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SUMMARY

The items of equipment comprising a radioisotope imaging
system are briefly described, namely the Ohio-Nuclear R100
gamma, camere, the Varian 620/I~100 minicomputer, the interface
and the colour T.V. diegplay, together with the relevant soft=
ware.

The performance of the imaging system was analysed by
line spread funcitions using 99mTc from which the Full Width
at Half Maximum (TWHM) and the Modulation Transfer Functions
(M.T.T%) were calculated.s In this way spatial frequency
response was determined at different distances from the "High
Resolution" and "Ultra High Resolution" collimators in air.

The effect on overall spatial resolution of the number
of computer memory locations used for image storage was
investigated by adjusting the gain of the AD.C. in the X
direction to 1, 2, 4 and 16 timee normal gain and the M.T.F.'s
were caloulated, The calculation of the M.T.F. was done by
using a program written in BASIC.

A study was carried out of the application of the minie

computer interfaced to ‘the gamma camera in improving disgnosis



xii

for static images. 'The simple methods of image processing,
namely smaothing and spatial frequency filtering, were used.
Smoothing was done on a 3 x 3 matrix (nine point smoothing)

by {the smoothing function

1 1 1
1 1 1
11 1

suggested by Nakamura et al (1973)s Spatial frequency filter-
ing was done on a 5 x § matrix (twenty five point filtering)
and the welghting factors were obiained fxom the 99“"1?0 point
source ot the appropriate distances from the High Resolution
collimator.

A liver phantom wag made with simulated lesions of wvarious
aizes, shapes and activity wratios and pictures were itaken on
Polaroid and recorded on magnetic tape.

A comparison of Black and White Polaroid and itwo modes of
colour TV, display of the raw data and the effect of smoothing
and smoothing plus filtering were obtained from the Receiver
Opexrating Chavacteristic curves using a group of people to look
at these pletures. The program for image processing and image
display were woltten in ASSEMBLY language.

The results of the line source studies show that at the

surface of Ultra High Resolution collimator the TWHM is 5,8 mm
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whereas for the High Resolution collimator it is 6.5 mm or in
terms of the M.T.F. the spatial frequencies for 107% response
are l.4 and 1.25 cycle/em respectively.

The study of the effect of the computer matrix on reso=
lution proves that using a 64 x 64 matrix to recoxd the image
is inadequate., The mesolution is improved by a 128 x 128
matrix and even batier up to 1024 x 1024, if svailable.

The 99mTc point source study proves that smoothing causes
some loss of resolution whereas filtering restores the imsge
closer to the original distribution but creates some artem
facts,.

I'rom the results of the "liver" phantom atudies, the
percentage of +true positive against false positive at the
confidence level "definite" for each method of display are:
Polaroid 27/1,; T.V. raw data, linear seale 43/2, T.V. raw data
statistical scale plus or minus one standard deviation 41/3,
ToVe raw data, smoothing 63/3, and T.V. raw data smoothing
plus filtexing 69/2.

When ‘the reaw date is displayed in a statistical scale of
plug or minus one standexd deviation (full band equals two
standard deviations), the detectebility is slightly less than
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that of raw data displayed in linear scale. However, the
regponse of the observers to the colour television display
is better than Polaroid at all levels of confidence and if
either smoothing or smoothing plus filtering is applied to

the unprocessed images, the detectability is improved.



INTRODUCTION

Nuelear medicine is g relatively new and rapidly expanding
field dealing with the use of radioisotopes in patients for
diagnostic and therapeutic purposese The major clinical
gpplication at this time involves imaging the distribution of
intravenously administered isotopes = so called redioisotope
imaging which is now applicable to practically all human organs,
the lymph system, the skeleton, and the localisation of a
variety of neoplasme. A large number of radiopharmaceuticals
are useds Some localise in abnormal tissue such as abscesses
and ‘tumours to a greater degree than in the surrounding normal
tissues. Other radiopharmaceuticals develop relatively lower
concentration in abnormal than in normal tissue such as the
malignant tissue in the liver (Brown et al, 1974).

In most instances sodium iodide seintillation detectors
are used to perform this imaginge The gamma camera is now
widely accepted as the opbimum instrument for most radio-
nuclide imaging procedures. The major advantage over alter=
native systems is the relatively high speed of data acquisition
and display (Higgine et al, 1968).

The output is genewrally in the form of photographs, elther



Polaroid or itransparency, of a sum of single events on the
oscilloscope screen of the gamma camera. The other form of
display aveilable is the intensity variation on a T.V. raster.
An image has a continuous scale of intensities that can be
displayed as grey levels, as colour, as a volumetric display,
or as contour lines,

The earliest detection theories in the field of radiow
isotope imaging were concerned with the problem of optimising
collimator performance, rather than with the final display of
information (Sharp and Mallexd, 1974)s In the early 1960's,
when computers were becoming avallable in medical institutions,
Winkler and Brown (1964) more or less independently described
the use of the systems designed to record the radioisotope scen
diglitally in a form that would allow computer processing. The
first successful application of these techniques to patients
wag published by Brown in 1964.

In static studies, considerable effort hags been expended
in computer techniques which will process the basic raw data
to give alternative displays. ‘The most obvious application
is the correction of the image for non wniformity of response
of the gamma camera, and routine computer correction of the
image ie desirable (Glass, 1973)., Other investigations of

image processing included smoothing and resolution-recovery.



The purpose is to improve the detectability of an abnormality
in the scintigraphic image. There is, however, argument
about whether such displays really help the physician in
interpreting the information cbtained during the isotope study
(Bdwards, 1974).

The second useful purpose of quantification using a come
puter/cemera system is in the amalysis of a dynamic function
test. The method of obtaining scintigraphic dynamic function
information is to record, in an organ of interest, the
behaviour of a radiopharmaceutical tracer as a function of
time, following a rapid introduction of tracer. A time
sequence of images can be obtained which shows the dilstrie
bution of tracer during the passage of material through the
orgene An exsmple is the radioisotope angiocardiogram
(Brown et al, 1973). Regions of interest can be defined with
the computer such as ‘the four chambers of the heart and great
blood vessels. Total counts in each region of interest can
be evaluated for each image in sequence and the activity/time
curve can be obbtained (Jahns et al, 1972).

This work wae based on the Varian 620/I=100 minicomputexr
interfaced to an Ohio=Nuclear R100 gamms cemers which uses 37
photomultiplier tubes and yields a high resolution of 5.8 mm

T'WHM at the surface of the Ultra Hisgh Resolution collimator.



The instruments are located at the Department of Nuclear

Medieine, Royal Infirmary, Glasgow.



CHAPTER T

BQUIPMINT

le Ohio=Nuclear R100 Gamma Cameras

The crystal is made of sodium iodide (thalliumeactivated)
and coupled to an array of thirty seven photomultiplier tubes
arrvanged in g hexagonal arraye. The intrinsic resolution of
the crystal at 140 keV is 4,7 m and 2 psec dead time. The
output from the camers detector goes through electronic cire
ocultry that performs several functions, These include pulse
height analysis, amplification and X=~Y co=ordinate location,
The scintillation camera develops three voltages X, Y and Z,
The magnitude and signs of X and Y pulses provide positional
information to the oscilloscope of the camera.

The % pulse ig a summation of the output of all the photo=
nultiplier tubes and represents the energy of the incident
gomma, raye. Lf the magnitude of the Z pulse indicates an
enexgy value acceptable by the pulse height analyser, the X
and Y pulses are then passed to the oscilloscopes Two dige
plays are availeble: one 1s the persistance oscilloscope for
positioning the patient and the other is the standard C.R.T.

for Polaroid standard presentation of resulis.



There are two collimagtors in use for this work:

(a) Ultra High Resolution 140 keV, Model 14
518006, Thickness 1.25", 18000 holes,
011" gseptal thickness, and 9.75" hexom
gonal field size, 0.061" hole size.

(b) High Resolution 140 keV, Model 14 S18010,
Thickness 1.0", 18000 holes, 0,061" hole
size, 0.,011" geptal thickness, 975" hexar
gonal field size.

2. Analogwto-Digital Converters (AeDoCo)

The function of the sointillation camera interface is to
translate the analog X and Y position signals from the camera,
corresponding to the location of a properly detected event,
into digital values and to transfer these values to the come
puter for storage. Two IABEN type 8212 1024 channel A.DeC.'s
are useds one for Xeposition signals and one for Y-position
signals, which are activated only upon receiving a signal from
the camera indicating that the detected event was within the
selected energy range. TFor a 64 x 64 matrix each generates
a 6=bit output.s These are combined in a LABEN type 8120
Bidimensional analysis control unit to glve a 1l2«bit word
which is transmitted into the computer via the Buffered I/0
unit.



3. YVarian 620/I~100 Computex

The Varian 620/1=100 is a general purpose digital computer,
designed for a variety of system applications, The computer
processes l6=bit worde and has 16K core memory with a full cycle
execution time of 950 nanoseconds. The central processing unit
features four usemeaccessible operation registers, five buffer
registers and an overflow indicators The mainframe optional
features included in the computer ave multiply/divide and
extended addressing, real time clock and power failure restart.

