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CLINICAL AND RESEARCH QUANTITATIVE
NUCLEAR MEDICINE SYSTEM

Thomas F. Budinger
Donner Laboratory and Lawrence Berkeley Laboratory
University of California
Berkeley, California

ABSTRACT

The spatial and temporal resolution of digital computer systems in-
terfaced to gamma cameras and other nuclear medicine imaging devices
are not adequate for clinical or research investigations. Data losses as
great as 40% occur during dynamic heart studies, and the gamma camera
spatial resolution cannot be adequately represented by systems with
32X32 or 64X64 rasters. A system comprising analog to digital conver-
sion in 3 psec with data accumulation in list mode at 82 kHz, and in histo-
gram mode at 300 kHz, is now available for clinical and research studies.
Frame rate is 100 per sec in list mode. This disc operating system uses
the Hewlett-Packard 2100A computer (16-bit words) and movable head
discs (2.4 million words) with CRT display and light pen for assistance in
generating time-activity curves.

For the camera the usual acquisition resolution is 128 X128, but can
be 256 X256. The routine display is 64 X64, with the ability to present
128 X128 images. The whole-body scan is represented by six frames
(64 X384) and four isotopes for transmission-emission whole-body isotope
quantitation. At one time 160 images and 16 time-activity curves are
available for immediate access for display or arithmetic manipulations.
Programs implemented on this system with 12K memory include one- and
two-dimensional Fourier transforms, washout or clearance images, and
rapid means of adding, subtracting, multiplying, and dividing images or
time -activity curves by other images or time functions or by scalers. The
system can be operated by a technician or clinician with no prior computer
experience. The Anger whole-body scanner consisting of a bed which moves
over an array of 64 NaI(Tl) detectors has been interfaced to this digital
system as well as the Anger scintillation camera operating at 3 psec
pulse pair resolution. Examples of dynamic and static studies of brain,
heart, kidneys, pancreas, and bone are shown, using both conventional
display techniques and display of functional images where time and isotope
relationships are coded by color.



1. INTRODUCTION

Quantitative nuclear medicine or dynamic nuclear medicine using
imaging devices such as rectilinear scanners or Anger scintillation cameras
has been limited because of inadequacies in the hardware and software for
data acquisition, manipulation, and display. The system now in use at
Donner Laboratory on scintillation cameras and the Anger whole-body
scanner (Figs. 1 and 2) was designed to overcome limitations in temporal
and spatial resolution as well as limitations in user experience and com-
puter skills. The system characteristics and design specifications are
based on the experience, ideas, and inventiveness of nuclear medicine re-
searchers and clinicians who developed systems of their own or have pub-
lished their experiences with commercial computers or multichannel an-
alyzer systems [1-21]. The new generation systems I have reviewed™
suffer from inadequate display techniques, and most systems lack adequate
temporal and spatial resolution for data acquisition and storage. At the
time of this writing the Hewlett-Packard system (5407A) has a speed of
data handling with spatial resolution of 128X128 and flexibility not yet
present in other systems to my knowledge.

The data acquisition and manipulation characteristics were designed
to provide a base from which all known or published nuclear medicine pro-
cedures could be effected. Mere digitation is not quantitation, and thus a
truly quantitative system requires characteristics in excess of those available
commerciallyin small systems. The computing power of small 12K, 16-bit word
machines should include the ability to do one - and two-dimensional Fourier trans -
forms [22], tracer kinetics modelling [ 23, 24], fractional clearance wash-
out images, and three-dimensional reconstruction—as well as routine dy-
namic flow studies of brain, lungs, heart, and kidneys and special studies
such as ejection fraction and cardiac shunts. The basic problems most
systems share in dynamic function evaluation are adequate speed without
loss of spatial resolution and computational speed with flexibility. Argu-
ments regarding the merits of large vs. small computers disappear when
one does on a small computer system timely calculations usually relegated
to a large machine, such as two-dimensional integral transforms.

dn

MaJor commercial systems which use digital data acquisition through
computers or analyzers are Baird Atomic, Digital Equipment Corporation,
Hewlett-Packard, Intertechnique, Medical Data Systems, Nuclear Chicago,
and Nuclear Data.



Fig. 1. Part of the nuclear medicine facilities at Donner Laboratory,
showing the whole-body scanner (foreground) and small Anger camera
interfaced to the HP-5407 digital system.
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Schematic of the digital system configuration.
system except the whole-body scanner interface are now commercially

available.

Fig. 2.



The purpose of this paper is not so much to describe a nuclear
medicine computer system, but mainly to clarify the rationale and im-
portance of the essential ingredients which comprise a flexible quantitative
nuclear medicine system which can be used by both clincian and researcher
as a tool for medicine. Because relevant literature is cited wherever pos-
sible, some of this work also serves as a guide to the clinical and research
literature.

2. HARDWARE AND SOFTWARE DATA CONTROL

2.1 Analog to digital conversion

The conversion from analog position signals to digital words is one
of the most crucial parts of the system because here the camera data can
be distorted and lost without the clinician or researcher knowing that his
poor computer results are not the result of a poor study with bad statistics,
but the result of spatial and temporal data distortion. There are five
characteristics desirable for a nuclear medicine ADC:

Pulse pair resolution <3 psec,
Differential nonlinearity <1%,

7-bit digitization in X and Y (128 X128),
Ability to move field of view

Ability to zoom.

Speed and spatial resolution requirements are vital to any quantitative
nuclear medicine system. The argument that 3 psec is faster than the
camera is not valid, because commercial imaging systems can be made to
operate with 3 psec dead time and really should be improved to this speed
because of the serious data loss during dynamic studies (Fig. 3). During
the routine 10 mCi 99mTc-pertechnetate or albumin cardiac study, the
data rate of photopeak events is 40 kHz during 2 to 3 seconds of the study.
With a dead time of 20 psec the loss of data is 30%; for 40 psec, 50% . A
processing system whose pulse pair resolution is longer than the input
data time resolution effects data losses which depend on the dead time T,
input data rate R¢, and probability density function of the data source.

For a Poisson source, this data loss is [25]
-R¢T
Fractional loss = L_E—Ii— . (1)

Rt-’T

This expression is derived from the fact that the probability one or more
events occur in a time window of 7 for a count rate of Ry is just

-Rt'r
1 -e€ . (2)
The observed count rate is
-R, T
1 -e ¢
i AT B (3)

0 T

which differs from the conventional expression [26]
R

_ t
By R+ 1 ° (4)

The latter expression is a valid approximation for non-Poisson distributed
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Fig. 3. Percent data loss for various dead times. Most systems have an
effective dead time of 20 psec.



input, which is probably the case for count rates over 30000 from the
scintillation camera. The clock time of the dual ADC's used in the Hewlett-
Packard 5407 system is 200 MHz, and the pulse pair resolution for each
ADC digitizing 7-bits is 3 psec. Slower systems not only limit statistics,
but give washout or flow curves which are distorted and must be corrected
before they can be used for quantitative work. Correction of the observed
counts to the true counts in some interval of time is dangerous because the
basic statistics cannot be improved.

The law of propagation of errors [27] can be used to show that the
variance of the calculated count rate is related to the variances in observed
count rate and the variance in the dead time measurement,

8Rt g BRt 2
var (Rt) = Wo var (Ro) + 5 var () (5)

if there is no dependence of the dead time on the count rate. From Eq. (5)
and Eq. (4) one can show the standard deviation of a corrected count, N.,
for a time interval, T, on a system with dead time, 7, will be

1/2

. (6)

2N3 var (T) i|
——
T

o(N )=nNN [1+
(& c

Thus the error is greater than merely NNo/N but, as shown by Heiss
and co-workers [20], this error is less than the error which might be ex-
pected from the observed statistic '\/NO/NO .

