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S.E. Derenzo, R.H. Huesman, J.L. Cahoon, A.B. Geyer, 
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We describe the imaging performance of the Donner 600-Crystal Positron Tomograph, a single 
60 cm diam ring of 3 mm wide bismuth german ate (BGO) crystals coupled individually to 14 nun 
phototubes. With a pulse height threshold o( 200 keY and a slice thickness of 5 mm, the sensitiv
ity is 7024 events/sec per J..1Ci/ml in a 20 cm cylinder of water. The measured rates for 18 J..1Ci/ml 
are 95,000 trues/sec plus 20,000 randoms/sec. A 0.3 mm diam 22Na line source near the center of 
the tomograph has a circular point spread function (PSF) with a full-width at half-maximum 
(fwhm) of 2.6 nun. At 5 cm from the center the PSF is elliptical with a fwhm of 2.7 mm tangential 
x 3.2 mm radial. At 10 cm the PSF has a fwhm of 2.8 mm tangential x 4.8 nun radial. Attenua
tion data are accumulated with a 20 mCi 68Ge orbiting transmission source and 100 million coinci
dent events are collected in 200 sec. 

1. Introduction 

The Donner 600-Crystal Positron Tomograph was designed to image labeled tracers with 2-3 
mm resolution and measure the dynamics of blood flow in the cerebral arteries and the uptake and 
disappearance of labeled tracers in the brain, especially in small, functionally distinct nuclei. This 
single ring system has a patient port diameter of 30 cm and was designed to accommodate the 
human head and neck, and small animals. The design is characterized by independent 3 nun wide 
detectors for very high spatial resolution and parallel high speed electronics for very high maxi
mum event rates. 

A previous report! described the initial results of this tomograph and demonstrated a recon
structed spatial resolution of 2.9 mm fwhm. Clam sampling motion was used2 and the data were 
reorganized into 1.58 nun wide parallel ray projection bins before reconstruction. In this work we 
repOlt a spatial resolution of 2.6 mm fwhm using finer 0.79 mm projection bins. 

The small animal tomograph of Tomitani et al. also uses individual crystal-PMT coupling and 
has a spatial resolution of 3.5 mm fwhm. 3 Many other tomograph designers couple each small 
BGO crystal to several larger phototubes and use pulse height ratio logic to determine the crystal of 
interaction.4- 9 While these designs use fewer phototubes, the low light output of BGO results in 
statistical fluctuations in the position, and appears to limit the spatial resolution to about 4.5 nun 
fwhm. 

*To be published in IEEE Trans Nucl Sci NS-35, 1988. This work was supported in part by 
the U.S. Department of Energy, under Contract No. DE-AC03-76SF00098, and in part by Public 
Health Service Grant Nos. POI 25840 and ROI CA38086. 
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2. System Description 

2.1 Detectors 

Each 3 mm wide BOO crystallO is individually coupled to a 14 mm diam R647-01 photo
tube l1 . The method of coupling the single ring of 600 crystals to five rings of phototubes is 
described in a previous report. 1 The R647-011O-stage phototube has a gain of 106 at 1000 Volts, 
a 10-90% risetime of 2 nsec and a single photoelectron transit time spread of 1.2 nsec.12 See 
Table 1 for a physical description of the system. 

Table 1: Description oflhe Donner 600-Crystai Tomograph 

Number of BOO crystals 600 
Detector ring diameter 60 cm 
Patient port diameter 30 cm 
BOO crystal front face 3 mm x 10 mm 
BOO crystal c-c spacing 3.14 mm 
Shielding gap width (adjustable) 0 to 10 mm 
Number of sampling positions 2 
Number of projection data 120,000 
Projection bin width 0.79 mm 
Timing resolution (first photoelectron) 5 nsec fwhm 
Coincidence window width (adjustable) 7 to 12 nsec 
Photopeak resolution 20-30% fwhm 

2.2 Electronics and Data Acquisition 

Each phototube output is sent to a timing discriminator and integrator circuit, then to individual 
computer-adjustable timing delays and pulse height acceptance windows.13 A Left/Right (LIR) 
veto circuit is used to reject evenrs where a pulse heigh! greater than J 60 lee V is detected in an 
adjacent crystal. .' ' 

Each of the 600 crystals is in electronic collimation with the opposing 200 crystals, providing 
60,000 crystal pair combinations. High maximum data rates are provided by 45 parallel group 
coincidence circuits and 4 parallel histogram memory units. 14 Data are accumulated in eight 
32,000 16-bit word histogrammers, where each histogram location is incremented for on-time 
events and decremented for off-time events. During each study the clam position is changed every 
2.5 seconds, and two 60,000 element datasets are accumulated. During reconstruction, the 
datasets for the two clam positions are combined to provide data in 0.79 mm projection bins.2 The l' 

Nyquist limit corresponding to this spatial sampling frequency is 6.4 cycles/cm, which is the high-
est reconstruction filter cut-off used in this work. 

