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ABSTRACT :

' Thls paper presents an analyt1ca1 study of a hlgh resolutlon po51tron_
~r1ng detector system for transax1a1 reconstructlon tomography Our goal
:1s a comblnatlon of good spat1a1 resolutlon, h1gh sen51t1v1ty, reJectlon
. of scattered gamma rays varlable sect1on thlckness and the m1n1m1zat1on
“ of the number of photomultlpllers and c01nc1dence c1rcu1ts A c1rcu1ar ring
of 280 NaI(Tl) crystals 0.8 cm wide should prov1de a resolutlon of 4 6
‘..mm FWHM over a c1rcu1ar region 30 cm in diameter. Coded 11ghtp1pes per-
- m1t readout u51ng only 56 photomultlpllers and 8 c01nc1dence c1rcu1ts
vv,With properly de51gned sh1e1d1ng and an energy resolution of 30% FWHM,d
'”} a p051tron act1v1ty of 200 uCi per axial an in a 20 cm diam cy11nder of

V_‘tlssue should prOV1de approx1mate1y 7000 events per sec from a 2 cm th1ck

E transax1al sectlon (1nclud1ng a 5% acc1dental background and a 269 scat-

'f’tered c01nc1dent background) Th1s_rate is adequate-for_both static and

. pdynamlc 1mag1ng



| INTRODUCI‘ION _ ‘ |
| A clear and valuable goal in nuclear med1c1ne s the rap1d quant1tat1ve
'three dlmen51onal 1mag1ng of 1sotope d15tr1but10ns w1th1n the human body
_One reallzat1on of this’ goal is the use of pos1tron emitting pharmaceut1cals
o coupled w1th a r1ng of detectors completely surround1ng the body (1 4) |
’There are several factors that make th1s approach t1me1y and attract1ve
- fl(a) Co1nc1dent detect1on of back -to- back ann1h1lat1on rad1at10n explo1ts a .

f_much larger sol1d angle than 51ngle gamma 1mag1ng, resultlng in-a great 1n--»'

- ~Crease in 1mag1ng eff1c1ency (b) The use of a r1ng of detectors sh1e1ded

from act1v1ty external to. the sectlon being 1maged prov1des d1scr1m1nat10n

B fagalnst gamma rays scattered in the pat1ent (c) A large rlng of closely

' ppacked detectors can prov1de a suff1c1ently large number of V1ew1ng angles
- to e11m1nate the need to rotate the detector system or the patlent during ex-
_”posure (d) In recent years much progress has been made 1n ‘the mathematlcal
| ”ftechn1ques of computerlzed transax1al tomography (5 6) ThlS coupled with
'.'the fact that attenuatlon correct1ons are ea51ly made for the co1nc1dent de—
'tect1on of ann1h11at1on radlatlon g1ves us. the" potent1a1 for the quantltatlve?
.-‘determlnat1on of the dlstrlbutlon of act1v1ty on a uCi per cm3 ba51s (e)» In

: recent years progress has also been made 1n the product1on and ava1lab111ty of

pos1tron em1tt1ng 1sotopes ' [e g, cyclotron produced 20 mlnllc 10 -min-

)H 13N 2- m1n 150 1. 8 hr 18F' 4. 6-hr-8 Rb, 9- hr 52Fe 9-hr _ Zn, and generator-,
'A'/produced 68 m1n 68 Ga (from 280 day Ge), and 1 3- -min. 82 Rb (from 25- day
Sr) ] . A few of the many references to cl1n1cal appllcatlons of such
.__1sotopes may be found in references (7 8) In add1t10n many other p051tron

":em1tt1ng pharmaecutlcals are be1ng developed for nuclear med1c1ne (9)
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BACKGROUND

The application of positron detection in nuclear medicine was sug-
gested in the early 1950's by Wrenn and oo-workers,(lgj and Brownell and -
 Sweet (11). Later, Anger presented a positron imaging system
using a scintillation camera in coincidence with a crystal array (12)’

Use of positron detection devices-in clinical medieine was'limited by
1nadequate speed result1ng in saturat1on ‘at relat1vely low act1v1ty levels,
| such as 300 WCi. This speed 11m1tat1on has been overcome 1n part by

' the'MGH camera, wh1ch employs two parallel rectangular detector arrays
each.having 127 NaI(T1) crystals and 72 photomultipliers (i3). Efficient
traﬁsaxial tomography using this system involves patient or detector rbta-
tion, and dynamic flow stodies are:not possible except indirectly through
_use of'theoequilibrium imagelmethod (14).