A calculation of the effect of data dropout is shown in Fig. 4, where
an uptake -washout curve is simulated for 0, 20, and 40 psec dead times.
A few levels of analog derandomization buffers [19] will effectively in-
crease the analog to digital conversion speed capacity. Multicrystal
NaI(T1l), multiwire gas or liquid-filled Xe proportional chambers, or pure
germanium cameras can easily provide data at rates of 1 MHz. We should
look to the ADC with 2 psec pulse pair resolution, then add analog and dig-
ital buffers, as needed. Eventually we will need solid state memory de-
vices when isotopes of short half-life become used in 40 mCi amounts. The
limiting factor in the near future will be computer cycle time; however,
at present ADC pulse pair resolution seems to be the nuclear medicine
bottleneck for fast dynamic studies.

The spatial or energy resolution of an ADC is designated by the bits
digitized; e.g., 64 is 6 bits and 128 is 7 bits. The argument for setting
up a system with a resolution of 64X 64 or 32X32 is that it is convenient
for a particular 12-bit and 16-bit word computer. As has been shown by
Erickson and Brill[28] from the changes in the modulation
transfer function, one needs more than 64X64 elements across
a 25.4 cm crystal. Consider another argument for array size. If a 25.4
cm crystal can resolve a sinusoidal wave of 0.8 cm wave length, we ex-
pect 25.4/0.8 = 31.7 wave lengths or cycles. The uniform sampling theorem
in the spatial domain asserts that if a real space function, f(x), contains no
frequency components greater than S« cycles per unit distance, then
f(x) can be completely determined by its values at uniform intervals less
than (ZXSmaX)'i. Thus for 0.8 cm resolution we need 63 sample points,
and for 0.5 cm resolution we need 102 sample points. The resolution
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pattern is not a simple sine wave, and higher order components comprise
the bar pattern frequency spectrum. A resolution greater than 100X100

is required for faithful reproduction of camera images as shown in Fig. 5;
thus a system limited to 64 X64 resolution is unlikely to gain general
acceptance in the next few years. Array sizes of 128 X128 necessitate four
times more storage and four times more speed than needed for conventional
64X 64 arrays. Techniques other than histogram accumulation of 16K arrays
in the central processor can provide 128 X128 arrays without large invest-
ments in memory devices. These techniques include the use of list mode
accumulation, and the ability to zoom the ADC. Use of list mode accumula-
tion allows one to acquire data with spatial resolution limited only by the
computer word size and resolution of the ADC (8-bit ADC = 256 point reso-
lution). The basic configuration we use allows us to digitize 128X 128.

With a wire jumper change in the ADC format board we can digitize

256 X256 but would have to change our time mark convention. Another
technique of realizing the inherent resolution of a camera is the technique
of zooming the ADC's to examine a small portion of the crystal with high
spatial resolution. This capability is available on many ADC's but the
analog gain and offset controls are usually not readily accessible. Use of

a pinhole collimator does not accomplish the same purpose because the
inherent crystal resolution is still not fully ulitized if a 25 cm diameter
area is represented by only 64 X64. By zooming we digitize a smaller area
with 64 X64 or 128X128, as shown in Fig. 5 for a bar pattern whose 6.35
mm (1/4 inch) resolution quadrant is shown at a spatial digital sampling
resolution of 64 X64, 128X128 and, through zooming, 300 X300.

2.2 List mode vs. frame or histogram mode

The list mode accumulation means each count is stored by signifying
the X and the Y position information sequentially (in a list) as the counts
arrive from the camera. Thus an 80 000-dot picture would be represented
by 80000 computer words--the difference between each word being the po-
sition coordinates of each event. The frame or histogram mode implies
that each count is placed in its appropriate position in a two-dimensional
array of, for example, 64X64 or 128X128. The computer location repre-
senting a particular position in the frame (on the crystal) is incremented
by one count each time an event arrives from that position. Thus the frame
or histogram mode gives an integrated picture of the isotope distribution.
The integration period depends on the frame rate, which is usually greater
than 10 sec-1. This mode of operation is equivalent to 35 mm, Polaroid
film, or storage scope picture accumulation which is available on com-
mercial camera systems. For the full benefit of gamma camera nuclear
medicine studies using small computers, list mode is necessary because
it allows high spatial resolution imaging with high temporal resolution.
List mode allows higher frame rates than obtainable with histogram mode.
Framing speed is achieved in our system by inserting time markers every
10 msec during data accumulation. Thus in list mode,frames of 128 X128
can be obtained at frame rates of 100 sec~1. Appropriate electronic modi-
fications can improve camera rates to 100 kHz, and meaningful physiologic
data can be obtained with frame rates of 20 sec~! with 128 X128 resolution.
Because each count has to pass through the entire system (ADC — computer
core - storage), list mode data rates are limited by the acquisition speed
of the slowest component. Disc or drum data accumulation systems have
the required speed; tape systems are too slow for list mode operations.
The limit for 45 ips 9-track tape is about 30 kHz and the limit for a movable
head disc system (less than $20000) is about 80 kHz.
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On the other hand, fast data rates in the order of 300 kHz can be
accommodated by histogram mode because the bulk frame data accumulated
from tq to tp can be transferred to storage while a successive frame is
being accumulated during t; to t3 in another 4K section of computer mem-
ory. Further, histogram storage of a 64X64 frame requires only 4096
words. Thus in the case of a 100 000-event study the capacity for total
counts is greater by a factor of 25 in histogram mode. However, there
are two reasons why a fast, say 20-frame per second, histogram mode
will not suffice for nuclear medicine studies. First, we do not get suf-
ficient spatial resolution with the small memories of 12K or 16K which
are economically available in small machines or data transfer systems.
To transfer frames of 128X 128 elements in histogram mode at high data
rates requires a core of 2X(128X128) + 4K = 36K. Some yet untested
techniques of core splitting have potential for reducing this large core re-
quirement. Secondly, fast dynamic studies in histogram mode are likely
to fail unless the duration of accumulation is timed relative to the timing
of isotope movement in the area of camera view. An example will clarify
this statement. Suppose a 10 mCi 99mMTc cardiac dynamic study is to be
made at a 64X 64 frame rate of 20 sec-1, and the computer accumulation
commences at the time the isotope is injected. Assume that after 6
seconds the isotope center of gravity is in the right heart. We have used
up 4096 X6X20 words or more than one-third of a 1.2-million 16-bit word
disc. After another 8 seconds we find the bolus in the left ventricle, and
our rapid storage device is nearly full. If it is 10 seconds before the
isotope is in the right heart (a common occurrence), then we would run
out of storage before the left ventricle is visualized. High speed tapes
can be used as mass storage; however, they are inappropriate because
the usual tape transports will not allow data transfer faster than about 30
kHz, and at the most interesting part of a cardiac study as much as 25%
of the useful data will be lost in addition to that lost from system dead time
discussed above.

List mode accumulation is used on analog systems using magnetic
tape with analog playback. These systems have only limited data manipula-
tion capabilities, and less than one-half the speed of digital,list mode disc
systems. Further, they do not have the precise time mark capability of
digital systems. They do have the capability to do irregular area of in-
terest dynamic functions by using photodiode [29] or photomultiplier tubes
[30] which view a masked-off area of the video screen during playbacks.

