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A high-resolution, whole-body positron camera, POSICAM
6.5 BGO, has been designed, built, and tested; results
from it are presented. The camera utilizes 1,320 BGO
crystals and 720 PMTS in a staggered geometry to pro-
duce high resolution of 5.8 mm FWHM and 21 image
planes simultaneously. The axial resolution of the camera
is measured at 11.9 mm at the center. High axial sampling
is achieved with 5.125 mm separation of the image planes
such that three-dimensional imaging of an object can be
carried out in a single scan. Recovery of volumetric distri-
bution of radioactivity and object dimensions in axial and
sagittal views is demonstrated by imaging spherical ob-
jects 13 mm to 39 mm in diameter.
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A.s positron emission tomography (PET) is used
more extensively for in vivo quantitation of regional
perfusion and metabolism, better PET camera design
is needed for more accurate volumetric data recovery.
Consequently, fine axial sampling is essential in addi-
tion to in plane sampling in order to produce three-
dimensional imaging for systems based on multiple
two-dimensional image-planes.

The importance of finer axial sampling for three-
dimensional imaging of the heart, and greater diagnostic
accuracy, has been demonstrated by Senda et al. (/) in
both phantoms and patient studies. They showed in-
creased sensitivity of detecting myocardial perfusion
defects by incorporating a second scan of the heart
obtained by moving the patient one-half the image
plane separation. Specificity also improved due to the
finer axial sampling provided by the second interleaved
scan, thereby avoiding artifactual false-positive results.
In our own clinical experience with three-dimensional
imaging of the heart with TOFPET I (2), even with
close spacing of image planes (10.8 mm separation for
11 mm axial resolution), movement of the patient or
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detector and a second scan is required to achieve the
necessary axial sampling for volumetric data recovery
(3). Movement of either patient or detectors creates
several problems, especially with short-lived isotopes.
Data are lost during the time required for the movement
and interleaved image planes taken at a later time
contain different physiologic data. For short half-life
radionuclides, such as rubidium-82 (®?Rb) and oxygen-
15 (**0), a second scan cannot be obtained without
injecting the radionuclides a second time. During the
time required to obtain adequate counts on the first
scan, activity decays sufficiently to prevent acquisition
of a second scan. These limitations hinder three-dimen-
sional quantitation of the physiologic process with very
short-lived radionuclides, unless a PET camera with
high axial sampling is used.

The POSICAM camera had the following design
goals to overcome problems of data loss and activity
decay:

1. Three-dimensional volumetric imaging with a single
scan.

2. Fast imaging with high count rate capability for
short-lived isotopes such as 3?Rb and '°O.

3. High resolution for the heart (whole body) and brain.

To reach these goals, a new detector design was
developed and patented (4). Every other detector in
each ring is staggered by one-half position to achieve
the same spatial sampling frequency as moving the
detectors in the axial direction for an interleaved slice.
When compared to conventional detector geometry
without staggering, the staggered design halves the sam-
pling distance in the axial direction, and almost doubles
the number of slices collected simultaneously by the
camera. The detector design also allows shorter septa,
which in turn allows a smaller, more compact mechan-
ical gantry. The detector design uses conventional ¥%”
photomultiplier tubes (PMT) and a conservative 2:1
crystal to PMT positioning scheme in order to minimize
specialized electronics and simplify the encoding
scheme for more stable operation. The system has been
designed to accept a variety of different scintillators,
including barium fluoride (BaF,) (5) and bismuth ger-
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minate (BGO) (6). A time-of-flight (TOF) option can
also be added to the BaF, system with little change in
the detectors and gantry designs. This paper describes
preliminary performance of the POSICAM 6.5 having
six rings of BGO detectors (five staggered rings) simul-
taneously producing 21 overlapping image planes.

CAMERA DESIGN

A drawing of the POSICAM camera is shown in
Figure 1. A brief description of certain elements of the
camera is included.

