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We describe a technique using a line source and a rotatable
air-copper-lead assembly to acquire gamma transmission com-
puted tomographic (TCT) data for determining attenuation maps
to compensate SPECT emission scans. The technique mini-
mizes problems associated with discriminating ®*™Tc transmis-
sion and 2°'T emission photons and requires only a modest
increase in total study time. A ®*™Tc line source and a stacked
foil (“multislat”) collimator are placed near the focal line of a
fan-beam collimator (114 cm focal length) mounted on one de-
tector of a triple-camera SPECT system. We acquired TCT data
of plastic rod and anthropomorphic thorax phantoms to investi-
gate the capability of the line source and rotatable air-copper-
lead attenuators to determine attenuation maps. The data were
acquired with and without 5.4 MBq (145 uCi) of 2°'Ti placed in
the myocardial chamber of the thorax phantom. Phantoms also
were scanned using a curved transmission slab source mounted
to a parallel-hole collimator. Fan-beam TCT images have im-
proved resolution compared with parallel-beam TCT images.
Two patient scans also were performed to evaluate the clinical
usefulness of fan-beam TCT. The rotatable air-copper-lead at-
tenuator method eliminates contamination of emission data by
transmission photons and reduces spill-over of emission data
into the transmission energy window for some cases. Results
show the feasibility of using fast, sequential or interlaced trans-
mission scans of a line source within a rotatable air-copper-lead
attenuator assembly to obtain accurate attenuation maps for
SPECT attenuation compensation.
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T-ansmission imaging provides useful additional infor-
mation for attenuation compensation in single-photon
emission computed tomography (SPECT). In the mid-
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1970s, we designed our first dual-camera SPECT system
with the capability to use transmission imaging for body
contour determination (). We and other groups have used
SPECT systems to acquire gamma ray transmission com-
puted tomographic (TCT) data (2-10). Results from previ-
ous studies using attenuation information have shown im-
proved image quality with nonuniform attenuation
compensation compared with uniform compensation (3-
15). This improvement motivated us to investigate meth-
ods of obtaining attenuation maps using transmission com-
puted tomography. To obtain these maps we designed and
built transmission data acquisition systems for a three-
headed SPECT camera (Trionix Research Laboratories,
Inc., Twinsburg, OH). These systems provide the capabil-
ity to reconstruct the three-dimensional patient attenuation
distribution.

Methods of TCT data acquisition on SPECT cameras are
used to acquire transmission and emission data either at
separate points in time (sequential scanning) or at the same
time (simultaneous scanning). Neither of these methods is
ideal and each has unique advantages and problems. Si-
multaneous acquisition can result in contamination of
transmission and/or emission data by improperly detected
photons. Sequential transmission/emission acquisition can
increase scan time and misregistration of transmission and
emission data may present problems. Use of a line trans-
mission source and rotatable air-copper-lead attenuators
allows TCT data acquisition before, after or interlaced with
the SPECT acquisition. The misregistration problem is al-
leviated only if TCT acquisition is interlaced, or obtained
simultaneously, with the SPECT acquisition. Unless the
simultaneous acquisition mode is used, scan time will be
increased. In this paper we describe a fast, sequential
method for acquiring TCT data.

The primary purpose of this investigation is to show that
a line source and rotatable air-copper-lead attenuators are
capable of obtaining accurate attenuation maps for nonuni-
form attenuation compensation in SPECT. The rotatable
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FIGURE 1. Sketch of FB-TCT acquisition '

system. An enlarged sketch of rotatable air- N
copper-lead assembly and multislat collima- !
tor is shown on the left.

air-copper-lead attenuator method is evaluated using a
plastic “‘cold’’ rod phantom and an anthropomorphic tho-
rax phantom. Fan-beam (FB) TCT data are acquired using
a 9™Tc-filled line source and compared with reconstructed
TCT images obtained with parallel-beam TCT. Fan-beam
TCT reconstructed images are obtained with and without
2] activity in the myocardial chamber of the thorax
phantom.

MATERIALS AND METHODS

System Overview
The FB-TCT system has the following major components:

1. A resealable and fillable line source containing an appropri-
ate gamma emitter.

2. A rotatable air-copper-lead attenuator mechanism that al-
lows air, lead or copper to be positioned between the line
source and the object being scanned.

3. A stacked multifoil (“‘multislat™) lead collimator that is po-
sitioned close to the line source.

4. A long, focal-length fan-beam collimator that is placed on
the opposing scintillation camera.

5. The opposing large field-of-view scintillation camera.

The main components are shown in the sketch (Fig. 1) of the
FB-TCT system mounted on our triple-camera SPECT scanner.

Line Source and Rotatable Air-Copper-Lead Attenuator
Assembly

The line source assembly has a 27-cm long stainless steel tube
(1.0-mm inside diameter). The tube is filled with radioactivity and
both ends are sealed using specially designed caps equipped with
small O-rings. The line source is similar to the line sources used in
a commercially available PET-NEMA phantom (Data Spectrum
Corp., Hillsborough, NC). For the collimated TCT studies pre-
sented here, the line source was typically filled with about 1110 to
7030 MBq (30-190 mCi) of *™Tc. After filling, the line source was
placed on the central axis of the rotatable air-copper-lead attenu-
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ator assembly, which has accurately machined recesses matching
the outside diameter of the line source sealing caps. Design of the
rotatable air-copper-lead attenuator assembly allows the source to
be easily and quickly removed for filling or replacement with
another line source containing a different radionuclide. A photo-
graph of the rotatable air-copper-lead attenuator assembly is
shown in Figure 2.

