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st positron imaging devices are multidetector
systems, built as a ring or hexagonal system. Each detec
tor is measuring the annihilation radiation in coincidence
with a number ofopposing detectors. An extensive review
on tomographic imaging hasbeengiven by Budinger et al.
(1).

The use of a double-headed scintillation camera system,
as already suggested by Anger in 1959 (2), has been
explored by Muehllehner (3,4). Problematic was the de
mand on the linearity of the individual cameras in such a
rotating system (Muehllehner G, private communication).
With the general availability of rotating double-headed
scintillation camera systems, in combination with the im
plementation of energy and linearity correction electron
ics into the camera electronics, a positron camera based
on such a system is a useful and versatile instrument,
since it can be used for all imaging modalities in nuclear
medicine.

The system described in this paper consists of a double
headed rotating system with two ZLC cameras@operated
in a coincidence mode. The implementation of the coinci
dence circuit was done without changes to the camera
electronics, so return to single photon scintigraphy is pos
sible by switching off the coincidence electronics and by
remounting the collimators. After a notating data acquisi
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tion, 16 transverse section images are reconstructed by
back projection followed by a three-dimensional deconvo
lution in order to correct for the system response function.
It is evident that no dynamic studies can be performed due
to the time required for rotating the camera system. The
system can also be used in a stationary mode in which
longitudinal tomograms, parallel to the detectors are re
constructed by back projection (5).

SYSTEM DESCRWHON

The Rota system consists of two ZLC cameras with 39 cm
diam, 3/8-in.-thick crystals. Both cameras are mounted in a
rotating gantry. For the conversion of the system into a posi
tron camera the following hardware and software was imple
mented:

1. Coincidence electronics;
2. Data acquisition software which also controls the rotation

of the gantry;
3. Back projection software which back projects the coinci

dence events into a user-definable three-dimensional vol
ume;

4. Deconvolution software to correct for the system re
sponsefunction.

The coincidence electronics as developed for the stationary
positron camera equipped with two large field of view (LFOV)
cameras, A and B, could be used with only a minor modifica
tion due to timing differences between a LFOV and a ZLC
camera (5). The coincidence electronics deliver four position
signals(XA,YA,XB,YB)if a coincident511 keV event has
beendetected.In case the coincidenceunit is activatedbut no
coincidence event is established within the time window, a
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dimensional problem, as it is in the case of a ring system. In
the back projection process after a rotating data acquisition,
one first has to convert the measuredcamera coordinates into
space-fixedcoordinates.After this conversion, one has to find
how the straightline, connecting the measuredpositions, tra
vels through the volume defined for reconstruction. The coon
dinatesystemused for the reconstructionis shownin Fig. 1.
The conversion from cameracoordinatesto space coordinates
is given by:

X1 = XAcos 4 +D/2 sin

Y1 =

ZI = @XAsin 4' + D/2 cos4,

X2 = XBsin 4, â€”D/2 sin 4,

Y2

z2= @XBsin4,- D/2cos4,,

(1)

(2)

(3)

(4)

(5)

(6)

with (XA, YA) and (XB, YB) being the camera coordinates of
camera A and B, respectively, and (X1,@ , Z1) and (X2, Y2,
Z2)the correspondingcoordinatesin space. The rotationangle
is defined by 4,. The detector separation is denoted by D. After
this conversion, the plane of entrance and the direction of the
line between the two coordinates have to be found. With this
knowledge all volume elements traversed are incremented.

The response of a double-headed positron camera system is
not uniformdue to the change in solid angle with a change in
source position (3, 4, 5). In a stationary system a correction for
this nonuniform response can be applied by measuring the
system response with a uniform source in the plane of interest.
Witha rotatingcamerasystem, a uniform response is required
on mathematicalgrounds if the images obtainedby back-pro
jection have to be corrected for the system response by a de
convolution technique in Fourier space (6). To obtain a uni
form response, a limited angle reconstruction option is built
intothebackprojectionprogram(7-9). The valueof thenew
acceptance angle, smaller than the maximum acceptance angle,
tobegiventotheprogramdependsonthesizeoftheobjectand
the detector separation. By inspecting all events, whether they
fall within this new acceptance angle or not, it is possible to
obtaina uniformresponsefor a certainpart of the fieldof view
of the camera system at the cost of some loss in sensitivity (4,
HI). After the three-dimensionalFouriertransform ofthe back
projected images, the system response is divided out. The ana
lytic expressions used for the system response of a double
headed positron camera were derived by Colsher (11). After
the inverse Fourier transform the images are stored on disk as
a standard patient study for further analysis with the nuclear
medicine package.

