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ABSTRACT

A properly desyged circular ring of Nal(Tl)
¢ryatals and suitable b struction algorithms vun
provide rapid, high-resolutian transverse section
images of positron-labeled compounds in the human
od; The spatial resolution is limited by the
crystal center-to-center spacing and by the positron
rige in tissue. Using 280 crystals with 10-m
center-to-center spacing and isotopes such as
BB “l.‘, I8, “Fe, a resolution of 7.5 mm
full width ut half maximum (FRM) is possible.
improvements 1n this technology will invelve larger
numbers of smil ler crystals, more cfficient crystals
(possibly bismuth germanate}, or fasver detectors
[such as loaded erganic scintillators).

- INTRODUCTION

1

The Frest camera specifically designed to produce
tra s section images of positron-labeled compounds
1 the humin body was built by Rankowitz, Robertson,
amd co-workers at Brooklaven Natianal labnmlory in
196257 his imovative instrument cnployed 52
Nal{Tl} Jetectors in a vircular pattem and was built
about M years before the mathematical techniques for
accuraie tomographic reconstructian had been developed.
It is now in use at the Montreal Neurological

4,5

3

institute,

More recently, a 48-crystal hexagonal system has
been built by ter-Pogussian and co-workers at Weshington
tniversity at St, Louis®"1? and a 6d-crystal ring
45 been built by (ho and co-workers at

In addition, the planar detcctor positron

camera systems of Bmvan(.-lll'd’15 and of Ml:hlle}\ncrm'n
have heen rotated to permit 360° transverse-section
tomographic imaging, and the wire chamber - convirter
positron camera of ferez-Mendez and co-workers Lan

Le  wsed fur computed longitudinal tomogmphy.w
During the past 15 years, begiming with the work
of KuM, technigques hawe also been developed for
3607 trinsverse-section imaging of single-pamma
19-23

radtonuctides,

2. RING SYSTEMS

)

2.1 Lomarison
In Table I we comfmre the dimensions, spatial
resolution, and sensitivity of three cln:ulnr posi-

b3
the BNIL systcm,]"‘ the UCIA systcm,u 13
25,26

and our 289-crystal system now wder construction,
fie spacing hetween crystal centers ranges from 3 mm
to 10 nm and rhe resolution FRIM in the reconstructed
about 75% of this spacing, This is

dable since (a) circular ring systems sample
at lincar intervals of onc-half the distance
crystal centers and (1) the sampling theorem
st iahly recover a spatial
frequency component, it must be sampled at least twice
per cvcle, Thus the finest bar pattern that a

tron cameras,

of California

ifomia 94720 innee sy owsed it

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

positrons in tissue?® 30 gng (2) the annihilation angle
wncertainty of about 8 mrad FWIM that arises because
the positron-electron system does not annihilate at

.32
rest?®®32 are less important. For the case of ﬁs(h
{beta end point 1.9 MeV) in a 100-cm diam ring, these
factors contribute about 3 mm FWHM and 2 mm
respectively, A higher resolution system with a
detector center spacing of 3 mm, for cxample, might
approach u resolution of 3 mm FWHM in transverse
section, but anly by using the lowtr-energy positron

emitters such as m “c or ste.

2.2

The Donner 280-Crystal Positron Ring Camera

We arce now constructing a system for the high-
vesolution imaging of positran-labeled compounds in
the human body. This system has been physically
simulated by two opposing groups of eight crystals
viewing pesitron-filled phantoms rotated on a tum-
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-crysta1 system.

a. The spatial resolution is best at the conter
of the ring, where the point-spread function is
circular with 7.5 mm FWM, At 10 cm from the ring
center, the point-spread function is elliptical with
8 mm x 12.5 mm PN,

b. The coincident event rate for a 200 uCi point
source in air at the center of the ring is 30 000per
sec, including 1700 random coincidences per sec. The
coincident event rate for 200 1Ci per 1 cm section
distributed in a 20 cm cylinder of water is 8600 per
sec, including 1400 random coincidences per scc
(detection of twe wnrelated photons within the coinci-
dence resolving time) and 1200 scattered coincidences
per sec (detection of two photons from the same
positron where ane or hoth have scattered), Thes¢
random and scattered hackgrounds are distributed over
a 30-cm Ficld of view and do not present a problem
when the activity occupies a small portion of the
field.

