
Imaging of the Human Torso Using Cone-Beam 
Transmission CT Implemented on a Rotating 
Gamma Camera 
Stephen H. Manglos, Daniel A. Bassano, F. Deaver Thomas, and Zachary D. Grossman 

SUNY Health Science Center, Department of Radiology, Syracuse, New York 

Radionuctide transmission CT generated on a rotating gamma 
camera can improve SPECT imaging by providing attenuation 
maps for attenuation compensation and for anatomical cor- 
relation. This paper demonstrates the feasibility and high 
quality of cone-beam transmission CT (CB-CT) of human 
subjects, in comparison to conventional parallel-ray CT, and 
evaluates some possible imaging protocols. Two CB-CT im- 
plementation modes, with a cone-beam collimator and without 
any collimator, were evaluated. Three human subjects of 
different dimensions were imaged. For the two smaller sub- 
jects, the CB-CT images were dramatically superior, in terms 
of noise and resolution, to those obtained with a parallel-ray 
geometry. The image noise was less by a factor of 6. CB-CT 
linear attenuation coefficients were found to be in close agree- 
ment with published values for various tissues. For the largest 
subject, image truncation produced a ring artifact at the edge, 
but inside the artifact, the image quality was still very good. 
Cone-beam images obtained without any collimator were 
acceptable, but photon scatter degraded the image contrast. 
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N o n u n i f o r m  attenuation of photons produces both 
incorrect quantification and image distortion in SPECT 
(1-3). In an attempt to produce accurate, distortion-free 
images, compensation methods (1-11) have been devel- 
oped for this physical effect, but they are accurate only if 
the spatial distribution of attenuation coefficients (the 
attenuation "map") is accurately known. This map meas- 
ures both the body contour and regions of nonuniform 
density. 

An additional problem in diagnostic nuclear medicine 
is the imprecise anatomical localization of SPECT images. 
A spatially-aligned CT, which is nothing more than an 
attenuation map, is needed to provide the nuclear medi- 
cine physician with easy and accurate anatomical correla- 
tion of functional SPECT images. 

Previously, methods to provide an aligned attenuation 
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map have found only limited application. A conventional 
x-ray CT is a very high quality attenuation map, but it 
may be difficult to transfer to the SPECT computer, 
depending upon the available computers, software, tape 
drives, and/or networks. Precise alignment, with three 
translational and three rotational degrees of freedom~ is 
more difficult and prone to error, especially since the 
SPECT studies have lower resolution and imprecise ana- 
tomical landmarks. Obtaining a transmission CT on the 
SPECT camera, either simultaneous with or immediately 
sequential to the SPECT study, solves the alignment prob- 
lem, but the conventional use of a sheet source and par- 
allel-hole collimator (3, 4, 7, 8, 11, 12) is a very inefficient 
detection geometry. The resulting images are of low qual- 
ity, with high noise and poor spatial resolution, which is 
determined by the collimator. Adequate images require 
both a long acquisition time (at least 30 min), which 
decreases patient throughput to an unacceptable level (13), 
and significant patient dose. Moreover, if the sheet source 
is collimated to reduce scatter and patient dose, the in- 
creased weight is too heavy for most SPECT cameras. 
Thus, the parallel-ray CT geometry is currently impracti- 
cal. 

An alternative method, developed for cardiac imaging 
(14, 15) using either PET or SPECT, is to acquire rapidly 
a poor quality transmission CT with the emission CT 
detection system. This data is used to define edges of 
regions, such as lung and soft tissue, and then constant 
attenuation coefficients are assigned within each region. 
The use of assigned attenuation coefficients is a compro- 
mise solution, since the resulting attenuation map is only 
approximate, but it will clearly improve the accuracy of 
attenuation compensation. 

