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INTRODUCTION

INTRA-OPERATIVE PROBES have recently become important
instruments in nuclear medicine.1,2 In such an applica-
tion, the radiopharmaceutical F-18-fluorodeoxyglucose
(FDG) is promising.1,3–5 This positron emitter (FDG) can
be detected by two methods in this application, one of
which is the detection of beta particles while the other is
the detection of annihilation gamma photons.6–12 In both
methods, it is difficult to distinguish the beta particles or

gamma photons from the background gamma photons
because the background gamma photons have a high
energy level (511 keV) that is similar to F-18 positrons.
Detection of background gamma photons reduces the
detectability of the tumor to normal ratio, making it
difficult to apply the methods in clinical situations.

Several attempts have been made to overcome these
limitations.10,13,14 As one solution, we previously pro-
posed a phoswich positron detector that uses a plastic
scintillator to detect the beta particles, while the BGO
detects gamma photons.15,16 This configuration has also
been applied to continuous blood sampling system and
showed improved sensitivity to the conventional beta-
detector-based system.17 This time, we expanded the idea
for an imaging detector using phoswich scintillators
optically coupled to a multi-channel PSPMT. A similar
detector has already been reported but with another
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combination of scintillators and processing electronics.18

In this paper we present the configuration and perform-
ance of our developed positron-imaging detector with back-
ground rejection capability.

MATERIALS AND METHODS

A.  Principle of operation
Figure 1 shows a block diagram of the positron-imaging
detector. The detector consists of an array of phoswich
scintillators, optical fibers, a multi-channel PSPMT and a
position-calculation and pulse-shape analysis circuit. Each
phoswich scintillator consists of a plastic scintillator and
a BGO and the scintillators and the PSPMT are optically
coupled via optical fibers between them. These optical
fibers are used to reduce the scintillation light spread to the
neighboring channels of the PSPMT. They are encased in
a tungsten shield, and replaceable collimators are mounted
on the top of the detector.

Positrons are detected by the plastic scintillators while
the annihilation photons, which are produced from the

positrons in the plastic scintillators, are detected by the
BGOs. If pulses are produced from both the plastic
scintillator and the BGO simultaneously, the event is
identified as a true positron event. If only one of these
pulses is produced, the event is classed as a background
event due to the annihilation gamma photons. By employ-
ing a pulse-shape analysis, we can distinguish the true
events from background gamma events.15–17 However,
not all positrons absorbed in the plastic scintillator will
result in annihilation photons that will travel in the correct
direction to be detected by the BGO.

Fig. 1   Schematic diagram of the positron-imaging detector.

Fig. 2   Relation between thickness of BGO and detection
efficiency for 511-keV gamma photons.

Fig. 3   Relation between thickness of the BGO and light output
from a 2-mm square BGO for 511-keV.

Fig. 4   Photograph of phoswich scintillator, before optical
coupling (left) and after optical coupling (right).

Fig. 5   Photograph of the optical fiber used between a phoswich
scintillator array and a PSPMT.
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B.   Phoswich detector
The dimensions of the plastic scintillator are 2 mm × 2 mm
× 3 mm (BC-400, OKEN, Ibaragi, Japan). One reason
why we selected the 3-mm thick plastic scintillator is that
it is thick enough to absorb the full energy of positrons
from F-18. An additional reason is that the plastic scintil-
lator must absorb all the beta energy not to be detected by
the BGO. If the plastic scintillator is thin and some
fraction of the beta energy is detected by the BGO, the
event may be detected as a true event by the system’s
electronics because both plastic scintillator and BGO
produce signals.

Although a thicker BGO is better for the detection
efficiency for annihilation photons, it also decreases the
light output of the scintillation photons. Thus the opti-
mum thickness of the BGO needs to be determined. We
show the relation between thickness and detection effi-
ciency of the BGO for annihilation photons calculated
using a linear absorption coefficient of  0.95 (cm−1) for the
BGO in Figure 2. We also measured the light output from
2-mm square BGOs of different lengths and surface
treatments (rough and polished). Results are shown in
Figure 3. These data were measured using 2-mm square
BGOs of different length. Each BGO was optically coupled
to a PMT and pulse height was measured for 511-keV
gamma photons to estimate the light output. A TeflonTM

(3M, USA) tape was used as the reflector.
With the rough surface, the light output decreased

rapidly with increases in the thickness of the BGO. Using
the 15-mm thick BGO with the polished surface, the light
output was only 30% lower than that of the 5-mm one.
Furthermore, the 15-mm BGO absorbed 75% of the
annihilation photons. With these considerations, we de-
termined the thickness of BGO to be 15 mm.