System I/0 options include: Priority Interrupt Module
(P.I.M.) and 3 Buffer Interlace Controllers (B.I.C.)e The
Priority Interrupt Module (P.X.Ms) allows any peripheral con~
trollers or other device in the system which is comnected to
it to interrupt Central Processing Unit (C.P.U.) operations to
initiate the servicing of interrupt subroutines.

The Buffer Interlace Controller (B.I.C.) permits peri-
pherals to transfer data directly to or from memory at a rate
up to 275,000 words per second by implementing o cycle~stealing,
Direct Memoxry Access (D.M.A.) trapping technique.

Basic computer operations are carried out on integers
represented in binsry form which do not permit the use of
fractionse The only arithmetic operations that ave possible

are integer addition and subtraction. Operation of multi-



plication and division can be done with the special hardware.
Fraotional and decimal numbers must be handled in a floatinge
point format by software. The maximumesized integer for
Varian 620/I100 is 215-1 or 32767 and the most negative
number is =32768, The computer operates on singlewprecision
(one word) numbers that contain 15 bits plus a sign bit. The
sign bit occupies the most sigmificant bit position (bit 15)3
zero in this bit denotes a positive number and one, a nega=
tive number. Doubles~precision arithmetic techniques, in
which two computer words (32 bits) repmesent one number allow
the processing of larger numbers.

The Varian 620/I~100 computers feature the following

addressing modes for increasing program efficiency:

(a) Direot

(b) Indirect

(¢) Relative to program counter (P register)
(d) Indexed with the X or B reglsters

(e) Extended

2 words addressing
(£) Tumediate

A word is 16 bits long and can contain data, a memory address
or an instruction. Programs written in ASSEMBIY language are

entered into the computer via the teletype and the Varian 620



DedeBSe apsembler translstes the mmemonic codes into machine
language.

One useful utility program is the Varian 620 AID II
debugging progrem which provides software to facilitate one
line program checkout and correction. It also allows the
recording of the binary contente of memory on papexr tepe or
magnetic tape or in a readable format on the teletype and
will load object programs from a highespeed or teletype paper
toape readeor or magunetic tape.

The other useful language which can be used with this
minicomputer is BASIC, using a compiler it will translate the
program into machine language line by line. It is an easy
to use language but, in facet, programs for on-line data pro=
cessing from the gamma camera cammot be written in BASIC

because it is slow and there is insufficient core capacity.

4. Pexipheral Devices

(a) Weletypewriter (ASR=-33) with paper tape punch
and readers

(v) Highwspeed paper tope veader with optical
(photoelectric) sensor operates at 300

characters per second.



(c) Magnetic tape operates at a fixed speed of 3T%
inch/sec while reading and writing information
at a speed of 6667 words/sec in binary mode,
This is used for gamma camera image storage
and program storase.

(d) Colour television (19" SONY TRINITRON) which
is for radioisotope image displaye.

(e) Buffered I/0 for input of data from the gamma

camexa.

5. Digital Colour T.V. Intexface

The digital T.Ve interface enables a colour T,V. screen
to be controlled by a Varian 620 computere The vesulting
picture is a square matrix of side length 128 individual unite
forming, in total 16384 square units. Bach unit may be set
t0 one of 16 colours previously selected from a repertoire of
256 colours. A buffer store of 4096 words within the interw
face holds the data for the entire screen area allowing the
desired picture to be displayed without computer interwvention.
The Buffer store is scammed continuously by T.V. Computer
time i1s only wequired to alter the picture which can be done

during frame flybacke The user can choose to alter part or
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all of the display, either in the sight of the obsexvex, or by
blanking the screen to achieve a higher data rate, or to con~
cegl transient exroneous pictures, for exemple half the new
with half of the old picture. The pioture data may be
transferred to the interface either by progwam output ox by
Dallede transfor.

The interface buffer sitore is a 4096 word 16 bit store.
Bach word holds four elements called "CHU's" of unit colour
data arranged such that the most significant chu iz displayed
firet, the remaining following in natural order. Address
zero of the store corresponds to the top leftehand corner of
the disploy. The dats is transmitted by the computer in the
packed 16 bit format. Iis destination address In the store
is defined by the store address wrile counters This counter
may bhe preset by the computer to any valwe in the ranpe zero
to 4095« The next picture data transmitted will be stored
in the present address and having been stored, increment the
address, Thus the display may be updated starting from any
point on the soreen.

Block diagrams of the equipment and picture are shown in
TMigures 1 and 2. Block diagram of T.V. display from the

computer memory is shown in Figure 3.



Pigure 1

Block diagram of the equipment.
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Fleure 2

Picture of the equipment.






Fieure 3

Block diagraem of T.V. display from computer memoxry.
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CHAPTER ¥

ROUTING DATA COLIECTION, PROCESSING

AND _IMAGE DISPLAY

l. Daba Collection

Tor scintigraphic imsges the core memory of the computexr
is regarded as a matrix of 64 x 64 or 4096 locations, meaning
that the area looked at by the camers is broken into 4096
discrete aveas, each asbout 4 nmm sgquare. An individual loca-
tion in core memory is assigned to a particular X, Y address
in the image matrix. Vhen s scintillation is detected in
one of these areas, the contents of that part of the matmix
in the computer is incremented by one.

Using the routine gamma camera progrem data may be
gathered into memory for either a given period of time, or a
given number of counts, either way being easily specified by
the operator, via the conversational program at the time of
examinations Once the data is in the computer in matrix
form it may be elther rapidly transferred to magnetic tape
store (the mate of transfer is 6667 words of infoxrmation per

gsecond), or if required may be analysed immedistely. This



analysis is done without further references to the gamma camera.
The raw dats is displayed on the screen of the gamma camera
oscllloscope and the raw or manipulated data is displayed on
colour television. Control of all functions is via the tele=~
type, vsing coded commands, but on occasions extre control may
be exerted through switch rvegisters on the front panel of the
computers

Tor dynamic studies, the images wewe recorded in the preset
time mode, The shortest time available is 1 frame per 0.5
seconde If necemsary, a few succesgsive images can be added
together to form an image with more counts for defining of
regions of interest, or two successive images can be sub=

trocted from each other to emphasize changes in the image.

2 Uniformity Correction

The purpose of uniformity coxrection is to compensste fox
the difference in sensitivity over different parts of the
erystal face. The correction coefficients arve obtained fronm
a uniform plane source. The corrected image consists of a
matrix, each element of which is the product of an element
from the data matrix and corresponding element from the
correction coefficient matrixe Camera non uniformity

changes with time and also window setting, so new uniformity
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field image was obtained every day, at approximately the same
average count wrate as is encountered in the patient studies
(Figure 4).

The use of the 16K of computer memory is as shown in
Pigure 5. The first 4K of the memoxy containg the routine
gamma, camera, program. This program is used routinely for
data acquisition and data processing both "on line" and "off
line", The second 4K of the memory is designed to be the
picture area in the matwix form of 64 x 64, The address range
is 010000-017777 (octal)s The third 4K of the memory is
designed to be the uniformity correction field. The fourth
4K of the memory is designed for the image processing program
which starts at 030000 and not further than 035777 because
the utility program AID II is usually a permanent program
which resides on this 4K and starts at address 036000.

The image processing program can ’be called from the
routine gamma camexa program by a special command "J" and
retum to the routine gamma camera program is by the command

nGer (Pigure ‘6) .

3« Imege Display

The display progrem is used o present images for inter-

pretations The computer generates different colours according



t0o the counts in ecach element of the matrix of the picture.
The displey need not contain the same number of elements as
the matrix stored in the computer, A finer display can be
prepared from the image matrix by interpolating between the
mabrix points. This gives a subjectively much more accepte
able picture.

Two programs of image display were written in ASSEMBLY,
These ave 64 x 64 image display and 128 x 128 image display

from the 64 x 64 computer memory.

a) 64 x 64 Image Display

The counts in one piocture elements of the computer
memory are used to determine the colour of a block
of four adjacent pioture elements on the T.Ve dige
play (128 x 128), thereby producing an effective
matbrix of only 64 x 64 elements on the T.V. display
(Figure Ta)s The program for this type of display

is included as Appendix 2.

b) 128 x 128 Tmage Display from the 64 x 64 Computexr Memory

The counts from 4096 elements of 64 x 64 array in
the computer memory are displayed as alternate
points in alternate line of 128 x 128 television

displaye. The remaining points on each line of
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the T.V. display ave calculated as the average of
the intexvening lines of adjacent points. Simie
laxly, the intervening lines of the T.V. display
are calculated as the average of the line above
and. the line below (Figure Tb)e The program for
thig type of display is part of the image pro=

cemging progrem (Appendix 1).

4+ Display Colour Coding

The colour display on the television is arranged both on

a conventional linear scole and statistical scale.

8) lLinear scale
The counts in the picture awe divided into 15 equal
bands and the colour is defined by a number which
ranges from O~15 as seen in the colour spectrum
(Figure 8).