Because of the inadequacy of parallel-ray CT, several 
authors have implemented either fan-beam or cone-beam 
CT (CB-CT) (1, 16-23) as an aid to both PET and SPECT. 
Others (24-27) have implemented CB-CT for different 
applications. We have recently implemented CB-CT on a 
rotating SPECT gamma camera (21), with full multi-slice 
reconstruction (28). This technique uses a very efficient 
detection geometry, with an efficiency from 50 to 300 
times that for a sheet source and parallel-hole collimator. 
Thus, fast, low-noise acquisitions are possible. The pre- 
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dicted spatial resolution is determined mostly by the in- 
trinsic resolution of the gamma  camera, and is thus dra- 
matically improved to about 3 m m ,  in comparison to the 
parallel-ray resolution of 10-20 mm.  Therefore, high qual- 
ity images can be acquired in less t ime than needed pre- 
viously for low quality images. The technique is relatively 
easy to implement ,  and since CB-CT can be performed 
quickly and either immediate ly  prior or sequential to the 
SPECT study, the resulting CB-CT images are automati- 
cally aligned with SPECT images acquired on the same 
device, assuming min imal  patient movement .  It may be 
possible to perform CB-CT concurrently with the SPECT 
study, assuring perfect SPECT-CT alignment,  by using 
different energy isotopes. However, the practical difficul- 
ties with concurrent acquisition, such as down-scatter from 
the higher energy into the lower window, have not yet 

been resolved. 
To demonstrate feasibility and the dramatically im- 

proved image quality, this paper reports multi-slice CB- 
CT thoracic and abdominal  images of three h u m a n  sub- 
jects, in comparison to parallel-ray CT. The subjects pro- 
vided varying degrees of image artifact due to truncation 
of the projection set. The effectiveness of different imaging 
protocols was also investigated. 

CB-CT provides anatomical  correlation of SPECT im- 
ages using either of two methods: by direct comparison 
and overlay of  SPECT and CB-CT, or, i f  more anatomical  
detail and higher contrast is required, by using the ana tomy 
in CB-CT to cross-correlate the SPECT image with an x- 
ray CT. To illustrate the second method, we show a 
comparison between a CB-CT slice and the corresponding 

x-ray CT slice. 

METHODS 

Figure 1 shows the acquisition geometry used for CB-CT. The 
method was implemented in two modes: (1) with a cone-beam 

FIGURE 1, Photo- 
graph of the appara- 
tus used for cone- 
beam transmission 
CT. The gamma 
camera is shown 
without collimator. A 
point source is 
placed at the top end 
of the aluminum rod. 
The source holder is 
made of lightweight 
aluminum channel 
and is attached to 
the rotating gamma 
camera. 

collimator on the gamma camera and (2) without any collima- 
tion. Figure 1 shows an acquisition without a collimator using a 
Siemens Orbiter SPECT camera. For studies with cone-beam 
collimators, a long focal length (100 cm) was used (commercially 
available from Von Gahlen, Didam, Holland). The "point" ra- 
dioactive transmission source was a 5 x 5 mm cylinder. Both 
99mTC (I-2 mCi) and 2°1TI (2-3 mCi) were evaluated as possible 
sources. The source activity was limited to keep the camera dead 
time below 10%. The point source was placed exactly at the focal 
point of the collimator, using a lightweight (3.5 kg) holder made 
of aluminum channel. During the CB-CT acquisition, the point 
source rotated in a circular orbit opposite the gamma camera. 
The acquisition time was 15 min, although acceptable images for 
attenuation compensation may be generated in much less time. 
Other details of CB-CT are given in (21). 

Three human subjects of differing thoracic dimensions were 
imaged. Subject 1 was a male 1.75 m tall, weighing 66 kg, with 
minimal truncation of the CB-CT projection set. Subject 2 was a 
female 1.55 m tall, weighing 52 kg, also with minimal truncation, 
except of the breast tissue. Subject 3 was a male 1.7 m tall, 
weighing 91 kg, with more substantial truncation. The circular 
radius of rotation was kept at a minimum so that the effective 
focused field-of-view would be as large as possible. For compari- 
son, a sheet source of 57Co (2.5 mCi) and a Siemens HRES 
parallel-hole collimator provided conventional parallel-ray trans- 
mission CT images. 

