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.̂ BSYRACT 

A prupcrly designed c i r c u l a r ri«|> of Nal(TlJ 
c r y s t a l s ami su i table reconstruction algorithms can 
provide rapid, h igh-resolut ion transverse sect ion 
images of pos i t ron- labeled compounds in tlic human 
body. The spa t i a l resolut ion i s l imited by the 
c r y s t a l c en te r - to -cen te r sjiacing and by the positron 
range in t i s s u e . Using 280 c r y s t a l s with 10-mm 
centei-to-CL-nter sjiacing and isotopes such as 
t , s i k i , l l C , l K l , o r S 2 f e , a resolut ion of 7.5 nm 
full width at half maximum (FW!M) i s pos s ib l e . 
Improvements in t h i s technology wi l l involve larger 
numbers of smaller c r y s t a l s , more e f f i c i en t c r y s t a l s 
(liossibly bismuth germinate), o r fas te r de tec to rs 
[such as loaded organic s c i n t i l l a t o r s ) . 

1 . INTBODUCTlOi 

'Hie 1'ii'st camera spec i f i ca l ly designed to produce 
t ransverse sect ion images of pos i t ron- labe led compounds 
in the hiiiitui body was b u i l t by Rankowitz, Robertson, 
:uul co-workers at Brookhaven National Laboratory in 
l»t>2. ' " 'lnii. innovative instrument employed 52 
Nal(Tl) de tec tors in a c i r c u l a r pat tern and was bu i l t 
about 10 years before the mathematical techniques for . 
accurate tomographic reconstruction had been developed." 
It is now in use at the Montreal Neurological 
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More recen t ly , a 48-crystal hexagonal system has 
been b u i l t by ior-I 'ogossian and co-workers a t Washington 
l i i ivc rs i ty at S t . Louis " and a b4-crys ta l r ing 
system lias been b u i l t by Cho and co-workers a t 
n : L \ . ' J In add i t ion , the planar de tec tor posi tron 
camera systems of B r o w n e l l 1 4 ' 1 5 and of M u e h l l c h n e r 1 6 ' 1 7 

have been rotated to permit 360° t ransverse-sect ion 
tomographic imaging, and the wire chamber -conver ter 
posi tron camera of Iterez-Mendez and co-workers tan 
he used fur computed longitudinal tomography. 
During the past 15 years , beginning with the work 
of Kuhl, tcchniu,ucs have a l so been developed for 
Sill" t ransverse-sect ion imaging of single-gamma 
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radionucl ides . 
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In Tabic I we compare the dimensions, spa t i a l 
reso lu t ion , and s e n s i t i v i t y of three c i r c u l a r pos i ­
tron cameras, the BM. system, *" the UC1A system, 
and our 28!i-crystal system now under cons t ruc t ion . " *" 
iln- spacing between c rys ta l centers ranges from 3!> mm 
to 10 mm and 'he resolut ion FMIM in tiie reconstructed 
images is about 75". of t h i s spacing. This i s 
imdcrstandahle since [a) c i r cu l a r r ing systems sample 
the space at l inear in te rva ls of one-half the distance 
between c rys ta l centers and (h) the sampling theorem 
s t a t e s that in order to re l iab ly recover a s p a t i a l 
frequency component, i t must he sampled a t l eas t twice 
\KT cyc l e . Thus tlic finest bar pa t te rn that a 

c i r c u l a r r ing system can resolve has a repeat d is tance 
approximately equal to the repeat d i s tance of the 
de t ec to r s . Other factors such as (1) the range of 
posi t rons in t i s sue and (2) the ann ih i la t ion angle 
uncer ta inty of about S mrad FHM that a r i s e s because 
the pos i t ron-e lec t ron system does not ann ih i l a t e a t 
res t arc l ess important. For the case of Ga 
(beta end jiojnt 1.9 McV) i n a 100-cm diam r i n g , these 
factors contr ibute about 3 mm FWM and 2 mm FWHM, 
respect ive]} ' , A higher reso lu t ion system with a 
detector cen te r spacing of 3 mm, for example, might 
approach a reso lu t ion of 3 mm FW&l in t ransverse 
sec t ion , but only by using the lower-energy pos i t ron 
emi t te rs such as F, C, o r Ye. 

