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ABSTRACT 

This dissertation presena:s the results of an investigation into the feasibility of a 

high-resolution brain SPECT imager based on a hemispherical multiple-pinhole coded 

aperture and high-intrinsic-resolution modular gamma-ray detectors. A prototype system 

using scintillation modular cameras has already been built which has an estimated 5 mm 

reconstructed resolution. New advances in semiconductor technology and their growth 

as gamma-ray detectors create the opportunity for a high-resolution semiconductor 

modular camera. This dissertation illustrates how such an increase in detector resolution 

will be translated into an increase in reconstructed resolution. This dissertation also 

reports the results of an investigation on the economic feasibility of the high-resolution 

brain SPECT system, both in terms of market opportunities and production costs. 

The simulations presented here indicate that the reconstructed resolution from a 

2-nun-intrinsic-resolution detector can be expected to be close to 3 mm for nuclear 

medicine clinical applications. The simulations also establish the importance of a careful 

design of the multiple-pinhole coded aperture, in terms of pinhole-position (to avoid 

critical artifacts in imaging uniform object), and in obtaining quantitative information 

from brain SPECT images. 

The economic study performed here outlines different scenarios for the possible 

impact a high-resolution brain SPECT system could have on nuclear medicine in terms 

of market opportunities. Different scenarios are also described that would affect 
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production costs. A fmal estimate is presented showing how the different scenarios could 

mesh together to provide a forecast of the evolution of the market share for the high

resolution brain SPECT imager. 

Based on the simulations and economic study, the future high-resolution brain 

SPECT imager is not only feasible, but it will likely have millimeter-range reconstructed 

resolution. Once proven clinically useful as a diagnostic tool, it will also presumably 

have an important market share and a low enough price tag to be affordable to most 

nuclear medicine departments. 

i 
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CHAP1ERI 

I - INTRODUCTION 

1.1 - Medical Imaging 

Over the past two decades, the accuracy of medical diagnoses has been 

tremendously increased by the possibility of obtaining images of hidden parts and organs 

inside the body without surgical intervention. Medical imaging modalities can be divided 

in two groups. Anatomical imaging is based on some inherent difference between organs 

(e.g. density, chemical composition) and shows organs and their relative positions inside 

the body. Functional imaging provides information on the functional or metabolic 

physiology of the organs by monitoring the position inside the body of some artificially 

injected substance (tracer). The anatomical and functional imaging modalities provide 

completely different information on the body, and were both discovered in the late

nineteenth and early-twentieth centuries. 

X-rays have been known since Roentgen's discovery in 1895 and widely used as 

a diagnostic and therapeutic tool since the late-nineteenth century. George Hevesy was 

the first to use radioactive isotopes as tracers to monitor the evolution of chemical 

processes in 1912. He used radioactive lead and a simple radiation detector to prove that 

the left-overs from his Sunday night meal were served every day of the following week 

(Tuve,1940). Man-made isotopes have been used since the 1930s to monitor the function 

j 
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of organs, to visualize the course taken by a chemical compound inside the body, and (in 

massive amounts) for treatment. Discoveries of new mathematical tools in the early 

twentieth century (e.g. Radon in 1917), followed by technological breakthroughs in the 

1950s (e.g. Anger in 1958), and the advent of computers in the 1970s revolutionized the 

field of medical imaging. 

Traditional planar x-ray imaging, similar to what Roentgen described in 1895, is 

a measure of the x-ray absorption of tissue in the body. Each point recorded on the film 

indicates the amount of absorption occurring inside the body along a line between the 

point on the film and an x-ray source placed on the opposite side of the body. A dark 

point means little attenuation (as with low-density soft tissue), and a bright point means 

high absorption (as with high-density hard tissues and bones). The image recorded on the 

film is therefore a shadow projection of a density map of the inside of the body. 

The main anatomical imaging modality is computed tomography (CT). CT was 

the first tomographic modality available in the 1970s (Hounsfield, 1972; Brooks and 

DiChiro, 1976; Scudder, 1978; Macovski, 1983). CT is based on traditional planar x-ray 

imaging. Multiple images are taken by rotating a collimated x-ray source and detection 

system around the patient in the plane of interest. Each projection represents many line 

integrals through the attenuation distribution. A two-dimensional reconstruction of the 

attenuation map in the plane of interest can be obtained from the information contained 

in the multiple projections. A three-dimensional attenuation map can be obtained by 

combining the data from rotations and translations of the apparatus. Similar methods are 
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described in ll.2 in the context of nuclear medicine. 

Ultrasound imaging uses short pulses generated by an acoustic transducer, then 

measures the echoes, or pulses reflected by organ boundaries. Acoustic waves are 

reflected and transmitted at each boundary between media having different acoustic 

properties. In another technique, the timing between the originating pulse and the 

measured echo, plus the attenuation of the returned echo, allows generation of an acoustic 

index mapping of the area in the field of the view of the transducer (Nicholas, 1977; 

Woodcock, 1979; Macovski, 1983). 

Magnetic resonance imaging (MRl) is based on the magnetic dipole moment of 

the hydrogen nucleus (Bloch et ai., 1946; Hinshaw et ai., 1976; Holland et ai., 1980). 

The patient is placed in a known constant magnetic field, aligning the moments of all 

hydrogen nuclei in the body. A radio-frequency field is then applied, at a frequency 

known as the Lannor frequency, to excite the nuclei. As the nuclei return to their 

equilibrium positions, they emit another radio frequency field whose amplitude is 

proportional to the number of nuclei relaxing, and therefore proportional to the density 

of nuclei. MRl provides tomographic information on hydrogen density, which allows 

organ differentiation. 

All modalities described above generate anatomical images. They all have 

different uses for diagnostic purposes. Some have very high spatial resolution, (around 

1 mm for CT and MRl), and others have coarser resolution (ultrasound). Some can easily 

differentiate between soft tissues without injection of any contrast medium (ultrasound 
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and MRl), and others can differentiate between soft tissue and bone (CT and planar x-ray 

imaging). All these modalities yield anatomical data, but none of them can provide data 

on how the organ actually functions. In the case of the brain especially, two types of 

information can be sought, anatomical and functional. Anatomical distinction of skull and 

tissue can easily be done using CT. Determining the shape of the brain itself can be 

performed well using MRl. However, if the study is looking for information on a specific 

brain function, or even whether the brain functions at all or not, none of the modalities 

described above is adequate. A functional imaging modality is needed. 

I.2 - Nuclear Medicine 

The main modality which provides functional and metabolic information is nuclear 

imaging, where a radioactive tracer (radiopharmaceutical) is injected and its progression 

through the body (or the organ) is followed, either directly on film (planar scintigraphy) 

or tomographically. The progression is followed by detecting the gamma rays resulting 

from the radioactive decay of the atoms of the isotope into atoms of a different element, 

generally of a more stable nuclear composition. 

Clinical nuclear medicine started in the 1940s and 1950s by measuring the uptake 

of 1311 in the thyroid gland using Geiger-Millier single detector systems (Brownell et aI., 

1990). The next technological step was the invention by Anger of the scintillation 

gamma-camera (Anger, 1958) as described in 1I.1.d. Special scanning methods were 

developed to permit imaging of the full body (whole-body scintigraphy) with a small 
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Anger camera (by translating either the camera or the patient). Although scintigraphy 

provides valuable physiological information on the functions of organs in the body, 

scintigraphy is inherently limited by its planar nature. An organ of high tracer-uptake can 

hide a smaller organ on the image (see 11.2). 

Tomographic imaging in nuclear medicine is possible using two different methods. 

The fIrst method, single photon emission computed tomography (SPECn, is very similar 

to CT in its mathematical treatment. SPEer's underlying physical processes and 

engineering solutions are described in Chapter II. The main difference is that in SPECT 

the gamma rays are emitted from inside the body from an unknown distribution of 

activity; while in CT the x rays are emitted from outside the body through an unknown 

distribution of attenuation. In both CT and SPECf line integrals are measured. 

The other tomographic technique, positron emission tomography (pEn, is based 

on the injection of a positron-emitting radiotracer. When a positron is emitted from a 

nucleus, it is quickly annihilated by interaction with an electron, producing two gamma 

rays of identical energy (511 keY) emitted in opposite directions (to satisfy the law of 

conservation of momentum). The detection of the 5II-keV photons is usually done by 

a ring of detectors surrounding the area of interest. The coincidence of arrival of two 

photons indicates that they were emitted somewhere on the line joining the detection 

points. The reconstructions are performed from tlJs knowledge to define the unknown 

distribution of activity in the body. A limitation to the resolution in PET is that PET 

provides a density map of positron annihilation, which could occur up to 2 mm away 
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from the decaying atom, not a map of tracer location. Despite the availability of 

tomographic imaging, planar scintigraphic examination (both motionless and scanning) 

was still the most frequent procedure performed in nuclear medicine departments in 1991 

(Rojas-Burke, 1993b). This is due primarily to the low resolution of SPECT and PET 

imaging in clinical settings (around 5-mm in-slice resolution) combined with poor 

sensitivity. The problem is further compounded by the broken promise of good 

quantitative data from SPECT systems. 

1.3 - Brain Imaging 

There are different ways to image the functions of the brain using nuclear 

medicine techniques. The oldest way is planar imaging, in which the most important 

current use is the diagnosis of brain death. This diagnosis is done more efficiently using 

nuclear medicine than by any other conventional medical imaging technique (Datz, 1991). 

The newest technique is PET mainly using 18F fluorodeoxyglucose (FDG), a tracer 

tagging glucose, which shows increases of glucose metabolism in the brain. FDG-PET 

has shown promise in studies of the cortex, especially the visual cortex (Datz, 1991) 

The technique described predominantly in this dissertation is SPECT. The main 

radiotracer isotopes used for SPECT brain imaging are 1231 N-isopropyl-p

iodoamphetamine (IMP) (Winchell et al., 1980; Hill et al., 1982; Holman et ai., 1983) 

and 99mTc hexamethylpropyleneamine oxine (HMPAO) (Sharp et al., 1986; Leonard et 

aI., 1987; Neirinckx et al., 1987; Podreka et al., 1987). IMP is lipid-soluble and rapidly 
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diffuses into the brain where it is trapped due to pH changes. HMPAO is also lipid-

soluble and is retained in the brain proportionally to the regional cerebral blood flow. 

Both agents localize predominantly in dle gray matter and retain their original 

distributions for over one hour, allowing long imaging times (Datz, 1991). The 1231 IMP 

radiotracer showed promise in the early detection of strokes (Raymond et at., 1987), 

compared especially to other imaging modalities (Adler et al., 1986). The 99mTc HMPAO 

radiotracer showed great results with dementia, in particular with Alzheimer's disease 

(Perani et al., 1988). Clinical imaging times are close to 40 minutes for an injected dose 

of 25 mCi (Datz, 1991). 

1.4 - Objective vs Subjective Image Assessment 

One way of assessing the performance of an imaging system is to assess 

performance in the context of the decision process. The radiologist will always be the 

final decision-maker, hence the need to take into account the human factor in the decision 

process. Finding a mathematical equivalent of the human observer would simplify 

considerably the work involved in optimizing an imaging system. A mathematical model, 

the Hotelling trace (Hotelling, 1931), can be defined (and its value calculated using a 

computer) and was found to be very well correlated with human observer performance, 

as showed using psychophysical studies (see Fiete et al., 1987a and 1987b; Rolland, 

1990). This method of image assessment, called objective image assessment, yields 

reliable results that allow objective comparisons between imaging systems. The downside 
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of the method is that it needs a large number of images to be examined, either by the 

computer or by human observers. Using a human observer is a frustrating and time

consuming experience. Generating many images can also be a time-consuming process. 

This method does, however, yield statistically reliable results and should be used in all 

possible cases. 

Another method to assess image quality is to use a single observer and a small 

collection of images. This purely arbitrary method is called subjective image assessment. 

Its advantage over the more rigorous objective assessment is the easy implementation and 

the possibility to get results even when generating images is itself a long and computer

intensive process. This type of image assessment yields quick-and-dirty approximate 

results which should be continued by a more objective method. 

1.5 - Scope of this dissertation 

This dissertation will demonstrate that millimeter resolution in SPECT is not only 

possible but close down the road. The focus of this dissertation will be to perform 

different types of simulations, keeping in mind the reality of clinical nuclear medicine and 

patient management. Not only will the technical problems be examined, but so will the 

economic and marketing issues associated with the development of a new diagnostic 

imaging technology. 

In this introductory chapter, I briefly presented a description of medical imaging 

and its functional branch, nuclear medicine. This chapter also presented the main 
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applications of SPECT imaging for the brain and some limitations of nuclear medicine. 

In Chapter II, I present a more complete description of the physical processes 

involved in SPECT and the current and future technological solutions provided at the 

University of Arizona to address some of the current limitations of nuclear medicine. 

These solutions are succinctly described and the framework in which the new solutions 

are developed is presented in more detail. This new framework includes both presentation 

of semiconductor detectors and techniques to increase sensitivity in SPECT imaging by 

use of multiple-pinhole coded apertures. 

In Chapter ill, I present the simulated hardware, which is based on semiconductor 

detectors (because of their superior characteristics). Then I present the simulation 

methods used throughout this dissertation focussing on the software- and hardware-related 

issues. These issues include algorithms and parallel implementation. 

In Chapter IV, I show results of the simulations, looking for ways to keep them 

realistic while trying to solve design problems. I present the results in all cases and 

discuss how to interpret them. Then I show artifacts generated by the system and ways 

to suppress them. Some results presented in this chapter have been previously published 

(Rogulski et at., 1993a and 1993b). The quality of the images were assessed by the 

completely subjective method of a single observer (myself) comparing images one with 

the other. This assessment gave only an idea of the real quality of the system, but was 

consistent with the scope of this dissertation which was to give a proof-of-principle of a 

high-resolution brain SPECT imager and an idea of the problems that could be 
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encountered. 

In Chapter V, I present methods on how to evaluate the eventual cost and potential 

market of the high-resolution brain SPECT imager simulated in Chapters ill and IV. This 

study is preceded by a short course in basic economics and technology assessment and 

forecasting. This study was done within the framework of multiple likely hypotheses. 

Finally, I estimate the likely evolution of the high-resolution SPECT system both in terms 

of market and in terms of production costs. 

In Chapter VI, I summarize the results presented throughout the dissertation on 

both the technical and the economic feasibility of a high-resolution brain SPECT imager 

based on semiconductor detectors. Then I present suggestions on areas where future 

research could be rewarding to strengthen the case of high-resolution brain SPECT 

imaging. 
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CHAPTER IT 

IT - IMAGING IN NUCLEAR MEDICINE 

II.I - Gamma Ray Emission, Transport and Detection 

Nuclear medicine is based on the collection of gamma rays emitted by the decay 

of radioactive isotopes previously injected as tracers inside the human body (see 1.2). The 

physical processes involved in the different stages of the imaging of the gamma rays are 

discussed here in the case of traditional Anger camera imaging. Gamma rays are created 

by radioactive decay. Then, due to their high energy, gamma rays penetrate human 

tissues without deviation. Collecting gamma rays can provide information on the 

distribution of atoms emitting the gamma rays from outside the body. 

II.1.a - Poisson Noise 

The gamma rays used in nuclear medicine are emitted by radioactive decay of the 

nucleus of some radioisotope. A major concern in nuclear medicine is to avoid subjecting 

the patient to a radiation dose that could threaten his or her life. For this reason, the 

doses injected are usually very low, making very few gamma rays available for imaging. 

For example, a radioactive dose of 10 mCi of 99mTc injected into a patient represents only 

370 million disintegrations each second, or 222 billion gamma rays emitted during a ten

minute period. The sensitivity of gamma-ray imaging systems is very low because the 
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only ways to generate images are similar to optical pinhole imaging. Due to their high 

energy, gamma rays penetrate most materials without deviation. Therefore, it is impossible 

to design an image formation system similar to optical lenses, or even x-ray mirrors, to 

adequately collect gamma rays. This low sensitivity leads to fewer than one collected 

gamma ray per 10,000 emitted. Therefore, the dominant source of noise in a nuclear 

medicine system is fluctuations in the number of collected gamma rays during a fixed 

interval. Other sources of noise are background noise, which is usually well controlled 

in clinical settings, and measurement noise. 

The noise displayed in nuclear medicine images is known as Poisson noise and 

is characterized by the mean number ii of detected photons and the probability to detect 

n photons during a fixed time interval, given by 

Pen) = (11.1) 
n! 

It can be shown easily that both the mean and the variance of the Poisson distribution are 

equal to n. In nuclear medicine imaging, as in other photon-counting experiment, the 

signal-to-noise ratio (SNR) is defmed as the ratio between the mean number of detected 

photons during a fixed time interval and the standard deviation: 

SNR = signal 
noise 

(II. 2) 

I 



31 

The signal-to-noise ratio is, therefore, dependent on the average number of collected 

gamma rays. The larger the number of collected photons, the larger the SNR and the less 

noise in the image. 

IT.lob - Scattered Radiation 

During its course between the emitting atom and the collecting detector, a gamma-

ray photon can undergo inelastic interaction with an electron. During this interaction, 

energy is exchanged between the photon and the electron, lowering the energy of the 

photon. Furthermore, to satisfy the basic laws of interaction (conservation of energy and 

momentum), the trajectory of the photon is changed. This interaction is called Compton 

scatter and will be referred to as scatter throughout this discussion. A relationship 

between the scattering angle e and the resulting energy E' of the scattered gamma ray can 

be derived easily from the laws of interaction: 

1 

E' 
1 + 1 - coseS) (ll.3) 

where Eo is the initial energy of the original photon, and mae? the energy at rest of the 

electron (mof! = 511 keY). This relationship can be shown graphically as in Figure II.1, 

where the energy of the scattered photon is displayed as a function of the scattering angle 

for an incident gamma ray coming from the decay of a 99mTc atom (140 keY). The same 

relationship can also be expressed in terms of the scattering angle function of the 

scattered energy 



140 

..-.. 
>-
(l) 130 
~ 
'-' 

~120 
M 
(l) 

~ 
~ 110 

'"C 
(l) 

M 100 
(l) 

..p.;I 

..p.;I 

CO 
Q 90 
rn 

80~~~~1~~~~~~~~~~~~~~~~ 

o 30 60 90 120 150 180 
Scattering Angle (deg.) 

32 

Figure D.I Scattered energy E' from an incident gamma ray of energy Eo = 140 keY 
(emitted from a 99mTc isotope) as a function of scattering angle. 
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(IT.4) 

This last equation is shown graphically in Figure IT.2 where the scattering angle is plotted 

as a function of the scattered energy for an incident gamma ray created from the decay 

of a 99mTc atom (140 keY). 

Compton-scattering of a photon can create an indeterminacy on the location of the 

emission of the gamma ray. In Figure IT.3, two gamma rays are detected in C. One of 

them is emitted in A' before being Compton-scattered in B, the other is emitted in A and 

reaches C directly. As a consequence, Compton-scattered photons could play a very 

important role in any imaging system. Both photons reach the same point C in the 

detector, but their energies are different (according to Equation II.3). A traditional way 

of limiting the effect of scattered gamma rays is to count only gamma rays whose energy 

is close enough to the expected incident energy Eo (scatter rejection). As the electric 

signal coming out of most gamma-ray detectors is proportional to the energy of the 

detected photon, scatter rejection can be achieved by thresholding the electric signal. 

Then, a key characteristic of the detector system is its energy resolution, or its ability to 

discriminate between the energies of incident photons. Methods other than scatter 

rejections can be used in SPECT, such as using scattered photons to correct for the 

position of the source (scatter correction). Much research effort is being spent in the area 

of scatter correction. In this dissertation it is assumed that the detectors used allow good 

discrimination between scattered and direct events (possible with semiconductor detectors, 
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Figure n.2 Scattering angle function of the scattered gamma ray energy for an 
incident photon from a 99mTc decay (140 ke V). 
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Figure ll.3 Effect of Compton scatter. The photon emitted in A' is Compton-scattered 
in B and detected in C. The photon emitted in A is also detected in C. 
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as explained in II.6). Scatter correction techniques are far beyond the scope of this 

dissertation. 

II.1.c - Attenuation 

When a beam of gamma rays passes through an attenuating medium of uniform 

attenuation coefficient p, its intensity 1 is decreased according to Beer's law 

(II.5) 

where 10 is the original intensity. The attenuation coefficient p includes every interaction 

that will cause a photon to change its course (e.g. absorption, scatter). If the medium is 

not uniform, Beer's law takes the form 

(11.6) 

where y is a straight line from the emitting atom to the detector. The integration of the 

attenuation coefficient function of position per) is done on the line. The basic function 

of x-ray computed tomography is to produce a map of the attenuation function per). This 

is not the case in SPECT. However, the effects of attenuation on SPECT are not 

negligible. Attenuation is always taken into account in SPECT (see 1Il.4.f). 

II.1.d - Image Formation 

Due to their high energy, gamma rays penetrate most materials without deviation. 
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Thus, it is impossible to design an image fonnation system similar to optical lenses, or 

even x-ray mirrors, to adequately collect gamma rays. Gamma-ray images can only be 

formed using some type of hole surrounded by a high-attenuation material such as lead 

(Pb) letting through only gamma rays travelling in selected directions. Such image

forming systems are called collimators. The main types of collimators used are parallel

hole collimators and pinholes. The parallel-hole collimator is shown in Figure II.4. It 

is composed of multiple holes bored through a thick piece of lead. Photons travelling in 

a direction parallel to the bores interact with the detector, while other photons are 

absorbed by the lead. This type of collimator is the most commonly used one in nuclear 

medicine, although it obviously wastes photons. Variations on the parallel-hole collimator 

include the slant-hole collimator, where the direction of the bores is not orthogonal to the 

plane of the detector, and the converging and diverging collimators, where the directions 

of the bores are intersecting at a focal point. This focussing of the bores allows limited 

geometric magnification. 

