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A scanning collimated line source for simultaneously acquiring
emission and transmission data from a gamma camera has
been developed. The line source is microprocessor-controlied
and incorporates hardware to electronically window the spatial
gamma camera signals in order to separate the emission signals
of the subject from transmission signals from the line source.
The device improves upon the previously described emission-
transmission scanning technique using a fiood source in three
ways: (1) it overcomes the limitation that the transmission radi-
onuclide must have a lower energy than the emission radionu-
clide; (2) it provides narrow-beam (scatter free) attenuation mea-
surements of the subject being examined; and (3) it reduces the
radiation exposure to staff. Attenuation coefficients for an ellipti-
cal water-filled phantom were measured to be u = 0.15 + 0.01
cm™. The technique has been validated in phantom and human
studies using a range of radionuclide combinations and imaging
geometries and gives equivalent results using separate and
simultaneous acquisitions.

J Nucl Med 1993; 34:1752-1760

Single photon emission computed tomography (SPECT)
is used extensively in diagnostic nuclear medicine for qual-
itatively assessing radiopharmaceutical distributions in
vivo. A major limitation on both qualitative and quantita-
tive SPECT is inaccuracy due to incorrect compensation
for attenuated photons. Although no analytically exact so-
lution for the problem of photon attenuation has been de-
scribed, numerous algorithms for attenuation correction
have been reported (I-3) which achieve a high degree of
quantitative accuracy when combined with transmission
measurements (4-11). The use of transmission measure-
ments to improve the accuracy of scatter correction has
also been suggested (12, 13). These developments indicate
that the quantitative potential of SPECT may well be real-
izable when combined with appropriate correction tech-
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niques. However, for transmission-based quantitative
SPECT to be useful in the clinical department, it must be
possible to acquire both emission and transmission data
within a practical time frame.

In a previous report from this department, a technique
was described for simultaneously acquiring emission and
transmission data using a sheet (flood) transmission source
of lower photon energy than the emission source (14). This
approach suffers from several drawbacks. First, significant
cross-contamination of the emission and transmission data
occurs, requiring postacquisition processing to remove the
cross-talk, which may affect the accuracy of the measure-
ments. Second, the use of an uncollimated sheet source
results in broad-beam attenuation coefficients (u) since
transmission scatter is included in the measurement. This
is inappropriate for attenuation correction of emission data
that has been scatter corrected. Third, it is highly desirable
to use a transmission source with the same photon energy
as the emission source. However, the flood source method
requires that the two radionuclides be separable by pulse-
height analysis. Despite these limitations, the method was
favorably reviewed (15) as a practical method for improv-
ing the accuracy of SPECT measurements. The flood
source method has since been improved by collimating the
source, and extended to allow the use of a transmission
source with higher photon energy than the emission
source, with application in 2°'T1 myocardial perfusion im-
aging (16). However, the problems of cross-talk and re-
strictions on the choice of radionuclides remain.

This paper reports on an improvement in the simulta-
neous emission-transmission technique which has been de-
veloped to overcome the limitations of the flood source
method. A scanning line source has been designed and
implemented which uses a combination of physical and
electronic collimation. This technique greatly reduces scat-
ter compared to the previous method. It also overcomes
the restrictions on the choice of emission and transmission
radionuclides. For example, it is possible to acquire a
transmission scan using the same radionuclide (or one with
similar photon energy) as the emission radionuclide with
minimal increase in scanning time over a conventional
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SPECT study. The source has been primarily designed
with SPECT acquisitions in mind, but may be applied in
planar imaging, or in quality control procedures (17). The
device has been implemented on a commercial rotating
gamma camera/computer system and validated in both
phantom studies and human subjects.

