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POTENTIAL IMPROVEMENTS IN
INSTRUMENTATION FOR PET

Stephen E. Derenzo

Lawrence Berkeley Laboratory
and Donner Laboratory
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ABSTRACT

This paper discusses the potential for improved detectors in Positron Emission
Tomography (PET) and explores the ultimate limits that might be achieved in the
areas of spatial resolution, sensitivity, and maximum imaging rates. It is shown
that if an ultra-fast, high efficiency scintillator and a thin, low-noise, position-
sensitive photodetector were available, a multi-layer time-of-flight tomograph would
be possible with a 10 cm axial field of view, a 3-dimensional spatial resolution of
2 mm fwhm,.and >700,000 prompt unscattered coincidences per sec for 1 uCi per
cm® in a 20 cm diam cylinder of water.

1 IMPROVED DETECTORS
1.1 SCINTILLATION CRYSTALS

Table 1 lists properties of three detector materials commonly used in positron
tomographs, Nal(Tl), BaF;, and bismuth germanate (BGO). NaI(Tl) has the best
photon yield and pulse height resolution, BaF; has the best timing resolution, and
BGO has the best detection efficiency. An “ideal detector” with the best properties
of all three has not yet been found. However, the scintillation properties of three
important heavy inorganic crystals have been discovered rather recently: BaF, in
1971 (1), BGO in 1973 (2), the fast component of BaF, in 1982 (3,4), and GSO in
1982 (5). Further efforts in this direction are essential if the potentials of PET are
to be fully realized.



TABLE 1. PROPERTIES OF SCINTILLATION MATERIALS
FOR POSITRON EMISSION TOMOGRAPHY

Material NaI(Tl) BaF,  BGO  “Ideal
Detector”
Density (gm/cm3) 367 4.8 7.13 >7
Atomic numbers 11,53 56,9 -83,32,8 >80
Index of refraction 1.85 1.56 2.15 ~2%
Hygroscopic? YES NO NO NO
Photoelectron yield (511 keV) 2,500 800;200 300 >1,000°
Scintillation decay time (nsec) 230 620;0.8 300 <1
Photoelectrons/nsec (peak rate) 11 1.3;250 1 >1,000
Time resolution (fwhm nsec) 1.5 0.2 5 <0.2
Energy resolution (% fwhm) 7 20 10 <8
INTERACTION PROBABILITIES FOR 511 keV PHOTONS:
Photoelectric (cm™) 0.060 0.085 0.393 >0.4
Compton (cm™!) 0.268 0353 0.510 >0.5
Total (cm™1) 0.328  0.438 0.903 >0.9
Photoelectric fraction® 0.183 0.194 0.435 >04

A high index is chosen to define a photon “escape cone” that can be used to
determine the position of interaction in 3 dimensions (see section 2.1 below).
*Efficient coupling to a phototube (20% quantum efficiency) or escape cone coupling
to a solid state photodetector (80% quantum efficiency)

‘Ratio of photoelectric/total, or the probability of full photoelectnc absorption on
the first mtera.ctlon

1.2 SOLID STATE DETECTORS

While germanium detectors have been suggested for the detection of annihila-
tion photons in positron emission tomography (6,7), it is not possible to use their
excellent pulse height resolution because their photopeak detection efficiency is ex-
tremely low. For example, there is only a 5% probability that an incident 511 keV
photon will deposit all its energy in 2 5 mm x 5 mm x 30 mm deep germanium
crystal (8). The detection efficiency can be sxgmﬁca.ntly improved (to over 50%) by
using a low pulse height threshold, but the efficiency is still well below that of the
heavy element scintillators. Both HgIz and CdTe have good detection efficiency due
to their high atomic numbers and densities but have not yet been developed to the
point where thousands of detectors can be used in large tomographs. The devel-
opment of such heavy element semiconductors (9,10), would provide an attractive
alternative to the scintillator detector by eliminating the photomultiplier coupling
problem and by providing better pulse height resolution than scintillation detectors.
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1.3 COMBINED PHOTOTUBE- SOLID STATE READOUT

One promising approach uses a photomultiplier combined with solid state pho-
todetectors. A group of crystals is coupled to a relatively large photomultiplier
tube which determines the timing for the group. The solid-state photodetectors are
coupled individually to each crystal to determine the identity of the scintillating
crystal. Hgl; (11-13), silicon photodiodes (14-16), silicon avalanche photodiodes
(17-20), and small low-gain phototubes (21) have been suggested for the crystal
identifier. This method is good for very small crystals, since the noise of solid state
photodetectors decreases with decreasing area, and the signal is nearly independent
of crystal size. In addition, it permits the rejection of multiple-crystal interactions
that degrade spatial resolution.