The two main purposes of the rotatable air-copper-lead atten-
uators are: (1) to provide a means to position (and remove) se-
lected gamma ray attenuators between the line source and the
object being scanned; and (2) to provide a shielded enclosure for
the line source (except in the direction of the object being scanned
when the air or copper attenuator is positioned between the line
source and the object).

The critical component of the rotatable air-copper-lead atten-
uator assembly is the rotating slotted cylinder. This slotted copper
cylinder is mounted between two radial bearings and has six

FIGURE 2. Photograph of prototype FB-TCT rotatable air-cop-
per-lead assembly. The line source (shown in front of the assembly)
is mounted along central axis of the rotatable air-copper-lead as-
sembly.
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annular sectors (Fig. 1). Four sectors (50 degrees each) are made
of copper having different thicknesses. One sector (50 degrees) is
made of lead laminated to the copper supporting cylinder (Fig. 1)
and the remaining sector (110 degrees) is the open slot. The four
copper sectors attenuate 140 keV gamma rays by factors of about
2, 4, 8 and 16. These attenuators are used to decrease the line
source intensity to simplify the acquisition of reference FB image
(i.e., data acquired when the patient is not present). Use of atten-
uators reduces the effects of system deadtime and pileup that may
degrade the acquisition of the reference image. The lead sector
attenuates the line source by a factor of more than 4 million.
During acquisition of FB-TCT projectional data, the rotatable
air-copper-lead attenuator assembly was positioned with the open
slot between the line source and the patient. During acquisition of
SPECT emission data, the rotatable air-copper-lead attenuator
assembly was positioned with the lead attenuator between the line
source and the patient. For most studies presented here, the
reference image was obtained shortly after actual FB-TCT acqui-
sition using the copper attenuator that attenuates 140 keV gamma
rays by a factor of 4. Generally, counting rates for the FB-TCT
scans were similar to counting rates for the reference scan.

MuttiSiat Collimator for Source

The major purposes of the multislat collimator are: (1) to elim-
inate gamma rays that have been emitted in directions inappro-
priate for FB-TCT acquisition; (2) to reduce radiation dose to the
patient; and (3) to reduce the number of patient-scattered photons
that are detected. The multislat collimator has 0.25-mm thick lead
foils that have been glued to 1-mm thick spacers made of Rohacell
(Rohm Tech, Inc., Malden, MA), which is a special gamma ray
transparent foam having highly uniform thickness. The multislat
collimator has alternating layers of lead foil plates and Rohacell
spacer plates. The planes of the lead foil plates and the Rohacell
spacer plates are perpendicular to the axis of rotation. Each Ro-
hacell spacer plate has the same height and thickness as the lead
foil plates with a height of 4.5 cm and a width of 7.6 cm.

Fan-Beam Collimator for Opposing Scintillation
Camera

The two main purposes of the fan-beam collimator (Nuclear
Fields, Inc., Des Plaines, IL) mounted on the scintillation camera
opposite the line source, are: (1) to reduce the detection of patient
scattered gamma rays; and (2) to provide collimation for trans-
mission and emission gamma rays. The fan-beam collimator has a
focal length of 114 cm (to crystal side) and hexagonal holes. The
TCT fan-beam collimator has a geometric sensitivity of 270
(counts/sec)yMBq (10 (counts/sec)/uCi) at 10 cm from the collima-
tor surface and a geometric resolution (FWHM) of 10 mm at 10 cm
from the collimator surface.

A low-energy, ultra-resolution (LEUR) parallel-hole collimator
was used with the collimated curved slab source to obtain parallel-
beam TCT data. This collimator also was used to acquire the
SPECT data. The LEUR parallel-hole collimator has a geometric
sensitivity of 81 (counts/secyMBq (3 (counts/sec)/uCi) and a geo-
metric resolution (FWHM) of 6.2 mm at 10 cm from the collimator
surface.

Phantoms

To evaluate total system resolution, a plastic rod phantom was
scanned using the transmission line source assembly and curved
slab source. The plastic ‘‘cold” rod phantom (Deluxe Model 5000,
Data Spectrum Corp., Hillsborough, NC) has a circular cylinder
(22 cm outside diameter) containing six sets of plastic (methyl-
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FIGURE 3. Photograph of the smaller thorax phantom consisting
of an elliptical cylinder with anthropomorphic heart, lung and spine
inserts. The larger thorax phantom was constructed by placing wa-
ter-filled bags around the periphery of this phantom to increase
overall dimensions and simulate breast tissue.

methacrylate) rods having different diameters. The rod diameters
are 4.8, 6.4, 7.9, 9.5, 11.1 and 12.7 mm. The center-to-center
spacing between the rods is equal to twice the diameter of the
rods. The rods are 8.8 cm long and are arranged in six “pie-
shaped” sectors within the cylindrical phantom, which is filled
with air. The plastic cylinder has a wall thickness of approxi-
mately 3 mm. The phantom is placed in an aluminum cradle
(3-mm thick wall) during the acquisition of TCT data.

