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With the introduction of *™Tc-teboroxime, a previously undoc-
umented artifact has shown up in cardiac SPECT imaging. In the
images, the uptake values near the inferior wall are lower than
expected. The artifact has been reported in the literature, but an
adequate explanation has not yet been provided. The high up-
take of ®®™Tc-teboroxime in the liver has been demonstrated to
be the cause of this artifact. Methods: With simulations we show
that an artifact can be reproduced by applying filtered backpro-
jection (without corrections for attenuation) of attenuated and
blurred projections. The conclusions from the simulations are
validated with SPECT and PET phantom measurements. Max-
imum likelihood expectation maximization (ML-EM) reconstruc-
tion is applied to evaluate the effect of accurate attenuation
correction. The influence of the high liver uptake on the conver-
gence of ML-EM was also evaluated. Results: The artifact re-
sults mainly when the photon attenuation during reconstruction
is ignored. This results in a distorted reconstruction of the liver.
These distortions affect the neighboring inferior wall of the myo-
cardium. While the use of opposite projections reduces the ef-
fect, accurate attenuation correction nearly eliminates it. A small
additional deformation is caused by the position dependence of
the spatial resolution of the gamma camera. It was also noted
that the presence of the liver slows down the convergence of
ML-EM in the heart region. Conclusion: The liver-heart artifact
is an attenuation effect and is eliminated by attenuation corec-
tion. The local convergence of ML-EM is affected by the total
image content.
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In a recent publication (/), Germano et al. showed an
artifact in a cardiac SPECT study with ®™Tc-Teboroxime.
The pixel values near the inferior wall of the left ventricle
were abnormally low. With phantom measurements the
authors showed that the artifact was caused by the high
tracer uptake in the liver. However, no detailed explana-
tion of the artifact was provided. Similar artifacts have
been reported by Chua et al. and O’Conner et al. (2,3).
Several authors have studied how various unavoidable
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physical effects which are ignored in the reconstruction
may cause artifacts in the resulting SPECT images. Often
correction algorithms are suggested as well. Such sources
of artifacts are attenuation (4-8), position dependent res-
olution (5-10), Compton scatter (4,6,11,12), patient motion
(13), organ motion (/4) and tracer washout (/5).

In this paper we focus on the artifacts caused by the
presence of an object with very high tracer uptake. In
Germano et al. (/), the authors show that negative pixel
values are introduced by filtering projections with a ramp
filter. These values are not completely canceled out in the
subsequent backprojection step. Consequently, we hy-
pothesize that the artifact is due to inconsistencies in the
projections, since filtered backprojection (FBP) does not
introduce significant negative values for consistent projec-
tions. The most obvious causes of inconsistencies in the
reported phantom studies are photon attenuation and the
position-dependent point spread function. We present the
results obtained from simulation of SPECT acquisitions
taking both of these effects into account. The results are
verified with phantom measurements. Finally, the same
phantom was measured with a PET-scanner to verify the
effect of accurate attenuation correction and of a point
spread function which is relatively stationary in compari-
son with SPECT.

MATERIALS AND METHODS

Simulations
We simulated two single-slice objects:

Object 1: A cylindrical background (radius 110 mm, attenua-
tion 0.012 mm ™' [=attenuation of water], activity 28)
and a ring-shaped object, representing the heart (in-
ner radius 24 mm, thickness 9.6 mm, attenuation
0.012 mm™', activity 85). Activity is expressed in
arbitrary units since the ratio between activity of
object and background is the only important param-
eter. The size of the heart corresponds approxi-
mately to a normal human heart.

Object 2: Object 1 together with an irregular shaped object
representing the liver (attenuation 0.012 mm™', ac-
tivity 255). The smallest distance between the *‘liv-
er” and the ‘‘heart” was 14.4 mm. The pixel size
was 4.8 mm. The shape of the liver object was drawn
to match that used in the phantom experiments de-
scribed below (Fig. 1).
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FIGURE 1. The simulated
object representing high liver
uptake close to the left ventricu-
lar wall.

Remark that Object 1 is in fact Object 2, but with a “‘liver’’ tracer
uptake that is identical to that of the background. The attenuation
of both objects is identical. In all simulations of 180° acquisitions,
the camera started at the right, rotated in counter clockwise di-
rection towards the top and further to its final position at the left
(Fig. 2).