This approach has been demonstrated using a 3 mm wide BGO crystal in
coincidence with two 3 mm wide BGO crystals coupled to a common 14 mm PMT
and individually coupled to silicon photodiodes. The signal to noise ratio was
adequate for the identification of the individual crystals on an event-by-event basis
and the measured detector pair resolution was 2.0 mm fwhm (14,15). A multi-layer
positron tomograph design using this technology is sketched in Figures 1 and 2.
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Figure 1: Multi-ring detector array where groups of 8 crystals are coupled to
a common phototube for timing information and coupled individually to silicon
photodiodes for the identification of the crystal of interaction. Square phototube
(Hamamatsu R1548) has two independent electron multipliers and first stage of
charge amplifier is mounted near photodiode.
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Figure 2: Cooled tomograph gantry for keeping silicon photodiodes and charge
amplifiers at a reduced temperature (typically -30C°).

2 ULTIMATE LIMITS

To explore the ultimate limits of instrumentation in positron emission tomog-
raphy, in the next section we introduce an ideal detector module, and then use it
in the following sections to explore the ultimate spatial resolution, sensitivity, and
maximum event rates.

2.1 A HIGH-RESOLUTION DETECTOR MODULE

Many recent high resolution detector systems rely on large numbers of small
crystals for good spatial resolution (22-24). Although a spatial resolution of 2.5 mm
fwhm has been achieved this way (22), a practical detector system with a spatial
resolution finer than 1 mm may involve a smaller number of larger detectors that
are able to measure the location of the recoil electron tracks from which all the
scintillation photons originate. In the case of photoelectric absorption on the first
interaction (which for 511 keV photons happens 44% of the time for BGO and
19% for BaF;) all the light originates from a short (<1 mm long) recoil electron.
In the case of multiple interactions (one or more Compton scatters followed by
photoelectric absorption) the center of intensity of a pattern of recoil electron tracks
would be measured.

A
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Figufe 3: Detector module conéisting of a re&éngulé.r scintillation crystal and
photodetectors capable of determining the location of the interaction point within
the crystal.

One scheme for this detector module is a scintillator block coupled to position-
sensitive photodetectors on two orthogonal sides (Figure 3). The ideal photode-
tector for this application would be thin, have high quantum efficiency, be able to
amplify photoelectrons internally with sufficient signal-to-noise that individual pho-
tons can be detected, and be able to determine position of the center of intensity
of the arriving photons. Position sensitive silicon avalanche photodiodes or multi-
anode phototubes may evolve to serve this function (20,25,26). The other sides of
the crystal would be painted black so that any photon that does not reach a pho-
todetector surface is absorbed. Photons reaching a photodetector surface outside
an “escape cone” are internally reflected and absorbed on the other surfaces. Also,
some photons within the escape cone are Fresnel reflected and absorbed. While
this scheme collects only a small fraction of the available photons (see below), the
collected fraction consists of photons that have spread the least in space and time.
The opening angle 6§, for the escape cone is given by sin(,) = n;/n,, where n, is
the index of refraction of the scintillator and n; is the index of refraction of the
external window. For a heavy oxide crystal (n; = 2) and a glass window (n, = 1.5)
between the scintillator and the photodetector, §, = 48.6°. As determined by Monte
Carlo calculation, 16% of the photons reach the photodetector (27).



Another potential candidate for this detector is a heavy element semiconductor
with a 2-dimensional position sensitive readout (similar to the germanium gamma
camera). If the electrons and holes have different drift velocity, the 3rd coordinate
can be determined by measuring the pulse shape. Although subnanosecond tim-
ing has been achieved for germanium detectors (7,28), the detection efficiency and
timing resolution of scintillators such as BaF; is significantly better, and we will
restrict our considerations below to scintillation detectors.

If the ideal scmtilla.tlon detector of table 1 and a thin, high-gain imaging pho—
todetector were available, we could expect the following properties:

1? energy resolution: 8% fwhm, based on the statistical fluctuations of 1000 photo-
electrons. ‘

2) spatial resolution: less than 0.5 mm fwhm in x,y, and z, based on the fluctuations
in the center of gravity of 1000 photoelectrons in an escape cone with a spread of 10
mm fwhm. If the interaction is close to the edge of the crystal, part of the escape
cone is cut off, resulting in a non-linear response. It is expected that the correction
factor can be measured and tabulated, and applied during data taking.