An anthropomorphic thorax phantom (Data Spectrum Corp.,
Hillsborough, NC) was also used to evaluate the transmission CT
system. The phantom is shown in Figure 3 and has an elliptical
cylinder (32 cm x 23 cm) containing two lung inserts, a Teflon
spine and a cardiac insert. The Teflon spine consists of a solid
cylinder 3.8 cm in diameter by 16.5 cm in length. The two lung
inserts contain styrofoam beads and are filled with water to sim-
ulate the density of lung tissue. For the studies presented here,
water and bead volumes were adjusted for each lung chamber to
obtain a density of approximately 0.3 gm/cm®. The cardiac insert
contains a ventricle chamber and a myocardial chamber. Each
chamber may be filled separately with water containing activity.
This phantom is referred to as the ‘““small”” thorax phantom. To
simulate a larger patient and to investigate the effects of trunca-
tion, we added water-filled bags around the periphery of this
phantom to increase its dimensions to approximately 38 cm x 26
cm. We also added water-filled bags (500-ml) to simulate breast
tissue. This phantom is referred to as the ‘“large” thorax phantom.
For this investigation we filled the myocardial chamber with ac-
tivity.

Patient Studies

Two female patients who were scheduled to have myocardial
SPECT studies were scanned using the TCT system prior to their
myocardial studies. Informed consent was obtained prior to the
study using a protocol approved by the Institutional Review
Board of the medical center. The first patient weighed 140 Ib and
was 5 ft 6 in. tall. There was little truncation of the transmission
projection for this patient study. The second patient weighed 114
Ib and was 4 ft 11 in. tall. The transmission data were severely
truncated for the second patient study. For the first patient, the
transmission data were acquired prior to injection of the SPECT
radiopharmaceutical. For the second patient, FB-TCT data were
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acquired after injection of ?°'Tl and immediately prior to the
SPECT study.

TCT Data Acquisition

The TCT and SPECT data were transferred using our depart-
mental Ethernet network to a Stellar GS1000 (Stardust Comput-
ers, Inc., Newton, MA) and Sun Sparcstation-2 computers (Sun
Microsystems, Inc., Mountain View, CA) for image reconstruc-
tion and data analysis. The following TCT and SPECT acquisi-
tions were obtained:

1. Parallel-beam and FB-TCT scans of the cold rod phantom.

2. A parallel-beam TCT scan of the small thorax phantom.

3. An uncollimated 63-cm focal length (measured from the
crystal surface) FB-TCT scan of the small thorax phantom.
The 63-cm focal length refers to the distance of the line
source to the crystal surface of the opposed scintillation
camera, which did not have a collimator mounted on it. In
this case, the multislice fan-beam geometry is determined
by the line source and the multislat collimator placed di-
rectly beneath the line source.

4. Two (120 and 750 sec) FB-TCT scans of the small thorax
phantom without *'T1 radioactivity in the myocardial
chamber.

5. A FB-TCT scans of the small thorax phantom with and
without 2'T1 radioactivity in the myocardial chamber.

6. A FB-TCT scan of the large thorax phantom with 2°'Tl
radioactivity in the myocardial chamber.

7. A parallel-beam SPECT scan of the large thorax phantom
with 2'T1 radioactivity in the myocardial chamber.

8. FB-TCT scans of the first female patient with no radioac-
tivity in the myocardial chamber.

9. FB-TCT scans of the second female patient with 2°'Tl
radioactivity in the myocardial chamber.

10. Parallel-beam SPECT scans of second female patient with
20171 radioactivity in the myocardial chamber.

Typically, data were acquired using an acquisition matrix size
of 128 x 128 and 3-degree angular sampling with step-and-shoot
gantry motion through a complete 360-degree angular range. A
few scans were also acquired using continuous gantry rotation. A
15% centered energy window (130 keV < Evy < 151 keV) was used
for the TCT acquisitions. For the 2°'T1 SPECT scan, the energy
window ranged from approximately 60 to 80 keV. Additional
acquisition parameters are presented in Table 1. Filtered backpro-
jection algorithms were used to reconstruct the TCT and SPECT
images.

The small-thorax phantom was scanned both with the fan-beam
TCT geometry and with a parallel-beam TCT geometry, which
consisted of a collimated curved slab source and a high-resolution,
parallel-hole collimator (5,9) mounted directly under the slab
source. For the parallel-beam TCT acquisition, use of a collimated
curved slab source resulted in a 40-cm field-of-view (FOV) and
adequate clearance to scan the thorax phantom. The curved trans-
mission source (containing about 220 MBg/axial cm (5.9 mCi/axial
cm) of ™Tc) was mounted between two scintillation cameras of
the triple-head SPECT system. The LEUR parallel-hole collima-
tor was placed on the third scintillation camera.

