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Background. Dual-gating reduces respiratory and cardiac motion effects but increases
noise. With motion correction, motion is minimized and image quality preserved. We applied
motion correction to create end-diastolic respiratory motion corrected images from dual-gated
images.

Methods. [lsF]-ﬂuorodeoxyglucose ([18F]-FDG) PET images of 13 subjects were recon-
structed with 4 methods: non-gated, dual-gated, motion corrected, and motion corrected with
4D-CT (MoCo-4D). Image quality was evaluated using standardized uptake values, contrast
ratio, signal-to-noise ratio, coefficient of variation, and contrast-to-noise ratio. Motion mini-
mization was evaluated using myocardial wall thickness.

Results. MoCo-4D showed improvement for contrast ratio (2.83 vs 2.76), signal-to-noise
ratio (27.5 vs 20.3) and contrast-to-noise ratio (14.5 vs 11.1) compared to dual-gating. The
uptake difference between MoCo-4D and non-gated images was non-significant (P > .05) for the
myocardium (2.06 vs 2.15 g/mL), but significant (P < .05) for the blood pool (.80 vs .86 g/mL).
Non-gated images had the lowest coefficient of variation (27.3%), with significant increase for
all other methods (31.6-32.5%). MoCo-4D showed smallest myocardial wall thickness (16.6
mm) with significant decrease compared to non-gated images (20.9 mm).

Conclusions. End-diastolic respiratory motion correction and 4D-CT resulted in improved
motion minimization and image quality over standard dual-gating. (J Nucl Cardiol 2022;29:2423-33.)
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Abbreviations

4D-CT Respiratory-gated computed
tomography

CINE-CT Cinematic computed tomography

CNR Contrast to noise ratio

CR Contrast ratio

CvV Coefficient of variation

DG Dual-gated

MoCo Motion correction

MoCo-4D Motion correction with respiratory-|
gated computed tomography

MWT Myocardial wall thickness

NG Non-gated

INTRODUCTION

Image quality in cardiac PET is reduced by respi-
ratory and cardiac motions. Motion causes blurring and
loss of details, reducing contrast and quantitative accu-
racy. To reduce motion effects, cardiac- or respiratory
gating can be applied. An image consisting of the
diastolic phase can be reconstructed to minimize cardiac
motion." To minimize respiratory and cardiac motions
simultaneously, dual-gating was proposed,” which
minimizes motion but increases noise as less data are
used for reconstruction.

To improve image quality in dual-gated PET,
motion correction has been proposed.* Motion correc-
tion can be applied as respiratory-only, cardiac-only or a
combination of the two. These approaches correct and
combine respiratory or cardiac phases to a reference
phase, usually the end-diastole or end-expiratory phase.
Correction is performed via deformation and registration
using reconstructed images or during reconstruction.
Motion correction increases signal-to-noise ratio, myo-
cardium-to-blood contrast and reduces myocardial
thickness, resulting in high quality and motion-frozen
PET images.’

However, motion correction has not gained wide-
spread clinical utility, due to complexity of
implementation. Lamare et al. compared multiple
schemes for motion correction,® proposing to use the
diastolic phase with respiratory motion correction as a
simple, clinically viable methodology. Thus, the
approach in® could offer improved image quality and
similar motion compensation as dual-gating.

Moreover, motion effects on CT-based attenuation
correction (CTAC) should be minimized, such as
misalignment’™ and the difference in temporal resolu-
tion between PET and CT.'*!" To circumvent these, two
methods have been proposed. The first is creating an
average CT image from cinematic CT over respiratory
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Table 1. Subject characteristics with medians

and interquartile ranges, unless otherwise
indicated
Demographics Value

Age (years) 59.0 (53.5-65.5)

Male, N (%) 11 (85)

Weight (kg) 91.0 (76.5-100.5)
Height (m) 1.75 (1.70-1.80)
BMI (kg/m?) 28.0 (25.6-30.8)
Dose (MBq) 305 (298-311)

cycles to match the temporal resolutions.” The second is
to ‘‘gate’” the CT acquisition, matching the respiratory
cycles between CT and PET.'?