2.3 Orbiting Transmission Source 

A 20 mCi 680e source15 orbits in the shielding gap at a radius of 17.8 cm to provide attenuation 
measurements. The source consists of a 3 mm diam x 5 mm long cylinder of activity sealed in a 
stainless steel rod. Scattered and random coincidences that do not pass near the source are rejected 
by the electronics.16 
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3. Imaging Properties 

3.1 In-Plane and Axial Resolution 

A 0.35 mm diam 22Na line source15 was used to measure the spatial resolution. The response 
of a single pair of detectors in the tomograph has a fwhm of 2.5 mm, which is somewhat larger 
than the 2.0 mm fwhm predicted by combining detector response (1.5 mm), deviations from 1800 

emission (1.3 mm), and positron range (0.5 mm)l. The difference is probably due to small angle 
scattering from neighboring crystals. The reconstructed image of this source at the exact center of 
the tomograph has a circular point spread function (PSF) with a full-width at half-maximum 
(fwhm) of 2.35 mm. When the source is displaced slightly from this special point, the PSF 
remains circular but the fwhm increases to 2.6 mm. As the line source is moved further from the 
tomograph center, crystal penetration causes the radial component of the PSF to increase, resulting 
in an elliptical shape (Table 2, Figure 1). The measured resolutions in Table 2 are independent of 
both the lower pulse height threshold (in the range from 100 to 350 ke V) and whether the L/R veto 
circuit is ON or OFF. 

Table 2: Measured In-Plane and Axial Resolution 

Distance from center fwhm (mm) fwtm (mm) 

Reconstructed In-plane image resolutiona: 
at exact center 
1em 
Scm 
lOem 
14.4 em 

Axial responsec: 
Ocm 
Scm 
lOcm 
14.4 cm 

2.35 x 2.35b 

2.6 x 2.7 
2.7 x 3.2 
2.8 x 4.8 
3.1 x 7.7 

5.7 
5.8 
6.1 
6.3 

4.6 x 4.6 
5.0 x 5.0 
5.1 x 5.9 
5.3 x 8.6 

5.5 x 13.8 

9.5 
9.4 
9.5 
9.7 

ao.35 mm diam line source parallel to the tomograph axis. Data reconstructed with a filter cutoff at 
6.4 cycles/em. . 

btangential x radial 
c0.35 mm diam line source perpendicular to the tomograph axis. 
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Figure 1: Full-width at half-maximum (fwhm) and full-width at tenth-maximum (fwtm) of the of 
the Radial (Rad.) and Tangential (Tan.) components of the reconstructed image of a 0.35 mm diam 
22Na wire as a function of the distance to the center of the tomograph. Clam sampling was used 
and the images were reconstructed from 0.79 mm projection bins. 

3.2 Sensitivity 

The sensitivity of the tomograph was measured with a 20 cm diam cylinder of 68Ga solution. 
The sensitivity depends on the lower pulse height threshold and the L/R veto (Table 3). At our 
standard pulse height threshold of 200 keY and with L/R veto OFF, the seqsitivity is 7,024 
events/sec per ~Ci/ml. 

Lowering the lower pulse height threshold increases the total event rate, but it also increases the 
prompt scatter and random backgrounds (Table 4). To explore this tradeoff, we imaged a 6 mm 
diam line source of 68Ga on the ring axis and separately measured image events (true coincidences 
passing within 16 mm of the source center), prompt scatter events (true coincidences passing 
farther than 16 mm from the source center), and random events (coincidences in the off-time win
dow) in the parallel ray projection data. The effective event rate is defined as the image event rate 
times the image fraction, which represents the statistical value of each event after background sub
traction. The effective image rate is optimilled at 200 ke V, indicating that unscattered annihilation 
photons that are detected by a single Compton scatter are an important source of image informa
tion. 

