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Purpose: Myocardial perfusion (MP) PET imaging is a powerful tool in risk assessment and stratifi-
cation of patients with coronary artery disease. Involuntary organ motion degrades cardiac PET
image resolution, while respiratory and/or cardiac gating to freeze the motion leads to noisier recon-
structed images due to reduced counts in the gated frames. In this work, we propose an MRI-assisted
dual motion correction method to compensate for respiratory and cardiac motion in MP PET data
and study the impact of dual motion correction on MP defect detection using systematically designed
experiments.
Methods: The proposed dual motion correction method addresses the respiratory motion before
correcting the cardiac motion among the respiratory motion corrected cardiac gates. The respiratory
motion is estimated from the respiratory-gated only PET images and compensated within a 4D
motion-incorporated image reconstruction algorithm. The cardiac motion is then corrected using the
motion vector fields estimated from the corresponding cardiac-gated MR images. To evaluate the
proposed method, we performed experiments using the standard XCAT phantom and two individ-
ual-specific volunteer XCAT phantoms. For each of the three phantoms, we simulated four dual-
gated Rb-82 MP PET imaging datasets, one with normal perfusion and the other three with 50%
nontransmural, 75% nontransmural, and transmural regionally reduced perfusion. The correspond-
ing cardiac-gated MR images were simulated by the SIMRI simulator, with the sequence specified
to be 3D T1-weighted as used in a protocol of a clinical PET/MRI scanner. We quantitatively evalu-
ated the reconstructed images with no motion correction, only respiratory motion correction and
dual motion correction, in terms of the myocardium to blood pool contrast and the trade-off
between the noise and the normal to defect contrast. Using the channelized Hotelling observer, we
performed receiver operating characteristic analysis for the task of detecting perfusion abnormalities
with various myocardial coverages.
Results: Compared with no motion correction, the respiratory motion correction was demonstrated
to improve the myocardium to blood pool contrast as well as the trade-off between the noise and the
normal to defect contrast, on top of which the cardiac motion correction furthered the improvement.
In the task of detecting regional perfusion defects, transmural or different levels of nontransmural,
the respiratory motion correction significantly increased the defect detectability compared with no
motion correction. Additionally, the respiratory and cardiac motion correction significantly improved
the defect detection compared with the respiratory motion correction alone. Furthermore, the separa-
bility of the transmural and nontransmural defects was also improved by the proposed MRI assisted
dual motion correction method.
Conclusions: The proposed dual respiratory and cardiac motion correction technique improves the
accuracy of PET quantification and MP defect detection and classification, which shows its promise
for clinical applications especially in cardiac PET/MR imaging. © 2017 American Association of

Physicists in Medicine [https://doi.org/10.1002/mp.12429]
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1. INTRODUCTION

Myocardial perfusion (MP) PET imaging plays an important
role in clinical diagnosis and demonstrates its prognostic

value in risk stratification for patients with coronary artery
disease.1–4 Detection and assessment of myocardial ischemia
is clinically important as the extent of an infarct is a good
indicator of whether revascularization of stenotic coronary
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lesions would improve a patient’s functional status and out-
come.5,6 Transmural infarcts are associated with a higher
likelihood of adverse cardiac events, poorer prognosis, and
lack of recovery. The identification of nontransmural infarc-
tion implies that viable myocardium is present and the patient
would benefit from revascularization procedures.7,8

Cardiac PET image resolution is degraded by involuntary
cardiac and respiratory motion. Heart beating introduces
notable visual and quantitative degradation in cardiac PET
images. The base of the heart typically moves ! 13 mm
along the long axis toward the apex9, while the myocardial
walls thicken from ! 10 mm to greater than 15 mm between
the end diastole and the end systole.10,11 Coronary arteries
have been shown to move 8–23 mm during the cardiac
cycle.12 As the cardiac imaging protocols take longer than
minutes, the data are inevitably averaged over many respira-
tory cycles if images are reconstructed without respiratory
motion compensation. Translational displacement of the heart
caused by respiration is most in the craniocaudal direction.
The magnitude is comparable with the myocardial wall thick-
ness averaging ! 12 mm with the maximum exceeding
20 mm.13,14 With an intrinsic PET system resolution of 5 mm
full width half maximum (FWHM), the effective resolution
becomes 15 mm FWHM considering the respiratory motion
of 12 mm amplitude.14

