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A novel PET radiotracer, Flurpiridaz F 18, has undergone phase I
clinical trial evaluation as a high-resolution PET cardiac perfusion
imaging agent. In a subgroup of patients imaged with this agent, we
assessed the feasibility and benefit of simultaneous correction of
respiratory and cardiac motion. Methods: In 16 patients, PET imaging
was performed on a 4-ring scanner in dual cardiac and respiratory
gating mode. Four sets of data were reconstructed with high-definition
reconstruction (HD<PET): ungated and 8-bin electrocardiography-
gated images using 5-min acquisition, optimal respiratory gating
(ORG)—as developed for oncologic imaging—using a narrow range
of breathing amplitude around end-expiration level with 35% of the
counts in a 7-min acquisition, and 4-bin respiration-gated and 8-bin
electrocardiography-gated images (32 bins in total) using the 7-min
acquisition (dual-gating, using all data). Motion-frozen (MF) registration
algorithms were applied to electrocardiography-gated and dual-gated
data, creating cardiac-MF and dual-MF images. We computed wall
thickness, wall/cavity contrast, and contrast-to-noise ratio for stan-
dard, ORG, cardiac-MF, and dual-MF images to assess image quality.
Results: The wall/cavity contrast was similar for ungated (9.3 + 2.9)
and ORG (9.5 + 3.2) images and improved for cardiac-MF (10.8 + 3.6)
and dual-MF images (14.8 £ 8.0) (P < 0.05). The contrast-to-noise
ratio was 22.2 + 9.1 with ungated, 24.7 + 12.2 with ORG, 35.5 + 12.8
with cardiac-MF, and 42.1 + 13.2 with dual-MF images (all P < 0.05).
The wall thickness was significantly decreased (P < 0.05) with dual-
MF (11.6 + 1.9 mm) compared with ungated (13.9 + 2.8 mm), ORG
(13.1 £ 2.9 mm), and cardiac-MF images (12.1 + 2.7 mm). Conclusion:
Dual (respiratory/cardiac)-gated perfusion imaging with Flurpiridaz
F 18 is feasible and improves image resolution, contrast, and contrast-
to-noise ratio when MF registration methods are applied.
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The image quality of myocardial perfusion images acquired with
a PET system depends on the radiotracer used in the study. The
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commonly used radiotracers in cardiac PET imaging are '>O-water
(H,'>0), ammonia (!*NHj3), and 82-rubidium (/). A new '8F-
based radiotracer for PET myocardial perfusion imaging (Flurpiridaz
F 18; Lantheus Medical Imaging) demonstrated excellent image qual-
ity in a phase I clinical trial (2) and better image quality, in-
terpretative certainty, and diagnostic performance than SPECT in a
phase 2 clinical trial (3). In particular, imaging with this '8F-based
radiotracer generated higher-resolution cardiac images (4).

However, the high image resolution associated with an '3F-based
tracer can be degraded by cardiac and respiratory motion during
PET acquisition, leading to image blurring. If such motion is not
corrected, the full-potential imaging resolution of Flurpiridaz F 18
may not be realized. We have previously developed a motion-frozen
(MF) technique for myocardial perfusion imaging, which recovers
resolution lost due to cardiac motion, improving contrast and quanti-
tative diagnostic accuracy (5,6). This technique was also successfully
used for automatic coregistration of SPECT with CT angiography
(CTA) (7,8) and for contrast improvement in cardiac PET (9).

The aim of this study was to investigate the feasibility of myocardial
perfusion imaging by Flurpiridaz F 18 PET with correction of both
cardiac and respiratory motion. We hypothesized that the myocardial
perfusion image quality for Flurpiridaz F 18 would be improved
with dual-gated MF techniques beyond what is possible with the
resolution recovery during reconstruction and MF techniques, which
correct for cardiac motion only.

MATERIALS AND METHODS

Patients

The study population consisted of 16 patients (12 men and 4 women)
recruited into a phase II clinical trial of Flurpiridaz F 18. The inclusion
and exclusion criteria are given in the report of the clinical trial (3).
Patients were instructed to discontinue caffeinated drinks and nitrate
medications for 24 h and (3-blockers and calcium antagonists for 48 h
before testing. The study was approved by the institutional review board,
and all patients provided written informed consent.

