
Lawrence Berkeley National Laboratory
LBL Publications

Title
POSITRON RING CAMERAS FOR EMISSION-COMPUTED TOMOGRAPHY

Permalink
https://escholarship.org/uc/item/50m4s7h6

Author
Derenzo, Stephen E.

Publication Date
1976-12-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/50m4s7h6
https://escholarship.org
http://www.cdlib.org/


-. 

I .. 

u u 

This paper was presented at the 
Nuclear Medicine Scientist Short 
Course, New Orleans, LA, 

LBL-5612 

October 23, 19 76; It will appear in 
IEEE Transactions on Nuclear Science, 
NS 24 (1977) 

POSITRON RING CAMERAS FOR 
EMISSION -COMPUTED TOMOGRAPHY 

Stephen E. Derenzo 

DONNER LABORATORY 

December 1976 

Prepared for the U. S. Energy Research and 
Development Administration under Contract W -7405-ENG-48 

For Reference 

Not to be taken from this room 

c ·l 

• 

t-< 
td 
t-< 
I 
Ul 
0' ,_.. 

"' N _.., 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



' . 

POSITRON RING CAMERAS FDR EMISSION-COMPUTED TOKJGRAPHY 

Stephen E. Derenzo 
Donner Laboratory 

University of California 
Berkeley, California 94720 

ABSTRACT 

A proper:j.y designed circular ring of Nai (Tl) 
crystals and suitable reconstruction algorithms can 
provide rapid, high-resolution transverse section 
images of positron-labeled compounds in the human 
body. The spatial resolution is limited by the 
crystal center-to-center spacing and by the positron 
range in tissue. Using 280 crystals with 10-mm 
center-to-center spacing and isotopes such as 
68 11 18' 52 . Cu, C, F, or Fe, a resolut1on of 7.5 mm 
full width at half maximum (FI\HM) is possible. 
Improvements in this technology will involve larger 
numbers of smaller crystals, more efficient crystals 
(possibly bismuth germanate), or faster detectors 
(such as load(;!d organic scintilla tors). 

1 . INTRODUCTI CN 

"!he first camera specifically designed to produce 
transverse section images of positron-labeled compounds 
in the human body was built by Rankowi tz, Robertson, 
and co-workers at Brookhaven National Laboratory in 

1962. 1 •2 This innovative instrument employed 32 
Nai(Tl) detectors in a circular pattern and was built 
about 10 years before the mathematical techniques for 3 
accurate tomographic reconstruction had been developed. 
It is now in use at the Montreal Neurological 

. . 4 5 
Instltute. ' · 

More recently, a 48-crystal hexagonal system has 
been built by Ter-Pogossian and co-workers at Washington 

. · S L . 6-lO d 64 1 . Un1vers1ty at . t. ou1s an a -crysta r1ng 
system has been built by Cho and co-workers at 

UCLA~1 - 13 In addition, the planar detector positron 
. 14 15 16 17 camera systems of Brownell ' and of Muehllehner ' 

have been rotated to permit 360° transverse-section 
tomographic imaging, and the wire chamber -converter 
positron can~ra of Perez-Mendez and co-workers can 

be used for computed longitudinal tomography .18 

During the past 15 years, beginning with the work 
of KUhl, techniques have also been developed for 
360° transverse-section imaging of single-gamma 

radionuclides .19 -24 

2 . RING SYSTEMS 

2.1 Comparison 

In Table I we compare the dimensions, spatial 
resolution, and sensitivity of three circular posi-

1 2 11-13 tron cameras, the BNL system, ' the UCLA system, 
. . 25 2fi 

and our 280-crystal system now under construct1on. ' 
The spacing· between crystal centers ranges from 39 mm 
to 10 1mn and the resolution F\I!IM in the recons.tructed 
images is about 75% of this spacing. This is 
understandable since (a) circular ring systems sample 
the space at linear intervals of one-half the distance 
between crystal centers and (b) the sampling theorem 
states that in order to reliably recover a spatial 
frequency component, it must be sampled at least twice 
per cycle. Tims the finest bar pattern that a 

