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The attenuation of photons by the breasts and other soft tissue
overlying the chest may decrease the diagnostic accuracy of
SPECT myocardial imaging. In this experiment, we measured
the attenuation distortion of myocardial polar maps using a tho-
rax phantom with a cardiac insert and added breast tissue. The
distortion was measured using a regional semiquantitative anal-
ysis. Attenuation compensation was performed using a cone-
beam radionuclide CT attenuation map. Breast tissue attenua-
tion created apparent “defects” in the polar map, where the
intensity was reduced by up to 35% relative to the most intense
region. However, the size, location and severity of the reduction
depended on cardiac insert orientation and breast placement.
For the geometries studied, apparent “defects” were observed in
the anterior wall, the apex, the inferior wall and basal regions.
These results suggest that attenuation artifacts may occur in
almost any location. However, the attenuation compensation
nearly eliminated the apparent defects and improved polar map
symmetry. After compensation, the variations between regions
were generally 5% or less. Therefore, we expect that attenuation
compensation will improve diagnostic accuracy in myocardial
imaging in female patients and in males with excessive muscu-
lature or soft tissue. Without such compensation, diagnosis may
be compromised.
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It is well known that photon attenuation in SPECT may
reduce quantitative accuracy (1,2) and distort images
(3-5). In particular, myocardial SPECT images are dis-
torted (4,6-8) by a complex and highly nonuniform atten-
uating geometry, which contains lungs, bones and soft
tissue. The geometry is different for each patient and even
depends upon patient positioning. For example, in the su-
pine position, the diaphragm may attenuate the inferior
wall of the myocardium (7).

Furthermore, breast tissue attenuation in females
may produce artifacts in the anterior wall (8). These
artifacts are highly dependent on breast size and whether
or not the patient is wearing a bra, and they are difficult to
distinguish from true perfusion defects. There is a corre-
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sponding loss of diagnostic confidence and a risk of false-
positives, if the diagnostician ignores breast attenuation,
and of false-negatives, if the effect is overestimated. Thus,
at least for women with large breasts, it may be impossible
to conclusively diagnose anterior wall defects.

Two other concerns are: (1) that the estimated size of
true defects may be inaccurate if the normal data set used
for quantitative comparison is much differently attenuated
than the patient; and (2) that nonisotropic attenuation may
produce localized image distortion (“‘streaks”) (3,5).

Previously, there had been no easy clinical remedy to
these artifacts. Attenuation compensation based on an av-
erage attenuation map is unlikely to be acceptable given
the large variations in patient anatomy. Further, the anat-
omy is not well described by the simple, usually convex or
elliptical, body contour used in most clinical attenuation
compensation algorithins, nor is it well described by the
assumed uniform map of attenuation coefficients. There-
fore, clinicians have had to accept the reduction in diag-
nostic accuracy, while making subjective judgements on
the likelihood of attenuation artifacts based upon breast
size and any obvious artifacts in the projection set.

However, recent advancements in techniques to
measure the attenuation map (9-15) and/or superimpose
the corresponding x-ray CT image may allow for easier and
more accurate correction of attenuation artifacts. These
techniques can theoretically correct for all such artifacts,
regardless of their cause: breast, lung, bones, diaphragm or
other soft tissue. They are most likely to be useful in the
human thorax, which is large and nonuniform.

Because some of these new techniques may become
available clinically, this paper measures breast attenuation
artifacts using a realistic phantom model of the myocar-
dium in a thorax with added breast tissue, and it reports
our attempts at attenuation compensation using a cone-
beam radionuclide CT (CB-CT) attenuation map
(12,13,15). The intensity, size and location of breast atten-
uation artifacts, before and after compensation, are re-
ported for several anatomical variations.

