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Abstract

Purpose—To improve the coronary visualization quality of 4D coronary MRA through cardiac 

motion correction and iterative reconstruction.

Methods—A contrast-enhanced, spoiled gradient echo sequence with 3D radial trajectory and 

self-gating was used for 4D coronary MRA data acquisition at 3T. A whole-heart 16-phase cine 

series was reconstructed with respiratory motion correction. Non-rigid registration was performed 

between the identified quiescent phases and a reference. The motion information of all included 

phases was then used along with the corresponding k-space data to iteratively reconstruct the final 

image. Healthy volunteer studies (N=13) were conducted to compare the proposed method with 

the conventional strategy, which accepts data from a single, contiguous window out of the original 

16-phase data. Apparent SNR and coronary sharpness were used as the image quality metrics.

Results—The proposed method significantly improved aSNR (11.89 ± 3.76 to 13.97 ± 5.21, 

P=0.005) and scan efficiency (18.8% ± 6.0% to 40.9% ± 9.7%, P<0.001), compared with the 

conventional strategy. Sharpness of left main (P=0.002), proximal (P=0.04) and middle (P=0.02) 

right coronary artery, and proximal left anterior descending (P=0.04) was also significantly 

improved.

Conclusion—The proposed cardiac motion-corrected reconstruction significantly improved the 

achievable quality of coronary visualization from 4D coronary MRA.

Introduction

Coronary arteries are challenging structures to image using MRI due to the small caliber, 

tortuous course, and continual motion. Therefore, successful coronary magnetic resonance 

angiography (MRA) requires high-resolution, whole-heart imaging, and effective motion 

suppression. Current free-breathing protocols use segmented acquisitions with prospective 

ECG and navigator gating to suppress cardiac and respiratory motion artifacts, respectively. 

With data accepted only from a particular cardiac (usually mid-diastole) and respiratory 
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(usually end-expiratory) phase, these motion suppression strategies often lead to prolonged 

scan time, are susceptible to variations in motion pattern, and require time-consuming setup 

procedures.

A number of investigators have explored the potential to relax the gating constraint and 

perform motion correction in order to improve the imaging efficiency while suppressing 

motion artifacts. Such strategy has been most prominently applied to addressing respiratory 

motion, in which all respiratory phases are accepted during acquisition, and the respiratory 

motion between respiratory phases are retrospectively corrected using information derived 

from self-navigation projections (1,2), image-based navigator through interleaved 

acquisitions (3,4), or respiratory phase resolved reconstruction from the imaging data (5,6). 

One (1,2) and multi-dimensional translation (3,7,8), affine (5,6), and non-rigid (9) motion 

models have been used to correct for respiratory motion. Compared with prospective gating, 

these techniques significantly reduce the scan time and largely eliminate the scan time 

uncertainty, as the acquisition now takes a fixed number of heartbeats to complete.

Addressing the cardiac motion using an analogous approach is more challenging. The 

coronary arteries move constantly. Variation in the velocity of such motion creates quiescent 

periods within the cardiac cycle, during which the coronary displacement is relatively small 

and the motion can be “frozen” given a sufficiently short acquisition window. There are 

typically two quiescent periods within a cardiac cycle, one during peak systole and another 

during mid-diastole. The duration and relative location of such periods vary considerably for 

different subjects, change with the heart rate, and differ between left and right coronary 

arteries (10–12). The conventional strategy for cardiac gating prescribes the data acceptance 

window such that both intra- and inter-phase motion are minimized, which means the 

window is usually well within one of the quiescent periods, and all other cardiac phases 

remain unused. Previous efforts on relaxing the inter-phase motion requirement include a 2D 

real-time imaging-based approach by Hardy et al with selective averaging (13), and a 

volume targeted approach with extended acquisition window and affine motion correction by 

Stehning et al (14). Due to the higher frequency (~1Hz) and highly deformable nature of 

cardiac motion, successful execution of the cardiac motion correction concept requires high 

spatiotemporal resolution, whole-heart coverage, and a realistic motion model with local 

deformations.