The pinhole aperture is shewn in Figure II.S. A siIlgle hole is bored into a thin 

slab of lead. Only photons travelling along a path going through the pinhole are detected, 

forming an image on the detector. Although this type of collimator also wastes photons, 

the addition of other pinholes can increase the collection efficiency (see 11.3 and II.S). 

An advantage of the pinhole is the existence of a potential geometric magnification 

between the object and its image, as shown in Figure n.s (see II.S for further discussion 

on the magnification). 

i 
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Figure ll.4 Parallel-hole collimator. An image on the detector D from the object S is 
formed by gamma rays travelling essentially in the direction of the bores. 
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Figure n.s Pinhole aperture. The image on the detector is formed by gamma rays 
travelling in the cone of acceptance of the pinhole. There is geometric 
magnification between the object and its image. 
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II.I.e - Gamma-Ray Detection 

Three basic types of radiation detectors exist: gas-filled or liquid-filled, 

scintillation and semiconductor. Gas-filled detectors, or ionization chambers, are used 

mainly in survey meters used for radiation monitoring. Semiconductor detectors are 

described in detail in II.6. Scintillation detectors are at the base of current nuclear 

medicine instrumentation and are presented here briefly (see Figure II.6). A scintillation 

detector is composed of a suitable scintillation crystal, such as thallium-activated sodium 

iodide (NaI(Tl)), and a photomultiplier tube (PMT). Incident gamma rays interact in the 

crystal, creating a high-speed electron ejected from an atom. The high-speed electron 

then generates pairs of ions in its path. The ions are then trapped by impurities (such as 

thallium atoms), causing emission of visible-light photons. A large number of optical 

photons is generated with each gamma-ray interaction, and the number of photons is 

proportional to the energy of the interacting gamma ray. Optical photons are then 

collected by a light-sensitive device, the photomultiplier tube, optically coupled to the 

scintillation crystal. The PMT is composed of a photocathode, a set of dynodes, and an 

anode. The photocathode converts the optical photons into electrons. The electrons are 

accelerated between the photocathode and the first dynode, and between the dynodes. 

Each time a dynode is hit by an electron, many electrons are emitted. This multiplication 

phenomenon is the amplillcation of the number of electrons. Electrons are accelerated 

again between the last dynode and the anode. Finally, the anode collects the electrons. 
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Figure D.6 Schematic view of a scintillation detector. Interaction of the gamma ray 
in the scintillation crystal produces light. Light is then collected by the 
PMT. 
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The output of the PMT is an electrical signal whose amplitude is proportional to the 

energy of the incident gamma ray (Galt and Garcia, 1991). A pulse height analyzer can 

then be used to display the histogram, also called spectrum, of the incoming signal. A 

typical spectrum is shown in Figure 11.7 when the source is 99mTc in air. The spectrum 

has two distinct areas: the photopeak, where totally absorbed events are counted, and the 

Compton continuum, where partially absorbed events are present. The delineation 

between the two regions is the Compton edge (Barrett and Swindell, 1981). 

The Anger camera (Anger, 1958) is based on the combination of a scintillation 

crystal and PMTs. A large number of PMTs is used to collect light from a single, large

size crystal (see Figure 11.8). The position of the interaction inside the crystal can then 

be estimated using a function of all the electric signals generated by all the PMTs. The 

energy of the interacting gamma ray is the sum of all the signals of all PMTs. The 

position estimation can be done either in a..'1alog electronics (analog camera), or after 

digitization of the signals by a computer (digital camera). 

A small version of the Anger camera with only four PMTs, called the modular 

camera, was developed at the University of Arizona by Milster and Barrett in the 1980s 

(Milster et al., 1984 and 1985; Milster, 1987; Aarsvold et al., 1988; Milster et al., 1990). 

Resolution and count-rate capabilities between the traditional Anger camera and the 

modular camera are similar. Nevertheless, given identical detector areas, the modular 

camera has a much higher count-rate capability. After processing an event, a dead time 

exists when the electronics of a scintillation camera are unable to process any other event. 

i 



Photopeak 

Compton Edge 

Compton 
continuum I 

Energy 

43 

Figure ll.7 Typical spectrum obtained with a scintillation detector from a 99mTc source 
(140 keY) in air. 
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Figure n.s Anger camera. Many PMTs view a single scintillation crystal to allow 
estimation of the position of the gamma-ray interaction. 
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The dead time of a camera is independent of the size of a camera. The modular camera 

has the same dead time as an Anger camera. The detector area of the modular camera 

is much smaller than the detector area of an Anger camera (about 100 cm2 and 1,000 cm2 

respectively). As it takes about 10 modular cameras to cover the same area as a single 

Anger camera, the effective dead time is reduced by a factor of 10, and the count-rate 

capabilities are increased in a similar manner. 

ll.2 - SPECT 

As pointed out in I.2, the information provided by planar nuclear medicine is not 

always sufficient for the radiologist to make a diagnosis. Often organs of interest can be 

hidden behind other organs (see Figure ll.9). The only solution to this problem is to 

acquire multiple projections from the same object and have a computer estimate the three

dimensional distribution of the source from the projections. This solution is fairly close 

to cr and is called single-photon computed tomography (SPECl). Estimating the 

original three-dimensional distribution from the set of projections is called reconstruction. 

The mathematical bases of SPECT and cr are very similar and make use of similar tools, 

the x-ray transform and the Radon transform (Barrett and Swindell, 1981; Barrett, 1984). 

A detailed description of the x-ray and the Radon transforms and their inverse transforms 

is beyond the scope of this dissertation. 

Traditional SPECT instrumentation consists of an Anger camera and a parallel-hole 

collimator. The camera rotates around the patient, making stops at preselected angles for 
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Figure ll.9 Advantage of multiple projections. Top: a single projection does not 
correctly identify the two organs. Bottom: two orthogonal projections 
allow correct classification into two organs. 
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acquisition. A slight variation from this instrumentation is the use of multiple Anger 

cameras rotating at the same time. The advantage of the multiple-camera system is to 

allow multiple projections to be acquired simultaneously, decreasing the total acquisition 

time. Such systems are still wasting photons because very few of the emitted gamma rays 

are directed towards a camera, let alone in the direction of the collimator bores. 

A different philosophy can be used in SPECf. The goal is to acquire multiple 

projections. This can be done either by moving a detector around the patient (traditional 

SPECT), or by having detectors all around the patient. This latter method can become 

extremely expensive for imaging large volumes of the patient, but is very well adapted 

to imaging of the brain (Rogers, 1990). The static-camera approach wastes fewer photons 

than the traditional method, and is becoming more popular for brain or heart SPECT 

imaging using a rotating collimator (Genna and Smith, 1988; Rogers et al., 1988) or a 

static collimator (Roney, 1989; Rowe, 1991; Rowe et al., 1993). The completely static 

SPECT brain imager (Rowe, 1991; Rowe et al., 1993) will be described in detail in IIA. 

II.3 - Coded Apelture Imaging 

A number of different types of aperture (besides the traditional collimators 

described in I.1.d) can be used to allow only gamma rays travelling in selected directions 

to reach the detector. Time-variant apertures, such as a rotating collimator ring (Genna 

and Smith, 1988) or rotating slits (Tanaka and Iinuma, 1975; Miller, 1978; Rogers et at., 

1988), can be used. Fixed-pattern apertures are more convenient because they reduce the 
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number of moving parts in the clinical system. Different types of fixed-pattern apertures 

can be used in SPECf, such as annuli (Walton, 1973; Simpson, 1978) or Fresnel zone 

plates (Barrett, 1972, Rogers et ai., 1972) introduced from planar gamma-ray astronomy 

(Mertz and Young, 1961). Coded apertures are fixed-pattern apertures where multiple 

projections are obtained simultaneously. 

The type of coded aperture used mainly now is the multiple-pinhole coded 

aperture. The principles of pinhole imaging are still valid when multiple pinholes are 

present. The only difference is the existence of a potential overlap between projections 

generated through neighboring pinholes as shown in Figure IT.lO for a dual-pinhole 1D 

coded aperture. On top, the pinholes are far apart and the projections P and P' of the 

object through the pinholes are well separated. On the bottom, the pinholes are closer 

together and the projections P and P' overlap. Overlapping images are a potential 

problem for reconstruction because the pinhole through which photons interacting in 

pixels went is undetermined (see point M in Figure II.II for example). It is, therefore, 

more difficult to find the voxel where the gamma ray originated. Two cases are again 

presented in Figure II. 11. On top, the two pinholes are far apart and there is no 

indeterminacy in the potential emission of the gamma ray interacting in M: it must have 

been emitted from a point in the object on A. In the bottom figure, the gamma ray 

interacting in M may have originated from any point on Al or Az, depending on whether 

the gamma ray passed through pinhole 1 or 2. The indeterminacy for a single photon 

cannot be eliminated. Reconstruction algorithms distribute the photons along all possible 
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and the projections P and P' from the object are distinct. Bottom: the 
pinholes are close and the projections P and P' overlap. 
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emission paths. This distribution partially lifts the indetenninacy, but can cause 

reconstruction artifacts. Indeterminacy problems are exacerbated even further with many 

pinholes with broadly overlapping projections. Non-discrimination of scattered events can 

also complicate the problem, but is beyond the scope of this dissertation. Influence of 

overlapping projections will be presented in Chapter IV in the simulations with either a 

uniform object or a fairly complex one. 

II.4 - Current Prototype Arizona Brain Imager 

Following the modular camera work, a complete SPECT imager was built at the 

University of Arizona. First a cardiac imager was built (Roney, 1989), then a brain 

SPECT imager was constructed (Rowe, 1991; Rowe et al., 1993). The brain SPECT 

system was originally based on 20 modular cameras split into two rings. A hemispherical 

multiple-pinhole coded aperture was chosen to maximize the total efficiency of the 

system. The camera rings were concentric on the hemispherical aperture and the 

respective diameters of the camera rings and aperture were 220 mm and 150 mm. The 

aperture had 100 2-mm-diameter pinholes (Rowe et aI., 1993). A schematic view of the 

system is showed in Figure ll.12. A preliminary assessment of the system yielded an 

excellent spatial resolution (close to 5 mm), as defined as the width of the point-spread

function. The total sensitivity of the system was found to be 32,000 counts per second 

per milliCurie (mCi) for a point source, which can be translated to about one detected 

gamma-ray for every 1,000 emitted. This total sensitivity would yield close to 75 million 

i 
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Figure 11.12 Schematic view of the current prototype Arizona brain imager. Two rows 
of cameras are concentric to the pinhole aperture. 
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counts when imaging a brain for 20 minutes, after a 20 mCi injection with 10% of the 

tracer going to the brain. Such a sensitivity would yield excellent reconstructions as 

phantom images have already shown. Results from a partial system were presented by 

Rowe (1991), and phantom results for the full system were published by Rowe et al. 

(1993). In order to take into account the exact geometry of the system when 

reconstructing, the system matrix (H-matrix) was measured. The H-matrix is a matrix 

relating each voxel in the object space to each pixel in the detector space. Using a three

dimensional translation stage, a small radioactive source of 99mTc was moved to each 

voxel in the object space. At each location the response of the system to the point source 

was measured in the detector space. The image was a column of the H-matrix. 

Acquisition time at each point was corrected for the decay of the source. Measuring 

every element in the system matrix required acquiring a full image at every voxel in the 

object space. This was a time consuming task because of the number of voxels in the 

object space. There is around 10,000 cubic voxels in the object space. Each 

measurement took an average of about 5 seconds. The integration time took an average 

of 4 seconds, while it took an average of 1 second to move the source between successive 

positions. The acquisition of the complete system matrix took about 14 hours. 

II.5 - Sensitivity and Resolution 

Conventional wisdom in nuclear medicine states that increased resolution leads to 

decreased sensitivity. This statement comes from the fact that the smaller the desired 
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reconstruction, the finer the aperture needed in conventional SPECT, hence the less 

efficient the system. Tne situation is actually exactly the opposite: the effective 

sensitivity in SPECT increases with increasing spatial resolution (Keyes et aI., 1990). 

This conclusion was based on earlier studies (phelps et aI., 1982; Hanson, 1983; 

Muehllehner, 1985; Mueller et al., 1986) and was consistent with more recent results 

reported by Barrett (1992) and Rogulski et al. (1993a). 

II.5.a - Reconstructed Resolution in SPECT 

In the absence of overlap between projections, reconstructed resolution in SPECT 

is a function of pinhole size and detector resolution. For the single-pinhole case, the 

resolution can be related to the magnification due to the pinhole. Using the notations 

from Barrett and Swindell (1981) the magnification M could be expressed in terms of the 

distances SI and S2 as 

y S2 
M = - =- (ll.7) 

X S1 

where SI is the distance between the object and the aperture, and S2 is the distance 

between the aperture and the detector (see Figure II.l3). 

In the particular case of an infinitely small pinhole, the factor limiting the 

resolution is the intrinsic resolution d of the detector. The intrinsic resolution of the 

detector is the smallest-size projection the detector can measure, and is related to the 

system resolution r by Equation II.7, after replacing x by r and y by d. 
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Figure 11.13 Magnification in pinhole imaging. The magnification M is the ratio 
between L1e projection y on the detector and the object x. 
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In the more likely case of a fInite-size pinhole of diameter p, a point source in the 

object space projects through the pinhole into a disc of diameter p' (Figure II.14) with 

I 82 + S1 
p = p . 

SI 
(II. 8) 

The disc is then the smallest-size projection that can be measured. If the intrinsic 

resolution of the detector d is smaller than the size p' Cd < p'), detector resolution is 

wasted and the resolution r of the system is related to the size p' of the projection disc. 

If the intrinsic detector resolution of the detector is larger than the projected disc (d > p'), 

the factor limiting the system resolution is the detector resolution d. 

The factor limiting the system resolution is the largest of d and p' and can be 

noted 1. The system resolution r is related to the limiting factor 1 and the pinhole 

diameter p by the two equations 

P(S1 + x) = rx , (II. 9) 

Z(SI + x) = r(S2 - x) , (11.10) 

where x is the distance from the pinhole defmed in Figure 11.15. Equation n.1O is 

obtained by backprojecting the limiting size from the detector space to the object space 

(as seen in Figure II.15). Equation II.9 is solved for x. Equation 1l.10 is then solved for 

r after replacing x. The resulting system resolution r is 
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Figure ll.14 A point source in the object space is projected through a pinhole of finite 
diameter p into a disc of diameter p' on the detector. 
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S 
T = P + --..!. (I + p) . 

S2 
(II. 11) 

The special case of infInitely small pinhole then yields a resolution 

d (II. 12) 
M 

where d is the intrinsic resolution of the detector. 

If the limiting detecting resolution is the intrinsic detector resolution d, the system 

resolution is obtained by replacing I by d in Equation II.II. If the limiting factor is the 

size of the projection of the pinhole onto the detector, the system resolution is obtained 

by replacing I by p' in Equation II. I I. Further replacing Equation II.8 into Equation II.ll 

yields the reconstructed resolution r 

(II. 13) 

redefined as full-width at half-maximum, to match the traditional result (Barrett and 

Swindell, 1981) obtained by rescaling the limiting factor by the magnification. 

The most important case is when the detector intrinsic resolution d matches the 

size p' of the projection of the pinhole (d = p'). This is the case where the detector 

resolution is used best. In this case, the system resolution is also given by Equation II.B. 

I1.5.b - Sensitivity in SPECT 

In SPECT, the sensitivity of a system can be defined as a ratio between the 
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number of gamma-rays reaching the detector and the number of emitted gamma-rays. 

The sensitivity is a purely geometric quantity. For a pinhole aperture, the sensitivity is 

the solid angle subtended by the pinhole. For a multiple-pinhole aperture, the sensitivity 

is the sum of the sensitivities for all the pinholes, or the sum of the subtended solid 

angles. This result assumes that the detector covers all area of possible gamma-ray 

arrival. 

For pinholes on a hemispherical aperture, the approximate total solid angle covered 

by the pinholes is 

6) = n ~(~r . 
~h 

(II. 14) 

where n is the number of pinholes, d is the diameter of each pinhole, and Rph is the 

diameter of the hemispherical aperture containing the pinholes. This leads to a total 

sensitivity of the multiple-pinhole hemispherical aperture system of 

( ]

2 
C&> n d 

TJapenure = 41t = 16 ~h ' 
(II. 15) 

II.5.c - Solving the Sensitivity vs Resolution Trade-off 

In multiple-pinhole aperture imaging, the conventionf1] approach to increase 

reconstructed resolution was to use smaller pinholes. All else being equal, smaller 
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pinholes resulted in a loss of collection efficiency. But with suitable optimization of the 

geometry (to be discussed later in this section), a decrease in pinhole size can be 

translated into a considerable increase in system sensitivity; see Figure 11.16 where the 

[mal reconstructed resolution was kept constant at 2 mm. 

This unconventional result shown by Figure 11.16 could be explained as follows. 

Assume a fixed pinhole size p. Assume that the detector resolution d always matches the 

projection of the pinhole p'. According to Equation 11.8, improving the intrinsic detector 

resolution from d' to d (d < d') yields an decrease in distance to the aperture from 8'2 to 

82, as shown graphically in Figure 11.17, where the distances 82 and 8'2 are the distances 

from aperture to detector for detectors D and D' with low intrinsic resolution d and high 

intrinsic detector resolution d' respectively. Thus, as the intrinsic detector resolution was 

increased, the distance between detector and aperture can be reduced, all other parameters 

being identical. 

In a multiple pinhole system, the relationship can be seen as shown in Figure II.18 

where a low intdnsic resolution detector is used. In order to avoid overlapping between 

the projections through neighboring pinholes, only very few pinholes can be used. If the 

detector has a high intrinsic resolution as in Figure 11.19, a smaller magnification is 

needed and many more pinholes can be used. This change in magnification is the key 

to the increase in sensitivity when reducing the pinhole size with high intrinsic detector 

resolution. As the pinhole size is reduced, the number of pinholes increases (as shown 

in Figure II.20) without overlap of projections. The increase in the number of pinholes 
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Figure 11.16 System sensitivity vs pinhole diameter at fixed 2 mm final reconstructed 
resolution. A decrease in pinhole size leads to an increase in total 
sensitivity. 
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Figure H.17 Positions S2 and S'2 yielding the same reconstructed resolution r from 
detectors with intrinsic resolution d and d' respectively. 
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Figure D.IS System with poor intrinsic detector resolution. Only a few pinholes can 
be used without overlapping of projections because of the large 
magnification needed. 
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Figure ll.19 System with good intrinsic detector resolution. Many pinholes can be used 
without overlapping of projections because only a small magnification is 
needed. 
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Figure n.20 Number of pinholes vs diameter. Small pinholes and high intrinsic 
detector resolution allow better packing of pinholes on the aperture, 
therefore pennitting more pinholes. 
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more than compensates for the decrease in individual pinhole sensitivity due to a smaller 

pinhole size. The total effective system sensitivity is increased, while the individual 

pinhole efficiency is decreased. The ideal detector resolution is then directly related to 

the pinhole size, as shown in Figure IT.21. This explains the paradoxical results of 

Figure II.16. 

Objective assessment of the quality of images in the context of detection and 

discrimination tasks in noisy images with nonunifonn backgrounds also leads to 

considerations of the importance of good intrinsic detector spatial resolution (Myers et at., 

1990; Rolland, 1990). 

II.6 - Semiconductor Detectors 

When using a semiconductor detector, the detection process is different from the 

one described in IT.1.d. A semiconductor material is characterized by its energy gap Egop' 

the energy required for an electron to jump from the valence band into the conduction 

band (see Figure 11.22), for example by thennal excitation. Another characteristic of a 

semiconductor, also illustrated in Figure IT.22, is E, the average energy necessary to create 

an electron-hole pair in the crystal. The semiconductor of thickness t is polarized with 

a voltage V, creating an electric field E = V / t. When a gamma ray of energy E = hv 

interacts with an atom, an average of n electron-hole pairs are created according to the 

fonnula 

i 
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Figure ll.21 Detector resolution vs pinhole diameter. A decrease in pinhole size 
requires an increase in detector resolution, when combined with a decrease 
in system magnification. 
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Figure ll.22 Energy diagram of a semiconductor. Valence and conduction bands and 
the energy gap Egap are shown. e is the average energy necessary to create 
an electron - hole pair. 
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- E hv n =- (ll.16) 
E E 

Electrons and holes then drift along the electric field lines, the electrons towards 

the positive electrode and the holes towards the negative electrode as shown in 

Figure ll.23. In the case of a semiconductor containing impurities, holes and electrons 

can be trapped on the path between the interaction point and the collection electrode. The 

average length travelled by the carrier (electrons or holes) in the semiconductor before 

being trapped is called the drift length ld. The drift length is related to the mobility Jl and 

the lifetime 't of the carrier by 

(IT. 17) 

The drift length can be increased by externally increasing the electric field E, up to the 

breakdown field, or by increasing a quantity called the mobility-lifetime product (p't). 

The larger the mobility-lifetime product is, the less likely trapping is to occur before 

collection of the carrier, the better suited the semiconductor is to gamma-ray detection. 

The semiconductor characteristics defined above are used in Figure ll.24 for the purpose 

of comparing semiconductor detectors. 

