
he basic design considerations of the whole-body
positron tomograph used in this study have been pre
sented by Hoffman et al. (1). These emphasized features
facilitating cardiac studies such as the ability to tilt and
rotate the gantry, to align it with the axis of the heart,
and also inputs for cardiac gating. A preliminary report
on the use ofthe tomograph, particularly in cardiology,
has been given by the same group (2). This demon
strated the clarity of anatomical features attainable in
the heart as well as in the brain. Details of the various
components of the data collection system have also
been described in a number of articles (3â€”5).

For any tomographic study the correct interpretation
of clinical data is dependent on an accurate knowledge
of the physical limitations of the scanner. This paper
presents the basic physical performance parameters of
this device which affect the derivation of quantitative
clinical data. It includes an investigation of transaxial
and axial resolution, efficiency, linearity, and deadtime
losses and presents a preliminary assessment of count

recovery with object size and the influence of scattered
radiation.

MATERIALS AND METHODS

PhysicalConstructionof Tomograph
The tomograph consists oftwo rings each consisting of 512

closely-packed BGO detectors (ECAT III, Model 9 11, CT!
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Inc., Knoxville, TN). The detector thickness (tangentially) is

5.6 mm with a center-to-center spacing of6. 1 mm. The crystal
height (axially) and depth (radially) are both 30 mm. Each
detector is viewed independently by a single 10-mm photo
multiplier tube (Hammamatsu R-l635). There is 0.25 mm of
aluminum between detectors in the same ring and six mm of
steel between detectors in separaterings.The ringdiameter is
100 cm (between opposing detector faces) and the distance
between detector centers in the two rings is 36 mm. The
interplane septum (manually removable in a number of see
tions which fit together to form an annulus) has a radial length
of 17cm and a thicknesstaperingfrom 12 mm at the detector
end to 3 mm. The detector aperture can be varied by moving
side collimation under computer control to give maximum
and minimum aperturesof 65 mm and 32 mm. Thesecorre
spond to detector apertures of 29.5 and 13 mm, respectively,
(septum out) and 26.5 and 10 mm (septum in). Leadshielding
is provided at the sides ofthe detectors.

The openingfor the patient is 65 cm in diameter which is
sufficient to accommodate rotation and tilting of up to 30Â°.
The required position on the patient's body is set using a
crossed laser beamâ€”the laser source being mounted on the
gantry. All gantry and bed (horizontaland vertical)motions
are monitored by the host computer (DEC-Vax 11/730).
Threeimageplanescan be obtainedsimultaneously,twousing
coincidence events recorded within each ring (direct planes)
and one using events between one ring and the other (cross
plane).

Data Collection and Processing
The detectors in each ring are grouped into 16 buckets (32

detectors per bucket). In this study, each bucket was operated
in coincidence with seven buckets on the opposite side of the
ring, and data acquisition was carried out with the detectors
stationary (as opposed to wobble mode). The latter was not
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used in clinical studies due to the large data storage require
ments (four times that for stationary mode). The coincidence
time window (2r) is 24 nsec. All coincidences recorded be
tween opposing â€œbucketsâ€•within the 24 nsec window are
termed â€œpromptâ€•coincidences (P). They are a combination
of true coincidences (T), which arise from the same positron
emission, and random coincidences (R) from unrelated
gamma rays. Randoms are continuously monitored by form
ing coincidences in a 24 nsec time window with a delay of 48
nsec between opposing detectors. The random rate is sub
tracted from the prompt rate automatically to give the true
rate. The third category of event is the multiple (M) which
results from three or more events occurring within the 24 nsec
window. The energy threshold used in the present study was
250 keV. The measured total coincidence count rate TOT (as
reported during data acquisition) is given by:

TOT=P+R+M=T+2R+M

True coincidence events are sorted into sinograms in a real
time sorter (RTS) (3). Use ofthe RTS necessitates the defini
tion of the number of frames (limited by the RTS memory)
and the time perframebeforethe commencement of scanning.
As soon as the scanning period is over, the sinograms are
transferred to magnetic disk. Reconstruction can be per
formed with an operator-selectable choice of filter functions
(ramp, Butterworth, Hann, Hamming, and Parzen) and cutoff
frequencies. The image matrix size is operator-selectable (into
256 x 256, 128 x 128, or 64 x 64 pixels) as is the mm/pixel.

