
the perceived size of the defect. Current research is aimed at
quantifying this effect.

CONCLUSION
This study confirms earlier work showing that segmental

defect sizes are underestimated, particularly in the right lower
lobe. Although there was fair intraobserver agreement in
reporting such defects, the accuracy of estimation was 50%.
The variability and inaccuracy might be reduced by the use of
a guide to segmental anatomy. This virtual scintigraphic model
of lung anatomy allows the study of minimal perceptible defect
size and how this varies with the location of the defect in the
lungs. Such issues are currently under investigation.
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Effect of Registration Errors Between Transmission
and Emission Scans on a SPECT System Using
Sequential Scanning
Craig D. Stone, James W. McCormick, David R. Gilland, Kim L. Greer, R. Edward Coleman and Ronald J. Jaszczak
Department of Radiology, Duke University Medical Center, Durham, North Carolina

The purpose of this study was to evaluate the effects of patient
motion on nonuniform attenuation correction of cardiac SPECT
when the transmission and emission scans were performed se
quentially. By using a sequential protocol rather than doing the
scans simultaneously, contamination from the emission scan into
the transmission scan could be eliminated, but registration of the
two scans become a concern. Methods: Transmission and emis
sion scans were acquired using both an anthropomorphic thorax
phantom containing a cardiac insert and a human volunteer. The
types of motion considered were transverse shifts, axial shifts and
rotations that occur in the time period between the transmission and
emission scan. For this study, the various types of motion were
simulated in the data. Both the transmission and emission data were
reconstructed using filtered backprojection. A single-iteration Chang
algorithm, modified for nonuniform attenuation correction, was used
to further process the emission data. To evaluate the effects of motion
errors, circumferential profiles, all normalized to the same scale, were
generated for each case. The cardiac images reconstructed using
registered data were considered references. Error profiles were
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generated by subtracting misaligned images from the reference and
then normalizing the difference by the reference. For comparison
purposes, an error profile was generated for the case in which no
attenuation correction was performed. Results: It was found that,
for transverse and axial shifts of 2.9 cm, the normalized myocardial
SPECT activity was decreased in certain regions of the heart by
20%-35%. For a 12Â°rotational shift, the error was on the order of
10%-20%, compared to a normalized variation of 20%-25% in the
image with no attenuation correction. Conclusion: The results indi
cate that registration errors of 2-3 cm can seriously affect image
quality in both the phantom and human images.

Key Words: SPECT; registration; sequential scan; transmission
scan; emission scan

J NucÃMed 1998; 39:365-373

r\. major problem limiting the qualitative and quantitative
accuracy of cardiac SPECT is photon attenuation. Compensa
tion techniques that assume constant attenuation coefficients are
inadequate for the thorax because of nonuniform attenuation
(1,2). Various methods to correct for nonuniform attenuation
have been proposed (1-7), none of which provide an exact
analytical solution to the problem. Most of these techniques
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require that a transmission CT scan be obtained, either simul
taneously or sequentially, along with the SPECT scan. The
acquired transmission CT data are used to generate a map of
attenuation coefficients for emission image correction. One
suggested protocol for obtaining both transmission CT and
SPECT data on a multiheaded SPECT camera involves per
forming a fast fanbeam transmission scan (2-3 min), followed
by a conventional emission scan (3). Sequential scanning has
both advantages and disadvantages, compared with the simul
taneous method. Simultaneous acquisition can result in contam
ination of data by improperly detected photons and decreased
sensitivity of the emission data. Sequential acquisition can
increase both scan time and the likelihood of misregistration
between transmission and emission data. Misregistration can
also occur in simultaneous scans if one or more of the detectors
is misaligned, although the degree of misregistration considered
in this study (up to ~3 cm) is not likely to occur with
misaligned heads. The purpose of this study was to consider the
effects of misregistration.

