive cycles, and ease of transport (Balaban and Hampshire 2001). Furthermore, with 

the recent advances in mouse genetics, there is a great increase in the utilization of 

small animals in the laboratory. The mouse genome can now be manipulated at will, 

creating transgenic mouse models that mimic human diseases. The importance of 

the mouse in genetic research is well described by Cherry and Gambhir (Cherry and 

Gambhir 2001): "The mouse is the experimental model of choice in many situations, 

due to a range of factors including relatively high genetic homology with man and 
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widespread expertise and well-developed methodology for genetic manipulation. Fur

thermore, the ability to use nude or severe combined immunodeficiency disorder mice 

with xenografts of human tissue make the immunodeficient mouse model particularly 

attractive." 

1.2 Imaging Modalities 

For the reasons discussed above, for the last ten years there has been a great demand 

for small-anirnal imaging systems. Several dedicated commercial and research small-

animal imaging systems have emerged. In the following sections we will give a brief 

overview of several small-animal modalities for the purpose of placing our research in 

context. 

1.2.1 Ultrasound Imaging (US) 

Ultrasound imaging has been a well-established and routinely used diagnostic tool 

in human and veterinary medicine for the last twenty years. Ultrasound imaging is 

based on the interaction of sound waves with tissue. A transducer is used to produce 

high frequency (2 to 80 Mhz) sound waves which are transmitted through the soft 

tissue of the body. Each layer of tissue has a characteristic impedance to sound 

waves which is related to its density. When a sound wave is transmitted through an 

interface with two different impedances it is partly reflected back to the transducer. 

The transducer contains piezoelectric crystals that generate a small electrical signal 

when they interact with the reflected sound waves. A two-dimensional image or a 

cross-section of the anatomy can be obtained by a linear scan of the transducer at 

a uniform speed across the body, which corresponds to the reflectivity of the two-
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dimensional slice. This is called the "B-mode" which is the most common modality 

in ultrasomid imaging. 

Until recently, ultrasoimd research applications were restricted to larger animals 

due to limitations in spatial and tempored resolutions. Over the last ten years some of 

those limitations were overcome, and several commercial products became available 

which were dedicated to imaging small rodents such as mice and rats. Table 1.1 

provides a few examples of these commercial ultrasound systems and related research 

references. This is a partial and updated version of the table given by Oaatney 

(Coatney 2001) in his review article on ultrasoimd imaging in rodent research. 

Some of the applications of ultrasound imaging in small animals include cardiac 

imaging in rats (Litwin et al. 1994, BurreU et al. 1996. Cittadini et al. 1996, Forman 

et al. 1997,) and mice (Tanaka et al. 1996, Scherrer-Crosbie et al. 1998, Scherrer-

Crosbie et al. 1999 #1), and other rodent organs such as the kidneys (Winters et 

al. 1997) and the carotid arteries (Banic et al. 1993) Furthermore, ultrasoimd has 

shown great promise in investigating embryonic development in mice. Using high-

resolution ultrasound biomicroscopy systems, several groups have studied the normal 

and abnormal development of organs such as the heart (Gui et al. 1996, Huang and 

Linask 1998, Aristizabal et al. 1998, Srinivasan et al. 1998. Tumbull 1999, Linask and 

Huhta 2000). and brain (Tumbull et al. 1995) in utero, at a wide range of embryonic 

stages. Foster et al. has reviewed the current advances of ultrasound biomicroscopy 

in a recent article (Foster et al. 2000). 

Some of the advantages of ultrasound imaging include portabihty and versatility. 

Furthermore, current commercial systems can achieve spatial resolution comparable 

with magnetic resonance microscopy (Coatney 2001). Ultrasound biomicroscopy 

systems utilizing frequencies ranging from 30 to 100 Mhz have been reported to have 
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Species Ultrasound System, Manufacturer Bibliography 

mouse 

Sequoia®. 
Accuson Corp. Mountain View. C.K. US.\. 

currently .\ccuson. k Siemens Company. 

Mountain View. C.K. US.-\. 

Scherrer-Crosbie et al. 1999 #1. 

Scherrer-Crosbie et al. 1999 #2. 

Takeishi et al. 2000, 

Youn et al. 2000. 

mouse 

128XP®, 
.-Vccuson Corp. Mountain View. C.K. US.-V. 

currently .\ccuson. -A. Siemens Company. 

.Mountain View. C.K. 

Manning et al. 1994. 

Gardin et al. 1995. 

mouse 

Sonos 5500, 
Agilent Technologies (HP. Palo Alto, CA. USA), 

currently Philips Medical Systems. Best. .N'etheriands. 

.Mor-.\vi et al. 1999. 

Gao et al. 2000. 

mouse 

ATL HDI® 5000CV. 
ATL Ultrasound. Inc.. Bothell. \VA. USA. 

currently Philips Medical Systems. Best. Netherlands. 

Esposito et al. 2000. 

mouse 

ATL HDI® 3000, 
ATL Ultrasound. Inc.. Bothell. \VA. USA. 

currently Philips Medical Systems. Best. Netherlands. 

Patten et al. 1998. 

mouse 

Apogee ex. 
ATL Ultrasound. Inc.. BotheU. \VA. USA. 

currently Philips Medical Systems. Best. Netherlands. 

Tanaka et al. 1996. 

rat 
VingMed System Five. 

GE .Medical Systems. Milwaukee. \VL USA 
Sjaastad et al. 2000. 

rat 

128XP®, 
••Vccuson Corp. .Mountain View. C.^. US.\. 

currently .Accuson. .A Siemens Company. 

.Mountain View. C.K. US.A.. 

Burrell et ai. 1996. 

.Mulder et al. 1998. 

rat 

ATL HDI® 5000CV. 
•ATL L'ltrasound. Inc.. Bothell. W.A. US.A. 

currently Philips .Medical Systems. Best. .Vetherlands. 

Behr et al. 2000. 

rat 

Sonos 1500, 
.\gilent Technologies {HP. Palo Alto. C.-V. USA), 

currently Philips .Medical Systems. Best. Netherlands. 

Cittadini et al. 1996. 

Schwarz et al. 1998 #1. 

Schwarz et al. 1998 #2. 

TABLE L. l .  E x a m p l e s  o f  c o m m e r c i a l  u l t r a s o u n d  s y s t e m s  u s e d  f o r  r a t  a n d  m o u s e  
imaging (Coatney 2001). 
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Manufacturer Model Resolution Application 
Stratec Medizintechnik Gmbh 

Pforzheim. Germany. 

XCT Research M 

Fan-Beam ^Scope 

50 fim 
15 fim 

small animal 

in vitro/specimen 

Scanco Medical. 

Bassersdorf. Switzerland. 

fiCT 20 

^CT 40 

(JLCT SO 

Densiscan 1000 

15-25 fim 
10 fim 

24-50 fim 
220 fim 

in vitro/specimen 

in vitro/specimen 

in vitro/specimen 

small animal 

Skyscan 

.\artselaar. Belgium. 

SkyScan-10r2 

SkyScan-1076 

2-8 fim 
9-14 fim 

in vitro/specimen 

small animal 

Enhanced X'ision Systems Corp.. 

(EVS). London. Ont.. Canada. 

MS-8 In vitro scanner 

RS-9 In vivo scanner 

8 fim 
27 fim 

in vitro/specimen 

small animal 

Imtek Inc.. 

Kno.xville. TN. US.-\. 
.\IicroC.\T 50 fim small animal 

TABLE 1.2. Examples of commercial micro CT systems used for biomedical imaging 
applications (Wang and Vannier 2001). 

axial resolution between 19 and 60 //m and lateral resolution between 60 and 250 fim 

(Foster et al. 2000). Even though ultrasound imaging can provide high-resolution 

anatomical images wliich can also lead to the ev-aluation of the function of an organ, 

it is not capable of providing information about changes of metabolism. 

1.2.2 Computed Tomography (CT) 

Recentl3^ several groups have developed liigh-resolution x-ray computed tomography 

(CT) imaging systems with spatial resolution of 50 fim or less (Holdsworth et al. 1993, 

Riiegsegger et al. 1996. Davis and Elliott 1997, Paulus et al. 1999, Kohlbrenner et 

al. 2000. Paulus et al. 2000 #1, Paulus et al. 2000 #2, Khodaverdi et al. 2001, Song 

et al. 2001). Several commercial micro-CT scarmers have also become available for 

biomedical apphcations. Table 1.2 shows a few examples of commercially available 

micro-CT systems (Wang and Varmier 2001). 

In x-ray CT the object to be imaged is exposed to a beam of x-rays. Projection 
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images are generated in the detector due to di{ferences in the linear absorption coef

ficient of the object. A large number of projections can be acquired by rotating the 

object in front of the x-ray tube/detector combination or vice versa. By reconstruct

ing the projection images a tomographic image of the object can be obtained. X-ray 

tecliniques can provide researchers with high-resolution anatomical information but 

are not able to portray metabolic or functional changes. 

In the small-animal research environment. micro-CT systems have been found 

very useful in bone-imaging studies (Riiegsegger et al. 1996, Stenstrom et al. 1998, 

Corrigan et al. 1999. Stenstrom et al. 2000) due to the high contrast between bone 

and soft tissue. For example in the Monolitliic Systems Development Group at the 

Oak Ridge National Laboratory (ORNL) where the microCAT system was initially 

developed. micro-CT has been used as a high-throughput, whole-body screening tool 

for identifying anatomical phenotypes associated with genetic manipulations (Paulus 

et al. 2000 #1. Paulus et al. 2000 #2). Another area of great promise is in vivo 

imaging of lung tmnors in mice. Micro-CT imaging of lung tumors has been success

fully used as a diagnostic tool for evaluating therapeutic modalities such as targeted 

immunotherapy (Kennel et al. 2000), chemotherapy, and radiation therapy. X-ray 

CT provides a noninvasive alternative, allowing an animal to serve as its own control 

through a series of longitudinal studies. The most common alternative methods are 

usually external measurement of tumors, which lacks accuracy, and histologic analysis 

of tissue where the animal needs to be sacrificed. 

1.2.3 Magnetic Resonance Imaging (MRI) 

Magnetic resonance imaging (MRI) is a noninvasive imaging technique based on the 

principles of nuclear magnetic resonance (NMR) spectroscopy. In biomedical re
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search. MR imaging can provide high-resolution anatomical images of soft tissue with 

resolution in the range of 100-300 fim. MRI has been used in a wide range of biomed

ical imaging apphcations including, for example, evaluation of tissue metabolism in 

transgenic mice models, imaging tumor xenografts in mice, rat brain angiography, 

monitoring kidney function in rats, evaluating the efficacy of anti-atherosclerotic 

compounds in transgenic mice, and monitoring the effects of a pharmaceuticals on 

myocardial infarct in rats (http://www.bruker.de/biospin/MRI/index.html). The re

cent development of functional MRI (fMRI) has also initiated a great interest in the 

neurological sciences for enliancing our understanding of brain function and connec

tivity. Some of the advantages of MRI include high-resolution anatomical imaging, 

noninvasiveness and the employment of non-ionizing radiation. However, MR tech

niques are highly sensitive to motion artifacts especially in the case of fMRI. Several 

commercial dedicated small-animal MRI systems are currently available {e.g. Bruker 

BioSpin GmbH. Ettlingen, Germany) 

1.2.4 Optical Imaging 

In vivo imaging of reporter-gene expression in mice is an important evolving area of 

molecular imaging. In recent years, several reporter genes have been studied, and 

quantitative information on gene expression have been obtained from noninvasive 

imaging with various modalities. The nuclear medicine modalities of PET, SPECT, 

and planar gamma-ray imaging have been found useful in imaging the accumulation 

of a radiotracer at the location of gene transfer and expression (Zirm et al. 2000). 

Some of the reporter genes used are the Herpes Simplex Virus Type I thymidine kinase 

(HSVl-tk) (Tjuvajev et al. 1996, Gambhir et al. 1998, Tjuvajev et al. 1998, Tjuvajev 

et al. 1999. Gambhir et al. 1999 #1, Gambhir et al. 1999 #2, Blasberg and Tjuvajev 

http://www.bruker.de/biospin/MRI/index.html
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1999, Gambhir et al. 2000 #1, Gambhir et al. 2000 #2), the human somatostatin 

type 2 (hSSTr2) receptor (Zinn et al. 2000, Rogers et al. 2000, Zinn and Chaudhuri 

2002). the th>Toid sodium iodine sjTiiporter protein (Boland et al. 2000), and the 

Dopamine Tj^-pe 2 (DoR) Receptor (Gambhir et al. 1999 #1. MacLaxen et al. 1999, 

Gambhir et al. 2000 #1. Liang et al. 2001). Optical imaging of bioluminescent and 

fluorescence reporter genes is an emerging imaging modality (Bhaumik and Gambhir 

2002). Optical imaging usually employs a highly sensitive charge-coupled device 

(CCD) camera that is capable of imaging very low levels of light produced by a 

chemical reaction within the body of the animal. 

Thus far. three major reporter-gene proteins have been used for optical imaging: 

Firefly luciferase enzyme/protein (Contag et al. 1997, Contag et al. 1998, Edinger et 

al. 1999, Rehemtulla et al. 2000, Wu et al. 2001, Bhaumik and Gambhir 2002), bac

terial luciferase (Contag et al. 1995), and green fluorescent protein (GFP) (Chishima 

et al. 1997. Yang et al. 2000 #1. Yang et al. 2000 #2, Hasegawa et al. 2000). 

Several companies provide dedicated small-animal optical systems for imaging bio-

luminescence and fluorescence. Table 1.3 presents several examples of commercial 

CCD-based optical systems and their manufacturer. 

1.2.5 Nuclear Medicine Imaging 

Nuclear Medicine is a noninvasive modality based on radioisotopes. A radiopharma

ceutical is injected into the blood stream and distributed in the body for noninvasive 

imaging of an internal organ's morphology or function. The choice of radiopharma

ceutical is appUcation specific. The radiotracer will target the organ to be imaged 

and localize there by a chemical process. Once the organ becomes radioactive it 

emits gamma rays. The emitted radiation is detected by a system of detectors 
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Company Imaging Systems 
Berthold Technologies U.S.A. 

Oak Ridge. TN, USA. 
NightOWL LB 981 

CCD Camera LB 982 
Hamamatsu Photonics K.K., 

Systems Division, Harnamtsu City, Japan. 
AQUACOSMOS/VIM 

Raytest USA, Inc 
Wilmington, NC, USA. 

Diana III 
LAS lOOOplus 

MiraiBio Inc., 
Alameda, CA, USA. 

CCDBIO 16SC 

Xenogen Corporation. 
Alameda. CA. USA. 

IVIS^'^^ Imaging System 

TABLE 1.3. ELxamples of commercial optical systems used for bioluminescence and 
fluorescence imaging. 

which will create a two- or tliree-dimensional (after reconstruction) image of the ra

dioisotope distribution within the organ of interest. Nuclear medicine imaging is a 

function-oriented modality, allowing metabolism and function of organs to be stud

ied. Positron emission tomography (PET) and single-photon computed tomography 

(SPECT) are the primary nuclear medicine imaging modalities. Nuclear medicine 

imaging has been established as a powerful diagnostic tool in the areas of clinical car

diology, oncology, and neurology. With the explosive demand of biomedical research 

in small animals, nuclear medicine has a great potential in the areas of molecular 

biology and drug development. 

In recent years, several dedicated small-animal PET imaging systems have been 

developed with resolution on the order of 1-2 millimeters. These include microPET 

(Cherry et al. 1997, Chatziioannou et al. 1999), microPET II (Tai et al. 2000 

#2. Chatziioannou et al. 2001), and microPET P4 (Tai et al. 2000 #1, Tai et al. 

2001), HIDAC-PET (Jeavons et al. 1999, Jeavons 2000), YAP-PET (Del Guerra et 

al. 1997, Del Guerra et al. 1998), ANIPET (Thompson et al. 1998, Nguyen et al. 

2000), and others (Watanabe et al. 1991, Lecomte et al. 1994, Lecomte et al. 1996, 
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Coireia ei a/. 1999. Correia ei a/. 2000). Furthermore several commercial micro-PET 

systems have become available dedicated to small animals (Concorde Microsystems 

Inc., Oxford Positron Systems). 

Conversely, little work has been done to create a dedicated small-animal single 

photon emission computed tomography (SPECT) system. Some of the initial small-

animal studies were performed using clinical SPECT cameras. Conventional SPECT 

systems do not have the spatial resolution necessary to image the small anatomical 

features of small laboratory animals. However, spatial resolution in the 1-2 mm 

range can be acliieved by using a pinhole aperture. With this device an image 

of the small object is projected through a pinhole onto a large-area detector, such 

as a conventional scintillation camera. In this approach a large magnification is 

attained which improves the resolution of the image depending on the pinhole size, 

the detector-to-pinhole. and object-to-detector distances. Tomographic images can 

be obtained after collecting a set of projections by rotating the animal in front of 

the pinhole or by rotating the pinhole-detector combination around the animal. A 

reconstruction algorithm is necessary in order to obtain the final tomographic image. 

Some initial small-animal single-photon studies were performed by Palmer et al. in 

1990 where they developed one of the first small-animal pinliole SPECT systems with 

a commercial ganmia camera equipped with a 3.3 mm pinhole collimator (Palmer et 

al. 1990). They performed imaging of a rabbit's lung and achieved a reconstructed 

spatial resolution of 4.4 mm full-width at half-maximum (FWHM). In 1991, Pieri et 

al. acquired planar cardiac blood-pool images of rats and hamsters, comparing five 

radiopharmaceuticals and three high-resolution pinhole apertures (Pieri et al. 1991). 

In 1991, Moore et al. used a pinhole collimator with a conventional scintillation cam

era to acquired projection images of a rat that was rotated in front of the stationary 
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camera (Moore et al. 1991). Several other groups have also been investigating the 

use of pinliole collimation with conventional SPECT systems as small-animal imaging 

devices (Jaszczak et al. 1994, Strand et al. 1994, Weber et al. 1994, Ishizu et al. 

1995. Ogawa et al. 1998). 

Over the last few years the focus of research has been shifted from commercial cam

eras to small modular gamma-ray cameras that can be used in different arrangements 

to form a dedicated small-animal imaging device. Several groups have developed 

such detectors for small-animal biomedical applications (de Notaristefani et al. 1996, 

Wojcik et al. 1998. Schramm et al. 2000, Loudos et al. 2000. MacDonald et al. 2000). 

Our group at the University of Arizona has also developed small modular scintillation 

cameras (Milster et al. 1984, Aarsvold et al. 1988, Mister et al. 1990) and compact 

semiconductor detectors for nuclear medicine applications (Marks et al. 1996, Math-

erson et al. 1997. Barber et al. 1997. Woolfenden et al. 1998). A stationary imaging 

system, called FASTSPECT. based on the modular scintillation cameras was also 

developed for dynamic three-dimensional imaging of the human brain (Rowe 1991, 

Rowe et al. 1992. Rowe et al. 1993. Patton et al. 1994, Rogulski et al. 1995, Klein 

et al. 1995). A second-generation FASTSPECT system, FASTSPECT II, based 

on redesigned scintillation modules and hstmode acquisition electronics is currently 

under development (Fiirenlid et al. 2002). In this dissertation, among other things, 

we will discuss the transformation of the original FASTSPECT from a human brain 

imaging system to a high-resolution small-animal system. A more detailed outline of 

this dissertation is given below. It is worth mentioning that the only commercially 

available micro-SPECT imaging system is A-SPECT^^^, a system recently developed 

by Gamma Medica Inc. (MacDonald et al. 2001, McElroy et al. 2001). A-SPECT^^^ 

employs one (or two) LumaGEM detectors, also developed by Gamma Medica Inc.. 
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The detector has a square field of view (FOV) approximately 125 x 125 mm", and 

57" Nal(Tl) elements. 

1.3 Technetium-99m 

The most important radionuclide used today for diagnostic purposes in nuclear 

medicine is the metastable ^^™Tc. The element technetium (#43), was discovered in 

Palermo. Italy in 1937 by Emilio Gino Segre and Carlo Perrier (Segre 1937, Patton 

1998). It was found in a sample of molybdenum which had been bombarded by 

deuterons in Lawrence Berkeley's cyclotron. Technetiiun had already been predicted 

by Mendeleev as element 43 on the basis of the periodic table. Mendeleev suggested 

that it should be very similar to manganese and gave it the name ekamanganese. 

In 1925 two German chemists claimed to have found element 43 in some ores from 

Masuria: they named it masinrium (Noddack et al. 1925). Technetiiun was the first 

element to be produced artificially. All its isotopes are radioactive. The name 

technetium derives from the Greek TEXi^iToc; (technitos) which means artificial. The 

metastable ^^'"Tc was discovered later by G. T. Seaborg and E. G. Segre (Seaborg 

and Segre 1938). It has a half-hfe of only 6 hours and decays primarily via gamma 

emission. Technetiura-99m is primarily man-made since it can be found naturally 

only in infmitesimal amoimts. suggested as a potential scintigraphic 

imaging agent by Richards at the 7th International Electronic and Nuclear Sympo

sium in Rome in June of 1960 (Richards 1960). Over the last forty years, hundreds of 

technetium-99m-labelled radiopharmaceuticals have been developed for imaging the 

morphology and function of internal organs. 

Table 1.4 indicates the year of development and cUnicEil apphcation for several 

of the commonly used technetium-labelled radiopharmaceuticals. A more detailed 
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Year Radiopharmaceutical Clinical Application 
1966 ''^Tc-Sulfur CoUoid Liver, Spleen, Lymphatics 

1970 
'^'^Tc-DTPA 

Diethylenetriaminepentaacetic acid 
Kidney, Urinary 

tract, Breiin. Lung 

1972 
99mTc.pyP 

Tetrasodium Pyrophosphate 
Bone. Myocardium 

1975 
''''"•Tc-.MDP 

Disodium-Dihydrogen-
Methylene-Diphosphonate 

Bone 

1984 
99mTc.Sestaniibi 

hexakis-2-methoxj'-2-
methylpropyl-isonitrile 

Myocardium 

1987 

aa^TiTc-HMFAO 

hexamethylpropyleneamine 
oxime 

Brain. White blood cells 

1992 '"^Tc-GLA Tumor, Myocardium 

TABLE 1.4. Development of technetium-labelled radiopharmaceuticals for clinical 
apphcations (Tsoiikalas et al. 1999). 

discussion of some of them will follow below. A detailed review article by Tsoukalas 

et ai. in Greek, on the modern approaches in the design of ®^Tc-based radiopharma

ceuticals can be found elsewhere (Tsoukalas et al. 1999). A webpage by the Crump 

Institute for Molecular Imaging (http://www.crump.ucla.edu), also provides useful 

information on the chemistry' of various tracers used in nuclear medicine. 

1.3.1 ^^"'Tc-MDP 

99T7iTc.pyrophosphate (PyP) was introduced as a bone scanning agent in 1971 by Sub-

ramanian and coworkers (Subramanian and McAfee 1971, Subramanian et al. 1972). 

In 1975, they developed ®®^Tc-methylene-diphosphonate (^'IDP, a derivative of PyP)-

which. because of its nonmetaboUzable carbon-phosphorus bond, had better biodis-

tribution (Subramanian et al. 1975). Even today, after a quarter century, MDP 

http://www.crump.ucla.edu
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remains the bone scanning agent of choice. Rudd et al. (Rudd et al. 1977) deter

mined from their experiments performed in rabbits that "®®^Tc-MDP had shghtly 

higher uptake, significantly lower blood levels, and faster urinary- excretion compared 

with ^^'"Tc-PYP." The trademarked name for ®^'"Tc-MDP is Medronate®, and it 

is marketed by DRAXI^^IAGE Inc. The radiopharmaceutical is administered intra

venously (IV). and after injection it is rapidly cleared from the blood. About 50% 

of the injected dose is absorbed and retained in the skeleton while 5% of the injected 

dose remains in the blood two hours after injection. According to the Medronate 

insert (DRAXIMAGE^-^'), "skeletal uptake occurs as a function of blood flow to bone 

and bone efficiency in extracting the complex. Bone mineral crystals are generally 

considered to be hydroxyapatite, and the complex appears to have affinity for the 

hydroxyapatite crystals in the bone." 

1 3 2 99'"TC-HMPAO 

99mTc-hexamethylpropyleneamine oxime (HAIPAO) is a radiopharmaceutical origi

nally developed for imaging regional cerebral blood flow (rCBF) by Neirinckx and 

coworkers (Nowotnik et al. 1985, Neirinckx et al. 1987). Its development de

rived from the discovery of ®^'"TC-propyleneamine oxime (PnAO) by Troutnet et 

al. (Troutnet et al. 1984). Its commercial name is Ceretec , and it is marketed 

by Amersham Health, Buckinghamshire, UK. ^^'"Tc-HMPAO is a lipophilic, neu

tral molecule with small molecular weight that passes the intact blood brain barrier 

(BBB) due to its hpophilic nature (Catafau 2001). The compound is very unstable 

in vitro and undergoes oxidation (Catafau 2001). In the brain, the distribution of 

99mTc-HMPAO is proportional to regional blood flow (Leonard et al. 1986). The 

pharmacokinetics and retention mechanism of ^^"'Tc-HMPAO have been studied by 
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Neirinckx et al. fNeirinckx et al. 1988) and Lassen et al. (Lassen et al. 1988). Ac

cording to Neirinckx et al. (Neirinckx et al. 1988) once ^^"'Tc-HMPAO has crossed 

the blood-brain barrier, it undergoes a conversion to a hydrophilic compound by an 

intracellular reaction with gluthathione (GSH). a compound constituting the bulk of 

all free thiols in mammalian tissue (Kosower 1976). This conversion to a nondifFusible 

compound results in the trapping of the ®^Tc in the brain cells. Initial studies in 

animals (Ell et al. 1985 #1. Ell et al. 1985 #2) and clinical trials in humans (Holmes 

et al. 1985. Leonard et al. 1986) have demonstrated good brain uptake and prolonged 

retention of activity in the brain. The peak activity is reached within 2 minutes after 

injection (Ceretec insert). However, according to an editorial by Babich (Babich 

1991) there seems to be a debate on the role of GSH in the trapping mechanism of 

99mTc-HMPAO. For example, studies by El-Shirbiny et al. (El-Shirbiny et al. 1989) 

concluded lack of correlation between ®®^Tc-HMPAO uptake and organ GSH content 

in rats before and after glutathione depletion. 