Correction for photon attenuation can be carried out by
calculation or measurement. In the standard software, calcu
lated correction assumes an elliptical object of uniform atten
uation, the dimensions and attenuation coefficient of which
are selected by the operator. Measured attenuation correction
is effected by the use ofa ring source ofactivity which fits just
inside the patient port. It is in the field of view (FOV) of the
detectors but outside the reconstructed FOV. The source
consists of a closely-packed helix of polythene tubing wound
round a plastic ring which is inserted manually. The axial
dimension is 10 cm which well covers the detector aperture.
For the tests described it was filled with gallium-68 (6tGa)
solution. The 68Ga(U, 68.3 mm) was obtained from a
6tGagenerator.Germanium-68(6tGe)decaysby electroncap
ture to produce the positron-emitter 6tGa. Periodically, the
detector efficiencies were normalized by inserting a plane
source of 68Ge(t,, = 270 days) into the FOV. The source is
scanned at six angles (movement being automatically con
trolled). Relative efficiencies for each coincidence line-of
response are placed into a file for use in subsequent reconstruc

tions.

Spatial Resolution
Transaxial (in-plane) resolution (full width at halfand tenth

maximumâ€”FWHM and FWTM) was measured using Poly
thene tubing of internal and external diameters 1.0 and 1.5
mm, respectively, inserted (axially) into close-fitting holes in
a Plexiglas cylinder of diameter 30 cm. This set-up was used
to simulate the positron range in in vivo studies. Measure
ments were carried out with the line sources (containing either
nitrogen-l 3 (â€˜3N)or 6tGa to investigate the effect of different
positron energies) in the center of the tomographic FOV and
at 6, 12, and 18 cm from the center. Data was acquired (as in

in vivo studies) in stationary mode with interplane septum
inserted and with a collimator aperture of 65 mm. Measured
correction for attenuation was applied and images were recon
structed both with ramp and Hann filters (cutoff frequency
0.5 of Nyquist)(6).

About 500k total true events per plane were acquired for
each emission scan. At least 20 million true events per direct
plane (40 million cross plane) were acquired for both blank
(no object in FOV) and transmission scans using the external
68Garing source.Thesefigureswerebasedon investigationof
the variation in the standard deviation of pixel counts in
emission images of a uniform phantom for different numbers
of counts in transmission and blank scans. This applies to all
measured attenuation corrections carried out in this study.
Spatial resolution was calculated by taking a profile through
the center of the image of the line source and using a linear
interpolation.

(I) Axial resolution was measured by placing a 68Ge/@8Gasteel
needle perpendicular to the axis of the scanner in air and
performing a rectilinear scan as the patient bed was passed
through the FOV in steps of 1 mm. At each position (0, 6, 12,
and 18 cm from the center of the FOV) more than 200k true
events were collected. Data was collected with the interplane
septum both in place and removed.

Efficiency, Count Rate Performance, and Deadtime
The basic assessment of efficiency of the tomograph was

carried out with a circular cylinder 20 cm in diameter and
length which was filled uniformly with 68Ga solution. Effi
ciency was defined as recorded true coincidence counts/sec/
@Ci/ml.The specific activity ofan aliquot ofthe solution was

measured in a calibrated ionization chamber. The cylinder
was placed centrally in the FOV and data acquired for low
specific activity (â€˜@-0.1 pCi/mi) so that deadtime correction
was negligible (see below and results section). Random, mul
tiple, and total [TOT â€”Eq. (1)] count rateswerealso recorded
over a range ofspecific activities up to about 0.7 @Ci/ml.Data
wasobtainedwith septum in and out.

