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Abstract-Involuntary organ movement causes degradation in 

myocardial perfusion (MP) positron emission tomography (PET) 

imaging. Respiratory and/or cardiac gating reduces motion while 

lowering statistics in the reconstructed image frames. The advent 

of integrated PET/magnetic resonance imaging (MRI) provides 

opportunities for motion-compensated PET imaging using MRI 

measured motion. The purpose of this study is to correct 

respiratory and cardiac motion in dual-gated MP PET imaging, 

with non-rigid cardiac motion estimated from corresponding 

cardiac-gated MR images. Using the XCAT phantom, we 

simulated five-dimensional (5D) dual-gated PET data with and 

without MP defects and the corresponding 4D cardiac-gated MR 

images. For each cardiac gate, we performed integrated 4D 
respiratory motion-corrected image reconstruction to the 

respiratory-gated data, using the end-expiratory frame as the 

reference. Then we estimated cardiac motion from the gated MR 

images using an optical-flow determination algorithm. Using the 

cardiac motion fields, we warped and summed the respiratory 

motion-corrected cardiac-gated PET images with the end

diastolic frame as the reference. To evaluate the proposed 

technique, we performed receiver operating characteristic (ROC) 

analysis for MP defect detection using a channelized Hotelling 

observer. The ROC analysis resulted in an area under the curve 

(AUC) value of .96 ± .02 from images obtained using the 

proposed respiratory and cardiac motion compensation 

technique and an AUC value of .85 ± .04 from images 

reconstructed without motion correction. The proposed MRI 

assisted motion-corrected image reconstruction technique for 

dual-gated PET imaging is demonstrated to significantly improve 

the MP defect detection, which is promising for applications 

especially in emerging integrated PET/MRI. 

I. INTRODUCTION 

MYCARDIAL emission computed tomography imaging plays 

an important role in the diagnostic/prognostic evaluation 

and follow-up of coronary artery disease [1-3]. To reduce 

degradation of myocardial perfusion (MP) image quality 

caused by involuntary organ movement, cardiac and/or 

respiratory gating has been implemented in clinical or 

preclinical studies [4]. While gating reduces cardiac and/or 

respiratory motion blur in the image frames, it also lowers the 

statistics, i.e., the signal to noise ratio of the reconstructed 

images. We recently developed a four-dimensional (4D) 

respiratory motion-corrected MP positron emission 
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tomography (PET) image reconstruction technique and 

showed that it outperformed conventional imaging 

qualitatively and quantitatively [5]. 

With the very recent advent of integrated PET/ magnetic 

resonance imaging (MRI) [6], a few works (e.g. [7], [8]) have 

investigated on motion-compensated PET imaging using 

motion estimated from simultaneously taken MR images. In 

this study, we propose to correct for cardiac motion following 

respiratory motion-corrected PET image reconstruction, using 

non-rigid motion estimated from cardiac-gated MR images. 

Using simulated dual-gated MP PET data and cardiac-gated 

MR images, our goal is to evaluate the proposed method for 

the task of MP defect detection. 

II. MATERIALS AND METHODS 

In this study, we simulated dual-gated MP PET imaging 
data and the corresponding cardiac-gated MR images. For 
each given cardiac gate, we performed integrated respiratory 
motion-corrected image reconstruction. Then we estimated 
cardiac motion vector fields (MVFs) from consecutive gated 
MR images. The cardiac MVFs were used to warp the 
respiratory motion-corrected cardiac frames with respect to a 
reference cardiac gate, followed by summation of the cardiac 
gates to obtain a high-statistic dual-motion corrected image. 
To evaluate the proposed technique, we compared the dual
motion corrected images to the average images with no motion 
correction in the perfusion abnormality detection task. 

