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Abstract

In this study, we present a motion compensation technique based on coil arrays (MOCCA) and 

evaluate its application in free-breathing respiratory self-gated cine MRI. MOCCA takes 

advantages of the fact that motion-induced changes in k-space signal are modulated by individual 

coil sensitivity profiles. In the proposed implementation of MOCCA self-gating for free-breathing 

cine MRI, the k-space center line is acquired at the beginning of each k-space segment for each 

cardiac cycle with 4 repetitions. For each k-space segment, the k-space center line acquired 

immediately before was used to select one of the 4 acquired repetitions to be included in the final 

self-gated cine image by calculating the cross-correlation between the k-space center line with a 

reference line. The proposed method was tested on a cohort of healthy adult subjects for subjective 

image quality and objective blood-myocardium border sharpness. The method was also tested on a 

cohort of patients to compare the left and right ventricular volumes and ejection fraction 

measurements with that of standard breath-hold cine MRI. Our data indicate that the proposed 

MOCCA method provides significantly improved image quality and sharpness compared to free-

breathing cine without respiratory self-gating, and provides similar volume measurements 

compared with breath-hold cine MRI.
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Introduction

Breath-hold cardiac cine MRI is the current clinical gold standard for non-invasive 

evaluation of cardiac function. In cine MRI, cardiac phase resolved two-dimensional (2D) 

segmented k-space data are acquired continuously and movies of the beating heart are 
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reconstructed by retrospective electrocardiogram (ECG) gating (1). To suppress respiratory 

motion artifacts, cine MRI is commonly performed during a breath-hold. However, this 

approach limits a scan to short (<15s) scan times. In addition, many patients are unable to 

sustain a breath-hold or instead perform a slow exhalation. Alternative methods have been 

developed for respiratory motion correction that use an abdominal bellow for respiratory 

gating (2) or use the fat signal to retrospectively correct for respiratory motion (3). The most 

successful method for high spatial resolution imaging such as coronary artery MRI uses a 

navigator that monitors the superior-inferior position of the right hemi-diaphragm (4–5). 

However, navigators are not fully compatible with continuous cine acquisitions because of 

interruption in steady state signal.

Respiratory self-gating is a promising alternative to breath-holding and navigator gating. In 

respiratory self-gating, the motion of the heart during free-breathing is estimated from the 

acquired imaging data. It provides a direct account of the motion of the heart and is not 

subject to the aforementioned problems. Hardy et al. (6) used cross-correlation of real-time 

navigator images to estimate the respiratory motion. A similar approach was employed by 

Sussman et al. (7) using a variable-density spiral acquisition and Larson et al. (8) using a 

radial acquisition. Radial acquisitions have also been used by others for free-breathing cine 

MRI due to its inherent over-sampling of k-space center, from which gating signals are 

commonly derived (9–10). Improved free-breathing cine MRI based on real-time imaging 

and retrospective image-based registration and re-sorting has also been proposed (11–12). 

Multiple projection-based methods have been reported for both cine MRI and coronary 

artery MRI. Uribe et al. (13) used a projection of the heart in the superior-inferior direction 

to estimate respiratory motion in three-dimensional (3D) cine MRI. Because a projection in 

the superior-inferior direction was used in this method, the imaging slab has to be in the 

sagittal orientation and reformatting is required to generate the standard short-axis and long-

axis views. Lai et al. developed a respiratory self-gating method for coronary artery MRI 

using up to six Cartesian projections (14–16) to compensate for 3D respiratory motion. Brau 

et al. proposed to acquire an additional free induction decay signal in every TR to correct for 

respiratory motion (17). The efficacy of these methods in cine MRI remains to be 

investigated.

The extensive availability of multi-coil arrays for parallel imaging offers the opportunity to 

use the redundant information provided by coil arrays for rigid and non-rigid motion 

estimation and correction (18–20). In a coil array, each coil has a localized sensitivity 

profile. Thus, motion of the object relative to the coils causes variations in the received 

signal. The amount and polarity of these variations may be different among the coils 

depending on the geometric configuration of each coil. It is therefore possible to take 

advantages of the differences in the motion-related signal variations between coils to 

improve motion detection and correction.