‘The ring detectorbsystem comoept waS‘introduced in 1962vby a group
at Brookhaven Nat1onal Laboratory ut11121ng coincident positron detection :
- for- transax1a1 tomographlc imaging (1) The device consisted of 32 Nal (T1)
crystals. Adequate mathematical techniquesdcapable of solving the image
reconstructlon problem were not employed until recently (2). ?help5‘

Ter Pog0551an, and co- workers reported on a 51m11ar device with a resolution
of 11 mm FWHM u51ng 24 NaI(Tl) detectors 1n a hexagonal pattern (3 4) A |
: 48 detector system large enough for human use, has been constructed and

| 1s now be1ng tested.
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"ln this paper.we presentvthe results of a‘design study on positron,‘
ring'detectors‘for'transaxialvtomography. Our analysis is based on the'goal:
'y_offachieying a-cOmbination of good spatial‘resolution, high'sensitivity; :

‘ rejectiOnfof gamma rays that scatter in the tiSSue'or in the:detector' vari-.
able sectlon th1ckness and economlc feas1b111ty This is the f1rst report |
vof a coded 11ght p1pe scheme for a ring of detectors |
| ‘ SPATIAL RESOLUTION

One means. of reallzlng good spatial resolutlon 1s by us1ng a large number
of small crystals For example, for an 80-cm diam r1ng of NaI(Tl) crystals,
each Q.8,cm wide and 5 cm'deep, the resolution is 4 mm'FWHM at the'center‘of
’the”ring and 6.5 mm'FWHW'at'a distancerof 15 cm from the center of'the ringh
(fig' 1).. The transax1al resolut1on deteriorates w1th 1ncrea51ng dlstance from'
" the r1ng ax1s because of the increase in the apparent size of the crystals
.(flg. 2). (For a detalled analysis, see reference 15) For th1s detector ring
»‘of-280lcrystals, 1t_1s difflcult to optically'COuple each‘crystal to ajphoto-
'multiplier-tube (PMT) becauSe of thedlargevnumber”of‘crystals and the close
' physical'packlng.: - |
“This prohlem'Can.be oVercome byfdividing:the:detector'rlng lntoysegments
.'and opticallydcouplingveach'crystal to several PMI's usingpa.code that uniquely
| spec1f1es its pos1t10n w1th1n the segment (16) An.example ofgsuch a code for
ten crystals and five PMT's is shown in f1g 3. Each'crystal.iskoptically
,coupled to two PMI''s via 11ghtp1pes and -each llghtp1pe corresponds to a log1c
ONE in the truth table When a crystal sc1nt111ates 1ts d1g1tal p051t1on :
code 1s d1rectly avallable by 1nterrogat1ng the output of the PMT' |

| By representlng each crystal with ‘the same number of log1c ONE's 1t
h,1s poss1ble to reJect events where a 51gn1f1cant amount of energy has :

“been depos1ted in more than one crystal of a segment, since in such cases
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more than the prescribed number of PMI''s will respond. This can occur
when a gamma ray scatters in the crystals or when two gamma rays are de-
tected in the same segment Within the coincidence resoluing_time.

In general, thevmaximum number of diétinct_combinations is given by

n'

(n-m)!

where n is.the number of PMI's serving each segment and m is the number of
PMT's to which each cfyStal is coupled. Ih the ekamble of fig. 3 the code
for a -segment containing 10 cfystals used n = 5 and m = 2{

 The number of PMI's is minimized when m ~ n/2. The use of binary and
Gfay'cedes will reduce the number of PMI's somewhat further; but wiil uot
ﬁermit the rejectionbof multiple detections The fast digita1'COding‘of
‘crystal pos1t10ns allows each segment to be placed in coincidence w1th
several opposing segments at high rates using a small number of c01nc1dence
c1rcu1ts,_ Then crystal address codes can be compared to place each crystal
in coincidence with a ptedetermined’number of epposing crystals.
| In the case of 8 segments of 35 crystals each, the choice of n = 7 and