The donut-shaped assembly for holding the detectors
is made of half-inch steel for structural support and
shielding against scattered radiation. The detectors and
septa are mounted on a moving plate inside this struc-
ture, which move eccentrically (wobble) with a diameter
of 22 mm for better sampling during the scan (7). The
septa are donut-shaped and are made of 1.5 mm thick
lead, 7 cm long. They are attached to the detector
module plate and wobble with the detectors as a unit.
Lead shielding, varying from 5 to 7 cm in thickness, is
attached to the stationary part of the gantry to minimize
the scattered radiation reaching the detectors from the
patient’s body outside of the axial field of view. The
design of the septa is essentially dictated by the com-
promise between accepted randoms, scatter events, and
sensitivity for true counts (8,9).

The POSICAM 6.5 BGO camera utilizes 1,320 BGO
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FIGURE 1

Artist's drawing of the POSICAM mechanical gantry. Several
features of the system such as rotation, tilt, and patient couch
rotation are illustrated in the drawing. A large footprint of the
base distributes the weight over a large area for easy instal-
lation with few on-site structural changes.
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scintillation crystals 8.5%20%30 mm in size. These
crystals are viewed by 720 PMTs, which detect the
scintillation light and convert it to electrical pulses. The
detectors and PMTs are grouped in 120 modules, each
with 11 crystals and 6 PMTs that are placed in a circle
with a diameter of 78 cm. Each module of 11 crystals
and 6 PMTs is light-tight and self-contained. The mod-
ules are placed radially around the circle such that the
six PMTs are aligned with the axial direction of the
gantry.

The staggered detector design doubles the axial sam-
pling and the number of slices, while reducing the slice
separation to 5.125 mm. Every alternate detector in the
circle of crystals is offset by one-half the detector posi-
tion, axially. The offset produces axial sampling which
is equivalent to manually moving the detectors by one-
quarter of the detector length.

The placement of PMTs and crystals is shown in
Figure 2. The crystals are numbered 1 through 11 and
the PMTs are labeled A through F. Light output from
crystal 1 is collected mostly by PMT A, and similarly,
the light output from crystal 3 is collected mostly by
PMT B. The light from crystal 2 is shared equally
between PMT A and PMT B. The system for collecting
light from 11 crystals to 6 PMTs is referred to as a 2:1
system because of two-to-one splitting of light for en-
coding. The 2:1 detector positioning is easily encoded
and decoded since there is a large difference in the
signals between the two PMTs for the three crystal
positions. The large separation of the PMT outputs for
crystal identification also permits greater variation of
PMT performance without significantly affecting detec-
tor encoding accuracy.
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FIGURE 2

A plan drawing of the crystals and PMT arrangement for the
POSICAM detector module. The crystals are numbered 1
through 11 and the PMTs are labeled A through F. Light
output from crystal 1 is primarily detected by PMT A, while
light output from crystal 2 is detected by PMTs and A and B
equally.
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Data acquisition and image processing are handled
by a multiprocessor system comprised of two VME-
based systems and a VAX computer. The VME-based
systems allow simultaneous operation of data acquisi-
tion and image reconstruction while the VAX functions
as the host and image processing system. The data
acquisition system is capable of operating at ~1 million
cps in the binned profile mode or list mode of data
collection (2).

METHODS

The POSICAM 6.5 BGO system has been tested for prelim-
inary results and the camera design has been simulated with
the Geant III Monte Carlo code from CERN (/0). The testing
and simulation covers several aspects of the camera (including
resolution and sensitivity) for performance comparison with
theoretically possible performance. The following tests were
carried out on the POSICAM camera to evaluate its overall
performance.

Resolution

A single | mm in diameter germanium-68 line source
positron source encased in a steel tube with an approximate
outside diameter of 2 mm was scanned at three different
locations from the center, i.e. at radial position of r =0, r =
10, and r = 20 cm. The point source was scanned in air at a
high count rate of ~250,000 cps. Radial and tangential meas-
urements of resolutions were obtained from the reconstructed
images by taking profiles through the images and fitting Gaus-
sian profiles to the data.

Fluorine-18 sources ~2 mm in diameter were used to
measure axial resolution. The sources were attached to the
patient pallet and, under computer control, these sources were
scanned at many different axial locations stepped in incre-
ments of 2 mm. A region of interest (ROI) was drawn around
the point source in the image plane. A profile of axial response
function was obtained from several scan positions. The ROI
data was then plotted as a function of patient pallet position
and the full width at half maximum (FWHM) value was
measured for different slices (assuming a Gaussian distribution
in the axial direction). The axial resolution was measured for
three different radial positions of the source at r =0, r = 10,
and r = 20 cm from the center.