In this study, the clinical applicability of the
approach in Ref. 6 with fully quantitative PET data
are shown. By creating an end-diastolic, respiratory
motion corrected PET image, effective motion mini-
mization and improved image quality compared to dual-
gating are achieved. Moreover, we use motion correc-
tion available on clinical PET/CT system and evaluate
the method with respiratory-gated CT (4D-CT) and
cinematic CT (CINE-CT), assessing their effect to the
accuracy of motion correction, for the first time.

MATERIALS AND METHODS

PET/CT System

Data were acquired on GE Discovery 690 (D690)
PET/CT (GE Healthcare, US). D690 is a 3D-PET
system containing a 64-slice Lightspeed CT. The per-
formance evaluation with technical details is reported in
Ref. 13. Transaxial and axial fields of view (FOV) are 70
cm and 15.7 cm. The coincidence timing and energy
windows are 4.9 ns and 425-650 keV.

Data Acquisition

We recruited 13 subjects undergone ['®F]-fluo-
rodeoxyglucose  (['®F]-FDG) PET/CT. Population
characteristics are in Table 1. Imaging was performed
after an acute coronary syndrome or percutaneous
coronary intervention due to chronic coronary artery
disease, to evaluate inflammation in the coronary arter-
ies. A high-fat non-carbohydrate diet was started 24
hours before imaging with extended fasting of 8 hours.
Patients were on beta-blocker medication. Intravenous
metoprolol 0 to 30 mg was administered before coronary
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angiography to reach a heart rate of < 60 bpm. The
study was approved by the ethics committee of the
Hospital District of Southwest Finland and Turku
University Hospital (ETMK 44/180/2012). Each subject
gave an informed consent.

PET was acquired in list-mode for one bed position
over the heart, after an uptake period of 90 minutes. 3D-
PET with simultaneous respiratory- and cardiac gating
with 24 minutes duration was acquired. Respiratory
position monitor (RPM) system (Varian Medical Sys-
tems, US) was used for respiratory tracking. A standard
3-lead ECG system (IVY-3150, Ivy Biomedical, US)
integrated with the PET/CT hardware was used for
cardiac gating.

After PET, a 4D respiratory-gated CINE-CT was
acquired over the same bed position. The parameters
were: cinematic mode; slice thickness 2.5 mm; cine time
.45 seconds; rotation time .5 seconds; tube voltage 120
kV; current 30 mA s. The average cine duration was
4.71 £ 1.63 seconds. The radiation dose for CINE-CT
and PET were 2.67 mSv and 5.90 mSv on average.
During CT and PET, the subjects were instructed to
breathe normally.

PET Reconstruction and Dual-Gating

Image reconstruction and registration pipeline are
shown in Figure 1. List-mode data, CT images, and
respiratory curves during PET and CT were exported
from the RPM system. All data were processed using
vendor-provided reconstruction and gating toolbox
(RGT) and in-house software, implemented using
MATLAB2015b. Three sets of PET images were
reconstructed: (1) non-gated images with CINE-CT,
(2) dual-gated with CINE-CT (3) dual-gated with 4D-
CT. Respiratory motion correction was applied to dual-
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gated images over the respiratory bins containing the
diastolic phase of the heart.

Non-gated images were reconstructed in static
mode using full 24 minutes of acquisition time. For
dual-gating, 5 respiratory and 5 cardiac bins were used,
producing a total of 25 individual dual-gated bins. A
long end-diastolic, end-expiratory gate for optimal count
statistics and motion minimization was preserved in bin
number 25, which was used as a reference phase for
motion correction and evaluation of dual-gated images.
Respiratory motion correction was applied to bin num-
bers 21 to 25.

For respiratory gating in PET and CT, amplitude
gating was applied. Amplitude gating is effective with
irregular breathing'* and saves ~30% data in the end-
expiratory bin. The bins were divided equally by
amplitude from end-inspiration to end-expiration. The
gating thresholds were determined by equidistant sam-
pling. The maximum threshold was defined as mean plus
one standard deviation of the amplitude maxima,
whereas the minimum was determined from the mean
of the amplitude minima. Only the cycles considered as
“‘valid cycles’” by the RPM were used.