Figure 4 shows a photograph of a phoswich scintillator
before and after optical coupling. Such scintillators are
optically coupled to each other by optical cement (Bicron,
BC-600), wrapped with Teflon tape and combined in an 8
× 8 array. The optically isolated phoswich scintillators act
as light guides to transfer the scintillation light in the
plastic scintillators to the PSPMT while maintaining the
position information. The array is optically coupled to the
1-inch square 8 × 8 multi-channel PMT through optical
fibers 2 mm in diameter 3 mm in thickness supported by
a black plastic plate.

The optical fibers were employed to minimize the light
spread of scintillation to neighbor channels of the PSPMT
by its limited numerical aperture (N.A.). The optical fiber
used was the Kuraray Clear-PCM type (N.A.; 0.72).
Figure 5 shows a photograph of the optical fibers coupled
on the phoswich scintillator array. Round optical fiber
was selected because the material is used for reducing the
light spread to adjacent channels. The round fiber can emit
scintillation light in the central area of a single channel of
the multi-channel PSPMT, although the light loss will be
significant. Square fibers or a fiber-optic plate might be

candidates for the material, but the light spread to neigh-
bors may be greater even though the light loss is smaller.

Figure 6 shows the light spread to the adjacent channels
of the BGO with and without the fibers measured for a
typical channel of the PSPMT. These data were measured
using a 2 mm × 2 mm × 15 mm BGO optically coupled to
one channel of the PSPMT, and the signal amplitudes
were measured for the channel and the eight adjacent
channels with and without the fibers.

Without the fibers, the maximum light spread to adja-
cent channels was more than 40%, which makes it diffi-
cult to set low threshold levels. Using the optical fibers,
the light spread to the adjacent channels fell to less than
20%. We also observed significant light loss from the
fiber. The light loss resulting from using this fiber was
approximately 40%. This phoswich array was optically
coupled to a PSPMT. The PSPMT used was a Hamamatsu
R 7548, 1-inch square, 8 × 8 multi-channel type.

C.  Detector configuration
In Figure 7 we show a photograph of the developed
positron-imaging detector. The 8 × 8 phoswich scintillators
and the PSPMT are encased in a tungsten shield. The
tungsten shield absorbs the gamma photons from other
parts of the body to reduce the count rate for the BGO. The
thickness of this shield tapers from 3 mm to 8 mm at the
input and is 3 mm around the remainder. The weight of the
detector is approximately 1.5 kg. Although the weight is

Fig. 6   Scintillation light distribution of one channel of the
detector without the fiber (A) and with the fiber (B).

Fig. 7   Photograph of the developed positron-imaging detector.

(A) (B)
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not too heavy to be held in the hand of a surgeon, attempts
may be needed to reduce the weight. One solution to
reduce the weight of the detector is reduction of the
thickness of the tungsten shield especially at the backside
area where the scintillators are not located.

A detachable collimator is mounted on the top of the
detector. This collimator is not necessary if the imaging
detector can directly touch the tumor. However the colli-
mator should be used because the input surface of the

Fig. 9   Photograph of the pulse shape of the detector (top) and
the delayed integrated signal (bottom).

Fig. 10   Images from the positron-imaging detector for an F-18
point source with 4 different positions.

Fig. 8   Block diagram of the electronic circuit.

imaging detector is covered by a thin light shield and is
quite weak. Also in some of the clinical measurements, it
is expected that the imaging detector will not be allowed
to directly touch the patient. The collimator makes it
possible to use the detector at a distance from the target but
at the expense of a reduction of sensitivity.