In the early 1970s the potential of semiconductor detector for use in gamma 

cameras was perceived (Hoffer et ai., 1973; USAEC, 1973). The advantages of 

semiconductor detectors over the more traditional combination of a scintillation crystal 
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Figure 11.23 Absorption of a gamma ray in a semiconductor crystal creating a cloud of 
electrons (filled circles) and holes (empty circles) respectively attracted by 
the positive and negative electrodes. 
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and photomultiplier tubes (the Anger camera design) are twofold. First, semiconductor 

detectors have excellent energy resolution (see Figure ll.24) allowing effective 

suppression of Compton-scattered photons. Second, small detector elements (pixels) can 

be defmed using photolithography, thus providing excellent spatial resolution. Some 

advantages of good spatial resolution have been shown in IT.5 where increased spatial 

resolution can be used to increase the sensitivity of a multiple-pinhole system. Other 

advantages in terms of reconstructed spatial resolution are the core of this dissertation and 

are presented in Chapters ill and IV. 

Nevertheless, the promise shown by semiconductor detectors in the early-1970s 

was never fulfilled in terms of widespread clinical use. The reasons for the late-blooming 

of the semiconductors in the imaging arena seem to be due mainly to the materials 

themselves. The physical properties of the major semiconductor ma.terials, which are 

potential candidates for use in nuclear medicine, are listed in Figure ll.24. The properties 

required for a semiconductor detector to be used in nuclear imaging are as follows. First, 

the detector should have good stopping power at the energies l'jpically used (140 keY is 

the gamma-ray energy of 99mTc), therefore a large linear attenuation coefficient (P) at 140 

ke V. This requirement immediately eliminates silicon (Si) as a potential candidate. 

Second, the energy resolution should be better than scintillator-based detectors (around 

10%), which makes the use of thallium-bromide (TlBr) fairly unlikely. Third, it should 

be available, or at least potentially available, in large areas and large quantities, which 

makes mercuric iodide (HgIz) a less likely candidate at the present time. Fourth, it should 
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be able to work at room temperature and have a large energy gap (Egap)' which is not the 

case for germanium (Ge) which only works at very low temperatures. Germanium is 

considered a candidate because of its incredible energy resolution (1 %), but, until it can 

be made thick enough, its stopping power is too low for practical purposes. The last two 

candidates are cadmium telluride (CdTe) and cadmium zinc telluride (CdZnTe), an 80%-

20% mix of CdTe and zinc telluride (ZnTe). Cadmium telluride crystals can be grown 

using the a high-pressure vertical Bridgman furnace yielding large quantities in large 

ingots (Raiskin and Butler, 1988). Cadmium zinc telluride can be grown the same way 

(Butler et al., 1992), with the added advantage of lower leakage current than cadmium 

telluride and better behavior in the extreme conditions required for lithography. These 

final advantages led Barber et al. (1992, 1993a, 1993b) to tentatively choose CdZnTe in 

the preliminary designs of the high-resolution semiconductor detector. 

II.7 - The Future for Brain Imaging 

Submillimeter-resolution gamma-camera modules can be built using the 

semiconductors described in II.6 (Barber et at., 1992, 1993a, 1993b). The most 

convenient way to read the data from the thousands of pixels is to use a technique derived 

from infrared focal-plane-array technology (Gaalema, 1985), combining a semiconductor 

and a multiplexer readout. A slab of semiconductor detector has its electrodes defined 

with submillimeter pixels by lithography. A multiplexer (MUX) readout is a time

integrating readout where leakage current is integrated over a period of time on an input 
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capacitor. The interaction of a gamma ray creates an excess of charge collected in the 

capacitor. Electronic switches sequentially read out all the channels of the MUX after a 

preset amount of time. The energy of an interacting ganuna ray is obtained from the 

strength of the signal coming from the cell where the interaction occurred. The array of 

semiconductor elements is connected to a time-integrating MUX readout system using 

indium bump-bonding between matching pads on the MUX and the electrodes on the 

crystal. This process is called hybridization. 

This method of acquisition is fundamentally different from traditional nuclear 

medicine equipment. In traditional gamma-ray cameras, the interaction of a gamma ray 

in the detector triggers the readout, while in the MUX-based readout the total array is 

read at regular time intervals whether zero, one or more gamma rays have interacted in 

each cell. The only potential problem is multiple interactions within a cell during 

integration time. Considering a readout frequency of 100 hz for the whole array and a 

pixel size under 1 mm2
, an average of 100 gamma-rays/s/nun2 is required to have multiple 

interactions in a single cell. This number of interactions yields a detecting capacity of 

over 1 million interactions per second on an area the size of the modular camera (100 

cm2
). It is extremely unlikely to reach such count rates in nuclear medicine, even with 

an aperture with very good efficiency. 

A complete system can be built using semiconductor modules in a fashion similar 

to the current prototype (see Figure II.25). This system would be very compact compared 

to the current prototype (Figure 1l.12). 
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Figure 11.25 Future semiconductor cased brain SPECT system. Artist rendition 
showing a very compact design compared to the current prototype (Figure 
II. 12). 
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CHAPTERm 

m - SIMULATION - STEP BY STEP 

m.l - Introduction 

The main focus of this dissertation, as explained in previous chapters, is to 

demonstrate the advantage, in terms (\f spatial resolution, of a very-high-resolution 

detector system in SPECT. It is currently impractical and costly to build a full SPECT 

system. High-resolution detectors are not yet available in quantity. Therefore, the only 

way to study the impact high-resolution detectors will have on the (subjective) quality of 

an image is to simulate a complete system on a computer. The main drawback of this 

method is the lack of tangible evidence: a simulation is only a simulation, not a definite 

proof. Nevertheless, the information obtained from simulation, when done in a realistic 

fashion, is constructive. 

The main criteria for a simulation to be valuable are the following. First, the 

simulation must be based on realistic (or even real) data concerning the physical setup of 

the system. Second, tlle object to be imaged and then reconstructed, has to resemble as 

closely as possible the object to be imaged in a real system And third, the imaging 

conditions have to approximate closely the real conditions in nuclear medicine imaging. 

The first criterion is the hardest to satisfy in our case because one of the secondary goals 

of this simulation is to optimize the final system for subjective judgement of image 

qUality. However, the simulated system used, as described in IDA, is realistic and bears 

i 
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resemblance to the current modular-camera-based brain SPECf system already built in 

the University of Arizona group (described in IT.4). The second criterion of a worthwhile 

simulation is met easily by using the three-dimensional Hoffman brain phantom 

(described in more detail in N.1) as an object. The advantage of such a phantom over 

the classical resolution phantoms (hot- and cold-rod phantom) or the uniform phantoms 

used to calibrate gamma-cameras in nuclear medicine departments, is that it allows for 

a subjective estimate of the quality of the reconstruction for a high-resolution phantom, 

which is the context in which clinical reconstructions would be done. The three

dimensional Hoffman brain phantom is also very well suited for full three-dimensional 

reconstruction because of its inherent three-dimensional structure. The final criterion is 

met when simulating a number of interactions on the detector consistent with the 

radionuclide doses used in nuclear medicine (20 mCi injections and 2 mCi left in the 

brain) and imaging times compatible with patient comfort (under 30 minutes) (Datz, 

1991). 

m.2 - Goal of the reconstruction 

Simulations were performed according to the discrete imaging equation 

g=Hj+n, (Ill. 1) 

where f is a vector representing the object space in lexicographical order, g is a vector 

representing the measured data (image) in lexicographical order, n is a vector representing 
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the noise present in the image g, and H is the system matrix geometrically relating every 

element in I to every element in g. The goal of the reconstruction is to find the "best" 

estimate off, knowing g and H. 

The system matrix H is either measured in a real system, as in IT.4, or computer

generated in a simulation, as in ill.6. The image g is the quantity measured by the 

cameras in a real system, as in IT.4, or computer-generated in a simulation, as in ill.7. 

Both H and g are given, while f is the quantity to be estimated. 

A reconstruction algorithm calculates an estimate} of I from the knowledge of g 

and H. An estimate of g, g, is then calculated from} and H cg = Hj). A distance metric 

is used to compare Lhe estimated image g to the available data g. The goal of an iterative 

algorithm is to minimize the distance metric by perturbing f element by element. An 

iterative algorithm decides from the distance metric whether to accept or reject 

perturbations on f. The iterative algorithm used in the simulations presented in Chapter 

IV is described in more detail in ill.8. 

ill.3 - Parallel Computer 

Reconstructions were perfonned as discussed in ill.8 using an iterative 

reconstruction algorithm. The drawback of any iterative algorithm is the time taken to 

converge to a solution. The advantage of the iterative ~llgorithm used here (simulated 

annealing algorithm described later in ill.8.a) is its fairly simple implementation on a 

parallel computer. 
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The parallel computer used in the simulations in Chapter IV is a custom-made 

computer called TRIMM (Shoemaker et al., 1989 and 1991) for transputer implemented 

Monte-Carlo methods. TRIMM is a typical example of what is called a medium-grain 

parallel computer in computer science. Medium-grain computers are computers that are 

the half-way point between a coarse-grain computer with very few (under 10) very 

powerful processing elements, and a fine-grain system with many (100 or more) fairly 

basic processors. TRllvIM is composed of 60 transputers (Inmos T800), each one 

addressing a local 1 MB memory. TRIMM has six transputers and memory modules 

placed on a board (see Figure ill.l and Figure ID.2). A transputer is a fast RISC 

(reduced instruction set chip) processor with four high-speed bi-directional serial data 

links. The data links allow physical connection of transputers for fast inter-transputer 

communications. The purpose of TRIMM is to do reconstructions, a task where 

input/output (I/O) requirements are very specific and well known. It was, therefore, 

designed to partially solve a problem plaguing parallel computers: communications 

between processors and between processors and disk (I/O problems). The memory of 

each transputer on TRIMM is dual-ported and accessible from a host workstation (Sun 

SparcStation 1+), or any other VMEbus master through a VME backplane. The VME 

connection permits fast transfer of large arrays or vectors between disk and the 

transputers. Furthermore, the VME interface has a broadcast mode allowing the host to 

transfer data to all transputers at the same time. Despite the VME backplane, each 

transputer can see only its local memory. The bottleneck of the whole system is 
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Figure 111.1 Layout of TRIMM showing 10 boards, each containing 6 transputers, 
communication links, VME interface and host interfacing. 
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communication between the host and the VME backplane. 

An extra transputer board was added to the TRIMM computer system. This board 

contains an even more powerful transputer (Inmos T801) with 4 MB of local memory. 

This transputer is called the "root" transputer and was designed to be the platoon leader 

of the other 60 transputers. The "root" transputer is the only transputer on the VMEbus 

that can control the VMEbus (VMEbus mastering), and thus the only transputer that can 

access the private memories of the other transputers. The existence of the "root" allows 

lightening of the load on the host-to-VME link, by giving the "root" most of t.1.e tasks 

previously performed on the host (see ill.5 for details on the implementation of the 

algorithm). 

illA - Physical Setup of the Simulated Camera System 

IDA. a - Total System 

To satisfy the second criterion in ill.1, the simulated system was made to be 

similar to the existing prototype described in ITA. The basic setup is the same as in ITA 

(Figure IT. 12), with a lead multiple-pinhole coded aperture on a 160-mm-radius 

hemisphere. The shadow projection of the pinholes were cast on a detector placed on a 

227.5-mm-radius hemisphere (see Rowe et at., 1993). 

IDA.b - Detector 

The main differences between the existing prototype (described in IIA) and the 
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simulated system came from the use of semiconductor detectors (described in n.6) in the 

simulations. As seen in n.6, semiconductor detectors have distinct advantages over the 

classical combination of scintillation crystal and photomultiplier tube: the spatial 

resolution can be arbitrarily good and the energy resolution can allow good discrimination 

between Compton-scattered events and direct interactions. The simulations used a 

resolution of 2 mm, which was realistic only when using semiconductor detector arrays. 

The use of semiconductor detectors allowed for a detector resolution under 1 mm, but the 

memory limitations on TRIMM did not permit simulations with resolution better than 2 

mm. The goal of the simulation was to prove that improving the detector spatial 

resolution would translate into an improvement in the reconstructed resolution. Therefore 

the system considered had ideal characteristics, and the detector was an array of 832 x 

128 detector elements, each 2 mm x 2 mm placed on a partial hemisphere. Gaps between 

pixels, due to the approximation between a flat and a curved smiace, were neglected. 

The partial hemisphere covered an angle of 360· around the head and an angle of 55"30' 

from the base of the brain. The g-vector created had 832 x 128 = 106,496 elements. The 

simulated detector had a partially hemispherical shape which led to simulated detector 

elements (pixels) that were not exactly square. The pixel actually had a geodesic shape, 

but the differences from a flat, square pixel were negligible. The only important fact was 

the approximate solid angle covered by the pixel. 
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ID.4.c - Pinhole Aperture 

Using a slightly better resolution than the prototype described in IT.4 allowed for 

the use of more pinholes (II.5) in order to increase the sensitivity of the system. Barrett 

and Gifford (1993) showed that the placement of the pinholes on the lead aperture was 

critical to achieve the requirements for angular sampling in limited-angle tomography. 

They showed that a regular array of pinholes created a problem of undersampling, while 

having pinholes equally spaced on a helix on the aperture could lead to good sampling 

characteristics, as long as the number of pinholes per turn was not an integer. In other 

words, the pinholes must not be aligned in any direction. This pinhole-placement 

requirement was taken into account, and the original choice was for 185 pinholes, 2 mm 

diameter, placed at equal distances along a helix on the 160-mm-radius hemisphere. The 

number of pinholes and their exact positions were changed during the simulation. 

ITI.4.d - Object Space (Field-of-view) 

The object space, or FOV (field of view) was designed to contain a human brain. 

Its size was 200 mm x 180 mm x 100 mm and was subdivided into cubic voxels 2 mm 

on a side. The FOV was then a parallelepiped of dimensions 100 x 90 x 50 cubic voxels. 

The j-vector had 100 x 90 x 50 = 450,000 elements. Once again, the limited memory 

available on TRIMM was a key factor in the choice of the FOV, as it was in the choice 

of the camera resolution. 
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lli.4.e - Scatter Correction 

Another key point of the simulation, as far as the camera was concerned, was that 

semiconductor detectors, with their excellent energy resolution (see n.6), allowed 

neglecting the effect of scattering inside the object In a real system, discriminating 

against Compton-scattered photons can be achieved by setting an energy window around 

the photopeak, which pennitted strict discrimination between direct hits, hits whose 

energy approximated closely the energy of the emitted photon (140 keY for 99mTc for 

example) and Compton-scattered hits. When a photon is Compton-scattered, its energy 

drops by a factor depending on the scattering angle (see ll.1.b). So the excellent energy 

resolution provided by semiconductor detectors, combined with the use of an energy 

window, offers a way to seriously limit the importance of scattered photons. In the 

simulations, Compton-scatter was not modelled. 

lli.4.f - Attenuation Correction 

Attenuation had to be taken into account for the simulations to be realistic. This 

was done by assuming that an object uniformly filled with water and of shape and size 

similar to a human head was present in the FOV. In the simulations, a semi-ellipsoid of 

semi-axes 90.0 mm, 67.5 mm and 45.0 mm was used with an attenuation coefficient of 

0.015 mm-I. 
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ill.4.g - Noise and Efficiency Considerations 

Noise was added, on top of a noise-free image, in the simulation runs requiring 

noise. Because of the physical processes underlying emission and detection of the 

photons, it is known that the noise associated with the measured image was Poisson in 

nature. It was, therefore, easy to "add" the noise a posteriori to a noise-free image by 

changing randomly the number of photons detected on a pixel (see ill.7). The noise-free 

image was considered to be an average image. The value at each pixel on the image was 

assumed to be the average value obtained at the pixel. Adding the noise was done pixel-

by-pixel by randomly drawing the number of photons arriving at the pixel from a Poisson 

distribution of mean and variance equal to the average value at the pixel. 

When noise was added, the total number of photons arriving on the total detector 

camera was consistent with an exposure time of 20 min following a patient injection of 

20 mCi, 10% of it ending up in the brain. The efficiency of the detector Tldeteclor> defmed 

as the ratio of counted photons over the total number of photons incident on the detector, 

was estimated to be 50%. The approximate total solid angle covered by the pinholes was 

2 
rcTph 

n --

~h 
(ill.2) 

where n is the number of pinholes, rph is the radius of each pinhole, and Rph is the 

diameter of the hemispherical aperture containing the pinholes. This led to a total 

efficiency of the aperture system of 
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"apertU7B = ~ = !!.. (r ph )2 , 
471: 4 Rph 

(Ill. 3) 

and a system efficiency of 

" = "aperture T)detector '" 10-
3 

• 
(IDA) 

This system efficiency led to about 100 million photons detected for a clinically 

significant simulation. 

ID.s - Software Issues 

Despite the inherent advantages of using a medium-grain parallel computer for 

reconstruction tasks, the problems encountered were numerous. The main tasks were to 

coordinate input and output from the transputers. The transputers were working 

asynchronously, and therefore they did not finish their reconstruction tasks at every 

iteration at the same time. It was therefore necessary to write an operating system for the 

full parallel computer (TRIIv.1M) that would allow small messages and console I/O to be 

directed using the serial links, while the large arrays that had to be moved from transputer 

to disk (and vice versa) were directed towards the 32-bit wide parallel VME transfers. 

The serial link communications had to be planned very carefully in order to avoid 

"deadlocks", where the whole system stops working properly because two transputers are 

trying to address each other simultaneously. The problem was made more complex by 

the fact that messages between transputers had to be routed from transputer to transputer 
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between the sender and the receiver. The more efficient the routing, the less time 

transputers had to spend routing messages, and the more time they had available for their 

main task: reconstructions. 

The global reconstruction algorithm is shown in Figure ll.3 for the transputers. 

Three modes of communication were used in this algorithm: serial link (LINK), parallel 

VME-bus for individual transputers (VME), and parallel VMEbus in broadcast mode 

(BROADCAST). The broadcast mode allowed for writing the memories of all the 

transputers simultaneously. The main communications task were shared in the following 

way. The root transputer was in charge of reading and writing to disk, and also collecting 

and distributing data from and to the transputers over the VMEbus. Each transputer was 

in charge of sending messages to the root on the serial links telling when it was done 

with an iteration. This was necessary because of the asynchronous nature of the transputer 

system. The main tasks that were achieved in parallel in all transputers were the partial 

reconstructions of the estimated object J and the partial calculations of the estimated 

image g. The root just waited for transputers to be ready to be read after calculating the 

energy (goodness-of-fit) function described in III.8.c. The energy function was considered 

to be an indicator of the evolution of the reconstruction and could be used ultimately as 

a stopping rule for the reconstruction. 

The transputers spent almost half of the time performing the reconstruction (step 

4) and almost half of the time calculating the estimated image g. The remaining time was 

spent waiting for the root to collect the data. Very little work was performed by the root, 
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beside collecting (and distributing) data from (and to) the transputers. Iterations lasted 

about 7 minutes, including about I minute collecting and distributing the data. The 

remaining 6 minutes were split almost evenly OIl the transputers between reconstruction 

and generation of g. Although transputers were completing their iterations at different 

times, they could not start a new iteration until the root had collected all data from their 

memories and the new estimate g was calculated and distributed. In summary, the 

transputers spent almost 90% of the time working and 10% of the time idle waiting for 

communications, while the root transputer spent 10% of the time in communications, 5% 

of the time compiling results and about 85% of the time idle. 

Ill.6 - Storage Issues and Generation of the H matrix 

The fIrst problem, already mentioned in ID.4.b and ID.4.d, was storage. In order 

to do reconstructions using the imaging equation (Equations ID.I), the system matrix H 

had to be stored (see ill.8). Even with the relatively small object if) and image (g) 

spaces, the H-matrix was still huge: in this particular case 106,496 x 450,000 = 48 billion 

elements, which represents about 45 GB of necessary memory (considering each element 

of H stored on a single byte). The H-matrix was very sparse, however, because only a 

very few detector elements were sensitive to a source positioned at a voxel, as long as 

scatter was neglected (as was the case in the simulations). Each voxel projected onto the 

detector within an area covering an average of 4 pixels. Therefore, considering the total 

of 185 pinholes, only 720 pixels were nonzero with a simulated point source in a voxel. 
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The system matrix was therefore 99.32% sparse, but this still required 310 MB of stC'rage 

for the whole matrix. 

From a practical point of view, in order to physically measure such a system 

matrix using the usual 99mTc source as done in IT.4, it would take around 120 hours, 

considering 1 second spent at each voxel, including a very short acquisition time and time 

dedicated to the motion of the source to the voxel (more realistic numbers are 2 to 5 sec 

at each voxel). It was, therefore, clearly impractical to measure (or calculate in 

simulation) or even use for reconstructions the complete H-matrix. 

In order to solve both the storage and the acquisition problems, the system matrix 

measurements were simulated on only a limited number of points called grid points. The 

value of the system matrix between grid points was then evaluated, when needed (on-the

fly), by three-dimensional interpolation between grid points. By setting grid points 10.0 

mm apart in three dimensions, only 3,600 grid points had to be measured, calculated or 

stored. It was then possible to store H as a sparse matrix. Three-dimensional 

interpolation between grid points required the knowledge of the pinhole letting the 

photons through to avoid interpolating between projections of the grid points through 

different pinholes. It was possible to retrieve the pinhole from the sparse matrix, but this 

implied calculating on the fly the geometric projections on the detector, which was time

consuming and therefore not acceptable. 