For cardiac gating (ECG-gating), 5 bins using the
cardiac triggers from list-mode data were defined. ECG-
gating was optimized to produce ~ 35% data in end-
diastolic bin. Non-equidistant, fixed-time gate assign-
ments between subsequent R-peaks were used. The time
division of cardiac cycles was: 50, 120, 420, 550 and
1500 ms from the R-peak. Fixed-time gating was used
due to premedication and relatively stable average heart
rate, which was 61.95 + 11.71 bpm during PET. This
ensured similar gating intervals and statistics with a
large diastolic gate throughout all subjects.

Attenuation correction was performed with CINE-
CT and 4D-CT. For CINE-CT, the CT images were
averaged over all respiratory phases and used for

PET/CT Data
Acquisition Extraction

Sinogram Attenuation
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Figure 1. Image reconstruction and registration pipeline. 25 dual-gated PET images were
reconstructed, with CINE-CT and 4D-CT. Motion correction was performed to respiratory bins
containing the diastolic phase, using bin numbers 21 to 25.
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attenuation correction of dual-gated and non-gated PET.
Another set of dual-gated images were reconstructed
using amplitude gated 4D-CT, using the RPM respira-
tory curve and exported CT images. CT-PET alignment
was inspected over different respiratory phases.

PET images were reconstructed with three-dimen-
sional ordered subsets expectation maximization (3D-
OSEM) algorithm, using 2 iterations, 24 subsets and a 6
mm Gaussian post-filter. The matrix and FOV size were
256 x 256 x 47 and 350 mm. Resolution recovery (PSF
correction) was applied as recommended in Ref. 5. All
quantitative corrections including decay, attenuation,
scatter and randoms were applied.

Motion Correction

Motion correction was implemented based on Ref. 6.
All respiratory gates of the dual-gated images over the
diastolic phase were registered post-reconstruction using
the end-expiratory, end-diastolic phase as the reference
phase. A respiratory motion corrected end-diastolic PET
image was then created using gates from bins 21 (peak-
inspiration, diastolic) to 25 (end-expiration, diastolic).

A level-sets based non-rigid registration algorithm'”
was used, with the implementation described in Ref. 16.
Three levels with 10, 10 and 30 iterations per individual
level were applied. The registration update fields were
regularized after each iteration using a 3D-Gaussian
kernel with ¢ = .2. The moving images were smoothed
with a Gaussian kernel of 1 mm. The registration
accuracy was confirmed visually.

The following PET images were created: non-gated
with CINE-CT (NG), dual-gated corresponding to the
end-expiratory, end-diastolic phase (bin number 25)
with CINE-CT (DG), motion corrected from dual-gated
images with CINE-CT (MoCo) and motion corrected
from dual-gated images with 4D-CT (MoCo-4D), both
corresponding to respiratory motion corrected images
from end-diastolic phase, combined from bins 21 to 25.

IMAGE PROCESSING AND ANALYSIS

Data Preservation

The amount of data preserved compared to the NG
image (100%) was calculated. For DG, this was eval-
uated from the end-diastolic, end-expiratory bin. For
MoCo and MoCo-4D, motion corrected images were
used.

Computational Speed

Computational effectiveness was evaluated on a
2.27 GHz Intel Xeon (L5640), 16 GB of memory, 64-bit
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Windows 7 and MATLAB2015b. We evaluated the
speed of whole motion correction pipeline and the
motion correction process only, by excluding file read-
ing and writing. The average of 5 runs is reported.

Image Analysis

Images were analyzed using Carimas 2.9 (Turku
PET Centre, Finland), with automatic volume of interest
(VOI) placement in the left ventricle and inside the left
ventricle blood pool. For 3 subjects, the VOIs over the
myocardia were manually smoothed to improve seg-
mentation quality.