The attributes of several modes of data accumulation are tabulated
below. An asterisk signifies a particular mode is superior to others in the
same category without an asterisk. Obviously the ideal system will have
both histogram and list mode. Once the data have been accumulated in
list mode, they must be framed for viewing (Fig. 6). Raw data accumula-
tion is made on a 1.2-million word raw data disc, from which data can be
framed in time increments of 10 msec and greater. Our system requires
400 msec to frame from a list of events stored on disc to a 4K frame. The
frame file is for 4K words, usually as 64 X64 frames, but these frames
can also be 32 X128, since the X and Y data are stored as 7X7 bits and can
be reframed by a simple typed message for change in format. Thus one
can reframe raw data into 4 frames, each 32X128, giving an aggregate
128X128 or 4 frames of 64 X64 representing 4 quadrants of a 128 X128
frame.
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DISPLAY AND
COMPUTER
DBL 7210-5521

TIME-ACTIVITY CURVES (16)

AREAS OF INTEREST (16)
PROGRAMS

RAW DATA

WITH COMMENTS

SYSTEM'S
PROGRAMS

DESIGNATED UNDER TAG-WORDS

4k FRAMES

PERMANENT
STORAGE

CAMERA OR
WHOLE BODY
SCANNER

Fig. 6. The data flow from ADC or whole-body scanner to raw data disc
in list mode or histogram mode. Data are framed into any one or a
series of 160 available frames in the removable cartridge disc, which
also contains system's and user's programs.
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Dynamic  Static
Count Frame storage storage
rate rate Resolution economy economy
List mode % * %
Histogram mode * *
Analog list mode % %

The time intervals between frames is based on the user needs. List
framing for slow or medium speed (200 msec) studies is preferred over
histogram framing, because the interval chosen for framing cannot be less
than the histogram interval selected before the commencement of the study
and, as emphasized above, we have 4 times the spatial resolution in list
mode.

2.3 Rationale and specifications for a disc

Systems without a fast storage device, such as a disc or drum, leave
the nuclear medicine clinician with a severe handicap, not only in the work
of dynamic imaging, but in the speed and convenience of moving programs
and frames from one place to another. The disc gives a small computer the
capabilities of larger machines. A disc is a memory device similar in size
to a phonograph record, but made of aluminum and coated with iron oxide
particles suspended in an organic binder. In movable head discs there is
a transducer which moves in and out over the rotating platter. This head
magnetizes the disc portion over which it is programmed to be in accord-
ance with the presence or absence of information being transferred from
core. Data are read by sensing the magnetic field on the disc, analogous
to a phonograph pickup sensing a ridge in the record groove (track). Fixed
head discs have a head per track, and can transfer data much faster than
movable head discs, but they cost almost as much as extending computer
core (about 10 times the cost of movable head discs). Movable head discs
have adequate speed and capacity for nuclear medicine applications to over
50 000 events/sec in list mode, and 300000 events/sec in histogram mode.
The Hewlett-Packard Model 7900A unit consists of two movable-head 1.2-
million word (16-bit) discs, one fixed and one an interchangeable cartridge.

The system now has both a fixed and a removable disc cartridge with
a total capacity of 40 million data-bits. The fixed disc is used for tempor-
ary storage of list mode or histogram mode data, and the removable
cartridge is a 1.2-million, 16-bit-word disc which is used as the system's
disc with separate '"core loads'" consisting of acquisition, manipulation,
and display system software which are loaded into core as needed. The
time to change from one mode of, say, 128X64 display to the time vs.
activity curve generation core load is ~ 1 sec. On this removable disc
cartridge are 160 frames (4K words) which are fixed spaces on the disc
wherein list or histogram raw data can be placed after framing (Figs. 2
and 6). A different removable cartridge disc containing another set of core
loads or special routines such as a tomographic scanner system or a whole-
body scanner quantitative system can replace the resident disc in less than
60 sec. Thus the individual modes of operation can be changed in the com-
puter by reloading core in 1 sec and the entire system reconfigured to an-
other imaging device, or even a nuclear medicine laboratory management
system disc, in less than 60 sec.
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2.3.1 Disc speed

The disc rotates at 2400 rev/min. The average single-track seek
time is 7 msec, and the average delay is 12.5 msec. The data transfer
is 312 000 8-bit bites or 2.5 million bites per second. There are 200 tracks
(plus 3 spare tracks) and each track has twenty -four 256-bite sectors.

The system can transfer data at 82 000 words per second. This is
done as follows.

Transfer data to track 0 in sectors 0 to 15 (16.7 msec), then move
heads to track 1 (17 msec), wait 1.3 msec, then sectors 0 through 15 on
track 1 are transferred, and the heads are moved to track 2, and so on
for 200 tracks. Now without losing the 55 msec to move the heads 200
tracks back to track 0, the process is repeated starting at track 199. The
next data are transferred to sections 16 through 23. The system switches
heads and transfers 0 through 15, then 16 through 23 on the other disc sur-
face. This technique allows one to transfer blocks of data at a rapid rate
by using a movable-head disc.

2.4 System control

2.4.1 Teletype keyboard control

The mode and language whereby the technician, clinician, or re-
searcher communicates with a system is as important as any other aspect
of the system design. The philosophy is to bring the full system including
powerful computing capabilities, to the fingertips of a nuclear medicine
technician without prior computer or analyzer knowledge or training. Cum-
bersome computer language or mnemonics have been avoided, and most
operations are under the control of a standard ASR-33 teleprinter key-
board which has been labelled by the platten overlay shown in Fig. 7. Ex-
planation of some of the functions is as follows:

CONTROL: (a) Sets the system in idle mode ready to accept a '""core load"
which consists of a set of instructions for particular
modes of operation such as accumulate or display.

(b) Executes a valid command from elsewhere on the key-
board.

ACCUMULATE: A specific core load is read off the disc into computer
core thus putting the system in readiness for list mode
or histogram mode accumulation of data.

FRAME CREATE:

A '""core load" which allows the user to transfer raw
data into frames of any duration = 10 msec, a specified
count limitation if desired, and data into frames related
to certain physiological markers.

TIME FUNCTION CREATE:

When the create key is pressed, a new ''core load' en-
ters the system and the user is able to create 1 - 16
time functions consisting of counts integrated over pre-
selected areas of interest. These areas can be over-
lapping and become part of the permanent record along
with the time functions.

FRAME AND

TIME FUNCTION ARITHMETIC:
User can perform arithmetic operations such as addition,
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Fig. 7.
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subtraction, multiplication and division of one time func-
tion or frame by another or by a scaler. These opera-
tions take less than 0.5 sec and are performed by simple
messages such as

% Fl *10 - F2

* F2/F3
which means multiply frame 1 by 10 and put the results
in frame 2. Then divide frame 2 by frame 3.

BASIC: This key calls in a programming system whereby one can
operate on time functions or with user originated
programs written in BASIC language.

Some other functions shown in Fig. 7 will be discussed below.

In addition, FORTRAN and ALGOL programs can be written for
special manipulations of the frame data which have not already been pro-
vided with the system. The fractional clearance (washout) functional image
and the Fourier transform programs are FORTRAN special programs
added to the basic system.

Thus the teleprinter keyboard serves what appears to be dual func-
tions of command mode messages to the system's programs and the con-
ventional operation of typed messages or parameters to the computer. In
the former mode the ASCII-coded input from the teleprinter is picked up
from the I/O bus by the computer executive program (keyboard monitor)
and an interpreter transforms the ASCII to an internal system language.

2.5 Display

Presentation of the acquired or processed data via computer print-
out and monochromatic or colored CRT display is usually inadequate be-
cause it is not economically feasible to display 128X 128 flicker-free on
scopes with adequate gray levels by using small computers because each
point takes 3 - 4usec to display. Storage scopes do not have the gray level
capacity or uniform persistence required for nuclear medicine procedures.
Storage scopes of 1024 X2048 resolution can be used effectively for display
of 64 X64 by mapping each element from the 64 X64 array to an 8X8 or
16X 16 subset of the larger array, as has been done successfully in micros-
copy [25]. Mapping by using a fixed code rather than a random number
generator gives a weave pattern which is acceptable, but can be avoided.
High-resolution displays can be generated by sweeping out the data on a
CRT and integrating the image on film, as is done in scanning microscopy
and presentation of moon and Mars pictures after data processing.