In this study, we propose and implement a MOtion Correction technique using Coil Arrays 

(MOCCA) for free-breathing cine MRI.
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Theory

The k-space data acquired using a surface coil array is modulated by the individual coil 

sensitivity profiles. Let v(r) be an object and cγ (r) be the coil sensitivity map for the 

receiver coil γ. The acquired signal is:

(Eq. 1)

where W =e−j2π, the Fourier encoding kernel. A motion results in the following k-space 

signal:

(Eq. 2)

where ṽ is the object after motion. For non-rigid motion, which is the type of motion studies 

in this work, the change from v(r) to ṽ(r) reflects the non-rigid deformation of the object. 

For rigid motion, ṽ(r) =v(r − Δr), where Δr is the vector corresponding to the rigid motion. 

It is then possible to detect and characterize the motion by analyzing the k-space signal 

change caused by the motion. Furthermore, this motion-induced signal change is modulated 

by the individual sensitivity profiles of the individual coils and the coils serve as additional 

“sensors” of the motion. The signal from a coil may change significantly for a small motion 

in certain direction, but may not change much for motion in another direction. The motion-

induced signal change of two coils may even have opposite polarity. Therefore, combination 

of the signal from multiple coils has the potential to improve motion detection in MRI. In 

MOCCA, we construct a quantitative measure Q(Ŝγ(k), Sγ(k)) as a representation of the 

underlying true motion Δr. In reality, it is not feasible or necessary to use the full k-space for 

this purpose. A subset of the k-space data, such as the k-space center point or the non-phase-

encoded k-space center line, is usually sufficient for one to detect the motion. There are 

many potential definitions for operator Q. For example, it can be defined as the sum of k-

space center point signal changes from all the coils: Q(Ŝγ(k), Sγ(k))=ΣγŜγ(0) − Sγ(0). 

Alternatively, it can also be defined as the change in the center of mass position of a 

projection line along the direction of motion, which has been previously used for projection-

based self-gating in cardiac MRI (16). It is straightforward to show that the corresponding Q 

operator for coil channel γ is: Q(Ŝγ(k), Sγ(k))= Σk∈P wk[Ŝγ(k) − Sγ(k)], where P is the set of 

samples on the non-phase-encoded k-space center line and wk is a linear factor. It is beyond 

the scope of this report to investigate the various potential choices of the Q operator and 

their performances in motion detection. In this work, we sought to evaluate MOCCA with 

the following real positive scalar Q operator:

(Eq. 3)

where corr calculates cross correlation coefficient (CCC), N is the number of coils, and |

Sγ(k)|k∈P,1≤γ≤N is the vector formed by concatenating the magnitudes of non-phase-encoded 

k-space lines acquired from all of the coils when the object is at a reference position, and |

Ŝγ(k)|k∈P,1≤γ≤N is the vector corresponding to the position after motion. For simplicity, we 
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herein refer to these vectors as MOCCA echoes and |Ŝγ (k)|k∈P,1≤γ≤N as the MOCCA echo 

reference.

In the basic form of MOCCA imaging, the non-phase-encoded k-space line is sampled at the 

beginning of each k-space segment. Subsequently these lines (magnitude only) from 

multiple coils are concatenated to form the MOCCA echo. For cardiac cine MRI 

applications, the duration of data acquisition for each k-space segment is relatively short 

(<50ms). We assume there is no respiratory motion during that interval and we only account 

for the respiratory motion between the acquisitions of two successive k-space segments. 

Hence, in MOCCA, the motion when a k-space segment is acquired is represented by the 

CCC between the MOCCA echo corresponding to that k-space segment acquisition and the 

MOCCA echo reference. As demonstrated in the schematic shown in Figure 1, where the 

object moves away from coil 1 and toward coil 2, the k-space signal amplitude decreases for 

coil 1 and increases for coil 2. Hence, the concatenation of the non-phase-encoded lines 

helps in motion detection by taking into account the opposite polarity of the signal changes 

in coils 1 and 2. The MOCCA echo is then correlated with the MOCCA echo reference. 