3) timing resolution: The number of photoelectrons and the decay time is simi-
lar to that of plastic detectors or BaF;, which have achieved an a.nmhila.tlon pair
coincidence timing resolution of 200 psec fwhm (4).

4) depth of interaction: By measuring the depth of interaction, the parallax error
due to off-axis penetration can be essentially eliminated. In addition, the time-of-
flight information can be corrected for the flight time of the scintillation photons in
the crystal.

In the following sections we summarize the principal limits of PET instrumen-
tation, given the scintillation detector module just described.

2.2 SPATIAL RESOLUTION

There are 7-primary contributions to spatial resolution in PET.

1) In positron emission, the positrons are emitted with a range of energies from
zero to a maximum which varies from 640 keV for 8F to 3350 keV for 82Rb. Due
to the non-linear relationship between energy and range for sub-relativistic charged
particles (such as positrons below 200 keV), a significant fraction of the emitted
positrons travel less than 1 mm in tissue. The resulting distribution has a central
spike that preserves some of the high spatial frequency information and permits the

<(1ec;>nvolution of the range broadening effects, but with some noise amphﬁcation
29
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2) Because the positron and electron are not at rest in the laboratory frame
when they annihilate, they are not emitted at exactly 180° and have a Gaussian
distribution with 0.5° fwhm (30). Unfortunately, such distributions are difficult to
deconvolve because of the loss of information at the higher spatial frequencies. As
a result, the random deviations from 180° emission is the most fundamental limit
to spatial resolution in PET.

3) Detector Resolution, 4) Parallax error and 5) Sampling: By using a detector

_‘that can measure the location of the scintillation flash in 3-dimensions with good

spatial resolution (< 1 mm fwhm), contributions from parallax error for off-axis
rays, and limited linear sampling density are greatly reduced.

6) The high resolution imaging detector module mentioned above can only
measure the center of energy deposition. In the case of a single photoelectric ab-
sorption interaction, the full energy is deposited in a small region along a short
§<1 mm long) recoil electron track. In the case of one or more Compton scatters
ollowed by photoelectric absorption the energy is deposited at several points sev-
era] mm apart. Thus the distribution of measured positions consists of a sharp
central spike flanked by tails that extend on each side by approximately one atten-
uation length (31,32). As with the positron range blurring, the multiple interaction
blurring can be deconvolved with some amplification in statistical noise.

7) The motion of the head can be kept to within 1 mm during a <1 min imaging
time in favorable cases. The motion of the heart is far greater and a blur of 2 mm

is possible even when gating for both the beating of the heart and the motion of
breathing.

TABLE 2. SUMMARY OF CONTRIBUTIONS TO
SPATIAL RESOLUTION (fwhm)

FACTOR HEAD® HEART®

B* range < 1lmm <1mm
angulation error 1.3 mm 2 mm

detector resolution < 1 mm < 1mm

off-axis penetration < 1 mm < 1mm

sampling® 0 mm 0 mm

scatter in detectors <1 mm <1 mm

organ motion <1 mm (fast scan) 2 mm (double gate)
TOTAL ' 2mm 4 mm

¢Detector ring diameter 60 cm
’Detector ring diameter 100 cm
‘assuming continuous sampling



2.3 AXTAL RESOLUTION VS IN-PLANE RESOLUTION

Generally, different imaging planes are defined with trans-axial lead or tung-
sten shields and the design tradeoff between shielding gap and counting sensitivity
results in an axial resolution that is 2 to 4 times coarser than the in-plane resolu-
tion. Using a detector module able to measure the point of interaction in all three
spatial coordinates, the tomograph axial resolution could be as fine as the in-plane
resolution. The proper utilization of the resulting out-of-plane rays will require a
~ true 3-dimensional reconstruction algorithm able to use all the rays in an equato-
rial belt, resulting in a large number of image planes. For example, if the detector
spatial resolution is 2 mm fwhm in all 3 dimensions and the volume to be imaged
is 25 cm x 25 cm in the plane and 10 cm in axial thickness, then the reconstructed
image set of 1 mm?3 pixels would consist of 100 transverse sections each consisting
of a 256 x 256 array. Using a single video display, it is possible to view an image
plane at any selected position, angular orientation, and thickness.