To reduce motion artifacts, cardiac gating, respiratory gat-
ing, and dual gating techniques have been developed in MP
PET imaging.15–19 Other than alleviating motion blur, car-
diac-gated imaging allows simultaneous assessment of left
ventricle contractile function thus providing direct informa-
tion on the therapeutic efficacy of the metabolic interven-
tion.20,21 Despite the benefits brought by gating, it is
unavoidable that individual-gated frames contain reduced
counts which lead to noisier reconstructed images. Technique
development to estimate and compensate for cardiac and res-
piratory motion has become a research focus of PET imaging
in the last decade.22,23 Two general schemes of motion cor-
rection have been considered; one is to register and sum inde-
pendently reconstructed image frames24,25 and the other is to
incorporate the motion within the image reconstruction pro-
cedure.26–29 Theoretic comparisons have been made between
post-reconstruction and within-reconstruction motion com-
pensation techniques and less or comparable variance has
been shown in the latter.30,31 Simulation studies have also
shown that motion compensation during reconstruction
reaches better quantitative accuracy than after-reconstruction
motion correction.32

Cardiac, respiratory, and dual gating/motion correction
studies have shown the creation of “motion free” cardiac PET
(and SPECT) images with reduced blurring effects and
improved quality, evaluated by various mathematical metrics
and/or in terms of perfusion defect detection. Performing dual
respiratory-cardiac gating, Chan et al. demonstrated
increased myocardium to blood pool contrast and myocar-
dium to defect contrast at the expenses of increased noise in
stationary cardiac SPECT imaging.33 Petibon et al. proposed
to use cardiac motion estimated from tagged-MR images for

correction and demonstrated improved defect versus myocar-
dium contrast recovery and lesion detectability in cardiac
PET images.34 Lamare et al. compared different approaches
in combining dual-gated cardiac PET acquisition and arrived
at higher signal to noise ratio, higher contrast and coefficient
of variation in the motion-corrected cardiac images compared
with images with no motion correction.35 Up until this point,
we are not aware of a study to correct dual motion in cardiac
PET imaging for the purpose of MP defect detection.

Appreciating the knowledge gained from previous studies,
we propose a new two-step dual respiratory and cardiac
motion correction scheme for detecting MP defects. The first
step involves estimating nonrigid respiratory motion and
incorporating the respiratory motion in a four-dimensional
(4D) motion-corrected image reconstruction method. This
step results in respiratory motion-corrected cardiac gates,
among which the cardiac motion will be estimated and cor-
rected in the second step. Given the challenge of estimating
cardiac wall motion from gated PET images with poor intrin-
sic resolution, we estimate the motion for heart beat compen-
sation from corresponding cardiac-gated MR images. This is
reasoned by the availability of simultaneous PET/MRI scan-
ners for cardiac imaging36 and the demonstrated feasibility
and advantage of using the MR-derived motion fields for
nonrigid motion correction for PET images.37 To evaluate the
effectiveness of this dual motion correction scheme, we study
the detection of MP abnormalities of different coverages from
normal perfusion myocardium and the classification of trans-
mural and nontransmural defects. More specifically, this
work answers the question on whether respiratory motion cor-
rection affects MP defect detection and whether cardiac
motion correction on top of it contributes to this task as well.

2. METHODS

In this section, we describe the respiratory/cardiac motion
estimation and correction techniques we developed. For res-
piratory motion compensation, we use motion-incorporated
4D image reconstruction with the motion estimated from res-
piratory-gated only PET images. For cardiac motion correc-
tion, we estimate the motion vector fields (MVFs) from
cardiac-gated MR images and apply the correction to the res-
piratory motion-corrected cardiac-gated PET images. A dia-
gram depicting the overall approach is shown in Fig. 1. The
detail description of the techniques follows.

2.A. Respiratory motion

We developed a 4D motion-incorporated image recon-
struction technique to use the data collectively and correct
respiratory motion in the maximum-likelihood (ML) expecta-
tion-maximization (EM) reconstruction process.38 The effect
of respiratory motion within each cardiac-gated MP images is
to be corrected, preparing for the cardiac motion correction at
the next stage. To avoid the excessive noise in the dual-gated
images, we reconstruct the respiratory-gated only (no cardiac
gating) images from which we estimate the respiratory
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motion from each gate n to the reference gate 1 at the end-
expiration.39 Note that we treat the heart beat as a local move-
ment with regard to the respiratory motion. A nonrigid image
registration method with B-spline transform40 is used to esti-
mate MVFs from each gate to the reference gate. The mean
square difference (MSD) is used as the cost function of the
registration algorithm. The MSD is defined as