Much of the previous work in image registration considered
the problem of correlating images from different modalities,
such as CT or magnetic resonance imaging (8-12). The ability
to acquire both transmission and emission SPECT scans has
only recently become available commercially. In the case of
PET, the problem of misregistration between sequential trans
mission and emission scans has been examined in some detail
(13-15). For PET, an exact method exists for nonuniform
attenuation correction (disregarding noise and measurement
errors) if the sinogram of attenuation correction factors is
known. Because of sharp boundaries between the lungs and soft
tissue in the thorax, misalignment errors will cause significant
quantitative errors and changes in regional myocardial activity
(13). In SPECT, most myocardial studies are evaluated based
on qualitative criteria. In this study, we are interested in the
normalized (relative) quantitative effects of motion errors on
the reconstructed myocardial image rather than on absolute
quantitative effects. The evaluated motions for scan misregis
tration include x, y and z translations and axial rotations. The
data demonstrate the nature of the movement-induced image
artifacts that can be produced.

The method used for nonuniform attenuation correction in
SPECT affects the final results. For this study, filtered back-
projection was used to reconstruct the transmission and emis
sion images. The iterative Chang algorithm (16), modified for
nonuniform attenuation correction, was then applied to the
emission image. Transmission and emission scans, using both a
thorax phantom and a human patient, were acquired to evaluate
misregistration.

MATERIALS AND METHODS
The phantom experiment was conducted with an anthropomor

phic thorax phantom (ECT/TOR/P; Data Spectrum Corp., Hills-
borough, NC). The phantom measured 38 X 26 cm and contained
two lung inserts, a liver insert, a Teflon spine and a removable
cardiac insert (ECT/CAR/I; Data Spectrum Corporation, Hillsbor-
ough, NC). The two lung inserts contained Styrofoam beads and
were filled with water to simulate the density of lung tissue (0.049
cm"', as measured using narrow-beam transmission). The cardiac

insert contained a ventricle and myocardial chamber. Each cham
ber could be filled separately with activity.

Three set of experiments were performed with the phantom. In
Experiment l (Fig. 1A), the heart insert was positioned in the
thorax phantom, with an approximately 2-cm space between the
edge of the heart and the lung boundary. In Experiment 2 (Fig. IB),
the lung size was increased by attaching bags filled with Styrofoam

beads and water to the exterior of the lung inserts. The heart was
contiguous with the inserted bag for most of its length. In
Experiment 3 (Fig. 1C), the bags were removed, and the heart
insert was rotated so that an area near the apex of the heart was
contiguous with the lung boundary of the phantom. There were two
reasons for measuring the three different geometries. The first
involved determining the effect of the heart/lung geometry on the
magnitude and nature of the registration errors. The second reason
was to obtain average results, to better simulate patient variability.

A human patient was then examined in an attempt to replicate
the earlier results. This patient, a 43-yr-old woman, was chosen
because her body size made it possible to obtain transmission CT
scans without the confounding effects of truncation. Thus, if the
results from this human subject did not concur with the phantom
results, then it could be surmised that the results obtained from the
phantom were not applicable to humans. This patient gave prior
written informed consent, which was in compliance with standards
set by Duke University Medical Center.

Acquisition
The data were acquired on a three-headed SPECT system

(Trionix Research Laboratories, Inc., Twinsburg OH). The phan
tom was placed so that the center was approximately along the axis
of rotation for the gantry. A line-source assembly (3) was mounted
on the gantry of the SPECT system opposite one head (Fig. 2).
During the transmission scan, the line source was set with an air
attenuator, whereas a transmission reference image would be
acquired with the line source set to a copper attenuator to minimize
dead time. A multislat collimator was mounted on the line source,
and a fanbeam collimator (Nuclear Fields, Inc., Des Plaines, IL)
was mounted on head one of the Triad system. A detailed
description of the multislat collimator has been provided previ
ously (3). The fanbeam collimator had a focal length of 114 cm
(measured to crystal surface), a thickness of 4 cm, hexagonal holes
that were 0.25 cm, edge-to-edge and a septal thickness of 0.025 cm.