The implementationof the back projectionprocess and the
three-dimensional Fourier deconvolution requires some con
sideration, since on a 16-bit computer, at maximum 216bytes
= 64 kbytes can be addressed directly. In the back projection

process it is necessary to process each event only once for
reason ofcomputing time. For this reason all volume elements,
64 x64 x 16elements = 64 kwords = 128 kbytes, should be in
the memory of the PDP-11/34. This is possible by using a

camera B
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FIGURE1
Coordinate system used in back projection process

signal is sent back to the electronics of the individual cameras
in order to reset their electronics. The four position signals are
connectedto an ADCsysteminstalledin theprocessorboxof a
gamma-li (PDP-ll/34) computer systemt. This ADC system
is an AR-il modulet which comprises a 16-fold multiplexed,
10bitsADC system. The analogto digitalconversion is started
by an external start pulse supplied by the coincidence electron
ics. The coincidence electronics also have the option for a
hardware reconstruction of one focal plane, parallel to the
detectors, if used in stationary mode (5). The normal nuclear
medicine procedures can be followed when this hardware re
construction option is used. This possibility is very useful
when smaller animals like rats and hamsters are studied with
positron emitting compounds.

The data acquisition software is a flexible and interactive
code, whichtakesadvantageof the real time propertiesof the
RT-11operatingsystem. Also, the controlofthe rotationof the
gantry is performedby this program. The digitizedposition
signals are written to disk in buffers together with the time
elapsed since the start of the data acquisition and the rotation
angle of the Rota system. The camera system rotates, under
program control, in steps of 3, 6 or 10 degrees, selectable on
the console ofthe Rota system. Ifshort-lived radionuclides like
carbon-i 1 and nitrogen-l3 are employed, the amount of activ
ity at the beginningof the study,becauseof decay,is different
fromthatat theend. The programhas an optionwhich recalcu
lates the data acquisition time per step, based on the physical
half-life and the time elapsed since the start ofthe data acquisi
tion in order to obtain equal effective data acquisition times for
all angles.

Dueto theuseof areadetectorslikescintillationcamerasthe
reconstruction problem is three-dimensional instead of two
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FIGURE2
Coincident count rate as function of actMty for small vol
ume, upper curve, and large volume, lower curve

memorymanagementunitby which the maximumaddressable
memory is increasedto 256 kbytes. The lowest 64 kbytes are
addresseddirectly and the remaining 192 kbytes have to be
addressed indirectly by way of the memory management unit.

The naiveestimationof the numberof operationsrequiredto
perform a discrete three-dimensionalFourier transform of
64 x64 x 16 data points is (64 x64 x 16)2 4.3 x iO@;one op
eration being a complex multiplication and one complex addi
tion. The technique of the fast Fourier transform (FFT), cx
ploitingthe equalspacingof the samplesand the periodicityof
the integrand,reduces the numberof operationsand therefore
the runningtime by orders of magnitude(12). Since the FFT
has to be carried out in real numbers, to avoid large round-off
errors, the amount of memory required just for the data array
to perform the three-dimensionalFFT is at least 264 kbytes,

whichexceeds the capacityofa PDP-ll/34. Forthis reasonthe
transformation is carried out in steps. First the two-dimen
sional FFT'S of the 16 transverse section 64 x64 matrices are
performedandthe resultsare storedon disk. Forthe transform
in the third dimension the array consisting of a row of each of
the 16 images is built up from the results on disk. After the
transformthe results on disk are updatedand the next trans
form is performed. Since this involves the reading and writing
of 50 Mbytes in total, special attentionhas been paid to the
s_ of the reading and writing. Since the time-consuming
part of the three-dimensionaltransform is due to the limited
amount of addressable memories, a computer with a virtual
memorysystemwoulddecreasethe timerequiredfor the trans
formwitha largefactor.An arrayprocessor,coupledto a PDP
11/34, would decrease the execution time at most with a factor
2 since the time requiredfor the inputand outputwill remain
the same.

After the transform, the system response is divided out. To
avoid over-emphasizingof the noise andoscillations a window
function with a smooth cutoff is used. Based on the results of
ColsherandTownsend,a Hanningwindowfunctionis applied
(9, 11). After the inversetransform the imagesare available
for inspectionwith help of the nuclearmedicine package. The
numerical stability of the deconvolution has been tested and
showeddifferencesin the orderof 106 or less which aredue to
the limitedpresentationof real numbersin a computersystem.