A. PET Data Simulation 
Using the XCAT phantom [9], we simulated two MP 5D 

imaging datasets, one with normal perfusion and the other 

with regionally reduced perfusion. The perfusion defect was a 

transmural defect spanning 40° over the anterior-lateral region 

and l.5 cm over the long-axis direction. Its activity was 10% 

less than the normal activity. The time activity curves of blood 

pool, myocardium, and other organs were exacted from Rb-82 

PET images of 5 patients with normal cardiac function. They 

were smoothed and averaged to acquire a set of T ACs 

representing the typical Rb-82 biodistribution [lO]. Analytical 

simulations were performed to generate dually gated noise

free PET data with 5 respiratory and 8 cardiac gates. A 

respiratory cycle lasts 5 sec and each cardiac beating cycle is 1 

sec. The noise-free sinograms were scaled corresponding to 

2-min cumulated activity after pre-scan delay of � 30 sec to 

avoid high blood pool activity. For both normal and abnormal 

perfusion cases, 50 Poisson noise realizations were 

implemented. 
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B. MR Image Simulation 
The MR image simulation was performed using the open 

source simulator SIMRI [11], which we modified to take the 
Tl, T2, and proton density maps created using the XC AT 
phantom with known tissue values. 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 the clinical PET/MR scanner, 
we specified the sequence to be 3D Tl-weighted (turbo spin 
echo, echo time/repetition time = 2.3 ms/4 ms) with low flip 
angle of 2° [12]. We simulated the 8 cardiac gates at the end
expiratory gate, as it was used as the reference gate for 

respiratory motion correction. 

C. Respiratory Motion Corrected Image Reconstruction 
Before applying 4D EM reconstruction to the respiratory

gated data, we first reconstructed images from data rebinned 
into respiratory-only gates followed by respiratory motion 
estimation. This is more robust compared to estimating motion 
from images that are additionally cardiac-gated. The 
respiratory motion was assumed to be rigid and the translation 
vectors were fust estimated using least-squares difference 
minimization via the BFGS Quasi-Newton method with a 
cubic line search procedure [13]. 

For a given cardiac gate, we applied 4D EM reconstruction 
to the respiratory-gated data within the specific cardiac phase. 

Given an image estimate vector A k , respiratory-gated data Y n 
(n = 1, ... , N) within the given cardiac gate, the system matrix 

P, and the respiratory motion operator MHn that maps the 

reference respiratory gate 1 to any given respiratory gate n, 

the 4D motion-corrected reconstruction algorithm can be 
written as: 

(1) 

n=l 
where multiplication and division of vectors are performed 

element-wise, T indicates the transpose, and 1 is a column 
vector with all elements equal to l. 

D. Cardiac Motion Estimation and Correction 
We estimated the cardiac motion from the simulated 

cardiac-gated MR images before using the cardiac MVFs to 
warp the reconstructed images acquired in the above 
subsection. The cardiac motion estimation was treated as a 
constrained minimization problem [14]. The estimation 
problem is solved by finding the MVF m that minimizes the 

cost function E,(m)+aEs(m) , where E,(m) iS the image-

matching error term and Es (m) is a regularization term with a 

as the weight. The image-matching error is defined as the 
intensity difference between the normalized fust frame and the 
warped correspondence of the normalized second frame with a 
given MVF E,(m)�L[J;(r)- f2(r+m(r»f, (2) 

r 

where r is the 3D spatial coordinate of a voxel, 1; and fz are 

the intensity images from which an MVF is to be estimated, 
m is the 3D MVF that supposedly warps f2 to 1;. The strain 

energy function for a linear isotropic elastic material is chosen 
to serve as the regularizing constraint [15]. The MVF is 
estimated using an iterative method that updates the current 
estimate by minimizing the quadratic approximation of the 
cost function. 

Using the cardiac MVFs estimated from the simulated MR 
images, we corrected the cardiac motion of the respiratory 
motion-corrected images described in II.C. The end-diastolic 
frame (the 1 st cardiac gate) was used as the reference gate and 
the motion corrected summation starts from the last gate (the 
8th gate). To be more specific, the 8th gate was warped using 
the MVF estimated from the ih and 8th frames and added to 
the ih image. Then the motion-corrected summation of the 8th 
and ih images was warped using the MVF from the 6th and the 
ih images and added to the 6th image, and so on. 

E. Perfusion Defect Detection Analysis 
To evaluate the reconstructed images using the proposed 

techniques described above, we performed receiver operating 
characteristic (ROC) analysis for the MP defect detection task. 
We used a channelized Hotelling observer (CHO) with four 
octave-wide rotationally symmetric frequency channels to 
generate ratings for the defect-absent and defect-present 
images [16]. The resulting ratings acquired from the CHO 
were used to estimate ROC curves with the LABROC4 
program [17]. This program estimates the parameters of the 
ROC curve, the area-under-curve (AUC) value and the 
standard deviations of these parameters. We compared the 
ROC estimates from images with and without the proposed 
respiratory and cardiac motion correction using the 
CLABROC program [18]. 