MATERIALS AND METHODS
Design

The line source is mounted onto the gamma camera detector
head in a similar manner to the flood source technique described
previously (Fig. 1). In its zero position, the line source is retracted
behind lead shielding built into the housing, thereby rendering it
safe to handle when not in use. The radionuclide source is sealed
in a cylindrical perspex tube with a 1-mm internal diameter. The
line source is collimated with lead employing a dual slit design
(Fig. 2). The dual slit design was utilized to provide a narrow beam
of gamma rays while minimizing the weight of the device, enabling
it to be mounted on a conventional gamma camera head with little
modification. The effective collimator length is 50 mm with a
1-mm aperture. The minimum thickness of lead surrounding the
line source is equivalent to 3 tenth-value layers for 140 keV pho-
tons (approximately 7 mm). The lead source holder is encased in

FIGURE 2. Detail of the line source collimation. The minimum
thickness of lead is equivalent to three tenth-value layers for ®®™Tc

photons.
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FIGURE 1. (A) The previ-
ously published method for si-
multaneous emission-transmis-
sion used a sheet
source of ! mounted on the
gamma camera. (B) The scan-
ning transmission line source is
mounted on the gamma camera
in a similar manner to the previ-
ous sheet source method. The
stepper motor is located at the
. far end of the frame. The lead
~ shielding in the resting position
- can be seen built into the sup-
% port frame at the end closest to
the viewer.

aluminum. The collimation was designed so that the area irradi-
ated by the source is less than 10% of the field of view in the
y-dimension of the gamma camera, leaving the remainder of the
field of view available for simultaneously acquiring emission
events. This translates to approximately a 44-mm region on a
conventional large field of view gamma camera with the line
source at 0.75 m from the collimator. A similar photon flux to the
flood source previously used, which contained approximately 1.5
GBq (40 mCi), is achieved by filling the line source container with
a total activity of approximately 6 GBq (162 mCi). The collimation
also reduces radiation exposure to staff from the transmission
source. This was estimated to be less than 0.5 uGy for a 30-min
exposure using a hand-held survey monitor at a distance of 1 m
from the source which contained approximately 5 GBq at the time
of the measurement. This compares with approximately 100 uGy
using an uncollimated flood source containing 1.5 GBq.

The frame which supports the line source attaches directly to
the edge of the collimator and positions the line source 0.75 m
from the collimator. At this distance, the line source and frame
does not interfere with patient positioning or compromise patient-
to-detector distance for optimal resolution. Extra counter-weights
have been attached to the gantry to support the additional weight
of the line source (~10 kg).

There are two main functional components to the electronic
hardware: the line source motion controller and the electronic
(spatial) collimation circuit. These are controlled by a micropro-
cessor containing all the run-time functions of the high level
FORTH language in a ROM kernel (R65F12, Rockwell Interna-
tional Corporation, El Segundo, CA). In the current implementa-
tion, the application program is loaded from another computer (a
PC) via a serial port and stored in RAM.

Line Source Motion Control

The line source traverses the field-of-view in the Y-direction so
that its motion is equally affected by gravity at all angles as the
detector rotates about the subject. A functional diagram of the line
source control circuit is shown in Figure 3. A bi-directional step-
per motor drives the transmission line source. The computer
controls the direction (forward or reverse) and stepping rate (ve-
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locity) of the motor. Three infrared sensors enable the computer
to keep track of the position of the line source. One of the sensors
detects the origin or resting position for the zero reference. An-
other sensor detects the starting position and the third sensor,
which is located a known distance from the start sensor, detects
the end of a traverse for internal calibration. The gamma camera
gantry signals (rotate/start/stop) from the acquisition computer are
monitored allowing the line source microprocessor to synchronize
the start of each pass with the beginning of each projection angle,
including rotation and settling time of the gamma camera.

Electronic Collimation

The electronic (spatial) collimation is achieved by monitoring
Y-position signals and windowing the corresponding Z-signals
(unblank) from the gamma camera. There are two distinct pro-
cesses: (1) an electronic window which moves in synchrony with
the known position of the line source and (2) the Z-windows,
which determine whether a Z-pulse is accepted or not, depending
on the Y-location of the event and whether it is a transmission
event (Z,) or an emission event (Z,).

The electronic window must move in step with the transmis-
sion line source as it moves in the Y-direction. The moving elec-
tronic window has an upper limit, Y,,, and a lower limit, Y,. Y, and
the window width, Y, are generated by separate digital-to-analog
converters. Y, is obtained by summing Y, and Y,,. At present, an
operating window width of 44 mm (7 pixels wide in a 64 pixel field
of 400 mm) is used, but this may be varied. Y, and Y, are incre-
mented and decremented respectively under the control of the
computer which registers the number of steps taken by the line
source as it moves. An initial calibration pass is performed to
measure the travel distance and start and stop positions. Any DC
offset mismatch detected can be corrected in software. Once
calibrated, software ensures that the window moves in step with
the line source.

