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DISCLAIMER

This report was prepared as an account of work sponsored by an agency or the United Stales
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of
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SPECT IN CLINICAL PRACTICE

Introduction

William D. Kaplan, M.D.

It has been five years since the last in-depth American

College of Nuclear Physicians/Society of Nuclear Medicine

Symposium on the subject of single photon emission computed

tomography (SPECT) was held. At that time, SPECT was just

emerging as a clinical modality, commercial instrumentation was

in the developmental stages, routine clinical applications were

limited to one or two organ systems, and diagnostic experience

were limited to mainly academic centers.

Based upon the results of annual surveys conducted at the

31st and 32nd (1984, 1985) Annual Meeting of the Society of Nuclear

Medicine where this subject was nominated as the single most desired

topic we have selected SPECT imaging as the basis for this year's

program.
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Fran our survey, the most commonly asked question from

clinicians initiating SPECT imaging in their clinical laboratories

were:

(1) What unique information is available fran SPECT studies?

(2) How can I best integrate SPECT studies into my clinical case
load?

(3) What commercial equipment is currently available?

(4) What are the technical pitfalls in SPECT acquisition?

The objectives of this symposium, therefore, are to survey

the progress of SPECT clinical applications that have taken place

over the last five years and to provide practical and timely guide-

lines to users of SPECT so that this exciting imaging modality can

be fully integrated into the evaluation of pathologic processes.

We have divided the program into two broad areas with the

first half devoted to a consideration of technical factors important

in SPECT acquisition and the second half devoted to those organ

systems about which sufficient clinical SPEC! imaging data are avail-

able.
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With respect to the technical aspect of the program we

have selected the key areas which demand awareness and .Attention

in order to make SPECT operational in clinical practice. These

include selection of equipment, details of uniformity correction,

utilization of phantoms for equipment acceptance and quality

assurance, the major aspect of algorithms, an understanding of

filtered back projection and appropriate choice of filters and an

awareness of the most conmonly generated artifacts and how to

recognize them. Sufficient time has been allowed for question and

answer periods so that markers of the audience can address specific

problem areas.

With respect to the acquisition and interpretation of organ

images, the faculty will present information on the major aspects

of hepatic, brain, cardiac, skeletal, and iirmunologic imaging tech-

niques. During each of the presentations, special emphasis will be

placed upon currently available radionuclides and every effort will

be made to underscore the practical, clinically relevant, and current-

ly achievable techniques of organ imaging.
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After attending this symposium, participants should be able

to l is t the key iactors related to quality control, outline the

major differences among currently available instrumentation, and

understand the basic concepts related to computer functions associ-

ated with algorithms and filtered back projection which are key in

the generation of SPECT images. Additionally, attendees should be

able to list the major clinical appl' nations of SPECT as they relate

to each of the organ systems presented, and understand how SPECT

generated data can be integrated into other non-radionuclide

radiologic test results to aid in the diagnostic evaluation of the

patient.
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SPECT IN CLINICAL PRACTICE

SPECT Imaging: Hew It Fits Clinically

Robert E. Henkin, M.D.

As SPECT applications continue to grow, the question is no longer

whether or not SPECT has a place in clinical Nuclear Medicine but

rather what its place is. As we see more and more applications

being reported, we will have to try to evaluate those and decide

which applications are most beneficial in the clinical situation for

the relatively limited number of these devices available in most

departments.

We will briefly describe a number of the major applications of

current SPECT imaging.1

CARDIAC

Without doubt, the major application for SPECT at the present time

in most clinical laboratories, is the evaluation of thallium

images. The advantages of the SPECT system over the previously

available collimator system result primarily from the improved Z-

axis resolution available to the SPECT user. Defects are generally

not propagated heavily between the planes as occurs in the

colliraator systems.
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Let us presume that SPECT imaging of the myocardium is indeed useful

as has been suggested by Tamaki .

A number of laboratories h-v:, abind.-n-i r :-3 rou. \^- p^dnar clinical

imaging in favor of SFECT only imaging. Our own laboratory has not

done this since we have been able to accumulate a number of cases in

which the SPECT image is the only correct data and others in which

the planar image is the only correct data. We have, therefore,

maintained a somewhat limited planar study while including the SPECT

study as well.

Many systems are beginning to employ quantitative or

semi-quantitative systems to evaluate the SPECT data. Several of

these have been evaluated in our own laboratory. At this point, the

level of sophistication of the quantitative system has not attained

a dramatic enough or accurate enought status that permits the

quantitative system to be relied on blindly. The creation of normal

data pools for these studies is at best difficult. Normal data

pools are not readily transferred from one institution to another.

In addition, the protocols for acquisition for these automated

analysis routines are so demanding that deviation from the protocol

in any sense may invalidate the automated analysis.
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Pyrophosphate imaging is also an area that has offered some

potential yield in SPECT imaging although it is limited by the

ability to transport the patients to the Nuclear Medicine

Department.

Cardiac blood pool imaging, however, is beginning to show

considerable promise. Several investigators have described

techniques for doing single photon emission computed tomography of

the cardiac blood pool using commercially available gamma cameras

and computers. Some have been able to determine left ventricular

volumes from this data. The correlation betveen cardiac

catheterization and the radionuclide imaging has been quite good at

approximately .85. Tomographic wall motion data has ageed well with

2 3
that obtained at cardiac catheterization ' .

As yet, no commercial manufacturer has come forth with a package

that does reliable volume determinations although several are in

development.

Central Nervous' System Imaging

This represents perhaps the most immediate application for SPECT in

which there is essentially no competitive technology or planar

imaging. Both the labeled amines and the technetium labeled brain

perfusion agents, require SPECT imaging for adequate evaluation.

-8-



The major application to date, has been in studying cerebral

vascular disease ' . There is exciting evidence that the

compounds may also be useful in localizing foci in epileptic

patients . The difficulty with the amine studies to date revolve

primarly about the label with Iodine-123 and the availability of a

suitable 1-123 for labeling. More recently, there have been agents

reported, and in use in Europe, that are technetium labeled. This

may open a wider field of cerebral perfusion imaging to all

hospitals with SPECT units.

Various analysis packages have been described for cerebral perfusion

imaging. As yet, no standard agreement has been arrived at although

these packages will be necessary as we get into more sophisticated

stages of SPECT cerebral vascular imaging.

QNB, a compound designed to image muscarinic acetyl choline

receptors is currently under evaluation at a limited number of

sites, is a receptor pharmaceutical for brain imaging. This may

prcve the prototype of other compounds to come.

Liver Imaging

Data from our own laboratory as well as others, have indicated that

liver imaging with SPECT is consideraly improved over standard

planar liver imaging .
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One of the advantages of the SPECT system with regard to liver

imaging is the ability to quantitate the size of defects identified

within the liver and spleen as well as to quantitate the absolute

size of the liver and spleen themselves.

Changes as small as 10% in the volume of the liver spleen or liver

lesion, may be accurately measured by a experimental system

developed in our own laboratory.

As compared with transmission computed tomography and x-ray, there

is no statistically significant difference between the lesion

detection on either the SPECT study or on the TCT study.

Bone Imaging

A rapidly growing application for SPECT imaging is bone studies.

There is clear evidence that SPECT has applications in detecting

spinal malformations and subtle lesions in the spine, hips and knees

7 8that exceed the standard bone scan .

Gallium Imaging

Certainly, anything that can be done to improve the quality of

gallium scans is worthwhile. Although gallium acquisition time is

quite long in SPECT study, and several technical issues are not
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completely resolved with regard to gallium imaging, we have noted a

significant ability of the gallium scan to identify lesions that are

not seen even on many tomographic studies from the Anger tomographic

scanner. At the moment, we do not use SPECT as a primary tool for

gallium imaging, but rather to investigate those areas that are

either of special interest or equivocal on the survey study. It is,

however, clearly evident that medistinal lesions, adrenal lesions

and other interabdominal processes are better delineated on the

SPECT study than on a standard tomographic study. Since the

standard tomographic study is already acknowledged to be superior to

the plain gamma camera study, this should represent a significant

approvement over plain gamma camera studies.

Lung Imaging

Experimental studies have indicated that tomographic data can be

obtained on ventilation and perfusion both using 81m krypton and 99m
q

technetium aerosol . Other studies using 99m technetium MAA and

xenon-133 have reportedly reduced the number of false-positive or

, , 10
equivocal lung scans
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Summary

In summary, there are a number of studies that are available to the

clinician at the present time, that he can justify employing SPECT

as an adjunct to. It encompasses almost every area of Clinical

Nuclear Medicine. Certainly, the areas that show the best promise

at the moment for both quantitative and diagnostic improvement,

remain the cardiac areas, bone scanning and liver. The central

nervous system is in evolution and ovsr the slightly longer term,

should show tremendous clinical yield using SPECT techniques with

some of the newer Pharmaceuticals. However, even six or more years

after the clinical introduction of SPECT technology, new

applications are being reported relatively frequently. It is

anticipated that there is no organ system that will not be amendable

to SPECT study and the potential quantification that such a

technique possess.
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SPECT IN CLINICAL PRACTICE

Review of Current Instrumentation

Robert T. Anger, M.S.

Tomographic imaging has been a part o-f nuclear meclirine from

the very beginning.. Although not usually thought o-f as a

tomographic imaging device, the rectilinear scanner

technically produced longitudinal "toiftograms" using a

•focused callimator to blur data -from above and below the

geometrically de-fined "depth of -focus". Kuhl and Edwards

(1963) "image separation radioisotope scanning", however,

-formally established the concept o-f single photon emission

tomography in Nuclear Medicine. Development continued on

dedicated multi-detector focused callimator transverse

section systems, primarily for brain imaging, but the

introduction and rapid development of the gamma camera in

Nuclear Medicine and the CT scanner in Radiology kept these

dedicated systems from having much impact in clinical

nuclear medicine. The reconstruction algorithms developed

for :•;—ray transmission tomography, however, provided a basis

far further innovations in emission tomography. Software was

developed for existing nuclear medicine computer systems

that enabled short—axis tomograms of the heart to be

obtained with standard gamma cameras using special

collimation. Although these limited-angle approaches were

not widely applied, the concept of single photon emission

computed tomography (SPECT) was accepted as a reality and

the central role of the gamma camera, was established. After

it was shown that transverse section imaging with full (360
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degree) angular sampling was possible with the gamma camera,

-first by rotating the patient in -front o-f the gamma camera

detector and then by rotating the gamma camera detector

around the patient, the way was paved -for the introduction

of the -first commerci <=>11 y available gamma camera SPECT

gantry in 1979, This presentation will review the

devel apinents in rotating gamma camera-based SPECT systems

that have occurred since that date.

For descriptive purposes, rotating gamma camera SPECT system

hardware consists o-f the gamma camera and gantry, the

computer, and the camera/computer interface. The computer

must, of course, have the software necessary to acquire,

process and display the tomographic images. Complete systems

can be purchased from a single manufacturer (a necessity in

the case of those "digital gamma cameras" using an

integrated gamma a^mera detector and digital computer), or a

gamma camera/gantry from one manufacturer can be interfaced

to a computer system from a different manufacturer. The

latter approach offers more flexibility but may lead to

camera/computer interface problems. A functional interface

may still not support the full capabilities of either the

gantry or the computer, and service problems not obviously

attributable to either camera or computer can prove

trou.bl esume.

A state-of-the-art gamma earner* is an essential component of

the SPECT system. While the basic elements of the Anger

-17-



scintillation camera have not changed, there have been some

improvements in design and performance characteristics

particularly pertinent to SPECT:

Energy/Iinearity correction

Better scatter rejection

Autotuning

Higher count rate capability

Rectangular detectors

When comparing performance characteristics of gamma cameras,

reference should be made to the NEMA "Standards for

Performance Measurements of Scintillation Cameras"

(1980,1936). The NEMA standards provide a uniform criterion

for the measurement and reporting of scintillation camera

performance parameters by which a manufacturer may specify

his device, and, when doing so, reference the NEMA standards

publication. By means of the NEMA standard, one can make

meaningful 1ntercomparisons of performance specifications

for cameras from different manufacturers and on different

models of cameras. Compliance with the NEMA standard is

voluntary, but should be considered mandatory. The 19S6 NEMA

Standards do include some modified definitions and some

additional performance parameters. The field—of—view

definitions have been modified to accommodate non-circular

detectors and the observed (rather than input) count rate at

which a 20'/. count loss occurs will now be reported as both

an intrinsic and a system (with scr^t^r) parameter. Also,

-18-



the 1936 Standards contain three new parameters specifically

addressing the performance of the gamma camera as part of a

SPECT system:

Angular variation of flood field uniformity and

sensiti vi ty

Angular variation of spatial position

Reconstructed system spatial resolution

A guide to gamma earnera/SPECT system comparisons can also be

found in the ECRI/McGraw-Hi11 Nuclear Medicine Product

Comparison System (1985). Although updating is required by

reference to current performance specification sheets from

individual manufacturers, comparisons ^re available for

cameras, computers, and SPECT gantries. Reference is made

where appropriate to applicable NEMA performance standards,

but data is also provided with regard to mechanical and

physical characteristics, such as size, weight, power

requirements, heat loads, etc. A complete SPECT system

requires a significant space commitment and required

environmental characteristics are more rigorous than for the

gamm.j camera alone.

A comparison of current model gamma camera performance

characteristics would show relatively minor differences.

SPECT system characteristics are much more variable due to

differences in gantry design and the available computer

hardware and software. Several different gantry designs are

now available, some accommodating more than one detector.
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The size, shape and shielding of the detectors Are being

modified to improve SPECT performance. New types o-F

collimators arB being considered. A minimum computer

hardware con-figuration will provide minimum (and probably

unsatisfactory) performance. The computer software must meet

certain minimum performance characteristics and should offer

at least the hope of continuing and easily incorporated

updates. F'atient contour tracking has been shown to improve

system spatial resolution and contrast resolution, but this

involves gantry and software requirements that may not be

available for a particular 3PECT system configuration.

User-friendly software is an overworked term, but SPECT

software should include apppropriate quality control

procedures and offer the operator sufficient flexibility in

filter design and selection, and in the display and

manipulation of the tomographic images.

Gamma earnera/SPECT systems are particularly attractive

because the gamma camera is not necessarily dedicated to the

performance of SPECT procedures. One must be aware,

however, of the time constraints associated with SPECT

procedures, which will depend in part on the sophistication

of the hardware/software configuration. Each potential

SPECT user must determine his minimum requirements for a

SPECT system and then make sure that he has the opportunity

to evaluate any commercially offered configuration to insure

that the promises of the sales representative translate into

actual system performance.

-20-



Recently published books by Croft (1986) and English and

Brown (1986) provide thorough, straight-forward discussions

o-f state-o-f-the-art SPECT technology. Cro-ft in particular

provides excellent chapters on instrumentation and computer

hardware and so-Ftware considerations.
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SPECT IN CLINICAL PRACTICE

Understanding Algorithms

Bernard E. Cppenheim, M.D..

The reconstruction problem is to reconstruct a two-dimensional object
from a set of one-dimensional projections of that object. Nowadays the
problem is almost always solved by using the method of filtered
backprojection, in which the projections are modified in some mysterious
manner and then backprojected across the image plane, yielding a reasonable
likeness of the object. The purpose of this paper is to provide an intuitive
basis for understanding how and why this method works, based on the concept
of the Fourier transform.