Deadtime losses were defined by the change in measured
efficiency with changing specific activity for three source
geometries. These were (a) a uniform cylinder, (b) a tube
source in a scattering medium, and (c) a heart phantom. The
uniform cylinder was of diameter 24 cm and length 12 cm.
The second phantom consisted of a tube of diameter 1.6 cm
and length 12 cm inserted into a rectangular Plexiglas block
ofdimensions 20 cm x 20 cm x 15cm (7). The heart phantom
comprised two concentric Plexiglas spheres (diameters 6 cm
and 8 cm) supportedby Plexiglasplates(in the axial direction)
within a rectangular tank of dimensions 32 cm (length-axial)
26 cm (width) x 15 cm (height). The tank was filled with
sawdust to simulate the lungs. The inner sphere (cavity) was
filled with active solution and the volume between the spheres
(myocardium) was filled with water. The maximum activity
in each phantom (either 68Ga or â€˜3N)was chosen to give a
total count rate close to or just above the maximum data
transfer rate from coincidence processor to buffer memory
â€”600kcounts/see).

True, random, and multiple count rates were again re
corded for each ofthese tests. For the uniform cylinder, mean
counts/pixel in the image were also obtained from a circular
region of interest (RO!) of diameter 15 cm in the center of
the phantom. Images were reconstructed with measured atten
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TABLEIMeasurements
of TransaxialResolutionwith PlasticTubeSources

(StationarySampling)Transaxial
resolution(FWHM)inmm13N

UGaHann

Ramp Hann Ramp
Distant fromcenterofFOV(cm)

R* Tt R T R T RT0

8.4 8.5 5.9 5.9 8.7 8.9 6.36.26
8.6 8.5 6.1 5.9 9.0 9.0 6.76.612
8.7 9.1 6.5 6.4 9.1 9.6 7.07.118
9.8 9.9 8.6 7.5 â€” â€” â€”â€”*

Radial.t

Tangential.

uation correction and the Hann filter. Measurements were
carried out for each phantom with the septum inserted and
with the maximum collimator aperture (65 mm).

Linearity
The relationship between counts/pixel and specific activity

was examined with a â€œPIEâ€•phantom consisting ofa Plexiglas
circular cylinder ofdiameter 24 cm and length 12 cm divided
into six equal 60Â°sectors. Specificactivities (68Ga)in the
sectors were approximately in the ratios 0: 1:2:3:4:5. The pre
cisc ratios were determined by withdrawing five 0.5 ml sam
ples from each sector after scanning and counting them in a
well counter. Data was acquired at two count rates; the higher
rate was 17k cps trues (direct plane) and 30k cps trues (cross
plane) while the lower rate was 7k cps (direct) and 13k cps
(cross). A circular ROI of diameter 45 mm (1.0 mm/pixel)
was defined in each sector. Measured attenuation correction
was applied.

Scatter
The influence of scattered radiation on a reconstructed

image was carried out with the PIE and heart phantoms. Data
were acquired with septum inserted. The PIE phantom was
scanned (a) with one sector active and the remainder filled
with water and (b) after the water had been emptied out.
Counts/pixel (ROI diameter 37 mm, 1.5 mm/pixel) at differ
ent positions in the cold regions (five inactive sectors) were
expressed as a percentage of that in the center of the hot
region. The effect on quantitation was assessed by comparing
counts/pixel in the active sector for the two situations (sur
rounded by water or not). For the heart phantom the central
sphere (cavity) was filled with active solution and the outer
myocardium with water (and vice versa), and it was scanned
within the tank emptied or filled with water. Again counts/
pixel were compared (ROI diameter 11 mm, 0.6 mm/pixel).
The ratio betweencounts/pixel in a ROI in the center of the
â€œcoldâ€•cavity and counts per pixel in the â€œhotâ€•myocardium
was calculated. This ratio was compared with and without
surrounding water. In all cases, attenuation correction was
measured and data were corrected for decay and deadtime in
emission, transmission, and blank scans (as will be described
below). Images were reconstructed with the Hann filter.

Recovery Coefficients
The variation in count recovery with object size was inves

tigated with two geometrical configurations. The first was a
simulation of the heart (different from that described above)
comprising a Plexiglascylinder ofdiameter 10.5cm and length
12cm with a second cylinder ofdiameter 7.0 cm placed inside
it. The axes were parallel but separated by 1.6cm. The volume
between the two cylinders representeda myocardialwall with
thickness varying from 2 mm to 33 mm. It was filled with

@Gasolutionand the inner cylinder(representingthe ventric
ular chamber) with water. Forty circular ROIs of diameter
6 mm were drawn on a circle described around the center of
the myocardial chamber. Ramp and Hann filters were used
in reconstruction.