The transmission scans for each phantom experiment were
performed without any activity in the phantom. A line source, 27
cm long, containing between 1705 MBq and 2410 MBq (46.1-65
mCi) of 99mTcpertechnetate was used for the experiments.

To avoid truncation of the thorax phantom in the transmission
acquisition, a two scan method was used that created a larger field
of view (17,18). The phantom was mounted in a fixture that
allowed accurate x-axis translation (Fig. 2A). In Scan 1, the
phantom was shifted from the axis of rotation in the x direction by
â€”4.8cm, whereas in the second scan, the phantom was shifted in

the x direction by +4.8 cm. For both scans, the detector was
positioned at a radius of rotation of 30.2 cm (measured to detector
crystal). With the system's actual field of view of 29.8 cm, the

effective field of view was 39 cm, after the phantom was shifted,
as outlined above. The data from the two shifted scans were
reconstructed with previously developed software (17). The data
were acquired for 90 min using a matrix size of 128 X 64 pixels
(3.56 mm pixel size) and a 3Â°angular sampling with step-and-shoot
gantry motion through a complete 360Â°range. We obtained human

transmission CT scans using acquisition time, ranging from 2 to 20
min. Therefore, the phantom transmission CT scans have between
4.5 and 25 times the number of counts as our human scans. A 15%
centered energy window (130 keV < Ey s 151 keV) was used for
the transmission CT acquisitions. A planar reference image was
taken for 600 sec. The center of the phantom was in the field of
view for both scans, so that the noise was reduced in the region of
the heart insert.

The location of the phantom in the scanner was accurately
marked using a laser positioning system. Because we were inter
ested in systematic errors caused by misregistration, very high
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FIGURE 1. Images of the phantom showing the registered position of the
heart for Experiment 1 (A), Experiment 2 (B) and Experiment 3 (C).

count transmission and emission studies were performed to collect
the necessary data for analysis. The myocardium was filled with
0.64 MBq/ml (17 /nCi/ml) WmTc-pertechnetate (total myocardial

volume was 120 ml). To simulate background activity, the main
chamber of the thorax was filled with 0.028 MBq/ml 99mTc-

pertechnetate. These concentrations produced a ratio of approxi
mately 20:1 (19). The phantom was then carefully repositioned
using the laser positioning system.

Low-energy, high-resolution parallel-hole collimators were used
to acquire the emission data. The low-energy, high-resolution
collimators had a sensitivity of 135 hertz/MBq and a resolution
(FWHM) of 8.4 mm at 10 cm from the collimator surface.

For the emission scans the matrix size, angular sampling and
primary energy window were set identically to the transmission
scan. In addition, a scatter window was used (90 keV < E7 < 128

keV), and the total scan time was increased to 120 min. The
activity was about eight times greater than would be present in a
clinical scan, and the scanning time was six times that of the typical
clinical scan (20). The increased counts reduced the effects of
Poisson noise in the scans.

The transmission CT scan for the patient was performed in a
similar manner. The main difference was due to the small body
size; this allowed transmission CT data to be acquired with one
scan. No activity was in the patient during the scan. Tcchnctium-
99m-pertechnetate (5069 MBq, or 137 mCi) was placed in the line
source. Note that the patient was not exposed to the full effects of
99mTc because the radiation passed through a slat collimator that

attenuated the beam significantly. For this scan, the data were
acquired for 20 min using a matrix size of 128 X 128 pixels (3.56
mm pixel size) and a 3Â°angular sampling with step-and-shoot
gantry motion through a complete 360Â°.Again, a 15% centered
energy window (130 keV < Ey ^ 151 keV) was used for the
transmission CT acquisitions. A planar reference image was also
taken for 600 sec. After the transmission CT scan, the patient was
injected with 299 MBq (8.08 mCi) of WmTc-sestamibi during an

exercise stress test. Afterward, the patient was repositioned using
the laser positioning system.

