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ABSTRACT .
\ T »
‘ o
N , ) I L ‘ -
“The* Pho/Con is a jdual Anget camera . multipldne

: tqmographic Wgseanner,' capable“'of produCing ‘longitudinal

L . e

TR

tomagrqhs throughithe subject.

imaging- ,déviee haVel‘_been‘ investigaC,‘

) N 5 . ]
~operation of theggamma ~camera from

'Measurements performed on the detector include. the study of

e

uniformity, linearity, intrinsic spatial resolution, eﬁelgy

-and tempqral iresolhtion;f The system cheracteriscies_have
'Seen'studie&'wieh a view to es;abliehing the infiuence"of
“the _ subéqdpbnents ' of  fthe ‘deteetorl‘ on the ’o§ena11
perfdrmehce;“Experimentel'heesuieﬁents heve beenvmade uéing
, bgth analogue and computerizee tecbnetfuétipn.techﬁiques.
"Techniqqes,whiehiattempt,td remeve.blurfa;tefaets from

images produeed.:byb Limi;ed.'angie tomegfaphic systems are
“.briefly reiiewed; ;A new i;efativee appfoaeh‘/of keeblufring
Pho/Con.images-is‘aleo-presenteﬁf' Deblurringjetudies'witﬁ a
computer simulated noiseless:pﬁaneom and a ei@ulated'phantom,
yitb ’unCOrrelateg ineise afe pfesenfee. The algorithm was
alSo»tested wieh,images of e -Erpe 'phentom..obtained vby a
simpie bback-prejeetipn.‘reconséruceion of 'Pho/Con data.i
‘Resglte for imaées with three different Scaﬁistical cguntsv

are presentedys
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CHAPTER 1

~
“« ) .

1.1 An overview of medical 1maging‘
The main objective of imaging 1in medicine 1is {a noon
;nvasive vfsualization of the internal sa:ucturé or fumction

" of the human boéy which would facilitate the diagnosis of

disease. The physical principles behind many" present
imaging techniques  involve some gortion of the
eleqtromagnetic spectrum. The most notable exception is

‘ultrasonic imaging which utilizes transmitted and reflected

3

sound waves to reveal-thevidterﬁal structures. The table

shown below attempts to summarize some of the Dbetter known

, . . V
imaging modalities and the place which they occupy within

the ‘electromagnetic spectrum.

Table 1 :-Electromagngtic‘Rgnge of Medical Imaging Devices

_—----—--——--—-—-—-———---—-—--—-----———--_-——----—-——-——--

Eledfromagnetic

Spectrum " Techniques o

(meter) -
-—‘_3-—_—'-6 —————————————————————————————————— o e e o o e =
10" <10° +vy-rays ~ a) Planar radioisotope imaging

4 b) Emmission tomography (PET, SPECT)
c¢) Focal plane tomography

10" -10 Xx~rays a) Conventional radiography
) : b) Computed tomography
c¢) Digital radiography
10 =10 Infrared Thermography

10 =-10 Microwave Some experimental work

(Rao et al 1980, Larsen et ai 1980)
~ 3 ‘
10 - 10 Radio Nuclear Magnetic Resonance imaging’



Since gh; discovery of x-rays on November 8, 1895 'anﬁ'
ﬁh; attainment of the first imagﬁ of a living human hand on
Decemger 2l, 1895 by the German physicist Wilhelm 'C;nrad
Rontgen (Glasger 0., 1934) the use of pénetratipg radiation
as a means of revealing internal étuctures éf the;human.body
hasgvﬁecomeI a common clinical prq.hdure in the-diagﬁosig of
'd;seases. The realization of the diagnostic‘énd therapeutic
potéﬁ;ial of x-rays quickly established newndisciplines;
within \fhe medicél 'bractice, "which ‘would incorporafe
tgdhniqﬁes employing x=-rays for the diagnosisvor treatment

of diéeasés.

N

The application of radioactive indicators for *the study

of Aliving systems was first proposed”byﬂfHE“EHEEIEEdEjli

AT
25

1975). He

Hevesy in the eafly twenties (Myers et sal

posﬁulated that the radioactivity would not affect the

biolégical'behavisr ogcthe tracer. For his early work 1in
biological tr;cingiteghniqu?s he received the Nobel brize in
1943, . | | ‘

Following.the constructién of the first few nuqlear
readtors (at Oak Ridgé and Brookhaven natioﬁgl labora;pries)
in the early fértiés the 1list of \radioactive 'isotopes
avaiiabie for medical pﬁ%ﬁgses éreJQCO;siderablf. Radiology
then became, the sciencé‘ih medicine which would magé use of
an§ form ‘of ionizing  rad1tion for the d%;gnosis and
treatment of diseases. Within such a discipline lonizing
:gdia;ion became the predomiﬁant diagnostic pfocedure;

because of its ability to penetrate the -human body. allowing

one to see deep seated structures. It is for this reason



that x-ray technology became a popular and powerful
. : _ o :

" diagnostic tool.

" The use of isotope imaging in medicine was introduced

later, following the discovery that certain isotopes of

stable nuclel emitted some form of radiation. }The use of

.«

isotopes was also delayed because of the lack of knowledge
about the principle of radiotracer uptake~'by the various
organs in‘theihuman body.

‘ The "rrecent discoveryb of tramsmission computed
tomography has elevated imaging employing ionizing radiation
. to a level of sophistication never ‘before encountered in any

N
"imaging technique. Computed tomography was the result of

advances in computer technology and the application of new

reconstruction . techniques to imaging by the work of

Oldendorf (1961); Kuhl and Edwards (1963), <and Cormack

(1963, - 1964). This 4initial impulse culminated “in \the

development of the first commercial " transmission

computerized tomographic system by Hounsfield in 1972. For

their contribution to the _development of computerized
tomography - Cormack and Hounsfieldvreceived theONobel;Prize
for Physiology and Medicine in 1979. |

Comparison -between x-ray and wraaioisotope imaging
techniques, reveal both similarities and differencesv :ihey
are similar in that both.methodé use ionizingwtadiation as a
- means to acquire;finformation about the object under
investigation. However both traditignal x-ray Eimaging and
transmission CT. vproduce fimages " which describe some

imorphological patterns of the 'dbject under investtpation.



~

On the other hand, radioisotope imaging produces patterns
wﬁ:eh are 'pﬁysiological. biological H;nd‘ biochemical in
nature " since it ‘&eacribea/‘a functiq; specifié to a 3ivep‘
aﬁ#comiéaikaéructure.« A more detailed discussion;pf)nuclea;
medicine . imaging techniques - 1is deferred: untii a lagdé
seccion}, ' . B |
The. ppoblem associated with conven;iop§1 rﬁéﬁography,

aside from the superimposition of surrounding structures on .

the desired image, was the lack of soft tissue

differentiation. Transmission. CT can successfully provide
\ ' .

detailed pictures, for example, of the head by producing

clear 1images of cerebral ventricles and subarachnoidal
cavities. In imaging the soft tissue"with CT‘ it 1is ' now

possible to visualize the .gpinal cord. 1In. the larger

‘section of the body the lungq,',heart, kidneys, 1ivér,,

pancreas, are easlly identified, afIOWing'a.correlation with

~a priori knowleége of the anatomy. in addition, it has
simplified the diagnostié identification - of abnormal |
“morphological and patﬁglogical_condition& in internal organs

replacing more traumatic and costly progedurés.

.vSinge its introdﬁction, df. haé vgoﬁe - through a’
considerable téchnological devélopment in bdnstruction‘of
x-ray‘tubes, detéCtér "system and gantry motion. fhese
technical advances were paralleled by the improvement'ofvﬁhe‘
algoriﬁhms for thé tomographic reconstruction (Bracewell et
al 1967, Bates et. al 1971, Ramachandran et al 1971, Shepp et

al 1974). Early CT scanners utilized a highly collimated

single pencil *beam of x-ray and scintillators and were

LY
w
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chor:ctorized by tho translate and rotate motion. Entlva

"limitations associated with these devices were the blurring

in the image dua. to the phylicnl ond phy-iologicnl movomont

ssaociated with the pationtl resulting froam longhty imaging

‘time (Led.loy. R.S., 1974). F_'rm high collimation . of

aource~dﬁtoct6r cpnfi;urntion allowed ‘on to measure tho

—— .

T l

x-rays thus resulting in good tissue discrimination. To

‘epeed‘up the imaging tine to a fraction '%f'va second the
H .

-ray beam» was 1ater uodified to yleld a‘fen bean geometry

/ﬁ .
by employing an array of detectors (Sagel ‘‘‘‘ o 1976). The

movement ~of = the" source-detector 'was © again

-
translation—rotation. By‘wf&eninglthe x-ray fan angle to
L

cover the complet& -cross section of the patient it became

possible to eliminate the transIation motion. Rotation over

&

360 degrees of the fan beam was suf icient for the

recénstruction of a CT image. " Two possibleOnachine\"

configurations emerged 'fone in which the x=-ray SOutce and
"detector rotate around 360 degrees as a unit, while in the
second case ~the x-ray source rotates within a‘ringiof
;tationary detectorew(Huang et al, 1975).. \ ‘

wnixe imaging employing ionizing;'r/dietion ‘was to
undefgo HSuChi a radical chenge‘jboth in cdncept and tn
: R . )
instrumentation other>' modalities employiné different
physical phenomena were being used or investigated. San'Af

°

the physical principles, such as thermography, were '~ well

- I
known in the practice of medicine. Others such as

ultrasound, were struggling to estebli%b themselves as



possible diagnostic tooicu 0f vary recent development (and’
‘ot great potential) nrc 1nngin3 techniquas tupxoyin; nuclaar
nagnctic 'rcnonnnen. Syutcnu of this :ypc are now ba:ng

.tested in some nndicnl contora.

'Medical thermography preceded thae dovclopn.n: #nd use

of radiation for medical diagnosis. Uhudcrlich started to

monitoi‘thc body temperature in hoppitlliz‘d pa:kcntol 1n
\ .

1851. Ae a retult of his work, it was recognized thnt the
tenperatute of the body could QEI used an> a symptom 1in.

establishing the presence of dilltl.“in the hdman body.
Some early attempts to measure the body gﬂrfccev tenﬁcracura

variation, however, were. unsuccesful - due to the lack of

©
“

knowledge of the complex thérmodynamic balance in the human
* . : ,
body.. '

-

Infra-red radiation discovered by Sir William Herschel
AN . N

B

vas thén'usgd to produce the £irst "thermograph". This was
achieved by exposing‘paper_codted”with so;tvand. 1mpfegnated
with aléohql.'to infrared raﬁiation, causing the irradiated
area toAQppea: lighter. -

The first clinical thermograph was made 1in 1956 by

Lawson, a Canadian surgeon, showing that carcinoma of the
B} T .

breast was characterized by an increase in -thes breast
. -

] . P ;

surface temperature. Althbdgh additional reports about the‘
. o} a . .

“

detection and monitoring qf disease using thermography were
presented, the main application 1is still confined to the-
screening of the breast for the early detection of' lesions.

‘Althouéh thermography does not expose the patient to the-

d;nger " of 1onizing radiation, 1t hash beern unable to



establish itself a& an independent diagnostic technique for
the detectiom of breast malignancy. In fact: he_ screeninge

'lof"breast is normally) donei in conjunction with physical
SR : L4
: ‘ g &
‘examination»and'mammography. The nonspecificity and lack of'

Y ‘ . & (

'sensitivity ’df'icurrent iinstrumentation has limited wthe:

t7present application of thermography in medicine. HoweVer;
= . ‘J 3 -
'current trends which _use computer image processing ﬁould

henhance~its usefulness (Cronin 1977)
Microwave imaging has been emploYed only recently .to

qmonitorf changes in the water level in the lungs (Bragg‘et

1977) Methods of imaging biological specimens " have -

also been attempted recently (Lersen et al,;19f') " In these

0

!techniques the images are displayed as a spatial variationn
o of the,'magnitude‘ of the transmitted scattering parameter,[
whigh’;is“ a’ complex' quantity representing_ the. loss'“in

amplitude “and phase of the signal between the transmitting)

and receiving antennas. T0mographyt;was ;also~ investigated

'.(RaO' et . al,‘ l980) uSing a system equivalent to a rOtate

.-

'translate CT- scanner. < “w

The most recent method developed for imaging ‘internal

‘structures of. the body is nuclear magnetic resonance (NMR),

\
.

operatingd in the"lradio ~ frequency ~ .range ~of the'

o

,pelectromagnetic spectrum. The':idea of - NMR ~in imaging
'medicine was first introduced by Damadian in’vl97l for;’the

detection of_ tumors.' Lauterbur in 1973 produced the firstd

. <

o 2- dimensional phantom 1mages using a reconstuction technique
m B

1similar to the back progection reconstruction employed in
x-ray_CT.. The potential of o taining tomographic images

>



‘) . 8 .-

without 'any apparent risk (relative to the kn;fn risk of'

fionizing radiation) has made NMR an imaging metho f majori
interest. NMR images: describe chemical ”andv metabokdc.i
'interaction within the- reconstructed section, allowing 1¢n¢
’therefore vto vmonitor.'changes’at the molecular level,‘gihe'
added appeal of NMR is hthe non-ionizimg.'Andb~non-inrasive :
nature,roiﬂ the technique and the ability to’ penetrate.bone
structure withoum loss of signal.» - : ‘
I'.NMR imaging has been used for m;nyﬁyearspin'phpsics;and‘
‘particularlyjin'chemistryifor'the’investigation:of‘molecular_
‘struCture;'_ Aside from: more tstringent‘ 7instrumentation:i
',brequirements inu_medical imaging, the principles of signal
' production and detection‘remain essentially the same.'
- Tmﬁﬁcommon target in the reconstructiﬁ"process are’ the‘
‘Aatomic 1 nuclei.; v Thesev; exibit important physicalij

-propertiesgxnamely 'angular; momentum (spin) ;and' magneticA

moment;“n The' magnetic moment represents the'magnitude'and_x"

}‘ N

kdirection of the magnetic field Surrounding the nuclei and

- -

3censequently they can act_as‘smalldmagnets, When the nuclei»

are placed in a static magnetic field these tiny hmagnetic

dipoles will tend 'to'allign;themselves’dsome parallel and
some antiparallel,'to'the appliedjexternal iield,lprecessing
_at ia 'characteristiclfrequency called the Larmor frequenoy.ﬂ
ij a radiofrequency (RF) field of ‘the' same'.frequency is,
applied ’at 90 degfees with respect to)the external field

the nuclei will absorb the RF energy causing thet'magneticf

‘mOment 'to‘ precess in a plane perpendicular or antiparallel

to the magnetic field.. The precessing 'by' these elementaf



V'equilibrium‘ called the spin 1attice' relaxation time T,'

,placed in a uniform field.‘.Following the RF pulse, the two.

@

E

’dipoles induces “in- the‘iRFQQSensing coil an electromotiVe
'iforce which represents the NMR signal. ‘Thelintensity of thei
‘vsignal depends on the transverse relaxation time T2 and the .

time' that the dipole 1takes"to decay ;and return ”’to\'

ﬂ](Andrew E.» R. ‘1979 ?artain et al 1981).._ In order,;to‘
.produce images fusing ‘th NMR signals it is necessary to
apply a- linear Yield gradient along‘ a . desired direction.'

‘Let us assume, for a moment, that two equal samples are

'samples 'will decay with the same frequency thus preventingi
the separation of the signals associated with: Aeach sample.'
lHowever, _inl»a varying field configuratépn, the two samplef
volumes placed at different locations in the: field ‘will'

'r'resonate at different frequencies. The signals produted by

the two samples as a result of the free induction decay will

he}fthe, Superposition : f the frequencies which can then be -

separated using Fourier techniques.

J

'conventional radiography in the imaging of the abdomen whereim7
‘the ma;ority,of' the':organs have approximately_'the same
tissue‘.density.‘ Ultrasonography,"as opposed to. radiation-
uimaging modalities, uses sound wave. propagation in‘the body'
to-.outline various structures. _ln ultrasonic imaging, the
1ocation of ohJects within a medium are obtained by mapping
theyhtimeh interval' betWeen the emitted ultrasound wave andi

the received.echo'produced at’the Object boundaries.

‘The device generating.and»receiving,the'sound ane is a

; Ultrasonic imaging has provided a viable alternative to.

R



. transducerv which exhibits piezoelectricfsproperties. The .- .

vfpiezoeieCtric‘phenomena, discovered in 1880 ;by‘ Pierren'and

'?Jacqueu Gurie;v_is, the_ property‘ of some crystals (made of

10

‘dipoles bound in. the crystalline structure) to emit soqic‘

'fwaves. These waves 1are produced by the vibrating dipoleh’“

&

lgfollowing the application of 2 pulsed electric‘ fieldv »TThekf

detection of the reflected signal operates on the inverse oﬁL

the piezoelectric effect. in which »f.vibration f“f the o

dipole in the lattice creates a voltage difference between_ﬁ

_the - surface of the crystal transforming‘ m@chanical .energy_

‘into an 'electrical signal. Ultrasonic images are produced.

. using the time separation between the transmitted signal and;

‘the backscattered wave." The time delay which depends on the’

"depth of the scattering surface is used tof‘reproduce ~the

“information 'using‘ any of the following methods.v amplitudeg

‘(A—mode), brightness (B—mode) real time and motion f(Mfmode)-"

'display modes.

'The advantages of . the sonographic study °inv01Vingwﬂthe

two ’dimensional echo images is that for 99, QZ of the’ study»

S P

time the transducer 1is detecting echoes following the sonic;*

’pulses (James _et al 1981) This reduces the damage caused

by 1scnat1§h;- The dose can be considerably higher for those‘

_technidues ‘which employ higher pulse repetition rates. At

%

present there is limited information about, the biological

"]idamagé' produced © by employing these latter methods._ In'theyf

vcase of the doppler technique, when applied to measure the’

’ fetal heart rate, the exposure to continuous low intensity

insonation can resultvin fetdl abnormalities- or'.morbidity

e



(James et al- 1981)

Of the imaging modalities;just described,__it :appears

11

that- for the near future those<using ionizing radiation will_'

" remain the_methodsmqf‘choice.f This_is du part1y> ‘fthe

limitation  of ultrasonic :‘imagihg”f to vpenetratei,bone

vstructures;-and in'the case of NMR, 'because of thefgrequiredl

PN

fdeyelppment time to achieVe resolution comparable to x-rayg

-CI. Nuclear medicine diagnosis remains ‘a viablev procedure

| for many functional studies since,.by applying the principle -
‘Sof tracer kinetics,»itl“canﬁlassess.,the' physiological “and

'biochemical function of fthe”’various body components inw

"isolation from the surrounding anatomical structures. .

[

" 1.2 Nuclear medical imaging .. .

*Thevimportance of the”'nuclear medicinevﬁapproach' to

imaging has been recognized since the early tracer work of -

jHevesy (1948) where ~isotopes were emplbyed - to Wgstudy'

L

biological functiong of living systems.- Chiewitz andxHeVesyl :

»in 1935 measuﬂed the phosphorus uptake by tissue anda-organs

in rats by feeding the animals a mixture of sodium phosphate,

‘labelled w1th P-32. B Hevesy s' -conclu31on that , the“

radioactivity inp the tracer will not affect its biological\Q‘

"v‘behaviour remains thev basis' of present nuclear‘ medicine-

_methodology. ’ This concept is now applied ‘to radioisotopes

’ which replace the stable element in the study of biological

systems. Modern nuclear medicine became a reality when the



‘transmutation of elements was made, ‘possible sfollowing‘*bhe
'construction ofvfnuclear'vreactorsg:d The ‘net result was a
large number of isotopes being availablefu‘ T commercial

fdistribution. The improved reactor technology together with

particle accelerators such as the cyclotron has increased

12

,considerably rthem list. of isotopes presently available for"

diagnostic, and therapeutic‘ use. . This’ f list includes

- cyclotron "produced : isotopes jof E'elements : considered»-"

‘:;physiologically important such as’ C 11 0715, N-13 and F 18.w'g;

?The .most important~ isotope presently _employed "‘ind-

'hvnuclear ~medicine' imaginghis Tc-99m which‘was discovered in,

1938 by Seaborg and Segre (Myers et al 1975) ,Tc-99m is' 4“2

artifioial _ element = and therefore‘ not ‘a' component of

biological systems. Nevertheless, because of the short half

life (6 hr) and the 140 Kev photon energy it has becOme the

most useful isotope in nuclear medicine. ,Presently,'_Tc-99m'

hsed 'in‘a nuclear medicinevenviroment iSfalmostsexclusively

*

;obtained from commercial generator systems.

LN

,Isotopes used in the past in Nuclear Medicine .such' as

'9-32, Au- 198,‘ Co=57, Fe- 55 and ‘others with 1ong biological

"half lives have been replaced by new isotopes with a shorter’

half life in order to'minimize the radiation»damage to the

n_subject. A list -of “isotopes_ presently used _inheNuclear-

Medicine 'urtogether‘.;'with their pharmac tical and .
1 ;

physiological applications is given in Table l: Kereiakes

'et>f51‘ 1980,1 Robertson 7. s, 11982). . The l1ist might not

exhaust all the labelled pharmaceuticals now binijuse~‘since.‘

:the \number is constantly increasing in an effort to broduce

EE



: radiopharmaceuticals with higher differential uptake in the

N

: B 4
. various target -organs.-_VIn Table III are 1isted isotopes

13 .

vtyvhich .are _of relatively »recent application in‘ nuclear

medicine (Bading Je. Ra 1983) These are -cyclotron,

nfproduced, neutron deficient isotopes (c- 11 O-lSr N—lS)Z‘of

1je1ements which make up biological matter. ‘Such isotopes are

positron emitters and can be used to study brain functiOns
andl metabolism at rest and under the influence of external
stimulij(Lenzi et‘al 1?78, klavi et.-al 1981, Phelps M.E.

198i)lh‘ Radiopharmaceuticals ‘ labelled _ with these' new

_positron emitters have also opened new areas of research and_

»clinical application in neurology and cardiology (Hoffmaﬁ et

al 1977 Knust et al 1979, Goldstein et al 1980, Budinger et

' al. 1982) The 'mOSt'7important \deciSion' in selecting a

particular type of pharmaceutical can be broadly clasSified

in the following way (Kereiakes et al 1980)

a) the degree-ofctarget_to_non target uptake

"~ and release

b) the compatibility of the detection systeme
Vith; the " particular radiation energy of

the labelling,isotope.

+

The obvious outcome of point a)iis‘a‘better signalgﬂto‘

' noise ‘ratio (or'signalpto.backgr0und ratio) which favors a

" reduction “ia flfhe; . quantity _ " of . ahministeredV

.radiOpharmaceutica14 and therefore a . decrease in the dose.

delivered tolthe éubjectt "Since radiopharmaceuticals'Qith'

.



