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Stephen E. Derenzo 

Donner Laboratory 
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Berkeley, California 

ABSTRACT 

This report presents expressions for the image-forming and background 

event rates seen by circular positron emission tomographs. These are used 

to determine the side shielding depth that optimizes the signal-to-noise 

ratio in the reconstructed image of a 20-cm cylinder of water with uniformly 

dispersed activity. For 1-cm, wide NaI(Tl) detectors, a 50-cm patient port, 

an activity of 200 iiCl per axial centimeter, and a shielding gap of 2 cm, 

the optimum shielding depth is 20 cm which results in a detector circle 

diameter of 90 cm. For a 25-cm patient port and other conditions as above, 

the optimum shielding depth is 14 cm 	Optimization calculations for detector 

materials having different efficiency, energy resolution, and time resolution 

are also presented 
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In pàsitron emission transverse sectiontomography, the image is derived 

from the detection of unscattered coincident annihilation pairs. Almost all 

positron emissi.ontomographs employ shielding on either side of the detectors 

to block activity external to the transverse section being imaged 

Shielding is also used between layers in multiple section devices (8-12) 

In spite of this shielding, image contrast is degraded by true coincidences 

of scattered annihilation pairs and by accidental coincidences of unrelated 

annihilation photons (Fig. 1). Most positron imaging systems operate with 

scattered and accidental backgrounds that are each typically 20% of the 

detected coincidences 	Even if these backgrounds can be perfectly estimated 

and subtracted from the detected coincidences, the statistical fluctuations 

in the result are greater than if the backgrounds did not exist. In the 

following sections we examine the trade-off between sensitivity and backgrounds 

and describe a procedure for determining the optimum shielding depth for 

circular positron emission tomographs. 

EVENT RATES 

As has been shown analytically for circular positron emission tomographs 

(13), the overall rate of unscattered coincident events (C 1 ) is given by 

C 1 	B 1c 2pG/R 	 (1) 

where c is thedetection efficiency for annihilation photons, p is the 

activity density in pCi per axial centimeter, Ge is the effective shielding 

gap in centimeters, R is the detector ring radius in centimeters (Fig. 2), 

and B 1  is a constant that incorporates the average attenuation and numerical 

factors. For activity distributed in a 20-cm cylinder of water, B 1  = 1850. 

Due to edge penetration, the effective, shielding gap Ge is slightly larger 
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than the physical shielding gap G: 

Ge  = G+G 	 (2) 

The overall rate of coincident scattered events (Cs) is given by (13) 

Cs = B5c2 pG/(RH) 	 (3) 

where H is the shielding depth in centimeters and B 5  is a constant that 

incorporates pulse height thresholds, the angular distribution of accepted 

Compton scatters and numerical factors. 

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

CA = BAc2TP2G/H2 	 (4) 

where T is the full coincidence time window in nanoseconds, and BA  is a 

constant that incorporates pulse height thresholds, detector efficiencies 

for scattered and unscattered photons, and numerical factors. 

These rates are reduced by system deadtime, which is a combination 

of the deadtime of the detectors., timing and pulse height discriminators, 

coincidence circuits and memory. We assume that for a particular scattering 

medium (i.e., a 20-cm cylinder of water) the ratio of photon interactions 

to coincident events is fixed and an effective nonparalyzing system deadtime 

can be defined that applies to the total coincident event rate only. The 

fraction of events F that is lost to deadtinie is given by: 

F = tCT/(l + tCT) 	 (5) 

where CT  is the total coincidence rate (C 1  + C 5  +2CA) and t is the deadtime 

per event. We assume that before deadtime losses the, system detects C 1  + 

Cs + CA in the on-time coincidence window and CA  in an off-time window. 
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The observed system rates are:. 

D 1  = (1-F)C 1  

Ds = (l_F)Cs 

	

DA = (l_F)CA 	 (6) 

In the central region of the reconstructed image of a cylinder of 

activity in water,.the intensity of unscattered coincident events per square 

centimeter (d 1 ) is given by 

	

d 1  = (1-F)b 1 E2pG/R 	 (7) 

For a 20-cm cylinder, b1  = 29.44i, The intensity of scattered coincident 

events per square centimeter (ds) is given by 

ds = ( 1 _F)bs 2  

	

E pG/(RH) 	 (8) 

The intensity of accidental events per square centimeter (dA)  is given by 

	

dA = (1_F)bAE2TP2G/H2 	 (9) 

Before background subtraction, the total intensity dT  is given by 

	

dT = d1 + ds + dA 	 (10) 

	

FIGURE OF MERIT 	 : 

A figure of merit (Q) can be defined as the product of the unscattered 

coincidence rate 0I 
 and the image contrast (dI/dT)  using the arguments 

of Beck (ii) 

	

= D 1 (d 1 /d 1 ) 	 (11) 
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Q may also be called an "effective" image event rate since the same 

signal-to-noise ratio would be obtained in an ideal tomograph with D1' = Q 

and d5' = dA' = 0. Note that d 1 , ds and  dA  all undergo the same deadtime 

effects, attenuation correction, and error propagation in the reconstruction 

process 	The latter results in a significant reduction in signal-to-noise 

and is discussed in Reference 15. 