We use a HP-180 scope with a P-31 (31 psec) green phosphor. Our
display rate is 40 sec-1 for 64X64. This rate usually gives some flicker
unless the display algorithm interleaves the rows; this is now done, with ex-
cellent results. We have a special program for display of 64 X128 which
reads out 2 frames (successively) into the display module, and can easily
acquire and display 128 X128 images by a program which will read 4 frames
of 32 X128 onto the display screen while the camera shutter is open.

Capabilities of the display are seeninthe heartimage after injection of
129¢s[31] (Fig. 8). The ability to select count threshold and window as well as
the capability of displaying isometric projections are found inmost systems.
Profiles through any width of X and Y slices allow one to examine the signifi-
cance of apparentdefects, as showninthe study of adefectina 43K myocardial
study from a patient with previous myocardial infarctions (Fig. 9) .
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5. IMAGE AND TIME FUNCTION MANIPULATIONS

3 Camera and whole-body scanner field nonuniformity corrections

One of the early uses of digital systems on the Anger scintillation
camera was to demonstrate the degree of nonuniformity present in many
scintillation cameras (frequently variations of 209%). The seriousness of
poor camera performance is illustrated by Fig. 10 where an abnormal
static /™ Tc-pertechnetate image becomes normal after proper correc-
tions. Quantitative dynamic studies which involve comparison of the flow
between parts of the brain, lungs, and kidneys are subject to large errors
if proper precautions are not taken to correct the raw data for nonuniform-
ity of camera sensitivity. Symmetry of flow is a useful measure for uni-
lateral brain or vessel pathology; however, here the danger of misdiagno-
sis is greatest because regional deviations in crystal sensitivity can
markedly distort the symmetry of uptake-washout curves of the brain
blood flow study. An illustration of this is the abnormal brain flow study
which becomes normal when sensitivity corrections are applied (Fig. 11).
The camera spatial changes in sensitivity will vary with window width,
energy, and symmetry of placement of the window around the photopeak
[32,33]. Figure 12 shows how the nonuniformity varies markedly with
placement of the window around the photopeak.

Some techniques of correcting this nonuniformity have been pro-
posed for digital systems [34,35]. Geometric distortion [36] is far less
important than the sensitivity corrections. Nonuniformity corrections
must be done in floating point arithmetic. The corrections are done by
collecting more than 3000 000 counts from a uniform source which is
larger than the collimated crystal. The correction matrix is applicable
to the particular collimator, energy, and window used for the flooded
field and subsequent patient study. In order to obtain a normalization
matrix with less than 2% standard deviation, it is necessary to accumu-
late 3000000 counts in the inscribed camera circle of a 64X 64 array.
Because we can expect a 20% deviation from the average, the statistical
error in the normalization matrix might be 5%.

The corrected image is obtained as follows:

1
A. X< ZIN,,
A 1JXNN iy i

ij

’

1]

where the numerator is the product of the image counts and the mean value
of the flood matrix, and Nj; denote the counts in the flood field elements.
Zeroes in the flood field are replaced by ones, and zeroes of the image
field remain zero. Thus, since a zero count will never be improved upon,
one must add one count to all elements before correcting an image with
very poor statistics. A better procedure is to tune the camera.

3.2 Fundamental problems in image restoration

The problems of image restoration in nuclear medicine are far more
complicated than the problem of planet picture processing NASA has suc-
cessfully solved. The reason is twofold. First, whereas it is well known

that the count rate does not change with distance from the collimator, the
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system impulse response changes markedly with distance from the camera
[37]. By analogy NASA would have the problem of imaging the back side
and front side of the moon from one photograph. A second, and perhaps
more serious problem, is the presence of nonadditive noise.

The presence of multiplicative or nonadditive noise leads to a funda-
mental problem in the use of image enhancement techniques employed in
one-dimensional or two-dimensional data processing. For example, the
Wiener filter approach [25] is based on optimizing signals in the presence
of additive noise, and does not allow for nonadditive noise, which is the
major noise contribution in nuclear medicine studies. This can be seen
by noting in the derivation of the Wiener filter that the power spectrum of
the image is given by

|8(s) - H(s) + N(s) [> = 8%(s) - H%(s) + N°(s) (7)

where ®(s) is the object spectrum, H(s) is the transfer function, and N(s)
is the noise spectrum. Note that the cross terms ®(s)H(s) X N(s) and
N(s)X ®(s) H(s) are not present because correlation between object and
noise is assumed to be negligible, which is not true in nuclear medicine
imagery. The Wiener filter is derived from the criterion of minimum
mean square error between the object and the ideal image, which is an es-
timate that is a linear functional of the image data [25,38]:

H*(s) .
H(s) + N%(s)/@%(s)

Z(s) = (8)

The filter function Z(s) multiplies the Fourier transform of the image and
the inverse transform of this product gives the best restoration of the ob-
ject projection.

v®) = Fl@ex Fa)? (9)

where F denotes the Fourier transform and G"_i the inverse Fourier
transform. The Wiener filter approach is limited insofar as the nonaddi-
tive noise is present. This approach becomes more appropriate to use
where statistics are good. The digital implementation of this filter in-
volves five two-dimensional Fourier transforms. This is not an unreason-
able task for a small machine because two-dimensional (64X 64) transforms
can be done in less than three minutes on 16-bit machines with 1 pseccycle
time. One frequently sees or hears the argument that the ideal image can
be extracted from the observed image I(x,y, z) by deconvolution of the ob-
ject function, V(x,y, z),from the system impulse response since

I, y1, =t} = S‘S:g‘ V(x,y,z) h (x'-x, y'-y, z'-z)dx dy dz (10)

and the impulse response h(x, y, z) can be determined. From the Fourier
convolution theorem we have

Vix,y,2) = F [ Fwm]= F1ZD

T
) (14}



24

However, as has been recognized [25, 39, 40], the transfer function FAh) will
not coincide with the zeroes of the Fourier transform of a noisy image. In
the frequency region where F(h) is less than the noise N(s), the inverse
filter approach leads to large amplifications of the noise. Thus in
straightforward deconvolution techniques there is a high probability that
finite numbers will be divided by very small numbers or zeroes at numer-
ous places in the spatial frequency domain. This leads to images further
from the object than the original, as shown by Fig.13.

3.3 Three-dimensional reconstructions

An important goal of nuclear medicine quantitation is the determina-
tion of the three-dimensional distribution of compounds and their changes
with time. Analogous goals in electron microscopy, radiology, and radio-
astronomy have led to problems whose mathematical physics are similar.
There are four computer-method categories of image reconstruction from
multiple views:

1) Back projection or direct methods [41, 42],

2) Back projection from modified projected densities [43, 44] 5
3) Iterative arithmetic reconstruction [45,46,47],

4) Fourier reconstruction techniques [48,49].

All of these methods assume that the image is representative of a projec-
tion of the object—which is true under certain conditions in microscopy and
nuclear medicine. Unfortunately, both noise and varying response func-
tion with distance between camera and image leave nuclear medicine with
the hardest problems. Nevertheless, with a resolution length of 1/30th
the field of view, reconstructions can be made by using large or small
computer systems. The digital system at Donner Laboratory has the flex-
ibility to implement the four classes of reconstruction programs.