MSDðmÞ ¼
X

r

½ f1ðrÞ & fnðrþmðrÞÞ(2; (1)

where r ¼ ½x; y; z(T is a 3D spatial coordinate, and m is the
3D MVF that supposedly warps the reference gate image
f1ðrÞ to the target gate image fnðrÞ. The nonrigid B-spline
image registration is implemented with the Insight Segmenta-
tion and Registration Toolkit open source software.41 Within
each cardiac gate, the respiratory-gated data are reconstructed
collectively to a respiratory motion-suppressed image at the
reference phase. The iterative procedure for the 4D motion-
corrected EM reconstruction algorithm is given by

fkþ1
1 ¼

fk1
PN

n¼1 M
T
1!nC

T1

X

N

n¼1

MT
1!nC

T gn

CM1!nf
k
1

; (2)

where fk1 is the reference frame image estimate of the kth iter-
ation, gn is the respiratory-gated data with n = 1,. . .,N, N is
the number of gates, M1!n denotes the estimated respiratory
motion operator that maps the reference respiratory gate 1 to
the target respiratory gate n, C is the system matrix, 1 is a col-
umn vector with all elements equal to 1, and T represents the
transpose.

2.B. Cardiac motion

The cardiac motion correction among the respiratory
motion-corrected cardiac gates is performed with the MVFs
estimated from adjacent cardiac-gated MR images. The motion
estimation between two cardiac gates is treated as a con-
strained minimization problem.42 The estimation problem is
solved by finding the 3D MVF m that minimizes the cost
function

EIðmÞ þ aEsðmÞ; (3)

where EIðmÞ is the image-matching error term and EsðmÞ is
a regularization term with a as the weight. The image-match-
ing error is defined as the intensity difference between the
normalized first frame and the warped correspondence of the
normalized second frame with a given MVF

EIðmÞ,
X

r

½f1ðrÞ & f2ðrþmðrÞÞ(2; (4)

where r is the 3D spatial coordinate of a voxel, f1 and f2 are
the two adjacent cardiac gates from which an MVF is to be
estimated, and m is the MVF that supposedly warps f2 to f1.
The strain energy function for a linear isotropic elastic mate-
rial43 is chosen to serve as the regularizing constraint

ESðmÞ,
1

2

X

r

kðux þ vy þ wzÞ
2 þ

X

r

lðu2x þ v2y þ w2
z Þ

þ
1

2

X

r

l½ðuy þ vxÞ
2 þ ðuz þ wxÞ

2 þ ðvz þ wyÞ
2(;

(5)

FIG. 1. Diagram for the proposed MRI assisted dual PET respiratory (R) and cardiac (C) motion correction approach. (1) The respiratory MVFs are estimated

from the respiratory-gated only (no cardiac gating) PET images; (2) Within each cardiac gate, the respiratory motion is corrected by the 4D motion-incorporated

image reconstruction technique; (3) The cardiac MVFs are estimated from the cardiac-gated MR images; (4) The cardiac motion is corrected among the respira-

tory motion-corrected cardiac gates to reach at a dual motion-corrected image.
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where u, v, and w are the component of m in the x, y, and z

directions of the Cartesian coordinate, and ux is the notation
for partial derivative @u/@x. The parameters k and l are the
1st and 2nd Lam!e constants which are determined from
experimental data and a finite element model for the left ven-
tricle.44 The MVF is estimated using an iterative method to
minimize a convex approximation of the cost function, which
includes the first-order Taylor expansion of EIðmÞ.42

With the estimated gate-to-gate cardiac MVFs, we correct
the cardiac motion between adjacent respiratory motion-cor-
rected cardiac gates. The end-diastolic frame (cardiac gate 1)
serves as the reference gate and the motion-corrected summa-
tion starts from the last gate (gate 8). To be more specific, the
MVF estimated from the 7th and the 8th frames is used to
warp the 8th frame and added to the 7th frame. Then the
motion-corrected summation of the 8th and the 7th gates is
warped by the MVF estimated from the 6th and the 7th
frames and added to the 6th frame, and so on.

3. EXPERIMENTS AND EVALUATION

To study the effect of respiratory and cardiac motion
correction on perfusion defect detection, we simulated
dual-gated MP PET imaging data and the corresponding car-
diac-gated MR images. The standard XCAT phantom45 and
the individual-specific XCAT phantoms46 were used to gen-
erate the dual-gated MP PET data with normal and regionally
reduced perfusion. We first evaluated the images recon-
structed with and without respiratory/cardiac motion correc-
tion using mathematical image quality metrics. Using the
channelized Hotelling observer (CHO), we then performed
task-based evaluation for MP defect detection.