Before reconstruction, the acquired CB-CT projections, 
Nm(ij), were converted to an average line-integrated attenuation 
coefficient, Vm (i j), according to the following formula; 

urn(i j) = - (1/X). ln[Nm(ij)/No(ij)], 

where m is the angle index, and i and j are the projection bin 
coordinates. Here, No(ij) is the measured uniformity image, and 
thus correction was performed for detection nonuniformities 
(29). X is the attenuation length in cm, which was set equal to 
the side of the reconstructed matrix. This factor is necessary to 
obtain quantitative reconstruction of linear attenuation coeffi- 
cients in units of cm -j. 

All reconstructions were performed with a cone beam filtered 
backprojection algorithm (28). This algorithm has been properly 
programmed, with appropriate scaling of the filter functions, to 
give correct quantification, both for emission and transmission 
CT. That is, for emission CT, the total number of reconstructed 
counts is nearly equal to the total number of acquired counts, 
and for transmission CT, the reconstructed values are correctly 
scaled linear attenuation coefficients in units of cm -1. For the 
parallel-ray studies, the same algorithm was used by setting the 
focal length to a very large number. A Hann frequency filter was 
used with a cut-off at the Nyquist frequency. The acquisition 
array was 64 x 64 with 64 angles. The reconstruction array was 
64 x 64 with 32 slices. The pixel size was reduced due to the 
focusing of the cone beam geometry to 4-5 mm, depending on 
the radius of rotation, and the slice thickness was twice the pixel 

size. 

RESULTS 

Thirty-two contiguous CB-CT images of Subject l, ac- 
quired with a cone-beam collimator, are shown in Figures 
2 and 3A. The point source was 1.3 mCi of 99mTc. These 
images were dramatically superior to the parallel-ray CT 
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FIGURE 2. The 32 contiguous reconstructed slices of Subject 
1 (66-kg male) imaged with CB-CT with a cone-beam collimator. 
A 99"Tc point transmission source was used. 

obtained on the same subject (Fig. 3B). Specifically, the 
noise was much reduced, and smaller structures were 
readily resolved, including the spine and the spinal canal, 
the pulmonary arteries, and the air in the stomach. These 
structures were not apparent in the parallel-ray images. 
larger  structures, such as the heart, liver, and lungs, were 
much more sharply defined with CB-CT. 

A truncation artifact appeared as a high-density ring at 
the edge of the focused field of view. The artifact was 
negligible in the central slices, but increased in slices away 
from the center, as a result of the circular camera field of 
view. Even when the truncation artifact was substantial, 
there was no obvious image distortion inside the trunca- 
tion ring. There also was no obvious image distortion due 
to the theoretical limitations of the reconstruction algo- 
rithm and the cone-beam geometry (28, 30-32), although 
this experiment was not designed to provide a precise test 
of such effects. Theory dictates that this distortion must 
exist, but since the cone angle is small with our long focal 
length collimator, the distortion should be small. 

The CB-CT slices were visually correlated to a set of x- 
ray CT images for the same subject, with nearly the same 
slice thickness (10 mm). Representative correlated slices 
are shown in Figure 4. The pulmonary arteries are deafly 
apparent in both studies, confirming the accuracy of the 

FIGURE 4. Representative correlated CB-CT slice (left) and x- 
ray CT image (right) of Subject 1. Slice 25 of the CB-CT set was 
used, which has a reduced field of view because the detector is 
circular. Thus, the left and right sides are truncated for this slice. 
Note the arrows pointing to the same arterial structures in both 
images. 

correlation. Thus, a SPECT study, which is automatically 
aligned with the CB-CT, can be spatially correlated with 
an x-ray CT. Such precise correlation clearly would be 
impossible with parallel-ray CT (Fig. 3B). 

CB-CT images for subject 1 acquired without any colli- 
mator appear in Figure 5. Image quality was very good, 
and was similar to results with a collimator (Fig. 3). 
However, the contrast was reduced, presumably due to 
photon scatter, and thus the bony structures were difficult 
to see. 