3.4 Practical approaches to image restoration and enhancement

As elegant as the linear systems analysis approach is, unfortunately
it is severely limited by nonadditive noise. Nevertheless, using some con-
cepts from linear systems theory, practical and valid approaches are
available for the enhancement and restoration of the ideal image. These can
be divided into two categories: (1) smoothing for noise filtering, and (2)
compensation for degradation due to the impulse response of the imaging
system.

First some spatial averaging is necessary in order to simulate a
continuous distribution from which the discrete counts arise. This pro-
cedure is justified from the fact that the distribution in the body is con-
tinuous, and smoothing operations will not prejudice the data if a smooth-
ing function is varied to take into account the statistical significance of the
data. Fixed area smoothing such as 9-point two-dimensional averages,
weighted or unweighted, will result in superfluous blurring because the
intensity in the areas of low counts and, therefore, low statistical signi-
ficance will be increased to the same degree as the intensity in areas of
high count; therefore, high statistical significance is lowered. An appro-
priate technique is the variable spatial averaging of Pizer and Veeter [50]
and Tauxe [51,52]. Variable smoothing is achieved by varying the radius
of the smoothing domain inversely with the measured intensity. Thus
areas of high count rate where the statistical significance is great might
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Fig. 13. Attempt at deconvolution of the impulse response from a noisy
image frequently leads to a worse image than the original.
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require a 5-point smoothing function, whereas in areas of low count rate
the 9-point smoothing is appropriate.

The degradation of the image caused by the instrument impulse re-
sponse or point spread function can be compensated for by indirect or
iterative deconvolution suggested by Skarsgard, Johns, and Green [53] and
implemented by Iinuma and Nagai [54] and Nagai, Iinuma and Koda [55].
The interative approach requires knowledge of the impulse response at a
given distance from the camera. We can calculate

I =1 F (h)} (12)

-1
n n-1 i I(x, y) & { g(ln—

1)

where I(n is the nth iteration on the image intensities and ¥ denotes a
Fourier %ransform for the rapid implementation of the approach of Iinuma
and Nagai [54]. The best restoration occurs after a few iterations, and
before the absolute value of the difference between the observed pixel
(picture element) and the calculated pixel is equal to or greater than the
standard deviation of the observed pixel count. For each pixel

1=, y) - I (=, y)| <TGk y). (13)

Squaring both sides and summing over all pixels, we find

J_ i

z I -I'n]" _y. (14)
.

j:

One can implement the impulse response deconvolution by iterative
approximation by noting that equation [12] can be rewritten as

I(x) = F 1 {e(s) H (s)) (15)

where H_(s) = {1- F[h(=)]}" + {1- Fh=)}" ' { Fhx) (16

Thus the iteration can be seen as merely the multiplication of the
spatial frequency distribution of the image ¢(s) by a frequency correction
factor [56]. Thus for a particular collimator, energy, energy window,
and distance to the patient we can compute a set of H (s)} (nis the num-
ber of iterations) and for a given image calculate a few I4(x), say for n =3,
n = 10, and n = 13. The convergence criterion of Eq. (14) can be used to
stop the iteration and control the smoothing. The rate of convergence is
related to the counting statistics, thus to the type of smoothing to be used
for selecting the best image. The ideal image is calculated from taking
the inverse transform of the product ¢(s) H (s) of the observed image spec-
trum and the correction factor. At present each transform takes 3 min-
utes in the small computer, but we can have this speed at 15 sec with some
additional hardware. Nevertheless the convenience and present speed of
the two-dimensional Fourier transform program allow the researcher and
curious clinician to explore iterative approximation deconvolution and

other methods of image filtering. Restoration of images by means of
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iterative approximation depends on the type of smoothing used [56], and
the optimum filter has not been determined. It is reasonable to expect
that a nonlinear filtering technique such as the Pizer-Vetter variable spa-
tial averaging or the technique of maximizing entropy [25,57] will give
smoothing which least biases the data. Both methods are based on the
criterion of minimizing prejudice by maximizing entropy [58].

Smoothing by 9-point averaging and enhancement control of the con-
trast (gamma), brightness, and dynamic range of the CRT display in most
cases give adequate images for appropriate communication of the diagno-
sis to the referring clinician or patient chart. Figure 14 demonstrates
this point. Defocusing is an effective means of filtering the 64X 64 raster
(Fig. 14).

Another approach which is intuitively appealing and gives direct re-
sults under the dynamic control of the operator is known as dot shifting
[59, 60]. Dot shifting is simply an attempt to remove the smearing effect
of a point spread function by moving counts from an element of low statis-
tical significance toward regions of higher count density. The rationale
for this technique is based on the fact that the high count regions are the
most probable origin for outlying counts. An edge enhancement is effected.
The absolute value of the two-dimensional spatial derivative also gives an
edge enhancement. Another interesting technique of edge enhancement in-
volves subtraction of the ratio of the Compton window counts to the photo-
peak window counts from the photopeak image [61]. This is a simple task
if the computer system is designed to handle more than one energy or iso-
tope at one time.

The search for optimum frequency filters [62-67] involves evaluating
images formed after selective attenuation of the image spatial frequencies.
The filters involve a two-dimensional mask which diminishes or enhances
the selected spatial frequencies in a way based on the system MTF or
Wiener filter derivation; or in an adaptive way based on the power spec-
trum of the image. Many filters have realizable real space analogs and
Wiener filters can be simulated by convolution with a real space 5X5
weighted averaging function [66].

The field of image enhancement in nuclear medicine has not been
hampered by lack of ideas--it has been hampered by lack of computing
ability. Practical derivation of appropriate filters can be made by deter-
mining the set of frequency filters G (h) which will give the best recon-
struction of a phantom (object) from the scintigraphic data (image). Thus
we seek

 (h) = F(image)

& F(object)

for a particular organ, distance between the organ and imaging system z,
collimator, and energy. With adequate computing ability now available

one can not only determine the optimum filter but can store these filters

for image enhancement in subsequent patient studies. We expect to speed
up our three-minute two-dimensional Fourier transform program by a
factor of 10 and give the nuclear medicine clinician or researcher the
ability to do spatial frequency filtering without recourse to large computers.
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Fig. 14. Example of methods of contrast enhancement and smoothing
easily implemented by control of the display module.
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Another use of the two-dimensional Fourier transform is in motion
extraction by the powerful holographic image deblurring method first de-
scribed by Stroke and Zech [68]. This approach has not been tried, and
is perhaps more cumbersone than the digital technique of Oppenheim [69].
Integral transforms can also be used to transform a Fresnel or Bessel
zone plate image to real space, thus obviating the inconveniences and ex-
pense of optical reconstruction.