Four-dimensional (4D) whole-heart coronary MRA (15,16) is a recent development that may 

provide the foundation for further improving the flexibility and accuracy of cardiac motion 

correction. The 4D approach acquires data continuously while simultaneously records 

cardiac and respiratory motion information through either self-navigation alone (15) or a 

combination of ECG and self-navigation (16). It completely removes the scan time 

uncertainty, enables the flexibility to retrospectively exclude motion outliers, and offers the 

ability to assess the coronary arteries and left-ventricle (LV) function from a single 

acquisition. During image reconstruction, the respiratory motion is corrected first, and then 

multiple cardiac phases are reconstructed using the cardiac trigger information derived from 

self-navigation or ECG. Finally, an acceptance window, within which the coronary arteries 

remain relatively stationary, is identified and the corresponding data are used to reconstruct a 

high quality image for coronary visualization. The set of cardiac phases included in such 
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acceptance windows is always contiguous, as only one of the two typical quiescent periods, 

peak-systole and mid-diastole, can be included to avoid introducing artifacts from inter-

phase cardiac motion. Usually 10–20% of the total data are accepted (15).

In this work, we aim to improve the cardiac gating efficiency of 4D coronary MRA by 

extending the cardiac acceptance window beyond a single quiescent period. First, we 

implemented a non-rigid registration algorithm to align all included cardiac phases to a 

reference phase, suppressing the inter-phase motion within the extended acceptance window. 

Then, we implemented an iterative reconstruction method that incorporated the motion 

information to yield a motion-free image using all data from the extended window. We 

hypothesize that the proposed method will improve the achievable quality of coronary 

visualization from 4D coronary MRA due to the inclusion of additional data, without 

introducing significant cardiac motion artifacts. We evaluated the proposed method on 

healthy volunteers (N=13) by comparing it with images reconstructed, without motion 

correction, from a conventional quiescent window, using apparent SNR and coronary 

sharpness as the metrics of image quality.

Methods

Data Acquisition and Cine Series Reconstruction

The general acquisition and reconstruction framework follows (15). A contrast-enhanced, 

spoiled gradient echo sequence with 3D radial trajectory and 1D superior-inferior (SI) self-

gating (SG) was used for continuous data acquisition during free breathing. During 

reconstruction, the cardiac and respiratory motion signals were first extracted automatically 

from the multi-channel SG projection time series using principal component analysis and 

prior knowledge of cardiac and respiratory frequencies. Then, the k-space data were 

assigned to nine cardiac and six respiratory bins, taking advantage of the flexibility offered 

by the golden-means ordering in both azimuthal and polar angles (17). Low-resolution 

images were reconstructed from each bin for affine transform based, bin-by-bin respiratory 

motion estimation, and the motion was subsequently corrected in k-space, individually for 

each cardiac phase. The reference respiratory position was chosen as the one with the 

highest number of lines available, usually in end-expiration (18). With the respiratory 

motion corrected and all respiratory bins combined, the mean cardiac cycle was resampled 

and a 16-phase 4D image series was reconstructed. In this work, instead of the frame-by-

frame non-Cartesian SENSE reconstruction used in (15), the 4D series was reconstructed 

using an iterative approach similar to (19) that combines sensitivity encoding and temporal 

regularization. The regularization parameters were empirically determined and kept constant 

for all subjects.

Cardiac Motion Correction

As a first step, we sought to find the cardiac phases in which both left and right coronary 

branches were relatively stationary. Although the quiescent phases of the major coronary 

arteries (LAD, LCX, and RCA) may differ, it is known that the RCA generally exhibits 

higher velocity and larger displacement than the left branches (11). Therefore, we identified 

the quiescent phases solely based on the motion of the mid-RCA segment and assumed that 
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the left branches would be relatively stationary if the mid-RCA were so. The reference phase 

for cardiac motion correction was typically chosen as the middle of the diastolic quiescent 

window, or middle of the systolic window if all quiescent phases are in systole. Then, a heart 

mask was automatically generated using a multi-atlas method and served as the region of 

interest (ROI) of the registration algorithm. All selected frames were also cropped to the 

bounding box of the heart mask in order to speed up the computation and reduce the 

memory requirement. A symmetric diffeomorphic algorithm (20,21) was used with cross-

correlation cost function and two laplacian-filtered versions of the original image, with 

different variances, as additional contrasts. The estimated motion information between each 

moving phases and the reference, including rigid, affine, and deformable transformations, 

are saved for use in subsequent image reconstruction.