1.4 Focus of the present work 

The purpose of this work was to develop high-resolution, small-animal, gamma-ray 

imaging sj'stems for use in biomedical research. As described above, dedicated small-

animal imaging systems have been developed for \'arious modalities. However, little 

work had been done in developing a dedicated high-resolution SPECT system for 

small-animal biomedical imaging appUcations. In Chapter 2. we will describe FAST-

SPECT, a three-dimensional imaging system based on smeill modular scintillation 

cameras. FASTSPECT was originally developed as a hiunan brain imaging system. 

In Chapter 2 we will describe its transformation into a high-resolution dedicated 

smaU-animal imaging system. Our initial imaging studies demonstrated a 2-mm re-
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Animal Mouse Rat 
{maeiuKT> pi' LutiK Tumor XruoKrafl:* Orrii»( Tumor Xrut>Krjifi» Myucartlial Braio 

TfJiffr .MIQI GLA TfirufoJ»ro in M l B l  GLA QIJ Ttftrofohm iti MlBl GLA H MPAO 
No iif Auimala t) 3 3 U 37 46 12 13 29 26 2 

TABLE 1.5. Imaging studies performed with FASTSPECT since November 2. 2000. 
using Tc-99m-labelled radiotracers. The total number of animals imaged was 186. 
corresponding to an average of about 2 animals per week. 

constructed resolution in phantoms and animals. The system is currently routinely 

used for imaging tumor xenografts in mice (Liu et al. 2002 #1. Liu et al. 2002 #2. 

Zinn et al. 2002) and myocardial infarct imaging in rats (Liu et al. 2001. Liu et 

al. 2002 #3. Liu et al. 2002 #4. Liu et al. 2002 #5). The high-resolution images 

obtained from the system can be used to provide quantitative information on the 

tumor or infarct size using region of interest (ROI) analysis. Table 1.5 summarizes 

the type and number of studies performed with FASTSPECT from Nov. 2. 2000 until 

May 22. 2002. In Chapter 3 we will discuss in detail the use of ®®"*Tc-sestamibi and 

99mTc.giucaxate in rat myocardial studies. 

Our research group has developed semiconductor arrays for biomedical imaging ap

plications (Marks et al. 1996. Matherson et al. 1997. Barber et al. 1997. Woolfenden 

et al. 1998). Semiconductor detectors such as CdZnTe are an attractive alterna

tive to scintillation technology because they can be partitioned into pLxellated high-

resolution detector arrays using photohthography techniques. In Chapter 4, we will 

utilize the compact semiconductor cameras for planar and tomographic imaging of 

small animals. 

In recent years, a great interest has emerged in the development of dual-modahty 

imaging systems. These systems usually combine an anatomical modality such as x-

ray CT or MRI. with a functional modality such as PET or SPECT. By combining a 
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functional and an anatomical modality complementary information can be obtained 

that can assist in the localization of the uptake of the radiopharmaceutical. In 

Chapter 5 we will discuss the development of a compeict CT/SPECT system for 

imaging mice. Dual modality imaging is the future of small-animal and clinical 

imaging systems. In Chapter 6. we describe a procedure for ev'aluating estimation 

methods without the use of a gold standard. This can be accompUshed by using 

estimates of a parameter obtained from different modalities. 
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Chapter 2 

ANIMAL FASTSPECT: A 3D STATIONARY SPECT 
SYSTEM FOR SMALL-ANIMAL IMAGING 

2.1 Introduction 

FASTSPECT (FAst STationary Single-Photon Emission Computed Tomography) is 

a stationary, high-resolution imaging system designed for dynamic three-dimensional 

imaging of the human brain. SeveraJ prototype systems were initially developed with 

various geometries, containing four to sixteen modular cameras using multiple-pinhole 

apertures (Roney 1989). The system was eventually transformed into a brain imager 

using 24 modular cameras (Rowe 199L Rowe et al. 1992, Howe et al. 1993, Patton 

et al. 1994. Rogulski et al. 1995) The final and current geometry was presented by 

Klein et al. (Klein et al. 1995). A representative reconstructed image of the 3D 

Hoffman brain Phantom acquired with the brain imager is shown in Figure 2.1. 

Even though the system was originally built for imaging the human brain, it was 

recognized that with a modification to the imaging aperture, a small field-of-view, 

high-resolution imager could emerge for small-animal imaging applications. Through

out this dissertation we will refer to the small-animal imager as Animal FASTSPECT 

or simply FASTSPECT. 

Animal FASTSPECT is a dedicated, high-resolution, three-dimensional system for 

imaging small animals. The system consists of a cyUndrical lead aperture in which 

24 pinholes are drilled, surrounded by 24 small (10 x 10cm crystal area) modular 

scintillation cameras. The pinholes are arranged such that a point source at the 
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center of the field of \'iew will be simultaneously projected to the center of each 

camera. The pinholes and the gamma cameras are arranged in two rings of 11 and 

13. siuTOunding the cylindrical shell. The system response matrix is measured by 

moving a small radioactive source in incremental steps in the object space. 

The fixed-camera geometry of FASTSPECT confers several advantages over con

ventional SPECT systems. Since it has no moving parts, the system is actually a 

four-dimensional (4-D) imaging device. We have the capabihty of collecting dynamic 

images with 100 msec of dead time between frames. Pang et al. (Pang et al. 1998) 

were able to determine cardiac output and ejection fraction for an artificial heart 

in a torso phantom using dynamic images from FASTSPECT. Furthermore, since 

there is no rotating gantrv', we have eliminated possible misalignment problems due 

to shppage of the gantr\- during rotation. Since the acquisition of an image is simul

taneous for all cameras, patient motion during acquisition will cause only a blur in 

the reconstructed image. Conversely, conventional rotating-camera SPECT are faced 

with severe artifacts due to inconsistent data produced from patient motion during 

acquisition. The simultaneous image acquisition also adds speed in image collection. 

We have been able to reconstruct l-min images of rat hearts (Liu et al. 2001, Liu et 

al. 2002 #3. Liu et al. 2002 #4. Liu et al. 2002 #5) and tumor xenografts (Liu et 

al. 2002 #1. Liu et al. 2002 #2) with 2-nmi resolution. 

2.2 System Description 

2.2.1 Gantry 

The system gantry was designed by a team of four students (W. Dubno, C. Dun

ning, M. Klingler, and M. Whyte) from the Aerospace and Mechanical Engineering 



FIGURE 2.1. A typical image of the 3-D Hoffinan phantom. 

Department at the University of Arizona, supervised by R. G. Perkuhn and W. P. 

Klein. The frame of FASTSPECT is the foimdation of the system. It is composed 

of 2 in X 2 in X 1/8 in thick square almnintmi tubing that has been welded together 

to form a skeletal structm-e. It provides support for the camera-mounting disk, the 

aperture and the lead shielding. The square tubing was chosen to allow a convenient 

mounting surface for the lead shielding. The 24 cameras are moimted on a disk-and-

wedge system to achieve the required camera placement. The disk has the shape of 

an octagon with a 27-in (~68.5 cm) diameter circle cut out of the center. The first 13 

cameras are directly moimted on the disk and form an 18-in (~46 cm) diameter ring 

of detectors. The cameras are oriented perpendicular to the transverse axis (x-axis) 

of the system. Each of the remaining 11 cameras is mounted on an aluminum wedge 

which is attached on the disk forming an angle of 29° with respect to the ring of 13 
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Flci RE 2.2. A photograph of FASTSPECT with the small aperture in place. The 
overlayed diagram indicates the position of the first ring of 13 cameras. 

cameras. The camera modules are stationary* at all times. Since lead is ver\- soft, an 

aluminum plate of the same shape was laminated to each of the lead shielding pieces 

to enhance the stiffness and rigidity of the shielding. A photograph of F.\STSPECT 

is shown in Figure 2.2. 

2.2.2 Apertures 

Two different c>-lindric:al aperture arrangements were built for converting the system 

into a high-resolution small-animal imaging system. Both apertures were made out 

of lead cylinders with 24 pinlioles drilled in them. The large aperture consists of a 

cyhnder of 17 cm in diameter with twenty-four 1.5-mm pinholes arranged such that 

a point source in the center of the field of view will be projected simultaneously to 

the center of each camera. The large aperture has a planar magnification of 1.7 and 

projects a field of \iew of 5.6 cm x 5.8 cm x 5.8 cm. Similarly, the small aperture 

employs a 9-cm diameter cylinder with twenty-four 1.0-mm pinholes arranged in a 
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Large Aperture Small Aperture 
Aperture Geometry Cylindrical Design Cylindrical Design 

Pinholes 24 X 1.5 nmi 24 X 1.0 mm 
Magnification 1.7 3.5 

Point Sensitivity 6.6 cps//xCi 5.8 c p s / f i C i  
Detector Efficiency 1.8 x 10"^ 1.6 X 10-» 

Field-of-View 5.6 cm X 5.8 cm x 5.8 cm 3.0 cm X 3.2 cm x 3.2 cm 
Background 3.9 cps/camera 4.2 cps/camera 

TABLE 2.1. Table summarizing the properties of the two apertures employed for 
small-animal imaging 

similar fashion with one pinliole corresponding to one camera. The small aperture 

produces a higher planar magnification for the object, namely 3.5, but the field of view 

is consequently smaller, approximately 3.0 cm x 3.2 cm x 3.2 cm. A photograph 

of the small aperture is shown in Figure 2.3. The point sensitivity of the system 

was measured to be about 6 cps//iCi for both aperture arrangements. However, the 

sensitivity of the small apertme was increased prior to the rat myocardial imaging 

discussed in the next chapter. Both aperture systems nm at similar background 

levels of 4 cps/camera. Table 2.1 smnmarizes the properties of the two apertures. A 

septmn was placed between the two arrays of pinholes, in both apertures, to prevent 

collection of gamma-rays emerging from a pinhole other than the one corresponding 

to that camera. This is usually referred to as multiplexing. 

2.2.3 Modular Csimeras 

Our group at the University of Arizona has developed small modular scintillation 

cameras for nuclear medicine applications (Milster et al. 1984, Aarsvold et al. 1988, 

Milster et al. 1990). Furthermore, digital position-estimation methods for those 

cameras were also developed (Milster ei a/. 1985). Similar modules were concurrently 
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FIGURE 2.3. The small cylindrical aperture. A septimi is placed between the two 
rings to prevent multiplexing. 
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constructed by Rogers et al. (Rogers et al. 1986), Clinthome et al. (Clinthome et 

al. 1987), and others. Over the last few years there has been a growing interest in 

dedicated small-animal imaging systems, which translates into a dememd for small, 

low-energy (140 keV). liigh-resolution (~ 3mm intrinsic resolution) gamma cameras. 

Several groups have developed such detectors for small-animal biomedical applications 

(de Notaristefani et al. 1996. Wojcik et al. 1998. Schramm et al. 2000. Loudos et 

al. 2000. MacDonald et al. 2000). as well as specific clinical appUcations such as 

scintimammography (Aarsvold et al. 1994, Steinbach et al. 1997, Williams et al. 

1997 #1. WilUams et al. 1997 #2, Pani et al. 1998, Kim et al. 2000, Patt et al. 

2002). Most of the new cameras use a Nal(Tl) or CsI(Na) scintillator and are usually 

based on position-sensitive PMTs (PS-PMTs) which evade the position-estimation 

problem. 

Our camera module consists of a square 10 cm x 10 cm x 0.5 cm thick Rexon 

Nal(Tl) scintillation crystal which is optically coupled to four 5 cm square Hamamatsu 

R1534-07 photomultiplier tubes (PMTs) via a 1.9 cm thick quartz hght guide. The 

whole assembly resides inside a light-tight aluminum housing. BNC connectors 

are provided in the back of the aluminum box to carry the four PMT signals. The 

incoming high-voltage power supplies are connected via four SHV connectors. Figure 

2.4 shows a picture of the main components of the modular camera. 

The operation of our camera module is very similar to the type of camera called 

an "Anger camera", first developed by Hal O. Anger (Anger 1958). When a gamma 

ray strikes and is absorbed in the scintillator crystal, its energy is converted into a 

large number of optical photons. The mean nimiber of optical photons generated is 

thus directly proportional to the energy of the incident gamma ray. These secondary 

photons propagate through the crystal and light guide, and a fraction of them will be 



43 

FI G U R E  2.4. Photograph of the main components of om- compact modular scintilla
tion camera. The indi\-idual PMTs and the aluminimi housing are displayed. 
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absorbed by the photocathode of the PMTs. The photocathode converts the incident 

photons to electrons which can be accelerated and multiplied through a series of dyn-

ode stages. The quantum efficiency of each PMT describes the number of electrons 

emitted from the photocathode for each optical photon. The quantum efficiency of 

the PMTs used in our cameras is approximately 0.27. The amplified electron stream 

will reach the anode of the PMT resulting in a current signal. Consequently, each of 

the four PMTs responds with an analog signal whose mean amphtude is related to 

the location where the gamma ray interacted within the crystal. 

2.2.4 Electronics 

Analog electronics are used to amplify the four PMT signals, which are then passed 

through a simuning stage prior to an event-detection stage. The event-detection stage 

looks for an event as the sum signal exceeding a threshold and then undergoing a zero 

crossing of the derivative. This triggers, in turn, the sample-and-hold circuit and the 

A/D converter for conversion to digital data. The four signals are digitized to eight 

bits, which are then compressed to 5 bits using a nonlinear (square-root) compression 

algorithm in an EPROM (erasable programmable read-only memory) stage (Aarsvold 

et al. 1988). The compression is performed to limit the size of the look-up table that 

follows. The signals from each of 12 cameras proceed to a derandomizer, where four 

bits for camera identification are attached to every twenty-bit event signal. In order 

to estimate the energy and interaction position, the digital word is then used as an 

address to a pre-calculated 20-bit look-up table. The look-up table is a result of a 

calibration procedure that will be described in the next section. A schematic of the 

processing electronics for each modular camera is shown in Figure 2.5. 

The performance of the camera modules has been studied extensively by Sain 
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(Sain and Barrett 2000. Sain 2001, Sain and Barrett 2002 #1). Furthermore, a very 

accurate optical model predicting the mean response of those cameras to scintillation 

events was developed (Sain and Barrett 2002 #2). 

2.3 System Calibration 

2.3.1 Generation of the MDRFs 

The performance of the imaging system as a whole depends upon a precise calibration 

of the individual modular cameras, which is performed once a year. In order to 

achieve optimum performance, we need to determine accurately the PMT signals 

resulting from an interaction at a known location and energy of an incident gamma 

ray. Tliis calibration is accomplished by moving a collimated ^^Tc source in front 

of the camera face on a 16 x 16 rectangular grid and measuring the detector response 

to the incoming gamma rays. This response function, for all (x, y) source locations, 

is called the mean detector response function (MDRF). 

The calibration is performed with the cameras mounted in the imager. The colh-

mated source is a 2-mm wide monoenergetic beam of gamma rays which is positioned 

a few millimeters away from camera face. We collect at least 12,500 counts at each 

point location of a 16 x 16 grid. The four PMT signals from each detected event are 

digitized and stored. The 16 x 16 grid was chosen to minimize the overgdl calibration 

time, but a more precise 64 x 64 grid is obtained after a bicubic sphne interpola

tion scheme is applied to the data (Sain 2001). Histograms of the signals obtained 

from each PMT are plotted, and the sample statistics (sample mean, variance, and 

covariance) are calculated. Further processing results in the generation of a look-up 

table of the maximum-Ukelihood (ML) estimates of position for every set of possible 
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Derandomizer 

FIGURE 2.5. Schematic of the data flow following detection of a scintillation event. 
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PMT signals. By measuring the detector response function, instead of assuming a 

standard response based on an ideal camera model, we are improving the position 

estimation accuracy. 

2.3.2 Generation of System Matrix (PSF) 

In conventional SPECT systems the point response function (PSF) of the system 

(or system matrix) is usually simulated by making certain assumptions about the 

geometry of the system. In the case of FASTSPECT, the system matrix is measured 

by moving a ®®"*Tc-pertechnetate point source to all locations in the object space. 

Three precision translation stages are employed to move the source to a 3-D grid 

of object locations and to hold it stationary during each acquisition. The stepping 

increment is I mm for the small aperture, and 2 rmn for the large aperture. The 

reason for the coarser sampling in the case of the large aperture is that a larger field-

of-\'iew needs to be mapped. A usual object volume consists of 50,000 to 80,000 

voxels (volume elements) and requires about 20 hours to complete. The matrix is 

stored in a highly compressed format due to its large size. The measured system 

matrix offers an advantage over a simulated one since it incorporates all imperfections 

or misalignment of the system, as well as any nonuniform response by the modular 

cameras. 

2.4 System PerformEince 

2.4.1 Spati£d resolution using Fourier cross-talk matrix 

The Fourier cross-talk matrix was first suggested as a tool for designing cone-beam 

tomography systems by Barrett and Gifford (Barrett and Gifford 1994). Figures of 
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merit for task performance based on that concept were later developed by Barrett 

et al. (Barrett et al. 1995. Barrett et al. 1996). The concept was further explored 

by GifFord in his Ph.D. dissertation (Gifford 1997). Here we will review the basic 

equations developed by Barrett and GifFord (Barrett and GifFord 1994) and establish 

a measure of resolution of an imaging system, based on the Fourier cross-talk concept. 

Consider a linear, continuous-to-discrete operator H acting on a continuous three-

dimensional (3D) object /(r) with compact support S(r). The noise-free output of 

the system can be written in vector format as 

g  =  n { f { T ) } ,  (2.1) 

where the mth detector measurement is given by the integral 

9m = h^ i r )  /(r) d r .  (2.2) 

The symbol S represents the compact support function 5(r) wliich defines the field 

of view of the imaging system, and it is a cubic region of width L. The compact 

support function can be wTitten as 

I l , r £ S  
S ( r )  =  { . (2.3) 

I 0,r 

According to Barrett et al. (Barrett et al. 1995), "fimir) is called the detector sensi

tivity function because it describes the average sensitivity of the mth measurement to 

the object density at point r." The finite support of the object allows us to represent 

it by a Fourier series 

00 
/(r) = Y, (2.4) 

Jc=—00 
oc 

= Y, (2-5) 
k=—oo 
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with basis functions 

4>fc(r) = (2.6) 

The index k spans an infinite 3D set Z" of integers {ki,k2, k^), while the wavevectors 

{Pfc} take the x'alues 

Pt = ^k. (2.7) 

Substitution of Equation 2.5 into 2.2 yields 

OO 
^m= ^  Fk^mk (2.8)  

fc=—oc 

where 

^mk = mk{r)]m = /im(r)e-'^'^-^dr. (2.9) 

Thus, the elements of correspond to the Fourier transform of the product of the 

sensitivity function /iTn(r) and the support function 5(r) evaluated at the wavevector 

P k -

The Fourier cross-talk matrix B is an infinite matrix defined by the product 

B = (2.10) 

where is the adjoint (transpose of the complex conjugate) of The diagonal 

elements of the cross-talk matrix are expressed by the equation 

jvr M 

(2.11) 
m=l m=l 
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which is the square of the magnitude of vector Therefore, Barrett et at. 

state (Barrett et al. 1995) that the diagonal elements of the Fourier cross-talk matrix 

"Tiieasiu-e the strength of the kth Fourier components in the data set". Consequently, 

we can think of 3^/. as a kind of Modulation Transfer F\mction (MTF) of the system. 

We define an equivalent MTF, MTFeq, after ramp filtering the diagonal cross-talk 

elements In the frequency domain, this filter is just |pjt|. Thus, we can write, 

.MTF,, = \p,\P,,. (2.12) 

The ramp filter is necessary to remove the 1 /Pf. fall-off introduced to the cross-talk 

elements by the back-projection operation due to oversampling of the origin. We use 

the term equivalent because a modulation transfer function is usually defined for a 

shift-invariant system. FASTSPECT is a shift-variant system. 

In collaboration with H. C. Gifford we calculated MTFeq along the three axes of 

our system, for the two apertures used for animal imaging (Gifford 1997, Kastis et 

al. 1998). For our calculations we used the point response function of the system, 

which was measured by the procedure outlined in a previous section. If we assmne 

that the measiu-ed PSF is the discrete form of the sensitivity function /im(r), we can 

approximate the elements of with a discrete Fourier Transform (DFT) for a finite 

set of wavevectors Pf.. In this approximation we calculated MTF^q for Pi^ along 

the three axes of our system. The coordinate system defined in FASTSPECT is 

a left-handed coordinate system with the x-axis (sometimes called treuisverse axis) 

perpendicular to the ring of detectors. The x-y plane lies parallel to the two rings 

of pinholes, therefore the diagonal cross-taJk elements are the almost the same along 

the symmetric y and z axis. In Figure 2.6 we present the equivalent MTF, MTFeq, 

along the three axes of the system. The advantage of the small aperture is evident 

from the plots. The higher magnification of the small apertiu-e allows higher spatial 
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Large Aperture Small Aperture 
Voxel Size 2 mm 1 mm 

Cross-Talk 
X (transverse) 1.06 cm~^ 2.43 cm"^ 

Cross-Talk y (sagittal) 0.82 cm-' 2.0 cm"' Cross-Talk 
z (coronal) 0.87 cm"' 2.15 cm"' 

Planar Resolution 3.0 mm 1.6 mm 

TABLE 2.2. Resolution along the three-axis of the system, obtained from the cross
talk matrix, for the two apertures. The planar resolution was also calculated for 
comparison from Equation 2.14. 

frequencies to be resolved by the system. 

We defined a measure of spatial resolution as the full-\vidth-at-half-maximum of 

the plots in Figure 2.6. Table 2.2 summarized the resolution, along each of the three 

axes of the system, obtained using the Fourier cross-talk matrix. For comparison, 

the planar resolution, in real space, was also calculated by the equation discussed in 

the next section. 

2.4.2 Planar Resolution 

The formula for geometric resolution (FWMH) of a pinhole collimator is well known 

(Barrett and Swindell 1981). This relation states that 

(2.13) 
So 

where Si is the source-to-pinhole distance, S2 is the pinhole-to-detector distance, and 

d denotes the pinhole diameter. The geometry of pinhole imaging is illustrated 

diagrammatically in Figure 2.7. Note that (5p/, is independent of the angle of the 

ray-path of the source with the detector. 

In order to obtain the total resolution we need to account for the intrinsic res

olution of the camera. Our camera modules have intrinsic resolution 6int = 3mm. 
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FIGURE 2.6. Equivalent MTF along the three axes of the system. MTF^q was 
obtained directly from the measured point sensitivity matrix. 
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source 

—pinhole 

detector crystal 

FI G U R E  2.7. Diagram illustrating the geometry of pinhole imaging 

Assuming that both contributions correspond to the widths of gaussian functions, 

the total planar resolution can be expressed by the simi, in quadrature, of the two 

contributions. Thus, we have 

Note that the magnification factor ^ is necessary to convert the effect of the intrinsic 

resolution in the detector plane. The planar resolution values shown in Table 2.2 were 

obtained using Equation 2.14 and the geometrical parameters of the two apertures 

shown in Table 2.3. Note that FASTSPECT is a tomographic system. We calculated 

planar resolution only for comparison reasons using the geometrical parameters of the 

cameras on the ring of 13. However, for the true resolution of the system as a whole 

we also need to consider the properties of the ring of 11 cameras. This is accomplished 

by the Fourier cross-talk matrix approach where a measure of resolution is derived 

from the measured system matrix. 

(2.14) 
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Large Aperture Small Aperture 
Pinhole diameter, d 1.5 mm 1 mm 

source-pinhole distance, Si 8.75 cm 5.18 cm 
pinhole-detector distance, so 14.79 cm 18.36 cm 

TABLE 2.3. Geometrical parameters of the two apertures for the ring of 13 cameras. 

2.4.3 Sensitivity 

The geometric sensitivity (or efficiency) of a single pinhole aperture is given by Mal

lard and Mayers (Mallard and Mayers 1963) as 

( j 2  gJjj3 Q  
Sensitivity = „ (2.15) 

lu5 

where d is the diameter of the pinhole. Si denotes the perpendicular source-to-pinhole 

distance, and 9 is the angle formed by a ray traveUing from the source to the detector 

with respect to the detector plane. Ekjuation 2.15 does not account for penetration 

aroimd the pinhole and assumes an ideal aperture that allows gamma-rays to pass 

only through the pinliole. The rest of the gamma-rays are completely absorbed by 

the aperture. A detailed analysis of the effect of gamma ray penetration on sensitivity 

for pinhole imaging is given by Smith and Jaszczak (Smith and Jaszczak 1997). 

One way to visualize the nonuniformities in the sensitivity of a three-dimensional 

system, such as FASTSPECT. is to create a sensitivity map directly from the mea-

sxired system matrix H (Rowe 1991. Honey 1989). This technique involves summing 

all counts within the nth column of H. and assigning that smn to the nth voxel of the 

image. The mathematical formulation of this operation can be expressed as 

A/ 
= (2.16) 

where M is the total number of detector elements. By repeating the process for 

all voxels within the FOV we can obtain a sensitivity map. Figure 2.8 displays the 
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Flca R E  2.8. Illustrative Sensitivity map of FASTSPECT for the small Aperture. 

sensitivity map of the system with the small aperture in place. Here, the collected 

PSF volume is larger than the useful F0\' of the system. We consider the F0\'. as 

reported earlier, to be the uniform cylindrical region of the sensitivity map. Figure 

2.& illustrates that there are points in the mapped volume that miss some of the 

camercis resulting in a dark region of the sensitixity map. Some streaking effects are 

also evident in the nonuniforai areas of the map. 