3.A. Data simulation

3.A.1. Dual-gated cardiac PET data simulation

Using the standard XCAT phantom,45 we simulated four
MP 5D imaging datasets, one with normal perfusion and the
other three with 50% nontransmural, 75% nontransmural,
and transmural regionally reduced perfusion. The activities
of the organs including the blood pool and the myocardium
were simulated based on the time activity curves (TACs)
measured from the Rb-82 PET images of five patients with
normal cardiac function. The TACs of the patients were
smoothed and averaged to acquire a set of TACs representing
the typical Rb-82 biodistribution for simulation.47 The trans-
mural perfusion defect spanned 40) over the anterior-lateral
region and 1.5 cm over the long-axis direction. Its activity
was 10% less than the normal activity. The nontransmural
perfusion defects had the same coverages and activity as the
transmural defect other than being on the endocardium span-
ning 50% or 75% of the myocardium wall. Analytical simula-
tions were performed to create dual-gated PET data with five
respiratory and eight cardiac gates. Attenuation and normal-
ization effects were modeled in the simulations (and were
also corrected in all the reconstruction methods). The noise-

free sinograms were scaled corresponding to cumulated
activity of the clinical count level with prescan delay time of
30 s. For each of the four cases with the normal, 50% non-
transmural defect, 75% nontransmural defect, and transmural
defect cases, 200 noise realizations were generated.

Similar to the data simulation of the standard XCAT phan-
tom, we also simulated imaging datasets of normal perfusion
and three perfusion defect coverages using two individual-spe-
cific XCAT phantoms developed based on MRI acquisitions
of volunteers.46 In the customized phantoms, the body and
organ sizes/shapes of the volunteers all vary from those in the
standard XCAT phantom. Furthermore, the nonrigid respira-
tory motion trends were derived from dynamic MRI acquisi-
tions of the individual volunteers. As a result, they are also
different from the general trend defined in the standard XCAT
phantom. The volunteers A and B were selected from the stud-
ies 2 and 3 of the available five customized phantoms. The for-
mer has relatively large and the latter has relatively small
respiratory motion amplitudes among all the phantoms. The
corresponding defects on these phantoms were defined simi-
larly to those on the standard XCAT phantom.

3.A.2 Cardiac-gated MR data simulation

For each of the three (the standard and the two customized)
phantoms simulated, the corresponding MR image simula-
tions were performed using the open source simulator
SIMRI,48 which we modified to input the T1, T2, and proton
density maps created using the corresponding XCAT phan-
toms with known tissue values. The SIMRI takes into account
the main static field value and enables realistic simulations of
the chemical shift artifact including off-resonance phenomena.
To simulate a protocol used in a clinical PET/MRI scanner,
we specified the sequence to be 3D T1-weighted (turbo spin
echo, echo time/repetition time = 2.3 ms/4 ms) with low flip
angle of 2).49 We simulated the eight cardiac gates at the end
expiratory gate, as it was used as the reference gate for respira-
tory motion correction.

3.B. Evaluation

3.B.1. Mathematical image quality metrics

To evaluate the reconstructed images with and without res-
piratory or cardiac motion correction, we first calculated the
myocardium to blood pool contrast from images with normal
myocardial activity. From n noise realizations, the contrast is
defined as

CMP ¼
1

n

X

n

j¼1

"f
j
M & "f

j
P

"f
j
M þ "f

j
P

; (6)

where "f
j
M and "f

j
P are the mean activity concentration values

from the myocardium (M) and blood pool (P) regions of the
jth noise realization, respectively. The myocardium and blood
pool regions are defined in four consecutive slices of the
short axis motion-free image (the reference respiratory and
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cardiac gate) with smaller volumes to reduce partial volume
effects.

For the purpose of defect detection, we evaluated the noise
versus contrast recovery on the region of interest (ROI) where
the defect resides. The normalized standard deviation (NSD)
and the contrast between the normal and abnormal activities
(for transmural and nontransmural defects) were calculated
for the images reconstructed with and without respiratory
and/or cardiac motion correction. The ensemble NSD was
calculated from the reconstructed images with normal perfu-
sion activity

NSD ¼
1

m

X

m

i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n&1

Pn
j¼1ðf

j
i & "fiÞ

2
q

"fi
; (7)

where f
j
i denotes the ith reconstructed voxel intensity from

the jth noise realization, "fi ¼ 1
n
R
n
j¼1f

j
i is the ensemble mean

value of voxel i, and m is the number of voxels in the ROI
and n is the number of noise realizations. The contrast was
defined as

CND ¼
1

n

X

n

j¼1

"f
j
N & "f

j
D

"f
j
N þ "f

j
D

; (8)

where "f
j
N and "f

j
D are the mean activity values from the normal

(N) and the defect (D) ROI regions of the jth noise realiza-
tion, respectively. The contrast recovery ratio was defined as
the ratio between the estimated contrast from the recon-
structed images and the true contrast when there was no res-
piratory or cardiac motion.

