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Background. Respiratory patient motion causes blurring of the PET images that may
impact accurate quantification of perfusion and infarction extents in PET myocardial viability
studies. In this study, we investigate the feasibility of correcting for respiratory motion directly
in the PET-listmode data prior to image reconstruction using a data-driven, projection-based,
respiratory motion compensation (DPR-MoCo) technique.

Methods. The DPR-MoCo method was validated using simulations of a XCAT phantom
(Biograph mMR PET/MR) as well as experimental phantom acquisitions (Biograph mCT PET/
CT). Seven patient studies following a dual-tracer (**F-FDG/>N-NH3) imaging-protocol using a
PET/MR-system were also evaluated. The performance of the DPR-MoCo method was com-
pared against reconstructions of the acquired data (No-MoCo), a reference gate method (gated)
and an image-based MoCo method using the standard reconstruction-transform-average (RTA-
MoCo) approach. The target-to-background ratio (TBR; y) in the myocardium and the noise in
the liver (CoVy;,.) Were evaluated for all acquisitions. For all patients, the clinical effect of the
DPR-MoCo was assessed based on the end-systolic (ESV), the end-diastolic volumes (EDV) and
the left ventricular ejection fraction (EF) which were compared to functional values obtained
from the cardiac MR.

Results. The DPR-MoCo and the No-MoCo images presented with similar noise-properties
(CoV) (P = .12), while the RTA-MoCo and reference-gate images showed increased noise levels
(P = .05). TBRyy values increased for the motion limited reconstructions when compared to the
No-MoCo reconstructions (P > .05). DPR-MoCo results showed higher correlation with the
functional values obtained from the cardiac MR than the No-MoCo results, though non-sig-
nificant (P > .05).
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Conclusion. The projection-based DPR-MoCo method helps to improve PET image quality
of the myocardium without the need for external devices for motion tracking. (J Nucl Cardiol

2020;27:2216-30.)
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Abbreviations

CoV Coefficient of variation

DDG Data-driven gating

DPR- Data-driven, projection based motion
MoCo detection and compensation

LV Left ventricle

MoCo Motion compensation

MRI Magnetic resonance imaging

MVS Myocardial viability studies

RTA Reconstruction transform average

See related editorial, pp. 2231-2233

INTRODUCTION

Myocardial viability studies are important tools in
the evaluation of patients with ischemic heart disease.’
These studies provide valuable information on the
volume of both scar and hibernating tissues through
evaluations of myocardial perfusion imaging and
myocardial metabolism." However, the quantitative
accuracy of myocardial examinations is affected by
image blurring from respiratory motion and cardiac
contraction.

Gating techniques, which divide the cardiac con-
traction and/or respiration into several phases, have been
suggested to limit cardiac motion effects. In cardiac
PET, electrocardiogram (ECG) gating, using 3-lead
ECG monitoring of the patient, has become the standard
in clinical routine.” Traditionally, respiratory motion is
detected using external markers, such as respiratory
belts, infrared sensors or measurements of the nasal air
temperature.”” However, respiratory external markers
frequently require time-consuming calibrations® and
bear the risk of being inadequate throughout the acqui-
sition due to changes in the respiratory baseline’ or
malfunctions during the acquisition.® Moreover, their
use may be uncomfortable for patients. Therefore, there
is a growing interest in obtaining the respiratory signal
without the use of external devices and with as little
patient instructions as possible. In this context, data-
driven methods, which derive the respiratory signal
directly from the acquired PET data (i.e., self-gating
methods) or through the use of MR navigators in
combined PET/MR systems, are promising alternatives
to the use of external markers.>’~'2

However, gating approaches have the disadvantage
of using only fractions of the acquired data, thus leading

to increased noise levels in the resulting images.'* This
is particularly critical for myocardial PET-imaging,
where corrections for both respiratory and cardiac
motion are desired.'* For this reason, motion compen-
sation (MoCo) approaches have generated substantial
interest. To date, two main approaches have been
proposed: the reconstruct-transform-average (RTA)
method, which relies on co-registrations of gated
image-reconstructions,'> and the motion-compensated
image reconstruction, which is based on the inclusion of
the motion information in the system matrix during the
reconstruction.'®'® Despite promising results,'® these
methods are not yet widely adopted in clinical routine
due to complex setup procedures that involve user-
defined reconstruction algorithms, which challenges a
comparison to the results obtained in clinical settings.