1 

circular ring system can resolve has a repeat distance 
approximately equal to the repeat distance of the 
detectors. Other factors such as (1) the range of 

. . 26 -30 d (2} th "h"l . 1 positrons 1n t1ss~ · an e ann1 1 at1on ang e 
uncertainty of about 8 mrad FI\HM that arises because 
the positron-electron system does not annihilate at 

rest 29 -32 are less important. For the case of 68
Ga 

(beta end point 1.9 MeV) in a 100-cm diam ring, these 
factors contribute abp~t 3 mm FI\HM and 2 mm FWHM, 
respectively. A higher resolution system with a 
detector cen:ter spacing of 3 mm, for example, might 
approach a resolution of 3 mm FWHM in transverse 
section, but only by using :tOe lower-energy positron 

. 18 11 52 em1tters such as F, C, or Fe. 

2.2 The Donner 280-C:rystal Positron Ring Camera 

We are now constructing a system for the high­
resolution imaging of positron-labeled compounQ~ in 
the human body. This system has been physically 
simulated by two opposing groups of eight crystals 
viewing positron-filled phantoms rotated on a turn­
table between them. See Ref. 26 for details and 
phantom images. We summarize below some of the 
properties expected for the full ring, based on 
measurements made with the 16-crystal system. 

a. The spatial resolution is best at the center 
of the ring, where the point-spread function is 
circular with 7. 5 mm fWHM. At 10 em ft·om the ring 
center, the point-spread function is elliptical with. 
8 mm x 12 . 5 nun FI\HM. 

b. The coincident event rate for a 200 ~Ci point 
source in air at the center of the ring is 30 OOOper 
sec, including 1700 random coincidences per sec. The 
coincident event rate for 200 ~Ci per 1 em section 
distributed in a 20 em cylinder of water is 8600 per 
sec, including 1400 random coincidences per sec 
(detection of two unrelated photons within the coinci­
dence resolving time) and 1200 scattered coincidences 
per sec (detection of two photons from the same 
positron where one or both have scattered). Thes~ 
random and scattered backgrounds are distributed over 
a 30-cm field of view and do not present a problem 
when the activity occupies a small portion of the 
field. 

3. NEW SCINTILLA1DR MATERIALS FOR 
POSITRON COIOC!DENCE DE'IECI ION 

3.1 Bismuth Germanate (Bi 4 Ge~12l 
Recently a new scintillator material (bismuth 

germanate) has been developed that has several 
advantages over Nai(Tl} for the detection of ann:ihila-

. h 33-35 (T b ) t~on p tons a le I I . Compared to Nai (Tl) , 
b1smuth germanate has a much higher density and atomic 
number, and thus has a higher gamma-ray detection 
efficiency. However, bismuth germanate has a much 
lower scintillation yield than Nal (Tl) and its energy 
and time resolutions are poorer .13 • 33-35 

I 



Table 1. Positron ring systems for 
transverse section computed tomography. 

Institution 

References 

BNL 

1,2 

32 

OCLA 

11-13 

64 

Donner (LBL) 

25' 26 
280 Number of Crystals 

Crystal face 

Spacing between crystal centers 

Image resolution 

32 mm diam 

39 mm 

20 mm diam 

23 mm 

8 mm x 30 mm 

10 mm 

(FI\HM of line spread function) 

Number of projection integrals 
measured 

Diam of crystal ring 

Field of view 

Sensitivity (courits/sec/~Ci)a 

Status 

"'40 mm 

'\.. 2 X 270 

40 em 

"'30 em 

240 

imaging 
in vivo 

17 nmb 

2 X 864 

47 em 

"' 30 em 
"'12Sb 

imaging 
in vivo 

7.5 mm 

14 000 

90 em 

SO em 

140 

under construction 
(phantom imaging) 

aCoincidence rate for a point source in air at the ring center and a 100 keV threshold. 

b z. 11. Cho (private communication) . 