PET Acquisition

All patients underwent a rest-stress Flurpiridaz F 18 PET/CT scan as
previously described (3). All images were acquired on a Siemens Biograph-
64 TruePoint PET/CT scanner with the TrueV option. This 3-dimensional
system consists of a 64-slice CT and a PET scanner with 4 rings of
lutetium oxyorthosilicate detectors with a detector element dimension of
4 x 4 x 20 mm (/0). The image plane spacing was 2 mm. The PET axial
and transaxial fields of view were 216 and 605 mm, respectively. The
coincidence time window and the energy window were 4.5 ns and 425—
650 keV, respectively. The data were acquired in list-mode format. A full
description of the system performance has been previously described (17).
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FIGURE 1. Overview of reconstructed datasets. MF = motion frozen;
ORG = optimal respiratory gating; dual MF = cardiac and respiratory MF
processing. After postprocessing, all final series are static.

After a 2.8-s standard topogram acquisition (120 kVp), patients
underwent a CT scan for attenuation correction (CTAC) using the following
parameters: spiral mode; slice thickness, 3.0 mm; total scan time, 3.36 s;
pitch, 1.5; rotation time, 0.5 s; collimation, 24 x 1.2 mm; tube voltage,
120 kVp; and tube current, 11 mAs. The estimated radiation dose for this
CTAC acquisition was 0.3 mSv. During the CTAC scan, the patients were
instructed to perform normal end-expiration breath-hold. Rest perfusion
images were acquired for 1 bed position around the heart (identical to the
CT coverage of 210 mm) immediately on infusion of 85.1-159.1 MBq
(2.3-4.3 mCi) of Flurpiridaz F 18 (depending on stressing protocol). Im-
ages were acquired for 15 min. Stress testing was performed either
with a symptom-limited Bruce treadmill exercise protocol or with intra-
venous adenosine (140 pg/kg/min for 6 min). At near-maximal exercise,
277.5-388.5 MBq (7.5-10.5 mCi) of Flurpiridaz F 18 (depending on
stressing protocol) were injected intravenously, after which treadmill exer-
cise was continued at maximal workload for 1 min and at 1 stage
lower for 2 additional minutes whenever possible. The 15-min perfusion
PET acquisition was started at least 25 min after termination of exercise.
For pharmaceutical stress with adenosine, Flurpiridaz F 18 was injected at
the end of the third minute and a 15-min PET acquisition was started
immediately. The interval between the rest and stress acquisitions was
either 30 min when the patient was stressed with adenosine or 60 min
when exercised stress was used. Twelve-lead electrocardiography was
monitored continuously during stress testing.

The rest studies were acquired in cardiac-gating mode only whereas
dual-gating (cardiac and respiratory) was used for all stress studies
to minimize interference with the clinical trial. Therefore, we considered
only stress studies here. The cardiac gating was performed with a 3-lead
electrocardiography gating system inside the PET gantry. Respiratory
gating was performed using a prototype pneumatic belt (Ivy Biomedical
Inc.). This device sends the amplitude of the breathing motion to the PET
system every millisecond. We used a modified acquisition control system
to code the amplitude as tag-words inside the list-mode file at appropriate
time positions. The amplitude-based respiratory gating has been shown to
be more effective than the phase-based gating (/2) with patients showing
an irregular breathing pattern.

Reconstruction Protocols
List-mode files with embedded dual-gating signals were processed
using an in-house-developed rebinning application. The extraction of the
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respiratory and cardiac signals allowed limitation of the reconstruction
to specific sections of the cardiac or respiratory cycle. All images were
reconstructed after a 5-min delay to allow for blood-pool clearance.

Rebinning. Two different reconstruction protocols were used for
respiratory gating. The first one sorted the PET data list with an
amplitude-based respiratory gating method, designed to keep the 35% of
the PET counts in 1 optimal respiratory gate (ORG), in which the
breathing motion was minimal (/3).

