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Extracardiac Activity Complicates Quantitative
Cardiac SPECT Imaging Using a Simultaneous
Transmission-Emission Approach

Eliot N. Heller, Paul DeMan, Yi-Hwa Liu, Donald P. Dione, I. George Zubal, Frans J.T. Wackers and Albert J. Sinusas
Experimental Nuclear Cardiology Laboratory, Division of Cardiovascular Medicine, Department of Internal Medicine, and
Department of Diagnostic Radiology, Yale University School of Medicine, New Haven, Connecticut

Increased extracardiac activity confounds conventional cardiac
SPECT image reconstruction using a filtered backprojection
method. Others have proposed that simultaneously acquired trans-
mission-emission (STE) images that are reconstructed with a max-
imum likelihood (ML) method incorporating a nonuniform attenua-
tion correction would less likely be affected by the presence of
extracardiac activity. However, this approach corrects only for
decreased myocardial counts from attenuation and not for in-
creased myocardial counts from extracardiac activity. Therefore,
STE with nonuniform attenuation correction may also result in
reconstruction artifacts when extracardiac activity is present.
Methods: Acquisitions of phantoms with nonuniform and uniform
attenuation were performed using STE and conventional ap-
proaches, in the absence and presence of extracardiac activity. All
acquisitions used a triple-headed SPECT camera. STE acquisitions
used fanbeam collimation and a '*3Gd transmission source. STE
images were reconstructed using ML, with and without nonuniform
attenuation correction. Reconstructed short-axis images were
quantitated, and percentage variability for each count profile was
calculated. Results: In a nonuniform phantom configuration, STE
reconstruction with nonuniform attenuation correction significantly
improved image uniformity. This improvement in image uniformity

was diminished with the addition of increasing extracardiac activity.
In a uniform phantom, STE reconstruction with nonuniform attenu-
ation correction significantly improved uniformity only in the pres-
ence of extracardiac activity. Conclusion: The addition of attenua-
tion correction in the presence of extracardiac activity can have
complex effects on ML reconstruction with nonuniform attenuation
correction, which depends on the amount of extracardiac activity
and pattern of attenuation.

Key Words: attenuation correction; quantitative SPECT; artifacts;
emission transmission

J Nuc! Med 1997; 38:1882-1890

Extracardiac activity can artificially decrease or increase
counts in the adjacent regions in the heart. A decrease in the
intensity of the target organ (heart) has been attributed to the
surrounding negative values (/,2) from the adjacent extratarget
activity when conventional filtered backprojection image recon-
struction is used (3). Alternatively, an increase in intensity can
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occur in the target organ as a result of the Compton scattering
(3) from neighboring organs.

Maximum likelihood (ML) reconstruction has been proposed
as a means for reducing artifacts associated with increased liver
activity (/) because this method follows the positivity con-
straint. Consequently, the negative pixel values caused by the
conventional method do not occur when the ML method is used.
Nuyts et al. (4) found that extracardiac activity slows the
convergence of ML reconstruction in the heart region. They
proposed the addition of nonuniform attenuation correction to
ML reconstruction for the reduction of artifacts caused by
extracardiac activity.

Because scatter photons remain uncorrected, it was hypoth-
esized that extracardiac activity could cause different and
potentially more severe artifacts in SPECT images recon-
structed using ML with attenuation correction. To test this
hypothesis, the effects of extracardiac activity on simulta-
neously acquired transmission-emission (STE) images recon-
structed with the ML method were compared with the effects on
conventionally acquired SPECT images.

MATERIALS AND METHODS

The effect of increased extracardiac activity on cardiac SPECT
image uniformity was evaluated by a series of phantom studies.
First, a phantom configuration with nonuniform attenuation was
used to simulate the human thorax, allowing the evaluation of the
effects of extracardiac activity under normal conditions. After this
initial study, a second phantom configuration with nearly uniform
attenuation was evaluated to provide specific insight into the
effects of variation in the distance of the extracardiac activity from
the target organ, while minimizing the variation in attenuation.
Both conventional and STE imaging approaches were applied for
each phantom configuration. Simultaneously acquired transmis-
sion-emission images were reconstructed using a ML algorithm,
both with and without the implementation of a nonuniform atten-
uation correction. All images were acquired and reconstructed
using a commercially available system. There were differences in
both the collimation and the reconstruction, depending on which
imaging approach was applied, as dictated by the manufacturer.