Sensitivity

The sensitivity of the camera was measured by placing a
uniformly distributed source of radioactivity in a cylinder of
20 cm diameter and 19 cm length. The length of the cylinder
was arbitrarily chosen in order to cover the 12.3-cm axial field
of view. The source was scanned at a low radioactivity con-
centration of ~0.1 uCi/cc where the deadtime losses and
randoms are negligible. The energy threshold of the system
was typically set at 350 keV and sensitivity was measured as
the total number of counts collected by the system, including
scatter, after subtraction for randoms.

Scatter

Scatter was measured with a line source in air and in a 20-
cm diameter scattering medium. Scatter data were also simu-
lated with the Geant Monte Carlo simulation program and
the scatter fraction (defined as the ratio of scatter to true
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counts) was estimated from the simulated data by Bendriem
et al. (10). A scatter deconvolution filter was derived and
applied to the binned profiles before image reconstruction.

A uniform phantom of 20 cm diameter with a 5-cm filling
defect also was scanned with the hole positioned at the center
as well as off-center for evaluation of the scatter correction
algorithm. A ROI was drawn in the 5-cm hole, as well as in
the surrounding activity, to assess the amount of scattered
radiation and the residual error after subsequent scatter cor-
rection.

Randoms

A uniform phantom source, 20 cm in diameter by 19 cm
long (5,440 cc), was scanned with high levels of activity in
excess of 20 mCi and allowed to decay. Sequential scans were
conducted to correlate the activity level to the detected counts.
The number of randoms was estimated from the tails of the
binned profiles that extend from radial positions of greater
than r = 20 cm, in order to minimize the amount of scatter
in the randoms estimation. Randoms were also calculated
from the singles rate measured by the system. The true and
random events were recovered from the ROI drawn around
the uniform phantom. The true counts and random counts
were plotted against known activity levels in the phantom for
this large uniform distribution phantom exceeding the axial
field of view.

Deadtime Losses

Deadtime losses are an important characteristic of the PET
camera since they limit the collection of counts from the
patient. These losses are complex enough that they cannot be
treated with a single correction factor unless the system is
well-characterized (/7). There are several areas of deadtime
losses: (a) the singles at the module; (b) the encoder and
coincidence circuits; and (c) the data transfer. Deadtime losses
are measured from the true counts obtained after random
subtraction. A 20-cm diameter source filled with a short-lived
isotope is scanned several times at different concentrations.
True counts are obtained from the data and the expected true
counts at high count rates are linearly extrapolated from the
low count-rate values to obtain an estimation of deadtime
losses.

Axial Sampling

The effect of inadequate axial sampling in both axial direc-
tions and the partial volume errors, caused by angulation of
an organ with respect to the imaged plane, can be simultane-
ously demonstrated by a special phantom (12). Several 1-cm
thick fingers of radioactivity were placed in the field of view
at angles of 0, 30, 45, 60, and 90 degrees to the axial direction.
These fingers of radioactivity simulating the myocardium at
different positions were scanned with a single scan. The recon-
structed images were displayed by creating long axis slices
through them such that all the fingers of radioactivity are
viewed. The drawing of the phantom is shown in Figure 3.
This phantom has been designed to quantitate the recovery
coefficients for volumetric imaging as a function of the object
size and the angle of the involved plane. Detailed information
is presented in a separate publication by Mullani (/2).

Resolution Uniformity
In order to evaluate the uniformity of resolution across the
20-cm field of view, the Derenzo (/3) phantom was scanned
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FIGURE 3

Special partial volume and axial sampling phantom which
simulates the myocardium at different angles with respect to
the imaged plane. The walls of the myocardium are 1 cm thick
and inclined at 0, 30, 45, 60 and 90 degrees. Axial sampling
and quantitation errors due to partial volume errors are dem-
onstrated by taking coronal sections through the data.

with a low concentration of radioactivity and reconstructed
using the calculated attenuation correction.