METHODS

Acquisition and Reconstruction Protocols

Simulated breast tissue was added to a thorax model simulating
lungs, spine and soft tissue of a realistic size and shape for a
relatively small adult (32-cm diameter from left to right lateral).
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The breasts, as obtained from a RANDO phantom (Nuclear As-
sociates, Carle Place, NY), were radiographically equivalent to
soft tissue in the shape of right circular cones, 8 cm high and 14 cm
wide at the base. A cardiac insert (Data Spectrum Corporation,
Hillsborough, NC) simulated the myocardium of the left ventricle
with no defects. Several orientations were used (see Table 1), but
for each the insert was adjacent to the left lung and was obliquely
oriented approximately halfway between the anterior and left
lateral.

Each experiment consisted of a CB-CT acquisition (12, 13) fol-
lowed immediately by a SPECT acquisition with the phantom in
the same position. The CB-CT provided the attenuation map for
attenuation compensation of the SPECT data. All studies were
acquired on a Siemens Orbiter gamma camera (Des Plaines, IL).
SPECT and CB-CT acquisition matrices were 64 x 64 with 64
angular views covering 360°.

For CB-CT, a ““point” transmission source was placed at the
focal point of a long focal length (1 meter) cone-beam collimator
(Von Gahlen, Didam, Holland). The point source was approxi-
mately a 5 X 5 mm cylinder with 2 mCi of ®™Tc. The photons
were imaged with an 18% energy window at 140 keV. During
CB-CT, no activity was placed inside the phantom, although the
cardiac insert itself was present. The radius of rotation of the
circular orbit was 19 cm measured to the front of the cone-beam
collimator. Total acquisition time was about 15 min. A clinical
implementation might be able to use stronger point sources and
much shorter acquisition times.

Given the moderate size and circular field of view of the gamma
camera, image truncation was possible. Therefore, CB-CT recon-
struction was performed with 80 iterations of a transmission max-
imum likelihood algorithm (TR-ML) (16-17), which partially re-
duces truncation artifacts. The reconstructed slice thickness was
about 10 mm (32 TR-ML slices covering the focused cone-beam
field of view). This reconstruction produces properly scaled and
properly slice-dependent narrow beam attenuation coefficient
maps in units of inverse centimeters. Truncation was further lim-
ited by placing the cardiac insert in the axial center of the gamma
camera where the field of view is largest.

Immediately after the CB-CT acquisitions, the phantom was
removed and 4.5 mCi of ®™Tc was added to the myocardium of
the insert. Both the phantom and the insert inside the phantom
were returned to the original position and orientation, and SPECT
acquisitions were performed with a LEAP collimator. The acqui-
sition time was 5 min, which simulates a clinical acquisition of
20-30 min with 750 uCi in the myocardium.

SPECT reconstruction and attenuation compensation were per-
formed with “‘attenuation-weighted filtered backprojection” (18)
adapted to nonuniform attenuation maps (19). All parameters used
are given elsewhere (19). For use in attenuation compensation, the
attenuation maps were converted from narrow-beam to “‘effec-
tive” attenuation coefficients (13,20) by multiplying by 0.8. Thus,
water had an ““effective” coefficient of 0.8 x 0.15 = 0.12 cm™.

Analysis

After reconstruction, the SPECT slices were reoriented along
the ventricle long-axis and polar maps were created using stan-
dard Cedars-Sinai software (21) on a Siemens MicroDelta. Semi-
quantitative analysis of the polar maps was performed using the
regions shown in Figure 2. We report the activity of each region
divided by the activity of the most active region. Each region
contained about 10% of the polar map area, except for the two
apex regions, which were smaller.
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FIGURE 1.
structed with TR-ML. Sixteen slices containing the cardiac insert are
shown. For each image, phantom left appears at observer right and
vice versa. The upper left image is caudal to the insert and the
bottom right image is cranial to the insert. The gray scale extends
from 0.0t0 0.22cm™".