Four sets of projections over 180° have been calculated for
Objects 1 and 2. The projections simulated correspond to the
typical cardiac SPECT acquisition: the projections are acquired
symmetrically around the angle where attenuation of the heart is
minimal (left anterior in patients). The simulated camera is closest
to the liver in the final projections. The first set of projections was
not affected by attenuation and had an ideal point spread function
(Dirac impulse). It was calculated by scanning a line through each
of the projection pixels (step size 0.5 pixels). The second set of
projections was calculated in a similar manner taking the attenu-
ation into account. The third set of projections was affected by a
position-dependent point spread function, modeling the blurring
due to the collimator. This was simulated by applying a one-
dimensional Gaussian convolution mask to the object prior to
projection. The one-dimensional mask was perpendicular to the
direction of projection. The standard deviation (in mm) of the
Gaussian increased linearly with the distance d (in mm) to the
collimator:

o(d) = 1.7 + 0.023 = d. Eq. 1

This corresponds approximately to an intrinsic resolution of 4 mm
FWHM and a resolution of 15 mm FWHM at a distance of 200 mm

FIGURE 2. Eight regions drawn on the heart image. The arrow
indicates the rotation angle in the case of 180° acquisition for both
the simulations and the phantom measurements. For the 360° ac-
quisition, this same arc is completed up to the starting position.
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TABLE 1
Dimensions and Radioactivity Levels of the Phantom
Measured with the SPECT and PET Cameras

Cylinder  Heart  Liver
Inner radius (mm) 108 185 —
Outer radius (mm) 111.5 30.0 —_
Volume (ml) 6000 110 250
99™Tc concentration [Ci/ml) 0.25 32 9.0
8F concentration [uCi/ml] 0.15 20 5.0

from the collimator. These characteristics are similar to those of
the SPECT camera and collimator used for the phantom measure-
ments. Finally, the fourth set of projections was affected by both
attenuation and nonstationary point spread function.

These four sets were reconstructed with FBP, using a Hann
filter (cutoff at the Nyquist frequency 0.104 cycles/cm), without
any correction for attenuation or resolution effects. This approach
is widely used in clinical cardiac SPECT. The whole procedure
was repeated simulating a 360° acquisition.

In order to assess the effect of the liver to heart distance on the
artifact, different versions of Object 2 (with projections affected
by point spread function and attenuation) were produced by shift-
ing the liver horizontally, thus obtaining distances of 0 to 5 pixels
or 0 to 24 mm. Similarly, the activity level of the liver was changed
in order to evaluate the influence of the liver to heart activity ratio.
Simulations were performed for a liver to heart ratio of activity of
0.3 (i.e., liver activity equal to background), 0.7, 1, 2 and 3.

Comparing the results of Objects 1 and 2, we can evaluate the
influence of the high liver uptake.

Phantom Measurements

A phantom experiment similar to the simulated object has been
performed. Two objects were mounted in a perspex cylinder: a
cardiac phantom and a plastic perfusion bag, secured by tape to
ensure it did not move. The wall of the cardiac phantom was filled
with a homogeneous solution of *™Tc in water, the blood pool
with cold water. A water filled perfusion bag was used to simulate
the liver. The ®™Tc¢ concentration in the bag was approximately
three times higher than in the heart phantom. The cylinder was
filled with a low concentration of ®™Tc in water. The dimensions
and radioactivity levels are listed in Table 1.

The phantom was placed on the patient bed of a gamma cam-
era. Sixty-four projections over 360° were acquired, using a 64 X
64 projection matrix (pixel size 4.8 mm). The acquisition duration
was 60 sec per projection. The first 32 projections corresponded to
those of a typical cardiac SPECT study. They were extracted to
be reconstructed with FBP without correction for attenuation or
resolution effects. The entire set of 64 projections was also recon-
structed with FBP.