Table II . Comparison between Nai (Tl) 
and Bi4Ge 3o12 crystals. 

Density (g/cm3) 

Atomic number 

Relative scintillation 
output 

Scintillation peak 
wavelength (nm)· 

Index of refraction 
at peak wavelength 

Sc.i ntill at ion Llecay 
t i.ITIC (nscc) 

Enerb'Y resolution at 
662 keV 

Nal (Tl) 

3.67 

11, 53 

1.0 

420 

1.8 

230 

7% FIIHM 

---------

7 .13a 

83, 32, 8 

0.08a 

480a 

2 .lSa 

300a 

1 5% Fl \'I-11-f 

Time resolutionb 

Detection efficiencyc 
(20-mm wide crystals) 

3.4 nsec FWHM 7.1 nsec HMM 

Detection efficiency 
(8-mm wide crystals) 

Detection efficiency 
(4-mm wide crystals) 

a1\s reported in Ref. 34. 

59% 

48% 

42% 

( 41%)d 

(31%) 

(25%) 

90% (88%) 

82% (80%) 

72% (70go) 

bFor a 100 kcV threshold as reported in Ref. 13. 

cCalculated detection efficiency for 511 keV photons 
incident on a bank of rectangular crystals 5 em 
deep as shown in Fig. 1. Only single -crystal 
detections arc included. 

dFirst percentage: 100 keV threshold on each ens tal· 
percentage :in parenthesis: 511 ke\' threshold. 

2. 

To determine the relative detection efficiency of 
Nai(TI) and Bi4Ge 3o12 , we wrote a M::mte Carlo computer 

code that traced the interactions of 511 keV photons 
through groups of crystals. One crystal was uniformly 
illuminated along a line across its face by a beam 
parallel to the 5 em dimension (Fig. 1). The detection 
efficienCies given in Table II include only those 
photons that deposited more than the threshold energy 
(100 keV or 511 keV) in the illuminated crystal w1d 
less than the threshold energy in each of the other 
crystals. 

Using 8-mm wide crystals and a 100 keV threshold, 
we find that bismuth germanate has a 1. 7-fold advantage 
in detection efficiency over Nai(Tl), and thus a 2.9-
fold advantage in coincident detection efficiency. 
The use of narrower 4-mm wide crystals reduces the 
efficiencies for boti1 materials by a factor of about 
0.88, but the ratio between them remains nearly the 
same. 

The photopeak efficiency for Nai (Tl) is relative­
ly low and photopeak energy selection is generally 
not used in positron imaging. By comparison, bismuti1 
germanate has a very high photopeak efficiency and 
when used with a high threshold (300 to 400 keV), 
would have the advantage of rejecting about half of 
the tissue-scattered annihilation photons while 
rejecting very few unscattered photons. 

We now estimate the true and accidental event 
rates for rings of Nai(Tl) and Bi4Ge 3o12· crystals 

0.8 x 3 x 5 em deep. We assume a crystal ring radius 
c = 40 em, a shielding slit width S = 2 em and depth 
T = 20 em, and a ZOO ~Ci/cm line source lying on the 
ring axis in a 20-cm diam cylinder of water (Fig. 2). 
From Ref. 25 ~>'e have: 

True unscattered coincident event rate: 
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Single counting rate: 

2 J C paS . [ e-j.J.L/2 + ~ p 
s --or- £ ~p p 

Accidental event rate36 : 

where p = 200 JJC~/cm, a = 37 000 annihilations per sec 
per JJCi, attenuation factor e-]JL = 0.15, and f =the .. 
fraction of crystals in coincidence with each crystal. 
= 0. 22. This Vfilue of f assures that all points with­
in a 30-cm diam .drcle are sampled at aH angles. The 
estimated values of C

0
, Cs, and Ca, as well as the 

definitions and assumed values of£, £p' Pp,and T 

are given in Table III. 