In order to determine if a particular Z signal is a transmission or
emission event, Y pulses from the gamma camera are continu-
ously compared with Y, and Y,, through a comparator. If the result
of the comparison shows Y to be between the values of Y, and Y,
it is assumed to be a transmission event. The emission window

Control
and
Collimati

N

Gantry control

Acquisition
Computer

Siepper motor
control

FIGURE 3. The line source motion controlier and electronic col-
limation is introduced between the gamma camera and acquisition
computer. The Y-signals from the camera are monitored to deter-
mine if an event falis within the electronic (spatial) window corre-
sponding to the known position of the line source. The Z-signals
(unblank) are accordingly sent to either the transmission (Z,) or
emission (Z,) acquisition matrix. The controller also monitors the
gantry control signals to ensure that the line source is synchronized
with gantry rotation.
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FIGURE 4. Schematic representation of the operating modes of
the scanning line source for simultaneous emission-transmission
tomography. When the transmission radionuclide energy (E,(A)) is
less than the emission radionuclide energy (E.(B)) only the trans-
mission data are windowed, restricting recorded transmission events
to those occurring within the line source window. The transmission
frame is effectively tumed “off’ for the rest of the field-of-view. When
E,(A) = E,(B) both datasets are windowed (emission tumed “off’ at
the location of the line source and transmission tumed “on”). When
E,(A) > E,(B) only the emission data requires windowing. As the
emission data are windowed in the latter two cases, the acquisition
time needs to be increased by an amount given by the ratio of the
line source window width to the total field of view (~109%) to maintain
the same total acquired emission events.

[ ovecrr

(W,) then closes a logic gate to stop the signal from being accepted
in the emission frame, and the transmission window (W,) opens a
logic gate to enable the event to be accepted. The reverse is the
case if the result of the comparison shows Y to be outside the
values of Y, and Y,,. Each window may be independently enabled
or disabled.

I

It is possible with the line source and electronic collimation to
use any combination of emission and transmission radionuclides
(Fig. 4). In the case where the transmission radionuclide has lower
photon energy than the emission radionuclide (e.g., **>Gd and
9mTc for transmission and emission, respectively), the W, win-
dow accepts all events that are detected within the region corre-
sponding to the line source and excludes events which are de-
tected outside this region from the transmission frame. This
eliminates those scattered emission photons which lose sufficient
energy to fall within the transmission photopeak but which are
detected outside the spatial window. This does not, however,
remove those scattered emission events which are detected inside
the spatial window and which fall into the transmission photo-
peak. These can be corrected using the same convolution-subtrac-
tion technique as in the previous emission-transmission method
(18), but the down-scatter in this case has been reduced by around
90% and accounts for less than 5% of total recorded events. This
is because of the limited time the acceptance window is activated
at any position as the line source traverses the field of view. It is
not necessary to activate the emission window (W) in this case as
the lower photon energy of the transmission source precludes it
from being recorded in the emission window; that is, all events
that are within the emission photopeak are accepted as emission
events. Therefore, in this configuration, a simultaneous emission-
transmission scan can be performed with no increase in scanning
time.
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For the case where the transmission radionuclide has higher
photon energy than the emission radionuclide (e.g., *™Tc and
20171, respectively), only the emission window (W,) need be ap-
plied, the opposite of the above situation. As the line source is
well collimated it is only necessary to restrict transmission pho-
tons from the emission pulse-height channel at the location of the
source. Conversely, because the emission photon energy is lower
than the transmission photon energy, it is not necessary to elec-
tronically window the transmission data to exclude emission pho-
tons. This combination of physical and electronic collimation
eliminates scattered transmission events recorded within the spa-
tial window which lose sufficient energy to fall into the emission
photopeak.

Finally, for the case where transmission and emission radionu-
clides have the same photon energy, both W, and W, windows are
applied. Since the line source is well collimated, the transmission
flux outside the spatial window is low and the number of trans-
mission photons which scatter into this region without losing
appreciable energy (sufficient to prevent detection) is expected to
be negligibly small. Although emission events occurring within
the spatial window cannot be excluded by energy discrimination,
the fraction of the field of view activated by the spatial window
during each traverse is known and therefore the contribution of
emission counts to the window can be easily calculated and a
simple subtraction of images performed.