An example of coronary motion is presented in Fig. 1, which shows an axial slice of the 16-

phase cardiac cycle reconstructed from a typical 4D acquisition. In both the systole (phases 

16, 1, 2) and the diastole quiescent periods (phases 5–8), the motion of the right coronary 

artery (RCA) is sufficiently resolved with minimal intra-phase motion. In all other phases, 

the RCA moves at relatively high velocities and significant intra-phase motion can be 

observed. Within each quiescent period, the inter-phase cardiac motion is also relatively 

small, yet the shapes of the heart in systolic and diastolic phases differ significantly.

The effect of inter-phase cardiac motion correction is demonstrated in Fig. 2, which shows 

the same subject in Fig. 1 with all phases registered to phase 6. All cardiac phases, including 

the systolic ones that come with large deformations, are effectively aligned with the mid-

diastolic reference frame. However, in the non-quiescent phases that carry significant intra-

phase motion, including phases 3–4 and 9–15, the RCA remain blurred despite the 

successful registration of the larger structures. In this example, conventional gating strategy 

will prescribe the acceptance window to include phases 5–8. For the proposed motion 

correction approach, three additional phases (1, 2 and 16) may be included, leading to a 75% 

increase in scanning efficiency (4/16 to 7/16).

With the included phases identified and the motion information calculated, the motion-

corrected reconstruction followed a previously proposed framework that iteratively inverted 

an encoding operator that incorporated both the sensitivity encoding operation and cardiac 

deformations estimated from the registration step (9,22,23):

[1]

where x is the unknown image in the reference cardiac phase, E is the encoding operator that 

maps x to the multi-channel, multi-cardiac phase k-space data y, TV() is the spatial total 

variation (TV) operator, and λ is the weight of the spatial TV regularization. The forward 

operator was implemented as follows:

[2]
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where FT is the non-uniform Fourier Transform that transforms between image space and 

the specific non-Cartesian k-space locations of a particular cardiac phase, S is the self-

calibrated sensitivity map, and T−1 is the spatial deformation from the reference to a 

particular cardiac phase. The backward operator, which combined all included k-space data 

to yield an image in the reference cardiac phase, was implemented as follows:

[3]

where T is the spatial transformation from a particular phase to the reference. The iterative 

reconstruction program was implemented using a nonlinear conjugate gradient (CG) solver. 

The entire image reconstruction workflow is shown in Fig. 3.

In Vivo Studies

Healthy subjects (N=13) were scanned using a clinical 3T scanner (MAGNATOM Verio, 

Siemens Healthcare, Erlangen, Germany) with written informed consent and IRB approval. 

MR data was collected using a 32-channel phased coil array (Invivo Corporation, 

Gainesville, FL). The pulse sequence parameters were as follows: 1-2-1 water selective RF 

pulse, slab-selective excitation thickness=160 mm, TR/TE=6.0/3.7 ms, flip angle = 15°, 

bandwidth = 449 Hz/pixel, FOV = 3203 mm3, matrix size = 3203, total number of lines = 

99,994, scan time = 10 minutes, contrast enhancement with a 0.20 mmol/kg Gd-BOPTA 

(MultiHance, Bracco Imaging SpA, Milano, Italy) injected at 0.3 mL/s before image 

acquisition. Image reconstruction was implemented offline using MATLAB (Mathworks, 

Natick, MA) with parallel computing toolbox on a workstation with 12-core Intel Xeon CPU 

and 96 GB memory. The image registration and motion correciton routine was implemented 

using the ANTS package (http://www.picsl.upenn.edu/ANTs). The images were reformatted 

using OsiriX (v5.8.5 32-bit, Pixmeo, Geneva, Switzerland).