The H-matrix was calculated in advance, once for each geometric layout of the 

system, by simply projecting geometrically the grid point onto the camera, through each 
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pinhole. This projection gave the center position on the camera of the impact of photons 

going through the pinhole. Then a geometric magnification between the pinhole and the 

detector was calculated in terms of detector pixels. Finally, the simulated number of 

photons reaching the detector was estimated by calculating the relative solid angles of the 

pinhole and the detectors, and the attenuation over the length inside the attenuating 

ellipsoid. Three numbers were then available for each combination of grid point and 

pinhole: position of the geometric position of the grid point onto the detector through the 

pinhole, size of the geometric projection of the pinhole on the detector, and estimated 

number of detected photons. These three numbers were all converted to integers by 

normalization (position and size of the projection were stored in number of pixels). They 

were then stored as a 32-bit number: position of the projection in 19 bits, number of 

photons in 10 bits and size of the projection in 3. This 32-bit coding of the H-matrix 

made it easy to recalculate quickly on the fly the contribution of each voxel (grid point 

or not) to the full image g. H was decomposed into sets of rows stored and made 

available to different processors. 

A critical decision to be made when using the parallel computer is how to divide 

the object space into separate object spaces that are treated independently during 

reconstructions. This was done by dividing the object space into 60 subspaces (bricks) 

of identical sizes (40 mm x 30 mm x 50 mm). Each brick contained 5 x 4 x 6 = 120 grid 

points and 20 x 15 x 25 = 7,500 voxels. All object and image vectors were stored as 

single bytes while the system matrix was stored as 4-byte words. Thus, the storage 
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requirements for the reconstructions were the following in each transputer. The brick part 

of the H-matrix took 120 x 185 x 4 (bytes) = 86 KB, the brick part of the object space 

used 7,500 x 1 (byte) = 7 KB, and the image g and the current estimate of the image g 

both used 106,496 = 104 KB. This made a total of 300 KB memory necessary for the 

reconstruction. In order to avoid integer overflow when calculating the estimate g (step 

8 in Figure ill.3), it was necessary to perform calculations using 32-bit floating point 

numbers instead of 16-bit integers. During the reconstruction step (step 4 in Figure ill.3), 

calculations could be performed using 16-bit integer arithmetic without risk of integer 

overflow. On the other hand, risk of integer overflow pushed the memory required by 

the calculation of the estimate of the image g to 106,496 x 4 (bytes) = 416 KB, and the 

total memory requirement to approximately 610 KB. These memory requirements 

explained why the sizes of object and image spaces, and the voxel and pixel sizes chosen 

in ill.4 represented reasonable choices. 

ill.7 - Generating Images g 

Two types of images were used in the reconstructions: noise-free images and more 

realistic images corrupted by Poisson noise. Noise-free images allowed for an assessment 

of the best possible performance of the system. They also allowed for seeing artifacts or 

other systematic problems due to the geometry or the algorithm. Realistic noisy images 

gave a good idea of what an image and a reconstruction would be under clinical settings. 

Both types of images were useful in the simulations. The noise-free images were the tool 
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of choice to optimize the system, because if noise-free reconstructions did suffer obvious 

defects, it was very unlikely that realistic images would be free of these defects. Noise

free images were also the building blocks of the reconstructions: step 8 in Figure ill.3 

was the noise-free calculation of the new estimate of the image g from the new estimate 

of the object j. 

Noise-free images were generated using a system matrix and a digitized object 

represented in the FOV voxels. It followed exactly the noise-free imaging equation 

g=llf . (lll.S) 

The algorithm used was similar to the algorithm in Figure ill.3, except for steps 2, 4 to 

7 and 13 that were removed. The root transputer read the system matrix H and the f

vector from disk, then distributed them to the transputers. Each transputer computed a 

contribution to the image g. AU contributions were collected by the root from the 

transputers local memories, and added together to create the image g. The image g was 

finally stored on disk by the root transputer. Calculating g using this method took about 

S minutes on TRIMM. 

It was also possible to create noisy images from noise-free images by using the 

imaging equation (Equation ill.l) directly. A noise-free image was the first part of the 

imaging equation (H.t). Adding Poisson distributed noise was then necessary to create 

noisy images. This was done by drawing randomly the new number of photons from a 

Poisson distribution of mean p and variance cf = p, where p was the number of photons 
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detected on the pixel in a noise-free image. 

Another method to generate images was to consider an analytic object and create 

the image by Monte Carlo simulation of the transport of the photon. The number of 

photons needed for a reconstruction (10 to 100 million) made creating many such images 

prohibitively long. Another problem encountered in generating and transporting up to 100 

million photons was the number of random numbers necessary (at least 7 random 

numbers were needed for each photon). Software random number generators cannot offer 

guarantees that successive n-tuples are uncorrelated (Marsaglia, 1968). Similar problems 

due to correlation effects with software random number generators were encountered and 

reported by Ferrenberg et al. (1992). 

m.8 - Reconstruction Method 

Different methods of reconstruction are available. The most popular in clinical 

nuclear medicine is the fIltered backprojection technique. This is a direct reconstruction 

(one step only) based on the Fourier transform. The advantage of the technique is its 

speed. The reconstruction technique used here is better suited to fully three dimensional 

reconstructions. It is an iterative method based on the simulated annealing algorithm 

described by Metropolis et al. (1953) and Kirkpatrick et al. (1983). This algorithm is 

easily implemented on parallel computers (Magee, 1990; Seacat, 1991). It is described 

in detail below. 

i 
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m.8.a - Simulated Annealing 

The algorithm used to perform the 3D reconstructions was very similar to either 

a Monte Carlo iterative search, or simulated annealing at zero temperature. 

In the simulated annealing algorithm, a voxel in the object space is randomly 

chosen and is perturbed by a small random amount. The consequences of such a 

perturbation are evaluated in terms of an energy function. The energy function represents 

the difference between the real solution and the latest estimate (see m.8.c). The goal of 

the reconstruction is then to find the global minimum of the energy function. The 

perturbation is accepted if it decreases the energy function (assuming the energy function 

goes to zero as the estimate gets closer to the real solution). In standard simulated 

annealing algorithms, another quantity called temperature T exists. Perturbations 

increasing the energy function are accepted with a probability described by the Boltzrnan 

probability function at temperature T. An iteration is considered completed when all 

voxels in the object space have been investigated once. The temperature T changes 

between iterations according to a very specific cooling schedule. The advantage of 

simulated annealing over other algorithms is that it is mathematically guaranteed to 

converge to the real solution, provided a slow enough cooling schedule is used 

(Metropolis et al., 1953; Kirkpatrick et aI., 1983; Gooley, 1990), whether or not the 

energy function chosen had local minima. 

The algorithm used in the reconstructions described here was similar to the 

simulated annealing described above with two major differences. There was no cooling 

i 
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schedule and no randomness associated with the perturbation. The temperature Twas 

chosen once for all at T=O, quenching conditions. All voxels were perturbed in turn 

following a raster pattern, and the perturbation was set to a fraction of the unperturbed 

voxel value. This new algorithm, called simulated "quenching", is not guaranteed to 

converge, because there is no way for the algorithm to escape a local minimum of the 

energy function. The algorithm is designed to minimize a distance metric. A distance 

metric can, in principle, have local minima, though the one used here did not. 

ill.8.b - First Step of the Reconstruction 

Depending on the choice of the distance metric to be minimized. and the existence 

of local minima of the distance metric, the algorithm could be trapped in a local 

minimum. In the case of a distance metric with local minima, the choice of the initial 

object estimate 1°) is critical. The distance metric used in the simulations is described in 

III.8.c. This distance metric is a concave function and has, therefore, no local minima. 

The choice of the first step of the reconstruction was then only important for the speed 

of the reconstruction. 

It was impossible to choose the initial estimate to be uniformly zero because the 

perturbation oj; was chosen to be a fraction of the unperturbed value. A reasonable 

choice as a starting point was an object closely resembling the backprojection used in 

clinical nuclear medicine. It was unfortunately impossible to use the backprojection itself 

because of the way the H-matrix was stored. The closest approximation to a 
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backprojection that was available was the following, named quasi-backprojection. From 

each voxel in the object space, each pinhole was successively examined, and the position 

of the projection of the voxel through the pinhole was tested. If the pixel value at the 

projection was nonzero, the pinhole was considered "live" for the chosen pixel. The value 

assigned to the pixel for the first iteration was then the number of "live" pinholes for the 

voxel if more than 25% of the pinholes (46 pinholes) were "live" for the voxel, and zero 

otherwise. This was a very arbitrary method, but it gave fairly reasonable results; 

knowing that if a voxel was really zero (no activity present), most of the projections 

through the pinholes would yield zeros. This quasi-backprojection was more tractable on 

a parallel computer than the traditional backprojection using H" the transpose of H. 

Calculating W would require knowledge, at the transputer level, of the columns of H, 

while only rows of H were available to individual transputers. Calculating the real 

backprojecdon only for the initial estimate would have been too big a hardship on the 

communications between transputers. 

III.8.c - Energy Function 

The energy function was key to the reconstruction. The choice of the energy 

function was based on the fact that the number of counts at each detector element (g) was 

a Poisson random variable. This meant that counts at different detector elements were 

statistically independent. The probability of a particular image vector g from a mean 

image vector distribution g is then 



100 

(ill.6) 

where the product is taken over the whole image vector g. As there was no noise in the 

system matrix H, we could consider that g = Hf and rewrite Equation ill.6 as 

(ill.7) 

The goal of the reconstruction was to. find the "best" estimate of the object 

knowing the measured data g. We could then consider "best" to be "best in the maximum 

likelihood sense" (ML), or the most likely solution. This meant that solving the 

reconstruction problem was simply to fmd J maximizing the probability 

(III. 8) 

However, maximizing a probability is equivalent to minimizing the logarithm of the 

probability, so the following had to be solved 

(ill.9) 

Rewriting the second term of the sum 

and developing the logarithm, the result was 

i 
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(Ill. 1 1) 

By substituting Equation m.ll into Equation m.8, and considering only the variable 

tenus Cthose containing gJ, a quantity, now called the maximum-likelihood, or weighted 

least-squares, energy function EML could be minimized by 

= minimum. Cill.12) 

In order to avoid the singularity when gj = 0, it was convenient to add a small constant 

e to the denominator of the energy function. The energy function could then be 

minimized by 

(ill. 13) 

III.8.d - Acceptance of the Perturbation 

Consider now that iteration number n had been completed and the next voxel to 

be considered was located at jo. The new estimate for this voxel was 

Cill.14) 

From the imaging equation, written in vector fonn, ~n) at the nth iteration was 

i 



,en) = Hj<n) or I,(n) = L HuJjn) , 
J 

and the same held for the n+ 11h iteration 

A(n+l) _ TT~n"'l) A(n+l) _ ~ H ~n"'l) 
g - DJ or 6, - L, ijfJ 

J 

Rewriting the estimate function of the perturbation as 

only one voxel jo was perturbed. 
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(Ill. IS) 

(Ill.16) 

(ID.17) 

Calculating now the contribution of the perturbation to the maximum likelihood energy 

Il.E = E(1I+1) _ E(n) 
ML ML ML' (III. 1 8) 

led to 

(III.19) 

Il.EML = L (HII/)1)2 - 2(gi-gr)Hllo
fJt (ill.20) 

t gl+E 

( 
H 2J ( A(n»)\ Il.E =: L ~ ajl-2 E g,-g, H at . 

ML g +E g +E lJo 'it i 

(III.2I) 

I 
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The algorithm evaluated Equation III.21, where only one component of H was 

needed, and compared ~ to zero before accepting or rejecting the perturbation. 

Equation m.21 was evaluated for identical positive and negative perturbations. At most, 

one perturbation could have a negative contribution. The perturbation leading to a 

negative contribution was accepted. In case both perturbations yielded positive 

contributions, neither perturbation was accepted and the next voxel was considered. 

Energy functions often include an additional term relating each voxel to its 

neighbors. This additional term represents a penalty for large jumps in value between 

neighbors, and its name: smoothing factor. There was no smoothing factor in the energy 

function, and no smoothing of the estimated object} between iterations because the goal 

of the simulation was to study the reconstructions without corrupting them. If the 

reconstructions were too noisy, they could always be smoothed later on, during display, 

for a better-looking image. 

rn.8.e - Stopping Rule 

The goal in these studies was to examine the behavior of the algorithm at the same 

time as seeing the effects of the geometry. Therefore, no stopping rule was used, except 

when the algorithm stopped without any perturbation accepted over the whole object 

space. 
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CHAPTER IV 

IV - SIMULATION RESULTS 

IV.! - Digital Phantoms 

Many choices for digital phantoms were possible. The point of the simulation was 

to demonstrate that having a high-resolution detector system in coded-aperture SPECT 

allowed an increase in reconstructed resolution. As both the gamma-ray acquisition and 

the reconstruction algorithm were totally three-dimensional, one characteristic the digital 

phantom was required to have was high spatial resolution in all three dimensions. This 

requirement eliminated the phantoms conventionally used in nuclear medicine, and 

suggested the use of an anatomically realistic brain phantom. Hoffman et al. (1990) 

created such a phantom for use in PET (positron emission tomography) systems 

characterization. They simultaneously created two phantoms, one digital and one 

physical, from the same data set. First a digital phantom was created from nineteen 7-

mm thick slices taken on a Tl-weighted MRI scan over the whole brain. These slices had 

an in-slice resolution of ! mm. From these slices, experts were asked to identify white 

matter, grey matter and ventricular structures in the brain. They were helped with 

standard anatomical atlases (Eycleshymer et ai., 1970; and Ledley et at., 1977). After 

assigning the structures to every voxel in the digital brain, relative concentrations of 5, 

1 and 0 for grey matter, white matter and ventricles respectively, were assigned to every 

i 
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voxel in the brain. From this digital brain phantom, a physical brain phantom was created 

using thin layers of lucite. This phantom was a follow-up on previous work by Hoffman 

et al. (1983), when they created a single 16-mm thick brain slice. This new phantom, the 

three-dimensional Hoffman brain phantom, consisted of two sets of layers. An outer 6-

mm thick plastic layer was cut according to the boundaries of the brain, and the open area 

cut in the plastic layer represented a completely open chamber for the inside of the brain 

containing white matter, grey matter and cerebrospinal fluid in the ventricles. Thinner 

lucite layers were then added inside the thick plastic layer to create correct thickness 

ratios between white and grey matter and between white matter and ventricles. Once all 

slices were cut, they were aligned and stacked together to create the full 3D phantom. 

The digital Hoffman brain phantom (HBP) contains 256 x 256 x 19 voxels, each 

1 mm x 1 mm x 7 mm; while the physical HBP contains 19 slices of continuous 

chambers. The phantoms are good approximations of each other, allowing fair 

comparisons between simulations and real imaging, and they were anatomically correct. 

Those last two points were the key for the simulations described here. 

The simulations done here required a phantom containing 100 x 90 x 50 cubic 

voxels, each 2 mm x 2 mm x 2 mm. The Hoffman brain phantom was, therefore, 

transformed to fit the new object space. First, 31 "new" slices were created by linear 

interpolation between "real" slices, creating a phantom having 256 x 256 x 50 voxels, 

each 1 mm x 1 mm x 2mm. The interpolation created voxels having values inconsistent 

with the four identified regions in the brain. This interpolation scheme was nevertheless 
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consistent with a transfonnation from continuous to discrete data since, in real continuous 

objects, voxels are not homogeneous and can contain parts from different regions. Then, 

the voxel size was changed from 1 mm x 1 mm x 2 mm to the desired 2 mm x 2 mm x 

2 mm by averaging together 4 contiguous pixels in a slice. The result was a 128 x 128 

x 50-voxel brain phantom having the correct voxel size. The last step was done to 

remove voxels on the sides of the phantom. This operation was possible because the 

removed pixels all had value zero; they were outside the boundaries of the skull. This 

created the phantom shown in Figure N.t. The display used in this figure will be used 

throughout this chapter when showing objects f or estimates 1. Only 48 the 50 slices are 

displayed here; the top two slices are blank slices. Slices are displayed sagittally from 

left to right and top to bottom. The upper-left slice is the bottom part of the brain (sliced 

in a plane just above the orbitomeatal plane); the bottom-right slice is the top of the brain 

(top of the head). The pixel size within each slice is 2 mm x 2 mm and the distance 

between slices is 2 mID. The physical size of each slice is 200 mm or 100 pixels across 

(horizontally) and 180 mm or 90 pixels down (vertically). The figure in its entirety, not 

individual slices, is nonnalized for display purposes. 

The newly created phantom, adequate for the simulations presented here, is called 

the Hoffman brain phantom (HBP) (by extension of the physical phantom) throughout 

this chapter. 

Another type of display used here is the display for images g or estimates of the 

image g shown in Figure IV.2. Once again the display is scaled to the maximum value. 



Figure IV.I Hoffman Brain Phantom. Forty-eight slices shown here, from 
left to right and top to bottom, 2mrn apart and 2 nun in-slice 
resolution. 

107 
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Figure IV.2 Landscape projection of a point source at the center of the bottom slice of 
the object space. The image g was unfolded for display purposes. 
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Display of images are in landscape fonnat. All pixels of the detector are represented. 

The simulated detector is a partial hemisphere as described in I.b. In order to display 

images, the detector is cut along a vertical radius and then unfolded and flattened out. 

This is why, in the image shown in Figure N.2, the top side of the image and the bottom 

side of the image are contiguous. 

Figure N.2 shows the simulated image (g) when the object is a point source 

located in the center of the concentric hemispheres of the pinhole aperture and the 

detector system, which is also the center of the first slice (lowest or upper-right as 

displayed in Figure N.1). This figure basically shows the projections of the pinholes 

onto the detector. The equally-spaced pinholes on a helix can easily be seen. 

IV.2 - Noise-Free Image 

In all simulations presented in this chapter, at least two figures are shown. The 

image g, as seen by the camera detectors (this is the starting point of the reconstruction), 

and the "fmal" result JML of the reconstruction are displayed. When relevant, the 

evolution of the energy function with iteration number is also presented. The "final" 

result corresponded to little evolution of the reconstruction in tenns of energy function, 

rarely the last iteration before the reconstruction stopped changing. As a consequence, 

the iteration corresponding to the "final" result did not correspond to any objective 

stopping rule. Often, intemlediate reconstruction steps ,n) are shown whenever the 

estimate object at any iteration number provided valuable infonnation on tlle evolution 
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of the reconstruction. The display for all figures is the following. Images g, and 

estimated images g when provided, are displayed as described for Figure N.2; while 

estimated objectsjare displayed as described for Figure N.I. All images g were created 

as shown in ill.7. The energy function was the one described in ill.8.c and the 

reconstruction method was the simulated quenching described in m.8. 

For reasons of speed of reconstructions, the size of the object space to be 

reconstructed was slightly limited. Its new size was the size of the attenuation ellipsoid 

described in I.f. Such a reduction in object space was reasonable since no activity is 

expected to be present in a clinical image outside the head of the patient. With this small 

modification. reconstruction iterations were completed in just under 7 minutes for each 

iteration. 

The first figure (Figure IV.3) presented here is the image g obtained when 

projecting the HBP (Figure IV.I) through the pinholes (shown in Figure IV.2). This 

image was obtained strictly as a geometric projection using the system matrix H 

calculated as described in ill.6. As this image was a perfectly geometric projection, there 

was no Poisson noise associated to it. The only possible noises present in this image 

were the discretization noise due to a discrete object f, and a discrete-then-interpolated 

H-matrix and the (impossible-to-avoid) round-off elTor noise due to the computer internal 

arithmetic precision. There was basically no distinguishable feature on the image g. as 

expected. 
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Figure IV.3 Noise-free image. Exact result of the operation g = HI where I was the 
Hoffman brain phantom. 
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With the reduction in object space size mentioned above, the first estimate in the 

reconstruction (before the first iteration) was the quasi-backprojection JO) explained in 

ill.8.b and shown in Figure IV.4. The quasi-backprojection was very similar in this case 

to simply choosing a uniform object space with an arbitrary value. 

The evolution of the goodness-of-fit or maximum likelihood function is shown in 

Figure IV.5, displayed on a logarithmic scale, as the normalized energy function 

EML E =-
1I017Il E o 

where the normalization constant was 

(IV. I) 

(!V.2) 

Such a normalized energy function allowed comparisons between reconstructions. It was 

easy to see on Figure IV.5 that the reconstruction evolved fairly quickly over the first 20 

iterations, then much slower over the next 50 iterations and finally did not change after 

iteration number 70. 

An aberration which arose from the evolution of the energy function was the 

existence of a kink, or change of curvature, in the curve. One explanation for this kink 

could come from the graph showing both the normalized energy function and the 

normalized maximum intensity on the image gMar (see Figure IV.6). Both curves are 

shown here normalized, for display purposes, and the kink in the normalized energy 

function was located exactly at the same position as the extremum in the normalized 
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Figure IV.4 Quasi-backprojection O)from a noise-free image. 
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Figure IV.S Evolution of the normalized energy function EMJEo with iteration number. 
Reconstruction from a noise-free image. 
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Figure IV.6 Evolution of the energy function (solid line, y-axis on the left) and CMax 
(dashed line, y-axis on the right) in the estimated image with iteration 
number. 



I 

116 

maximum intensity on the image gMax. The quantity gMax was related closely to the 

activity in the estimated object. This meant that a likely explanation for the kink was as 

follows. The fIrst task the algorithm worked on (before the kink) was to fInd the total 

activity in the object space. This task was accomplished by lowering almost every voxel 

in the object space evenly, with slight differences starting to defIne the shape of the 

object The next task (after the kink) of the algorithm was to define the internal structure 

of the object, while basically maintaining the total activity. While this was done the final 

outside shape of the object was defmed. 

In order to describe the evolution in terms of ,n), and therefore show that the 

energy function was a reasonable estimate of the subjective quality of the reconstruction, 

the following estimated objects are shown. An estimate during the fast-evolving 

reconstruction after 10 iterations (JIO») is shown on Figure N.7. Another estimate, right 

at the kink of the energy curve, after iteration number 20 (J20») is shown on Figure N.8. 