=73 a110Ws"56 PMT's to serve 280 crystals via 840 1ightpipes'and 8 coinci-
“dence circuits. | |

| 'ENERGY AND TIME RESOLUTION

_ The energy resoiution of.a scintillation detector depends on'the ameunt
: of scintillation light produced, - the light collection'efficiency, and the
' quantum eff1c1ency of the HMT at the relevent wavelengths A5 cm diam X 5
em NaI(Tl) crystal can achieve an energy resolution of 8% FWHM for 511 keV
‘.gamma rays, but any reductlon in the light reachlng the PMT(such as through
the use of narrow crystals or by coupllng the crystal to the PMT v1a a long
11ght p1pe) will degrade the resolution. A |

Grenier et-al. report an energy resolution of 23% FWHM atv122-keV and
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10% PWI-M at 662 keV for a. 9 X 9 X 38 mn NaI (Tl) crystal coupled d1rectly
to a PMI‘ and a resolutlon of 506 FWPM at 122 keV when the. same crystal was |
~coupled to the PMT via a 61 cm long- lightpipe that transmltted 20 of the .

' l1ght (17) The1r data show that, as expected, the w1dth of" the photo-
- peak is 1nversely proport1onal to the square root of the number of photons
| reachmg the PMI‘ As the crystals 11sted in. the example of Table 1 are
51m11ar in size and would be coupled to’ the MI's via 51m1lar 11ghtp1pes
) we can thus expect that at 511 keV the energy resolut1on w111 ‘be a‘pprOXI-
mately 50% FW}M x (122 keV/Sll keV)% = 24% FW}M Any non-un1form1ty ‘among
the 11ghtp1pes w111 result 1n a further degradatlon of the resolut1on
- The t1me resolut1on in NaI (T1) depends on the same stat1st1cal f1uc-~
-_ tuat1ons that detemune the energy resolut1on Braunsfurth et al. report

"~ a t1me Jltter d15tr1but1on w1th a FWIM of 1. 3 nsec for 511 keV gamma ray

- -r'palrs in NaI (Tl), us1ng a system with a good 11ght collect1on efficiency

(18). We expect that the t1me Jltter d15tr1but1on of a rmg detector
‘ system w1th an energy resolutlon of 24% NM w111 have a FWHM. of 1.3 nsec x
| (24%/89) = 3.9 nsec A 10 nsec co1nc1dence resolvmg time is assumed in
Table 1. |

'SENSITIVITY

The true c01nc1dent ‘event rate C of a rmg detector is approx1mated by:_

'-Ct ["&2] [s (;CP ) J [e2]= pasz(:cp ) .. (1) . .
' where " o | e -
| ’p % act1v1ty dens1ty in uC1 per axlal an
'_ a = 37 000 armxhllatmns per sec per uC1 of B (conversmn factor)»
s = exposed dmensmn of detector rmg along ring axis (deter-

- ‘mined by width of sh1e1d1ng sht - see f1g 4)



radius of detector ring

(¢]
]

’U‘
[l

probability that a 511-keV gamma ray will scatter on pass1ng
, S through half the tissue

€ detection efficiency for 511-keV gamma rays.
The_first bracket is the contributing activify;'the'second bracket is the
‘probability that‘bothlgamma réYs reach the detector ring without having |
' scattered; and the third bracket is the p;obebility that both gamma rays
are detected and pass the pulse height threshold. |
wé assume that fhe Source distribution lies within a distance R from the
.ring axis given by:
| "R=csin (f1/2) @
where each detector (of a total of N) is in coincidence with the fN Opposiﬁgvv
detectors. For a circular ring the geometfical'sensitivity is neefly uhif |
form within the radius R. We also assume that the detectors are densely
paCRed areund the ring and that the shielding blockseonlyvgamma rays exfefnal
to the section belng imaged.
In Table 1 we have calculated the sensitivity: C /p and many ‘other