In the latter two cases where the emission window (W,) is
applied, effectively turning the emission frame off in the region of
the line source, the scanning time must be increased to maintain
the same number of total acquired emission counts. This increase
is equal to the fraction of the field of view occupied by the
electronic window, and is approximately 10% in the present im-
plementation.

Validation

Experiments were performed to assess the physical perfor-
mance of the scanning line source using a standard large field of
view gamma camera (Philips Gamma Diagnost A, Hamburg, Ger-
many) and a stand-alone acquisition and processing computer
(PDP-11 with NCV-11C gamma camera interface, Digital Equip-
ment Corporation, Maynard, MA). All results quoted are for this
configuration using a low-energy, general-purpose (LEGP) colli-
mator, with ™ Tc for both the emission and transmission sources,
unless otherwise stated.

Line Spread Function

The line spread function of the transmission source was mea-
sured both in air and through 10 cm of tissue-equivalent material.
Data were acquired in a 256 X 256 matrix and profiles orthogonal
to the line source generated. These were subsequently fitted with
a Gaussian function and full widths at half and tenth maxima
calculated. These data were also used to assess the contribution of
scattered transmission events outside the 7 pixel wide spatial
window.

Uniformity

The uniformity of the gamma camera using the line source was
studied as a general measure of performance as there are poten-
tially a number of factors which could influence the quality of the
data when used in simultaneous mode. These include: (1) mispo-
sitioning of events; (2) spatial variation in countrate with rotation
angle (due to sagging or unbalanced torque on the camera head)
(3) variations in scanning velocity and (4) high local count rates
outside the subject’s body which may cause mispositioning of
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events in the transmission window. To examine these effects,
acquisitions were performed with a ’Co sheet source (Amer-
sham, UK; guaranteed uniformity >97%) and the line source.
High count images (50 M cts) of the flood source were acquired
both with and without the line source present to examine whether
there was any degradation due to the presence of the source and
the electronic windowing. For this the line source was operated in
a static, multi-pass planar mode. In addition, a SPECT study of
the line source alone was acquired in simultaneous mode with
windowing of both the transmission and emission events. These
frames were considered separately (for reproducibility) and added
together (for high count measurements) and compared with static
acquisitions for the same total counts. NEMA (/9) uniformity
figures (integral and differential uniformity for the central field-of-
view) and a uniformity index (20) were used as measures of flood
field uniformity.

Reconstruction of Attenuation Coefficients

To measure the attenuation coefficients obtained with the line
source, a tomographic transmission study of an elliptical water-
filled cylinder (dimensions major axis: 28.5 cm, minor axis: 20 cm,
length: 30 cm) was performed: 64 images in a 64 X 64 matrix were
acquired over a 360° orbit at 20 sec per projection angle. A blank
scan (transmission scan without the object in the field of view) was
also acquired. Projections of attenuation coefficients were formed
by taking the natural logarithm of the blank-to-transmission scan
ratio at each angle and reconstructed using filtered backprojection
with a Shepp-Logan window with critical frequency equal to the
Nyquist frequency. The study was repeated using an uncollimated
flood source and the reconstructed u values obtained by the two
methods were compared by assigning regions of interest (ROI) to
the central portion of the image and by examining count profiles
through the reconstructed images.

Simultaneous Acquisition

Phantom studies were performed using different combinations
of emission and transmission radionuclides to compare SPECT
measurements in simultaneous and separate modes for each im-
aging situation. All studies were performed with 360° acquisition
and 40 sec per angle. Prior to adding activity, transmission studies
of an elliptical water-filled phantom were performed using *™Tc
and '*>Gd as the transmission sources. The phantom was then
filled with a uniform concentration of approximately 10 kBq - mi~*
of Tc and an emission (only) study was acquired. Simultaneous
emission-transmission studies were then carried out using *™Tc
and '*>Gd as the transmission source. After allowing the activity
to decay over a 72-hr period, the phantom was filled with a
uniform concentration of approximately 10 kBq + mi~! of °!Tl.
Separate and simultaneous studies were performed on the phan-
tom containing °'Tl, using only **>Gd as the transmission source
in this instance. These studies represent the three imaging situa-
tions of interest: (1) emission energy lower than transmission
energy (*°'T/**>Gd); (2) emission energy equal to transmission
energy (*™Tc/*™Tc); and (3) emission energy higher than trans-
mission energy (*™Tc/'%Gd).