Myocardial VOI volumes ranged between 94.0 and
226 cm® with a mean volume of 150 + 34.1 cm®. The
blood pool VOI volumes were 6.82-16.6 cm® with a
mean volume of 11.0 + 2.28 cm®. Mean standardized
uptake values (SUV can) and standard deviations of the
SUV (SUVgp) in the myocardium and blood pool VOI
were determined.

From the SUV, following image quality metrics
were calculated: contrast ratio (CR), signal-to-noise
ratio (SNR), coefficient of variation (CV), and contrast-
to-noise ratio (CNR), which reflect image quality and
have been previously used in evaluation of motion
correction.”!”

The metrics were calculated as:

SUVhean in the myocardium

CR = 1
SUV pean in the blood pool ’ (1)
SNR — SUV nean i.n the myocardium ’ 2)
SUVgp in the blood pool
cV SUVgp in the myocardium 3)

SUV pean in the myocardium’

SUV pean in the myocardium — SUV e,y in the blood pool

CNR =
SUVgp in the blood pool

4)

Motion minimization performance was evaluated
using myocardial wall thickness (MWT) of the left
ventricle. MWT was determined as the full width at half
maximum of the uptake profile across the antero-lateral
myocardial wall, measured in the short-axis view at the
midventricular level.

Statistical Analysis

Statistical analyses were performed using JMP Pro
Version 13.1.0 (SAS Institute Inc., US). Continuous
variables are reported as meanzstandard deviation if
normally distributed, and as median (interquartile range)
otherwise. Normality was tested by visual inspection
and using the Shapiro-Wilk test. Categorical variables
are reported as N (%). Differences in image quality
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metrics were compared using Wilcoxon’s signed rank
test. All statistical tests were two-tailed, with P-values <
.05 denoting statistical significance.

RESULTS

Data Preservation

The amount of data preserved was 38.98 + 5.28% in
the MoCo and MoCo-4D images, and 10.38 + 3.20% in
the DG images. Excluding non-valid cycles resulted in
average data loss of 13.84 + 5.76%, with the largest and
smallest loss of 28.15% and 5.77%.

Computational Speed

The correction process lasted 290 seconds and was
increased to 333 seconds when running the whole
pipeline.

Image Quality and Quantification

Standardized uptake values Table 2 contains
the SUV ean With statistical comparisons versus DG.
SUYV results are summarized in Figure 2 with statistical
comparisons versus NG.

NG had the highest myocardium SUV ,¢,, of 2.15 g/
mL. DG and MoCo had comparable SUV ¢, of 1.96 g/
mL. MoCo-4D SUV ,c.n Was 2.06 g/mL, with significant
improvement compared to DG and MoCo images. The
difference between NG and MoCo-4D images was non-
significant.

NG had the highest blood pool SUV ., of .86 g/
mL. DG and MoCo images had slightly lower values of
.82 g/mL. MoCo-4D had the lowest SUV ¢, With .80 g/
mL. All pairwise differences between DG, MoCo and
MoCo-4D were non-significant. All methods showed
significant decrease compared to NG images.

Table 2. SUV ,can, for the myocardium and blood
pool

Myocardium Blood pool
SUVimean (8/mL) SUVpean (g/ml)

NG 2.15(1.48-3.43) .86 (.79-.95)
DG 1.96 (1.46-3.17) .82 (.71-.87)
MoCo 1.96 (1.46-3.16) .82 (.69-.90)
MoCo-4D  2.06* (1.52-3.30) .80 (.67-0.87)

Medians and interquartile ranges are reported
*Denotes statistically significant difference (P <.05) between
DG and MoCo-4D
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Table 3 contains all image quality metrics. Figure 3
contains box and whisker plots of CR, SNR, CV and
CNR with statistical comparisons. MWT for all methods
and subjects is illustrated in Figure 4.

Contrast Ratio

NG images had a CR of 2.74, whereas DG and
MoCo images had CR of 2.76 and 2.73. MoCo-4D had
superior CR of 2.83 with statistically significant increase
compared to other methods.

Signal-to-Noise Ratio

NG images had SNR of 25.1. The lowest SNR was
seen in DG images (20.3), with MoCo in between (25.9).
MoCo-4D images had highest SNR of 27.5. Compared
to NG images, the difference was non-significant.
Significant improvement was observed in MoCo-4D
images compared to DG and MoCo images.