2.5 Phantom Imaging with FASTSPECT 

A phantom in nuclear medicine is an object with well known geometr\- that is filled (or 

injected) with a knov\^l amount of activity for testing the performance of an imaging 

s\-stem. Phantoms, such as the ThvToid Phantom, are imaged on a regtilar basis 

in the nuclear medicine clinic. We imaged a line phantom and a walnut phantom 
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to test the performance of FASTSPECT in a controlled environment with known 

objects. The phantom images established the image quaUty and resolution of the 

system in order to obtain animal imaging approvals. 

All the images were transferred to a DEC Alpha workstation for processing. To

mographic images were obtained using 100 iterations of the maximum-likelihood 

expectation-ma-ximization (ML-EM) reconstruction algorithm (Shepp and Vardi 1982, 

Lange and Carson 1984. Beekman et al. 1997). The code, developed by Prof. Don 

W. Wilson, utilizes the measiued response matrix of the system. 

2.5.1 Line Phantom 

A line phantom was constructed out of a plastic rod to assess the resolution of the 

system. The phantom consists of seven 1-mm holes (hnes) that are arranged in an 

equilateral triangle format. The center-to-center separation between all adjacent 

holes is 4 mm. apart from the middle coliuim of holes which are separated by 3 mm. 

The holes were filled with 4 mCi of ®®^Tc-pertechnetate aqueous solution and imaged 

for 5 minutes with both apertiu-es. Reconstructed tomographic images obtained with 

the small and large apertures are presented in Figure 2.9 for side-by-side comparison. 

Neighboring slices are separated by 1 mm and 2 mm for the small and large apertures, 

respectively. The small aperture seems to resolve most of the hnes. Conversely, the 

large aperture has difficulty resolving any of the holes, which is in agreement with the 

resolution limits obtained from the Fourier cross-talk computation (see Table 2.2). 
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I mm holes 

(a) Large Aperture (b) Small Aperture 

FK : I  R E  2.9. Line phantom images obtained with (a) the large and (b) small aperture. 
The seven l-mm holes of the line phantom were filled with aqueous solution and 
imaged for fi\'e minutes. The separation between all adjacent holes in the phantom 
is 4 mm center-tocenter. except from the middle colmnn of holes which are separated 
by 3 mm. 
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(a) Large Aperture (b) Small Aperture 

FIGURE 2.10. Reconstructed images of the walniit phantom after 5 minute imaging 
using the (a) large and (b) small aperture. 

2.5.2 Walnut Phantom 

The idea for imaging a walnut arose from the need to image a complex object prior 

to approval of animal imaging. We searched for different objects to image, but since 

our experience wius with brain imaging from the original FASTSPECT system, we 

resorted to an object that resembles the brain of a mouse. The walnut phantom is 

half a walnut with its shell filled with '"''•^"'Tc-pertechnetate solution. We acquired 

5-minute imagers with both apertures. Figure 2.10 presents reconstructed images 

obtained with the two apertures. Both aperture arrangements were able to resolve 

the "meat" of the walnut which is depicted as a "cold" region within the shell. 
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2.6 Animal Imaging with FASTSPECT 

Animal imaging requires specific guidelines and procedures to be followed. All ex

periments were performed after specific protocols were approved by the Institutional 

Animal Care and Use Committee (lACUC) at the University of Arizona. All persons 

handling the anim£ds had previously attended educational coiu^es on proper animal-

handling procedures. Proper anesthesia was always administered where needed. 

Surgery was performed by a veterinarian with steriUzed instruments. All injections 

were performed by trained personnel. 

2.6.1 Rat Lymphatic Imaging 

A male Sprague-Dawley rat with an induced lymphedema was injected with 750 /zCi 

of (Human Serum Albmnin) in each foot. Immediately following injection, 

the animal was anesthetized using a Ketamine/Xylazine mixture and placed inside 

the large aperture on a fiat plastic platform. We acquired two lO-minute images by 

axially translating the animal. The image in Figure 2.11 is a combination of the 

two 10-minute images and is displayed by summing all the coronal slices in order to 

obtain a planar projection. The gray-scale map has also been reversed, therefore high 

uptake is associated with dark regions. The injection site is clearly shown in both 

feet. The elongated injection site on the left foot is the effect of the lymphedema. 

The popliteal node can be identified only on the right hind limb. Tracer arrival in 

the systemic circulation is indicated by kidney and bladder uptake. A drawing of a 

rat was superimposed to enhance our understanding of the image and substantiate 

the location of the "hot spots". The need for dual-modality imaging is evident 

in this imaging example. Such a system usually combines an anatomical modality 
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such as x-ray CT or MHI, with a functional modality such as PET or SPECT. The 

superposition of anatomical and functional images can clearly enhance our abiUty to 

interpret an image and extract quantitative information. A dual-modality imaging 

system developed as part of this thesis work will be discussed in Chapter 5. 

2.6.2 Rat Brain Imaging 

A 250-g Sprague-Dawley rat was anesthetized with an intraperitoneal injection of 

pentobarbital, and its fur was removed from the neck area with electric clippers 

prior to surger\'. A tracheotomy was performed to expose the common carotid 

arteries. The rat was injected with 3.5 mCi of ®®"Tc-hexamethyIpropyleneaniine 

oxime (H^'IPAO) directly into the left carotid artery while ligating the left external 

carotid. ^®^Tc-HMPAO is a brain perfusion agent routinely used in the nuclear 

medicine clinic. It is a small, lipophilic molecule that passes the intact blood brain 

barrier (BBB) and gets trapped in the brain cells by converting in a nondiffusible 

compound. The distribution of ®^Tc-HMPAO is proportional to regional blood flow 

(Leonard et al. 1986). More details about ®®^Tc-HMPAO can be found in Chapter 

1. The tomographic image displayed in Figure 2.12(b) is a 10-minute image obtained 

with the large aperture immediately following injection. Only the left hemisphere of 

the brain was perfused since only the left carotid artery was injected with the tracer. 

The enlarged slice of Figure 2.12(a) illustrated the hippocampal area of the brain. 

W-'ie also used the small aperture to obtain a high-resolution brain perfusion image. 

In this case, another Sprague-Dawley rat was injected with 5 mCi of ®®^Tc-HMPAO 

into the tail vein. The image in Figure 2.13 is a 10-minute image, acquired 40 minutes 

after injection. The tomographic image is sliced along the coronal direction with 1 

mm separation between sUces. Clearly, both hemispheres of the brain were perfused 
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FICI 'RE 2.11. Imaging of the h-mphatic system of a rat. ®^Tc-HSA uptake is 
displayed in the injection site, the pophteal node, the bladder and kindeys. The 
overlayed drawing of the rat's body is used to enhance our understanding of the 
image. 
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7.4 cm 

Hippocampal Area 

7.8 cm 

(a) Single Slice (b) Transverse Slices 

FlGfRE 2.12. Reconstructed 10-minute rat-brain perfusion image obtained 
with the large apertiure. Only the left hemisphere of the brain was perfused. 

in tliis ca^ie. 

2.6.3 Mouse Bone Imaging 

\\b used both apertures to acquire bone images of a mouse. In the ca^e of the large 

aperture, a 20 g mouse Wcis injected in the tail vein with 1.2 mCi of '•'^"'Tc-MDP 

(Methvline Diphosphonate) and imaged tlorce hours later. '•'^'"Tc-Methyline Diphos-

phonate is a skeletal imaging agent. Phosphonate-based compounds are absorbed 

by bone, resulting in the trapping of '-"-'"'Tc in the skeleton (see Chapter 1). For 

these preliminar>' images the mouse was euthanized using cervical dislocation prior 

to imaging. We acquired two 15-minute images, axially translating the animal. Each 

image contained approximately 1 miUion counts. The tomographic reconstructions 

of both images are shown in Figure 2.14. The images have been re-sampled about 

two times the original resolution by bilinear interpolation. The lower legs and the 

torso can be identified on the lower-left image, while the upper extremities, the torso. 
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FIGURE 2.13. Coronal slices of a lO-minute rat-brain perfusion image obtained with 
the small aperture. Most of the activity seems to be in the brain. 

and the head are showii on the top-left image. By combining the two images, we also 

obtained a projection of the whole mouse which is presented on the right of Figure 

•2.14 

Using the .•irnall aperture, we acquired five 10-minute images of a 20 g mouse by 

translating the mouse in 20-mm increments The mouse was injected with 4 mCi 

of "'^"'Tc-MDP (Methylene Diphosphonate) in the tail vein. The five images were 

combined to give a complete image of the skeleton of the mouse. In Figure 2.15 

we present (a) four consecutive transverse slices and (b) two consecutive longitudinal 

slices. Individual vertebrae as well as the skull are easily identifiable from those 

images. Furthermore, a projection image was obtained by adding all the coronal 

slices and is presented in Figure 2.15(c). Many featiures of the skeleton can be 

identified such as the zygomatic bones, the vertebral column, the front and hind 
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7.2 cm 
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(a) Longitudinal Slices (b) Composite Projection 

Fica'RE  2.14. (a) Tu'o reconstructed bone images, obtained with the large aperture, 
of the upper and lower part of a mouse, (b) A composite projection of the two images 
resulting in a complete skeletal image of the mouse. 
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(b) Longitudinal Slices (c) Composite Projection 

F IGRRE 2.15. Reconstructed bone images of a combined mouse image, acquired 
with the small apertiu-e. (a) Four coiisecutive sagittal shces. (b) two consecutive 
longitudinal (coronal) shces. (c) a composite projection of the five acquired images 
resulting in a complete skeletal image of the mouse. 

limbs, and the ilium. Individual caudal vertebrae are also well resolved. These 

reconstructed images are a good indication of the overall resolution of the system 

since individual vertebrae can be resolved. 

2.7 Conclusions 

We successfully transformed the original FASTSPECT human brain imaging system 

into a high-resolution small-animal imaging system suitable for biomedical research 
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applications. We performed preliminary imaging studies of phantoms and small an

imals, and demonstrated reconstructed resolution of 2 mm. with the small aperture. 

The size of this aperture and the field of view seems to be sufficient for imaging 

mice and rats. In the following chapter we will employ FASTSPECT for testing the 

performance of myocardial imaging agents in detecting induced infarct in rats. 
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Chapter 3 

RAT MYOCARDIAL IMAGING 

3.1 Introduction 

According to the National Center for Health Statistics (NCHS), heart disease is the 

leading cause of death in the US, causing 725,192 deaths in 1999, accounting for 

30.3% of the total number (Anderson 2001). The initial approach to the diagnosis 

of heart disease is usually physical examination, followed by electrocardiography and 

blood analysis. Timely and accurate assessment of ventricular function, myocar

dial perfusion, and metabolism can lead to proper treatment. Imaging techniques 

can assist with the diagnosis of the disease and provide additional information about 

its progress. For example, noninvasive imaging of the myocardium is an important 

technique for the diagnosis and evaluation of coronary artery disease (CAD). Further

more, determining the presence of ischemia is important in the discrimination between 

viable and nonviable mj'ocardium. Several imaging techniques are presently avail

able, including cardiac catheterization (ventriculography and angiography), magnetic 

resonance imaging (MM), computed tomography (CT), electron beam computed to

mography (EBCT), ultrasound (echocardiography), and nuclear medicine (SPECT 

and PET). Nuclear medicine is currently the only imaging modality that can provide 

information on both myocardial perfusion and viability. 

Researchers are always seeking to develop new myocardial imaging techniques 

and perform pre-cUnical tests of cardiovascular radiopharmaceuticals. Large fl.nimals 

such as canines and swine are often used for in vivo myocardial imaging using clinical 
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SPECT systems (Glover and Okada 1993, Da Silva et al. 2001). However, large 

animals are expensive to breed and difficult to maintain. Small mammals, on the 

other hand, provide short reproductive cycle and relative ease of transport. Small 

laboratory animals, such as rodents, were not used until recently due to the poor 

spatial resolution of conventional SPECT imaging systems (of order 1 cm). Pinhole 

coUimation combined with standard commercial gamma cameras can provide ultra-

high-resolution images since a large magnification can be attained. Several groups 

have been investigating the use of pinhole coUimation with conventional SPECT sys

tems as small-animal imaging devices (Palmer et al. 1990, Pieri et al. 1991, Moore 

et al. 1991, Jaszczak et al. 1994, Strand et al. 1994, Weber et al. 1994, Ishizu et 

al. 1995. Ogawa et al. 1998). Two of these groups have presented normal rat my

ocardial images obtained with this technique (Weber et al. 1994, Ishizu et al. 1995). 

However, Uttle work has been done to quemtify the infarct size in a rat myocardial 

infarction model and to evaluate the accuracy of myocardial images obtained with 

SPECT. The only studies of this nature a\'ailable in the literature are by Yukihiro et 

al. (Yukihiro et al. 1996) and Hirai et al. (Hirai et al. 2000). Both groups employed 

a conunercial camera with pinhole coUimation for their experiments. 

In this chapter, we will discuss the development of an in vivo imaging protocol 

in rat heart models using FASTSPECT. We will present images obtained with two 

radiopharmaceuticals: A myocardial perfusion imaging agent called ®®'^Tc-sest£iniibi 

(or ®^Tc-MIBI) and an infarct-avid imaging agent called ®^'"Tc-glucarate (or ®®^Tc-

GLA). Furthermore, we will quantify the infarct size obtained from the images and 

compare it with the myocardial infarct size measured with triphenyltetrazoUum chlo

ride (TTC) staining. The myocardial area at risk will also be determined with the 

use of Evans Blue dye. This work was performed with the collaboration of Zhonglin 
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Liu and the assistance of Gail Stevenson. The project relied on their expertise with 

animal surgery techniques. 

3.2 Imaging System 

F.A.STSPECT. the system described in the previous chapter, was employed for the rat 

myocardial imaging experiments. FASTSPECT is suitable for small-animal imag

ing since it is designed to maximize spatial resolution at the expense of field-of-\aew 

(FOV). It has 1-2 mm spatial resolution, which is superior to that achieved with cur

rent conventional SPECT systems. The FOV (3.0 cm x 3.2 cm x 3.2 cm) is ideal for 

rat heart imaging since an average rat heart is no larger than 1.5 cm from its base to 

its apex. FASTSPECT employs 24 stationary modular cameras, consequently, there 

are no moving parts and all projections are acquired simultaneously. The station-

arity of the system provides dynamic capabihties in image acquisition. The system 

sensitivity is 12 cps//iCi. This sensitivity was achieved after minor modifications to 

the small aperture described in the previous chapter. 

3.3 Animal Ethics 

All experiments were performed following specific animal protocols approved by the 

Institutional Animal Care and Use Committee (lACUC) at the University of Arizona. 

Proper care was taJcen to provide the right amount of analgesia and anesthesia to the 

animals at all times. Surgery was performed using aseptic procedures with sterilized 

instruments. The method of euthanasia applied was consistent with the Report of the 

American Veterinary Medical Association Panel on Euthanasia (American Veterinary 

Medical Association 2001). All experiments were performed in accordance with the 
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F IGURE 3.1.  Illustration of the rat heart model. The proximal left anterior descend
ing coronar\- arter\' (LCA) was occluded using a small curved tapered needle carr\'ing 
a 5-0 silk tluread. 

animal research giiidehnes of the National Institutes of Health (National Research 

Comicil 1985). 

3.4 Animal Models 

Two rat myocardial imaging models were developed by Z. Liu with the assistance of G. 

Stevenson: an ischemia heart model and an ischemia-reperfusion heart model. The 

measurement of the acute myocardial perfusion defect in the ischemia model after an 

injection of a perfusion agent, such as ^^""Tc-MIBI. can provide an indication of the 

m\-occirdimn at risk. Furthermore, injection of the same radiopharmaceutical after 

c-oronar>' reperfusion (ischemia-reperfusion model), allows discrimination of the non

viable myocardium. A recently developed infarct-avid agent called ^®"'Tc-glucarate 
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Rat Myocardial Imaging: Experimental Protocol 
IR-MIBI and IR-GLA Groups 
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F IGL'RE 3.2.  Experimental protocol for IR-MIBI and IR-GLA groups. 

has also been reported to be taken up by infarcted myocardium but not by ischemic 

\*iable tissue. Several animals were also imaged without surgery to serve as a control 

group. 

3.4.1 Control Group 

Five Spragiie-Dawley rats weighting 250-300 grams served as the control group. Xor-

inal myocardial imaging Wcis performed after injection of ^^""Tc-sestamibi without 

surgery-. W'e did not attempt to image a control group with ^^'"Tc-glucarate. 

3.4.2 Animal Preparation and Ischemic-Reperfused Heart Model 

Ele%-en male Sprague-Dawley rats weighing 250-300 grams were used for the ischemia-

reperfusion group using '•'^"'Tc-sestamibi (IR-MIBI group). Six more rats were em
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ployed for the ischemia-reperfusion group using ^Tc-glucarate (IR-GLA). The rats 

were anesthetized with an intraperitoneal injection of pentobarbital (40 mg/Kg), 

and their fur was removed from the chest and neck area with electric clippers prior 

to surgery. A tracheotomy was performed for artificial ventilation with a volume-

controlled Inspira Advanced Safety Ventilator (Harvard Apparatus, Holliston, MA). 

The ventilator was operated in Safe Range^^' mode which automatically calculates 

the tidal volume and respiration rate using the animal's weight (1.2 ml/lOOg stroke 

volume, 65-80 strokes/min). Myocardial infarction was produced with techniques 

similar to the ones previously described by Kaufman et al. (Kaufman et al. 1959) 

and Seyle et al. (Seyle et al. 1960). Applying their methods, Z. Liu performed a 

left thoracotomy and exposed and suspended the rat hearts on the pericardial cra

dle. A small curved tapered needle was used to carry a 5-0 silk thread through the 

tissue between the pulmonary cone and the left auricular appendage. The ligature 

was tied around the proximal portion of the left anterior descending coronary Eirtery 

(LCA) and a small amount of myocardium. This procedure is illustrated in Figure 

3.1. The LCA was occluded for ninety minutes, stopping the regional blood flow to 

the myocardium. Thirty minutes of reperfusion was achieved by the release of the 

ligature prior to the injection of the radiopharmaceutical. A detailed diagram of the 

experimental protocol for the IR Group is shown in Figure 3.2. 

3.4.3 Animal Preparation £ind Ischemic Heart Model Without Reperfu

sion 

Eight male Sprague-Dawley rats were used for the ischemia (I) group. The procedure 

discussed above was also followed for preparing the animals of this group. However, 

after the 90 minute occlusion the animal was injected with the ^^Tc-N'IIBI solution 
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F ICI RE 3.3.  Experimental protocol for Tc-MIBI for I  group. 

while the LCA remained occluded, and the left ventricle was not reperfused. A 

detailed diagram of the experimental protocol for the I Group is shown in Figure 3.3. 

3.5 Image Acquisition 

We used ^"'"Tc-Sestaniibi and ®^'"Tc-Glucarate for imaging the rat heart models de

scribed above. The injection of '•'^'"Tc-Sestaniibi wa^; performed directly into the 

femoral vein, and ^'^""Tc-Glucarate wa^ injected in the jugular vein using a catheter. 

The injected amount was approximately 5-8 mCi (185-296 MBq) for both radiotrac

ers. Each rat was placed into a cyhndrical cardboard holder which was moimted 

on an XYZ translation stage. A photograph of the animal-positioning system is 

shown in Figure 3.4. The stage allowed accurate positioning of the heart in the 

center of the field of uew. For sestamibi imaging we acquired 5-10 minute images 
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F IGL'RE 3.4. A photograph of the animal positioning system which is momited in 
the front end of FASTSPECT. 

two horn's after injection. Since glucarate is a new radiopharmaceutical we were 

interested in obtaining time-actixity curves, so we started imaging at the same time 

as the injection. 

3.6 Myocardial Ischemic Area at Risk and TTC Infarct Size 
Measurement 

.After the imaging procedures had been completed, the LC.A. of the IR group was 

re-occluded (The LCA of the I group was already occluded). Evans blue dye (1.59c. 

1.0ml) in phosphate-buffered saline (PBS) buffer was injected into the left ventricular 

ca\"iry of each rat to measure the myocardial ischemic area at risk. E\-ans Blue Dye 

has been the principal method of determining blood volume in humans and animals for 

over eighty years (http://wft-w.evansblue.co.uk/). One of the first papers describing 

http://wft-w.evansblue.co.uk/
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rhe procedure was published in 1915 by Keith et al. (Keith et al. 1915). The mixing 

of the dye in the blood is usually completed witliin ten minutes. WTien it is injected 

into the blood stream, it firmly binds with plasma albiunin and leaves the circulation 

ver\- slowly. In our case Evans blue gave us a visual indication of the ischemic area 

at risk, an area of the heart that was not perfused, which appeared unstained by 

the blue dye. Xote that this area was not necessarily non-viable. ViabiUty can be 

determined later by TTC staining. 

Ten minutes after the Evans Blue injection, the animal was sacrificed with an 

overdose of pentobarbital. The entire heart was excised, and the '^^""Tc uptake was 

measined in a dose caUbrator. The weight of the heart was measured with a precision 

balance (Quantum Precision Instruments. Ontario. CA. USA). The great vessels, the 

atria, and the right ventricle of the heart were surgically removed. The left ventricle 

was sectioned into four transverse sUces in a plane parallel to the atrioventricular 

groove. Digital photograplis were immediately obtained using an Olympus digital 

camera (Model D-oOOL. Japan). 

Triphenyltetrazoliimi chloride (TTC) staining wacs used to assess the myocardial 

tissue viability and determine the infarct size. The slices were incubated in l^c 

TTC PBS solution at a temperature of 37°C and pH of 7.4 for twenty minutes. 

.According to Ytrehus et al. (Ytrehus et al. 1994). "TTC reacts with the coen

zyme X.\DH (Nicotinamide Adenine Dinucleotide, with the H indicating the reduced 

form) and dehydrogenase enzvTiies and causes all tissue with retained enzj-mes and 

cofactors to stain and develop a deep red color . On the other hand, the infarcted 

area of the heart remains unstained." Once the color had been established, the 

slices were fixed in 109c PBS buffered formalin overnight at 2-8 °C. According to 

Dr. Downey (http://www.southalabama.edu/ishr/help/ttc/). "the formalin step en

http://www.southalabama.edu/ishr/help/ttc/
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hances the conrrast since it bleaches the tissue and in particular any extravasated 

blood. Infarcted tissue is often hemorrhagic, but the blood in the tissue is diffi

cult to differentiate from the tetrazoUum stain. The formaldehyde turns that blood 

brown, making the infarcted myocardium much easier to see." More information 

on TTC staining and the measurement of the infarct size by the tetrazoliimi method 

can be found elsewhere (http://'R-u-w.southalabama.edu/islir/help/ttc/. Fishbein et 

al. 19^1. Klein et al. 1981. Ytrehus et al. 1994). Both sides of each stained tissue 

wore photographed with the digital camera. 

.\11 the digital picttares were transferred to a PC for image processing. We used 

a commercial software package called SigmaScan (SPSS Science. Chicago. IL) to 

measure the ischemic area at risk (imstained by the Evans blue dye) and the infarct 

curea (mistained by TTC). We used the trace measurement capability of SigmaScan® 

to manually trace a Une around the area of interest. The program automatically 

counts the number of pixels v\-ithin the specified area. The infarct size was expressed 

both as a percentage of the total mass of the left ventricle and as a percentage of the 

ischemic area at risk. The correlation between the infarct size obtained from TTC 

staining aiid FASTSPECT imaging was investigated via linear regression analysis. 

3.7 Image Processing 

The individual projections were transferred to a DEC Alpha workstation where a 

tomographic image was obtained after ML-EM reconstruction. All images were 

reconstructed using 100 iterations. (The reader can refer to Chapter 2 for a more 

detailed description of the image-acquisition scheme in FASTSPECT.) We used Sheer 

Dicer® (PIXOTEC LLC. Renton. WA) to visuahze the three-dimensional data and 

to reorient the viewing axes so that indi\*idual slices along the natural planes of the 
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heart could be generated. The natural planes of the heart are the short axis (SA). 

the vertical long axis (VXA). and the horizontal long axis (HLA). The American 

College of Cardiology- has estabUshed certain guidelines to standardize the display of 

reconstructed images of human myocardiima (The Cardiovascular Imaging Committee 

1992). The reorientation of the reconstructed volume was performed manually in 

accordance with the above guidelines. Consecutive slices of the heart were generated 

in all tliroe axes with a thickness of about 1 mm. The defect area was determined 

from the uptake of ^^""Tc-GLA or the lack of ^®™Tc-MIBI uptake from each of the SA 

1? 
slic-es using SigmaScan^. The overall defect volume wa^ obtained by summing the 

individual defects from eacii SA slice, and it was given as a percentage of the entire 

left \-entricle. 

3.8 Data Analysis 

.\11 results from each group of animals were expressed as sample mean rr SEM (stan

dard error of the mean). We chose to e.xpress the data in terms of SEM rather than 

the standard deviation (SD) since SEM quantifies how accurately we know the real 

popidation mean (which we can't know without an infinite amount of data). On the 

other hand. SD quantifies the scatter, i.e. the variability of a single obser\-ation. The 

sample mean A' was calculated from the relation 

— 1 ^ 
.v = -x;.v„ (3.1) 

• 1=1 

where A', is the indi\-idual measurement from each animal ^^-ithin a given group. The 

SEM was calculated from the sample standard deviation 5 divided by the square root 

of the sample size .V. 