Equations 1-10 show that fora given imaging situation, reducing the 

shielding depth H improves the imaging rate D 1  but also decreases the image 

contrast dJ/dT. Choosing a value of H that maximizes Q (Eq. 11) insures 

the best tradeoff between sensitivity and image contrast 

RESULTS 

NaI(Tl). The constants c, B ,  BA, b 5 , bA,  and 6G
were determined for,  

NaI(Tl) by fitting Equations 1-9 to measurements of 20-cm phantoms made by 

the Donner 280-crystal positron tomograph. The àverall rates D, D, and 

DA were measured for. a 20-cm diameter cylinderof activity in water (6) and 

ds/(ds + d 1 ) and dA/(ds + d 1 were measured at the center of reconstructed 

images of a 5-cm diameter cylinder containing only water surrounded by a 

20-cm diameter annulus of activity in water (Fig. 2). The pulse height 

threshold was 100.keV, the activity was varied from 100 to 300 iiCi/cm, and 

the shielding gap was varied from 1 to 3 cm. A good fit was obtained with 

c = 45%, B = 5100, BA = 0.73, bs = 71, bA = 5.3 x 10, and 6 G = 2.1 mm. 

The penetration factor 6 was necessary in each of.  equations 1, 3, and 4 

(0 1
9 

Ds and  DA, respectively) for an adequate fit to the data. 

Table 1 lists D 1 , ds/di, dA/dI, dI/dT, and Q  as a function of shielding 

depth H, for a 50-cm patient port, p = 200 pCi/cm, Ge = 2-cm effective shield-

ing gap, a 20-cm diameter water cylinder, and a 1-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 patient ports. 

Other detector materials. The relative rates D, D, and DA  for bismuth 

germanate (BGO) detector crystals have been measured in this system with a 

300-keV pulse height threshold (6), and lead to the constants c = 67%, 

B 5  = 5100, BA = 0.36, b 5  = 71, bA = 2.6 x .  10. Note that the photopeak 

selection reduces BA  and  bA  but not B  and b 5  since the scatter background 

consists primarily of photons above 415 keV that have scattered through 

<40° (5). 

By using the efficiency, time resolution and energy resolution for other 

detector materials, it is possible to optimize the shielding depth for each 

material. Table 2 lists the results for six classes of detector materials 

at four activitylevels. See Reference 16 for a more extensive tabulation. 

The detection efficiency for Ge(Li) and plastic was determined from Monte 

Carlo calculations that traced the interactions of a beam of 511-keV photons 

through a group of 1-cm wide detectors (17). The detection efficiency was 

defined as the fraction of incident photons that produced a signal above 

threshold in only one detector. 

DISCUSSION 

The highest optimum value of Q is achieved with BGO at each of the 

four'activity levels. The second best materials fall in the general class 

of CsF, pure Nal (cooled) and liquid xenon which have the same detection 

efficiency as NaI(Tl) but significantly better time resolution. 

Ge(Li) is unique in having sufficient energy resolution to reject almost 

all tissue- scattered photons. This eliminates the coincident scattered 
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background and greatly reduces the accidental background. The low full-

energy efficiency for 511-keV photons, however, results in low values of Q. 

Plastic scjntillators are unique in having such excellent timing resolu-

tion that the coincidence time windpw of 2 to 3 nsec is determined by the 

size of the patient port and the speed of light. If time resolutions of the 

order of +lóO psec could be realized for tomographic systems, then the timing 

information and the use of shorter detectors could localize the annihilation 

point along the line of flight to -±1.5 cm. ThIs possibility was suggested 

by Anger in 1966 (18) and is used in a 3-d imaging system built by Nickels 

and co-workers (19). The effective sensitivity (Q) could then be improved 

by about a factor of 10 through reduced error propagation in the image recon-

struction process (15) in spite of the shorter, less efficient detectors. 

As may be seen in Table 2, a tenfold increase in Q would make plastic competi- 

• 	tive with BGO. 	• • 

• 	
For the case of wire chambers with lead converters, rather optimistic 

• 	values of efficiency and time resolution have been used but the resulting 

• 	• 	Quality Factors are still relatively low. The situation may improve, as 

several groups are investigating schemes to improve their properties (20-22). 
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FIGURE CAPTIONS 

FIG. 1. Coincident event types detected by positron tomographs. The 

image is formed from unscattered coincident annihilation pairs. Coincident 

scattered pairs and accidental coincidences of unrelated photons result 

in a broad background 

FIG. 2. Detector, shielding, and phantom geometry for optimization 

calculations. Scatter background can be measured in the inner cylinder 

• 	by imaging with activity in the outer cylindrical annulus only. 

FIG 3 	Effective event rate Q as a function of shielding depth for 

NaI(Tl) detectors with 45% detection efficiency, a 2-cm shielding gap, 

200 tCi/cm, 1-psec deadtime, and a coincidence resolving time of 15 nsec 

Optimum values are indicated with arrows for 25- and 50-cm patient ports 
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