Coefficient of Variation

NG images had lowest CV of 27.3%. CV increased
for all other methods, with values of 32.5% for DG,
31.6% for MoCo, and 32.1% for MoCo-4D. All differ-
ences were statistically significant.

Contrast-to-Noise Ratio

NG images had a CNR of 13.8, whereas DG images
had CNR of 11.1. MoCo and MoCo-4D images had the
highest CNR of 15.1 and 14.5. The difference between
MoCo-4D and DG was significant. The median change
from MoCo to MoCo-4D was significant with increase
of 1.85 (P =.0327, 95% CI — .073-11.02).

Myocardial Wall Thickness

Highest MWT was measured in NG images (20.9
mm). All other methods showed significant decrease
compared to NG. DG and MoCo had MWT of 16.8 mm
and 16.7 mm, with MoCo-4D having the lowest MWT
of 16.6 mm and lowest interquartile range. The median
decrease in MoCo-4D compared to DG and MoCo was
significant.

Visual Quality

Figures 5 and 6 visualize the myocardium and blood
pool in two subjects, demonstrating image quality
between the methods and reduced spill-over compared
to NG.
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Figure 2. Standardized uptake values (SUV ean, SUVsp) of the myocardium and blood pool (ns =
non-significant, *P < .05, **P < .01 ***P < .001).
Table 3. Image quality metrics
CR SNR CV (%) CNR MWT (mm)
NG 2.74 (1.85-3.83) 25.1 (19.4-34.4) 27.3 (22.2-34.3) 13.8 (10.0-22.5) 20.9 (18.3-24.2)
DG 2.76 (1.87-3.83) 20.3 (11.4-27.7) 32.5 (28.8-38.0) 11.1 (5.57-20.7) 16.8 (14.2-22.2)
MoCo 2.73 (1.82-3.88) 25.9 (16.2-31.2) 31.6 (28.0-36.7) 15.1 (6.58-22.9) 16.7 (14.2-20.0)

MoCo-4D 2.83* (1.93-4.03) 27.5* (16.9-39.3)

32.1* (28.4-36.7)

14.5* (7.77-30.1) 16.6* (13.9-18.8)

Medians and interquantile ranges are reported

*Denotes statistically significant difference (P < .05) between DG and MoCo-4D

Figure 7 shows the uptake profiles used to calculate
MWT with the same subjects.

DISCUSSION

The creation of a respiratory motion corrected end-
diastolic image (MoCo-4D) minimizes motion and
improves image quality compared to dual-gating. This
method also saves 25% of additional data compared to
dual-gating. The proposed methods could be imple-
mented using existing software on a clinical PET/CT
system.

Method Evaluation

MoCo-4D was superior in majority of the image
quality metrics with optimum motion minimization,
showing statistically significant improvement compared
to both NG and DG.

MoCo-4D showed increased myocardial SUV can
and lower blood pool SUV,.., compared to other
methods (Table 2, Figure 2). MoCo-4D showed
improved SUV ., recovery compared to DG and
MoCo and reduced spill-over compared to NG.

In terms of image quality (Table 3, Figure 3),
MoCo-4D showed superiority in a majority of measured
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Figure 4. On the left, myocardial wall thickness (MWT) is shown (**P < .01, ***P < .001). On
the right, MWT is shown for each subject. MoCo and MoCo-4D show lowest MWT.

parameters compared to DG. For CR and SNR, this can
be seen clearly.

CV increased in DG, MoCo and MoCo-4D to
similar level (~32-33%). For DG, this is caused by
increase of noise. As motion correction is performed

post-reconstruction, noise is averaged in the corrected
image, increasing CV in MoCo and MoCo-4D.
MoCo-4D reduced motion compared to NG, with
16.6 mm vs 20.9 mm MWT (Table 3). MoCo and DG
images had similar MWT (16.6-16.8 mm), indicating
that no residual blurring was introduced by MoCo.
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Figure 6. PET images for patient B (male, 54 years, 171 cm, 73 kg, BMI 25.0, 298 MBq).