The CB-CT images of Subject 2 (selected slices in Fig. 
6) acquired with a cone-beam collimator were also very 
good. Again, the spine was apparent and the trachea was 
resolved. Clearly, it would be impossible to resolve the 
trachea with parallel-ray CT. However, there was some 
truncation distortion, especially of the breast tissue, even 
for this relatively small subject. 

Subject 3 was a larger male (91 kg), and the truncation 
ring artifact was increased (Fig. 7A, with a cone-beam 
collimator). However, the image quality was still good 
inside the artifact. The spine was not well seen, perhaps 
because of image noise or reduced subject bone density. 
Without collimator, the images were much worse (Fig. 
7B), because scatter was more important, reducing contrast 
and contributing to the high-density ring artifact, as ex- 
pected (21, 33-36). 

Figure 7C shows CB-CT images of Subject 3 obtained 
with 2.8 mCi of 2°'TI as the point transmission source. 
These images were similar to the 99mTc images for the 

FIGURE 3, (A), Selected reconstructed slices of Subject 1 
imaged with CB-CT with a cone-beam collimator. These images 
are enlarged for comparison with (B). A =*"Tc point transmission 
source was used. (B) Sck%"ted reconstructed slices of Subject 1, 
imaged with the parallel-ray geometry using a 57Co sheet source. 

FIGURE 5, Selected recon- 
structed slices of Subject I im- 
aged with CB-CT without a 
cone beam collimator. A g~l'c 
point transmission source was 
used. 
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FIGURE 6. Selected recon- 
structed slices of Subject 2 
(52-kg female)imaged with 
CB-CT with a cone-beam col- 
limator and a ~ T c  point trans- 
mission source. 

same subject (Fig. 7A), but the spine was even less appar- 
ent. Images obtained with 2°'T1 without a collimator are 
shown Figure 7D. These show further loss of  contrast 
relative to the 99roTe images without collimator. Again, the 
increased scatter adds a rim artifact (21, 33-36) to the 
already substantial truncation artifact. Thus, there was no 
preference for using the more expensive :°iT1. 

Soft-tissue and lung linear attenuation coefficients ob- 
tained with CB-CT were compared to predicted values for 
normal human tissue. The predicted values were obtained 
using the known elemental mixture of the tissue (37) and 
the elemental mass attenuation coefficient (u/o) (38) to 
get the mass attenuation coefficient for the tissue, then 
multiplying by the density (p) to get the linear attenuation 
coefficient (u). For the lung, the density can vary (39) 
from 0.26 g/cm 3 up to 1.0 g/cm 3, depending upon the 
condition of the lung and the amount of vascularization. 

FIGURE 7. (A) Selected reconstructed slices of Subject 3 (91- 
kg male) imaged with CB-CT with a cone beam collimator and a 
99~1"c point transmission source. (B) Imaged with CB-CT without 
cone-beam collimator and with a ~"Tc point transmission source. 
(C) CB-CT with a cone-beam collimator and a 2°~TI point trans- 
mission source. (D) Imaged with CB-CT without a cone-beam 
collimator and with a 2°1TI point transmission source. 

We assumed that healthy in vivo lung, in regions where 
no vascular structures were obvious, should have a density 
of 0.26-0.35 g/cm 3. This spread corresponds to a predicted 
linear attenuation coefficient (#) of 0.040-0.054 cm -] at 
140 keV. For the liver, we assumed a density of 1.05 g/ 
cm 3 (37), which gives a linear attenuation coefficient of 
0.162 cm-' at 140 keV. 