Two images were reconstructed for each subject: conventional gating without cardiac motion 

correction (Gating), which combined data directly from a contiguous window that exhibited 

minimal intra- and inter-phase motion, and the proposed method, which accepted all phases 

with minimal intra-phase motion and combined them with inter-phase cardiac motion 

correction (Moco). The scan efficiency, coronary sharpness, and apparent signal-to-noise 

ratio (aSNR) were compared using paired Student’s t-test with a significance level of 0.05. 

The scan efficiency was defined as the ratio between the number of cardiac phases included 

for reconstruction and the total number of cardiac phases. The coronary sharpness was 

measured at left main (LM), proximal, middle, and distal segments of left anterior 

descending (LAD) and right coronary arteries (RCA), and proximal left circumflex coronary 

artery (LCX) using the method proposed in (24), which defines sharpness as the mean of the 

inverse distances between the 20% and 80% point on both sides of the 1D cross-section 

profile of a coronary segment. The aSNR was defined as the ratio between the mean signal 

intensity and standard deviation of a manually drawn region of interest (ROI) in the 

ascending aorta, which, considering the non-linear and non-Cartesian reconstruction used 

here, was chosen as a surrogate of the true SNR.
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Results

Fig. 4 shows the coronal maximum-intensity projection (MIP) images from three 

reconstructions of two example datasets: (a)(d) conventional gating without motion 

correction, (b)(e) all quiescent phases combined without motion correction, and (c)(f) all 

quiescent phases combined with motion correction. For subject 1, the quiescent phases 

included ones from both systole and diastole. For subject 2, all phases were from systole, 

with considerable inter-phase motion within the extended acceptance window. For both 

subjects, the proposed method improved the image quality over conventional gating through 

including the additional data, and suppressed motion artifacts from effective motion 

correction. Fig. 5 shows images from five additional subjects. The respective cardiac phases 

used for reconstruction are also shown. Similar improvements in coronary visualization are 

observed.

For the majority of the subjects in this study, the extended acceptance window included 

phases from both systole and diastole, and direct reconstructions from such window yielded 

significant artifacts similar to Fig. 4b. For this reason, we did not extend the quantitative 

analyses to such images and only compared Gating and Moco. The mean aSNR for Gating 

and Moco were 11.89 ± 3.76 and 13.97 ± 5.21, respectively. The proposed method led to a 

significant improvement in aSNR (P=0.005). Moco also led to significant improvements in 

sharpness of LM (P=0.007), proximal RCA (P=0.04), middle RCA (P=0.02), and proximal 

LAD (P=0.04), over Gating. The mean scan efficiencies for Gating and Moco were 18.8% 

± 6.0% and 40.9% ± 9.7%, respectively. The proposed method led to a significant 

improvement in scan efficiency (P<0.001). All numbers are summarized in Fig. 6.

Discussion

In this work, we proposed to improve the quality of coronary visualization from 4D 

coronary MRA by combining data from all quiescent phases available from the 16 

reconstructed phases. Potential artifacts from inter-phase cardiac motion were suppressed 

through non-rigid motion registration and iterative reconstruction. In vivo studies on 13 

healthy volunteers showed that the proposed method significantly improved aSNR and 

coronary sharpness over the conventional gating strategy that only accepted data from one 

quiescent period.