" One colour width = Meximum counts = Minimum counts

15

Nommal display assumes that the minimum counts equal

zeros. However, both minimum counts and maximum
counts may be changed by Teletype commands for back-
ground subtraction and contrast enhancement or conw

touring.



b)

De
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Statigtical Scale

The statistical nature of the image information may
be allowed for by choosing the width of the colour
hands to be proportional. to the standard deviations
of the mean counts in each band.

There are two choices of statistleal seale in the
image display programe The total width of each
colour band can be calculated for one standard
deviatlon or two standard devialtions.

The flow chart of the colour scale display cone

trolled by external sense gwitch is shown in Figuxe

e

Caleulation of the band width of N standard deviations

MAX 1
c

MAX 2

MAX 1 = ‘the meximum count of a picturec.

Q
it

centre value of ‘top band.

MAX 2 = lowexr level of the top band.

]

N = number of standard deviations

in half the band widthe.



Therefore:

MAX 1 = Ca+N JC
oxr

C%m(2 MAX 1+ N%) C + MAX 12 = O -(1)
That is:

CaMAX1+§_23_Ig_ Ja max 1 4 w2

2
nmxaanml-ma(l-Ji%‘z‘-x—l-u) -(2)

If the full band width equals two standard deviations,
that is N = 1

MAK 2 @ MAX 1+ 1= |4MAX 1+ 1 -(3)

The lower level of the next band is calculated by sube
stituting MAX 1 by MAX 2 in equation (3) and so on until
either fifteen bands have been defined or a lower level of
7zero has been found., These fifteen band maxims are kept in
fifteen locations and each picture element is coded by come

parison with this series of values,
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CHAPTER ITT

PERTORMANCE ANALYSYS OF IMAGING SYSTEM

There are two major sources of degradation in radionuclide
imsging.s ‘There is the finite resolution of the imaging device
and the statistical fluctuations, sometimes called "noise",
that arises because of the wandom process of the radioactivity

and limited quanta making up a soan (Gustalfssan, 1972).

l. Measurement of Resolution

The spatial response of an imaging system is measured by
placing a single point source at an appropriagte distance in
front of the detectors A socan of this point is made and a
response curve of thip point is called the point spread function
which will approximgte a geussian or normal distribution. The
width of the curve at half maximwn (FWHM) will be used as a
measure of the resolution of the detecting system.

While the point spread function is a quantitative measure
of the response of the system, a line source is of‘ten more

convenient to use., If the point response curve is gaussian
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it can be shown that the pattern as one scan across a line
gource is also a bell=ghaped gaunssian distribution, with the
same full width at half maximume If a cross section of the
image of the line source is plotted, such 2 curve is called
a line spread function (Aronow, 1973). The line spread
function leads to a mathematically useful concept called
Modulation Transfer Punction (MaTeFs)e

An intensity distribution of radioactivity can be thought
of as being made up of a linear combination of sinusoidal
components at various spatial frequencies. An image vepnee
gented as the intensity al each mpatial position is said to
be represented in the "space domain". When the image is
represented by the amplitude of each sinusoidal component, it
is sald to be represented in the "frequency domain'. These
two representations are completely equivalent, and it is
possible Lo go fxom one to the other by Fourier Twvansform and
the inverse Fourier Transform (Pizer et al, 1974). 1In the
frequency domain, the perfommence of the scintigraphic
instrument is expressed in terms of the Modulation Transfer
Tunetion (M.TeFe)se Points on the M.T.I's may be regarded as
the watio of the amplitude of a sinusoidal wave in the image
to the amplitude of the sinusoidal wave of coxresponding

spatial frequency in the source.



At each frequency (V) the MJT.TF, can be mathematically
caloulated from the line spread function. The M.T.F. is
eimply the normalised Tourier Transform of line spread function,
(Boyd et al, 1974)e The calculation of M.T.F. for all

frequencies can be done by the computer, This transform is

given as /}
Lo T, (x) cos (2 TIVx) dx

wre (V) = - (x) ax
)
L (x) = lLine spread function
X = Displacenent from the centre
of ‘the line spread function
4 =  Spatial Frequency

If the system is high=fidellity, the M.T.F. would equal 1
out to the high spatial frequencies, but ordinarily the system
aocts as a low pass filter, That is, it responds to broad
patterns (low spatial frequencies) but not to fine detail
(high spatial frequencies).

The program for this calculation is included as Appendix 3.
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2. Effect of Computer Matrix on Resolution

Each element of the 64 x 64 matrix in the core memory of
the computer represents about 4 mm square in the object while
the resolution of the camers and the Ultra High Resolution is
about 5,8 mm WHM at surface. This means there is some loss
of resolution by the computer matrix. To determine the
effect of the computer matrix on mesolution the gain of the
system was adjusted at the A«DdCe's. Normally when the
AeDeCets gain are adjusted to 1, the gain of the wvest of the
system is such that the field of view of the gamma camers
occupies a 64 x 64 matrix in computer core. When the AJD.C.'s
gain are adjusted to 2, 4, 8 or 16 it means that the full gamma
camera field occupies s memory matrix of 128 x 128, 256 x 256,
512 x 512 ox 1024 x 1024 elements if available,

In case of 16 times normal gain (gain 1), the resolution
of the total system is close to the resolution of the gamma
camera plus collimator because the matrix is fine and the
discrete nature of the computer storage has little effect on

the resolution.

Materigles and Methods

A plastic tube (diameter less then 2 mm, 10 cm long) was
£illed with 99mTc end ‘then stretched to form a good line

source and placed on the surfsce of the collimator along the



Y direction of the gamma cameraes The gain of the AD.C. in
X direotion was adjusted to 16 times normal to eliminate the
effect of computer matrix and the back hias was adjusted so
that the broadened image of the line source, lying in Y
directign, was In the centre of the display.

Using the routine gamma camers program the data for a
preset count of 300,000 was obtained, uniformed and stored on
the magnetic tapes The line spread function was obtained by
profiling the imsge and the curves of line spread function and
MeTeIl'e were plotteds The smame method was gpplied for
distances of 5 em and 10 em from the collimator.

The dota were obitained in the same way for the High Reso~
lution collimator and Ultra High Resolution collimatore To
examine ‘the effect of coarvser matrices on the M.T.J'« the gain
of the X AJNeCe only was set to 1, 2 and 4 times normal gain
using the High Resolution collimator and the procedure was
repeated,s The M.T.le's were derived from these images in

the same way as for the A.D.C. gain of 16,

Regults and Discussion

Irom the experiments on the 99mTc line source with the X
AJDWC. gain adjusted to 16 times normal, the results are plotted

in Tigures 10, 11 and 12a, and the comparison of the IWHM fox
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the two collimators is in Table 1. Tor the coarser matrices,
with the X AJW.Ce gain sdjusted to 1, 2 and 4, the resulis are
plotbed in Migure 12b.

The ™WHM of ‘the line spread function ean be used as an
index of resolution. It has the advantage that it provides
a single number to describe the spatial resolution of a collie
netor system. However, the performance of an inaging system
is more generally described in terms of M.T.Fs because it gives
more detail aboul the response al each frequency. Objects and
images with fine details and sharp boundaries generally include
relatively high frequencies, whereas those with coarse detail
meinly include low spatial frequencies (Hine and Erickson,
1974)

The ¥WHM at the surface of the Ulira High Remolution and
the High Resolution collimator are 5.8 mm and 6.5 mm, The
10% spatiel freguencies response ab sunface are 1,40 and 1.25
cycle/em respectively. This 10% frequency is the highest
spatial frequency which is usefully reproduced.

The 10% spatial frequencies response of the High Resolution
collimator with gain 1, 2, 4 and 16 are 0e¢T, 1e0, 1.15 and 1.25
cycle/cm respectivelye This can be used as an index to deter=
mine the wesolution of the systeme. I+t is clear that there is much

better resolution on a 128 x 128 matrix than on a 64 x 64
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'ma'brix and even slightly betier resolution with the finex
matnices up to 1024 x 1024, if available. ‘Therefore, a 128 x
128 matrix is suggested to record the image to improve the
resolution for this system. lack of memory capacity prevents
the uvse of finer matrices., Tor small objects or organs such
as thyrold, the gain of ‘the system can be adjusted 4o 2 ov 4
in both directions but this cannot be epplied to the bigger
organs such as liver, brain or lungs, because the field of

view of ‘the gamma camera cannot cover the entire organ.



Table 1.  Line Spreed Functions of 22"Tc (gain 16).
Comparison of MM for two collimgtons

Distance from High Resolution Ultra High Resolution

the surface Coliinmator Collimator
(1mm) ()
Surface 6. 5 5.8
5 cm 8 . 5 7 .0

10 em 11.0 8.5



Higove 4

Pictures of wniformity disc before and after correction.



before

after



Ilauee 5

Block diagream of the use of 16K computer memoxy.



4th

3rd

2nd

1st

037777
036000

030000
027777

020000
O17777

010000
O7777

AID I

image processing
program

uniformity
correction field

picture area

gamma camera
program




Piguxe 6

Flow chart of the image processing programe



Image Processing Flowcharts

routine gamma
camera program
start at 1

v

Input ‘J! by
the teletype

h 4

Jump from the
routine gamma
camera program
to the image
processing program

|

Input 2
characters ¢
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teletype

h 4

Nine point
smoothing

Twenty five
point
filtering

Display either
linear or
statistical
scale




Figoxe T

(a) Block diagram of 64 x 64 image display.

