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Abstract

Purpose: This study was undertaken to determine if artifacts from misalignment of cardiac
emission to transmission data is present in adenosine stress studies and if the artifact could be
reproduced by intentional misalignment in normal exams.

Procedures: Seventy consecutive *Rb myocardial perfusion studies were reviewed. Utilizing a
quality control program, misalignment was assessed. The study was reprocessed after manual
realignment to determine if the defect extent changed. Emission and transmission acquisitions in
six normal studies also were intentionally misaligned.

Results: Twenty of 69 rest studies (29.0%) and 17 of 69 (24.6%) stress studies demonstrated
misalignment. In four patients with stress misalignment, there was a significant change in clinical
interpretation. Upon intentionally misaligning six normal studies, a lateral wall defect was reproduced.
Conclusions: Emission-transmission misalignment occurs in 29.0% and 24.6% of 82Rb rest and
adenosine stress studies, respectively. While there is a positive correlation of artifactual defects
with misalignment, the presence and size of artifacts is variable and unpredictable at seemingly
lesser degrees of misalignment.
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Introduction artifacts have been well described with single photon

emission computed tomography (SPECT) [4]. Because of

C ardiac positron emission tomography (PET) at rest and  the availability of attenuation correction on most PET

stress with Rubidium-82 has proven useful in the systems, PET is considered less prone to artifact from soft

evaluation of known or suspected coronary disease [1, 2]. tissue attenuation, offering greater specificity and spatial

The extent of perfusion defects has been demonstrated to resolution than SPECT [4-6]. Yet, attenuation correction
have prognostic significance [3]. Thus, the reliability of  jtself may introduce artifacts into PET images [7-9].

artifact-free perfusion mapping is important. A variety of Loghin and coworkers [7] have investigated the cause of

a potential artifact in **Rb and '*N-ammonia myocardial

PET perfusion imaging performed with dipyridamole phar-

macologic stress. Overall frequency of artifactual defects due

to misalignment was 21.4%. The artifact was corrected when

Correspondence to: David M. Schuster; e-mail: david.schuster@ the emission and transmission images were properly aligned

emoryhealthcare.org and post-processed using a manual correction technique.
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These potential misregistration errors are reported to be more
frequent, severe, and complex with positron emission
tomography/computerized tomography (PET/CT) devices [9].

The use of adenosine for pharmacologic stress is preferable
to that of dipyridamole for a number of reasons including a
more reliable vasodilatory response with adenosine, as well as
fewer serious side effects resulting in a lower adjusted cost than
with dipyridamole [6, 10-12]. Yet, because of the shorter
duration of action of adenosine, it may not be suitable for
certain myocardial PET perfusion protocols [6]. It could be
postulated that if the adenosine effect on the emission images
had abated by the time of the transmission scan, the heart
would shift back into baseline position, causing an even
greater emission—transmission mismatch than with dipyrida-
mole studies in which the action of dipyridamole would last
through the emission and transmission scans.

The purpose of this retrospective study is to determine if
emission—transmission misalignment is present not only with
dipyridamole stress as has been reported [7] but also in
adenosine stress *?Rb myocardial PET studies. In addition,
images were purposely misaligned to investigate the nature
of such induced artifacts.

Materials and Methods

Patient Selection

We retrospectively studied 70 consecutive patients who underwent
adenosine stress S°Rb perfusion studies completed at the Emory
Cardiac Imaging Center between 8/19/04 and 12/7/04. The
perfusion studies were performed for standard clinical indications
such as chest pain, assessment of functional significance of
coronary stenosis, and equivocal exercise or myocardial SPECT
stress exams. The inclusion criteria for this study were as follows:
any %’Rb PET cardiac adenosine rest and stress exam with
segmented attenuation correction in which the data could be
restored and reanalyzed. This study was approved by the Emory
University Institutional Review Board.