Two estimates during the slowly-changing reconstruction period, (J40») and (J60») after 40 

and 60 iterations, are shown in Figure N.9 and Figure IV.lO respectively. A fInal 

estimate (JIOO») after 100 iterations is shown in Figure IV .11. 

As no stopping rule, except the "nice-looking reconstruction" criterion, was used 

in the simulations shown, an arbitrary decision had to be made as to which iteration 

constituted a logical end point. The 70th iteration was chosen here as the "final" 

reconstruction, and would often be the choice of a "fmal" reconstruction. The reason was 

that the kink always occurred before 70 iterations and reconstructions were always fairly 
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Figure IV.' Reconstruction (/0) after 10 iterations from a noise-free image. 
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Figure IV.8 Reconstruction (20) after 20 iterations from a noise-free image. 
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Figure IV.9 Reconstruction (40) after 40 iterations from a noise-free image. 
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Figure IV.IO Reconstruction (60) after 60 iterations from a noise-free image. 
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Figure IV.ll Reconstruction (100) after 100 iterations from a noise-free image. 
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stable after 70 iterations. The fmal, or maximum likelihood, reconstructionJML is shown 

in Figure 1V.12. 

In order to simplify displays, the normalized energy function will be shown mostly 

as in Figure IV .13, where not only the evolution of the energy function is plotted, but also 

a sample slice at chosen intervals. The sample slice was arbitrarily chosen from the 50 

slices available in the estimate. The arrow from the represented slice points to the 

iteration number corresponding to the estimated object the slice represents. Sample slices 

are shown here after 10, 20, 40,60 and 100 iterations. The iteration chosen as the "final" 

reconstruction (the 70ili iteration here) is also shown by a vertical line. 

IV.3 - Poisson Corrupted Images 

In order to get more realistic simulations, it was necessary to have reasonable 

(compared to clinical nuclear medicine) exposure times and doses administered to 

patients. A noise-free image is equivalent to an infmite exposure time or an infinite dose. 

In such a case, there are no Poisson fluctuations in the number of detected photons on 

each detector pixels. As explained in ill.7. it was possible to simulate more realistic 

images g. With the total system efficiency 11 and a reasonable dose of 20 mCi of 99mTc 

labelled HMPAO injected to the patient, with 10% (2 mCi) staying in the area of interest 

(brain), about five million simulated photons were counted by the detector every minute. 

Therefore, the interesting imaging times were 20 and 2 minutes. Twenty minutes was a 

static study, while 2 minutes was a more dynamic type of study. One hundred million 
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Figure IV.12 Final estimate 70) after 70 iterations) from a noise-free image. 
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Figure IV.l3 Evolution of the normalized energy and a sample slice; reconstruction 
from a noise-free image. The vertical line shows the 70th iteration. 
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simulated photons were counted in 20 minutes, while only 10 million simulated photons 

were counted in 2 minutes. Even though the 20-minute exposure was static imaging and 

2-minute exposure was close to dynamic, the siffiulatio~ only assumed the number of 

detected photons. Therefore any improvement made in the detected-photon rate would 

immediately be translated into an improved reconstruction. 

IV.3.a - 20-minute Exposure Time 

The detected image for a 20-rninute exposure time is shown in Figure IV. 14. The 

image looks only slightly noisier than the noise-free image shown on Figure IV.3. The 

evolution of the normalized energy function is shown in Figure IV.lS. Although the 

shape of the curve is very similar to the one in the noise-free case (Figure IV. 13) , the 

kink occurs much later in the simulation (around the 50th iteration) and the curves flattens 

out at a higher value. Nevertheless, a final reconstruction after 70 iterations was still 

chosen, mainly for comparison purposes with the noise-free case (Figure IV.12). This 

"final" reconstruction is shown in Figure IV .16. This reconstruction looks very similar 

to the one obtained in the noise-free case. This comparison is easier on a limited number 

of slices, shown in Figure IV.20. The only apparent effect could be a very slight loss of 

resolution. The reason a 100-million-photon reconstruction is so similar to the noise-free 

reconstruction is because the images themselves (Figure IV.3 and Figure IV.14) appear 

so similar, without excessive noise seen on the lOO-mi1lion-photon image (Figure IV. 14). 
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Figure IV.14 20-minute exposure image. This image contained a total of 100 million 
counts. 
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Figure IV.IS Evolution of the nonnalized energy and a sample slice; reconstruction 
from an image having 100 million photons. The vertical line shows the 
70th iteration. 
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Figure IV.16 Final reconstruction ML = f(7O) after 70 iterations for an image having 100 
million photons. 



129 

IV.3.b - 2-minute Exposure Time 

The detected image for a 2-minute exposure time is shown in Figure IV.I? The 

image looks much noisier than the noise-free image shown in Figure IV.3. The evolution 

of the normalized energy function is shown in Figure IV.I8. Once more, the shape of the 

curve was very similar to the one in the noise-free case (Figure IV. 13). The shape is also 

almost identical to the curve in the 1OO-million-photon case (Figure IV.I5). The kink 

also occurs much later in the simulation (around the 50th iteration, same as in the 100-

million-photon case) and the curve flattens out at an even higher value. NevertheleSS a 

final reconstruction after ?O iterations was still chosen, mainly for comparison purposes 

with the noise-free case (Figure IV. 12). This "final" reconstruction is shown in 

Figure IV.19. This reconstruction looks very similar to the one obtained in the noise-free 

case, except that the noise included in every slice is much higher, lowering the resolution. 

This comparison is easier on a limited number of slices, shown in Figure IV.20. As can 

be seen in Figure IV.I?, the 1O-million-photon image is fairly noisy. The 1O-million

photon reconstruction is then dominated by Poisson noise. 

IV.3.c - Comparison between Noise-Free and Noisy Images 

In order to compare fairly the results obtained in the different simulations (noise

free and limited exposure time), three arbitrary slices were chosen in the digitized HBP 

and the same slices were studied at the final reconstruction in every case. Figure IV.20 

shows three slices in the digitized Hoffman brain phantom (top line of the figure) and the 
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Figure IV.17 2-minute exposure image. This image contained a total of 10 million 
counts. 
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Figure IV.IS Evolution of the normalized energy and a sample slice; reconstruction 
from an image having 10 million photons. 
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Figure IV.19 Final reconstructionjML = (70) after 70 iterations for an image having 10 
million photons. 
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Figure IV.20 Comparison between the HBP (top line). noise-free reconstruction (2nd 

line), lOO-million-photon reconstruction (3nl line) and lO-million-photon 
reconstruction (bottom line) on 3 arbitrary slices. 
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corresponding slices in the "final" reconstruction, after 70 iterations every time. The 

second line shows the slices in the noise-free case, the third row shows the same slices 

for the reconstruction made from the image with 100 million photons (20-minute exposure 

case), and the bottom row for the reconstruction made from the image with 10 million 

photons (2-minute exposure case). 

From the structures present in the slices of the digitized HBP, the in-slice 

reconstructed resolution was excellent in the noise-free case, and could be subjectively 

estimated to be on the order of the voxel size. As the reconstruction was fully three

dimensional, the resolution between slices was identical to the in-slice resolution. The 

resolution degraded very slightly with the 100-million-photon case, and significantly when 

the number of photons detected was only 10 millions. 

In conclusion, a long exposure time was important to high reconstructed 

resolution, but was in no way necessary. Excellent reconstructions could be obtained with 

as low as 10 million detected photons, or as low as a 2-minute exposure time. 

Optimizations in system design and tracer design could make possible millimeter-scale 

reconstructed resolution, even in the case of dynamic imaging. 

IV.4 - Incommensurable Images 

The next question was to see how the reconstructions performed in the slightly 

different case of incommensurable images, where the reconstructions were performed on 

a different grid (different voxel size) from the original digital object f This type of 
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reconstruction simulated better what would happen with a continuous object instead of 

a discrete object. The image g shown in Figure IV.21 was created from a different HBP 

having a voxel size of 1.25 mm x 1.25 mm x 1.25 mm. The image was a direct 

projection onto the detector surface, without any Poisson fluctuations in the number of 

photons detected on any detector pixel. As the reconstruction was done on a 2 mm x 2 

nun x 2 mm voxel size, the original object space (for f) and the reconstruction object 

space (for}) were incommensurable. It takes an 8 x 8 x 8 cube of f to create a 5 x 5 x 

5 cube of J. There is no integer scaling between the object spaces. The evolution of the 

normalized energy function is shown in Figure IV.22. Once more, the shape of the curve 

is very similar to the one in the previous noise-free case (Figure IV.13). The evolution 

is also almost identical to the curve in the 100-million-photon case (Figure IV. 15). The 

kink also occurs much later in the simulation (around 50 iteration, same as in 100-million

photon case), and the curve flattens out at an even higher value. Nevertheless, a final 

reconstruction after 70 iterations was still chosen, mainly for comparison purposes with 

the previous noise-free case (Figure IV.12). This "fmal" reconstruction is shown on 

Figure IV.23. This reconstruction looks very similar to the one obtained in the noise-free 

case, except that the noise included in every slice is slightly higher, lowering the 

resolution. The reconstruction is actually very similar to the 100-million-photon case. 

Although the image was noise-free, the reconstruction was noisy. This noise was likely 

due to the incommensurable grids that created an additional discretization noise, similar 

to having fluctuations in the number of photons reaching the detector. 
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Figure IV.21 Image of the HBP from a 1.25-mm-voxel size phantom. 
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Figure IV.22 Evolution of the normalized energy and a sample slice; reconstruction 
from a noise-free image created from an incommensurable HBP. 
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Figure IV.23 Final reconstruction ML = 1(70) after 70 iterations for a noise-free image 
from an incommensurable phantom. 
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Reconstructions using noisy images (with either 10 or 100 million total counts) 

were performed. Results from noisy-image reconstructions were so similar to those 

already shown in Figure IV.23 that the fmal estimates would be useless to show. The 

conclusion that could be drawn from the similarity between noise-free and noisy cases 

was that the additional noise introduced by the different grid could only by seen in noise

free images. The new discretization noise became negligible compared to Poisson noise 

in more realistic images. The important result is that effects of changes are more 

noticeable in noise-free case, while results from noise-free cases can easily be extended 

to noisy cases. Thus only noise-free reconstructions were performed throughout the 

remainder of this chapter. 

IV.S - Changes in Pinhole / Camera Geometry 

The next step in the simulation and optimization process was to see the effect of 

making changes in the camera and pinhole geometries and see how these changes affected 

the fmal result of the reconstruction. The main changes considered here were those 

making the simulations more realistic (adding gaps between the cameras), or those 

affecting the overlap between projections of the object through neighboring pinholes 

(changing number and position of the pinholes). As stated previously, only noise-free 

images were considered. Because the evolution of the energy functions was very similar 

in all cases, no plot of the evolution is shown; only image g and fmal reconstructionJML 

are shown. In addition, a comparison between the original digitized Hoffman brain 
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phantom, the noise-free case in IV.2 and the studied cases is presented to help in drawing 

conclusions about how the change in geome~ ~ected the reconstruction. 

IV.S.a - Gaps between cameras 

Gaps between cameras was the most important problem to address as far as a 

practical camera system is concerned. It is basically impossible to physically build a 

camera on which all detectors on the hemisphere are contiguous. There would be 

multiple modules tiling the hemisphere, as occurred in the current University of Arizona 

prototype (see 11.4). The presence of multiple modules implies dead space (space without 

detector elements) between the modules. 

Starting from the number and theoretical position of the real modules in the 

current prototype, two simulations were performed. One was with a "normal" gap 

between modules, translated into about 20% (20,000) dead pixels (see Figure IV.24). In 

the image (Figure IV.24), it is easy to see where the 24 cameras are: in two rows of 13 

and 11 cameras respectively. The gaps between cameras are the dark pixels between 

cameras. About 2 to 3 pixels are missing around each active area, leading to about 20% 

missing information. The other case was made extreme in terms of missing information, 

as shown in Figure IV.25 where close to 40% of the pixels were dark (missing). Once 

again the cameras are easy to see, and so are the gaps. Reconstructions from these 

images were performed and led to the results shown in Figure IV.26 for the 20%-missing 

pixel case, and in Figure IV.27 for the 40%-missing pixel case. In both cases the 
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Figure IV.24 Image on the camera for about 20% missing pixels due to gaps between 
cameras. The dark pixels represent the missing information. 
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Figure IV.25 Image on the camera for about 40% missing pixels due to gaps between 
cameras. The dark pixels represent the missing information. 

I 
i 
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Figure IV.26 Final reconstruction for an image having 20% missing pixels. 

i 
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Figure IV.27 Final reconstruction for an image having 40% missing pixels. 
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resolution seems not to be decreased compared to the fully functional camera system. To 

better compare the results, see Figure IV.28 where the same three arbitrary slices as in 

Figure IV.20 are shown. Loss of resolution is not obvious. This result is probably a 

combination of the robustness of the algorithm and the fact that although a lot of data 

were missing, the missing pixels were well structured and not many spatial frequencies 

were lost. This result demonstrates that even in a case where gaps between cameras are 

an important part of the system, they are not a detrimental factor. Nevertheless, a loss 

of 40% of the pixel would be translated into a loss of about 40% in sensitivity in a real 

system. Such a loss could be critical in the design and feasibility of a system. 

IV.S.b - Number of pinholes 

An~ther factor of importance was the number of pinholes used in the multiple

pinhole coded aperture. When using a coded aperture, there could be overlap between 

the individual projections of the object space through the pinholes onto the detector area, 

as described in. This overlap, also called multiplexing, allows an increase in sensitivity 

of the system, by allowing more photons through the aperture, but creates an uncertainty 

in the path followed by a detected photon. The question addressed here was the 

following: was the multiplexing of different images helping or hurting the reconstruction 

in the case of a complex object like the digitized HBP? In order to answer this question, 

a reconstruction was done from an image g created with half the number of pinholes. 

Every other pinhole in the setup described in I.c was obstructed when generating the H-
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Figure IV.28 Comparison between the HBP (top line). noise-free reconstruction (2nd 

line), 20%-missing-pixe1s reconstruction (3n1 line) and 40%-missing-pixels 
reconstruction (bottom line) on 3 arbitrary slices. 
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matrix. An obvious result of such an obstruction of 50% of the pinholes is a decrease of 

about 50% of the efficiency of the system, but this was not the studied effect. Only 

noise-free reconstructions were studied in this case to avoid the obviously detrimental 

effect a loss of sensitivity would have on the results. The image g obtained is shown in 

Figure IV.29. By comparing this image to the one obtained in IV.2 (Figure IV.3), it is 

easy to see the "missing" pinholes. Reconstructions from these images were performed 

and led to the results shown in Figure IV.30. The resolution seems to become worse 

compared to the fully functional camera system. To better compare the results, see 

Figure IV.31 where the same three arbitrary slices as in Figure IV.20 are shown. The 

loss of resolution is fairly obvious in Figure IV.31 as expected because the angular 

sampling was adversely affected by the reduction in the number of pinholes. Nevertheless 

the effect was not a critical one. The loss of resolution is small compared to the loss of 

sensitivity such a real system would suffer. In conclusion, having more pinholes is a 

definite advantage of multiple-pinhole coded aperture, both in terms of resolution and in 

terms of sensitivity. 

IV.5.c - Pinhole position (dithering) 

Another important factor was the position of the pinholes used in the multiple

pinhole coded aperture. It was shown by Barrett and Gifford (1993), that, in the absence 

of multiplexing (overlap between pinhole projections), the pinholes had to be placed along 

an helix for best angular sampling. However, the regularity of the pinhole position and 
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Figure IV.29 Image created with only 50% of the pinholes. 
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Figure IV.30 Final reconstruction for an image with every other pinhole obstructed. 
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Figure IV.31 Comparison between the HBP (top line). noise-free reconstruction (2nd 

line) and 50%-missing-pinholes reconstruction (bottom line) on three 
arbitrary slices. 
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the regular overlap between projections could still be a problem (as will be seen later in 

IV.6.a). A reasonable change in the positions of the pinholes was to "dither" them along 

the helix. The dithering was done by a random amount fraction of the regular distance 

between pinholes on the helix. The two possible cases studied here were the following. 

First, a small dithering of the pinholes (10% dithering) was considered, meaning 

that each pinhole was placed near its regular position, within a uniformly distributed 

random 10% error in position along the helix. The image g obtained is shown in 

Figure IV.32. By comparing this image to the one obtained in IV.2 (Figure IV.3), it is 

easy to see the dither in pinhole positions, thus in projected image position. 

Reconstructions from these images were performed and led to the results shown in 

Figure IV.33. There is no obvious effect on the resolution, compared to the fully regular 

·camera system. 

Second, a large dithering of the pinholes (100% dithering) was considered meaning 

that each pinhole was placed near its regular position, within a uniformly distributed 

random 100% error in position. This amount of dithering also meant that pinholes were 

placed almost randomly on the helix. The image g obtained is shown in Figure 1V.34. 

By comparing this image to the one obtained in IV.2 (Figure IV.3), it is easy to see the 

dither in pinhole position, thus in projected image position. Reconstructions from these 

images were performed and led to the results shown in Figure IV.35. There is, once again, 

no obvious effect on the resolution, compared to the fully regular camera system. 

To better compare the results, see Figure IV.36 where the same three arbitrary 
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Figure IV.32 Image created with 10% dither in pinhole position .. 
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Figure IV.33 Final reconstruction for an image with 10% pinhole dither. 
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Figure IV.34 Image created with 100% dither in pinhole position .. 
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Figure IV.35 Final reconstruction for an image with 100% pinhole dither. 
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Figure IV.36 Comparison between the HBP (top line). noise-free reconstruction (2n~ 
line), 1O%-dither-pinho1es reconstruction (3rd line) and lOO%-dither-
pinholes reconstruction (bottom line) on 3 arbitrary slices. 
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slices as in Figure IV.20 are shown. There was no obvious loss of resolution in any of 

the reconstruction with dithered pinholes. 

IV.6 - Uniform objects 

Most SPECf gamma-camera manufacturers test their systems using uniform 

objects such as phantoms. The information obtained from such tests ~s whether the 

camera can image uniform objects, which should be irrelevant when the purpose of the 

system is to image high-resolution objects such as the brain. This uniform-phantom test 

should also determine whether the SPECf system can deliver quantitative information 

(exact amount of activity in voxels) on top of qualitative information (shape of organs). 

The importance of quantitative assessment of images in SPECT cannot be ignored, 

although accurate quantification is a old problem (see 1.2). In order to assess correctly 

the quality of the system with respect to a uniform object, a uniform phantom f was used 

(shown in Figure IV.37). This phantom was the attenuating medium described in U. It 

was a semi-ellipsoid of semi-axes 90.0 mm, 67.5 rnm and 45.0 nun. Once again, in order 

not to hide effects of the uniform object behind noise, only noise-free images were used 

in the following reconstructions and simulations. 
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Figure IV.37 Unifonn phantom. Ellipsoid representing the attenuation medium. 
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IV.6.a - Artifacts 

Data were simulated using the unifonn object/shown in Figure IV.37. The noise

free image g created is shown in Figure IV.38. The evolution of the normalized energy 

function and a selected slice are shown in Figure IV.39. It can easily be seen that the 

reconstruction did not succeed perfectly, since the normalized energy function did not 

decrease much along the reconstruction. This impression was confirmed when looking 

at the final reconstruction (Figure IV.40). It was clearly possible to fmd artifacts in this 

reconstruction. The main artifact has a shell-like appearance at the center of the 

reconstruction. Other artifacts are present in the bottom slices of the reconstruction. 

From the image itself (Figure IV.38) it is possible to find where the main (shell) artifact 

originated. Even to the trained eye, however, it is not clear that there is only a single 

ellipsoid projected on the detector smface. It is easy to imagine that such an image could 

be created from two ellipsoids instead of one. Looking at early iterations of the 

reconstruction, tIns fact was confrrmed. After only 10 iterations, J10
), the shape of the 

shell artifact is already present (see Figure IV.41). A coronal view of the reconstruction 

confirmed the existence of two ellipsoids (see Figure IV.42 for the coronal view of the 

estimate after 10 iterations and Figure IV.43 for the coronal view of the final estimate). 

In a coronal display the slices are vertical slices through the object moving from front to 

back from the upper-left slice to the lower-right slice. The regularity of the overlap of 

the projections on the detector surface seems to be responsible for the artifacts, and the 

way they are created by the algorithm. Solutions suppressing the overlap between the 
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Figure IV.38 Noise-free image from a uniform object. 
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Figure IV.39 Evolution of the normalized energy and a sample slice; reconstruction 
from a noise-free image from a uniform phantom_ 
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Figure IV.40 Final reconstruction from a uniform phantom. 
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Figure IV.4I Reconstruction after 10 iterations c?lO)) for a uniform phantom. 



164 

Figure IV.42 Coronal display of the estimated object reconstructed after 10 iterations 
if (10» for a uniform object. The slices are now vertical slices through the 
object, moving from front to back. 
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Figure IV.43 Coronal display for the final estimate in the reconstruction for a uniform 
object. The slices are now vertical slices through the object, moving from 
front to back. 

J 
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projections, or the regularity of the overlap, were sought to remove the artifacts from the 

reconstructions. 