For the simultaneous *™Tc/**>Gd study, downscatter from the
9mTc emission window into the **>Gd transmission window was
estimated by convolution of the ®™Tc image with a bi-exponential
function of the form Ae > + Ce % using A = 18,b =1.15cm™},
C =1and d = 0.1 cm™". This method is the same as that used
previously with the flood source (14, 18), except that the fraction
of down-scattered events was measured to be only 3% compared
with up to 60% for the flood source. For the *™Tc/*™Tc study,
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9.5% of the emission image was subtracted from the transmission
image (after first smoothing the emission image with a 3 x 3
kernel) to compensate for the fraction of emission counts contrib-
uting to the 7 pixel wide electronic window. For the Z°'T}/*5Gd
study, down scatter from the upper peak of 2'Tl into the 3Gd
window was found to be negligible and was ignored. Similarly,
down scatter from the '**Gd window into the lower 2Tl emission
window was found to be negligible.

After performing crossover corrections, emission studies were
scatter corrected using a transmission dependent convolution sub-
traction method (13). These data were prefiltered using a Butter-
worth two-dimensional filter of order 4 and cut-off frequency
equal to half the Nyquist frequency and reconstructed using a
ramp filter cut-off at the Nyquist frequency. Attenuation images
were formed by reconstructing the natural logarithm of blank-to-
transmission ratios using a Shepp-Logan filter with roll-off at the
Nyquist frequency. For the situations where emission and trans-
mission radionuclides were different, reconstructed u values were
scaled to compensate for the difference in energies using experi-
mentally derived scalers. The scaling of x values has been shown
to be reasonably linear in this energy range (18).

The attenuation reconstructions were then used in a two-step
procedure to correct the emission images for attenuation (21). The
attenuation correction is a hybrid of the Chang (/) and Morozumi
(4) algorithms. Briefly, the Chang method for deriving a matrix of
attenuation correction factors (i.e., the average attenuation over
all projections to each point in the reconstructed matrix) is calcu-
lated and multiplied by the uncorrected emission reconstruction
to give a first estimate of an attenuation corrected reconstruction.
The second step is to forward project this reconstruction twice,
with and without attenuation, to give synthetic projections ““in
air” (i.e., without attenuation) and in the subject. The ratio of
these two sets of projections provides attenuation correction fac-
tors which are then applied to the original acquired data prior to
backprojection. While this second step can be repeated itera-
tively, in our experience only one iteration is required using mea-
sured attenuation data.

Human Studies

Finally, two studies were performed on human subjects. In the
first study a lung perfusion scan was acquired on a normal, healthy
49-yr-old female volunteer following intravenous administration
of ™Tc-MAA. The study was approved by the hospital ethics
committee and informed consent was obtained. The aim of the
study was to compare the separate measurement of emission and
transmission distributions with a simultaneous acquisition. In
each case, data were acquired at 64 angles using a 360° orbit.
Acquisition times were adjusted so that the total counts in each
study were approximately the same, allowing for radionuclide
decay and the increase in scanning time when using the line
source. Consequently, the separate emission and transmission
studies were acquired for 15 sec at each projection, while the
simultaneous study was 17 sec per projection. The line source was
filled with 6 GBq of *™Tc. A blank scan was acquired for 20 sec
per projection prior to the subject studies. In subsequent process-
ing, all scans were corrected for difference in acquisition times
and decay of the radionuclide. Both separate and simultaneous
studies were prefiltered using a Butterworth two-dimensional fil-
ter of order 4 and critical frequency equal to half the Nyquist
frequency. The studies were then reconstructed using a ramp filter
cut-off at the Nyquist frequency, with and without corrections for
scatter and attenuation (21).
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TABLE 1
Uniformity Measurements Using 57Co Sheet Source and
Collimated '53Gd Line Source

Integral  Differential

Method* Uniformity index  uniformity  uniformity
57Co separate 48 5.0% 3.5%
57Co simultaneous 6.8 5.9% 3.8%
153Gd planar 10.5 19.9% 8.1%
183Gd SPECT 100 20.1% 8.1%

*The 57Co sheet source measurements indicate gamma camera pe-
formance with and without the presence of the line source operating in
simultaneous mode. The '53Gd line source measurements indicate uni-
formity of the line source itself during static (planar) and rotating (SPECT)
acquisitions.