Spheres

Three-dimensional volumetric quantitation of POSICAM
was tested by scanning, with a single scan, several spheres (/4)
which are 13, 16, 21, 24, 31, and 39 mm in diameter. The
spheres were positioned in a circle of ~5 cm radius and placed
in a 20-cm diameter, uniform distribution of attenuating
medium such as water. All the spheres were filled with the
same concentration of radioactivity.

Profiles were drawn through the spheres in the recon-
structed images and the 50% points of the maximum in the
profiles were used as edges of the spheres. Sagittal and coronal
views also were obtained from all the slices. Regions of interest
were drawn over each sphere in each slice and three-dimen-
sional count density was plotted against the known volume of
the spheres. The plotted density was used to assess the system’s
capability of recovering three-dimensional volumetric concen-
trations with a single scan.

RESULTS

Resolution
The radial and tangential resolutions are shown in
Table 1. The resolution predicted by the Monte Carlo

simulation of the POSICAM 6.5 BGO is 5.5 mm
FWHM at the center while the measured resolution is
5.8 mm FWHM. The average axial resolution for all
slices was measured at 11.9 mm FWHM at the center.
The average axial resolution at r = 10 cm was 12.8 mm
FWHM; r = 20 was 14.1 mm FWHM. Within a 20-cm
diameter region, the radial, tengential, and axial reso-
lutions changed <10% from those values at the center.
For a 40-cm diameter object, there was <20% changes
in the tangential and axial resolutions but a 36% change
in radial resolution.

Sensitivity

The measured sensitivity was ~180,000 cps/uCi/cc,
for an energy setting of ~350 keV. Table 2 lists the
relative sensitivity of each image plane and the variation
in sensitivity from slice to slice. The variation in the
sensitivity from slice to slice was found to be < +13%
of the average sensitivity for the 17 inner slices.

Scatter

The percent of scatter in an image was estimated by
scanning a line source in air and in a scattering medium
of 20 cm in diameter. The scatter data was then decon-
volved from out of the binned profile data using the
deconvolution method described previously (/0). An
experimental estimate from this technique which ac-
curately corrects for scatter is 18% of the total data for
the 20-cm uniform phantom. Monte Carlo simulation
of scatter ranged from 18% to 24%, depending on the
energy threshold settings. Scatter correction for the
POSICAM 6.5 also was demonstrated using the 20-cm
diameter source with a 5-cm defect in the center. A
residual error of <2% was seen in the hole following
the scatter correction.

Randoms

The relationship between randoms and trues as a
function of the total radioactivity in the field of view is
shown in Figure 4. The concentration at which randoms
equaled trues was 2.4 uCi/cc and the total activity in

TABLE 2
Relative Sensitivity of each Slice as Measured with a 20-
cm Diameter Uniform Phantom with Starting Activity
Levels of Approximately 1 »Ci/cc

Relative Relative
Slice sensitivity Slice sensitivity
TABLE 1
Radial, Tangential, and Axial Resolutions Measured with 1 0.32 12 1.05
a Point Source in Air at Three Different Positions in the 2 0.50 13 1.25
Field of View 3 0.79 14 1.05
— 4 0.95 15 1.19
Resolution in mm 5 117 16 1.02
FWHM 6 0.96 17 117
=0  r=10 r=20 7 1.14 18 0.95
8 1.02 19 0.75
Radial 58 6.3 79 9 1.21 20 0.48
Tangential 5.8 6.3 6.3 10 1.01 21 0.27
Axial (average) 119 12.8 143 1" 1.19 — —
Posicam 6.5 BGO ¢ Mullani et al 613
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FIGURE 4

The relationship between trues and randoms counts as de-
tected by POSICAM in a 20-cm diameter uniform source 19
cm deep as a function of the total activity in the phantom.

the 20 cm diameter by 19 cm long phantom was 13
mCi. The ratio of total singles in the system to the true
counts measured at low count rates is ~38. In other
words, ~2.8% of the total activity detected by the
detectors results in true coincidences.

Deadtime Losses

Deadtime loss for the POSICAM 6.5 BGO system
was demonstrated by monitoring the count rates at
several concentration levels using a short-lived source.
The data is plotted in Figure 4 for decaying radioactivity
in the 20-cm diameter uniform phantom. Randoms
were measured at the edges of the profiles and the total
counts collected from the 20-cm region are broken
down into trues and randoms. The point at which 50%
of the trues are lost due to deadtime occurs with 12
mCi in the phantom.