IV.6.b - Artifact Suppression 

The shell artifact seemed to be created by the overlap between projections through 

neighboring pinholes. Consequently, diminishing the overlap should decrease the extent 

of the shell artifact. An image of the uniform phantom was simulated with the aperture 

where every other pinhole was blocked. This image is shown in Figure IV.44. It is clear 

from the image g (Figure IV.44) that most of the multiplexing (overlap) between 

projections is gone. Nevertheless, some overlap still exists. The fmal estimate from the 

reconstruction using only half of the pinholes is shown in Figure IVAS. An easier 

comparison of the results is presented in Figure IV.46. The shell artifact is clearly 

reduced. Hence, reducing the overlap between images is a good way to reduce the 

artifacts when the object is uniform. As was also shown in IV.S.b, the resolution is not 

adversely affected by the change in number of pinholes. Unfortunately, the price to pay 

in terms of sensitivity is high. Another solution had to be found. 

All artifacts also seemed to be generated from the regular distribution of the 

pinholes along the helix. This regular distribution appeared equivalent to having a 

constant overlap between the images. As was shown in IV.5.c, dithering pinhole position 

along the helix did not adversely affect the resolution. The same type of dithering could 
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Figure IV.44 Image of the uniform phantom with 50% pinholes obstructed. 
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Figure IV.4S Final estimate of the reconstruction from a unifonn object with 50% 
obstructed pinholes. 

i 
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Figure IV.46 Comparison between the uniform phantom (top line). noise-free recon
struction (2nd line) and 50%-missing-pinholes reconstruction (bottom line) 
on three arbitrary slices. 
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be used with the uniform phantom. Two simulation runs were performed. One used the 

slightly dithered pinhole set (10% dither). It created the image in Figure IVA7 and the 

fmal reconstruction shown in Figure IVA8. The artifacts seem somewhat reduced. The 

other run used the almost randomly placed pinholes on the helix (100% dither). It created 

the image in Figure IVA9 and the fmal reconstruction shown in Figure IV.50. The 

artifacts present in Figu:-~ IVAO seem to be mostly removed. To allow better comparison 

between images, arbitrary slices were chosen and compared in all cases (see 

Figure IV.51). It seemed clearly that having enough dither in the pinhole position would 

remove the artifacts, without cost either in terms of decreased resolution for high

resolution studies, or in terms of sensitivity. 

IV.7 - Conclusions 

The design of the pinhole aperture must be very carefully optimized. It was 

shown in this chapter that although multiplexing of the projections through the pinholes 

increased both sensitivity and angular sampling, and therefore spatial resolution, it can 

lead to artifacts when using a unifoffi1 phantom. Pinholes have to be placed on the 

aperture to reduce the number of overlapping images at each detector pixel, while keeping 

the number of overlapping images fairly constant. 

Another problem, not addressed here, was the objective assessment of the quality 

of the images, whether in terms of resolution, or in terms of artifacts. Addressing this 

problem would require much greater computer power. 
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Figure IV.47 Image created from a uniform object with 10% dither in pinhole position .. 
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Figure IV.48 Final reconstruction for an image created from a uniform phantom with 
10% pinhole dither. 

I 
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Figure IV.49 Image created from a uniform object with 100% dither in pinhole 
position .. 
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Figure IV.50 Final reconstruction for an image created from a uniform phantom with 
100% pinhole dither. 
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Figure IV.S1 Comparison between the uniform phantom (top line). noise-free recon
struction (2nd line), lO%-dither-pinholes reconstruction (3rd line) and 
lOO%-dither-pinholes reconstruction (bottom line) on 3 arbitrary slices. 



176 

CHAPTER V 

V - ECONOMIC STUDY 

V.1 - Introduction 

V.1.a - Why an economics Chapter? 

High-technology engineering allows us to dream of amazing devices, simulate 

them and even sometimes build prototypes. Unfortunately, very often these systems 

cannot be built realistically in a commercial environment. This chapter addresses the 

following questions. How much will the high-resolution brain SPECT imager cost ? 

What is the market for high-resolution SPECT imaging? Answers require a realistic 

study of the impact of a new technology on the imaging market. This economic study 

provides an outlook on the different aspects relating the number of systems built and sold, 

and the individual price of each instrument. This study will help explain the weaknesses 

and strengths of the design from the perspective of a profit-seeking camera manufacturer. 

A short summary of the basics of economics is presented in V.2. The summary 

has as its main emphasis the impact of high-technology on market economics. The main 

terminology of economics is described, including the differences and similarities between 

microeconomics and macroeconomics. The bases of forecasting are then explained, 

including the main hypotheses and methods of economic forecasting. 

i 



177 

".l.b - I>isclainler 

This chapter is directed towards the econonlics associated with high technology 

and health. In both cases, one of the nlain difficulties is getting reliable data. It is the 

United States I>epartment of Conunerce's policy not to release officially any data on 

small nlarkets, those with either very few providers or very few customers. The United 

States I>epartment of Health and Human Services does not publish any docunlent on 

specific hospital equipment on a regular basis. Because of this lack of reliable 

information on nlarket size, either in volunle or monetary impact, from the United States 

governnlent, less reliable sources had to be used. The problenls were similar on both 

sides of the equation. No official data were available on the current sales and installed 

base of SPECT systenls, ganuna cameras or even nuclear medicine departments and 

divisions in the U.S.A.; sinlilarly, no data was available on the production and sales of 

the senliconductor detectors described in II.6. The lack of government-published data on 

the size of the gamma-camera nlarket is due to the small number of companies involved 

in building nuclear medicine cameras (camera nlanufacturers). Sinlilarly, data on the 

production of senliconductor detectors is limited, and not available through government 

outlets because of the very small size of the market and the quasi-monopoly of the 

senliconductor suppliers. Furthermore, the edge-of-technology techniques employed to 

manufacture senliconductor gamma-canleras make accurate estimates of cost hard to find. 

The study presented here is based nlainly on reasonable estimates and information 

obtained from ganuna-camera manufacturers and specialists in the medical imaging 
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commercial market. Whenever possible, sources of information and data are identified. 

V.l.c - Outline of the Economic Study 

The two main problems will be studied separately. First, a study of the nuclear 

medicine market is presented. Then a realistic estimate of the requirements of the high

resolution brain SPECf imager are presented in V.5. The estimate is divided into 

technology and labor. Technology includes the semiconductor, readout device and 

computer requirements. The computer requirements are essentially for reconstruction 

purposes. Other electronics, gantry and aperture needs will be considered together with 

the system assembly in "labor". Such a division is along the lines of the predictable costs 

(technology) and costs contingent on the precise design of the system (not available at 

this point). The design-contingent costs are classified with labor as non-predictable costs. 

The lack of reliable government data dictates the philosophy of this chapter. 

Many different scenarios are considered for both market and costs studies. The scenarios 

are based on reasonable assumptions, available data, and historical comparisons. All 

assumptions and conclusions are my personal responsibility. 

V.2 - Basic Economics 

This section describes the main philosophies of economics, microeconomics, 

macroeconomics and forecasting. Most economic terminology and methods are 

surnrnruized here. For more extensive information, refer to either the textbooks 
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mentioned in this section, or other textbooks. Many figures are shown in this chapter 

because the curves shown are a very important tool of economic studies. 

V.2.a - Basics of Microeconomics 

Microeconomics: microeconomics is the study of individual components of the 

economic system: individual markets, the behavior of decision-making individuals and 

business firms. Microeconomics deals with the relationships between the price and 

quantities of individual goods, which is the basis of the thinking of entrepreneurs when 

faced with the question of how to introduce a new product into the market. For more 

extensive information on microeconomics, see Ekelund and Tollison (1991), Hirschey and 

Pappas (1993), or any of the hundreds of other textbooks on microeconomics. 

Laws of Supply and Demand: the bases of microeconomic studies are relationships 

between price and quantity. The generalized demand function relates the quantity 

demanded for a specific good or service to its price, the prices of other goods, the income 

of actual and potential buyers, etc. Economists often focus on the price of the product, 

holding all other variables constant, leading to the law of Demand. The law of Demand 

states that the demand function, or quantity demanded, always decreases as the price of 

the good increases, everything else being equal. The demand function can then be 

represented as a demand curve, as shown in Figure V.1 on the solid curve (0). The axes 

represent the quantity demanded (x-axis) and the price (y-axis). As the quantity 

demanded increases for any reason other than a price change, an increase in income or 



180 

D' 

D 

Quantity (Demanded) 

Figure V.I Representation of the demand function. The solid curve (D) is a demand 
function, the dashed curve (D') is the result of an increase in demand. 
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wealth for example, the demand curves shifts to the right (as shown in Figure V.1 on the 

dashed curve (D'». Similarly, the generalized supply function has many independent 

variables, but the focus is mainly on the relationship between the quantity supplied and 

the price, CLl1d constitutes the law of Supply. The law of Supply states that the supply 

function, or quantity supplied, increases as the price of the good increases, everything else 

being equal. The supply function can then be represented as a supply curve, as shown 

in Figure V.2 on the solid curve (S). The axes represent the quantity supplied (x-axis) 

and the price (y-axis). As the quantity supplied increases for any reason other than a 

price change, a decrease in production costs for example, the supply curve shifts to the 

right (as shown in Figure V.2 by the dashed curve (S'». The law of Demand and Supply 

can then be graphically represented as in Figure V.3. The axes now represent the price 

(y-axis) and the quantity (x-axis) either supplied or demanded. The eqUilibrium position 

is the intersection of the demand curve and the supply curve. This intersection defines 

the equilibrium quantity (Q) and price (P). At the equilibrium price P, demanded and 

supplied quantities are equal (Q). Shifts in either demand or supply can be shown 

graphically, and new eqUilibrium positions can be found. Studies in the factors 

influencing shifts in either curve, and the consequences of the shifts, are the main 

objectives of microeconomics. 

Production principles and costs: the goal of any business fIrm is to maximize 

profits. This paragraph introduces the main terminology related to production costs. The 

key variables in studying production costs are the ATC (average total cost) and the MC 
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Quantity (Supplied) 

Figure V.2 Representation of the supply function. The solid curve (S) is a supply 
function, the dashed curve (S') is the result of an increase in supply. 
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Figure V.3 Law of Demand and Supply. The equilibrium position is the intersection 
between the demand curve (D) and the supply curve (S) defining the 
equilibrium quantity (Q) and price (P). 
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(marginal cost). The ATC is the ratio between the total cost (TC) and the total output, 

total quantity produced, (q). This can be expressed as 

TC TFC 
ATe = - =AFC +AVC =--

TVC 
+-- (V.l) 

q q q 

where TFC (total fixed cost) represent the production costs that do not change in the short 

run as the output of the firm changes (such as capital investments); and TVC (total 

variable costs) represent the production costs that depend on the output (such as raw 

materials and labor). The average quantities are, respectively, AFC and A VC for TFC and 

TVC. The MC is the additional total cost necessary to increase the output by one unit. 

The marginal cost can be represente.d as 

MC = ATe 
Aq 

(V.2) 

The MC can be represented graphically as a U-shaped curve, as shown in Figure V.4. 

The axes represent the output q in a defmed amount of time, or output rate (x-axis), and 

the associated cost (y-axis). In Figure VA multiple curves are shown. The AFC curve 

is decreasing with output (by definition), and the AVC curve is U-shaped, because at high 

output the fixed resources are overused, leading to a loss in productivity. The same holds 

true for the Me. A logical output level chosen by the firm can be the one minimizing 

the ATC, in the absence of market considerations. The curves shown in Figure VA are 

short-term curves and assume a fixed technology. 

Economies of scale: in the long-run, increases in capital equipment add more ATC 
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Figure V.4 Short run production curves of a finn. MC and ATC are solid curves, APC 
and A VC are dashed curves. 
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curves spread out in the x-direction (such as the opening of a new plant). This is where 

economies of scale appear, when the new long-tenn ATC shows a constantly decreasing 

slope, which also indicates a decreasing long-tenn MC. It is important to point out that 

economies of scale refer to long tenn only when, in some specific industries, A VC and 

MC decline over all possible market ranges. 

Learning curve: for many manufacturing processes, essentially new high

technology processes, average production costs decrease as the total output increases, due 

to a better knowledge of the techniques involved in production, by both management and 

labor. This decline in production costs, without increases in capital equipment, is known 

as the finn's learning curve. The importance of the learning curve in competitive strategy 

is that it can contribute to a firm achieving and maintaining a dominant position in the 

market. It is a clear advantage of the leader in a highly technological market. Economies 

of scale and learning curve are common effects in the semiconductor and computer 

industries (typical high-technology industries) at the production stage (see Drucker, 1985, 

for specific examples). 

Market strategies: the most complex issue in economics is to find the strategy 

used by firms to keep or increase their market share. The behavior of firms in the open 

market is generally governed by the structure of the specific market itself (Shubik and 

Levitan, 1980). Firm behavior is often studied following the market models described 

below. The market can be competitive, where many buyers and many sellers are present 

and where the market is free for either entry or exit. In competitive markets, prices and 

1 
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quantities follow the law of supply and demand and the resulting prices are usually close 

to the opportunity cost of production. Opportunity cost includes all of the obvious costs 

of production, as well as a return on investment accounting for the owners' time and use 

of capital. 

The market can be a oligopoly (with the special cases of monopoly and duopoly), 

where a limited number (respectively one and two in case of monopoly and duopoly) of 

fInns compete on similar or differentiated products, with entry of new fIrms in the market 

diffIcult if possible at all. The resulting effects of oligopoly on the market are very 

complex and have been studied thoroughly (Shubik and Levitan, 1980). The effects can 

be even more intricate when dealing with new technologies (Kamien and Schwartz, 1978, 

1982; Scherer, 1984; Drucker, 1985; Simpson, 1987). The last model dealt with is the 

equivalent of the monopoly, but affecting demand: monopsony. Such a market arises 

when a single buyer of goods or services exists (the defense market between the u.S. 

Department of Defense and selected defense contractors is a typical oligopoly on the 

sellers' side and monopsony on the buyer's side). Monopolistic and monopsonistic 

markets have similar mathematical models (Shubik and Levitan, 1980). 

Evolution of a product: the evolution of any manufactured product follows an 

evolution curve characteristic of the product's market and production function. It is 

widely believed and documented that evolution of many competitive new products are 

fairly similar (Meade, 1984; Dino, 1985; Bewley and Fiebig, 1988; Newbold and Bos, 

1990). Nevertheless the importance of adequate marketing of a high-technology product 
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cannot be neglected (Shanklin, 1987). Marketing is a key to success and has to be 

adapted to the type of product sold. Product evolution has several phases. First, there 

is slow growth which follows the introduction into the market (introduction phase), time 

for the product to get known. Then, there is fast growth (maturity phase) while the 

product matures and becomes the top-of-the-line in the market, taking it over. Finally, 

saturation occurs when the only sales are replacement units. It is also argued that two 

more phases exist, a fall in market share when other products of better or similar 

specifications appear on the market (decline phase); and possibly even a pre-withdrawal 

phase if competing products are better and of lower cost. The first three phases are well 

modelled by a logistic function (also called S-curve because of its distinctive S-shape) as 

shown in Figure V.5, where phases are labelled, including the later two phases of decline 

just preceding withdrawal of the product from the market. 

V.2.b - Macroeconomics 

Macroeconomics is the study of the economy as a whole (see Boyes, 1988). It 

is the analysis of the factors influencing the global U.S. economy, and the commercial 

relationships between the United States and its commercial partners. Macroeconomics 

also focuses on the global economics of the world and factors influencing them. New 

technologies can have sweeping influences on the economy of the country as a whole 

(Solow, 1957; Scherer, 1984). 

This dissertation is concerned with the market aspects of a new brain SPECT 
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Figure V.S S-curve representing the first three phases following the introduction of a 
new product. The following two phases, represented in dashes, show the 
decline of the product. 
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imager, and therefore with some aspects of the health care system. Although the cost 

estimates of the new imager are typical microeconomics, some of the consequences of 

changes in U.S. and world economies can have drastic influences on the heath care 

system in the United States. For example, Romeo et al. (1984) describe how the 

development of new medical procedures can be hindered by the lack of third-party 

reimbursement. It is also conjectured that the lack of Medicare reimbursement slowed 

the development of PET (positron emission tomography) as much as the lack of FDA 

(Foods and Drugs Administration) approval for the PET radiotracers. More recently, the 

1992 presidential campaign was based largely on economic issues and specifically on 

health care plans (see Angell, 1992; Clinton, 1992; Enthoven, 1992; Reinhardt, 1992; 

Sullivan, 1992). It is very difficult to predict the effects of government policies on health 

care, and these effects will not be treated here. Although macroeconomics is likely to 

have a strong impact on the market for the high-resolution brain SPEeT imager, these 

effects are neglected and only micro economic issues are considered in this chapter. The 

main macroeconomic assumption on which the market study relies is that no major policy 

change will occur in the near future, either in third-party reimbursement or in FDA 

approval for tracers. 

V.3 - Assessment and Forecasting 

Estimating the impact of a new medical technology is a two-issue problem. The 

first issue is to clearly establish the usefulness of the technology, as described in V.3.a; 
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and the second issue, described in more detail in V.3.b, is forecasting the potential market 

and production costs. 

V.3.a - Technological and Medical Assessment 

Assessing the merits of a new medical technology is an extremely complex issue. 

This issue is described in detail in Office of Technology Assessment (OTA) reports (1982 

and 1984). One difficulty is to assess the benefit of a new procedure to a patient without 

preventing the patient from receiving adequate care (as prescribed under the current state

of-the-art) required by his condition (throughout this chapter the conventional masculine 

will be used when referring to a patient, whatever gender). The methods for assessing 

the advantages of a new technology over an old one, after it has been implemented a 

while, are described in Wortman and Saxe (1982), White (1983), and Bronzino et al. 

(1990). 

The method used cUlTently for assessment of a new medical technology or 

treatment is the following. A statistically significant number of patients having an 

identical diseases are selected. Great care is taken in avoiding patients that have 

additional symptoms that could be indicative of a different diagnosis. In case of a new 

treatment, some of the patients are treated with the new product, and the others are treated 

according to the old method, without the patient knowing which treatment he received. 

In most cases, some patients also receive a null treatment (placebo) to assess the 

psychological effects the knowledge of a new treatment could have on the patients. This 
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method of assessment always poses the ethical problem of not giving a patient the "best" 

treatment, "best" according to the existing knowledge. 

In the case of a new diagnostic technology, all patients are submitted to both the 

new and the old methods by different physicians, without physician knowledge of the 

result of the other method. A problem occurs when assessing a major change in 

technology, because training of the physicians is required and the correct interpretation 

of the results obtained with the new method is still unknown. This problem is known as 

the "gold standard" problem (what is the true diagnosis ?), and can only be solved by 

follow-up on the future of the patients. In both cases the assessment is time- and money

consuming and can delay the introduction of the new technique (another ethical problem). 

The other main question, which may be even harder to answer, is the economic 

impact of a new technology. The cost of a newly available technology is possible to 

estimate, but its impact in terms of patient care and management is almost impossible to 

predict. Attempts to predict the impact of new technologies and methods, both on patient 

management and health care costs, were made by Werner (1978), Sorkin (1984), and 

Weisbrod (1991). A global framework for medical technology benefits and assessment 

was presented by Wortman and Saxe (1982), the 1982 and 1984 OTA reports, and more 

recently by Smith and Bronzino (1993). As shown by Romeo et al. (1984), Abel-Smith 

(1985), and Weisbrod (1991), the impact of third-party reimbursement on the development 

of a new technology is appreciable. 

The difficulties described here for new, but available, technology are amplified in 
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the case described in this dissertation because the technology is not yet clinically 

available. It is beyond the scope of this dissertation to assess the medical, or even 

economic, benefits of the new high-resolution brain SPECT imager. Only the production 

costs and potential market will be studied. It will be assumed throughout this chapter that 

development in medicine and tracer technology will be simultaneous with the 

development of the brain imager, and therefore, that patient management can be improved 

drastically by the availability of high-resolution images. The scope of this dissertation 

will be strictly to study the impact of the high-resolution brain SPECT imager in the 

context of an improved medical knowledge. 

V.3.b - Basics of this Forecast 

The goal of forecasting is to predict the long term evolution of the equilibrium 

point between supply and demand. This can be done by different methods (Newbold and 

Bos, 1990). The method chosen here, because of the lack of completely reliable data, is 

a comparison with another technological break-through, the birth of MRI (magnetic 

resonance imaging) and its childhood cdses (see VA). This forecasting method, called 

the "analogy" method, relies on a comparison between an existing product started a few 

years in the past and the new product. Comparing the old product at its origin and the 

new one gives strong indications for the expected evolution of the new product as a 

parallel to the evolution of the old product, given similar circumstances. Other methods 

of forecasting require accurate data that are, unfortunately, not available for the study 

i 
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presented here (see V.1.b). Following a description of the development of MRI and 

comparisons with the current state of nuclear medicine, different likely scenarios for the 

future development of the high-resolution SPECT imager will be given; along with the 

hypotheses necessary to make the forecast (V.8). As more reliable data become available, 

more traditional forecasting methods can be used within the framework presented here. 

V.4 - Market Development of MRI and comparison with SPECT 

The only well documented example of high-technology coming of age in medical 

imaging is magnetic resonance imaging (MRI) (Luiten, 1985). Banta (1985) described 

the spreading of computed tomography (CT) into the hospital. However CT was the first 

medical tomographic imaging available, while SPECT, as well as MRI, comes into an 

already crowded market of medical imaging. Sloan (1986) described the diffusion of 

surgical technology. This was similar to SPECT and MRI as it came into an already 

existing market, but the relatively low cost of surgical instrumentation compared to 

diagnostic imaging makes any parallel impossible to justify. First, a description of the 

evolution of MRI and how MRI made the expensive transition from a laboratory 

prototype to a commercial clinical system is presented. At the same time, similarities and 

differences between MRI and the new proposed high-resolution brain SPECT imager are 

shown, providing an indication that a similar transition between the prototype and the 

commercial SPECT system can be expected. 