Here, we propose a data-driven, projection-based
respiratory MoCo (DPR-MoCo) approach for PET data
acquired in PET-only, PET/CT or PET/MR systems.
The proposed approach models the motion of each event
in projection space and performs the correction event-
by-event in the PET-listmode data, prior to the image
reconstruction process.

MATERIALS AND METHODS

The proposed DPR-MoCo technique was implemented
and validated through analytical simulations and phantom
experiments and subsequently tested in clinical patients who
underwent myocardial viability examinations.

Analytical Simulations

A 4D extended cardiac-torso (XCAT) phantom20 was
used for the analytical simulations based on the Siemens
Biograph mMR PET/MR system. In contrast to an earlier
approach by Tsoumpas and Cal-Gonzalez>'** the analytical
simulation in our study generated a listmode file instead of
gated sinograms (Supplementary File 1). Photon attenuation,
random and scatter coincidences, as well as Poisson noise,
were included in the simulations to mimic a realistic patient
acquisition. Three different parametric models of cardio-
respiratory motion were included in our simulations: (i) a 2
cm superior-inferior 1-dimensional respiratory motion (0.2
Hz); (ii) a 2 cm superior-inferior and 1 cm anterior-posterior
respiratory motion (0.2 Hz); and (iii) the respiratory motion
described in (ii) combined with a cardiac rate of 1 bps
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Figure 1. A Top—illustration of the simulated XCAT phantom (reference image used for the
analytical simulations). Bottom—motion models included in the simulations: (i) 1D axial motion of
2 cm; (i) 2D motion in the axial direction (2 cm) and in the anterior-posterior direction (1 cm); (iii)
the respiratory motion described in (ii) combined with cardiac beating, 1 beat per second. Note that
the cardiac motion in (iii) was simulated but not considered in the corrections. B Top—schematic
design of the experimental phantom used for the validation of the data-driven respiratory motion
detection. Bottom—CT image of the phantom illustrating the myocardial compartment and the
three plaque-type lesions. C Flow-chart of dual-tracer PET/MRI protocol. Patients underwent
simultaneous acquisitions of PET-based myocardial perfusion imaging employing '*N-NH; and
cine-acquisitions in the MR system. Myocardial viability was assessed through simultaneous
acquisitions of PET employing '®F-FDG and rest and late-gadolinium enhancement imaging
protocols.

(Figure 1A). Note that the cardiac motion in (iii) was simu-
lated, but not accounted for in the corrections. The following
standardized uptake values (SUV) were used in both simula-
tions: soft tissue = 2, liver = 7, myocardium = 18, lumen = 5,
ribs = 3.

Five respiratory gates were created from the simulated
listmode data. In the simulated dataset (iii), cardiac motion was
included in the simulation but not considered in the correc-
tions. The reconstruction of the simulated data was performed

using the Software for Tomographic Image Reconstruction
(STIR).?

Phantom Experiments

Two phantom studies were performed on a Siemens
Biograph mCT PET/CT system at a collaborating site in
Miinster (Germany) (Figure 1B).** Three spherical plaque-
type lesions of 36 mm, 31 mm and 18 mm® were attached to
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Injected activity [MBq]

Patient number Age [years] Gender I3N-NH; 18E DG
1 89 Male 578 318
2 73 Male 758 360
3 73 Female 743 323
4 72 Male 746 346
5 47 Male 450 287
6 66 Male 619 378
7 78 Female 643 292

the myocardium inside the phantom (Figure 1B). The studies
were acquired either with or without phantom motion (No-
Motion). The No-Motion acquisition was acquired for 10
minutes, while the study with motion effects was acquired over
30 minutes. The latter experiment simulated cardiac contrac-
tions every 1.9 seconds with a respiratory cycle of 4.6 seconds,
as described by Cal-Gonzalez et al.>* The myocardium-to-
lumen ratio in the experimental phantom acquisition was 5-to-
1. A respiratory signal obtained using a respiratory belt (Anzai
AZ-733V) was used for validation of the data-driven respira-
tory detection.