A further study was acquired on a patient undergoing a routine
20'T1 myocardial perfusion rest-redistribution protocol. The aim of
this study was to examine the feasibility of using simultaneously
acquired emission and transmission data to perform attenuation
correction in one of the most commonly performed nuclear med-
icine applications. A simultaneous study was acquired with '*>Gd
as the transmission source 4 hr after the administration of 120
MBq of ?°'T1. Data were acquired at 64 angles, using a 360° orbit
and 20 sec per angle. The emission data were prefiltered using a
Metz two-dimensional image-dependent filter (22). No scatter
correction was applied as this has not been fully validated for use
with 2°'T1. The data were reconstructed using a ramp filter cut-off
at the Nyquist frequency with and without attenuation correction
using the simultaneously acquired transmission data (21).

RESULTS

Line Spread Function

The measured line spread function in air of the line
source had a full width at half maximum (FWHM) of 14.5
mm and a full width at tenth maximum (FWTM) of 21.1
mm when used with a LEGP collimator. When measuring
transmission through 10 cm of tissue-equivalent material,
the FWHM was 14.6 mm and the FWTM was again 21.0
mm, indicating that most scattered photons are eliminated
due to collimation of both the detector and the line source.
This line spread results in 99% of the transmission flux
being recorded within the 7 pixel wide (64 X 64 matrix)
electronic window employed in this study and 1% of the
flux falling outside the window.

Uniformity

Uniformity figures for both the 5’Co sheet source and the
153Gd line source are given in Table 1. In the LEGP colli-
mator, some imperfections were demonstrated using the
line source that were not seen with the sheet source, pre-
sumably due to the fine collimation of the line source. This
is the reason attributed to the poorer uniformity figures for
the line source compared with the sheet source. The de-
fects were not evident when the collimator was changed to
a low-energy, high-resolution one. Differences due to
gamma camera performance at different energies were like-
wise discounted as the results were consistent with both
%mTc and '3Gd line sources. These effects were constant
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FIGURE 5. (A) Reconstructed attenuation images of a water-

filled elliptical phantom using an uncollimated sheet source (left
image) and the collimated transmission line source (right image). A
reduction in attenuation values is seen towards the center of the
image using the flood source due to build-up of scattered events
giving rise to an apparent increase in transmitted counts. (B) Profiles
through the attenuation images of (A). An appreciable dip is seen
towards the center of the flood source profile, whereas the line
source gives a more uniform reconstruction with values close to the
expected narrow-beam attenuation coefficient for ®*™Tc in water
(0.15 cm™"), indicating less scatter in the measurement.

with rotation angle and reinforced the need to use a blank
scan for calculating the attenuation projections rather than
assuming a single scalar value, as this causes nonuniformi-
ties to cancel when calculating the ratio of blank-to-trans-
mission count rates. Any variation in velocity would de-
grade differential uniformity in particular, but this was not
observed.

Reconstruction of Attenuation Coefficients

A mean attenuation coefficient of 0.15 + 0.01 cm™" was
measured for the water-filled elliptical phantom using a
%mTc line source. This agrees with the published value of
0.15 cm ™! for 140 keV photons (23) and compares with u =
0.13 + 0.01 cm™! obtained using the uncollimated flood
source. The reduced attenuation coefficient in the case of
the flood source is due to scattered events being recorded
in the transmission images, resulting in an apparent
build-up of counts (i.e., lower attenuation coefficient) to-
wards the center of the object. This is further illustrated in
Figure 5 by the decrease in the attenuation profile through
the reconstructed image from the flood source study which
is not seen on the line source image.

A Scanning Transmission Line Source ® Tan et al.

Simultaneous Acquisition

Attenuation values and activity concentrations were de-
termined for each of the emission-transmission radionu-
clide combinations and for both separate and simultaneous
acquisitions. These were obtained by calculating the mean
of six small (2.5 cm X 2.5 cm) ROIs in the images and the
standard deviation of the means. The results are summa-
rized in Table 2. The ROI values from the separate and
simultaneous measurements were compared using a paired
t-test for each of the radionuclide combinations studied.
The differences did not reach significance at the p = 0.05
level for either attenuation or activity values.