The measured CB-CT linear attenuation coefficients are 
graphed for all three subjects in Figure 8 for axial profiles 
through the right lung and the liver. The profiles were 
constructed using square regions of interest with 25 pixels 
in each slice (approximately 24 mm x 24 mm). The 
regions were chosen to be well inside any truncation 
artifact, at least in the central slice. However, for outer 
slices, with slice numbers less than about 7 or greater than 
26, the circular camera produced truncation artifact in 
these regions, which was seen as abnormally high or low 
density in the profiles. 
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FIGURE 8. Axial profiles through right lung and liver of CB-CT 
images acquired both with and without cone beam collimator. 
Each data point represents an average linear attenuation coeffi- 
cient obtained in a 5×5 pixel region (approximately 24 by 24 
mm). (A) Subject 1, (B) Subject 2 (images were not acquired in 
the "without collimator" mode for this subject). (C) Subject 3. 
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For the two subjects (1 and 2) with minimal truncation, 
and for those acquisitions which used a cone-beam colli- 
mator, the profiles demonstrated close agreement with the 
predicted attenuation coefficients. In Subjects 1 and 2, the 
reconstructed linear attenuation coefficients in the lung 
were 0.043 and 0.039 cm -], respectively, which are con- 
sistent with the predicted range of 0.040-0.054 cm-' .  In 
the liver, the linear attenuation coefficients were 0.158 and 
0.166 cm -~, again for Subjects 1 and 2, respectively, which 
were very close to the predicted value of 0.162 cm -t 
Another indication of the quantitative accuracy of the CB- 
CT reconstructions was that the liver-abdomen attenua- 
tion coefficients were nearly constant over many slices 
(10-21 for Subject 1 and 7-10 for Subject 2). 

For data acquired without a collimator (also in Fig. 8), 
the attenuation coefficients were reduced by photon scat- 
ter. For example, in Subject 1, the liver had a value of 
0.112 cm -I and the lung had a value of 0.040 cm -~. Thus, 
the attenuation map without collimator is "non-quantita- 
tive." However, the reduced attenuation coefficients may 
be consistent with the "effective" values (40) normally 
used for SPECT attenuation compensation where scatter 
is also a problem. If this can be proven, then accurate 
attenuation compensation, with approximate considera- 
tion of scatter, would be performed without any further 
scaling or scatter correction of the "without collimator" 
attenuation map. 

The attenuation coefficients for the highly truncated 
subject 3 are shown in Figure 8c. When a cone-beam 
collimator was used, the liver value near the central slice 
was nearly correct (0.17 cm-'),  but it increased in the lower 
slice numbers to 0.20 cm -1 by slice 10. We assume that 
this increase is due to truncation. In the lung, an accurate 
coefficient of 0.045 cm -~ was obtained. Without a colli- 
mator, the liver and lung coefficients were, respectively, 
0.123 and 0.063 cm-' .  These values were distorted both 
by scatter and by truncation. 

Table 1 summarizes a simple noise analysis performed 
on the presumed uniform density liver regions of each 
image set. We define the "fractional noise" as the normal- 
ized cr/cpp, where ~/cpp is the sample standard deviation 
(a) for a region fully contained in the liver, divided by the 
average pixel value (cpp). We have normalized to a 1 mCi 
transmission source, with dead time correction, assuming 
that a/cpp is inversely proportional to the square root of 
the source activity in mCi. The parallel-ray results have 
been further normalized to include the effect of recon- 
structed voxel size. Table 1 shows that for Subject i the 
fractional noise with a cone-beam collimator and a 99mTc 

point source was only about one-sixth of the noise with a 
paraUel-hole collimator and a 57Co sheet source. Compar- 
ing subjects of different sizes, both imaged with a cone- 
beam collimator, the fractional noise in Subject 3, who 
had a larger chest, was 2.1 times the value for Subject 1. 
Subject 2 (a small female) had reduced fractional noise, 
which was 72% of that for Subject 1 (with a cone-beam 