2.4 SENSITIVITY, SHIELDING APERTURE, AND SCATTER REJECTION

The greatest geometrical acceptance is achieved when the detector rings have
greater axial extent than the organ to be imaged, and when the trans-axial shield-
ing permits the detectors to record the full angular range of possible cross-plane
coincidences. Two problems arise: 1) the geometrical acceptance of prompt scat-
ter and random backgrounds (which are both non-collinear) is also large, and 2)
reconstruction of data from a limited equatorial band is necessary. To address the
first problem, we have used the methods of reference (33) to calculate the optimum
shielding depth and determine the sensitivity and maximum event rates for a 10 cm
shielding gap (Table 3). This wide shielding aperture provides an excellent imaging
event rate but also introduces a large fraction of prompt scattered events. A pulse
height resolution of 8% fwhm permits the rejection of pulses below 450 keV, but this
corresponds to an in-plane angle cut-off of 30°, which has a limited ability to reject
prompt scatters. Reducing the angle cut off to 5° would require a threshold of 509
keV, which is only possible using the best semiconductor detectors. The practical
solution to this problem requires the accurate computation and subtraction of the
prompt scatter background.

v
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TABLE 3. POTENTIAL SENSITIVITY AND EVENT RATES
TOMOGRAPH PARAMETERS:

Patient port diam P 30 cm

Shielding gap S 10 cm

Detection efficiency 70%

Coincidence window 3 nsec

Activity 1 uCi per cm® in a

20 cm cylinder of water
RESULTS OF SHIELDING DEPTH OPTIMIZATION
Optimum shielding depth T 25 cm

Detector ring diameter (P+2T) 80 cm
Image event rate? . 710,000 per sec

Random event rate® 550,000 per sec

Prompt scatter rate® 780,000 per sec

Total event rate 2,040,000 per sec
 Effective event rate Q¢ 307,000 per sec

%Unscattered annihilation photon pair detected in coincidence. Only these events .
are collinear and can contribute to the image.

’Background due to unrelated photons detected in time coincidence by chance.
‘Background due to annihilation photon pair detected in coincidence but one or
both have scattered.

“Event rate needed in an ideal tomograph (no background events) for the same
signal-to-noise ratio in the reconstructed image.

2.5 TIME-OF-FLIGHT

For a detector with a timing resolution that can localize the point of anni-
hilation Sa.long the line between the detector pairs) to a spatial accuracy (fwhm)
of d, and for an emission distribution of effective diameter D, the time-of-flight
information reduces the uncertainty in the reconstructed image and enhances the
effective sensitivity by the factor D/d (34-38). The ideal time-of-flight scintillator
would have a high single interaction photopeak efficiency (>60%), produce a large
number of photons (>1000) in a short time (<1 nsec), and be able to measure
the depth of interaction to compensate for the difference in velocity between the
annihilation photon and the scintillation photons. The timing resolution should be
better than 200 psec fwhm, which has been obtained with thin plastic scintillators
(4). If D=18 cm (human head) and d=3 cm (200 psec), then D/d=6. This factor
would increase the effective event rate described in the previous section to 1.8 x 10°
non-time-of-flight events/sec for 1 uCi/cm®. This sensitivity advantage is so large
that the existence of the “ideal detector” would make time-of-flight a compelling
consideration in all tomograph designs.
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2.6 RANDOMS REJECTION AND MAXIMUM RATES

Even with arbitrarily good timing resolution, it is not possible to reject random
events if their time-of-flight difference places them within the emission region. Thus
the effective coincidence window for randoms acceptance is the electronic timing
window or the size of the emission region, whichever is larger. For a quantitative
analysis, see Ref. (39), where it is shown that in time-of-flight positron tomography,
the statistical uncertainty in both the reconstructed true and random events is
proportional to the detector timing resolution, and that the ratio is independent
of the timing resolution. In table 3, we have used a coincidence window of 2 nsec,
which corresponds to a 30 cm diam emission region. We see in this table that the
randoms event rate is only slightly less than the image event rate, so 700,000 image
events per sec represents a practical rate limit.

* The maximum event rate is also a function of the detector deadtime and the
number of detectors that are in the system. A large number of detectors operat-
ing in parallel permit a high maximum data rate. Electronics deadtime is not a
fundamental limit, as many parallel circuits can be used.

3 CONCLUSIONS

The ultimate limits of PET instrumentation have not been realized because of
the lack of: 1) an ultra-fast, high efficiency scintillator and 2) a thin photodetector
with good timing and position accuracies. If these were available, then a multi-
layer time-of-flight tomograph would be possible with a 10 cm axial field of view, a
3-dimensional spatial resolution of 2 mm fwhm, and >700,000 prompt unscattered
coincidences per sec for 1 uCi per cm® in a 20 cm diam cylinder of water.
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