Fourier Transform. A projection can be represented by a one-dimensional
function f(x), representing the magnitude of the projection corresponding to
each point x along the projection line. Any such function can be decomposed
into a very large number of cosine wavess each wave having a specific
wavelength, amplitude, and phase shift (shift along the projection line.)
Each wave can be represented in one-dimensional frequency space (amplitude
vs. frequency) by a single point, where the frequency is the reciprocal of
the wavelength for that wave. (The amplitude is actually apportioned between
a sine wave and a cosine wave of the same frequency, in order to represent
the phase shift.) The plots for all the waves form the continuous function
F(o) in frequency space, where F(«) is the amplitude of the cosine wave
having wavelength 1/cj. We call F(«} the Fourier transform of f(x).

In a similar manner, an image can be represented by a two-dimensional
function f(x,y) which describes the brightness at each point (x,y) in the
image. The function f(x,y) can be decomposed in cosine plane waves, each
having a specific wavelength, amplitude, phase shift, and direction in the
plane. Each plane wave can be represented by a point in two-dimensional
frequency space, and together these points form the continuous function
F(w,9) in two-dimensional frequency space, where F(«,9) is the amplitude of
the cosine plane wave in the direction 9, having wavelength l/o. We call
F(«,9) the two-dimensional Fourier transform of f(x,y).

A smooth object is composed mostly of cosine waves with long wavelengths.
These cosine waves have low frequencies, so that the frequency space
representation of a smooth object (i.e., its Fourier transform) has non-zero
values only in the region close to the origin. An object with prominent
sharp structures will be composed of short and intermediate wavelength as
well as long wavelength cosine waves. Since these waves will have high,
intermediate, and low frequencies, the frequency space representation of the
object will have non-zero values extending rather far from the origin.

-23-



Reconstruction by simple backprojection. Backprojection is the process
of distr ibut ing a projection back across the plane to be reconstructed. I t
is employed by nearly a l l reconstruction methods. I f th is is the sole
technique employed, then we have a crude form of reconstruction which is
called simple backprojection. The image obtained by simple backprojection is
badly blurred; its low frequency cosine wave components have large
amplitudes, while i t s high frequency wave components have small amplitudes.
The amplitude of the frequency space representation of the image fa l l s
rapidly with increasing distance from the or ig in . Now i f one compares the
frequency space representations of the original object and the image formed
by simple backprojection, one finds that simple backprojection suppresses the
amplitudes of the cosine waves in proportion to their frequencies (1). This
provides the basis for the f i l te red backprojection method.

Reconstruction by f i l t e red backprojection. This method can be
implemented in various ways. The most straightforward conceptually is the
two-dimensional frequency space approach. One f i r s t reconstructs an image by
simple backprojection, then generates the Fourier transform of that image.
Since the amplitude of the image at each frequency has been suppressed in
proportion to the frequency value, one corrects for this ef fect by
multiplying each of the amplitudes by i t s frequency |<i>|, boosting the high
frequency components and suppressing the low ones. Here the term |o>J is the
two-dimensional form of the well-known ramp f i l t e r . The result ing f i l te red
image in frequency space is converted to a real space image via the inverse
Fourier transform.

A more popular approach that is computationally more e f f i c ien t involves
f i l t e r i ng of the individual projections before backprojection. One performs
a Fourier transform on each projection, mult ipl ies the result ing frequency
space function by the one-dimensional ramp \c*\ , then inverse Fourier
transforms the result to obtain the f i l t e red projection in real space. The
f i l te red projections are then backprojected to obtain the reconstructed
image.

One can completely avoid Fourier transforms by performing the f i l t e r i ng
of the individual projections in real space by means of convolution. Space
does not permit an explanation of this approach. Suffice i t to say that
while th is was a very popular method in previous years, i t is slower and less
f lex ib le than f i l t e r ing in frequency space. I ts chief advantage is a very
compact algorithm (2).

In theory, f i l te red backprojection w i l l produce perfect reconstructions
i f one is given an i n f i n i t e number of continuous noise-free projections. In
rea l i ty , one has a rather l imited number of projections avai lable, each
consisting of discretely sampled values rather than being continuous, and
each of these values being subject to random noise. The noise problem is
handled by modifications of the f i l t e r which w i l l not be addressed here, nor
wi l l other problems in reconstruction (attenuation, detector non-uniformity,
scatter, varying resolution). We conclude with a discussion of the effect of
sampling.
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Sampling. Sampling implies representing a continuous object by
measurements taken at fixed intervals. This does not necessarily result in a
loss of information, provided that the object is sufficiently "smooth", with
no significant frequency components beyond some cutoff frequency Co..
Sampling a function in real space is equivalent to replicating the function
in frequency space, a phenomenon known as "aliasing." The closer the
samples, the further the separation of the frequency space replicates. If
the sampling is performed at intervals no larger than 1/2OL then the
replicates will not overlap and all the information will be preserved.

The backprojection step of reconstruction requires continuous
projections, so one must undo the sampling by means of interpolation, whereby
the value between the sampling points is computed from the values of the
sample points. The preferred method of interpolation is usually felt to be
linear interpolation between the sampled values. Such interpolation
eliminates the aliasing in frequency space at a cost of slight suppression of
the higher frequencies. Nearest neighbor interpolation, in which one always
uses the value of the closest sampling point, is computationally faster but
can actually increase noise by enhancing some of the higher frequencies (3).

1. Budinger TF, Gullberg GT: Three-dimensional reconstruction in nuclear
medicine emission imaging. IEEE Trans Nucl Sci NS-21:2, 1974.

2. Shepp LA, Logan BF: The Fourier reconstruction of a head section. IEEE
Trans Nucl Sci NS-21:21, 1974.

3. Oppenheim BE, Appledorn CR: ART vs. convolution algorithms for ECT, in
Deconinck F (ed): Information Processing in Medical Imaging. Boston,
Martinus Nijhoff, 1984, pp 169-184.

-25-



N O T E S

-26-



SPECT IN CLINICAL PRACTICE

Looking at Things a Different Way: Filtering and Backprojection

Ernest V. Garcia, James R. Gait and H. Lee Hise

INTRODUCTION. Filtering is used extensively on Nuclear Medicine

images to reduce statistical noise, enhance edges for edge

detection, and in the reconstruction of tomographic images.

Filtering can be performed in either the spatial domain or in

frequency space (1). While many articles deal with operations in

the spatial domain (1), the purpose of this presentation i« to help

develop intuition as to how to use frequency space without

understanding complicated mathematical formulas. By exercising this

intuition, one should be able to select filters for given

applications, determine proper cutoff frequencies, and even design

filters to meet the requirements of new applications.

FREQUENCY SPACE. Frequency domain methods of image enhancement deal

with the spatial frequencies (cycles/centimeter or cycles/pixel)

which make up the image. An image can be decomposed into a summation

of different spatial frequencies. Spatial frequencies relate to the

rapidity of change in intensity (counts) with distance. The high

frequency components define edges, areas where there is a rapid

change in intensity from bright to dark. Regions in an image where

the changes are more gradual are primarily due to the lower

frequency components. An example of such a region is the central

area of the lobe of the liver from a high-count liver scan. While

the concept of frequency space may appear difficult to grasp at

first, when intuition is developed the principles can be more

straightforward to apply than those used in the spatial domain (2).

In order to convert an image into its frequency components it

is necessary to use an image transform, such as a Fourier transform,

to transfer the image into frequency space. The Fourier transform
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yields the frequencies that are present in the image and the

amplitude of each frequency. An inverse Fourier transform transfers

the image back into the spatial domain which is the conventional

format for representing images. The method used by the computer

(often with the aid of an array processor) to implement the Fourier

transform is called a Fast Fourier transform (FFT). The FFT is a

computer algorithm which has been optimized for speed.

FILTERING. Filtering in frequency space is accomplished by

removing, or altering the magnitude of selected frequency

components. Each specific frequency is multiplied by a factor

assigned by the filter. If a particular frequency needs to be

totally suppressed, the factor assigned to that frequency is set to

zero. Filters that place emphasis on the low frequency components

while reducing the high frequency components are called low-pass

filters. If the opposite effect is desired, a high-pass filter is

applied which reduces the low frequencies. A band-pass filter

reduces both low and high frequencies allowing only a band of

frequencies in between to remain.

The highest possible frequency which may be faithfully

displayed (0.5 cycles/pixel) is called the Nyquist frequency. If

the source image has more variations than the Nyquist frequency it

will not be faithfully reproduced, and some information will be

lost. This loss of information is called aliasing. A common

example of aliasing is the way the spokes of wagon wheels in old

westerns on television appear to rotate backwards while the wagon is

going forwards. This occurs because the sampling rate of video

(around 30 frames per second) is not fast enough to show a true

representation of the wheel going forward. The positions of spokes

of the wheels change more rapiuly than the sampling rate. In the

same way, if the image source has changes in intensity over a

distance shorter than two pixels (at a higher frequency than the

Nyquist frequency) the result will be an image that does not
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accurately reflect the radioactive source distribution.

HANN FILTER. A common filter used in Nuclear Medicine image

processing is the Hann filter. This low-pass filter is usually

called a Hanning filter in the Nuclear Medicine field. The filter

has a magnitude of one at the lowest frequencies and decreases to

zero at a frequency known as the cutoff frequency. A Hann filter

with a cutoff frequency of 0.5 cycles/pixel removes this and higher

frequency components from the image. When this filter multiplies

the same input image spectrum it can be seen that the 0.5

cycles/pixel frequency of the input image have been removed in both

the filtered spectrum and image. The amplitude of the frequencies

lower than .5 is reduced by the product of the filter value at those

frequencies and objects related to these frequencies do not have as

much contrast in the output image as in the input image.

POISSON NOISE. One of the primary reasons for applying low-pass

(smooching) filters is to reduce the high-frequency random noise

associated with Poisson noise (statistical count fluctuations). The

Hann filter appears to be better suited for studies where higher

statistical accuracy is needed at the expense of a loss in spatial

resolution.

BUTTERWORTH FILTER. Another low-pass filter is the Butterworth

filter. Two parameters are needed to define the Butterworth filter,

the cutoff frequency and the order of the filter. The order of the

filter is related to how fast the filter is cut off, the higher the

order the sharper the cutoff. The Butterworth filter may be applied

using a sharper cutoff than the Hann filter, retaining contrast at

higher frequencies while still eliminating the Poisson noise.

DEFINITION AMBIGUITIES. Before going on to clinical applications of

filtering, a word of caution should be introduced about the

terminology used by the Nuclear Medicine industry in describing
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filters. While some manufacturers define the cutoff frequency at

the point where a filter value drops to zero, others define the

cutoff frequency as the point where the filter magnitude drops below

a given value. The meaning of the term cutoff frequency may also

differ for different kinds of filters (even by the same

manufacturer). It is also important to define the units being used

when speaking of frequencies. Frequencies may be defined as

cycles/pixel, cycles/centimeter, or in any number of other units.

Unless it is clear which units are being used, and how the cutoff

frequency is defined, inappropriate values may be used to define

filters, resulting in improper filtering.

TOMOGRAPHY. The basic process for reconstructing tomographic images

has been presented elsewhere (3). Tomographic projections are

nothing more than a series of planar images taken at different

angles around the patient. These images are then backprojected into

transaxial images. The transaxial images can then be re-oriented to

produce sagittal, coronal or oblique angle images. As with planar

images, tomographic projection data includes a certain amount of

noise. This noise, however, is amplified in the backprojection

technique and causes the resultant transaxial information to appear

different from the radioactive distribution being studied (1).

More specifically, the goal of tomographic reconstruction is to

provide a blur-corrected transaxial tomogram from processed planar

projections. The solution to this problem in frequency space

involves the application of a Ramp filter to the frequency

components of each projection. Once filtered, each projection is

transformed back into the conventional spatial domain and then

back-projected to form the blur-corrected transaxial tomograms,

The Ramp filter is a high-pass filter. Previously it was

explained that high-pass filters enchance the edges of the
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radioactive distribution in the image. Intuitively, the

reconstruction process known as filtered backprojection may be

thought of as first extracting the edges of a three dimensional

radioactive source from different angles and second backprojecting

the edges from the different angles to generate the count

distribution in a transaxial tomogram. The Ramp filter, being a

high pass filter that linearly enhances higher frequencies, yields

the highest resolution possible in a reconstruction but also

propagates the high frequency noise associated with low count

statistics. This propagation of noise often results in clinically

uninterpretable images.

Modification to the Ramp filter must be made to compensate for

the undesirable noise. This is done by combining the Ramp

characteristics with those of a low pass filter or window. Hanning

and Butterworth filters are two commonly used windows that can be

multiplied by a Ramp filter to yield different degrees of trade-off

between reduction of statistical noise versus degradation of spatial

and contrast resolution.

Noise can be removed from the final tomograms either by

applying the filters to the planar projections prior to

backprojection (filtered backprojection) or afterwards by filtering

the transaxial slices (post-processing filtering), Whether to

filter before or after back projection, remains debatable. It may

be argued that filtering prior to back projection is more desirable

for two reasons. First it reduces the propagation of noise at an

earlier stage in the image formation process and second it promotes

the implementation of a filter symmetric in three-dimensions (same

resolution in the X, Y and Z directions) . Proponents of

post-processing would argue that the same results could be obtained

by the careful selection of filters applied to the transaxial

tomograms.

One of the more interesting properties of frequency filtering
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is that once a frequency has been removed from an image by a filter,

further processing will not bring that frequency back to the image.
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SPBCT IN CLINICAL PRACTICE

Effects of Attenuation in SPECT

Stephen C. Moore, Ph.D.

The general goal of any SPECT imaging procedure is to obtain
cross sectional image(s) of the intensity distribution of a given
radionuclide in a given organ. These images are usually
reconstructed from a complete set of projection images, each acquired
dL a ditferent angle, by using a standard reconstruction algorithm,
such as filtered backprojection. It is straightforward to show tnat
an "exact" analytic reconstruction can be obtained (in the limit of
infinitely fine sampling and an infinite number of counts) only if
the number of counts measured for each projection ray is directly
proportional to the line integral of the activity distribution along
the ray.

Unfortunately, there are several physical effects which violate
t-his requirement for an exact, analytic reconstruction. The effects
to be considered in this presentation are (1) attenuation of emitted
photons, and (2) scattered photons which are detected. After
emission, a gamma photon can either escape the body unattenuated, or
it can be attenuated by being scattered (one or more times) or by
being absorbed photoelectrically. The direct, unattenuated photons
and the scattered photons are both candidates for detection. To be
considered detected, they must pass through the collimator,
presumably along a "legitimate" projection ray, and then deposit an
amount of energy in the detector which falls within the energy
"window" selected by the operator.

Photons which scatter in the patient and are then detected
violate the requirement (defined above) for an exact analytic
recontruction because they are not detected along the projection ray
which traverses their original point of emanation; that is, they
"appear" to come from a different source point in the body. Photons
which are attenuated (i.e., scattered and not detected, or else
phucoelectrically absorbed in the body) cause problems because the
probability of absorption depends on the depth of the source within
the body. This leads to an ambiguity in the measurement of the
projections, which is illustrated in Figure '1 . It is easy to see
that we could obtain the same measurement along the projection ray,
P, by imaging a strong source, A, attenuated by length, dA, or by
imaging a weaker source, B, attenuated by the shorter distance, dB.
The measurement process couples the desired activity distribution to
the distribution of attenuating material in a complex manner.

FIG. 1
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Effects of Attenuation

For a narrow-beam, monoenergetic source, the total percentage of
photons transmitted through a given thickness of water absorber is
shown in Fig. 2 for 80 keV and 511 keV. The transmission is, of
course, an exponential function of absorber thickness. The
probability of transmission of 140 keV photons (which falls between
the two curves) through 10 cm of water is only ~22%. Although the
attenuation decreases for higher energy photons, it may be seen that
even 511 keV photons have less than a 4-0% chance of traversing 10 cm
of water without being scattered or absorbed. Thus attenuation is
also a problem for PET scanning; however, it may be corrected for
more easily than in SPECT because of the simultaneous detection of
two back-to-back photons.