PET Imaging and Stress Protocol

Patients were kept nil per os for 4-6 h before the exam and told to
refrain from caffeine or caffeinated beverages for 24 h before the
study. All scans were obtained on an ECAT EXACT 921 PET
scanner (CTI/Siemens) in 2-D mode with the following protocol: A
2-min positioning scan was acquired with *Rb 370 MBq intrave-
nously (IV), and the patient’s chest was marked, or the bed
coordinates were noted for subsequent positioning. Once optimal
positioning was achieved with the positioning scan, the patient was
kept in this position for the resting exam and left in the gantry for
adenosine stress after the resting study was acquired. MBq **Rb
(1,036-2,368; mean dose 1,794.5+336.7) from a generator was
injected IV, and a 5-min resting emission image was obtained at
90 s post injection. A 5-min transmission scan was then acquired
using the three rotating (nominally 25 MBq each) Germanium-68
rod sources built into the scanner.

Adenosine (0.14 mg kg ' min"") was then infused intravenously
while pulse and blood pressure were monitored with continuous

electrocardiogram under the supervision of a board-certified cardiol-
ogist. The total infusion time was 6 min. At 3 min into the adenosine
infusion, the same dose of **Rb was then injected. A 5-min stress
emission scan was acquired at 90 s post injection. Approximately
1 min after the emission scan, a 5-min transmission scan was
obtained.

Processing and Data Presentation

Images were processed using filtered back projection using a Hann
filter cutoff at one cycle per centimeter. Attenuation correction was
derived by segmenting the transmission image using the method of
Xu et al. [13] as implemented by the scanner manufacturer. The
transaxial images for all cardiac scans were resliced, and the short
axis images saved for processing in our processing and quantization
software (Emory Cardiac Toolbox, Atlanta, GA, USA) including
quantitative comparison to a normal file described elsewhere [14—
17].

Quality Control Program

After reconstruction, the transmission and emission images were
entered into a quality control program to assess the amount of
misregistration [See below for screen captures of the quality control
(QC) program]. A modification of the method of Loghin et al. [7]
was used to quantitate the amount of misregistration. Briefly, a
threshold of 0.05/cm was used to convert the raw transmission
image to a binary image. This threshold effectively differentiates
between lung and tissue regions in the attenuation map. A seed was
automatically placed inside the left lung, and a region-growing
routine was used to segment the left lung from the image. Then, the
emission image was converted to a binary image using a threshold
of 0.3 times the maximum pixel value in the emission image.
Finally, the overlap between the segmented left lung and emission
binary images was determined. The overlap was quantitated both in
terms of the number of pixels and volume (ml).

If the amount of overlap was non-zero, the transmission image
was manually reoriented. The user has the ability to rigidly translate
and rotate the transmission volume in all three (transaxial, coronal,
and sagittal) planes. Once corrected for motion, the transmission
image was foreprojected to make a new set of attenuation
correction factors, and the emission data was reconstructed again.
If this was done, the entire quality control procedure was repeated
to verify there was no remaining myocardial tissue in the emission
image overlapping lung on the transmission scan.

Misalignment Evaluation

One board-certified nuclear medicine physician (RH) and one
board-certified nuclear radiologist (DMS) used the QC program to
determine if the lateral wall of the myocardium on the emission
map overlapped with that of lung on the transmission images.
Misalignment of left ventricular emission activity to lung attenu-
ation on the stress and rest exams was assessed and recorded in
terms of pixels and size in cubic centimeters. Pixel size is 0.088 cc
(0.51x0.51x0.34 cm).