NEW SUINTILLATOR MATERIALS HOR

3.1 Bismuth Germanate (B,Gei0.,)

Recently a new scintillator material (bismuth
germanate)} has been developed that has several
advantages over Nal (T1) for the detection of annihila-
tion phtons>3° (Table 11). Compared to Nal(TL),
bismuth germanate has a much higher density and atemic
number, and thus has a higher gamma-ray detection
efficiency, However, bismuth germanate has a much
lower scintillation yic.ld than Nal(Tl} and its energy

and time resolutions are poorer.l:"’ 33-38
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Table 1,

Positron ring systems for

transverse section computed tomography,

Institution BNL LA © bomner (1BL)

References 1,2 11-13 3%,

Mmber of Crystals 2 64 280

Lrystal face 32 mm diam 20 mn diam 8 mm x 30 M

Spacing between crystal centers 39 mm 23 mn 10 mm

Image resolution

(FWD of line spread functian) ~ 30 mm 17 nlnh 7.5 mm

Number of projection integrals

measured ~2x2m 2 x Bod 14 o

Diam of crystal ring 40 cm A7 cem YU em

Field of view ~ 30 cm ~ 30 cm 50 ¢m

Sensitivity (counts/sec/uCi)® 240 ~zsb 130

Status xmgm;, imaging under constntion
in viva in vive {(phantom imaging)

Bcoincidence rate for a point source in air at

h.‘_ 1i, Cho (private commmication),

Table 11, Comparison between Nal (T1)
and Bl4te3 12 crystals.

Nal (T1) “‘4““3012

<i 3‘ a
Density {g/cm”) 3.67 7.13
Atomic nunber i1, 53 83, 32, 8
Relative scintillation a
ouiput L0 0.08'
Scintillation peak a
wavelength {nm) 420 480
Index of refractian a
at peak wavelength 1.8 2.1%
Scintillation decay "
rime (nsec) 230 300°
Inergy resolution at
o2 ke 73 FNM 153 panf

Time resolut ion® 3.4 nsec FiHM 7.1 nsec BdIM

etection efficiency®

(20-mn wide crystals) 59 (41%)¢ 903 (983
Detection efficiency
(B-rn wide crystals) 48% (31%) 82% (803%)

letection efficiency

(4-mm wide crystals) a2% (25%) 72% (70%)

rported in Rel. 34,

‘ar a 100 \cV threshold as reported in Ref, 13.

“Calculated detection cfficiency for 511 keV photons
incident on a bank of rectangular crystals 5 cm
deep as shown in Fig., 1. Only single-crystal
detections are included,

dl-'irst percentage: 100 keV threshold on each crystal;
percentage in parventhesis: 511 kel threshold.

the ring center and @ 100 keV threshold.

To determine the relative detectian efficiency of
Nal(TL) and Bi.‘fcsul,, ¥e wrote 0 Monte Carlo computer
code that traced the interactios of 3§11 kel photons
through groups of crysta e ¢rystal was uniformly
illuminated along a line across its face by a beam
parallel to the 5 cm dimension (Fig, 1). ‘fhe detection
elficiencies given in Table 11 include only those
photons that deposited more than the threshold cnerypy
(100 keV or 511 keV} in the illuminated crystal and
less than the threshold enerpy in cach of the atiey
crystals.

Using 8-mm wide crystals and 100 keh thyeshold,
we Find that bismuth germanate has a 1.7-folid adv 1
in detection efficiency over Nal(Tl), and thus a 2.4
“old advantage in coincident detection cificiency.
The use of narrower 4-mm wide crystals redwes the
cfficiencies for both materials hy a fuctor of abour
0.88, but the ratio hetween them remains nea
same .,

The photopeak efficiency for NaI(Tl) is rela.tve
ly low and photopeak cnergy sclection is generally
nat used in pesitvon imaging. By comparison, bismuth
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 unscattcred photons,

We now estimate the true and accidental event
rates for rings of Nai(Tl}) and 5‘4"‘3"12 erystals