- perameters'for a particular positron ring detector system and a_t1ssue thick-
ness of 20 cm. In this example the event rate is 5000 to 7000 events per
sec for p = 200 pCi per axial cm. Thus if the section is to be resolved‘inio
a gr1d of 40 x 40 p1ctels 300 to 400 events can be collected per p1ctel
A over a lOO-sec t1me period. Let us also cons1der the case of gated imaging

-ef the myocardium using generator-produced»75-sec Rb. We assume that

" (a) the heart is 10 cm in the cephlad-caudad dimensien, and the mYo—
cardial volume is 150'cm3; (b) the cardiac race is 72 min'l; (c) the
: scattering medium is equivelent to a 20 cm diam'cylinder‘of»tiésue;

(d) 20 mCi of 82Rb is injected i.v. and 3.5% of this is extracted by fhei'
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v myocardium{ -(e) twelVevseparate images‘are taken,.eaCh COrresponding to
~a 0.1 sec 1nterva1 of the 1.2 sec cardlac cycle, (f) Data‘are'taken'for A
-a per1od of 200 sec after an 1n1t1a1 100 sec walt for the blood pool

82ij (g) As: in. Table 1, Case II the imaging’ sens1t1v1ty

:clearance_of
ls'23veVents'sec . [uC1 per axial cm] . The result1ng initial act1v1ty
_'den51ty is 0 7 uC1 per 4 x 4 x 10 mm 1mage element and for each of the
‘twelve 1mages typ1ca11y 90 events w111 be collected per image element
| SHIELDING AND BACKGROUNDS .

Shielding is.essential for blockingjgamma raYs emittedvby actirity“
:external ‘to the sectlon be1ng 1maged Furthermore 'varying the width of the
| sh1e1d1ng slit allows the sectlon thlckness to. be var1ed True unscattered” '
coincident events can arlse_only-from a pos1tron act1v1ty —%- within the
B section” but sCattered colncident events.and single coonts:(both of~mhich
contrlbute to the background) can arise from an act1v1ty that is effectlvely
. P%S, where T is the depth of the shielding slit (f1g 4). | |

There are two methods avallable for rejecting scattered gamma rays - The.
co1nc1dence,requ1rement~(1.e., that each of the N detectors be in c01nc1-.>
dence»with the N opposing detectors) establishesﬁan approximate upper
limit Og = fr on the scattering angle' This approx1matlon is realistic,
as the size of the scatterlng medlum is usually small compared to the d1ameter_

of the detector r1ng The second method is the use of a pulse helght thresh-

'rold that rejects scattered ‘gamma rays w1th an energy below Ep.' In single
'Compton.scatterlng thls corresponds to a maximum scatterlng anglevAQb_
(19 eqn. 8 e-5): o |
cos (e ). %'2 -:'51%;§9Y. ‘:.;v'v . hv. .':"'h"lle'

For scattered co1nc1dent events the effectlve maximum scatter1ng angle .

Om is ‘the smaller of Of and Op. (For single counts the max1mum



scattering angle is always ep.) The effective minimum scattered gamma

ray energy Em corresponding to em is given byf

g = 511 keV ' (4)'
m 2 - cosiémi . o '

The rate of scattered coincident events where only one member of the

annihilation pair scatters is approximated by:

S(1-P ) P 8 S paS7g, ee_ P_(1-P) -
paSC 1707 - 1 ™m s S
Ci ,[ T [ C J[.c Jl?em] o Tc - (5)

where the'quantity vem‘is the average detection efficieney fer'gamma rays
between energy Em'and 511 keV; and g,bis'a solid angle factor. The first
bracket is the contributing activity; the second bracket is the probability
thet either gamma'ray reaches a detector without scattering; the third
bracket is the probablllty that the other gamma ray scatters and reaches
one of the opp051ng (c01nc1dent) detectors; and the fourth bracket is the -
probability that both gamma rays are detected and pass the pulse helght
'threshold. This expression assumes that the act1v1ty is near the center '
of the scettering medium, that the scattering'takes place close to.the
axis of the rihg'and'that single scattering predomihatee

The dlmen51on1ess quantlty g, describes the fraction of Compton

'scatterlng angles that fall within the angular strip S/c wide and 26 1ong
. 6 -
[ &w
’ do
- J, ,mde
o m . . :

