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Respiratory motion can induce artifacts in cardiac PET/CT
because of the misregistration of the CT attenuation map and
emission data. Some solutions to the respiratory motion problem
use 4-dimensional CT, but this increases patient radiation expo-
sure. Realignment of 3-dimensional CT and PET images can
remove apparent uptake defects caused by mispositioning of
the PET emission data into the lung regions on the CT scan.
This realignment is typically done as part of regular clinical quality
assurance. We evaluated a method to improve on this standard
approach, without increasing the radiation exposure to the pa-
tient, by acquiring a respiration-gated PET scan and separately
aligning the 3-dimensional CT scan to each phase of the PET
study. Methods: Three hundred ten clinical PET perfusion scans
(82Rb [n 5 187] and 13N-ammonia [n 5 123]) were retrospectively
assessed. Studies were respiration-gated, and motion was
measured between inspiration and expiration phases. Those
studies with motion $ 8 mm were evaluated for significant
differences between inspiration and expiration. Studies with sig-
nificant differences were reprocessed with the phase-alignment
approach. The observed motion with 82Rb and 13N-ammonia for
rest and stress imaging was also compared. Results: Twenty-
three scans (7.41%) had motion $ 8 mm, and 9 of these had
significant differences between inspiration and expiration,
suggesting the presence of respiratory artifacts. Phase-aligned
respiratory motion compensation reduced this difference in 8
of 9 cases (89%). No significant differences were observed
between 82Rb and 13N-ammonia, and motion during stress imag-
ing was correlated with motion at rest (r 5 0.61, P , 0.001). Con-
clusion: Phase-aligned correction improves the consistency
of PET/CT perfusion images by reducing discrepancies caused
by respiratory motion. This new approach to CT-based atten-
uation correction has no additional patient radiation exposure
and may improve the specificity of PET perfusion imaging.
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Accurate attenuation correction (AC) is a major clinical
advantage of PET, compared with SPECT, and has been
well accepted when the attenuation map is formed using
data from radioactive transmission sources. However,
respiratory motion can induce artifacts in cardiac PET/CT
because of misregistration of the CT attenuation map and
emission data. Misregistration has been shown to occur in
up to 40% of clinical cardiac PET/CT studies (1). The most
common artifact is an apparent decrease in uptake in the
anterior or lateral wall due to a mispositioning of the
activity from the heart into the low-attenuating tissues of
the lungs. Many studies have examined the effect of this
misalignment and found that motion of 6–8 mm produces
mild to moderate errors, and motion .8 mm leads to severe
errors that may affect clinical interpretation (1,2). Several
approaches have been suggested to reduce the impact of
this problem including simple realignment of the CT scan
and the PET data (2,3), slow CT scans (4), and methods that
estimate the motion from respiration-gated PET emission
data and use these motion fields to transform a static CT
scan and align it with the PET data (5,6). Other approaches
to the respiratory motion problem use a 4-dimensional CT
scan (4D-CT)—that is, an acquisition of multiple CT
volumes over the respiratory cycle. These latter techniques
include the use of maximum-intensity CT images (7),
respiration-averaged CT (1,7–9), complete phase-matched
4-dimensional AC (9–11), and 4-dimensional reconstruc-
tion with motion estimates based on the 4D-CT data (12). A
drawback of the 4D-CT scan is the increase in patient dose
over that from a standard helical 3-dimensional (3D) CT
scan. The effective dose for a 4D-CT cardiac scan is
estimated at 1.4 mSv (1,13), whereas that for a cardiac
attenuation-map helical CT scan is typically about 0.5 mSv
and can be as low as 0.15 mSv (4). Obtaining a 4D-CT scan
at both rest and stress for cardiac perfusion imaging would
result in an increase in effective dose of $ 2 mSv. Because
the dose for the emission component of an 13N-ammonia
(NH3) rest–stress perfusion study is approximately 2.2 mSv
(14), the dose from the CT portion of the study represents
a significant fraction of the total effective dose. Minimizing
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total radiation dose is becoming more important with
increasing availability of competing technologies and
greater public concern over the potential long-term adverse
effects of the cumulative radiation dose from multiple
imaging studies.