3.B.2. Defect detectability

We performed receiver operating characteristic (ROC)
analysis to evaluate the effect of respiratory and cardiac

motion correction in the MP defect detection task. We used a
CHO with four octave-wide rotationally symmetric frequency
channels to generate ratings for the defect-absent and defect-
present images.50 Each of the reconstructed images was reori-
ented and the short-axis slice covering the centroid voxel of
the perfusion defect region was centered and cropped to the
channel template size. The CHO resulting ratings were used
to estimate the ROC curves with the LABROC4 program.51

This program estimates the area-under-curve (AUC) value of
an ROC curve and its standard deviation. To compare two
ROC estimates and determine if there was a statistically signif-
icant difference between them, we used the CLABROC pro-
gram.52

4. RESULTS

Before displaying the reconstructed PET images and ana-
lyzing the results, we first show the simulated cardiac-gated
MR images from which the cardiac MVFs were estimated as
described in the Methods section. Figure 2 shows the center
transaxial slices of the simulated MR images corresponding
to the standard XCAT phantom and the two customized
XCAT phantoms at the end-diastolic and the end-systolic (of
the eight) frames. One can appreciate the good contrast
among different tissue types and also notice the relatively
uniform left ventricular myocardium.

To demonstrate the effect of respiratory and cardiac
motion correction, we present the reconstructed PET images
with no motion correction, with respiratory (R) motion cor-
rection, and with both respiratory and cardiac (RC) motion
correction. Figure 3 shows the images reconstructed from
simulation of the standard XCAT and the two individual-spe-
cific phantoms. The images were rotated to show the central

(a1) (b1) (c1)

(a2) (b2) (c2)

FIG. 2. Transaxial slices of the simulated cardiac-gated MR images, (a) the standard XCAT phantom, (b) the volunteer A-customized phantom, and (c) the volun-

teer B-customized phantom at (1) the end-diastolic and (2) the end-systolic (of the eight gated) frames, from which the cardiac MVFs were estimated for the PET

image motion correction.
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slice of the left ventricle in the short-axis view. Images of one
noise realization (out of the 200) with the transmural defect
are plotted. The R motion correction reduces the blur in the
vertical direction of the images (column 1 compared with col-
umn 2 in Fig. 3) and the C motion correction on top of it
enlarges the blood pool (end-diastole serving as the reference
cardiac gate), i.e., the motion artifact due to the myocardial
contraction is minimized (column 2 compared with column 3
in Fig. 3).

We first performed quantitative evaluation of the recon-
structed images by comparing the myocardium to blood pool
contrasts. The contrasts measured from the standard XCAT
phantom images reconstructed using different reconstruction
methods are plotted against the iteration number in Fig. 4(a).
As shown in the plot, the myocardium to blood pool contrast
was improved from 0.19 to 0.25 (at the 2nd iteration) when
the respiratory motion correction was incorporated compared
with no motion correction. The contrast was further increased
from 0.25 to 0.35 (at the 2nd iteration) after performing the
cardiac motion correction on top of the respiratory motion
correction, compared with the respiratory motion correction
alone. The myocardium and blood pool contrasts measured
from the volunteer A and B phantom images are plotted
against the iteration number in Figs. 4(b) and 4(c). The effect
of respiratory and cardiac motion correction on the myocar-
dium and blood pool contrast is shown similarly in the two

customized XCAT phantoms. Respiratory motion correction
improved the contrast in the volunteer A from 0.22 to 0.25
and in the volunteer B from 0.22 to 0.28 (at the 2nd iteration)
compared with no motion correction. On top of the respira-
tory motion correction, the added cardiac motion correction
further increased the contrast in the volunteer A from 0.25 to
0.35 and in the volunteer B from 0.28 to 0.37 (at the 2nd