Patient Studies

Seven patients (Table 1) undergoing myocardial viability
examinations prior to revascularization procedures were
enrolled and followed a combined PET/MR imaging protocol
using a fully integrated PET/MR system (Siemens Biograph
mMR, Siemens Healthineers, Erlangen, Germany).

All patients fasted for 4 hours prior to the '‘*F-FDG
examination in order to switch the patients to glucose
metabolism. All patients were administered Acipimox (250
mg) to stimulate the uptake of the '*F-FDG. Patients under-
went dynamic acquisitions of myocardial perfusion imaging
employing ">N-NH; and metabolism studies employing '®F-
FDG in a combined PET/MR imaging protocol (Figure 1C).
The study was approved by the institutional review board (IRB
No.: 1832/2016).

The proposed motion compensation was evaluated on
PET-emission data from the last 10 min of the acquisitions
(*N-NH;: (10-20) min, '®F-FDG: (30-40) minutes) to ensure a
high tracer-uptake in the myocardium, as suggested in guide-
lines for myocardial metabolism imaging by the American
Society of Nuclear Cardiology (ASNC).* All acquisitions
were reconstructed using DIXON-attenuation correction maps
in the clinical reconstruction tools (OSEM 3i2ls, 4mm
Gaussian filter).?¢

Data-Driven, Projection-Based Respiratory
Motion Compensation (DPR-MoCo)

Standard clinical routine assessments involve image
reconstruction of the acquired PET-data without any motion
limiting post-processing (Figure 2A). The proposed DPR-
MoCo technique involves two steps, (1) extraction of the
respiratory signal and respiratory gating of the PET-images;
(2) extraction of motion vector fields (MVF) and projection
based respiratory MoCo.

In brief, in step (1) the respiratory signal was extracted from
the PET-listmode file and used for an amplitude data-driven
gating (DDG) of the obtained PET-list data (see subsection:
DDG) (Figure 2B). In step (2), the MVFs were obtained from
non-rigid, projection-based co-registrations of the myocardium
for all respiratory gated images (Figure 3A) (see ‘ ‘Extraction of
the motion vector fields’’). Following their extraction, the
MVF’s were used to correct all individual events in the acquired
listmode data (Figure 3B), thus providing a data-driven, pro-
jection-based motion compensation (DPR-MoCo) (see
“‘Projection-based respiratory motion compensation’”).

Respiratory motion detection (DDG)

To ensure accurate detection of the respiratory signal, we
propose to extract the respiratory signals from the myocardium
only. This was achieved by using a bounding-box that covered
the myocardial outline plus 2.5 cm in each direction and
forward projecting the bounding-box to projection space
(sinogram space). In this study, we used a center-of-mass-
based assessment of the count-rates obtained within the
bounding box for 100 ms long time-intervals (Eq. 1).

Zi i T(i7 t)
Ei T(i7 t)
where T is the histogram for the time segment 7 and i the

slice number of the myocardial slice evaluated. The
extracted respiratory signal was filtered using a moving

(1)

Center of mass (f) =
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Figure 2. Data-driven motion detection. A Standard clinical reconstruction set-up employs the

acquired listmode file with all stored events (E;, E,, ..

., En) during the acquisition. The resulting

reconstruction has respiratory motion embedded in images, thus, degrading the image-quality. B
The proposed DDG extracts the respiratory signal from the listmode file, followed by a respiratory

gating of the acquired data.

average filter (0.3 seconds) to remove the 1Hz overlay
signal introduced by the cardiac contractions (Fig-
ure 2B). Following filtering, the respiratory signal was
used for an 4-bin amplitude-based gating (10-95-per-
centile of the respiratory range) of the PET listmode data
and subsequent reconstruction in the vendor provided
reconstruction  toolbox  (e7-tools,  Siemens) 2’
(Figure 2B).

