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High resolution computed transaxial tomography 
has been performed on phantoms containing 
positron-emitting isotopes. The imaging sys
tem consisted of two opposing groups of eight 
Nal (Tl) crystals 8 mm x 30 mn. x 50 mm deep and 
the phantoms were rotated to measure coinci
dent events along 8960 projection integrals as 
they would be measured by a 280 crystal ring 
system now under construction. The spatial 
resolution in the reconstructed images is 7.5 
nun FWHM at the center of the ring and approxi
mately 11 mm FWHM at a radius of 10 cm. We 
present measurements of imaging and background 
rates under various operating conditions. 
Based on these measurements, the full 280 crys
tal system vill image 10,000 events per sec 
with 400 uCi in a section 1 cm thijk and 20 cm 
in diameter. We show that 1.5 million events 
are sufficient to reliably image 3.5 mm hot 
spots with 14 mm center-to-center spacing and 
isolated 9 mm diameter cold spots in phantoms 
15-20 cm in diameter. 

1. introduction 
The combination of radionuclide techniques and 
computed tomography has the unique ability to 
quantitafce the amount of an isotope in well-
defined regions of the body and thereby deduce 
the functional or metabolic activity in vivo 
without discomfort to the patient. During "Eh£ 
past 15 years radionuclide computed tomography 
has been investigated using single photon 
emitters and positron emitters with a variety 
of instruments. 1 - s e 

We have previously described the anticipatPd 
properties of a high-resolution 280 crystal 
positron ring system for computed tomography 
and compared its properties as measured with 
the 16 crystal system to single gamma computeii 
tomography from multiple views using an Anger 
scintillation camera, B 

In this paper we describe the anticipated 
properties of a circular rinq of 280 rectan
gular Nal(Tl) crystals for positron computed 
tomography as simulated by two opposing 
groups of eight crystals. 

In Section 2 we describe: 
(1) The physical organization for coupling 

8 mm crystals to 38 mm phototubes. 
(2) The crystal efficiency urn', resolution 

in space, time and energy, 
(3) The electronics for simultaneously de

termining pulse height and position for 
15,680 crystal pair combinations span
ning a 50 cm field of view. 

In Section 3 we reporti 
(1) The coincidence rate3 and background 

fractions under various pulBe height 
and shielding conditions. 

(2) The effect of lead and indium scatter 
filters. 

(3) The point and line spread functions in 
transverse section images. 

(4) The ability of the system to image ho,, 
and cold spot phantoms. 

(5) The estimation of statistical noise in 
emission computed tomography. 

2. System Description 
2.1 Physical Organization 

The annihilation gamma ray detector consists 
of a ring of closely packed 8 ram x 30 mm x 
50 mm deep Hal(Tl) crystals. In order to cou
ple these crystals to readily available 38 mm 
phototubes we designed a special set of quartz 
lightpipes that directs the scintillation 
light from each crystal into one of five di
rections (-90°, -60°, 0°, 60°, 90°) and pro
vides sufficient separation for mounting the 
phototubes. 

Figure 1 shows a crystal-lightpipe-phototube 
assembly and Figure 2 shows five such assem
blies mounted in one of the 56 frames tb?t 
will comprise the full 280 crystal ring. 

2,2t ^Crystals 

Rectangular Nal{T.l) crystals were chosen over 
cylindrical crystals to maximize the detection 
solid angle. The crystals measure 8 mm x 
30 mm x 50 mm deep; the b mm dimension was 
chosen to provide sufficient resolution, for 
example, to distinguish epi- from endocardium; 
the 30 mm dimension was chosen to permit sec
tions as thick BB 15 mm to be imaged; and the 
50 mm depth was chosen to provide detection 
efficiency without excessive scattering and 
multiple detections in the crystals. Proto
type crystals were supplied by Harshaw Chemi
cal Co. (Solon, Ohio) and Bicron Corp, (New
bury , Ohio). At &11 kev the individual cry
stals have a photopeak detection efficiency of 
25% and for pulses > 100 keV the detection ef
ficiency i a 60%, (In this study the efficien
cies were lower because about 20% of the de
tections involved 2 2 neighboring crystals and 
were rejected,} The photopeak resolution is 
typically 9* FWHM when coupled directly to a 
bialkali phototube. 

The spatial resolution for a pair of crystals 
80 cm apart was determined by measuring the 
coincidence rate as a function of position for 
1.2 mm diameter line sources of 2 I N a , e a G e and 
B 2Sr. The results (Table 1) show that posi-
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(above) Rectangular Nal(Tl) 
crystal 8 mm x 30 mm x 50 
mm deep mounted in a 9.8 
mm wide stainless steel 
housing and coupled to a 
38 mm diameter phototube 
via a quartz ligntpipc. 
Narrow surface of lijht-
pipc facing bottom of 
picture is alurainized. 

(left) Set of five crystals, 
lightpipes, phototubos and 
bases mounted in an alumin
um frame. The full 280 
crystal system will consist 
of 56 of these francs. 