MoCo-4D resulted in slightly smaller MWT subject-
wise (Figure 4).

In the visual evaluation, spill-over in the blood pool
was reduced with DG and MoCo methods (Figures 5 and
6). Slight increases in local uptake were visible in MoCo

methods, with no additional blurring compared to DG.
The uptake profiles were also sharper due to motion
minimization (Figure 7).
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Figure 7. Uptake profiles across the antero-lateral myocardial wall for patients A (Fig. 5) and B
(Fig. 6), showing reduced MWT. The peak activity is slightly lower for motion correction with

patient B.

Comparison of 4D-CT and CINE-CT

We compared two methods for attenuation correc-
tion. Using CINE-CT in cardiac imaging improves
accuracy.®” We have shown that motion correction
benefits from 4D-CT with the same radiation dose as
CINE-CT. However, CINE-CT increases dose and
might not be justified, if no benefits are seen over the
standard CTAC protocol.'®

Comparison to Previous Studies

MoCo-4D has higher MWT (16.6 mm) than 13.8
mm reported in Ref. 5 and 11.6 mm in Ref. 17, which
applied cardiac® and cardiac-respiratory'’ motion cor-
rection. We used a 6 mm Gaussian filter from our
clinical protocol, which is optimal for noise suppression
but reduces resolution. A 2 mm filter used in Refs. 11,17
might be more optimal. As in previous studies, we noted
increased CR and CNR, although direct comparison is
challenging due to different methodologies.

A trade-off exists between motion minimization and
noise increase in dual-gating, degrading registration
accuracy.® We applied 5/5 cardiac and respiratory bins
according to our clinical protocol versus 8/4 in Ref. 6.
This is nearly identical to the optimal amount reported in
Ref. 19, although on a different system. A more optimal
amount might be discovered with systematic testing,
which is out of the scope of this study.

Limitations

Differences in SUV .., and CV are attributed to
VOI delineation, which was performed independently
for each image. This causes variability in VOI size and
the activity covered by the VOI, increasing standard
deviation and CV. We quantified SUV .., instead of
SUV hax, since the dependence of SUV .« on counting
statistics has been shown®® whereas SUV can is more
robust.”' The method was also evaluated with a small
number (N = 13) of patients, prompting follow-up
studies with larger patient groups.

Motion correction is challenging in plaque imaging.
All subjects in this study had myocardial uptake, thus
the motion correction performance with coronary lesions
of low uptake was not evaluated. A level set-based
registration has been applied in ['®F]-NaF PET,*? using
coronary CT angiography for PET registration.

Future Studies

Our method saves 39% of the data, as only the
diastolic phase is used for motion correction. Thus, a
dual motion correction approach as in Ref. 17 might be
preferred, which can preserve 100% of the data. Apply-
ing cardiac motion correction as in Ref. 23 might also
improve image quality and MWT, however, these
approaches are not yet implemented on PET/CT sys-
tems. Moreover, a triple-motion correction including
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gross patient motion
performance.”'

Finally, sinogram-based motion correction is advan-
tageous for image quality and motion minimization. A
challenge has been adopting sinogram-based methods in
clinical routine, due to complexity and user-defined
reconstruction, challenging clinical comparison.”* How-
ever, one such approach has been recently implemented
using vendor-based reconstruction.”* Thus, modifying
our method to sinogram-based correction could improve
performance.

correction might increase

New Knowledge Gained

We implemented a motion correction method which
corrects respiratory motion over the diastolic phase
combined with 4D-CT. The method improves image
quality and motion minimization qualities significantly
and is relatively simple to implement clinically using
existing methodologies. We’ve shown the clinical
applicability of the proposed approach and that 4D-CT
should be used in combination of motion correction for
optimum results.

CONCLUSIONS

This paper proposed a motion correction approach
that could be implemented using existing vendor-based
methods in cardiac PET/CT imaging. The best motion
minimization qualities together with the best image
quality and quantification metrics were achieved with
the MoCo-4D method.
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