The upper level threshold did not affect the data at low and moderate rates because even when 
using 22Na, which has a coincident 1.3 MeV gamma ray, the pulse height spectrum of coincident 
events does not extend above the 511 ke V photopeak. . 
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Table 3: Event rates for IjlCi/ml in a 20 cm water cylindera 

Lower UR True Random Total 
Threshold Veto Event Event. Event 
(keV) Rateb RateC Rate 
350 OFF 4,662 36 4,699 
300 OFF 5,498 49 5,546 
250 OFF 6,384 63 6,447 
200 OFF 7,024 79 7,103 
150 OFF 7,169 95 7,264 
100 OFF 7,141 115 7,256 

350 ON 4,398 34 4,432 
300 ON 5,105 45 5,150 
250 ON 5,855 58 5,913 
200 ON 6,503 73 6,576 
150 ON 6,822 90 6,912 
100 ON 6,975 111 7,086 

aData taken with 7 to 10 jlCi 680a per ml and converted to 1 jlCi/ml of pure positron emitter. 
bDetermined by subtracting the off-time Coincidence Rate (randoms) from the on-time Coincidence 
Rate (image + scatter + random). 

CEvent Rate in the off-time coincidence window. 

Table 4: Event rates for a 1 mCi per axial cm line source in 20 cm watera 

Lower L/R Image Scatter Random Total Image Effective 
Threshold Veto Event Event Event Event Fractione Event 
(keV) Rateb RateC Rate Rated Ratef 

350 OFF 13,587 1,295 882 15,764 0.86 11,711 
300 OFF 15,859 1,762 1,308 18,928 0.84 13,287 
250 OFF 18,165 2,245 1,878 22,287 0.82 14,804 
200 OFF 19,774 2,671 2,682 25,127 0.79 15,562 
150 OFF 20,119 2,980 3,784 26,882 0.75 15,057 
100 OFF 19,762 3,164 5,520 28,446 0.69 13,729 

350 ON 13,226 1,324 863 15,414 0.86 11,350 
300 ON 15,322 1,721 1,246 18,289 0.84 12,836 
250 ON 17,115 2,137 1,779 21,031 0.81 13,929 
200 ON 18,925 2,556 2,550 24,031 0.79 14,904 
150 ON 19,421 2,851 3,727 26,000 0.75 14,507 
100 ON 19,531 3,127 5,534 28,192 0.69 13,530 

aData taken using 0.20 to 0.25 mCi 680a per axial cm and converted to 1 mCi per axial cm of pure 
positron emitter. 

bEvents in the projection data within 16 mm of the line source. 
CEvents in the projection data farther than 16 mm from the line source (i.e. coincident scatter back
ground) 

dTotal for the on-time coincidence window. In addition, an independent Random Event Rate is 
recorded in the off-time window. 

eComputed as (Image Event Rate)/(Total Event Rate) 
fComputed as (Image Event Rate) x (Image Fraction) 
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3.3 Phantom Images 

A 20 cm diam, six-compartment phantom was constructed to test the quantitative accuracy of 
the tomograph, its electronics, and the reconstruction algorithm. The compartments were filled 
with approximately 0, 1, 2, 3,4, and 5 units of 2.90 mCi of 68Ga and imaged (Figure 2). The 
reconstructed activity in each compartment has an excellent linear relationship with the activity in 
each compartment, and the zero activity intercept corresponds to 0.07 units of activity, demon
strating the subtraction of the prompt scatter background in the reconstruction process (Table 5, 
Figure 3). 

Figure 2: Image of 57 million 68Ga 
events in a phantom with six pie
shaped compartments. Approxi
mately 0, 1, 2, 3, 4, and 5 units of 
activity were placed in the respective 
compartments. The reconstruction 
filter had a high frequency rolloff that 
dropped from 0.90F at 0.7 cycles/cm 
to O.lOF at 3.1 cycles/cm, where F is 
the spatial frequency. 

Table 5: Activity in Compartments vs Reconstructed Activity 

Compartment A=activity Reconstructed Fractional 
(/-lCi/ml) Activitya Deviationb 

1 0.00 23 +0.006 
2 2.98 346 -0.020 
3 6.01 704 -0.012 
4 8.61 1,052 +0.042 
5 11.50 1,350 -0.001 
6 14.40 1,674 -0.016 

aarbitrary units 
b(reconstructed activity - best straight line fit)/(average of the 6 compartments) 

" 

~ 
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Figure 3: Correspondence between the measured activity in each compartment of the pie-shaped 
phantom of Figure 2 and the reconstructed activity. The reconstructed activity is nearly zero in the 
compartment with zero activity, demonstrating the subtraction of the prompt scatter background in 
the reconstruction process. 