 TABLE -1I-:

Radiopharmaceutical Labelled with Single
Photon Emitters
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‘DTPA

labelled
pharmceutical

sodium chromate

citrate

selenomethionine

pertechnetate:

HSA
polyphosphates‘

..DTPA

HIDA
MAA - :
albumine macrosphere

Iglucqheptonate

~ gulfur colloid

pyrophosphate

RBC

MDP )
iron complex

colloid
sodium 1odide

_iodohippurate

rose bengal
sodium iodide:

iodohippurate

rose bengal
gas
gas

‘chloride

DMSA dimercaptosuccinic acid .
DTPA diethylene triamine pentaacetic acid '
HIDA N- (2,6~ dimethylphenyl)carbamoylmethyl iminodiacetic

acid

HSA human serum albumin ‘
MDP ‘methylene diphosphonate
RBC red blood cells '

study
target organ

whole body
spleen
spleen

" tumor

infection
pancreas
brain °

- heart
-stomach

gonad
thyroid

"~ - blood
skeleton

kidney
bladder
liver
lungs

lungs -

kidney
brain
bone marrow

liver

cardiac infarct .
“blood’ pool
spleen _
bladder wall
kidney, .
spinal fluid

" liver:

thyroid
kidney

liver . |
thyroid oL {J

‘kidney

liver’
lungs

cerebral blood flow

lungs
cardiac- infarct

14
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TABLE III : Radiopharmaceutical labelled with Positron

. Emitters
: Labelled : :
Isotopes _ agent . Application
c-11 carbon monoxide blood volume _
‘ ' carbon dlioxide blood flow, tissue pH
ethanol ’ ' blood=-brain- barrier
, ‘ : » permeability
glucose : : ~ brain metabolism.
‘deoxyglucose - © brain metabolism
palmitate : ‘ heart metabolism
.~ . natural amino acids. tumor localization
N-13 ammoniar . perfusion, metabolism
‘ natural amino acids ‘tumor localizatien
0-15 : carbon monoxide | blood volume
' water _ " blood flow
carbon dioxide blood flow, tissue pH
molecular oxigen metabolism
F-18 : fluorodeoxyglucose brain metabolism

————————————————-—-—--———-————————-,-_———_——————-—-———-——

. high differentfial uptake ‘tend to ‘leave the surrounding
:issue_ cold; this in part explain why isotope imaging can
produce good.quality images even with a reduced quantity ~of
radioactive _‘tracer. Another requirement ' placed ﬁ on
radiopharmaceuticals is a short biological half life, thch
is influenced by‘,ftheif release  time following the
'administration of thewdrug{ Tnis represente the time during
which the labelled compound remaine in the body prior to
being excreted. lIf the biological decay is exponential,u
then the’ "effective half Teff life for a radiopharmaceutical,
given by the combined physical (Tp) and. biological (Tb)

:properties of the labelled compound is reduced according to

the relation (Johns et al 1974).
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. ' Teef . Tp Tb

]

“ AThe'quality of nuclear medicine images is also related

"to the type of detection systen employed for a given

16

radiopharmacéutiéai as suggested by = point B The

- o ‘
development of mnew tracers has been paralleled by the

] : 3
dewelopment of mnew '~ detecting materials with higher
gffiqﬁency to y-rays than -the available Geiger counters.
From‘ crystallpgfaphy came the knowledge that. .certain

cryéfals of high density could absorb 1-rays, producihg,a

flash of light in the interaction. , A number of fluorescent

substances, both organic and ino gaﬁic have been tried 19

RS

the past. Examples are crystal .naphthalene and calcium

tungstate; this last material was ygéd by’Caséen and Curtis

(1951) in the ,fifst rgﬁtllinear scanner. Amoﬁgs; the
{norganic  Arystals, - sodium diodide  doped with thallium
emerged as‘the’scintillator of choice because;of its higher
~density and highé; détection efficiency to most gaﬁma ray

energies ,empioygd “in nuclear "medicine. Sodium- iodide

» o

and, because of their ability to be grown to a large "size

cfystal, ‘they sbonw became the exclusive scintillator in

-

gamma camera construction; a device "first developed in 1957

-’

4
‘by H.0. Anger.

..~ __crystals were first used in commercial rectilinear scanners .

Special purpose écintillatoré: for x-CT and pbéitron_

imaging have ‘produced a number -of~ intéresting. new

possibilities. BISmuth germanate, BGO (§i4Ge3012) and
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cesium fluoride (CsF) are presentlj:being used 1n positron
imaging because of their higher detecion efficiency for 511
KeV, due to the higher density particularly for BGO (Cho et
al 1977 Thompson et al 1979, Derenzo et al 1981, Hoffman et
al 1981), and for the faster decay time required in time. of&
flight 1maging, provided by cesium fluoride (Alleman ‘et al:
1980,,Mullani et al 1980, Ter-Pogossian et al 198L? """
Although~ ndEIEQr medicine can produce 1images using e
’lower amount of trace:“than any other technique (Kaufman et
al:l982) image contrest is ofcenllost because of tne poor
spatiai resolution of the available instrumentatifn.~ Note-
that contrast is_yiewed as a measupe of the signel as '+ a
function of the fbackground intensity (Rose A; 1973).
According to- Kaufman improvement of instrnment resolntion,

rather than sensitivity, will produce a considerable gain in

the image quality. This is in opposition to the widely

~—_accepted _view that nuclear - medicine images are count _

(statistically) limited (Shosa et al 1981). Some authors
claim that spatial resolution not only affects the ability

to'detect_and outline small 1lesions, but good resolution

will also increase the constrast vof' the output 1image

(Kadfman et al 1982). As a consequence, tomographic

A

techniques' owill ‘not " be  sufficient to 1increase the

information!coﬂtent of reconeumuCted image;, but this- will
only be the result of improved resolution in planar images,
yielding the single projections (Kaufmfn et al '1980). The
increased instrunent resolution -and #esulting gain in image'

o

contrast could be combined to advantage in nuclear medicine
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{ » - . d
by producing higher quality diagnostic images with smaller
amounts of fadiotr&cer.\ In addition, this g;;l teaﬁlg in .a
‘1§wer Arisk fb{ the patient,, and pattigulatiy ‘fof the
technical peréonnel,\gecguse‘éf the eﬁposure to iower levels
of -r;diatioﬁ. In the case of tﬁe patient, the tadigtién
bdosé‘delivergd is rélated to the Qctivity ‘funCtion7);hicﬁ“
depéndsf on ihe amount of adm;nist;ed acCivity, the rate”ofb
biplogicél uptake and excretion éf le pédibtracér and
physical charaétdriétics of the radionuclide (Kereiakes et

"al 1980).

.
N~
1.3 Physics in nuclear medicine -

The‘fu1i~potential of nucléar hgaigine);maging is not
-Being‘ totally exploited mainly becausé‘-of a lack in the
instruﬁentation resdIﬁtioﬁ. C1e apgearsu}“ﬁhat some
“ev&lutionaty impfdﬁémentsvin today’s instrumehtati&ﬁ;ghould

] . X ! . — \\,
be adequate to update present technolégy (Kaufman et “al
' ) . 7 ‘\\

1982). ' ' S
) | ’ | IR
Nuclear medicine instrumentation . has changed
considerably over the last few decades. From tracing

tecﬁniques, employing geiger coﬁnters to eéSure-whole body
functions,_ it  has developed  into a fpur dimenéional
functional mapping 'teéhnologf. .. The igstrumeﬁtation has
‘p:ogressed from scanning aevices to statig instumentation
able to Apfbédcngfwo diméﬁéionali—images following 'thg
invenffan of" the ‘gamma ' camera by H.0. Anger‘iﬁ 1957.

P



o . *
S:imuleted by tren;mienie#’C? popularity and .folloCEng the
addition of computers in nugltitlwwlA"ne depertnents, three
dimensional emission computed tomograohy employing sinqle or
dual head gamma caweras was a 1ogical development. Single

and multiple ring detectors for positron emission tomography

19

are among ~ recent additions to anuclear . medicine

" {nstrumentation.

N
1.3;1 2-Dimehsional imaging devices ,
Rectilinear scanner
" The rectilinear scanner represents the  first

Z—Aimensional imaging system employed in nuclear medicine.
Develooed by Cassen and co;workers in the early 50° s, this
device - was, for a short period ‘of time, the main
2-dimensional imaging system ueed for clinical imaging 1in
nucleaf medicine. Thewschematic diagrao in Figure 1.1 shows

a typical scanning system consisting of detector, - pulse

height electronics and image forming display unit. 1

Detectors in commercial rectilinear scanners

exclusively emp¥@y sodium iodide erystals with typical
dimensions of 12.7 cm. in diametef and '5 ecm thick. The
Qetectot Giews: the activity through multihole focussing
collimators ’where the eize of ‘the, holes defines = the
resolution  and eensit;vity at -a ptedefined depth. A
mechanical .system advances the detector b; a .constant

spacing and then tracks across the subJect to cover the
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lentire field of interest. A single photo—multiplier" (PMﬁh

tubev provides jthe, first‘lstage amplification of the light

' _signal produced by ‘the erystal., A-,pulse* height' analyzer'v

L with normal foperating .window ﬁidth"of'ZOZ discriminates

" between photopeaksv-or' scattered _events.. The - ‘detected‘h

&

'isignals whith fall within the energy window settings are“

2

,then recorded by any of a number of ’ display devices, such.as

'ylpaper tapper,_ oscilloscope or photorecorder. In the mosb

‘common recording units’ the measured activity is displayed on

photographic. film, 'Msing a pulséd beam -of"light,, The

'position' Of‘lthe‘ light sdurce. is often_b‘a,u one4to—one

‘ . . . V,I
»representation of the detector position over. the scan:area.

_ The number of, light pulseS"projected over - the film 1is

proportional to the number of detected photopeak events. In

(’the specific case of whole body scanners 'the images are

c

usually minified to suit the display mode.

;Using the_same -operating principle are -multicrystal:

———— (
~

whole‘ body :scanners; such as the Cleon whole body scanners

"‘manufactured by Union Carbide. This system incorporates a

=3

row of crystals each operating as a single scanner crystal.
The advantage of'this» imaging device dis» a faster‘ image
Hproductiz%, particularlyr useful in bone scanning (Rollo et

A

al 981).

~+Scintillation gamma camera

i

‘First introduced in nuclear medicine by H.O. Anger in



v
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1957, . this instrument remains,"the most" ~impo$tant;
F‘- oy B A - ! 3 B
! f"‘(% gl ) BN

. ‘lﬁﬁ'

e

each . point - 1in - the image,. the gamma camera views

simultaneousiywall point_bin the subject.  The timeh to

7n2—dimensionalvimaging system currently employed"in Fnuclear
‘medicine. In vcontrast. toi.the rectilinear scanner which'

,produces images:by sequentially”measuring therfactivity_ for”

fnprOduce an image is considerable shorter tha\\‘he time it;‘

,,takes the rectilinear scanner.:to produce.‘an? equivalent'

image; _ Through ‘the years - theﬂconstruction of‘@heaganna
caméra:hhas:nexperienced” Ca great" deal  of technical4

=

improvement, while  the principle of operation has remained

' basicéliy;,the"sameQ,f"Improvemente" haVe““modified’ . the

h,.construction: and ~ assembling ‘ofvrcollimators;escintiilator_.

~dimenéions;‘light collection systemef‘and-'signai ‘handling =~

‘stationary detector to.moving camera,-head"‘forr:whole_wbody‘

camera instrumentation is towards improviné the camera,

-

intrinsic reSoiution, uniformity and sensitivity.'fExamoles
'w-of,gammaicameras with a iarge{number‘of PM‘tubes arelthe_vGE

/400A with 61 tubes and the'Siemensi?ho/Ganma’withu73>tubes.

'iﬁaging, The Anger camera,remains-thefmoet,Vaiuable‘imagingi~
"SYStem ‘in jnuclear_/medicine ?‘because - of ‘the 'loptimali,

. e o ‘ : . : e S e ar
“~combinatio® of performance'parameters.~ The current trend in~

These systems have intrin%icb’-spatialb ‘resolutions  of

vapproxinately ‘3;5‘ tov 4¢0v nm; uniformity of 5 6Z together'

with high detection efficiency to gamma-raYs in the radge of

100~ 300 KeV.v Microprocessors-.are now standayd support“

systems, and are’ used . in part, to correct éd&”_spatial.

- .. . . X ) % o Cy

electronics®.  Gamma <cameras have 'now progressed from a .



\distortion and non—uniformity.

Figure 1 2 ShOWS ‘a simplified schematic 'diagram of'”a

23.‘.

:typical scintillation gamma camera circuitry.» As indicated

in the diagram, the system comprises a collimator placed 'in

€

- ’front ,of'ba, large\_scintillator, Awhich is enclosed 1in

sufficient' shielding " material and separated, ffromd t;he

collimator 'by a. thin valuminium“window. " An-array of PM

ytubes, optically coupled to"the 'cryStal. yield. a dsignal

which is proportional to the - amount of light produced in the

interaction of a T—ray with the crystal. The,o tput of ythe

.photomultiplier tubes Aared'fed into ‘a’. matrix circuit which

‘produces the four position signals.» These will be described7

in more detail in “Chapter 2, “in the discussion of the

““Pho/Comn gamma camera. The g:?}nt of the PM- tubes is summed-

hdgto give the energy signal (Z-pulse) which is routed into the

pulse height analyzer (PHA) to determine the energy of the

‘ detected event;, If the pulse falls within the preselected
'PHA energy window, the signal ds reproduced in the CRT tube,

"where the image is formed., Permanent display and storage of

the image is obtained using photographic film. ‘Parallel to .

the. .improvementa of- camera technology, specialy purpose

e
'\')u

devices have‘ been constructed ~with . the - inten@‘ of

substituting them - for the'%amma camera in specific imaging”

.procedure.“ These systems age the multicrystal camera,u.and
~coded aperture devices used in,cardiac,imagin

J

‘Multicrystal Camerasf
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vDevised in”196@ by. Bender and Blau fthis.'system‘ never'

'received strong support because of lower spatial and energy

' resolution values compared to ?'those achieved~ with. Angerf-

,gamma cameras.' These limitations result from the detector

‘design which gonsists of a large array of NaI(Tl) crystals"p

Jcoupled ,through a.~sophisticated network of light pipes to‘fy

“the PM tubesil.Presently‘theﬁvonly instrument commercially'

‘available - is

"gCorporation. §ystem 77 contains 294 NaI(Tl) crystals of

f{@e system 77 manufactured by Baird Atomic‘

‘ﬁapproximate dimensions 0 8 cmx 0 8 cm 'by' 3 8-”cm‘ thick."

These crystals are assembled in 14 columns and 21 rows with'*‘

P,

‘a" center—to-center separation‘ between crystals of 1. 1 cm.‘:

%

:‘Again collimators must be employed either' multihole types

Swith one hole per detector element,xor alternatively pinhole“

collimatorsff Events are recorded when only oneg X _and Y

Aaddress -are. registered and the sum of the two pulses falls

{ - —

“within the analyzer energyawindow. In addition, both column:,

andj row PM tubes, must ~ sense the event simultaneously.

_System -77 finds use’ in cardiography because it can, operatet

Y
‘l,

at high count rate without causing spatial distortion.

Coded aperture devices

One of :thev ma jor 1imitations of" the '2-dimensiona1_‘i

'imaging devices described 80 far is due to the small number

" of photons reaching the detector as a result of collimation

‘thus reducing the quality of the images produced ' Typically

only 0.0l%.of 3the radiation emitted ,by ‘the subject is



e

/;;Leﬁ/resolution.- Coded aperture imaging systems offer the"”

//ﬁest. compromise between system gain in’ sensitivity and lossflfu

nuclear .medicine' imaging ‘in that t
,recovered from collected coded data. In the cod ng process,
“;the' selected aperture is placed between th { ject'and-the

detector.‘usually; an uncollimated - gamma .'camera. - The

26

etected- (Simpson.et“:lmVIQBG) - An’ increase in the size of.
'limator holes would undoubtedly increase he_ number of .

. . A ) . B
events/j}eaching the detector causing, however a loss in the

» 1in resolution. " This techniquev‘varies 'fro \ traditiongl-:

’al i age must,be -

apertures, which are made of - material opaque to x—rays, are“

e‘selected with ‘respect ‘to-vthe' characteristic : decoding'“

process;’ Examples off-apertures which have found some use.'

',are Fresnel-zone( plates, -annularr aperturesv and multtple‘-

"pinhole arrays (Simpson- etbgan,f 1980) h The coded imag7 L

consists of an overlapping of shadows projected from ’eacﬁkk _

’techniquesn

“143.2 3~Dimensional imagingA

the remaining body structure resulted in an- imaging modality

in which 3-dimensional structures are projected into planar

v

images. - The gray scale ‘intensity in -the _image would

normallyvprovide a sense'of depth;giving the feelingh of a

e

\ "point ihiﬂthe, object onto the detector. The?image is then_'

»recovered by deconvoluting :he‘ shadowgram using Fourier

The desire to isolate an organ under investigation from
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'third dimension;; ’Better 3-dimensional : visualizationl

\.

occurred with the development of tomographic techniques in

which ‘3= dimentional structures are presented as a series of__

‘2—dimensiona1 slices or cuts.' These techniques ‘are 'now

implemented both kon~_systems operating on the principle of

ufocal plane tomography and on reconstruction from projection

data. - Within the first group of devices we hawve the Pho/Con
tomographic scanner invented by H.O. Anger (1968). Details
‘of this system construction and operating characteristics
will be given in a following chapter. -Other.'focal-plane

tomographic systems are the multi-wire proportional chambers

k (MWCP) - which have found limited application and are employed

finb positron imaging on an experimental basis. In addition
to the above systems longitudinal tomography performed using
J_the' 7-pinhole rand slant-hole ‘collimator» have found some
;application in cardiac imaging (Vogel et al, 1977 LeFree et
h.al 1981 Chang et al 1981».Lin et al, 981).r»Myocardial
perfusion tomography using the seven pinhole collimator has
shown 'to- be superior to. planar imaging by improving the

. ‘ s ~
sensitivity for. detection'of coronaryjartery deseases.-from

.O 75 to 0.95 (Kirch et al 1980)iv However, the acceptance of

the seven pinhole technique has been limited by the required

higher “standard of performance of the gamma camera and the

extreme care -required in patient positioning. "This latter .

- is .such that the patient left anterior oblique position be

modified to- render the heart ma jor axis perfectly symmetric

to the pinhole system central axis.



Seven-Pinhole

’This technique employs an Anger gamna camera. as the

28

L

front end of the imaging system.~ The collimator is normally'

" made of lead of sufficient thickness to shield the detector

from _the emitter used..j ‘The pinhole plate is ‘mounted
parellel'to~thetgamma cemera crystal (Le Free et al, 1981).

The size of the”$inholelcan very depending on the desirable

)

“ compromise between resolution and seénsitivity. The system

1s “calibrated fot_ uniformity wusing a flood of the same

isotope to be used in the Lmaging procedure. ‘This _will

result - in the uniformity calibration image. A second image

‘called the reference‘point projection is obtained by imaging

a point soofce‘placed at a‘known_distance coa}ially with the

L)

centralopinnole. In coding‘the image, the pinhoie plate is
placed between the camera and the radiocactive object which

casts overlapping shadows of the” activity onto the detector

kthrough the seven - pinholes. .In the decoding process, the

regonstruction elgorithm searches’ iteratively . for a

the shadogrem prodnced by the_object.

'The main limitatton of focai plane tomognapny.ie due to
the noise in the image caused bf»the blurring Of undeTIYing
and overlying structures;k This type of inStrumentation is
most. useful in the imeging of a.fairly localized activ}ty
distribution.' |

| The second‘epproachkto emies;on tomographyl is etyPical

of xX=-ray CT where the tomographic slice is constructed using

-3-dimensional distribution which would match more closelyi
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nultiple viewe; This type of reconstruction employs present
nuclear ' medicine 7-raxf emitters performing singie ohotonf
emission oomputed tomogfe;ny'(SPECT). Early work on SPECTl
by Knnl‘and Edwards.Kl963) employed  a scanning device. The .
‘ﬁlatest version of their.eystem hes ptoduceo' the; Mark . 1V,
which utilises‘ a ring< of detectors with variable length
focussing collimators. (Kuhl et al, 1976). FGamma ‘oameras\
have also been employed in transverse section imaging by.
various é;oups (Freedman, G., 1970, Budinger et al,‘ 1974,
Keyes et al, 1977,\Jaszczak et al, 1976). A secong/group"of
devices perform section. imaging using the coincidence
detection . of - two. y-rays produced by the positronfelectron
annihilation, This'technique applies to positron emission
{

tomogtaphic - (PET) systeme. The coinoidence counting
esteblisnes'what is called electronic collimetion (Phelps et
al, 1975)  thus eliminating- the need  fom$oconventionaIﬁ'
collimation. With PET techniques the line joining the' two
coincidence events determines the annihilation channel. The
reconstruction requires a larée number of samplings in the -
linear ~and angular directions thus allowing to define the
‘ennihilation olane. - The in—plane.resolution depends on tne
‘energy of the ‘positron .emitter and also on the algorithm
used to reConstruct the imege‘ planem In a -circular PET.
eystem using BGO detectors (Derenzo et el 1981) tne
;resolution'atvthe centre of the ring can vary from 6.5 mm at
0.54 MeV for Na=22 to 7. 7 mm at 1.9 MeV for Ge- 68. In most
recent developments,: PEI systems employ time of  flight

discrimination to determine. the . positiqnlualong the
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coincidence line where the annihilation has taken place.

Both posiﬁron imaging modaliéies,‘however, are most suit;ble

30

to those institutions which have cyclotron facilities for

the préduction.of the required positron emitters.
Many of the SPECT systems presently in use 1in nuclear

medicine employ large-field-of-view gamma cameras with 1 or

|
2 heads mounted on a rotating gantry (Jaszczak et al, 1977,

—_——

Jaszczak eE .al,' 1979, Larsson, S.A., 1980). The most

immediate <advantage of using Angér cameras is the
flexibility of employing the same device for planar imaging

procedures.

. Gamma camera SPECT

Reconstruction using .a single or dual head gamma camera
-requires accurate positioning of the detector around the

patient. Accurate positioning at equalii - spaced angles

around ‘the subject is achieved by mountihg the came;a‘on'a'

rotating gantry. Oner of the camera coordinate axes 1is
oriented along the motion of rotation of the camera head
while along the normal axis the camera can be viewed as a

row of probe§ which will cover the entire area to be imaged,

thus producing a series of projection planes to cover a

spherical volume with the diameter equal to the camera ‘field

of view, The number ofeplanes which can be obtained would"

depend exclusively on the size of the selected matrix in the

gamma camera. This 1is effectively dictated . by the

acceptable _sfatistical fluctuation 'in the reconstructed



image and by the reduired resolution; these two parameters
rare interdependent. 'Theﬂquelity of ‘the.image is a function

of the size of the matrix, the Zchisitigh time, and the

number‘ of sampling angles.  While poor resolution of the

gamﬁa'camera precludes the need for high frequency sampling

(numberv of matrix elements)~angu1at sampling 1is restricted
. by the number ot projections required to produce good
quality 1images and by ‘the examination and reconstruction
time.’ SPECT recohstruetion algotithms are adversely
affected by Variatioh in the depth response because of the
collimator,‘by the attenuation of hhotonS'ih.traversing the
hody and- by scattered photons. An’examplé of algorithms
. presently in use in single photon tomography 1is given in a

review paper by S.A. Larsson (1980).

1.3.3 4-Dimensional imaging

The dynamic meas%Fement of the change in shape and

dimensions of anatomical structures require the addition of

time, as the fourth dimension, to 3-dimensional sgpatial
imaging. This allows vone lto resolve or characterize in
*’epace and time the. dimension of moving organs, such as heart

and lungs, within the time frame of their physiological

31

activity. The instrumentation.v requirememts for this,

L 4= dimensional imaging is high temporal resolution capable of,

freezing the motion "of the organ in much the same way as a

photograph of a child captures one instant of his busy daily
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activity.‘

Efforts are presently being m#&e in x-ray CT to producngif
scannérs ablgl to yield vpiﬁﬁé sc;ns in_pﬁe seéond or‘leSs, |
with Ehe spafial an{ density resolution of current  scanners
(Wood et al, 1979, Boyd.et él, 1982). '

In ngclear medicine the 4fdim€nsionél» imiginé_ is
presentlin limited tq"carpiac studies. In such procgdures
gated biobd.pooi imaggs can be displgyed to show the heart

coilecting a

volume changes with time. This 13‘achi‘vdd‘b
\ series of functional 1mageq nglthe relative ejection
fract@on. The wusual apprgach is to acquire%the data gated
with the pgtient's ECG thus obtainidg a sefies_ of :;mages
which .divides the éaf&iac’cycle 15:3 a sQitable time ffame -

(King et al, 1981,'Byrom et'al, 1981).