3 10 IS 20

THICKNESS OF WATER (cm)

Shown in Fig. 3 is a SPECT image of a 20-cm-diameter
cylindrical phantom with a uniform activity concentration of Tc-99ra,
reconstructed by filtered backprojection with no attempt to correct
for attenuation.

FIG. 3

Approximate Attenuation Compensation Methods

Most commercially available rotating camera systems provide an
approximate, or "first-order" attenuation compensation procedure as
part of their image reconstruction software. Two general classes of
such methods are vl) post-correction, and (2) pre-correction
algorithms. We will describe one example of each, although other
simple methods have been proposed.
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The post-correction algorithms try to correct for the effects of
attenuation by correcting an image AFTER reconstruction using
filtered back-correction. Chang (1978) proposed that the
multiplicative correction factor applied to a given pixel in the
image should be the inverse of the average attenuation along lines
from that pixel to the patient boundary in all directions.
Mathematically,

Corr, (x,

where jJ- is the linear attenuation coefficient for the
appropriate gamma ray energy in water, M is the number of
projections, and l(x,y,9.i is the distance from the point (x,y) to the
boundary of the attenuating material along the relevant projection
-•ay at angle 0£. If the true distribution of attenuating material is
known, this correction factor can be modified by numerically
integrating the attenuation distribution along the lines l(x,y,6c).
Using this method, Jaszczak et al. (1981) reported reasonably
accurate (within 10%) reconstructions of spherical sources in a
uniform cylindrical background of a different activity concentration.
For more unusual source and attenuation distributions, however, this
method is not expected to work as well since it cannot resolve the
fundamental measurement ambiguity demonstrated in Fig. 1.

, . - P(x,e)

m-fL/2

FIG. 4-

Source Boundary \ Ab*orb«r Boundary

The most commonly used pre-correction technique, in which the
projection data are corrected for attenuation BEFORE reconstruction,
is known as the Sorenson (1974), or "hyperbolic sine" correction.
This method requires that the projections be measured over 3G0
degrees because the correction is applied to the geometric mean (the
square root of the product) of opposing projection rays. Although
this method is usually implemented with the assumption that the
source distribution fills the region of attenuating material, the
correction can be Implemented more accurately if the approximate
location, size, ana shape of a small source inside a larger
attenuating medium is known. Assume that we have a region of uniform
activity distribution within a larger absorbing medium of constant
attenuation, n.. (See Fig. 4.)
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If a measured projection ray traverses a distance L of absorber ,
along which the fractional length, fL, has a constant source
strength, C, then, the attenuated projection data, p(x,0) , is given
by: Mi-£j=

a.
where m is the mean source depth within the absorber. Its conjugate,
or opposing, projection ray will be:

Integrating these two equations and calculating the geometric mean
gives: u

Since we would have measured p(x,&) = CfL, in the absence of
attenuation i/L= 0), it is easy to see that a corrected projection,
p', can be obtained by calculating:

ITie length of each projection ray through the absorber, L, can be
calculated from an assumed or measured body contour. ' The attenuation,
jU., can be assumed equal to that of water, for example. The fractional
length of the source distribution, f, can be estimated from an initial
reconstruction without an attenuation correction. However, as already
described, most implementations of the Sorenson correction simply
assume that f = 1, which corresponds to the case of a uniform source
completely filling the region of attenuation.

More exact (and more elaborate) attenuation compensation
procedures have been investigated and described by many authors;
however they are beyond the scope of this presentation. A
description of several different algorithms -- both analytic and
iterative -- may be found in a review by Moore (1982).

FIG?, 5"
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The Need for Scatter Compensation

Shown in Fig. 5 is a reconstructed image of the same source
shown in Fig. 3, but after attenuation compensation with the
Sorenson pre-correction method. This phantom contained a uniform
concentration of Tc-99m in water. For this case, the narrow-beam
linear attenuation coefficient is 0.15 cm"'; however, the value of
the linear attenuation coefficient,^, used in the correction program
to produce the image in Fig. 5 was less than 0.15 c£( The
discrepancy can be explained by the fact that our projection
measurements do not satisfy the requirement of "narrow-beam"
geometry, i.e. the projections contain scattered photons. While it
may be possible to find an "effective" /(-which makes a uniform source
appear "flat", this technique does not really eliminate scattered
photons from the projection data. This means that there will always
be a scatter background -- usually non-uniform -- in our
reconstructed images. This background is most evident in images
which contain "cold" regions, e.g. Fig. 6a.

FIG. ASPECT images and histograms of
photon-deficient sphere (6 cm diam) placed
within water-filled cylinder (22 cm diam)
containing uniform distribution of Tc-
99m.

(Courtesy of Ronald J,

PHOTOPEAK 0.5xSCATTER
la) {b)

Jaszczak , Ph .D . , Duke U n i v e r s i t y Med. School)

P-O.5xS

For Tc-99m in water, typically 40% of all detected photons are
scattered at least once before being detected in a 20% energy window
(126-154 keV). Single- and multiple-order scattered photon energy
and spatial distributions have been described using Monte Carlo
simulation techniques by Floyd et al. (1984).
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Shown in Figure 7 are the contributions to the energy spectrum
of a line source of Tc-99m in a water-filled cylindrical phantom from
various orders of scatter. It can be appreciated from this figure
that many of the photons detected in the energy window have scattered
through large angles and carry little information about the original
source position. These photons produce long "tails" on the
reconstructed system point spread function.
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FTfare T Energy spectra with the source on-axis for the SPECT acquisition showing the total spectrum as
«ell as the separated scattered spectra. Key: Solid line, all counts; broken line, all scatter. + , 1st order:
O, 2nd order; x, 3rd order; O, 4th order.

(Courtesy of Carey E. Floyd, Jr., Ph.D., Duke University Med. School)

Although many elaborate methods of scatter compensation have
been proposed (for a nice review, see Jaszczak (1985)), two simple
approaches are (1) subtraction of a "scatter image" from a
photopeak+scatter image (Jaszczak, 1984), and (2) deconvolution of
images for the tails on the point spread function (Axelsson et al
(1984) and Floyd et al (1985)). Figure 6c demonstrates the
improvement possible when the scatter image subtraction method is
used. This method, of course, requires the simultaneous acquisition
of projection data in a lower energy scatter window.
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SPECT IN CLINICAL PRACTICE

Uniformity Requirements in SPECT

Gerd Muehllehner, Ph.D.
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SPECT IN CLINICAL PRACTICE

Clinicians Guide to Technical Artifacts

John W. Keyes, M.D.

There are a large number of artefacts which occur in SPECT images, some of
which are serious enough to render the images unreliable for diagnostic purposes
and most of which (but not all) are readily recognizable to the trained eye.

Most SPECT artefacts arise as a consequence of poor or incomplete quality
control. Unlike conventional nuclear medicine imaging, which is relatively
forgiving of minor deviations of instrument performance from optimism, SPECT
can magnify seemingly trivial problems into glaring defects in the final images.
The need for a high degree of field-flood uniformity has been stressed elsewhere.
The characteristic bull's eye artefact produced by uncorrected camera nonuni-
formities should be easily recognizable to all clinicians and technologists
performing SPECT.

Other elements of quality control including proper calibration of the
center-of-rotation and proper pixel size calibration are also of extreme impor-
tance, especially as minor errors in these parameters can seriously degrade
image quality without producing a recognizable discrete pattern. Improper
alignment of the camera head parallel to the axis of rotation likewise can
produce serious errors in the reconstructed images and yet be unrecognizable to
the exploring eye.

Several types of artefacts relate to patient positioning within the camera
gantry. The most common of these is the arm-shadow artefact produced by leaving
the patients' arras at the side of the body during liver/spleen SPECT. We have
demonstrated this to be a serious source of interpretive error. A characteris-
tic star-burst artefact can be produced from residual tracer at the injection
site if this lies at the periphery of the image field. A final problem related
to data acquisition is noisy images related to insufficient counts in the
projection data.

A final source of artefacts is improper reconstruction of the data into
tomograms. Problems include the wrong choice of filters (either too smooth or
too sharp), lack of attenuation correction and wrong choice of slice thickness
if reformatting the data into nontransaxial planes.

This presentation will show examples of all of these artefacts with empha-
sis on recognition of the artefact in the final image and correction of the
problem.
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SPBCT IN CLINICAL PRACTICE

Practical Aspects of Quality Assurance

Robert E. Henkin, M.D.

The great philosopher, Pogo, is reported to have said that he had

met the enemy and they are us. Certainly, with regard to SPECT,

this is the case.

Many individuals operating clinical SPECT units have not taken the

trouble to develop the appropriate quality assurance protocols to

verify the correct operation, positioning and reconstruction of

data. The result in many institutions is mass confusion. Artifacts

run rampant and faith is lost in the system due to misdiagnosis.

Without the availability of a quality control routine that is both

adhered to and evaluated, the generation of clinically valid SPECT

data is not possible. Below I will list some of the considerations

that need to be dealt with in developing such a system.

Detector Gantry Alignment

The mechanical misalignment of components in the Gantry system may

be expected to occur on a relatively routine basis due the heavy

weight of the object being rotated. This misalignment can often be

identified visually by looking at the following criteria:
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1. Is the imaging table centered on the axis of rotation of the

camera?

2. Are the X and Y axis aligned perpendicular and parallel

respectively to the axis of rotation?

3. Does the plane of detector remain parallel to the axis of

rotation as the detector rotates?

Computer Center of Rotation

The assumption that the center of rotation of a gamma camera using a

64 x 64 matrix with SPECT acquisition is 32, is at first incorrect

and secondly dangerous with regard to reconstruction artifacts.

Errors of one pixel in the center of rotation produce significant

artifacts in the data. Ideally, this parameter should be known to

the nearest tenth of a pixel.

There are various methos of obtaining the center of correction, no

one of which is better than the other. However, it is important to

both know where the center of rotation is and to know where it was

previously. Significant changes in the center of rotation indicate

a malfunction in the computer or the gamma camera.
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Uniformity

The majority of artifacts that we identify on SPECT studies result

from uniformity problems. The uniformity correction commonly

applied to SPECT studies results from a thirty million count flood

generated for a specific collimator. Since the majority of the

correction is correcting for collimator errors, this flood may not

be utilized with other collimators. Each collimator requires its

own flood.

The thirty million count flood should be inspected for uniformity.

It is necessary that the corrected data have a uniformity of plus or

minus one percent. However, the input data will never be quite that

good. The use of uniform sheet sources is the most convenient and

in many respects the only viable means of obtaining flood correction

data. Liquid filled sources have mechanical problems associated

with them as well as potential mixing and contamination problems.

In obtaining a solid sheet source, specifications for the source

should be plus or minus one percent across the field of view,

otherwise, it will never be possible to obtain the necessary one

percent uniformity correction.

Uniformity correction is applied to virtually all SPECT studies.

There are some cases in which this application may not be

necessary. Specifically, thallium SPECT due to the low count nature

of the study may not require uniformity correction.
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It is also necessary in these systems to determine pixel

calibration- The size of each pixel is used during the attenuation

correction process in most systems. Additionally, if the X and Y

diameters of pixels are not the same, the analog to digital

converters in the computers are undoubtedly miscalibrated.

Last, but not least, collimators themselves should be evaluated.

Obvious collimator artifacts are going to result in SPECT artifacts.

However, more subtle manufacturing errors in a collimator such as

having the septa not precisely parallel, will result in SPECT errors

as well. The easiest way to evaluate such collimators is both with

a high count flood and to compare the center of rotation of the

collimator in question to center of rotation obtained with other

collimators that are known to meet acceptance criteria.

Errors in reconstruction of clinical data are often masked by

noise. Therefore, it is recommended that one or more phantoms be

obtained and routinely evaluated on the system. Both hot and cold

spot resolution, the effects of volume averaging in the area, of a

checkerboard pattern, and other important SPSCT parameters may be

judged from these known configuration phantoms. These errors in the

operation of the system will be detected more readily than in the

clinical studies. They will also be detected before they can affect

the clinical data.
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The performance of SPECT without adequate quality assurance leads to

inaccurate patient diagnosis as well as loss in confidence of the

ability of the SPECT system to perform. Strong quality assurance

protocols must be established prior to the clinical use of all SPECT

systems. That protocol must be adhered to on a continuing basis.

For further discussions, the reader is referred to the Du Pont Guide

to Instrument Quality Control for Nuclear Medicine.

-50-



N O T E S

- 5 1 -



SPBCT IN CLINICAL PRACTICE

Technical Aspects

Summation

Bernard E. Oppenheim, M.D.
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SPECT IN CLINICAL PRACTICE

Patient Set-Up for SPECT

Barbara Y. Croft, Ph.D.

The marriage o-f an familiar instrument o-f nuclear medicine,
the Anger camera, with the much more -forbidding-looking gantry of
the x-ray CT scanner to -form the SPECT instrument is making us
look at positioning and patient examination parameters in a new
light. In this discussion, I am assuming a SPECT system in good
working order which receives regular and thoughtful quality
control.

The dilemma o-f nuclear medical imaqirg is to collect the
Greatest number o-f counts with the best resolution in a fashion
consistent with low radiation dose and patient comfort. Let us
examine each o-f these requirements and its effect on the
e:: ami nat i on .

The collection of the counts available in the most efficient
way involves the selection of camera parameters, such as the
energy window and its width and the collimator, and of computer
parameters, such as matrix size, and of SPECT motion parameters,
such as the number of angles, and the amount of time to spend at
each angle. During reconstruction, choices of slice thickness,
filter, smoothing parameters, attenuation correction, etc, will
affect the quality of the image, or fail to make the most of the
information available.

Ths best resolution of the Anger camera is at the face of
the collimator. This fact must not be lost sight of in the
excitement of seeing a camera rotate around a patient. The
methods for keeping a rotating camera close to the patient, who
is far more elliptical than round, are =everal. It is my opinion
that the best of these involve an elliptical motion, combining
vertical and horizontal motions, so that the center of the
camera s rotation is always in the center of the camera's field
of view. This may be accomplished by the camera head alone, by
the imaging table alone, or by a combination of camera and table
motions. The practical effect of this elliptical motion is to
allow the organ being imaged to be in the field of view at all
angles. This is necessary if all of the organ is to appear on
the final transa:;ial images.

Geometry for SPECT imaging requires that the camera
collimator holes be perpendicular to the axis of rotation far the
whole examination. For straiqht-hole collimators, this means
that the collimator face is parallel to the the axis of rotation.
If an angled collimator is being used, the angle should still
be such that the collimator holes are perpendicular to the axi=.
The engineering of the instrument should make assuring such
geometry a simple matter.

Nothing that interferes with this closeness or that inserts
an extra layer of scattering material should be tolerated. The
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patient's arms must not be at the sides during torso imaging.
Elaborate restraint devices must not intrude between the patient
and the camera. Clearly the same precautions about watches, belt
buckles, wigs, etc, must be observed -for SPECT as -for planar
camera imaging. Pendulous breasts should be considered;
especially beware o-f their shi-fting position during the
examination.

The requirement -for low radiation dose makes us examine once
aaain the relationship between counts, resolution, activity
injected, and radiation dose. I-f the activity injected is
doubled, keeping everything else constant, the counts will double
and the uncertainties will be multiplied by 0.707. The
activities that are used for SPECT are o-ften at the upper limit
o-f those allowed in the package insert, but each practitioner
must ascertain that this is the best choice -for each patient.