Khurshid et al. (3) showed that realignment of the heart
in the CT and PET images can remove apparent uptake
defects caused by mispositioning of the PET emission data
into the lung regions on the CT scan. In their study of 50
patients with visually apparent hypoperfusion of the
myocardium (3), Khurshid et al. eliminated the defect in
44% of the cases. This technique compensates for the
change in the mean position of the heart in the CT and PET
datasets but does not accurately correct that portion of the
PET data for which respiratory motion takes the heart away
from the mean position. An improvement to this technique
may, therefore, be achieved by acquiring a respiration-gated
PET scan and separately aligning the CT image to the PET
image at each phase of the breathing cycle. The objective of
this study was to determine the extent to which manual
alignment of a single-phase CT scan with each phase of
a respiration-gated PET emission scan will reduce the
artifacts caused by respiratory motion in clinical cardiac
82Rb and NH3 PET/CT studies. A secondary objective was
to compare the motion seen in 82Rb and NH3 studies during
rest and stress imaging.

MATERIALS AND METHODS

Image Acquisition
Images were retrospectively examined from 310 scans drawn

from the studies of 190 patients. The dataset consisted of 82Rb
cardiac PET scans (n 5 187; 103 rest and 84 stress) obtained from
113 patients between December 2007 and March 2008 and 123
NH3 scans (53 stress and 70 rest) acquired from 77 patients
between December 2007 and November 2008. These studies
represented all of the scans for which a respiration-gating signal
was successfully obtained during the indicated periods, and the
resulting images were of sufficient quality to permit measurement
of motion. Respiration-gated data were not available in some
patients, for several reasons. Operator error led to the loss of

a large percentage of potential datasets. Of those cases for which it
was noted that respiration-gating was not possible, the causes
included loss of visualization of the reflector block because of
patient size or voluntary motion (;7% of patients) or the use of
a warming blanket (;6% of patients). A respiratory signal was
acquired but resulted in poor gated image quality because of low
total counts in 3% of NH3 scans and 6% of 82Rb scans (total, 17
scans). In addition, unsuccessful gating due to shallow or erratic
breathing leading to the loss of a large fraction of the acquired
counts and resulting poor image quality occurred in an additional
twelve 82Rb scans (6%). The demographics of the patients
included in the study are described in Table 1.

All studies were performed according to standard clinical
imaging protocols in accordance with the American Society of
Nuclear Cardiology guidelines (15). The average injected doses
were 16.9 6 4.7 MBq/kg for 82Rb and 5.4 6 1.1 MBq/kg for NH3.
Acquisition was started immediately after tracer injection, and the
study lasted 10 min for 82Rb and 20 min for NH3. Data were
acquired in 2 dimensions with list mode on a Discovery Rx PET/
CT scanner (GE Healthcare) equipped with a 64-slice CT scanner.
For this study, PET data starting from 2.5 min after injection
(82Rb) or 5 min after injection (NH3) were reprocessed and binned
into 8 respiratory phases using an acceptance window of 15
breaths per minute 6 50%. The respiratory trigger was obtained
using a Real-Time Patient Management device (Varian Medical
Systems), which optically tracks the transaxial motion of the chest
using external markers. For AC, a single fast CT acquisition (1.5 s)
was obtained at mid- to end-expiration immediately before (rest
studies) or after (stress studies) the PET acquisition. Patients were
instructed to maintain normal shallow breathing throughout the
PET and CT acquisitions.

All studies were reconstructed using filtered backprojection,
followed by postfiltering with a 14-mm (NH3) or 16-mm (82Rb)
2-dimensional Hann filter as per our clinical imaging protocol.
The CT image used for AC was aligned with a static (ungated)
PET image using vendor-supplied quality-assurance software that
allows manual rigid-body registration. The respiration-gated
images were then exported offline and processed using custom
in-house software.

Respiratory-Phase Image Registration
Each phase of the respiration-gated PET image set was

registered to the first phase (typically near end-expiration).