Phantom Configurations

Nonuniform Phantom. A Data Spectrum Jaszczak heart in torso
phantom was used that consisted of a cardiac insert in an elliptical
chest. Lungs and Teflon spine (Data Spectrum, Chapel Hill, NC)
were also inserted to simulate the nonuniform attenuation distribu-
tion in a patient. The liver was simulated by attaching a 1-liter
intravenous bag to the inferior aspect of the right lung, approxi-
mately 1 cm from the inferior surface of the heart. The cardiac
phantom was prepared with 500 uCi (18.5 MBq) of ®™Tc in the
myocardial space (1-cm-thick). The remaining spaces in the torso
and the cardiac cavity were filled with water.

A total of eight SPECT acquisitions was completed imaging
each of the four “liver”-to-“heart” ratios, conventionally and with
STE. These liver-to-heart ratios were chosen to reflect the range of
activities that might be observed clinically when imaging is
performed with ™ Tc-labeled myocardial perfusion tracers. Actual
liver-to-heart maximum count ratios were determined from the
conventional raw images by measuring regions of over the heart
and the liver. The eight acquisitions were:

Conventional, 0:1 liver-to-heart ratio;
STE, 0:1 liver-to-heart ratio;
Conventional, 1:1 liver-to-heart ratio;
STE, 1:1 liver-to-heart ratio;
. Conventional, 5:1 liver-to-heart ratio;
. STE, 5:1 liver-to-heart ratio;
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FIGURE 1. Schematic of the uniform phantom. The larger cylinder repre-

sents the target organ (heart), and the smaller cylinder represents the
extracardiac source of scatter (liver).

7. Conventional, 10:1 liver-to-heart ratio; and
8. STE, 10:1 liver-to-heart ratio.

Uniform Phantom. To better define the effects of extracardiac
activity on image uniformity, using each of the reconstruction
approaches, a simplified phantom was evaluated. This phantom
(Fig. 1) consisted of two cylinders in a Data Spectrum elliptical
chest. The larger of the two cylinders represented the heart and was
made up of concentric cylinders with a 1.5-cm-thick chamber,
which was filled with radioactive water [S00 uCi (18.5 MBq) of
99mTc). This cylinder was placed in the left side of the chest,
parallel to the center of the camera orbit. A second smaller
cylinder, which had only one chamber, was placed with its long
axis at approximately a 30° angle from the heart cylinder. The
center of the small cylinder was elevated to the level of the center
of the larger cylinder. The elliptical chest phantom and larger
cylinder cavity were filled with water to provide a uniform scatter
medium. This phantom’s only significant asymmetry was the
eccentric placement of the larger cylinder in the left chest and will
therefore be referred to as the “uniform” phantom hereafter.

Gadolinium has an energy of 98 keV, which falls into the energy
range of the Compton scatter of **™Tc. Therefore, down scatter
from extracardiac structures could contaminate the transmission
map used for the nonuniform attenuation correction. We postulated
that by increasing the strength of the transmission source, we could
reduce the effects of down scatter of the emission counts into the
transmission window by reducing the relative percentage of down
scatter counts into the transmission window. Therefore, STE
acquisitions of the uniform phantom were each done twice: first,
using a stronger filter in front of the Gd-153 transmission source,
thus providing attenuation information from a relatively weaker
transmission source (106 kcps); and second, using a thinner filter in
front of the '*>*Gd transmission source, thus providing attenuation
information from a relatively stronger transmission source (122
keps). Both levels of transmission activity were within the manu-
facturer’s recommended range (90-140 kcps in calibration mode)
for clinical imaging.