Taole I - Crystal Fair Resolution" 
Haxinun 

Isotope Posit ron em ""it IkoVI Source Hcdlun 

1.3 crs Lucito 

FUHHInnl FK0. 

9.2 

.In (as) 

" « 0 344 

Source Hcdlun 

1.3 crs Lucito 5.0 • 0.2 

FK0. 

9.2 : 0.3 
"u, 541 20 en water 5.0 : 0.3 9.5 - 0.4 

'•"<* 1>JC0 1. 3 en I-ucito 6.0 ! ! 0.3 11.5 : 0.3 
" » C . 1900 20 cm waier 6.4 : : 0.J 11.» = 0.4 
S 2 S r 1X50 1.3 en Lueito b 7.1 : : 0.2 16.5 -• 0.5 
8 2 s r 3150 20 en vator 7.5 : '• 0.3 17.0 : 0.7 
a 2 S r 3150 loa<!c 5.2 ! : 0.2 U.2 = 0.5 

"coincident response of a pair of 
1.2 mm dian sourcos 
to stop all positrons 
to suppress positron range offosts 

w x JO M J x U ra deep :;»H7>.) crystals to 

tron ranyc effects wore noticeable for Gc 
j*ntl **"Sr (due to their high positron energy). 
'**"': Tho ranqo effects wore demonstrated 
by repeating the measurements with the * J5r 
source encased in load. Tho results for "Ua 
show that when the positron energy is low, 
range effects are not noticeable when using 
8 sea wide crystals. The coincidence rate 
dropped by a factor of G when a cylinder of 
water (20 en diameter and 20 en high) w « in' 
troducod but the resolution was not caaaauro-
ably degraded because tho angular distribution 
of tho scattered coincident ovonts is quite 
bro^d. 

The crystal pair resolution shown in Table I 
is a combination of three factors: 

1) tho geometrical resolution (one half 
the crystal width or « w FWHH in 
our case)* 

2) the angular i-ncertainty of approxi
mately 0.8 nr FHIIM that arises be
cause the positron-eiectron system 
does not annihilAta at r e s t 1 1 " " 
(this contributes 1.0 tam Ftfittt in our 
case!," and 

J} the range tf tho positrons in tissue. 

When positron range effects nrc sitali {such 
as for * JSr in lead), the combination of 
geometrical resolution and Angular uncertain
ty is 5 twa FWIK. in agreement with the above 
considerations. The resolution in the recon
structed transverse section is somewhat poor
er than the crystal pair resolution (see 
below, section 3.8). 
2.3 Lightpipc Transmission 
The quartz iightpipos have very good optical 
transmission for Nal(Tl) scintillation light; 
most of the light lost is that which is not 
captured by total internal collection. The 
transmission of the three lightpipes (rela
tive to a ^ircct crystal-PKT coupling) is 70*, 
for the 0° lightpipe and about 404 for tho 60° 
and 90° lightpipes. 

The coded lightpipe scheme discussed in Ref. 
17 was not used duo to the lower light trans
mission (=20»), the resulting loss in tista 
resolution, and the reduced control over the 
output of each crystal. 
2.4 Phototubou 

Two low-cost 31 ma phototubes were investiga
ted in detail, the RCA 6199 and the newer 
RCA 4iSS. Tho gain of both types was adequate 
to provide a 511 keV photopesk anode signal 
of -1 V into a 1000 ohm load. 
In table XI we compare tho relevant properties 
of these phototubes and conclude that the RCA 
4ISS is best for this application. 
Ko are having rectangular phototubes 10 isa i 
35 no fabricated to demonstrate the possibil
ity of eliminating the light pipes and to 
permit the design of a multiple ring system 
fox the simultaneous loading of several sec
tions. 
2.5 pulse Height and Tiao Resolution 

When coupled directly to a bialkali phototube 
the NaX(Tl) crystals have an energy resolution 
of I to 311 PHMM at Sll koV and a crystal pair 
time resolution of 4*2 nt fttHM. when these 
crystals were coupled to RCA 4»SS phototubes 
via the lightpipes shown in figs. 1,2, the 
energy resolution was 10 to 13* FHHH at 511 
keV and the crystal pair time resolution was 
S to 7.ns r*m. 

The 511 keV photopaak pulse height resolution 
of the two groups of I crystals w.-ts 174 FWMH, 
larger than the individual crystal resolution 
because of phototube gain drift (typical St 
day-to-day variations] and the fact that tho 
phototube voltages were only adjustable in 
20 volt steps (corresponding to gain changes 
of 12)). The overall tiae jitter for the 
two groups of • had a FWHM of 15 .isec and Sll 
of the true coincidences fell within a 20 
nsec coincidence window. 