' / 2% gg— sind d9
; ,



where g%—‘ is the differential cross section for Compton scattering of

-.511 keV gamma rays on free electrons, given by the Klein-Nishina formula:

(ref. 19 eqn. 8e-13).

do S 6" (1- cose + cosze— %—cos 8)
aﬁ-'=‘,11.91 XlO

2/str/electro ‘ (7)
(2-cose) o

.where'e is the Y- ray scatterlng angle See‘Table 2 for values of'[gl'

as a functlon of 6 v

The rate of scattered c01nc1dent events C2 where both members of the

' 'ann1h11at10n pa1r have scattered 15 approx1mated by:

3 2 2

2Tc

2"— Jf c _']

TJ

'.,The f1rst bracket is the contr1but1ng act1v1ty, the second bracket is the

;probab111ty that one gamma ray scatters and reaches the detectors the

third bracket is the probablllty that the other member of the pair also
scatters and reaches one of the opposing (co1nc1dent) detectors; and the

fourth bracket is the probab111ty that both gamma rays are detected and

f'pass the pulse height threshold Assumlng that 51ngle scatterlng pre

_domlnates for each gamma ray, g2 is glven by .

6

B me'* S
de .

./E Zn 35-51n6 de

where 'Zﬁ is’ the autocorrelatlon of dﬁ See Table T for approx:unate

| values of gZ as a functlon of 6 ~The total background rate Cb from
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scattered coincident events is given by:
3 -} : :
= : ‘=4E§._ i
G, ¢+ G T 2g, egPe (1-P ) * g qu J . (10)

~ Note that the backgrounds C; and C, are not associated with time resolution

but with scatter geometry and energy resolution. As expected; the ratio of
. scattered coincident events Cb to true unscattered coincident events Ct
is lowest for ''good scatter geometry' (i.e., small S/T).
‘The single counting rate C, is given by:
pas? |

(1 -Py) + € P = ——Tr-té(l -p s) * epP ' (il)_’

2paSc
c. = PPJ

.s. L_ J ZCJ

' where Pp is. the probablllty that a gamma ray will scatter in tissue and

retain an energy greater than E (i.e., the pulse helght threshold) and

' € is the average detectlon eff1c1ency for such gamma rays. The first
"bracket is the contrlbutlng activity; the second bracket is the solid
‘angle factor of the detéctor ring; and the third bracket is the sum of

the btobabilit&-fgr not SCatteringband being detected and the prObability

~ for scattering and being.detected, For the single -Compton scattering of
511-keV gamma rays, = o .
S/2+ 30 % 1/a-3a-db2 1z
p S . ~40/9 - 3 2n3 I

1
— —

_:whére a= Ep/Sll'keV and 1/3 < o < 1. 'The quantity in’brackets is:the

b_prObability that the scattéréd photon will have an energy gréater-than‘Ep,

derived_by.integrating eqn. 8e-21 of ref. 19.
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The accidental coincidence'rate C, is given by:
PR o o
C, = fC t DR (13)
a . . ) . : )
' ,where t is the time resolutlon It is of importance to calculate'the't

'max1mum rate C for a certa1n fractlon N=C /C of acc1denta1 c01nc1dences

. onr? e4‘(1'-ps)4
:Ct'év16 frol (1-F,) « e P ]2
gt [e(oR) v g R

(14)

‘ As expected the maximm event rate is enhanced by good time resolut1on,
1'good sh1e1d1ng, and good detectlon eff1c1encv It 1s 1mportant to reduce
3 to the po1nt where all (or almost all) of the act1v1ty lies w1th1n the
” ”radlus R (egs. 2). Reduclng f below this value w111 reduce the 51gnal
"_'C'vapproximately as if2-(without.effeCtingdthe single counting rate CS)

| | and actually cause C to decrease. | | | '
For the example of Case II of Table 1 and for a 10% acc1dental :

"co1nc1dence rate ( n = 0 10), we have

| .'6£ = 6990 eyents‘per/sec
--and-_.._ = 305 uCi per axial an.

p
'_The profound effect that the scattering medium has on the‘maXimum erent'
'rate can be seen by not1ng what these values would be in the absence of-

'ca,the_scatterlng medlum_(;.e., Pg =P _=10):

p
fﬁt = 130,000 events'perdsec 2
780 uCi per axial am.