S E M  =  (3.2) 
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where for the sample standard deviation we use the imbiased form given by 

^ (3-3) 

5 = 

1=1 

\ 
^{I:A7-VX| ,3.4, 

Linear regression analysis was used to obtain the relationship between myocardial 

defects obtained from ^^""Tc images and myocardial infarct size measured by TTC 

staining within the same group of animals. A line was fitted through the set of 

mea:^urements that minimizes the sum of the squares (least squares method) of the 

\-ertical distances of the points from the line. The 959? upper and lower confidence 

bands were also plotted. The confidence bands indicate the most likely (959c of the 

time) range of the true value. The correlation coefficient r between the tu-o ap-

proac:hes and the p-\-alue were also determined. The correlation coefficient quantifies 

how well the two mecisurements (myocardial defect size obtained from ^^"'Tc imaging 

and by TTC staining) vary together. The correlation coefficient between two vari

ables X and y is defined as the covariance of X with divided by the product of 

the standard deviation of X and the standard deviation of Y. This relation is given 

below. 

C o v ( X . Y )  
r = . - , =• 3.o) 

^ V a r { X ] y ^ / V a r ( Y )  

The p-value was determined by means of paired t-test. The p-v"alue answers this 

question: If the two methods really aren't correlated at all in the overall population, 

what is the chance that one would obtain a correlation coefficient as far from zero as 

observed in our experiment from randomly selected subjects? 
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3.9 Tc-MIBI Imaging 

3.9.1 Historical Background 

Until 1990. thaIlimn-201 (-°'T1) was the tracer available and most commonly used for 

myocardial perfusion imaging. However, the physical characteristics of this radionu-

c-lide were suboptinial for scintillation camera imaging because of the low energv' of 

the emitted plaotons. 68 to 80 keV. At these energies, scintillation cameras exhibit 

poor spatial and energ}- resolution due to tlie small number of optical photons gener

ated for each scintillation flash. Furthermore, thallimn-201 has a half-life of 73 hours 

which limits the dose that can be administrated to the patient. ^^'"Tc-labeled agents, 

on the other hand, have the potential to offer a solution to those problems since tech

netium has a shorter half-life (6 hours) and a photon energ\- of 140 keV. The first 

breakthrough in the de\'elopment of a ^^'"Tc-labeled myocardial perfusion radiotracer 

came in 1980 from Jones et al. (Jones et al. 1980) with the development of ^^'"Tc-

isonitriles. Several members of the ®®'"Tc-isonitrile family were eventually evaluated 

in humans, with ®^'"Tc-he.\akis-2-methox^'-2-methylpropyl-isonitrile (or ^^'"Tc-MIBI) 

emerging as the compound with the most favorable biologic characteristics for clin

ical applications. ^^'"Tc-MIBI was approved by the United States Food and Drug 

-Administration (FDA) for chnical applications in December of 1990. Like -°^T1. it 

is taken up by myocytes in proportion to regional myocardial blood flow. Therefore, 

the measurement of the myocardial perfusion defect by injection of ^^Tc-sestamibi. 

dtiring coronarv* occlusion, can provide an indication of the myocardial area at risk. 

However, studies have shown that injection of sestamibi after coronarv- reperfusion 

permits measurement of the infarct size, since ®®"'Tc-sestamibi can not be retained 

in the myocardial regions that have been irreversibly injured by prolonged coronarv-
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F IGI RE 3.5.  Consecutive reconstructed slices along the SA of a normal myocardium 
after injection. The images are displayed from apex to base with 1 mm 
spacing. The left ventricular (LV) and right ventricular (RV) myocardium can be 
identified. 

occlusion (Gyenes et al. 1997). Consequently, sestamibi imaging is valuable for 

assessing both myocardium at risk and infarct. 

3.9.2 NormaJ Group 

All five of the control rats survived tliroughout the experimental protocol including 

surger\- and image acquisition. In Figures 3.5. 3.6. and 3.7 we present normal my

ocardial images for one rat. The tomographic image is shced along the SA. VXA. and 

HLA. Furthermore, four views of a three-dimensional representation of the same data 
iT) 

set using Slicer Dicer are shown in Figure 3.8. The left ventricular (LV) and right 

ventricular (RV) myocardium are show-n with imiform distribution of ®^Tc-MIBI in 

all images. Similar results were obtained from the four remaining rats. The TTC 

images displayed uniform red color throughout the myocarditmi. indicating 100/^ via-
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Septum 

FI G  I R E  3.6. Consecutive reconstructed slices along the VILA of a normal myocardium 
after injection. The spacing between slices is 1 mm. The right and left 
ventricles can be identified. The septum between the two ventricles can also be seen 
in two consecutive slices, illustrating the high spatial resolution of the system. 

Inferior 

Lateral 

Anterior 

FIGUR E 3.7. Consecutive reconstructed slices along the HLA of a normal myocardimn 
after ^®"'Tc-MIBI injection. The spacing between slices is 1 mm. Main anatomical 
heart features are identified. 
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FKU RE 3.8. Four views of a three-dimensional representation of the normal my-
oc-cu'diuin images. 

wmjc - Sestamibi Imaging 

TTC Staining 

Apex Slice 2 Slice 3 Base 

F IGURE 3.9. Comparison between ^^Tc-MIBI images and their corresponding TTC 
stained images in a normal rat myocardimn. 



FKU RE 3.10. Consecutive reconstructed slices along the SA of an ischemic my
ocardium after ^®"^Tc-MIBI injection. Ischemia was achieved by occlusion of the 
LCA for ninet\- minutes. The ischemic area is identified. (I Group) 

hility. Figure 3.9 displays side-by-side TTC stained photograplis for a representative 

rat heart with their corresponding ®®^Tc-MIBI images. 

3.9.3 Ischemia Group 

Imagmg Resalts All six rats in the I group sur\-ived the surger\-. The ®®'"Tc-MIBI 

images of all hearts showed regional defects localized in the anterior wall, the apex 

and pan of the lateral wall of the left ventricle, consistent with the feeding area 

of the left c-oronar\" arter\'. The right ventricle was fully visible. Representative 

myoccu-dial images of one rat in the I group shced along the SA. VXA. and HLA are 

shown in Figiu-es 3.10. 3.11. and 3.12 respectively. Four views of a surface-rendered 

tlu-ee-dimensional representation of the same data set is shown in Figure 3.13. 



Flca'RE 3.11. Consecutive reconstructed slices along the VLA of an ischemic niy-
ocardiiun after ^^""Tc-MIBI injection. (I Group) 

Ischemic 
Zone 

F IGURE 3.12. Consecutive reconstructed slices along the HLA of an ischemic my
ocardium after ^^'"Tc-MIBI injection. (I Group) 
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FKJ I 'RE 3.13. Four views of a three-dimensional representation of an ischemic my-
Dcardimn. (I Group) 

•"•"Tc-.VIIBI vs. Evans Blue and TTC Staining 

•"•"Tc-MIBI 

Evans Blue 

TTC Staining 

F IGURE 3.14. Comparison between ^^""Tc-MIBI images and their corresponding 
Evans Blue and TTC stained images in a ischemic rat myocardium. (I Group) 

Apex Slice 2 Slice 3 Base 



86 

L r f  
100 

90 

80 
70 

60 
50 

40 

30 

20' 
10' 

0 

oup 

42% r 2% 41% z 3% 35% r 3% 

^ Wl 

I Group 
97%: 3% 82% ±2% 

Evans Su* (at risk) SPBCT TTC (non-viabic) 

(a) ( h )  

F IG I"RE 3.15. (a) Infarct size determined by ^^"'Tc-MIBI imaging with FASTSPECT. 
area at risk determined b\- E\-ans Blue, and nomiable myocardiimi measured by TTC 
staining given as a percentage of the left ventricle in the I group, (b) Infarct size given 
as a percentage of the ischemic area at risk. Comparison between SPECT imaging 
and TTC staining. (I Group) 
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FIGI RE 3.16.  Linear  regression analysis  between the defect  s ize  obtained from ^^" 'Tc-
MIBI imaging with FASTSPECT and histological infarct size determined with TTC 
staining. The equation of the fitted line, the correlation coefficient, and the p-\-alue 
are given. (I Group) 
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Histological Results All eight rats in the I group exhibited myocardial infarction 

demonstrated by TTC staining. The ^^'"Tc-sestamibi defects on FASTSPECT im

ages were consistent with the unstained areas on TTC staining. Figure 3.14 illustrates 

tliis result by comparing side-by-side Ex'ans Blue and TTC stained photographs of a 

representative rat heart with their corresponding ^^'"Tc-MIBI images. The infarct 

size ranged from 249t to 429c of the left \-entricle. The mean area at risk determined 

by lack of Erans blue was 42 a — 'iVc. The mean infarct size measured by TTC stain

ing was determined to be 3-5^ n 39c of the left ventricle, which occupied 82% ± 2% of 

the ischemic area at risk. The infarct size measured by ^®'"Tc-sestamibi imaging in 

FASTSPECT was 41';̂  rr 39c of the left ventricle, which corresponded to 979fc — 39t 

of the ischemic area at risk. Figure 3.15 smnmarizes the histological and imaging 

results. Figure 3.16 indicates that there was a significant correlation between the 

infarct size on the TTC staining and the FASTSPECT imaging (r=0.880. p=0.004). 

3.9.4 Ischemic-Reperfused Group 

Imaging Results Two of the eleven rats in this group did not survive the surgery 

and were removed from the study. The ^^"'Tc-MIBI images of the nine surviving 

rats showed regional defects which were locahzed in the LCA supplied area including 

the anterior wall, apex and part of the lateral wall of the left ventricle. The right 

ventricular myocardimn was fully \-isible in all nine rats in the group with uniform 

99'"1"c--sestainibi distribution. Representative myocardial images of one rat in the 

IR-MIBI group sliced along the SA. VTA. and HLA are shown in Figures 3.17. 3.18. 

and 3.19 respectively. Furthermore, four views of a three-dimensional representation 

1^ 
of the data using Sheer Dicer are shown in Figure 3.20. 
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Nonviable 
Area 

FIGLRE 3.17. Consecutive reconstructed slices along the SA of an ischemic-reperfused 
myocardium after injection. Ischemia-reperfusion was acliieved by oc
clusion of the LCA for ninety minutes followed by 30 minutes of reperfusion. The 
nonviable area is identified. (IR-MIBI Group) 

Nonviable 
-•Vrea 

Septum 

F IGURE 3.18. Consecutive reconstructed slices along the VXA of an ischemic-
reperfused myocardium after ^^'"Tc-MIBI injection. (IR-MIBI Group) 
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F IG I  RE 3.19 .  Consecutive reconstructed slices along the HLA of an ischeniic-
reperfused myocardium after injection. (IR-MIBI Group) 

F IGURE 3.20 .  Four views of a three-dimensional representation of an ischemic-
reperfused myocardium. (IR-MIBI group) 
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""Tc-MIBI vs. Evans Blue and TTC Staining 
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FIGL'RE 3.21. Comparison between ®^'"Tc-MIBI images and their corresponding 
Evans Blue and TTC stained images in a ischemic-reperfused rat myocardiiun. (IR-
MIBI Group) 
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FIGL'RE 3.22. (a) Infarct size determined by ̂ ^""Tc-MIBI imaging with FASTSPECT. 
area at risk determined by Evans Blue, and nonviable myocardium measured by TTC 
staining given as a percentage of the left ventricle in the IR group, (b) Infarct size 
gi\-en as a percentage of the ischemic area at risk. Comparison between SPECT 
imaging and TTC staining. (IR-MIBI Group) 
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FIGI RE 3.23. Linear regression analysis between the defect size obtained from 
MIBI imaging with FASTSPECT and liistological infarct size determined with TTC 
staining. The equation of the fitted hne. the correlation coefficient, and the p-value 
are given. (IR-MIBI Group) 

Histological Results The nine surviving rats in the IR group exhibited myocardial 

infarction demonstrated by TTC staining. The myocardial ischemic area at risk ob

tained by lack of Evans blue was z~ 3%. The ^^'"Tc-sestamibi defects on FAST

SPECT images were consistent with tlie unstained areas on TTC staining. Figure 

3.21 illustrates this result by displaying sidt^by-side Evans Blue and TTC stained 

photograplis of a representative rat heart with their corresponding °®"'Tc-MIBI im

ages. The infarct size obtained from TTC staining ranged from 19% to 52% of the 

left ventricle. The mean infarct size was determined to be 38% ± 4% of the left 

ventricle, which occupied 73% ± 5% of the ischemic area at risk. The infarct size 

measured by FASTSPECT imaging was 387cni4% of the left ventricle, which occupied 

73% ± 4% of the ischemic area at risk. Figure 3.22 illustrate those results. Figure 

3.23 indicates that there was a significant correlation between the infarct size on the 
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Criitip 
Ev.iii.s Bliii' 

1 .-Vri';! iit Rusk) 
TTC StJiiiiiiii; FASTSPECT 

Infiirrt Riinsi' L\' ' .Arfii Risk L\- 'V Arrii at Risk 

I Grimp -12': ±2'-; xiAT.: 3.5': ±3'',' b2'': ±2';: 41',: ±3';: •JT'': ±3':: 

IR Group il' ly:: too-j':: 3s''.' ±-i'': 73'',' ±3'': 3»''r±-i':: 73'': ±4'': 

TABLE 3.1 .  A detailed table comparing the histological and imaging results obtained 
from '^""Tc-MIBI imaging in both I and IR groups. 

TTC staining and the FASTSPECT imaging (r=0.976. p<0.0001). Table 3.1 sum

marizes and compares the histological and imaging results obtained from '^'^""Tc-MIBI 

imaging of both I and IR-MIBI groups. 

3.10 '^^'"Tc-GLA Imaging 

3.10.1 Historical Background 

Acute myocardial infarction (MI) is composed of both necrotic and ischemic (non-

perfused) tissue. Ischemic tissue could be recovered with sufficient perfusion by a 

procedure called thrombohtic therapy. On the other hand, necrotic tissue is not 

recovorahlo. According to Khaw (Khaw 1999) "the window for maximal patient 

benefit from tliromboKtic therapy is within the first 6 hours of chest pain." ^'-^'"Tc-

p>Tophosphate and '"In-antimyosin have been used in the chnic as infarct-avid imag

ing agents. However. ^^""Tc-pxTophosphate is most effective in delineating myocardial 

infarct 2 to 3 days after administration (Xarula et al. 1997). '"In-antimyosin has 

similar problems since 12 to 48 hours are required for the blood pool activity to 

decrease below the target activity. A new infarct-avid radiopharmaceutical '•'^'"Tc-

glucarate was observed to exhibit early myocardial distribution and rapid blood-pool 

clearance suggesting important diagnostic potential in the early detection of acute 

myocardial infarction. 
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Glucaric acid (giucarate) is a natural occiuring sugar that is found in liigh concen

trations in certain green vegetables (Khaw 1999). It is a six-carbon dicarboxylic acid 

(also known as saccharic acid), and it is also the b\TDroduct of glucose metabohsm 

in nianmials (Taillefer and Tamaki 1999). It is ver\- often found in body fluids and 

in urine of many animals including hmnans (Taillefer and Tamaki 1999). 

glucarato wa^j first developed by Pak et al. (Pak et al. 1992) as a transfer chelate of 

radiolabeling monoclonal antibody Fab'fragments with ^^'"Tc. It was later observed 

that '•^'•'"•Xc labeled glucaric acid was taken up by reperfused infarcted canine my

ocardium within minutes after intravenous administration of the radiotracer (Khaw 

et al. 1997). Subsequent studies indicated that ^'^""Tc-glucarate was only accu

mulated by infarcted but not by ischemic viable myocarditun (Orlandi et al. 1991. 

Ohtani et al. 1992. Xarula et al. 1997. Beanlands et al. 1997). 

.\ccording to Khaw (Khaw 1999) "the mechanism for the necrotic tissue speci

ficity ofTc-giucarate is attributable to its affinity for targeting the histones of the 

necrotic myocytes." This result was indicated by biodistribution studies in 6 New 

Zealand Wliite rabbits performed by Xarula et al. (Xarula et al. 1997). 

3.10.2 Imaging Results 

;)9mTc-GLA imaging was performed in 6 male Sprague-Dawley rats (IR-GLA group). 

Imaging began at the same time with the administration of the radiotracer. The 

acquisition time for the first ten images was set to I minute followed by 5-minute 

acquisition thereafter for up to two hoturs. All six rats survived the surgery and the 

two-hour image acquisition. All the images indicated regional hot-spots localized 

in the LCA supplied area wliich was consistent with the induced infarction. The 

infarcted region was fully visible in all rat images in the group with imiform ^^"'Tc-
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F IGI 'RE 3.24. Consecutive reconstructed slices along the SA of an ischemic-reper fused 
myocardiimi after '•'^'"Tc-GLA injection. The images are displayed from apex to base 
with 1 mm spacing. The ischemic area is indicated by ^^"'Tc-GLA uptake. 

glucarate uptake. A representative reconstructed image along the SA of an ischeniic-

reperfused myocardium after '~^'^'"Tc-GLA injection is shown in Figiure 3.24. The 

images are displayed from apex to bcise with 1 nmi spacing. Furthermore, four views 

of a tliroe-dimensional representation of the data using Sheer Dicer are sho\\Ti in 

Figure 3.25. Figure 3.26 displays a single slice of the myocardium as a function of 

the post-injection time. We can identih* blood pool activity in the first image while 

the rest of the images correspond to the non-viable myocardium. This is consistent 

with the injection procedure since imaging began at the same time with injection, 

which lasted about 30 to 40 seconds. 

We used the same quantitative analysis described in previotis sections to obtain 

time-acti\ity curves. All the images were analyzed and the restilts were plotted as 

a mean ± SEM. Figure 3.27 displays the washout acti\'ity curves for the hot spot 

and normal myocardimn. The resulting cur\-es demonstrate a good infarct definition 

starting at 15 minutes after injection and continuing up to at least 2 hours. 
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F IGI  RE 3.25 .  Representative 3D views of an ischemic-reperfused myocardium after 
Glucarate imaging. 
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F IGURE 3.26 .  A representative short-axis slice of a ^^""Tc-GLA heart image as a 
fmiction of time after injection. The same slice is displayed from 1 min. to 120 min. 
post-injection . 
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FICI I 'RE 3.27. '''-^"'Tc-GLA myocardial clearance time-acti\-ity curves. The 
cur\-es have b(^n normalized to the peak activity of the first minute image. 

3.10.3 Histological Results 

All sLx rats in the IR-GLA group exliibited myocardial infarction demonstrated by 

TTC staining. The myocardial ischemic area at risk (Obtained by lack of Evans 

blue \va.s — 29c. The '^^^Tc-glucarate hot-spots on the FASTSPECT images 

were consistent with the mistained areas on TTC staining. Figure 3.28 illustrates 

this result by displaying side-by-side Evans Blue and TTC stained photographs of a 

representative rat hean with their corresponding ^^""Tc-GLA images. The infarct 

size obtained from TTC staining ranged from 31% to -51% of the left ventricle. The 

mean infarct size was determined to be 419^ ±49c of the left ventricle, which occupied 

73r:59t of the ischemic area at risk. The mean infarct size measured by FASTSPECT 

imaging was 429c ±39t of the left ventricle, which occupied 769c ±391 of the ischemic 
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F ICH RE 3.28. FASTSPECT ^^""Tc-GLA images in the ischemic-reperfused 
heart (top row), which were consistent with myocardial ischemic areas at risk evalu
ated by Evans blue (unstained tissue by blue dye on middle row) and infarcts deter
mined by TTC staining (unstained tissue on bottom row). (IR-GLA Group) 

area at risk. Figure 3.29 illustrate those results. Figure 3.30 indicates that there 

was a significant correlation between the infarct size on the TTC staining and the 

FASTSPECT imaging (r=0.976. p<0.001). 

3.11 Conclusion 

We de\-eloped two rat myocardial imaging models: an ischemia heart model and an 

ischeniia-reperfusion heart model. We employed two radiopharmaceuticals for imag

ing the rat myocardium; a perfusion agent called ®®'"Tc-sestamibi. and an infarct-avid 

agent called ®^'Tc-glucarate. Images were acquired using FASTSPECT. a sj'stem de-
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Flca'RE 3.29. (a) Infarcr size deteniiineci by ''^"'Tc-GLA imaging with FASTSPECT. 
area at ri^ik determined by E\-ans Blue, and nonviable myocardium measured by TTC 
staining given as a percentage of the left ventricle in the IR group, (b) Infarct size 
given as a percentage of the ischemic area at risk. Comparison between FASTSPECT 
imaging of'^'Tc-GLA and TTC staining. (IR-GLA Group) 
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FIGI  RE 3.30. Linear regression analysis between the defect size obtained from ^^"'Tc-
GLA imaging with FASTSPECT and histological infarct size determined with TTC 
staining. The equation of the fitted hne. the correlation coefficient, and the p-value 
are given. (IR-GLA Group) 
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scribed in Chapter 2. We have demonstrated the first biomedical imaging application 

of FASTSPECT and obtained not only qualitative (images) but also quantitative in-

fonnation on the infarct size. The ^®^Tc-MIBI images showed regional defects which 

were \-isualized b\- the lack of radioactive uptake. The defect was localized in the 

LCA supplied area including the anterior wall, apex and part of the lateral wall of the 

left \'pntricle. The right ventricular myocardimn was fully visible in all images with 

miiform Tc-sestaniibi distribution. \Mien ^^Tc-glucarate was used, the defect 

was visualized as a hot spot with uniform uptake. The infarct size determined by 

'•^'""Tc-sestamibi and ''®'^'Tc-gIucarate imaging was compared with the defect obtained 

from myoc:ardial TTC staining and the area-at-risk obtained b\' Evans blue staining. 

Our results indicate a high correlation between the infarct size determined by the 

TTC staining and the defect obtained from FASTSPECT imaging. 

However, both regression plots shown in Figures 3.16 and 3.30 indicate a sys

tematic error in our results. This error is expressed in the form of a y-intercept 

other than zero and a slope rar^-ing from I. in the plotted regression lines. Several 

que>stioiis arise from these plots. For example, is TTC staining the gold standard 

for determining the non-xiable myocardiimi? Or. is there another technique, such 

as autoradiography, which gives a closer estimate of the true value and therefore we 

siiould compare our imaging restilts with that method. Those questions instigate 

the development of a procedure for evaluating a system {i.e. FASTSPECT) which 

estimates a quantity (i.e. infarct size) without the use of a gold standard. In Chapter 

G we discuss the de\-elopment of such a method. 

In conclusion, our studies demonstrate that FASTSPECT imaging can be em

ployed to in\-estigate myocardial injur\- and the effects of revascularization. 
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Chapter 4 

HIGH-RESOLUTIOX IMAGING WITH CDZXTE ARRAYS 

4.1 Introduction 

There is a need for liigh-resolution small-animal gamma-ray imaging systems for use 

in molecular medicine. The principal tracer techniques used in animals cu:e tissue 

counting in ritro and autoradiography. Both are labor intensive and time consuming, 

and the requirement to sacrifice the animal precludes longitudinal studies in a single 

animal. Radiotracer imaging techniques in small animals can be useful in providing 

information on the progress of a disease and its treatment by allowing the animal 

to ac-t as its own control. Several dedicated small-animal tomograpliic ganmia-ray 

imaging systems using scintillators with about 2 nmi reconstructed spatial resolution 

have recently be(^n developed by our group (Kastis et ai 1998) and others (Cherr\' et 

(il. 1997. Jeavons et al. 1999. MacDonald et al. 2001). A description of our system. 

FASTSPECT. was given in Chapter 2. 

A big limitation in the performance of scintillation-based systems is their achiev

able spatial resolution, which depends on the intrinsic resolution of the scintillators. 

iLsually about ;i-4 nun. Semiconductor detectors offer a promising alternative to scin

tillation technology since they can exhibit good spatial and energy resolution (Eisen 

et al. 1996. Butler et al. 1998. Scheiber et al. 1999. Barber et al. 1993). Semiconduc

tor detectors such as CdZnTe can be partitioned into high-resolution detector arrays 

using photolithography techniques. Our research group has been active in developing 

high-resolution semiconductor arrays for use in nuclear medicine (Marks et al. 1996. 



101 

Matherson et al. 1997. Barber et al. 1997. Woolfenden et al. 1998). Furthermore, 

we have developed practical techniques for reading out such large pixel aixays using 

integrated circuits bonded directly to the pixel arrays (Barber et al. 1996). 

In this chapter, we will discuss the performance of a semiconductor detector sys

tem. for planar and tomographic imaging of small animals. We will present images 

of phantoms and animals acquired with the detector inside a prototype housing de

veloped by Matherson et al. (Matherson et al. 1997) and an improved compact unit 

de\-eloped by Balzer (Balzer 2002). The work presented here hcis been previously 

published by the author in the hterature (Kastis et al. 2000. \Vu et al. 2000 #2. 

Kastis et al. 2002). 

4.2 Semiconductor Physics 

Before we proceed with the description of the imaging system, it is important to 

miderstand the imaging process in a semiconductor array. When a gamma ray 

interacts in the bulk of a semiconductor crystal, it can scatter or be absorbed. The 

ganmia ray is absorbed by exciting a liighly energetic photoelectron. which will cause 

a large number of secondary ionizations. The ionization proce.ss causes a bound 

electron to be ejected to the conduction band leaving a hole in the valence band. 

Wlien a bias voltage is applied to the crystal, a static electric field is formed between 

the two ends of the detector, causing a positively charged hole to drift towards the 

cathode and a negatively charged electron to drift towards the anode. In detector 

crystals with poor chcU-ge transport properties, a fraction of the charges travelling 

across the detector could be trapped at sites of defects in the cr\-stal. The detector 

signal is the current induced at the anode corresponding to the charge motion (Barber 

and Woolfenden 1996. Eskin et al. 1999. Knoll 2000). 
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4.3 Imaging System 

4.3.1 Semiconductor Module 

Oiir group has developed two t\-pes of pixellated semiconductor arrays for gamnia-ray 

iniaging apphcations: a 64 x 64 array \xith 380 fim pixel pitch and a smaller 48 x 48 

array with 125 ^rn pitch. Cadmimii Zinc Telluride (CdZnTe). Cadmiimi Telluride 

(CdTe). and Germanium (Ge) have been some of the materials used for the detector 

cr>-stal. The 48 x 48 array is too small and therefore impractical for medical imaging 

applications. However, it serves as a good device for testing the principles of ganmaa-

ray imaging with semiconductor arrays. For the small-animal imaging applications 

that will be discussed in this chapter, we used the larger 64 x 64 detector array. 