In the second rebinning method, 4 separate list-mode files
corresponding to 4 different breathing amplitudes were generated. We
kept 20% of the total data in each of the 4 list-mode files corresponding
to each respiratory gate, leaving out approximately 20% of events
corresponding to the most extreme expiration and inspiration motion. The
resulting 4 bins had equal time duration (but variable amplitude), which
had the advantage of providing the same statistics in each bin. This initial
rebinning of list-mode data allowed us to reconstruct dual-gated datasets.

Static and 8-bin electrocardiography-gated sinograms were then gener-
ated from all list-mode files. The sinograms from the original acquisition
data list (no respiratory gating) included 5 min of the acquisition whereas
the respiratory-gated and dual-gated sinograms were generated using
7 min of the acquisition to compensate for the reduced number of counts
due to the respiratory rebinning, both starting 5 min after Flurpiridaz F 18
injection to allow for blood flow clearance.

Reconstruction

After the data list file sinograms were sorted, static summed images
and 8-bin electrocardiography-gated images were reconstructed with
HD ¢ PET method (4 iterations and 14 subsets), which takes advantage
of resolution recovery principles (/4,15). For the fully dual-gated sino-
grams, 8-bin electrocardiography-gated by 4-bin respiratory-gated
images were generated with HD ¢ PET for a total of 32 bins. The
reconstructed fully dual-gated datasets can be processed as 4 separate
8-bin electrocardiography-gated datasets, each of them at a different
respiratory level. Figure 1 summarizes all the different reconstructions
evaluated in this study. We chose to filter all patients with a 2-mm
gaussian filter to maintain the same resolution and minimize noise suppres-
sion. The reconstruction matrix was 168 x 168 x 109 with a zoom of 2, and
the pixel size was 2 X 2 X 2 mm. Scatter, decay, and random corrections
were applied to the reconstructed images. Standard CT-based attenuation
correction was used. When a misalignment was identified, a manual reg-
istration matrix with 3-dimensional translations was generated by an expe-
rienced technologist and applied before the final reconstruction process.
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FIGURE 2. lllustration of dual-respiratory/cardiac-MF technique: 1.
Cardiac-MF processing separately in each respiratory phase (con-
toured red bins) to end-diastole phase (solid red bins). 2. Respiratory
MF processing of cardiac end-diastole bins (contoured blue bins) to
end-inspiration bin (solid blue bin). 3. Final motion-free image in end-
diastole/end-inspiration (solid green bin). ECG = electrocardiography.
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FIGURE 3. lllustration of wall thickness calculation. Wall thickness is
defined as the full width half maximum of a profile taken on images at 3
different levels of long axis (basal, mid, and apical) and with 2 orienta-
tions (septal-lateral and inferior-superior) for a total of 6 profiles per
dataset. Max = maximum

Both the original PET/CT alignment and the alignment after manual reg-
istration were checked by an expert imaging physician. For the dual-gated
datasets, 4 different PET/CT registration matrices were generated: 1 for
each respiratory phase. Manual registration between PET and CT was
applied before reconstruction when a misalignment was identified.

Postprocessing Applied to Reconstructed Image

MF Technique. MF processing tracks the motion of the left ventricle
(LV) in cardiac-gated images and then adjusts all cardiac phases to end-
diastolic position, resulting in an image free of cardiac motion. Motion
freezing is accomplished by motion tracking of the detected LV endo-
and epicardial borders (5,9). The algorithm generates 3-dimensional dis-
placement vectors between each cardiac phase and uses those vectors to
shift all the counts to the end-diastolic phase. The result is an image free
of cardiac motion blurring (i.e., with the same spatial resolution as the
single cardiac phase image) but with greater counts and similar noise as
compared with static summed images. This algorithm has been previ-
ously described in detail and validated for SPECT versus invasive angi-
ography (5).

