Lawrence Berkeley National Laboratory
LBL Publications

Title
Optimization of Side Shielding for Circular Positron Emission Tomographs

Permalink

bttgs:ééescholarshiQ.orgéucéitem456c0631d

Author
Derenzo, Stephen E

Publication Date
1979-10-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/56c0631n
https://escholarship.org
http://www.cdlib.org/

B,

LBL-9584 Rev. C. R

E Lawrence Berkeley Laboratery

UNIVERSITY OF CALIFORNIA

Subm'itt.ed"t'o thé_ Journal of Nuclear Medicine .

OPTIMIZATION OF SIDE SHIELDING FOR CIRCULAR POSITRON
EMISSION TOMOGRAPHS

_Stephen E. Derenzo - R .'REGEEVED
o S LAWRENCE
BERKELEY LABORATORY

. NUV 161979
__ Octqber 1979 '
LIBRARY AND .

r

TWO-WEEK LOAN COPY }\tory
This is a Library Circulating Copy
which may be borrowed for two weeks. X

For a personal retention copy, call
Tech. Info. Division, Ext. 6782.

J = -

Prepared for the U.S. Department of Energy urider Contract W-7405-ENG-48 =

o "”"}/,74’/'%“ 97 |



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.




LBL-9584 Rev.

OPTIMIZATION OF SIDE SHIELDING FOR CIRCULAR POSITRON EMISSION TOMOGRAPHS
hStephen E.'DerenZO

Donner Laboratory
University of California’
~ Berkeley, Californiq_

ABSTRACT

This report‘presents-expressions for the image;forning and background
_event rates seen by c1rcu1ar pos1tron emission tomographs These are used
to determ1ne the side sh1e1d1ng depth that opt1m1zes the signal-to-noise
ratio in the_neconstructed image of a 20-cm cylinder of water with un1form1y'
- dispersed eCtivtty; .For»l—cmywtde NéI(Ti) detectors, a 50-cm patient port,
an activity of 200 1iCi per axial centimeter, and’ a éhie]ding gap'pf'z cm,
the opt1mum shielding depth is 20 cm wh1ch resu]ts in a detector circle
'd1ameter of 90 cm. For a 25-cm pat1ent port and other cond1t1ons as above,
the optimum 5hie1d1ng depth is 14 cm Opt1m1zat1on ca1cu1at1ons for»detector
1mater1a1s hav1ng d1fferent eff1c1encv, energy reso]ut1on, and time reso]ut1on

are a]so presented
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| ~In posftron'emission transyerse'seCtionatomography, the image isederived
from the detection of unscattered coincident annihﬁ]ation pairs. Almost all
'positron/emission tomographs emp]oy Shie1ding on either side of the detectors-
'{to block act1v1ty external to the transverse section be1ng 1maged (1-7).
_Sh1e1d1ng is also used between 1ayers in mu1t1p1e sect1on dev1ces (8 12)

In sp1te of th1s sh1e1d1ng, 1mage contrast is degraded by true coincidences

of scattered ann1h11at1on pairs and by acc1denta1 coincidences of unre]ated

- ann1h11at1on ‘photons (Fig. 1) Most positron imaging systems operate w1th

‘scattered and acc1denta1 backgrounds that are each typ1ca11y 20% of the
detected co1nc1dences. Even if these backgrounds can be perfect1y estimated
and'subtracted from the detected coincidences, the statistical fluctuations |
v-in the resu1t are greater than if. the backgrounds did not exist. In the
f0110w1ng sections ‘we examine the trade-off. between sensitivity and backgrounds
and describe a procedure for determ1n1ng the opt1mum shielding depth for

circular positron emission tomographs..

EVENT RATES
As has been shown ana]yticél]y for circular positron emission tbmographs
(13), the‘overa11 rate of unscattered coincident events (CI) is given by:

o on o202 . < oy

where € is the: detect1on efficiency for ann1h11at10n photons, . p is the
activity density 1n uC1 per ax1a1 cent1meter G is the effect1ve shielding -
gap in. cent1meters, R is the detector r1ng rad1us in cent1meters (Fig. 2),

" and B, is a constant that 1ncorporates the average attenuation and numer1ca1

1
factors -For act1v1ty distributed in a 20-cm cy11nder of water, BI 1850

Due to edge penetration, the effect1ve shielding gap: G is s11ght1y larger



" than the physical shielding gap G:

G =;G+6_G‘v. ' (2)

“The overall rate of co1nc1dent scattered events (CS) is gﬁVeh by (13):

= 2.3 ‘ iv o
where H is the sh1e1d1ng depth in centlmeters and Bg is a constant that
-1ncorporates pu]se height thresho]ds, the angu]ar d1str1but1on of accepted

Compton scatters,and numer1ca] factors.