High correlation is expected for small or no motion relative to the reference position, and 

vice versa. Therefore, the CCC may be used to “gate” respiratory motion in various 

cardiovascular MRI applications.

Materials and Methods

All imaging was performed on a 1.5 T Achieva MRI system (Philips Healthcare, Best, The 

Netherlands) using a 32-channel (16 anterior/16 posterior) cardiac array coil (InVivo, 

Gainesville, FL) or a 5-channel coil (Philips Healthcare, Best, The Netherlands). The 32-

channel coil was combined into 16 receiver channels using a combiner. All in vivo data were 

imported into Matlab (MathWorks, Natick, MA) for respiratory self-gating cine MRI 

reconstruction. Written informed consent was obtained from all the participants of our study 

and the imaging protocol was approved by our institutional review board.

MOCCA Self-Gated Cine MRI

The respiratory self-gated cine MRI sequence was based on our standard clinical 2D breath-

hold 2D steady state free precession (SSFP) cine MRI sequence with retrospective ECG-

gating. The non-phase-encoded k-space center line was acquired at the beginning of each k-

space segment acquisition for each cardiac phase (Figure 2a). The respiratory self-gated cine 

MRI sequence was performed on 8 healthy adult subjects (aged 29±16 years, 3 male) in the 

short-axis, two-chamber, and four-chamber orientations. The sequence was performed 

during free breathing and was repeatedly acquired 4 times successively. The short-axis 

image was prescribed at the mid-ventricular level. The sequence parameters included: TR/

TE=2.8/1.4 ms, FOV=320 × 320 mm2, flip angle=60°, resolution=1.8 × 1.8 mm2, turbo 

factor=11, acquisition window width=33.6ms. No parallel imaging was prescribed to limit 

the scope of the differences to gating schemes and motion artifacts rather than the 

differential impact of parallel imaging.. As a comparison, an additional cine MRI was 

acquired on each subject using the standard clinical cine MRI sequence with the same 

sequence parameters except that only a single acquisition was performed during breath-
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holding. All the acquired data were subsequently imported into Matlab for retrospective self-

gating and reconstruction.

MOCCA Reconstruction

Since each k-space segment for each cardiac phase were acquired four times during free-

breathing cine MRI, the basic idea of our MOCCA self-gating algorithm was to choose one 

of the repetitions for each k-space segment and cardiac phase based on the CCC between 

their corresponding MOCCA echoes and the MOCCA echo reference (as described below), 

so that respiratory motion artifacts are suppressed in the reconstructed cine images (Figure 

2b). Hence, the MOCCA echoes underwent the follow two steps.

Determination of the MOCCA echo reference—Let Np, Ns, Nr be the number of 

cardiac phases, k-space segments and repetitions, respectively. Let Mi,j,k be the MOCCA 

echo corresponding to the ith cardiac phase, jth k-space segment, and kth repetition, where 1 

≤ i ≤ Np,1 ≤ j ≤ Ns,1≤ k ≤ Nr. The MOCCA echo reference was defined as the set of 

MOCCA echoes acquired during a chosen heart cycle. As the end of expiration is the 

longest period during a respiratory cycle and is the period when the clinical breath-hold cine 

MRI is performed, it is desirable to choose MOCCA echoes acquired during this period as 

the MOCCA echo reference. Let

(Eq. 4)

1≤ l ≤ Np, 1 ≤ m ≤ Ns, 1≤n ≤ Nr be the average of the CCCs between the MOCCA echoes in 

the (j,k)th heart beat and the MOCCA echoes with the same cardiac phase acquired in all of 

the heart beats. The MOCCA echo reference was then chosen as M̃ = {Mi,(j,k)ref}1≤i≤Np, 

where (j, k)ref =arg max1≤(j,k)≤Ns×Nr A(j,k)

MOCCA respiratory self-gating—As shown in Figure 2b, the self-gating reconstruction 

consisted of the following two steps: 1) The CCCs between every MOCCA echo and the 

MOCCA echo reference for the same cardiac phase were calculated, i.e. Bi, j,k = corr(M̃i, 

Mi,j,k). 2) Subsequently, for each k-space segment, the imaging data following the MOCCA 

echo with the highest CCC among all four repetitions was chosen, i.e. IDXi,j =arg max1≤n≤Nr 
Bi, j,n, where IDXi,j is the index of the repetition included in the final self-gated image for the 

ith cardiac phase and jth k-space segment.