2.2 The Donner 280-Crystal Positron Ring Cancra 

We are now const ruct ing a system for the high-
.evolut ion imaging of pos i t ron- labe led compounds in 
the human body. This system has been physical ly 
simulated by two opposing groups of e ight c r y s t a l s 
viewing p o s i t r o n - f i l l e d phantoms ro ta ted on a turn­
table between them. See Ref. 26 for d e t a i l s and 
phantom images. We summarize below some of the 
proper t ies expected for the ful l r i n g , based on 
measurements made with the 16-crys ta l system. 

a. The s p a t i a l resolut ion i s bes t a t the cen te r 
of the r i n g , where the point-spread function i s 
c i r c u l a r with 7.5 mm FWHM. At 10 cm from the r ing 
cen te r , the point-spread function i s e l l i p t i c a l with 
8 mm x 12.5 mm FhHM. 

b . The coincident event ra te for a 200 uCi point 
source in a i r a t the center of the r ing is 30 ROOper 
s ec , including 1700 random coincidences per sec . The 
coincident event r a t e for 200 uCi per 1 cm sect ion 
d i s t r i b u t e d in a 20 cm cyl inder of water i s 8600 per 
sec , including 1400 random coincidences per sec 
(detect ion of two unrelated photons within the co inc i ­
dence resolving time) and 1200 sca t te red coincidences 
per sec (detect ion of two photons from the same 
pos i t ron where one or both have s c a t t e r e d l . These 
random and sca t t e red backgrounds are d i s t r i bu t ed over 
a 30-cm f i e ld of view and do not present a problem 
when the a c t i v i t v occupies a small por t ion of the 
f ie ld . 

3 . NEW SCINTILLATOR MATERIALS IUK 
" Ktoi'lHON dQlNLllfcNU: Ui'iElTlflN 

3.1 Bismuth Germanate [Bi.fie-0, ,] 

Recently a new s c i n t i l l a t o r material (bismuth 
germanate) has been developed that has several 
advantages over Nal(TZ) for the detec t ion of ann ih i l a ­
t ion nhtons (Table 11), Compared to Nal (Tl ) , 
bismuth germanate has a much higher densi ty and atrmic 
number, and thus has a higher gamma-ray detect ion 
e f f ic iency . However, bismuth germanate has a much 
lower s c i n t i l l a t i o n y ie ld than Nal(Tl) and i t s energy 
and time reso lu t ions are poorer. ' • " " • " 
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Table 1. Positron r ing systems for 
t ransverse sect ion computed tomography. 

Ins t i t u t ion LtNL UCLA • D o n n e r (UH.J 

Inferences 1 . ' 1 1 - 1 3 2 S , 26 

Number of Crystals 32 64 280 
u y s t a l face 32 nta d i a m 20 inn di i am 8 ran x 30 niti 

Spacing between cry: s t a l centers 39 nm 2 3 mn 10 mm 

Image resolut ion 
(Ftt&1 of l i ne spread function) 
Number of project ion i n t eg ra l s 
measured A. 2 x 270 2 x 864 14 000 
Diam of c rys ta l r ing 40 cm 47 cm lJU cm 
f ie ld of view •̂  30 cm ^ 30 cm 50 cm 
Sens i t i v i t y (counts / sec /uCi ) a 240 «• 12S b 140 
s t a t u s imaging 

in vivo 
imaging 
in vivo 

under con 
(phantom 

s t ruc t ion 
imaging) 

Coincidence rate for a point source in a i r a t the r ing center and a 100 keV threshold . 
Z. II. C-ho (pr iva te communicationj , 

M. Comparison between Nal (T1J 
and B i .Ge ,0 . , c r y s t a l s . 

Density (g/a?) 3.67 7 .13 a 

Atomic nunfoer 11, 53 83, 32, 8 
Relative s c i n t i l l a t i o n 
output 1.0 0 . 0 8 a 

S c i n t i l l a t i o n |)eak 
wavelength (nm) 420 480 a 

Index of ref rac t ion 
at |icak wavelength 1.8 2 . 1 i a 

S c i n t i l l a t i o n decay 
Time (usee) 
liierjS' resolut ion a t 
662 kcV 
lime reso lu t ion 
Detection ef f ic iency 1 1 