Dual-MF Technique. The dual-MF technique was applied in 2
consecutive steps. Starting from the 4 separate 8-bin cardiac-gated
sets (each corresponding to a different respiratory phase), the MF
technique previously described was first applied to shift 8 cardiac bins
to end-diastolic position, separately for each respiratory bin. This resulted
in 4 cardiac motion—corrected respiratory bins, each adjusted to a separate
end-diastolic position. Subsequently, to compensate for the respiratory
motion, we applied rigid transformation (6 parameters including 3 trans-
lations and 3 rotations), accounting for the difference between reference
and target frames by performing consecutive registrations. For the refer-
ence frame, we selected the first frame, representing the position during
end-expiration. We applied a bilateral filter (/6) to remove noise while
preserving edge information and generated a binary mask to localize the
region of interest (myocardium). Consequently, automated frame-to-
frame rigid registration of frames 2—4 to frame 1 (end-expiration) was
performed using a similarity measure of normalized cross correlation and
gradient descent minimization, in which sample voxels are selected from
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the mask region for computational efficiency. This algorithm was previously
developed by our group for gross patient motion correction of PET
data (/7). The overview of the dual-respiratory/cardiac-MF processing is
shown in Figure 2.

Image Processing and Analysis

Short-axis reorientation and automatic contouring of the LV
in static and gated images were done automatically using QPET
software (Cedars Sinai cardiac package) for which the inputs were
the transverse slices of the reconstructed PET image (/8). MF
and dual-MF image processing techniques were then applied to
the gated datasets (Fig. 1). The myocardial wall segment analysis
was performed using the 17-segment American Heart Association
model (19).

Mpyocardial Wall Thickness. Using the LV coordinates automati-
cally detected by QPET, we estimated the wall thickness defined as the
full width half maximum of a profile taken on the images at 3 different
levels of the long axis (basal, mid, and apical) and with 2 orientations
(septal-lateral and inferior-superior) for a total of 6 profiles per dataset
(Fig. 3).

Myocardium-to-Blood Contrast and Contrast-to-Noise Ratio (CNR).
Volumes of interest over the LV and the blood pool (inside the LV
cavity) were automatically derived on the basis of the QPET seg-
mentation of the LV. Their dimensions were significantly larger than
the spatial resolution of the images. We then calculated the contrast
between the blood pool and the myocardial wall, and the CNR as
follows:

Contrast = M
Mean (blood)
Mean (LV) — Mean (blood)
SD (blood)

CNR =

where SD is the SD of the blood pool. Contrast and CNR were
calculated globally and for each of the 17 segments as defined by
American Heart Association, from static summed images and MF
processed images.

Statistical Analysis

All continuous variables are expressed as mean = SD. Paired 7 tests
were used to compare differences in paired continuous data, and the
McNemar test was used to compare differences in paired discrete data.
For unpaired continuous data, 1-way ANOVA was used. All statistical
tests were 2-tailed, and a P value of less than 0.05 was considered
significant.

TABLE 1

Patient Demographic and Clinical Characteristics (n = 16)

Characteristic Mean + SD or n (%)

Mean age + SD (y) 56 + 14

Men (%) 12 (75%)
Mean weight + SD (kg) 83.5 +12.7
Mean body mass index (kg/m?) + SD 28+4
Normal flurpiridaz (%) 6 (37.5%)
Smokers (%) 4 (25%)
Adenosine or exercise, n adenosine (%) 4 (25%)
Mean ejection fraction + SD 629
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TABLE 2
Myocardial Wall Thickness (in mm) Measured on Profiles Taken at Basal, Mid, and Apical Levels in Septal-Lateral and in
Superior-Inferior Directions

Wall thickness Basal Mid Apical

(mm) Septal-lateral Superior—inferior Septal-lateral Superior—inferior Septal-lateral Superior-inferior  Average
Ungated 142 + 3.2 15.5+ 3.3 126 + 1.9 144 +24 13.8+2.9 12.7 £ 2.0 13.9+28
Cardiac MF 11.6+1.8 144 +45 11.5+1.9 12.6 £ 2.0 11.3+1.7 11.2+1.8 12127
ORG 13.8 + 3.1 141 £ 3.4 125+ 2.3 129+ 2.6 13.6 £ 3.3 11.9+£2.0 13.1+2.9
Dual MF 11.7+15 12.6 £2.2 11.8+1.8 11.1+21 11.3+1.6 11.1+£1.9 11.6 £ 1.9*

*P < 0.05 vs. all average vs. dual MF.
Results for ungated, cardiac-gated MF, ORG, and dual-MF data.

RESULTS

Patient demographic characteristics are shown in Table 1.