Tabic II - rhototub« proper t ies 

Tube Typo RCA 6199 
?hotc-cathoclo S-l l 

Photocathodc radiant 
s e n s i t i v i t y 
{microfl 

Ho, of tubes tes ted 

Dark pulse r a t o b 

Tine resolut ion tFWlM)»*c 

Energy r e s o l u t i o n 0 

(FWJIH a t 511 koV) 

Pulse height var ia t ion 
300 to 10,000 cpa 
511 koV 

$00 to 10,000 sec" ' 

5-X2 naoc 

fcCA 485S 

ilia ilea U 

SO to 200 sac**' 
5-7 nsoe 

ttceasurc.-&cnts supplied by RCA far a Urge nuwbor of each type. 
bl5 KcV threshold 
cusing crystal-liyhtpips-phototubo assembly *s p«r rig. 1. 

2,a Electronics 
The electronics were designed for t**e full 280 
crystal ring £fig 2) but only the cordon 
needed to run two groups of 6 crystals was 
used tcx the studies reported in this paper. 
A tining signal was derived {TOT* the loading 
edge of the *nodo pulse by a threshold dis
criminator located at the base of each photo
tube. The anode pulses wcro -IV for the Sll 
fccv photopcaSt and the threshold discriminators 
were set at -3Q»v which corresponds to about 
IS feov. The tiding signal was subsequently 
reduced in width to 20 ns and OfiotS with tho 
corresponding pulses fross tho other ? crystals 
of tho group. The resulting signals fron tho 
two groups wuro then sent to a coincidence 
gate which required a 10 ns overlap. Tho 
effective coincidence resolving ti«c was 20 
ns. The tiwing differences asaong the various 
phototube channels were conpensatcd by adjust
ing RC integrators located between tho thresh
old discriminators and tho l.S »s one-shots. 

In the full syatos the elating signals frost ehe 
280 bases will be OHad together in groups of 
S to qonerate a tiding signal for each of tho 
35 groups. Each group will then bo put in 
coincidence with the opposing 14 groups (112 
crystals) to provide tho 50 era field of view 
needed for clinical studies. Thus only 35 
coincidence gates ore uuud for 2-55 group 
pair combinations US,636 crystal pair combin
ations I . Tor tho studies reported in this 
paper a 30 en field of view wan sufficient 
and only 8960 lino integrals were Measured. 

Every eiste a coincidence is detected between 
two groups the following takes placet 
{J) additional circuits determine the 

addressos of tho crystals involved 
and provide reset pulses if this 
includes noro than ono crystal on 

each side. A switch selectable op
tion provides additional aonsit.vity 
by peraitttng adjacent crystal pair 
detections to be used. 

(2) ThO analog signal fron tho last dy-
nodc of each tube is gated to one of 
two analog-to-digital converters. 
For tho 16 crystal synton, tho digi
tised pulse height wan electronically 
compared to ,•» pulse height window 
defined by nanual switches, for the 
full 2«0 crystal system a digital 
pulse height window will bo set auto
matically for oach tube by a Calibra
tion scquonne controlled by a »*cro-
proccssor. 

z.? £&L atal Cross- alk 
The olectranics wore sot to veto any event 
whore either coincident ganesa ray interacted 
in esore than one crystal. To aoasvre this 
effect a wcli-.-allinatcd bcn» of 511 *toV garwaa 
rays * 1 ca wide was directed toward tho contor 
of a group of 8 crystals, with threshold: dis
criminators set at SC J:cV, single, double and 
triple crystal interactions occurrad with a 
probability of «4i, IS* and l.o* respectively. 
In this test the aultipla interaction veto 
rejected 16« of ebe single garusa detections 
and 301 of the coincident events. Of these 
nultiplo interactions, 62:31 involved adjacent 
crystals imtl 22u*» 9i%\ and 6-n involved 
pairs of crystals separated by 1, 2 and 3 
crystals respectively. 
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FIG 3: Block diagram of the e l ec t ron ics for the 280 c r y s t a l systcrc. Sec 
sect ion 2.6 of t ex t for d e t a i l s . 



3. Imaging Procedure and Results 

3.1 Oafca Collection 

To physically simulate the 280 crystal system 
we s-.st up two opposing groups of eight crys
tals and rotated various test sources (phan
toms) on a turntable between them {fig 4). A 
pair at lead blocks 20 cm x 20 cm x 5 cm was 
placed in front of each crystal group to form 
an adjustable shielding slit 20 cm deep and 
typically 1 to 2 cm wide. This shielding de
termined the thickness of the section to be 
imaged and blocked radiation emitted by acti
vity external to that, section. One group of 
8 crystals was moved to 4 positions and at 
each position the turntable was automatically 
rotated to 35 evenly spaced angular positions. 
At each of those 4 x 35 « 140 views, 64 combi
nations of tnc coincident crystal pairs were 
recorded on magnetic tape by an on-line mini
computer. The resulting 8960 crystal pair 
combinations uniformly spanned a 30 cm diam 
circular region. These data wore organized 
into 140 views (1.29° angular sampling) of 
64 parallel rays (4.9 mm spatial sampling)'" 
The set-up used four RCA 4(?5S's and 12 RCA 
6199's. 

i.Z Reconstruction of images from Projection 
D a t a 

All the images presented in this paper wore 
reconstructed by first correcting the projec
tion data by attenuation factors calculated 
from the known geometry, then filtering the 
projections with the filter suggested by Shcpp 
and Logan ' and finally backprojecting 
those filtered projections into a circular 
array 128 pixels in diameter (2.45 mm/pixel). 
(When a coarser 64 pixel array with 4.9 mm/ ?ixel was used the image resolution was serous ly degraded). The reconstructions were 
performed on a CDC7600 and each required 12 
sec of central processing time. 