To show effects of truncated projections on TCT image quality,
the small thorax phantom was scanned with the line source posi-
tioned at 63 cm from the crystal surface of the opposing scintilla-
tion camera, which did not have a collimator (scan no. 3, listed
above). In this case, the multislice fan-beam geometry is deter-
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mined by the line source and the multislat collimator, which is
placed directly beneath the line source.

The 114-cm focal length fan-beam collimator was then placed
on the scintillation camera and the line source was positioned at
110 cm from the crystal surface. Before mounting the line source,
we machined a rectangular opening in the side cover panels of the
triple-camera system. These openings provide adequate clearance
to mount the line source at 110 cm. Further modification of the
gantry would be necessary to position the line source exactly at
the 114-cm focal line of the fan-beam collimator. Although the
110-cm location is not optimal, we found that gamma ray intensity
was adequate, even at the edges of the FOV.

The %™Tc activity in the line source ranged between 30 and 60
MBg/axial cm (0.8 and 1.6 mCi/axial cm). Several FB-TCT scans
of the small and large thorax phantoms were acquired. For two
scans (120 and 750 sec total scan times), no 2°'T1 activity was
placed in the myocardial chamber of the thorax phantoms. For
two scans of the thorax phantoms (750 sec total scan time), 5.4
MBq (145 pCi) were placed in the myocardial chamber.

The rotatable air-copper-lead attenuator assembly was then
closed (i.e., the lead attenuator was placed between the line
source and the thorax phantom) and a ?*'T1 SPECT scan was
performed (360-degree acquisition and a total scan time equal to
1440 sec). Only the two cameras having ultra-high resolution
(LEUR), parallel-hole collimators were used for the SPECT ac-
quisition. However, we used the data acquired with the fan-beam
collimator to estimate amount of spillover of 2°'T1 photons into the
99mTc window which was used for the TCT scans. The first eight
projectional views were quantitatively evaluated by determining
the counting rate within regions of interests (ROIs) that com-
pletely encompassed the projection of the heart on the scintillation
camera equipped with the fan-beam collimator. These ROI data
were used to estimate the number of 2°'T1 photons emitted from
the heart that were detected within the ™Tc energy window.
These data were compared with similar ROI data obtained from
the FB-TCT scans (with no 2°' Tl activity in the heart). These latter
ROI data were used to determine the number of ™Tc photons
(from the line source) that were detected within the ™Tc energy
windows. This analysis indicated that the 2'T1 spillover was only
about 1% of the true *™Tc photons emitted by the transmission
line source. Since only a very small number of ?°*T1 photons were
detected in the ®™Tc energy window, no attempt was made to
subtract these 2*'T1 photons prior to reconstructing the *™Tc
TCT images.

After closing the rotatable air-copper-lead attenuator assembly,
we observed that a few photons emitted from the rotatable air-
copper-lead attenuator assembly still reached the opposing scin-
tillation camera. We assumed that these photons were scattered
by the two copper sectors that were adjacent to the S50-degree lead
sector. Thus, for the SPECT acquisition, these scattered photons
were eliminated by placing a 6.4-mm thick lead sheet under the
multislat collimator. To eliminate these photons in the future, we
have redesigned the rotatable air-copper-lead attenuator assembly
by doing away with one copper sector and increasing the angular
extent of the remaining lead and copper sectors from 50 degrees to
62.5 degrees.

Image Reconstruction

The measured transmission data were converted to line inte-
grals of linear attenuation by taking the natural logarithm of the
ratio of the incident reference image to the measured TCT pro-
jectional data. Before taking the logarithm, the reference image
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TABLE 1

TCT Data Acquisition Parameters
Line (slab) Line source Total 2017
Source source activity to crystal Radius of acquisition myocardium
type (MBg/axial distance rotation* Collimator interval activity
Scan type used cm) (cm) (cm) type (sec) (MBq)

Parallel-beam Curved 247 110 26 Paraliel-hole 2200 None
TCT; cold rods slab (LEUR)

Fan-beam TCT; Line 62 110 25 Fan-beam 2120 None
cold rods

Parallel-beam Curved 220 N/AY 25 Parallel-hole 750 None
TCT; thorax slab (LEUR)

Fan-beam TCT; Line 3 63 25 Fan-beam 750 None
small thorax

Fan-beam TCT,; Line 46 110 25 Fan-beam 120 None
small thorax

Fan-beam TCT; Line 46 110 25 Fan-beam 750 None
small thorax

Fan-beam TCT; Line 32 110 25 Fan-beam 775 5.4%
small thorax

Fan-beam TCT; Line 88 112 28 Fan-beam 720 4.8%
large thorax

Fan-beam TCT; Line 118 109 25 Fan-beam 720 0
first patient

Fan-beam TCT; Line 260 108 28 Fan-beam 900 148
second patient

Parallel-beam N/A N/A N/A 28 Parallel-hole 1200 4.8*
SPECT; large (LEUR)
thorax

Parallel-beam N/A N/A N/A 28 Parallel-hole 1200 148°
SPECT; (LEUR)
second patient

*To crystal side.

*Not applicable.

#in heart wall chamber.

$injected activity at time of scan.

was scaled to account for differences in the acquisition procedure
between it and the TCT data. The scaling accounted for differ-
ences in acquisition time, deadtime, radioactive decay and the
effect of attenuation of the reference image by the copper atten-
uator.