0 8 x 3 x5 cmdeep. We assum a crystal ring radius

= 40 cm, a shielding slit width S = 2 cm and depth
T = 20 cm, znd a 200 uCi/cm line source lying on the
ring axis in a 20-em diam cylinder of water (Fip. 2).
From Ref. 25 we have:

True unscattered coincident event rate:

2 -pl. 2
C = wiS7e pIL
o v

LAk e



Single counting rate:
pas? [ w2
(Zs 4 -—r—[ [ . cpPp ]

Accidental event rau:'w:

where o = 200 uCi/cm, 3 =37 000 annihilations per sec
per uCi, attenuation factor ¢ ™ = 0.15, and f = the
fractim of crystals in coincidence with cach crystal
20,21, Ths value of { assures that all points with-
in 3 30-cm diam circle are sampled at all angles. “he
estwated values of G, Cg, and Co a8 well as the
delanitions and assumd valees of ¢, ‘p' P_,and 1

are given 1n Tahle 111,

in sunmary, Yor the positron ring systems of
Table 111, bismuth germmate has the following ad-
vantages over Nal(Tl):

a. for s n amount of activity, the tow
coincadent 1 is nearly three times lorger and the
accadental/true coincidence ratio is aearly two times
smaller.

h. Jor a given accidental/tne coincidence
rat1o, the event rate is ahout six times larger.

in :nhli!imn, the reduced penetration of off-axis
photons in hismuth germanate provides better spatinl
resohrtion toward the edpes of the field of view.

3.2 Loaded Organic Scintillators

The ideal scintillator for the coincident detec-
tion of annihilation photons would have high densizy,
high atomic nuaber, emit a large nutber of scimtil-
lation photons in a shor: decay time, operate at
room temperature, and be inexpensive, Unfortunately
the hagn-efficiendy scntidlators =ach as Ral{T),
CsI(MN1), and Bi"l'c.,uu, are slow and the fast organic
scintillators bave low detection efficiency. One
notahle exception is liquid xcnm.37'38 which has
a detection efficiency similar  to Nal(Tl) and is
about 10 times faster, but requires an operating
temperature of about -100°C.

One possibility for an improved scintillatur
was recently discussed by Lycl'ls.39 based on work
with perylene and hmm-pcrylcnc.‘m These c
are fast organic fluors, whosc yy fluorescence is not
quenched even by lurge amounts of jodinzted com-
pounds such as 1-iodopropanc.

Accoruingly, we investigated the light output
correspouding 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-
tian of perylene in tolmene and saturated at about
10" molar. At this concentratin the light output
increased threefold when srgon gas was bubbled through
the mixture to de-oxygenate it, The output level
reached 70% of pilot B and 204 of Nal(T1). The
output was reduced S to 10 fold by only €.21 ad-
mixtures {(by volume) of cither 1-iodopropane, indo-
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Fig. 1. Geometry for Monte Carlo calculatimn
* of singe-crysul detection officiency
tsee Sec. 3.1 and Table 11).

Detector
crystols

Lead
shielding

\

200 uCi/cm source
on ring oxis

S

i

WSS

20 cm diom,
water cylinder

X8L 7723238

¥ig. 2. Geometry for calculation of true and
accidental coincident event rates using
Nal(T1} and BigGeg0;, (sec Sec. 3.1 and

Table 11D).



Table 111, Comparison between Nal(T1) and Bi‘ 30"
crystal rings with 8-um wide crystals.
{sec text for details)
Qumntity Symbol Nal(Tl) Bi‘(i:sou
Ietection threshold lip 100 ke 350 key
betectian officiency for 511 keV
photons (single-crystal interactions < 0.48 0.80
only}
Probability of a 511 keV photon
scattering on passing through 10 ca P 0.6 0.3
water and retaining an cnergy above l-p
Average detection efficiency for
above scattered photons tp 0.8 a.9
True unscattercd coimcident event rate S /400/scc 17 Boo/sec
Single counting rate (sum over all
crystals) C D80 000/scc B5C 000/sec
Coincidence resolving time (full width) 1 15 msec 30 nsec
Accidental coincident cvent rate €, 100d/sec 2400/sec
(distributed over a W cm ficld of view)
Accidental /tyue coincidence ratio (Za/l.‘u 0.25 0.13
asthane, dom: th dof or
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