1.4 Summary:

in this chapter an attgmpt has beenﬁ madel to :identify
past:vand present imaging mefhods employed in.medicine. A
‘classification of thésg'methdds has‘béea made éccordiné to
the - phyéical prinqiples-*employed by - the'vérious imaging
modalities at .ﬁhé séme tiﬁe indiééting' some of  the

.

'advantaggs and vdisadvanéaggsi of éach modality. Nuclear
‘medicine Has bgen‘%soléaed  from the remaining tgch;iqugs
bécagse' of iﬁs abili:y’fo convey physiological as_Well as
pathological information through . the images it prodpées.

% 'Higher dimensional imaging methods which are possible with’
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\ /
radioisotopes has also been presented. In ’describing the
various modalities and with the intent ¢to preserve

&

_ continuity in the chapter, whenever the need arose for the
ph?hiéal formulation of the principle under discussion,
reference was made to recent review articles.

- The remaining parts of this thesis are devoted to  the
L ] ‘ ' ;

study of the Pho/Con: one of many instruments currently in
use in nuclear medicine. The Pho/Con is the only commerciai
system which can perform longitudinal tomography without the
aid of a computer. It can perform whole body imaging, which
is a very/'useful imaging procedure .in monitoring the
metastatic spread of malignant disease using bone or tumor
seeking agents. ‘ Chapter 2 deals- mainly with the principle
of operation of this device. Chapter 3 contains. some

measured performance parameters for the Pho/Con collimator

A . e

and gamma camera. The end of Chapter 3 deals mginly [ with
the system performance measured using analogue and d gital
processing of the data. *Chapter 4 &eals with foca -plane
tomography which i? the reconStruction technique emgioyed by
the Pho/Con. In the same chapter a technique‘ is /éresented
which attempts :to'fdeblur Pho/Con 1images usinéliterative
refinement of an‘einitial estimate of  the | actirity
ndistribution. 'Results using a mathematical phantom will be
‘presented. Chapter 6 will attempt’to summarize the results
obtained in ‘both Chapter 3 and Thapter 5 with a view -to

increasing, the Pho/Con usefulness. o
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CHAPTER 2~ .

"

2.1 Tomography in nuclear medicine

Emission computed ﬁomograihy (B&f).'was fifat.dovulopcd
by Kuhl ‘and‘ Edwards 1in 1963: This toiqgr;phic tecﬁnidue
preceded ;he developmen@ of transmis;ion computed tomogfaﬁhy
(cT). Despite 1initial optimistic reports, ECT techniqugs
received littlé acc;ptaﬁce in . ﬁp;lear wmedlcine mainly
because of 1limited coﬁputer ‘facilitiéb then available,
Emission computedktomography ioét, temporarily,‘somé of its

r———

6rigina1 appeal, whiie de%elogments,in medical imaging were

4

a

centered around transmissiodveT.'

. The neglect which su;gggnded EC ue.in part. to th?
~greater ,complexitybwf°the féconstru' oblgm assoclated

; wich:kinglg photonwﬁﬁ?mogtaphy. With this ‘technique one .
. attempts éo measure éither the relative pr,abgoluté regionalt

concentration of radioactivity im living tissue. This - in . -

urn describes a number of physiologicalAqhantities which
. v <Q

. - [
determine the presence or absence of uptake. Thus, the

measure of the activity concentration is affected not only

by the instrumentation but also by the  type of

’

: rédiopharmaceu;ical' employed. In the case of transmisgion

CT one measures the attenuation of a known source of x-rays
: <

while traversing a specific reggon of the human-body. What
“CT was able to produce was the ma‘thematical tool neﬁéssary

in the tomographic. reconstruction . based on Fouries

N
B

L 14
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techniques (Cormack A Y. 1963 1964, ‘Braceuelilet al ‘196?,
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\.

r'?ates et - al 1971, Shepp et al 1974) and[on an iterative
"approach f(Goitein: 1972) -'Ihe technological development -
“which surroundeda ‘CT, however,f provided 'the_vnecessary.

‘//inowledge and computer facilities for. emission CT to become

an alfgrnate imaging modality in nuclear medicine.

v_Early work on emission tomography ‘was mainly ,confined’

to imaging of the brain,vsince this organ was more suitablef

for modeling in computer simulated studied. _gIn"addition,

th production of radiopharmaceuticals’.1abe1led with a.w

A

"physiologic short lived positron"emitter"(C-ll S 0=-15, .

N-13, F- 18) further concentrated the effprts with respect to

the' quantitative studies of brain function (Thompson et "51

1979, Hoffman: et’hal ‘1981 Phelps M.E. 1981) A better

understanding of the reconstruction algorithm‘ and improved‘

detector technology has\ in~”the end..contributed tohthe,

‘development of both single photon ECT (SPECT) (Anger HiO{v'

.1968,: Kuhl et al 1976, Keyes et al 1977, Chang et al 1980)

/

~and positron tomography (TET) systems,,'both capable' of

[

'Tperforming whole body imaging (Hoffman et al 1976, Cho et al_,

1976)‘ The advantage of positron emission tomography over

vsingle photon ECT are high resolution and high sensitivity,

areas in which present SPECT systems are lacking most. Rhe

.use of PET imaging techniques, hOWever, have been confined

to those institutions with. suitable cyclgtron facilitiesl

dwhich are necessary for the production of positron emitking
isotopes. Although SPECT techniques have been employed for

some time in nuclear ‘medicine,< the wider use - of such

[=]



al 1973 Stoddart»et al 1979)m ._.' o .

techniques has _been limitedrfby the "lack‘ of suitéﬁle‘v,’

3

B . /f., - B - o Do

15 mm full width at half maximum (FWHM) of the point spread

(\4‘1

\ - o

“function (PSF) (Budip@er T. F. 1982) The renewed *interest

o

l),,_. RS,

2

'radiopharmaceuticals7 with higher':affinityﬂ for the organ‘

-

.commercial 'instfumentation// which f‘WOuld . conbfne.=goodf~

in single photon: tomography tan be attributed to” &mproved’

~ instromentation along} o»with © the’, ,developmentn . off“’

Jevices, such .as gamma' cameras, to section imaging, has -

"contributed to the spreading of tomographic ‘techniques “to

a

many nuclear mhdicine departments._ The main advantage of

‘ sensitivity with spatial resolution finer then Jth "present '

’under‘investigation. Recent application of planar imaging‘-f

this latter approach ‘1s the flexibility of switching from,,”

©

conVentional planar', imaging modality ‘to t0mograpbic
éxamination whenever required o by} y;he' "particular
inyestigation. 'fhe ability ,to‘ use'“gamﬁa cametas‘to do

systems perﬁorming" focal plane tomography (Anger 1968,“

section imaging from projection (Keyes W. I.‘ 1976, Bowley‘et

t

B .

: The Pho/Con represents an earky multiplane tomogtaphic
\ ;

_tomography has now lipited the usefulness of some' earlief'

'Muehllehrner 1970 ‘%arret et al 1973, Vogel et al 1978) “and

device employed in nuclear‘gedicine ‘'which has been used on
. N . "»‘& '

‘ability to produce ' simultaneously 12

P SRR S v o ; . I .
" longitumdinal @ tomographic cuts . at various depths 1in the
: 5 ; . = . : ,

\

subject. Some of its early' popularity resulted from: the

ability to /'produce whole body images of significant.

/

diagnostic Value particularly in bone 1imaging withﬁ Te-99m

/
/



’ concentration of the labelled-pharmaceutical.

iFigure 2 2 Th@ \system gpﬁgrates in °ﬁar

and  in 'tumor »uptake imaging with Ga-67.-'For these two

.clinical applications the limitation associated with plane

I

.tomography, that is of unwanted out—of—plane blurrimg in the

©

© s
2

2.2 ?ho/Con'tomographic scanner

‘The Pho/Con is a dual head;v»multiplane tomographic

sCanner“ which provides twelveyflongitudinal images of the

cameras equipped with focussed ‘collimators. The two

37

“image, is considerably reduced because of the very 1oca1ized.

'.activityvdistribution in a subject' 'six for.eaCh 'detector.‘

" The system is characterized by two Anger SCintillation gamma .

detectors ~are mounted coaxially on a frame which moves with

and one_ below the bed mgve 1in a conventional rectilinear

scan mode. , , » -

Figure 2.1 shows a photograph of an early Pho/Con model

pespect to a stationary be&. The two detectors, -one above='

manifactured "by‘ Searle- \radiographics (now Qiemens§

Gammasonic) which is presently in use in -the Nuclear

‘ : o - .
vMedicine Department at the < Crooss -Cancer Institute.

¥ »

control consble and thevmicrodot imager-situated at the far

LIS

ooy

e
4."5

3

right. A block dtagram bf<

-

rectﬂiinear 5canner pg which the position of the ‘detegtor
Q - ?

normally - determlnes the 1ocation of . detected event. }he_'

©

'.Recognlzible, in the photograpﬁ are~the twovdetectors, the

scahmer dotector is shown in
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départqre‘f:om a simplg scanning 'dévice isf due cd Fhe
addition’ of a boéition sensitive .detector, namely‘aﬁ Anger
\‘ggmﬁa camefa, wﬁich repiace the tfaditional,detector.  wit§
 the'Pho/Con; Ehe-detegtdr éosit;on.sigpél gﬂd event posiﬁion
;ignal.in the gamma camera are‘combineg to vyig;d “an ﬁyenf T
ﬁosition‘ signal relatiQe“to the écén ;rea.\'The gbmbinEd .
p:operties of”the'camera,fqéusged‘coilimatdp;'toggfhefA wiéh
the scan. motion of .the' detecfors 'élldﬁs thé system-tb
feproduce ' simhltoneougly, "fdr' eéch : detécfbr,.' six;
T ionéitﬁdinal | views  of the activity djéfributidn"gg
_ypre?égleétable depths i@ thé su%jecﬁ}

-

2.2.1 Scanner: Principlé of operation

é;;nning' devices developed 'in 'gthe . early l9ﬁ0's
.rEpreSént “éarly' aufomateﬂ imaging~ devices embloyéd in
nuclear medicine. In 1ts> present fbrm,. the.:rectilinear
scanner 'cohsists of a c;ilimaied sodium iodide NdI(Tl)
crystal COupled_fo a photémultiplier‘.tube. Thé»-PMb'tube~i
.signal is analyzed _gsing' conventionai _pulse height
discrimiﬁationj‘ The motion of the detector over the patient

is followed fhroughqut by élect%ical or mechanical means by

a readout device which produces an iﬁage of the activity.

=

distribution in the }égion of interest.
In the Pho/Con sjstem, the position of the detector and

coaxial frame is determined through digital signals which
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"control the motion of the coaxial frame and detector. These,

signals are converted pnto "up" and "down" clock pulses‘for

the detector position counter (Pho/Con Service Manual). The
X and Y utput of the detector position counters dre .

il

continuously converted into amalogue signals and routed intol-

the Pho/Con imager where‘together with the camera signals

they are converted into event position signals.

."

2.2.2 Gamma camera

The gamma camera employed in the Pho/Con consists of a

sodium iodide crystal 2.5 cm thick by 24 cm in diameter,

viewed by seven photomultiplier (PM) tubes postioned next to
the crystal and arranged 1in a hexagonal configuration as
shown in Figure 2.3. The scintillation produced in the
crystal is ‘observed ‘by all the PM tubes via a light pipe

coupling. The charge pulse produced Hby .each °f, the PM
tubes, whelch 1is proportional to the solid angle subtended by
the PM tubes, #s fed into separate linear preamplifiers and

the resulting signal 1is then directed ‘into a resistive

electronic network. . This network 1is designed ~to produce’

voltage' pulses (X and YY) which give the location of the

interaction as well as determine the energy of the event.
: , i ® '
-“The energy of the v-ray is linearly related to the sum of

the four output voltage pulses, while the event <coordinates

are obtained by the differential sum between pairs of pulses

4

(+X,~-X agd +Y,—Y) after correction 1is made for The signals



)

+Y

| Resistive

Network

4

Fig. 2.3 Simplified schematic diagram of 7-PM tubes Anger camera with

positioning signals.

t
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enefgy dependence. Theée signals are routed into the imager

console where they are combined with the detector position

eignals (Pho/Con Service Manual)

2.3 Pho/Con: Principle of'operation.

The scintillation resulting from the interaction of a
“photon with the crystal is analyzed in the usual Anger gamma
oamera mode, by.assigning to each event, position and energy

nformation. Tne scintillation position in the crystal
&X Y ) and the detector’\position in space (X Y ) are

I
combined in the readout/el’étronics which produces the event

-

position in»the cathode ray tube (CRT) of "the microdot

imager. Each event isrreproduced on all six readout planes

according to a pre-defined arithmetic. The six position

’infornation' deta polnts, are projected on the CRT screen
intO;one of tne six dedicated areas, on the face of>the CRT,
wnich are’ reserved fof'the‘ppper detector. An additional
six areas afe‘reseryed‘for the lower detector. niDuriné the
scan the megnified}image of the CRT screen is recorded onto
photographic film for final displayb of Athe image. The
twelve images constrncted by the micfodot.imager yield the
activity distribution at different focel depths {in the
subject. This: depth discrimination has been-desctibed as
"focal-plane tomography with a disc shaped ‘blur " pattern"

(Anger H. 0. 1969).

43
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Fig. 2.4 Pho/Con upper and -lower focussed collimators showing the 1Z
« .
R . longitudinal readout planes and the location of the

7

géomefbical focal plane.



Figure 2.4 is a simple' representation /of upper and

45

lower eOnverging collimators with the twelve longitudinal

cuts. As shown, the geome;rical focal plane forl the ‘upper
coliemator, at a fixed diséance of 8. 9cm-from the e6111mator
face,.falls halfway between the third and fourth plane. The
angle of acceptance o 1s defined by the intersection.of the
cenfral‘lines of the two onter collimator holes. The
separation between the discrete longitudinal focal planes 1is
-coptrolled by~ the physical characteristics = of the

collimator, the maximum scan area and the fomo-separation

switch position. The maximum scan area 1s the area: covered

by -the -<center of the collimator while the tomo-separation

switch defines the distance between planes of focus for a

‘given scan area. In our system for fixed Pho/Con settings,

.the distance between conse;utive planes 1is - cons;ant and
measdred from the eollimator face.,

The - ;omographic effect . is vecﬁieved bby . the
interdependence of event positional informatidn created by
the dharacteristics of the focussing collimators, which
define the event line=—of -flight, and the detector scanniné
motion. The combined effect is similar to classical linear
Llur tomography in radiology.. This is such that activity

distribution near the plane in focus 1is. sharpl& resolved

while off plane activity is blurred. “For any readout piéne

~

the amount of dispersion of underlying or overlying activity

increases with increasing distance from the plane of

interest and also on the collimator - physical
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Fig.. 2.5 Transmission image of a bar pHantdm with pattern
spacing of 3.18, 4.76, 6.35, 9.52 mm Qbfained with

a) normal collimator, and b) minimum acceptance

angle aperture.of 48° . -

s

46
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i
characteristics, (in particular, on the angle of acceptance

a)., The larger the angle, the greatet is 4the tomographic -
effect. “A simple demonatration of the’ focussin; property of K
cheAcollimator is shown in Figure 2.5 which repres@nts :he \
con%rast images of a lead bar phantom obtained with the \
Pho/Con iower detector. " The bar phantom was placed -on th;g?

able with a‘ uniform source of.Tc-99m’extending over the
-phantom at approximately the collimator focal depth. The (
images were obtained using a maximum scan aJ@a of ASxﬁS cm
at a speed of 180 cm]min.j with the analyzer window set at
15% of the photopeak energy. The scaunning configur;tion was
kept constant with the exception of the angle of acceptance

which was changed by shielding part of the collimator

holes at the entrance side with 1lead. The "im;;e of
Figure 2.5a is a normal representation of the bar phantom
»-while Figure 2 5b ‘was obtained by masking the collimator
entrance holes with the exception of the outer two row of

the hexagonal array of holes.. In Figure 2.5b the .reduced

film contrast is related to the loss ‘in count rate resulting

[
- .

from,‘the pattial screening of the collimator holes,

Although the adopted 'pfocedure is purely qualitative,
Figure 2.5 demonstrates how the details in the bar_,‘w:v

" iy
are visible ii the adjacent tomo-planes more in Figure“
than in Figure 2.5b obtained by restricting ~the acceptan ceﬁf

angle to a minimum of approximately 48 degree;.

\

%w
3

As stated earlier the tomographicweffect is achieve

~ combining the motion of the detector, the characteristid
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DETECTOR MOTION '

-~ SODIUM 10DIDE SCINTILLATOR

FOCUSED COLLIMATOR -

‘ B ~SOURCH (1 OF 30)
10 : D « CONSTANT PLANE SEPARATION

22 037g1 18 _ _ _ _GROMETRICAL POCAL PLANE (GFP)

>

IRRADIATED AREA

SCINTILLATOR

~—
g j
3‘ N .
R
' . - *
& Y

el

Fig. 2.6 Schematic diagram of the point source detector configuration

e

£

showing .the Pho/Con .;princ-ipl'em of operation. The diagran .
\-;V

"shows the irradiated area of the crystal relative to the

detector-source position.



ff?the focussing collimator, and” the X and X coordinates of the

. detected lgvent. The, mechanism of image formation begins

when - a 'detected _T-ray with \the apprbpriate energy= is

'Areplicated as. a flash of light over six distinct areas of

the imager cathode -ray tube, (CRT)'Y Thev relative event

fposition.-within these\areas is different ‘and is relatedvto

the speed of the detector and the distance of’the‘source"of

. . . A

49

'-activity from ~ 'the collimator face. Figure 2.6 1is a

'vyschematic representation of the’ Pho/Con operationi depictihg‘

‘the detector( reSponse to a source positioned at various

~Manual). 'dThe .spatial separation between two consecutive

positions in the source plane (e g.) from position l to 2 in
) : E

fpoints in the longitudinal planes (Anger H, 0 1968, 'Searle:,

Figure 2. 6), ; ‘r a given ‘scan speed, can‘be covered hv the

detetto; in a time interval t. - The position,'in” which the

o o

" source fifst falls onto the. detector _field of vigw and

/

'irradiates the scintillator depends on the distance of - the

Py

_‘lying in plane two will illuminate the crystal between the

~ 2
1Y

vi'plane from the collimator face.v For example, the source

positions* seven through nine. As shown in Figure 2 6, the

irradiatedg,area will in ”such case, move across - the

scintillator, in ,a direction"opposite to - the ‘indicated

<

Adetectorumotion. The speed at which the irradiated area

travels across thepiscintillator 1s' a function ‘of the

duration.of crystal exposure; “In, the example given, the

T'irrad:’l.'ated area must travel the diameter of the crystal, D

-

at alSpeed of D/2t. In the case of plane five the‘speedf is
_ PR . v - . ‘ o .

. o
o~
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. . \ : Jf

-the same, »but,' the“direction of motion is reversed. The
3soeed and direction of motion of Le irradiated areh are' '
fixed»\bcharacterfstics which ‘sllow jone ot \?discriminatei -
betveen the six planeS\of focnsa‘”dlnvhtthioriginél‘Msystem‘.

H;described by H. O. Anger (1968) the\fmages were dis-.
an- oscilloscope and were viewed by a set - of _ 1x
' . 9 b I :

g B
Such lenses would proje:E the image on.a film that moved in-ﬁyglh

'synchrony with ‘the detector much 1ike the technique used

o

radiogrsphylufor, body section tomography. ‘,lf,'the film',
‘movement exactly compensated for the motion 'of @he;'source"
image 'inf thet cathode 'rayj tube, iﬂuL; it ~wonld% spnear,'b

°

ﬂnffocus on film.tr Ihe‘ synchrony of "'im‘agef7

stationsfy anm

/ . ,
‘motion with ‘the speed and direction of the detector motion»

\

~

iresulted*in'the focaléplan 'tomographic effect first devised

v

for nuclear medicine by “}O}l Anger (1968) In the Pho/Conff

'oscilloscope, lenses and oving {ilm have been replaced :by

‘~appropriate . electronic ‘vcircuvtSu which _‘disnlay .the J;}ﬂ“
-information on separate sections roft the CRT - within ' the

Lo N SN -
‘_microdot imager. - The 8 me tomographic effect is achieved by

<

the. creation of electriéal signals according to a specific
'barithmetic “to be described below. These electrical signals”

'provide'the cnrrent dr ve_ﬁor}the magnet deflection coils on
R EERE R o . LT
.- the CRT. . | : - : o

e “‘ ' * : ) : ’ ’ R

Sy

The focal-plane tomograpth effect can be described BT

@ s N
4 v

a more ‘comprehensive ‘way by considering the expressions'“

‘i'which determine  the final/ readont coordinates- (X,Y) by““

combiningvi_three units off information, :’These'”are;?theh
. | . S . : 3 [ R S - .

k-

‘scintillation positions (Xi,¥i) relstivtho ’ﬁh%f:centEr -~ of
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the crystal' the detector position (Xc, Yc) with referenqe to
+

~ the center of the scan area and the product kN which defines

SR

the fraction of crystal signal to he agded to thﬂ*ﬁetector
poSition signals. k and N are parameters defined - Eﬁ the
particularp Pho/Con settings,\namely the tomo-separatf@n and
the maximum scanﬂarea. - The expression for the X and Y

coordinate signals are: - g .

X = Xe + kNXi

_ &

Y = Yc + kNYi

In these relationships k- reduces NXi and NYi so that \the

4 o

correct'proportions. N, which can be positive and negative,

varies the size of. the event imaging area of the crystal as

_diSplayed in each of the six plane areas _gﬁx the CRT. In

51

Nbotalv,Scan area and the crystal dimensions are in the

particular, the product kN\'determines the fraction of

Cas A

crystal signal which must be . added to the detector position.'

This fraction is' fixed for a Specific plgg% and will" not:

apply to 'any, other .plane begause V'oﬁ gﬁ(ferentv

relationship “between sourd%, " detector and,fscintillorff
g, ) . : ) X .\ ' ) ‘_ -

positions for,”g&e six planes. As  an ‘example;v let us.

‘(.

»consider two srparate cases in which the same- arithmetic for

/

llocating the - activity distribution in_‘one lane is first:

applied to a’ boint source lying in the plane of interest and

I 8

then to an a%jacent plane. ) As shown in Figure 2 7 .the

scanning hedd is illustrated moving from leﬁt .to’ right and

.@. K - ) A’ /



.the six focal planes deSignatedx"A-F. ’At_=the‘~initial
position the camera brings the center. og the collimator to
the edge of the scanned area. The source, indicated by‘ the:
4dot, will be imaged at-one side of the crystal, due. to the

v

focussing holes, producing a maximum Xc ‘signal which will be

arbitrarily designated as +1O.A As vieWed from the top, the

event will illuminate the extreme right edge of the crystal.
»
. Some time later "the: detector will. move relative to,the

; e
0
w»

source and the scintillation will occur - in thev‘crystal
closer to its center, nyducing for example the signal to +5.
By -appropriate arithmetic manipulation, the camera and_
detector movement positional signals can be’combined to give
»the Same net result X in thel“readout. In - the arithmetic
manipulation shown in" Figure 2.7 a constant final*positional;:
signal ofT,S _units' isd obtained for varying camera"and

detecté® head signals. 1In the equations the fixed fr&ctionv)

kN of‘the camera‘signal, invthis case‘l/2, was added tox the

. P -~

detectorl signal le. ' Further movementl of dthe detectora~
relative to the point source will bring the collimator axis>A
'directly over the source- (Xd 5) then the displacement signalﬂ
Xc is zero. The relevant arithmetic for each stage is shown=
it the bottom of Figure 2.7. h "

Figure 2 8 illustrates the‘ situation 'wh;h jthe”samef
Aarithm;tic' for 1ocating,activity in plane A is applied to av‘
HSQurce located 1in . plane ‘B?'vertically beldw ,theavformer‘
position. Initially‘ the source ‘is not@?is@%lized at all

. LT

and throughout the scan the value _pi X 1is ‘different

depending wupon the position of the detector,relative'to the

1

Id B K {i‘?
. [y e 4
o .
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‘source. This variation in X.gives rise to a'blurring of all
but thoae ‘'sources in- plane A, and consequently only plane A

is correctly imaged for that arithmetic. : Figures 2 7 and

" »Q

* 2 8 portray the process of image formation in one dimension,

‘c‘”o

G,afﬁhough the. actual proce-gﬂ":,itwo dimensional. This' 80

?gﬁcalled blurring effect Xislldemonstrated in Figure 2.9,
';aobtained}%y scanifng a point source in air. vThe six images
shown represent the six focal planes of the Pho/Con lower
detector which for displaying purposes have been cut, fromf
~the original film and reassembled to demonstrate thelir depth
dependence. Only the second . image appears to be sharply in
focus while the remaining are smeared»over an area which"

A

increases in proportion to the'distanee from -the‘ plane vof
interest, The finite size of the point source'image is due
to the finite system resolution and'smearing introduced . by .
the ‘microdot imager. The hexagonal pattern noticeable in
,the blurred images'results from the characteristic ’detectorw
pesition imatrix vand the recpnstrnction ptoperties'of the

Pho/Con.