Low-energy, ultra-high-resolution parallel-hole collimators were
used to acquire the emission data for the human patient. The
low-energy, ultra-high-resolution collimators had a sensitivity of
80 counts/sec/MBq and a resolution (FWHM) of 6.2 mm at 10 cm
from the collimator surface.

For the emission scans, the matrix size, angular sampling,
primary energy window and scatter energy window were set at the
same values as those in the phantom emission study. However, the
patient scan time was restricted to 20 min, as opposed to 120 min.

Preprocessing and Image Reconstruction
Because of the length of the transmission and emission scans for

the phantom studies, the projection data were scaled to correct for
radioactive decay of the emission source. Such a scaling of the data
meant that the data were no longer Poisson distributed; however,
the noise level was low enough to justify the procedure. Before

O Line Source
|Assembly

Support Cradle
and Positioner

I Gamma
Camera

B Line Source
Assembly

Support Cradle
and Positioner ÃŒJ Gamma

Camera

FIGURE 2. Orientation of the phantom in the SPECT system along with the
coordinate system (A). Orientation of the human patient along with the
coordinate system (B).

reconstruction, the measured transmission data were converted to
line integrals of linear attenuation by taking the natural logarithm
of the ratio of the incident reference image to the measured
transmission projection data. Before the logarithm was taken, the
reference image was scaled to account for the differences in
acquisition time and decay between the reference and the trans
mission data.

The data were reconstructed using the filtered backprojection
algorithm. The reconstructed images were filtered with a two-
dimensional Butterworth filter with cutoff frequencies ranging
from 0.702 to 0.843 cycles/cm (50%-60% of the Nyquist fre
quency) and order n = 5. For the emission data, nonuniform
attenuation correction was performed using the modified iterative
Chang algorithm (16,21-23). The modification involved taking the
nonuniform attenuation factors into account. In this form, each
pixel in the initial filtered backprojection reconstruction is multi
plied by a correction term that is related to the average attenuation
for that pixel. Thus, the correction term for pixel i, j could be
written as:
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C(ij) =
l

, Eq. l
1 â€¢2 S /i(i'j')d(i'j',m)

i'elijm j'eJijm

where M is the number of angles; Ijj,,,and J|jm are the set of i and
j indices, respectively, of pixels intersected along the path of the
detector at angle m; /u,(ij) is the attenuation coefficient distribution;
and d(ij,m) is the pathlength through pixel i,j at angle m. This
first-order corrected image is then reprojected in such a way that
models attenuation, based on the specified attenuation coefficient
distribution. The reprojection is subtracted from the original data to
generate error projections. An error image is then reconstructed by
filtered backprojection and each pixel in the error image is
multiplied by the corresponding correction term. The error image is
then added to the first-order corrected image to generate the single
iteration image (23). The emission data were also scatter-corrected
using the dual-window subtraction method (22,23). A scatter coeffi
cient of 0.3 0.35 was used, which generated an image in which the
average counts in the lung were close to zero.

Motion Simulation
Figure 2A shows the coordinate system used for the object space

of the system with the phantom. Note that the phantom cradle was
designed to position the thorax phantom with its major axis
(defined as the x-axis) aligned in the vertical direction. The patient
data (Fig. 2B) were acquired with the major axis (x-axis) of the
patient aligned in a horizontal direction. The axis of rotation for the
gantry is the z-axis. The modified Chang algorithm was executed
as a postprocessing step to the reconstruction. A translation of the
attenuation map would have the identical effect to a physical
translation of the object between transmission and emission scans
(as long as the entire object remained in the field of view). Thus,
translations in the x, y and z directions were simulated by shifting
the attenuation map. Rotations around the z-axis were simulated by
reordering the emission projection data and then reconstructing the
new projection set.

Figure 1 shows the orientation of the heart insert in the thorax
phantom for a typical slice in the case in which the transmission
and emission images were registered. For translation, images were
generated with 2 pixel shifts along each axis. These shifts ranged
from â€”8to 8 pixels (â€”2.9-2.9 cm). Rotation was performed in 3Â°
increments that extended from â€”12Â°to +12Â°.