In addition to the MOCCA self-gated cine reconstruction, the first acquisition of the free-

breathing cine MRI data set was used to reconstruct a free-breathing cine image without 

self-gating. For validation, the clinical breath-hold cine MRI data were also retrospectively 

reconstructed in Matlab.

Cardiac Function Evaluation

The proposed respiratory self-gating cine MRI sequence was further compared with the 

standard clinical breath-hold cine MRI with short-axis stacks in terms of cardiac volume 

Hu et al. Page 5

Magn Reson Med. Author manuscript; available in PMC 2014 November 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



measurements. On 14 patients who were referred to cardiac MR in our center (9 atrial 

fibrillation patients referred for evaluation of pulmonary vein and left atrium anatomy and 5 

congestive heart failure patients referred for evaluation of cardiac function and viability), the 

proposed sequence was performed within the same imaging session as the clinical scan. The 

imaging parameters and volume coverage of the proposed free-breathing cine MRI was the 

same as the healthy subject study. 10–12 short-axis slices were prescribed to cover both 

ventricles.

Data Analysis

Sharpness—The sharpness of the blood-myocardium border sharpness was evaluated on 

the images acquired on the healthy subjects using a method similar to that used by Larson et 

al. (8). For each cine image, the signal intensity profile of a straight line crossing the blood-

myocardium border in mid-diastolic cine images was extracted and the sharpness score was 

calculated as , where D is the distance (in mm) between the two points along the profile 

with 20% and 80% signal intensity, respectively. For short axis and four-chamber cine 

images, the profile was drawn across the ventricular septum and the sharpness scores on 

both sides of the septum were averaged. For two-chamber images, the line was drawn on the 

anterior LV wall. The profiles lines drawn for the three reconstructions methods were at the 

same location to maintain consistency.

Subjective Image Grading—The quality of the cine images from the breath-held, free-

breathing with and without MOCCA self-gating were graded by 2 expert evaluators (with 10 

years and 5 years of experience, respectively) in a consensus reading blinded to the subject 

and sequence information using a 4 point scale (1=poor, 2=fair, 3=good, and 4=very good). 

The reconstructed cine images were saved as movie files and the three cine movies for each 

data set were presented to the evaluators on a computer workstation side by side, with the 

order in which these movies were presented being randomized.

Cardiac Volume Measurements—The free-breathing cine data from the patients were 

exported to Matlab where MOCCA self-gating was performed. After reconstruction, the 

self-gated images were pushed back into the ViewForum workstation (Philips Healthcare, 

Best, the Netherlands), where the LV end-diastolic volume (LVEDV), LV end-systolic 

volume (LVESV), RV end-diastolic volume (RVEDV), RV end-systolic volume (RVESV), 

left ventricular ejection fraction (LVEF), and right ventricular ejection fraction (RVEF) 

were measured by an experienced cardiologist using commercially available software 

included on the ViewForum workstation. The volume measurements were performed again 

on the standard breath-hold cine images.

Statistical Analysis

All statistical tests were performed using SAS (v9.1, SAS Institute Inc., Cary, NC). The 

sharpness scores were analyzed using a t-test. The subjective grading scores from all three 

methods were compared using a linear mixed-effects model with compound symmetry 

variance-covariance structure for the error matrix and linear contrasts (21). A Bonferroni 

correction was applied for multiple comparisons. For the patient data, the level of agreement 
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between the LV and RV volume and ejection fraction measurements from the two cine data 

sets were compared using Bland-Altman analysis. The range of agreement was defined as 

mean bias ± 1.96 standard deviation. A two-sided p-value of <0.05 was used to determine 

statistical significance.