The collimator was made of tungsten having 8 × 8, 2-
mm square holes with 0.3-mm septa. The thickness of the
collimator was 3 mm. The 8 × 8 holes were positioned just
above the 8 × 8 phoswich scintillators of the imaging
detector. The light shield for the input area was made of
three layers of aluminum-vaporized Mylar film, each
approximately 1 micrometer thick. The absorption of
positron for F-18 was negligible for the Myler films.

D.  Electronic circuit
Figure 8 shows a block diagram of the electronic circuit of
the position imaging detector. Position determination is
performed by 64-channel threshold circuits. Position is
determined only using the fast signal from the plastic
scintillator, thus the BGO signal does not affect position
determination even though the annihilation gamma pho-
tons were detected by the other detector element. Vari-
able-gain amplifiers for gain control were used for all 64
channels. We used a summing signal of these 64-channel
signals to analyze the pulse shapes based on the delayed
integration method.

Figure 9 shows a photograph of the pulse shapes of the
signals from the positron-imaging detector and the de-
layed integrated signal. The signal from the detector has
two components; one is the fast signal from the plastic
scintillator and the other is the slow component from the
BGO. When the amplitude of the fast signal is larger than
the threshold level, the signal is integrated after the fast
pulse has decayed. When the amplitude of the delayed
integrated signal is larger than the second threshold, the
signal is a true count (positron). The other signals are
recognized as background signals from annihilation
gamma photons.

The threshold level for the fast signal was set to 30% of
the peak level and that for the integrated signal was set to
70% of the peak level. These combinations were one of
the optimum threshold settings for rejecting scattered
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annihilation photons in the plastic scintillators.15 De-
tected events are accumulated in the memory and trans-
ferred to a personal computer for display. A flood correc-
tion (divided by the flood image) is used to obtain the
sensitivity corrected image.

RESULTS

A.  Positioning property
Figure 10 shows images of the positron-imaging detector
for a collimated F-18 point source with four different
positions. Measurements were made using a collimated F-
18 positron source positioned at each channel of the
imaging detector. The size of the F-18 was around 2 mm
and the activity was less than 37 kBq. Counts were only
observed in the irradiated pixel. The spillover to the
adjacent pixels was less than 20%. This spillover may
have been mainly due to the size of the point source.

Figure 11 shows images of the positron-imaging detec-
tor for an F-18 point source as a function of distance from
the detector surface. Measurements were made on an F-18
point source positioned above the imaging detector at 0
mm, 5 mm, 10 mm, and 15 mm from the detector surface.
Data were measured without and with the collimator.
Without the collimator, the point source was imaged as a
point shape only on the detector surface (0 mm). With the
collimator, the image of the point source was imaged as

point shape up to around 10 mm from the detector surface.
Figure 12 shows the relation between image resolution

and distance from the detector surface with and without
the collimator. Without the collimator, the image resolu-
tion degraded rapidly when the distance from the detector
surface increased. With the collimator, the image resolu-
tion could be maintained at less than 6 mm FWHM up to
10 mm from the detector surface.

B.  Imaging property
The uniformity image of the positron-imaging detector is
shown in Figure 13-(A). No flood correction was applied
in this image. Measurement was made by uniformly
irradiating positrons from F-18. Figure 13-(B) shows a
profile of the image in the horizontal direction for two
central pixels. Clearly, the sensitivity was higher at the
central region of the detector and lower at the edges.

Figure 14-(A) and (B) respectively shows the dimen-
sions and an image of the “H” phantom obtained by the
positron imaging detector. The “H” phantom is made of 1-
mm thick lead in the shape of an “H”. The phantom was
positioned on the central pixels and positrons from F-18
were irradiated uniformly. The clear shape of “H” could
be obtained with the phantom using the positron-imaging
detector.

C.  Sensitivity
The sensitivity was measured by positioning an F-18
point source on the detector surface and measuring the
count rates. The point source was made using an approxi-
mately 2-mm square piece of paper soaked in FDG
solution. A thin plastic film was used to protect the
detector surface from contamination. Measurements were
made without and with the collimator at the central part of
the detector surface where the sensitivity is highest.
Results are shown in Figure 15. The sensitivity at the
center was 1.4% (14 cps/kBq) without collimator and
0.25% (2.5 cps/kBq) with collimator.