Myocardial Wall Thickness

The measured wall thickness was significantly different between
all datasets. We found that the wall thickness was 13.9 £ 2.8 mm
for ungated, 12.1 = 2.7 mm for cardiac-MF, 13.1 * 2.9 mm for
ORG, and 11.6 = 1.9 mm for dual-MF images (Table 2). The dual-
MF technique resulted in a decreased wall thickness for 94%, 77%,
and 91% of the measurements as compared with ungated, cardiac-
MEF, and ORG data, respectively. For comparison, we also measured
the wall thickness for the end-diastole end-expiration phase of the
dual-gated datasets, which was 10.7 = 2.3 mm.

Myocardium-to-Blood Contrast and CNR

The myocardium-to-blood contrast significantly changed be-
tween the different gating and processing techniques as shown in
Figure 4. Figure 5 provides CNR results on a per-patient/per-method
basis. Examples of improvements in terms of visual image quality
with the different gating and processing techniques can be seen in
Figures 6 and 7.

DISCUSSION

We have shown that with postprocessing techniques, dual-gating
is possible with Flurpiridaz F 18 myocardial perfusion imaging and
that this approach provides almost motion-free images with low
noise and greater apparent resolution. These techniques therefore
hold major promise to improve the sensitivity and resolution of
myocardial perfusion imaging studies and cardiac PET imaging in
general.

Contrast CNR

. |
m-'li ii

= Ungated
Cardiac MF

2 0RG

= Dual MF

We corrected for both cardiac and respiratory motion that would
usually blur the typical static summed perfusion images. We first
investigated the feasibility of decreasing the effect of the respiratory
motion with an optimal respiratory gating technique that keeps only
a narrow range of breathing amplitude (35%) around the end-
expiration. van Elmpt et al. have previously applied this approach in
PET-based radiation therapy planning, though they used different
methods to measure and record respiration (/3). Another recent
publication also considered the same approach (20). This technique
eliminates about 65% of the counts and uses 35% of the remaining
counts in the quiescent phase of the breathing to provide images
almost free of respiratory motion.

Although in the original Lantheus protocol, 15 min of PET
emission data (10 min acquisition starting 5 min after injection to
allow clearance from blood pool) were collected to allow for the
range of scanners used in the trial, our center had established that a
5 min perfusion acquisition provided clinically robust image quality
on the 4-ring Siemens Biograph PET/CT scanner. We increased the
acquisition time from 5 to 7 min for respiratory- and dual-gated
datasets to allow similar contrast-to-noise levels for all data. Further,
a shorter imaging time has the added benefit of reducing the potential
for patient motion, which could confound the effects of respiratory
and cardiac motion.
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FIGURE 4. Myocardial-to-blood contrast and CNR for ungated, car-
diac MF with no respiratory gating, ORG, and dual (respiratory and
cardiac)-MF images. P < 0.05 for all except ungated vs. ORG.
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FIGURE 5. CNR for ungated, cardiac MF with no respiratory gat-
ing, ORG, and dual (respiratory and cardiac)-MF images, for each of
the 16 patients.
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FIGURE 6. A 42-y-old female patient with low likelihood of coronary
artery disease (weight, 86.2 kg [190 Ibs]; body mass index, 34.7) in-
jected with 284.9 MBq (7.7 mCi) of Flurpiridaz F 18 during exercise
stress and acquired in dual (cardiac and respiratory) mode. Short-,
vertical-, and horizontal-axis views of adenosine stress images.
1 phase = 1 cardiac gate in end-inspiration; dual MF = dual (cardiac/
respiratory) MF; MF = cardiac MF no respiratory gating.

Because the ORG method wastes about 65% of the counts, we
looked into the feasibility of full dual-gated imaging where the MF
technique is applied for both respiratory and cardiac motion correction.
The CNR in the dual-MF images using 7 min of acquisition was
higher than in the ORG images and consequently the increase in
acquisition time may not be needed for the dual-MF technique to keep
the noise level similar to the static summed perfusion images.