TABLE 1. Patient Demographics

Demographic NH3* 82Rby Combined

No. of patients 77 113 190

Age (y) 63 6 * 9 62 6 12 62 6 11
No. men 56 (73%) 71 (63%) 127 (67%)

Mean body mass index 6 SD 30.4 6 6.3 29.8 6 6.8 30.0 6 6.6

Smoking (%) 61 68 65

Family history (%) 47 52 50
DM (%) 28 25 26

HTx (%) 63 73 69

HLipid (%) 67 69 68

*Risk factors were unavailable for 1 NH3 patient, percentages based on n 5 76.
yRisk factors were unavailable for three 82Rb patients, percentages based on n 5 110.
DM = diabetes mellitus; HTx = hypertension; HLipid = hyperlipidemia.
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Registration was achieved by translating the images in the 3
Cartesian directions, using trilinear interpolation, and minimizing
the pixelwise mean squared difference between the phase images
in the region of the heart. The region of the heart was a rectangu-
lar volume enclosing the heart from the static PET image,
ensuring that the heart would not move out of the volume during
respiration. The default volume was adjusted to exclude strong
extracardiac sources such as the stomach and liver. A 3D grid-
search technique was used, with a search radius of 15 mm to
optimize the registration. The maximum motion in each direction
and the maximum displacement between any 2 respiratory phases
were determined from the registration transformations. The
displacement corresponds to the magnitude of the motion vector
defined by the motion in the 3 Cartesian directions. Motion for
82Rb and NH3 studies was compared, as was the motion in rest and
stress scans. The accuracy of the registration was assessed by
manually shifting the first respiratory-phase image of each study
by a fixed amount—4 mm in the x and y directions and 8 mm in
the z (axial) direction—and repeating the registration with the
original image. Repeatability was assessed by repeating the
registration using the second respiratory phase as the reference
phase instead of the first. The mean and SD of the differences in
maximum motion were measured.

The No-Motion Database
To evaluate the variation in the distribution of activity over the

respiratory cycle, the 2 gates of the study nearest end-inspiration
(25% of the data) were summed, as were the 2 gates nearest
end-expiration, creating inspiration and expiration images. The
images were summed to reduce the noise levels in the gated 82Rb
images and to increase the proportion of the image data being
evaluated as the contribution of any differences found would be
diluted when summed into the static PET image. Compressing the
number of bins from 8 to 4 is also more consistent with the
optimal number of 5–6 bins reported by others (16,17). The NH3

images were similarly processed for consistency. Other factors
such as noise in the images and the changing shape of the heart
with respiration (18) might also influence the apparent activity
distribution at each phase. Therefore, a database was created to
estimate this variability using images with displacement , 6 mm
during the respiratory cycle. A cutoff of 6 mm was chosen because
others have suggested that movement , 6 mm does not cause
clinically significant errors, and it has been used to distinguish
mild from moderate and severe motion (1,2). To create the
no-motion database, the difference between the inspiration and
expiration images was analyzed with 4DM software (INVIA
Medical Imaging Solutions) using polar maps divided according
to the standard 17-segment heart model. Polar maps were nor-
malized to the maximum value and average segment scores
expressed as a percentage of the maximum. SDs for the difference
between inspiration and expiration were estimated for each of the
17 segments. Separate databases were created for each tracer.

Phase-Aligned Correction of Images with
Displacement $ 8 mm

Those studies with respiratory displacement $ 8 mm were then
selected for further evaluation and potential reprocessing using the
proposed phase-alignment method. These studies represent those
most likely to contain residual respiratory artifacts after alignment
of the CT image to the mean (ungated) PET position. In addition,
the studies with the largest motion are those most likely to contain

morphologic changes in the distribution of tissues. Variation in the
relative position of the liver with respect to the heart is known to
cause artifacts in the PET image (1,19), and this source of error
would not be corrected by the phase-alignment approach. Assess-
ment of the phase-alignment correction technique on the subset of
cases with largest displacement thus represents a lower limit in
performance, and application of the method to images with less
motion is expected to result in equal or improved results.