Numerous investigations have been conducted to study the optimal placement of the cardiac 

acceptance window for coronary imaging. Potential quiescent periods at both systole and 

diastole have been identified (11,25,26). Gharib et al compared coronary MRA during 

systole and diastole, and suggested that a systolic window may be more suitable for 

tachycardic subjects (27). Uribe et al proposed to prescribe two acceptance windows in 

prospective ECG gating in order to reconstruct both systole and diastole from a single scan 

(28). Kawaji et al proposed to prescribe an extended contiguous acceptance window and 

retrospectively select the best subset to optimize image quality (29). Relatively few 

developments have been made to address inter-phase cardiac motion. Hardy et al proposed a 

2D real-time imaging based technique that acquires a large number of frames and, with 

translation correction, selectively combines a subset where the target coronary artery appears 
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in the imaging plane (13). Stehning et al proposed a prospective ECG-gated, 3D volume-

targeted technique that makes use of a long (240 ms) acquisition window to reconstruct four 

consecutive cardiac phases, which are then motion corrected with affine transform, and 

averaged to yield the final reconstruction (14). Our work represented major improvements 

over these efforts. Leveraging the whole-heart, full cardiac cycle coverage of 4D coronary 

MRA, the proposed method offered considerably more flexibility in selecting the cardiac 

phases (i.e. combining data from more than one contiguous periods), enabled accurate 

characterization of the highly deformable cardiac motion in 3D, and effectively corrected 

such motion via iterative reconstruction. Compared with the original 4D coronary MRA 

technique, the proposed method offered improved coronary visualization while also allowing 

whole-heart LV function analysis with the 4D cine series. To validate the second point, a 

dedicated evaluation is required regarding the accuracy of the LV function parameters 

obtained from the iterative 4D reconstruction.

The major factors that influence vessel sharpness include noise, undersampling artifacts, and 

motion. The first two may be alleviated from accepting more data into reconstruction, yet in 

the context of cardiac gating, this can only be done to a certain extent to avoid blurring from 

cardiac motion. With the proposed method, this constraint may be relaxed since now the 

potential blurring from inter-phase motion is suppressed by motion correction. Results from 

this study suggest that combining multiple, potentially non-contiguous phases with inter-

phase non-rigid motion correction improves vessel sharpness over reconstructions from a 

smaller, contiguous set of cardiac phases. In other words, the benefit from higher SNR and 

lower undersampling artifacts outweighed any potential registration errors.

Due to coronary blood flow and the elasticity of the coronary wall, the size of the coronary 

lumen varies throughout the cardiac cycle. Previous studies using intravascular ultrasound 

(30,31) and MRI (32) suggested that the pulsatile variation in coronary lumen diameter is 

less than 5–6% for normal arteries and even less when plaque is present. Considering the 

size of the coronary arteries (<5 mm) and the nominal spatial resolution of the current 

acquisition (1.0 mm), we do not expect such variations in coronary lumen diameter to 

adversely affect the ability of the proposed method to perform its intended function, i.e. 

detecting significant coronary stenosis (>50% reduction in diameter). Further clinical 

validations on CAD patients are warranted.

A limitation of the current method is the need to visually select the phases in which the 

coronary motion is sufficiently resolved (i.e. little intra-phase motion), necessitating user 

interaction for the otherwise fully automated reconstruction routine. Automating this 

procedure is highly desirable. Several methods have been proposed in the past for 

automatically detecting the cardiac quiescent period from cine images, most of which are 

based on calculating a global inter-phase similarity metric throughout the cardiac cycle, and 

finding one or more acceptance windows via peak detection and thresholding (33–36). 

Alternatively, one may leverage the available 3D deformations calculated from the cardiac 

motion registration step, and use the similarity metrics between all deformed and the 

reference phase as the criterion for quiescent phases.
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The promise of high imaging efficiency is twofold. On one hand, given a fixed imaging time, 

more data may be included into the reconstruction, which improves SNR and reduces 

undersampling artifacts. On the other hand, given a fixed k-space sampling density 

requirement, the minimum scan time may be shortened due to the increased efficiency. 

Having demonstrated the first aspect in this work, future efforts are warranted to explore the 

potential of scan time reduction. In our preliminary results, the mean scan efficiency is more 

than doubled (18.8% to 40.9%) by incorporating additional cardiac phases, which may 

enable significant scan time reductions. However, the potential degradation in the image 

quality of each cardiac phase from further undersampling may have an adverse impact on 

registration accuracy, and must be studied carefully.