In .summary, for the positron ring systems of 
Table III, bismuth germanate has the following ad­
vantages over Nai(Tl): 

a, For a given amount of activity, the true 
coincident rate is nearly three times larger and the 
accidental/true coincidence ratio is nearly two times 
smaller. ' 

b. For a given accidental/true coincidence 
ratio, the event·rate is about six times larger. 

In addition, the reduced penetration of off-axis 
photons in bismuth germanate provides better spatial 
resolution toward the edges of the field of view. 

3.~ Loaded. Organic Scintillators 

The ideal sCintillator for the coincident detec­
t~on of cn:uuhpation photons would have high density, 
high atoffilc'number, emit a large number of scintil­
lation photons in a short decay time, operate at 
room temperature, and be inexpensive. lhfortunately 
the high-efficiency scintillators such as Nai(Tl), 
Csl (Na) , and Bi4Ge3o12 , are slow and the fast organic 

scintillators ·have low detection efficiency. One 

bl . '. . 1" "d 37 •38 wh"ch h nota e exception IS Iqui xenon, I as 
a detection efficiency similar to Nai(Tl) and is 
about 10 times faster, but requires an operating 
temperature of about -100°C. 

Ole possibility for an improved scintillator 

was recently discussed by Lyons, 39 based on work 

with perylene and bromo-perylene. 40 These compounds 
are fast organic fluors, whose uv fluorescence is not 
quenched even by large amounts of iodinated com­
pounds such as 1- iodopropane. 

Accordin:gly, we investigated the light output 
corresponding to 662 keV Compton electrons for 
various concentrations of perylene in toluene and 
for various admixtures of iodinated hydrocarbons. 
The light output increased with increasing concentra­
tion of perylene in toluene and saturated at about 
10-4 molar. At this concentration the light output 
increased threefold when argon gas was bubbled throu~1 
the mixture to de -oxygenate it. The output level 

. 41 
reached 70% of pilot B and 20% of Nai(Tl). The 
output was reduced 5 to 10 fold by only 0.2% ad­
mixtures (by volume) of either 1-iodopropane, iodo-

3 

Fig. 1. 
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511 keV PHOTON BEAM 
XBL 772·324 

Geometry for Monte Carlo_calcul~t~on 
of single-crystal detection efficiency 
(see Sec. 3.1 and Table II). 

Detector 
crystals 

Lead 
shielding 

200 p.Ci/cm source 
on ring axis 

20 em diam. 
water cylinder 

XBL 772-323 

Fig. 2. Geometry for calculation of true and 
accidental coincident event rates using 
Nai(Tl) and Bi4Ge3o12 (see Sec. 3.1 and 
Table III). 



Table III. Comparison between Nai(Tl) and Bi
4

Ge3o12 
crystal rings with 8-mm wide crystals. 

(see text for details) 

Quantity 

Detection threshold 

Detection efficiency for 511 keY 
photons (single-crystal interactims 
only) 

Probability of a 511 keV photon 
scattering on passing through 10 em 
water and retaining an energy above Ep 

Average detection efficiency for 
above scattered photons 

True unscattered coincident event rate 

Single counting rate (sum over all 
crystals) 

Coincidence resolving time (full width) 

Accidental coincident event rate 
(distributed ovet a 30 em field of view) 

Accidental/true coincidence ratio 

methane, ·diodomethane, iodoform, or io~obenze1_1e. 
Larger admixtures reduced the pulse he1ght st1ll 
further. All the mixtures had strong uv fluo­
rescence. Thus we found (unfortunately) that while 
iodinated hydrocarbons do not quench perylene for 
uv excitation, they do quench it for ionizing 
radiation. 

It is hoped that further work in this area 
will result in a convenient, fast, high-density 
scintillator. 
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