Extraction of the motion vector fields

We propose to extract the MVF’s using projections of the
gated images, to limit the risk of artifacts in the motion
compensation (Figure 3A). The MVFs were extracted using three
steps: first the myocardium was segmented for all respiratory
gated images, which improved the definition of the MVF by
suppression of the activity in the sub-diaphragm regions>®
(Figure 3A). Then the segmented images were forward projected
by using a Siddon’s ray tracing algorithm, to obtain ideal, noise-
free, gated projections from which the respiratory MVFs were
calculated (Figure 3A). These ideal projections were obtained
using the forward projector available in the STIR-toolbox.>
Third, the sinogram-based MVFs were obtained from non-rigid
co-registrations of the projected data using the Medical Imaging
Registration Toolbox (MIRT)*?® (Figure 3A). All gates were co-
registered to the end-expiratory breath-hold position using a sum-
of-square difference assessment.

Projection-based respiratory motion com-
pensation. The extracted respiratory MVFs were used to
create a motion compensated listmode (LM) file (Figure 3B).
Motion compensation was achieved by applying the defined

MVF’s to each event in the original listmode file. To ensure
correct normalization of the data, the ratios of the normalization
of the original and the motion-compensated positions were
calculated and stored in an independent pseudo-LM file
(Figure 3B). The respiratory MoCo sinograms were obtained
from a combined binning of these two listmode files, followed by
reconstruction using the vendor provided reconstruction tools.

Reconstruction Transformation Average
(RTA-MoCo)

The DPR-MoCo method was validated against an image-
based RTA-MoCo, in which the four amplitude-based recon-
structions were co-registered to end-expiratory breath-hold
position, as used for the DPR-MoCo."> The image-based
MVFs used for the RTA-MoCo were obtained in the MIRT
software using the same segmentations as employed for the
DPR-MoCo method, thus ensuring comparable results.

Data Analysis

A total of four different image-reconstructions were
evaluated for the simulations, the phantom study and the
patient examinations: reconstructions of the acquired data
without any motion compensation (No-MoCo), a reference
gate (Gated), an RTA based reconstruction (RTA-MoCo) as
well as the DPR-rMoCo images (Table 2). In case of the
simulated data and phantom acquisitions, we also included the
reference images without any motion (No-Motion). In addi-
tion, two ECG-gated reconstructions were performed for the
patient datasets, using the acquired data (No-MoCo-ECG) and
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Figure 3. Definition of the projection-based motion vector fields (MVF) and the DPR-MoCo
method. A Respiratory motion vector fields (MVF) are extracted from forward-projections of
segmentations of the myocardium obtained for each respiratory phase (see Figure 2B). B The
extracted MVFs are used to correct for the respiratory motion directly in the listmode file. An
additional normalization listmode file is created to compensate for changes in the normalization
when moving the individual prompts. A fully-respiratory motion compensated image is

reconstructed using the vendor provided software.

the DPR-rMoCo (DPR-ECG). The ECG-gated datasets PET
datasets were compared to the cardiac MR functional assess-
ment of the myocardium using Medis MR Suite/Qmass
toolbox (Medis, Leiden, the Netherlands).

A total of 10 figures-of-merit (FoM), consisting of both
mathematical and clinical evaluations (Cedars-Sinai QPS/QGS
2013 version, Cedars-Sinai Medical Center, Ca, USA), were
evaluated (Table 3). The mathematical FoM included: (1) the
target-to-background ratios of the left ventricle (TBRyy). Here
the myocardium was segmented using a 41% SUV-max
assessment, while the background was calculated from a
spherical VOI (2.5 cm?®) inserted in the left atrium. (2) The
noise in the images, which was assessed using the coefficient
of variation (CoVye,) in a 15 cm? spherical VOI inserted in the
liver (3). The axial translations measured in the myocardium
for the experimental phantom and patient acquisitions. The
following FoM were used for the clinical evaluation: the lumen
of left ventricle, the scar-size (!F-FDG data), the total
perfusion defect (TPD) (**N-NH; data), end-systolic volume

(ESV), end-diastolic volume (EDV), the stroke-volume (SV)
and the ejection fraction (EF).