Only axial rotations were considered because the degrees of
rotation in other directions would not be much of a factor. Rotation
around the x-axis is very unlikely because it would require the table
on which the patient lies to have some kind of rotation. Given a
properly operating table, this is not likely. The other type of
rotation not studied is rotation about the y-axis. The rotational
errors introduced by repositioning a person between scans will be
very small (typically <1Â°).

Analysis
The misaligned data were evaluated by converting the short-axis

slices of the heart to circumferential profiles (a Mercator plot of the
heart) using Trionix software. In all cases, the peak pixel within the
cardiac region was normalized to 100, and the remaining pixels
were normalized to a relative scale that extended from 0 to 100. In
the human data, only counts within the myocardium were used for
computing the normalization because other regions of the thorax
contained high counts. The pixel dimensions of the Mercator plot
arc 50 X 160. The strip corresponds to 24 short-axis slices. A
profile, 10 pixels high, was taken through the center of the strip.
Thus, data from the apex and base of the heart were not included.
This middle region was chosen because the Mercator plot magni
fies the upper and lower contours of the object in study. For

Experiment 3, because the apical tip of the cardiac insert is next to
the lung boundary, we expected that this phantom would experi
ence larger errors than would the other phantoms in the study.
These errors would be greatest when the apical region was initially
in the lung, with smaller increases in error occurring in the middle
region of the cardiac region. Counts were summed across the 10
pixels and recorded along the horizontal length of the strip (Fig.
3A). The profile height was equivalent to about five short-axis
slices. The normalized error for the profile was calculated using the
following expression:

% error = 100 X (misaligned - aligned)/aligned, Eq. 2

where aligned refers to the registered, attenuation-corrected myo-
cardial images and misaligned refers to the misaligned image.
Because both sets of Mercator plots were normalized separately,
the calculated error measured the relative change between the
aligned and unaligned plots. For comparison. Figure 3B plots the
normalized error for a Mercator plot in which no attenuation
correction was performed (in Eq. 2, the misaligned image was
replaced with the uncorrected image). Pixels 0-40 correspond to
the anterior wall, 40-80 to the septal wall, 80-120 to the inferior
wall and 120- 160 to the lateral wall.

RESULTS

Phantom
For the three sets of phantom data, the four types of motion

were simulated. For each type of motion, the errors were
averaged over the three experiments. Figure 4 shows the
average normalized error curves for x-axis and y-axis transla
tion. A positive x-axis shift of the emission data with respect to
the attenuation map would be equivalent to the patient moving
left horizontally between transmission and emission scans. This
may be simulated by moving the attenuation map in the
opposite direction. For a negative shift, the error was relatively
small, under 10% for most of the profile (Fig. 4B). With this
type of shift, the heart would remain in soft tissue. The errors
associated with a positive shift were substantially larger. A
2.9-cm positive shift decreased the activity in the anterior and
lateral sections of the myocardium by more than 25%, and there
was a slight increase in the septal section (Fig. 4A). The error
was as great as the maximum error for the uncorrected image.
The fact that the errors were nonuniform around the circumfer
ence of the heart is of great importance for qualitative analysis
of the images. With positive x-axis shifts, the heart will cross
into the lung, which has a narrow-beam attenuation coefficient
value of 0.049 cm ' compared with a soft tissue value of 0.153
cm"1. Crossing of the lung boundary is most likely responsible

for the qualitative and quantitative difference in the error
curves.

The effect of y-axis translation of the phantom is displayed in
Figure 4C and D. Such a motion could be caused by vertical
movement of the bed. An upward shift between scans would
correspond to a positive y-axis shift. For a positive shift of the
emission data, there was a marked decrease in activity in the
septal and inferior walls of the myocardium (Fig. 4C). The
activity in the lateral wall changed very little. For a negative
shift, the effects on the different segments of the heart were
reversed, with marked decreases in activity in the anterior and
lateral segments and a 5% increase in the septal area (Fig. 4D).