TCT and SPECT data (360-degree data acquisitions) were re-
constructed using filtered backprojection algorithms. A 128 x 128
(3.6-mm pixel size) matrix was used. Generalized Hann filters
having cut-off frequencies between 0.5 cycle/cm and 1.0 cycle/cm
were used. Typically, lower cut-off frequencies were used with
lower count density TCT data, while higher cut-off frequencies
were used with higher count density TCT data. A ramp filter was
used for the TCT reconstructed images of the cold rod phantom.

Adjacent reconstructed slices were added to reduce image
noise. Generally, the displayed slice thickness was equal to 11 mm
for TCT images of the thorax, and 7 cm for the TCT images of the
cold rod phantom.

A similar reconstruction protocol was used for the SPECT data
of the thorax phantom. However, attenuation compensation was
done using a single iteration Chang algorithm (16) that was mod-
ified to incorporate a nonuniform attenuation map (12,13). Three
sets of SPECT images were reconstructed with: (1) no attenuation
compensation; (2) uniform attenuation compensation using an
assumed linear attenuation coefficient equal to 0.15 cm™'; and (3)
attenuation compensation using the nonuniform map measured
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with FB-TCT. The TCT-measured attenuation values measured
with the FB-TCT scan were used to correct the 2'T1 SPECT data.
The measured attenuation values were not scaled to account for
the energy difference between the transmission and emission
sources. To account for scatter in the 2'T] emission data, no
scaling was performed. Although reconstructed attenuation val-
ues using the *™Tc line source were inappropriately small for
narrow-beam linear attenuation coefficients at the 2°'T1 energy,
fortuitously, they were reasonable for broad-beam coefficients at
this energy (broad-beam implying the detection of scatter events).
A similar approach to account for scatter with *™Tc was used
previously (17).

Determination of Linear Attenuation Coefficients

To find the values for the linear attenuation coefficients, ROIs
were drawn on reconstructed TCT images of the thorax phantom.
We used the software program SPECTER to display images and
obtain ROI values. Several ROIs were used to sample lung, soft
tissue and spinal regions. Typically, each ROI contained about 50
pixels, although smaller ROIs were used for the spinal region.
ROI values were determined with, and without 2°'T1 in the myo-
cardial chamber. ROI results were also obtained from TCT recon-
structed images using reference images that were measured with
and without (““in-air’’) a copper attenuator.

The TCT-measured attenuation coefficients were compared
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Transmission CT

Fan Beam Parallel Beam

FIGURE 4. Fan-beam and paraliel-beam TCT reconstructed im-
ages of the cold plastic rod phantom. The FB-TCT image shows
improved image quality compared with the parallel-beam TCT im-
age.

with narrow-beam values. These narrow-beam coefficients were
measured using a well-collimated (narrow-beam) *™Tc transmis-
sion source and known thicknesses of water, lung and spinal
material. A 15-mm thick Pb sheet with a 7-mm diameter hole
drilled through it was placed on the collimator surface. A second
8-mm thick Pb disk with a 2-mm diameter hole drilled through it
was placed 13 cm above the surface of the first Pb sheet. A third
13-mm thick Pb disk with a 2-mm diameter hole drilled through it
was placed 19 mm above the surface of the second disk. A 925-
MBq (25 mCi) ¥™Tc source (approximately 4 mm in diameter)
was positioned directly above the hole in the third disk. The
centers of all three holes were positioned to fall on a line that was
perpendicular to the collimator surface. A scintillation camera
was used to detect the transmitted gamma rays, and a low count-
ing rate (less than 1 kcounts/sec) was used to minimize dead-time
losses. The energy window ranged from 130 keV to 150 keV.
Samples of water or “soft tissue’” (7.8 cm thick), Teflon or ““bone
tissue” (8.8 cm thick) and water-filled styrofoam beads ‘lung
tissue’’ (13.1 cm thick) were placed between the first and second
Pb disks. A 9 cm X 9 cm ROI was used to determine the trans-
mitted source intensity. The “in air’ reference source intensity
was also measured with only air between the first and second Pb
disk. Background counting rates were measured and were found
to be less than 0.3% of the counting rates measured with the
source present. Ten independent measurements were made for
each material. These measurements were used to determine the
average narrow-beam linear attenuation coefficients and corre-
sponding standard deviations.

RESULTS

The parallel-beam and fan-beam TCT reconstructed im-
ages of the cold rod phantom are shown in Figure 4. These
images were reconstructed using a fan-beam filtered back-
projection algorithm with a ramp filter. The thin aluminum
cradle (3 mm thick) used to support the phantom is seen
surrounding the lower portion of the cylindrical phantom.
Plastic support rods (6.4 mm diameter) are seen in the
center of the image and in regions between the six sectors.
This image shows that high-resolution TCT images can be
obtained using the transmission line source assembly. All
six sectors of the cold rod insert are clearly visualized in
the FB-TCT images, but only five sectors are visualized in
the parallel-beam TCT image.
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Three different TCT scans of the thorax phantom are
presented in Figure 5. The transmission projections were
reconstructed using an image matrix size of 128 x 128 x
128. The same generalized Hann filter having a cut-off
frequency equal to 1.4 cycles/cm was used to reconstruct
the parallel-beam, the short focal length fan-beam and the
long focal length fan-beam data. The same fan-beam recon-
struction algorithm was used to reconstruct all three data
sets. The parallel-beam TCT image was reconstructed by
setting the focal length equal to 9999 cm in the fan-beam
reconstruction program.