3.3 Coincidence Rates .ind Background Fractions 
for a Line source on the' Ri.ng~ftxis 

The coincidence rates and background fractions 
were measured using the set-up of fig. 4 and a 
line source of **'Je (1.2 mm diam, 90 mm long) 
positioned on the ring axis. Three categor
ies of time coincident events arc: 

It was necessary to correct the projection 
data for variations in sensitivity among the 
8 x 6 a 64 crystal pairs. These variations 
were typically 101 and ranged aa high as 301, 
due mostly to variations in the size and time 
resolution of the PSsorted prototype crystals 
used. Prior to ovexy phantora run, the relative 
sensitivities were determined by recording 
about 2 million events from a stationary uni
form 6*Ca lino scurce placed between the two 
crystal groups. 

"true™ events: unacattered (i.e. 
collii.uar) annihilation pairs origin
ating from the same positron and de
tected in truu time coincidence with
in the pulse height window. 

"scattered" events: annihilation 
pairs originating from the same posi
tron but ono or both have scattered 
before being detected i- -.taa time 
coincidence and bott- are within the 
pulse height wind',.-*-. 

Fixed group of S N a U T I ) 
crystals. PrVtT's emfffetf. 

Movable group of 8crystals 
shown in position). Lead 
shielding and three P M T s 
omitted. 

65 cm diam 
circle 

XBL7610-9J49 

Imaging set-up consisting of two.opposing groups of eight rectangular Nal(Tl) crystals. 
Central turntable was automatically rotated to 35 evenly spaced angles for each of four 
positions of the moveable group to measure coincident events along 8960 projection 
integrals as they will be measured by the full 280 crystal ring. 



3) "accidental" ovents: two gamma rays 
originating from different positrons 
but detected in accidental time coin
cidence (i.e. within 20 ns) and within 
the pulse height window. Such gamma 
rays can cither be scattered or unscat-
tcrcd. 

Note that only truo events provide useful spa
tial information, while the scattered and 
accidental events produce a broad, heterogen
eous background on the true image. Thus for a 
line source parallel to the ring axis we could 
readily separate true from background events 
because the former contribute only to chords 
that pass through or near the source. The 
accidental and scattered events contribute to 
the vast majority of chords that do not pass 
near the source. The accidental events were 
separately measured after delaying the fast 
timing signl from one group of B crystals 
by 1U0 ns. In this way we measured the coin
cidence rates and background fractions for a 
line source in air and in 20 cm water; for 
shielding gaps of 1, 1,5, and 2 cm; and several 
pulse height windows. Results arc shown in 
Table III. In the absence of a scattering 
medium the true event rate was high and the 
background fractions were low. When the line 
source was centered in a cylinder of water 
20 cm diameter and 20 cm high, the true event 
rate was reduced by a factor of 6, but tha 
scattered and accidental rates were not greatly 
affected. As *:he shielding gap S was reduced 
from 2 cm to 1.5 and 1 cm, the true event 
rate varied us S s, the scattered even*, rate 
varied as S3, and the accidental event rate 
varied as S" as described in Ryf. 17. 

Photopeak selection reduced the truo event 
rate by a factor of 6 and the scattered event 
rate by a factor of 10 for the line source in 
20 cm of water and a 2 cm shielding gap. 
This suggests that most of the Bcatter back
ground consists of small angle scatter and 
is not strongly reduced by a 450 keV pulse 
height threshold. The accidental event rate 
was reduced by a factor of 33, but this is 
higher than the accidental rate that would 
result by simply reducing the activity sixfold 
and using the 100-650 keV selection. 

We also used a double pulse height window from 
100-340 and 450-650 keV t(- jxlude pulses in 
the 340-450 keV band between the 511 kev corn-
ton edge and the photopeak, but there was 
no significant reduction in the background 
fraction. The successful use of this approach 
apparently requires better pulse height reso
lution and a tighter photopenic window. 