The requirement -for patient corn-fort is evident in the design
o-f the imaging table. (I think there is no longer a movement to
keep the patients on their -feet, standing on a turntable rotating
in -front o-f a stationary camera.) Because the examination will
last 20 to 40 minutes, during which time the patient must not
move, various aids to corn-fort should be experimented with: raised
knees i-f the legs don't inter-fere with the gantry motion, a towel
under the small o-f the back, something -for holding the arms out
o-f the -field o-f view -for torso imaging, prone vs. supine
positioning, sheepskin padding for unpadded tables. I-f it is
possible -for the patient to be either head in or -feet in, the
torso may be imaged with the feet in and the arms supported by a
trapeze suspended from the ceiling over the patient's head. Such
maneuvers may also lessen the chance of wrapping IV lines, etc,
around the moving gantry.

The patient should be gentlv and firmly strapped to the
imaging table and warned that even motion of parts of the body
not beinq imaged could cause the organs being imaged to move.

Because patients will still move and because we would like
to have some measure of what their motion was, I suggest the
placement of two or more sources on the patient during the
examination, These should be of such activity that they do not
dominate the images. During cine replay of the examination the
sources can be examinated for their stability. The sources can
also be used in the creation of a sinogram, which in I zs turn ,-nav
actually be used to reposition the individual images fcr mere
accurate reconstruction.

Head SPECT presents special problems for the instrument as
well as the technologist. The instrument should be desicned so
that the thickness of shielding and extra PM tubes (I call it trie
"rind") around the active surface of -he camera face is not too
thick, making possible the imaging of the head ana neck wi-n zne
camera close to the skin surface at all angles. Systems with *
"•--•jsqres 5rr-l=d czl 1 i mater :r;=er.7 a vsr: ;.::;,-, zr. -.-.in t~eue.
but do not give the best rssoiu-cion 51: ;ne ja = e of the ':r;i;i 5.- a
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in the bones o-f the neck.

Technologist's compassion -for the patient may save what
might be a bad examination. I-f the technologist will talk to the
patient, hold a hand, and engage the patient's attention, the
time will pass -faster -for both of them and there will be less
patient motion.
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SPECT IN CLINICAL PRACTICE

Current Advances in Hepatic SPECT Imaging

Ronald L. Van Heertum, M.D.

HEPATIC SPECT IMAGING

In the abdomen, SPECT imaging has primarily been used in the evaluation of

disorders of the liver and spleen. Although Technetium-99ra sulfur colloid (SC)

remains the most popular radiopharmaceutical for this examination, similar results

can be obtained with other colloids including technetium microaggregated albumin.

Imaging commences approximately 20 minutes post-injection of 4-5 mCi of Tc-99m

colloid. The patient is positioned supine on the imaging couch with the head

towards the gantry. The patient's arms are placed over the chest or behind the head

in a position clear of the liver and spleen. The liver and spleen are centered so

as to remain within the detector field of view throughout the entire acquisition and

the patient is instructed to breathe quietly. The actual acquisition technique

consists of acquiring 64-128 views at 10-20 seconds per view over a 360 degree cir-

cular rotation orbit. The images are either uniformity corrected "on the fly" or

at the completion of the procedure. At the end of the study the quality of the

acquired data is assessed using both closed-loop cine and sinogram displays. The

latter is generated from a horizontal ROI profile taken from all the projection

images at the level of the superior aspect of the liver. The cine display is also

utilized to gain additional diagnostic information, particularly as regards locali-

zation of disease.

After uniformity correction, the acquired data undergoes attenuation correction.

The projection images are then either preprocessed using two-dimensional spatial

filters or post-processed after reconstruction using three-dimensional filters.

The actual reconstruction process consists of filtered back projection with a ramp

filter (cut off frequency 10 cycles/pixel).
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The images are routinely reconstructed, displayed and interpreted in

contiguous 6-12 mm width sections of the transaxial, coronal and sagittal planes.

Oblique angle reconstructions are only used in select cases for evaluation of

2
questionable vascular or ductal structures.

The transaxial images are displayed in classic transmission CAT format.

The sections begin inferiorly at the margin of the right lobe, porta hepatis, left

lobe and spleen. The porta hepatis is the most difficult area to interpret as

there is a wide spectrum of normal variations.

The coronal sections are displayed in the same orientation as an anterior

planar image. The sections begin anteriorly in the left lobe with contiguous sec-

tions extending into porta hepatis, right lobe and the entire spleen. In addition

to the porta hepatis, other areas with potential anatomic variation include the

left lobe, gallbladder fossa, right renal fossa, hepatic vein insertion site and

right lobe.

The sagittal sections are displayed in the same format as a right lateral

planar view of the liver. The sections begin on the patient's left side with

consecutive sections through the spleen, the left hepatic lobe, the porta hepatis

and finally the right lobe. Oblique angle reconstructions are only performed in

difficult to diagnose cases as an adjunctive .means of identifying ductal and/or

vascular structures. On occasion, it is helpful to inject additional radiopharma-

ceuticals such as a hepatobiliary, blood pool, or renal agent on a concurrent basis

in order to obtain further diagnostic information.

Liver-spleen SPECT imaging has been reported to be most useful in the evaluation

of focal liver disease. A number of separate studies have demonstrated that the

SPECT technique is superior to planar liver-spleen imaging with accuracy rates in
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the range of 90-94%. ' The greater accuracy of the procedure appears primarily

to be related to improved image contrast and better spatial resolution at in-

creasing distances from the surface of the detector. The SPECT technique appears

to be most accurate when displayed and interpreted in at least three planes. The

three plane approach is particularly important in the evaluation of presence and

extent of disease, as well as in the differentiation of intra versus extra-hepatic

disease.

Hepatic SPECT imaging, also compares quite well with transmission CAT (TCT)

scanning. ' Both modalities appear to have specific strengths and weaknesses.

Q

The SPECT technique is superior to TCT in the evaluation of diffuse liver disease.

SPECT imaging is also quite useful for the assessment of both superficial defects

and deeper defects throughout the liver. Conversely, the porta hepatis is the area

that is most difficult to evaluate with this technique. Transmission CAT scanning,

on the other hand, can be very useful for the assessment of the porta hepatis and

is also helpful for the evaluation of focal disease in most of both lobes of the

liver.

Our current institutional approach is to recommend the liver-spleen SPECT

examination as the first procedure for evaluation of known or suspected focal and

diffuse space-occupying liver disease. Those SPECT cases that are equivocal or in

need of additional diagnostic information are then referred for a dynamic CAT scan.

Negative studies on the other hand, do not as a general rule undergo any further

examination.

Nuclear Medicine laboratories with limited SPECT imaging capability and a

heavy case load of conventional planar scans ne-;d to carefully triage their cases.

One useful approach is to perform an anterior planar image, of the liver in all
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cases suspected of space-occupying liver disease. If the anterior planar image is

positive, the planar examination should be continued on a planar imaging device.

Conversly, a SPECT examination without additional planar images is performed when

the anterior planar image is negative. Such an approach should result in maximum

utilization of all available imaging devices.

The current indications for performing the SPECT examination in the case of

suspected or known space-occupying liver disease include: 1) detection of disease;

2) definition of extent and location of disease, and 3) follow-up. In addition,

in cases of primary liver tumors, the examination is also useful in defining

resectability of the lesion.

HEPATIC BLOOD POOL SPECT IMAGING

Hepatic blood pool SPECT imaging is a more recent development than the above

described technique. This approach evolved as a means of further defining the

9

anatomy of the porta hepatis. In essence, the technique consists of the intra-

venous injection of 20 mCi of Tc-99m pertechnetate after pre-loading with stannous

pyrophosphate for in-vivo labeling of red blood cells. The imaging procedure

commences 5-10 minutes post-injection. During the acquisition phase, 64-128

images, at 10-20 seconds per image, are collected over a 360 degree rotation orbit,

The resultant images are routinely displayed in the coronal, sagittal and trans-

axial planes. Oblique cororuil reconstruction in a plane parallel to the spleno-

portal axis is frequently used for evaluation of the spleno-portal axis. The

indications for hepatic blood pool SPECT imaging include: 1) evaluation of the

vascularity of various types of liver tumors; 2) assessment of major vessel

patency, and 3) diagnosis of hepatic hemangioma.
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In the evaluation of primary and secondary liver tumors, a wide spectrum of

patterns ranging from increased vascularity to total absence of perfusion in

cases of tumor necrosis is observed. These perfusion patterns may be of some

importance in patients receiving chemotherapy. In particular, the technique may

be of some value in patients being contemplated for regional hepatic artery chemo-

therapy infusion, as optimum treatment response appears to be related to adequate

tumor perfusion.

Another approach for assessing the adequacy of regional hepatic artery infusion

involves the direct injection of the hepatic arte-y catheter with Tc-99m microaggre-

gated albumin or microspheres (rIAM) particles followed by performance of a SPECT

imaging study. This technique gives a very accurate assessment of the catheter tube

position as well as the distribution of perfused liver parenchyma. Valuable

information as regards tumor vascularity is also obtained with this examination.

In addition, our preliminary experience is that the hepatic blood pool SPECT

technique may be useful for evaluating the patency of the spleno-portal axis, mesen-

teric veins, inferior vena cava and the abdominal aorta. Finally, this technique

has been shewn to be of value for the detection of hepatic hemangiomata. In our

experience, this approach represents a significant advance in the ability of the

radionuclide blood pool technique to detect hepatic hemangiomata. Furthermore,

examination time is reduced to less than 30 minutes for the SIECT study as compared

12
to 3 hours for planar imaging.

FUTURE DIRECTIONS

Future improvements in hapatic SPECT imaging will primarily involve the

following areas: 1) development of new radiopharmaceuticals; 2) improved instru-

mentation, and 3) quantitation.
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In the area of new radiopharmaceutical development, radiolabeled monoclonal

antibodies appear to be promising. Early evidence suggests that SPECT imaging

technology will be very important to the effective implementation of this imaging

technique particularly in the liver as surrounding activity in normal structures

may obscure disease. This approach appears to be applicable to a variety of

diseases including a wide range of oncologic disorders. In the oncologic patient,

the technique will be useful in defining presence, extent and follow-up of

disease, and also in identifying the cases that would benefit the most from

therapeutic doses of radiolabeled monoclonal antibodies.

As a result of improving methods of attenuation correction, quantitation of

functioning hepatic volume now appears somewhat more feasible. One particularly

promising approach involves combining transmission and emission scanning techniques.

The transmission study is performed first and is subsequently utilized to more

accurately define attenuation variations throughout the liver (intrinsic method).

Such an approach should eventually result in more accurate quantitation of functioning

hepatic volume.
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SPECT IN CLINICAL PRACTICE

Qualitative and Quantitative Hepatic SPECT Imaging

Harvey A. Ziessman, M.D.

Tc-99m macroaggregated albumin (Tc-MAA) hepatic arterial

perfusion scintrigraphy has proven valuable in the clinical management

of patients receiving intraarterial chemotherapy for primary and

metastatic liver cancer (1-3). A good response to chemotherapy

requires perfusion of the entire tumor-bearing liver. Extrahepatic

perfusion can result in less drug delivered to the tumor as well as

increased gastrointestinal and systemic exposure and toxicity. Overlying

areas of intrahepatic and extrahepatic perfusion can sometimes make

interpretation of these 2 dimensional images difficult (4,5). SPECT has

the potential to depict the 3 dimensional distribution of perfusion,

separate out overlying activity and improve contrast resolution.

We reviewed 91 SPECT Tc-MAA hepatic arterial perfusion studies (6)

on patients with various cancers rnetastatic to the liver colon (68),

carcinoid (6), hepatoma (3), cholangiocarcinoma (3), pancreatic (2) and

miscellaneous (4). All patients had angiography and planar Tc-99m

Tc-SC liver-spleen scans. Twenty-six had SPECT Tc-SC studies.

The perfusiori studies were performed by slowly injecting 4-6 rnCi of

Tc-MAA in 0.5 ml saline over 1 min through the subcutaneously implanted

infusion pump sideport (Infusaid) or percutaneously placed hepatic

arterial catheter, and then flushing with saline. Conventional 1000K

count planar images were acquired in the ant, post, right and left lateral

projections. A wide field of view gamma camera with a low energy all

purpose parallel-hole collimator interfaced with a dedicated nuclear

medicine computer was used. SPECT was performed by rotating the

gamma camera about the patient's body in a 360 degree arc of 64 equally
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spaced projections for 15 sec each. Tornographtc images were

reconstructed using f i l tered back-projection and modified 05

Ramp-Hanning f i l ter Attenuation correction was performed. The

multiple-projection views were f i rst viewed in rotating cine display and

then the reconstructed transaxial, coronal and sagittal slices were

examined. The planar Tc-MAA studies were init ially interpreted

prospectively over a 4 year period. At a later date they were

reinterpreted retrospectively. The patient's Tc-SC study was always

used for comparison. All 5PECT Tc-MAA studies were then reviewed and

interpreted, if a Tc-5C 5PECT study was available, it was used for

comparison, otherwise the planar study was used. The results of this

comparison are shown below (6).

Extrahepatic abdominal perfusion (12%)

Definite Probable Possible

Planar (prospectively) 5 * 2

Pl3nar (retrospectively) 5 * 3 5

5PECT 5 * 3 3

* I false neg.

Extrahepatic perfusion was confirmed by angiography in all patients

with percutaneously placed catheters. In patients with surgically placed

catheters, extrahepatic perfusion was seen again on at least 1 followup

study. All patients with abdominal extrahepatic perfusion who received

intraarterial chemotherapy through that catheter has symptoms of drug

toxicity Patients without evidence of extraheoat'c oerfusion had only a

23% 'ncidence of similar symptoms (p < 00!)

The rotating cine display was very useful in defining the three

dimensional distribution of tumor and liver perfusion as well as
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directing attention to areas of abdominal extrahepatic perfusion.

Cross-sectional transaxial and coronal slices were particularly helpful

in separating out gastric perfusion from overlapping perfusion of the

liver, e.g. an enlarged left lobe. Importantly, 5PECT improved our

certainty in the interpretation of Tc-MAA perfusion scintigraphy.

In addition to providing improved qualitative information, 5PECT has

the potential for improved quantitative data compared to planar imaging.

5PECT has enabled us to examine the in-vivo density of functional

hepatic tumor microcirculation compared to that of normal liver (7).

Using the same protocal as described above, we analyzed discrete

tumor nodules by reviewing each transaxial slice through the liver. The

ratios between the Tc-MAA entrapment (and thus blood flow) in the

center and the periphery of a tumor nodule and that in the adjacent

uninvolved liver were obtained from profile histograms through the

center of each discretely identifiable lesion. The orientation of the

profile histogram was selected to encompass a portion of normal

liver on either side of the lesion. The maximal count density in perfused

portions of tumors was compared with the maximum in uninvolved liver

tissue immediately adjacent to the metastatic lesions. Therefore, the

perfusion to the vascular portions of-the tumor relative to uninvolved

liver was denoted by the count ratio of these respective regions. Tumor

nodule size was determined using a profile histogram by measuring the

maximum diameter of the nodule and width of the hypervascuiar rim.