The second phantom consisted ofa hollow Plexiglas wedge
ofintemal height 19cm (transaxial), length 12cm (axial), and
whose internal thickness varied from 0 to 25 mm. It was held
within a cylinder whose axis was parallel to the length of the
wedge and to the axis ofthe tomograph. The wedge was filled
alternately with â€˜3Nand 68Ga and the surrounding volume

was either water-filledor empty. Profilesof width 1 and 3
pixels (1 mm/pixel) were drawn through the center of the
triangular image ofthe wedge (parallel to its height).

Image Quality
Animpressionofthe overallqualityofthe imagesproduced

by the tomographwas obtained with a multi-line-sourcephan
torn (8). This was a solid Plexiglascylinder divided into six
sectorseach containing a set of holes drilled parallel to the
axis; the holes were uniformly spaced in each sector with
spacing proportional to hole size. The diameters ranged from
2.5 mm to 6.25 mm and the spacings (between hole centers)
from 10 mm to 25 mm. The holes were filled with â€˜3Nsolution

of the same specific activity and, as in vivo studies, data was
acquired in stationary mode and attenuation correction meas
ured. Ramp and Hann filterswereused in reconstruction.

RESULTS

Spatial Resolution
Values ofFWHM (mm) for a direct plane are shown

in Table 1. Results for other planes differed by only
#.,#0.lmm. Mean FWHM values for â€˜3N,(radial, tan
gential, and different filters) is 0.5 Â±0. 1 mm lower than
for 68@3@This reflects the effect ofdifference in positron
energy (Ema,i 1.2 MeV for â€˜3Nand 1.9 MeV for 68Ga).
The ramp ifiter gives, on average, an FWHM 2.4 Â±
0.4 mm lower than the Hann filter (combining all â€˜3N
and 68Gadata).

The variation in axial resolution (FWHM) is shown
in Table 2 both for a direct and cross plane with septum
inserted and removed. With the septum inserted and
side collimation fully opened, the axial FWHM (at the
center of the FOV) is about twice the transaxial reso
lution (FWHM) using the Hann filter (Table 1).

Efficiency, Count Rate Performance, and Dead Time
The mean efficiency for the direct planes, measured

with the 20 cm diameter uniform cylinder, septum
removed, and a lower energy threshold of 250 keV, is
57k cps/@iCi/m1 while that for the cross plane is 109k
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TABLE2Measurements
of Axial Resolution at DifferentDistancesfrom

the Center of theFOVAxial

resolution(FWHM)inmm

Distantfromcenter@ pia@@ Crossplaneof
FOV(cm) Septain Septaout SepIain Septaout0

15.5 18.3 15.518.66
15.4 18.3 15.118.412
16.0 17.7 15.018.618
16.1 18.3 14.9 19.4

The multiple rate has been used previously as a
parameter for estimating the loss of true coincidence
events (9). Figure 2A shows the relationship between
mean %DTL for all three planes (based on deviation
between known and measured half-lives) and the total
system multiple cps for the 24 cm diameter uniform
cylinder (â€˜3N),heart phantom (68Ga),and tube source
(â€˜3N)within the Plexiglas block. The curves are similar
for each geometry but there are small differences at a
given multiple count rate for different geometries. Fig
ure 2B, in contrast, is a plot of %DTL vs. the sum of
total system multiple and random rates. It can be seen
that the variation in DTL for a given multiple plus
random rate is much less. The relationship can be seen
to break down at a random plus multiple rate of'.'300k
cps which corresponds to the maximum data transfer
rate of the system.

Linearity

A plot of specific activity vs. counts/pixel for direct
and cross planes is shown in Figure 3 for the PIE
phantom at the two different counting rates. All data
are corrected for decay to the same time. Good linearity
is seen for both counting rates. The slightly greater
scatter in the points at the lower rate is assumed to
reflect the larger statistical error. In each case, there is
a positive intercept on the y axis which is similar for
the two count rates (i.e., positive counts/pixel in the
inactive sector). This intercept, which is significantly
different from zero (p < 0.05), is, on average, 5.3 Â±
1.1% of the counts in the hottest sector. The difference

cps/@iCi/ml.This reflects the fact that cross plane data
is derived from twice as many coincidence lines of
response as for the direct plane but over a slightly
different solid angle. Corresponding figures for septa
inserted are 38k cps/@iCi/ml(direct) and 67k cps/@iCi/
ml (cross). The differences between septa in and out are
duepartly to simple reduction ofthe detector aperture
and also to the elimination of some scatter events.