3.4 affect of Scatter Filters 
The potential benefits of lead and indium scat
ter filters were investigated for a line 
source on the ring axis in a cylinder of water 
20 cm in diameter and 20 cm high. The scat
ter filters were placed in front of both 
shielding gaps. The results {Table IV] show 
that scatter filters of various thicknesses 
reduce the true and scattered events by almost 

the same fraction. These data corroborate 
tt.e limited effect of photopeak selection in 
reducing the scattered events and provide ad
ditional evidence that the scattered coinci
dent events result from forward scattered 
gamma rays that are nearly as penetrating as 
the unscattered 511 keV annihilation radiation. 
On the other hand, the accidental fraction is 
noticeably reduced for lead sheets = 0.5 mm 
thick but no- much more for thicker sheets 
(1 to 3 mm), because the single counts that 
create the accidental events have a broad 
energy spectrum and the lead is predominantly 
effective in filtering out only the lower 
energy components. 

Under the assumption that scatter filters 
would be used primarily to reduce tha acciden
tal background and permit higher imaging 
rates, we calculated the background that would 
result if the activity were adjusted for each 
scatter filter to provide a fixed true coin
cident rate. The result JTable V] shows a 
broad minimum in the background fraction 
around 0.6 mm of lead and larger backgrounds 
for the thicker layers used by Muehllehner.'* 

we conclude that scattar filters have only 
marginal utility for the type of instrument 
discussed in this paper and should be used 
only when high rates arc required and some 
loss in sensitivity can be tolerated. 
3.5 Distributed Sources 

When * i positron activity is distributed 
througbout the scattering medium, the atten
uation is lower than for a source at the 
center. 
Thr transmission F(r,r.) for a point positron 
source at a distance r from the center of an 
absorbing cylinder of radius R is given by 

Ex't-2u/ii r^r T"6in 3Q ) dG(l) 

where u is the linear attenuation coefficient 
at 511 keV, and 0 is the flight direction of 
the annihilation photons. For a positron 
source uniformly distributed over the entire 
cylinder, the transmission factor f n(R) is 
given by rR 

F(r,R) r dr fn<R) -
r dr (2) 

and for a source at the center the transmis
sion factor £

C(R) i* given by 

f_<R> - EXP(-2yR) 

These attenuation factors are given in Table 
VI for various cylinders of. water. Thus the 
sensitivity of the 280 crystal ring for an at
tenuated source is Vr.a sensitivity in air (140 
counts per sec per (pCi/cm) for S - 2 cmj mul
tiplied by the appropriate transmission factor 
from Table VI. 



Table III - Effect of Scattering Mai :erial, i'ulse Height S 

Scattering 
Material 
(cm water) 

Pulse 
Height 
Window 
(keV) 
100-6SO 

Shielding 
Gap S 
(cm) 

Singles 
per 

Crystal 
<sec~ l) c 

Total 
Coinci
dences 
(sec"1) 

1.5 b 

Pulse 
Height 
Window 
(keV) 
100-6SO 2 3720 26,640 

1.5 100-650 I 1140 6,295 
20 100-650 2 3410 6,560 
20 100-650 1.5 1920 3,540 
20 100-650 1 10 0C 1,363 
20 452-650 2 3410 837 
20 100-340 

and 
450-650 

2 3410 5,465 

Selection and Shielding Gap on the? Coincidence Rate and Backgrounds 

( a o c ~ ' ) 

2 3 , 6 0 0 ( 0 . 8 9 ) d 

5 , 9 6 0 ( 0 . 9 5 ) 
4 , 0 0 0 ( 0 . 6 1 ) 
2 , 4 8 0 ( 0 . 7 0 ) 
1 , 0 9 5 ( 0 . 8 0 ) 

6 8 0 ( 0 . 6 1 ) 
3 , 3 9 0 ( 0 . 6 2 ) 

S c a t t e r 
Background 
( s e c - 1 ) 

1360(0.05) 
155(0.025) 

1160(0.18) 
525(0.15) 
140(0.10) 
115(0.14) 
960(0.18) 

Accidental 
background 
(sec~ *) 
1640(0.06) 
180(0.030) 
1400(0.21) 
535(0.15) 
128(0.09) 
42(0.05) 

1115(0.20) 

Total 
Background 
(see"') 
3040(0.11) 
335(0.055) 

2S69(0.39) 
1060(0.30) 
268(0.20) 
157(0.19) 
2075(0.38) 

Line source with 200 uCi/cm was aligned with the ring axis and extended 4 cm above and below section being imaged. 
Source was centered in scattering material. Coincidence resolving time was 20 ns. All coincident rates wore summed over 
140 views of the 16 crystal system and apply directly to the 280 crystal system. 
Source was 1.2 mm diain in a 13 mî  lucitc cylinder to stop all posLtrcns 

cCounts above dark counts (100 keV threshold) 
Fraction of total 

Table IV - Effect of Scatter Filters on Coincidence Rate and Backgrounds 

Filter 
Thickness 

Pb 
(ran) 

Singles 
P e r ,b crystal {sec"1) 

Total 
Coincidences 
(sec*1) 

True 
Events 
(see - 1) 

Scatter 
Uackqround 
(sec - 1) 

Accidental 
Background 
(sec ') 

Total 
Background 
(sec"') 