Twenty-six liver tumor nodules were analyzed in 13 patients with

metastatic colon cancer Nodules equal to or greater than 9.5 cm in

diameter appeared to have a cold hypoperfused center. The size of the

central core was variable, but in all cases was surrounded by a rim of

increased Tc-MAA activity The size of the rim was less variable

-68-



(1.3-4.2 cm). In contrast, nodules < 8.5 cm in diameter did not have a

hypovascular core and appeared solid. The greatest rim thickness in the

ten largest nodules with diameters >9.5 cm was 4.2 cm. The maximum

radius of the small solid nodules was 4.2 cm, probably indicating that

the maximum depth to which tumor neovascularity can be generated from

surrounding normal liver is approximately 4 cm. The ratio of Tc-MAA

activity in tumor compared to normal adjacent liver tissue was always

greater than one (median 2.7) and was unrelated to nodule size. Similar

data was found in 14 carcinoid tumors, although the tumor to non-tumor

perfusion ratio was slightly higher (4.4 mean). Three small nodules in a

patient with hepatorna had tumor/non-tumor ratios of 20-30:1.

These results demonstrate that tumor nodules from both colorectal

cancer and carcinoid are hyperperfused compared to adjacent uninvolved

liver, and the pattern is dependent upon tumor size. This pattern

correlates pathologically with the necrotic centers seen in large tumors.

Although colon tumor nodules metastatic to the liver have been described

in the past as hypovascular on celiac angiography, recent studies using

superselective hepatic angiographic techniques have shown that nearly

all hepatic metastases are hypervascular (8). These observations

suggest that potentially exploitable differences between normal liver

and hepatic tumor microcirculation exist and may ultimately enhance the

potency of regional chemotherapy. Therapeutic effectiveness may be

increased by efforts to focus therapy on the hypervascular portions of

the tumor, where presumably active tumor proliferation takes place. For

example, radioactive microsphere therapy with Y-90 or P-32 could be

administered intraarterially and deliver a 3-4 fold greater dose to tumor

tissue than uninvolved liver. Therefore, 5PECT quantitation may provide

dosirnetric data for intraarterial tumor radiotherapy.
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Preliminary studies have shown the potential usefulness of SPECT for

quantitating changes in tumor blood flow in response to intraarterially

administered vasoconstrictors (9,10). Since tumor vascularity often

lacks the normal smooth muscle layer sensitive to vasoconstrictors, an

intraarterial infusion of a vasoconstrictor may produce relative shunting

of blood toward tumor vessels and away from normal uninvolved adjacent

tissue where the tissue vascularity is responsive to the drug's effect.

This could further improve the tumor/non-tumor blood flow ratio,'

allowing increased preferential delivery of chemotherapy or radiotherapy

to the tumor.
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SPECT IN CLINICAL PRACTICE

Functional Brain Imaging with Perfusion Tracers

Thcmas C. Hill, M.D.

The rapid development of single-photon radiopharmaceuticals for cerebral

blood flow study - which reveals function instead of morphology - has given

new life to tomographic brain imaging in nuclear medicine. Progress in

radiopharmaceuticals and refinements in neuro-SPECT instrumentation are

helping to reinstate brain scintigraphy as an important part of neurologic

diagnosis.

Single-photon emission computed tomography of the brain evolved from

experimentation using prototype instrumentation during the early 1960s.

Although tomographic studies provided superior diagnostic accuracy when

compared to planar techniques, the arrival of x-ray CT of the head resulted

in the rapid demise of technetium brain imaging. Both methods provided

anatomic delineation of blood-brain barrier abnormalities.

Some clinical value for SPECT was demonstrated by Kuhl, Budinger, Keyes

1 2 3
and others in the 1960s and early 70s. ' * When commercial instruments

became available in the late 1970s, the sensitivity and specificity of SPECT

was compared to state-of-the-art radionuclide scintigraphy with Anger cameras

4
and transmission tomography.

Using the Cleon-710 dedicated SPECT system with technetium agents, one

study of 235 patients yielded a sensitivity of 77% with specificity of 99% -
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an improvement of about 10% over the diagnostic accuracy of planar imaging

with an Anger camera. The tomographic images differentiated superficial

abnormalities from deep intracranial lesions, demonstrated cerebral

metastases that were not visible on radionuclide scintigraphy or transmission

tomography, and showed an isodense subdural hematoma. The overall accuracy

of transmission tomography was similar to the SPECT study. Other early

studies comparing planar imaging and ECT had similar results but the rapid

expansion of x-ray CT soon rendered radionuclide studies of the brain

obsolete.

The term "conventional brain scanning" has often been inappropriately

applied in nuclear medicine. Conventional brain scanning is actually

non-brain Imaging using radiopharmaceuticals such as Tc-99tn pertechnetate,

which do not penetrate normal brain but will cross a damaged blood-brain

barrier to create focal areas of increased activity in regions of brain

pathology. Tc-99m-DPTA was introduced to allow earlier imaging than is

possible with Tc-99m-pertechnetate, while achieving similar clinical

results.

The principal factors that influence radiopharmaceutical localization in

brain tumors are vascularity, interstitial fluid, capillary permeability and

intracellular uptake. The superiority of Tc-99m-glocoheptonate in brain

localization was suggested to many investigators to reflect a different

mechanism of localization in tumors when compared to other brain scanning

agents. Good single-photon tracers were needed for radionuclide brain

imaging to flourish, however. These rsdiopharmaceuticals can reveal
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functional processes and thus complement rather than compete with

transmission tomography and its anatomic information.

Enthusiasm for SPECT of the brain has been stimulated by the success of

positron emission tomography, although the method has been limited by slow

development of practical single-photon radiopharmaceuticals. The

annihilation reaction with coincidence counting of positron isotopes of

carbon, oxygen, nitrogen and fluorine is intrinsically ideal for studying

metabolic pathways in the brain.

The clinical utility of PET is limited, however, because of the need for

costly on-site cyclotrons and the technical support of radiochemical and

pharmaceutical production. If the dramatic results obtained from work at

current PET centers is to be repeated in general clinical settings,

single-photon radiopharmaceuticals that are fvee of high technology costs and

that can mimic the biologic distribution of positron Pharmaceuticals are

required. Widespread clinical utility would then be limited only by the cost

of instrumentation.

Regional brain perfusion can be demonstrated with dynamic imaging and

Q

equilibrium flow imaging with diffusible or extractable tracers. Stokely

et al. have shown that dynamic flow imaging is clinically feasible with

single-photon tomography. Fazio et al. have demonstrated that

equilibrium imaging with short-lived Pharmaceuticals can produce images that

reflect regional brain perfusion and demonstrate physiologic deviations from
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normal brain per£usion. The extractable tracer approach appears to be

belter suited for widespread use in nuclear medicine, however.

Pharmaceuticals that are lipid-soluble and have a high extraction fraction on

the first pass through the brain - such as N-isopropyl iodoamphetamine (IMP)

and 1-123 HIPDM - fit into this latter category.

Iodine-123 IMP is extracted rapidly by the brain with about 7%of the

injected dose reaching that organ within 20 minutes of intravenous

injection. The initial distribution of the tracer is proportional to

cerebral blood flow. 1-123 IMP remains trappad within the brain with

little change in its distribution for at least an hour. As a result, SPECT

can be performed with either special purpose instrumentation such as the

scanning -^ulti-detector system developed by Cleon or the rotating gamma

camera.

The most promising use of the technique at present is in patients with

suspected acute cerebral infarctic. Unless the infarction is due to

hemorrhage, the CT scan will usually be normal for several days after the

initial symptoms. 1-123 IMP imaging, on the other hand, will be abnormal

immediately. Our earliest documented 1-123 IMP study was obtained four hours

after onset of symptoms and demonstrated a large perfusion defect in an area

that was initially normal on CT examination and that became abnormal only

after several days.
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1-123 IMP imaging is highly sensitive for detecting perfusion defects in

patients with stroke. With good technique, 1-123 IMP imaging can reliably

detect the distribution of the major cerebral vessels and infarction limited

to the basal ganglia and the cerebellar hemispheres,

The early detection of stroke has previously been of limited value

because there was no satisfactory therapy to reverse its effects. But there

has been a dramatic shift in medical therapy. Stroke is a continuing

process frequently preceded by rapidly progressing symptoms probably due to a

series of ministrokes. A number of surgical therapies, including temporal

artery bypass surgery, have been proposed to salvage as much reversibly

ischemic cerebral tissue as possible. Medical therapies such as

hemodilution, lysis, oxygen-carrying fluorocarbons and calcium channel

blocker therapy promise to change the wny we treat patients with impending

stroke. For these reasons, it is critical that the presence and extent of a

perfusion defect be detected as early as possible.

Preliminary studies using 1-123 IMP SPECT suggest how the application of

this technique in early stroke might be used to stratify patients. Lee et

al. have observed a relationship between prognosis and the extent of the

initial perfusion defect. Patients vith minimal perfusion defects had

total or near total recoveries by six months after the stroke. On the other

hand, half t'ue patients with large perfusion defects had no or minimal

recoveries. The early identification of these patients and the prompt

institution of aggressive therapy could potentially salvage many patients

whose outcomes are bleak with conventional therapy,
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The value of early identification in patients with stroke suggests the

need to identify hemodynamically significant arterial stenoses before

infarction. This will be more difficult since the sensitivity of 1-423 IMP

imaging in patients with previous TIAs is lew. Coupling this method with

interventions such as hyperventilation, carbon dioxide inhalation or

increasing cerebral blood flow with Diamox may improve its sensitivity.

Supplementing the perfusio" information with blood pool images may also be

helpful.

Another important role for 1-123 IMP SPECT will I3, in the assessment of

patients with suspected Alzheimer's disease. While understanding of this

disease has mushroomed in the past decade, diagnosis still depends on

clinical examination and psychometric testing; therapeutic interventions are

only in their infancy. Progress in clinical diagnosis has been hampered by

the absence of in vivo tests that accurately separate Alzheimer's disease

from other forms of dementia.

In vivo imaging of cerebral blood flow and regional glucose utilization

using PET has succeeded in defining regional abnormalities in patients with

Alzheimer's disease and normal CT studies. While the metabolic rate is

decreased throughout the brain, the most severely affected area is in the

parietal cortex.
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SPECT studies of the brain using 1-123 IMP have also shown a marked

reduction in tracer uptake in the posterior temporal and parietal regions in

patients with Alzheimer's disease. Tha perfusion defects are

bilaterally symmetric. As the disease progresses, tracer uptake is reduced

over a greater extent of the brain, extending anteriorly into the temporal

and frontal lobes. The extension may be asymmetrical but sparing the primary

motor and sensory strips along the Rolandic fissure, the primary visual

cortex, the basal ganglia and the cerebellum.

Other forms of dementia produce patterns that are easily distinguished

from Alzheimer's disease. Thus, patients with multi-infarct dementia have

multiple perfusion defects distributed symmetrically throughout the brain.

Patients with Parkinson's disease have perfusion patterns similar to normal

age-matched controls. The dementia accompanying multiple rclerosis results

in a frontal lobe syndrome and a corresponding decrease in tracer uptake in

the frontal lobes. Normal pressure hydrocephalus results in bilaterally

symmetrical reductions in tracer uptake limited to the paraventricular areas

and extending, in severe cases, to the frontal cortex.

Functional imaging with 1-123 IMt" appears sensitive to detecting and

assessing Alzheimer's disease even in its mild to moderate stages. The

accuracy of the method has had only preliminary study, however, particularly

in patients with the earliest stages of the disease prior to the development

of significant clinical signs and symptoms.
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To obtain optimal SPECT imaging with I-123-labeled amines, high purity

1-123 made from the p,5n method of production will be needed. Even with the

p,2n methods of production, the limited availability of 1-123 may prevent

routine use of these iodinated perfusion agents.

Technetium-99m propyleneamine oxine (PNAO) and its derivatives have been

19
developed by Volkert and Holmes. Early derivatives of these lipophilic

compound crossed the blood brain barrier but cleared very rapidly from the

20
brain, which precluded tomographic imaging. Improvements in brain

21
residence time have been accomplished with newer HMPAO derivatives.

Technetiura-99m-labeled 1,2 dithio-5-8 diazocyclodecane (BAT)

has a more favorable residence time in the brain (half-life of 102 minutes).

When tomographic studies were performed in the monkey with this agent,

however, the images failed to clearly differentiate between gray and white

matter. Initial BAT distribution is proportional to cerebral blood flow, but

the pharmaceutical redistributes within the brain by 15 minutes and thus

22
poorly differentiates gray and white matter.

Thallium-201 diethyldithiocarbamate (DDC) has also been described as an

23
alternative to I-'23 iodoamphetamine. Development of this imaging agent

followed the observation that treating thallium intoxication with large doses

of diethyldithiocarbamate had increasing neurologic toxicity. Although

thalliura-201 is not ideal for SPECT imaging, its availability and the ease

with which it can be complexed with DDC make it an attractive alternative to

iodinated amines.
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When injected intravenously, the biodistribution of TI-201 DDC is similar

to TI-201 chloride with the exception of brain uptake. Tomographic images

obtained after intravenous injection of the tracer show high gray matter

uptake and look similar to images obtained vith 1-123 IMP. The TI-201 DDC

stays in the brain longer that 1-123 IMP and yields good gray matter-white

matter differentiation up to 24 hours after injection.

Ultimately, a Tc-99m-labeled tracer will be necessary for cerebral

perfusion imaging to achieve a high level of clinical acceptance. The

commercial distribution and high cost of I-123-labeled agents will make the

agent uncompetitive with a Tc-99m agent that can be prepared routinely from a

kit, provided the Tc-99m-labeled agent provides images of comparable

quality. Experience with I-123-labeled amines, nevertheless, provide

clinicians with the tools necessary to forge the new field of clinical

cerebral perfusion imaging. Furthermore, Tc-99m-labeled brain perfusion

agents will likely not be commercially available in the U.S. before the

1990s.

Promising areas for future clinical investigation have already begun to

be redefined by work at positron tomographic centers. For example, the

metabolic brain response to cognitive input varies regionally among different

24
populations. This work has important clinical implications in the field

of educational psychology and in dealing with learning disabilities. Do

patients with specific learning disabilities process input stimuli in
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different regions than the normal population. Does special education change

these regional responses? Answers to these questions would have important

implications in the diagnosis and treatment of learning disabilities.

In psychiatric disorders, PET studies have demonstrated regional

differences in metabolism between psychosis in schizophrenia and manic

depressive illness. Changes gave also been observed in unipolar and bipolar

depression. Functional tests of regional perfusion may have critical

importance for monitoring the recovery of mentally ill patients under the

25

effects of various dugs. These observations, made with the aid of

positron techniques, are likely to be duplicated with SPECT and iodinated

amines. SPECT methods are far from monitoring the recovery of mentally ill
25

patients under the effects of various drugs. These observations, made

with the aid of positron techniques, are likely to be duplicated with SPECT

and iodinated amines. SPECT methods are far more likely to move these

diagnostic and therapeutic possibilities into clinical realities. Single-

photon techniques using receptor-specific radiotracers such as those

described by Eckelman and co-workers should yield even more precise patho-

physiologic information that blood flow or metabolism information alone.

26
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SPECT IN CLINICAL PRACTICE

Dynamic Brain Imaging with SPECT

Michael D. Devous, S r . , Ph.D.

Single-photon emission computed tomography (SPECT) is a rapidly

developing technology capable of making 3-dimensional measurements of

cerebral physiology. Recent developments in radiopharmaceuticals and

imaging instruments have made SPECT competitive with positron emission

tomography (PET) in many aspects of functional brain imaging. It is now

possible to make detailed measurements of regional cerebral blood flow

(rCBF) and receptor function with instruments and radiopharmaceuticals

that are pratical for routine clinical application.