The images with displacement $ 8 mm were compared with
the no-motion database to determine which of these showed
significant variation in the apparent activity during respiration.
The difference between inspiration and expiration was considered
significant if the difference in a single segment was greater than
3.0 SDs away from the database mean value for that segment or if
the differences in any 2 adjacent segments were both greater than
2.2 SDs away from the database mean value for that segment.
These criteria give an a-value of less than 0.05, using a Sidák
correction for multiple comparisons.

Scans with significant differences between inspiration and
expiration were then reprocessed using phase-aligned CT AC.
The CT scan was manually aligned with the PET phase corre-
sponding to end-inspiration, a new gated PET image was
reconstructed, and the end-inspiration PET phase was extracted
(Supplemental Fig. 1). Similarly, the CT scan was aligned with the
end-expiration phase to create a CT expiration PET image, and the
expiration phase extracted. With this approach, a phase-aligned
PET image set was created. The images from the phase-aligned
reconstructions were compared with the original reconstructions
(with CT images aligned to the ungated PET image) to determine
the extent to which errors associated with respiration could be
resolved by manual alignment of the CT scan.

As the degree of motion decreases, the contribution of re-
spiratory motion to any differences seen between inspiration and
expiration may also diminish. Therefore, it is also of interest to
evaluate how the phase-alignment approach performs on those
cases with a lesser degree of motion. With this in mind, we briefly
evaluated the effect of lowering our cutoff from 8 to 7 mm and
considered those cases with a measured displacement between
7 and 8 mm.

RESULTS

Evaluation of Motion

A summary of the measured motion in the scans is given
in Table 2. Shown are the 3 Cartesian directions and the
maximum displacement between any 2 respiratory phases
of a scan. The maximum displacements are displayed
separately for rest and stress for each tracer in Figure 1.
For both 82Rb and NH3, the greatest amount of motion was
in the axial (cranial–caudal) direction, as is expected with
respiratory motion. Only 2 scans, both stress 82Rb, had a
transaxial motion . 6 mm. In the axial direction, thirty-five
82Rb scans (19%) and 29 NH3 scans (24%) had motion .

6 mm, and twelve 82Rb scans (6%) and 4 NH3 scans (3%)
had motion $ 8 mm. Fifty-four 82Rb studies (29%) and 42
NH3 scans (34%) had displacement . 6 mm, and fourteen
82Rb studies (7.5%) and 9 NH3 scans (7.3%) had displace-
ment $ 8 mm.

Realigning the first phase of each scan after a known
shift of 4 mm in both transaxial directions and 8 mm in the
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axial direction produced a mean error in the transaxial
(x and y) and axial (z) directions of 0.14, 0.12, and 20.03 mm,
respectively, with an SD of 0.04, 0.03, and 0.02 mm,
respectively, for 82Rb. For NH3, the results were a mean
error of 0.16, 0.12, and 20.02 mm, respectively, with an
SD of 0.06, 0.04, and 0.02 mm, respectively. Repeating the
registration using the second phase as the reference instead
of the first produced differences for 82Rb, with a mean
of 20.02, 20.09, and 20.13 mm, respectively, and an SD
of 0.76, 0.66, and 0.84 mm, respectively. For NH3, the
differences in the registrations had a mean of 20.08, 20.07,
and 20.01 mm, respectively, and an SD of 0.66, 0.43, and
0.50 mm. Registration of an 8-phase study required 80 s on
a 2.7-GHz Intel Xeon single-core processor.

Motion at Rest, Compared with During Stress

Considering the subset of 74 paired 82Rb rest–stress
scans (total, 148 scans), the axial motion during stress
imaging was not significantly greater than that at rest
(mean, 4.6 vs. 4.3 mm; P 5 0.08; paired t test). However,

of those paired scans with axial motion $ 8 mm, 3 were at
rest and 7 were at stress. If we consider displacement, then
4 resting studies had displacement $ 8 mm, versus 7 at
stress. With the 46 paired NH3 rest–stress scans (92 scans),
stress imaging likewise did not produce significantly
greater axial motion than rest imaging (5.1 vs. 4.7 mm;
P 5 0.2; paired t test) and there was a similar percentage of
studies with significant motion. Of those scans with axial
motion $ 8 mm, 2 were at rest and 2 were at stress. Of the
scans with displacement $ 8 mm, 2 were at rest and 4 were
at stress.