RESULTS

SPECT attenuation compensation was performed using
a CB-CT of the phantom. An example with breast tissue
appears in Figure 1. Sixteen slices covering the region of
the cardiac insert are shown. All relevant ““organs’ were
clearly visible, including the lungs, spine and breasts. The
plastic of the cardiac insert is partially visible (e.g., right-
most image in the second row), but it is not clear due to
statistical noise and the relatively large pixel size. Trunca-
tion reduced the definition of the lateral and posterior body
contour and erroneously placed density outside the body
contour, especially posteriorly. (With our phantom holder,
there was no table underneath these phantom slices.)
These artifacts, however, were not severe. In contrast,
cone-beam filtered backprojection (22) reconstructions
(not shown) had more severe ‘‘streak’ artifacts. These
images were not used for attenuation compensation, since
they created small artifacts in the polar maps. Comparison
of truncation artifacts for the two reconstruction methods
have been described elsewhere (17).

Figure 2 shows a polar map of the cardiac insert acquired
in air (with no other attenuators than the insert itself). This
image illustrates the normal statistical variations from the
perfect symmetry present in the polar maps. It also illus-
trates a small apical decrease of about 10%, which appears
worse in the anterior half of the apex. The apical decrease
was present regardless of orientation or precise position of
the insert. Although the insert had some self-attenuation, it
cannot explain the apical decrease. In fact, for this orien-
tation parallel to the axis of rotation, the apex was less
self-attenuated than the rest of the phantom and it should
thus appear more active. The decrease was also apparent
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in long-axis sagittal and coronal slices, so it was not pri-
marily due to the polar map generation process. The de-
crease was caused most likely by minor imperfections in
the construction of the phantom. Nonetheless, the symme-
try of the rest of the phantom appears adequate for these
experiments.

The polar maps are illustrated in Figure 3, and Figure 4
provides the regional semiquantitative analysis for all four
cases defined in Table 1. One experiment was performed
for each case. When the thorax phantom was imaged with-
out breasts (Case 1), attenuation decreased the inferior
region of the polar map. As demonstrated by quantitative
analysis, this region was about 15% lower than the most
active region, which was at left lateral. With attenuation
compensation using the TR-ML CB-CT attenuation map,
the polar map was much more symmetric in appearance
and the regional variations were no greater than 5%.

Case 2 modeled a common left ventricular orientation
and breast location. An extended apparent anterior
““defect” was 15%-20% reduced from the most active in-
ferior region. In addition, the transverse slices (prior
to oblique reorientation) showed <“streak’ artifacts
(Fig. 5) in the background around the insert as well as
nonuniformities in activity. Qualitatively, the insert
appeared stretched in directions of decreased attenuation,
and there were negative-activity artifacts in directions of
increased attenuation (i.e., toward the breasts). These
streaks are consistent with previously observed artifacts
(3,5) due to nonisotropic attenuation. With attenuation
compensation using the attenuation map in Figure 1, the
polar map was more symmetrical, the anterior ““defect”
was removed and the streaks in the transverse slices were
greatly reduced. In addition, the apex, especially on the
anterior side, was reduced similarly to the “in air’’ polar
map, although quantitative comparison was not possible
due to the nonzero self-attenuation in the ““in air’” data.

Two less common physical geometries were also mod-
eled to discover variations of attenuation effects. For Case
3, the insert was tilted caudally by 65° and the breasts
covered the apex. Here, instead of the anterior region, the
inferior region demonstrated a large apparent defect, which
was decreased by 30%-35%. The apex was also similarly
decreased, although this decrease was due to both attenu-
ation and the assumed misconstruction of the phantom.
With attenuation compensation, the polar map was much
more symmetric. The largest variations between regions

FIGURE 2. Polar map of cardiac
insert in air. The bottom image de-
fines the regions used in the quan-
titative analysis. Regions 1 and 2
contain the apex of the “myocardi-
um.” Regions 4 and 5 contain the
anterior wall. Regions 6 and 7 con-
tain the septal wall. Regions 8 and
9 contain the inferior wall. Regions
3 and 10 contain the lateral wall.

FIGURE 3. Polar map comparison for each case defined in Table
1. Uncompensated polar maps are in column A and attenuation
compensated polar maps are in column B. The bottom of the gray
scale was raised to 60% of the maximum to accentuate the apparent
“defects.” Each polar map has been separately normalized so that
the maximum equals 100.

were about 5%, except for the apex, which was more
decreased. This is in qualitative agreement with the ““in
air”’ polar map.