Human Studies

Reconstructed attenuation and lung perfusion images
are shown in Figure 6 for the separate and simultaneous
cases. Qualitatively, there are no appreciable differences
between the images obtained from separate measurements
and those obtained simultaneously. Attenuation values ob-
tained for the heart and lung regions were 0.16 = 0.01 and
0.05 + 0.01 respectively in both the separate and simulta-
neous studies. After correcting for scatter, attenuation and
radioactive decay, the estimate of total counts in the lungs
was 5% less in the simultaneous study than in the separate
study. The simultaneous study was performed approxi-
mately 30 min after the separate study. Breakdown of the
macro aggregates during this period and subsequent clear-
ance from the lungs may partially account for the differ-
ence.

Images of myocardial perfusion using 2°'Tl reoriented
parallel to the short axis of the heart are shown in Figure 7.
The images in the top row were reconstructed without
attenuation correction, whereas the images in the bottom
row were corrected for attenuation using transmission data
acquired simultaneously with the emission data. Differ-
ences between the two sets of images are mainly seen
towards the base of the heart, where photon attenuation
results in a relative decrease in reconstructed activity in the

TABLE 2
Comparison of Reconstructions from Separate and
Simultaneous Acquisitions Using the Scanning

Line Source*
Emission
Radionuclides’  Attenuation (cm™") (ct- sec™" - pixel™")
(EmVTr) Separate Simultaneous Separate Simultaneous

20'T1'°Gd  0.18 +0.01 0.18 +0.01 0.51 +0.01 0.49 + 0.02
SOmMTe*"Tc 0.15+0.01 0.15+0.01 041002 041 =0.01
%"Te/'°Gd 0.15+0.01 0.15+0.01 041 +0.02 040 + 0.02

*Values quoted are for the mean of six small (2.5 cm x 2.5 cm) ROIls

placed on the reconstructed images and the standard deviation of the
means.
*Comparisons were made using various combinations of emission
(Em) and transmission (Tr) radionuclides, representing the three possi-
ble scenarios: (1) Em energy < Tr energy, (2) Em energy = Tr energy
and (3) Em energy > Tr energy.
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simultaneous

separate

FIGURE 6. Reconstructed images obtained from separate (left)
and simultaneous (right) acquisitions on a human volunteer under-

taking a ®™Tc-MAA lung perfusion study. In the top row are the
separately and simultaneously acquired attenuation images. The
emission images in the middle row were reconstructed without cor-
rection for attenuation or scatter. The emission images in the bottom
row were corrected for attenuation and scatter using the correspond-
ing attenuation data in the top row.

inferior and infero-septal walls. This artefactual reduction
is removed by attenuation correction.

DISCUSSION

The utilization of transmission data in attenuation cor-
rection has been shown to provide improved accuracy
compared with the assumption of a constant attenuation
coefficient for the object (¢-11). However, in the clinical
environment, transmission data must be easily acquired
without significantly increasing the duration of the study.
The scanning line source reported in this paper is a prac-
tical method for providing this. It has been shown that it is
possible to use any combination of emission and transmis-
sion radionuclide, including the situation where the same
radionuclide is used for both measurements, by applying
the appropriate windowing. The latter is particularly attrac-
tive for generating accurate attenuation coefficient recon-
structions at the same photon energy as the emission radi-
onuclide. An example of this is shown in Figure 6, where a
simultaneous SPECT lung scan was acquired using *™Tc
for both the emission and transmission sources. This was
not possible with previous methods using a flood source
(9,14,16). While transmission measurements using *™Tc
are possible with our current method, '**Gd (E,, = 98 keV,
103 keV; Ty, = 242 days) and *’'Co (E, = 122keV; Ty, =
271 days) remain useful transmission sources due to the
suitability of their photon energies and radioactive half-
lives. The attenuation values obtained using different radi-
onuclides have been shown to be linearly related within the
energy range used for most SPECT applications (/8) and
can, therefore, be scaled to appropriate values. The flexi-
bility afforded by this approach means that transmission
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measurements can be made using different radionuclides
for quantitative corrections encompassing the range of
SPECT studies performed in the clinical nuclear medicine
department. In addition, the scan time is only slightly in-
creased (approximately 10%), so that quantitative mea-
surements can be made without seriously affecting patient
throughput. A further advantage of the scanning line
source is the reduction in scattered photons in the trans-
mission measurement, as indicated by the agreement be-
tween measured attenuation coefficients and published nar-
row-beam values. Application of narrow-beam attenuation
values is particularly important when applying attenuation
correction to emission data that has been corrected for
scatter.