Comparing axial motion for NH3 with the 82Rb data, the
average magnitude was not significantly different at rest
(P 5 0.14) or stress (P 5 0.19), nor were the variances at
rest (P 5 0.37) or stress (P 5 0.25); also, the correlation
between rest and stress was not significantly different (P 5

0.11). Therefore, we also evaluated the combination of all
82Rb and NH3 rest and stress studies. For the combined
data, the stress motion averaged 4.8 6 2.1 mm and was
significantly different (P 5 0.03) from the rest motion
(4.5 6 1.7 mm) (Fig. 1). Stress axial motion was correlated
with rest with a Pearson correlation of r 5 0.61 (P , 0.001)
(Fig. 2).

Given the relationship between axial motion at rest and
stress, we then also examined whether rest motion could
be used to predict stress motion . 6 mm. A receiver-
operating-characteristic analysis on the combined rest–
stress data produced an area under the curve of 0.85, with
a maximum accuracy of 85% (sensitivity, 77%; specificity,
86%) with a rest motion of 5.5 mm (Fig. 3). A negative
predictive value of 96% was obtained at a cutoff of 4.0 mm
of resting motion (45% of studies had resting axial motion #

4 mm). The positive predictive value was 80% at 7.0 mm
and 100% at 7.4 mm.

Evaluation of Significant Respiratory Errors and
Phase-Aligned Correction of Images with
Motion $ 8 mm

The no-motion-difference polar maps had a mean bias
(6SD) in the 17 segments of –0.14% 6 1.43% for 82Rb
and 20.84% 6 1.45% for NH3. The segmental SD was

FIGURE 1. Displacement between inspiration and
expiration of heart images acquired at rest and at stress
using NH3 and 82Rb. Mean and SD for each distribution is
shown with horizontal bars.

TABLE 2. Measured Patient Motion

Radiotracer Left–right (mm) Anterior–posterior (mm) Cranial–caudal (mm) Displacement (mm)

NH3 Mean 2.5 1.7 4.9 5.4
SD 0.9 0.8 1.8 1.7

Maximum 5.7 4.1 11.0 11.4

Minimum 0.8 0.6 2.0 2.2
.6 mm 0 0 29 42

$8 mm 0 0 4 9
82Rb Mean 2.9 2.3 4.4 5.4

SD 1.0 0.9 2.0 2.0
Maximum 8.5 7.1 14.3 15.1

Minimum 1.1 0.8 1.3 2.1

.6 mm 2 1 35 54

$8 mm 1 0 12 14
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4.2% 6 0.5% for NH3 and 5.6% 6 0.5% for 82Rb. Our
criteria of significant difference thus correspond to a differ-
ence in tracer uptake of 13% and 17% (3 SDs) in a single
segment or 9.2% and 12% (2.2 SDs) in 2 adjacent segments
for NH3 and 82Rb, respectively. Of the 23 images for which
the displacement was measured as $ 8 mm, 9 images
showed significant differences between inspiration and
expiration. These 9 images had displacements ranging from
8.0 to 14.6 mm. Application of phase-aligned CT AC
reduced the number of segments with differences $ 2.2
SDs in 8 of these cases. Phase alignment removed all
significant differences in 4 cases. In 1 case, there was no
change in the number of significantly different segments.
The number of significantly different segments for the 9
scans before and after phase-aligned correction is given in
Table 3.

Decreasing our cutoff for consideration from 8 to 7 mm
resulted in an additional 40 cases, of which 6 had significant

differences between inspiration and expiration. Phase-aligned
correction removed these differences in 2 cases, decreased the
differences in 3 cases, and afforded no improvement in 1 case.
These scans are also included at the bottom of Table 3.