0 3410 6560 4000(0. < d ) c 1160(0.18] 140010.21) 2560(0.39) 
0.15 2990 5940 3800(0.64) 106010.18) 10B0(0.1B> 2140(0.36) 
0.31 2690 5390 3600(0.67) 93010.17) 860(0.16} 1790(0.33) 
0.64 2480 4770 3300(0.69) 830(0.17) 640(0.13) 1470(0.30) 
1.35 
l.,5 d 

2020 3780 2670(0.71) 620(0.16) 490(0.1.*.) 111010.29) 1.35 
l.,5 d 1870 J400 2410(0.71) 56C0.16) 430(0.13) 990(0.29) 
1.36 1780 3010 2170(0.72) 490(0.161 350(0.12) 840(0.28) 
2.97 1440 2110 1550(0.73) 330(0.16) 23010.11) 560(0.2'. 

a3ame conditions as Table III wiv.i S 
Counts above dark counts (100 keV threshold). 

eFraction of total 
1.35 mm Pb, 0.76 mm In, 

and a 100-650 koV pulse height wi: 

0.25 mm Cu as used , 



Table y - Optimization of .Scatter Filters a 

Activity 
per cm 

Filter 
Thickness 

Pb 
required 
for true 
event rate 
of 4000/soc 

200 

Scatter 
Background 
(see-1) 

V-nidentnl 
Background 
dec"') 

1400(0.21) 

Total 
Background 

(sec-1) 

0 

required 
for true 
event rate 
of 4000/soc 

200 116010. IB) 

V-nidentnl 
Background 
dec"') 

1400(0.21) 2560(0.39) 
0.15 211 1116(0.IS) 1197(0.19) 2313(0.37) 
0.31 222 1033(0.17) 1062(0.17) 2095(0.34) 
0.64 b 242 1006(0.17) 940(0.16) 1946(0.33) 
1.35 300 929(0.19) 1100U.18) 2029(0.34) 
1.35= 332 929(0.15) 1105(0.20) 2114(0.35) 
1.98 369 910(0.15) 1190(0.20) 2100(0.34) 
2.9? 516 851(0.13) 1531(0.24) 2302(0.37) 

aConditions satac as Table IV but activity has been adjusted to provide 4000 tr".e events se<-.~ 

Thickness that minimzea the total background fraction assuming that the amount of activity 
is not a constraint 

c1.35 mm Pb, 0.76 mm Iti, 0.25 nun Cu. 

Table VI • - Calculated Transmission Factors for Positron Sources within 
water Absorbers 

Diameter of 
Water Absorber 

<cm) 
Transmission factor 
for distributed source 

(eqn 2) 
Transmission factor 
for source at center 

(eon 3) 
0 1.000 1.000 
5 0.668 0.619 

10 0.450 0.384 

15 0.306 0.238 
20 0.210 0.147 
25 0.145 0.0912 
30 0.102 0.0565 



3.6 Angular Distribution of Scattered Back
ground Events 
The angular distribution o: scattered event** 
was measured for both 100-650 keV and 450-650 
keV pulse height windows for a line source on 
the ring axis at the center of a 20 cm 
diam cylinder of water. The results (Fig, 5) 
show two main features: 

1) The 100-6SO **:V angular distribution 
is only slightly flatter than that 
given by the Klein-Nishina relation
ship for single Compton scattering 
on free electrons. 

2) The 450-650 keV angular distribution 
falls sharply to zero at about 20°, 
as expected from the Coopton angle-
energy relationship for single scat
tering: 

511 keV 
CosO ••= 2 - •—-

where r is the scattering angle and E i3 the 
energy of the scattered photon. We conclude 
from these results that in 20 era of water 
single scattering predominates and may be used 
for estimating energy and angular distribu
tions. These results explain why neither the 
450-6 50 keV pulse height selection nor the 
scatter filters were able to substantially re
duce the scatter background! since restricting 
the field of interest to 30 cm dinm already 
imposed an approximate cut-off of 40° in angle 
and 415 keV in energy. 

1.0 ^S — | — r I i 1 ' i ' 
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3.7 The Effective .Section Thickness for True-
and Background Events 

>>a a measure of the ability of the lead shield
ing to block radiation originating from acti
vity outaide the section being imaged, we set 
a 9 cm long line source parallel to the plane 
of the ring in a cylinder of wate. 20 cm in 
diameter and 00 cm high and translated the 
source along the ring axis. The relative rate 
of true, scattered, and accidental events an 
well as single counts on or.c crystal are 
plotted in Fig. 6 as a function of source po
sition for a 2 cm shielding gap. All rates 
are maximum on the central plane (source 
position zero) and fall off on either side of 
the plane. True ovents have the narrowest 
response with a FWHM of 1,2 cm while the 
scattered and accidental events have KWHM of 
3.0 and 3.5 cm respectively. Integrating 
these curves to simulate a uniform sheet 
source along the ring axis we find that ap
proximately 3 times as much activity contri
butes to the background events (both scatter 
and accidental! as contributes to rhe true 
events, as expected fron analytical consider
ations, '" 

Ti 11 i L/I 111 m T i > I i'iTm 

?0 4 0 60 8 0 100 
Scottering ongle (dug) 

" -4 -2 0 2 4 6 
Distance from plane of ><ng to source (cm) 

Angular distribution of scattered co
incident events. Solid curve: Klein-
Nishina angular distribution. Circles: 
Measured coincidences within a 100-650 
keV pulse height window. Triangles: 
450-550 keV pulse height window. Acci
dental coincidence background was sub
tracted. 