In a subset of 17 patients with stress misalignment, the entire
study was reprocessed after manual realignment of the cardiac
emission data to the expected location of the heart on the
transmission scan. Pre- to post-realignment slices and bull’s-eye
images were compared to determine if the defect extent changed
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Table 1. Demographics of rest/stress rubidium exams in 69 patients

Table 3. Odds ratio table of misalignment at rest and presence of obesity

Parameters Values
Male, n (%) 39 (57%)
Female, n (%) 30 (43%)

Mean age: years + SD (range)
Mean BMI: kg/m® = SD

(range; n/a in 1 patient; n=68)
Mean heart rate response

to adenosine: BPM + SD

(range; n/a in 4 patients; n=65)

63.5+12.8 (31-96)
29.3+5.9 (18.1-46.6)

23.2+13.9 (0-63)

quantitatively and qualitatively and if this change resulted in a
significant difference in clinical interpretation. Patient height,
weight, peak maximal heart rate, and change of heart rate with
adenosine infusion were recorded. Body mass index was calculated
using the equation: body mass index (BMI) = weight in kilograms/
(height in meters)®. The standard definition of obesity employs a
BMI of 30 kg/m* or greater.

Reproduction of Artifacts

A series of six normal stress studies were randomly selected to
determine the sensitivity of creating artifacts with misregistration.
The attenuation image was intentionally shifted to varying degrees
left and right (520 mm) resulting in overlap of cardiac emission
data to the lung on the transmission image. These images were then
reprocessed, and the QC program was employed to determine
overlap in pixel number and area. The reprocessed images were
compared to a normal quantitative map to determine the presence
and size of the resultant artifactual defect.

Statistical Considerations

Mean, standard deviation, as well as correlation coefficients, odds
ratios, and logistical regressions and their significance were
interpreted using Excel 2003 (Microsoft), SPSS 13.0 (SPSS)
software, and SAS System software version 9.1. Significance was
determined at p<0.05 and marginal significance at p<0.1.

Results

A total of 140 studies were retrospectively reviewed from 70
patients. One patient did not undergo stress and was
excluded. Patient demographics are as outlined in Table 1.
There were 25 normal and 44 abnormal exams as originally
reported. The adequacy of the heart rate response to

Table 2. Odds ratio table of misalignment at stress and presence of obesity

Obesity? n (%) Odds of misalignment Odds ratio
(confidence interval)
Obese 25 (37%) 0.67 2.20 (0.76,6.40)*
(BMI>30)
Not obese 43 (63%) 0.30 1
(BMI<30)

*Not statistically significant

adenosine was also examined. Heart rate data was not
available for four patients. Of the patients, 58.5% (38 of 65)
had an optimal [>20 increase in beats per minute (BPM)]
heart rate response to adenosine. The mean heart rate
response was 23.2+13.9. Of the patients, 38.5% (25 of 65)
had a tachycardic (>100 BPM) response to adenosine.

Analyses of Clinical Images

Of 69 rest studies, 49 (71.0%) had no misalignment; 10 of
69 (14.5%) had 0.1-0.9 cc misalignment; 10 of 69 (14.5%)
had 1.0-6.0 cc misalignment. Mean rest study misalignment
was 5.8+£14.2 pixels (0.5+1.3 cc). The range of misalign-
ment on the rest studies was 0—67 pixels (0-6 cc).

Of 69 stress exams, 52 (75.4%) had no misalignment; 16
of 69 (23.2%) had 0.1-0.9 cc misalignment; 1 of 69 (1.4%)
had 1.0 cc misalignment. Mean stress study misalignment
was 1.2+2.6 pixels (0.10+0.23 cc). The range of misalign-
ment on the stress studies was 0—11 pixels (0-1 cc). Of 69
studies, 8 (11.6%) had both rest and stress misalignment.

Obesity was associated with a statistically significant
increased risk of misalignment on stress studies (odds ratio
4.1; Table 2) and a nonsignificant trend to increased risk of
misalignment on resting studies (Table 3).

A suboptimal heart rate response to adenosine (<20 BPM)
was a marginally significant risk factor for misalignment
during the stress exam (Table 4). Additionally, the presence
of tachycardia alone at peak stress did not result in increased
risk for stress misalignment (Table 5); in fact, there was a
nonsignificant trend to decreased risk for misalignment with
tachycardia.