Axial Sampling

The axial sampling capability of POSICAM was dem-
onstrated by scanning the special phantom which sim-
ulates myocardial activity at 0, 30, 45, and 60 degree
angles to the image plane, as shown in Figure 3. All 21
slices are collected simultaneously in a single scan, with
long axis views subsequently obtained from these im-
ages (Fig. 5). The simulated myocardial activity at all
angles were recovered uniformly because the POSICAM
system has sufficient axial sampling with respect to its
axial resolution. No sampling artifacts are observed in
the images.

Resolution Uniformity

The resolution capability of the system and uniform
response within the 20-cm field of view were demon-
strated with the Derenzo phantom (/3) as shown in
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FIGURE 5§

Axial view obtained from the 21 slices of the axial sampling
phantom show the uniform recovery of myocardial activity
regardiess of the tilt angle with respect to the image plane.

Figure 6. Fifty million counts were collected in the
phantom. The image was reconstructed using the ramp
filter.

Imaging of Spheres

Spheres of 13, 16, 21, 24, 33, and 39 mm diameter
were filled with uniform activity and placed in scatter-
ing medium consisting of a 20-cm diameter phantom.
Axial views of the spheres obtained through two spheres
at a time (Fig. 7) show the ability of POSICAM system
to recover three-dimensional activity distribution.

Regions of interest were drawn in all the slices for
the six spheres, and activities in these ROIs for the
different slices were summed together to form a three-
dimensional ROI over the sphere. PET counts meas-
ured with these three-dimensional ROIs were then com-
pared with the volumes of the spheres and shows the
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FIGURE 6
Derenzo phantom reconstructed with the ramp filter. The
image contains ~50 million counts.
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FIGURE 7

Axial cuts (sagittal & coronal views) through the spheres are
shown for different angles and spheres next to the transaxial
image. The spheres are 13, 16, 21, 24, 31 and 39 mm in
diameter. The line through the spheres shows the plane of
the axial cut and the resuiting image produced along this plane
is shown to the right of the transaxial image.

recovery of the volumetric information from 1.3 cc to
39 cc sized objects (Fig. 8).

Profiles were also drawn through the spheres in the
transaxial planes and in the axial direction. The 50%
level of the maximum amplitude of each was then used

JORDAN SPHERES VOLUME MEASUREMENT
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FIGURE 8

Total counts measured in the 3-D ROI for the spheres are
plotted against the known volumes of the sphere. The rela-
tionship is linear except for the smallest sphere of 1.3 cc
where the PET measured activity is overestimated partly due
to partial volume effects.
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3D MEASUREMENT OF OBJECT DIMENSIONS
BY POSICAM 6.5 BGO
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FIGURE 9

Diameter of the spheres measured in-plane and in the axial
direction plotted against the known diameters of the spheres.
Data was obtained from a single scan of the spheres phantom.

to measure the diameter of the spheres, which were
plotted as a function of the true diameters of the spheres
(Fig. 9).

Heart Phantom

The heart phantom from Data Spectrum (Chapel
Hill, NC) was imaged with radioactivity in the myocar-
dium which included a defect of 1 cm by 2 cm. There
was a low background level of ventricular activity sur-
rounding the myocardium. The 21 slices obtained from
the heart phantom are shown in Figure 10.

CONCLUSION

This multi-slice system is designed for fast three-
dimensional volumetric imaging with a single scan. The
results demonstrate accurate recovery of activity con-
centrations and dimensions for objects which are 16
mm or greater.

The high resolution capability of the system and its
uniformity of resolution across the field of view have
been shown. Variation in sensitivity of adjacent image
planes also has been demonstrated to be quite small.
This uniformity of sensitivity makes the signal-to-noise
characteristics of the data comparable from one slice to
the other.
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FIGURE 10

Transaxial slices of the Data Spectrum Heart phantom.
Twenty-one slices are collected simultaneously and a few
selected slices are enlarged in the lower part of the display. A
1 cm X 2 cm defect is clearly seen in several slices.
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