Six SPECT acquisitions were performed using the uniform
phantom configuration. These acquisitions were:

1. Conventional without extracardiac activity;
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2. STE without extracardiac activity, weak transmission source;

3. STE without extracardiac activity, strong transmission
source;

4. Conventional with extracardiac activity;

5. STE with extracardiac activity, weak transmission source;
and

6. STE with extracardiac activity, strong transmission source.

To determine the system’s ideal uniformity, the larger cylinder
was also imaged alone with no attenuating medium. These images
were acquired using parallel-hole collimators, with the cylinder
placed in the center of a circular orbit and reconstructed using a
filtered backprojection reconstruction.

Image Acquisition

All acquisitions were performed using a triple-headed gamma
camera system. Both conventional and STE images were acquired
using continuous noncircular 20-min orbits.

Conventional. Conventional images were acquired using high-
resolution, parallel-hole collimation, 120° rotation per head, 20 pro-
jections per head (60 sec per projection) and a magnification of 1.33.

Simultaneously Acquired Transmission-Emission. The STE ap-
proach for SPECT imaging differed from the conventional ap-
proach to SPECT imaging in several ways. Fanbeam collimators
were used for the acquisition of both emission and transmission
images. The STE images were acquired using 360° rotation per
head, 40 projections per head (10 sec per projection) and a
magnification of 1.0. When imaging was performed with a *°™Tc-
labeled radiotracer, a 60-mCi (2.2-GBq) '**Gd collimated line
source is used for the acquisition of the transmission images. The
transmission and emission images were acquired simultaneously
using two separate energy windows. We used a 20% window
centered in the photopeak of each radiotracer ('*>Gd, 98 keV;
9mTc, 140 keV). The transmission images were then used to
construct a nonuniform attenuation map. The final images were
then reconstructed using a modified STE algorithm with the
attenuation map incorporated to provide a nonuniform attenuation
correction.

Image Reconstruction

Conventional. The conventionally acquired images were recon-
structed using the filtered backprojection method without prefilter-
ing. Three-dimensional, low-pass postfiltering was applied to all
conventional acquisitions. All transverse images were reoriented to
generate 10 5-mm-thick short-axis images.

Simultaneously Acquired Transmission-Emission. The STE im-
ages were reconstructed using the ML algorithm. An off-center
zoom was applied to increase the STE image size so that it was
consistent with the size of the conventionally acquired images.
Each STE reconstruction was done twice, once with and once
without a nonuniform attenuation correction. Three-dimensional,
low-pass postfiltering was applied to all images reconstructed
using STE. Again, all transverse images were reoriented to gener-
ate 10 S-mm-thick short-axis images.

Due to software limitations, we were not able to reconstruct the
conventional data using the ML algorithm, nor were we able to
reconstruct STE data acquired with fanbeam collimators using
filtered backprojection.

Quantitative Image Analysis

Ten reconstructed short-axis slices were interpolated to create 36
short-axis slices. Each slice was divided into 128 sectors, starting
at 45° and then proceeding counterclockwise. The maximum count
per sector was used to create a circumferential count profile for
each slice (5). A flat, seven-point smoothing was applied to all
sector values. The sector values for all 36 slices were then
normalized to the sector with the highest intensity. Three-dimen-

TABLE 1
Variability of Nonuniform Phantom

Liver-to-heart
ratio Conventional STE-ML STE-ML and NAC
0:1 105+ 1.2 99+13 58 +1.9*
11 126 + 35" 10.1 £ 3.2 6.8 +26
5:1 14.1 = 3.75" 9.4 +31 7027
10:1 18.8 + 4.31 108 + 3.3 122 + 35%

*p < 0.001 when compared to STE-ML at same level of liver activity.
Tp < 0.001 when compared to 0:1, conventional.

*p < 0.001 when compared to 0:1, STE-ML and NAC.

NAC = nonuniform attenuation correction.

sional graphs were generated that displayed the globally normal-
ized counts for each type of reconstruction.

The mean counts and s.d. were calculated for each of the 36
slices for each acquisition. Percentage count variability was com-
puted for each slice by dividing the s.d. by the mean value and then
multiplying by 100. In addition, for the uniform phantom, the 36
slices were separated into thirds (apical, midventricular and basal).
Variabilities were computed for each portion and compared.