Statistical Analyses

The Gated, RTA-MoCo and DPR-MoCo images were
compared to the No-MoCo reconstructions using one-way
analyses of variance (1-way ANOVA) for all FoM’s. The
statistical analyses were corrected using a Dunnet correction to
compensate for the multiple comparisons.*®

RESULTS

Analytical Simulations

Figure 4 shows selected coronal views of the
reconstructed images of the XCAT phantom with
corresponding line profiles for different motion-patterns
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Table 2. Motion detection and compensation techniques employed for the acquired PET-data
(phantom acquisitions and patient examinations) and their respective characteristics

MoCo Motion MVF Motion MoCo+ECG
technique detection measurement compensation gating
No-motion No N/A No No (ECG-gating only)
Gated (respiratory) DDG N/A No No

DPR-MoCo DDG Projection-based Projection-based Yes

RTA-MoCo DDG Image-based Image-based No

The two motion compensation techniques (Data-driven, projection-based respiratory motion compensation (DPR-MoCo) and
reconstruction transform average (RTA-MoCo) employ different techniques for motion detection and compensation

DDG, data-driven gating

Table 3. Figures of merit (FoM) for the evaluation of the proposed DPR-MoCo method

Simulations Phantom data Patient data
Mathematical figures-of-merit
Respiratory translation No v 4
CoViiver v v 4
TBR.y v v 4
Clinical figures of merit
Lumen of left ventricle No No v
Scar size No No v
TPD No No v
ESV No No 4
EDV No No v
Y% No No v
EF No No v

The mathematical FoM included the respiratory translations (measured in the respiratory gated images), the Coefficient of
Variation within the liver (CoVjer) and the target-to-background ratios of the left ventricle (TBR,y). Clinical FoOM were obtained
from Cedars QGS software (Cedars Sinai) and included the scar-size ('"8F-FDG data), the total perfusion defect (TPD) (">N-NH;

data), end-systolic volume (ESV), end-diastolic volume (EDV), the stroke-volume (SV) and the ejection fraction (EF)

introduced in the simulations (1D, 2D). Upon visual
inspection of the reconstructed images the DPR-MoCo
and RTA-MoCo yield improved image-quality, with
higher contrast and similar levels of noise. Upon
quantitative evaluation, DPR-MoCo and RTA-MoCo
images have TBRyy and CoVy., values comparable
to the No-Motion images (Table 4). The No-MoCo
images had lower TBR; y values, while the single-gate
reconstructions presented much higher CoV;y., values
(Table 4).

Phantom Experiments

A high correlation (99% detection rate) was
observed for the respiratory signal obtained using the

proposed DDG and external markers (Figure 5). Both
signals provided a strong respiratory peak in the Fourier
spectrum for a frequency of 0.216 Hz, which corre-
sponds to a respiratory signal with period of 4.6 seconds.
The corresponding MVFs obtained for the segmented
myocardium recovered 75% of the motion exerted to the
myocardium in the axial direction (Table 4). Compara-
ble noise levels were observed for the No-MoCo, RTA-
MoCo and DPR-MoCo images (Table 4). Improved
TBRyy were seen in the DPR-MoCo and RTA-MoCo
images, when compared to the No-MoCo reconstructions
(Figure 5). The TBRyy values for the DPR-MoCo and
RTA-MoCo images were, however, not recovering the
values obtained for the No-Motion images of the static
phantom.
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<«Figure 4. Simulated XCAT phantom. A Comparison of DPR-
MoCo, RTA-MoCo, Gated and No-MoCo images for the
simulations with 1D axial respiratory motion model. B Same
images, but with a 2D axial + anterior/posterior motion model.
The corresponding line profiles through the myocardium are
depicted in the right side of the figure. A significant
improvement in image contrast, while preserving noise prop-
erties, can be observed for the DPR-MoCo and the RTA-MoCo
images. C Same images, but with a 2D axial + anterior/pos-
terior + cardiac motion model. Note, the cardiac motion in (iii)
was simulated but not accounted for in the corrections.