III. RESULTS 

The simulated cardiac-gated MR images from which cardiac 
MVFs were estimated are shown in Fig. 1, one transaxial slice 
from each of the 8 cardiac gates. To demonstrate the effect of 
respiratory motion correction, we present the reconstructed 
PET images from the data of end-diastolic gate (the 1 st cardiac 
gate) in Fig. 2 and Fig. 3. The images were rotated and 
cropped for the CHO application, with the centroid of the 
defect region at the center. Fig. 2 shows four (out of the 50) 
noise realizations of images reconstructed with no respiratory 
motion correction, without and with the perfusion defect. Fig. 
3 shows the images reconstructed with the integrated motion
correction algorithm described in II. C. Comparing Fig. 2 and 
Fig. 3, we are able to see the difference resulted from 
respiratory motion correction. The images in Fig. 2 have the 
blur in the vertical direction, which is caused by averaging the 
respiratory gates. The blur is significantly reduced as seen in 
images of Fig. 3. 

Fig. 4 and Fig. 5 show images reconstructed with the data of 
all the cardiac and respiratory gates. The images in Fig. 4 were 
acquired by summing the cardiac gates that were reconstructed 
without respiratory motion correction. The images in Fig. 5 
were obtained with motion correction among respiratory 
motion-corrected cardiac gates, as described in II. D. Besides 
the respiratory blur reduction, we can also see that the blood 
pool in images of Fig. 5 appears larger than that in images of 
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Fig. 4. This demonstrates the effect of cardiac motion 
correction with the end-diastolic gate as the reference frame. 

Fig. 1. Transaxial slices of simulated cardiac-gated MR images (starting 
from the end-diastolic frame), from which cardiac MVFs were estimated for 
PET image motion correction. 

Fig. 2. PET images of cardiac gate I with no respiratory motion correction, 
short-axis view processed with the centroid of defect region at the center, 4 
noise realizations (a) without and (b) with perfusion defect. 

(a) (b) 

Fig. 3. PET images of cardiac gate 1 with respiratory motion correction, 
short-axis view processed with the centroid of defect region at the center, 4 
noise realizations (a) without and (b) with perfusion defect. 

Fig. 6 (a) shows the results from ROC analysis for images 
of cardiac gate 1 without and with respiratory motion 
correction, corresponding to images displayed in Fig. 2 and 
Fig. 3. The AUC values are .56 ± .06 and .68 ± .05 for cases 
without and with respiratory motion correction, respectively. 
The CLABROC test indicated that the difference between the 
two ROC curves was statistically significant with the two
tailed p-value as 0.04. Fig. 6 (b) shows the ROC curves for 
images reconstructed from all cardiac and respiratory frame 
data, one with no motion correction corresponding to images 
as shown in Fig. 4, the other with respiratory and cardiac 
motion correction for images as shown in Fig. 5. The AUC 
values are .85 ± .04 and .96 ± .02, respectively. The 
CLABROC test on these two ROC curves indicated that the 
proposed respiratory and cardiac motion correction technique 

significantly improves MP defect detection (two-tailed p-value 
less than 0.01). 

(a) (b) 

Fig. 4. PET images with no respiratory or cardiac motion correction, short
axis view processed with the centroid of defect region at the center, 4 noise 
realizations (a) without and (b) with perfusion defect. 

(a) (b) 

Fig. 5. PET images with respiratory and cardiac motion correction, short
axis view processed with the centroid of defect region at the center, 4 noise 
realizations (a) without and (b) with perfusion defect. 

(a) (b) 

Fig. 6. ROC plots, true positive fraction (TPF) vs. false positive fraction (FPF) 
for the task of MP defect detection. (a) for cardiac gate I, with and without 
respiratory (R) motion correction; (b) for all frame data, with R and cardiac 
(C) motion correction and without motion correction. 

IV. CONCLUSIONS 

We developed a 5D motion-corrected PET image 
reconstruction algorithm for dual-gated MP imaging, using 
cardiac motion estimated from corresponding gated MR 
images. Using simulated dual-gated PET data and cardiac
gated MR images, we demonstrated that the proposed 
technique significantly improved the PET imaging 
performance for the task of MP defect detection. The approach 
will have promising applications especially in the emerging 
integrated PET/MR!. 
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