The variation in image resolution was evaluated for each of the
different imaging approaches by performing linear count profiles
through the uniform cardiac phantom (1-cm-thick) in the absence
of extracardiac activity.

Statistical Analysis

Nonuniform Phantom. Short-axis image variabilities from each
type of image reconstruction were compared at each liver-to-heart
ratio. A single-factor ANOVA test with Bonferroni correction was
used to test if the difference in variability between each reconstruc-
tion was significant.

Uniform Phantom. Short-axis image variability from each type
of image reconstruction were compared with each other (with and
without extracardiac activity) and the acquisition of the cylinder

A »;
25 |
20.

15 ¢

%Variability

%Variability

Slice #

FIGURE 2. Nonuniform phantom. (A) Image variability with no extracardiac
activity. The ML with attenuation cormrection has the least variability. (B) Image
variability from the highest liver-to-heart ratio. The variability for the conven-
tional reconstruction was highest towards the apex (slice 1), whereas for the
ML reconstruction with nonuniform attenuation comrection, it was highest
towards the base. Solid black line, conventional; dashed line, ML without
attenuation correction; solid gray line, ML with attenuation correction.
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FIGURE 3. Nonuniform phantom with increasing extracardiac activity.
Shown are short-axis slices from the nonuniform phantom reconstructed
with ML implementing the nonuniform attenuation correction. Representative
slices from apical, midventricular and basal levels are shown without liver
activity and increasing levels of liver activity. The relative cardiac activity
decreases with increasing liver activity. In addition, the cardiac activity
decreases from apex to base with increasing depth within the phantom.

alone. A single-factor ANOVA test with Bonferroni correction was
used to test if the difference in variability between each reconstruc-
tion was significant. Single-factor ANOVA was also used to
compare the variability of each third of the larger cylinder.

RESULTS

Nonuniform Phantom

No Extracardiac Activity. The images of the nonuniform
phantom reconstructed conventionally had decreased image
intensity in the lower quadrant, most likely caused by attenua-
tion by the imaging table. There was also increased intensity in
the upper right quadrant, probably because the camera passed
closest to this region. The images acquired with STE and
reconstructed with ML without using nonuniform attenuation

Superior

G4

correction were slightly more uniform, although they demon-
strated a similar pattern. The addition of nonuniform attenua-
tion correction changed the image pattern completely. The
lower quadrant demonstrated the greatest image intensity,
whereas the right and left quadrants demonstrated decreased
image intensity. For all methods of reconstruction, image
intensity gradually decreased, moving from apex to base.

Variabilities for each of the nonuniform phantom acquisitions
are summarized in Table 1. Quantitative analysis confirmed that
there was no significant difference between the variability using
the conventional reconstruction or ML reconstruction without
attenuation correction. The STE-ML approach with nonuniform
attenuation correction provided significantly more uniform
cardiac images in the phantom with nonuniform attenuation,
when compared to the other methods, in the absence of
extracardiac activity. Figure 2A shows that the variability for
STE-ML with nonuniform attenuation correction was superior
for all short-axis slices from apex to base.

Extracardiac Activity Present. In the presence of extracardiac
activity, the lower left quadrant adjacent to the liver had less
intensity in the images reconstructed using the conventional
method. Increasing the liver-to-heart activity ratio did not
further alter the visual appearance of the heart image using
conventional acquisition parameters and filtered backprojec-
tion. However, there was an increase in image variability with
increasing liver activity. Even the lowest levels of extracardiac
activity (liver-to-heart ratio of 1:1) significantly changed the
quantitative image profiles using the conventional approach.
The variability was highest at the apex with the conventional
reconstruction (Fig. 2B).