Alternative geometries for transmission tomography
have been suggested which also yield narrow-beam mea-
sures, including the use of a point source at the focus of a
cone-beam collimator (24). Converging geometry when
combined with multidetector SPECT systems also enables
emission and transmission data to be acquired simulta-
neously (25,26). A disadvantage of this method, however,
is that the transmission data are truncated due to the re-
stricted field of view, leading to possible inaccuracies in
attenuation correction. Different strategies using iterative
reconstructions have been implemented to address this
problem, however, and it would not appear to be a major
limitation (27,28). As the scanning line source uses paral-
lel-hole collimation, this problem does not need to be ad-
dressed.

Iterative reconstruction techniques, i.e., expectation
maximization (EM) (29), could be used for both emission
and attenuation reconstructions described in this work
(30), and would be likely to improve the signal-to-noise
ratio in both sets of data. However, they are still generally
unavailable on most commercial systems, whereas filtered-
backprojection is ubiquitous. An important feature of this
work is that it is generally applicable on existing systems

M R

No Attenuation Correction

R R R

Attenuation Corrected

FIGURE 7. Short axis reconstructions of a clinical 2°'TI myocar-
dial perfusion study using simultaneous acquisition of emission and
transmission data. The images on the top row have been recon-
structed without attenuation correction. The images on the bottom
row have been corrected for photon attenuation using the simulta-
neously acquired transmission data.
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with little modification. Acceleration of the EM algorithm
has been a subject of investigation in our department, again
with an emphasis on practicality. A modification of EM has
been developed which uses subsets of the projections dur-
ing each iteration, rather than the full dataset, resulting in
an order of magnitude reduction in reconstruction time
(31). This may be a practical alternative to methods based
on filtered backprojection.

The scanning transmission line source is currently being
used in a clinical trial to assess the utility of scatter and
attenuation correction schemes as well as the simultaneous
emission-transmission technique. The clinical trial will in-
volve studies of the thorax, such as myocardial perfusion
imaging, as these present the most challenging situation for
accurate quantification due to the inhomogeneity of tissue
densities. Further improvements in the design of the device
are also being investigated, including the implementation
of the electronic circuitry as a single plug-in board suitable
for an inexpensive IBM PC (or compatible), and optimizing
the collimation to make more efficient use of the available
transmission source photon flux.

Improvements in SPECT detector and collimator design
have produced devices of higher resolution and greater
sensitivity utilizing multidetector and other novel ap-
proaches (32,33). While these devices produce qualita-
tively impressive scans, they have neglected the potential
to further improve the quantitative accuracy of SPECT
data. For this, attenuation and scatter correction are es-
sential. As outlined above, methods have been developed
for simultaneous acquisition of emission and transmission
data on triple-head SPECT systems (25,26). Although the
scanning line source has been designed for use with single-
head cameras, it is also possible to implement the method
on dual or triple-head cameras with adjacent detectors
oriented at 90 degrees to each other. It is, therefore, sug-
gested that future developments in detector design seek to
incorporate transmission measurements into the system.

CONCLUSIONS

This paper presents a collimated scanning transmission
line source which yields accurate measures of a narrow-
beam attenuation coefficient of the object under investiga-
tion simultaneous with the measurement of emission pho-
tons. The transmission acquisition data are no longer
severely corrupted by cross-talk from the higher energy
emission photons scattered into the transmission photo-
peak because the technique uses a combination of physical
and electronic collimation to separate the emission and
transmission data. As a consequence of this approach,
there is far greater flexibility in the combinations of trans-
mission and emission nuclides which may be utilized. The
same radionuclide can be used for transmission and emis-
sion with only a minimal increase in acquisition time. The
line source also provides better shielding, thus reducing
radiation exposure to staff. Most importantly, this tech-
nique allows transmission measurements, desirable for

A Scanning Transmission Line Source ® Tan et al.

quantitative accuracy, to be acquired in a practical time
frame, which is essential if SPECT is to be used as a
quantitative imaging tool in a clinical nuclear medicine
department.
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