© s/

. . '. /
The total system coperation is considerably more cgmplex

than' it appears. in this brief prelimina;y disoussfon,
intended only fo clarify some aspeets' of dthe Eho/Cong ‘
operation. ‘An understanding of the ‘basic'principle; o; 4
focal plane tOmography is essential for the stud& of the’
Pho/Con physical charac%eristics. In describing the basic

operation of the. system we often use.’ ?Ims 3uch as detection

of_ Y-rays, energy. window,‘ pulsev hEight" analyzer, depth

>



Fig. 2.9

'Image of a 2 mm diameter Co-57 point source

obtained with the system microdot imager.



| v
response, sensitivity, resolving distance etc.. These

quantities detgrmine a set of measufable phygical parametérs
which in turn establish thé'quality and the limicatioﬁ of
the system. In the followiqg chapter an attempt‘wili be
made ' to’ 'quantitatively defimi_“_these parameters;
Hifferen:iating between physgical properties affecting the
detector and those which affect the systgmvaé a whole.

These paramete:s‘aré summarized as .follows:

1. Uniformity (detector)

2! Sensitivity (detector)

3. Linearity (detector and system)

» o
4, “Resolution =~ ’ : \

-~y

a, spatial (detecdtor and system)

b. "energy

¢c. temporal

57




CHAPTER 3

s

3.1 Pho/Con: System components o,

The main c@mpouents in the Anger tomographic scanner

are the collimatar, éamma camera and image display console

v

(Midrodot Imager). - As discussed in Chapter_Z,ﬂ the
bombination of the properties of the\cdllimator ahd'gamma,

camera allows the Pho/Con to . perfprm - single. photon

tomogréphy using the system analogue siénals., 1nf.the 
follﬁwing feW'seﬁtions,lthe investigafion of the ﬁho/Con
components will be confined to.the coilimatorvand ﬁﬁe gamma
capera; In ‘the case of the microdot imager Twhich~‘pfodu£esg

the - final . analogue imagés, the difficulty in accessikg the
: N : o o
required signals prevents a detailled analysis of the device

with a view to establishing the effect that this device has -
on the Pho/Con output. The Microdot consists of a CRT tube

in which the electron beam 1s controlled wusing

s

electromagnetic deflection coils. ‘An  intensity . switch

°

allows control of the film exposure, which can be balanced

'with a potentiometer, therefore normalizing the CRT output

to a reference. voltage. For each dial setting the light

~output’of the CRT is constant. The images can accept wo
_cassette sizes, 8cmx10cm and 1lcmxlécm,
: . { -

From the brief discussion about the Pho/Con analogue

reconstuction algorithm, in Chapter 2, it.is evident that

vy et —

both the intrinsic properties of thé collimatof “and gamma

58
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camera play a role in the reconStructionlof the tomographic

59

images, in that their combined propertles affect the system.

response to a point source which is used to describerthe

'algoritm. The point gource response function can be used to

predict the system response to any type of input function.

Clearly, the system response to an impulse input depends on
the - collimator and position sensitive detector of the

device. Thus,/it»appears that an understanding of these two

basic conponents is important in establishing the potential

“and limitations of the Pho/Con for digital WOork.

3.2 Cbllimators

The Pho/Con employs a varlety of multi-hole focussed
vcollimators which can accomodate photon energies up to 550

KeV. The geometric characteristics of the collimators vary

according to the energy rating. This in turn determines the

séptal thickness and consequentry the siZe and “number of
_holes. Optimai sensitivity and resolution are achieved with
circular’holes by distributing them in an hexagonai array.
In addition to their ©physical dinensions, focussed
. colLimators can be characterized by’tneir sensitivity and
resolution; parameters which affect‘the imaging time and
the quality of the image. Table 1V summarizes‘the.physical
characteristics together with 'meaSured sensitivity and

resolution values for the three collimators provided with

the early Pho/Con models.

‘<



TABLE 1V: Pﬁb/Conlcollimatorsé‘Physical Characteristics

----—-———————-——-a———-———--—-——————-—-———--—-—---——-—--—‘

Collimator Focal No.of Coronal Relative Geometric
Depth Holes Resolut’n Sens’ity Efficlency
(em) ‘ at focal : (cm?)
* depth(cm)
Low Energy 8.9 397 1.0 1 . 0,0148
(150 Kev) o -
Med. Energy - 8.9 2537 1,0 7 0.58 7 Q.0096
(380 Kev)
High Energy 8.9 55 1.5 - 0.0106

3.2.1 Sensitivity

.

Thé collimator sensitiQityAqan be defined‘as the ratio
-fof the number of counté reaéhiné‘the detector per.unit time
to the number of events per unit time emitted by the source.
Collimator sensitivity values can be obtained from
-megsureménté using a known amount of activity in the point
éod;ce or by measureﬁénts using a plane source with a known
specific‘pctivity; The collimatof response to a ppint
source - is a position sensiiive measureméent which Aepénds on
the solind angle subtended by the collimator at the location

of "the source. In the case of ~multichannel focussed

.collimators, méasu;ements of plane sensitivity are

preferable since these are related to the geometric

60

" characteristics of the collimator itself. Plane source

efficiency"représents the number of events emitted from an
infinite plane source lying,perpendicufar to the ‘collimatbr



‘the collimator holes., For the focussed collimator shown"

Figure 3 1 the geometrical efficlency G is given by (Beck R.

N.1968) | o
? NdF
o~ Gmmmmm=z(1 + ===) [crf]

64 F L

where'F is ‘the focal. length, L the collimator thicknees, d,

the dlameter of the central hole at the entrance, and N the

o

number of <collimator thes. ¢ 1is 1ndependent of the

distencev between the collimator and the plane of activity
provided that the source covers the.entire field of view of
the 'collimator. Under this condition, the solid angle

subtended‘by the collimator remains constant.  The plane

.sensitivity of the Pho/Con detector is obtained by combining:

the collimator efficiency G with _ crystal detection
efficiency E, e term which is affected by the photon energy
and crystal thickness. " |
The plane—soufce'sensitivity,_expres§ed in Becquerels
per square centimeter\ (Bq/cmzj, represents the mean couet
density averaged over the detector field of view (Hine et al
1978). F~A depth vdependent quantity, the field of view
epresente the maximum source area viewed by the detector at
a predefined‘distance from the coilimatof; ) K
The expeeted'eeunt rate R, at the focal distance, can

be estimated from the following expression,

R = 3.7 x 10 SWEG (cps)
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}ﬁ/this expression, S is the‘ source Specific activity in

/ HE— .

B%/cmz, W,]is the window count—to-total count ratio, E the
y y .

63

'crystal intrinsiczgetection efficienty at a givew energy and‘

.G  the collimator geometrical efficiency. The calculated

T

values of G for the low and medium energy collimators Were7

noe

thenwrcompared “to measured cOunt rates using a Co 57 flood.

~source of known specific activity .S, Values,‘of:‘Wﬁ_were-n

-fmeasured for various :energy »window widths while crystal

iefficiency E was estimated from existing data (Anger et al

‘1964) For two of the: Pho/Con collimators, the geometrical

efficiency at the focal depth with the analyzer window at

!

Y

=

rrelative 'source-collimator ‘pos‘

;lSZrﬁwas calculated at approximately O 024 Cem for the

o

150 KeV. collimator and 0. 014 ;cﬁl'ifor'i 380 ReV. " The

-

’discrepancy which exists between the calculated and measured'

¥

'.v§1ue of G ‘shown " in Table IV‘,"nv'be attributed to the

vLe

3

' calculation and mto' neglecwed secondary effects such as

J o

Septal penetration,’and scattired radiation.

3.151 Resolutionj Y e .';;;y ,77" T,

o

' was - determined from the point source response function which

fvreSponse and. collimator resolution are best displayed in the

Mo

‘luncertainty, ?in'v‘some '.bf”'the parameters used in ‘the

The resolution of a multichannel focussed ‘collimator.

*ﬁescribes the change of thh solid angle as a function of the‘

’»’The point~ source Q

isocount_ plots which :represent map&) of equal detection

N

i



probab

*Figure;3 4’ shows thg 1acé?§1 respoﬁ%ée

photonﬁ

with'the

r

SOZ of the maximum ‘ count ”defines ‘fhesjlateral' and

1ongitudinal resolution diameaer (Popovic etjal'l968).

rystale The width and depth of the‘isocontour7 at

or, more specifically; the pr bability that a

ass through the collimator holes and interact

The longitudinal response curves for the low and‘mediunﬂ

r"

,.energy collimators were initially measuned dsing a source_"

N T I //

~detector configuration as"indicated in Figure 3.2, The

count profile shown in Figure 3. 3 was obtained by moving the'g

A

. —

point source along the collimator’ axis ”and recording the
v . ))1 o

number of detected. events with a digital ratemeter. fThe

profile‘ shown” ddsplaYs’ a Anaximum peak value ‘v at " the

S

.»

P
. ,i&*'

geometrical fodal poiﬂt. From this burve 1t was possibﬁi\to"‘

¢stermine the position,.with re3pect to the collimators, o£A7

&

4

the various vsensitivity levels with the lOOZ level at ‘the:-

focal depth.f Lateral response curves ‘for point 'source7.”

’ .

/phsition _on either side of the focal depth were obtained by

moving the;,source‘ nor 1Iy¢ tq// the ,collimator raxis.f

v\ . ',

?». . ,v,.c

LI

.urves of the PKB/Con

upper detector obtained using the medium energy _collimator

o LR
oA ¢

_ deé%rmine the‘ region ~in -spacef'of equal-photonfdetectdon

SN o Yo
and .‘a Co-SF ppint source positioned at various distances
beyond the focal depth " These curves were then_'usei' tof

prob&pility;' ngures 3 5 and‘f3.6k'show _the :dsoresponse’,v

¥

. curves in air obtained with_»the 150 KeV _and 380 KeV

'.1;0g‘cm.]' &h f lateral resolutiond-diameterv at the focal

"

collimators with a reported resolution at ghe focal depth ofi

e .
4

distance 1s . given hy the width of &he 507 isoresponse curve,

Pt o SR o R

R o S SR S e s T o
. . . o



N

LATERA@
RESPONSE

Ve

o~

Fig. 3.2 Schematic arrange%ent used to. me

.

' .of the Pho/Con colllmator

: predetermlned 1ong1tud1na

“response CUTVES. ™ ,

LONG@TU DINAL
'RESPONSE

-

asure the isoféspon:e curve
The point source. is moxed along

1 response llnes \1e1d1nv the 1ateral



1'0-1-‘

091

[
[0 2]
3

0.7¢

o

RELATIVE RESPONSE
o

o
5

©
w
s

o /= A

. 0 N} - e,
v

AR

3 d

50 60 10 ' 80 90 100 110

DISTANCE FROM COLLIMATOR (cm)

Fig. 3.3 Llongitudingal response to a point source, in

 ajpng the collimator axis. The curve is'char

,.»380_K6V~10 mm resolution focuséeditollimator;j -

L 4 B amn

air, displaced
: . . i !

acteristic of t

- 7
b

120 130

he

-~



67

’ ‘yadop [rEDeJ Oyl UTYIIM 1u:oﬂgﬂmmw 2OINOS N2

&

Y1TM POUTRIQO DJIOM SIAIND IS, - 101PWTT 10D :ou\d;g UoTIN[OSL

uai Q7 AN 08E 9yl Lo LIe ut’ aoanos urod e 01 asubdsal [riole p°¢ T4

g

(W3) " SIXV mcwz_.jouu_ Woy4 .‘woz,ﬁm_o

&

ey 7
v

oL St

—% - L

oL - -0 o .88 |

£
L



+
A

Fig. 3.5 Isoco%}“gon;%,.;in .air, for the 150 KeV 10 mm resolution focussed
: \)Acolljmator.. The curves, starting form the outer one,-are! 10, 15,

R

' '20,f 30, 40, 50, 60, 70, 80, 90% of the maximum 'cc.)unt rate measured

at the focal point. g A
' S @ , E , \
: ’ S e
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‘The measured resolution values for the low and medium energy

collimators were 1.1 and 1.0 cm respectively. The~'depth
reaolution wasc measured at 2 .8 cm with a slightly goorer
value for the low energy collimator possibly due \“b Q&ptal

'benetration. In the above curves, the dotted portion of the

-
£ o I

) , lack of data points.-'The isoresponsgkcurves for the 380 KeV

i

ER § " o
i collimator are shbwn Ain Figure 3 7 with the source placed

within @Iﬁﬁﬂnﬁﬁyqﬁﬂ water. ' The collimator focal point was
&t "b

isoresponse.curves performed’ using the above brocgdure yiefﬁ“

' o
'?; plots which are diatorted compared to the equivalentv curves

measured‘ in air. These distortions are due’to the loss of

ﬂrlines represents the estimated- Segment of the contour due to

kpcated at'a depth of 8 cm. in water._ “Measurements oﬁ the

70

photons caused ty attenuation, and the resulting' increased.

detection of scattered events. Attenuation tends to remove
.events from the lower portioi -of -the curves thus causing a

displacement of the 'lines wupwards while the scattered

component tend to widen the -curves 1in regions . near the

‘ m.li-ﬁiator.'!’, Figure 3.8 .re‘prkese‘nts the same data corrected

only for attenuation. As . shOWn, the 5cattered photons
.

degrade the lateral and 10ngit¢dinal resoiution diameters to

e |
1.3 and 3.3 ¢m rYSpectively.- - .

Igft*.- C&%e theoret

focuésed collimator, as gilvemn by Angei (1968), represents

cal expression'-of‘ the “resolution‘ og .a

. NN .
the vector sum of "two components ‘

4
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- where 1. represents the resolution component associated the
‘collimator central hole and r, the parallax fraction due to
all the collimator -holes. For the centralf hole with
diameters d, and d; at the source and crystal -sides
respectiveiy, the resolution is given by
__b
dl‘ . v e
re=d, + b --- b<f
L
d,
Lo e R
o _gp
where &afepresents the focal distance of the central nole,»

"resolution of the scintillation detector, thus yielding

which in this

F, and b

parallax component

wherela
of the
Figure 3.2.

resolution

total

intriasic resolution T

N

*

is

outer
The
’

includes

resolution

case is equal to the collimator focal distance

the collimato; tq source
3 A = <

is’ the acceptance angle defined by the intersection

collimator *hole axis ~ as indicated

experimental

in

measurement of collimator

the degradation due to the intfinsic

the

of the“gamma~camera and collimator. The

of the gamma camera adds to the



S\

N

- "
o . -

13

total resolution according to the following:expreselon,

2 20 2 2 -
Ro= ro + :p+‘ro

i

‘The value of r, is related to the *canera Tfintrinslc

'resolution by the relation (Anger H. O.. 1968)

>

|F-b|
. I, ~~ewacewes

"F'+ L +c

9

a

collimator to the plane of interaction 1n the . crystal and L

represents the height of the collimator. L '

Figure 3. 9 shows the resolving dietance for the low and

medium 'energy collimator as. calculated using the Jbove

i
4

expressions, c0mpared to ' the 'measured\ e collinator
4. , . ) * .
characteristics. The data points ‘are values of\’the

resolution for the medium energy 'ceiilmator obtained _fromt

the FWHM of the lateral response curves measuredﬂat\yar oud

|

.

increasing source- to—focal plane separation.

/

3.2 Gamma camera o :
” ' ) q . . — . " .

f

"The Pho/Con scintillatidn”canera conslsts of a NaI(Tl)

cryStal of 21.6 cm diamet?r and a thickness of 2. 5 cm, In‘
the Pho/Con presently used at the Cross' Cancer Inst{tute the
. ] . -

| 5
-

\44LJ . o T -

where c'represents the distance'between the exit side'of the

distances -from the focal plane., The deviation fr m ‘the \

|

l

74

,calculated total’ resolution R,; appears to increaée with g\

Yy
f

e
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F1g 3.9 Calculated reSDIutlon parameters for the Pho/Con medium energv

focussed colllmator as a functlon of source-to- colllmﬁtor

o distance.‘“R02x=.rC2.+ rp2 +,rez,represents the total resolution,
. v . . - . . ‘ Y . -
f c the channel component -and g the collimator'parallax»contrif.

j_— butlon o re is the resolution component due tQ»the crystal

TeS iylng dlstance " The data po;nts .are measured values for R .
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. crxstal is viewed by sevsn phdtomultiplier ‘(PM) . tubes
| arranged id a, hnxsgonal configuration. identicul to the fﬁi

“ ,’ L r ‘ .ot ,“
shown 1in Chapter 2..A.The“ signel from the PM tubol isd
: processed hy standard csmers electronics to give posfgion‘

/ : C o
and energy information Eqrm each detecéEi‘event. In the v
' ‘( "«' ' "

4‘Pho/CoQ‘operation, the scint&llation positypn in . the, cryltall

| (XLQ_Y,) ‘is combinedu to.the detector positionxdx Y,) Lo o,
produce the:_twelve tomographic .imeges,' six ' for - ‘each cJ.
detectors” xby iy"_simplel back-projectibn reconstruction””fﬁ;
algorithm implemented by the system, using analogue signals.A
Each’ insge represents the plane of activity at a predefined pfi
‘depth D, and identified by the coordinate equatione defined‘/‘

~earlier. 'The -quality of the output images depends on the‘ﬁ"

. fo# ,

ability of the system to - accufately identify and reproduce
) ]

the location of each ‘event., T e fraction of the camera

i
signal that cont ibutes to the osi ionin of anuievent . is '
g, r ’?/ . P ¢ 3‘ "l' ' \\
determined-' by Q}he. ratio D/F where-*F represents -the :

collimator focal distance. Another parameter which affects :
. ) ¢ : —_— R > R "
the quality .of the image is the energy res lution, whichn»f,

1 -

depends on the crystal thickness and the effi iency 07 lighth

collection, by the PM tnbes following the
\ o /

e

I

nxeractiojvofa«i.r“

‘photon with the erystal.,a Good" energy digcr minatfgn 1lows
A / 7
rejection -of unwanted//scattered /radiat on which tehds to

degﬂade the - spatial resolution Jof

' knowledge of the' camera 'performanc cenjhelp.to identify'

L [l

system limitstions which can be attributed - to ' ‘the \

i {# s i ,( s ot . ,
scintillation dé&ectdr.-ev T R



3.241 Spatial 1inearity - oy

>

. -

Spatial linearity defines the ahflity‘ of an4~imaging

deydce to. accurately reproduce the geometrical dimensions of'

[} ’ A

~a line source or an array Cof . near sources- of ~actiyity
~(Hine et ‘al 1978) In general,_ images obtained with
'Trectilinear scanners‘gre”mlesslilikely . be affected by

- Y A

gamma cameras. In the case" of the Pho/Con multiplane_'4

[

»

-spatial ‘distortion than their :counterparts obtained with .

‘ tomographic Hscanner, idistortionf might -beg expected to be-,

. associated with the detector‘gamma camena. AThis ~distortion_

:could. affect not only the 1inearity'of-the system;'but.also
S ’ : : R Co T . o :

N R i - ‘ : N . : ' . .
affect the reconstruction algorithm and for this reason |

gl
should be investigated

Experimentally, the spatial linearity of the detectors

.

.was measured with the collimator removed. A well collimated

o source was moved inlfrontfof the 'detector"thrOugh, a’ ‘grid

-

with . 2.5 cm"spacing5 “and .adjustable orientation from.

.0 -r180 degrees. 'Figures 3.10 and, 3.11 represent the

calibration curves. obtaiﬁed for the Pho/Con using the X= and’

~in- both figures a loss of linearity occurs toyards theVOuter

Y-position signals.{ Each graph wasfobtained by routingv the
J/ v 3 .

camera signal into ‘a multichannel analyzer (MCA), where the

peak; constituting a "voltage,’ amplitude distribution,

represents,the location of the radioactive'éource. As shown

part of the crystal. The central‘region of the various

channels, ‘into centimetérs. "A plot of measured peak

‘curves were used to convert . the  peak positidn,‘ from MCA
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,position\werSus the true location of the ,source '{ives* theﬂi‘

T

,detector spatial linearity.ﬁ Figufes 3 12 and 3 13 ahow the'vﬁt

i
\ :

linearity profile for the upper detector coordinate.:signal‘tn

» \ R SIS SR

The line represents the least squares fit to the data points

-

Ameasured at lO 0'cm distance from the centre of the crymtal.‘_
Lo . ) AN .. , '
The 1inear "fit is’ remarkably good over the central 15 cm

with a correlation«ecoefficient. close :d» -unity. | ‘The

distortion occuring at the edges of the crystal as ehown in
sy

both Figures 3.12 and 3.13 tends to diSplace events falling

@

near the 'edges of the crystal towards( the cen&er of the

P —

detector. This spatial' distorﬁion,' due» mainly ~to. the~

w
.

f;rystal<; edge- ~packingf,. p@results} in large 5camera
' . - : BRI .

non-uniformities.

;i o ‘ - h‘ﬁkd :. :‘5 ' Z;K “fex

3.2.2 Uniformity

Uniformity is- normally defined as the_kability‘ of.fan
himaging 'device to reproduce accurately‘ 7a T uniform

°

distribution of activity (Hine et al '1;79)f' Canera head
.uniformity is traditioqally determined from static images of

a flood source by inspecting such images for changes inkhthe
filn optical. density; | a method which gives only a.'
qualitative measure'fot detector ’nonuniformityr‘f It ’is,
however: a common standard procedure in conventional gamnai
canera' imaginngused ‘to monitor changes ~in system :

ﬁperfbrmance. For the ~Pho/Con this method'vof measuring

—~
o

¢
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~non¥unifornity is particnlarly fsuﬁjectiva ‘because of the

'k;inified images obéhined from .athe‘ microdot 1imager.
ﬁFigure 3 14 shows flood images for one of the Pho/Con ‘gamma
[ .