DISCUSSION

Spatial resolution
A number of factors affect the spatial resolution of the

rotating positron camera. These factors are: (a) the intrin
sic resolution of the individual cameras; (b) the finite
range of positrons in matter; (c) the two annihilation
quanta wifi not be exactly colinear; (d) a detector does not
discriminate for the depth in the crystal at which the inter
action takes place; (e) camera distortions; (f) mechanical
stability of the rotating gantry; and (g) the calibration and
off-sets of the position signals of the cameras.

The first five factors are identical for a stationary cam
era system, and their influence on the spatial resolution is
described elsewhere (3, 5). Since in the ZLC cameras
3/8-in.-thickcrystals are employed, the effect of the depth
of interaction in the crystal is lesspronounced as it was in
a LFOV-based system. Moreover, due to the use of ZLC
cameras, the camera distortions wifi be of much less im
portance. When the system is rotated, such distortions are
especially likely to amplify themselves. By the use of
ZLC based cameras this effect is minimized. According
to the mechanical specifications of the system, the max
mum deviation from an inscribed circle is within 1 mm
while the rotational position accuracy amounts to 0.@Â°.
The maximum error due to a deviation of 1 mm from the
inscribed circle is 1 mm in position determination. The
possible error in the rotational accuracy, at a detector
separation of 65 cm, can lead to errors of 3 mm in the
position determination. The calibration of the cameras is
an important factor since a 10 mV difference in position

iO@

@.iO@

@ 102

8

iO@ 108

FiGURE3
Transverse section image of cold spot phantom. Diameter
of cold spots are 2 and 3 cm
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FIGURE4
Transverse section images of thyroid phantom. On left-hand side image after back projection and right-hand side after
deconvoiution

signal amplitude leads to a 1 mm error in the position
determination by the camera electronics. The spatial reso
lution measured with sodium-22 point sources amounted
to4.8mmFWHMforthesysteminastationaryposition.
In the rotating system a spatial resolution of 7.5 mm
FWHM was obtained in the transverse section image.

Time resolution
The energy signals of both camerashave been utilized,

after pulse height discrimination by timing single channel
analysers, to start and stop a time to pulse height con
verter. Multichannel analysis of the spectrum shows that
the time resolution of the system varies between 7 and
12 ns FWHM depending on the amount of radioactivity
between the cameras. Based on these values the resolving
time window ofthe concidence electronics is normally set
at 25 ns.

Sensitivity and count rate performance
The sensitivity of the system for a point source in the

geometrical center is 100 cps/sCi (2.7 cps/kBq), at a
detector separation of 50 cm. This value is in agreement
with the calculated sensitivity. This calculation is based on
thesolidanglessubtendedandthephotopeakefficiencyof
3/8-in.-thick crystals for annihilation radiation.

The maximum coincident count rate obtainable is lim
ited by the singles count rates in the detectors, due to the
use of area detectors. The coincident count rate as func
ton of the amount of activity has been measured for two

extreme source geometries. The upper curve in Fig. 2
was obtained using a gallium-68 (68Ga) solution with a
â€˜volumeof 10 cm3 while for the measurement of the lower
curve a uniform 68@3@solution with a volume of4,700 cm3
was used. Both curves were obtained at a detector separa
tion of 50 cm, and the energy window used ranged from
450 to 560 keV. Since the singles count rate is the limiting
factor, the use of graded absorbers, as suggested by
Muehllehner (3), wifi not only shift the maximum in the
curves to the right but also show an increase in the maxi
mum obtainable coincident count rate from a large vol
ume (lower curve). Using graded absorbers consisting of
2 mm oflead followed by 1 mm of cadmium, to eliminate
the x-rays generated in the lead, a maximum coincident
count rate of 750 cps was reached with 5 MBq of 68Ga
uniformly distributed in a volume of 4,700 cm3.

The measured coincident count rate consists of three
components: the â€œtrueâ€•event rate, the â€œscatteredâ€•event
rate and the â€œaccidentalâ€•event rate. â€˜frueevents are un
scattered annihilation pairs detected within the coinci
dence time window and within the energy window. Scat
tered events are annihilation pairs in which one or both
have been scattered before detection within the time and
energy windows. Accidental events are two gamma-rays
originating from different positron-electron pairs but de
tected within the time and energy windows. Since useful
spatial information is only represented by the true events,
insight into the extent of the scattered and accidental
events is essential. To measure the number of scattered
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positions between the cameras. The camera separation

was 50 cm and the volume used for reconstruction of the
images was 40 x 40 x 40 cm3, divided into 16 transverse
sections. From these measurements it was concluded that
a uniform response over a distance of@ 20 cm along the
rotation axis can be obtained at the cost of some loss in
sensitivity. The actual value of this loss is dependent on
object size and detector separation.