The overall rate of accidental events (C,) is given by (13):

2

c, = Bpelroleim? ()

where T is the full coincidence time window in nanoseconds, and BA is a
constant that 1ncorporates pu]se he1ght thresholds, detector efftcfencies
for scattered and unscattered photons, and numer1ca1 factors

" These rates are reduced by system deadt1me which is a comb1nat1on
of the deadtime of the-detectors,'timing-and pulse height discriminators,
coihcidence circuits and memory. Wevassume'that fdr a particular scattering
medium (i.e., a 20-cm cy]inder of water) the ratid of photon jnteractions
to coincident events is fixed and an effective nonpahaiyzihg system deadtime
- can be defined that appjies to the total coincident event rate onty. The

fraction of events F that is lost to deadtime is given by:
Fo= tCp/(1+ tCy) (5)

where CT is the total coincidence rate (CI +‘CS +'2CA) and t is the deadtime

per event. We assume that before deadtime losses the system detects CI +

Cg + Cp in the on-time coincidence window and Cp in an of f-time window.

S



'The observed system.rates'are:

= ;(I'F)CII

Dy =
’DS:'$-7(;fF)CSvi . | | |
0y = ()G, @

_In the central region of the reconstructed image of a cylinder of .
activity ih Watér,_the intensity'of unscétteﬁed éoincident events per square
- centimeter_(dl) is given by:

dy = (1-F)bI€

“oBZR. R ¢
For a. . 20-cm cylinder, bi = 29.44.u_Thé'1ntéhsityvof scattered coincjdent.
events per square centimeter'(ds) Ts'giyen by:

= (1-F)bef

3, -
' _ds pee/(RH). - | (8)
The intensity of accidental events per square tehtﬁmetér;(dA)'is‘given by:

2. 24 2 D .
dA = (1-F}bA€~Tp G /H". (9)
~ Before background-subtractidn,jthe‘total intensity'dT is'given by:

dy = dp + dg *+ dp-

FIGURE OF MERIT
A figuré of merit (Q) can be defined as the product of the unécattered
'{éoihcidenée rate (Di)bandvthe'image tontrast‘(dI/dT) uSing-the:argdmehts

of BeCk'(li)j

R
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Q may also be called an “effective" image evenf rate since the same
sigha]—to-noiée ratiovwould‘be bbtained in an ideal fomograph'with DI' = Q
.and dS' =dp' = O. Note that dI,'dS and dA all undergo the same deadtime
1effects, attenuation eorYeCtion and error propagation‘in the'reconstruction_
'prbCess‘ The 1atter resu]ts in a s1gn1f1cant reduct1on 1n s1gna1 to- no1se
and is d1scussed in Reference 15
| Equat1ons 1-10 show that for. a ‘given imaging s1tuat1on reducing the
sh1e1d1ng depth H 1mproves the 1mag1ng rate DI but also decreases the-image
contrest dI/dT. Choosing a value of H that maximizes Q.(Eq. 11) insures

the best_tradeoff between sensitivity and image contrast.

| RESULTS

" Nal{(T1). The constants €, BS,’BA; bgs bps and GG'were determined.forv
‘Nai(T1) by‘fitting Equations 1-9 to measurementS'of»20—cm-phantomsAmade by
the Donner 280- crysta] positron tomograph. The overall rates'DI, DS’ and
' DA were measured for a 20 -cm d1ameter cy11nder of act1v1ty in water (6) and
dS/(dS + d ) and dA/(d + dI) were measured at the ceniter of reconstructea
1mages of a 5-cm d1ameter cylinder conta1n1ng on]y water surrounded by a |
20-cm d1ameter annulus of activity in water (Fig. 2). The pulse height
threshold was 100 keV, the act1v1ty was varied from 100n£o 300 uCi/cm,'end
‘the.shie1ding gap was:vanied from 1 to 3_Cm.. A good fit was obtained wifh
-3

= 0. 73 be = 71, b = 5.3 x 107°, and-aG = 2.1 mm.

A S
The penetrat1on factor GG was necessary in each of equat1ons 1, 3 and 4

€ = 45%, B = 5100, B

(D, D respect1ve1y) for an adequate fit to the data.