TABLE 1 
Quantitative Analysis of Human CB-CT Images 

Subject and Radio- 
description isotope ~/cpp* 

I I I  

1, with cb-coll 99"Tc 6.9 
1, w/o coil ~ - c  5.9 
1, parallel-hole coil 9'~rc 19.5 
2, with cb-colt 99"q'c 4.9 
3, with cb-coll 2°1T1 9.9 
3, w/o coil 2°1T1 4.4 
3, with cb-coll 99"q'c 7.6 
3, w/o colt ag"q'c 5.1 
3, w/o coil, short 99"q'c 9.9 

acquisition 

Total image 
counts 

Normalized* (millions per 
¢/cpp mCi) 

7.8 13.8 
6.4 31.8 

48.3 0.67 
5.6 17.5 

16.6 1.97 
7.4 11.0 

10.0 4.79 
6.5 13.7 

12.3 3.68 

* ~]cpp = the measured standard deviation in a small region of the 
liver, as a fraction of the counts per pixel. 

* Normalized to a 1-mCi transmission source: Subject 1 was a 66- 
kg male, 1.75 m height. Subject 2 was a 52-kg female, 1.55 m height. 
Subject 3 was a 91-kg male, 1.7 m height. 

collimator). The presence of scatter in the "without colli- 
mator" images produced a reduction in fractional noise 
compared to the "with cone-beam collimator" images. The 
effect was larger for the larger subject. Of course, the scatter 
distorts the image, as shown in the "without collimator" 
images in Figures 6, 8, and 9. 

On a "per mCi" basis, the 2°lTl images were noisier than 
the 99mTc images, because of the reduced transmission of 
the lower energy photons. For Subject 3, and with cone- 
beam collimator, the 2°lT1 fractional noise was 1.7 times 
the value for 99mTc. Without a collimator, scatter was 
increased for 2°lT1, so the 2°iT1 fractional noise was only 
1.1 times the value for 99mTc. Thus, again there was no 
preference for 2roT1. 

The scan absorbed dose to each subject was estimated 
using exposure constants (F). All estimated doses were 
negligible. For the 1.3 mCi of 99mTC at about 60 cm from 
the subject, the exposure rate is 0.2 mR/hr.  For the 2.8 
mCi of E°lT1, the exposure rate is 0.4 mR/hr.  For the 57Co 
sheet source, with 2.5 mCi at about 25 cm to subject, the 
exposure rate is 2.3 mR/hr.  The actual absorbed dose is 
only about one third of these values for a 15-min scan and 
5-min set-up time. The dose from the sheet source is about 
l0 times higher, but it remains insignificant unless long 
acquisition times and/or much higher sheet source activi- 
ties are necessary. 

DISCUSSION 

This paper presents CB-CT images of human subjects 
using a gamma camera normally used for SPECT. These 
images were found to be much superior to transmission 
CT obtained with a parallel-ray geometry. The very high 
predicted spatial resolution of 3 mm was not quantitatively 
measured in these human subjects, and the 4-5 mm pixel 
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size prevented the achievement of this prediction. How- 
ever, the resolution was clearly much superior to that 
obtained with parallel-ray CT, since the spine, the spinal 
canal, the trachea, and pulmonary arteries were all easily 
seen. Image noise was simultaneously reduced by a factor 
of about six. The radiation absorbed dose in each subject 
was negligible: less than 0.1 mR for one scan. The imaging 
time for these high quality studies was only 15 min, which 
is less than that for parallel-ray CT and which can probably 
be much further reduced (perhaps to 5 min), depending 
upon count rate limitations in the gamma camera and the 
desired image quality. Most likely, the images shown here 
are much superior in noise and resolution to those neces- 
sary for accurate attenuation compensation of SPECT 
images. With the expected shorter imaging time, and high 
quality CB-CT images, quantitative SPECT should be- 
come more routine. 