Several days later, the phantom was filled with '®F-altanserine
(available from a previous study) for measurement in the PET.
The activity concentrations are given in Table 1. The camera
acquired 15 sinograms, consisting of 256 projections with 192
pixels per projection. A study of 1 hr was acquired. After 8.5
half-lives decay of ' F a 30 min transmission scan was performed
(570 million counts). A blank scan of 30 min (760 million counts)
was acquired before the emission scan. The sinograms were nor-
malized, corrected for attenuation and reconstructed with FBP.
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FIGURE 3. Pilot of the mean value in each of the myocardial
regions as fraction of the theoretical value. The regions are applied
to the filtered backprojection of the simulated Objects 1 (only heart)
and2(heanandluvef)m(a)the|dealcase. (b) in the case of

!-lean/llvef180° Heart/llver360°-- Inthendealcasethe
wrvesfa180°and360°ooinddeforboﬂ10fmeobjeds.

iterative Reconstruction

In order to correct the SPECT phantom images for attenuation,
transmission maps were derived from the reconstructed images.
Since the cylinder was filled with a small concentration of ®™Tc,
the border of the attenuating object can be traced in the emission
images. A region was drawn along the border of the cylinder in
two slices, in order to determine the center coordinates in these
slices. Because the axis of the cylinder was almost parallel to the
rotation axis of the SPECT camera, we assumed a cylindrical
cross section in every slice. Knowing the diameter of the cylinder,
the position of its axis in two slices and the effective attenuation
coefficient (0.012 mm™"), we could calculate an attenuation map
for every slice.

FIGURE 4. The mean (relative) value in each of the myocardial
regions for the filttered backprojection of the 180° simulation, as a
function of the distance between the heart and the liver. The distance
is increased from O to 5 pixels (4.8 mm per pixel). The projections
were affected by attenuation and position-dependent blurring.
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FIGURE 5. The relative error caused by the liver-heart artifact, as
a function of the liver to heart activity ratio. The error is defined as
zero when the activity in the liver equals that of the background. The

projections were affected by attenuation and position-dependent
bluming. Only the regions in which the artifacts were least pro-
nounced (region 3) and most severe (region 6) are shown. (* =
180°, O = 360°).

Using the calculated attenuation map and the measured pro-
jections, 60 iterations of ML-EM reconstruction algorithm (16,17)
were applied to both the 180° and the 360° acquisitions. The
resulting reconstructions are accurately corrected for attenuation,
but no correction for the position-dependent point spread function
was included.

To evaluate the influence of the high liver uptake on the con-
vergence of ML-EM, 20, 60 and 100 ML-EM iterations were
calculated for projections of Objects 1 (heart-like object without
liver activity) and 2 (same object combined with liver activity). In
these tests attenuation was set to zero and no point spread func-
tion was simulated. The simulated acquisition over 180° was used.

Polar Maps

Polar maps represent the tracer uptake in the left ventricle of
the heart in a simple two-dimensional image, which is suited for
visual or quantitative analysis (/8). This approach is often used in
cardiac applications. For the current application, polar maps show
the effect of the artifact to the tracer uptake values for the entire
left ventricle in a single image. For these reasons, we have pro-
cessed the reconstructed phantom images with our cardiac anal-
ysis software (/9) to generate the corresponding polar maps.

RESULTS

The eight sets of projections (of Objects 1 and 2) have
been reconstructed with FBP, without correction for atten-
uation or point spread function. Eight regions were drawn
on the heart in all the images of Objects 1 and 2 (Fig. 2). In
all regions the mean value was calculated (Fig. 3). In re-
construction from attenuated projections, the high liver
uptake causes an additional decrease of up to 20% of the
true value in heart regions close to the liver. Note that for
the ideal projections, the reconstructed value was lower
than the true value, because of smoothing by the Hann
reconstruction filter.
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FIGURE 6. Reconstruc-
tion of simulated projections
over 180°, taking into account
both attenuation and point
spread function: filtered back-
projection (left), ML-EM (cen-
ter) and ML-EM with attenua-
tion compensation (right).

Figure 4 shows the influence of the liver to heart dis-
tance. At very small distances, collimator blurring domi-
nates and activity from the liver spills over into the myo-
cardium (regions 5-7). As the distance increases, the spill-
over reduces and the artifact becomes dominant.

Figure S shows the severity of the liver-heart artifact as
a function of the liver to heart activity ratio. For 180°
acquisitions the artifacts can be very prominent. Using
opposite projections results in strong suppression of the
artifact.