The relationships between true, random, and multi
pie coincidence rates for the 20 cm diameter uniform
cylinder (septum out), expressed as a percentage of the
total recorded rate [TOTâ€”Eq. (1)], against TOT are
shown in Figure 1. The data are for a direct plane up
to a total rate of 80k cps. The true and random rates
are equal at â€˜@@-l5kcps, at which point the multiple rate
is â€˜@-7kcps (total rate 50k cps). When the septum is
inserted, true and random rates are equal at -@-22kcps
with a corresponding multiple rate of 8k cps (total rate
74k cps).
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between calculated slopes for the two count rates is
<1 %. The use of calculated attenuation correction
makes no appreciable difference to the result.

Scatter
The data from the PIE phantom were used as a

measure of the effect of scatter in reconstructed data.
For the case of one active sector and the other sectors
filled with water, maximum ROI counts/pixel in the
cold region is @@@-6%of that in the hot region (near the
hot region, but far enough away to eliminate spillover
due to spatial resolution). This agrees well with the
magnitude of the intercept for the linearity data above
since the inactive and hottest sectors were, in that case,
adjacent. Average counts/pixel over the five â€œcoldâ€•
sectors is 2. 1 Â±1.5% of the hot region. With the water
sections emptied, the average counts/pixel is 0.5 Â±
1.3%.

The ratios between corrected cps/pixel (active region)
for both PIE and heart phantoms with and without

water surrounding the active region are shown in Table
3. It was also, of course, possible to calculate the atten
uation correction for the full PIE phantom but it can
be seen that this makes no significant difference to the
result. The ratio between â€œcoldâ€•cavity and â€œhotâ€•myo
cardium pixel counts was 4.4% with water surrounding
and 3.2% without.

Recovery Coefficients
A plot of counts/pixel against radial thickness of the

â€œmyocardiumâ€•for the cylindrical heart phantom (68Ga)
is shown in Figure 4A. The curves are normalized to
the maximum value for the ramp filter. It appears that
a plateau is reached beyond 25 mm where the two
curves are very similar. Below 20 mm, there is a small
but consistent difference between the two filters. As
suming full recovery beyond 25 mm, the recovery coef
ficients at 15 mm, 10 mm, and 5 mm are 98%, 89%
and 5 1%, respectively, for the ramp and 94%, 82%,
and 44% for the Hann filter.
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15k

Figure 4C shows curves [normalized as in Fig. 4B)]
for â€˜3Nand 68Ga in the wedge surrounded by water.
Recovery coefficients for 13Nare @-5â€”7%higher than
for 68Ga over the range 5 to 15 mm.

Image Quality

Images of the multiple line source phantom recon
structed with the two filters are shown in Figures 5A
and B. The smallest holes are resolved with the ramp
but not with the Hann filter. These images give a good
demonstration of decrease in count recovery with de
creasing object size.

DISCUSSION

The constantly emphasized aim of positron tomog
raphy is to provide absolute quantitative measurements
of physiological quantities in vivo. The realization of
this goal is dependent, among other things, on an
intimate knowledge of the physical characteristics and
limitations ofthe tomograph.

Spatial resolution must be as uniform as possible
over the object under study so that distortions do not
occur. Count recovery with varying object size also
depends directly on its magnitude. In addition, axial
resolution (slice thickness) should match transaxial res
olution as closely as possible so that improvement in
one is not offset by degradation in the other. Second,
one must have confidence that recorded image counts
are linear with specific activity in a given object over
the range of count rates encountered. A correction
scheme to measure losses in recorded counts is essential.
For a given activity distribution, it is also important
that measured image counts per unit activity do not
vary across the transaxial slice. This calls for the use of
directly measured attenuation correction factors, panic
ularly in cardiac and pulmonary studies. Third, a means

25

20

I5

FIGURE3
Relation between counts/pixel in various sectors of PIE
phantomand relativespecificactivityfor onedirect plane
and the cross plane.The higher and lower true ccincidence
cps per direct planeare 17k and 7k, respectively.Fitted
linesarefor the higherrate.Theslopesfor the lowerrate
onlydifferby 1%.