Patient Studies

DPR-MoCo: static myocardial examina-
tion. Significant respiratory motion was observed for
the patient acquisitions, with translations of up to 31 mm
in the axial direction (Table 5). Improved resolution
recoveries were observed when applying motion limit-
ing (Gated) or motion compensation (DPR-MoCo, RTA-
MoCo) techniques (Figure 6, Table 6), resulting in
contour sharpening of TPD and better scar delineations
on the polar-maps. Assessments of the image-quality
reveal statistically significantly increased noise-levels
for the Gated and RTA-MoCo images, while the DPR-
MoCo have slightly better image-quality across the
patients, although the differences were not statistically
significant (Table 6). The individual assessment of
CoViiver, left ventricular volume and CBR;y for the
different image reconstruction methods are provided in
the supplementary data (Figure SM1). The reconstructed

Journal of Nuclear Cardiology®
November/December 2020

images for two patients are also provided in the
supplementary data (Figures SM2 and SM4).

DPR-MoCo + ECG-gating. Diastolic and sys-
tolic phases of the DPR-MoCo and standard LM-based
reconstructions showed marked differences when the
polar maps were analyzed using the clinical evaluation
software (Figure 7, Supplementary Figures 3, 5). The
patient displayed in Figure 7 had confirmed 3-vessel
disease as visualized by a general reduced radio-tracer
uptake ("’N-NH; and '®F-FDG) in the myocardial PET
images and the corresponding polar maps. A slight
increase in the tracer-uptake is seen for the anterior part
of the myocardium when applying the DPR-MoCo.

Grouped analyses of the ESV, EDV, SV and EF
revealed improved delineations of the left-ventricular
wall after motion compensation across the patients,
shown as reduced ESV and EDV values. Furthermore,
the DPR-MoCo images revealed higher correlation with
the cardiac MRI extracted EF values (Table 7).

DISCUSSION

In this study, we describe the feasibility of a data-
driven, projection-based motion detection and correction
method (DPR-MoCo) for cardiac PET imaging. The
DPR-MoCo method was evaluated in simulations,
phantom studies and clinical patients. In all cases, we
observed a clear improvement in the reconstructed PET
images when employing the proposed DPR-MoCo, with
increased TBR; y values and similar noise levels to the
ones obtained in No-MoCo images (Table 4).

Table 4. CoVj,,er and the TBR;y values obtained from images reconstructed with DPR-MoCo compared
with the values obtained from images reconstructed without MoCo (No-MoCo), gated images (Gated),
RTA-MoCo and acquisitions without motion (No-Motion)

No-MoCo Gated DPR-MoCo RTA-MoCo No-motion

COVLiver (%)

Simulation (1D) 3.0 6.1 2.6 2.2 3.0

Simulation (2D) 3.0 6.2 2.5 2.4 3.0

Simulation (2D + cardiac) 3.6 5.4 2.4 2.3 3.0

Phantom experiment 10.1 17.4 11.1 11.9 11.2
TBR.v

Simulation (1D) 1.8 3.0 29 2.9 3.0

Simulation (2D) 1.8 29 2.8 29 3.0

Simulation (2D + cardiac) 1.5 2.3 2.2 2.2 3.0

Phantom experiment 7.4 7.7 8.1 7.8 12.8

Measured axial motion (mm)

Simulated axial motion (mm)

Phantom experiment

15.5

20.0
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Table 5. Respiratory translations (mm) observed for the respiratory gated images
I3N-NH; 18E_FDG
. Axial Transaxial Axial Transaxial

Patient

Mean Max Mean Max Mean Max Mean Max
1 10.6 31.3 35 15.0 3.3 11.1 1.3 59
2 3.3 13.9 3.6 15.8 3.8 15.6 2.7 10.5
3 3.5 27.0 3.3 19.8 4.5 25.7 2.8 11.2
4 6.9 28.0 7.3 28.9 3.2 14.3 3.8 20.9
5 2.0 10.4 1.9 6.5 2.4 13.2 2.4 9.4
6 7.4 27.3 3.8 17.7 6.1 24.8 3.1 18.5
7 8.8 24.5 3.6 15.8 7.0 235 3.0 13.7
MeanzSD 6+3 23+8 4+2 17+7 4+2 18+6 3+1 1345