The short (63 cm) focal length fan-beam scan has large
artifacts caused by truncated projections. These artifacts
have been nearly eliminated in the TCT image obtained
using the longer (110 cm) focal length scan. The 110-cm
FB-TCT reconstructed image is similar in appearance to
the parallel-beam TCT image; however, the longer focal
length FB-TCT image shows improved spatial resolution
and less noise compared with the parallel-beam TCT im-
age. Horizontal profiles drawn through the central portion
of the FB-TCT images and the parallel-beam TCT image
are shown in the lower portion of Figure 5. The reduction
in noise in the FB-TCT image results from the increased
number of transmission photons detected with the line
source fan-beam collimator geometry compared with the
number of photons detected with the slab source parallel-
hole collimator geometry. The heart insert is not visualized
in these TCT reconstructed images since the ventricle and
myocardial chambers are filled with water, which has the
same density as the surrounding water tissue. The Teflon
spine is clearly visualized.

The FB-TCT reconstructed images obtained using total
acquisition time intervals of 120 and 750 sec are shown in
Figure 6. The cut-off frequency of the reconstruction filter

Transmission CT

Fan Beam Fan Beam Parallel Beam

FIGURE 5. Fan-beam and parallel-beam TCT reconstructed im-
ages of the thorax phantom. The 63-cm FB-TCT reconstructed
image (center) demonstrates substantial truncation artifacts. The
110-cm FB-TCT reconstructed image (left) has almost no truncation

artifacts and shows improved image quality compared with the par-
allel-beam TCT reconstructed image (right).
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Fan Beam TCT

120 Seconds 750 Seconds

FIGURE 6. FB-TCT reconstructed images acquired with two dif-
ferent acquisition time intervals.

was lower for the 120-sec image than the cut-off frequency
for the 750-sec image. With the same cut-off frequency, the
120-sec image would have increased noise, but it still may
provide an acceptable attenuation map for SPECT nonuni-
form attenuation.

Fan-beam-TCT reconstructed images of the thorax
phantom acquired with and without Z'Tl activity in the
myocardial chamber are shown in Figure 7. The ratio of
20171 photons that were detected in the *™Tc energy win-
dow to the 140 keV photons that were detected in this
energy window was approximately 87:1. This ratio was
determined from the projection data using appropriately
placed ROIs. Only a very small number of °*TI photons
were detected in the ™Tc energy window, compared with
the number of *™Tc photons detected in this window.
Because of this very small number, a subtraction compen-
sation was not required. The two images shown in Figure 7

Fan Beam TCT

B E
U

With 201T]
in heart

Without 20171
in heart

FIGURE 7. FB-TCTreconstmc&edimabesofﬂwethoraxphamorn
with, and without, 2°'T1 activity in the myocardial chamber. The
FB-TCT images are very similar.
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Fan Beam TCT

I ' ‘-_l"_'q 1

FIGURE 8. Fan-beam TCT reconstructed transaxial slices of the
first female patient. The ribs, vertebra and spinal column are visual-
ized in the windowed display shown on the right.

are very similar. Since there was less line source activity in
the image acquired with 2'T1 activity than in the image
acquired without 2°!T1 activity (Table 1), the noise level is
somewhat higher for the image with 2°'TI activity present.
Horizontal profiles drawn through the central region of
images are shown at the bottom of Figure 7.

A FB-TCT image of the first female patient is shown in
Figure 8. For the image shown on the right, the data were
windowed to increase the displayed image contrast. The
ribs, vertebra and spinal column are more clearly visual-
ized with the windowed display.

The effect of nonuniform attenuation on SPECT cardiac
imaging was evaluated with the larger thorax phantom and
with the second patient scans. These data are shown in
Figures 9 and 10, respectively. The FB-TCT images shown
in the upper right comer of these figures demonstrate the
effect of truncation. The upper row of profiles has been
normalized independently. The lower row of profiles has
been normalized to the peak value obtained when a uni-
form attenuation map (i.e., constant linear attenuation co-

Uniform Non-uniform
Atten. Map

No Atten.
Correction Atten. Map

FIGURE 9. Fan-beam reconstructed TCT transaxial slice (upper
right) and horizontal long axis SPECT heart slices of the larger
thorax phantom. Effect of transmission data truncation is visualized
in the TCT image. Upper profiles have been normalized indepen-
dently. Lower profiles have been normalized to peak value of profile
obtained using a uniform attenuation map. The SPECT image re-
constructed using a nonuniform attenuation map has fewer artifacts
and less distortion compared with the other two reconstructions.
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FIGURE 10. Fan-beam reconstructed TCT
transaxial slice (upper right) and horizontal long
axis SPECT heart slices of second female patient.
Effect of transmission data truncation is visualized
in the TCT image. Upper profiles have been nor-
malized independently. Lower profiles have been
normalized to peak value of profile obtained using
a uniform attenuation map.