B o)
il
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One should hote that: (a) increasing T (whehever possiblej by
extending the collimator closer tO'the>patient reduces all backgrounds
»ﬁithout reducing_the sensitiVity; ‘(b) Increasing the section thickness
S increasesvthe sensitivity as SZ, but the scattered coincident back- N
»» ground increases as 3 (c) The maximm event rate €£ (as limited by
- accidentals) ‘is not a function of S. |

| | ~ DEADTIME

Deadtime arises from the limited speed of both the sc1nt111at10n
process and the electronic circuits. After the interaction 9f a gamma
ray in NaI(Tl), 800 nsec is required to collectYQO% of the available'
scintiliationriight-(gi% of the light is emitted withtan:exponential time
| constaht of 218 hsec'and 9% is em1tted w1th an exponential t1me constant -
of 1340 nsec) (20) To preserve pulse helght information to within 10% at
' “high countlng rates it is therefore necessary to reject all counts that
occur within approx1mate1y 800 nsec of another count. This requlrement
'results in a para1y21ng deadtime of 800 nsec for each coded segment of
the rlng The circuits that perform the pulse height selectlon may also
- introduce a para1y21ng deadtlme, but by proper design (Zl) it 15gpqss1b1e
to limit the overall paralyzing deadtime tp to 1 uysec. The circuits
_-that’handle the time coincidence and position information'introduce a
nonfbaralyzing'deédtime tn of < 200 nsec, but this does net résUlt in
an appreciable loss of counts, provided the circuits are ptoperly designed
and t < tp.

In Cases II and IIT of Table 1 where a pulse helght selectlon is
v hnhosed, the fraction of time that each 35 crystal segment 15‘ava11ab1e
-Gtp '

is e , and the fraction of counts fC lost per segment is given by:



fo=l-e P | Soas
G  is the gross countlng rate for each segment (1.3 %10 ), o =‘i usec,

and the fraction of counts lost (f ) is 12%. As a c01nc1dent event re-

: -2Gt
qulres that two ‘segments be available for counting (probablllty By,
the fractlon of coincident events fe lost is given by

' L -2Gt : . ' _
f = 1l-e P o (16)

e

and equal to 23% for this eXample

| In Case I of Table 1 .no pulse helght selection is 1mposed and we
assume that the paralyzing deadtime can be reduced to 200 nsec. In this
case‘the fraction of counts lost (f) 1is 2.5% and the fractlonvof events -
lost (fé) is only 5%, but the backgroﬁnds are 1arger (see Table 1) |

' RECONSTRUCTION METHODS |
For the ring detector system of densely packed crystals presented. in

thlS analy51s each of the 280 crystals is in coincidence w1th 62 _opposing
.crystals prov1d1ng 8680 crystal pair comblnatlons. Four p0551ble methods
~.of reconstruction are envisioned (for reviews of reconstructlon techniques,
Vseerefs .5 and 6) The f1rst method is to generate a back- prOJectlon image from
the d15tr1but10n of lines connectlng coincident detector pairs. Reconstruc-
etlon is accompllshed using two-dlmen51onal Fourier traneform technidhes.
The second method is to store the lines eonneeting eoincident‘deteetor
. pairs into'bins corresponding to intervals of direction and poeition.,

- The’data are then reconstructed;using the algorithm_of back'projectiOnvof

K »filteredvprojections; ‘The third method is to multiply either the back-

pro;ectlon lmage or the binned data by the . generallzed pseudo inverse

‘matrlx whlch has been derlved for the partlcular geometry of the system
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The fourth method is the use of the closed-fonn expressions of Marr that
permit_the act1v1ty d15tr1but1on to be estlmated directly from a list of
the coincident detector pairs (22).
ATTENUATION CORRECTIONS

Although the corrections for attenuation are much smaller for co-.
incident annihilation imaging than for single'gamma imaging, some-correction
is needed to obtain good transaxial reconstructions. One possibility is
‘the use of a contihuoﬁs.source of positron emitfer around the outside of
the patient, as suggested by Phelpé.et al. (3). Sintevthe attehuation de—‘
pends only on the line of flight of the two gamma rays and not on the posi-
tion of the point of annihilation, the attenuation correction for each |
pairvoffcoincident detectors is the ratio of the transmitted flux before
and after fhe'patient is positioned‘in the system.