The results from z-axis motion are shown in Figures 5A and
B. This type of motion would correspond to the patient sliding
in or out of the gantry. It could also be caused by cardiac creep,
a phenomenon that can occur after cessation of vigorous
exercise (24). In this study, the thorax phantom was oriented in
the gantry head first. A positive shift would have the patient
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FIGURE 3. A 10-pixel-wide profilefor the
phantom of the attenuation-corrected

and uncorrected Mercator plots (A). Plot
of the normalized error for the case in
which no attenuation correction was per
formed on the phantom SPECT image
(B).

moving away from the gantry. The maximum errors were
associated with negative shifts. The differences between the two
directions were not as pronounced as those with the x-axis or
y-axis because of the largely parallel motion of the heart
relative to the lung boundary. The largest error occurred
between the inferior and lateral sections with a 2-cm shift
generating a 16% decrease in activity. The large errors also
extend into the anterior segment (Fig. 5B). A negative shift
would move the heart up in the chest. In the phantom, the lungs
are larger toward the top. Thus, a negative shift would move the
heart closer to the lung boundary. The errors associated with a
positive shift, although smaller, were still significant (Fig. 5A).

Figure 5C and D, illustrate the effect of rotations. A positive
rotation of the emission data with respect to the attenuation map
would correspond to a counterclockwise rotation of the patient.
For both positive and negative rotations, the errors were small

compared to translational errors. Clockwise rotations caused a
decrease in the anterior and lateral segments and a small
increase in the septum-posterior segments. For counterclock

wise rotations, there was a fairly small decrease in the septal
region of the heart. The relatively small changes in activity
caused by rotations can most likely be explained by the way the
Chang algorithm calculates a correction factor for each pixel
(Eq. 1). An average of inverse attenuation factors measured
from the pixel to the detector at many angles was used to
compute the correction factor. For an object near the center of
the thorax, such as the heart, rotating the image by a small angle
would probably not have a major effect on this average.
Rotations that do not occur on the axis of rotation will likely
increase the error observed here. As the rotations take place
farther away from the axis of rotation for the gantry, the cardiac
region starts experiencing both x and y translations with respect
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wise rotation (C) and clockwise rotation
(D).

to the attenuation map. Thus, the overall image will have errors
both from rotation but also from translation.

For all three experiments, the shapes of the error curves
associated with each type of motion were very similar. Figure 6
shows the errors associated with each experiment for a +2.85
cm movement in the x direction. However, the magnitude of the
errors varies. Table 1 compares the maximum normalized error
between the three phantom experiments for the four types of
misalignment. Experiment 1 contained a gap of approximately
2 cm between the heart and the lung, whereas in Experiment 2,
the heart was pressed against the lung along most of its length.
In Experiment 3, only an area near the apex of the heart was
touching the lung. The values in Table 1 reflect the percentage
errors that occurred when the heart moved over the lung
boundary. This error can be as great as when no attenuation
correction is performed.

Patient
For the human data, the results correspond to the phantom

experiments very well. Figure 7A displays the values in the
10-pixel strip for the attenuation-corrected and unconnected
images. Figure 7B shows the error between the attenuation-
corrected and unconnected images. Comparison to Figure 3B

reveals a similar shape in the error plot, with most of the error
falling in the inferior region.

Figure 8A and B, displays the errors for translation along the
x-axis. It can be noted that the graphs in Figure 8A and B, were
qualitatively the same as those in Figure 4A and B. The main
difference was the magnitude of the errors, which was for the
average of all phantoms. For these data, the errors were very
similar to the phantom of Experiment 2 (heart along the lung
wall), and the similarity was confirmed by comparing the
human patient results in Figure 8A to the errors given for
Experiment 2 in Figure 6. Due to her small size, this patient's

heart was in close proximity to the lung boundary, which is
similar to Experiment 2.

After the image of the human patient was compared to the
phantom images along with the results from above, it was clear
that the human heart is in close proximity to the lung boundary.
This geometry is similar to the scenario of Experiment 2.