~No Atten.
Correction Atten. Map Atten. Map

Uniform Non-uniform

efficient) was used to compensate for attenuation. The
profiles were determined by summing the counts within the
vertical markers. The left-to-right direction in the profiles
corresponds to the top-to-bottom direction in the images.
The lower row of profiles more realistically demonstrates
the quantitative effects of the three different reconstruction
methods. The horizontal long-axis SPECT images recon-
structed using the nonuniform attenuation map are quali-
tatively and quantitatively improved compared with the
other two images. In this initial evaluation, no attempt was
made to compensate for truncation of transmission data.
Without attenuation compensation, the reconstructed pixel
values are markedly reduced compared with the values
observed in the other two images. Use of a uniform atten-
uation map results in an overcompensation. The general
shape of the long axis slice through the heart phantom is
distorted in the absence of nonuniform attenuation com-
pensation.

Measured linear attenuation coefficients are shown in
Table 2. The measured values obtained with the parallel-
beam and fan-beam TCT reconstructed images agree well
with the values obtained using narrow-beam transmission

measurements. The linear attenuation coefficients mea-
sured with and without 2Tl in the myocardial chamber are
very similar. Also, the values measured using the air ref-
erence image agree well with the coefficients measured
using the reference image obtained with the copper atten-
uator positioned between the line source and the scintilla-
tion camera. Some of the TCT-measured values appear
slightly lower than the narrow-beam values, particularly
the values measured in the spine region. It is possible that
the slightly lower values measured with parallel-beam and
fan-beam TCT are the result of Compton scatter detected
within the TCT energy window.

DISCUSSION

Results of the phantom and patient studies show that
fast, sequential TCT scanning using a line source and ro-
tatable air-copper-lead attenuator assembly provides im-
proved image quality compared with parallel-beam TCT.
Fan-beam TCT has several practical advantages compared
with parallel-beam TCT, particularly when used with tri-
ple-camera SPECT systems. For parallel-beam TCT, the

TABLE 2
Measured Attenuation Coefficients
Linear attenuation coefficient (cm ™)
Method Lung Tissue Spine
Narrow-beam 0.049 + 0.003 0.153 + 0.002 0.291 + 0.005
transmission
Parallei-beam TCT 0.050 + 0.002* 0.152 + 0.006 0.279 + 0.005
Fan-beam TCT 0.044 + 0.003 0.147 + 0.005 0.272 + 0.004
without 2°'T1 (air
reference beam)
Fan-beam TCT 0.046 + 0.004 0.149 + 0.006 0.274 + 0.005
without 2'T]
(copper attenuator)
Fan-beam TCT 0.044 + 0.003 0.147 + 0.005 0.268 + 0.007
with 2°'T1 (copper
attenuator)
*Mean + s.d
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curved slab source must be mounted between two adjacent
cameras; thus, these cameras cannot be used for simulta-
neous SPECT acquisition. Fast sequential TCT acquisition
is impractical with parallel-beam TCT. The curved colli-
mated slab source must be mounted on the two uncolli-
mated cameras to provide adequate patient clearance. The
source must be manually removed and the collimators re-
placed before the SPECT study. The collimated slab
source must be filled with a large amount of radioactivity to
obtain adequate count densities within reasonable scan
times. Therefore, radiation exposure to technical support
personnel is increased. Also, since the slab source is large,
it is more difficult to shield when it is not being used.

Fan-beam TCT using a line source and a rotatable air-
copper-lead attenuator assembly overcomes many of these
practical problems. For example, since the assembly is not
mounted on or in front of a gamma camera, there is no
interference with the acquisition of SPECT data, and the
collimators do not have to be replaced before the SPECT
scan. The lead and copper attenuators can be quickly and
easily positioned. Line sources filled with different radio-
isotopes may be interchanged conveniently. The shielded
rotatable air-copper-lead attenuator assembly provides a
useful storage location for the source when it is not being
used. Thus, radiation exposure to the technical support
personnel is minimized.

Some of these advantages are also possible with cone-
beam TCT (6) using a point source. Only a small amount of
radioactivity is required with cone-beam TCT since an
uncollimated point source is used with this acquisition ge-
ometry. However, cone-beam TCT has inadequate axial
sampling which may produce artifacts in the reconstructed
image. Fan-beam TCT has adequate sampling in the axial
direction; thus, there are no artifacts produced in the re-
constructed image for object locations away from the cen-
tral plane. Both fan-beam and cone-beam TCT may result
in truncated projections when large patients are scanned.
However, Tung et al. (7) have found that though the TCT
reconstructed image is distorted for regions outside the
field-of-view, the attenuation factors are fairly accurate.