D.  Background counts
In Figure 16, we show background count rates for a 20-cm
diameter, 20-cm long phantom filled with F-18 with
different activity levels. Measurements were made by

Fig. 11   Images of the positron-imaging detector for a F-18 point source as a function of distance from
the detector without (top row) and with collimator (bottom row).

Fig. 12   Spatial resolution as a function of the distance from the
detector surface, measured with and without the collimator.
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positioning the positron-imaging detector on the central
part of the phantom’s flat surface, and the count rates were
recorded. Because the thickness of the phantom was more
than 5 mm, all the positrons were absorbed in the phantom
and only annihilation photons were detected by the
positron-imaging detector. With an activity of 3.7 MBq,
background counts were less than 2 cps.

In Figure 17, we show images of F-18 point sources
with a 20-cm diameter, 20-cm long phantom filled with F-
18 of different activity levels. Measurements were per-

formed with an F-18 point source at 100 kBq radioactivity
positioned on one pixel of the position-imaging detector
and set to the central region of the flat surface of the
phantom. Images were recorded for 10 sec under each
condition with the collimator mounted on the position-
imaging detector. There were very small changes ob-
served in the images between no activity (A) to 59.2 MBq
in the phantom (G).

Fig. 13   Image of the flood source of F-18 (A) and profile along the horizontal direction for two central
pixels (B)

Fig. 14   Dimension of the “H” phantom (A) and the image of the phantom obtained with the F-18
source (B).

Fig. 15   Sensitivity of the positron-imaging detector at the center
of the detector surface for F-18 point source measured without
and with the collimator.

Fig. 16   Background count rates for 20-cm diameter, 20-cm long
phantom filled with F-18 of different activity levels.

(A) (B)

(A) (B)
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DISCUSSION AND CONCLUSION

We developed and tested a positron-imaging detector
with background rejection capability for FDG-guided
surgery. The sensitivity of the positron-imaging detector
is determined by several factors. One is the detection
efficiency of the plastic scintillator. For the imaging
detector, the detection efficiency of the 3-mm plastic
scintillator was 100%. Another is the detection efficiency
of the BGO for the annihilation photons produced in the
plastic scintillator. This reaches its minimum at the edges
of the phoswich scintillators and its maximum in the
central area. This effect was observed on the uniformity
image shown in Figure 13. The threshold level for a fast
signal in the electronic circuit is also related to the sensi-
tivity; the signal of positrons lower than the threshold will
be lost. The energy threshold for an integrated signal also
experiences some loss of events due to signal variation in
the channels, even though the amplitude of each channel
was tuned to be the same. The input light shield affects
the sensitivity loss if a thicker light shield is used. The
aluminized Mylor films we employed, which were origi-
nally used for alpha-particle detectors, minimized the
sensitivity loss.

One reason for the relatively low sensitivity of the
developed positron imaging detector is the absorption of
the F-18 positrons at the source. The point source used for
the sensitivity measurement features self-absorption of
the beta particles in the paper as well as in the FDG
solution, while the radioactivity of the source was mea-
sured using a well counter based on the gamma photon
measurements. Thus the F-18 positrons emitted from the
point source might actually be smaller, leading to lower
sensitivity of the imaging detector.

The sensitivity as the function of the distance from the
detector surface was not measured in this study. This
sensitivity property will be basically determined by the

solid angle of the detector surface from the point source.
Without a collimator, the sensitivity will decrease as the
distance is increased by the reduction of the solid angle.
With a collimator, the sensitivity will be constant within
some distance like the gamma camera sensitivity charac-
teristic with a collimator.

The background counts measured using the cylindrical
phantom containing the F-18 solution mainly came from
accidental events of the signal from the plastic scintillator
and BGO at high count rates. This accidental event rate is
proportional to the count rate for the pulses from gamma
detection by the plastic scintillators multiplied by that for
the BGO. Thus, the accidental rate is proportional to the
square of the background activity level. It may be possible
to correct the accidental events using the delayed coinci-
dence measurement, with some increases in complexity
as well as the dead-time of the electronics.

The background counts also came from the pile-up
events in the BGO. These pile-up events can be reduced
by setting the narrow energy window for the integrated
BGO signal. Moreover, the tungsten shield and collimator
may contribute to reducing these background counts.
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