'.cameras; with and without collimat; " In both cases the

flood was obtained under notmalwﬂy‘n

¥

g@nditions with the
detector, motion. disabled. o :ﬁﬁre 3.14, there

are easily identifiable regﬁ ‘_nnnuniformity which

result from the‘light :eflectotawhich’sorrounFa the crystal,
edge."Tne:hexagonal distortions appear to bo -particularily'
pronounced 1in ‘the proximity of the photomultiplier tubes.
As indicated ffon'the linéarity plots, lack of‘ uniformity
~could be attributed‘ to the spatial distortion due.to,the
camerafposition matrix'circuitry :athér than loqal ‘ohanges
in sensitivity. The shaoa and size of:tha aix inagoavshown
‘iniFigurg'B.la are the reSult of;both the ;osition, £§trix
and.‘ the 'reconstruction' algonithm vhioh reproduce the
coordinate position (X » Y ),' lhe size of the six flood
|
image57 represents the amount of/crystal signal contributing
to the event coordinate signal in the six focal planes.-
Quantitatiuely, the crystal uniformity was . evaluated

using the detector position signals and obtaining profiles
through.tho center of the ' crystal along the X and Y
lcoordinate' aignals. Figure 3.L5.showa the two profiles for
thé Phb/Con—ganma camera with the COllimator removed, Theae
profiles‘ were obtainedo byf_exposing‘ the.‘detector to a
standard flood source, after shielding the detector"with a

lead mask - with a 3mm yide aperture running parallel to the



o

* Fig. 3.i4 Pho/Cbn detector flood field (a)Jwith collimator,

'(b) .without collimator:

84



. Pl

crystal X and Y coordinates. "Each of the ptdfiles shown 1in
w

Figﬁre 3.15 'represents a pIot of a narroﬁ slice of the twd

f\;}psifi&h-signals stored in the gmuxichannel anglyzer. As

L.,/"""“'\ s - o .
shown, the, giﬁﬁiles confirm a strong edge packing effect,

~. which .resulﬁs from the ‘light rgflector:'ahd PM tube

N i o

i s

85

'i}rangement with, respect to the camera crystal. - In both .

i RN

cases, the maximum count difference between the  edges and
the central area of the crystal £s agProximately 100%, which
was calculated using thehaveragé count per - MCA ‘channel in
the pr;?ile. The slight asymmetry ;n the profiles results

from the inaccurate alignmenf of the 3 mm apefture élong the

two axis.” The distortions in the gamma camera position

signals have little effect on . the intrinsic 4esolution of

the gamma - camera as ‘shown below. The variation in
uniformity and 1inearity'applies only to.the Pho/Coﬁ.“camera
head and, as 'discussed later, has no {ffect on the system
‘uniformity. The latter 1s charaéteristic of a scanning

2

device.v °

4

-3.2.3 Resolution

The gamma camera resolution parameters describe the
intrinsiqr characteristics ~of the ;rystal, photomﬁitiblier
tubes énd the 'elecpronic circuit; these are detector
components thch yield position and energy info;mation.‘ The
combined performance of these elements within the - gamma

camera yields the following:



0

‘pxonm) 10duy

UON/OY | Y1 JO 110D Dy ydnoayy sogrjoad 1mod L pue X G[°€C 31

5 0 ¢

1

N (wd) ayua) woiy 81U

o s 0 ¢

! 1 !

TYNOIS A4

IWNOIS X

$Juno")

005

loool |



' ‘ 3 {
a) Intrinsic spattal resolution
S ' .

b) Energy resolution

c);Témpotél resolution

T
H

_These¢ three parameters are not independent of one another,

and consequently the procedure useq«to quantify them must

]
-

account fqr their /inCerdependqnce. As an’ examélé, in
esthbiishing spatial resoluﬁion, ‘the coént'rate-shduld be
mentained low enough Eo avold dead time_losses.\‘lt:has been
shown (Budinger T.? 1977) that loss ogicounts due to dead
time has a- felatively- larger 1impact on . photopéak than
Compton sgatgered events??thué dé;rading épati;1 régo}ution.
Similarly,-devices displaying good energy resdlut:ion are *
moéﬁ iikely to .have good spatial tésolution, siﬁce for a

fixéd energy window width, the better the energy resolution

the higher the rejection of scattered radiation.

a) Intrinsic spatial resolution | R y

The intrinsié résolution éf .the Pho/Con detector
scintillator—phototﬁbe arrangement Qas meaéured by moving a
.well collimated source to. ;arious‘ positions across the
crys;al face, through its geometrical‘center. The procedure

.adopted is consistent with that used to determine crystal -

spatial linearity. In such a measurement, from a éeries of

of MCA channel number into centimeters. Figure 3,16 shows

.
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the distribution of the resolution vnlﬁco for 'the upper
detector, with the soltd lin;'drnwiyié 1.5 ¢m, rcprcndn:iﬁ;

l"tho avcraio resolution value caleulcto§ from the set of

Y measureménts pcrlo'rud' at vart'd\u positidas in ®he. c’squnl.

-

b) Energy resolution

-

, For‘inasing devices, energy discrimination ;layu an
important role in determining the quality of the output
image. Thc #dge contours and consequently the resolution of
detalils in the 1na§cn, are degraded by ncattor;d r;diation.
which 18 normally rejected by sgsétting a narrow window
centered at the maximum photon energy. For the energy range
used 1in nuclear medicine, narrow window settings are
required, s8ince for shallow scattering angles the energy
lost by the photons is négligible and they are, ‘thus only
minimal®y disblaced down from the p@otopeak. For exatple,
at 140 Kevg§ photon scattered through an angle of 60 degrees .
loses appgéximatelj o 12% of 1t; energy. The energy
resolution is " "defined as the photopeak
full-width-at-half-maximum (FWHM) in' KeV divided by the

» >
photopeak energy. For the Pho/Con gamma cameras the

resolution was measured at 17% at 140 KeV for Tc=-99m and 142
for a 320 Kev source (Cr-51). 1In general, for scintillation
detectors’, the better the energy resolution the higher the-
réjection of scattered \r;diation within a given en,fgy
window. Tﬁe setting of the energy window to réduce the |,

»
scattered component, also causes a_reduction in . the number



v

ﬂtotal counts in the 'energyr spectrum ‘\;uld " be used to -

-

hofi photopeak 'euents” contnibuting to the‘totmation,of thev
.images‘ For systems with good energy rééoiutionl‘one.‘wouldm
t expeet that the ratio‘.$et\een‘the_eount within an energy
' win§ow.oyer the total}count;in>the'sPecttum shouidv be high

"even at narrou energy Windows. As the Window is increased

th@s ratio should rise sharply‘to a maximum constant 'value.
1 "2
The ratio between the number of counts ia the window and the/"

i

“desdribet'the quality of the deteetor.» ThiS'is demonstrated

in Figure 3 17 using Tc- 99m “with a photon energy of 140 Kev
and resolution of 17% and Cr- 51 with 320 Kev and resolution

value of 14%. The’ curves for the fWO‘ isotopes should 'be

'analyseg'-by their shape since.the total scattered component‘

tin the Cr-51 spectrum_is’Aobviously‘ highera : As shown in .
'eFigwte 3.17, .the ratio for'Cf-Sfltises”to 1ts maximum value
-;-mote tapid1§ thanhfot Tc;99m, where the'incrEase'is gradual.

;Figure'B.}J_.shows,h@lso the window to total ratio in the

e C v : i
" presence of 10 c¢cm of  press-board absorber; ' With the
"scattering 'material' the rise is ‘less pronounced,’

pa:tieulariy for Tec~99m.

e) Temporal Eesolution
R ‘ N

Temporal resolution refers:tofthe,ability of the system.

t.o register puises-,within' a . very short time interval as

separate events. In many clinical iapplicatiOns ’modern

‘imaging devices .do - not cause appreciable count losses and

thus do not affect the‘statistical.signifioance'of a ‘test,

t
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Qn0 0O

. WINDOW COUNT
TOTAL SPECTRUM COUNT

o

EEREE
% WINDOW WIDTH

Fig.3t17f Ratié,of the number of events detected in a . /

'Preset}eneégy window to tHe total number of :
.counts 1in the'energy spéétrum. 'a) Tc-9§m

(140 Kev) im air, b) Cr-51 (320 Kev) in ;if.
1»d) ;ﬂd d) are the fespedtigz curves ig 10hcm

of scattering material.

i
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'kLimitatiqns of © the ~number of events contributing to the

7

] ‘ o . . »
Knowledge of  the system temporal resolution becomes

/
V4 . . .
/essential when fast acquisition rates are needed as, for

example, . fn 'cardiaé imaging. xAlthough 1maging techniqueé
ﬁighg bé différent even for the same ﬁest,A the essentiai
'requirement is'that theMam§unt aﬁd-lbcatidﬁ 6f-the-activity
Be réliably determined. fThebstatiéticél significaage. of a

‘test 1s dependent on the number of:qounﬁsldetected; which in

turn is related to the 'activitj pfésent in the subject.

image formation oftén rises from count losses due to the
“device dead time. As a copsequence, knowledge of the system

dead time and the resulting count losses occurring at higher

92

true <count-rates helps to establish syétem limitations. In"

<

the case of the Pho/Con;"the time limitation is set byb the

_adalogue imége .reconstruction, and 1image storage ig?the

microdot imager. ' The time required to process an event aad

%%

to ﬁrodune“thé.§ix point‘images‘in the‘micrddot is'g§ usec.

This represents the system dead-time, since no other event

can be added to the images during this time intgrv&l. This

 1imita§ion can be 6§ércome:whenevér_an‘on line computér is
used ’ to  acquire ﬁhe‘ daté.vfor digitai»recqnstructionnahd
display of thé‘iiage, - In this eQent,'knowieagevof tﬁé-éamma
camera vdeaa-time Becomeé.important in defining the PHo/Con
,éomﬁuter intéfface_time requiremeﬁts.A

. The Pho}th éaﬁera‘déadetiméjo,‘was measdred,using'the
two lpéintﬂ.éource téchniquéb and the relatidn (Adams et al

1973),



(Ry+ Ry= 2B )(Ry, = By)

where Ri'and R are the cournt rates of theg two point

sources, R,,. is the count rate measured simultaneously with

the two sources and B, is the background count.  The 'above

e

relation is valid provided that count ‘"rate differences

8 v

between the two sources 1s less fthan $10%Z. To 1include

»possible, effects due to the analyzer window setting,,the

’signal,fed into the scaler. was the unblank signal, which is

Tormed~ following the detection of a photon of the
appropriate energy. The: dead time with ’collimator removed

%\las meas‘%red ‘with analyzer window widths -of 152 and 25%.

The dead-time calculated using the above expression gaverva,

*?ff'Value of 5:7 "msec for the 15% window;and.a slightly lowe:

value of S 3 usec for the 25% window. These'walues ‘ate'vin

&
essential 'agreement ~with those obtained using the formula

for.a paralyzable system’ aé suggested by NEMA »standards_i

(NEMA measurement standard).

«tzl—“ﬁlo~give an indication of the c&ﬁnt “losses  at higher

N e ‘

count’ rates a Tc -99m point source with a half life of 6. 05

r

hqufs was counted with the Pho/Con upper detector with;

Iy

colgdmator renqved. and_again using the unblankfsignal; To

Ed

determine the true count we assumed that at very low count’

s R ‘ !
rates the ' measured  rate could be  fitted ~ to ,an
eprnentionally'decaYingvcurve. This is a valid _assumption

4

-y . N - : } , . ,
provided that the <count=rate 1is 1low enodgh -to exclude
. - (I‘ . R X ) . : .

e >

T, . o \.._-‘:\

: ‘, ) "\'
.

possible. losses due to the system dead-time. By projecting
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-

: —Q‘
the curve at' time t = 0 one can determine the count-rate at

the beginning of the measu;émént; "Figure 3.18 shows a plot

of measured versus true count obtained using the procedure . =
just described. The input count-rate to'give;é 20% loss was
caldqlated uéing7tﬁé expression’ = ' U . - ;:“

R-20% = .1/T x Ln(10/8)

whefe[T'represents the’deéd-;ime of ﬁhe 'éystém. From * the
‘expressidn, - for a 15% window a 20Z% f%%é”is.encbuhtered at a
couﬁt¥rate of 40.5 K cps. The same los" for a 25% window

occurs ' at a. count rate of 43.7:K cps’s At the 'same rate the.

1

e

~count loss meésuréd ﬁéing Figure. 3.18 yielded values which
are 8% and 9% lower respectively. « L e
. In any gveut,,the camera dead-time will,noéfcause count

losses in ‘mqsf“cliniéal applications, where the measured.

count rates are typicallyvioK’count/sec fdr liver Sansf for  12

an . injectéd activity of vl$0 MBq. Lower count rates are

normally 'oﬁéerved - for other clipical in&eétig%tions‘

appropriéte for.this'dévice. R 1_7 C e
o T ‘ . S . ..

- . A
v : 4
. : /

4

3.3 System performance e - ) .

4
‘The ability of the Pho/Con to produce‘clinically‘usefui
images . depends on the ~optimal performance ‘of the

reconstruction algorithm together with the proper selection
of a .number of input parameters.. At the beginning of a

=)



4

{,It is also possible that the spatial distortion measured forsr

PR T R . 96
o~ SN Vo

Pho/Con settings

study the operator can select a number of
to yield the best possible image for the p rticular: clinicalv
investigation. Examples of input parameter|s are speed and

index width'-of the scan, maximum scan area, and‘separation,w
combination -of

{
‘the latter two defines the position and sep ration between

of focussed planes (tomo-separatiOn) The

the tomoplanes while the scdan width and speed etermine the

imaging time required for the specified maxi&um scan area.

!
In addition to selectable dinput variablesg system

o

performance 1s determined by the'intrinsic properties of the

) : *

detector collimator ‘and gamma camera, as discussed above.

the camera head could degrade further the quality 'of the

wimage. ‘. These. .concerns suggest that total system linearity

and resolution should be investigated. The measurement of

-

these. parameters acquires a special significance in view of
the possible conversion of" the device to yield analogue and

'digitald images. For this reason it was deemed necessary to

v,investigate the system linearity and resolution both in the

analogue and digital mode. The characterization of the -
system. performance in terms of linearity  and resolutionf

serve also as- the basis of comparison between the Pho/Con

L
~operating characteristics measured - at ‘the output of. the
,microdoth imager with ‘what :can be_achieved‘using digital

V'manipulationkpf'the detector signals, *Finally;"such an

investigation should allow comparison between‘analogue‘and
digital. reconstruction techniques,  thus ~ identifying

potential ‘limitations of the system in the two imaging



modalities.

3.3,1 System uniformity

N

The dynamic measuremenﬁ of }he system -uhiformity was

vou
S

performed by sdanning\ a Co=-57 f100d“source.» The crydtal

97

noh-hnifprﬁity appears to have no major effect on the’

s

ability of the system to reproduce. a uniform.distribution of
activity, as shown in Figure 3.19.  This image  repré£enté
'thé third,kregdout plane 1maée obtained with the system
microdbfvimager and'&ith the source biaced ét'the collimator

0

‘focal depth.

B.aa; System linearity

Spatial linearity is the ability of i: imaging deévice

. N . . ! LN .
.to accdurately re%soduce the geometrica dimensions of a

line, or an array of linear sources of activity (Hine et al

1978). Normally, images obtained with rectilinear scanners

areﬁfela;ivelyhimmune from spafial_distortion which occurs
mor; frequgﬁtlyﬂ with scintillation gamma cameras. For the
Phb/Con, thev,relatio;ship"between. thé- lineéritj‘ of ﬁhe
systgﬁ and that of the gaﬁma camgfa[was~s£udied~by scanping
aﬁ orthogpnai arpay\of ppint sources. The assessment 6f the

system linearity.'was then made by examining and measuring

the spécing of the 1mage point pattern from the film
, . {

ey
&

obtained with the microdot imager. The orthogonal array of

4



e

Fig. 3;19 System uniformity obtained by scanning a Co=57
fldod source. Image of the flood obtained with

the microdot imager.

98
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polnt sources was produced by covering a flood'source‘filled

[ . ’
with 1850 MBq of Tc-99m with a lead mask, 6.4 mm thick,

~containing a regular array of holes 3 mm in diameter. The

‘spacing between adjacent holes was set at 2 cm which exceeds

the system resolution-ir’ the coronal ,plane.‘ The actual

measurement was performgd by placing the test pattern at the

I3

o

collimator geometrical focal distance and subsequentiy at

the position of the first and siithvtoﬁoplanes for the
apprbpriate Pho/Con settings.: In the latter two cases the

~contribution of the camera signal is maximized accdrdingfto

the ratio‘D/H. Again, D 1is the distance Vof the activity

from the'geometrical focal depth and H represents the total

Aistancé of collim;tor thickﬁeSs L. and focal ;dis£Ach F,
The system innearity was determined by mgasufing the
sebaration'regularity of ;he‘test'pattern from the microdot
images shown in Figure 3.20. Tﬁe spatial separation between
dots iﬂ the pattern is cdqs@ant ;hroughout the_ ﬁ@o images.
The slight magnification differénce ketween the two images
is a'éharacter{stié of the microdot imager.

' In parallel to"the anaiogue ;eproduction'vpf the’ test
pattgrn the camera positiJn signals were coilected into a
‘DEC 11/70, thus allowing recons;ruction of the same data
pattern. using a simple back projection algorithm. "By using
the expresgion for the coordinates of the detected events;
it was possible to produce coronal 1images of the test
" pattern ~in all respects equivalent tb. their analogﬁe

‘counterparts. - The ‘advantage of digital :econstruction lies

ko



100

P *3ueyd [e203 PaATY3
ay3y uy uaajjed 9yl yiga (q) pue 2ueld feodo03 umwﬂu wnumaﬂ uisiyed
aya jo a8euwy Amv “g3le UEIS WNUWiXew wd G¢ X WD G7 B YITAM 22anos. 9yl

Sujuueos £q paule3iqo uisjled 1s23 Teuodoylio 3yl jo wmwmaﬁ an8oTeuy

e e e vt e e S 5 e e e e e R JRO—. [P

,F*QQQ**.'.’_. Q_.Qt;ﬁ.tttbi
utkﬁiwﬁtiﬁtl i§i0ilt§&t
4 : BOEWOSSET SN
"““*' 8 @

Y L
oS PRES S

wwvtuouﬁ »e _

Qatmuuﬁﬁﬁvﬁ;?iowtuﬁtso
'S XXZ LR A *Bsesessnd
EXEE R LA seopsne s

n!ﬂiuou&aﬁns 

0c¢*

8714



+ e

’ ' K 101

: L : . ‘
in the quantitative nature of the output. The linearity and

uniformity of the test opattern inage was fobtained‘ by
identifying the center of the count denqitx_profiies of the
array ‘of points '1n the image. Figure-3:21'shows a two
.dihenaional map of the measured feak pgﬁition in :hg,
orthogonél test pattern iﬁcludgd by the open circle. The.
test pattern is represented by the fine grid (thch is
o
superimposed on ‘the reconstructed array of/point éoufces to-
.

better identify possible reglons of non linearity. The

system linearity is cleafly demonstrated by the digital

~N

reconstruction of the orthogonal test pattern where the
dgviation of the measured pattern is within the displacement

error of the size of one pixél.

3.3.3. System rgsblutionv

For position sensitive detectors, resolution refers to

the - ability of . the system to spatially separate and image

twd point sources or two line sources, The smaller the
distinguishable separation between . the two sources of
activity  the better the resolution. Quantitatively,

«

resolution can bg expressed in terms of the full width at
half maximum (FWHM) of the poing spread function EPSF), ‘or
of the 1line spread function (LSF). Since each Pho/Coh
detector reproduces ﬁhe activity distribution of six planes
situated at differgnt sdistances from the collimator, thg

system resolution must contain a depth dependence component.

EN



102

‘qiutod Jo suoriedof
pPo1ONIISU0IDL WasAS 9ILDTPUT SATIIT) ‘soumpd 1nopral pITYl pur

. R T
1s11} oyl Joy wrdlied 153l (euodor{110 palIMIISUOIIL kou:mewu PSR B |

. N “
XMW NOUVDOY -
. . . 5. -& . - , N % .LY P P . lo v|! - d
. ¢ ® 1 D 9 D — B P WJ ,‘
& - &—, -b ¢ P + —P > , X
i . — b —P —p— mmw
.v - = > = )
b % ? ”HV.,
—— - rf U
. WS
[ 3 [ .v|\r.,v|.|¢. H ig Samne y D N
b -9 ¢ 4 & -9 b P b ‘
-
o H $ Uv by P~ / T fsv W. A
B & - q b S -
i 7 \ mmw
a v V.A
1INV “

N



103
As shown 1in the discussion of the collimator
characteristics, the resolution R, i- given by the sum in
quadrature of the collimator components tr, and r,, and the
conttibutibn to R, due to the gamma camcr# r,. Of the three
resolution parameters, the dominant term is the upqrullax

component given by:

. ,
¢ =\2 |D-b]| ran{}

This term is non-zero for activity above and below the

read-out plane situated at D. At the siﬁﬁfocal-planes where
' <&

D = b the system resolving distance reduces ‘to the simple

u

expression:

»

0 N~

[}

Experimentally, the system Eesolution was measu:eé by
imaging a line source of activity~placed'at 45 degrges with
respect to the detector axis.g Typical images of the 1line
produced by the microdot imager are shown in Figure 3.22,_
" together with the optical density profiles from the ,film.
For éach setting of the Pho/Cop input parameters, the imager
produces sixrrMages, each representing the feconstructgd
portion of the 1line at the various focal depths, with the
blurrfng pattern fromiplanes\above and,fbelow superimposed.
By'dsuit;ble selection Qof scan input parameters, images of.

‘the line at increasing distances from the collimator allow

the  establishment of the dependence of 'resolutibn as a
: ¢ ~ T
function of the ' source and collimator  separation.

LY
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Normalized density profiles of/the images of the line source

© . ) =

through the sharpest region in the images, were obtained_,

with a scannﬂng densitometer* :(Scanditronix RFA 3)4

»

Preliminary measurements enSured that the images 3% the line

count- densities,‘were within the 1inear region of the film=

t

characteristic curve. From. the density plots’ shown ,in

; Figure 3.22, Bthe system resolution was obtained as a measure.

¥

of the full® width at half maximum (FWHM) Figure 3 23 shOWS

the 'calculated and measured resolution values of the three

collimators presenbly available with .our system.' In the

3

plot,‘ the heavy solid lines are the calculated values for

v
o

the three collimators.

T The - system resolution_lwas::measuredvjusing digital

o

.reconstruction" of a point-‘source by means of simple

v_back projection algorithm. The source Wwas positioned - at

s

increasing distances from the collimator face. Each image

was obtained by scanning the point source with a . scan' area

oL

of 25cmrx 25cm 'and a scan index width of 0. 3 cm.  The scan ~

" speed was set ~to maintain count rates well within " the
analyser dead time. Coronal images of the point source were

reconstructed using the . coordinate equation shown earlier.
’In_sthe- reconstruction algorithm the volume element had .

,dimensions' of 0. 2 cmx 0.2 cmx O.2cm, ~which _is somewhat

7

',Smaller tHan the system resolution. hThe resolution values

-

were determined. by plotting the, count. density profiles of

slices taken in' the X, Y,~and Z planes through the voxel

’ . S
with the highest count. s ' 7
. . 1

"Figure 3.24 shows ‘typical profiles of -the three

- 104
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COLLIMATORS e
| ‘v]SC)'<éN/ - / | ' k)
- 380KeV Y 4 |
= 550KeV - /.

50 B

Distance from Collimator {cm)

—

Pho/Con resolutlon as a function of source d1<tant
- from colllmator for low, medlum and high energy
cpllimators.‘ The solid 11nes are the.calculated values

for (a) the 550 Ke\'and (b) the 150 Kel' and 380 Kel.
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v

.coopaiqates 'X,'.Y; Z where the solid cur#é‘repfesents the
1éast sqﬁare fit to the non-linear data. using a Gaussian 
ftnctidn.’ In the zfitting, .ﬁhe- minimizétianfvoftﬁe_CE};
'équare,was dbné using ﬁhe’grid sear¢h he£hodf (Bevingtén P.

R. 1969). Fifure 3.25 shows a plot of the resolution along

-""_thefZ éxis obtained with the 1low. energy collimator, The

depth resslution toge;heflwfth:the;coronal resolution allows.
‘the‘definitioq ofkthe;voxel size'as_a,fﬁnction ~of distance
f}pm the collimator féce.‘ In digital deB}urfing oné musﬁ
conten&‘with a reso1ution volumewof -1 cmx_l cmX»3;5cm wi;h
Ehe.chomponent'degrading rapidly with depth.