Seventeen studies which demonstrated stress misalign-
ment were realigned and evaluated for perfusion defects
post-realignment. These are presented in Table 6. Of the 17
studies in which there was stress misalignment, pre- to post-

Table 4. Odds ratio table of misalignment and heart rate response to adenosine
stress

Obesity? n (%) Odds of misalignment Odds ratio Heart rate response 7 (%) Odds Odds ratio
(confidence interval) of misalignment (confidence interval)
Obese 25 (37%) 0.67 4.11 (1.27,13.33)* Suboptimal 27 (42%) 0.59 3.14 (0.97,10.12)*
(BMI>30) (<20 BPM)
Not obese 43 (63%) 0.16 1 Optimal 38 (58%) 0.19 1
(BMI<30) (>20 BPM)

*Significant at p<0.05

*Marginally significant at p<0.1
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Table 5. Odds ratio table of misalignment and tachycardic peak heart rate
to adenosine stress

Table 7. Odds ratio table of risk of misalignment with progressive shift of
cardiac emission data

Peak Heart Rate 7 (%) Odds Odds Ratio Shift (mm) Odds of defect Odds ratio
of Misalignment  (confidence interval) (confidence interval)
Tachycardia 25 (38%) 0.19 0.44 (0.13,1.58)* 5 0.26 3.15 (1.44,6.92)*
(=100) 7.5 0.46 5.60 (1.72,18.21)*
No tachycardia 40 (62%) 0.43 1 10 0.82 9.93 (2.06,47.92)*
(<100) 12.5 1.46 17.64 (2.47,126.08)*
15 2.59 31.31 (2.96,331.74)*
*Not statistically significant 17.5 4.59 55.59 (3.54,872.82)*
20 8.15 98.69 (4.25, >1000)*

realignment comparison revealed that in four, there was a
significant change in clinical interpretation with correction.

Reproduction of Artifact on Intentionally
Misaligned Studies

Analysis of the data for the six normal studies that were
intentionally misaligned at stress demonstrated that with
each degree of intentional shift (5 mm, 7.5 mm, etc) there
was a significant increased risk of misalignment (Table 7)
and that there was a significant correlation (Fig. 1) of the
size of the artifactual defect (as compared to a normal file
quantitative algorithm) with misalignment. Yet, this effect
was variable. While misalignment of 10 cc or greater always
resulted in some artifactual defect, misalignment of less than
this amount in some cases resulted in no significant
artifactual defect or relatively large defects. Artifactual
defects of 5% or greater occurred with apparent misalign-
ment of less than 1 cc in some instances.

Discussion

Several investigators have reported emission—transmission
misalignment as a potential source of error for myocardial
PET perfusion with dipyridamole stress and for viability
studies [7, 8, 18]. This potential cause of artifact has also

*Significant at p<0.05

been described in the American Society of Nuclear Cardio-
logy PET myocardial imaging guidelines [19]. Techniques to
detect and compensate for this problem have also been
reported in the fluorodeoxyglucose PET [20, 21] and the
myocardial SPECT [22] literature.

The purpose of our study was not to correlate our results
with that of catheterization data or clinical outcome but
simply to determine if a misalignment artifact, caused
primarily by cardiac emission data mapped onto lung
transmission data, was present in our institutional protocol
with adenosine. In our series, 29% of rest and 24.6% of
adenosine stress studies demonstrated some degree of
misalignment, a similar frequency to that of Loghin and
coworkers in which dipyridamole stress was employed [7].
Of the 17 studies in which there was stress misalignment,
pre- to post-realignment comparison revealed that in four
there was a significant change in clinical interpretation with
manual realignment. Figures 2 and 3 are examples from a
clinical case subsequent to collection of the above data in
which an artifactual defect was recognized and corrected,
which changed the reading from “ischemia” to “no signif-
icant abnormality.”