Relative response of the set-up of 
Fig. 4 to a source moving along the 
ring axis. 



3.8 Measured litisilution in Transverse Section 
Images 
The point source response in air was measured 
by imaging a 1.2 mm diom Line source of ' *ce 
set parallel to the ring axis at seven radii, 
from H=>0 to K=15 cm in 2.5 cm steps. Fig, 7 
is a superposition of the seven reconstructed 
images and shows thai while the point spread 
function (PSF) is circular at R » 0, it elong
ates radially with increasing distance from the 
ring axis. The FWHM and FWf,0.1)M of the rad
ial and tangential t-rofiles of the PSF are 
plotted in Fig. B. Nate that the tangential 
profiLc is nearly independent of radius while 
the radial, profile grows rapidly beyond 10 cm. 
The reducion in the width of the tangential 
PSF with increasing R is the result of an 
artifact of the reconstruction algorithm that 
causes the PSF to drop more steeply below zero 
with increasing R. 

The radial and tangential lino spread functions 
(LSF) for R=O and £*10 cm were determined by 
projecting the PSF onto the appropriate hori
zontal and vertical axis. (Fig. 9). The modu
lation transfer functions (MTF) were determin
ed by numerically evaluating the cosine 
Fourier transforms of the corresponding LSF 
and represent the ability of the system to 
image various frequency components (Fir 10). Distance from 

5 10 
'•ng otiS to source 

Widths of tiie radial and tangential 
profiles of the pcint spread functions 
shown in Fig. 7. 

POINT SOURCE RESPONSE IN AIR 
R=0. 2.5, 5, 7.5, 10, 12.5, 15 cm 
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Superposition of seven images of a 
line source 1.2 mm in diameter set 
parallel to the ring axis at various 
radii tR). Note the radial elongation 
for points distant from the ring axis. 

Spoli< I position (cml 

Line spread functions determined by 
projecting the R=0 and R=10 cm point 
spread functions of Fig, 7 onto hori
zontal and vertical axes. 



Spatiol frequency (cm*1) 

FIG 10: Modulation transfer functions derived 
from the line spread functions of 
fig S. 

Note that the resolution in transverse section 
is poorer than the crystal pair resolution of 
6 mm FWHM described in section 2.2 because of 
the limited spatial sampling of 0.5 cm. With 
this spatial sampling frequency of 2 cm- 1 the 
sampling theorm states that the highest spa
tial frequency that we can expect to observe 
is 1 cm . The MTFs shown in Fig. 10 are in 
agreement with this prediction. At R=0 the 
LSF has a FWHM of 7.5 mm. For R > 0 the 
radial LSF is further degraded by the increase 
in the apparent size of the crystals when 
viewed by chords distant from the ring axis. 
?t R=10 cm the radial and tangential LSFs have 
rTMM of 12.5 mm and 9.5 mm, respectively. 
For points at increasing radii there is an 
increase in the average solid angle seen by 
the crystals. The relative coincidence rates 
at R=0, 5 r and 12.5 cm were 1.00, 1.04/ and 
1.08 respectively. 

We have found, as expected, that the presence 
of 20 cm of water absorber does not effect our 
measured resolutions because the scattered 
and accidental events constitute a very broad 
background and the geometry and attenuation 
coefficients are well known. For the LSF in 
20 cm Lucite, see ref 28 fig. 2. 

3.9 phantom Imaging in Transverse Section 
To evaluate the ability of the system to image 
distributed sources containing hot and cold 
spots of several sites and spaeings we con
structed twa phantomsJ 
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(1) a hot spot phantom consisting of a 
solid Lucite cylinder 20 cm in diam 
and 7,5 cm thick with triangular 
arrays of holes of diameters 2.5, 
3, 3,5, A, 5, and 6.25 mm and center-
to-center spacings 10, 12, 14, 16, 
20, and 25 mm, respectively. 

(2) a cold spot phantom consisting of 
a hollow Lucite cylinder 15 cm in 
diam and 4 cm thick with Lucite 
poles of diameters G and 9 mm and 
center-to-center spacings of 19 and 
23 mm respectively. 