Although based on completely different physical principles, the developments of 
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MRI and SPECf started during the post-war era, blooming from World War IT research 

efforts in the nuclear field. The history of SPECT and Nuclear Medicine was introduced 

in 1.2. Nuclear magnetic resonance (NMR), the physical process on which MRI is based, 

was discovered simultaneously by two groups in 1945 (Bloch et at., 1946; Purcell et at., 

1946), which were later awarded the Nobel prize for the idea. NMR technology to create 

images was first introduced by Lauterbur (1973) where Cf-type acquisition and 

reconstruction methods were used, then refmed to obtain the first anatomical images in 

the late 1970s (Hinshaw et ai., 1978; Holland et ai., 1980). New imaging and 

reconstruction techniques, using two- and three-dimensional Fourier transforms emerged 

in the mid-1970s (Kumar et ai., 1975). MRI is now one of the preferred tomographic 

imaging techniques because of its outstanding in-slice spatial resolution, without the use 

of ionizing radiations (such as x-rays in cf). Nevertheless, as late as 1983, Macovski 

(1983) considered MRI to be an interesting and promising new technique, not yet 

"broadly involved in current clinical practice". 

According to Luiten (1985), only the last stages of the development of MRI were 

done mainly through industry, because of the high research costs associated with the 

development of a completely new technology. University and other govemment

sponsored researchers provided the main thrust for the early development and 

improvements of MR!. The first real industrial involvement was by EMI in England 

starting in 1979. Involvement of industry in MRI was based, as is often the case, on a 

demand-pull effect on the market. 
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As soon as the new technology is proven valuable on prototypes, the clinical 

demand for it arises. Another possible phenomenon of introduction of innovative 

products is the technology-push, where new manufactured products are force-fed into an 

existing market by business fIrms. A typical example is the x-ray image intensifier in the 

1960s (Luitten, 1S'g5). A sole technology-push is unlikely in the case of new medical 

imaging modalities because of the very high research costs involved. 

The most likely case of introduction of a new medical imaging modality is a 

combination of technology-push and demand-pull effects. First, the future product is 

studied under government funding until the first prototype, and its results, are known to 

the medical community (technology-push). Then, the demand rises when the technology 

proves its usefulness (demand-pull). At this stage, the industrial community gets into the 

game, trying to satisfy the demand. Finally, improvements made by industrial researchers 

(technology-push again) create a new market for the new product. 

Industrial involvement requires the following conditions. First, the technology 

must be close to availability, to decrease the basic research costs. Then, the market must 

be potentially large and stable enough to ensure that investment costs can be recovered, 

implying both profItability and continuity of the market. Finally, the availability of sales 

and services capabilities cannot be ignored; it is easier for a medical imaging company 

to produce a new imaging modality than for an outsider. The main thrust of the evolution 

in MRI was a technology-push attracting the medical community. Because of the 

potential market size and the previous experience with CT, where entering the market too 
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late was very costly, most medical imaging equipment manufacturers got immediately 

involved in MRI equipment manufacturing. 

A very similar situation exists with the high-resolution brain SPECT imager, where 

most of the costly basic design and optimization of the system is undertaken under federal 

funding at the University of A,-izona, starting from ideas completely novel to the field of 

nuclear medicine but common to other imaging fields (Barber et al., 1992, 1993a, 1993b). 

This is a typical technology-push effect. Even before the construction of the first 

prototype was undertaken, great interest was generated in the community from the high

resolution simulations presented by Rogulski et al. (1992, 1993a, 1993b) (described in 

Chapter IV). Once the first prototype produces clinical data the demand-pull effect 

should leave the high-resolution brain SPECT imager in a position similar to the one MRI 

was in just before industrial medical imaging equipment manufacturers started their 

research. 

The main advantages of MRI that attracted diagnostic physicians were high 

resolution and high-contrast imaging of soft tissue, which was impossible with previous 

techniques, and use of non-ionizing radiation and non-invasive technique (while CT 

sometimes requires high doses for imaging of soft tissue or injection of contrast agents). 

Comparatively, some disadvantages are present in MRI studies. First, the relatively long 

imaging times (compared to CT) cause serious artifacts due to organ motion. Second, the 

high cost of the equipment and needed maintenance (MRI equipment needs to be cooled 

at liquid nitrogen temperatures, beside traditional maintenance procedures), combined with 
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the low daily patient throughput of each machine (due to long examination times) lead 

to high examination costs. 

The high-resolution brain SPECT imager has very similar advantages and 

disadvantages. Among the advantages are the high-resolution imaging of cerebral blood 

flow, allowing better assessment of brain tumors and other brain diseases, and better 

patient care and management. Although SPECT uses radioactive isotopes, they are used 

as tracers, therefore in fairly small doses, minimizing the exposure to the patient, thus 

minimizing the risks of radiation-induced problems. The main disadvantages of the brain 

imager are identical to the disadvantages of MRI: long examination times and high initial 

equipment costs, leading to high examination costs. A clear economic advantage of the 

high-resolution brain SPECT imager proposed here over the other tracer-based high

resolution radioisotope imaging method, positron emission tomography (PET), is the low 

maintenance cost. PET requires very short-lived isotopes, which are hard and expensive 

to produce, while SPECT uses long-lived isotopes, which are comparatively cheap to 

obtain. Both MRI in the mid-1980s and the new brain SPECT imager have increased 

performance over the existing techniques. However while MRI had better performance 

but was more expensive than its direct competition (computed tomography) in the mid-

1980s; the new high-resolution SPECT system not only has better performance than its 

competition (PET), but it also has lower operation costs. Therefore, comparing the brain 

SPECT imager with MRI in its infancy (in the mid-1980s) is reasonable despite the 

differences listed above creating slightly different markets. Thus, trying to forecast the 
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market for the high-resolution brain SPECT imager, by studying the evolution of the MRI 

market, is reasonable by the "analogy" forecasting method. 

V.S - Current Market for Gamma Cameras 

All numbers provided in this chapter are for the United States only, except when 

otherwise noted. The information reported in this section was compiled from a number 

of sources. The basic information was published in the Journal of Nuclear Medicine, 

Newsline section (Rojas-Burke, 1993a). Additional data were obtained from various 

issues of Diagnostic Imaging and Applied Radiology, from personal discussions with the 

marketing and the research and development departments at most gamma-camera 

manufacturers (Digital Scintigraphic, Waltham, MA; General Electric Medical Systems, 

Milwaukee, WI; Picker International, Inc., Highland Heights, OH; Siemens Gammasonics 

Inc., Hoffman Estates, IL; Summit, Twinsburg, OH; Toshiba America Medical Systems, 

Tustin, CA), and from the National Hospital Equipment report (1990). Personal 

communications from M. Burns, Marvin Burns Consulting Co., Las Vegas, NY (Burns, 

1993) and J. Rojas-Burke, The Society of Nuclear Medicine, New York, NY (Rojas

Burke, 1993b) completed a still fairly sketchy picture. 

It is very important at this juncture to point out the differences among the various 

types of instrumentation available in Nuclear Medicine. Four types of imaging can be 

performed in Nuclear Medicine. First is traditional planar imaging, where a single Anger

type camera is used (see 1.2). Planar imaging is the main use for gamma cameras today 
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in the United States. Second is SPECT, where a rotating camera system (having one, two 

or three Anger-type cameras) is used to obtain tomographic information (see 1.2) from any 

part of the body, primarily brain and heart, or from the full body (whole-body SPECT). 

Third is dedicated SPECT, where a dedicated camera is used. A dedicated brain imager, 

due to a special geometry, can image only brains. Last is PET, where short-lived isotopes 

are used. All data provided here do not involve PET, only traditional planar imagers and 

SPECT systems. Although dedicated SPECT systems are (obviously) not as versatile as 

traditional SPECT systems, they offer the advantage of greater throughput, lowering 

examination costs. This advantage is even more prominent in multi-headed SPECT 

versus single-headed SPECT systems able to perform both planar imaging and SPECT 

imaging (Juni, 1993). 

V.5.a - Installed Base 

The installed base of gamma cameras is estimated at about 7,000 units. This 

includes single-headed cameras, primarily used for planar imaging, multi-headed cameras 

mainly used for SPECT, and a few dedicated SPECT systems. Because of the cost of 

individual systems, the trend in nuclear medicine departments was to first have a single

headed camera to do planar imaging, then after a few years, start doing some SPECT 

imaging, then buy a second single-headed camera. Upgrading old single-headed cameras 

to multi-headed SPECT systems had become a significant trend in the 1990s (Rojas

Burke, 1993a; Juni, 1993). Very few hospitals can afford to have an extra brain-dedicated 
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SPECT system Only between 10 and 100 dedicated brain imagers are currently installed, 

mainly at research institutions and for research purposes. The gamma-camera market 

seems to have reached a plateau in the installed base (saturation), probably due to cost

cutting measures in all hospitals. However the balance of the number of installed systems 

seems to be more and more in favor of SPECT systems. 

The relatively low number of dedicated brain SPECT imagers can be explained 

by the steadily decreasing number of SPECT brain procedures done over the years (from 

295,000 in 1984 to only 50,000 in 1989); while the total number of nuclear medicine 

procedures went up slowly (from 6,263,000 in 1984 to 7,133,000 in 1989) (Rojas-Burke, 

1993b). This decline can be explained by the low quality, in terms of resolution, of 

dedicated brain SPECT systems (essentially used for brain tumor detection), combined 

with the lack of tracer availability for brain imaging before 1989. Although dedicated 

brain SPECT systems have higher resolution than non-dedicated systems, their resolution 

is not sufficient for the detection of small tumors. Difficult patient management for 

patients with brain tumors is ,another explanation of the decline in number of procedures. 

If the smallest tumor detectable using nuclear medicine is bigger than the biggest tumor 

safely removable, the diagnosis is useless, and therefore not cost-effective and the 

procedure is not performed on a regular basis. 

V.5.b - Yearly Sales 

The current sales of nuclear imaging equipment are estimated at $436.4 million 
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in 1991, up from $223.7 million in 1987, and are estimated to reach $650 million by 1996 

(Rojas-Burke, 1993a). Of these amounts, multi-headed SPECT systems accounted for $34 

million in 1991 and are expected to reach $127.6 million in 1996. These numbers 

translate into about 1,100 total systems sold in 1991 and about 30 multi-headed dedicated 

SPECT systems sold in 1991. About t-500 total systems are expected to be sold in 1996, 

including about 200 dedicated SPECT systems (Burns, 1993). These predicted numbers 

seem to be confIrmed by Juni (1993), reporting that "over 100 dedicated SPECT systems" 

were sold in a twelve-month period between 1992 and 1993. The number of dedicated 

brain SPECT systems sold in 1991 was under 10. 

Yearly sales and installed base tend to indicate a trend of saturation of the market, 

at least until more money is available. The valuable information provided by SPECT 

systems seems to have convinced hospital administrators to upgrade old units whenever 

possible but without adding any new units. A SPECT system lifetime is close to seven 

years. 

V.5.c - Current Individual Equipment Prices 

Dedicated SPECT systems range in price from $450,000 to $600,000 for two- and 

three-headed multipurpose systems. Dedicated brain SPECT imagers range from 

$500,000 to $700,000 depending on manufacturers. The recent trend observed at the 40th 

Society of Nuclear Medicine Annual Meetings (1993) was towards promotion and sales 

of general purpose multi-headed cameras exclusively. 
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V.6 - Supply Side for the Semiconductor Brain Imager 

The basic needs for the "semi-raw" materials necessary to build the high-resolution 

brain SPECT imager are described here. Only the detector / acquisition and the computer 

system are considered. Everything else can be grouped together into intangibles or 

"labor" as described earlier. The basic design is the one presented in n.7 (Figure V.6). 

Data on the detector costs were obtained primarily from C. Lingren, Aurora Technologies 

Inc., San Diego, CA (Lingren, 1992), and the information on multiplexer production and 

costs was obtained mainly from S. Worley, Hughes Technology Center, Hughes Aircraft 

Co., Carlsbad, CA (Worley, 1992). 

V.6.a - The Detector / Acquisition Subsystem 

The acquisition subsystem is composed of two parts, the detector subsystem and 

the acquisition subsystem. The detector is composed of semiconductor detector crystals 

(to be chosen from Table n.l in n.6, but will likely be CdZnTe), arranged in a partial 

hemisphere around the patient's head. The acquisition subsystem is composed of silicon 

multiplexers allowing readout of every single pixel on the detector (see Barber et al., 

1992, 1993a, 1993b). This can also be described by having miniature camera modules, 

similar to those used in the current prototype (see Rowe et al., 1993), except for the size 

and the position relative to the patient. The camera modules used in the current imager 

are 100 mm on a side and are placed on a 227.5-mm-radius hemisphere, 67.5 mm behind 

the 160-mm-radius pinhole aperture. The new system will have smaller modules (10 mm 
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Figure V.6 Semiconductor-based high-resolution SPECT system. 
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to 25 mm on a side) placed much closer to the multiple-pinhole coded aperture (between 

170- and 200·mm-radius hemisphere) to take full advantage of the increased resolution. 

The coverage of the hemisphere will be around 75° (slightly higher than the current 

number and the number involved in the simulations, see I.a) in order to cover about 70% 

of the hemisphere. This leads to an area covered between 125,000 mm2 (170-mm-radius 

hemisphere) and 187,000 mm2 (200-nun-radius hemisphere). The total number of 

miniature camera modules will be between 200 and 1870 depending on module size and 

hemisphere size. The problem of assembling the miniature camera modules by the usual 

techniques of hybridization are not addressed here. Assembling is a labor-intensive task 

requiring high-technology equipment and skilled workers. Hybridization of the detector 

on its multiplexer readout will be bundled with the rest of the labor process in V.6.c. 

The main problem when dealing with semiconductor materials is the 

manufacturing yield. The multiplexer readout system will have reasonable J leld if the 

size does not exceed commonly manufactured silicon chips, around 15 mm x 15 mm. 

The quality of the semiconductor detector is also affected by the size. As defects are 

present in wafers (both for the semiconductor detector and the multiplexer readout), the 

smaller the individual chip size, the larger the yield and the better the qUality. The size 

of the module was arbitrarily chosen in this chapter to be 15 mm on a side, as a good 

compromise between yield and quantity. It is harder and more expensive to assemble 

2000 elements than 500. This still leaves between 500 and 830 modules for each system 

(each module covering 225 nun2
). 
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The cost estimate for the detector subsystem is as follows. The cost in large 

quantities (over 500 pieces) for 15 mm x 15 mm x 2 min pieces of CdZnTe is close to 

$2/mm2 in the fourth quarter of 1993 and is estimated to decrease to $1/rnm2 for large 

quantities after some technical improvements are made in the fabrication process. The 

multiplexer readout cost are between $10 and $100 for each chip, depending mainly on 

quantity. Other obvious factors influencing multiplexer prices are yield and chip design 

complexity. This makes each semiconductor miniature camera module cost between $250 

and $600, neglecting assembly and depending on quantity. 

The main material cost associated with the detector / acquisition subsystem is 

obviously the semiconductor detector material cost (about 90% of the module cost). 

Presented in V. 7 is a description of how the cost of semiconductor material could evolve 

to get a better estimate of long-term costs. 

V.6.b - The Computer Subsystem 

The difficulty in defining the computer needs is the lack of comparisons. 

Considering the size of the reconstruction problem (described in details in Chapter III for 

a smaller problem), both memory and computer power requirements are tremendous. A 

commercial system can have 1 mm spatial resolution on the detector (detector elements 

1 mm on a side, or between 125,000 and 187,000 pixels) and 1.5 mm reconstruction size 

on an object the size of a brain (brain size approximately 200 nun x 180 mm x 100 mm), 

or about 1,000,000 voxels to be estimated. This leads to a system roughly 1.5 times 



\ 
I 
I 
I 
I 
j 

207 

bigger in image space and 2.5 times bigger in object space than the simulations presented 

in Chapters ill and IV. As iterative reconstruction algorithms adjust the value at every 

voxel in each iteration, processing time is a direct function of the sizes of the object space 

and the data space. 

As the object space is 2.5 times larger and the data space is 1.5 times larger than 

the spaces considered in Chapter ill, for equivalent computer power, iterations will 

roughly take 4 times as long. The memory requirements are harder to model, because 

they are dependent on the exact architecture of the computer. Because of the enormous 

computer power needed, only parallel computers can be used. Since reconstructions 

algorithms behave very well in such architectures, there will be no penalty for using a 

parallel architecture with distributed memory (communications are minimized to one large 

file access at every iteration), as long as iterations last more than 20 sec each. The usual 

number of iterations needed is close to 100, therefore getting reconstructions will require 

35 minutes, a reasonable time between consecutive patients. In order to get one iteration 

every 20 sec, the computer has to be about 50 times more powerful than TRIMM 

(described in Chapter rn and used for the reconstructions in Chapter IV) for I-mm 

reconstructions. TRIM.M is a 200 MFlops (million floating point instructions per second) 

parallel computer, so a 10,000 MFlops = 10 GFlops machine will likely be needed. A 

current high-performance processor can deliver up to 100 MFlops, so the number of 

processors will have to be close to 100. Each processor must store a share of the object, 

the total image, and a share of the system matrix (as described in rn.4 and llL5). The 
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system matrix will be about 4 times bigger than in the simulations, but a reasonable 

estimate of the memory needed for each processor is 10 MB. Therefore the total system 

requires about 10 GFlops computer power and 1 GB memory. 

Current computer prices are close to $50/MB in memory and $50IMFlop in 

processing power. These prices are evolving very rapidly as described in the Japan 

Electronics Almanac, Dempa Publications (1989, 1992) and in the Electronic Market Data 

Book, Electronic Industries Association (1993). The price of memory is fairly easy to 

monitor and is dropping by a factor of two every three years, due to technical advances 

and competition among manufacturers. The same reasons make a similar decrease in 

price likely for computer power. If the necessary computer had to be built in 1993, it 

would probably cost over $500,000. However, when the imager is built as a prototype 

(1996 at the earliest), the price is likely to be closer to $250,000, and even less when the 

high-resolution brain SPECT imager becomes commercially available. 

It is possible to use other more efficient algorithms, or to allow more time for each 

reconstruction, making it possible to use less powerful computer in the short-term. The 

cost of the computer subsystem can then be limited, the price paid being lower 

perfonnance. 

V.6.c - Cost of Manufacturing ("Labor") 

The remaining parts of the systems are the multiple-pinhole coded aperture, the 

gantry, and the electronics needed for image acquisition. Added to this is the labor 
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required for the assembly. According to camera manufacturers about 30% of the resale 

value of systems is spent on manufacturing, gantry and electronics. Aperture, or 

collimators, and high-performance computer systems are usually sold separately from the 

global system. The new system described here will have aperture and computer bundled, 

reducing the side costs of the system. Nevertheless, the estimated costs combined for the 

aperture, the gantry, the electronics and the assembly labor are estimated to be above, but 

fairly similar to, equivalent costs on current commercial systems, or close to $200,000. 

The labor costs include the cost of hybridization of the semiconductor detector onto the 

multiplexer readout and the costs of assembly of the detector modules onto the gantry. 

These costs are not expected to change much over time, except in case of progress in 

manufacturing processes allowing automatic assembly by machines. Although the cost 

of the electronics involved can be expected to decrease at a rate similar to the prices in 

the computer industry, the cost of labor should offset the decrease. 

V.6.d - Today's Production Costs for a Prototype 

The total production costs associated with building a prototype in the fourth 

quarter of 1993 have been shown in the paragraphs above and total around $750,000, 

assuming an individual miniature camera module production cost under $600 using 

current detector prices of about $2/mm2 and a computer cost set at $110,000 (1 GB 

memory and 1.2 GFlops computer power). Setting the cost of the computer implies 

limiting the performances, or using a more efficient algorithm. Such a production cost 
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would mean a retail price close to $1,500,000. This price would be prohibitive for 

today's economic market. Building a prototype in 3 years, when the readout technology 

would be ready, would only cost under $530,000, assuming the price of the detector 

becomes close to $1/mm2 and a computer cost still set at $110,000. As the price of 

computing will be down by a factor of two in 3 years, the same cost ($110,000) can now 

buy a more powerful system (1 GB memory and 3.4 GFlops computer power). The major 

component of the production costs is now the price of the detector itself. The following 

study (V.7.c and V.7.d) will focus on predicting the evolution of the detector price. First 

(V.7.a and V.7.b), scenarios for the evolution of the market will be presented. The 

number of systems expected to be sold is a key to the evolution of the price of the 

detector. The production costs for a prototype built at the end of 1993 are summarized 

in the fIrst column in Figure V.7 at the end of this chapter. Production costs for a 

prototype built in 1997 are similar to the costs presented lacer in this chapter under the 

hypothesis of a single semiconductor manufacturer (V.7.c). 

V.7 - Forecast Hypotheses and Scenarios 

Because of the difficulties encountered in obtaining reliable economic data, the 

best way of forecasting the market of the brain imager is to examine different possible 

scenarios. All these scenarios are very likely, but they will probably happen at different 

times after the introduction of the system into the market. The evolution and 

consequences of the scenarios will be described in detail in V.8, but the main hypotheses 
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they are based on are shown here. The supply hypotheses are driven basically by the 

a..-ncunt of money the nuclear medicine department~ will be able to afford. 

Four scenarios will be shown below, two on the supply side and two on the 

demand side. Obviously, these scenarios are not independent and their relationships will 

be studied in V.8. The first two scenarios described are related to the demand in high

resolution brain SPECT imagers. The last two are related to the supply of semiconductor 

detectors, according to the attractiveness of the market. 