Tung et al. (7) used an iterative reconstruction algorithm
and a somewhat short 65-cm focal-length collimator. We
use a much longer focal length fan-beam collimator by
moving the detectors away during the fast sequential TCT
acquisition. With our FB-TCT geometry, the maximum
useful field-of-view is about 32 cm. Therefore, we observed
very little truncation of transmission projection data when
imaging the smaller thorax phantom and the smaller pa-
tient. For the larger thorax phantom and the larger patient,
transmission data were more severely truncated and arti-
facts were observed in the TCT images. Further research is
required to determine whether methods can be developed
to minimize the important problems associated with trun-
cated projections. It may be possible to extrapolate the
truncated data using body contour information. This infor-
mation may be available from the parallel-beam SPECT
acquisition using a lower energy scatter window. The re-
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sulting TCT image may then be adequate for SPECT at-
tenuation compensation. Furthermore, it is possible to use
iterative reconstruction algorithms to reduce truncation ar-
tifacts (7,18), but these algorithms have a larger computa-
tional burden compared with filtered backprojection algo-
rithms. In the future, triple-camera SPECT systems that
use larger field-of-view scintillation cameras may become
available. Truncation of the projections would be less se-
vere with these systems and it is anticipated that the quan-
titative accuracy of the SPECT reconstruction would be
improved.

The effect of nonuniform attenuation on SPECT myo-
cardial imaging depends on many factors including the size
and shape of the patient and the size, shape and location of
the myocardial defect. The acquisition protocol (e.g., 360
degrees versus 180 degrees) and the reconstruction algo-
rithm can also influence the quantitative accuracy of the
SPECT image. Results presented here apply only to spe-
cific source geometries used in this study. Further research
is required to determine if these techniques are appropriate
for other source geometries.

Use of nonuniform attenuation data quantitatively im-
proved the SPECT scan of the myocardial chamber con-
taining 2°!T1. A study based on receiver operator charac-
teristics (ROC) would help to decide the usefulness of
nonuniform attenuation in cardiac lesion detection. We are
planning to perform this ROC study soon.

The minimum scan time for the TCT acquisition is de-
termined mainly by counting rate and deadtime consider-
ations. With a line source containing about 45 MBgq/axial
cm (1.2 mCi/axial cm) of ®™Tc and with the 1-mm thick
Rohacell®-lead multislat collimator, the counting rate was
about 20 kcounts/sec when scanning the thorax phantom.
When the phantom was removed, the counting rate was
about 25 kcounts/sec with the use of the copper attenuator
and about 100 kcounts/sec without the attenuator. Since it
should be possible to acquire TCT data at counting rates
(per head) of at least 100 kcounts/sec, adequate count den-
sities for a single line source should be possible with scan
times of about 2 min. Even shorter scan times would be
possible if three line sources were used with all three heads
of a triple-camera system or if camera deadtimes were
reduced.

The specific activity for the *™Tc line source used in this
study was about 2200 MBg/ml (60 mCi/ml). This activity
was obtained by using 10 ml of saline to elute the Mo
generator. It is possible to obtain a specific activity of
about 24,000 MBg/ml (650 mCi/ml) by using a smaller vol-
ume of 2-3 ml to elute the generator. Since the line source
has a volume less than 0.5 ml, the higher specific activity
would greatly increase the transmission counting rates.
Therefore, either the scanning time could be markedly
decreased or the signal-to-noise ratio of the TCT recon-
structed image could be improved. Of course, the scintil-
lation camera and associated electronic circuitry must be
capable of processing the high counting rates.

For the results presented here, the fan-beam collimator
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was used only for the acquisition of TCT data but it could
potentially be used to acquire improved SPECT data. We
have previously shown that converging-beam SPECT data
can be combined with parallel SPECT data (18). Thus,
SPECT data obtained using two fan-beam collimators
could be combined with SPECT data acquired with the
parallel-hole collimator mounted on the other scintillation
camera of the triple-camera system. This method would
avoid problems associated with truncation of the SPECT
projections. Alternatively, all three scintillation cameras
could be equipped with fan-beam collimators. This acqui-
sition approach has the potential to improve the quality of
both the SPECT and the TCT scans.

In this initial investigation, we made no effort to opti-
mize the design of the multislat and fan-beam collimators.
Optimal sensitivity and resolution characteristics for these
collimators should be determined. Recently, Cao and Tsui
described an analysis of precollimation and postcollimation
for parallel-beam TCT (19). A similar analysis would be
useful for fan-beam TCT.

CONCLUSIONS

We describe a method to quickly and easily acquire the
TCT data needed to determine nonuniform attenuation
maps for SPECT attenuation compensation. The method
uses a line source and a rotatable air-copper-lead attenua-
tor assembly and minimizes problems associated with
crosstalk between the transmission and emission data. The
nonuniform attenuation maps are used to compensate
SPECT phantom and patient scans with °' Tl activity in the
myocardial chamber. Qualitatively and quantitatively, the
SPECT images are improved using the nonuniform atten-
uation data. With our present triple-camera system, trun-
cation of the transmission data was observed for the larger
thorax phantom and the larger patient. Results indicate
that approaches should be considered to minimize effects
of truncation on SPECT reconstruction. One approach
would be to use a single larger field-of-view camera. A
second potential approach would be to use SPECT scatter-
window data acquired with parallel-hole collimators. Fur-
ther research is required to decide the importance of non-
uniform attenuation compensation on SPECT lesion
detection in cardiac 2'Tl studies. These results show the
feasibility of using fast, sequential transmission scans of a
line source mounted within a rotatable air-copper-lead at-
tenuator assembly to obtain accurate attenuation maps.
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