‘Eiguré\5.26 displays meaSufed FWHM of‘thé‘point_‘spreéd
fuhctiqn‘bin X and’Y,7Ca1¢uléted froﬁ the-fiét;d cﬁrve;ias‘a
function of distance . from the cbllimator "féce.v - In

Figure 3.26 data -from fhe_vmicrodot images‘and.calcuiated

)

Systeﬁ resolptiod_vélues wer;;halso "included, to Allp% a
;loserk éoﬁparisdn “between théygwp iﬁag;ng‘mOAaii;ies}‘vxhe
résoiutipn measﬁred‘using anéiogue_ahd,digital me hoaévlgive
very similar results at sﬁall distances ffom the-c 1limat6rg'

The slight change in the ' resolution values  are Nrobably'

associated with the hnceftainty in the film density plots.
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- ,v._SoU.rce. fb Colllmator DISfGnCe(Cm) o .

Fig. 3.25 Representation of the resolution along .t'h%“/axi‘s. K
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3.26

System résolution measured with the 150 Kes;
collimator, _(a)'calculated :esolution with

r, = 0, (b) computer data obtained imaging a

Co-57 point source, (c) resolution measuﬁed

using density profiles of éﬁalogue images of

~

‘the line at 450
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-CHAPTER 4

4.1 \Focal plané toqggréphy and the limited—samﬁling-ahgle

L]

teéhnique.

The objective of é-tomogfa#hic‘ imhging systeéem - is to
produce images of -strucgures‘deép.seaﬁed'within the human
'ﬁody. "This can be achieved‘ by . removing overlying‘ and
ﬁnderiying strucﬁures f;oh thé ‘wanted. imége plane by
-Blufring the"unwénted,information. ‘This type of 1imaging
technique was first introduced in éédiography by Bocage 1in
\ﬁié» eé}iy -twenties 41921).' Although of limited
sopﬁistigation cohpa;eh  té transmission CT, tﬁis techhique
u was abl; to rgmove offfplzne st;uctures by moving the vx-fay
tube  and film casset:é ,in opposite 'd;:gctions a;‘;a'
predefined‘speed. This allowed one to selgéf an ;mage plane

'in° which the structure would appear stationary while

overlying'and underlying structures would be mispositioned

!
\

“and thus ‘blurred. o . o L {J

“ In nﬁclear mediéine the same principle was exploited by
Aﬁger (1968) -to p;bduce.the first commercialilongitudinai
tomographic__deviée.' With- such a sysﬁém images . were
regonétructéd, by detecting  the radiation emitted by an
3objeqt soﬁrce. In the Anger sysﬁgm the .imagé of the
~radioilsotope distribution Sis obtained uSing a position

sensitive detector operated as a scanning device. - Other

111
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early fogal plane tomographic techniques were.7-pinho£e
tomography (Voggl ét al 1978) and.coded aper%ure‘ tomography
based on - the concept of imaging using Fre;nel zone plates)
* the lattér’was fi#st invesfigated in plénar iméging by
: Barreﬁt ‘(1972)‘ and Rogers et al (1972). The slant hqle
technique was introduced to bvercome some 6f the problems
enéou@;éréd *with the Angerb toﬁographic scanner and the
T-pinhOIefsystémi that'is ﬁo échieve a.different'compromisg
‘between - sensitivity and resolufion (Mﬁehllahner G. .19715
and eliminate 1image distortion (Lin et al i981)r_

| The image reconstruciiqn in focal plane tomography 1is
“mbst "easily achieved_ by simple bac£  projection.rwgkhe
disadvanéage,gf this type of "reconstructioi is that each
detegted event is placed-in ;he image inclgding events whose'

origins 1ie‘butside the plane of focus. This unwanted

off-plane information blurs the " image ac;ording' to the.
system bluf fqnction, which depends on the(distance’ betweed
.the origin of ﬁhe background activity gnd the pléne being
reconstructed. For the Pho/Con  which employs multi-hole
focussed collimators, the bluf function has a bi-conical
shape as shown inIFigﬁre 4,1, Thi;“ represents thé three
'dimensional point spread function refleqted at its vertex.
The addedvdisadvantage‘of blurred tomography is the lack of
quantiﬁgtive- information giving the  true acﬁivity
 distribu£ion ip the,object. From a qualitative_ point " of
view foca} plahe tomOgraphy hasAbeén shown.to‘proddce images

of good diagnostic quality (Anger H.0. 1969, Winchell et al

1970, Volpe et al 1971, Turner et al 1976, Vogel et al



1978).
"To improve the elinical usefulness of 1images obtained

[N

with this tomograbhic technique, methods have been develqped
to de-convolve these blurred patterﬁs. Theg mést- ¢ommon
approach to the deb;utring ~of images obtained with focal
plane tomography ﬁas been to use mathematical metﬁods (Chu
et ai 1977, Tow#sdhd et al 1978, Hooper et al 1979). The

stimulus for thﬁv development of vtéchpiqu?s capable of
] ' s

removing the ouf~of-focuslcontributiﬁn has o;iginated from
positron imagind performed ‘with stationar} 'multiwire»'
pr&portional chambers (MWPC) (Chu et al.1977, Tam e:cal
1978, Townséﬁd et al 1978,"?am et al 1979, Townsend et al
1980). ‘The similarity bétween éinglef and dual-photon focalA
plane tomography»}g\t@ét both employ systems which"hayg'
limited fiel@s of view.’ In the single phptén'devices‘the'
field of view is defined by the collim;tors.' for the_ dual
photon technisue gmpléyingveither gamma camefas (Muéhllgbner
1975) or multiwire chambers (Lim et al 1975,:Hat£nér et al
1976) V both coincident events must be detected. This
determines the.xpath aiong ‘which the positroﬁ electroﬁ
annihilation /ﬁas taken" place and 1limits th; camefa
field-of-view of  the deteator system. .This complicates
"further tﬁe recoﬁstruction problem since the reconétrgcted
secfioﬁ becomes sensiEive to the object’s configuratidn; the
geometrical characteriétics of the “particular viewing
~system, and thé/numbér of couptS'in‘thé imagé‘(Budingér T.F.
1980). of ,thevfocal plane tomographic‘éystems the Pho/Con

is unique, since this device- perfﬁrms~ an  analogue single

113
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Fig. 4.1 Characteristic blur pattern produced b& the
Pho/Con and obtained by imaging a line source

at 45° with respect to the collimator central

: ' : !
axils. ~ - ‘

Ba
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“4.1.1 Pho/Con interface to a Dec 11/70 co@gﬁter,~

115

back projection teconstruction with the final image display

on x-ray film. It was soon realized by many workers (Garcia

et al 1980, Pickens et al 1980, 1981, Garcia et al 1981)

<

‘that the instrument could be considerably augmented by being

interfaced to a digital computer. Thé processing of thé raw
iﬁageldata byAmeaﬁs of a coﬁbuﬁer increases the cii;ical
utility §f the ‘Pho/Con images by removing the off-plane
activity. Digital ﬁanipulation of the data  has the

advantage that s1t' allows one to displéy the usual coronal

- images and anitional saggital and axial planes. The
) . . , .

digital handling of the raw data' also allows a certain
degree of image processiﬁgt\such as background subtraction,
smoothing and more'sdqhisticated filtering, Finally digital

techniques are suitable to multi-isotope 1imaging for the

~
~

improvement of depth information ~-by <correcting for
' . . \‘
distortion due to attenuation.: o

yz

The system'ﬁo interface the Pho/Con m:i lane scanner
to a PDP-11 computer was designed by the BEC.Company (Bay
Eﬁginéériﬂg‘&ompany 1979). The Pho/Con,anTlogue and digital
signals are presented to the computer uponja request command
whidhﬂis produced eithér by the interface r by the computer
itself. | |

Uppn request of data, the Pho/Con provides the COmputér‘

interface with the gahma camera - coordinate signéls, the
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ene;gy strobe Z,¢&n£:« ‘ﬁ position signals, The
interface assembies these signals into data words and scan
position words and presentsﬂthem to the comﬁuter in a form
which can be analyzed Dby Qoftware. The x and y analogue
signals from the Pho/Coﬁ gamma camera are digitized ¢to 12
bit on command by the Z strobe which follows the detec%}on
of an event with the appropfiafe energy.A The  most
significant seven bit from x 'and y-signals are then combined
to fhe upper orllowér‘detector and isotope analyzer bif to
give.a 16 bit data word.‘_Bit 00/06 represents the xQSIgnal,
‘'07/13 the y-signal, 14 aﬁd 15 are the anallyzer and detector
identifier bits. Thé beginning of a seam 1is controlled by
thé camera which initiates a list mode transfer of the data
to vthe computer where two blocks of memory are assigned as
temporary buffers. ‘The data and scan words are written Lnto
a- first Dbuffer until fuli at which time the software
provides the address for the second buffer. The. data from
the first buffer is transferred into disg‘via Direct Memor}
Aécess (DMA) transfer. The DMA transfer allows movement of
‘variaSle length blocks of data to or from a spéchfied
location -in the memory Qsing the PDP-11 wunibus (Digital
Handbo&k).k /The détector position is monitored cbntinuously
.invsuch é way that‘when the positréa has changed, a  three
word bloék /is writ€en into memory. The first word in the
bléck is a flag word which identifies the start of~ a dew

scan block with new collimator coordinates. The remaining

two words are the new detector position coordinates.
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o

4.2 Single back projection: Pho/Con reconstruction
aigorithm
The twelve 1images » are recopstructed by means of

analogue ‘circuitry which combines the ppsition' of the
detecgor (x, ¥, ) with the position of the scintillation in
the gamma caﬁefa (xg 5y } relative fo the origin of the scan.
A detailed description of the system operation can be found
in the original article by Anger (1968), and in the system
. operating manual (Searle 1976). As shown in Figure 4.2, the
line of {light of each event, i; a three dimensional
copfiguration, 1s defined by the”liné joining the collimator
geometrical focal point‘ (x;,y‘,z=H) and the scintillétioﬁ
point in the crystal (xg =X, +X; , Yg =Y, +ﬁ., z=0). x; and. Y,
‘ére the scintillation coordinates with respect to the céntfe
‘gf the, crystal; .Coronal images at a depth D are representedJ
by» those points with coordinates (k,y,z=H+D) s&tisfying the

*

following linear equations:

w

Substituting for z=H+D and z,=H the above relations reduce

to the event coordinate equations:
A D
- : X = X, = %X; (===)
H

D
Yy = Y= ¥ (===)
H 0
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Similﬁrly;°saggihél and axial 1images can be obtained% by
reply%%gg,'in the linear equation, y=S and x=A where S .and A

are constants. This will iesult.ih'tbg following equations:

x = === (S =-y)+x, '

o N
for the saggital images, and

S S . )
y ='=== (A~ x_) +y,

i

N
1}
!

----- (A-x)+ (H+F)

for the axial images. These expressions describé the

‘location "of events 1n the coronal, »saggital énd axial

Planes. - In the specifi§‘case of coronal images, :which are

e

equivaient " to the analog output bfi ;be Php/Coh, the
tomogfaphic properties resul; 'frpm the additioﬁv Eo the
deﬁectér sigﬁal. of:thé fraction D/H ofvthevéryétal Signal;
thus creating the necéssary Blurring cohditiéﬂ;’  Thus the
iactivity ‘at  a 'given focal plane:D will bé in focus‘whilek
actiVity-aﬁove ahd below  the piéne‘ of vinterest will_ bé
kblu:?ed. Tﬁe amouh; df'blurring will aepgnd OR tﬁevébsolyte
depth éeparation»between;thévfbcal_plaﬂefatvD and.therut of:

plane‘ activity'af same depth D, with the degiee of blurring

: . B Le B,
proportional ‘to |D-D|/H. . SRR o B

In recent years, some attempts have’ been made .to use
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.
&

the “Pho/Con‘;in single‘phctonlemisaion'computed tomography‘
1(SPECE§ (Garcia et al 1980 1981 Pickens et al 1980 1981)
The, improved flexibility of digital imaging combined with a
»whc{clbody SPECT capability havea’encquraged' théy digital
&evélonment' of the Pho/Con. .The digital'reconstruction of
-images using the Pho/Con is subject toa_a limitcd sampling -
angle;_due "to the constrained motion of(the device and the
phjsical..dimensioné “of 'thc gamma camera and. ’focussed
collimator};v This limitation introduces a blurring artefact
into tnc‘,digitally reconstructad images. ‘Despite this
- prbblem, new. deblutring techniques have been developed Chd
et a1i1977,via¢'et al 1978;'Townsendretral 1978, Tam et al
1979’i Hooper et al 1979, wanéend et al 1980, Tam ct al~

°

1980; Garcia et al. 1981l,m\znich make | possible  the

‘reconstruction of images with improved signal-to-noise
‘ratios.
‘The"deblurming methodsl'propcsed here require an

: a-priofi determination of the ‘system reéponse to a point
source of 'activity. Kndwledge of the point source m;esponse"

function,.allows for the . correct definition of the system

&

response'to any type of input'function.

<1
T

i
[otve

u

»

4.2.1 3—Dimcnﬁional recon§truction " for vllﬂmited—angle
sampling : ’ %

In focal plane'tomography, the image of thc activity

:di;tribution obtained with a simple back projection
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rec0nétrucgion' algorithm, represents - a 3;d1ménsioha1
reconstructipn,.problém. This can lbe uéxﬁréssed~ as 'the
‘cpnvolutién of4£fueva¢tivity dis;ripuf}onrdeécribed_ by ‘thé
deﬁsity__function f(x,y,z) wifh fhe response_funétion'of the
sys;em détector‘defined by B(k,y,z).A¢In;mathematical‘Eerms;

the image g(x,y,z) can be expressed in the.fblloWingkﬁay, '
lg(x’y»z-) "’f(x»}'sz) * b'(x:}'!z) ‘

where thé symbo1 * represents a 3—D. convolutibn o%erafién.
For thé éaée of=sing1e photon imaging'éiﬁh‘the'Pho/Con,Aas
with positron "iﬁéging embléy;ng. two | lagge statioﬁaty
position sénsitige‘deteétérs (1.e.  gamma camera,'MWfC)‘the
aboyé expréssion éah be simplifiedbAto‘ a’ twé‘bdimenSibna1 
céﬁvdlution problem. Thié :iS' done Ey obéep&ing that the
distribution in eécﬁ:image'p&aﬁe resgits‘fromjthe 'Suﬁméﬁion
Cof ﬁhe <actiyityA'Present ;h the plane‘offintereé; together
with the blurred value resuiting from tﬁe vattivity preéept

&

in the remaining pla‘neAsb. "In mathéinat_ica’l terms‘:".’

g

0 _ R
g, (x,7) = ‘Zj[fj (x,¥)7% by (%, 7))
. .
Whgre £ and bH*t are the two dimensional expressions
rébresenting the acﬂivity distribution and ‘the bluéred
function. The choseﬂ4 notationm is' convenient in the
implementation of the deblurring algorithm described latér.
In forﬁulating the convolution‘problemfwe;requiréd'that the
“system blur fﬁnctiqn or tﬁevdetector pointlsougce response

function be spatially invariant, This is not true férk the
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.?ho/Con-was shown. in dhapter 3.: However, thisisimplifying
assumption will not affect‘ the following ergumentm The
solution to the above problem requires the determination.of
that inverse filter bUI‘(x y) which, when convolved with them
back projected image g(x,y), yields the wanted f(x,y) . The
-solution is normally achieved ibv employing Fourier
techniques and the convolution‘theOrem, a,technique which 1is’
_now. well established.v The convolution “expression ‘can Dbe.

v(‘

writtwu in a more concise form ‘in the following way

K
n :

gi (r) = Z[fj (;) *-b“_;,(f)]
. e

.Aé%ording to the convolution theorem the Fourier transformA'
of g 1is equivalent to the product of the Fourier transforms

~of £ and'b, thus
- G, (P)=2_F; (3) By ;i(P)

where G(p); F(p) and B(p) are the Fourier transforms and P
represents the two dimensional Fourier space. ,Solving for

F(F) o o
L6 (5) B =L L (0) By () B(®)

- - ozl =
Fi (3)=2_G; (B) By (D)
‘ . ,
where E:BhllBhkrd . The inverse Fourier transform of'Fk(E)

yields the desired distribution fk(x,y); Various techniques:

@
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- have ﬁgen sﬁggested whichﬁat;émpt to determihe fhe ,filtér
4funétion> ﬁ{(ﬁ),(bhu et al ;;77, Taﬁ*et'alil978, TOVnsend>et
al 1973, Tam et al 1979, Hooper et aill§7§; 7?1ck§ns et “al’
1980; -jhp'et al 1980, Townsend eﬁ.ai‘iQBO;’Tam'et a1‘1981).
The success of these‘variogs‘ techniques. hasv béen l;mited
bécausgvof noise amplificafion whiéh,occu:s in ‘the inversion
ofvthéAFo&rie} transform’éf the syétém transfefa fu;ctipn.
Thié. is-'partiCula:ij prbhbﬁnced wpen étteﬁptipg to debluf
vLPages which are count limited. An adﬂitional;cbmplication,
. as a~‘resuit of limited sampling(angie; is that the spatial
invarihﬁce éf the s?stem responsé functiph‘is only true for
a limitgd,region in sbacg.' ‘ o
In recentvyears,‘ige:ative‘blUr'compensationjte;hniqﬁes}'
, sp;cific to the Pho/Con uhave "also been inVestigatéd_and'
proved to ﬁave éome'cLQnical uée (Garcia'et a1 1980, ‘Gapcia
.et ‘ al lQ&L;Lxglkfore deScribiné oﬁf approach.vtd' the J  
deblurring of Pho/Con images it is useful to b?ieflf. réview>
sﬁme"ofr the 'mafhemétical and ‘numerical methqu which haQe\
‘beeh_thus far employed to>-debiur focal—planev“toﬁdgraphic
images.. ‘ | .lx .
| - Chu aﬂd‘Téﬁ (1977) have exﬁressed‘the ;imagingb process

using Fredholm equations of the first kind.i_The convolu;%bn

e

eﬁua;ionlexpreésed invthis way can Dbe simplified provided
that‘ ﬁhe kernel is space ipvériant. The spapiai invariancé
of the vscaiar Vfield repreSentiﬁg the deteCtof fesponsev
.funct;on'.was‘ preégr&ed " by definingv,é\ universal cone of
detection whereby any photon emit;ed ﬁithin’the céne Qillhﬁé

detected.



124

‘The convolution integral requirfes that the_ﬁintegra:ion
be carried - out ~over all space. In this'caseaone'must
measure g (r) over b solid angle. This however, is not

possible given "the limited angular range of the detector

A9

system used. The  computer simulaqion useg a ,detector‘

%
N

arrangement consisting'vofg tw0‘lplanafl nultiwiie chanbers.
providing an opening angle of 90 degrees., This exceeds " the
alloyed angular sampling of. the Pho/Con which is limited to.
60 degrees.A Inuaddition, the solution to“%{he,ﬁconvolution
equation is found to ‘be unstable with -respect to noilse thus
\limiting the resolution - of .the ieconstructionr " The
instability due ’to nnise'»can be imnroved by'seleeting a
.scalar field sharply peaked (the ideal case being a‘ delta
func:ion). ' For 'two plane detectors measuring coincident
“events thie can be achieved b& giving the~greates§_weight to.
the 'events which fall close to the edges of (the accepqance
cone rather thanvin the niddle; ~The limitaeion ‘in: the
,isharpness qf the response funtion is set by the reduction of
available data resultingvfrnm further'nesfricting the cone
of . detechion. . The kanthersa aépempted_ to 'remdve' the
instahiliﬁy'due ﬁo noise hy nodifying the ecalar field
(representing . the . PSF)"to include an enror function e(;)i
which adds randomly to the measured data to give g (r)+ e(f)
. and imposing some restiction on the‘ magnitnde of e(f)a
.About the rannom nature of the errof:“it has being .argued
that - with focal plane systens”as descfibed bynthe authors

and similarly in the case of ‘the .Pho/Con, the. noise is -

correlated rtather then independent from point to'point (R H
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Hooper'private communicatibn). The Chu and Tam introduce ' a

»

émoothnéss condition using the window

v

C - 2 4 _=-2
W(B) = 1/ ['1+ NM2m) B x B(F) |

whiéh deéeﬁds'on the‘filﬁer;itseif. - The Lagrange muLIC§11gr
A is 'chdsen accordiné ;d the noise in the measured data
g (r). The value of A=0 cqrrespgnd;to a.sharp tfunéatioﬂ of
 the, filte#. XAﬁhich de;ermings thg émount of‘smooﬁhing in
the 501utiohrf(f); is obtained iterati§ely beginning with a
:smallv arbitrarj value, - After. caicnlating an initia;
solptiqn»for‘thé denéitf distribution in ﬁomentum'space the
;eéﬁlting efrofv'in the‘reqonsﬁruction'is then compared to
the total érror‘due to sggtistical'f;uctuation,in thé data. -
The process 1is .terminated_.aCCordidgv to a predetermined
c:itefion} | | |

The majdf»poin;s in the aigorithm, after the':sgleétion.
'1sv'méde of suitable récbﬁstructidn lattice spacing can be
- summarized in'the fo1lowing‘few points: .

N

. ' ’ . . Vo R ° . ,-\ 4 .
- 1) calculate of the point response function which minimize

the instébiliqy in the solution

| « _ . | .
'2) compute the Fourier transform of b(Tr)w(r) to give B(p);

w(T) is a- suitablé_ window which midimiies leakage due

to sharp cutoff in the response function

e

3) obtain G(p) from the Fourier transform of g(T)w(T)

i

4) compute the solution id‘momentum' space"F(ﬁ) using the
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smoothing fil:er to reduce the sensitivity to noise in

the, data

5) obtain f(r) from the inverse Fourier transform of F(p)

’

The derivation of the distribution function in momentum
space is limited to the regilon 1in space where both g(r) and
b(?) exist. Discontinuities in the momentum space due to
the vaeiShing value of B(p) makes the‘ reeevery o{ the
distribution function f(r) impossible in the absence of a
a-priori information. Tam et al (1979) make use of the fact
‘that the extent of the object 1is finite to remove "the
indetefmihacy in F(p). According ﬁo the authors this can be
done since the Fourier'transform of a finite ebje@c is an
entire function and. as such. it can be fecovered in the
complex plane by knowing the function in a finite continuoue
line segment, The',yalue . of F(p) can be extended to the

missidg cone usihg n iterative approach as described

1

_pointwise below: =

1) from the limited value 'of F(P) obtained where B(P)

is non zero produces an estimate of F(p)

2) compute the inverse Fourier transform to yield an
estimate of f(r) in the object space. The values

oytside the extent of the object are set to zero

3) the Fourier transform of the new estimate of f(Tr)

gives a new F(p) whose value are set equal to the

o~
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original:value'of the distribution function ‘in P

(<]

space.

4) repeat cycle ‘ !

In the iterative pfocess the object is manipulated back and
“forth between the object space and the Fowrief_space. In
‘the simulation study in presence of noise the expression of

F(p) 1is modified to include qoise according to the method

devised by Chu and Tam. According to'these'éuthors the main

limitation results from moise in the data which degrade the
quality 6f the ‘image. - This is a  particularly serious
problem'When using detectors subtending a small solid anglez

According to the authors adequate reconstruction 1is obgaiﬁed

with é solid éngle of ﬁ steradians; The fidélity of

reconstruction could be further improved 1f more a=-priori
inférmation~about the object was ;yairable.