The maximum translation is calculated as the maximum displacement between the template gate and the reference gate for an

individual patient

Table 6. Mathematical FoM obtained for the patient analyses averaged across all seven patients

18 DG

Wall Volume TBR;y CoV Liver TPD Wall Volume TBR;y CoV Liver Scar

13N-NH;
No-MoCo 161 45 0.08
Gated 158 48 0.11
DPR-MoCo 160 48 0.08
RTA-MoCo 160 47 0.09

23 150 39.1 0.08 23
25 146 35 0.13 25
24 150 41 0.08 24
24 148 43 0.11 24

FoM values in bold are statistically significant different to the No-MoCo corresponding FoM value (P < 0.05). Increased TBRy and
total perfusion defect (TPD) were reported for the Gated, DPR-MoCo and RTA-MoCo images. The No-MoCo and DPR-MoCo images
had reduced noise (CoV Liver), when compared to the Gated and RTA-MoCo images. FoM = Figures of Merit

Furthermore, relative changes between No-MoCo and
DPR-MoCo reconstructions were reported for several
parameters of clinical interest, such as the ESV, the
EDYV, and the EF.

The performance of the DPR-MoCo was evaluated
by means of analytical simulations of the XCAT
phantom. We demonstrated a good performance of the
proposed DPR-MoCo (Figure 4 and Table 4). A high
number of acquired counts was simulated (500 million
counts per gated sinogram), leading to reconstructed
images with very low levels of noise (Table 4).

The proposed method (DPR-MoCo) was validated
also in phantom studies by comparing the data-driven
extracted respiratory signals to the respiratory signals
obtained from using a respiratory belt (Anzai AZ-733V)

(Figure 5). Here, nearly perfect correlations between the
respiratory signals were observed for the DDG tech-
nique, which translated into improvements of
reconstructed images employing either gating or MoCo
(Figure 5, Table 4). As expected, image noise levels did
increase for the single-gate reconstructions when com-
pared to image reconstructions using the full-acquired
data: No-MoCo, DPR-MoCo and RTA-MoCo (Tables 4
and 6).

Further, the clinical effect of the DPR-MoCo was
assessed also in seven patients. We observed relative
improvements in the visual quality of the reconstructed
images after applying the DPR-MoCo (Figure 6,
Table 6). However, these improvements were lower
than expected and not statistically significant (Table 6).
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Figure 5. Experimental phantom study. A No-Motion, B No-MoCo, C Gated, D DPR-MoCo and E
RTA-MoCo. One of the inserted plaque-type lesions is clearly visible in the images shown in panels
A, C, D and E. F Line profile through the myocardium shows resolution recovery for the motion
limited data when compared to the static images. G Respiratory signal obtained using the DDG
(red) and external markers (blue), which shows an excellent overlap between them.

Nevertheless, we observed a higher impact of our
proposed DPR-MoCo approach on the '*N-NHj; scans,
due to increased respiratory translations introduced by
the simultaneous acquisition of MR-cine sequences that
require multiple breath-holds (Figure 1, Table 5).*'

An important benefit of the proposed DPR-MoCo
technique is the ability of performing ECG-gating of the
listmode data including correction for respiratory
motion. Evaluations of the ECG-gated PET-images
employing the DPR-MoCo and No-MoCo datasets pro-
vided notably more consistent EF measures when

compared to the cardiac MR measures following DPR-
MoCo. The mitigated difference between the cMR and
DPR-MoCo was introduced by enhanced delineations of
the myocardial wall (Figure 7, Supplementary Fig-
ures 1-5) owing to the correction of the respiratory
blur in the PET images. The relative improvement in the
image-quality was correlated with the motion observed
for the myocardium across patients. In cases with
significant respiratory motion, such as the '*N-NH3
studies (introduced by multiple breath-holds, required
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Figure 6. Comparison of image-quality obtained for the '*N-NHj (top) and 'F-FDG (bottom)
scans for a patient #7. (A) No-MoCo, (B) Gated, (C) DPR-MoCo and (D) RTA-MoCo images are
shown. Improved contrast recovery is seen for the Gated, DPR-MoCo and RTA-MoCo images, as
improved delineation of the left-ventricular lumen (white arrow) and sharpening of the myocardial

wall (green arrow).

by the cMR), we obtained higher image quality
improvement after applying the MoCo techniques.