Application of ML reconstruction without attenuation correc-
tion unexpectedly improved image uniformity for all the liver-
to-heart ratios (Table 1). Even at the highest levels of extracar-
diac activity (liver-to-heart ratio of 10:1), the variability was not

Inferior

FIGURE 4. Transmission maps. (Upper) Transmission maps from the nonuniform phantom without liver activity. Images are displayed superior to inferior.
(Lower) Transmission maps from the nonuniform phantom with liver-to-heart ratio of 10:1. Note the streaking and the loss of definition of the structures in the

attenuation maps in the presence of increased liver activity.
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FIGURE 5. Uniform phantom: short-axis
images. Representative midventricular
cylinder short-axis images are shown of
the heart cylinder without (upper) and
with (lower) activity in the liver cylinder.
Images are acquired and reconstructed
using one of four approaches: conven-
tional (A), ML without attenuation comec-
tion (B) and ML reconstruction with non-
uniform attenuation correction using a
weaker (C) and a stronger (D) source.
Note the addition of extracardiac activity
results in a subtie decrease in activity in
the lower left quadrant of the conventional
reconstruction, increased activity in the left
wall of the ML reconstruction without at-
tenuation correction and improved image
uniformity in both the ML reconstructions
with attenuation correction.

No Extra-cardiac
Activity

Extra-cardiac
Activity

significantly different then when no extracardiac activity was
present (liver-to-heart ratio of 0:1).

The addition of nonuniform attenuation correction resulted in
minimal image improvement. At the highest levels of liver-to-
heart activity ratio (10:1), it became very difficult to visually
interpret the heart images secondary to the confounding liver
activity. Representative short-axis images from apical, midven-
tricular and basal regions using the ML with nonuniform
attenuation correction method for each of the liver-to-heart
ratios are illustrated in Figure 3. Short-axis image intensity
decreased with increasing extracardiac activity. Short-axis im-
age intensity also decreased with increasing attenuation, as is
typically seen at the base of the heart. Nevertheless, the
advantage of nonuniform attenuation correction over just ML
was lost when the liver-to-heart ratios was increased to the 5:1
level. At the highest levels of liver-to-heart ratios, the addition
of nonuniform attenuation correction increased variability above
that observed with ML without attenuation correction. The vari-
ability was highest at the base of the heart phantom (Fig. 2B).

To better understand the effect of extracardiac activity on the
nonuniform phantom, the attenuation maps in the presence of
0:1 and 10:1 liver-to-heart ratios were compared (Fig. 4). These
attenuation maps were derived from the transmission data. The
maps generated in the absence of extracardiac activity clearly
delineate the nonuniform structures. In contrast, the attenuation
maps generated with the presence of the highest liver-to-heart
ratio became very distorted and streaky, especially in the
regions closest to the liver.

Uniform Phantom

No Attenuation. The large cylinder from the uniform phan-
tom was first imaged in isolation using conventional SPECT
acquisition and filtered backprojection reconstruction. Under
these ideal conditions, there was excellent image uniformity.
The variability in the circumferential count profile of the
reconstructed short-axis images was 4.4% * 0.4%. This value
was considered ideal variability.

No Extracardiac Activity. Short-axis images of the uniform
phantom (now in the torso phantom) were generated using four
acquisition protocols. Images were compared both visually
(Fig. 5) and quantitatively (Fig. 6). Of the four methods of
reconstruction, the ML reconstruction without nonuniform at-
tenuation correction provided the most uniform images with
visual inspection.

Quantitative analysis of all the short-axis, three-dimensional
count profiles confirmed our visual observations (Fig. 6). The
image count profile variability from each of the uniform
phantom acquisitions is summarized in Table 2. In the absence
of extracardiac activity, the least variability was seen when ML
was applied without nonuniform attenuation correction. The
implementation of nonuniform attenuation correction (weaker
source) resulted in significantly increased variability. The
quantitative analysis also revealed that the increased activity in
the lower quadrant observed with ML with nonuniform atten-
uation correction was more intense and discrete when the
stronger transmission source was used. In the absence of
extracardiac activity, the ML reconstruction without nonuni-
form attenuation correction provided the best quantitative
image uniformity. In fact, ML reconstruction produced images
that were even more uniform than the system ideal.

Linear count profiles through the uniform cardiac phantom
were generated to evaluate changes in image resolution. These
profiles were normalized to a region of the cardiac phantom
closest to the surface of the elliptical chest, which would be
anticipated to have the least attenuation (Fig. 7). These profiles
showed there was less than a 1-pixel difference between the
FWHM for any of the four approaches. Additionally, note that
in the least attenuated wall (right peak), all approaches had
similar intensities. However, in the most attenuated wall (left
peak), the conventional and STE without attenuation correction
had decreased intensity, whereas the STE using either the strong
or the weak line source had greater intensity than the maximum.