The errors generated for movement along the y-axis are
displayed in Figure 8C and D. These errors also agree qualita
tively with the errors from the phantom studies (Fig. 4C and D).
The errors are greater by approximately 5%-10%.

Figure 9A and B, highlight the errors for movement along the
z-axis. Figure 9A shows qualitative error similar to that of the
phantom (Fig. 5A); however, movement for the human patient
created larger errors. Parts of the error curves in Figure 9B were
similar to those of Figure 5B, but the anterior section of the
heart in the patient had large errors as it was moved. These
errors were probably due to axial differences of structures
within the thorax, when compared to the phantom.

The effects of rotation are illustrated in Figure 9C and D. The
error curves for the rotation were, once again, qualitatively
similar to those of Figure 5C and D. The only significant
difference was the magnitude of error.

+2.85 cm Shift of Thorax
10-,

0 40 80 120 160
ANT SEP INF LAT

FIGURE 6. Errors associated with
each phantom experiment with a
positive 2.85-cm x-axis shift.
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TABLE 1
Maximum Normalized Percentage Error (%) for the Three Phantom Experiments and the Human Experiment

+x-axis

Translation (2.9 cm)

-x-axis +y-axis -y-axis +2-3XIS -z-axis

CCW = counterclockwise; CW = clockwise; PE = phantom experiment; HE = human experiment.

Rotation (12Â°)

CCW CW

PE1PE2PE3HE-19.5-45.3-30.0-37.2-8.6-11.9-12.5-20.6-18.3-27.2-23.5-18.7-18.9-40.5-21.1-36.3-10.2-22.6-20.7-31.1-14.3-23.6-19.7-29.010.9-10.3-9.9-11.6-15.3-24.8-13.5-31.1

DISCUSSION
It is clear from the results that misregistration between the

transmission and emission scans can cause significant artifacts
when filtered backprojection is used in conjunction with the
nonuniform iterative Chang method. This sensitivity to motion
can be explained by considering the correction term in Equation
I when computing C(ij). C(ij) has a large magnitude in the
area of the heart, but it decreases rapidly as the lungs are
approached. For even small offsets, the values of C(iJ) will
change by a large amount. In fact, the nonuniformity introduced
in the image by movement under 3 cm can exceed the
nonuniformity in the image reconstructed without any attenua
tion correction, as illustrated in the patient error curves. At
present, filtered backprojection is used on the vast majority of
commercial systems available in the world. Registration errors
of 2 cm can cause nonuniformity artifacts that might be
mistaken as an area of reduced myocardial perfusion. It appears
that translation along the x-axis, y-axis or z-axis creates the

greatest problems. Each type of motion considered appears to
cause a nonuniform but characteristic change in the profile
activity that increases monotonically with the magnitude of the
misalignment. Because the artifacts manifest themselves in
different segments of the heart, depending on the type of
motion, it is difficult to identify the reduced activity as a
characteristic artifact. Not surprisingly, as is the case with PET,
the sharp boundaries that exist in the thorax seem to have a
major influence on the magnitude of the errors. Although some
movement may occur between scans, the acceptable error will
be limited by the proximity of the heart and lung boundary.

For the sequential scan method to become practical in a
clinical setting, where the time per patient is limited, efficient
procedures must be developed to ensure image registration and
also to detect the presence of movement errors. Most work on
registration has been directed toward brain scans (//), in which
the skull provides a well defined rigid boundary. For the thorax,

the boundary is, unfortunately, not rigid and, in fact, is
constantly in motion due to respiration. However, a study of
transmission/emission registration in thoracic PET found that,
by careful application of laser alignment on the patient, x and y
translation errors between scans could be limited to an average
of 2.4 mm and 1.8 mm, respectively while rotation errors
averaged 1.6Â°(14). Errors of this magnitude are less than the
3.56-mm pixel size used in this study and would certainly be
acceptable. It is also hoped that the fast sequential acquisition
method proposed previously (3) will reduce the frequency of
patient motion by starting the emission scan soon after the fast
transmission scan. The longer the patient has to wait between
scans, the greater the chance for patient movement.