I*”s A?
Table 1 lists DI’ S/dI’ dA/dI’ d /dT’ and Q as a function of sh1e1d1ng

and D

depth H, for a 50-cm patient port, p = 200 uC1/cm, e = - 2-cm effectwve shield-

ing gap, a 20-cm diameter water cy]inder, and a l-psec deadtime. Figure 3
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presents curves of Q as a function of H for the same conditions and 25-
cm and 50- cm pat1ent ports. | |

Other detector mater1a1s The relat1ve rates DI’ DS’ and DA for blsmuth

germanate (BGO) detector crysta]s have been measured in th1s system w1th a
300-keV pulse he1ght threshold (6), and‘1ead to the constants € = 67%,

B¢ = 5100, B, = 0.36, bg = 71, by - 2.6 x 1073, Note that the photopeak
selection reduces B, and b, but not Bg and bg since'the scatter background
consists primarily of photons above 4154keV that have scattered through
<40° (5).

v By us1ng the eff1c1ency, time resolution and energy reso]ut1on for other
detector.mater1als it is poss1b1e to optimize the sh1e1d1ng depth for each
material. Table 2 lists the resu)ts for six classes of detector_mater1als
at four activity'1eve1s. See Reference 16,for a more eXtehsive tabulation.
The detection efficfency for Ge(Li) ahd plastic was determined from Monte
Carlo calculations that traced the'interactjons of a beam of 511-keV photons
through a group of 1l-cm wide detectors (17). The detection efficiency was

defined as the fhaction of incident photons that produced a signa1-abdve

threshold in only one detector.

_ . DISCUSSION
The h1ghest optimum va1ue of Q is ach1eved with BGO at each of the
fOur‘act1v1ty 1evels.' The second best mater1a1s fall in the general class
of CsF, eure NaI (cooled) and Tiquid xenon which.have'thé same detection
efficiency as NaI(T1) but significantly betteh time resolution.
Ge(Li) is unique in having sufficient energy resolhtion'tb reject almost

all tissue-scattered photons.h This eliminates the_coincident‘scattered
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background and'greatly redUCes the accidental background. The Tow full-
energy eff1c1ency for 511-keV photons, however resu1ts in Tow values of Q.

- Plastic sc1nt111ators are unique in hav1ng such exce]]ent ‘timing reso]u-
htion that the coincidence time w1ndow of 2 to 3 nsec 1s‘determ1ned by»the
size of the_patientrport}and the speed of light. If time reso1utions of the
order.of +100 psec could be realized for tomographie systehs; then the ttming
1nformat1on and the use of shorter detectors could 1oca11ze the annihilation
point along the line of flight to-+1.5 cm. Th1s poss1b111ty was suggested
: by Anger in 1966 (18) and is used in a 3-d Jmag1ng system built by Nickels
and co-workers (l_) TheveffeCtive sensitivity (Q) cou1d then be 1mproved
»by about a factor of "10 through reduced error propagatwon in the image recon-
estruct1on process (l_) in spite of. the shorter, less: eff1c1ent detectors. |
" As may”be”seen;in Table 2,_a.tenfo]d increase in Q wou]d;make plastic competi-
tive with BGO. | | |

_ For the case of wire chambers with 1ead converters rather optimistic
values of eff1c1ency and t1me reso]ut1on have been used. but the resulting

Quality Factors are st111 relatively low. The s1tuat1on may 1mprove, as

several groups are investigating schemes to 1mprove the1r properties (20- 22)
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. FIGURE CAPTIONS |

FIG‘ 1. Co1nc1dent event types detected by pos1tron tomographs “The.
1;:1mage is formed from unscattered co1nc1dent ann1h1]at1on pairs. Co1ncident
| _scattered pa1rs and acc1denta1 co1nc1dences of unre]ated photons resu1t :
in a broad background. | | |

FIG. 2. :Detectde,'shtering, and phahtom.geometry for.obtimization
ca]cd]atidns"FScatter béckgfound'eanybe measured in the inner cylinder
. by 1mag1ng w1th act1v1ty in the outer cy11ndr1ca1 annu1us only. |

FIG. 3. Effect1ve event rate Q as a funct1on of shielding depth for
NaI(T1) detectOrs with 45% detect1on eff1c1ency, a 2-cm sh1e1d1ng gap,
_200vu61/cm, —usec deadt1me, and a co1nc1dence reso1v1ng time of 15 nsec.

Optimum va]ues are 1nd1cated w1th arrows for 25~ and 50-cm pat1ent ports
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FATES OF ANNIHILATION PHOTONS
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