The image in Figure 4 demonstrates phase-alignment
resolution of all significant differences between inspiration
and expiration (scan 2 from Table 3). Summation of the
respiratory phases after phase-aligned CT correction pro-
duces an image that, compared with the original static PET
image, has segmental differences of up to 5% (Fig. 5).

DISCUSSION

In this study, 41% of images acquired at rest and stress
using NH3 and 82Rb had respiratory motion . 6 mm, and
7.5% had motion $ 8 mm; respiratory motion at stress was
significantly correlated with motion measured at rest; and
39% of those studies with motion $ 8 mm had significant
differences in apparent tracer uptake between inspiration
and expiration and 89% of these differences were reduced
with phase-aligned CT AC.

Motion Artifacts and Phase-Aligned Correction

By obtaining a respiration-gated PET reconstruction, it is
possible to assess the images for the presence of respira-
tion-induced artifacts by comparing the images acquired
near inspiration with those acquired near expiration. In
those cases for which significant differences exist, the PET
images could be reprocessed with a phase-aligned CT
correction. Applying the phase-aligned correction would
entail additional quality-assurance steps to align the CT
scan separately to each phase but would be required only in
the small percentage of cases that showed evidence of
respiration-induced changes. The resultant respiration-
gated PET image set could then be summed to provide an
image equivalent to the static image currently used in
clinical evaluation. Alternatively, the gated images could be
registered and aligned to correct for motion before sum-
mation, reducing motion blurring and potentially further
improving the final image quality, as has been suggested by
others (20,21).

The average respiratory motion in this study was 4.6 mm
axially and less than 3 mm transaxially. The magnitude of
motion was less than has been reported in some studies
(22,23), though consistent with the values reported in others
(17). This may simply be due to the measurement tech-
nique. Because measurement was taken from the gated PET
study, the use of 8 respiratory gates limits the temporal
resolution, and rapid motion—for example, at the start of
inspiration—may not be adequately captured. The apparent
motion would consequently be reduced. In addition, the
respiratory gating was phase-based. Other groups have
suggested that amplitude-based respiratory gating may
more accurately represent the true extent of the motion
(17). Dawood et al. (17) showed a 2-fold reduction in
respiratory amplitude with phase-based gating, compared
with amplitude-based gating. Unfortunately, many of the

FIGURE 2. Correlation between all paired rest–stress
studies—both NH3 and 82Rb (r 5 0.61, P , 0.001).

FIGURE 3. Positive predictive value (PPV), negative
predictive value (NPV), and accuracy (ACC) of resting axial
motion for predicting axial motion of . 6 mm at stress.
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clinical systems currently available do not provide for
amplitude-based gating, including the Discovery Rx system
used in this study. Amplitude-based gating might lead to
a segmentation of the PET scan that is more consistent with
a well-defined fixed CT position and thus might further
improve the accuracy of this approach.

Only 1 of the 9 cases that had evidence of respiration-
related artifacts showed no improvement with the phase-
alignment approach. This is likely due to morphologic
changes in the CT image between inspiration and expira-
tion as described by Gould et al. (1). McQuaid and Hutton
also showed that, although misregistration of the heart
produced the largest errors in PET images (84%), mis-
alignment of the liver and lungs could also produce errors

(59% and 28%, respectively) (19). These changes in the
relative location of the liver and lungs with respect to the
heart during respiration prevent rigid-body registration
from providing an accurate alignment of the expiration CT
map to all of the other phases. If a 4D-CT–based AC
removed the differences seen in this 1 case, it would
confirm morphologic changes as the source of the artifact,
but 4D-CT was not available for this retrospective study. A
possible alternative solution is to use nonrigid registration
of the CT image to the different respiratory phases guided
by the gated PET images, such as has been proposed by
others (5,12,24). Nonrigid registration would address this
limitation of the phase-alignment technique, without the
increase in patient radiation dose and image acquisition

TABLE 3. Number of Segments That Are Significantly Different Between Inspiration and Expiration Before and After
Phase-Aligned CT Correction

Scan

Maximum
displacement

measured (mm)

Segments with. . .