Another issue is the acquisition of transmission maps for
patients without truncation becoming a factor. We are currently
developing an offset fanbeam method that will largely eliminate
the problem of transmission scan truncation (25,26).

Regarding detection of registration errors between the scans,
one possible method involves using an external fiduciary band
to provide a well-defined edge to the thorax (Â¡0).This infor
mation can then be compared with the transmission image to
make sure the edges are registered. A second possible method
is to determine the thorax boundary using Compton scatter data
(27). Another possibility would be to perform two transmission
scans, one before the emission scan and one after the emission
scan. The edges in the two transmission scans could be
compared to infer that patient movement during the study was
unlikely.

CONCLUSION
The results indicate that registration errors of 2-3 cm between

the transmission and emission scans can cause significant artifacts
in the reconstructed images. These artifacts occur when using
filtered backprojection in conjunction with the nonuniform itera
tive Chang method. Registration errors can cause nonuniformity

FIGURE 7. A 10-pixel-wide profile for the
human study of the attenuation-cor

rected and uncorrected Mercator plots
(A). Plot of the normalized error for the
case in which no attenuation correction
was performed on the phantom SPECT
image (B).

1200
Profile Intensity

B No Attenuation
Compensation

0 40 80
ANT SEP INF LAT

120 160
ANT SEP INF LAT

REGISTRATIONERRORSIN SEQUENTIALSCANNINGâ€¢Stone et al. 371



A1
n0-2-10

lÃ¬]-30-A

niC1

n0-

2-10-C
LU^o

- Â¿U_-

4f)(A1

0-^0-

2-10-UJ-30-4

Ciâ€”t0

C1(K0-2-10-

Ul-30--4040+x

Translation.\Â».

. '\N

'f
"'*D

40 80 1201(ANT

SEP INFLAT+y

Translation'â€¢IS

"*'1

.42cm.14
cm.85

CITI)

40 80 120KANT

SEP INFLAT+z

Translation.

i\ cm > "1.42 cm '.%â€¢'.14

cm.00
Cm40

80 120 16
ANT SEP INFLATCCW

Rotation*"-.'*

'30-6Â°Io

oÂ¿40

80 120HANT

SEP INF LATB1

n0-

2-10-Ctil

-̂20-o^-30--A

n50
(

D 10-0-

2-10-Cai-

TO-

4fÃ¬-\30

CB1

O0-

2-10-LU-30--

4n-1JO
C

D100-2-10-o

n0? "Z0

-30--

4n~t.0
C-x

Translation-1.42

cm.14
cm)

40 80 1201CANT

SEP INFLAT-y

Translationf*!M1

NN>/"'}

40 80 120 IG

ANT SEP INFLAT-z

Translation*--';

\\.9-0.71
cm

'. . ; --1.42cm.14

cm.85
cm}

40 80 120KANT
SEP INFLATCW

Rotation'f'-'"

^V^y'â€¢>
N/30 %\/Â«xi-6Â°'','.90

râ€¢â€¢-

iÂ¿.1

40 80 120KANT

SEP INF LAT.003050

FIGURE 8. Average normalized error for
the human study with positive x-axis shift
(A), negative x-axis shift (B), positive y-
axis shift (C) and negative y-axis shift (D).

Note: Legend in C also applies to A and
legend in B also applies to D.

FIGURE 9. Average normalized error for
human data with positive z-axis shift (A),
negative z-axis shift (B), counterclock

wise rotation (C) and clockwise rotation
(D).
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artifacts that may be interpreted as an area of reduced myocardial
perfusion. Because these artifacts are direction of motion depen
dent in terms of the different segments of the heart, it is difficult to
diagnose the reduced image count density as reduced perfusion or
characteristic artifact. For the sequential scan method to become
clinically acceptable, efficient procedures must be developed to
ensure proper image registration.
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