3.5 Time functions

Once we have restored the image to the best representation of the
object, we can proceed with the tasks of generating functional images de-
picting organ uptake and washout, images of dual isotope distribution,
transmission-emission images in multiple colors, and time functions
(time-activity curves). Speed and convenient display are the objectives
of the system design for manipulation of data frames or time functions ex-
tracted from these images. An example from a pancreas study will give
a measure of the speed and convenience. The teletype keys under "AREA
OPERATIONS'" (Fig. 7) are used for the area-of-interest operations.
Five areas for the pancreas-liver study were delineated by light pen in 2
minutes (Fig. 15). The time functions (time-activity curves) are created
by a stroke of the ''create' key, and counts vs frame curves containing 80
points each were generated simultaneously in 40 sec. Four curves can be
displayed at one time, and hard-copy other than CRT photographs can be
produced by using the TTY for three time functions simultaneously, as
illustrated in Fig. 4. The following manipulations of TF's are imple-
mented on the HP-5407 system:

1. Addition, subtraction, multiplication, and division of TF by
scalers.

2. Addition, subtraction, multiplication, and division of one TF
by another (Fig. 16).

3. Differentiation and integration between time or spatial coordi-
nate limits.

4. Modification by logarithmic, exponential, square root, and
trigonometric operators.

5. Dead-time correction.

6. Convolution of time function (TF) with smoothing operator.

7. Fourier transform of a time function (or spatial function) [22] 5
8. Normalization to unit area or volume.

9. Retrospective gating.
10. Fit of a time function to exponential decay.

11. Extraction of the impulse response, given the input and output
functions (4 minutes).

12. TTY plot of three TF's simultaneously.



Methionine uptake curves

Areas for integration selected
by light pen
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Fig. 15. Pancreas study using 200 p.Ci 7SSe -methionine which shows rate
of uptake in three areas over the liver and the head and tail of the
pancreas.
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Fig. 16. Example of rapid subtraction of one time function (renogram)
from another.
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The ability to do operation No. 1 implies the capability for the other
operations; for example, restrospective gating is done by smoothing and
differentiation of a time-activity curve such as that of Fig. 17. This oper-
ation is based on the ability to subtract one point of a TF from an adja-
cent datum.

The extraction of impulse response is done by calculating the in-
verse Fourier transform of the ratio of the Fourier transform of the out-
put to the Fourier transform of the input. In theory the response of the
system, be it systemic circulation or lungs, is invariant with respect to
the input function. Thus if we have a known input function and a known
output, we can determine the transfer function and, therefore, the distri-
bution of transit times of the system. This is a practical application of
linear systems theory and can be accomplished if the statistics are good.

The system response h(t) is the inverse transform of the ratio of
the Fourier transform of the output time function to the input time func-
tion:

ht) = F1 [—gg]. (17)

But the mean transit time is t = J th(t)dt. This transform approach [25,
70, 71] has been examined from the standpoint of determination of the
number of compartments and their importance [72]. We are interested
in an approach which takes into account noise and seeks a solution which
minimizes the mean-squared value of noise [25]. In this case the system
response is determined from the cross power spectrum of the output and
input Sp g and the power spectrum of the input

Sap . FR,p)
Fht) =3 = R ) (18)
AA F Vaa
where R and Rp A are the cross correlation of input and output and the

autocorrelation of the input functions, respectively. Solution for the im-
pulse response by using Eq. (17) takes 4 min, using the FFT (about 0.5
min for 128-point transform [22]; however, a hard-wired fast Fourier
transform can complete the three transforms in less than 1 sec [22].
Programs for manipulating TF's can be written in BASIC, FORTRAN,
ALGOL, or machine language. The BASIC programs call in TF's by a
gubrottine CALL: BEADT {ccs5 ss55 vas) a0 CALL WRITT (.o ussssssns)s
Simple subtraction of one entire time function from another requires less
than 0.5 sec with results displayed on CRT or hard-copy via TTY. Sub-
tl{‘)action of one renagraph from another by this technique is shown in Fig.
1

The purpose of rapid manipulation of time functions is to give the
clinician and researcher the following capabilities with little more than a
stroke of a key.

(a) Heart dynamic functions: The cardiopulmonary system can be
evaluated by high speed digital systems and simple arithmetic manipula-
tions without any off-line processing. The cardiac parameters that can

be readily evaluated include:
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(1) Systemic circulation time, obtained by measuring the time

interval from the peak of the right ventricle dilution curve to the
peak of the recirculation on the same curve [73].

(2) Cardiac output

blood vol. X count rate at equilibrium

C.0O. = A

The denominator represents the area under the dilution curve obtained by
extrapolating the washout to the zero or background intercept. The blood
volume is determined as the ratio of the total counts injected over the ac-
tivity per volume ascertained by venous blood activity measurements and
extrapolation to zero time to account for the few percent loss of, say,
technetium-albumin from the blood pool.

An alternative procedure for cardiac output is to calculate

blood volume

.0. = = - - o
& systemic circulation time

Blood volume and systemic circulation are available every time 99rnTc-

albumin study is done.

(3) Left to right cardiac shunt detection [74, 75, 76]

(4) Intracardiac circulation times [77, 78, 79, 80]

(5) Left ventricular wall movement and calculation of ejection
fractions| 21, 29, 81, 82, 83, 84]

A large literature exists on the extraction of end-systole and end-diastole
volume information from biplane or single view angiography using con-
trast agents [85, 86]. Most of these approaches can be duplicated by
isotopes which pass through or remain in the blood pool. The single-plane
topologic approach can be used along with a modified Simpson's rule to
calculate these important volumes.

v- It [;1- (a2 +d2n2) + z diz+ zde] (19)

i ]

[\V] [N

where t is the thickness of an even number of strips placed perpendicular
to the axis of the ventricle outline, d. denotes the odd diameters, and d.
denotes the evendiameters surrounding the strips. Essential to this ap=
proach is high speed and high spatial resolution (128 X 128), because the
calculation rests on accurate edge determination. Analysis of 32X 32

or 40 X 40 1images must rely on quantity of isotope during phases of the
cardiac cycle and subtraction of background activity, which is less satis-
factory than the topological approach which does not require background
subtraction. Retrospective gating such as illustrated in Fig. 17 involves
use of the time function for determination of the frames of maxima and
minima. These frames are summed to give images of end-diastole and
end-systole shown in Fig. 17 and Fig. 19.

(6) Qualitative assessment of cardiac function pioneered by Kriss
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Fig. 17. Example of retrospective gating wherein the time-activity curve
was generated at 50 msec intervals by using an area over the left
ventricle four count integration. The sum of the frames at maximum
activity gives an image of end-diastole and the frames at minimum
activity give end-systole.
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and cosworkers [88] on analog systems can be made using this digital sys-
tem, if adequate spatial resolution for display is available. Assessment
of the relations of myocardium to heart silhouette and to left ventricle is
shown in Fig. 18, and the time relations of heart circulation are shown in

Fig. 19 [89].

(7) Time function patterns of disease: A screening procedure for
valvular disease proposed by Goldberg and coworkers [90, 941] involves
calculating the ratio of FWHM of left atrium to FWHM of left ventricle
uptake-washout curve after normalization to the FWHM of the input func-
tion (right ventricle). The qualitative evaluation of uptake-washout curve
patterns promises to give us diagnostic radioangiograms similar to EKG's,
if the acquisition system does not introduce errors (Fig. 4).

(b) Renography and computer-assisted blood background subtraction

te chniques [92-99].

(c) Lung perfusion:ventilation and xenon washout studies [16, 100-105].

(d) Cerebral blood flow symmetry [14, 20, 106-109].

(e) Thyroid uptake function [110-112].

(f) Gall bladder—labeled dye excretion studies [113].

(g) Myocardial flow studies [114, 115].

(h) Liver dynamic function [116, 117].

(1) Decay correction (flourine-18, oxygen-15, nitrogen-13).

(3) Cross talk correction; e.g., removal of contributed activity from
overlapping regions such as pulmonary artery contribution to aortic output
curve or Compton addition from dual isotope studies.

3.6 Manipulations of images

Most of the arithmetic operations available for the scaler time func-
tions are also available for whole images (64 X 64 frames). These include:
addition, subtraction, multiplication, division of frames by other frames
or by scalers. For example the operation:

(99m

(a) 3% (7ZSe-methionine) FRAME No. 4 - Tc-sulfur colloid)

FRAME No. 5 into FRAME No. 10.
(b) Smooth FRAME No. 10.
Can be done by executing the following:
F1¥ 3 > F4
F4 - F5 - F10

Smooth F10.
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Heart silhouette Heart muscle

Left ventricle Heart perimeter

129

Fig. 18. Combination of transmission and emission imaging using Cs
and 99MTc which demonstrates relationships of myocardial uptake
to intracardiac chamber and heart silhouette.