Results

Figures 3–5 show example cine images in short-axis, 2-chamber and 4-chamber long-axis 

views acquired on three healthy subjects, respectively. There were obvious respiratory 

motion-related blurring and artifacts in the free-breathing images without motion gating. 

MOCCA self-gating successfully removed these artifacts, resulting image quality was 

comparable to that acquired with standard breath-hold cine MRI.

The blood-myocardium border sharpness scores are summarized in Table 1. The sharpness 

scores for MOCCA self-gated and breath-hold cine images were both significantly higher 

than the free-breathing reconstruction without motion gating in all three orientations 

(P=0.004, 0.01 and <0.001 for short-axis, 2 chamber and 4 chamber views, respectively). 

The sharpness scores for MOCCA self-gated images were similar to that of the standard 

breath-hold cine MRI (P=NS for all three orientations).

Table 2 shows the subjective image scores. The scores of standard breath-held cine MRI and 

MOCCA self-gated cine MRI were both significantly better than free-breathing without 

motion gating (P<0.001 after Bonferroni correction). The scores of breath-hold cine MRI 

was similar to MOCCA self-gated cine MRI (P=NS). The effect of cine image orientation on 

the scores were not significant (P=NS).

Figure 6 shows typical multi-slice short-axis cine images acquired for a patient during 

breath-hold (top) and free-breathing MOCCA self-gating (bottom). Across all of the slices 

covering the LV and RV, the proposed self-gating method provided comparable image 

quality to breath-hold that allowed accurate volume and ejection fraction measurements 

shown in Figure 7. LV and RV volumes and ejection fraction measurements based on the 

proposed self-gated cine MRI method were similar to breath-hold cine MRI. The Bland-

Altman analysis indicated that the 95% limits of agreement between the measurements 

based on the standard breath-hold cine MRI and the proposed self-gated cine MRI method 

were −7.8±15.0 ml for LVEDV, −2.7±8.7 ml for LVESV, −6.1±17.2 ml for RVEDV, 

−3.5±11.9 ml for RVESV, 0.4%±4.4% for LVEF, and 0.4%±5.4% for RVEF. The mean 

bias and 95% limits of these volume and ejection fraction data were considered acceptable 

for application of this technique.

Discussions

In this study, we introduce MOCCA as a respiratory motion compensation and self-gating 

technique that takes advantages of the additional information offered by multi-coil arrays. 

We evaluated the MOCCA implementation that concatenates the non-phase-encoded k-

space center lines as a representation of the underlying motion of interest. We tested the 

MOCCA technique on respiratory self-gated free-breathing cine MRI. The proposed 

technique eliminates the need for breath-holding, which may be problematic for certain 
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patients, while providing similar blood-myocardium border sharpness and cardiac function 

measurements compared to gold-standard breath-hold cine MRI.

The proposed technique is a retrospective self-gating method based on 4 repetitions of cine 

data. As the goal of our study was to demonstrate the feasibility of the proposed technique, 

the number of repetitions required may not be optimal and should be further studied. In 

addition, compared to a prospective approach, retrospective self-gating carries the risk of 

acquiring all 4 repetitions outside the desired gating position. Therefore, it would be 

desirable to implement the self-gating method prospectively to better adapt to the breathing 

pattern of individual subjects.

The proposed technique is different from existing respiratory self-gated cine MRI methods 

in both pulse sequences and self-gating algorithm. Compared to existing respiratory self-

gating methods for cine MRI using radial trajectory, the proposed method is based on 

Cartesian sampling, which is clinically more widely used. A recent respiratory self-gating 

method for cine MRI (8) requires a series of low-resolution navigator images, which are not 

required in the MOCCA self-gating. Uribe et al. (13) proposed a respiratory self-gated 

whole-heart cine MRI method using the conventional projection-based approach, where the 

imaging slab is required to be prescribed in the sagittal orientation to enable acquisition of a 

projection signal in the superior-inferior direction. As a result, reformatting is required to 

obtain cine images in the traditional short-axis or long-axis orientation. In our method, the 

MOCCA echo may be acquired in arbitrary double-oblique direction. This enables 2D cine 

MRI in the standard short axis or long axis views, as demonstrated in our results. This was 

possible because MOCCA relies on the signal changes caused by the relative motion 

between the object and the two-dimensional coil sensitivity profiles, instead of the k-space 

phase ramp in the direction of motion. Therefore, the one-dimensional MOCCA echo has 

the intrinsic capability to detect motion in directions other than the direction of the k-space 

center line.