133Ba

A second posSibility is the use of a fan beam source of 7.8-yr

: @tincipalgamma energy 356 keV)that traVels 180 degrees around the patient
while the opp051ng 62 crystals collect transmission data As the attenua-
tion cross section is greater at 356 keV than at 511 keV by a factor of
1.16 for water, muscle and bone (23), the attenuatlon correction for
511-keV pairs is determined as the 0.86 power of the ratiolpf the trans-
'mitted flux of}356 keV gémma rays before andbafter the patient is |
positionéd in the system. If is hecessary to know the attenuation'to an
accuracy of only 10% rather than the 1% accuracy of the EMI scanner, and
approkimately 100 times fewer counts are needed. Thus the dose is reduéed
from 1-3 rad to 50-150 mrad. This second method permits greater ease of

source colllmatlon to reduce patient exposure, greater data rates, and

the use of an isotope of long half life.
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In‘summary, we have presented an ana1y51s of the potentlals and

| 1un1tat10ns of a new scheme for the high resolutlon 1mag1ng of p051tronj:h
B em1tt1ng pharmaceutlcals 1n nuclear med1c1ne W1th an act1v1ty den51ty of

c'200 uC1/cm (typlcally 5- 20 mC1 in the patlent)and an energy resolutlon Of.
_‘30% FWHM the dev1ce should operate at 7000 events per sec, 1nclud1ng a 59"
facc1dental background-and a 26% scattered c01nc1dent backbround Relaxa-

itlon of the. pulse helght threshold to 100 keV e11m1nates the need for some

'vlc1rcu1ts and 1mproves deadtlme but 1ncreases the background event rates

~,.v myocardlal uptake of nuclldes [e g.,

_Thls system has the speed capab111ty for dynamlc 1mag1ng of bra1n blood

;fyflow (e g. u51ng 11C,k150," 6%kmon approprlate compounds) and ‘:.

82pb (24) or 13N labeled L- asparaglneh'f

"(25)]as well as h1gh spat1a1 resolutlon 1mag1ng of head thorax,vabdomen, .

ThlS work was supported in part by NIH grant 1 R01 M- 20115 02 RAD

- and in part by the U S. Energy Research and Development Admlnlstratlon



-16-

~ TABLE 1. PROPERTIES OF A RING DETECTOR SYSTEM?
FOR THREE ASSUMED ENERGY RESOLUTTONS

Quantity Symbol Units Case I Case II Case III-
.Energy fesolution (FM%WD at-511 kev 1 % none’ 30 . 15 .v
“Energy threshold o Ep' - kev - . 100 -410b,c 460° ¢
Apprbximaté_maXimum_scattering : I , _ - o
angle corresponding to Ep(eqn;S) p degrees 180 @ 41 27
Effective maximum scatterihg angle em degrees 40 40 i 27_'vv
Minimum scattered gamma energy = E.  kev 415 415 460

corresponding to em(eqn.4)

Average detection efficiency for

o0 '

.gamma ray . energles from E to . E 65 48 45

511 keV - = : : m ' : -'
E Detectlon eff1c1ency for 511 keV € . 4 o 63 '43 ' “43

. gammas : ' , , T -

Probability thata 511 keV gama R

ray will scatter and retain an en- _Pp % - 63 ‘.20_ .10

ergy above Ep(eqn. 12) '

Average detection efficiency for . : .

gamma ray energies from E_ to & g 80 48 . . 45

511 keV P L

Geometry factor - one gamma .gl o _0'31'_0 9 03

scatters (eqn. 6)

Geometry factor - both gammas . g S o .
scatter (eqn. 9) o ' 2 T _0‘19 0.19 0’13_
Rate for true unscattered , o events - '
coincident events (eqn. 1) - Ct per sec 7100 4700 - 4700
- v events per : o
Sensitivity - C./p sec per_. 36 23 23

[pCl/cm]
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TABLE 1 (ggpt ).