CT aligned to

static PET

CT phase-aligned

to gated PET

$3 SDs $2.2 SDs $3 SDs $2.2 SDs

1, NH3 rest 8.0 0 6 0 3

2, NH3 rest 8.7 3 4 0 0
3, NH3 stress 11.4 4 5 0 3

4, NH3 stress 8.6 0 3 1 3

5, 82Rb rest 8.0 1 4 0 0

6, 82Rb stress 14.6 0 2 0 0
7, 82Rb stress 13.5 1 3 0 2

8, 82Rb stress 9.4 1 10 1 4

9, 82Rb stress 8.3 1 5 0 1

10, NH3 rest 7.7 4 7 0 2
11, NH3 rest 7.4 2 3 1 2

12, NH3 rest 7.7 0 4 0 4

13, NH3 stress 7.6 1 2 1 1
14, 82Rb stress 7.4 0 2 0 0

15, 82Rb stress 7.5 1 5 0 1

Reduction is significant for both $3-SD segments (1-tailed paired t test, P , 0.05) and $2.2-SD segments (1-tailed paired t test,

P , 0.01).

FIGURE 4. Image demonstrating that
phase alignment removes differences
between inspiration (insp) and expiration
(exp). Case shown is for NH3 study with
displacement of 8.7 mm; all images
acquired at rest. Top set of images is
corrected with static CT image that was
aligned to ungated PET images. Bottom
images are those corresponding to
a phase-aligned correction. Short-axis
slices are shown on left (column A), with
corresponding polar map representations
(column B). Column C shows polar map
comparison to no-motion database in
which values correspond to number of
SDs of difference (insp–exp). Change in
agreement of anterior wall is indicated by
arrows. Phase-aligned images show no
significant differences.
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complexity that is associated with 4D-CT acquisitions
and should further reduce the differences caused by
respiratory motion. Another potential solution is to use
the no-motion-difference database to identify those phases
of the image that are inconsistent with the end-expiration
phase. A simple removal of the inconsistent phases from
the summed image would then provide a corrected image.
The statistical noise in the image would increase with
this approach, but the image quality may still be sufficient
in many cases, particularly with NH3, for which the
counts acquired in the image are much higher than with
82Rb.

In this study, we found that the prevalence of respiratory
motion $ 8 mm was 7.5%. Of these cases, 39% (or 3% of the
total number of cases) had significant differences between
inspiration and expiration, indicating respiration-induced
errors in the images. Although these errors may seem low,
compared with other studies (1,2,25), these are the errors
present after alignment of the CT scan with the mean
(ungated) PET image and so reflect only the errors introduced
by the movement of the heart with breathing about its average
location. The clinical significance of these errors has not been
evaluated. Summation of the respiratory phases would dilute
the impact of the differences between inspiration and
expiration. In this study, the inspiration and expiration
images each contained 25% of the total data. A significant
(3 SDs) difference corresponds to a segmental difference of
approximately 15% or more but only for a quarter of the data
in a summed image. The 50% of the data from mid cycle
would also potentially contain differences from expiration,
and these would be less than that for inspiration. Thus, the
difference between an ungated PET image and the summa-
tion of the respiratory phases of the gated PET study with
phase-aligned correction could be expected to be on the order
of 5%. An example summed image, corresponding to the case
shown in Figure 4, is given in Figure 5, along with the
difference polar map—which shows segmental errors up to
5.2%. This difference is of a magnitude similar to the
variability found by others for cardiac PET flow imaging
(26,27). This level of error, though small, still has the po-
tential to degrade the accuracy of PET, considered the gold
standard for perfusion imaging, and may alter the severity or
extent of disease. Further evaluation of the clinical signifi-
cance of these errors is required.

Evaluation of the cases with motion . 6 mm identified
another 18 cases with significant error. Inclusion of these
cases would raise the prevalence to 9% of the total cases.
However, the focus of this study is on those cases with
motion $ 8 mm, because the cases with the most motion
are those most likely to have errors of clinical relevance.