TABLE 2
Variability of Uniform Phantom
STE-ML and NAC, STE-ML and NAC,
Activity Conventional STE-ML weaker source stronger source
No extracardiac activity 76*14 3.0+ 06" 9.1 = 0.5* 10.4 = 04"
Extracardiac activity 99+ 0.8 12.1 = 0.5* 6.5+ 0.9" 48 + 131

*p < 0.001 when compared to conventional at same level of liver activity.

p < 0.001 when compared to ML with weaker source at same level of liver activity.

NAC = nonuniform attenuation correction.
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FIGURE 6. Uniform phantom without ex-
tracardiac activity: image quantitation.
Normalized circumferential count profiles
are shown for conventional (A), ML with-
out attenuation comection (B) and
STE-ML with the weaker (C) and stronger
(D) line source. Note that the STE-ML
without attenuation correction produces
the most uniform images.

FIGURE 7. Linear count profiles through
the uniform cardiac phantom. Normalized
linear count profiles through the uniform
cardiac phantom (wall thickness, 1 cm)
are shown. Note that there was less than
a 1-pixel difference of the FWHM for any
of the approaches.
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Extracardiac Activity Present. The overall image uniformity
of the uniform phantom in the presence of extracardiac activity
was also assessed for each reconstruction method, both visually
and quantitatively (Figs. 5 and 8). Similar to the nonuniform
phantom, conventional image reconstruction produced images
with decreased intensity in the left quadrant, which was closest
to the extracardiac activity (Fig. 5). Again, like the nonuniform
phantom, the ML reconstruction without attenuation correction
resulted in increased image intensity in the left quadrant. This
increase in intensity persisted along the entire length of the
cylinder despite the gradual increase in distance of the liver
cylinder from the heart cylinder (Fig. 9). The addition of
extracardiac activity resulted in a considerable increase in
image variability of the uniform phantom using the ML recon-
struction without nonuniform attenuation correction (Table 2).
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2z  FIGURE 8. Uniform phantom with extra-
80 o cardiac activity: image quantitation. Nor-
70 £ malized circumferential count profiles are
s shown for conventional (A), ML without
£ attenuation comection (B) and STE-ML
z with the weaker (C) and stronger (D) line

source. Note that STE-ML with attenua-
tion correction provides the most uniform
images. The strong transmission source
provided some improvement in unifor-
mity over the weaker source.

m Slice #

The ML reconstruction with implementation of the nonuni-
form attenuation correction also resulted in increased intensity
in the left quadrant of the short-axis slice. However, the
increased intensity only involved the first few slices, where the
extracardiac activity was closest to the cardiac phantom. The
addition of nonuniform attenuation correction (weaker trans-
mission source) significantly decreased variability of the STE
acquisitions. The stronger transmission line source visually and
quantitatively further improved the image uniformity.

Distance Comparison

To determine if image uniformity was affected by distance
between the extracardiac activity and the heart phantom, we
divided the uniform phantom into thirds. Image variability was
calculated for each third, in the presence and absence of

FIGURE 9. Distance of the extracardiac
activity from heart affects ML reconstruc-
tion. These short-axis slices are the com-
plete set from the end of the heart cylin-
der, which is closer, to the liver cylinder to
the other end, which is farthest from the
scatter source. Shown are short-axis im-
ages of the heart cylinder reconstructed
using ML without attenuation cormection.
Increased intensity in the left wall is
present in all slices, despite the increas-
ing distance from the scatter source.
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FIGURE 10. Energy spectra of the emission ®*™Tc counts and the transmis-
sion '53Gd line source are superimposed. These spectra demonstrate the
relative scatter down of ®*™Tc into the '*3Gd window.

extracardiac activity. With all the reconstruction methods, the
change in variability in the presence of extracardiac activity did
not vary significantly with the increase in distance from the
extracardiac source.