In the techniques eﬁbloyed by Townsend‘ét al (l97?) aﬁd'
(1980) Vppe:‘problem of recénskruction for pésitron éameras
with limited angular accepgaﬁce is again based bn a  Fourier
deconvolution method,. To reconstructitﬁe three diménsional
matrigﬂ;af. voluhe elements '1nitially one ﬁakes: the:
back-p;ojection of the ﬁwo-dimensional projec;idﬁ into the
three dimensional "~ object space. A three dimensional

. : .

filtering is theq.applied to remove ﬁi§tor$ion caused by the

missing projection data. Tﬁis approach minimizes the noise

amplification associated with fil;ering; In deaiing'wi;h

the problen pf missihg data -due to the limitedwexpént of the

-
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acceptancé angle, the authors in aﬁ'egrly paper (Townsend et
al 19785 rebresent'the szsce@‘:gsponse by a symmetric square
matrix. The deconvoiufion process requires the inversion of
such a matrix. At low spatial frequencies a complex.
coupling of the measured and missing frequencieS'prdduceS‘a
‘matrix suéh that not all the. columns  and rows are
indepehdent (low rénk). The autﬁbrs deseribe a generalized
- procedure employiqg' eigenvalues and singular N value
decompositioﬁ of the transfer fﬁﬁctiop. In the inversion of
,thg transfer function large fluctuations near‘singularities, ,
résulting " from small éigenﬁaiues, are removéd by using onIf
Values which are above a certain lower bound. This: allows
tﬁem to - set the lower bound in the numeriéal value of the
elements of the inverse tfahsfer function, thus controlling
the noise propagation in tke’deblurred image.

A Fourier deconvolution approach followed in a second
,ﬁaper (TownsendV-ef él 1980) was'preferred since it allowed
one to -distinguish  between measured and unmeasured
frequenciés. The basic assumﬁtion vremained ‘that the
back-projection of events ffom a single pOfnt source yields
a conical distribution which is space invariané. A élbse
.form'dérivation of thévfilter function can then/%e obtained
. . %

'iby .observihg that bwithin the accgptancemcone the impulse
response?functionb'varies as the 1ﬁverse( square of the

distance from the point source. The filtefing,process is

simplified and summarized into few steps as follows:

1) a simple back = projection reConstrhction produces a
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blurred image

- !“
2) the blurring is removed by filtering the distribution
with a prédetermined three dimensional filter function

(similar in one ‘dimension to a ramp filter)

3) use a Hanning filter to reduce the ringing caused by

the sharp cutoff of the window in step 2

~Hooper et bdl (1979) considered the removal “of
out-of=-plane blurring, from vcoﬁputer simulated images, bél
combining smoothing with. a linear differential operator.
Tﬁe point source respoﬁse fuﬂctiqn was firsﬁ&smpothed in the
x and vy directiéns before  the applicégion  of the .
differential operator., As suggésted by té@ authors, the

presence of noise in the real data can cause s&@e difficulty
. N ,

‘ \ ‘
in the calculation of the derivatives whiclr are obtained

~.

¢

nuderically.
In the iterative techﬁique implemented by Garcia ‘and

co-workérs (1980, 1981) the deblurring is a post-proéessing

. approach which bégins with the image obained from a single

‘back~projected image.i The execution étarFs at aﬁy one p}eaAQN\\\

with the count above a certain threshold assigned to that

specific 'plane. From the loéation of the'activity a Biur

pattern-is then generated through the remaining planes with

the blurred . value subtracted from each of the néighbouring

. planes. Few detadils are gi§¢n about the.method.

| The investigation of a deblurring algorithm suitable

for our system, we preferred to follow a numerical iterative
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approach., This is because Fourier methods - used to define
the filter function greatly magnify the noise Aue“to the
factor 1/B(p). . In the casé where the noise was filtered, as
in the method‘put forward by Chu and Tam (1977), while the
noisé at high frequenciesﬁcan'be suppressed, the‘infbrmation
becomes distorted at low frequencies. The recovery of the:
m;;sing data using an i;erative techﬁique; as suggested by
Tam et al (1979), reduces the prdblem of noise propagation
and offers an adequate reconstruction provided that the
detecéion system subtends a solid angle of 4 steradiéns.
Each. Pho/Con/ detector subtends ’a solid angle of
approximately 3 steradians, which ig lower then_the minimum
value required ﬁy the method propose§ byﬁTam et\al-(1979).

We have investigated the wuse of a post-processing

i

{terative deblurring algorithm for the-removal of off-plane
5ctiv;tylfrom the Pho/Con images. The approach ~used is
substgntially d£fferent from the technique -employed - by
Garcia and co-workers. In er approach, from the single .
back projected _imagés we determinev a series " of first
estimates of the true activity distribution forleach of the
FEéonStructed plahes. Using the meagﬁred point spread
function (PSF)'of‘the‘detgctor a new blurred image 1s then
produced by taking uthe convolution of the first estimate
with the system response function; PSF.. A comparison with
. the original blurred image allows one to ;efine the first
estimate. iThé procedure is then repeated 1in an iterative

fashion. The difference square (DFSQ) between the initial

blurred images and the new blurred distributions obtained at
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each iteration 1s used to monotor the convergence,

4.3 Iterative deblﬁrriqg with pixel refinement of a first

estimate .
The algorichmv described hére is a péat-processing
deblurring approach * which performs a pixel by pixel
correction of an initial first estimate of the gctivity
diqtribution for’ e;gh image plane. 1In the implementation,
the first st;p'in thé‘ deblurring prdcefﬁre requires th%}%

reconstruction of‘ the activity distribution using simple

a

back projection. These "are obtained usiﬂg the

expressions for'tﬁi coronal i 's described in section 4.3.

!

The' number .of reconstructed ﬁ”“y spaced plahes is 131.

For the deblurring of“clinlcal images this number could be

ﬁ(‘:‘%}fip::'ox:l.u;a;t:ely 10 planes since  the systenm

.reduced to

resolution (3.5 cm) as a function . of.depth prevenfs the
differgntiation of structures at blane separation less ;han
the full width at half maximum of the p%int spread function,
As indicated in Figure 4.3 the deblurringavprﬁcesh
bégins .witb the initial. éstimatg' e?(x,y) ofl the‘ t;ué;w
activity distribuﬁion f, (x,y) for all image,planes i. This
is obtaingd from ®he blurred images g; (x,y) by’setting a
lerr threshold at a level whicﬁ would remove - a large
portion of‘tﬁe ﬁoise due to blurring and présérving much of’

>

the. information with respect to 'the density. éistriﬁution

f; (x,y). The thresholding 1s purely arbitrary, and a way to

13

LY

o

’\
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optimize the lower level cut of £ in.the blurred images must
: v
bev_nevised,.'Since its value affects the difference square~

a

‘(D?SQ) conversion'as shown later.

C o

The 31 image planes,ﬁirst estimates ~are \subsequently

i)

blupred- with | the ‘system point »spread function. For

7simplicity it was assumed that the system response funetion~'

is“spatially 1nvariant.' For the Pho/Con this is not the

r

fease; as shown in the resolution measurements, where the.PSFr

exhibits: a: strong erendence,,onathe distance°between"the

-

source and collimator. The new blurred images for the 31
v ! ' A
planes obtained using the estimate cﬁ% be expressed in the

@

folloying way, o s B T
' n T .
gl (x,y) = X lef (xyy) * by, (x,¥)]

.
BN

T

‘where i“='1 2,..ﬁ,31 and i 1,41.,31.’ In . the- expression

I

“the superscrip s represent the order in the iteration with O

(zero) beingithe initial value. - The' blurred images thus

7

‘obtained are” ‘then eompareq to the. original simple back
projected‘.images g?(x,i)' to .produce .a pixel by pixel

hjcorrection"term to be mapplieda to ‘the initialaestimate

£l

~el(x,y). In general, for _the‘ mth diteration the above

expression can be written as ’ ot

d

B

?}The first step in the calculation'_of'"the\:COrreetion term

a‘requlres_ the> minimization of the square of the di§$§tence,

A
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between the two sets of images.‘ This is done bi’conéidening

[l

~the total number of imagé ﬁléhes. ThevaSQ value is given
.by, ' : ~ B o ol | ‘
: : v ! e
S i
(T ’ .  _. “»o'/z . »t °
o S (DFSQ)=) (g5 -cgM) o : :
/ - I i o
. i

L0
t

for 511 pixels x;y in each Lﬁgée ?l?ﬁE.),’c’ is “a, constant
such that DFSQ isf'a ymipiﬁum% Thisiiéjequivaleht to the .

statement that tHere exists a4 value for c such that

d(DFSQ)/dc=0

It can be shown that DfSQ is a ﬁinimum when

'
o

P D N SV )¢ o)
! '» S :

"o “

The value of c, whicﬁ‘ié calculated at each iteration, 1is
r:used_as a renormalization factor for the new blurred images.:

Infa&ditigp;ﬁE gua:énbees ‘that the gldbal'uDFSQ at. each

- iterétibﬁ "is 'a minimunm. "The correction factor 4is then

0 ’ -

simﬁly obtajimed in terms.of the ratio, between the pixel

o ’ ﬁ:}}} : ) . ’ : .
counts” in the 1initial image g; .and the new counts cg] for.

) : ’ Yo N R ":’ . .

- the mth iteration. - »The estimate of the activity

”fwfdiscrgﬁﬁfidn‘ is then adjusted ‘according to the following
- “ ‘. . ‘;}«_'.‘2»,, . . ) . . Y -

" expres#ion .

. Q’ ' ) . B N ’ .. n o . ' .

/ m+1 m gi(st) . Zg;»(x,-}')‘
& (x,) = €] (%,¥) —mmmo-mos —oTEo--o-ios
S : c g7 (x,y) D¢ gh(x,y) )
: i
e / ’
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In the equariou E:g (x,y)/(E:cg (x,y) is ~an additional
° . .. : A
constraint which is introduced in order to renormalize the

v

new set of images.gi to the'total aumber of counts .in. the

initial set g " The new set of eStimates is then couvoluted

<
v

again with the system point spread function thus repeatiug'

®

vthe procedure in an iterative faghion. The procedure will

cont;nue until the DFSQ reaches a’ minimum value or a preset'

VIOW' value., The iterative deblurring process is summarized

in Figure 4.3.

.
.
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Fig. 4.3 Flow chart of the deblurring algorithm
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.. CHAPTER 5

5.1 Deblurring with i’conputer'simulated noiseless phantom

f$he‘ deblurringg 'procedure': was tested using a

:mathematical phantom consisting. of an 8 x 8 pixel matrix

within 8 of. %he 31 image planes, with each image consisting

 of 31 x 31 pixels. The central 8 x 8 x 8 elements of the

" simuqlated object volunme were assigned a;eminimum _inténsity

value of one. Within this volume, four planes with a 4 x 4.

~array of pixeis, offset as shown in Figure 5 1 to avoid
.symmetry,. were 'given the intensity value of two. In the

computer simulation the blurred ;images were Obtained by

convolving the phantom shown in, Figure 5.1 with the'measured'

PSF of the Pho/COn_detector. Ihis PSF was meaSured at the
r " - }

focal distance of _the collimator (i.e. 8.9 cm from th&

collimator face) and for conveﬁience it was assumed to - be
, E ,4
independent of the distance from the detectdr (spatially

'invariant). Figure 5.2 shows images of planes 13 through 20

of the phantom, with intensity levels 1 and 2, as displayed.

by a Gamma- 11 system using TOMDIS (Hooper R. 1982), a

program - dengned to dilsplay 3- dlmensional tomographic

images. Figure 5.3 displays 16 of the 31 blurred image'

planes obtained from the convolution of the phantom with the

system PSF. These images show clearly the negative' effect

-

of " blurring which obscures the two activity levels in the

‘~ '
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objett. The blurring masks the ofiginal information and

causes a contribution to the outlying planes which in turn
could be misrepresented as true activity.

. In testing the deblurring technique, the logarithm of

the DFSQ value, calculated at each.iteration, was Plptted to

show the speed'of.convergence. Agéin the DFSQ répreéents
the sum of differences squafed betﬁeen the original blurred

image and the new image obtained by blurring the’ estimated

activity - distribution. 'gAé shown in Figure 5.4, an inipiai

fg#t decrease in the log of the DFSQ value 1s followed by a
long tail ’with " a 'small‘ slope indicating ‘a - very - slow
cddverggnce.' It appéars that be&pnd the 10§h iterétion.very
‘liEtle is géingd in recovering the o;iginai distribution
'fugction. Thus altérnafe ~c§rfection factors éhd@ld .be
introduced 'in order,é@ speed up the DFSQ éonvergence after

the first few iterations. In Figure 5.5 tﬁe phantom blurred

images. are shown with the lower count threshold set at‘0}3.

vbf the maximum pixel countA in tﬁe - image planes. These
images represent the initial estimates which are used in the

deblurring routine. Figure 5.6 through Figure 5.8 shoﬁ the

effect on thé blurred'>images of the deblurring algoriihm~

_after '5,10,20 iterations. Noticeable in these imiges is the
increaséd contrast betWee§;}he two intensity levels in thé

brigipal’phahtom whicH:can,be distingﬁished after‘only a few

L S

iteratiodns.” Also noticeable are streaking artifacts which

occur at the'cornefs of the images. These are probably

caused - by the sharpiiﬁcrease in the intensity.levels after

the first few iterations. This  effect is "slightly
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Fig.5.1 Phantom image planes showing the intensity levels 0, 1,

and 2.
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‘Fig.VS.Z ' Image planes 13 through 20 of the ph@ntoulas dlsplayed :
‘ by the Gamma-11 system.

. . ‘\ ’ ' o .
\

' R RIS . : -
' e voe i X . .
)  prm
L e A
° ‘ . ’ v N g ; ‘x .

Fig. 5.3 Blurred image planes 9 to 24 5ca1ed to the maxxmum plxol
' count in the set of images.
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50 by

m ¢Lm{n1shed after a larger number of iterations,‘as'showh in
N A .
Figuge 5.8.

To démonstrate the effecé that fhe threshold level hqs
on regaining the‘true distribution, two images were obta}qed
using a cuf-off level of 0.25 and 0.35 of the maximum count.
‘?igures 5.9 and 5.10 show the deblurred images obFﬁined with
0.25'aﬁd 0.35"threshold values respectively. The image
obtained wiﬁh thg 0.25 value agpeérs io'be no>differént from
the image obtainedsusing the 0.3 threshold level and the
same number of iterationms. In the case of Figure-S.lQAthis
is not true,siﬂge some of the information has been iost_‘at
fhe edges of. the 1image planes 13 to 15 and on plane 20.
Figure 5.11 shows &hé effect of“different thresholds on the

'DFSQ' convergence. " The higher threshold cut dff'apﬁgars to
improve the conQergence even after an iﬁitial" ﬁigher value -

for the DFSQ.

5.2 Performance of the deblurring algorithm in the presence

g£ noise

The pefformahce of the 'deblurring technique in the
presence of noise was tested wusing the same . computer

+

_sihuléted phantom described in the above section and with a
-suitable _teét 'phanpom; which was imaged with the Pho/Con,

producing a set of 31 image lplanes. In the .computer
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‘Fig.‘SJS Initial estimate of the blurred image for planes 9
: ! through 24. C -

o ) .

: #

Fig. 5.6 Estimate_after 5 iterations.
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Fig. 5.10 Images of planes 9 through 26 after 10
- a threshold of .35.
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Fig 5.11 Convergence of ‘the algqrithm fow the threshold
values (o) 0.25,°(+) 0. 3,‘&~and (®) 0.35. o
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',g/simulation, ‘the noise Jin;che'rimage vas considered  to be

/'rspatially independent similar to the method of ' Chu "and Tam

"(1977) X 'With’ this appréach~ the various image pianes are

.

fkmunaffected by the noise in fthev surromndingﬂ planes. This

~‘vc:orrelat:ed by the blur function.

technique howeve\,,might not be consistént_Withhthe‘way‘true

noise is introduced in, Pho/Conffimages, where statistical

’fluctuations fiin. the reconStructed> planes are strongly

The 1evels ef noise considered were estimated from the

maximum number ‘of counts expected in typical Pho/Con imaging

‘proceddres \ The three 1evels- of noise considered varied'
" from -a low imagep count of - 100 counts maximum in a single

‘pixel;s'as vOne@ would 'expect in a Ga-67° scan.' to an

.,intermediate value, slightly in excess of 1000 counts, which:

'Y
. P
s

'“is&likely to occur in bone :imaging -using a/%nts labelled

S

'with .Tc;99m. .‘A third level of 10000 counts in a single

pixel was also 1ncluded in the analysis, although never

'observed clinically.i The three count levels provided images

with statistical error of'lOZ, 3%, and lz‘respectively. The
errorUfunction’was calculatedegsinguthe appropriate gaussian
’ . - '

curves with the standard. deuiatfhn defined by the 'above

‘.image counts. . Each- gaussian curve, extended to three

fstandard deviations, was divided into 100 equal _probability

(A
'.1\

areas. The error in  each pixel in the blurred image was

A}

]

-assigned usivg a random number generator_which'was used to

map the argument of -the error function to the individual

. |
a - |

s X . N <«



S x 147

pixel in the blurred imdge. ‘ o '
. : ¥
" For the\eorrelated noise study,' images of - a phantonm

consisting Qof two cylinders containing two levels of

o

activity in the approximate ratiu’e{ 2:1 were obtained by

‘imaging a test phantom with the Pho/Con. zhe smaller of the"

"9 ) -
two cylinders, containing the higher level SRR vity, -was
placed off-center within the larger onh f ndicatedﬁin

v o :
:

Figure'5.12. Also indicated in the figure are the onsitiOn‘
of the reconstructed »image planes, relative . to the two
cylinders.”,The separation between “planes is ‘constantl.at
0.81 :cm.. The matrix .sizeﬁ of 3lx31 pixels with a single

pixel dinension cf‘>0.54cm 350.5hcm, provides ran{-adequate‘b
scﬁﬁ aééa toi‘cover the wentire size of the phantom. ihe
phantom was. scanned at threeyjdifferent scan 'speeds, thus
yielding three different count rates: The digitized Pho/Con

/ N ,
signals were stored on disk in 1ist mode. From the list'J‘
data files .computer seconstruction _.using'. a-:simple'

back- pro;ection allowed oné .to produce blurred images of the
—a / 4 .

_test phantom. In -the Feconstruction the point' spread
. i ' ’ \

function of the system wasvkept constant, at its best value

'measuredikat the focal/ plane.  These tmages allowed’ the

deblurring algorithm to be tested in the presence ©of " true

.

noise.. |
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Fig 5 12 Slmplified diagram of the real phantom used
i to test the deblurring, routine. The graph
s-8hows 9imensions and relative positiOn of

) ﬁ’the Lwo cyllnders. v
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\9.2.1_ Deblurring of computer simulated phantom with noige

S
Using the. deblurring algorithm described in Chapter 4,

an sttempt was made to deblur noisy images with statistical
fluctuations va;ying from 1 to 10%. The performance of the
algorithm was -again tested using the eonvergenCe.of the
global difference square between the original set of blurred
images and the new. one'obtsined‘by biurring the adgnsted
estimate of:the ‘true iactivity dist&ibutiont Figure 5.13°
-shows, a plot of DFSQ'yersus the numbet of iteratiins. Fot
convenience tneAlogarithm of DFSQ 1s wused in order to

“accomodate ‘a iargen range of DFSQ values. As clearly shown
@ 4n Figure_5.13, the increase in the .non-cofreiated noise
level in_tnefimageishifts the curves to higher values. This
slow decrease in tne logarithm ot DESQ can be attributed to
t%e incteased noise in the new estimate, introduced by the
convolutign opefation at each iteratiﬁe step. The higher
the value of DFSQ .the more iikely the‘nem estimate will
. 1oose a11~the‘information cohteined in the initial blnrredb
image.'e Moreover, with increasing statistical_noise,.after
few'itetations‘very littleviS“gained in the recovering oti;u
. the original activity distribution.
| Figure 5.14 shows the initial estimates‘_Of plane ‘17,
flwhich " contains intensity levels 1 and 2 together with t@?/
final estimates of the distribution for the ”three selected

nmoise 1levels 1in the images. The 1nﬁ¢ial estimates were

P
obtained using a lower threshold le@ l‘which produced faster-

convergence in the values of DFSQ. In the case of the image

2

-
@&
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Fig 5. 13 Convergence of the DFSQ value for blurred
images of the computer simulated phantom with
statistlcal count error of (a) 10%, (b) 3%,

. o (¢) '1%Z, and (d) no error.
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Flg. 5. 14\,Imge of plane 17 of the computer sumlatlon of phantom
~with varying uncorrelated statistical noise. 10% count
statistics a) initial estimate,.

A

iterations; 3% count statistics,

b) - image after 4
c) initial estimate,

d) image after 10 iterations; 1% count statistics,

T

>

@) initial ‘estu‘mte f) nnage after 10 1terat10ns.

K
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with the 10% statistical noise (Figure 5.14 a, b) the two
levels of intensity  present in the phantom are mot easily
identified on either the ofiginal'blurred image nor with the

esf&gagg/obtained after four iterations, For this image the

has terminated 3aftef‘ four 1iterations
. Since ﬁhi‘DFSQ value wduidvﬁot chagge for increasing numbers
“Jgf'iterations.‘ with impréved statistics (Figure 5.14 c, d)
the deblurring 'prpcesg .appears‘ to slightly improve the
.cbntfast'bgtween the two intensity " regions. Hovever the
propagation of noise distorts the image by producing‘aréas

éf high and low counts. 'As shown on the'three.estimates thek.
ﬁiﬁcreaséd amounf ‘of noise  makes the déblurriqg process

’

progressively more,difficult.' It appears that for imdges

»

withv Edunts lower than approximately 1000 counts per pixel

the deblurring process fails to produce any improvement,
leaving the -original blurred images more suitablé‘fof the .

evaluation of Pho/Con tomographic planes.
. It is evident that for non correlated noise the present

deblurring algorifhm fails to effectivély remove the

off-plané~activity in the images. .In a&ditioﬂ,‘it tends to’
S o . e

amplify the mnoise which arises purely from statistical

fluctuation.in counts, as clearly shown by the lower cqunt

4

images.

~

3




153

5.2.2 heblurrin& phantomfimegéi with correlated noise
. g ] ‘ Wi l

_ The cliuical phantom employedxtO'/;est the deblurring
routine show‘i“ in Figure 5 12 's ‘imaged with the Pho/pon
’_ using three different eean speeds allowing the maximum count
bin each of the reconstructed sets of coronal images to be
varlied. The maximum counts in a single pixel registered for
the three sets of longitudinal planes were 327,.698, 1560."i
These are(typical counts per pixel normally eucountered in
clinical "etudies suitable‘ for the Pho/Con tomographic
ecauner. Figure 5.15 shows t;e variation of the DFSQ, on a
logatithmic scale, versus the number of iterations. Evident
in all thiee curves is a minimum value .which' is reached
after only few iterations. The three curves ;are very
isimilar in shape, byt ehow differeht initial walues
'dependent on the - number of non zero pixels‘in the initiel
estimatest For theseAreal .phantom images the 'deblurring
process wes.termineted whenever the value' of DFSQ reacheo<a
minimum. Figure 5(l6 through 5.13 ehow images of the
initial test phantom with a lower threshold cutoff of 0.15
‘of thebmaximum count, togetheri with the final estimate
'obtained ?fter‘ that mumber of iteration for which,the DFSQ
value ie a minimum. The. 16 ”plenes oispleyedv in these
.Figures, image plahes 7 through.22 cover the entire.phantom
.volume. The higher activity volume occupies approximately 5
‘places, including planes 12 to 16.