The patterns were adapted from the Anger pie 
phantom used to measure the resolution of Anger 
gamma cameras 3 E. The voids in the phantoms 
were filled with a solution of 70% glycerol 
and 30% water to provide a uniform linear 
attenuation of 0,115 c m - 1 (at 511 keV) through 
both the isotope solution and the Lucite. 
[When the cold spot phantom was filled with 
water (attenuation coefficient 0.096 cm" 1) the 
greater attenuation along rows of Lucite poles 
greatly enhanced the appearance of the poles 
as cold spots so that even the 6 mm cold spots 
were easily visible with 10 s events.] The 
phantoms were injected with 6 eGa-EDTA to the 
desired activity level and re-injected 
every 20 to 40 min to keep the activity level 
within 20% of the initial value. The volume 
of water thus introduced was small and did not 
appreciably change the attenuation. To cor
rect foi: source decay and re-injection, the 
time spent per view was controlled by a separ
ate Nal(Tl) counter that constantly monitored 
the activity in the phantom. 

For the studies described below, the shield
ing gap S was 2 cm, the pulse height window 
was 100-650 keV and the coincidence resolving 
time was 20 ns. 

Fig. 11 shows images of the hot spot phantom 
for 0.5 and 1.5 million detected events. The 
activity density was 200 uCi/cm and the ima
ging time to collect 1.5 million events was 
270 sec per view for 140 views or 10.5 hours 
total. The same data oould be collected by 
the 280 crystal system in 270 sec. Of all 
the coincident events recorded, about 17% 
were scatter events and 21% were accidental 
events. Note that this background applies to 
a 30 cm field of view and only about 50% falls 
into the 20 cm phantom image. The peak-to-
valley ratio for the hot spots with 25, 16 
and 12 mm pitch was 8,3, and 1.5, respectively. 
The 12 mm pitch hot spots are not well seen 
in the 0.5 million event image because of 
statistical fluctuations and the small peak-
to-valiey ratio, but they appear more clearly 
on the 1.5 million event image. This indica
tes that with even more events, the la mm 
pitch hot spots could be just resolved, in 
accord with the MTF (Fig. 10). 

Fig. 12 shows an image of the cold spot phan
tom for 1 million detected events. The acti
vity density was 300 uCi/cm and the imaging 
time was 70 sec per view for 140 views or 
2.7 hours total. The same data could be col
lected by the 280 crystal system in 60 sec. 
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PHANTOM 

0.5 MILLION 
POSITRON 
EVENTS 

1.5 MILLION 
POSITRON 

EVENTS 
Images of the hot spot phantom using E 8Ga and the 
set-up of Fig. 4. See section 3,9 of text for details. 
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Images af the cold spot phantom using 6 e G a and the 
set-up of Fig. 4. See section 3.9 of text for details. 



Of all the coincident events recorded, about 
16% were scattered events and 16% were ac
cidental events. Note that only about 35% 
of this background falls into the 15 cm phan
tom image. The plateau-to-hole ratio for the 
cold spots 9 mm in diam was 2,0. All 15 of 
the 9 mm cold spots are clearly seen but the 
6 mm cold spots have less image contrast and 
are obscured by statistical fluctuations. 

3.10 Statistical Requirements 
ws have previously analyzed the statistical 
requirements of transverse section tomography 
for both positron coincidence detection 
using a ring of crystals and single photon de
tection usiny multiple view data from a gamma 
camera. **fi' 3 6 ~ 3 7. In summary, the rms statis
tics! noise is larger than that which would 
be expected from the statistics of the average 
number of detected events per resolution cell 
by a factor of l.S*{number of resolution 
cells)1"*. This factor is about 0 for a uni
form disc of positron activity 20 cm {30 reso
lution cells) in diameter and includes a 30% 
increase due to attenuation compensation. In 
this example IQ6 events yields a reconstruc
ted image having 1400 events per cell with an 
rms uncertainty of 21%. When a smaller number 
of event? must be used, such as in the dynamic 
imaaing of blood flow, the reconstruction can 
be Modified to provide activity measurements 
with useful statistical accuracy in larger 
but well-defined regions. For example, the 
280 crystal riag will have the speed to collect 
2x10" events in 2 sec if sufficient activity 
is present. The statistical uncertainty per 
4 cm cell for a <i >. 6 cell array is 17*. 

4. Conclusions 
The distribution of positron-emitting isotopes 
can be imaged in 20 cm of water absorber with 
7.5 mm FWHM resolution at an event rate of 
10,000 events per sec by using a rino of 280 
Nal(Tt) crystals, phototubes, and appropriate 
readout electronics. The background from 
scattered and accidental coincidences does 
net severely effect the ability to reliably 
detect 3.5 mm hot spots with a 14 mm center-
to-cenfcer spacing and isolated 9 mm cold spots. 
These backgrounds ares not substantially re
duced by either photopeak selection or lead 
scatter filters, with an activity of 400 
uCi per 1 cm thick section, two million events 
will be collected by the 280 crystal ring in 
about 3 min. The speed of this system is ade
quate for dynamic studies of brain and kidney 
blood f3ow and metabolism with 20% rsas uncer
tainty in 4 x 4 cm regions if an event rate 
of 10,00 sec-*1 is available from injected 
radiopharmaceuticals. 
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