The detector array consists of a 2.5 cm x 2.5 cm slab of Cd.gZn jTe with a tliickness 

of 1.5 mrn and a 64 x 64 square array of gold electrodes on one side. The arra\' of 

gold electrodes has been dehneated using photohthographic teclmiques. The other 

side of the slab has a continuous gold electrode held at a constant bias of —140V'. 

The detector array has a pixel pitch of 380 firn. with a pLxel size of 330 fim and 

an interpLxel gap of 50 fim. The interpixel gap was empirically selected to provide 

ade<iuate resistive isolation of the pixels (Eskin 1997). 

Each pixel of the detector array is electrically connected to a multiplexer readout 

c-ircuit by an indium-bump bond. The multiplexer, designed by Skip Augustine of 

.A.ugustine Engineering Inc.. is a silicon CMOS application-specific integrated circuit 

(ASIC). The ASIC includes a 64 x 64 array of unit cells along with row and column 

shift registers to connect each unit cell in sequence to a readout line. A block diagram 

of the pixel unit cell is shown in Figure 4.1. Each pixel unit cell in the .A.SIC is a gated 

integrator which integrates the charge from each pLxel for 1 msec on a capacitor. The 
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F IGURE 4.1. Block diagram of a pixel unit cell. 

F IG I  RE 4.2. Photograph of the daughterboard with the CdZnTe array and gated 
integrator mounted at the end. 
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inpur current is then converted into a voltage at the amplifier output. A correlated 

double-saruple-and-hold (CDSH) stage is used to reduce the kTC noise wliich occurs 

when a capacitor is reset by an FET (Field Effect Transistor) switch (Augustine 

1994). The integrated signals are stored in a buffer amplifier and read out in a raster 

scan. The integration capacitor is discharged by the closing of the reset switch at 

the end of each frame to remove stored charge from events previously read out. The 

final output signal resembles an analog video stream. A more detailed description of 

the development of the readout integrated circuit described above is given by Barber 

ft al. (Barber et ai 1997). 

The detector-.A.SIC combination is called a hybrid because two different semicon

ductor materials (Si and CdZnTe) are used. The indium-bimip bonding technique 

employed to connect the two is referred to as hybridization. The hybrid is momited 

to a ceramic substrate, called a daughterboard, using a low-melting-temperature wax. 

.A. photograph of a daughterboard with a mounted hybrid is showTi in Figure 4.2. The 

daughterboard and hybrid are electricaU\- cormected \-ia wire bonding. A ribbon ca

ble is used to carry the signals to and from e.v:ternal electronics. digital signal 

proct^ssing (DSP) b(jard is dedicated for each hybrid to digitize the analog video sig

nal. The system is controlled using a National Instruments (PCI-6024E) general 

purpose analog I/O board and custom Labview^ software. 

4.3.2 High-Resolution Collimator 

Until recently, an important limitation in making high-resolution semiconductor imag

ing systems was the fabrication of a collimator with bores and septa fine enough to 

utihze the intrinsic spatial resolution properties of the arrays. The practice of stack

ing photocheniically etched tungsten foils has been used for fabricating specialized 
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64 X 64 Collimator Array 

\M ^ • I -T- - Frame: 4 mm Matenal: Tungsten 

Wail Thickness: 120 ^m 

Pitch: 380 um 

F ICU RE 4.3 .  A drawing of the parallel-hole collimator indicating its significant pa
rameters. 

collimators (\alda Ochoa et al. 1997). The Uniitations of tliis practice have included 

the requirement for precise layer-to-layer stacking registration, bonding methods that 

provide clear cell passage, straight and uniform septa and feature sizes that are fine 

enough to meet resolution needs. The colhmator used in our system was fabri

cated by Thermo Electron / Tecomet of Woburn. Massachusetts, using a tungsten 

stack lamination technique. Tliis technique employed 75 nm tungsten foils which 

were etched to form the collimator pattern. This foil thickness was used to pro\ide 

straight and uniform etched contours tlirough the collimator cells and septa. The 

foils were then assembled in precise aligmnent and epoxy bonded to form the integral 

array. A bonding process was used wiiich leaves the collimator cells tmobstructed in 

the final assembly. By combining a precise lamination technique with photochemical 

etching of the tungsten layers, distortion between layers is neghgible. The positional 

accuracy from cell to cell on the final assembled collimator was better than 2 /im. 

The Tecomet collimator was designed to match exactly the pitch of the detector 
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F IGTRE 4.4 .  (a) A photograph of the Tecomet CoUimator. (b) A doseup of the 
collimator face indicating the fine pitch. 

array. drawing of the parallel-hole collimator is shown in Figm-e 4.3. The colli

mator is 7 nmi tliick. with a bore size of 260 iim. placed in a 64 x 64 array on a 380 

/vm pitch, providing an aspect ratio of 27:1. The cell array was centered with 5 mm 

riuigsten on each side. Figure 4.4 presents a close-up photograph of the Tecomet 

collimator. The detector-collimator spacing was 2.3 nmi. The calculated collimator 

(efficiency was 5 x 10~\ For comparison, a t\-pical low-energ;v all-purpose (LEAP) 

ct)llimator used in nuclear medicine with 2 mm bore diameter. 3 cm bore length, and 

O.S packing fraction will have an efficiency of 2 x 10"'^ and a resolution five times 

coarser than ours at its face. 
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4.3.3 System Housing 

The prototv-pe system was housed in a 25.4 cm x 15.6 cm x 5.2 cm aluminum box 

with lead sliielding surrounding the box. The setup consisted of a 2 x 2 array of 

hybrid detectors. A photograph of the prototype setup is presented in Figure 4.5. 

Each detector was cooled to — 15'C via thermoelectric coolers moimted under the 

arrays. Dr>- nitrogen was circulated through the box to eliminate moisture due to 

condensation. Oiily a single array was used for imaging in this work. The collimator 

was plac-ed on top of the aluminum housing of the detector array. Eight screws, two 

on each side, allowed careful ahgnment of the colhmator with the detector array with 

the help of a line source. 

We also utilized a compact 17 cm x 5.3 cm x 3.7 cm tungsten-aluminum housing, 

designed by Balzer (Balzer 2002) to hold the CdZnTe detec-tor array and tungsten 

collimator. Photographs of the improved housing are shown in Figure 4.6. Tliis 

module forms a c-ornpact and ponable imaging unit, and it is a large improvement 

over the bulky prototv-pe system. The housing includes a thermoelectric cooler and 

signal-processing electronics. Details of the design and construction of this system 

can bcxni found elsewhere (Balzer 2002). 

4.4 Collimator Design Considerations 

The collimator is the component of an imaging system that has the most signifi

cant effect on image quality since it can affect resolution, sensitivity, and contrast 

of nuclear-medicine images. A colhmator is an aperture that serves as the "focus

ing" mechanism of gaiimia-rays onto the detector by selectively absorbing photons. 

Before we proceed with the imaging apphcations of our system, it is important to 
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FiGl RE 4.5. Photograph of the prototvpe setup consisting of a 2 x 2 array of hybrid 
detectors (Matherson et al. 1997). 

F IGURE 4.6. Photographs of the front and back of the spot imager (Balzer 2002). 
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Pareimeter Symbol Value 
Bore Diameter/Size Db 0.260 mm 
Bore Length Lb 7 mm 
ColUmator-Detector Gap L, 2.5 mm 
Wall Thickness Bt 120 iim 
Distance Away fi:om Colhmator z 4 mm (typical) 

TABLE 4.1. This table describes the parameters of a parallel-hole collimator and 
smmnarizes the values of our Tecoraet Collimator. 

understand how the colhmator parameters affect resolution and sensitivity. Here, we 

will present a quick overview of the equations reflecting the dependency of resolution 

and sensitivity on the colhmator geometrical parameters. For more information on 

collimator design one can review Barrett and Swindell (Barrett and Swindell 1981) 

and articles \vritten by Beck and Redtung (Beck and Redtimg 1985), Tsui et al. (Tsui 

et al. 1988), and Gunter (Gunter 1996). Furthermore, a complete theory of the ge

ometrical response of multi-hole colUmators is presented by Formiconi (Formiconi 

1998). 

4.4.1 Resolution 

The geometric resolution of a collimator can be defined as the minimmn radius bj,hc 

in the detector plane such that for radii larger than 6phc no ray can pass through 

the collimator without penetrating a septum (Gunter 1996). The expression for the 

geometric resolution for a parallel-hole collimator can be easily derived by considering 

similar triangle reasoning using Figure 4.7. It is given by 

b p h c  = L b  + z ) ,  ( 4 . 1 )  

where the collimator parameters are defined in Table 4.1. This equation does not ac

count for penetration effects through the septa. However, it is a good approximation 
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source 

collimator 

detector [ 

5phc 

FICI  RE 4.7. Diagram of the basic geometn* of a parallel-hole collimator imaging a 
point source. 

of the FWHM of the point response fmiction (PRP) of the system. 

By assmiiing that the aperture function is a two-dimensional Ganssian centered 

at tho center of a bore one can derive an expression for the of the PRP of 

the system. Gmiter has shown that in this Gaussian-hole approximation (GHA) the 

FWHM relation is given by 

F W H M  = \/2 I n  2 — ^ { L g  L b  —  z )  =  V ' l  In'26phc (Gunter 1996). (4.2) 
Lb 

This expression validates that the geometrical resolution closely approximates the 

FWHM. Fiu-thermore. the above relationsliip indicates that the FWHM can be ex

press in terms of the geometrical properties of the collimator and the source distance. 

A different approach for deriving an expression for resolution is given by Barrett 

and Swindell (Barrett and Swindell 1981). This approach is based on the assumption 

that we can wTite the point spread function (PSF) of a single bore as a circ function 
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with diameter Db, defined by the expression 

circ 
1, r < D / 2  

0, r > D/2 
(4.3) 

In order to obtain an expression for the PSF of a multi-bore collimator, we can use 

the concept of "average PSF" introduced by Hal Anger, obtained by averaging the 

image of a point source over all possible source locations (Anger 1964). A mechan

ical realization of this concept was constructed by Wilks et al. (Wilks et al. 1969) 

with a device called the "collvTvobbler", which wobbles the collimator during expo

sure. Following their formulation, the average PSF reduces to the autocorrelation of 

a circ function. According to Barrett and Swindell (Barrett and Swindell 1981), the 

resolution of the coUimator can be defined as the neccessary shift "between the two 

identical circ fuctions to reduce their overlap area to one-half the area of either func

tion separately."' By numarically evaluating the autocorrelation they have derived 

an equation for the resolution of a multi-bore collimator, given by 

The first thing we notice from Equations 4.1, 4.2 or 4.4 is that the resolution is 

Unearly dependent on the source-to-collimator distance. This is illustrated in Figure 

4.8 for the parameters of our coUimator. The geometrical resolution appears to be 

about 350 fim at the face of the collimator and Unearly degrades to about 1 mm 

at a distance of 2 cm. Another parameter that Unearly degrades resolution is the 

detector-coUimator gap. This gap should be minimal, but in order to protect the 

expensive detector array from the colUmator, a gap is needed. In our setup, the gap 

between the detector and colUmator is about 2.5 mm. 

^phc = 0.S08—{Lg + Lb + z) (Barrett and Swindell 1981). 
l^b 

(4.4) 
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Collimator Resolution 

3.0 

0.0 

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 

Distance /Wvay From Collimator Face (cm) 

FlC.rriE 4.8. Linear degradation of the geometrical resolution of om- system a.s a 
fmiction of the source distance away from the collimator face. 

4.4.2 Efficiency and Sensitivity 

The efficiency of a collimator is a quantity equivalent to the qtiantum efficiency in 

detector physics. It is defined the ratio of the number of photons pa^ssing tlirough 

the collimator to the number of photons emitted by the source. It can be sho\TO that 

the efficiency of a parallel-hole collimator can be expressed as 

Efficiency = (Tsui et al. 1988). (4.5) 
4 A * '^uni tccl l  

where is the open area of one colhmator bore and Aumtceii is the area of a 

unit cell of the arrav of bores {A^„,tceii = Aopen ~ Amenta)• The ratio is 

called the packing fraction of the collimator. Equation 4.5 gives the sensitivity of a 

parallel-hole coUimator in terms only of the geometrical dimensions of the colhmator. 

.\n important corollar\- of the above expression is the independence of sensitivity to 
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source distance from the colUmator. 

At first, the lack of dependence of the geometric efficiency of a parallel-hole col

limator on the source distance might not be intuitively obvious. However, this can 

be understood be realizing that as the source moves further away from the detector 

the decrease in detection efficiency due to the inverse square law is compensated by 

a increase of the area of the detector that can "see" the incident radiation. In other 

words, the number of collimator holes that the source "sees" increases as the source 

moves away from the collimator. 

Another quantity of interest is the sensitivity, which is defined as the number 

of counts passing through the collimator per minute per fiCi of source activity 

(cpm//iCi). This quantity if more convenient for use in the nuclear medicine clinic 

than efficiency, where acquisition time is usually coimted in minutes and injected 

dose in m Ci. Assuming one photon produced per nuclear decay, 1 mCi = 3.7 x lO'^ 

disintegrations/second. Therefore we can wxite. 

Sensitivity = (2.22 x 10® cpm/mCi)Efficiency. (4.6) 

4.5 System PerformEince 

4.5.1 Energy Resolution 

In our current data-acquisition setup, the energy of the gamma ray is estimated by 

summing multiple pLxel signals together, a procedure implemented by Dan Marks 

(Marks et al. 1996). The following discussion was assisted by the collaboration of 

Dan Marks. When a gamma ray interacts in the crystal, signals can spread to multiple 

pixels through charge diffusion and the emission of K x-rays from the interaction site. 

Signals are generally confined to two pixels and rarely spread beyond a 3 x 3 pixel 
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FIGURE 4.9. Energy spectrum obtained from averaging a 3 x 3 pixel area, resulting 
in 15 keV F\VHM energy resolution. 

area. To speed data processing, we analyzed only a 3 x 3 area for each gamma-ray 

interaction. WTienever we add pixel signals to the sum. there is a trade-off between 

the benefit of collecting more of the true signal and the penalty of added noise. We 

used an experimentally obtained threshold in the sum to minimize the noise while 

collecting the maximum signal. Any pixel in a 3 x 3 area that had a signal greater 

than 3 keV was included in the sum. Figure 4.9 shows a ^^'"Tc spectrum obtained 

when neighboring pixels in a 3 x 3 region were summed together. This spectrum has 

energy resolution of 15 keV full-width-at-haif-maximum (FWHM). 

We can get better energy resolution than with pixel signal siunming when we do 

maximum-Hkehhood estimation based on a physical model of the detector (Marks et 

al. 1997). We used simpUfied models of detector behavior to simulate sets of pbcel 

signals. We simulated the effects of two charge deposits: the deposit at the initial 

interaction site and the deposit generated by an x-ray emitted from the interaction 
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F IGURE 4.10. Energy spectrum obtained using maxiraimi-likelihood energy estima
tion, resulting in 10 fcel^ FWHM energy resolution. 

site. A look-up table gives the expected pixel signals as a function of the charge 

deposit position. In our simplest algorithm, we varied the positions of the charge 

deposits and the energy of the gamma ray until we found a set of simulated pixel 

signals that is in least-squares agreement with the observed signals. The energy and 

interaction position that generate this set of pixel signals are our maximum-likeUhood 

estimates. Figure 4.10 shows the same set of data used in Figure 4.9 when maximum-

likelihood estimation is used. This spectrum has 10 keV FWHM, an improvement 

of over 30% in energy resolution. 

4.5.2 Point response function 

Any digital imaging system is a continuous-to-discrete imaging mapping. Conse

quently. the PRP of the system is a function of two variables, the continuous source po

sition and the discrete detector pixel location. Figure 4.11 shows a three-dimensional 
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\iew of the PRP of the system as a function of the detector pixel location when the 

source position is fixed. Figure 4.12 displays the cross-section of the PRF along 

one axis. The image was obtained by centering a 300 /i Ci ®®^Tc-pertechnetate (140 

keV) point source on one pixel and acquiring an image for 3 minutes. The source 

was placed 4 mm away from the collimator face, which was the minimimi distance 

for an object in the prototype setup. The point source was created using an ion-

exchange-resin bead. The bead was placed in a s^'^Tc aqueous solution and then 

dried to produce a 300 iim circular point source. By fitting a Gaussian curve to a 

cross-sectional profile of the PRF, we obtained a 450 fim FWHM spatial resolution. 

The full-width-tenth-maximum (FWTM) was found to be about 1 mm. The FWTM 

is more sensitive to the septal penetration than the FWTiM. Since the FWTM is only 

about 2 times greater than the FWHM. septal penetration is minimal (Gunter 1996). 

The calculated penetration fraction at 140 keV was 3 x 10"^. Since the resolution 

varies linearly with the distance away from the collimator face at 7 mm away from 

the collimator the FWHM will be about 0.8 mm. 

4.5.3 Septal Penetration 

We ELISO determined septal penetration by obtaining the PRF as a function of the 

source position. In this case, the PRF was obtained by moving the same 300 //m 

circular point source along the detector plane and registering the number of counts 

recorded at a particular central pbcel. The acquisition time was set to 3 minutes 

with the source positioned 4 mm away from the collimator face. We moved the 

point source as far as 3.5 mm away from the central pixel location until the number 

of counts recorded remained constant. Figure 4.13 shows the nimiber of counts at 

the central pixel as a function of the distance of the source away from it. The plot 
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FIGI 'RE 4.11. Poinr response function of the system for fixed source position at 140 
ke\'. resulting in 450 fj.m FWHM spatial resolution. 
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F IGURE 4.12. Cross-section of the point response function along one axis. 
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FICJI  RE 4 .13 .  Point response function of the system as a fimction of the soiu"ce 
position for a fixed pixel location. 

indicates that there is little penetration when the source is more than about I mm 

away from the central pixel location. This result is in agreement with the FWTM 

obtained from the point response fimction shown in Fig\u:e 4.11. It is worth noting 

that the peak appearing when the soiu-ce moves 0.5 mm away from the central pixel 

is not due to penetration al(jne. Due to a small gap between the coUimator and the 

det(>ctor array, there seems to be a direct line of sight between the source and the 

central pbcei tlirough tlie neighboring collimator bore. 

4.5.4 Spatial Resolution 

We also assessed the resolution properties of the system by imaging a line phantom 

consisting of a capillary tube filled with ^^'"Tc aqueous solution. Two such tubes 

were filled with I mCi ''^""Tc and placed in contact with each other A mm away from 

the collimator. The capillaries had a 500 ^lm inside diameter and 1.5 mm outside 
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FICU RE 4 .14 .  Capillan* rubes of 500 fim inside diameter in contact with each other, 
consistent with sub-niillimeter resolution. 

diameter. We acquired a five-minute image for a total of 100.000 counts. The 

resulting image is showT. in Figtire 4.14. where the separation of the lines is consistent 

with sill)-millimeter resolution. 

4.6 Planar Imaging 

4.6.1 Methods 

For planar imaging we used the pjrotot^-pe system since the compact module was not 

completed at the time. We imaged the skeleton of a mouse and the l\Tnphatic system 

of a rat. We used Nembutal to anaesthetize the rat and a Xylazine/Ketamine solution 

for the mouse. All animal images were flood corrected to compensate for local vari

ations in detector sensitivity. Furthermore, we apphed an expectation-maximization 

(EM) reconstruction algorithm to the images, based on experimental characterization 
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of the detector response (Marks 2000). The images were also smoothed using bilinear 

interpolation. 

4.6.2 Mouse Bone Imaging 

We acquired skeletal images of a 25 g mouse at three hours after tail-vein injection 

of 15 mCi '"""'Tc-methylene diphosphonate. The animal was anaesthetized and 

positioned in the prone position 4 mm away from the collimator. We obtained 7 

five-minute images by longitudinally shifting the mouse in front of the detector. The 

final image shown in Figm-e 4.15 is a mosaic of the acquired images. Each image 

has between 30.000 and 50.000 counts. Figure 4.16 presents four additional planar 

images: (a) a sagittal image of the skull, (b) an image of the iliimi and lower spine, 

(c) a longitudinal image of the skull, and (d) an image of the left hind hmb. Images 

(b) and (d) substantiate the high-resolution property of the system which is capable 

of demonstrating the fine b(jne structures of the ilium, and resolving individual digits 

of the hind hmb. 

We also collected images of the mouse in the supine position. In this position the 

spine is closer to the detector array resulting in a higher resolution image. Figtire 

4.17 is a combination of two 30-uunute images. Details of the vertebrae, which are 

approximately 3-5 mm in diameter, can be resolved. Other visible structures include 

pelvis, kidneys and bladder. The kidneys and bladder are \isible since the radiotracer 

luis concentrated there through the function of the renal system. 



121 

<3 

0 

u 

4 

FIG I R E  4.15 .  A composite image of a bone scan of a whole mouse composed of 
7 fivp-minutp images obtained by longitudinally shifting the mouse on top of the 
detector. 



(a) (b) 

FICU RE 4.16. Four five-minute bone-scan images of the skeleton of a small mouse. 
We present: (a) a sagittal image of the skull, (b) an image of the ilium and lower 
spine, (c) a longitudinal image of the skulL and (d) an image of the left hind limb. 
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FICL RE 4 .17 .  Image of the vertebral colmnn with the mouse in supine position. 
Individual vertebrae can be resolved in detail. 
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4.6.3 Rat Lymphatic Imaging 

For K-mpharic imaging, we intradermally injected a 500 g rat with 250 fiCi ^'^Tc-

human serum alhmnin in the hind limb and imaged immediately after injection. The 

animal \va^; placed in the prone position with its right hind Umb lying flat on top of the 

collimator. We collected two 10-minute images, one at the injection site and another 

at the femoral node. Images (a) and (c) in Figm-e 4.18 are images of the femoral 

node and injection site respectively. By adjusting the intensity in those images we 

c-an determine that om imaging system c:an resolve the ver\' fine lymphatic channels 

extending from the injection site to the femoral node. This result can be seen at 

images (h) and (d) in the same figure. Furthermore, a hTnphatic branch emerging 

from the femoral node in well resolved. 

4.7 Tomographic Imaging 

4.7.1 Imaging Methods 

In collaboration with Max W'u from the University of California San Francisco 

(UCSF). wo developed a procedure for acquiring tomographic images of small an

imals using the CdZnTe detector. Tomograpliic imaging was initially accomplished 

with the prototype, and ultimately with the portable module. We obtained projeo 

tions of phantoms and mice by rotating them in front of the camera. We chose the 

axis of rotation to be vertical to eliminate gra\itational movement of internal organs 

during imaging. 

Mouse holders were made out of 1-inch diameter acrj'Uc tubing to facilitate imag

ing. A photograph of our mouse holder is presented in Figure 4.19. Similar holders 

ha\'e been developed by our collaborators at UCSF to facihtate ECG-gated myocardial 
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(a) Femoral Node (b) 

(c) Injection Site (d) 

Flca'RE 4.18. Images of the h-mphatic system of the hmd limb of a rat. Images 
of the femoral node and injection site are displayed at two different intensity levels. 
Fine derails aroimd the injection site and femoral node can be resolved including a 
lymphatic channel extending from the injection site to the femoral node. 
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imaging of small animals (Wu et al. 2000 #1). The mouse holders were fabricated 

to resemble coimnerciaUy available cylindrical rodent restrainers. The mouse was 

gently pulled into the restrainer by its tail along the open groove until the animal 

1?) 
was completely enclosed in the cylinder. .A. white Dehrin nose piece placed up 

to the nose of the animal further confined any movement. An isofliu:ane/ox\-gen 

uuxtiure was circ-iilated via respiratorv' tubing inside the holder to provide anesthesia. 

.•\.n intravenous injec-tion to the exposed tail-vein was performed after the animal was 

complotoly sedated. The holder was then attached to a precision rotational stage and 

placed with its center of rotation about 1.5 cm away from the face of the collimator. 

This w;is the closest distance from the center of rotation allo\ving the rotation stage 

to fr(^"'ly move over 360". 

The system setup including the animal holder and the portable imager, moimted 

on a translation stage, is shown in Figure 4.20. A total of 60 projection images were 

collected f(^r each object in 6" intervals. We restricted the acquisition time to 60-90 sec 

per \-iew. Each of the projections was corrected for acti\-ity decay. The field of view 

Wcis limited by the size of the detector array to 2.5 cm x 2.5 cm. All of the tomographic 

images were generated using a maximum likelihood-expectation maximization (ML-

EM) iterative reconstruction algorithm, wliich corrects for the effects of colhmator 

bliu" but not attenuation and scatter. Flood correction and median filtering were 

also applied to each of the projections to correct for inhomogeneities of the detector. 

4,7.2 Line Phantom 

A hne phantom was made out of an acrv'lic rod to evaluate the resolution properties 

of oiu- system. A diagram of this phantom is shown in 4.21. It consists of fifteen 2-

nmi diameter holes arranged in an equilateral triangular form. The center-to-center 
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FIGTRE 4 .19 .  Acn'lic mouse holder resembling a rodent restrainer. 

FICU'RE 4.20. Photograph of our imaging system composed of our portable gamma-
ray imager (3) mounted ou a set of translation stages (1 and 2). The animal holder 
(4) is attached on a rotation stage (5). Only the animal holder moves during image 
acquisition. 
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4 25.4 mm > 

Fua'RE 4.21. Diagraiii of line phantom. The holes have a diameter of 2 mm and a 
centiT-tcvcenter spacing of 4 ram. 

distance between holes was 4 mm. The line phantom was filled with 5 mCi of'"'^'"Tc 

aqueous solution and imaged for 1 minute over 60 news separated by 6'. 