(b) Block diagram of 128 x 128 image display

from 64 x 64 computer memoxry.
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Tigure 8

Picture of colovur spectrums






Migure 9

TMow chart of the colour scale display.



~ Display flowchart

—p Display
program

No Conventional
Sense Switch —p| linear scale
is set display
Yes
Input one
number by
teletype
Yes Display by 1 S.D.

< according to the
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Yes Display by 2 S.D.
p| according to the
maximum counts




99Mps 1ine spread functions and M.T.Fe's

at various distances from the High

Resolution collimator (gain 16).
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Tigure 11

99m,1,0 line spread functions and M.T.F.'s
at various distances from ‘the Ultra High

Resolution collimstor (gain 16).
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Maure 12

(a) Comparison of M.T.F.'s at the surface

(b)

of two collimators.

Comparison of M.,T.['s's at various gains
at the surface of the High Resolution

collimator.
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CHAPTER IV

IMAGE _BNHANCTMENT

In theory the ability to detect small lesions in a wadlio=
nuclide image can be improved by computer processing. The
process of removal of high frequencies noise is called
"Smoothing". Having enhanced the image by removing the sto=
tistical fluctuations, the image will be degraded as a result
of limited resolution of the detector as demonstrated by the
MeTeFo (Chapter ITI)s The process to refocus the image because
of the limited resolution is called "Resolution-recovery" (Pizer
et al, 1974).

Smoothing and Resolution-recovery are, generally speaking,
inversely relateds Therefore, image enhancement methods are
the combined effects of these two procemees, the relative pro=-
perties of each depending on the statistical quality of the

particular image data.
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1. Smeoothing

The process of smoothing is to meplace each element of
the orxiginal matrix by a positively weighted aversge of the
intensity of itself and neighbouring elements. A simple
method is nine point smoothing (Mould and Wyld, 1973). Many
investigators have suggested various functions for smoothing,

for example:

vhich has been uged by Nakamurs et al (1973).

) |1 2 1
2 4 2 |+16

which is the digital analogue of a "low pass electrical filtext
and has been used by Keyes et al (1973) and Bell and DeNardo
(1970).

The flowchart of nine point smoothing is shown in Figure
13.
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2. Resolutionerecovery

Resolution-recovery can be done on any size of matrix but
this work is restricted to a 5 x 5 matrixe In contrast to
smoothing, a set of positive and negative weighting factors is/
useds The weighting factors for this filter can be obtained
from the appropriate point spread funetion as desceribed below,
Initially, weighting factors were calculated which restored
the image to be the ideal point, that is, after processing the
point image, the neighbouring elements are zero and the centre
elements contains all the counts. However, using these
welghting factors with the phantom or elinical data enhances
the high frequency noise too much and increases the mottling,
even after considerable previous smoothing. A second less
demaending approach was, therefore, tried. The enhancement
matrix was deslgned to convert the image of a pointedistribution
at a distance from the collimator into the point spread function

at the surface of the collimator.

3« Calculation of the Weighting Factors

Assume that the distribution of the image of a point source
distant from the collimator is within a 5 x 5 matrix and the
maximum count is at the centre pointe The correction matrix

(Figure 14) consists of a set of comstants K1, K2, X3, K4, K5
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and K6 acting upon this uncorrected image matrix so that the
resulting distribution of all elements is in proportion to the
distribution of the image of a point source at the surface of
the collimatore This will lead to six equations with six
unknovns, which are solved by matrix inversion (Cahill and
Lawrence, 1970)s This set of weighting factors can be worked
out easily by a minicomputer with a simple language, BASIC,

The progrem for this caloulation is as in Appendix 4.

Materials and Methods

A point source of Mg (diameter less than 2 mm) wae
dropped on a thin aluminium foil tray which was placed on the
surface of the High Resolution collimstore The counts of the
point source were acquired and stored on the magnetic tape by
the routine gamma camera progrome. The wresult was uniformed
and the data were printed out to obtain a point spread function.
The same method was applied at the distance of 5 ¢m and 10 om
from the surface of the collimator.

Using water as a medium between the point source and the
collimator, at the distance of 5 em and 10 cm, the data were
obtained in the same way as in air.

The point source response at 10 cm from the High Resow

lution collimator (in air) was used to determine the effect
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of smoothing and filteringe. Using the gamma camera profiling
program epplied to this point source image the data shown in
TMigure 16 was obtained. The same process was used when a
smoothing function and appropriate filter were applied. The

smoothing function is:

1 1 1
1 1 1
1 1 1

The filter is of the form of ¥Figure 14 with

Kl = 2. 498
X2 = 0,182
K3 = =1,139

K4 = «0,208
K5 = 06333
1{6 &2 "0. 006

An sdditional experiment was carried out using the Williems
liver phentom (Figurve 17) filled with °“PTe, placed at 10 cm
from the High Resolution collimatore A preset count of two
million was acquired and stored on the magnetic tape. A
smoothing function of low pass filter 4, 2, 1 was applied to
the image of this phantom, twice, to reduce fluctuations,

followed by the filter obtained from 10 cm 27"Tc point souxee,



once, bto enhance the high frequencies. The profiles across
the hot spots and cold spolbs weve obtained,

The data on this liver phantom on the suxface of the same
collimator was obtained in the seme way as at 10 cms  Without
filtering, the same smoothing function was applied to the
image of the phantom and profiles across both cold and hotb
spots were obtained for comparison with those of the phanton

at 10 cm with filtering.

Results and Discussion

The process of smoothing reduces the random variation of
the radioisotope images but at the same time it causes some
loss of resolutions However, a filter function corrects fox
the effect of the imaging system and restores the image closer
to the original distribution, obtaining greater resolution
(MacIntyre, 1972).

The number of points to be considered in snoothing depends
on the statistical natuve of the daltas. If the stabistics of
the image are very poor it may be necessary to use twenty Lfive
roint smoothing to produce acceptable quality. However, in
all noxmal static clinical studies, nine point smoothing proves

to be adequate. The smoothing proceduve can be repeated as
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often as required in ovder to provide the degree of smoothing
considered necessary (Vernon and Glase, 1971),

In the gbsence of noise the filteming operation eould be
carvied out exactly as deseribed in theory. IHowever, an
observed scan represents not only the actual nuelide dige
tribution bul also a considergble amount of additive "noise"
due 1o the random nature of radionuclide decay. This noise
greatly complicates the practical considerations involved in
correcting the scan by filtewing. 1If one abttempts to do
filtering on wew data, the wesullt is degraded due to ampli-
fication of this noise, Thus, some peior smoothing is
necessarye

This was required in the phantom study where two million
counts were accumulateds A clinical study uvwsually has only
a frection of this number of couats, making smoothing even
more necessary before filltering is attempied,

Trom the experiments on the 99mTc point source, the point
spread functions wewe obtained and resulis are tabulated in
Table 2 and FPigure 15. This lesds to the calculation of a
set of weighting factors for image enhancemont. Four examples
of these weighting factors sxe tabulated in Table 3.

To determine the effects of smoothing and filtering on

99mTc point source, the profile curves were plotted in Figure 16.
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The TWHM of the waw data, after smoothing and after filtering
are 104y 14ed and 6e4 mm vespectively. It is clearly seen
that smoothing causes some loss of wesolubion whereas filiering
narrows the point spread function at half maximum bulb also
creabtes side wings Lo the response which can cause avtefaclts.
The resulits from the Williams liver phantom are plotled
in Figure 18 and Figure 19, I'rom Figure 18, the profiles
across both cold and hot spots afier smoothing and smoothing
plus fillering at the same disteunce (10 em), show that at low
frequencies as shown by larger defects, the resolution is
degraded and at higher frequencies as shown by smaller defects
the resolution is improved. Figure 19, which is the come
parison between the profiles across cold and hot spote at the
surface and at 10 em, is a complementary result to Figuve 18,
Two coloun Polaroid pictuves, as shown in Figure 20, show
the smallest defect appears lavger after flltering correse
ponding to the profile curves in Tigure 18. Thus, filtering

improves the detectability of small defects,



Table 2. Point Spread Functiong of M, on _the
High Resolution Collimator (gain 1)

Distance
from the
central % counts % counts % counts % counts % counts
point at surface at 5 em at 10 em at 5 cm at 10 cm
(nm) (air) (aixr) (air) (water) (water)
0 100 100 100 100 100
4 40 59 69 56 70
5466 16 34 50 32 48
8 3 11 26 12 24
8.94 1 6 19 T 17

1l.31 0 1 7 2 6



TPable 3 .

Congtants

K1
K2
K3
K4

K6

Weighting Pactors for Spatial Frequeney
Filtering Obtained from the Point Spread

Functions at Various Distances from the
High Resolution Collimator (gain 1)

5 om
(air)

1.244
24800
=3¢249
=2e474
24440
-1.624

10 em
(air)

24498
0.182
-1,139
-0,208
04333
«Ge234 E=03

5 em

(watex)

0,922
04367
=0,603
~04265
0.286

~0s132

10 em
(water)

34187
-0,039
~14359
~0.820

1.09
~0.670



Teure 1

low chart of nine pointw-smoothing.