Quantity | Symbol Units Case I Case II Case ITI

Coincidence rate for one C, events ., o

gamma scatter (eqn.5) - .1 " ‘per sec . 1840 . "1100 770
Coincidence rate for two C,  events . : .
-gamma scatter (eqn. 8) L ‘2 per sec 1150 640 . ’390
. o 5 :

Slngles rate for entlre r1ng - CS ' e%gnts ‘10’4' 3.8 3.0
(eqn. 11) ‘ per sec T ’ :

. Accidental coincidence rate - - C events 2400 320. - 200
_for entire ring (eqn.13) = a per sec o
Total event rate o | events o 5
,(C + C1 + C2 + C ) - - per sec 12520_- 6769 ' 6069
| | GG o o |
.Background fractlon C—;C—:C—;E— o %\ 43 30 ‘1_ 22

'vParalyzing deadtimé SRR Atp . nsec 200 800 800
Fractlon of events lost due to e o L I

_ deadtlmeC (eqn 16) . f'fe 85 B
:_ a'P_hysi'c'al-specificatior‘ls,,of'ass‘umed_ring'de‘ter;tor system are as follows:
c = detector ring radius = 40 an o
S = shielding slit uﬁdth =2 am
T = 'shleldlng sllt depth =20 cam
"fpgé probablllty of scatterlng on emerg1ng from. the center of a
. 20 cm diam cylinder of tissue = 63%
£ =0.22 (for 280 crystals, each would be in c01nc1dence with thev
. opposing 62 crystals) - v .
eff=,4o maximum scatterlng angle 1mposed by c01nc1dence requ1re— :
T -ment (approx1mate) o , .
p = activity den51ty 200 pCi per ax1a1 cm

= time resolution = 10 nsec
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dimension of crystals albhg gamma lihe'of flight = 5 e
| -dimension of crystals along ring axis = 3 cm |

dimension of crystals transverse to ring axis =.0.8le
"R .= fadiue of uniform geometrical sensitivity = 14 cm

- G = gross singles rate per segment = 1.3 ><105 counts. per sec

bCorresponds to a 7% photopeak loss, assuming that the photopeak has a
Gaussian distribution.

CThis event loss has not been included elsewhere in this table.
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'TABLE 2. THE GEOMETRICAL FACTORS g g2 AS A
- FUNCTION OF THE MAXIMM EFFECTIVE SCA‘]'I‘ERING ANGLE 0,

| gl _ : .".gz

0.0 - 0.5
026 . 015
B o 0.19

036 '» .0'?2_5'

e o
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" FIGURE CAPTIONS

FWHM. ef the transaxial'point spread function (averaged 0ver a11
' gamma ray d1rect10ns) .vs the d1stance to the center of the detector

" circle. Detector r1ng is assumed to be 80 am in dlameter ‘and com-

posed of 280 NaI(Tl) crystals each 8 mm w1de

Detector r1ng and source (P) show1ng that for off -axis p01nts the

-transax1a1 resolutlon depends on. the gamma ray d1rect10n
Example show1ng the coding scheme for 5 photomultipliers and‘the
" first 6 of 10 crystals. Lines designate lightpipes having haif

the cress’sectional area of the crystals. The complete code is

shoﬁn in the truth‘table where a "ONE"‘represents'a.lightﬁipe con-

.nection between'a crystal and a PMT. Expansion to 35 crYstalsare—
".Quires.Sfiightpipes’per crystal'and-z additional photomultipliers.
I1lustration showing how Compton scattering Can'contribute a

background to the coincident event rate. *Althqughvthevtwo ganma |

raYs are in time coincidence, they are not collinear and do not

'prov1de useful spat1a1 1nformat10n 'Unscattered"coincident events’

~.can only arlse from the reglon between the dashed lines.
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' CODE TRUTH TABLE
PMT CRYSTAL
CONNECTION POSITION
. 2 2 2 P )
1l riojolo 1
M1y0|lol1]|o 2
1{0lofol1 3
ijo|l1]o]o .4
oflofaj1]o 5"
olol 1ol 1| 6
of{o|lof 1|1 7
ol 1010 8
ol1{0]o0oj 1 9
0ol 1 {100 10

Light pipes—_,

ystals

el
Tk

S
NS

XBL 753-2536
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
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.
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