It is also beneficial to further reduce the temporal footprint of each reconstructed cardiac 

phase, which is currently around 40–60 ms (for heart rates of 60–100 bpm). Assuming an 

intra-phase coronary displacement up to 1 mm, coronary velocities up to 17–25 mm/s may 

be resolved under the current temporal resolution. However, previous studies using x-ray 

angiography and computed tomography have reported maximum velocities of more than 100 

mm/s for the RCA (10,11,37). Therefore, reconstructing a greater number of cardiac phases 

may allow a larger portion of the cardiac cycle to be accepted. Furthermore, a higher 

temporal resolution may also be helpful in the cases of arrhythmia, where the cardiac motion 

is more irregular.

Another potential development is to use the motion information between motion states to 

improve the quality of cardiac (15) or respiratory phase-resolved imaging (38). As the 

forward and inverse spatial transform between each moving and the reference phase are 

known, the transform between any two phases can be readily calculated. Therefore, it is 

possible to use the proposed framework to enhance the image quality of any individual phase 

by redefining the reference and the associated spatial transforms. An alternative approach is 

to reconstruct all phases jointly with temporal similarity constraint imposed on the motion 

corrected cardiac cycle (39,40).

Conclusion

We have developed a cardiac motion correction framework that significantly improved the 

imaging efficiency, aSNR, and sharpness of contrast-enhanced 4D whole-heart coronary 

MRA.
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Fig. 1. 
Motion of a mid-RCA segment throughout the entire cardiac cycle reconstructed from a 4D 

coronary MRA acquisition: the coronary artery stayed relatively still during phases 1, 2, and 

16, the systolic quiescent period, and phases 5–8, the diastolic quiescent period. All other 

phases exhibit significant intra-phase motion as evidenced by the blurry RCA segment. The 

conventional gating strategy places the acceptance window within one of the quiescent 

periods, e.g. phases 5–8 for this subject, while discarding the data from the other phases.
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Fig. 2. 
The cardiac cycle from the same subject in Fig. 1, after non-rigid motion correction: all 

phases were registered with the reference, phase 6, and may be combined without significant 

artifacts from inter-phase cardiac motion. However, the intra-phase motion in phases 3, 4, 9–

15, could not be corrected. Therefore, these phases would not be included in the subsequent 

reconstruction.
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Fig. 3. 
The proposed reconstruction workflow: starting with the continuously acquired 3DPR k-

space data, first the dataset is segmented into multiple cardiac/respiratory phases, and the 

respiratory motion is corrected using affine transform separately for each cardiac phase. 

Then, a 16-phase cardiac cycle is reconstructed. Last, the quiescent phases are identified and 

combined with or without motion correction.
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Fig. 4. 
Coronal maximum-intensity projection (MIP) images from three reconstructions of two 

example datasets: (a)(d) conventional gating without motion correction, (b)(e) combining all 

quiescent phases, without motion correction, and (c)(f) combining all quiescent phases, with 

motion correction. For subject 1, the accepted phases included ones from both systole and 

diastole. For subject 2, all phases were from systole, with considerable inter-phase motion 

within the extended acceptance window. For both subjects, the proposed method improved 

the image quality over conventional gating by making use of the additional data, while 

suppressing motion artifacts through effective motion correction.
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Fig. 5. 
Five example subjects comparing conventional cardiac gating (left) with the proposed 

method (right). The proposed method significantly improved the quality of coronary 

visualization.
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Fig. 6. 
Quantitative comparisons of image quality metrics and scan efficiency of the two 

reconstructions: (a) the proposed reconstruction from the extended acceptance window 

significantly increased aSNR compared with conventional gating with a smaller window; (b) 

the extended acceptance window more than doubled the scan efficiency; (c–k) the proposed 

method significantly improved the sharpness of LM, proximal and middle RCA, and 

proximal LAD compared with conventional gating.
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