In the imagee with Tow counts the'noise is enhanced as

was 1n the <case of uncorrelated- noise. "There is however
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Fig 5.15 Change in the DFSQ value for imagés of the real
phantom with maximum pixel count of (a) 1560
counts, (b) 698 counts, and (c) 327 counts.
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Fig. 5.16 Images of planes 7 thfough 22 of the test phantom with
. maximum pixel count of 327, a) initial estimates b)
 images after 5 iterations.. ’ ' '
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Fig. 5.17 Images of planes 7 though 22 of the test phantom with
© maximum pixel count of 698, a) initial estimates b)
images after 6 itcrations. | '
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Fig. 5.18 Images of planes 7 through 22 of the test phantom with
maximum pixel count of 1560, a) 1n1t1a1 estimates b)
images after 6 iterations. ,
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sbme_edgefenhancement which helps to differentiate

regions ;of high and low “activity. In. all of the images
the;e is/a decreaée of blur distortions in the outer planet
feducing\\the shadow of the higher activity region projecteﬁi
on these planes by the system blur function, . The noise.
bre?agation . appears to be less pronOunced with improved
fstatistiesein the'image‘as shown in Figures 5.17 and - 5.18.
‘Noticeable in these"images; and particularly" ih. tire-
deblurred images, is a raster artifact which occurs ‘at the

focal planev of the detector, This artifact is due to the

~finite index width of theé scan.
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nucledr medicine.

W . .CHAPTER 6 " -

C e : . ‘ “'? ‘ .

6.1 Conclusion And Discussion

v
iy

Recent d&velopmenta of tomographic techniques employing
rotating gamma cameras ‘has lessened some of the inm@re’t inj;
the tomographic capabilities of the Pho/Con andw otheﬁgy
limited .angle tomographic ayatems (for example the seven
plnhole collimator or the slant-hole collimatorl. 'lTht«
demand for devices capable of performing reconstructions:
from projections has been redeusly stimulated by new camora
technology ‘capgﬁles of fulfilling ‘some of’ the stringent
requinements of Y—ca;era ‘SPECT, namely linearity, uniformity

. S
and*improved fesolution.
o Raiionuélide tomographic systema~ can be classified

B T, é . 9

according‘ t‘ vthe ‘type of'images which they produce. Theyjr

¥
°i!

can periorm iongitudinal tomography giving coronal sections

g

in,-a planeggparailel to /the major axis of the body, ofﬁﬁﬁA

alternwmiVQly;tranéverse tomOgraphy producing axial sections

iu plxne .Zt; right angle to the major axis of the body.

WTth bouh these tomographic methods, one* can have scanner
B :

¢
J“‘

baqed ?éjstems or' gamma camera based systems. Table V Iists

N, oW, 5\

&ommonf1$£ECTi Bystems, presently employed <clinically fin

J The ?iongitudinal tomographic systems - include the
Pho/Con multiplane imager and camera based systems employingv

special'purpose collimators such as the seven pinhole and-

159 ., - .
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-jsinee' these are largely experimentalﬁsystems. Longitu&inal

~data. makes the reconstruction seqpitive to the object andC&;

vPhotons, 1n3 traversing wthe target: organ. and surroundingi'i

.many.- the' pnoblems associated with bl_;

;compensate -for the following factors.t"

£

'slant-hpleqvcollimators. ;

m

‘L

tomographic devices reeongtruct coronal imagesy with data‘,;

‘originating from 'a 1imited angle, hus using aq incomplete

e

set’ of anguIar samples. Tﬁe limited an;ulaq rangé dﬁfﬁthe.'f

systems geometryp\uoise in the signal and ettenuation of
sﬁ : .

Struetures; In view of these limitations, systens wh ¢h us

Q;_, ,; - -
B f

R *\n

faf‘complete set of projecgions over the entire angular rangp

are more advantageous in emission tomography. The advantage

» o 1 ) . ' “’ = o - ‘

offéredv by these' devices [isQ that they sel"inate.ftﬁe=f“

.. 3 . u"

~Ainterference of surrounding tissue activity and thus avoidi_'

tomography.g:Off

‘the transverse section imaging systems, the mo t widely used

- are: he rota ing gamma ~camera based systems...The-added»fs

w

l"' 8
2

.attractiont gf' FEw latter dkwices is th;{‘ability wofﬁﬁf
inCluﬁiné; 'inﬁ"the | reconsiruction,,f terms’ which willfsf

] . , 5 »
i ; S . R et

, 4 . o -
L . . : L 57

“a) gamma ray attenuation and.scatter
-~ b) variabilitv.ia_mhe}detector'sensitivity»

B ;c)fsysteptcalibration‘aud alignmgﬁ§“‘
» RN -" . | : . . v“ ¥
e s Lo ) 4 e ) .\
' d) patlent motion and other physiological factors
OTEE R ) T o
. s o
; ' N P o : oy
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T el
ﬂ

:?Note that t“evabove listed parameters also affect regular

"‘planar nuc éhr medicine which can be viewed as an extreme

",

fﬂ case of li ited angular sampling with he -planar image

'fyrepresenti_g ‘a single projection Qi‘the volume qf activity.
. . " ! LN .
Included ;iﬁ. TaHle v v‘some i of the'f operating

Hf‘ehaﬁgcteriStics for the listed tomographie systems as
hreported An the lftiisfure. The type of appIication&of the

p,given instrumenﬁwtion reflects_ the most useful and ¢ommon..
Jnimaging procedure for°7,which -$itwb 183 employ{d. . "The.

RETES

3i'qu&ntitation of the spatial resolution, divided {into coronal

'andvaxial, is an.attemptito identify . he typical 1 _iting

yalues.
e S ) R R
: In\;thergéaseivof; the sensitivity, = a quantitative

"comparison was more diffieultﬂ not -only because _of the

variability in the experimental design, but QMre so because

’ofﬁvthe number,’of functional parameters employed such as

3

lﬂcOIlimatorJ,:typeuof' scintileators, signal handling eté:
hV;The qualitative classiiication employed in Table v r?ﬁges‘

from, or (*), average(**), 'good(***),‘iand superior(****)
"With_~respect‘_to-sensitivity, scanner type of SPECT systems

,have;pin general, af higher ‘sensitivity‘-per _reeonstgucted
e;sliCe " than ,‘equiva1€nt Acamera. based‘_systeus.if‘H;;ever
L4 . .

'Vrotating gamma‘camera SPECT devices have an: overallb higher{v:
sensitiVity'{since"they vare able_ to view the organ as ahs

.whole; Note .thatf collection ‘efficiency‘ is i dependent.

- -~

bprimarily 9on the detection solid angle which is roughlyf
-proportional to the size of the useful detector.'area." All;”
if‘the devi%es Mlisted in Table V with the exceptiongof the‘

v ‘"--/1-' : A



(‘\ N S ) *

A
163
?ho/Con, require computer ‘support ,to produce -t0mographic‘}5~

images. . - The coat shown in the final column refers only to

’ ‘y,

‘the basic detection system. 'f o R

T
A
"

From “the tabulated ‘data: appears.‘that furtherv

U;denelopments, in radionuclide tomography will most likely bq.

'coriented towarde systems which perform 'transverse saction; <,
fimaging., . The most~ usefulv‘are ?amma camera based systemsl
which can perform regular planar “nuclear."medicine iimagingl

t‘with :the same instrumentation. The bas%c 1imitation in the,;v
‘use of positron imaging as. a routine clinical investigation,7

. is:qthe accessibility of the required short lived positronﬂ

emittegs; This makes dual photon imaging practical only for

™

or

those’ institutions able ﬁ*tp, produce ;,theb‘ neces%ary."

'radioisotopes on site.d L,
For longitudinal .sect imaging devices, ‘the_Vmain‘

‘limitation associated witﬁ he reconstruction 1s the limited“

v‘angular sampling. aThis resul 8 in an error propagation due

tog the forwafﬁ and backward c:os:
B

-talk b the ima lanes.

. 3 y.. mage p b
: Thegnoiseh:correlation between‘ planes Lo !hsed by"the '
activity"\inl ‘tne_ surrounding tissue;{whihh is :blurredv.

tthroughout' the, reconstructed -volume.g_ Theﬂ proolem'Q of

.blurring ‘in limited angle emission tomography can in part bele
:handked by 'esorting to some a-priori informatton such as;

Iﬁtne” knowledge of the blur operator existing between p}anesln
'and;.knowledge.;ofistne: geometry,i- ff;l&héfj organ . undergcx
iinVestiéation}?:f.on::tnesef'reaSOnsf 1ongitudinal »section

; timaging systems are employed falmost‘ exclusively ﬁﬂﬁ&ér&h”

}specialized *imaging hituations."gAs? awﬁ.examplephcardiac*

RN - A



‘*naging with 'the 7-pinho1e‘ uses advsntageously a-priori

i , L
',infgrmation about the shape and orientation of the heart in

oo ;
_order to reduce the interaction between the image planes.

However, with lsuch a \ﬂystem, the proper alignment of the
detector with the heart ma jor axis is essential in order to -
produce> clinically significant inages, since a Slight
jmiselignment;: even\'of‘ few degreesi ‘can .cause '“serious
artifacts "('B,udi:nger T F 1980).c For this'reason this method
‘ has not been very successful. For the specific case of theg
:Pho/Con, the deblurring of:- images has seen limited success
with both analyticai (Hooper et al 1979, wkens et al 1980);‘
and. i}erative'«methods (Garcia et al*1981). The limitation
in theme of’ the d:tec'tor and consequent limitation in -

depth resolution anne,ffﬁhuce ‘the usefulness of this deviceiz
and 1imit the type of apﬁligﬁﬁion for which this system can ¢
v ) '

be of clinical ‘value. . The Pho/Con is wse‘?l in the area of
‘whole body imaging, particularly fn thqﬁdetec%ion °‘h ‘highly

localized radiotracersd where it provides si

’ageouQa
anterior‘and posterior shole body Views. obtained querf'
equivalent ‘inaging» conditions. ~ The use of™t he Pho/Con is

irestricted to clinical investigations used _ip//ionjunction

ith ‘tumor seeking agents, to asses‘;%he extent of spread of
malignﬁntiesi When applied, to bone imaging the system can

,tdifferentiate'jismall, - less active lesions fron nornal

'hstructures or it Canienhance uptake yisuaiiZétion, ;heiping
to eSeiectftthebproper site foriboneubiOpsy‘foguexample.‘kIn
the detectionfoflhot'lesions the . blurring caused by ”thee'

surrounding ‘structuré% is reduced . considerably"thus

-
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providing for 3reater multlple depth information. The depth-

Information 1s limited by the amount of correlated noise in
‘the longitudinal planes. Imagea produced :y.i the Pho/COn“""

could bev somewhat- improved by upgrading some of the gamma‘

0

camera physical'characteristdcs and possihly‘ by modlfying
the collimator g@ecifications.« Theae changes would improye

the gamma camera performance in such areas as spatial"and

L

energy resolution,thus incrigsing the sYstem resolution‘end'

depth discrimination.. .

‘In analyzing'-the camera performance -

number of changes could be suggested whicfn['g'" case
the 1 a‘i the &
e ntrinsic spati resaiution, energy reso the ™
aQ e K - g~ 4
camera’s 1ine£kity.@? .To, “:' Jvever; wOMNE )b e rather

iqappropriate since the i 0/Con 192 model has

altered ‘the gamma‘ camera# -for some .of the

p

:.‘iﬁétions in the 'earlvie " odel. Th’e <new - camera
B >guration‘ will be discussed briefly later. "For mnow it

>

is important to analyse the effect that the camera’s lack of,.
‘linearity and. both spatial and energy n‘.ﬁiution heye on-the
overall system performance. v o -E'ﬂf~ o R

As demonstrated in Chapter ag the ’spatial"dtetortionsv
of‘ the gamma camera did not produce a noticeable effect on;
vtbe'éfﬁﬁemfﬁqgaﬁﬁarity.. That*isx the sp&tial dimensions; ofﬁ;‘
pattern"in phantom were’not altered. This ‘can be attributed'
to the fact that the/crystal signal represents only a smallf
lfportion'dof’ the overall%ﬁbsition‘\{gnal as indicated by the.m(

- T A

»coordinate equati ,* Eowe%er, the. 'camera ‘s non-linearity

as.,observed, 'causes the diSplacement of events towards thefj

“

< e
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centre of the crystal.- This will - degrade \che depth

g
5

+ 'resolution ~and hence -cause a. reduction in the tomographic
effect. As discussed above, the tompgraphic effect is
. 1:' A -

produced by.‘the quantities‘ Xi(D/H) and 4Y1(Dlﬂg i@ the

expression for the coronal images. Clearly for ia"fixEd_
s, .

valueu of ;(@/l)j a ,dekrease'in*the value of (X1, Yi) due to
'.camera mon‘lineatitynwill reduce the value,‘ Xi(D/H) _and

'-Yi(D/H).‘ 'By the same argument, the depth resolution of ther‘

‘\\;ifgtem‘could be further increased 'y increasing the ~ciystal

size in, the gamma camera,
B foe .. w

. L
The second. parameter which needs to be improved, from

-

thef present .1.5 centimeters, 1is the amera ‘s intriasic
‘spatial;jresolution. Curreat camera teﬁvnology is - now
B - N A
cﬁpable" of . intrinsic spatial resovﬁﬁions which are

' approximately a. third of that measured _in “our system. A

three-fold reduction of ‘the camera ‘s tntrinsic reso}ution

shquld considerably afinprOVe the system‘ s | resolution‘ Forsr

i example, gt five centimeters distal from the collimator s
geometrical focal boint a. 3-fold improvement“  of the
”intrinisic resolution. could improve the Pho/Con resqlution
by approximately 8% from the present value, the improvegggtf’-

\ would Dbe 102 for 5 centimeters proximal frgm the collimator .

'focal point. According te” the expreé&ion of. Ro  given .in_

Chapter 3, at the focal depth the degradation of the system

resolution ‘due to the gamma camera’s 1ntrinsic resolution is

S

'fnegligibleu

Improvement of the energy resolution from the"present

A 4%172““at*¥140 “KeV. is desirablg. This would allow a&;reater‘
‘ R ] . o . R S .

"



fﬁfjgrr ' - |

o . S 167

a
‘ S A SRR
rejection of seaftered events thus producing images with.

sharper detail, * '1 s , o .

]

With regard to’ collimator design,,the changes should be7

L A

directed: at improving the depth resolugion of the system.;
L=

This can be done simply by increasing g eﬁlsdte of -tye.

. collimator to ‘ﬁareiiel. the increese in siﬂibdf the” gamma

*

camera. ' In addition ‘one should look at the possibility of
shielding the central ;portifn 9f the collimstor, and so

altering'the minimum veluevvfor the acceptence- angle' as

w

demonstrated in Chapter 24, -

b A

;«21;,,*‘3
“ﬁne exam le

“bf the improved depth discrimination uhich

can be achieved by screening some of the centuaf'holes of
& | ‘3".} e 'Q;;_.’t*.‘w;

the focussing collimator ‘isiﬁshown :in Figu?e 6. 1. ‘ Thgse'
curves represent the point soufee’ response, measured along

the collimator axis using a Co 57 source for various minimal
acceptance\angles. ‘The outér curve 1is the response measutédA
\without shielding'followed by curves where the centrel.‘hole‘
and increasing number of hexagonal~hole_erreys‘have beent
shieided. rigﬁ¥s 6.2 shows the change in depth ;resolution
.ﬁ_(ﬂvérsus ‘the minimum acceptence' angle V_; As shown in.theu
‘grapﬁ:the resolution 1is improved by . 0.5 eencimgters- by
reducing the minimum acteptance angle to 42 degrees. This
corresponds to the shiefding of the centrai hole togetherw
Lﬁﬁpith '; f »consecutive arrays of 'hexagonal holes.vv'lhe‘
improvement in the 'depth résolution however, is. at‘.thsw

expense of counts,'as indicated fh the same ‘®i ire 6.2; In

the‘exampieigiven, the loss is approximp’ ‘340%. This"

.

.count ~loss ¢an be ‘partiplly- recoGered' by improving the
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angle of 0°, 12.8%, 27.8°, 41.8°, 54.6° begiming with

the outer curve." b
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_camera energy reeolution thus permitting

‘analyzet energy . windov (20*25%). Furt

~
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use of +a ‘larger

her counts can be

- regained by - increasing the size of thg««@etector. ._ihe

improvement of the depth resolution using this method could

cause artlfacts in the reconstructed image

\\needs to Dbe demonstrated. As stated ea

.
%

improved Pho/Con 192 has overcome some of

8. -This however.
rlier, the new and

the - limitations

of the old system’s limitations. The‘intrinsic resolution

and linearity qf the gamma camera have been increased Dby

increasing the number of PM tubes

phoaocach@n% diameter.,'Thd&’original 7

'and reducing the
S

PM  tubes with a

diameter of 7.6 centimeEErs are changed in the new cameta

i, \

o head\which is now! provided with 19 - 5.1 ¢

v
4 ¢
.

48
"improved the energy resolution from 17%

photon energy. - This improvement is the re
light collection efficiency in the new

slze of the crystal was increased to 24 ce

entimeter diameter

phototubes. ~The increase in number of PM tub'led to
) 4 f
a decrease in. crystal‘ thickness to 1.27 cent rs has -

t0'1&% for 140 KeV
sult of the higher:
camera head. The

ntimeters from the -

present'rZQ centimeters in diameter, With respect to the

design of the collimathrs' the only cha

.increase  the \eometric focal depth ‘f

céntimeters. Thie‘was done, it is assumed

plane readout at greater depths in the subd
.k

0f more fundamental concern, however,

function that the Pho/Con can play 1

¢ ) ‘

- medicine department. In many respects - it

nge ‘made was - to
rom 8.9 to 11l.4

, to provide focal
!
ject.,
is the overall

n a modern nuclear

s role has been

e Pueny

var

@
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superseded since the onset of SPECT tomogrephic teohniquos-'» D
employing notating.gamma,cameraq.' Since the beginning of .
this study about the Pho/Con, emission tdnographymin nuclear

/

nedioine has made considerable technicaf advancee elongeide

with the development of ganma camera SPECT eyetens. Beoeufe

' ;
of this, SPECT syeteme enmploying gamme cameras have bnqone o
the method of choice in emission tOmography partly alao for
their ability to produce tomOgraphic 4lices which are, '1ﬁ
mang respects, equivalent to trans ission CT images. IThe

- A\
progress made 1in gamma camera E T. has. minimized the

/

usefulness of ' the Pho/Con, limixing its, use, almost

exclusively, to whole body imaging pro%edures. W'Thie study
‘has also shown “some of the intrinsrc limitations of tﬁe
Pho/Con as a tomographic. devicemresultyhg ‘fromv poat depth,‘
resolution and Dblur artifactﬂ in thelreconstructed image

“w

It is anticipated that further develophents in the limited«',
. ) h » :
angle reeonstruction methods will pnly marginally ﬂene y

these fundamental limitations and an attempt at overc min
' |

v S
~these ‘limitations is worth;while. fin view of the systems \\
y ; ' . ' )

which are presently 1in operation. 1 Even witl‘;m marginal ,
improvements in the. resolution "*and the deblurring‘ i
techniques, the future of- the Pho/Con _multiplane scagner |

appears to be marginal. L B
! M L

| ¥ / . 1, —

- ‘ \ 4 s R N ‘Y ,' ’ \
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'Deblurrin&‘elﬁorithm}\ a critique

\ % ' . ‘ R R ‘u
* Il Y

The deb%urring algorithm presented in Chapter 4 has the

advantage over other mathematical approacbes in that it does
not require the inversion. of the blur function in order to -
recover the true activity disttibution.‘ It was anticipated

that the use of iteretivg methods would reduce, in part, the

. problem of noise emplification which occurs in the inversion

‘of the blur funetion. ;The-preliminary”results obtained ‘inxﬁ

the deblurringy of a noiseless computer simulifig/ghantom‘Q

-

were encouraging, since the algorithm appeared to be capable

‘of removing the noise blur compOnent from the outer planes

. which had no &ctivity. In contrast to 'other deblurring
4

techniqueg, %noise is amplified by the convolution operation

. ' T
o at each iterwtion./ The propagation of noise 1is particularly

- pronounced for images with, Poor count st?tistics and in the_f

s

resenc of non-co related noise., As st@ted earlier, . the
P § ¥ ,

ooadd

study hof a. simulated phantom with non-correlated noise is &

! i R

not‘e true representationkof‘the way in which 7the Pho/Con

/propagates -noise nbrough ‘the tomographic olanes. The

/ poisson noise associated with the measured scan data is,

f ' - ‘
// projected ,thrOughout ~the tomographic _ planes in tHe

8 ™ .
L i

’ reconstruction‘correlating\the noise throughout the 1image
»

fplanes as compared ‘to non-correlaned ,noise which {8
o S A ST ' .
4 ?indepenhent, from point to point, -in all parts of . the

X gﬁijueted volume., . ﬁeblurring of low count real
. . e .0 . .. £ P / e L

5 VIR -
ixllgphan%om\images,: obtained gy 5Canning ‘a hot distributed

bl Ao source \in, a warm background,'produbes better results than

\ n

| ) . R 3 . N N
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‘kwith uinulatod data.’ Hovovot, tne proulen ‘; f moino .

" amplification ntill' perniota nnd uethodo of concoinina tho ”';
_ ~ .
 propagation o£A noile showld alno be 1nc1nd¢d n,. *the

. igno,td in order to simplifﬁ

.address the problem of noise‘ptopagation. fThe putcoue will

-effectiveness of this deblurriug method.

~simple multiplicative correction appr

‘within non zero regions in the image, are _modifiqﬁ ;n',fh&;:ﬁl

. initial estimates. ‘ - - - idi . . \AQ' e
alZ

‘&chieved by storing a"seties-of doint‘
'increasing depths. In - blunridg, process each pling;;;_‘

1estimate wszld be matched to the appropriate blur function.

aliorithm.v Smoothing in the fin’*gotasé of the Qpblurrtng

routine couid provide ovneans to red*co the dqf

“udation &n
/ "() e -

the inage due fo cornelated noiso. Smoothing.*hovevor, will‘

Y. : ‘ul ’ VY
likely'pyoduce agloeq in resolution; Pufthhr iuvoetigétion

- © ;
of the iterative deblurring ltechnique should etteupt to

j o

'undoubtedly provide"tﬁe final :answer as ‘tofvghe tnue'

ca °

4
s

With~the present technique the-most' critical "decisipn‘ﬂ

one must make iq the threshold cut off level 1a the initigl

estimate, Such thresholding could eliminate valid, neeé.d

. . - & .
infdrmation which it is ,npt possjble to recover with a
\

the program,'single isolated pixels w{th zero valu@, loctted
R ‘ .
v : ‘ ‘ . g
A “/_/' Lt -
orithm 'the

LS

In the development of the' deblurring

bty

variability of lthe system s' point response functioﬂ was e
'4on/"”f;,

-More -realistically oné. ?usf\\inslude in tn/ bturwfﬁncu

‘)"

[.

TR o ﬂ‘
,Quantitativelx,,i o "’regain : the initial activity

' T E S —e

Pe
L e
b

. ] o .’ - . » ' o ‘ “\ /‘, y o

ach to deblurrins- "1#”;f

'dependfnce with’dgpth.l Im the. implem%ntati n, this coul"gbe_fv'”

méges measun‘ Jgt,f:f .
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-f',t'distributionr itr would be necessary t include .!n'theefﬁ

\'\_; L

‘algorithm an/atgenuation compensatfon factor.- A first ordérV;V

‘o T J

d%tenuation _cor@ection could be ~implementea u@ing a dualEl
.energy window technique since bevPho/Con‘is provided withfh;

*two analyzers for dual photopeak selection.

The present deglurring algorithm uses ‘a FFT to' perform y

; o™
ethe convolution.' The time requirement for each iteration is

.. .
approximately 5 6 minutes and total time of approximately pz

hourso.foro the ‘20 iterations.' It is possible that proper

'tiﬁe‘optimizatiOn of the'various_'pro&pemming stages e ould'

»rfurther reduce the time required for each iteration.

[ : R
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