Furthermore, these images encourage the further appli- 
cation of correlated SPECT and CB-CT, as an aid to 
diagnosis. A frequent serious problem in medical imaging 
is the inability to correlate anatomical observations from 
x-ray CT with functional findings in SPECT, for example 
in lymphoma follow-up studies using x-ray CT and 67Ga- 

citrate SPECT. Since the SPECT study has inadequate 
anatomical markers, a lesion suspected on the SPECT 
study is difficult to correlate with adenopathy on x-ray CT, 
and if lesions are seen in both SPECT and CT, it may be 
impossible to verify that they are the same. CB-CT imple- 
mented on a SPECT gamma camera has great potential 
for alleviating the confusion, because it can be acquired at 
the same time as the SPECT study, with easy detector 
modification and without movement of the patient. The 
CB-CT images can be used directly by superimposing over 
the SPECT images or cross-correlating with the x-ray CT 
images. Our results indicate that CB-CT has the resolution 
necessary, for such valuable correlation. With the expected 
development of higher count rate, higher resolution detec- 
tors, CB-CT would be even more useful for SPECT-CT 
correlation. 

Although CB-CT works in theory both with cone-beam 
collimator and without any collimation, the "without col- 
limator" mode has reduced contrast due to photon scatter, 
especially for larger subjects. Probably, for use in quanti- 
tative SPECT, the "without collimator" CB-CT images 
will require some photon scatter correction (33-36). 

We found that the higher energy isotope (99mTc) pro- 
duced images superior to those obtained with 2°'TI. Since 
99mTc is readily available at minimal cost, it is preferred at 
this time. In theory, the lower energies of 2°'TI (60-80 
keV) should produce higher bone contrast, but we have 
not yet seen any evidence to support this. It is still not 
known whether a simple scaling of a ~9"Tc attenuation 
map will be adequate for the attenuation compensation of 
SPECT images acquired with a different isotope, such as 
2°~Tl" 

Quantitative analysis of the CB-CT in vivo linear atten- 

uation coefficients showed good agreement with predicted 
values in both the liver and lung. More detailed quantita- 
tive evaluation should be performed with phantoms, where 
the attenuation coefficients are more precisely known, and 
in geometries where potential artifacts resulting from the 
theoretical limitations of the cone-beam reconstruction 
(28, 30-32) can be evaluated. The resulting attenuation 
compensation has been shown to be accurate in simple 
phantoms (41), but further evaluation must be performed 
both in humans and in phantoms which precisely simulate 
the human. 

Another topic for further quantitative evaluation is im- 
age truncation. Most likely, this is the most significant 
remaining implementation problem in CB-CT, since the 
gamma camera field of view is reduced by the focusing, 
and since some patients may be as large as, or larger than, 
even the unfocused field of view. The truncation was 
minimized in this experiment by using a long focal length, 
but we have found that 100 cm is near the maximum focal 
length practical while allowing the point source to clear 
the floor during its circular orbit. We have demonstrated 
that the amount of truncation, as well as image noise, 
varies with subject size, ranging from no truncation to 
serious image degradation. Inside the ring artifact pro- 
duced by the truncation, the images were qualitatively 
good, and thus they can still be used for image correlation 
with SPECT and x-ray CT, but they were numerically 
inaccurate for our most truncated subject. The quantita- 
tive effect on SPECT attenuation compensation is not yet 
known. Probably, the truncation artifacts can be reduced 
or eliminated by image processing methods (42-48) or by 
using one of the "jumbo" detectors now available com- 
mercially with fields of view of at least 60 cm. 

All images obtained for this paper were obtained on a 
standard single-headed large field of view camera, but the 
method is extendable to most gamma-camera based 
SPECT devices. For routine implementation, our gamma 
camera was less than optimal, since: (t) it has a circular 
field of view, (2) the radius of rotation had to be measured 
using a meter stick at two opposing views, and (3) any 
adjustment of the radius of rotation required a repeat 
realignment of the gamma camera parallel with the radius 
of rotation, and a repositioning of the point source. An 
optimal gamma camera would be rectangular, would sup- 
ply the radius of rotation, and would always be parallel to 
the axis of rotation. Three-headed gamma cameras would 
be preferable, if it is possible to perform CB-CT with one 
head simultaneously with SPECT on the other two heads. 
However, the truncation would be increased, since a 
shorter focal length is necessary to avoid truncation of the 
point source by the other two heads. 
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