The value of SPECT is that it offers the potential to image brain

biochemical processes (particularly blood flow) that are directly related to

neuronal activity and thus to cognition. It has long been recognized that

many neurologic and psychiatric disorders are not associated with a

structural lesion. Therefore, many investigators have attempted to

develop tools by which brain function, rather than structure, can be

assessed. Chief among these has been the measurement of brain blood

flow because of its important role in providing nutrients and because of

its autoregulatory link to brain metabolism. The measurement of

whole-brain blood flow in humans was first reported in 1948 by Kety and

Schmidt. Their technique was rapidly expanded to include the use of
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radioactive materials as the inert tracers, and to include measurements of

regional blood flow by using numerous radiation detector probes placed

about the head.

Two-dimensional measurements were limited in that they reflected changes

in flow occurring primarily on the brain surface, while disorders in brain

physiology associated with deep structures, such as basal ganglia, were

impossible to observe. During the development of 2-dimensional methods

for assessing brain function, 3-dimensional methods for measuring internal

structure were also being developed. The concept of tomography

(deriving 3-dimensional information from 2-dimensional data) takes its

roots from the solution of a mathematical problem in astronomy presented

by Radon at the turn of the century. Kuhl and Edwards (1963) were the

first to apply tomographic principles to reconstruct 3-dimensional images

of the distribution of radiotracers in humans, which ultimately led to the

technologies we now call SPECT and PET.

It was the marriage of 3-dimensional imaging technology with radiotracer

measurements of rCBF that permitted the first views of physiologic

behavior of the brain beneath the cortical surface. Three tomographic

technologies have been employed to measure rCBF: x-ray CT, PET and

SPECT. Most cost-effective of these may be SPECT, particularly given

recent radiopharmaceutical and instrumentation developments.

The first successful tomographic imaging of rCBF with diffusible noble

gas indicators was by Yamamoto and colleagues (1977) employing

-89-



Krypton-77 and PET imaging. Drayer et al (1978) successfully utilized

stable Xenon inhalation with x-ray CT to calculate rCBF and Xenon

partition coefficients from observed density changes. Drs. Ernest Stokely

of our group and Niels Lassen of Copenhagen designed the first SPECT

device to measure rCBF by monitoring the cerebral transit of inhaled

Xe-133.

Newer SPECT systems such as rotating gamma cameras are too slow and

too insensitive to measure rCBF by monitoring cerebral transit of an inert

radiotracer. Fortunately, new radiopharmaceuticals have been designed

which can be given intravenously and which distribute to the brain in

proportion to rCBF. These "static" radiopharmaceuticals (1-123 IMP,

1-123 HIPDM, Tc-99m HM-PAO and Tc-99m NEP-DADT) are much like

fluorodeoxyglucose used for PET metabolism imaging in that once they

arrive in the brain they are retained for a period ranging from

40 minutes to several hours. This permits iess sensitive, slower machines

to obtain moderate-resolution rCBF images. Most recently, a collaborative

effort between industry and our laboratory has led to the development of

a SPECT system (TRIAD) capable of high-resolution imaging of statically

distributed radiopharmaceuticals and quantitative measurements of dynamic

radiopharmaceuticals such as Xe-133 (see for example Urn et al, 1985).

The distinction between "dynamic" and "static" radiopharmaceuticals is an

important one. Dynamic measurements occur over a short period of time

and reflect cerebral physiology at the time of the measurement in

quantitative terms. Such quantitative measurements are valuable in that
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they allow intercomparison among patients and among studies for the same

patient across time. Dynamic SPECT also permits repeat studies within a

few minutes so that rapidly changing environments, such as responses to

drug interventions, can be monitored. The rapid imaging required for

dynamic measurements minimizes count densities and thus such systems

trade resolution for sensitivity. The original system developed by

Stokely et al for Xe-133 SPECT had very high sensitivity but a resolution

of only 17 mm.

Static radiopharmaceuticals labeled with Tc-99m or 1-123 are fixed in brain

tissue for periods *r time long enough to use high-resolution

low-sensitivity collimation and still acquire adequate count densities for

good imaging. Such techniques will yield a better anatomic

correspondence between rCBF measurements and structural entities.

In addition, imaging can occur at some time after the physiologic event

since the images reflect brain behavior at the time of radiopharmaceutical

injection. For example, a seizure patient could be injected with a brain

radiopharmaceutical during ictus, and imaged after the seizure is

controlled. The disadvantages of "static" agents are that studies cannot

be repeated for at least 24 hours and the data obtained are not

quantitative. Efforts are underway to model the distribution of "static"

radiopharmaceuticals in order to convert the resulting images to

quantitative measurements but these have not yet been successful.

The rCBF images shown in this presentation were obtained with the

Tomomatic 64 (Medimatic A/S, Copenhagen, Denmark) designed by
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Dr. Ernest Stokely in our laboratory. The total study time is 4 minutes

and quantitative rCBF images are displayed in a color scale in

ml/min/100 g. Three transverse cross-sectional images each separated

from the other by 4 cm are obtained 2, 6 and 10 cm above and parallel to

the cantho-tneatal line. The results of such imaging in nonnal volunteers

have been presented by Devous et al (1986). Average gray-matter flow

is on the order of 70 ml/min/100 g and is very symmetric. Highest flows

are generally seen in the parietal lobes, except for the subregion of the

occipital lobe containing the visual cortex which has very high flows when

patients are studied with their eyes open. RCBF declines slightly with

age and is higher in females than males at all ages.

There are several advantages to dynamic SPECT, including:

—Radiation dosimetry is favorable, permitting multiple studies in the

same patient.

—The procedure takes only H minutes so that studies can be conducted

in severely disturbed patients.

—It is non-invasive and repeatable within 15 minutes.

—Tomographic imaging permits analyses of deep-lying structures.

—It is responsive to cognitive tasks, sensory stimulation and

pharmacologic activation.

—It is relatively inexpensive and can be performed in typical hospital

nuclear medicine facilities.
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Dynamic SPECT has been employed in our laboratory to measure rCBF in

normal volunteers and in numerous patient populations. These include

cerebral vascular disease and stroke, seizure disorders, dementia,

neurosurgical complications such as arteriovenous malformations and

subarachnoid hemorrhage, affective disorders, schizophrenia, dyslexia,

speech pathology, hypertension, and other pathologies which may not

have their principal features associated with the central nervous system.

Although these studies have been performed with a prototype unit, they

illustrate the utility of SPECT brain imaging independent of the

instrumentation or radiopharmaceutical employed. It has become clear that

the widespread availability and affordability of SPECT will make it

possible for functional brain imaging to enter the regimen of routine

nuclear medicine procedures. Alterations in rCBF distributions

subsequent to administration of psychoactive medications, vasodilators, or

cognitive tasks could provide a powerful discriminant for diagnosis or

prognosis. In addition, radiopharmaceuticals for SPECT measurement of

various receptor systems are rapidly being developed. Their use should

provide further measures of brain function in important patient

populations. Finally, the value of functional brain imaging in various

patient populations for whom structural brain imaging is uninformative

may return the brain scan so popular prior to the CT era to a place of

prominance in nuclear medicine.
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SPECT IN CLINICAL PRACTICE

SPECT in the Quantitative Imaging of Radiolabeled Antibodies

Peter Leichner, Pb.D.

Clinical experience in the treatment of diverse cancers with
1-131 labeled antibodies to date has demonstrated encouraging
results (1-4), and additional clinical trials in radioimmuno-
therapy with a variety of new antibodies and new radiolabels
have begun or are about to commence. A series of dosimetric
studies (5-7) has shown that quantitation of the activity of
radiolabeled antibodies in target tumors and normal tissues in
conjunction with radiation absorbed-dose estimates provides a
foundation for choosing among antibodies, methods of infusion,
and activities to be administered to optimize this new treatment
modality. Progress in bifunctional chelation chemistry has led to
the development of In-111 and Y-90 labeled antibodies, and
dosimetric data for Y-90 antiferritin in the treatment of
hepatoma have recently been reported (8). These developments in
radiolabeled antibody technology present new challenges and
opportunities for the field of nuclear medicine, especially in
the area of treatment planning for radioimmunotherapy.

For example, treatment planning for Y-90 antiferritin for
patients with hepatoma includes measurements of the uptake and
clearance of In-Ill antiferritin in the target tumor and normal
liver from serial scintillation camera images, hepatoma and normal
liver volumetrics (currently computed from CT scans), and
radiation dose estimates based on these data. Additionally,
increasing reliance has been placed on SPECT imaging in clinical
decision making because transverse slices reveal details about
tumor targeting that are difficult, if not impossible, to
visualize in planar scintillation camera images.

For 1-131 antiferritin in hepatoma, dual-energy SPECT,
with Tc-99m sulfur coloid as the second imaging agent, was
determined to be of considerable clinical advantage because both
radionuclides were imaged in a single rotational acquisition and
reconstructed slices matched exactly. Tumor targeting of
antiferritin could, therefore, be demonstrated more rapidly and
definitively than would otherwise have been possible. Similarly,
In-111 antiferritin is being imaged in the dual-energy mode, and
transverse slices are compared to the corresponding Tc-99m sulfur
colloid study (acquired separately). In a series of phantom
studies it was determined that 128 views in a rotational
acquisition resulted in better hot lesion detectability
than 64 views. In our current imaging protocol for clinical
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studies, patients are administered 3-4 mCi of In-Ill antiferritin,
labeled at approximately 7 mCi per mg of IgG, and liver imaging is
carried out in 128 angular intervals, with an acquisition time of 15
seconds per view. Including set-up time, about 40 minutes are
required for each tomographic study.

The clinical advantages of SPECT imaging in radioimmuno-
therapy have included the following:tumor localization of
radiolabeled antibodies is more easily visualized in transverse
slices than in planar views, necrotic regions within large tumors may
be detected with relative ease, and tumor-to-normal tissue ratios may
be determined more reliably from SPECT slices than from planar views.
These are important parameters that influence treatment decisions,
and as SPECT instrumentation and reconstruction algorithms continue
to improve, SPECT imaging will play an increasingly important role in
radioimmunotherapy treatment planning.
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SPECT IN CLINICAL PRACTICE

SPECT Imaging of the Thorax: Emphasis on Ga-67 for Tumor and Infection

Naomi P. Alazraki, M.D.

PHANTOM STUDIES;

Planar imaging with Gallium 67 has always been complex and

difficult, and SPECT further complicates those problems. To

determine the best SPECT imaging parameters for gallium 67, we

have done studies using a chest phantom, with lesions of 1.5cm x

lcm and 2.2cm diameter placed in the center of the phantom to

simulate mediastinal tumors (1). Lesion to background ratios

were varied between 5:1 and 30:1. Images were performed using

the following pulse-height-analyzer settings: 184 KeV alone, dual

peaks 184 and 296 KeV, and triple peaks 93, 184, and 296 KeV

windows. 360° acquisitions were obtained and reconstructions

were performed using all 64 images over 360 , or 32 images over

180°, with varying choices of the 180° arc selection. As part of

the phantom, a simulated sternum, 3.5xlcm rectangular tube - 17cm

long containing a lesion to background activity ratio of 3.7:1,

and a simulated spine, a 2.2cm diameter x 17cm length tube

containing a lesion to background activity ratio of 3.7:1, were

also imaged in the phantom studies. The results indicated that

the 360 acquisition was necessary, since although in some

instances the 180 acquisition actually gave superior resolution

for centrally placed lesions, often superficial structures (the
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sternum and spine) and potentially peripheral lesions were not

visualized depending upon the choice of the arc. Central lesions

were detectable at 10:1 lesion to background ratios, but not at

5:1. For the collimator and camera used in these studies, the

184 and 296 KeV dual peak images gave best imaging results,

although the 184 KeV peak alone was equally good. Superficial

structures including the sternum and spine were better seen than

the deep lesions on the 360° acquisitions even though lesion to

background ratios were lower. Long lesions were better seen than

short ones. Attenuation corrections did not improve the images.

LUNG CANCER - MEDIASTINAL LESIONS

Correlative studies between gallium mediastinal lesion defection

and CT of the chest in staging patients with lung cancer have

shown that CT is superior (2^. The studies, however, to date

have mainly compared planar gallium imaging to CT of the chest.

The improved resolution of SPECT imaging compared to planar

imaging raises the question of how much improvement in this

clinical problem we can expect from SPECT (see attached

discussion on Staging Lung Cancer). O'Donnell, studying this

problem at the Cleveland Clinic, claims excellent results for

SPECT gallium compared with CT (3).

STERNAL OSTEOMYELITIS

Another clinical area where SPECT imaging has contributed to
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clinical diagnosis is sternal osteomyelitis vs sub-sternal

mediastinitis in patients following coronary artery bypass

surgery. SPECT imaging of the gallium uptake in the sternum and

sub-sternal regions provides a tool for differentiating between

mediastinitis, osteomyelitis, and cellulitis. In-Ill labeled

leukocytes would also be a satisfactory agent for evaluating this

problem.

TECHNIQUE

At the Salt Lake VA Medical Center, our current protocol for

SPECT Gallium 67 imaging includes: 7.5mCi of Ga-67 citrate

administered approximately 72 hours prior to imaging. The 184

and 296 KeV peaks or all three peaks are used, depending upon the

collimator and camera used. A 360 acquisition of 64 images

acquired for 60 seconds each on a 64x64 matrix is performed.

Processing involves uniformity correction using a 30 million

count Tc-99m flood, or Ga-67 flood. Attenuation corrections do

not appear to improve the images. Transaxial reconstructions are

performed using the Ramp Hanning filter with no cut-off, followed

by a non-linear 3D filter of the transaxial reconstruction.

Sagittal and coronary reconstructed images are then obtained.

THE IMPORTANCE OF SPECT FOR RADIOIMMUNO DIAGNOSTIC IMAGING

USING LABELED MONOCLONAL ANTIBODIES
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Monoclonal antibodies have been labeled with 1-131 and In-111.

Labeling with Tc-99m is being developed and will probably come to

clinical fruition in the not too distant future. In order to

compare the thresholds of visualization of radioisotope

concentrating lesions in a thorax or abdomen phantom, we have

performed a number of studies using In-111 and Tc-99m. The

following results have been obtained:

1) Comparisons of planar and SPECT images of phantoms with

In-111 activity levels equivalent to 500uCi doses as used in

labeled leukocyte imaging, showed that for the same lesion to

background count ratios and similar total imaging times, planar

imaging detected smaller lesions than SPECT.

2) For higher adult dose equivalence of about 5mCi of In-111,

(10 times the activity levels used in (1) above) similar to doses

used in labeled monoclonal antibody tumor imaging, SPECT

surpassed planar image capability for lesion visibility. This

result dramatizes the importance of sensitivity for SPECT

imaging.

3) For SPECT images two pixel thick slices gave slightly better

information than one pixel tnick slices.

4) Non-linear filter detected borderline lesions slightly better

than linear filtered images, but linear filter gave "cleaner"
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images.

5) Detectability of lesions was clearly superior for Tc-99m

studies at equivalent adult dosages as used in the In-Ill phantom

studies. For example, when Tc-99m was used, a 1.2cm diameter

lesion could be identified on SPECT images when lesion to

background activity ratios were between 6.5 and 12-1. Using

In-Ill, the same lesion required a 25-1 lesion to background

activity ratio for detection by SPECT.

Patient studies have shown that SPECT gives considerably more

detail about lesions than planar imaging. Because SPECT utilizes

the scintillation camera imaging system to acquire image data

from 360° around the object and the reconstruction into

tomographic image slices can be viewed in multiple projections

including coronal, sagittal, and transaxial views, SPECT makes

available an image that does not have to be viewed from the

perspective of a particular angle. The viewer can see behind an

organ. Because the background can be separated from the target,

the contrast of images is improved over available planar

projection images. Anatomic localization and details of lesion

extent are improved.