Aortic Valve

Left Ventricle /

End systole and end diastole can be visualized by color coding
the moments when maximum and minimum activity appears in
left ventricle after injection of a tracer. In these scintigrams by
Dr. Thomas F. Budinger of the Donner Laboratory, end systole

/ Lung

Heart Silhouette

Superior Vena Cava

Color coding of time intervals demonstrates flow of isotope
through heart and lungs (also by Dr. Budinger). At upper left is
transmission image of lungs; below it, **mTc-albumin bolus
enters right heart at 6-8 seconds following antecubital injection

Aortic Valve

is at upper left, end diastole at lower left. When these two images
are superimposed (upper right), ejected volume is seen as red.
Combining this image with simultancous transmission image
shows relationship to lungs and silhouettes heart (lower right).

Pulmonary Artery

Left Ventricle

and starts out through pulmonary artery. At upper right, flow
into pulmonary vasculature is seen 8-10 seconds after injection.
Lower right, between 12-14 seconds, bolus has returned from
the lungs and is in the left ventricle and ascending aorta.

Reprinted from Hospital Practice, September, 1972
© Copyright 1972 by HP Publishing Co., Inc.
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The time to complete this operation is 12 sec, because that is the time
needed to type in the commands. The results of this operation are shown
in Fig. 20. This procedure of extracting an image using dual isotopes

[118, 119] has had good results, particularly for pancreas studies [120-124].

Extracting a 6$1Ga tumor uptake from a ! 8Au liver has also proved of
value [125].

A functional image [126-128] such as a rate image involves subtract-
ing a frame at t,_4 from a frame at t,. The result is displayed as a func-
tional rate image. The functional image depicting washout has been advo-
cated by MacIntyre and Inkley [129] for lung studies, and J. Kriss for
myocardial flow studies [personal communication]. Thisis animage ofmag-
nitudes of the rate constants \;; for each pixel. A measure of specific
topographic function of any organ is the rate of clearance of some sub-
stance. This rate can be a measure of flow, metabolism, or ventilation.
Flow is derived by multiplying the fraction cleared per unit time by the
amount present. The fraction cleared is usually validly approximated by
the rate constant N\ in the single exponential decay. Determination of \ is
made for each pixel of each successive frame. By the least-squares cri-
terion, Ajj is dete{%nined for pixel ij by assuming the observed counts A(t)
are given by A,e” "

A = ZtZInA(t)-NZtIn A(t) (20)
) N £t - [zt]2

Unfortunately this solution employs an improper weighting resulting from
treatment of In A(t) = In A, - At as_the linear function Y = Bx. In effect
we have rninirr}\ized_z[lnA0 -\t - 1n A(t)]2. A valid approach which mini-
mizes Z[A, e~ t_ A(t)]2 and assumes a weighting by the square root of the
observed count value A(t) leads to a solution

N = ZA([)E Z[A(t)X1nA(t)] - Tt A(t) lnA(t) TA(t) _ (21)
ZA(t) E[t2 A(t)] - [=t A(t)]z

The product of X and the amount present gives a flow image.

Ratio and difference images can be produced for different energies,
times, or isotopes. The keyboard instructions for these operations con-
sist of: Fi/F2>F3 for ratios, and F1 - F2 >F3 for difference images.
The time is lessthan 1 sec for the calculations on 64X 64 frames.

3.6.1 Statistical significance image

The clinician needs some measure of the statistical significance of
both static and functional images. This can be done by deriving images
whose intensities reflect the significance of some computed parameter such
as the rate constant A, or as multiples of the standard deviations of the dif-
ference between one pixel and eight surrounding pixels [4]. Values of mul-
tiples of the standard deviation of differences can be calculated from:

la-A |
B S 5 (22)
N/A1+Ao
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Se-methionine 99m ¢ sulfur colloid

Normalization areas Subtraction after normalization

Fig. 20. Pancreas extraction by subtraction of the 991mTc-sulfur colloid
image from the 75Se-methionine image after normalizing one to the
other, using three regions over the liver.
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The usefulness of these significance images has not yet been evaluated.
Another image of potential usefulness is the gradient image wherein the
magnitude of the spatial gradient is calculated and images are presented
for magnitudes greater than some selectable constant

= +

5% =K .

]
dy

3.6.2 Uses of color to depict function and pathology

Arguments for or against color coding of intensities continue unre-
solved between those who use color and those who claim black and white
gives them the reference point for their diagnosis and all the available
information. We do not use color for intensity coding as has been done
through both analog and digital systems [130-134]. Color has great use-
fulness if used to code time for demonstrating dynamic function as shown
in Fig. 19, for transmission-emission images (Figs. 18, 21,22) and dif-
ferential uptake in dual isotope studies (Fig. 21). We see this as an effec-
tive method of relating the basis for our diagnostic conclusions to the cli-
nician. Clearly an added dimension can be included in one image if color
is used to code time, energy, or isotope. Additional studies for which
multicolor images efficiently convey the basis for diagnostic impressions
include: emission-transmission studies for subphrenic abscess; emission-
transmission studies for pericardial effusion using Cs or 43K myocar-
dial images and lung transmission images, dual isotope studies of liver and
thyroid using technetium and gallium or selenomethionine, dual isotope
studies of the liver using 7Ga and 198Au colloid, dual isotope renograms,
and color coding of time changes in ventilation-perfusion ratios for clin-
ical follow of patients with pulmonary disease, as has been suggested by
Burdine and co-workers[4102]. Color can be generated by insertion of
Wratten filters between the CRT and camera, or by more sophisticated
(and more costly) techniques using a three-gun color CRT and solid state
memories. We use Polaroid 180 film and Wratten filters with a P-31 phos-
phor (38 psec). The P-4 (white) is a better phosphor, and can be substi-
tuted by a modular replacement on our display scope.

4. WHOLE-BODY SCANNER DIGITAL SYSTEM

4.1 Interface to the digital computer

A rapid 64-detector scanner operates by moving the patient over the
2.5 cm X 2.5 cm Nal(T1) crystal detector array [135]. Pulse-height selec-
tion is used to separate pulses caused by 241Am 60 keV photons and by
pulses from the administered isotope. Scan durations can vary from 0.75
min to hours. This scanner has been interfaced to the computer system
in a fashion which allows simultaneous acquisition of up to four photon en-
ergies (Fig. 2). Thus we have the capability to quantitate the distribution
of isotopes in the whole body in a single scan, and to observe the time vs.
activity relations for various organs over hours or days. The detector
consists of 4 rows of 16 detectors, each row offset diagonally from the
others. The table position, detector identification, and isotope are en-
coded by a hardware device which presents the computer with a 16-bit
word:
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15 14 43 42 4114 40 9 8 7 6 5 4 3 2 1 0

bed :
not used position isotope [column |detector row

A 2048-word buffer is filled every eight table positions (4 isotopes X 8
table positions X 64 detectors = 2048 words). As this buffer is being filled,
another buffer is dumped onto the raw data disc (Fig. 6). After accumu-
lation, these data are framed into 6 frames of 64 X 64, which takes less
than 10 seconds. The frames are created from the raw data, and stored
in the frame file in a fashion similar to scintillation camera frames.

Since we recognize four separate isotopes, each scan can involve twenty-
four 4K frames. These frames are displayed in 64X 64 or 64X 128 for-
mat, and a light pen is used to delineate areas (e.g., kidney, bone, heart)
for integration.