Correcting for both cardiac and respiratory motion leads to a
decreased myocardial wall thickness. The wall thickness has de-
creased by about 17% for the dual-MF technique as compared with
the standard ungated method currently used for perfusion imaging.
These results are closer to average thickness as reported by
MR imaging techniques (10.3 = 1.2 mm at end-diastole) (27). The
myocardium-to-blood contrast increased more than 59% and CNR
increased more than 89% for the dual-MF technique as compared
with the reference ungated technique. Even when compared with a
cardiac-only MF method, the dual-MF method allowed a 37%
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‘P‘
\./

ORG Dual MF
O O
-

.
i ~ — —

FIGURE 7. A 67-y-old male patient with prior myocardial infarction
(weight, 88.5 kg [195 Ibs]; body mass index, 25.7) injected with 355.2
MBq (9.6 mCi) of Flurpiridaz F 18 during adenosine stress and acquired
in dual (cardiac and respiratory) mode. Short-, vertical-, and horizontal-
axis views of adenosine stress images. 1 phase = 1 cardiac gate in end-
inspiration; dual MF = dual (cardiac/respiratory) MF; MF = cardiac MF
no respiratory gating.
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increase in contrast and 19% increase in CNR. There were 4 cases,
however (Fig. 5), in which the dual-gated technique did not im-
prove CNR over the cardiac-MF method, despite improving con-
trast. This noise increase is likely due to difficulties in convergence
of the iterative reconstruction for low-count individual double-
gated bins. More robust reconstruction techniques (22) could be
used in future studies to reduce this effect. The ungated images in
this study were reconstructed with the state-of-the-art technique
incorporating resolution recovery principles, which has been
shown to have better quality than regular iterative reconstruction
for cardiac PET (15).

This is the first attempt to optimize the reconstruction of
myocardial perfusion Flurpiridaz F 18 images with respect to
cardiac and respiratory motion. Dual-gating (cardiac/respiratory)
(23-26) and preliminary methods for dual motion correction for
phantom data and '8F-FDG have been reported (27-29) but have
not yet been applied to myocardial perfusion imaging and did not
use the advanced reconstruction with resolution recovery. Clinical
implementation of the dual-gating technique will likely lead to the
improved clinical utility of the Flurpiridaz F 18 images but never-
theless adds additional technical complexity. Although the amplitude-
based respiratory gating systems are now routinely used for
oncologic applications, the registration methods and the 2-step
list-mode rebinning used in this study are not yet widely used
and may require new streamlined software before they can be
routinely applied in clinical practice. Further, in this study we
ignored the effect of misalignment of the attenuation scans with
individual respiratory and cardiac gates of the PET emission data.
Ideally, attenuation maps should be corrected for both cardiac and
respiratory motion before the reconstruction of individual bins. How-
ever, this will require the use of more complex methods not yet
available clinically (30).

Significant improvements in spatial resolution and contrast resolu-
tion are possible with an '8F-labeled tracer such as Flurpiridaz F 18,
because its positron range is short (0.54 mm). Therefore, the correc-
tion of cardiac and respiratory motion may be of particular importance
in this case, allowing the full benefit of improved perfusion image
quality for this tracer. Motion as small as 5 mm can significantly affect
the quantitative perfusion analysis, and the analysis of subtle changes
between stress and rest myocardial perfusion PET may be affected by
changes as small as 5%-10% in the reduction of the apparent max-
imal activity (37). In our previous work applying MF techniques to
SPECT, correcting for cardiac motion only, we were able to improve
the diagnostic accuracy of the techniques (5,6).

There was no gold standard for wall thickness but end-diastole
end-expiration dual-gated phase thickness was measured and
compared with dual-MF results. Although apparent contrast and
CNR have increased, the clinical significance of these improvements
and in particular the potential improvement of perfusion abnormality
detection will need to be determined in future work. Our cohort of
patients had a limited range of body mass index, typical of our patient
population. Our sample size was small (n = 16), and further studies
with a larger number of patients are warranted to assess more fully
the diagnostic value of this technique.

CONCLUSION

In this work, we showed that dual-gating with cardiac and
respiratory motion correction was feasible with Flurpiridaz F 18.
Dual-gated MF imaging provides high-quality motion-free perfu-
sion images with improved contrast and image resolution.
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