Our previously described hot-spot phantom is easily resolved with this high resolution tomo
graph and it was necessary to design and build a phantom with much finer structures. 1 Figure 4 
shows an image of 45 million 18F events using this phantom, and Figure 5 shows the recon
structed intensity profiles along each row of hot spots. 

Figure 4: Image of 45 million 18F 
events of a 20 em diam high resolu
tion hot spot phantom (Figure 4) 
taken with the Donner 600 crystal 
Positron Tomograph using clam 
sampling and 0.79 mm projection 

\ , bins. The reconstruction filter had a 
high frequency rolloff that dropped 
from 0.90F at 3.1 cycles/cm to 0.10F 
at 3.7 cycles/cm, where F is the spa
tial frequency. 
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Figure 5: Profiles through the rows of hot spots in the reconstructed image of Figure 4. Radial 
elongation in outer regions of phantom is due to crystal penetration for off-axis rays. 

To visualize the effect of positron range on the image quality of a high resolution positron 
tomograph, a 37-point phantom (Figure 6) was imaged with 18F (Figure 7, Emax = 0.64 MeV), 
68Ga (Figure 8, Emax = 1.90 MeV), and 82Rb (Figure 9, Emax= 3.35 MeV). The positron range 
distribution is sharply peaked l7 and retains a significant amount of information at the high spatial 
frequencies 18. As a result, the finer details in the 68Ga and even the 82Rb image can be seen, 
although the contrast is severely reduced. 

3.4 Attenuation Measurements 

The event rate for the 3 mm diam, 5 mm long, 20 mCi orbiting transmission source in air is 
750,000 coincident events/sec, after rejecting the prompt scatters and random events that do not 
pass through the source. When a 20 ern diam cylinder of water is placed in the tomograph, this 
rate drops to 490,000 coincident events/sec. 16 

.. 

' I 
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Figure 6: Sketch of a 37 -point hot spot 
phantom formed by drilling channels in a 
solid 20 cm cylinder of plexiglass. 

Figure 8: 13 million 68Ga events in the 37 
point hot spot phantom. The reconstruction 
filter had a sharp high frequency cut off at 
6.4 cycles/cm. 

LBL-24315 

Figure 7: 22 million 18F events in the 37 
point hot spot phantom. The reconstruction 
filter had a sharp high frequency cut off at 
6.4 cycles/cm. 

Figure 9: 7 million 82Rb events in the 37 
point hot spot phantom. The reconstruction 
filter had a sharp high frequency cut off at 
6.4 cycles/cm. 
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4. Future Developments 

Usually in positron emission tomography, emission images can be taken only of sections that 
have been transmission scanned previously. To eliminate this requirement and be able to image 
any section at any time, even after the patient has moved on the tomograph bed, we and others19 

are investigating the possibility of making attenuation measurements after the positron activity has 
been administered. This is possible because the 20 mCi orbiting transmission source provides a • 
much higher event rate than a typical emission study, and the rotating transmission mask rejects 
almost all emission events. The subtraction of the remaining emission data increases the statistical 
noise by only a small amount. 

We are developing detectors and electronics for multi-layer ultra-high resolution positron 
tomography using a combination of photomultiplier tube and silicon photodiode readout.20 A 
group of crystals is coupled to a phototube which provides timing and pulse height information for 
that group, and each crystal is coupled individually to a position-sensitive photodiode which 
provides the pulse height and depth of interaction in the crystal. 

5. Conclusions 

(1) The reconstructed point spread function has a circular fwhm of 2.6 mm near the center and 
an elliptical fwhm of 2.8 mm x 4.8 mm at 10 cm from the center. 

(2) The axial resolution is 6 mm fwhm. 
(3) Spatial resolution is unaffected by changing lower threshold or by using the L/R veto. 
(4) The sensitivity as measured with a 20 cm diam water cylinder depends on the lower thresh

old and to a lesser extent on the use of the LR veto. With a threshold of 200 ke V and the L/R veto 
off, the sensitivity is 7,024 events/sec per ~Ci/ml. 

(5) The lower pulse height threshold that provides the best effective sensitivity for a line source 
with 1 mCi per axial cm in a 20 cm cylinder is 200 keY. This takes under consideration both the 
image events and the statistical noise introduced by the scatter and random background events. 

(6) The reconstructed quantitation is excellent, as demonstrated by a multi-compartment 
phantom. 

(7) Many parallel detectors and parallel high speed electronics permit very high event rates, 
even when using a slow scintillator such as BGO. 
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