Our studies focused on investigating the efficacy of MOCCA in cine MRI. It remains to be 

assessed whether MOCCA can be used in other high resolution cardiac imaging application, 

such as perfusion and coronary artery MRI. In coronary MRI, the motion of the coronary 

arteries is commonly assumed to be 60% of the superior-inferior motion of the right 

hemidiaphragm (4), where the navigator echo is commonly placed. However, this ratio has 

been shown to be subject specific (22). MOCCA, like other self-gating methods (15), may 

be advantageous because it directly monitors the motion of the heart. Furthermore, the 

traditional navigator echo is commonly placed before and/or after the imaging shot with a 

time gap of 30–40ms. Any motion during the time gap is not accounted for in the motion 

compensation. This is not problematic in MOCCA self-gating and other self-gating methods 

in general since the MOCCA echoes can be easily placed at the beginning, end or in the 

middle of the imaging shot, which eliminates this time gap. Additionally, the MOCCA echo 

signal can be potentially integrated into the imaging data set as an extra k-space center 

signal to improve image reconstruction. Therefore, MOCCA may be a valuable addition to 

traditional navigators in further improving respiratory motion compensation in these 

applications.
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It is the purpose of our study to demonstrate the feasibility of the MOCCA method. Further 

improvements in the design and implementation of MOCCA based on specific applications 

are likely. To improve MOCCA self-gating, it is necessary to further study and optimize the 

choice of coils included in the MOCCA echo. In our study, we included all available coils, 

which might not be optimal as inclusion of coils with low signals or spatially invariant coil 

sensitivity in the direction of motion might negatively affect the ability of MOCCA to detect 

motion as signal for these coils mainly contribute noise. These coils should be excluded in 

the MOCCA algorithm or they should be less weighted in the formation of MOCCA echo. It 

may be possible to determine the weighting of an individual coil by studying its coil 

sensitivity profile. In this work, both the anterior and posterior coils are used. During free 

breathing, the anterior coils will move with the chest wall. As a result, the assumption in Eq. 

2 that the coil sensitivity profile cγ(r) does not move is no longer valid. Fortunately, for the 

self-gating method presented in this work, this should not affect the periodicity of the self-

gating signal or the self-gating results. However, this point should be considered in future 

potential applications of MOCCA. In our MOCCA self-gating algorithm, only the 

magnitude of the MOCCA echoes was used. The modulation of the k-space signal by the 

coil map results in a change in k-space signal magnitude for a moving object, in addition to 

the k-space phase ramp predicted by Fourier theory. A potential problem with using k-space 

phase only is the 2π phase wrapping resulting from larger motions. Nevertheless, the phase 

information may be incorporated into the current formulation of MOCCA to achieve 

benefits, as this information is readily available without penalty in imaging sequence. 

Inclusion of k-space phase in the formation of MOCCA echoes should also reduce the 

likelihood of the rare coincidence where two different motion states have the same CCC 

with the MOCCA echo reference. Further study is required to investigate whether and how 

to include the k-space phase information in the algorithm to further improve the accuracy of 

self-gating.

The extensive use of multi-coil arrays to accelerate image acquisition using parallel imaging 

(23) offers the opportunity to use the redundant information provided by coil arrays for 

motion estimation and correction (18–20). The recently proposed respiratory self-gating 

methods used either a single coil from a coil array or a linear combination of multiple coil 

signals. The concept of forming a MOCCA echo by concatenating the k-space center lines 

into a vector may be readily integrated to existing methods such as that proposed by Uribe et 

al. (13) and potentially achieve further improvements on those methods.