Nine-point smoothing flowchart

Nine point
smoothing

A

Load the first
element of the
picture

Multiply each element
and its neighbors with
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factor and normalise

A

Put the new element

into the corresponding
element in the
uniformity area

Put zero into
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uniformity area

Test it
is the
last
element
of the
picture

Next element

Exchange the contents
in the uniformity area
tc the picture area,
element by element

v

Display the picture
in the picture area




Hipure 14

Block diagram of a get of welghting factors

acting upon the uncorrected image matrixe






Figure 1

(a) Point spread functions of P76 ot various distances
from the suxface of the High Resolution collimator
(air) .

(b) Point spread functions of 990y gt 4wo distences from

the surface of the High Resolution collimator (watexr).



06 counts

100} WATER
804
5cm
604
<———10Ccm
(b) ]
40
204
1997 AIR
80+
1 _surface
60 ‘ ——5Ccm
| —10cm
(a)
40 -
20 -

~-12-10 -8 -6 -4 =2 0 2 4 €& 8 10
m m from central focal points



Tigure 16

Bffect of smoothing and filteming on 99m€[‘c
point source at 10 om from the High Regow

lution collimator.



99MTe point source at 10cm of the High Resolution collimator
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Tigure 1

Black and white Polaxeid of the Williams liver
phantom on the High Resolution collimator
(a) at surface

(b) at 10 cm.



(a)

(b)
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Figure 18

Profiles across the image of a Williams liver phantom
at 10 om from the High Resolution collimatox

(a) cold spots

(v) hot spots.
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Fipure 1C

Profiles across the image of a Williams liver phantom
at surface and at 10 cm from the High Resclution
collimator

(a) cold spots

(b) hot spotse
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Figure 20

Colour Polaroid picture of a Williams liver

phantom before and after filiering at 10 cm.



before

after



CHAPTER V

PHANTCM STUDILS

1. Idver Phantom

A liver phantom was made uging a uniformity circular dise
£illed with 2P0 mixed with water. A sheet of lead cut to a
liver shape at the middle was placed on top of this phantom.
The edges of the cuteout were feathered to reduce the ummatural
sharpness of the edge of the image. A number of pieces of
lead, steel and aluminium of different sizes, shapes and thicke
ness simulated lesions. A series of fifty pictures of raw
data of this "liver" (5 om away from the surface of the High
Resolution collimgtor) was obtained with a preset count of
300,000, uniformed and recorded on the magnetic tape. There
was one or no lesion for each picture. There were thirty
plctures with lesions and twenty pictures without lesions.

At the same time Polaroid pictures were taken for comparison
with the pictures on the colour television,

T'our methods of image display wexe chosen to apply to
these raw datas The first and second methods are the raw

data displayed by linear scale and the vaw data displayed by
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statistical scale of plus or minus one standard deviation.

The third and fourth methods are smoothing by a factor

1 1 1
1 1 1
1 1 1

and the combination of smoothing plus filtering by a filter
obtained from the appropriate distance from the collimator as
in Chapter IVe These two methods are compared with the raw

data displayed in a lineax scale.

2. Asgsessment of Display Techniques

A group of eight people were agked to examine the pletures,
both Polaroid and on colour television, by each method of dige
play on different occasions. These people were familiar with
the scintiscanning images. The plctures on the colour tele=
vision were viewed at a distance of six to eight feet from the
screen with the light on. The screen was one foot above eye
level.

One of five levels of confidence of the presence of s
lesion was marked by each person for each image., ‘These five
choices are "absent" (0=-20%), "could be" (20=-40%), "“fifty-
Fifty" (40~60%), "probable" (60-80%) and "definite" (80~100%).



The process of examination is, firstly, looking through the
whole series of the pictures once without masking a choice,
to familiarise the viewers with each type of display.r On
the second pass each picture was assigned to a certain level
of confidence,

From the scores obtained from the observer, the Receiver
Operating Characteristic Curves (R.0.C.) were plotted, using
confidence rating procedure, as a percentage of true positive
against percentage of false positive.

The following definitions were useds

v _ numbex of lesions correctly detected
True positive (TP) the number of phantoms with lesions %100

. ) . pumber of lesions incorrectly detected
False positive (TP) the number of phantoms without lesions X100

True negative ('J.‘N) - number of correct negatives %100

the number of phantoms without lesions

number of incorrect negatives
Talse negative (FN) = the number of phantoms with lesions x160

Therefore TP + N = 100%
and TN 4 TP = 100%

The R.0.Cs curves wexre plotted for each observer and
finally the total scores were plotted as the representative

of the group for each mode of display.
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Results and Discussion

From the study in this chapter, the plote of R.0.Ce cuxves
for each observer are shown in IFigure 21, Seven of the
observers show the same pattern of curves. Observer F proe=
duced a very unusual set of results. Therefore, two types of
total scores (Tables 4, 54 6, 7, 8 and 9) were plotted as seen
in Pigure 222 and Figure 22b for elght and seven obasexvers
respectively. DBach method has four confidence levels, so each
curve contains four points plotted as percentage true positive
against percentage false positive. The confidence level
tabgentt (O=2095) for each method was plotted (Figure 23) as a
complementary result to Figures 22a and 22b.

The results show that the response of the observers 4o
colour television is betier than Polarold at all levels of cone
fidence either individual or total scores, except observer F.
At the confidence level "definite" (80~100%) the percentage of
true positive and false positive for Polaroid and colour telem
vision, raw data displayed in lineaxr scale are 27/1 and 43/2.
If the process of smoothing and smoothing plus filtering wexe
applied, the detectability is improved to 63/3 and 69/2 res~
pectively., The raw dats displayed by a statistical scale of

plus or minus one standard deviation is poorer than by lineax
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scale. Thie is because the upper bands of the statistical
scale of plug or minueg one standard deviation are wider than
the linear scale for the count levels in these images (Table
10), whereas those of plus or minus half a standard deviation
are similar to the linear scale. This causes the changes in
colour to be insufficient to detect the smaller changes in
count rate. Some plctures of "liver" phantom at each mode
of display are shown iIn Figure 24.

Some examples of elinical data using the statistical coloux
scale with o narrower bandwidth of plus or minus half o standard
deviation plus smoothing are shown in Figure 25.

All currently available scintillation cameras have at
least one cathode~ray tube that has a phosphor suitable for
ugse with Polaroid camera. Polaroid film has a relatively
naxrrow dynamic contrast range and limited grey scale, which
is the disadvantage of Polaroid compared with colour display.

Colour scanning is popular with some physiocians and it
appears easier to intexpret patierns of different colours
ranging from blue to wred, than varying shades of grey; in
addition colours allow a semiquantitative interpretation of
the count density (Hine and Brickeon, 1974).

At the pregent time, no image processing technique has
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been proved by careful statistical study on clinical scinti-
grameg to improve the diagnostic ability of nuclear medicine
procedures (Pizer et al, 1974).

In the present study, the "liver" phantom was designed
Yo produce a good simulation of the image of the real liver.
The lepion was, therefore, a cold spot on a hot background and
the wesults do not necesgsarily apply to a hot spolt on a cold
backeground, such as a bone scans I8 main deficiency was
having wmiform sctivity distribution rather than the activity
profile typical of a real livers However, the numbex of
counts recorded is typical of a veal study, so the statistical
nature of the image was similar, The improvement of these
phontom images by various displey techniques indicate that
real images would also benefit in a similar way (Pisuve 25).

The processed images of the phantom by smoothing and
filtering give better presentation to the human observers than
the raw data. If the principal degradation of the image is
noige it is often significantly improved by smoothing and it
does show that o small amount of filtering combined with
smoothing will increase the vesolution effectively in some
sointigroms, AL the same time quite often it increases aritee
facts as well, [iltering tends to emphasize both real structures

and noise artefacts. This tendency must be taken into account



when interpreting the images and the diagnosis cen he made
only after adequate training for each physician for each

technique.



Table 4. Polaroid. Percentage Visual Response of a set of Obsexrvers

Using Confidence Rating Procedure

Cumulztive number of lesions detected Cumulative number Cumulative Cumulative
for each observer of lesions percentaze Cumalative percentage
éetected for of TP and ¥P Observer fotal for of TP gnd P
Confidence ILevel A B C D B G H 7 observers respectively T 8 observers wrespectively
"Definitet TP 6 8 5 4 9 6 4 42 20 22 64 27
80~100% P 0 0 0 0 0 9] 0 0 0 2 2 1
"Probable! TP 8 17 g9 11 15 9 7 76 36 25 101 42
60=80% P 0 4 0 0 1 2 0 T 5 4 11 7
"Pifty=-fiftyt ™ 10 23 14 16 20 15 8 106 50 26 132 55
40=60% P 0 2 4 2 5 3 0 23 16 5 28 18
*Could bet ™ 18 28 25 25 27 23 13 159 76 28 187 78
20=40% FP I 13 12 10 13 10 1 60 43 9 69 43



Confidence level

"Definite"
80-100¢%

"Probable®
60=80%

NP fymTifty"
40=60%

"Could be"
20~40%

Table m .