In Figure 6 the reconstruction of the simulated heart-
liver object is shown for a 180° acquisition with projections
affected by attenuation and a nonstationary point spread
function. In order to clearly show the pixel values in the
heart region, the values in the liver were clipped to a value
about 3 times smaller than the image maximum. For FBP
(left) the liver is surrounded by negative values which also
decrease the count rate in the heart region. The nonstation-
ary point spread function further degrades the image.
ML-EM reconstruction without attenuation correction
(center) shows a strong reduction of the artifact, and
ML-EM with attenuation correction nearly eliminates it
(right). Figure 7 shows the FBP of the measured phantom
projections for the 180° and the 360° acquisitions, and the
ML-EM reconstruction of the 360° acquisition. The arti-
facts in FBP (of the 180° acquisition, Fig. 7, left), are
similar to those seen in the simulations (Fig. 6, left). In both
images the liver is severely deformed: negative counts
show up between liver and heart and at the opposite edge
of the liver. Positive streaks appear near the lower right
portion of the liver. The inclusion of the opposing projec-
tions (360° acquisition) reduces the artifacts (Fig. 7, cen-

FIGURE 7. Technetium-
99m phantom. Filtered back-
projection of a slice from the
phantom SPECT acquisition
over 180° (left) and 360° (cen-
ter), and the ML-EM recon-

ter). Attenuation correction by ML-EM eliminates the ar-
tifact (Fig. 7, right).

Figure 8 shows the polar maps of the phantom measure-
ments for acquisitions of both 180° and 360° and for recon-
structions with FBP and ML-EM with and without atten-
uation correction. The polar map of the PET phantom is
also shown. The artifact is most prominent in the 180°
SPECT acquisition, reconstructed with FBP. The use of all
64 projections reduces the effect, although it still is unac-
ceptable for clinical practice. Iterative reconstruction with-
out attenuation compensation is clearly superior to FBP for
both 180 and 360°. Accurate attenuation correction nearly
eliminates the effect. The PET polar map is almost homo-
geneous. The quantitative analysis with the eight regions of
Figure 2 confirms these results (Fig. 9).

Figure 10 presents the effect of the high liver activity on
the convergence of ML-EM reconstruction as revealed by
the simulations. In the absence of the liver, the difference
between the 60th and 100th ML-EM reconstructions is
small, and both are close to ideal. In the presence of the
liver, the corresponding iterations do not show the same
level of convergence.

DISCUSSION

The term ‘‘attenuation artifact’’ is only meaningful when
attenuation is ignored in the reconstruction. FBP is most
widely used in clinical practice and in most cases no atten-
uation correction is applied. The *‘artifact’’ attributed most
to attenuation is that of local underestimation of the actual
tracer uptake. The degree of underestimation is usually
assumed to be proportional to the average attenuation over
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all projections. This assumption has led to the well-known
multiplicative attenuation correction algorithm of Chang
(20). The assumption is acceptable in relatively symmetri-
cal cases, i.e., when the attenuation in the different projec-
tions is in the same order. In asymmetric cases, however,
attenuation causes strong inconsistencies in the projec-
tions. This means that no realistic object that would pro-
duce such a set of projections in absence of attenuation
exists. Since FBP assumes absence of attenuation, there is
no solution. FBP, however, always generates a reconstruc-
tion image, by backprojecting the filtered projections. In
consistent projections the negative values introduced by
the filter cancel out the positive values from the backpro-
jection blurring. In inconsistent projections, this is not ex-
actly the case. This results in residual negative values from
the filter and streak artifacts from the backprojection. Sim-
ilar but less severe inconsistencies are introduced by the
nonstationary point spread function. In structures which
are blurred differently in different projections, these incon-
sistencies will again produce negative values and streaks in
the reconstruction. These artifacts have been described

[] s
FIGURE 9. Plots of the mean values in eight regions drawn on
the reconstructions of the phantom studies. The regions were similar
to the ones used for the simulation. Thick bars represent the actual
reconstruction values, thin bars represent the same values after
normalization to the maximum value of the eight regions.  (a) FBP
180°, (b) FBP 360°, (c) ML 180°, (d) ML 360°, (e) ML 180", attenu-
ation correction, (f) ML 360°, attenuation correction, (g) FBP PET.
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FIGURE 8. Polar maps derived from the
phantom SPECT and PET measurements.
Top row, from left to right: filtered backprojec-
tion (FBP), 180°;, FBP 360°; ML-EM 60 itera-
tions, 180°; ML-EM 60 iterations, 360°.  Bot-
tom row, from left to right: polar map derived
from the PET measurement using FBP;
ML-EM 60 iterations, 180°, attenuation cor-
rection; ML-EM 60 iterations, 360°, attenua-

previously using simulations and phantom studies by Eis-
ner et al. (5).

In 360° acquisition opposing projections are added. This
reduces the difference in blurring and attenuation between
the different projections therefore reducing the reconstruc-
tion artifacts.