(20-mm wide c r y s t a l s ) 
Detection ef f ic iency 
(tf-isn wide c r y s t a l s ) 
Detection eff ic iency 
(•'-'mm ivide c r y s t a l s ) 

7? FHIM 

3.4 nsec FMfrl 

59* ( 4 U ) d 

43i ( i l l ) 

42$, (25*) 

7.1 nsec PUIM 

SOS (88%) 

82ao (80°oj 

12% (70S) 

: IA, eported in Ref. 34. 
'Yor a 100 KcV threshold as reported in Ref. 13. 
Hlalculatcd detect ion ef f ic iency for 511 keV photons 

incident on a hank of rectangular c r y s t a l s 5 cm 
deep as shown in Pig. 1. Oily s ing le -c rys t a l 
de tec t ions are included. 
I ' irst percentage: 100 KeV threshold on each c r y s t a l ; 
percentage in parenthes is : 511 keV threshold. 

To determine Die r e l a t ive detect ion ,:H'icienc> of 
Nal(TL) and B i , G e - 0 . 7 , we wrote ti Monte Carlo computer 
code that traced the i n t e r a c t i a i s of Sll keV photons 
through groups of c r y s t a l s , rtie c rys t a l was uniformly 
il luminated along a l ine across i t s face by a beam 
p a r a l l e l to the 5 cm dimension (Pig. 1 ) . 'flic detect ioi 
e f f i c i enc i e s given in Table II include- only those 
photons that deposited more than the threshold ener/v 
(100 keV or 511 keVJ in the illuminated crys ta l and ' 
less than the threshold energy in each of tin- nlli-i 
c r y s t a l s . 

Using S-mmwide c r y s t a l s and a loy kiA tluesAwild, 
we find tliat bismuth germanate has a 1.7-fold advantage 
in detec t ion eff ic iency over Nal(Tl) , and thus a 1.9 
fold advantage in coincident detect ion e f f i c iency . 
The use of narrower 4-mm wide c r y s t a l s reduces the 
e f f ic ienc ies for both mater ia ls by a factor of about 
0 .88 , but the r a t i o between them remains nearly the 

The photopeak eff ic iency for Nal(TI) is relative­
ly low and photopeak energy select ion is general ly 
not used in posi t ron imaging. By con^arison, bismuth 
germanate has a very high photopeak eff iciency and 
when used with a high threshold (300 to 400 kcV), 
rauld have the advantage of r e j ec t ing about ha l f of 
the t i s sue - sca t t e r ed ann ih i la t ion photons while 
re jec t ing very few unscat tcred photons. 

We now est imate the t rue and accidental event 
r a t e s for r ings of NaI(TlJ and Bi^ fe jO^ c r y s t a l s 
0.8 x 3 x 5 cm deep. Ifc assume a c rys ta l r ing radius 
c = 40 cm, a sh ie ld ing s l i t width S = 2 cm and depth 
T = 20 cm, Lnd a 200 uCl/cm l ine source lying on the 
ring axis in a 20-cm diam cyl inder of water (Pig . 2 ) . 
from Ref. 25 we have: 

True unscat tered coincident event r a t e : 

! -pi. 



Single counting rate: 

Accidental event ra te 

where n » 200 uCi/cm, a • 37 000 ann ih i l a t ions per sec 
jiur pCi, a t tenuat ion factor e - u ^ » 0 .1S, and f » the 
fraction of c r y s t a l s in coincidence M t h each c r y s t a l 
° 0.12. Tins value of f assures that a l l points with-
••I a 30-cm dlam c i r c l e arc sampled at a l l angles . The 
estimated values of C C, and C as well as the 

def in i t ions and assumed values o f t . i. , P .and i 
P P' 

are niven in Tahlu I I I . 

In summary, l o r the posi t ron r ing systems of 
Table 111, bismuth germanate has the following ad­
vantage-:, over Nal(Tl) : 

a . i-or :i given amount of a c t i v i t y , the t f i t 
coincide!!* ra le is nearly three times larger and the 
. inc identa l / t rue coincidence r a t i o is nearly two times 
SUM H e r . 

h. tar a given acc iden ta l / t rue coincidence 
r a t i o , the event r a t e is ahout s ix times l a r g e r . 