The image in Figure 4.22 represents consecutive slices of the reconstructed 60 

projections of the line phantom. The spacing between slices is 0.4 mm. Figure 4.23 

shows a three-dimensional (3-D) \-isualization and a single slice of the rec-onstructed 

image. The 60 views were obtained with the portable miit. Indi\-idual lines are 

clearly resolved in rhe reconstructed image in Figure 4.22. A small circular anifact 

in the center of each slic-e is due to a slight misahgnment of the center of rotation. 

The repre^sentative line profile in Figure 4.24 shows a full-width at half maximum 

of about 2 nun. Since rhe holes were also 2 mm in diameter, it is ver\' difficult to 

draw precise conclusions about spatial resolution from this image, but it is certainly 

of order 1-2 nun o\-er the whole field. 

4.7.3 Grid Phcintom 

A grid phantom was constructed out of a Delrin® rod to assess the uniformity and 

spatial hnearity of our system in the tomographic setup. A detailed diagram of the 



FIGI  RE 4 .22 .  Reconstructed image of the line phantom. The spacing between slices 
i.< 0.4 nmi. 

FIGRRE 4.23. Reconstructed image of the line phantom. On the right we present 
a single slice and on the left a three-dimensional visualization of the reconstructed 
image. 
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Flca'RE 4.24. Line profile of a representative slice showing clear separation of each 
line. 

phantom is siiowii in Figure 4.25. It consists of a 3 x 3 grid of "cold" squares with side 

length of 3.2 nmi and a pitch of 4.8 mm. The grid was permanently attached inside 

an acr\-lic tube which wtis filled with about 5 mCi of "•^^'"Tc-perteclmetate aqueous 

solution. The solution filled the phantom past the level of the array of squares forming 

two regions; a region of cold square and a cylindrical region of miiform acti\'ity. The 

piiantom was placed l.S cm away from the colHmator face. Sixty projection images 

were acquired by rotating the phantom in front of the detector over 360 degrees. 

The acquisition time was set to 1 minute per projec-tion. Projection data were 

rec-onstructed using 100 iterations of an ML-EM iterative reconstruction algorithm. 

Figures 4.27 and 4.26 present consecutive reconstructed shces of the uniform and grid 

regions respectively. 

Representative slices of the grid and imiform regions are shown in Figure 4.28. 

We obtained line profiles from tliree locations to assess the uniformity and linearity of 

om s\-stem. All three profiles were normalized and plotted together in Figure 4.29. 
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Flta'RE 4.25. Diagram of rhe grid phantom indicating important dimensions (Wii et 

al. 2000 #2). 

The line profile called "line region" riuis along the "hot" trench separating the first 

two rows of rhe cold .squares. Ideally, this profile should be fiat, however, individual 

peaks appear which coincide with trenches rumiing perpendicular to the line. From 

the line profile called "grid region", we can determine that rhe cold squares are well 

resolved, but some resolution liniitations can be obser\'ed such as rounded square 

corners. The line profile of the "uniform region" indicates a imiform response of the 

system, apart from a small notch along the profile which could be an effect of a small 

misalignment of the axis of rotation. 

4.7.4 Mouse Heart Phantom 

We acquired tomograpliic images of a motise heart phantom which was fabricated by 

our collaborators at UCSF. The phantom was constructed from an acrydic cyhnder 
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Fic: I RE 4.26. Consecutive reconstructed slices of the grid region of the grid phantom. 
The separation between slices is 380 /zm. 

FIGURE 4.27. Consecutive reconstructed shces of the uniform region of the grid 
phantom. The separation between shces is 380 pLvn. 
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Flc:RRE 4.28. Representative slices of the grid region (on the left) and uniform region 
(on the right). The location of the line profiles of three different regions are indicated. 
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FIGURE 4 .29 .  Line profiles of three different regions of the reconstructed grid phan
tom image. 
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FIGURE 4 .30 .  Diagram of the mouse heart phantom indicating important dimensions 
(\Vu ct al. 2000 #1). 

witli an annular ca\'ity of 5.1 nmi outer diameter and 1.6 mm inner diameter. The 

phantom was built to simulate perfusion of the left ventricle of the myocardium. A. 

small plastic block of about 0.8 mm was attached to the inner surface of the wall to 

simulate a regional infarction of the myocardiiun. A detailed diagram of the mouse 

lieart pliantom is shown in Figure 4.30. 

The phantom was filled with about 5 mCi of ^"'Tc-pertechnetate aqueous solution 

and imaged for 1 hour. We acquired 60 projections over 360° with 1 minute acqui

sition per projection. The data were reconstructed using the ML-EM reconstruction 

alg(irithni mentioned previously. Consecutive reconstructed slices are showii in Fig-

lu-e 4.31. From the hne profiles presented in Figure 4.33 we can determine that the 

wall of the mouse heart phantom is well resolved. Furthermore, the defect can clearly 

be seen in the three-dimensional (3-D) display of Figure 4.32. 



FIGURE 4 .31 .  Reconstructed image of the mouse heart phantom. The spacing 
between sHces is 0.4 mm. 

FIGURE 4 .32 .  Four three-dimensional \iews of the reconstructed mouse heart phan
tom. The small defect is well resolved. 
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FIGURE 4 .33 .  Profiles of the mouse heart phantom. We obtained two profiles, one 
of the defect and one of the normal region as indicated. The corresponding shces are 
also included. 
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4.7.5 Animal Imaging 

A 25 g mouse was injected with 18 mCi of ^^'"Tc-methylene diphosphonate in the 

rail vein. A bone scan image of the skull and the thorax was acquired about three 

hours after injection. A 0.5% — 3% isoflurane/oxygen mixture was continuously ad

ministered into the holder, keeping the animal completely sedated. The animal was 

also visually monitored for depth of anesthesia by observing the respiratory- pattern. 

We obtained 60 projections with an acquisition time of 60 and 90 seconds per projec

tion for the skull and thorax images respectively. The thorax area required longer 

acquisition due to smaller uptake in the smaller bone structures. 

Tomographic images of a bone scan of the mouse thorax are shown in Figure 4.34. 

Since our portable unit was not complete at this time these images were acquired with 

the prototype system. The set of images represents transverse slices of the thorax 

area with a 0.4 mm separation between slices. The mouse is oriented with its head 

to the right of the image. The front hmbs and the outhne of the thorax are clearly 

\isible. Individual ribs can also be resolved. 

Tomographic images of a bone scan of the mouse skull are shown in Figures 4.35 

and 4.36. Figure 4.35 illustrates consecutive coronal slices of the skull while Figiare 

4.36 shows consecutive transverse slices. The spacing between slices is 0.4 mm for 

both sequences. The images demonstrate anatomical features of the sktill such as the 

zygomatic bones, the mandible and the nasal turbinates, with an estimated spatial 

resolution of 1 mm. 
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FIC;L"RE 4 .34 .  Consecutive longitudinal slices of the bone scan of the thorax. The 
sliceis are oriented from dorsal to ventral with the animal's head pointing to the right 
of each slice. 

FIGURE 4.35. Consecutive coronal sUces of the bone scan of the mouse skull. The 
slices are oriented from caudal to rostral. 
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FIGURE 4 .36 .  Consecutive transverse slices of the bone scan of the mouse skull. The 
zygomatic arches and mandible can easily be resolved. 

4.8 Conclusions 

We have tested a CdZnTe semiconductor array with a high-resolution collimator for 

applications in nuclear medicine. We have demonstrated that high-resolution planar 

and tomograpliic images of micc can be acquired using this s\-stem. The detector-

collimator system produced sub-millimeter-resolution animal images in a one-inch-

square field-of-view. The acquired images indicate that liigh-resolution semiconduc

tor arrays can play an important role in the development of small-animal imaging 

systems. Xuclear medicine imaging provides an attractive method for serial assess

ment of small animals since it allows each animal to act as its own control, thereby 

providing information on the progress of disease. 

We believe that our portable unit along with the rotation procedure can be ver\' 

useful in a laboratory- environment in acquiring tomographic images of small animals, 

primarily mice. Since the resolution of our system degrades linearly with the dis-
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ranee away from the collimator face, for larger objects one has to sacrifice resolution 

since hu-ger holders and consequently greater detector-object distances are required. 

Furthermore, since the field of \-iew of our system is limited to the size of the semicon

ductor array, larger objects can cause reconstruction artifacts when rotated in front 

of a small-field-of-view camera. 

The low sensitivity and consequently long acquisition times may appear to hmit 

the use of this instrmuent in a coimnercial emiroimient where liigh throughput of 

animals is usually required. However, multiple modules can be used to reduce the 

necessary projections and acquisition time. Four modules placed in a square pat

tern can be a feasible arrangement keeping the colhmator-object distance minimal. 

Howe\-er. in order to fit more than four cameras a larger distance is required and con

sequently a sacrifice in resolution. A different approach could be the use of pinholes 

to magnify (or minify) the object on the detector. Furthermore, one is also limited 

by the time it takes to sedate the animal as well as the recoven,' time. Isofliurane 

allows for both a rapid induction and recover^'. 
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Chapter 5 

DUAL-MODALITY SYSTEM 

5.1 Introduction 

Medical and biomedical imaging modalities can be classified into two general cate

gories: anatomical and functional. Anatomical modalities primarily depict anatomy 

and morpholog\- of the object they image. Anatomical modalities can be considered 

to include planar x-ray imaging, .x-ray computed tomography (CT). ultrasoimd (US) 

and some of their derivative techniques such as digital subtraction angiography (DSA). 

computed tomography angiography (CTA). and Doppler ultrasound imaging. On the 

other hand, functional modalities depict the metabolism or biochemical function of 

the underlying anatomy of the object that is imaged. Functional modalities include 

the nuclear medicine imaging modalities of scintigraphy (planar single-photon imag

ing). SPECT (single photon emission computed tomography). PET (positron emission 

tomography), and fimctional MRI (fNIRI). Magnetic resonance imaging (MRI) is a 

special case since it was originally developed as an anatomical modality, however, the 

development of contrast enhancement tracers such as gadolinium allowed functional 

information to he obtained. 

Functional images such as gamma-ray images can sometimes be difficult to inter

pret due to a lack of identifiable anatomical features. By combining images from 

an anatomical modality we can enliance our understanding of the image and obtain 

complementary- information about the object. For the last ten years, there has been 

a large interest in the registration and fusion of images obtained from two modalities 
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using rwo different imaging systems. Registration refers to the proper spatial align

ment of the two images, wiiile fusion indicates the integrated display of the two data 

sets. A comprehensive re\iew of medical image registration techniques is given by 

Maintzand and \'iergever (Maintzand and V'iergever 1998). Some areas where multi-

modahty fusion has been explored include cardiologv' (Gilardi et al. 1996. Preiss et 

al. 1998. Schindler et al. 1999). neurology- and brain imaging (Hartshorne et al. 1997. 

d'Asseler et al. 1997. Lattanzi et al. 1997). oncolog\" (Perault et al. 1997. Leitha et 

al. 1998. Schaffler et al. 2000). and computer guided surgery- (Hemler et al. 1995. 

Kraus et al. 1995. Sfakianakis et al. 1996. Alexander et al. 1997. Casara et al. 2000. 

Rubello et al. 2002). 

In recent years, a great interest has emerged in the de\'elopment of dual-modality 

imaging systems. Such systems facihtate the registration of images from two modal

ities since the acquisition of the data sets is performed by a single imaging system. 

These s\-stems generally use separate detectors for gamma-ray and x-ray imaging and 

acquisition is usually performed sequentially by either translating the object or the 

detector. Although simultaneous acquisition is ideal, it may not be possible since x-

ray scatter can degrade the performance of the gamma-ray detectors. Several groups 

have rec-ently reported on their progress in the development of such systems for imag

ing in the areas of breast imaging (Goode et al. 1999. Weisenberger et al. 2000. 

Gambaccini et al. 2001). and small animal imaging (WiUiams et al. 1999. Iwata et 

al. 1999. Williams et al. 2000. Iwata et al. 2000. Goertzen et al. 2001. Weisenberger 

et al. 2001. Welsh et al. 2001. Iwata et al. 2002). Others are developing a micro-

CT s\-stem to incorporate it with their already developed gamma-camera systems 

(Khodaverdi et al. 2001. Song et al. 2001) 

A good example of the moti\-ation for clinical dual-modality imaging is x-ray mam-
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inography. the primar\" screening technique for the early detection of breast cancer. 

However, the determination of the benign or maUgnant nature of a lesion is not pos

sible from x-ray imaging alone since x-ray mammography provides no information 

of the function cuid metabolism of the detected mass (Sickles 1986). Although the 

anatomy and morpholog\' can be imaged with high resolution, biopsy is needed to 

rt>solve the ambiguity and determine the malignant or benign nature of a suspicious 

nuiss. For that veason. the positive predictive value (the percentage of the number of 

biopsy-proven cancers divided by the number of biopsies performed) for screen-film 

niannnography is only lOS^-309^ (Harris et al. 1992. Kopans 1992). Consecjuently. 

a IcU-ge nmnber of biopsies are performed mmecessarily. On the other hand, scinti-

nianmiography. which is bc\sed on the ganuna-ray imaging of an injectable radiotracer 

called •''•^"'Tc-sestamibi. hcis been evaluated in detecting breast cancer prior to biopsy 

(Villanueva-Mayer et al. 1996). Sestamibi is a radiotracer that is taken up by the 

cancerous cells while there is only little uptake in the surroimding tissue. Recent 

studies have showi that scintimammogi'aphy has a positive predictive value of 77%-

97'/f and has the potential of reducing biopsies of benign tumors (Khalkhali et al. 

1994 #1. Khalkhali et al. 1994 #2. Khalkhali et al. 1995 #1. Khalkhali et al. 1995 

#2. Scopinaro et al. 1994. Scopinaro et al. 1997). Combining those two modalities 

into an integrated dual-modality system could significantly benefit patient care by 

maximizing the ability to locahze the lesion wliile minimizing the niunber of imnec-

essary biopsies. A thorough review of breast cancer screening methods can be found 

elsewhere (Sain 2001). 

For the last several years, there has been a great demand for small-animal imaging 

systems. This has been primarily due to recent advances in mouse genetics where 

transgenic mouse models have been developed that can mimic human diseases. Imag
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ing systems offer a noninvasive alternative to autoradiography where the animal needs 

to be sacrificed. By performing longitudinal studies on the same animal, the progress 

of a disease can monitored or molecular changes due to gene expression detected. This 

is particularly important in the area of gene therapy where an imaging system can as

sess the success of vector delivery- and obtain accurate time cur\"es of gene expression. 

By combining a functional and an anatomical modality, complementary information 

can bo obrained that can assist in the localization of the uptake of the radiopharma

ceutical. Some other areas of interest include radiation therapy, for monitoring the 

effects of radiation therapy on non-targeted neighboring organs, and new bone forma

tion from the injection of adenoviral vectors containing bone morphogenetic protein 

(BMP) genes (http://imaging.raed.\irginia.edu/mbwlab/index.html). 

In this chapter we will discuss the development of a compact dual-modaUty 

CT/SPECT system for imaging mice. The x-ray system comprises a commercially 

available micro-focus x-ray tube and a CCD-based x-ray camera. X-ray transmission 

measurements are performed based on a cone-beam geometry. Indi\-idual projections 

are acquired by rotating the animal about a vertical axis in front of the CCD detec

tor. A high-resolution CT image is obtained after reconstruction using an ordered 

subsets-expectation maximization (OS-EM) reconstruction algorithm. The SPECT 

system utilizes the compact semiconductor camera module introduced in Chapter 4. 

The module is mounted perpendicular to the .\-ray tube/CCD combination. It con

sists of a 64 X 64 pixellated CdZnTe detector and a parallel-hole ttmgsten collimator. 

The field of view is 1 square inch. Planar projections for SPECT reconstruction 

are obtained by rotating the animal in front of the detector. Gamma-ray and x-ray 

images wiU be presented of phantoms and mice. 
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5.2 System Description 

The dual-modality system resides iiiside a 79 cm x48 cm x46 cm almninum housing 

which is laminated with 1.588 mm in) of lead. Several photograplis of the 

enclosure are shown in Figure 5.1. The enclosure provides sufficient sliielding for the 

user and was approved by the Radiation Control Office of the University of Arizona. 

Two handles allow the user to open the box for calibrating or aligning the various 

components. The box can remain open \^-ith the use of a pneumatic strut, as can 

be seen in Figure 5.Id). The enclosure allows visual inspection of the animal during 

1i) 
imaging tlirough a CLEAR-Pb leaded plastic window. This window can be opened 

for iiiunediate access to the animal. Two interlock micro-switches are placed in 

parallel to disable the power supply of the x-ray tube when either of the openings is 

open. -Administration of isoflurane/oxygen gas anesthesia is provided to the animal 

tlirough a properly sliielded opening. A 4 in ventilation outlet and a 3 in ventilation 

inlet allows circulation of air. The sca\'enging of the anesthetic gas is accomplished 

tlirough a charcoal canister wliich is connected to the air outlet using duct tubing. 

The canister contains activated charcoal wliich filters the halogenated anesthetic. 

All system components are moimted on an optical breadboard using standard optical 

posts and mounts. 

The x-ray tube, semiconductor array, and rotation stage are controlled using a 

National Instruments (PCI-6024E) general-purpose analog and digital I/O board 

and custom Lab\'iew® software. An additional PCI board was provided by Dalsa-

MedOptics for communication with the x-ray camera. A PC in Windows XT envi-

rorunent is dedicated to operate the system. X-ray and gamma-ray projections can 

be acquired by rotating objects in front of the two cameras using a Velmex B5990TS 
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(c) (d) 

FKU'RE 5 .1 .  Several photographs of the dual-modality enclosure; (a) front view of 
the system, (b) with the window opened, (c) with the computer stand, (d) with the 
enc-losure opened. 
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rotating stage. The system is based on a similar tomographic setup introduced in the 

pre\-ious chapter for imaging with our semiconductor array. A diagram of the geom

etry- of the dual-modality system is shown in Figure 5.2. The animal is placed inside 

an acr>'lic holder which is mounted on the rotating stage. The x-ray and gamma-ray 

cameras are mounted orthogonal to each other. X-ray transmission projections are 

acquired by rotating the animal in front of the camera. Another full rotation allows 

the collection of gamma-ray emission projections. 

5.2.1 Gamma-Ray System 

The gamma-ray component of our system consists of the compact semiconductor cam

era module discussed in the pre\-ious chapter. Briefly, the module consists of a 2.5 cm 

X 2.5 cm X 0.15 cm slab of CdZnTe with a continuous gold electrode on the top and 

a 64 X 64 array of gold electrodes on the bottom which are electrically connected to a 

readout integrated circuit via indium-bump bonding. The detector pitch is 380 mm. 

with a pbcel size of 330 nun. A 7-mm thick high-resolution parallel-hole collimator 

with a matching pitch is used as the imaging aperture. The detector-collimator assem

bly is moimted inside a tungsten-aluminum housing and located perpendicular to the 

x-ray tube/CCD combination. Individual gamma-ray projections can be acquired 

after injecting the animal with a radiopharmaceutical and vertically rotating it in 

front of the detector. A tomographic image is obtained after ML-EM reconstruction. 

5.2.2 CT System 

Our CT system has three main components: an x-ray tube, a CCD camera and a 

mechanical shutter system. The components of the system will be discussed in detail. 
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FIGTRE 5.2.  Diagram illustrating the geometry- of the dual-modality system. 
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Readout Xoise 32 e- R.MS 
Readout Rate 2 Mhz 
System Gain 12.7 e-/ADU 
Dark Current 5.4 e"/pLxel/sec 4 —lO^C 
Full WeU 203.2 ke 
Bias Level 198 -\DU 
Digitization 12 bit Unear range 
CCD Operating temperature -10=C 

Linearity 0.267c of Full Scale 

TABLE 5.1.  X-ray Camera Specifications 

X-ray camera The x-ray camera is a (AC series) CCD/phosphor screen detector man

ufactured by Dalsa-MedOptics. A photograph of the camera is shown in Figure 5.3. 

It consists of a Kodak KAF-lOOlE series 1024 x 1024 pixel CCD array that has an 

active area of 24.5 x 24.5 mm-. The CCD is coupled via a 2:1 fiberoptic taper to a 

gadolinium oxysulfide phosphor screen which increases the active area to 50 x 50 mm". 

The CCD array is a silicon charge-coupled device (CCD) based on a Full-Frame (FF) 

architecture and True Two-Phase (T2T:r) technology- for charge transfer (K.A.F-1001E 

2001). The camera is cooled to — 10"C via a TEC (thermo-electric cooler). The 

warm side of the TEC is air-cooled using a fan housed inside the camera. A diagram 

indicating the main components of the x-ray camera is shown in Figure 5.4. 

The operation of the camera is straightforward. .\n incident x ray will enter the 

detector and deposit its energ\- into the phosphor screen. The screen converts the 

incoming x rays into \-isible hght which is then coupled into a fiberoptic taper. The 

fiberoptic taper is used to reduce the image to the size of the CCD. The CCD is a 

two-dimensional array of MOS (Metal Oxide Semiconductor) capacitors that converts 

the incident light into charge via the photoelectric effect. An incident photon creates 

electron-hole pairs (charge) within the silicon substrate. The charge is integrated by 
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FIGURE 5.3.  Photograph of the Dalsa MedOptics x-ray camera mounted perpendic
ular to the gamma camera. 

Phosphor Screen 

Fiber Optic Taper 

CCD Array 

FIGURE 5.4. Diagram of the MedOptics x-ray camera. The separation between the 
different components is exaggerated for clarity. 
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being inside a potential well which is formed at each pixel by an induced electrostatic 

potential within the sihcon. For our CCD the well depth, the maximum number of 

electrons that can be stored in a pixel, is 203.2 ke~. The total charge collected at each 

pixel is linearly proportional to the irradiance of the incident light and exposure time. 

The integrated charge is transported to the output by first shifting rows of charge 

line b\' line to a serial register which subsequently sliifts each row of information as a 

serial data stream. Because the same register is used for both detection and readout, 

a mechanical shutter is used to prevent exposure of the CCD during readout which 

causes bleeding of charge between pixels of the CCD. The output stream is digitized 

to 12 bits and is read out with a rate of 2 MHz. 

Parameters affecting Camera Performance The bias voltage is a parameter 

of the CCD camera set by the manufacturer. The .\/D converter in the camera 

takes input voltages ranging from 0 to 10 Volts and generates a digital output. An 

input voltage of zero volts corresponds to no charge in a CCD pbcel. However, noise 

fluctuations in the CCD can cause the input voltage, at low light levels, to be less 

than zero. In order to prevent that, a constant voltage is added to the CCD signal 

to ensure that the input voltage to the A/D will always be greater than zero. This 

constant voltage level is called bias voltage. The bias level is independent of the 

exposure time and is constant for the entire image. Our CCD array is set at a bias 

level of 198 ADUs (Analog-Digital units). 

Dark current is an accumulated signal in the CCD that is present in the absence 

of .x-ray illimiination. It is a result of thermally excited electrons from the valence 

band to the conduction band. Dark current varies from pixel to pixel, it is linearly 

van-ing with temperature and acquisition time. Since the generation of dark current 



is a tiiermal process, adequate cooling is the best way to minimize it. For our camera 

the dark current was determined to be 5.4 e~/pixel/sec at the operating temperature 

of - lO^C. Due to the temperature dependence of the dark current we collect a dark 

reference image prior to ever\- experiment. 

.\norher important parameter of the CCD camera is the readout noise introduced 

into tiie signal of ever>' pixel e\-er>' time the array is read out. The readout noise 

is intlopoudent of integration time and is produced by the CCD chip preamplifier 

and the analog-to-digital (-A./D) converter. It originates from random signals that 

can be generated by the CCD sensor and the amplifier electronics. These signals 

will e\-enrually get digitized along with the pixel charge. Readout noise can also be 

added by the A/D conversion stage since the digitization process is not perfect. The 

readout noise is usually higher with higher readout speeds. Oiu: CCD array has a 

readout rate of 2 MHz and an RMS (root mean square) readout noise of 32 e". 

A flat-field measurement is necessaiv- to correct for inhomogeneities and non-

uniformities of the detector response to x rays as well as for the non-uniform illu-

niination of the detector due to the cone beam geometry". Those irregularities arise 

for two main reasons: pL\el-to-pixel \-ariations in sensitivity in the CCD and errors 

introduced by the fiberoptic taper in the camera. A CCD consists of a large nmnber 

of light-sensitive detector elements or pixels with each one of them ha\-ing its own 

response to light. Hence, a calibration is necessary' to correct for this non-uniform 

response. The phosphor screen can also introduce a non-uniform response due to 

variations in its thickness. The fiberoptic taper, used to couple the light onto the 

CCD. can introduce a distinct chickenunre pattern. This pattern creates a local 

variation in transmission of hght occiuring at the boundaries between bundles of 

indi\-idual fibers. This is an effect caused by the manufacturing process by contami



153 

nation due to improper cleaning or by temperature and pressure variations between 

the fiber bmidles during the stretching operation. Furthermore, spot blemishes can 

also be introduced by the fiber taper. Spot blemishes are small areas or group of 

fibers with reduced transmission. Spot blemishes are caused by contamination (dirt 

pcurticles) which is trapped between fibers and can cause scattering of the incident 

light resulting in transmission losses. 

Defect pi.xels or blemishes iure present in a CCD image and need to be corrected. 

Defect pixels can be classified into point, bright, cluster, and column defects. The 

definition of a defect pixel depends on how stringent the conditions imposed by a 

manufacturer are on the performance of each pLxel. According to Dalsa-MedOptics a 

point defect is a pbcel which deviates by more than 209c firom the average neighboring 

pixels when illimiinated to 709c of saturation. Neighboring pixels constitute the 

-surromiding 128 x 128 array of pixels. A bright defect is a pixels that exhibits dark 

current exceeding 4500 e~/sec at 25"C. Cluster defects are groups of 5 adjacent point 

defects and column defects are groups of point pixels along a single column. In our 

CCD camera there are no cluster or column pixels. However there are 2.206 defect 

pixels that belong to the point or bright pixel categories. 