The proposed method has certain advances in terms
of translation into clinical practice, as the method can be
fully automatized. The current implementation offers a
semiautomatic approach, which only requires manual
entries in terms of segmentation of the myocardium.
Automatic delineations of the myocardium can further
improve the proposed technique to become fully auto-
mated, which currently is work in progress.

Despite being tested in a clinical setting with high
count statistics, it is believed that this technique also
works for other studies with low-count statistics such as
coronary PET-studies for two reasons.>? First, the DDG
requires high contrast between the myocardium and the
lungs, a requirement that is fulfilled for most tracers
following the first-pass phase. The second reason is that
the MVFs are extracted using ideal sinograms, obtained
from projections of the respiratory gated images. These
ideal projections contain is stable in terms of noise and
are, thus, not affected by even low count statistics as can
be expected in some applications.

Limitations of the DPR-MoCo Method

The sinogram-based definition of the MVFs is
inherent to the proposed DPR-MoCo approach and can
be argued as its major limitation since motion in image

space is only partly reflected as motion in sinogram
space. In this work, we assumed that the respiratory
motion in the heart can be approximated by a simple
motion pattern in 2D (axial and anterior-posterior), and
therefore, the loss of information due to moving from
image-to-sinogram space does not yield significant
degradation of the accuracy of the motion model.
However, for more complex motion patterns, e.g.,
cardio-respiratory motion, the proposed method will be
challenged. Further investigations of the range of
applicability of the DPR MoCo approach are required
to understand its pitfalls.

Another limitation is the use of only four bins in the
amplitude-based respiratory gating, which is known to
possess a significant amount of intra-frame motion.>’
The effect of the DPR-MoCo is expected to be improved
if using a higher number of respiratory bins, however,
the increase in noise in the gated reconstructions may
also reduce the accuracy of the resulting DPR-MoCo
images. Further studies are required to find the optimal
settings of this technique.

Finally, in view of the small size of the analyzed
patient-cohort, a follow-up study related to the clinical
evaluation of the proposed method based on a larger
patient cohort has been initiated as well.
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Table 7. Functional values obtained for the ECG-gated reconstructions of the No-MoCo and DPR-MoCo
image reconstructions as well as the cardiac MR functional parameters, averaged across patients

13N-NH; 1SE_FDG
ESV EDV Y EF ESV EDV SV EF
No-MoCo 50 105 55 59 53 97 45 52
DPR-MoCo 47 99 53 58 48 o1 43 54
cMR 55 107 52 55 55 107 52 55

Generally better comparison for EF were observed for the DPR-MoCo results, though not statistically significant
ESV, end systolic volume, EDV, end diastolic volume, SV, stroke volume and EF, ejection fraction, cMR, cardiac MRI

End Diastolic End Systolic
No-MoCo DPR-MoCo No-MoCo DPR-MoCo

SR | N,
=

pa

SuUv

Figure 7. Comparison of End-Diastolic and End-Systolic images obtained for patient #7, Top:
images and polar maps from the last 10 minutes of the 'N-NH; scan. Bottom: images and polar
maps from the last 10 min of the '"®F-FDG scan. No-MoCo ECG reconstructions are shown on the
left while DPR-MoCo ECG-reconstructions are shown on the right.
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NEW KNOWLEDGE GAINED

In this study, we demonstrated that a projection-
based motion modeling and compensation technique can
provide an image-quality of the heart comparable to
already established methods.

CONCLUSION

This study proposes a data-driven MoCo technique
for PET imaging. The proposed DPR-MoCo method
applied to respiration and yields significant improve-
ments in the image quality and quantification of the
myocardial wall for ECG-gated reconstructions. To date,
the methods have been validated for simple motion
models and well-defined sources of tracer distribution in
cardiac PET imaging.
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