Colour Television Displaj

Response of a2 set of Observers Using Confidence Rating Procedure

Linear Scale, Raw Data.

Percentage Visual

Cunmulztive number of lesions delected Cumulative number Cumualative
for cach observer

CIE

38 94

I

14

16

17

22

B

11
0

24
0

26
1

29

C

7

15

23

26

D

11

21

25

28

=

o R

21

21

24

29

12

20

of lesions
detected for
7 cbservers

83
0

130

153
10

180
41

percentage

of TP gnd ¥P  Observer

respectively ¥
40 20
0 3
62 21
0 ]
73 21
7 6
86 22
29 7

Cumulative
total for

Cumulative

percentage

c¢f TP znd FP

8 observers respectively

103
3

151

174
16

202
48

43
2

63
3

13
10

84
30



Teble 6. Colour Television Displ Statistical Scale plus or minus One Standard Deviation.
Percentage Visual Response of a set of Observers Usinz Confidence Rating Procedure
Cumulative number of lesions detected Cumulative number Cumunlative Cumulative
for ¢ach observer of lesions percentage Cumnlgfive percentage
detected for of TP and P CObsexver tod2l for of TP and FP
Confidence Ilevel A B ¢ I E G B T observers respectively iy 8 observers respectively
"Definite? T 10 3 7T 13 16 13 16 78 37 2% 99 41
80=100% P 0 0 0 0© 0 0 0 0 0 4 4 3
"Probable® ™ 14 12 8 19 20 21 18 112 53 21 133 55
60=8C% P 1 0 0 1 1 0 ¢ 3 2 4 7 4
PFLEy=-Ti L Ey® TP 36 19 12 23 24 25 20 137 &5 21 158 66
40=604 P 1 0 o 2 5 2 0 10 7 5 15 9
"Could be® T 22 25 20 24 27 29 22 169 80 21 g0 7°
20=4C% P b1 3 o 5 9 9 2 29 21 5 34 21



Table .Nc

Percentase Visual Response

of o set of Observers Using Confidence Rating Procedure

Cumulative number of lesicns detected Cumulative number Comulative Cuomulative
for each cbserver of lesions percentage Cumulative pexcentage
detected for of TP and FP Observer totzl for of TP and FP
Confidence Level A B ¢ D B G H T observers respectively F 8 observers respectively
*Definite® 7P 20 10 19 17 22 21 16 125 60 27 152 63
80~100% P 0 0 Q 0 0 0 ¢ 0 0 5 S 3
"Probable" T 23 21 23 23 24 24 17 155 74 27 182 76
60=80% P 0 0 0 0 1 0 0 1 1 5 6 4
HWRLESymEif oyt ™ 24 26 26 25 24 25 23 173 82 27 200 83
40=60% ¥ 0 2 1 ¢ 1 1 0 5 4 5 10 6
HCould be" TP 25 27 26 26 24 27 24 179 85 27 206 86
P 1 7 i i 3 i 1l 15 11 7 22 14

20-40%



Table 8. Colour Television Display, Linear Scale, Smoothing plus Filtering., Percentage

Visual Hesponse of 2 set of Observers Using Confidence Rating Frocedure

Cumalative number of lesions detected Cumulaiive number Cumulative Cumulative
for each cbsexrver of lesions percentage Cumulative percentage
detected for of TP and FP CObsepver totzl for of TP and FP
Confidence level A B c b B G H 7 cbservers respectively ? 8 observers respectively
"Definiten T® 20 12 20 21 26 23 23 145 72 28 173 69
80=100% ¥p 0 1 0 o] 2 0 0 3 3 2 5 2
"Probable" ™ 25 24 24 25 26 21 25 176 85 28 204 84
60a80% P 0 2 1l 1 2 0 1 7 6 2 9 5
Wi T ty=ifty" TP 25 27 27 27 26 271 25 184 88 28 212 88
AC=60% P 0 2 2 1 2 2 1 10 8 2 12 7
#Could be" ™ 26 29 27 27 27 29 26 191 91 28 219 24
20=40% P 2 4 2 2 2 2 2 15 11 2 18 i1



Table 9. Pexcentage of True Negative Against False Negative

For Each Method of Image Processing

Cumulative number of lesions detected Cumulative number Cumulative Cumulative
for each observer of lesions percentage Cumunlative percentage
detected for of T and ¥ Observer total for of TN and W
Hethod A B € D B G H T observers respectively F 8 observers respectively
Polaroid ™ 19 7 8 10 7 10 19 80 57 11 : 91 57
W 12 2 5 5 3 T 17 51 24 2 53 22
ToVe, linear seale ™W 19 13 14 11 11 13 20 99 71 13 112 70
Raw data N 8 1 4 2 4 1 10 30 14 8 38 16
ToVe, statistical
scale (F18.0.) ™ 19 17T 20 13 1 1 18 1 9 15 126 79
Raw data i) 8 5 10 6 3 1 8 41 20 9 50 21
ToVey linear scale ™ 19 13 19 19 17 19 19 125 89 13 138 86
Smoothing iy 5 3 4 4 6 3 6 31 15 3 34 14
TVe, linear scale ™ 18 16 18 18 18 18 18 124 89 18 142 89
Smoothing plus o 4 1 3 3 3 1 4 19 9 > 21 9

filtering



Table 104 Comparison of Tifteen Levels of Idinear Scale

and Statistical Scale from one of the

"Tiver! Phantom

Iinear scale Statistical scale
1 84D ¥4 s,

i+

363 363 363
340 326 345
316 291 328
292 258 311
268 227 295
244 198 279
220 171 264
196 146 249
172 123 235
148 102 221
124 83 208
1.00 66 195
76 51 183
52 38 171

28 27 159



Piguze 21

The N.0.0. curves for each obsexver, FPevoentage

true positive against percentage false positive.
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Figure 22

(a) The R.0.,C. curves for eight observers.

(b) The R.0.C. curves for seven observers,

Percentage true positive against false positive,
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Figure 23

Percentage true negative against false negative

for each method of image processing.
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Figure 2
Pletures of the "liver" phantom

(a) Polaroid.
(b) Colour television, raw data, linear socale.

(¢) Colour television, raw data, plus or minus

one standaxd deviation.

(4) Colour television, raw data, plus or minus

helf a standard deviation.
(e) Colour television, smoothed, linear scale.

(£) Colour television, smoothing plus filtering,

linear scale,



(a)



(c)



(e)



Figure 25

Clinical pictures displayed by statistical scale
plus or minus half a stondarvd deviation
(a) Bone scen. Rib before and after smoothing.

(b) Skull before end after smoothing.

(e¢) Tiver scan. ILateral view of a liver before

and after smoothing.
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APPRNDIX 1

IMAGE PROCESSING PROGRAM




0001 FMax
0002 DISP
0003 MAaxXM
0004 MINM
0005 LTOR
0006
0007
0008
000¢%
0010
0011
0012
0013
0014
0015
0016
0017
0018
0019
0020
0021
0022
0023
Qo024
0025
0026
o027
0028
0029
0030
0031
0032
0033
0034
0035 NP
0036
0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
o047
0048
0049
0050

NINE

STRT

s EQU
s EQU
s EQU
s BQU
s BEGY
s ORG
s SUB
s JAZ
s BRG
+ EXC
+ CALL
» LRLA
+5TaA
s CALL
s BRA
+5TA
s SUB
s JAZ
+LDA
2 SUB
+ JAZ
+LDA
s SUB
s JAZ
+LLDA
s SUB
s JAZ
s LDA
s SUB
s JAZ
s JUMP
s CaLlL
s CALL
s JUP
s ENTR
s LDA
s J AN
2 L.DA
s ADD
s ASLA
s ADD
+5TaA
s JMP
s LDA
+5TA
» LDX
s TXA
2 SUB
s JAN
s TXA

+ 02200
201727
+ 02231
» 02232

- 203153

20775
a="J!
2030000
+ 030000
s 0540

s LNPU

s 8

+s LEEP

s INPU
+sKEEP

+s KEEP
+s='GCY
s 1 ’
s KEEP
s='pgt
2 036000
sKEEP
s='NP!
JNINE-
+ KEEP
+="'CE"
s SEE

s KEEP
s='"TF"
s TFPF’
+ 030000
s NP

+ EXCH

+ SEE

r

s FLAX

s ¥+ 9

s ABNE

+ ATWED

52

s AZER
JKEEP+2
2 Wbl

s DIVR
»X{EEP+2
+=010000
3
s=01010C
s NEW ]

L



0051
0052
0083
0054
0055
0056
Q057
0053
0059
Q060
0061
0062
0063
0064
0065
Q066
0067
0068
0069
0070
0071
o072
0073
0074
0075
00786
0077
0078
0079
0080
0081
0082
0083
008a
0085
0086
0087
0088
0089
Q090
0091
0092
0093
0094
0095
0096
0097
0098
0099
0100