iteration).
Figure 5(a) presents the variation of the noise versus con-

trast recovery ratio for the standard XCAT phantom with
each of the three (the two nontransmural, 50% and 75%,
and the transmural) perfusion defects, respectively. In all the
three cases, the respiratory motion correction significantly
increases the contrast between the normal and the defect
perfusion on the ROI at a comparable noise level. The con-
trast recovery for the 50% nontransmural defect increases
from 23% to 57%, while the increase of the contrast recov-
ery for the 75% nontransmural defect is from 29% to 61%
and for the transmural defect from 41% to 68% [at the 2nd

iteration in Fig. 5(a)]. Compared with the respiratory
motion correction only result, the added cardiac motion cor-
rection noticeably reduces the noise while further improving
the recovered contrast to over 90% in all the three defect
cases [Fig. 5(a)]. The noise versus contrast recovery ratio
curves calculated from simulation of the volunteer A and B
phantoms are plotted in Figs. 5(b) and 5(c). The effect of

(a1) (a2) (a3)

(b1) (b2) (b3)

(c1) (c2) (c3)

FIG. 3. Short-axis view of the images reconstructed with (left to right) (1) no motion correction, (2) R motion correction, and (3) RC motion correction; (top to

bottom) (a) from the standard XCAT phantom, (b) from the volunteer A-customized phantom, and (c) from the volunteer B-customized phantom. One noise real-

ization of each case with a transmural defect, the arrows pointing to the defects.
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FIG. 4. Contrast between the myocardium and the blood pool varying along with the iteration number (of image reconstruction) from (a) the standard XCAT

phantom, (b) the volunteer A-customized XCAT phantom, and (c) the volunteer B-customized XCAT phantom images reconstructed with the no motion correc-

tion (no), R motion-corrected (R), and RC motion-corrected (RC) methods. [Color figure can be viewed at wileyonlinelibrary.com]
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FIG. 5. NSD versus contrast recovery ratio along with the iteration number (of image reconstruction) plots from (a) the standard XCAT phantom, (b) the volun-

teer A-customized phantom, and (c) the volunteer B-customized phantom in the 50% nontransmural, the 75% nontransmural, and the transmural defect ROI from

the images reconstructed with the no motion correction (no), R motion-corrected (R), and RC motion-corrected (RC) methods. [Color figure can be viewed at

wileyonlinelibrary.com]
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respiratory and cardiac motion correction on the noise
versus contrast recovery ratio is shown similarly in these
customized XCAT phantoms. On a side note, when the
same reconstruction method is applied, the contrast recovery
ratio increases along the line of the 50% nontransmural, the
75% nontransmural, and the transmural defects for each of
the three phantoms, which contributes to the same order of
defect detectability shown below.

The task-based evaluation of the reconstruction methods
for the standard XCAT phantom is shown in Fig. 6. Figure 6
presents the ROC curves from the standard XCAT phantom
representing the detectability of (a) the 50% nontransmural
defect from the normal perfusion, (b) the 75% nontransmural
defect from the normal perfusion, (c) the transmural defect
from the normal perfusion, and (d) the 50% nontransmural
defect from the transmural defect. The AUC values (and stan-
dard deviations) of the ROC curves for the four tasks from
the standard and the two customized XCAT phantom images
with no motion correction (no), respiratory (R) motion cor-
rection, and respiratory and cardiac (RC) motion correction
are presented in Fig. 7. In every task, the CLABROC tests
between each of the two curves indicate that respiratory
motion correction significantly improves the perfusion detec-
tion compared with no motion correction, and respiratory and

cardiac motion correction significantly outperforms respira-
tory motion correction alone. The two-tailed P-values from
all the comparisons, i.e., the respiratory motion correction
compared with no motion correction as well as the respira-
tory and cardiac motion correction compared with the respi-
ratory motion correction alone in each of the four tasks, are
smaller than or equal to 0.02.

5. DISCUSSION

We performed mathematical and task-based analysis on
the images reconstructed from the dual-gated MP PET data.
As shown in the last section, the images demonstrated
improved myocardium to blood pool contrast and improved
noise versus normal to defect contrast tradeoff when the res-
piratory motion correction was applied and further so when
the cardiac motion correction was then applied. Moreover, we
showed statistically significant improvement in the detectabil-
ity of both the two nontransmural (50% and 75%) and the
transmural defects from normal perfusion and the improve-
ment in separating the 50% nontransmural from the transmu-
ral defects, when applying the respiratory and cardiac motion
correction. The mathematical evaluation results match the
task-based evaluation results, i.e., that improvement in the
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FIG. 6. ROC plots, true positive fraction (TPF) versus false positive fraction (FPF) for the task of distinguishing (a) the 50% nontransmural defect from the nor-

mal perfusion, (b) the 75% nontransmural defect from the normal perfusion, (c) the transmural defect from the normal perfusion, and (d) the 50% nontransmural

from the transmural defect, from the standard XCAT phantom images reconstructed with the no motion correction (no), R motion-corrected (R), and RC motion-

corrected (RC) methods. [Color figure can be viewed at wileyonlinelibrary.com]
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mathematical criteria corresponds to improvement in the
detectability of perfusion defects.