Our study has limitations. Although our algorithm for generating MOCCA echo reference 

tends to select a MOCCA echo acquired at end-expiration, we did not have data to support 

that. Therefore, the respiratory position of the MOCCA self-gated and breath-hold images 

might not be at exactly the same respiratory position. Therefore, further study is needed to 

investigate and optimize the method for choosing the MOCCA echo reference.

In conclusion, we demonstrated the feasibility and benefits of MOCCA in free-breathing 

respiratory self-gating cine MRI. Further study is required for better understanding MOCCA 

and its ability to resolve motion in MRI.
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Figure 1. 
A schematic of MOCCA. Motion causes variations in the non-phase-encoded (non-PE) k-

space center line signal, subject to modulation by the individual coil sensitivity profiles. In 

this example scenario, the coil 1 signal decreases while coil 2 signal increases after motion. 

The concatenated non-PE lines (MOCCA echo) take advantage of the additional information 

provided by multiple coils, which serve as additional “motion sensors”. The cross 

correlation coefficient (CCC) between the MOCCA echoes acquired before (reference 

position) and after motion represents the underlying true motion.
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Figure 2. 
a) Free-breathing respiratory self-gated cine MRI sequence. The non-PE k-space center line 

is acquired before each imaging segment for every cardiac phase. b) MOCCA respiratory 

self-gating algorithm. Each k-space segment for each cardiac phase was acquired four times. 

Each corresponding MOCCA echo was correlated with a MOCCA echo reference. The 

imaging segment corresponding to the MOCCA echo with maximum cross correlation 

coefficient (CCC) is included in the final self-gated cine image.
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Figure 3. 
Example short-axis cine images of diastole (top row) and systole (bottom row) obtained 

from MOCCA self-gating (a,d), free-breathing without motion correction (b,e) and 

conventional breath-hold cine (c,f). Obvious blurring and artifacts due to respiratory motion 

are observed in free-breathing cine MRI without motion gating. These artifacts are 

eliminated in MOCCA self-gated images, resulting in comparable image quality to 

conventional breath-hold cine MRI. LV: left ventricle. RV: right ventricle
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Figure 4. 
Example cine images in 2-chamber view of diastole (top row) and systole (bottom row) 

obtained from MOCCA self-gating (a,d), free-breathing without motion gating (b,e) and 

conventional breath-hold cine (c,f). LA: left atrium
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Figure 5. 
Example cine images in 4-chamber view of diastole (top row) and systole (bottom row) 

obtained from MOCCA self-gating (a,d), free-breathing without motion gating (b,e) and 

conventional breath-hold cine (c,f). Significant image artifacts due to respiratory motion can 

be observed in free-breathing cine that are eliminated in MOCCA.
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Figure 6. 
Example of typical short-axis cine images acquired during (top row) breath-hold and 

(bottom row) free-breathing with MOCCA self-gating.
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Figure 7. 
Comparison of left ventricular (LV) and right ventricular (RV) volumes and ejection 

fraction measurements from free-breathing MOCCA self-gated and standard breath-hold 

cine MRI acquisitions based on (a,b,c) plot of identify and (d,e,f) Bland-Altman plot for 

(a,d) LV volumes, (b,e) RV volumes and (c,f) LV/RV ejection fraction measurements. 

LVEDV: LV end-diastolic volume, LVESV: LV end-systolic volume. RVEDV: RV end-

diastolic volume. RVESV: RV end-systolic volume. LVEF: LV ejection fraction. RVEF: 

RV ejection fraction. BH: breath-hold.
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Table 1

Quantitative blood-myocardium border sharpness of cine MRI using three methods (free breathing, breath-

hold, and MOCCA self-gating). [Higher is better]

SA 2CH 4CH

MOCCA self-gating 0.50±0.19*# 0.43±0.16*# 0.46±0.15*#

Free-breathing (No Gating) 0.28±0.15 0.28±0.14 0.24±0.12

Breath-hold 0.58±0.26* 0.62±0.22* 0.48±0.13*

*
P<0.05 when compared with free-breathing.

#
P =NS when compared with breath-hold.

SA=short axis; CH=chamber.
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