The influence of geometry on measured recovery is
demonstrated in Figure 4B. This is a comparison of the
curves obtained for the wedge (with and without water
surrounding) and heart phantoms. The data are for
68Gaand the Hann filter. Due to the restricted range of
width in the wedge (maximum 25 mm), the plateau
level is uncertain. Consequently each of the wedge
curves has been normalized to the heart curve at
23 mm thickness (representing the peak values in the
wedge curves). The wedge data was obtained from

profiles 3 pixels (3 mm) wide; the data for I pixel width
was insignificantly different. There are significant dif
ferences between the heart and wedge, and the presence
or absence of water surrounding the wedge also affects
the shape of the curves.

S 0 higher cps

U x lower cps

cross plane

10

sarn@le C

20k 25k

TABLE3
Testsof the Effectof ScatteringMediumon Quantitation
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of determining and, if necessary, subtracting the pro
portion of measured true coincidences which inevitably
arise from scattered radiation is important. Finally, a
knowledge of uncertainties due to counting statistics is
required.

Even with improvements in design, assessment of
such limitations is still relevant if the term absolute
quantitation is to be used. The scanner in the present
study represents a significant advance over previous
generations (10). The use of small BOO detectors in a

closely-packed ring yields improvement in spatial res
olution and the ability to acquire dynamic data without
detector motion.

In the assessment of count rate performance de
scribed above, the term deadtime loss (DTL) was
applied for convenience of description but is not an
entirely precise term. Losses due to deadtime are spe

cifically those not recorded because the acquisition
electronics is already busy. The losses which are relevant
here also include those which are recorded but are not
included in the true coincidences since they are in
coincidence with one or more gamma rays in addition
(i.e., multiples.) However, for the purposes of this dis
cussion, the term DTL is kept. Empirical indices of

DTL in other tomographs have been based on multiple
rates (9) or random rates (11). For the scanner in this
study, M does give an approximate index of DTL but
appears to be slightly dependent on source geometry.
Figure 2A shows that, for the same M, DTL is slightly
higher for phantoms associated with more scatter (cyl
inder and tube source phantom) and hence a propor
tionally higher random rate (R). Specific deadtime loss
in the acquisition electronics is basically dependent on
the singles rates (S@and S2) in opposing detectors. These
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are in turn related to R by the well-known expression:

R = S1S2x 2r,

where 2r is 24 nsec for this system. Therefore, a higher
random rate means a higher singles rate with a conse
quently higher electronic deadtime. Measurement of
the total loss of true events should thus take into
account both multiple and random rates. Indeed, Figure
2B shows that the sum of M and R for the total system
gives an empirical index of DTL that does not depend
significantly on geometry.

The basic concern in obtaining accurate quantitation
is that the measured image counts in a given region of
interest (ROI) are proportional to the activity contained
in that region (volume). A typical calibration procedure
consists of relating ROl counts to the count rate in a
sample taken from the object scanned and measured in
a well counter. This allows the derivation of physiolog
ical parameters, such as blood flow from a tracer model,
by comparing tissue (ROI) and blood (well counter)
activity concentrations. The results of this study have
demonstrated the dependence of image counts on the
geometry of the scattering medium surrounding an
active volume. This dependence is separate from the
variation in recovery coefficients caused by object di
mensions being less than about twice transaxial reso
lution (12).

In summary, this study has shown that the ECAT III
has a spatial resolution of 6 to 8 mm (depending on
counting statistics) under the conditions relevant to
clinical studies in this laboratory (where stationary sam
pling mode is used). The uniformity of both transaxial
and axial resolution over a FOV large enough for most
clinical studies is very good. A simple empirical algo
rithm for the determination of the loss of true coinci
dence events from a knowledge ofrandom and multiple
rates has been defined. It is evident that the effect of

scatter is significant and should be carefully considered
in clinical studies. A correction procedure for scatter
remains to be implemented and tested, and the effect

(2) of correction on the estimation of recovery coefficients
for varying activity distributions elucidated.
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