V.7.a - Stable Demand for Dedicated Brain Imagers 

The current demand for dedicated brain imagers is low, or even insignificant. The 

reasons for the small (or non-existent) market of dedicated brain imagers are mainly the 

following (Burns, 1993). The first reason is competition with other modalities (CT and 

MRI) for tumor detection. The second reason is the difficulty inherent in reading low 

resolution images of the very complex structure of the brain. The third reason was the 

lack of brain tracers, until the recent generalization of the use of new cerebral blood flow 

tracers (HMPAO for instance (see 1.3». The last reason is the problem of patient 

management as discussed previously. 

The third reason is not as relevant as it was in the late 1980s, since the 

introduction of HMPAO and late progresses in radiotracer research. The first and second 

problems should be addressed by the new brain imager. Obtaining millimeter-scale 

information on brain structures should make reading and interpreting images much easier, 
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and therefore more competitive with other modalities. Furthermore, SPECf provides 

physiological information on the brain function that neither MRI nor cr, which are 

mainly anatomical imaging modalities, can provide. The last reason that can impede the 

development of dedicated brain imaging is patient management. This first scenario 

assumes that there is no noticeable improvement in patient care resulting from an 

improved diagnosis. 

This lack of improvement in patient care would transform the high-resolution brain 

SPECT imager into a research tool, used mainly for the purpose of increasing the 

knowledge of the brain functions and their exact location in the brain. The new imager 

could then be an alternative to PET, depending on tracer availability, with comparable 

starting costs and lower operating costs. It is expected that such a small market would 

mean that the market share for the new system will be essentially as a replacement of 

now-obsoiete dedicated brain SPECT imagers. The expectations for annual sales are then 

around 10 to 20 units a year, basically the renewal rate of currently installed dedicated 

brain SPECT and PET systems. 

Such a small market means difficulties in recovering developmental costs for the 

camera manufacturers. It also makes huge quantity savings on detector and multiplexer 

readouts less likely. This will also mean higher prices for individual systems. 

Fortunately most of the basic development costs have been paid for under government 

funding and only small research costs will have to be recouped by the business investors. 

This is almost a worst-case scenario, or what could happen during the infancy of 
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the system, as happened for MRI (Luitten, 1985, and VA). 

V.7.b - Increased Demand for Dedicated Brain Imagers 

Assume now that the last obstacle associated with dedicated brain imaging, 

improved patient management after diagnosis, is removed. This would require that 

chemical treatment or surgery based on high-resolution SPECT images can be successful 

with acceptable costs to the community. In this case, it is likely that the new imager will 

not only replace current dedicated systems, but will also be added to the existing SPECT 

systems in nuclear medicine departments in leading hospitals. Under this scenario, typical 

of demand-pull, the demand will be fairly large once the system is mature. TIus would 

result in the installation of a few hundred cameras eacb year, until the market is saturated. 

The consequences of an increased demand are basically economies of scale in all 

the high-technology semiconductor components (detectors and readouts), which would 

translate into lower manufacturing costs and long-term plans for investment recovery. 

Finally it would mean lower retail prices for the complete systems. 

This scenario is obviously a best-case scenario, but is not much different from 

what happened with MRI after maturity of the product. 

i 
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V.7.c - Single Manufacturer for Semiconductor Modules 

As long as only one semiconductor manufacturer (or several non-competing 

manufacturers) can make detector-quality material in large quantities, the manufacturer 

is in a position of complete monopoly. Although there are two suitable semiconductor 

manufacturers in 1993, their prices are not driven by competition. The likely behaviors 

of the semiconductor producer are to either attempt to recover most research costs in the 

fIrst few years, leading to high semiconductor detector price, at the risk of lowering 

potential sales and attracting competitors to the market; or to attempt to lock the market 

by selling close to marginal cost at the beginning, expecting a much larger long-term sales 

volume and therefore higher profIts in the future by avoiding any competition. Both 

behaviors have been described in the special context of innovation by Drucker (1985) and 

Kamien and Schwartz (1978, 1982), leading to either the expected result or the opposite. 

In other words, neither choice is guaranteed to yield the expected result. A high-price 

strategy has many drawbacks. It is possible to completely destroy a market by having 

high prices and making the fInal product un affordable to potential customers. It is also 

possible to be driven out of a potentially lucrative market by competitors who have time 

to catch up after being attracted by potential high returns on investment. It may be 

possible to keep competitors out of a marke~ even with high prices, because the 

technological advantage is too diffIcult to overcome and so is the knowledge of the 

production processes (learning curve). The only real advantage of the technological 

monopolist is the technical advantage. The monopolist's behavior will then be guided by 
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the will to keep the technological edge. The major pitfall of a low-price strategy is a 

potential lack of profits leading to a shortage in research investments, and therefore a loss 

of the technological edge so important to the monopolist. A more complete and 

mathematical treatment of industrial behavior in technological competitive conditions is 

clone by Perrakis and Warskett (1986), Bhattacharya et al. (1986), and Katz and Shapiro 

(1986). Such a study is beyond the scope of this dissertation. 

Although the manufacturing of quality-grade semiconductor material is basically 

monopolistic at this time, the manufacturing processes employed are fairly simple, and 

the technological advantage consists only of know-how, or recipes, which is a fairly hard 

edge to keep. The threat of entry into the market is therefore high. It is then reasonable 

to assume that the monopolistic manufacturer will try to recoup as much of its own 

investment as possible in the shortest amount of time, because of the uncertain future of 

his own market share. This analysis still holds in the case of an oligopoly without 

competition between manufacturers. 

Semiconductor prices then will not be overly sensitive to economies of scale and 

will not drop below the $1/mm2 previously mentioned. This is a worst-case scenario once 

again. One consequence of this high-price scenario is that if the demand is strong, many 

competitors will be attracted to the market because of the high return on investment, and 

their ability to easily bridge the technological gap will be increased. A summary for the 

production costs associated to this scenario is presented in the second column in 

Figure V.? 

i 
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V.7.d - Multiple Semiconductor Manufacturers 

The semiconductor material of choice for the imaging system is CdZnTe, a mix 

of Cadmium, Zinc and Tellurium, for reasons described in ll.6 and in Barber et al. 

(l993a, 1993b). Other semiconductor materials can behave as good gamma-ray detectors 

as shown in Figure ll.24 from II.6. In this chapter it was considered that only CdZnTe 

is adequate for the high-resolution SPECT system. This assumption is clearly not true, 

but CdZnTe is the fIrst choice in semiconductor detector material and the framework of 

the analysis would be essentially the same for the other semiconductor materials listed in 

Figure II.24. If the semiconductor material chosen for the imager works only at low 

temperatures, the cost of a cooling system and its assembly will have to be taken into 

account. 

Manufacturing CdZnTe is fairly simple with low capital-equipment investment. 

It is, therefore, likely that a big market for high-resolution brain SPECT imager would 

attract multiple CdZnTe producers. In that case, the limiting factor to production and 

price would be the production of the raw materials themselves: cadmium, zinc and 

tellurium. Zinc is clearly a very common element with a huge market and low prices, 

around $1/kg for high-purity material (American Metal Market, 1988), that should not be 

influenced by the construction of hundreds of high-resolution imagers. Production of 

cadmium (Llewellyn, 1989) and tellurium is much smaller, and the extraction of the 

commercial grade metals from ores is an elaborate process for tellurium (Edelstein, 1989). 

The world production of cadmium has been stable over 1981 - 1990, between 
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16,000 and 22,000 metric tons a year (American Metal Market, 1988, and American 

Bureau of Metal Statistics, 1991). Production of cadmium is a fairly simple process. 

Cadmium is recovered mainly through the smelting of zinc. Use of cadmium is 

dominated by rechargeable batteries, explaining the large market, but also includes 

pigments, stabilizers, coating and alloys. The price of cadmium in the U.S. stayed 

between $1 and $6/lb (or $2 and $10lkg) according to Cook (1991). 

Very limited data on the tellurium market is available. It was, nevertheless, 

estimated to be between 200 and 250 metric tons in 1990 (Gardener, 1991). Production 

of tellurium is done by electrolysis of copper ores. Only 40 refmeries exist worldwide 

to produce tellurium (Gardener, 1991). Tellurium is mainly used now as an alloy in 

metallurgy, as a vulcanizing agent for rubber, and as a component for photosensitive 

materials (Gardener, 1991). The price of tellurium in the U.S. was also fairly stable 

between $30 and $40/lb (or $65 and $90lkg) according to Edelstein (1989) and Gardener 

(1991). 

In the chosen imager design, the thickness of the detector is between 2 and 3 mm. 

This thickness leads to under 500,000 mm3 of detector material on each imager. 

According to Raiskin (1990), the density of CdZnTe is about 6.23 gjcm3 (shown in 

Figure II.24 from n.6). This leads to about 3 kg of material for the whole system. As 

presented in 11.6, CdZnTe is made of 80% CdTe and 20% ZnTe. Assuming a very 

conservative 10% efficiency in the b"ansformation between cadmium, zinc and tellurium 

and CdZnTe, it can be assumed that 10 kg of each material are needed to produce 1 kg 
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of CdZnTe. This estimate leads to a price around $400/kg of CdZnTe material, or for a 

3-mm-thick slab, a price of about $0.0l/mm2 of CdZnTe detector. This price is close to 

the marginal cost in raw materials of the semiconductor detector. The marginal cost for 

the semiconductor detector itself has to include pmification of the raw materials, crystal 

growth and dicing. These operations could increase the marginal cost by a factor up to 

5, leading to a marginal cost around $0.05/mm2 for detector-grade CdZnTe. 

In the case of multiple CdZnTe manufacturers competing for the camera market, 

now a typical monopsonist market, the detector price could be driven close to the 

marginal cost, or around $0.05/mm2. This will drive the price of the miniature camera 

module close to $25/module, or the full acquisition subsystem (800 miniature modules) 

to under $25,000 and the total high-resolution SPECT brain imager under $350,000 in the 

year 2000, assuming no decrease in the gantry / electronics / labor price charge. 

This is a best-case scenario. The only worry is that the use of tellurium could 

drive the market This would be a very unlikely case because each system would require 

only about 30 kg of tellurium. Thus, construction of 60 systems a year would use only 

1 % of the world tellurium production. The situation might be different with construction 

of over 500 systems every year, depending on accessibility (and amount) of the current 

world reserves of tellurium. Once again, study of the influence of the tellurium used by 

the high-resolution brain SPECT imager on the price and world production of tellurium 

is beyond the scope of this dissertation. A summary for the production costs associated 

to this scenario is presented in the second column in Figure Y.7. 
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V.8 - Cost and Demand Adjusted Forecasts 

A summary of the scenarios leading to production costs is presented in Figure V.7. 

For each element of each subsystem, the estimated costs are listed in three columns. The 

fIrst columns presents the production costs associated to building a system in the fourth 

quarter of 1993 (as discussed in V.6.a). The second column presents the production costs 

associated to a single manufacturer (or a low-competition oligopoly) for the 

semiconductor crystal (scenario described in V.7.c). The third column presents the 

production costs associated to multiple semiconductor manufacturers in a competing 

market (scenario described in V.7.d). In all cases the cost associated to the computer 

subsystem has been set to $110,000. This cost corresponds to the desired computer power 

(1 GByte memory, 10 GFlops computer power) in the year 2000. This same cost is used 

in the other columns of the figure leading to a decrease in the available computer power. 

It is assumed that 1 GB memory will always be required for the reconstructions, leaving 

only a lower-than-optimal computer power. This small computer power can be offset by 

changes in the algorithm and increases in the reconstruction times. The computer power 

associated with each case is shown in the figure inside the cell containing the computer 

subsystem cost. A good comparison point for costs associated with the detector 

subsystem is the cost of traditional scintillator-based Anger camera. The costs are about 

$0.30/mm2
, or under $80 for a 15 mm x 15 mm module. These costs also translate into 

close to $3/pixel on the detector face, compared to as low as $0.05/pixel in the best-case 

scenario. 
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I CdZnTe $ 2/ mm2 
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Multiplexer Readout $ 100 
I Single Module $ 550 
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I Detector Subsystem $ 440,000 
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Computer Memory $ 50/ MByte 

Computer Power $ 50 / MFlop 

Computer $ 110,000 
Subsystem 1 GB, 1.2 GFlops 

Others $ 200,000 

Total $ 750,000 
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Single Manufacturer Multiple Manufacturers 
(Section V.7.c) (Section V.7.d) 

$ 1/ mm2 $ 0.05/ mm2 

$ 225 $ 12 

$ 50 $ 15 

$ 275 $ 27 

$ 220,000 $ 21,600 

$ 25 / MByte $ 10 / MByte 

$ 25/ MFlop $ 10 / MFlop 
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1 GB, 3.4 GFlops 1 GB, 10 GFlops 
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$ 530,000 $ 331,600 
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The scenarios described in V. 7 have a great deal to do with each other. It is very 

likely that as long as the camera market is only for research, there will be very few 

manufacturers interested in entering the semiconductor detector market. On the other 

hand, once the market matures, the long-term benefits of entering the semiconductor 

market will break the monopoly (or the low-competition oligopoly), therefore lowering 

considerably the production costs of the high-resolution SPECT system. 

The most likely market evolution is to have tust a combination of scenarios V.7.a 

(small market) and V.7.c (single semiconductor manufacturer) from prototype-time until 

the system is shown to significantly improve diagnosis and patient care. Until then only 

a few prototypes will be sold for research purposes only (maybe as many as 10 each 

year). Once the usefulness of the system is demonstrated, other semiconductor 

manufacturers will start producing the detector, creating competition that will significantly 

reduce the cost of the system while attracting more and more Nuclear Medicine 

departments. This will mean decreasing prices and increasing sales for a few years, until 

the research costs are absorbed and the semiconductor detector is available close to 

marginal cost. Then the price of the high-resolution brain SPECT imager will be fairly 

low and sales fairly high (a few hundred each year). 

The conclusions presented above are summarized in Figure V.8. The solid curve 

shows the evolution of the expected sales over time in number of systems sold each year 

(y-axis on the left-hand side). The dashed curve shows the evolution of the expected 
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Figure V.S Evolution in time of the market. The solid curve (scale on left) shows 
expected sales in number of systems, the dashed curve (scale on right) 
shows the system production costs. 



223 

system production cost in time (y-axis on the right-hand side). Three phases in time are 

identified, as presented in the above paragraphs. First, the case where monopoly of 

semiconductor supply, or hybrid module supply, keeps high costs and only research 

instrumentation is sold (early phase on the left side of Figure V.8). The late phase, 

shown on the right side of Figure V.8, is the case where multiple manufacturers compete 

in the semiconductor market, driving the cost of the detector close to the marginal cost. 

In between is ilie transition phase where first, the system is proven valuable, then the 

demand increases (demand-pull), followed by entry of many semiconductor makers in the 

market, lowering prices and increasing quality and output (technology-push). 
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CHAPTER VI 

VI - SUMMARY AND SUGGESTIONS FOR FUTURE RESEARCH 

Vr.l - Conclusions 

This dissertation presented what the future of brain imaging in nuclear medicine 

could hold. With the advances in semiconductor technology, it seems that the 

semiconductor camera dreamt of in the early 1970s could become reality in the very near 

future. This camera would not replace the Anger camera, but would be used as a module 

in a layout similar to the one currently used in the prototype for brain SPECT imaging. 

The main difference would be smaller modules, and more of them of course, allowing 

better coverage of the hemisphere. As the intrinsic spatial resolution of the detector will 

be considerably better than the resolution of a traditional Anger camera (submillimeter 

vs 3 mm), the cameras would be closer to the aperture. The aperture would have many 

more smaller pinholes to give a sensitivity equivalent (or even better) to the existing 

prototype. Such a design would make the whole system very compact as shown in 

Figure V.6 from Chapter V. 

Chapter IT showed how the simulated system was a logical step forward from the 

current prototype, which was itself a step forward from traditional SPECT using rotating 

Anger cameras. This chapter showed how each step in the evolution of brain imaging is 

a necessary step: from the Anger camera to the idea and implementation of modular 

cameras; to their use for brain SPECT in combination with multiple-pinhole coded 
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aperture; to how and why the modular cameras should be improved to semiconductor 

cameras. This chapter also provided an additional reason as to why high-intrinsic

resolution detectors are valuable in SPECT imaging: they could provide added sensitivity 

to a photon-starved task. 

Chapters III and IV presented a complete round of simulations undertaken on a 

custom-built parallel computer. These simulations showed not only that excellent 

resolution can be obtained in clinical nuclear medicine settings, but also that high-· 

resolution dynamic brain studies could be feasible in the future. Nevertheless, simulations 

using a unifonn object showed some artifacts, apparently due to the nai.ure of the aperture 

itself. This last result meant that multiple-pinhole coded aperture is an excellent solution 

for SPECT !Jut the design of the aperture must be carefully studied in tenns of position 

and number of pinholes. Overlap should be reduced, or at least should not be too regular. 

Chapter V was designed to estimate the economic and commercial future of a 

high-resolution brain SPECT. A framework on how to evaluate production costs and 

market was developed. Although no c!ear-cut answer could be provided, the future of the 

system should be not be in jeopardy because of high production costs, once the medical 

virtues of the system are proven and once all technical challenges still present are solved. 

Although this study was done in a fairly specific case, the framework would hold when 

studying most medical technological advances. This framework would probably not hold 

for a complete imaging breakthrough (as was CT in its inception). 

Building a high-resolution brain SPECT imager based on the principles presented 

i 
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by Rowe et al. (1993) and using the semiconductor detectors and readouts currently under 

development (presented by Barber et al., 1993a, 1993b), should not only yield a high

reconstructed-resolution system, but also an economically feasible system, once high

resolution functional studies of the brain are proven medically useful. 

VI.2 - Suggestions for Future Work 

This dissertation is of course not the end point of t..'Ie idea of a high-resolution 

semiconductor brain SPECf imager. It is actually the beginning of the road. Many 

questions regarding the feasibility have been solved, many more have been raised. High 

intrinsic detector resolution will improve the effective sensitivity of a SPECf system with 

multiple-pinhole coded apertures (Chapter II), but overlapping of projections through 

neighboring pinholes could be a problem in the context of quantitative SPECT (Chapter 

IV). What is the optimum? High reconstructed resolution for SPECf is possible 

(Chapter IV), but what are the limits? The high-resolution semiconductor brain SPECT 

imager can be built at reasonable costs, for an ever-increasing market (Chapter V), but 

this conclusion is dependent on an objective assessment of the clinical worth of the 

system in terms of patient management. 

The questions this work raised can be sorted into four major categories where 

more investigation seems to be needed. The categories are divided along the lines of 

what should be done, not along the usual topical lines. Some points will have to be 

answered before the high-resolution semiconductor brain SPECf imager can be built, 
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others deal only with pure scientific curiosity. Hopefully future researchers will answer 

most of these questions. 

VI.2.a - More Simulations 

Although the simulations presented here were fairly realistic, they were limited by 

computer power. The arrival of a new parallel computer, the successor of lRIMM, based 

on powerful Intel i860 RISC chips, with close to 8 times the memory and 8 times the 

power of TRIMM, should fmally allow the simulation of the submillimeter camera system 

and its consequences in terms of reconstructed resolution. 

Although semiconductor detectors should allow excellent discrimination between 

direct and scattered events, the influence of scatter should be modelled. Maybe some 

information can even be obtained from scattered events. Simulations should obviously 

be conducted along these lines. 

Finally, the only way to correctly simulate the photon distribution on the face of 

the camera is to use Monte Carlo simulations. Because of a faulty software random 

number generator it could not be accomplished in this dissertation, but recent progresg in 

hardware random number generation should provide the perfectly uncorrelated stream of 

random numbers necessary for a Monte Carlo simulation, and provide random numbers 

fast enough. 
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V1.2.b - Objective assessment 

Another area in which work needs to be done is in objectively assessing the 

quality of the images obtained from the simulated system. For that purpose many more 

images would have to be generated than was possible with TRIMM. The successor to 

TRIMM could be the link that was missing for objective assessment. 

Many questions wouiu !:lave to be answered at this point Among them is the 

obvious assessment of the advantage of high-resolution SPECT in the task of diagnosis. 

The other obvious task would be to assess the importance of the artifacts present for 

reconstruction of uniform objects in the case of realistic objects. Although fairly severe 

artifacts were present for uniform objects, they could not detected visually in the case of 

the Hoffman brain phantom. Is this more evidence that low-contrast, low-resolution 

structures are invisible to the human eye in presence of high-contrast, high-resolution 

structures? If this is the case, how can one use this "defect" of human vision in the 

optimization of the system? Only full scale objective assessment of the image quality, 

including psychophysical studies (using human observers) can answer these questions. 

Answers to these two questions will be critical in the optimization and design of the final 

system. 

VI.2.c - Better Economic Study 

The economic study presented here was more a framework than a complete study. 

Nevertheless, a more complete study should be done. Such a complete study should be 



229 

used to confmn the scenarios described in V.7 and validate the conclusions presented in 

V.8. Two survey studies should be done. A survey of hospitals, and their administrators, 

shc1..!ld be done to find the exact market share a high-resolution dedicated brain SPECT 

imager would have. This survey should also include brain specialists and surgeons to 

allow a better assessment of the medical and economic consequences of high resolution 

in brain studies in terms of patient management. The other survey that should be done 

is a survey of semiconductor manufacturers to determine their potential behavior in the 

case of the emerging market of a new semiconductor material, and whether they already 

produce it or not. 

VI.2.d - Build a Prototype 

Finally, a prototype should obviously be built, not only to assess the performance 

and worthiness to the medical community, but also to eventually find what the real costs 

are to produce the system, in terms of gantry, electronics, aperture, labor, and so on. 
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