DISCUSSION

The detrimental effects of extracardiac activity on the uni-
formity of standard conventional reconstruction of cardiac
SPECT images have been previously detailed. Others had
proposed that a ML approach with attenuation correction would
improve the uniformity of cardiac SPECT images acquired in
the presence of extracardiac activity. We hypothesized that
extracardiac activity would cause other artifacts in SPECT
images reconstructed using ML with attenuation correction
because of residual uncorrected scatter. Accordingly, the effects
of extracardiac activity on cardiac SPECT reconstruction were
evaluated qualitatively and quantitatively with phantoms using
standard conventional reconstruction and ML reconstruction,
with and without nonuniform attenuation correction.

We evaluated a commercially available approach for nonuni-
form SPECT attenuation correction. This approach used fan-
beam collimation and simultaneously acquired transmission
images generated by using a '*>Gd transmission source oppos-
ing one of three camera heads.

Effects of Down Scatter

Our phantom studies suggest that down scatter into the
transmission window causes a major problem for STE imaging
using **™Tc-labeled perfusion tracers.

The experiments using the uniform phantom (uniform atten-
uation) without extracardiac activity demonstrated that the ML
reconstruction without nonuniform attenuation correction re-
sulted in the most uniform images. However, with the addition
of extracardiac activity, application of ML reconstruction with
nonuniform attenuation correction resulted in the best image
uniformity. Additionally, the stronger transmission source fur-
ther improved the final uniformity of the images of the uniform
phantom in the presence of extracardiac activity.

Without extracardiac activity present, the more complex
nonuniform phantom (nonuniform attenuation) had the most im-
proved image uniformity when reconstructed using ML with
nonuniform attenuation correction. The advantage of nonuniform
attenuation correction was lost when extracardiac activity reached
the 5:1 level. At the highest levels of liver-to-heart ratios, the

EXTRACARDIAC ACTIVITY AND ATTENUATION CORRECTION « Heller et al.

addition of nonuniform attenuation correction increased variability
above that observed with ML without attenuation correction.

Review of the transmission maps (Fig. 3) revealed a striking
distortion of the attenuation pattern. This may best be explained
bg' inadequate correction for the down scatter or “cross talk” of
2°mT¢ (140 keV) into the '*3Gd (98 keV) transmission window.
Figure 10 is a graph that illustrates the potential mechanism for
how increased liver intensity might distort the transmission
maps. There should be an increase Compton scatter into the
153Gd energy window in proportion to the increase in *°™Tc
activity in the liver. The down-scattered energy seen in the
transmission window results in a decrease in attenuation being
appreciated by the reconstruction process. This leads to signif-
icant under correction of attenuation from extracardiac struc-
tures with increased *™Tc activity (i.e., liver).

The other commercially available systems that perform
attenuation correction also depend on the simultaneous acqui-
sition of transmission and emission data. These systems will
also be subject to the same distortions of down scatter into the
transmission window when a transmission source that is of a
lower energy than the emission isotope is used.

Effects of Distance

In our uniform phantom, varying the distance of extracardiac
activity from our target organ resulted in no consistent alter-
ation in image variability, regardless of the method used for
reconstruction. This result suggests that these small changes in
distance have relatively minimal effect on intensity of the
scatter created by an extracardiac source.

However, the nonuniform phantom demonstrates that the
STE approach to attenuation correction may be more affected
by the magnitude of the attenuation correction required to
produce the final image. For example, the closer the target
organ is to the camera, the less the attenuation correction is a
factor in the final image. Nevertheless, as the target organ
moves deeper into the chest and further away from the camera,
the final image becomes more dependent on the amount of
attenuation correction that is applied, i.e., the more susceptible
the image becomes to the distortion from the down scatter from
an extratarget source. This was best demonstrated in the
nonuniform phantom, in which the basal slices, which were
deepest in the chest phantom, were more distorted by the
increased liver intensity (Fig. 2). Therefore, the degree of
attenuation correction required plays a much bigger role in the
final cardiac image uniformity than does the distance of an
extracardiac source from the heart.

Reconstruction Methods

The desire to correct for the artifacts caused by target organ
attenuation has led to the development of simultaneous acqui-
sition of emission and transmission data.