- 42 -

NEW 1

TFPF

TF

2 5UB
+ JAP
s TXA

s aNA

2 JJOZ
s SUB
»JAZ
s TZA
s .DB
s MUL
s S5TaA
s STB
s CaLLl
s CALL
s LDA
s JAN
s CALL
s JUP
s CaLl
+ CaLL
s CALL
s LDA
s JAN
+ CALL
2 JMP
+ CALL
s LDA
sJAN
sLDB
+» DIV
s JAF
s JMP
+ LDB
s STBE
+JMP
+sTZA
+ STAE
+ TXA
+ SUB
s JJAZ
s IXR
s JUP
s JU Pk
s CALL
» CALL
s JMP
+ ENTR
s LDA
2 JAN
»LDAa

7
+=017700
s NEW ]

4
+=000077
s NEI )
»=000077

s NEW 1

+
20,1

s AZER

s KEEP

s KEEP+ ]
+8DD: 63:655-63.~6540
s MULS 8TWY
1 ATWO

3 REH

s DPAD

PR XAl

s DSUB

s ADDs 14 64s=1s~64,0
s MULs ABNE
s ANE

s %k+6

» DPAD

s K+ 4

» DSUB

» KEEP

s NEW1

s KEEP+ 1

+s KEEP+2

s k¥4

2 R+ 3

2 =077777
+ 010000, 1
2%+ 5

s
2010000, 1
]
»=017777
s ¥+ 5

2

s STRT

s NP

2 TF

s EXCH

s+ SEE

s .

s FLAG

s &+ 13

s K2NE
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0101 ,8DD s KTWE

0102 s+ &DD +s KTRE
0103 s ADD JEAFAR
0104 s ADD - +KF2R
0105 » ADD sKFIV
0106 s ASLA + 2
0107 s ADD +sKZER
108 sSTa s KEEP+2
0109 s JMP PR
0110 s LDAa + DIVR
0111 +sSTA » KEEP+ 2
gl11ie s LDX +=010000
0113 TF1 s TXA 3
0114 » SUB +=010200
0115 s JAN s NEW2
0116 s THA r
0117 + SUB s=017600
0118 s+ JAP s NEW2
Qil19 s TXA s
0120 s ANA »=000076
0121} s+ JAZ s NEW2Z2
0122 s SUB +=000076
0123 s JAZ s NEW2
0124 s TZA "
0125 " +LDB 20,1
0l26 s MUL + KZER
g127 s 5TA s {EEP
0128 s+ STB s KEEP+]
0129 s CALL + ADD, 1,645 1,-6450
0130 s CALL +sMUL.K2NE
0131 + LDA s KONE
Q132 2 JAN 3 %4+ 6
0133 + CALL + DPAD
0134 2 JUP 2 ¥+ 4
0135 + CALL s DSUB
0136 + CaLL + ADDs 65463, -65.-+6350
0137 "5 CALL s MULsKTWD
0138 s LDa SKTWO
0139 s JAN "5 %+6
0140 s CALL s DPAD
0ial 2 JMP PR
0laz s CAaLL » DSUB
0143 » CaLL s 8DD,2,1238,=-2,~128,0
0la4 s CaLL + MULs KTRE
0145 sLDA | » KTRE
0l4ae s JAN s K+ 6
0147 + CALL s DPabD
0148 s JMP PR 2 4
. 0149 s CALL s DSUB

@150 s CALL s BADDI 66: 129, =66:=129:862, 12T7T4a=624=-12751(



0151
ols2
0153
0154
0155
0156
0157
0158
0159
0160
0161
Ole2
0163
Ole4a
0165
0166
0167
0168
0169
0170
0171
Q172
0173
0174
0175
0176
0177
0178
0179
0180
0181
0182
0183
0184
0185
0186
0187
0188
0189
0190
0191
0192
0193
0194
0195
0196
0197
0198
0199
0200

- 44 -

NEWZ2

EXCH

ADD

s CALL
s DA
s JalN
+ CaLL
s JUIP
s CALL
» CALL
s CaLL
s LDA
+ JAN
» CalL
s JMP
+ CaLL
s LDA
+ JAN
» LL.DB
s DLV
+sJOF
s JUP
+ LDB
» STBE
s JMP
+TZA
s STAE
2 TXA
s 5UB
s JAZ#
» IXR
s JMP
s JMPH
+ ENTR
» LDXI
» LDAE
+ LDBE
s STAE

5 STBE

s IXR
2 JXZ
2 JMP
s JM Pk
s ENTR
»TZA
+ LDBE:
s+ JBZ
s STBE
s+ ADDE
» INRE
s JJMP
s INRE
» JM Pk

+JMULSKFAR
s KFOR

s R+

+ DPAD

s k44

s+ DSUB

s ADDs 1264 1304 ~1264~13040
sMULsKRFLV
s KFIV

s B+6

» DPAD

s Y

+ DSUB

s KEEP °
sNEW2

s KEEP+ )

s XEEP+2

2 W4

2 %43
+=077777
» 0100001
s ¥+ 5

*

+ 010000, 1
s
+=017777
sTF

K]

+sTF

+sTF

’
+=-010000
» 020000, )
+ 030000,
»03000Q0s 1
202000051
s

2 R+ 4

s EXCH+3

s EXCH

&

’

s ADD
s %+ 10
2 %4+ 3
+0,)
s &ADD
2%=-10
s ADD
s ADD



0201 MUL s ENTR 3

0202 s STA s KEEP+S
0203 s LDBEx ,MUL
0204 s LDA + 0.2
0205 s JAP s W4
0206 s CPA 2

0207 s 1 AR 2

0208 s STAE s k45
0209 +sTZA 2

0210 s LDB s KEEP+5
0211 . s MULT 20

o212 + 5TA sKEEP+3
0213 2 STB sKEEP+4
0214 s INRE s MUL
0215 s JMP® + MUL
0216 DPAD s ENTR r

0217 s LDA JKEEP
0218 s ADD » KEEP+3
0219 s+ 5TA +s KEEP
0220 s LLDA JHEREP+ ]
0221 s ADD s KEEP+4
o222 s JAP s %4+ 5
0223 + ROF 3

0224 s INR s REEP
0225 s ANA 2=077777
0226 s 8TaA s KEEP+H ]
0227 s JM Pk » DPAD
0228 DSUB s ENTR 3

0229 + LDA s KEEP
0230 s SUB s KEEP+3
0231 +STA s KEEP
0232 ' s LDA s KEEP+ ]
0233 » SUB s KEEP+4
0234 »JAaP PR il
0235 s JMP 2 3k+ 5
0236 +STA s KEEP+ ]
0237 s JMPx s DSUB
0238 s LRLA s 1

0239 + LSRA sl

0240 s STA s KEEP+ ]
0241 s LDA +s KEEP
o242 s+ DAR r

0243 +5TA + KEEP
0244 s JM Pk s DSUB
0245 KEEP sBSS + 6

0246 INPU SENTR s

0247 s EXC + 0440
0248 » SEN 202015 %+5
0249 SNOP s

0250 s JMP 2 %=3
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0251
0252
0253
0254
0255
0256
0257
0258
0259
0260
0261
0262
0263
0264
0265
0266
0267
0268
0269
0270
- 0271
0272
0273
0274
0275
0276
0277
0278
0279
0280
0281
0282
0283
0284
0285
0286
0287
0288
0289
0290
0291
0292
0293
0294
0295
0296
02°7
0298
0299
0300

KZER
KgNE
KTWo
KTRE
KFoR
KFIV
AZER
ABNE
AT
DIVR
FLAG
FlL.ax
SEE

NDIS

REPI

+01aA
» SEN
s NOP
s JJMP
s BAR
s JUP*k
s DATA
s DATA
s DATA
s DATA
s DaTA
» DATA
s DATA
» DATA
s DATA
s DATA
s DATA
s DATA
+ CaLL
+JSS3
s CALL
s JMP
s JJMP
sLDA
+ DAR
s 85TA
s LDX
+ CALL
s SUB
s JAZ
1+ DAR
1 JAZ
s JM P
sLLDA
s ASLA
+ TAR

T, JMPH

sNQP
sNOP
+» JAZ
+ ASRA
s STALR
s LDA
2 1AR
s SUBE
2 JAN
s JAZ
+5TA
s STAE
+ DXR

s 01

s 0101s%+5
P

s k=3

01

INPU

1

00 -

“ W W - L T R ) - W% W w

1

s FMAax
s k+ 6

s DISP
s 030000
sNDIS
s M1 AXM
’

s M1 AKY
)=l

s INPU
+='1"
s REP1
3

s REP2
sNDILS
s M AXHM
s 4

’

» XSQT
, .