Additionally, we observe no statistical difference be-
tween NH3 and 82Rb imaging with respect to the magnitude
of respiratory motion and the prevalence of motion arti-
facts. The prevalence of respiratory motion artifacts in
cases with motion $ 8 mm was the same for both tracers: 5
of 14 for 82Rb and 4 of 9 for NH3. Of the studies with
motion . 6 mm, 6 of forty 82Rb and 12 of 33 NH3 studies
had significant differences between inspiration and expira-
tion when compared with the corresponding no-motion
database. This apparent difference in prevalence is likely
caused by the greater variability in the 82Rb database (an
average of 5.6% vs. 4.2% for NH3), which is in turn due to
the increased noise of the 82Rb images.

Resting Versus Stressed Motion

We see a small, statistically significant difference be-
tween the axial motion measured at rest and stress imaging.
This difference is, on average, only 0.3 mm and would not
likely be clinically relevant. However, if we consider just
those studies with the largest amounts of motion, there are
approximately twice as many stress studies as there are rest.
For axial motion $ 8 mm, the ratio of stress to rest studies
is 9:5, and for displacement $ 8 mm, the ratio is 11:6,
suggesting that respiratory motion may be a slightly larger
problem for stress cardiac imaging than it is for rest. If
correct, a possible cause may be an increase in motion in
response to the pharmacologic stress and the fact that
acquisition of the PET data is immediately after stress.
Because the number of patients in this subgroup is small,
further study would be needed to confirm this effect.

There is a correlation between motion at rest and stress
(r 5 0.6). This correlation might be used to help guide the
use of respiratory compensation for the second set of
(stress) images. The negative predictive value of # 4 mm
of resting motion for stress motion . 6 mm is 96%. Thus,
a rest acquisition showing little motion implies that it is not
necessary to apply additional respiratory compensation
algorithms at stress, beyond that of registering the CT to

FIGURE 5. Example of difference in
ungated PET image (top), compared
with sum of respiratory phases for
phase-aligned correction (bottom).
Short-axis slices are shown in column
A, with corresponding polar maps in
column B. The 2 polar maps (C) show
up to 5% segmental difference.
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the static (ungated) PET images. In 45% of the paired
studies, the resting motion was # 4 mm, and so this
approach has the potential to greatly reduce the workload
on staff for implementing respiratory-motion correction.
Even if a 4D-CT technique is being used, avoiding the use
of 4D-CT for the stress portion of the study would reduce
the dose associated with CT by 33% (;1 mSv).

Study Limitations

CT and PET data were aligned manually for this study,
and the registration was qualitatively assessed. Other
groups have been investigating automated means of regis-
tering the CT attenuation map (3), but such software was
not available to us on our scanner. These techniques should
decrease the time required to perform the alignment,
decrease inter- and intraoperator variability, reduce the
likelihood of operator error, and potentially provide a more
accurate means of aligning the images. Even with auto-
mated algorithms, though, a potential error remains. Reg-
istering images by matching those that may contain
differences because of respiratory motion, as was done in
this study, may degrade the accuracy of the registration,
particularly for the studies with large amounts of motion,
because these images will contain the greatest differences.
Further refinement of the registration could be achieved by
repeating the registration procedure on the phase-aligned
reconstructed PET images.

Gated images were reconstructed using filtered back-
projection to stay in accordance with our current clinical
practice. Several scans were excluded from this study
because of low total counts resulting in poor image quality.
Iterative reconstruction—in particular, techniques that use
a 4D approach to reconstruction (5,12,28,29)—might pro-
vide a better means of reconstruction in these cases. Iterative
reconstruction comes, however, at the cost of increased
processing time and so would need to be balanced against
the processor speed available and clinical workloads.

CONCLUSION

After registration of end-expiration CT images to static
(ungated) PET perfusion images, 39% of those scans with
respiratory motion $ 8 mm, representing 3% of the
total scans, still showed residual artifacts. Manual phase-
by-phase alignment of an end-expiration 3D CT scan with
a respiration-gated PET image reduced respiration-related
differences between inspiration and expiration in 89% of
these cases. Phase-aligned CT AC has no additional patient
radiation exposure and may improve the specificity of PET
perfusion imaging.
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