Sensitivity remains a major SPECT problem which can be solved

using more detectors, redesigning collimators (fan beam

collimators have sensitivity advantages), and foremost, by

radiopharmaceutical development to use. more optimal radionuclides
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such as Tc-99m and other short-lived tracers.

STAGING LUNG CANCER; CORRELATIVE TECHNIQUES FOR

EVALUATING MEDIASTINAL DISEASE

Since the introduction of mediasf" noscopy in 1959 as a staging

technique for evaluation of lung cancer, patients with spread of

their tumor to mediastinal nodes have been spared the morbidity

and mortality of the more invasive thoracotomy surgical

procedure. However, in the process of saving the patients with

inoperable lung cancer from a thoracotomy, those patients without

spread to the mediastinal nodes now undergo two surgical

procedures, the staging mediastinoscopy followed by the curative

"thoracotomy" for diagnosis and therapy of lung cancer.

Mediastinoscopy is however an invasive procedure that may result

in various complictions and is of substantial financial cost as

well. With that reasoning in mind, several studies have been

undertaken to validate the accuracy of Ga imaging and CT

mediastinal scans versus mediastinoscopy for evaluating

mediastinal spread in lung cancer.

Gallium Imaging

Various studies have found that when the primary lung cancer

concentrated Ga, imaging of the mediastinum for abnormal Ga
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uptake revealed a true positive ratio for the Ga mediastinum scan

(i.e., the ratio of the number of true positive Ga scans to the

number of true positive mediastinoscopies) of 81-100% (4-7). The

true negative ratio (i.e., the ratio of the number of true

negative Ga scans to the number of true negative mediastinosco-

pies) varied between 53-86%. In our study, two patients were Ga

positive, radiographically negative, and mediastinoscopy

positive. We regard Ga imaging and chest roentgenography as

complementary techniques. Although the chest roentgenogram is

certainly a simpler, more readily available technique in patients

with bronchogenic carcinoma, it cannot, by itself, be relied on

in all patients to preselect which patients should undergo a

mediastinoscopy»

Radiographic Tomography

The ability of roentgenographic techniques to detect mediastinal

spread has been investigated by several groups. James and

Ellwood (8) reported a 76% agreement between abnormal chest

tomography and mediastinoscopy, and a 95% agreement between

normal mediastinal tomography and negative biopsy. Acosta and

Manfredi (9) found that the presence of either mediastinal node

enlargement or a central primary lesion on the chest

roentgenogram or tomograph was an important indication for

mediastinal exploration. They concluded, however, that patients

with "noncentral" lesions, defined as a mass separate from the

hilum with linear extension that appeared to extend toward the

-108-



hilum on chest roentgenogram, did not warrant mediastinal

exploration before thoracotomy.

Computed Tomography

Friedman et al (2), reported on a series of patients for whom

surgical treatment of primary lung carcinoma was planned, chest

films were supplemented with oblique views, esophagrams, gallium

scans, and computed tomograms. Metastases were established

pathologically in 32 mediastinal node regions in 19 different

patients, in hilar nodes in three, and extra-nodally in two

others. Chest films were abnormal in 12 of the 19 cases (37%

false negative); supplementary views made no contribution.

Gallium was taken up by the primary tumor in 15 cases and by

mediastinal or hilar metastases in 12 (20% false negative).

Computed tomography showed nodes >lcm in size in the biopsy-

positive or adjacent mediastinal node region in 18 patients two

readings, or one false negative in 19. The hilar and extra-nodal

mediastinal metastases were all detected on CT. Though the false

positive rate for CT scans with double reading was 38% of cases

(28% of regions), it is a sensitive technique for screening for

mediastinal involvement in patients who would otherwise require

an invasive biopsy procedure before thoracotomy.

These results clearly support the use of CT scanning as a

sensitive screening method for metastatic mediastinal node

involvement in the staging of lung cancer. A false negative rate
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of 1 in 19 cases or 1 in 32 regions (3-5%) is as good as the

surgical biopsy procedure itself; indeed, the CT-missed node in

this series and another had false negative frozen sections at

surgery. Gallium scanning, with the method used in this study,

had a high false negative rate (20%), though the results after

exclusion of adenocarcinomas are more favorable: gallium missed

only 1 of 11 cases with mediastinal or hilar metastases or

invasion among these. Routine radiography had a high false

negative rate in this series of partially selected patients of 7

of 19 cases (37%), and was not helped by the occasional

supplementation of oblique views or esophagrams. Intrapulmonary

(hilar) node involvement, not clinically the crucial issue, was

recognized by CT in 9 of 10 proven cases, while radiography did

very poorly (4 of 10 called positive), especially on the left (0

of 5).
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SPECT IN CLINICAL PRACTICE

Orthopedic Applications of SPECT Imaging

B. David Collier, M.D.

When compared to planar bone scanning, single photon

emission computed tomography (SPECT) has technical advantages of

potential diagnostic significance. Planar imaging often

superimposes substantial underlying or overlying activity on the

bony structures of medical interest. SPECT, however, can be used

to remove such unwanted activity. For example, in the hip the

acetabulum extends downward behind the femoral head. Therefore,

when using planar bone scanning techniques, the photon deficient

defect typical of avascular necrosis (AVN) of the femoral head

may be obscured by activity originating in the underlying

acetabulum. By using SPECT, underlying and overlying

distributions of activity can be separated into sequential

tomographic planes. For this reason SPECT facilitates the

detection of AVN of the femoral head (1,2).

Many bone structures suitable for SPECT imaging have not

been studied in detail, and the potential of bone SPECT for
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oncologic imaging has not been thoroughly investigated. However,

clinical experience to date has shown a role for bone SPECT in

examining patients with pain and dysfunction in the larger joints

and bony structures such as the knees, hips, lumbar spine, and

temporcmandibular joints (TMJ).

The adult patients described below were injected

intravenously with 25 mCi (925 MBq) of Tc-99m MDP three hours

before Imaging. The SPECT examinations were performed with a

rotating gamma camera (G.E. 400T) equipped with a low-energy

general-purpose collimator (64x64 matrix, 64 projections over 360

degrees, 20 seconds per projection). Following uniformity

correction and a 9-point spatial smooth for each projection,

SPECT images were reconstructed using filtered backprojection

with a ramp filter. A linear map was most frequently used for

displaying SPECT bone scintigrams. However, when searching for a

photopenic defect in the femoral head at risk for AVN, a log map

was preferred.

1. Knees. Twenty-seven patients with chronic knee pain were

prospectively examined by conventional radiography and bone

scanning with SPECT (3,4,5). When the results of subsequent

arthroscopic examination of all 3 compartments of the knee were

reviewed, bone SPECT was found to be the most sensitive

non-invasive test for evaluating the extent of osteoarthritis.
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Differences in detection sensitivity for articular cartilage

damage and synovitis were greatest in the pate1lofemora 1

compartment where the 0.91 sensitivity of bone SPECT compared

favorably with the results of planar bons imaging, conventional

radiography, and clinical examination. Furthermore, both SPECT

(1.00) and planar (0.91) bone scanning were highly sensitive

indicators of chronic meniscus tears in a subgroup of 14 patients

with the pre-arthroscopic clinical diagnosis of a torn meniscus.

Results .jggest that particularly when augmented with SPECT, bone

scanning has potential as a high sensitivity screening

examination in patients with osteoarthritis or other significant

internal derangement of the knee.

2. Hips. Twenty-one patients with the clinical diagnosis of

AVN of the femoral head were examined by conventional radiography

and bone scanning with SPECT(6). A final diagnosis of AVN was

established for 15 symptomatic patients with a total of 20

involved hips. SPECT and planar bone scintigraphy were

considered positive for AVN only if a photopenic bony defect

could be identified. Using bone SPECT, 17 of 20 hips

(sensitivity of 0.85) were correctly identified whereas wich

planar imaging only 8 of 15 patients and 11 of 20 involved hips

were detected. While 13 of 20 hips with AVN had radiographic

abnormalities at the time of the initial bone scan, a subchondral
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fracture -- the most specific radiographic finding of early

femoral head AVN -- was present in only 6 instances. It is

concluded that by identifying a photopenic defect that is net

evident on planar vievs, SPECT can contribute to the accurate

diagnosis of AVN of the femoral head.

3. Lumbar Spine. Planar and SPECT bone scanning were

compared in 19 adults with radiographic evidence of spondylolysis

and/or spondylolisthesis of the lumbar spine ( 7 ) . SPECT was more

sensitive than planar imaging when used to identify symptomatic

patients and sites of "painful" defects in the pars

interarticularis. Furthermore, SPECT allowed more accurate

localization of abnormalities in the posterior neural arch. It

is concluded that when spondylolysis or spondylolisthesis is the

cause of low back pain, pars interarticularis defects frequently

are associated with increased scintigraphic activity which is

best detected and localized by SPECT.

4. Temporomandibular Joints. The diagnostic accuracy of

conventional radiography, arthrography, and both SPECT and planar

bone scanning were evaluated in 36 patients with TMJ dysfunction

undergoing preoperative evaluation ( 8 ) . The sensitivity of bone

SPECT (0.94) was comparable to arthrography (0.96) and

significantly better than planar bone scanning (0.76) or

transcranial lateral radiography ( 0 . 0 4 ) . While data for a larger

asymptomatic control population are needed, preliminary results
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give S P E C T a d i a g n o s t i c s p e c i f i c i t y of 0.70 for i n t e r n a l

d e r a n g e m e n t of the TMJ r e q u i r i n g s u r g i c a l c o r r e c t i o n . Lower

s e n s i t i v i t y but c o m p a r a b l e s p e c i f i c i t y for SPECT h a s b e e n

r e p o r t e d for series u s i n g a r t h r o g r a p h y rather than s u r g e r y to

c o n f i r m the status of the TMJ ( 9 , 1 0 ) . It is c o n c l u d e d that bone

SPECT is a useful n o n i n v a s i v e i m a g i n g test to s c r e e n for i n t e r n a l

d e r a n g e m e n t of the T M J .

D u r i n g the d a y - t o - d a y o p e r a t i o n of a busy n u c l e a r m e d i c i n e

l a b o r a t o r y , the a d d i t i o n of SPECT to an o r t h o p e d i c b o n e scanning

p r o c e d u r e r e q u i r e s an e x t r a 5 m i n u t e s for setup and p a t i e n t

p o s i t i o n i n g , 21 m i n u t e s for data a c q u i s i t i o n , and 15 m i n u t e s for

p r o c e s s i n g and f i l m i n g . H o w e v e r , w h e n e x a m i n i n g p a t i e n t s with

k n e e , h i p , low b a c k , and TMJ p a i n , S P E C T bone s c a n n i n g

f r e q u e n t l y gives i m a g e s of greater c l a r i t y and in m a n y i n s t a n c e s

p r o v i d e s unique d i a g n o s t i c i n f o r m a t i o n . S p e c i f i c a d v a n t a g e s of

SPECT in i d e n t i f y i n g and l o c a l i z i n g s k e l e t a l p a t h o l o g y already

have b e e n e s t a b l i s h e d , and further d i a g n o s t i c a p p l i c a t i o n s both

for s k e l e t a l o n c o l o g y and for the s t u d y of low b a c k pain are

a n t i c i p a t e d .
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SPECT IN CLINICAL PRACTICE

SPECT Studies of the Heart

Harvey J. Berger, M.D.

Introduction

Thallium-201, the current radionuclide of choice for myocardial
perfusion imaging, is rapidly extracted from the blood by the myocardium
in a fashion analogous to potassium. This transport is mediated by the
sodium-potassium ATPase pump. Thallium is distributed according to
regional myocardial blood flow and is extracted by the myocardial cells
rapidly. Maximal thallium-201 uptake occurs in peak exercise.
Thereafter, intracellular thallium-201 equilibrates with the whole body
thallium pool, and washout of thallium occurs. In the presence of
coronary artery obstruction, the myocardium supplied by the stenotic
vessel may be under perfused at peak exercise, and thallium-201
accumulation may be reduced and/or delayed. Likewise, thallium-201
washout may be slower, and there may be relative regional accumulation of
thallium-201 in the ischemic zone.

During the past 10 years, there has been widespread utilization of
exercise planar thallium-201 imaging to evaluate regional myocardial
perfusion. As a means of diagnosing corsonary artery disease, stress
planar thallium-201 imaging has a relatively high sensitivity and
specificity. The improved sensitivity of thallium-201 imaging over the
conventional exercise electrocardiogram occcurs in part because imaging
often will be positive when the electrocardiographic response cannot be
interpreted or when inadequate levels ot exercise do not lead to an
ischemic end-point. The improved specificity of thallium-201 imaging
occurs because the major cause of positive thallium-201 studies is
coronary stenosis, whereas there are diverse causes for ST segment
abnormalities with exercise other than myocardial ischemia. Functional
assessment of coronary anatomy and severity of coronary artery disease
represents a critically important application of myocardial perfusion
imaging. Identification of left main or triple vessel coronary artery
disease also has become important to patient selection for coronary
angiography and revascularization.

In addition to the stratification between multiple vessel/left
main disease and lesser types of stenoses, the individual location of
coronary artery disease also is of clinical significance. For example,
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patients with proximal left anterior descending coronary stenosis (and
anteroseptal ischemia) have a higher morbidity than patients with single
vessel involvement of either the right or left circumflex coronary
arteries. Many studies have addressed the ability of exercise planar
thailium-201 imaging to predict the site of individual coronary
stenosis. The site of ST segment depression during exercise testing is a
poor means of localizing coronary disease, while reversible thallium-201
defects are far more predictive. Especially using visual interpretation,
planar exercise thallium-201 imaging is not sensitive enough to reliably
detect individual coronary lesions. Prediction of left circumflex
disease is the poorest, with a sensitivity of only approximately 40%.
Furthermore, because of the frequent individual variation in areas
perfused by the right coronary and left circumflex coronary arteries and
their complex visualization on planar studies, it is extremely difficult
to specify which vessel is involved based upon planar thallium-201
imaging. It must be remembered that qualitative thallium-201 imaging
defines relative differences in perfusion between vascular beds.
Therefore, it often only identifies the most severe defect and misses
less pronounced areas of ischemia. This is one of the main reasons for
its less than perfect sensitivity for the detection of individual
coronary artery stenoses, but a far better overall accuracy for the
presence or absence of coronary artery disease.

Thallium-201 myocardial perfusion imaging is usually more
sensitive with increasing disease severity (higher sensitivity in triple
vessel disease than in single vessel disease). It is more sensitive in
the setting of greater than 90% luminal diameter narrowing than lesser
degrees of coronary artery obstruction. One of the reasons for "false
positive" thallium studies is the disparity between anatomic and
physiologic stenosis. Abnormal regional myocardial perfusion has, in
fact, been demonstrated in regions supplied by angiographically
subcritical lesions (25-50% diameter narrowing). This would suggest that
regional myocardial ischemia may occur in areas supplied by vessels not
normally considered hemodynamically compromised based upon standard
angiographic criteria. This issue has particular relevance in the
followup of patients who have undergone revascularization procedures.
For example, a patient with chest pain and a 40% diameter stenosis lesion
with a significant trans-stenotic gradient clearly is a candidate for
coronary angioplasty, and an appropriately localized perfusion defect
should be considered a true positive.