IMAGiNG EXAMPLES

â€˜lbshow the potential of the system, a few images of
phantom and patient studies are shown. As a second phan
tom study, the transverse section image of a thyroid phan
tom is shown in Fig. 4. On the left hand side, the back
projected image is shown, and on the right hand side, the
image after the subsequent deconvolution. The volume
defmed for reconstruction was 15x 15x 15 cm3. The cold
and hot spots of 11 mm diam are clearly visible. The
8-mm-diam cold spot in the upper part of the right lobe is
not visible or barely visible. In Fig. 5, an image of the
brain, showing the dopamine receptors in the striata of a
normal volunteer is shown. The image was obtained 60
mm after injection of 5 mCi (185 MBq) â€˜â€˜C-labeled3-N-
methylspiperone. The data acquisition was performed in
steps of 10Â°. The data acquisition time was 1 mm per step
and was adjusted per step for the physical decay of â€˜â€˜C,
(ty, 20.3 mm). The total time required for data acquisi

tion was 35 mm. The same data acquisition procedure was
used for obtaining the brain image shown in Fig. 6. Data
acquisition was started 10 mm after injection of 2.5 mCi
(90 MBq) D,L-(1-â€•C)-tyrosine. The accumulation of the
amino acid in the grade ifi glioma in the lower right part
of the brain is obvious.

FIGURE 6
Brainimage withD,L-(1-11C)-tyrosine.Amino acid accu
mulates in grade Ill glioma in right lower part of brain

*

FIGURE5
Brain image of dopamine receptors with 11C-labeled
methylspiperonein normal volunteer

events a cold spot phantom was used (13). By using a
relatively low amount of radioactive material the number
ofaccidental events can be neglected since their number is
proportional to the singles count rates and the time win
dow used. The cold spot phantom used was a 18-cm-long
cylinder, 12 cm in diam, with two cold spots, parallel to
cylinder axis, center distance 5.5 cm, with diameters of 2
and 3 cm, respectively. Data acquisition was performed in
steps of 10Â°and the data acquisition time per step was
recalculated on the basis of the half-life of 68(3k (68.3
mm). In total 500,000 events were recorded. A transverse
section image of the phantom is shown in Fig. 3. The
amount of scattered events was determined to be 15% by
fitting the background with polynomials. This percentage
is ofthe same magnitude as reported for ring systems (13,
14), although comparison may be difficult due to differ
ences in detector and collimator geometries. The mea
surements of Derenzo et al. (14) also show that the scatter
fraction is not strongly dependent on the energy window
used. If this observation is also true for scintillation cam
era-based positron imaging devices, the true coincident
count rate from extended sources can be raised by approx
imately a factor of 5 without increasing the singles count
rate (15).

Uniformity of the system
As already mentioned, a double-headed positron cam

era has a rather nonuniform response. A limited angle
reconstruction technique in the back projection process is
able to remove this nonuniformity (9). Experimentally,
the uniformity of the system as function of the acceptance
angle was verified using a 50 cm long, 1.7-cm-diam line
source, filled with 68(3k (t,,2 = 68.3 mm), at different
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CONCLUSIONS

It was shown that a rotating double-headed camera sys
tem, operating in a coincidence mode, is able to deliver
high quality transverse section images of positron emit
ting radiopharmaceuticals in both phantom and patient
studies.

It was also shown that the rather complex three-dimen
sional back projection and deconvolution processes can be
carried out on a small general purpose computer system.
The time required for the back projection process is rather
long but by using the batch handler, available under the
RT-ll operating system, this can be conducted overnight.

Due to the use of area detectors there are limitations on
the singles count rate the system can handle. Some flexi
biity is obtained when graded absorbers, which decrease
the singles count rate due to the low-energy (scattered)
gamma rays to a much larger extent than the singles count
rate due the 511 keV photo-peak events, are available.
The limitation set by the time required to perform a rotat
ing data acquisition implicates that all studies are limited
to steady-stateprocesses.

An advantage is of course that a single photon imaging
device can be converted into a positron imaging system.
In this way a new option is added to an already present
system, while switching back to single photon imaging
means only the remounting of the collimators and the
switching off of the coincidence electronics.

FOOTNOTES

*Siemens Gammasonics B.V., The Netherlands.
tDigital Equipment Corporation, USA. , Maynard, MA.
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