From the previous considerations it is obvious that the
severity of artifact increases with increasing liver uptake.
The artifact is strongest in 180° acquisitions with projec-
tions influenced by both attenuation and a nonstationary
point spread function (Fig. 3).

The simulations and phantom measurements show that
attenuation deforms the FBP reconstruction of the liver in
such a way that negative counts are introduced (Figs. 6 and
7). FBP is linear—the reconstruction of an attenuated heart
image may be added to the reconstruction of an attenuated
liver image to obtain the final image. The artifact due to the

fraction of the theoretical value
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FIGURE 10. Plot of the mean value in each of the myocardial
regions as a fraction of the theoretical value. The regions are applied
to the ML-EM reconstructions of the heart (Object 1) and of the
liver-heart (Object 2) projections for 20, 60 and 100 iterations. These
projections were calculated ignoring attenuation and point spread
function. ML-EM 20 iterations: —; ML-EM 60 iterations: ——;
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liver is simply added to the reconstructed heart image. It
follows that the artifact observed in the heart is propor-
tional to the ratio of liver count rate to heart count rate,
which is confirmed by our simulations (Fig. 5). Increasing
the symmetry by using projections over 360° reduces the
artifact considerably (Fig. 5). Also, the distance between
the liver and heart has a strong effect on the severity and
features of the artifact (Fig. 4). Consequently, the artifact is
likely to be very patient-dependent and its severity is hard
to predict.

Figures 8 and 9 show that accurate attenuation correc-
tion by ML-EM virtually eliminates the effect. The recon-
structions are still not perfectly homogeneous probably
mainly due to position-dependent blurring. Additional er-
rors may be caused by possible deviations between the
assumed and actual attenuation coefficients and by align-
ment errors between the artificial attenuation map and the
emission image. The ML-EM reconstruction of the 360°
acquisition seems slightly superior to that of the 180°. Most
likely, the effects of the nonstationary point spread func-
tion are reduced by the use of the opposite projections. Our
current software did not allow us to verify whether inclu-
sion of the nonstationary point spread function would sig-
nificantly improve the ML-EM reconstructions. In PET,
the point spread function is fairly uniform and the trans-
mission and emission images well aligned. The resulting
profile and polar map are uniform.

Figure 3 clearly shows that without the presence of the
liver, the image of the heart is severely affected by photon
attenuation. The hot liver artifact causes only a further
degradation of the image.

It is interesting to see that the ML-EM reconstructions
without attenuation correction are clearly superior to the
FBP-images. ML-EM automatically suppresses the artifact
by its inherent non-negativity constraint. In addition, un-
like FBP, it assigns different weights to the projection
values. As a result, the value of a pixel is less affected by
projection values which suffered strongest attenuation. It is
likely that this weighting further reduces the influence of
inconsistencies due to attenuation.

The straightforward approach for eliminating the hot
liver artifact is accurate attenuation correction, e.g., with
ML-EM reconstruction. This is only possible when an
attenuation map is available. Several researchers are inves-
tigating hardware and software tools that will enable trans-
mission tomography on SPECT cameras in clinical prac-
tice (21-24).

Finally, Figure 10 issues a warning: the local conver-
gence of ML-EM depends on the total image content. High
tracer uptake in the liver significantly slows down conver-
gence of the heart region. If the image noise produced in
the higher ML-EM iterations is suppressed by applying
stopping rules (25) or cross-validation techniques (26), it
may be useful to verify that stopping the iterations does not
produce artifactual decreases in the activity of the wall. Of
course, attenuation correction will only suppress artifacts
caused by the mere presence of a constant high activity
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near the object of interest. In clinical *™Tc-teboroxime
studies, additional artifacts are caused by variations in the
tracer concentration during acquisition (15).

CONCLUSION

High liver uptake typical in ®™Tc-Teboroxime studies
causes an artifactual decrease in the left ventricular wall
count rate in FBP reconstructions. This artifact has been
studied with simulations and phantom measurements. It is
concluded that the main cause is the lack of attenuation
correction. The inconstancy of the point spread function
causes a smaller additional degradation of the image. Ac-
curate attenuation correction with the maximum likelihood
expectation maximization algorithm was shown to be ef-
fective in suppressing the artifact. Simulations showed that
the presence of the hot liver has an adverse effect on the
convergence of ML-EM in the heart region.
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