Quantification of Planar Studies

Visual interpretation of exercise-redistribution planar
thallium-201 images often is subject to substantial interobserver
variability and is less than optimal for the evaluation of the extent of
coronary artery disease. The visual method is particularly limited in
detection of individual coronary lesions in patients with multiple vessel
coronary artery disease and especially when the dsgree of stenosis in one
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vessel is not severe. Because of these problems, quantitative techniques
for analysis of regional thallium-201 distribution and washout have been
developed. Since 1980, there has been extensive interest in
quantification of thallium-201 uptake both spatially and temporally.
This topic is discussed in depth in an accompanying article by Dr. Garcia
and his colleagues. Myocardial profiles may be circumferential or linear
and may assess either average or maximal activity at each point. Thus, a
curve of myocardial counts at each location in the myocardial profile is
obtained for exercise and redistribution activities and is expressed as a
percentage. Quantitative analysis of thallium-201 studies affords a
clinically relevant analysis of myocardial tracer kinetics which should
allow identification of multiple ischemic zones not apparent from
qualitative analysis alone. Recent studies have clearly demonstrated
that the quantitative approach markedly improves the accuracy of
thallium-201 imaging for determination of the location and extent of
coronary disease. Abnormalities in thallium kinetics may be reflected in
washout falling below a spatially derived absolute cutoff or as
nonuniform regional washout exceeding the variability of washout in
normals.

Alternative Forms of Stress

There are many clinical settings where, although exercise is
difficult or impossible, assessment of coronary vascular reserve is
desirable. The best alternative approach to dynamic exercise (treadmill
or bicycle) involves maximal coronary artery vasodilatation using
intravenous dipyridamole, which increases total myocardial blood flow in
regions supplied by normal coronary arteries. This results in a relative
myocardial perfusion defect in a vessel supplied by a stenotic coronary
artery. Numerous studies have demonstrated that dipyridamole
thallium-201 imaging is comparable to exercise thallium-201 imaging in
terms of sensitivity and specificity and preferable in patients who
cannot exercise, such as those with peripheral vascular disease. In
addition, a recent study demonstrated the safety and usefulness of
thallium-201 imaging after intravenous dipyridamole in patients
recovering from acute myocardial infarction. This study showed that the
technique was safe, even in this high risk group, and that the presence
of reversible perfusion defects following infarction was a more sensitive
predictor of subsequent cardiac events than the submaximal exercise
tolerance test alone.

Although intravenous dipyridamole is not available cornmerically at
this time in the United STates. it is anticipated that this agent will be
available within the coming year. At this time, intravenous dipyridamole
only is available on a physician sponsored Investigational New Drug
Application. Dipyridamole is given at 0.141 rng per kg per minute for 4-5
minutes via an infusion pump. The patient's heart rate, blood pressure
and electrocardiogram are monitored during the infusion. Following the
dipyridamole infusion, many investigators suggest that the patient should
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perform submaximal handgrip exercise (25% of maximal effort for 5
minutes) using the arm contralateral to that of the intravenous
infusion. In either case, thaTlium-201 then is injected and imaging
performed in a standard fashion. Aminophylline is a known antidote for
dipyridamole and quickly reverses any of the pharmacologic effects of
dipyridamole. A small percentage of patients develop headache, nausea,
or dizziness, which can be ameliorated quickly by terminating the
infusion and/or administering aminophylline.

Tomographic Thallium-201 Imaging

Routine planar thallium-201 imaging results in superimposition of
myocardial regions. Small defects and/or multiple defects may be
obscured because of overlap with normal regions. Furthermore, with a
routine three view planar thallium-201 study, the entire myocardium is
not visualized. It is for these reasons that single photon emission
computed tomography was developed and applied to myocardial perfusion
imaging. There is the potential for avoidance of such areas of regional
overlap and thus accurate definition of multiple areas of regional
ischemia.

Initially, thallium-201 tomography involved either seven pinhole
or rotating slant hole collimators. Although these longitudinal
tomographic techniques are somewhat more sensitive than analysis of
unprocessed planar images, the major advantage of this form of
acquisition probably was quantification and image enhancement, rather
than tomography itself. A more truly tomographic approach utilizes a
scintillation camera that rotates on a gantry and acquires images at
frequent intervals about the circumference of the chest. With this
method, a series of 32 or 64 planar images is obtained over at least a
180° arc surrounding the heart. From these planar images, filtered
backprojection techniques are utilized to generate transaxial tomographic
slices. Data acquisition requires approximately 20-25 minutes, making
the acquisition time comparable to that for a series of high resolution
planar images. Recent studies utilizing visual interpretation of
tomographic thallium-201 images have demonstrated a definite improvement
in sensitivity, specificity, and accuracy compared with planar imaging.
In fact, in one study, the presence of multiple coronary lesions was more
accurately identified by tomography than by planar imaging.

Tomographic Methods

As with planar studies, exercise should be performed utilizing the
Bruce treadmill protocol. Routine 12 lead electrocardiographic
monitoring is performed. Exercise is continued until symptom limiting
fatigue, greater than or equal to 3 mm ST segment depression, life
threatening ventricular arrhythmias, or severe angina. Thallium-201 is
injected at peak exercise approximately 45 seconds prior to termination
of exercise. During the last 45 second period, exercise is continued, if
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possible, at the peak level. In order to improve the counting statistics
for the tomographic study, 3.5 mCi are utilized rather than the more
conventional 2 mCi dose. Thallium-201 tomographic imaging begins within
approximately 5 minutes of the termination of exercise.
Electrocardiographic monitoring is continued during this time interval.

A rotating gamma scintillation camera (GE STARCAM 400 ACT) is
utilized in our laboratory. Thirty-two individual planar views are
obtained for 40 seconds per view over a 180° arc. Oata acquisition is
a 64 x 64 format and begins at the 45° right anterior oblique and
continues through the 45° left posterior oblique. Particular care
should be taken to assure that the starting location is obtained
reproducibly. This acquisition requires approximately 22 minutes.
Redistribution images are obtained at approximately four hours after
exercise using the identical acquisition parameters as described for
exercise. In order to calculate thallium washout, the exact time
interval between stress and delayed imaging is recorded. Patients are
restricted to liquid intake during this period.

Acquisition of 128 or 64 views rather than 32 views, in our
experience, does not improve the quality of tomographic thallium-201
images. Furthermore, based on the modulation transfer function of the
camera system and the tomographic resolution for thallium-201,
acquisition of 64 x 64 data should be sufficient for thallium-201
tomography. No aliasing would be expected. In addition, the statistics
per pixel in 128 x 128 acquisitions are a factor of four less than for
the 64 x 64 acquisitions. The 128 x 128 planar images are low in count
rates, resulting in larger statistical fluctuations in the reconstructed
data. Lastly, 180° sampling is preferred over 360° acquisition,
because of the degradation of the images when the posterior 180° data
are included in the filtered backprojection. With the substantial
attenuation of thallium-201 that occurs in the chest, especially from the
posterior projections, 180° acquisition is the preferred technique.

Quality control should include uniformity field flood correction,
evaluation of the sinogram display (review of each projection), and
correction for the center of rotation. Insufficient field flood
statistics compared to the statistics acquired in patient data can cause
ring artifacts in the tomographic reconstruction. A 30 million count
cobalt flood is sufficient to correct thallium-201 data and to provide
ring free reconstructions. Daily quality controls involves acquisition
of a 3 million count flood and correction of this flood with the 30
million count flood to be sure that the detector is uniform and that all
photomultiplier tubes are functioning correctly. The sinogram display, a
two-dimensional distribution with bin projection on the x axis and view
number on the y axis, is used to quality control the acquired planar
data. Adequacy of planar views, including artifacts due to patient
motion, can be detected through review of the sinogram display, as well
as the rotating display of individual projections. Center of rotation
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correction also is performed daily. Errors in determination of the
center of rotation result in tuning fork artifacts, which may distort the
observed uptake of thallium-201 in the myocardium. In addition, the
unprocessed planar data are inspected using a rotating cine display to
identify planar views out of the field of view, the presence of soft
tissue attenuation artifacts (i.e. breast attenuation), and patient
motion. After acquisition of the planar data, transaxial filtering is
performed. A Ramp-Hanning filter which has a zero value at half the
sampling frequency is applied to the 32 projections. This results in a
series of transaxial tomograms. Thereafter, axial filtering (1-2-1) is
applied in the direction perpendicular to the reconstructed slices. This
assures that the reconstructed resolution is comparable in the x, y and z
directions. Because the heart is oriented obliquely within the chest,
with the apex more anterio. and lateral than the base, transaxial images
transect the heart in a plane that is not parallel to the heart's long
axis. Therefore, oblique angle "transcardiac" reconstructions are
performed. This results in three data sets, specifically the short axis,
the horizontal long axis (similar to the right anterior oblique), and the
vertical long axis (similar to the left anterior oblique). A pair of
perpendicular cursors are available on the image display superimposed on
the horizontal long axis image. By moving either of these cursors, the
operator can interrogate any of the short or long axis tomograms on the
computer. Exercise and redistribution images can be compared directly on
a slice by slice basis.

No attenuation correction is employed because an adequate method
has not been found for thallium-201 data. Simulation studies have shown
that assymetries observed in the uptake of thallium-201 in the walls of
the myocardium can be explained by attenuation effects and the variations
of reconstructed resolution with depth. However, until a better method
for attenuation correction has been derived, these attenuation effects
need to be considered in image interpretation and in comparisons with
normal data files.

Quantification of Tomoqraphic Data

After a generation of standard orthogonal cardiac images, a
bullseye polar coordinate map is derived. This method compresses the
data from an entire tomographic study into a single quantitative
functional image. Each of the short axis tomographic slices from apex to
base is divided into 40 equal sections (9° each); the maximal number of
counts per pixel within each sector then is determined. These 40 values
are plotted as a circumferential profile of the maximal counts per pixel
versus angular sector location. A similar profile is constructed for
each slice and to take into account variations for heart size and number
of slices per study, these curves are interpolated to produce a total of
15 profiles. Each of the rectangular coordinate profiles is translated
into a polar coordinate profile, which displays the same curve as a
circle composed of 40 individual pixels. The data then are displayed as
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a series of 15 concentric circles with the apex at the center and the
base at the periphery. This analysis is performed on both the stress and
delayed data sets and on the calculated thallium-201 washout. To correct
the acquired data to a precise four hour interval between stress and
delayed imaging, monoexpoential washout of thallium-201 is assumed.

Stress and redistribution thallium-201 studies are analyzed
independently using both interpretation of the oblique angle slices and
the bullseye polar coordinate map.

Definition of Normal Thallium-201 Distribution and Sources of Error

From analysis of a group of patients with a low probability (less
than 5%) of coronary artery disease, the normal spatial distribution of
thallium-201 at stress and redistribution was defined. These data were
used to develop a gender-matched normal file for comparison against
patients with coronary artsery disease. In a pilot study, each
individual patient's bullseye was compared with a gender-matched normal
file developed from this low probability of disease group. This resulted
in the conversion of a bullseye display into a "standard deviation" map
displaying pixels that were 1, 2, 2.5, and 3 standard deviations below
normal. These new quantitative images were compared to angiographic data
which defined the presence and location of coronary stenoses. Based upon
this analysis, we concluded that the best agreement between coronary
angiography and thalliurn-201 imaging occurred when abnormal regions on
the bullseye were defined as contiguous defects greater than 2.5 standard
deviations below normal. Thereafter, a series of guidelines were
developed to assign a perfusion defect to a specific coronary artery.
Furthermore, evaluation of the normal group demonstrated that the
distribution of thallium-201 in the myocardium was heterogeneous. For
example, the septum had less activity than the posterolateral wall, both
in males and females. The apex always had less activity than the
surrounding walls. In females, there was a decrease in activity in the
inferior wall, but this was not apparent in the males. These variations
in the distribution of thallium-201 are taken into account when analyzing
individual oblique angle slices and when comparing the patient's bullseye
to normal files. Reversibility consistent with myocardial ischemia also
is defined from both the oblique angle slices and the bullseyes.
Redistribution was considered present when the size of the defect
decreased and/or when the severity of the defect diminished, that is,
changed from greater than 2.5 to 1 standard deviation below normal. This
method also allows differentiation of myocardial infarction (scar) from
reversible myocardial ischemia.

Particular care must be taken in the evaluation of the
reconstructed slices to identify soft tissue or breast attenuation
artifacts, motion artifacts, poor count images, or falsely slow washout.
For example, motion in a single tomographic slice can result in false
positive defects. Furthermore, low count rates can result in images that
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are difficult to interpret and, in fact, may have a "bizarre"
appearance. If thailium-201 washout is evaluated, it is essential to
determine whether or not there is evidence of dose infiltration. If a
dose is even partially infiltrated, then thailium-201 washout from the
heart will be spuriously delayed. In our laboratory, we routinely obtain
images of the injection site and the contralateral site to assure that
dose infiltration has not occurred.

Clinical Validation

A prospective group comprising 210 patients with coronary artery
disease was evaluated in a totally blinded fashion. Of these patients,
93 had single vessel disease, 73 had two vessel disease, and 13 three
vessel disease. Thirty-one of the patients were normal or had
subcritical coronary lesions (less than 50% diameter stenosis). Each
coronary artery lesion was measured in multiple projections using digital
electronic calipers without any knowledge of the thallium-201 studies.
The final diameter stenosis was expressed as the mean of these
measurements. From this prospective group, the overal sensitivity for
detecting the presence or absence of disease was 94% (176/187 patients)
and the specificity was 91% (21/23). In the analysis of individual
coronary artery stenoses, a perfusion defect was classified as true
positive only if it was present in the anatomically correct region of the
bullseye. The overall sensitivity for correctly identifying individual
coronary stenoses was 80%, with a specificity of 93%, giving a diagnostic
accuracy of 86%. On a vessel by vessel basis, the data were as follows:

Coronary Stenosis
LAO LCX RCA LCX/RCA

+ Predictive 80%
Value

- Predictive 82%
Value

89%

82%

87%

89%

92%

82%

It is of interest that 23 of the 36 "false positives" in the
entire group occurred because of perfusion defects in a region supplied
by a subcritical coronary lesion (40-50%). Thus, it appears that this
technique is highly accurate for detecting coronary artery stenoses, and
in fact, appears very sensitive for detecting subcritical coronary
lesions. These results agree with the preliminary studies of Tamaki et
al and Garcia et al who also have shown that quantitative analysis of
single photon emission computed tomography enhances the clinical utility
and reproducibility of these methods. However, because of the lack of
adequate correction for attenuation, scatter and object size, these
techniques as of yet do not allow extraction of absolute myocardial
thallium-201 concentration.
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Future Directions

Although thallium-201 is the radionuclide of choice at this time,
extensive research is ongoing to develop a technetium-99m replacement.
The most encouraging work involves technetium-99m-butyl isonitrile (TBI)
developed by Jones, Oavison, and Holman. Excellent planar and
tomoqraphic images have been obtained with this new radiopharmaceutical
in patients. More extensive clinical trials are getting underway. The
availability of a clinically useful technetium-99m labeled agent for
myocardial perfusion imaging should allow even better image quality.
With a technetium-99m agent, it is likely that 360° acquisition would
be preferred over 180°. In addition, correction for scatter,
attenuation, and variable resolution should be more feasible. This also
should be the impetus for development and evaluation of multidetector
camera systems including dedicated ring detectors. Elliptical orbit
tomography in whuh the detector is kept close to the thorax is another
technique that is presently undergoing evaluation. This approach should
provide both better resolution and sensitivity and may improve
thaVnum-201 data.

It is likely that with the enthusiasm for tomographic thallium-201
imaging and quantitative analysis that this will represent a major area
of growth in nuclear medicine in the coming years. This should allow us
to reach our goal of noninvasive detection and quantification of coronary
artery disease.
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