Loghin and coworkers [7] suggest that an underlying
cause of the misalignment artifact at rest is due to an upward
repositioning of the diaphragm upon assuming the supine

Table 6. Seventeen clinical studies in which there was any misalignment at stress

Patient Stress misalignment (cc) Rest misalignment (cc) Stress defect? Defect change with realignment?
1 1 0 18% apicoseptal No

2 0.8 34 21% inferolateral No

3 0.7 0 6% apical and 3% septal No

4 0.7 0 3% inferoseptal No

5 0.6 4 18% inferolateral-apical; 4% anterolateral No

6 0.5 1.5 16% inferolateral; 7% anteroapical No

7 0.5 0 1% apical No

8 0.5 3 1% inferolateral No

9 0.5 0 None No

10 0.4 0.6 3% lateral 3%to 0

11 0.3 0 3% apical 3% to 5% with more septal
12 0.1 0 1% inferolateral No

13 0.1 0.4 15% apical anterior No

14 0.1 0.2 4% anterior 4% to 10% with more septal
15 0.1 0 9% apical lateral 9% to 1%; lateral Normalizes
16 0.1 0 <1% apical No

17 0.1 2.4 None No
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Fig. 1. Scatter plot correlating the size of the artifactual defect (% left ventricular mass as defined by the quantitative
algorithm) to misalignment/misregistration of the emission/transmission images in six shifted normal studies. On average, the
artifactual defect increases by 1.14% per cubic centimeter increase in misalignment. The rate of increase is statistically
significantly (p<0.0001). Note though, that no defect may occur with a misalignment of up to 9.2 cc, and defects 5% or greater
may occur with misalignment of less than 1 cc in an individual patient.

position due to slow moving abdominal contents and is
accentuated in a patient with a larger body mass index.

Similarly, in the current study, the presence of obesity
was a significant risk factor for stress misalignment and
marginally significant for rest misalignment. It is likely that
a patient with a greater BMI, especially with an enlarged
abdominal girth, may undergo accentuated shifting of
abdominal contents with the increased respiratory and heart
rate changes induced by adenosine and then a settling as
the adenosine effects resolve, leading to misalignment
between the sequentially acquired emission and transmis-
sion acquisitions.

In addition, Loghin and coworkers [7] suggest that stress
misalignment is due in part to pharmacologic stress causing
the heart to descend during systolic contraction and the apex
to recoil forward, and that with tachycardia, the heart is in
recoil position for a longer time during the cardiac cycle.
Also dipyridamole stress results in a “feeling of chest
fullness and labored breathing associated with tachypnea”
and that this shifts the diaphragm inferiorly and narrows the
mediastinum.

It is interesting to note that in our study, there was a
marginally significant decreased risk of misalignment with
an optimal response to adenosine. The presence of tachy-
cardia at peak stress also decreased the risk of misalignment,
though this was not statistically significant. This seems
counterintuitive and should be further investigated.

After examining the subset of 17 stress exams with
misalignment and noting that even a small misalignment
error could produce a large and even clinically significant
artifactual defect, we attempted to reproduce the character-
istic lateral wall defect by purposely misaligning the
emission and transmission images in six normal exams.
Yet while we were able to duplicate this artifact and noted
there was a significant correlation of the size of the
artifactual defect to the volume of misalignment, the effect
could be quite variable in this small patient sample. In fact,
the most impressive examples of correctable misalignment
resulting in a lateral wall defect in the clinical stress cohort
occurred with only 1 pixel (0.1 cc) of misaligned volume
(patients 14 and 15 in Table 6). This suggests that
misalignment artifacts are multifactorial and complex and
that a QC tool which only examines cardiac emission
overlap with that of segmented lung transmission data is
not adequate to precisely account for all causes of artifactual
defects.