2

2 ZERD
2

2 S8TDa !
s M AXM
3
1s5T@s 1
» ZERI
s ZERD
s MaxH
s STPs ]

F



0301
0302

0303

0304
0305
0306
0307
0308
0309
0310
0311
0312
0313
0314
0315
0316
0317
0318
0319
0320
0321
Q3e2
0323
.0324
0325
0326
0327
0328
0329
0330
0331
0332
0333
0334
0335
0336
0337
0338
0339
0340
0341

- 0342

0343
0344
0345
0346
0347
0348
0349
0350
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REP2

ZERD

BEG

+ JXZ
s JJMP
LLDA
s ASLA
+ TAR
s JMPM
sNOP
s NOP
s JAZ
+ STAE
+sLDA
+ LAR
» SUBE
s JAN
s JAZ
s STA
s STAE
s DXR
s JXZ
s JUP
2 TZA
+ STAE
s JXKZ
s DXR
s JUP
s+ LDY
sTZA
s5TaA
+STA
»TZB
s LDA
s STAE
s ADD
s ASRA
+ IBR
+ STAE

+sLDA

s IBR
s STAE
s ADD
s ASRA
s I BR
s STAE
+ TXA
2 5UB
s JAN
s LDA
s ADDE
+ ASRA
s IBR

+ ZERD
s REP
s MAXM
+ 2

P

s XSQT
P

’

s ZERY
s ST@s ]

.JMQXM

)
s 5TE, )
1 ZERD

s ZERD

s MARKM
+STOs 1
3

s ZERD

s REP2

)

s S5T?s )
s BEG}

J

+ ZERY
+=017700
s’

s MARK

s MARK+ ]
r

+ 051

s BUF, 2
s 15

sl

P

» BUF, 2
s 1s}

s

s BUF, 2
2251

2]

F

+ BUFs 2
E
+=010100
s BEGS
20,1
s=64;s 1
s}

2



0351
0352
0353
0354
0355
0356
0357
0358
0359
0360
036 1
0362
0363
0364
0365
0366
0367
0368
0369
0370
0371
0372
0373
. 0374
0375
0376
0377
0378
0379
0380
0381
0382
0383
0384
0385
0386
0387
0388
0389
0390
0391
0392
0393

- 48 -

BEGS

BEG4

BEG2

0394 -

0395
0396
0397
0393
0399
0400

s STAE
s L.DA
s ADDE
s ADD
» ADDE
s ASRA
s IBR
» STAE
s LDA
s ADDE
+ ASRa
s IBR
+ STAE
s LLDA
s ADD
+ ADDE
s+ ADDE
s ASRA
s IBR
s STAE
s JMP
+TZaAa
s IBR
s STAE
s EBR
+» STAE
+ IBR
s STAE
+ {BR
+ STAE
s STX
»TZX
s LDB
s LDAE
2 JAZ
+ SUBE
+JapP
s+ DBR
s LDAE
»JAaz
s JMP
s STAE
s JUMP
+ STBE
s+ TXA
s+ 5SUB
s JAaZ
+ IXR
2 JUMP
+ TZK

s BUF, 2
+ 04 ]

s =64, )
s 12
s=6351
v 2

r

s BUF, 2
215l

s ~63s )
sl

3

s BUF, 2
2151
JEJ ]

s =634 1
s=62s )
s 2

s

s BUF: 2
s BEG4
N

P

s BUF, 2
2

s BUF. 2
s

» BUF, 2
L

s+ BUF, 2
s KEPT
s

s=14

2 BUFs )
s %+ 13
+S5T3. 2
s %+ 13
p

s 5TBs 2
s k¥4

s BEG2
+ BUF, ]
g k4

+ BUF, ]
N

s =7
PR 5]

s

s BEG2-1

E ]



0401 BEG3 sLDAE s BUF, )

0402 s LRLA s 4

0403 s I XR 3

Q404 s BRAE s BUF, |}
0405 s LRLA s 4

0406 s LXR P

o407 s ORAE s BUF: )
0408 s+ LRLA s 4

0409 s IR 2

0410 s GRAE s+ BUF, 1}
0411 2 85TA + CHU
o412 s TXA 3

0413 s 5UB +=17
0ala s JAZ s R+ 8
0415 s LLDA s MARKY ]
0416 s CaLL s SENE
o4al7 s IXR s

0418 s JUP s BEG3
0419 s LDA + MARKH ]
0420 s ADD +=32
0421 s CALL s SENE
o422 + INR s MARK+ ]
0423 s INR s MARK
o424 +LDA s+ =32
(011824 s 5UB + M ARK
0426 s JAZ s R+ 4
gaz27 s JMP s HE 16
0428 +5TA +s MARK
Q429 +sLDA +=32
0430 + ADD s MARK+ ]
0431 s STA s MARK+ ]
0a32 sLDA + KEPT
0433 s+ SUB +=0176
0434 +STA +MINM
0435 s LDA s KEPT
04356 s SUB +=010076
0437 s JAZ + 030000
0438 : s LDX s MINM
0439 2 JMP +sBEG I+4
0440 s INR + KEPT
044l 2+ INR s KEPT
0442 + LDX +s KEPT
0443 s JUP + BEG1+4
Daa4 KEPT +DATA s 0

0445 sLDa + SQATS+2
0446 + LDB 2+ 5QTS
0447 + RETU Py

Q448 XSQAT +BES s 0

0449 + SOF 2

0450 s JaN:* s XSQT



0451
0452
0453
0454

- 0455

0456
0457
0458
0459
0460
0461
Q462
0463
Q464
0465
0466
0467
0468
0469
0470
0471
0472
0473
0474
0475
0476
0477
0478
0479
0480
0481
o482
0483
0484

- 50 =

SQTS
SENE

ST@
MARK
cdu
BUF

»ROF
: TNRE
+ TNRE
2 JJAZ®
s STB
s STA
s+ ASRA
»STA
+TZA
2LDB
2 DIV
s TBa
s ADD
s ASRA
»TAB
» SUB
s JAZ
s STB
s JUP
s BSS
s ENTR
» SEN
s NOP
s JMP
+» EXC
s B AR
» EXC
s OME
s JM Pk
» BSS
+ BSS
s BSS
» BSS
+ END

v
s X5QT

s XSQT

s XSQT

+ SQTS

s SQTS+ ]
s )

¢ SQTS+2
y

+ SQT S+ )
+ SATS+2
s

s SQTS+2
J]- .
3

+ SQATSH+2
2 XSAT-3
+» SQTS+2
s%=11

s 3

s

s 0574 8+5
s

s k=3

+» 057

» 057

s+ 0157

» 057, CHU
» SENE

s 15

+2

s ]

s 8

3



APPENDIX 2

THlE  PROGRAM OF 64 x 64 IMAGE DISPIAY




0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015
0016
0017
0018
0019
0020
0021
0022
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036
0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053
0054

CED

SENE

MARK
CHU
MM

oKUEP
SMARK
»=01T700
,0,1
212
4CHU
o4
oCHU
»CHU
21y
»4

P P |
5 CHU
oCHU
S KIBEP
SOLNE
JJKERP
=32
» SENE
» RETP
HMARK
9732
s MARK
» g
o ¥ 16
SMARK
|”32
JKEEP
JKEIP

»=0176
ML

’ 3910076
»,030000
»MINM
sCBD+4

2UBD+4
2057 %45

e
»057
»057
» 0157
»057,CHU



APPENDIX

THE PROGRAM OF M.T.F. IN BASIC




10  REM PREGRAM FgR MIT AT VARIFUS FREQUENCY

20 D 1(64)

30 INPUT P

40 MRX-1TdP

50  READ IL(X)

60  PRINT L(X)s

70  NEXT X

80  PRINT

90 PR Y= 1 1Y 32

100 IRT Ne 2%Y/ 64

10  IET A= O

120 IET B= 0

130 FPR X= 1 TP Pw 2

140 LET AwA+L(X)

150  IBT Cw 2% 3,14159%0

160 LET D=(SIN(CHX)=SIN(C*(X~ 1)))/C

170 IET ®=L(X)%D

180  IBT BuB+F

190  NEXT X

200 LET M=B/A

210 IET Nl=i* 10/ 4

220  PRINT N1,M

230 NEXT Y

240  DATA 6120, 5966, 5786, 5598, 5230, 4952, 4598, 4371, 3847
250 DATA 3443, 3101, 2815, 2391, 2039, 1766, 1488, 1233, 1132, 856
260 DATA 735, 620, 461, 398, 334, 269, 212, 174, 156, 138
270 END



APPENDIZ

CHE _PROGRAM _OF MATRIX TNVERSION IN BASIC




10
20
30
40

60

70

80

90

100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280

I A S

MATREAD ¢ M,M; »D(M)
MAT E=Cgn(m,M

MAT FwCHR (M

MAT G=C@N(M

MAT X=C@v(M

MAT P=CEN{M,M)

MAT PaC

PRINT "CEEFTICIENT MATRIX"
MATPRINT C3

FRINT “RIGHT HAND SIDE"
MATPRINT D,

MAT E=INV(C)

MAT X=EXD

TRINT "S@LUTI#N VECTER®
MATPRINT X,

MAT FaPMX

MAT GuDeTt

PRINT “"IRRER VECTER"
MATPRINT G,

DATA 3711, 10323, 7095, 3548, 5033, 964, 2540, 8070, 6489
DATA 3947, 6221, 1527, 1759, 6394, 5769, 3796, 6973, 2110
DATA 960, 4145, 3831, 4247, 6480, 1740, 653, 3102, 3471, 3362
DATA 6770, 2738, 251, 1398, 2053, 1889, 5675, 3878

DATA 3711, 1484, 594, 111, 37, O
END
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