To show the effect of respiratory motion correction in
cases with different motion amplitudes, we compared the res-
piratory motion correction results from the studies of the two
volunteer phantoms. (Note that as of historical reasons, the
version of the volunteer-specific phantoms is different from
that of the standard XCAT phantom but the two customized
phantoms are directly comparable.) The volunteer A has a lar-
ger respiratory motion amplitude (! 2 cm) than that of the
volunteer B (! 0.7 cm).46 As an example, the task of

detecting the 50% nontransmural defect from the normal per-
fusion is used to illustrate the effect. Compared with no
motion correction, the respiratory motion correction led to an
increase in the contrast recovery ratio from 24% to 62% in
the volunteer A and from 38% to 64% in the volunteer B.
Moreover, the respiratory motion correction led to an
improvement of the AUC value from 0.66 * 0.03 to
0.79 * 0.02 in the volunteer A and from 0.72 * 0.03 to
0.76 * 0.02 in the volunteer B. Therefore, we have demon-
strated that the larger the respiratory motion amplitude, the
more difference the respiratory motion correction makes in

(a) (b)

(c)

FIG. 7. AUC values of (a) the standard, (b) the volunteer A-customized, and (c) the volunteer B-customized XCAT phantoms for perfusion defect detection from

the images reconstructed with no motion correction (no), R motion-corrected (R), and RC motion-corrected (RC) methods.

(a) (b) (c)

FIG. 8. Short-axis view of the images reconstructed with (a) R1C1 data, (b) R1Csum data, and (c) no gating data [repetition of figure 3(a1)] from the standard

XCAT phantom. One noise realization of each case with a transmural defect, the arrow pointing to the defect.
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measuring the normal to defect contrast and in detecting the
MP defect. Furthermore, for motion amplitude as small as
0.7 cm carried by the volunteer B, respiratory motion correc-
tion still makes significant improvement in MP defect detec-
tion. On a side note, the effect of cardiac motion correction
on the studies of the two volunteer phantoms are similar as
they have comparable left ventricle volumes at the end-diasto-
lic and end-systolic phases. The cardiac motion correction on
top of the respiratory motion correction led to an improve-
ment of the AUC value from 0.79 * 0.02 to 0.88 * 0.02 in
the volunteer A and from 0.76 * 0.02 to 0.85 * 0.02 in the
volunteer B.

In order to demonstrate the value of motion correction
compared with gating only (no correction) methods, we con-
ducted the ROC analysis on the dual-gated and the respira-
tory-gated data of the standard XCAT phantom. The
respiratory and cardiac gate 1 data from dual gating (R1C1)
and the respiratory gate 1 data from respiratory gating only
(R1Csum) were used for image reconstruction. Figure 8
shows the short-axis view of the images reconstructed with
the R1C1 data, the R1Csum data, and the no motion correc-
tion (no gating) data. The counts decrease in the R1Csum
images compared with those in the images with no motion
correction, and the counts further decrease in the R1C1
images. The task of detecting the 50% nontransmural defect
from the normal perfusion was used as an example for com-
parison. The AUC value of using only the R and C gate 1
from the dual-gated data (R1C1) for reconstruction is
0.51 * 0.02. It is significantly smaller than the AUC value of
using the R gate 1 from only the R-gated data (R1Csum),
which is 0.61 * 0.02. These gated data reconstructed images
lead to AUC values that are significantly smaller than those
from no gating (0.66 * 0.03) and hence smaller than those
from gating with motion correction (0.75 * 0.02 and
0.83 * 0.02). Similar results were reached in the other three
detection tasks.