For Case 4, the insert was oriented the same way as in
Case 3, but the breast was moved cranially so that it did not
attenuate the apex. Here, the effects were more subtle, but
the basal regions were decreased, especially inferiorly. The
was no apparent decrease in the apex. With attenuation
compensation, the polar map was again more symmetric
and the apex was again decreased.

DISCUSSION

The simulated breast tissue used in this experiment
greatly decreased the apparent circular symmetry in polar
maps of the simulated myocardium. Asymmetries were as
large as 30%-35%. The clinical effects may be larger, es-
pecially if the patient is much larger than our phantom and
if 2'T1 is used instead of ™ Tc. Thus, as is generally
known clinically, breast tissue may decrease clinical diag-
nostic accuracy by generating false-positives. False-nega-
tives are also possible if one incorrectly suspects an atten-
uation artifact.

In our experiment, the location of apparent ‘““defects”
resulting from attenuation was highly variable, depending
on the orientation of the myocardium and the precise po-
sitioning of the breast tissue. Furthermore, an asymmetric
polar map was obtained even without breast tissue due to
the nonuniform attenuation of the thorax. Thus, although
anterior ‘“defects’ are commonly produced by breast tis-
sue attenuation (8), false ‘“defects’ appear to be possible
anywhere in the polar map.
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provide a quantitatively correct
standard for comparison.

This experiment also established that nonuniform atten-
uation compensation using an accurate attenuation map
successfully reduces or eliminates attenuation ‘‘defects.”
Thus, we expect that accurate attenuation compensation
will improve the diagnostic accuracy of myocardial
SPECT. In particular, it is probably necessary for correct
diagnosis of anterior wall defects in female patients. In
contrast, attenuation compensation with an incorrect uni-
form attenuation map is unlikely to be helpful. First, the
decreased attenuation of the lungs would be incorrectly
modeled, and second, simple convex body contour models
do not properly model the breasts. Concave body contours
are probably measurable only with transmission CT.

The most difficult aspect of attenuation compensa-
tion is measurement of the attenuation map. Parallel-ray
CT (4,9,10) with sheet sources has poor image resolution
and count rate sensitivity. Even for a 20-30-min acquisi-
tion, relatively noisy images are produced, which may
distort the SPECT study if used for attenuation compen-
sation. However, truncation artifacts are small or nonex-

TABLE 1
Case Definitions
C Insert orientation Breast tissue location
no. Caudal tiit from transverse plane

1 90° None

2 20° Above apex

3 65° Covering apex

4 65° Above apex

Note: in each case, the insert was oriented approximately mid-way
between anterior and left lateral.
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istent and segmentation can reduce noise (11). Cone-beam
and fan-beam CT have substantially higher sensitivity and
resolution (12,14, 15), but the focused geometry produces
truncation artifacts. Cone-beam reconstruction may have
artifacts due to insufficient sampling of the three-dimen-
sional geometry, but these artifacts, as well as truncation
artifacts, are reduced with the long focal length collimator

FIGURE 5. Representative reconstructed transverse slices for
Case 2 prior to oblique reorientation. The upper images are uncom-
pensated and the bottom images are attenuation compensated us-
ing the CB-CT attenuation map shown in Figure 1. In the right
column, the top of the gray scale has been adjusted to 6% of the
maximum count to accentuate streak artifacts.
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used in this experiment. For the current experiment, the
truncation artifacts were minimal, but a relatively small
phantom was used. Many patients requiring myocardial
imaging are much larger than our phantom and the trunca-
tion problem is more serious. For such patients, attenua-
tion compensation of breast tissue will be difficult, and it is
not yet clear which method will be best.

Nonetheless, since the theoretical utility of attenuation
compensation in myocardial imaging has been established
here and elsewhere (4,6, 14), the most important remaining
question is a practical one: will the improvement in diag-
nostic accuracy, as measured by a yet to be performed
clinical experiment, justify the increased difficulty in per-
forming attenuation compensation?
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