Distortion effects introduced by the fiberoptic taper can also affect the perfor

mance of the system. Distortion introduces a curvature to the image of a straight 

line. It is caused by variations in temperature and pressure during the pulling op

eration of the fiberoptic taper. It is difficult to maintain the same temperature in 

a large block of glass which results in a nonuniform pulling of the individual fibers. 

The distortion introduced by the fiberoptic taper is ver\' stable with time, therefore, 

calibration for distortion is only performed once. 
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FIGURE 5.5.  Photograph of the Oxford Instruments x-ray tube. 

X-ray Tube The x-ray tube employed is an Oxford Instruments (XTF5000/75) with 

a 0.005 inch Be window. A photograph of the tube is shou-n in Figure 5.5. It has a 

stationary" tungsten (\V) anode and a 130 fixn spot size. The electron gun assembly is 

packaged inside a stainless steel lead-lined tube that prox-ides .\-ray shielding to 0.25 

niR/hr at 2 inches. cooling oil is placed inside the tube to enhance heat dissipation. 

The tube is mounted inside an aluminum extrusion where a fan is placed on one end 

circulating air and moderately cooling the tube. The temperature is monitored via 

a re^sistive temperature device (RTD) placed inside the tube housing and is always 

kept below 45"C. The tube is powered by a Spellman Electronic Corporation power 

supply. X rays can be generated in the range of 4-50kVp with a maximum anode 

current of 1.5 m.\. The tube is operated in a positiv-e anode mode with the filament 

at grotmd. 

In the tube, an electron beam is produced due to thermionic emission when the 

filament (cathode) is heated to high temperatures by an electric current. The number 

of electrons produced depends on the filament temperature, and thus the filament 

current. A high voltage is applied between the cathode and the timgsten target 
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FIGURE 5.6.  Creation of a small focal spot inside an x-ray tube. 

(anode) which accelerates the electrons towards the anode. The kinetic energ\' of the 

electrons depends on the accelerating voltage. X ra\-s are produced when electrons 

with sufficient kinetic energy- pass in close proximity to an atomic nucleus in the 

target material and are rapidly decelerated. This electromagnetic radiation, called 

brerm-ifrahlung. has a continuous spectrum. If the incident electrons have enough 

energ>- to excite inner-shell electrons (L-shell) from a target atom or even ionize the 

atom by removing an electron, the emission of characteristic radiation will occur when 

the electron vacancy is filled. Those sharp peaks in the emission spectrum are called 

characteristic x rays. The characteristic x rays are emitted isotropically while the 

brem^'istrahlung photons are emitted in the for\vard direction (Knoll 2000). 

Most of the energy of the impact from each electron is converted into heat and less 

than l9c of the kinetic energv* is converted into x rays. The area where the electrons 

interact with the target is called the focal spot. The target is made out of a very thin 

plate that forms a large angle with respect to the incident electron beam. Therefore. 
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even though the actual focal spot is fairh- large, a ver\- small square eflfective focal 

spot can be created. The focal spot generation is illustrated in Figure 5.6. The 

effective focal spot of our tube is a 130 fim square. The exit window is made out of 

ben,-llium which has a low absorption coefficient for the .x rays. The orientation of 

the tube affects its performance. We discovered that we were forced to operate the 

x-ray tube mounted on the system with its long axis perpendicular to the breadboard. 

Any other possible orientation resulted in arcing due to a high-voltage breakdown in 

the package assembly. 

Beam Hardening Beam hardening is a consequence of the polychromatic nature 

of the x rays produced by the tube and the energy dependence of the linear attenua

tion coefficient. The nature of beam hardening is well explained by Kak and Slaney 

(Kak and Slaney 1988): "In the energy- ranges used for diagnostic examinations the 

linear attenuation coefficient for many tissues decreases with energ\'. For a propagat

ing polyciiromatic x-ray beam this causes the low energy- photons to be preferentially 

absorbed, so that the remaining beam becomes proportionately richer in high en

ergy- photons. In other words, the mean energ\- associated with the exit spectrum. 

Sex,i(E). is liigher than that associated with the incident spectrum. S,„iE). This 

phenomenon is called beam hardening." This effect gives rise to beam-hardening 

artifacts in computed tomography (CT) since there is an uncertainty of what absorp

tion coefficient is reconstructed. Algorithms for correcting beam-hardening artifacts 

have been developed by v~drious groups (Duerinckx and Macovski 1978. de Paiv-a et 

al. 1998. Hammersberg and Mangard 1998). 

Beam-hardening artifacts can also be reduced by making the x-ray beam more 

monochromatic. To minimize beam hardening artifacts, beam filtration is applied in 
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front of the tube's exit window by a 0.5 nim aluminimi plate. The same .x-ray tube 

has been studied extensively by Paulus et al. (Paulus et al. 2000) for their microCAT 

system. They have determined that the dominant peak in the emission spectra of 

the rube without filtration is the tungsten L emission line around 10 keV which is 

eliminated when a 0.5 mm Al filter is used. 

Radiation Dose Radiation dose to the animal is an important parameter that 

needs to be considered, especially when longitudinal studies are performed. The 

ahuuinmn filtration placed in front of the exit window of the x-ray tube reduces the 

overall radiation dose to the animal. The 0.5 mm Al window blocks the low energy-

radiation which is not useful for imaging since it will be absorbed in tissue and will 

not reac-h the detector. Wlien the x-ray source is biased at 32 kV'p. with a filament 

ciurent of 0.4 ULA. and 1 sec- exposure, we measured the exposure to the animal to 

be approximately 26 niREM/sec. This corresponds to over 9 REM of exposm'e for a 

complete CT sequence of 360 projections, which is a significant dose to the animal. 

.Mechanical Shutter For the proper operation of the CCD. it is necessar}' to expose it 

to light only during acquisition and not during readout. A solenoid was employed 

to serve as a mechanical shutter allowing the continuous operation of the x-ray tube 

during CT collection. Tliis is preferable since the desired expostire time per projection 

is usually 1 second wliich does not allow enough time for the tube to be powered on 

and off. Furthermore, such a procedure is possibly harmful to the tube considering 

that we usually collect 180 projections per tomographic image. The shutter solenoid 

was manufacttured by RAM COMPAW of St. George. Utah (Rotary Solenoid part 

#40R10102-11). lead flag was attached to the shaft of the solenoid and placed 

in front of the tubes exit window. A solenoid driver circuit was developed by Prof. 
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Lars Furenlid for allowing the Dalsa-MedOptics camera control box to trigger the 

solenoid. The trigger is a TTL signal which is normally high (5 Volts) but goes low 

during acquisition. 

5.3 Software 

5.3.1 Instrumentation Control 

The system is controlled using a National Instruments (PCI-6024E) general-purpose 

tr 
analog and digital I/O board. Custom Labview"^ software was developed to com

municate with the various components of the system. The two systems. SPECT 

and CT. are independently controlled by two different main control panels. The 

software to monitor and control the semiconductor array and the rotational stage for 

acquiring gamma-ray projections was developed by Balzer (Balzer 2002). Labview 

software were developed to control and monitor the x-ray tube, the CCD array, and 

the rotational stage. 

The CT software employs multiple panels that perform a specific task. The main 

Labview" program is called Main Control. A screen capture of the Main Control 

panel is shown in Figure 5.7. The panel allows the control and monitoring of the 

main parameters of the system. The x-ray tube parameters are located to the right 

of the screen. A large manual switch labelled POWER enables the tube operation 

and the generation of x rays. This switch should be enabled only immediately prior 

to image acquisition. The panel allows the user to control the anode current and 

voltage of the x-ray tube. Monitoring of those parameters is also provided below the 

control dials. When the National Instruments card obtains a filament-current reading 

greater that zero, a large indicator in the middle of the screen is flashing to warn the 
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FIGURE 5.7.  Main control panel of the CT system interface. 
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user of possible x-ray generation. The tube temperature is also monitored via a 

resistive temperature device (RTD) placed inside the tube housing. Monitoring is 

accomplished using a digital I/O channel in the National Instruments card interfaced 

with a custom made circuit for reading the device. We maintain the tube temperature 

below 45"C to avoid overheating of the tube housing. 

For the Dalsa-MedOptics camera the only important parameter to monitor is the 

CCD temperature. The default temperature of operation is set by the manufacturer 

to be — IO"C. However, the user has the capability of adjusting it to a different 

\-alue. The mechanical shutter's open and close delay can also be adjusted by the 

user. We determined that 100 msec was enough time allowing the flag to open 

and close properly. Low-level communication with the camera is accomplished by 

executing D\Tiamic-Link Library* (DLL) calls provided by Dalsa-MedOptics. The 

Labview^ software places DLL address caUs to the Dalsa-MedOptics PCI board, 

which in tiurn sends commands to the camera control box. 

When the main control panel is started, the program initiates communication with 

the CCD camera, the .x-ray tube, and the rotation stage. The camera initialization, 

which is performed only once, establishes open communication with the camera and 

loads necessar\- camera parameters. The x-ray voltage and filament current are also 

initialized to zero. The stage initialization establishes the parameters for commiuii-

cation with the serial port, such as parity, speed, data bit size, and stop bit. The 

main acquisition parameters for the CT. such as number of projections, total rotation 

angle, rotation direction (clockwise or counter-clockwise), and acquisition time, can 

be entered in the middle of the screen. The main control panel also allows the user 

to specify- what corrections will be applied to the transmission projections. Data 

corrections will be discussed at a later section. From the main control panel the user 
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FIGURE 5.8. Lab\-ie\v panel for CT collection. 

can spec-ifH" what t\-pe of image collection he wants to perform. The fotir available 

choices are: dark-cnrrent image, flat-field image, planar x-ray image, and tomographic 

sequence of images (CT collection). .A. dark-ctirrent image and a flat-field image must 

be collected before any projection images are acquired. 

CT Collection The collection of multiple transmission projections for tomographic 

imaging is e.xecuted by the Collect CT panel, which has its own graphical interface. 

.\n image of the Collect CT panel is shown in Figure 5.8. The user can continue 

to monitor the system parameters firom this window. The fllename and current 

projection number are also displayed. The current image is displayed in the middle 

of the screen while the last three previous images are displayed in smaller size on the 

right. The user can tenninate the CT collection at any time and return to the main 
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control panel by pressing the appropriate buttons. 

A flow diagram of the necessary' steps for CT collection is shown in Figure 5.9. 

When the program is started, it prompts the user for initialization of the x-ray camera. 

This allows communication with the CCD control box as described above. In order 

to enable x-ray generation, the large POWER button needs to be toggled to the OX 

position. This enables a flashing warning LED on the imager's enclosure. Collection 

parameters such as filename, storage path, nimiber of projections and acquisition 

rime need to be adjusted prior to image collection. However, for convenience the 

last parameter settings are saved in a file which the program reloads at startup. At 

rliis stage a dark-current image and flat-field image need to be collected. The dark-

current image needs to be collected first as will be described below. X rays can 

now be generated by first setting a desired voltage and then applying current to the 

filament. We usually acquire a few planar images for testing the position of the 

animal prior to a long acquisition. The system is now ready for CT collection. 

Planar Collection The Planar Collection panel allows the user to collect planar x-ray 

images. An image of the Planar Collection panel is shown in Figure 5.10. This is 

a stand-alone program but it can also be called from the main control panel. The 

Tube's voltage and filament current can be adjusted and are also monitored in this 

panel. Rotation of the animal can be accomplished if the user wants to obtain a 

new projection. The rotation control is particularly convenient in this panel when a 

ganuna-ra\- image of the same region is desired for obtaining a dual-modality image. 

Rotation of the animal by 90" is necessary since the gamma-ray and x-ray cameras 

are perpendicular to each other. Planar collection is ver\' useful for initial test images 

prior to a long acquisition. 
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(START) 

I Collect Dark Current Image 

Collect CT 

Initialize Camera 

Turn On Tube 

Collect Flat Field Image 

Collect Planar Images for Positioning 

Enter Collection Parameters 
and Image Corrections 

FIGL'RE 5.9. Flowchart indicating the steps necessar\- for collecting a CT sequence. 

J' 

FIGURE 5.10. Lab\-iew panel for planar collection of x-ray images. 
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5.3.2 Data Processing 

Several corrections need to be applied to the transmission images before the individual 

projections are reconstructed. Those corrections can be considered as a calibration 

process. Four corrections are applied to an acquired image wliich include dark-image 

subtraction, fiat-field division. remo\-al of defect pixels, and distortion correction. 

The dark reference current can be meastured by taking a long exposure of the 

IT 
camera with the x rays ttirned off. The Main Control panel of the Labview~^ software 

allows the collection of a dark current raeasiurement. When a dark frame is collected, 

the final image contains the bias component as well as the dark signal. The expression 

for the output signal y) recorded at a given pixel with no incident radiation can 

be wTitten as 

Idix.y) = Ibxas^ (5.1) 

which indicates the linear relationship between exposure time t and dark current. 

The constant term Ify^as in Equation 5.1 denotes the bias level in the CCD to avoid 

negative input to the A/D converter, as discussed in a previous section. On the 

other hand. K(x.y) is a temperature-dependent, and pixel-specific constant. When 

correcting for the dark ciurent. the dark reference image needs to be scaled to the 

exposure time of each target image and subtracted from the target image. 

A flat-field image is obtained by exposing the camera to x rays with the same 

geometry- as in imaging. This is accomplished by collecting an image without placing 

an object in front of the camera. A flat-field image is also subject to some corrections. 

Immediately following the acquisition of a flat field, we subtract a dark-current image 

and also correct for defect pixels. Figure 5.11 corresponds to a corrected flat-field 

image. The chickenwire pattern and spot blemishes discussed earlier in the chapter 
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FIGRRE 5.11.  Flat field image of the CCD camera. 

can he identified. The corrected image for dark current and flat field Icor can be 

written a^; 

J ^dark , - ^ 

( h l a t - U a r k )  

where I^au: corresponds to each raw image that undergoes a correction, and I fiat is 

the micorrected flat-field image. 

Defect-pLxel correction is performed on the corrected image Icor by nearest-

neighbor a\-eraging. A file containing a list of the defect pixel coordinates was 

provided b\- the camera manufacturer and was used for the correction. For ever>' 

defect pixel, the four nearest neighbors were averaged to obtain the new \ulue in the 

location of the defect pixel. For defect pixels at the edge of the camera the three 

nearest-neighbors and one adjacent pixel are used for averaging. 

Distortion correction is the last correction applied to each projection prior to 
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reconstruction. Distortion correction corresponds to a transformation from a set 

of coordinates that exMbit distortion to a new set of coordinates that eUminate it. 

In other words, each location in the distorted image need to be mapped into a new 

location. 

To measure distortion, a mask containing a regular array of control points of 

kno\ra (x.y) locations needs to be imaged. The output image, which is distorted, 

determines the location of the corresponding point in the measured image {I'.y). A 

tliird degrt>e pol\-nomial in each coordinate axis was chosen as the mathematical model 

for transforming one set of coordinates to the other and vice versa. This poh-noniial 

approximation is most commonly used for correcting geometrical distortion (Butler 

and Pierson 1991. Beier et al. 1992). The third-degree poK-nomial procedure for cor

recting distortion given below was also discussed by Qi (Qi 1999). In the poh-nomial 

approximation, the two coordinate sets are related to each other by the expressions 

3 3 3 3 

x'= ^ ̂  -A .JJV and ^ ̂  (5.3) 
,=0 J=0 J=0 j=0 

where A,j and B,j are pol>Tiomial coefficients. Our goal is to create a transformation 

matrix that maps all known locations [x. y) as close as possible to measured locations 

(x'. tj) and vice \-ersa. We can define the error between the two points as the mean-

square error (MSE). given by 
^  m —  1  

M S E  =  —  ̂ :(-r. - -r,)- - (y, - .(/,)'-]. (5.4) 
1=0 

where M is the total number of control points in the mask. The coefficients A,j and 

B,j can obtained by minimizing the MSE. The above expressions can be written in 

matrix form as 

X ' = U A  and Y= U B .  (5.5) 
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where 

A' = 
•r, 

^ 0  V o  y o  
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1  U m - l  U m - l  - ^ m - 1  

By substituting the above equations into Equation 5.4 we get the vector form of the 

MSE which we want to minimize. Thus, we have 

nun {.\/SE}^3 = nun{ j.V -  r.4)'(A" -  U A )  - (V - C B Y i Y  -  L ' B ) ] } .  (5.10) 

which gives a solution. 

.4 = r-^A'. andB = ;:-'y'. (5.11) 

The matrix L'~' is a pseudo-inverse that can be obtained from the product . 

where C denotes the transpose of U. Note that in this formulation the Jacobian of 

the transformation was not taken into account. The coefficient .4,j and B,j can be 

obtained by Equations 5.11. Those two sets of 16 coefficients were pro\'ided by the 

camera manufacturer. In order to correct an acquired image, we use Equation 5.5 to 

obtain a new (x'. y) location for each (x.y) location in the distorted image. 
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FIGURE 5.12.  Photograph of the grid target used to test the distortion correction. 

To test the distortion correction of our algorithm, a grid target (or mask) %vas 

constructed with a 32 x 32 grid of holes drilled in a standard circuit board. The 

mask consists of 0.020in) holes with a pitch of 0.0625in (~ 159/im). A 

photograph of the grid target is shown in Figure 5.12. In order to collect an image, 

the mask is placed in front of the x-ray camera and an image is acquired by uniformly 

illmuinating the camera with x rays. Figure 5.13 shows an image of the grid target 

with and without distortion correction. Prior to correction, the image was dominated 

by a barrel type of distortion, which is consisted with the distortion introduced by a 

fiberoptic taper. The correction algorithm eliminates most of the distortion effects. 

5.4 Image Acquisition 

A tomographic imaging session begins by placing the animal into an acrylic mouse 

holder discussed in the last chapter. Respiratorv' tubing is attached to the holder 

to administer the gas anesthesia. The administration of isofliu-ane/oxv'gen mixture 
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Without Distortion Correction With Distortion Correction 

Fica'RE 5.13. Image of the grid target before and after distortion correction. The 
correction algorithm eliminates most of the distortion effects. 

allows rapid induction and recovery- from anesthesia (Flecknell 1996). Furthermore. 

\isual inspection of the animal's respiratory- rate allow us to increase or decrease the 

depth of anesthesia as needed. Once the animal is anesthetized. 180 transmission 

projections are acquired in a stoy-and-shoot fasliion by rotating the animal in front 

of the camera. The x-ray tube is emitting x rays continuously while a mechanical 

shutter, triggered by the .x-ray camera, allows exposure of the CCD only during 

acquisition and not during readout. The acquisition time is usually 1 sec per 

projection. The x-ray rube is t^Tiically operated at a voltage of 32 kV and a filament 

current (jf 0.4 niA. Each acquired projection is corrected, saved to disk, and then 

displayed on the screen. 

X-ray projections are collected prior to gamma-ray images due to the shorter time 

needed for x-ray imaging. The total time needed for each transmission projection 

is approximateh- 5 sec. This includes collecting the image, applying the \'arious 

corrections, saving the data to disk, and rotating the stage for the next projection. 
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This results in 15 min acquisition for 180 projections. Gamma-ray projections are 

acquired immediately follo^\'ing the completion of the x-ray sequence. A total of 60 

projection images are collected for each object in 6" intervals. The acquisition time 

per gamma-ray projection is 60 sec. 

All the images are transferred to a DEC Alpha workstation for reconstruction. 

The reconstruction codes were developed by Prof. Don Wilson. A CT image is 

obtained after an ordered subsets-expectation maximization (OS-EM) reconstruc

tion algorithm is apphed to the transmission projection data. We use a maximum 

likelihood-expectation maximization (ML-EM) iterative reconstruction algorithm for 

obtaining a SPECT image. The algorithm corrects for the effects of collimator blur 

but not attenuation and scatter. Flood correction and median filtering were also 

apphed to each of the projections to correct for iuhomogeneities of the detector. 

5.5 Phantom Imaging 

-An acn.'hc phantom was constructed to allow imaging with both modalities. A 

diagram of this Merge phantom is shown in Figtire 5.14. The phantom consists of 

seven 1 mm holes of different lengths that can be filled with Tc-99m aqueous solution 

for SPECT imaging. The center-to-center distance between adjacent holes is 3 mm. 

.A. simultaneous x-ray CT of the same phantom can also be acquired by adding a 

contrast medium to the solution. The phantom images allow the calibration of the 

x-ray and gamma-ray systems for the co-registration of the images obtained from the 

two modahties. 

The phantom was filled with a solution which combined approximately 2 mCi of 

99mTc-pertechnetate and Omnipaque®. an iodine-based x-ray contrast medium man

ufactured by Amersham Health of Princeton. NJ. USA. We acquired 360 transmission 
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0.827 in. 

1 

FIGTRE 5.14.  Diagram of the Merge phantom used for calibrating the dual-modality 
i5\'stem for fusing images from the two modahties. 

projections with acquisition time of 1 sec per projection and the tube operating at a 

voltage of 32 k\'p and an anode ciurent of 0.4 mA. Reconstructed CT images of the 

Merge phantom are shown in Figure 5.15. Immediately following the CT completion, 

we acquired 90 gamma-ray projections, with 60 seconds acquisition per projection. 

o\-er a full 360" cycle. The gamma-ray reconstructed image of the Merge phantom 

is shown in Figure 5.16. This image was scaled and transformed in order to match 

the orientation of the x-ray image. Reconstructed CT. SPECT. and combined shces 

of the Merge phantom are shown in Figure 5.17. Different colormaps are used for 

the representation of the two different data sets. From the CT sUce. we can see that 

an air-bubble was formed in the middle of the longest hole which corresponds in lack 

of uptake in the SPECT image. Overall, there is a good agreement between the 

SPECT and CT images. 

TOD view 

o o o o o o o 

Side View 

I.O in. 



FIG L'RE 5.15. Reconstructed CT image of the Merge phantom. Several ring artifacts 
due to center of rotation misalignment can be seen in the second row of shces. 

FIGURE 5.16. Reconstructed SPECT image of the Merge phantom. 
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CT slice SPECT slice Combined slice 

FIGURE 5.17.  Reconstructed CT. SPECT. and combined slices of the Merge phan
tom. 

5.6 Animal Imaging 

A 30 g mouse was injected with 8.6 mCi of ^^"'Tc-MDP two hours prior to imaging. 

Two hours later the animal was eutharused with an overdose of pentobarbital and 

placed inside an animal holder. By rotating the animal in 4" increments, we collected 

two sets of 90 gamma-ray projection images, with 60 sec acquisition per projection. 

The two sets of images correspond to the skull and the pelvic area of the mouse. 

After the SPECT image sequence was completed, we rotated the animal 90' and 

began the acquisition of x-ray projections. The x-ray tube was operated at a voltage 

of 32 K\'P and an anode current of 0.4 HLA. We collected 360 projections with 1 sec 

acquisition per projection. Two representative x-ray projection images are shown in 

Figiire 5.18. 

The gamma-ray projections were reconstructed using 100 iterations of the ML-EM 

reconstruction algorithm. The x-ray projections were reconstructed using an OS-EM 

iterative algorithm. In The center of rotation was estimated from the sinograms 

obtained from the x-ray projections of the Merge phantom. The reconstructed x-ray 

tomographic image of the skull is shown in Figure 5.19. In Figure 5.20 we display 
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FIGURE 5.IS. Two representative x-ray projection images of a mouse. 

a three-dimensional representation of the CT data set of the skull. CT and SPECT 

slices corresponding to the same skull location are also shown. Figure 5.21 presents 

similar images for the pel\-ic area. 

5.7 Conclusion 

The full potential of functional imaging can be realized only when areas of tracer 

uptake can be unambiguously assigned to organs or other anatomical features. Since 

well chosen radiotracers may have excellent uptake in the target, for example a tumor, 

but rapidly clear from surroimding tissues. SPECT images sometimes contain few 

recognizable anatomical features. The addition of independently raeasiured. but 

co-registered anatomical information overcomes this limitation. The CT/SPECT 



FIGURE 5.19. Reconstructed CT image of the skull of a mouse. 

CT slices SPECT slices 

FIGI'RE 5.20. Three-dimensional representation of the reconstructed CT data set of 
the skull, and representative CT and SPECT slices. 
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CT slices SPECT slices 

FKU'RE 5.21. Three-dimensional representation of the reconstructed CT data set of 
the pelvic iurea. and representative CT and SPECT slices. 

system described above pro\-ides high-quality images from both modalities and will 

be a useful instrument for supporting biomedical research in a variety of fields. 
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Chapter 6 

MULTI-MODALITY EVALUATION OF CARDIAC IMAGING 

METHODS WITHOUT A GOLD STANDARD 

6.1 Introduction 

In the previous chapters we introduced several imaging modalities and showed how 

combining two modalities can assist in the overall interpretation of an image. In 

clinical applications an imaging system can provide helpful information that can lead 

to the prognosis and diagnosis of a disease. For example, knowledge of the ejection 

fraction (EF), the ratio of the volume of blood the heart empties during systole to the 

volume of blood in the heart at the end of diastole, caji indicate whether a patient is 

susceptible to heart failure. Several methods are currently available for estimating 

the EF using ultrasound, magnetic resonance and nuclear imaging techniques. The 

choice of the technique used by a physician is often governed by local availabihty, and 

not necessarily by performance. 

Often in the literature, new methods of estimating EF Eire evaluated using hnear 

regression analysis (Cwajg et al. 1999. Abe et al. 2000, £uid Nahax et al. 2000). In 

this approach a regression line is created by plotting an assumed gold-standard modal

ity on the abscissa, and evaluate the modality plotted on the ordinate in terms of it. 

However, no such gold standard exists since every modality suffers from errors. For 

example, the widely used echocardiography rehes on geometrical assumptions that 

do not hold true as the left ventricle undergoes progressive dilation in heeirt failure. 