The use of a transmission source of a lower energy then that
of the energy of the emission isotope was described by Bailey
et al. (6). This initial study demonstrated that similar attenuation
coefficients could be determined using a '%>Gd line source as
with a ®™Tc line source. They also demonstrated, in a small
number of patients, that scatter from the emission **™Tc-labeled
red blood cells into the '**Gd window could be corrected to
within 5% when attenuation correction was determined. How-
ever, the STE approach does not account for scatter into the
transmission window from the emission isotope.

This study defines the problems associated with imaging a
heart with intense adjacent liver activity. The implementation of
the ML algorithm for reconstruction did improve image unifor-
mity compared to filtered backprojection, as proposed by
Germano et al. (/). Further improvement with the implementa-
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tion of nonuniform attenuation correction was appreciated in
the uniform phantom. In the nonuniform phantom, where there
was nonuniform attenuation, the nonuniform attenuation cor-
rection improved image uniformity when there was no or
minimal extracardiac activity.

Uniformity can easily be improved at the cost of decreased
resolution. Although this study was not specifically designed to
compare resolution, the linear count profiles of each approach
to acquisition and reconstruction demonstrated no dramatic
difference. These same profiles also demonstrated that this
implementation of attenuation correction may over correct as
shown by the increased counts of the left peak in Figure 7.

Additionally, the results of the uniform phantom acquisition
without using attenuation correction demonstrated one of the
previously described artifacts created by ML reconstruction.
The increased activity in the adjoining scatter source can result
in slowed convergence (4) in the target organ. This probably
explains the resulting area of increased intensity along the
whole length of the cylinder (Fig. 9).

Clinical Relevance

The t'mdin‘)%rl1 s of these experiments are 1mportant clinically
because the “™Tc perfusion agents, like **™Tc-sestamibi, are
eliminated primarily through the hepatobiliary system (7).
Therefore, cardiac SPECT imaging is often complicated by
extracardiac uptake. This can be an especially difficult problem
when pharmacological stress agents such as adenosine (&) are
used because of intense liver uptake associated with this form of
cardiac stress. The presence of extracardiac uptake in the liver
or bowel has previously been shown to confound the interpre-
tation of cardiac SPECT images reconstructed with the conven-
tional filtered-backprojection method (8). The current study
suggests that extracardiac uptake also significantly impacts on
iterative approaches for reconstruction, particularly if nonuni-
form attenuation correction is used with a transmission source.

CONCLUSION

The addition of attenuation correction in the presence of
extracardiac activity can have complex effects on the final
image appearance and quantitative analysis, depending on
severity of attenuation and the amount of extracardiac activity
present. If ML with nonuniform attenuation correction is to be
applied to clinical cardiac SPECT imaging, then these con-
founding factors must be considered when interpreting qualita-
tive and quantitative results.

Better SPECT attenuation correction may be obtained in the
future by modifying existing approaches. One approach would
involve acquisition of a transmission scan before the injection
of the radiotracer and then performing a second transmission
scan simultaneously with the emission acquisition. This ap-
proach would provide an uncontaminated attenuation map. The
second transmission scan could then be used for registration of the
uncontaminated first transmission scan and the emission data.

Alternatively, the transmission source strength could be
varied so that a stronger transmission source is used in larger
patients with more attenuation or in patients with poor clearance
of activity from liver. Our experiments using an increased
transmission source strength were a first step in testing this
hypothesis.

Another approach would be the application of scatter correc-
tion algorithms, which would compensate for *™Tc down
scatter. King et al. (2) used a Monte Carlo simulation to
investigate cardiac SPECT artifacts caused by liver uptake.
These authors concluded that the correction of both attenuation
and scatter may overcome count gains and losses associated
with hepatic activity (2).

Finally, the use of a transmission source with higher energy
then the emission energy could provide improved attenuation
maps. However, acquisition of emission data simultaneously with
a high-energy transmission source may result in distortion of
emission data due to down scatter from the transmission source.

All of these approaches could potentially help remove the
effects of extracardiac activity. However, further testing is
warranted before widespread application of simultaneous trans-
mission-emission scanning can be recommended.
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