The system sofeware for the scintillation camera is available for
manipulation of the whole-body scanner data. In addition, we have a spe-
cial detector sensitivity correction program and the ability to offset one
accumulated scan relative to another scan, in order to register the patient
position from hour to hour or day to day. Figure 22 is an example of the
whole-body scan showing the body silhouette in red (241Am transmission)
and the distribution of 79MTc-EHDP at 18 hours after inje ction of 10 mCi
in a patient with metastatic bone tumors. The potentials of this system
for quantitating the long-term kinetics of electrolytes and compounds is
shown by the change in potassium distribution with time after injection of

3K intravenously (Fig. 23).

4.2 Quantitative whole-body scanning

Quantitative measures of the changes in the spatial and temporal
distribution of isotopes and radiopharmaceuticals are vital to the analysis
of the metabolic fate of injected or ingested substances as well as to the
precise calculations of radiation dose. The problems of precise regional
quantitation have been analyzed since 1937 when Robley Evans [136] suc-
cessfully estimated the amount of radioactivity in radium dial painters.
The following variables are involved:

1) Patient thickness [136, 137],

2) Source thickness and homogeneity [137, 138],
3) DPhoton attenuation coefficient,

4) Geometry effect,

5) Source position.

For the Donner whole-body scanner, we assume negligible geom-
etry effect, because the crystals are collimated. However, the 64
detectors are not collimated by an exact parallel hole-straight bore
array. Thus there will be some slight geometry effect which we have neg-
lected in our analysis. If the quantitation is done on an organ region basis
rather than an element by element basis using both supine and prone scans
(conjugate scanning), then the geometry effect should be negligible. Source
thickness was taken into account by Genna [138] and source homogeneity
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ANTERIOR SCAN *3K

2 21

Hours afters 500 uCii.v.

Fig. 23. Whole-body distribution of potassium over a three-day period
after 500 pCi of 43K i. v.
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was included in the analysis by Sorenson [137].

The analysis applicable to the Donner whole-body scanner starts by
assuming we can measure the body thickness at each po%ﬁh Tij» in a
64 >§384 array by scanning the patient under a source of Am, 99mTc,
or °7Co. The measured attenuation of photons by the presence of the
body for photons > 100 keV gives a good measure of effective body thick-

ness:

_ _In (Nb/Na)
ij M

where Nb and Na are the counts before and after the patient is positioned
and p is the linear attenuation coefficient. During a supine scan, the
isotope emission counts, dAs, contributed by a small thickness increment,
dx, of the body is related to the activity from that portion of the body as
Aloj dx/Ti-- f where f (>0) is the linear fraction of the body thickness
wherein the isotope is distributed. The emission counts are also related
to the attenuation coefficient and the depth of the increment in the body,
thus- -

8 = A° - X
dAiJ. C Aij/fI‘ij (e " ™dx) (23)
where C is a sensitivity and calibration factor. We integrate this over
the body thickness to:

C- A2 e M ginh(fuT../2)
AS = L] 1) (24)
ij
f uTij/z

where m is the mean source ilepé:h W}_ﬂzch will cancel when the prone scan
is included. (Note: sinh Z = -Z-(e -e )

We get a similar expression for the prone scan:

G+ A% o HT-1) T, . /2)
AP = L] 1] (25)
1 3 p,Tij/Z

The activity A2, is determined from the geometric mean N ASAP and a

multiplication Fhctor to account for the thickness Tij at each pixel:

P AS\42 pT/2
a Bl e T

Aij - 2C sin‘h(prij/Z) (26)

Both T and p can be determined. An estimate of f =2/3 has been shown
by Sorenson [137] to lead to errors less than +10% using supine-prone
scans.

Because of bone density is 2 times soft tissue density the contribu-
tion from attenuation through the body is not accurately given by a con-
stant attenuation coefficient, p; however, for photons above ~100 keV we
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do not expect this to lead to significant errors.

Quantitation of the amount of activity in a specific organ will be
more accurate if we integrate the counts over the region of the organ de-
lineated by light pen before performing the calculation of Eq. (26). From
our preliminary studies we expect an absolute accuracy of £10% and a
precision of £3%. :

4.3 Organ function by whole body clearance rate

In addition to the direct quantitation discussed above, the whole-body
scanner provides a unique opportunity to determine organ clearance of
substances which are removed from the blood by only one organ. It is as-
sumed that the rate of excretion or disappearance of a substance is pro-
portional to the concentration of that substance in the plasma:

- =g = A0 (27)

where -dA¢/dt is the rate of whole body disappearance and Ap(t) is the
amount in the plasma. To relate Eq. (27) to clearance rate, we note

Ay, =C XV , where C_and V_are, respectively, plasma concentration
and plasma Rolume. THus the Yolume clearance rate, C,

dAt(t)

T

C,(t) = - )/Cp(t){ml sec” 1} (28)

Thus we can determine the instantaneous extraction rate of a particular
organ by measuring the rate of change of the substance in the body and

the plasma concentration. The derivative dA.t(t)/dt is an excretion rate
from the entire body. Usually the clearance function being evaluated such
as glomerular filtrationrate or liver extraction is estimated by the accumula-
tion into the organ of interest, and not extraction out of the rest of the body.
The conventional clearance rate method is limted by the degree to which
the extracted material returns to the plasma or moves out of the organ,
such as into the tubules in the case of kidneys, and into the biliary tree

in the case of the liver. The apparent organ extraction, + dA _(t)/dt, is
proportional not only to the clearance, but also the rate of removal from
the organ of interest. Thus, if the relative change in whole-body counts
is known, and from this we exclude the contribution from the organ of
interest and compartment to which the cleared substance is excreted, we
have a simple measure of function in so far as the assumption of Eq. (27)
is correct. The whole-body scanner quantitation system allows one to
readily implement these ideas because the change in counts over the whole
body, exclusive of the organ of interest, can be determined by subtracting
the organ contribution using a light pen for removing regional counts.
Thi«i-*, is an improvement over shielded whole-body counter methods [ 139,
140]. :
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5. SUMMARY

Ty

“Nuclear medicine diagnostic techniques have as their main advan-
- tage the ability to delineate organ function in health and disease. Both
digital and analog data handling systems have enabled us to measure
blood flow through organs and metabolic fates of radiopharmaceuticals.
However, without data acquisition devices which have speed and spatial
resolution capabilities similar to that obtainable by the imaging devices,
the prospects of implementing dynamic function studies in clinical prac-
tice are limited. Thus over the last few years a nuclear medicine data
handling system has evolved to overcome the limitations of other sys-
tems, and the frustrations of researchers and clinicians who have pio-
neered this field for the last eight years (most are cited in the references).

The system acquires data at rates of 82 kHx (128X 128) in list mode
or 300 kHz (64 X 64) in histogram mode with 200 MHz ADC's which have a
pulse pair resolution of 3 psec. The 16-bit word of the Hewlett-Packard
2100A computer is configured to handle dual isotope studies with physio-
logical triggers. Images (128X 128) can be stored at a rate of 100 sec~1
in list mode. This system can carry up to 160 images and 16 time-
activity curves at any one time for manipulation and display. The pro-
grams available range from field uniformity correction to two~dimen-
sional (64X 64) Fourier transforms. Both time-activity curves and im-
ages can be manipulated rapidly by system's programs for addition, sub-
traction, multiplication, and division. In addition, these data are avail-
able for BASIC, FORTRAN, ALGOL, or machine language programs.
Convenience, flexibility, and speed are the result of a fast computer (980
nsec cycle time) and two moving head discs.

This system has been used to do brain, heart, kidney, pancreas,
and bone studies using the Anger camera. Body distribution studies
using the Anger whole-body scanner, involves digitizing six 4K frames
(64X 384) with 4 energies in order to do transmission-emission imaging
and quantitative patient scanning.
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