We believe that robust tools must be made available to
correctly discern proper registration of cardiac emission data
to the true myocardial muscle. In this work, the entire
transmission image was shifted and rotated to eliminate any
overlap. In truth, the heart and abdominal contents are
shifting within the body contours. A potentially better
method would be to warp the position of the heart and
abdominal contents within the confines of the body. In
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Fig. 2. QC program (a), multiplanar slices (b) and polar images (c) from a patient with misalignment of cardiac activity (straight
arrow in a). The QC display shows the binarized emission data (red) overlaying the transmission data (gray). The algorithm has
determined that 125 pixels occupying 11.2 ml from the emission image lie within the left lung of the transmission image. The
user can shift or rotate the transmission image in any of the planes to correct this problem (see Fig. 3). Note large apparent
reversibility in lateral wall (@ngled arrows in b). This degree of artifact is unusual in our experience.

addition, segmented transmission images are not of suffi-
cient quality to discern mediastinal and cardiac soft tissue
from that of fat. Realignment may therefore be imperfect in
terms of accurately registering cardiac emission activity to
anatomic cardiac parenchyma. So-called realignment may
actually be using fat lateral to the heart for attenuation

correction rather than heart muscle itself. While in most
patients, misalignment of cardiac emission activity with lung
seems to be the most critical factor in the production of
artifactual defects, it is possible that some patients may
demonstrate defects from alignment of cardiac emission
activity to that of mediastinal fat itself.
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reversible inferior wall defect is not clinically significant in this patient with cardiomyopathy.

We did not directly compare heart and diaphragmatic
displacement between rest and stress, nor did we measure
heart size. Loghin and coworkers [7] reported an artifact rate
due to misalignment of 21% and comprehensively analyzed
varying causal factors. Similarly in a subsequent investiga-
tion with cardiac PET/CT [23], we found a misregistration
rate of 28% due to patient motion and cardiac drift which

could not be corrected by varying the CT acquisition
protocol. We concentrated on the end phenomenon of
misalignment to lung because this has been determined to
be the most significant factor and one in which a semi-
automated or automated QC program could be more easily
developed. Other authors also note that lung overlap is the
most significant factor [8]. In our analysis of the six normal
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studies which were purposely shifted, none of the patients
were misaligned in the z-direction, yet variable effects were
still observed. Our primary aim was to determine overall
artifact rate, which was similar between rest (29%) and stress
(24.6%) studies. Once we realigned the misregistered stress
studies and found that 23.5% (4 of 17) in which there was
misregistration resulted in a clinically significant difference
in interpretation, we determined that this artifact was of
sufficient importance to be addressed by some type of
comprehensive re-registration method. Misregistered rest
studies were not realigned if the stress studies had no
misalignment. Thus, we cannot determine the overall rate of
clinical significance of this artifact across all studies, only
those with stress misalignment.

Ideally, a direct comparison of dipyridamole to adenosine
stress in the same patient on the same equipment would yield
definitive differences between the two pharmacologic
agents, but this would have to be done in a prospective
comparative study in which a patient would be stressed
twice.

We agree with other authors that cardiac PET/CT scanning
will result in more potential for misalignment [7, 9, 24]. Yet,
the ability to precisely overlay cardiac parenchyma to emission
data will be possible for cardiac PET/CT. Such a preprocess-
ing QC tool in which nonsegmented (true CT) data is used for
registration should be made available and possibly automated.

Conclusions

Emission—transmission misalignment occurs in 29.0% of
#2Rb rest studies and 24.6% of adenosine stress studies
acquired with our specific adenosine protocol, which is
similar to that of Loghin and coworkers with a dipyridamole
protocol [7]. This misalignment caused a clinically signifi-
cant correctable artifactual defect in 4 of 17 stress studies in
which there was such misalignment. We found both in the
clinical cases and deliberately shifted images, instances of
5% or greater defects with very small cardiac emission
misalignment with lung, which suggest that the interaction
between degree of misalignment and severity of perfusion
defects is complex and multifactorial. Because of the
potential of such artifacts, the inclusion of a quality control
tool with cardiac PET software is warranted, but a program
which relies only on rigid registration of cardiac emission
data to lung is not sufficient at small degrees of misalign-
ment. Visualizing the heart parenchyma and adjacent
structures with PET/CT (and not simply segmenting the
attenuation maps) and using this QC tool to precisely
overlay emission and transmission data may be a potential
solution to this problem.
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