In addi t ion , the reduced penetra t ion of off -axis 
photons in bismuth germanate provides b e t t e r spa t i a l 
reso lu t ion toward the edpes of the f ie ld of view. 

3.2 Loaded Organic S c i n t i l l a t o r s 

The ideal s c i n t i l l a t o r for the coincident detec­
t ion of ann ih i l a t ion photons would have high dens i ty , 
high atomic nimber, emit a large nurber of s c i n t i l ­
la t ion jihotons in a shor: decay t ime, operate a t 
room temperature, and be inexpensive. Ihfor tunate lv 
the higii-efficienc) s c i n t i l l a t o r s -Mich as Na l tT l ) , 
CsI(Na), and Bi .Ce .O, , , arc slow and the fas t organic 
s c i n t i l l a t o r s have low detect ion e f f i c iency . One 
notable exception is l iquid xenon, ' which has 
a de tec t ion ef f ic iency s imi la r to Nal(Tl) and i s 
about 10 times f a s t e r , but requires an operat ing 
temperature of about -100'C. 

One p o s s i b i l i t y for an unproved s c i n t i l l a t o r 
was recent ly discussed by Lyons, based on work 
with pcrylcne and brono-perylcnc. these compounds 
are fast organic f l uo r s , whose uv fluorescence i s not 
quenched even by large amounts of iodinatcd com-
poinds such a* 1-iodopropanc. 

Accoruin^'ty, we inves t igated the l i gh t output 
corresponding t o 662 keV Compton e lec t rons for 
various concentrat ions of perylenc in toluene and 
for var ious admixtures of iodinated hydrocarbons. 
The l igh t output increased with increasing concentra­
t ion of pcrylene in toluene and sa tura ted a t about 
10 molar. At t h i s concentration the l i gh t output 
increased threefold when argon gas was bubbled througii 
the mixture to de-oxygenate i t . The output level 
reached 70*, of p i l o t B 4 I a n d 201 of Nal (Tl ) . The 
output was reduced 5 to 10 fold by only 0.21 ad­
mixtures (by volune) of c i t h e r I-iodopropane, iodo-

311 MV PHOTON «C«M 
Mt ma* 

Fig. i . Geoaetry for Monte Carlo calculation 
of single-crystal detection efficiency 
(see Sec. 3.1 and Table 11 ) . 

Detector 
crystals 

Lead 
shielding 

200pCi/cm source 
on ring oxis 

20 cm dkim. 
water cylinder 

XBL 772-325 

Geometry for ca lcu la t ion of t rue and 
accidenta l coincident event r a t e s using 
NalCTll and Bi ,Ge ,0 , , (see Sec. 3.1 and 
Table M I ) . * a X i 



Tabic H I . Comparison betwen Nmt(Tl) and Bi^GCjO^ 
crystal rings with S-tm wide crys ta l s . 

(see text for deta i l s ) 

Quantity Symbol 

Detection threshold 
Detectiai ef f ic iency for 511 kcV 
photons (s ingle-crystal interactions 
only) 
Probability of a SU kcV photon 
scattering on passing through 10 en 
water and retaining an energy above ¥. 
Average detection eff ic iency lor 
above scattered photons 

True unscattercd coincident event rate 

Single counting rate (sum over a l l 
crystals) 

Coincidence resolving tine ( ful l width) 
Accidental coincident event rale 
(distributed over a 30 era f ie ld of view) 
Accidental/true coincidence ratio 

Nal(Tt) 

100 kcV 

0.48 

0.8 

4400/scc 

0.25 

fc3°l2 

350 keV 

0.80 

0.9 

17 800/sec 

980 000/sec B5Q 000/sec 

15 nscc 30 nscc 
IbUO/scc 2400/sec 

0.13 

oethane, diodowthanc, iodoform, or uxiobemtmc. 
Urger admixtures reduced the pulse height s t i l l 
further. All the nixtures had strong uv fluo-
rescence. Thus we found (unfortunately) that while 
iodinated hydrocarbons do not quench perylcne for 
uv exc i tat ion , they do quench i t for ionizing 
radiation. 

It i s hoped that further work in this area 
wi l l result in a convenient, fas t , high-density 
s c i n t i l l a t o r . 
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