(Teichholz et al. 1976) RadionucHde ventriculography, another common technique, 
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suffers from poor resolution, the need for background subtraction, and errors from 

overlapping structures. More recent tomographic methods such as cardiovascular 

magnetic resonance and gated SPECT seem more promising. However, most tomo

graphic imaging methods are associated with errors due to rotational or translational 

motion of the cameras as well as shortening of the ventricle during contraction (Rmn-

berger et al. 1997). Furthermore, a recent study by Bellenger et al. concluded that 

EF estimates obtained by echocardiography, radionuchde ventriculography and car-

diov^cular magnetic resonance are not interchangeable in patients with heart failure 

(Bellenger et al. 2000). Their results obtained from a fifty-two-patient study indicated 

that the mean left ventricular EFs determined by each technique were significantly 

different from the other techniques. 

Due to the lack of a gold standard, there has been an interest in the imaging 

community to measure task performance without assuming a true parameter. In 1990 

Henkelman et al. developed a technique to compute receiver operating characteristic 

(ROC) curves for multiple modalities without the use of a gold standard (Henkelmain 

et al. 1990 ). In their work, ROC parameters were estimated using two or more 

imaging modalities on the same group of patients. Beiden et al. have more recently 

studied the errors of this approach as a function of the number of modalities and 

patients (Beiden et al. 2000). 

In this chapter we introduce a method for evaluating estimation methods without 

the use of a gold standard. We will formulate the problem in terms of estimating left 

ventricular EF, but this approach may also be used for evaluating any method that 

estimates a paxEimeter that can be derived from multiple modalities. Given a group 

of patients imaged by two or more modalities and estimates of the EF which are 

extracted for each patient from each modality, we estimate the bias and variance of 
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the estimates from each modality without assuming a gold standard. In other words, 

we want to plot the regression line of an estimated EF vs. the true EF without 

knowing the truth/x-coordinate. This work was accomphshed in collaboration of 

Jack Hoppin and Prof. Matthew Kupinski. 

6.2 Our Approach 

Let us assume that there exists a Unear relation between the true EF and its estimated 

value. We will describe this relation, for a given modality m and a patient p by a 

regression line having a slope am- intercept and noise Sprn- We represent the 

true EF for a given patient p with 0p and an estimate of the EF measured by some 

modality m with 9pm. Mathematically this relationship is represented by 

dpm ~ ©p "I" "t" ^pm • (^-1) 

The following assumptions can be made for our linear model: 

1. The true ejection fraction 0p is statistically independent from patient to patient 

and is fixed for a given patient across modalities. 

2. The slope 0^ and intercept bm are characteristics of the modality and indepen

dent from patient to patient. 

3. The error term Spm is statistically independent and normally distributed, with 

zero mean and \'ariance cr^. 

Using assumption 3, we wxite the probability density function (PDF) for a set of 

noises {cpm} for a specific patient p as 

M , ,2 

pr({^pm}p) = n (6.2) 
m=i V 27ra^ 
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where M is the total number of imaging modalities. Solving equation 6.1 for the 

noise term Spm and substituting it into 6.2, we write the PDF of the estimated EF 

for multiple modalities and a specific patient given a set of slopes, intercepts, error 

terms and the true EF as. 

1 (^pm ~<»mQp ~fem 

mil V 27r^T  ̂

where {9pm]p indicates a set of measured EFs for a given patient p over all modalities 

M. Assuming that the individual measurements are independent between patients, 

we can wTite the PDF of the estimated EF for multiple modalities for all patients. 

p 

Pr({^pm}|{aT7i.6m,(7^}. "^p) = • (M 
P=1 

Using the partition law (Frieden 1991), 

pr(^) = y c/T pr(^|y)pr("^), (6.5) 

we can write the likelihood of the data { 0 p m }  for all patients P  given a linear model 

with parameters {am-bm-crh}, 

= y^d0i...y^rf0p pr 6^,(7^}, W) pr (6.6) 

where P  is the total number of patients. 

According to assumption 1, the EF on different patients are independent. This 

independence can be expressed with the relation, 

p 

pr (^) 
p=i 
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Substituting 6.3 and 6.7 into 6.6. we get 

L pr 6„i, 

r r ^ ^ I 
= / de,... / .ieprr n pr(e,). (6.8) 

Rewriting the above equation gives 

' • N/''-«NYKT 

•A /• iZ f-rVCepm-amep-dm)') 
= fj5 / rfGp prCGpje-A (6.9) 

p=i 

where 

— —5~ (^ptn flm ©p ) 
lE 

' rn 

M 

^'L-kcx: 

Taking the natural logarithm of the expression in 6.9, we obtain the log-likelihood 

M 

mil 

A = |jln I^S jde, . (6.11) 

Simplifying the above expression, we have 

A = Pln(S) 

+ E'" (/''®' • (6.12) 
P 

If we define the integral 

Af 

4 = 1 de, pr(ep)e"t(-5^"''"--®'-'"'') , (6.13) 

the result is a simple expression for the log-likelihood A given by 

p 

A = Pln(5) + ^ln(/„). (6.14) 
p=i 
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Using a maximum likelihood (ML) estimation approach, we seek to maximize the 

log-likehhood A to obtain the estimates of {0^}, {6„i} , and {cr^}. The principle of 

maximtun likeUhood relies on the assumption that the observed data had maximum 

probabiUty of occurring. The reader should note that the probabiHty density pr(©p) 

is not a prior and this is not a maximum a posteriori (MAP) estimation approach. 

Our approach maximizes the probability of the data given the parameters (ML es

timation) instead of maximizing the probability of the parameters given the data 

(NLA.P estimation). However, knowledge of the PDF of the true EF pr(0p) is needed 

in order to marginalize with respect to the true EF ©p, and the choice of distribution 

can affect the performance of our method. 

6.3 Implementation 

A Dell Precision 620. running Linux, was employed to nm our experiments. In each 

experiment we generated EF data from a true distribution (prj(0p)) for 100 patients 

and obtained different estimated EF's for 3 different modalities by hnearly mapping 

these \'alues with known slopes {0,^} and intercepts {6^} and then adding normally 

distributed noise with known {cTm}. These EF estimates form the measured data for 

each patient when imaged using each modality. We will investigate the effect that 

different choices of the assumed and true distribution have on estimating the Unear 

model parameters. Furthermore, we will look at cases where there is a match and 

mismatch between the two. 
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6.3.1 Choice of the EF PDF 

In order to determine an appropriate PDF for the true and assumed EF distributions, 

we searciied through hospital records to get an idea for the correct form. We identified 

260 consecutive patients who underwent a rest MUGA (Multiple Gated Acquisition) 

study between October 10. 1997 and May 21, 1998, at the University Medical Center 

of the University of Arizona. Forty-five out of the 260 patients were undergoing an 

evaluation after a heart transplant operation or after chemotherapy. Those patients 

were excluded from the study. The remaining 215 patients were separated in two cat

egories: Cardiac and Normal patients. Most of the Cardiac patients were diagnosed 

with Ischemic Cardiomyopathy and were evaluated prior to heart transplant opera

tion. We selected 34 females and 76 males for a total of 110 Cardiac patients ranging 

from 12 to 85 years old. Figure 6.1 illustrates the results when plotted as a PDF 

with bin size of 0.05. All of the Normal patients were either breast-cancer patients 

prior to chemotherapy, or Leukemia patients prior to bone marrow transplant. There 

were 69 females and 36 males for a total of 105 Normal patients, rginging from 6 to 82 

years old. In Figure 6.2 we plotted the EF for the Normal patients as a PDF with 

bin size of 0.03. Both plots clearly display that the distribution of ejection fractions 

is unimodal between 0 and 1. Two common unimodal distributions bounded in this 

range are the beta and truncated normal distributions. For our experiments we will 

investigate only those two distributions for the assumed and true PDF's. The two 

fitted curves in Figures 6.1 and 6.2 represent the fit for a beta and a tnmcated 

normal distribution, with the parameters as displayed . 

The imimodal form of the ejection fraction PDF can also be verified in the lit

erature. Baik et al. (Baik et al. 2000) recently presented EF estimates at rest ob-
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Cardiac Patients 

__J Data 
Beta Distribution Fit 

— Truncated Normal Fit 

Beta Distribution Fit 
V 3.01 ± 0.52 

CO 7.35 ± 1.46 

Tmncated Normal Rt 

s 

0.27 ± 0.02 

a 0.15 ± 0.02 

0.0 0.2 0.6 0.8 1.0 0.4 

Ejection Fraction 

FIGURE 6.1. Probability density function of the EF for the cardiac patients. The 
two fitted curves represent the x" fit for a beta and truncated normal distribution 
with the displayed parameters. 

tained from 41 patients (26 males and 15 females) that imderwent contrast-enhanced 

electron-beam tomography (EBT). first-pass radionuclide angiography (RNA) and 

cine angiography (CINE), to assess ventricular function. When plotting the EF as 

measured by each of the three modaUties, a unimodal distribution arises which is well 

fit by a beta or truncated normal density. Furthermore, the results of Sharir et ai, 

from 2,686 patients who underwent gated myocardial SPECT to get an estimate of 

the post-stress EF also indicate a unimodal form of the EF distribution (Sharir et al. 

2001). 
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Normal Patients 
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- Beta Distribution Fit 

Truncated Normal Fit 

Beta Distribution Fit 
V 40.90 ± 3.71 

CO 25.39 ± 2.34 

Truncated Nomrial Fit 
H 0.62 ± 0.00 

CT 0.06 ± 0.00 

0.4 0.6 

Ejection Fraction 

FIGURE 6.2. Probability density function of the EF for the normal patients. The 
two fitted curves represent the x' a beta and truncated normal distribution 
with the displayed parameters. 

6.3.2 Beta PDF for the Assumed Distribution 

The beta probabihty distribution of first kind. 

1 
pr(0p) = er( i -epr (6.15) 

has domain 0 < 0 < 1. The normalizing constant Biv.uj) is the beta function given 

by 

= f du u" ^(1 —u)*^ ^ 
Jo 

(6.16) 
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The integral expression in equation 6.13 does not simpUfy with a beta distribution as 

the assumed EF distribution. Therefore, we used numerical integration techniques 

to evaluate 6.13 and consequently the log-likelihood in 6.14. 

6.3.3 Truncated Normal PDF for the Assumed Distribution 

Now. let us assume that the true value 0p is normally distributed in the rEinge (0,1) 

with mean fi and rariance a". This relation can be expressed as 

2  

pr(0p) = .4(/x, a)e rect (0p - |), (6.17) 
{0p —M 

where .4(//, a) is a normalization constant given by 

Aiti, c) = , , f' (6.18) 

The rect function is used to limit the values of Bp from 0 to 1 and is defined as 

l , a  —  | < x < a - t - |  
,x - a. 

rect{—-—) = < 
0 

i x  =  a ± |  .  ( 6 . 1 9 )  

0, X > a + I and x < a - | 

2 

b 
2 ^ 2 

Using a truncated normal for the assumed distribution in the integral expression 

/„, we get 

r  / " '  J / - ^  A t  \  — E  i  /o = /  dQp  A{ f j . ,  a ) e  e '"=i^ *  "*  / ,  
Jo 

(6.20) 

where the limits of integration are set by the rect function. The above integral can 

now be expressed as 

I^ = Aifi,a) (6.21) 
Jo 



187 

where 

xr o 

2a-^ 2^2 
m=l 

 ̂flm (̂ pm b-m) 2<)N 

0-2 (j2 
m=l *" 

, V~* i^pm ^m)" 
' ° 2a5, • 

However, there is an analvtic solution to the above integral. 

and we arrive at a closed-form solution for the log-likeUhood: 

A = Pln(S) + 

|:,{D(^YF.^[ERF(^)-ERF(5^)]}. (6.24) 

6.4 Results 

We used Matlab's quasi-Ne\\T.on optimization method to maximize the log-likelihood 

as a function of the linear model parameters. The computer code was developed 

by John Hoppin and Prof. Matthew Kupinski. The optimization routine was exe

cuted 100 times in order to compute sample means and v^iances for the estimated 

parameters. 

6.4.1 Estimation of the Linear Model Paraimeters for a Given Assumed 

Distribution 

We first investigated the results when the assumed distribution was the same as the 

true distribution, i.e. either both were beta or both were tnmcated normal with the 
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ai 0-2 03 
True Values 0.6 0.7 0.8 
pr(0p) = Beta 0.59 ± 0.03 0.69 ± 0.03 0.79 ± 0.05 
pr(0p) = Normal 0.58 ± 0.04 0.68 ± 0.04 0.78 ± 0.06 

bi 62 ^3 
True Values -0.1 0.0 0.1 
pr(0p) = Beta -0.10 ±0.02 0.00 ± 0.02 0.11 ±0.03 
pr(0p) = Normal -0.09 ± 0.02 0.01 ± 0.02 0.11 ±0.03 

0-1 CTo 
True Values 0.05 0.03 0.08 
pr(0p) = Beta 0.048 ± 0.005 0.029 ± 0.009 0.079 ± 0.007 
pr(0p) = Normal 0.048 ± 0.006 0.028 ± 0.010 0.080 ± 0.007 

TABLE 6.1. Estimated linear model parameters when using the same assimied and 
true distributions. 

same parameters. For this experiment, we chose a beta distribution with i/ = 1.5 

and jj = 2 and a tnmcated normal with mean /z = 0.5 and standard deviation 

a = 0.2. Figure 6.3 illustrates the result of one experiment using 100 patients and 3 

modalities. In each graph we have plotted the true EF against the estimates of the 

EF for the three different modalities ((a), (b) and (c)). The sohd hne was generated 

using the estimated hnear model parameters for each modality, whereas the dashed 

lines denote the estimated standard deviations {cr^}. The estimated slopes {0^}, 

intercepts {im}- and standard deviations {o"„} for the three modaUties were (a) 0.59, 

—0.07. 0.060. (b) 0.69. 0.03. 0.025 and (c) 0.83, 0.12. 0.082. The true parameters 

are listed in Table 6.1. The same table also displays the values of the estimated 

hnear model parameters after 100 iterations. The results illustrate that our method 

estimates the true values of the hnear model parameters very well. 

In order to understand the role of the assmned PDF on estimating the parameters, 

we next assumed a flat distribution (pra(0p) = 1). This is in fact a special case of the 

beta distribution with i/ = 1 and a; = 1. The same true distribution parameters were 
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Oi ao 0.3 
True Values 0.6 0.7 0.8 
pr(0p) = Beta 0.53 ± 0.03 0.61 ± 0.03 0.70 ± 0.05 
pr(©p) = Normal 0.50 ± 0.01 0.56 ± 0.03 0.64 ± 0.08 

bi h ^3 
True Values -0.1 0.0 0.1 
pr(0p) = Beta -0.09 ± 0.02 0.02 ± 0.02 0.13 ±0.03 
pr(0p) = Normal -0.05 ± 0.02 0.07 ± 0.03 0.18 ±0.04 

0"! 0-2 cr3 
True Values 0.05 0.03 0.08 
pr(0p) = Beta 0.049 ± 0.005 0.031 ± 0.009 0.079 ± 0.007 
pr(0p) = Normal 0.048 ± 0.005 0.033 ± 0.008 0.080 ± 0.007 

TABLE 6.2. Estimated linear model parameters when using a flat assumed distribu
tion {pr{Qp) = 1). 

used for the beta and tnmcated normal distribution as described above, namely i/ = 

1.5. u; = 2. a mean of /z = 0.5 and standard deviation of cr = 0.2. Table 6.2 illustrates 

the resulting estimates we obtained after 100 iterations. Our results indicate that 

our estimation method is not as accurate, when a flat distribution is chosen for the 

assvm:ied distribution, in estimating the slopes and intercepts. However, it is worth 

noting that the estimates of the {cr^} are still close to the true values. There also 

seems to be a systematic error in underestimating the {om} a^d overestimating the 

6.4.2 Estimation of the Linear Model Parameters 2ind the Assumed Dis

tribution Parameters 

The previous results indicate that the assumed distribution affects the accuracy of the 

estimated parameters. Therefore, we decided to study the case where the parameters 

of the distribution are also parameters to be estimated. In both cases there were 

only two extra parameters {u and uj for the beta and fi and a for the truncated 
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FIGURE 6.3. Results of one experiment when the same truncated normal distribution, 
with mean — 0.5 ajid standard deviation a = 0.2, was used for the true and assumed 
distribution, using 100 patients and 3 modalities. The true parameters used are the 
same as Table 6.1 (Hoppin et al. 2002 #1). 
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normal) that needed to be estimated and they could easily be added to the list of 

parameters over which we were maximizing the likelihood. In the case of the beta 

distribution we allowed our search only in the range [1,5] for both u and uj. We 

avoided values for those parameters between 0 and 1 since they create singularities 

at the boundaries, an impossible situation for ejection fraction. In the case of the 

truncated normal distribution we allowed the mean to take values between 0 and 

1 while limiting the standard de\aation a from 0.1 to 10. We began by investigating 

the case where the form of the assxmied distribution and the true distribution were 

the same. i.e. we estimated the parameters of the tnmcated normal distribution while 

using data generated from a tnmcated normal PDF. Figure 6.4 illustrates the result 

of one experiment using 100 patients and 3 modalities. The estimated slopes {om}, 

intercepts {6m}. and standard deviations {cr^} for the three modalities were (a) 0.66, 

—0.11. 0.050. (b) 0.75. 0.01. 0.035 and (c) 0.86, 0.07. 0.073. The true parameters are 

hsted in Table 6.3 whicli also displays the results after 100 iterations. Our method 

seems to successfully approximate the values of all parameters including those of the 

assumed distribution. 

The previous experiment illustrates that when the form of the assmned and true 

distribution match there is good agreement between the estimated parameters and 

their true x'alues. In this experiment we will explore what happens when there 

is a mismatch between the true and assmned distributions, i.e. we will estimate 

the parameters of the truncated normal distribution while using beta distributed 

data. Table 6.4 illustrates the results eifter 100 iterations. Even though the assumed 

distribution cannot equal the true distribution, it does take a form that approximates 

the true while maximizing the HkeHhood. 
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fli do as 
True Values 0.6 0.7 0.8 
pr(0p) = Beta 0.60 ± 0.09 0.70 ± 0.09 0.79 ±0.11 
pr(0p) = Normal 0.59 ± 0.03 0.69 ± 0.04 0.79 ± 0.04 

bo ^3 
True Values -0.1 0.0 0.1 
pr(©p) = Beta -0.10 ±0.03 0.01 ± 0.03 0.11 ±0.03 
pr(0p) = Normal -0.09 ±0.03 0.01 ±0.03 0.11 ±0.03 

CTl CTo ^•3 
True Values 0.05 0.03 0.08 
pr(0p) = Beta 0.048 ± 0.006 0.030 ±0.011 0.080 ± 0.006 
pr(0p) = Normal 0.050 ± 0.002 0.029 ± 0.004 0.080 ± 0.003 

Distribution Parameters 
True Values // = 0.5. (J - 0.2. u = 1.5. uj = 2.0 

pr(0p) = Beta i/= 1.50 ±0.53. UJ = 2.08 ± 0.99 
pr(0p) = Normal fx = 0.50 ± 0.03, a = 0.20 ± 0.99 

TABLE 6.3. Estimated linear model parameters and distribution psirameters when 
the assumed distribution and the fixed true distribution have the same form. 

Qi Clo as 
True Values 0.6 0.7 0.8 
pra(©) = Normal / prj(0) = Beta 0.56 ± 0.04 0.65 ± 0.05 0.74 ± 0.06 
pra(©) = Beta / pr((0) = Normal 0.66 ±0.10 0.78 ± 0.09 0.89 ±0.12 

bi 60 63 
TVue Values -0.1 0.0 0.1 
pra(©) = Normal / pr£(©) = Beta -0.09 ± 0.02 0.01 ± 0.02 0.12 ±0.03 
pra(©) = Beta / prt(0) = Normal -0.14 ±0.06 -0.06 ±0.06 0.03 ± 0.07 

(Tl 0-2 o'a 
True Values 0.05 0.03 0.08 
prQ(0) = Normal / pri(0) = Beta 0.050 ± 0.005 0.029 ± 0.004 0.080 ± 0.007 
pra(0) = Beta / prt(0) = Normal 0.050 ± 0.007 0.025 ±0.011 0.079 ± 0.009 

T.A.BLE 6.4. Estimated hnear model parameters and distribution parameters when 
the assumed distribution and the fixed true distribution have the same form. 
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FIGURE 6.4. Results of one e.xperiment when the same beta distribution, with v = 1.5 
and u; = 2.0. was used for the true and assumed distribution, using 100 patients and 
3 modalities. The true parameters used are the same as Table 6.3. Note that in 
this study, the parameters of the beta distribution were also estimated along with the 
Unear model parameters (Hoppin et al. 2002 #1). 
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FIGURE 6.5. Case when there is a mismatch between the assumed and true distribu
tion. In (a), the true distribution is a trimcated normal which is approximated by 
our method with a beta distribution with v = 3.93 and ui = 3.47. In (b), a truncated 
normal with ^ = 0.33 and a = 0.42 approximates a beta distribution (Hoppin et al. 
2002 #1). 
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6.5 Conclusions 

We developed a method to evaluate the performance of a given modality in estimation 

tasks without assuming a gold standard. Certain assumptions were made on the 

probabiUty density of the parameter of interest in order to marginalize with respect 

to it. For definiteness. we developed the problem in terms of left ventricular ejection 

fraction. We investigated cases where the assiuned PDF. used to marginalize the 

EF. and the true PDF. used to generate the data, matched, and cases where they did 

not. When there is a match between the two distributions, 'we found that our model 

estimated the linear model parameters very well. On the other hand, when there 

was a mismatch our estimates were not as accurate. This led us to investigate the 

case where the distribution parameters were also optimized. In that case, we found 

that both the Hnear model parameters and the form of the assmned distribution can 

effectively be estimated using our approach. 

A major assumption of our method is that the true parameter (i.e. EF) does 

not vary from modality to modality. In an actual setting that would imply that 

a patient's true EF would remain the same diuring, for example, echocardiography, 

radionuchde ventriculography and cardiovascular magnetic resonance imaging. How

ever. the imaging system could possibly affect the true parameter. For example, 

claustrophobia and severe anxiety, including panic attacks, have been reported dur

ing an MRI scan by several researchers (Koechling et al. 1996, Mclsaac et al. 1996). 

This also appears to lead to a large number of incomplete or cancelled MRI exami

nations (Sarji et al. 1998). However, the above model assumption might be valid for 

other estimation tasks. 

Another assumption in our approach is a hnear relationship between the true 
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parameter and the measured data. Extending this work. Kupinski et al. have 

recently shown that our method will accurately estimate the model parameters even 

in modalities when there is a quadratic relationship between the true and measured 

parameter (Kupinski et al. 2002). Furthermore, a more detailed description of the 

method can be found in (Hoppin et al. 2002 #1. Hoppin et al. 2002 #2) where the 

performance of our method is investigated as a function of the number of patients. 
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Chapter 7 

FUTURE WORK 

In this dissertation we have presented the development and performance of several 

imaging systems for biomedical applications. One of the systems, FASTSPECT. 

is routinely used for animal studies. However, FASTSPECT is based on very old 

electronics with components that have become obsolete. The submission of grant 

applications to support new animal studies can not depend on such a system. The 

development of FASTSPECT II, which is based on modem electronics and newly 

designed modular cameras, has already began. This new system can become a de

pendable imaging device for small-animal research applications. In order for this 

to occur, several factors need to be considered related to the small-animal imaging 

emdrormient. For example, the system needs to facilitate the use of anesthesia hnes 

and animal monitoring equipment. The animal preparation time prior to image ac

quisition should be minimal. This includes the time it takes to position the animal 

inside the field of view of the system and begin the administration of anesthesia. A 

device that requires a few hours to obtain an image limits its usage. On the other 

hand, a high-throughput system is adways desirable (Of course, not in the expense of 

image quality). Furthermore, the acquisition of images should be a simple task; con

sequently, it is important that FASTSPECT II provides a user-friendly envirormaent. 

Necessary software for proper display and analysis of the imaging results should also 

be included. The display of an image in a sequence of two-dimensional slices does not 

always provide the best interpretation of the object. Many times a three-dimensional 
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surface or volume rendered image can enhance our ability to analyze the image. 

From our experience with the originzd FASTSPECT we have learned that the 

credibility of the results obtained from cinalyzing the images depends greatly on the 

available software. This is particularly important in the case of heart imaging when 

the three-dimensional data set needs to be reoriented to match the axes of the heart 

and regions of interest (ROIs) are drawn to determine the defect size. Thus far, 

the defect size was determined by analyzing individual tomographic shces. This 

process could be cumbersome and time-consuming. Therefore, an analysis software 

that allows the determination of the defect from the raw 3D data set seems to be 

necessary. 

Even though the dual-modaJity system is fully developed and operational, there 

are certain things that need improvement. For example, the CT acquisition should 

be faster. With the current computer a lot of time is wasted in saving the data to 

disk. A faster computer and larger hard drive could resolve this issue. It is also 

worth mentioning that each of the x-ray projection images occupies over 2 Mbytes 

of disk space. Since the system is intended for routine use in biomedical imaging 

studies, a large storage device seems to be necessary. The current software could 

also be modified to incorporate the SPECT and CT reconstructions. This way 

we eliminate the need to transfer the images to a workstation, creating a stand

alone unit. With the current setup the vertical translation of an animal can only 

be performed manually. A vertical stepping stage could be incorporated to allow 

accurate vertical translation. The only animal monitoring mechanism at the time 

is visual monitoring of the breathing pattern of the animal. Better monitoring 

procedures such as temperature, respiratory and cardiac rate monitoring should be 

included in the future. 
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Since the number of animal experiments have increased over the last two years it 

is necessary to have an image database. Om- collaborators should be able to access 

raw and reconstructed data for further analysis. 
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