As mentioned in the Introduction, Chan et al. demon-
strated improved contrasts of normal myocardium to transmu-
ral or nontransmural defects in physical phantom images
reconstructed from the end-expiration gate only data than
those in images reconstructed from no gating data.33 For vali-
dation purpose, we plotted contrast recovery vs noise curves
for the reconstructed images from the R gate 1 data (R1C-
sum). Our results echo with those in the Chan et al. study33

in the sense that we also see improvement in the contrasts (of
R1Csum) compared with those from images with no motion
correction (no gating). On the other hand, as expected, the
noise increases in the R gate 1 images compared with that in
the images with no motion correction. Therefore, the
improvement in contrast led by taking one gate out of the
gated data to ‘freeze the motion’ does not translate to
improved detectability due to the accompanying noise rise
caused by the considerably reduced count level. Motion cor-
rection among the gated data demonstrates its value leading
to the improvement on defect detectability.

In Lamare et al. study mentioned in the Introduction, res-
piratory and cardiac motion compensated reconstruction

(without separating the two movements) using nonrigid
motion estimated from the dual-gated frames improved the
myocardium to pool activity contrast compared with that with
no motion correction.35 To compare with their results, we
also estimated the cardiac MVFs from the reconstructed res-
piratory motion-corrected cardiac gates (PET-MVFs) and
applied them for cardiac motion correction. We compared the
myocardium to pool contrast from the images using the PET-
MVFs for cardiac motion correction (on top of respiratory
motion correction) with that from the images without cardiac
motion correction. Not surprisingly, we saw improved con-
trasts as shown in the Lamare et al. study.35 However, the
defect detection analysis on the respiratory and cardiac
motion-corrected images using the PET-MVFs shows that the
AUC values do not improve compared with those from no
cardiac motion correction.

To investigate further, we plotted noise versus contrast
recovery (normal to defect perfusion) curves for the respi-
ratory and cardiac motion-corrected images with the PET-
MVFs (not shown here). Compared with no cardiac
motion correction, the contrast recovery improves. How-
ever, the noise significantly increases instead of reduces as
shown in Fig. 5 in which the cardiac motion correction
was performed with the MRI-MVFs. This experiment
explicitly demonstrates the importance of using the MR
images for cardiac motion estimation. It is also worth not-
ing that the cardiac motion estimated from the T1-MR
images does not represent the myocardial wall movement
as its tangential component cannot be caught from the rel-
atively uniform myocardium.42 However, results from our
perfusion defect detectability study demonstrate that the
estimated MRI-MVFs serve the purpose of warping the
cardiac gates to the reference gate similarly to the MVFs
estimated from the tagged-MR images shown in the
Petibon et al. study.34

Our next step is to perform physical phantom experiments
before applying the proposed dual motion correction scheme
to patient MP PET/MRI data. We plan to use a programmable
respiratory motion platform (QUASAR Modus Medical
Devices Inc., London, Ontario, Canada) to hold a Data Spec-
trum anthropomorphic torso phantom with a cardiac insert
for the respiratory motion correction study. Scans will be per-
formed to simulate a patient with transmural and nontransmu-
ral perfusion abnormalities. Before a respiratory motion
simulation acquisition, a motion-free dataset will be acquired
to serve as the ground truth. The effectiveness of respiratory
motion correction will be assessed using the myocardium to
pool contrast and the normal versus abnormal activity
contrast.

It is worth mentioning that data-driven respiratory gating
techniques have been developed for PET imaging, indepen-
dent of hardware-based gating that measures the chest or
abdominal wall excursion.53,54 Data-driven gating techniques
are not based on the assumption that external parameter mea-
surement accurately reflects the respiratory state of the struc-
ture being imaged. We have also developed a data-driven
respiratory gating technique to generate dual-gated sinograms
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from processing list mode cardiac PET data with embedded
ECG triggers. The proposed dual motion correction will be
fully validated in patient study and move toward clinical car-
diac PET/MRI applications.

6. CONCLUSION

We proposed a dual respiratory and cardiac motion correc-
tion scheme for MP PET data and studied its effectiveness on
MP defect detection. The respiratory motion correction is
incorporated within the 4D image reconstruction method,
while the cardiac motion correction is performed afterward
using the MVFs estimated from the corresponding cardiac-
gated MR images. We evaluated our framework using both
mathematical assessments and task-based analysis. The respi-
ratory motion correction and cardiac motion correction were
demonstrated to improve the myocardium to blood pool con-
trast and the trade-off between the noise and the normal to
reduced perfusion contrast. Moreover, the detection of the
transmural or the different levels of nontransmural defects
from normal perfusion was significantly improved when the
respiratory motion correction was applied and further
enhanced after the cardiac motion correction. The classifica-
tion of the transmural versus nontransmural defects was also
improved by the developed motion correction framework.
The proposed approach will have promising diagnostic and
prognostic applications especially for integrated cardiac PET/
MR imaging.
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