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Abstract

Purpose—To develop a cardiac and respiratory self-gated 4D coronary MRA technique for

simultaneous cardiac anatomy and function visualization.

Methods—A contrast-enhanced, ungated spoiled gradient echo sequence with self-gating (SG)

and 3DPR trajectory was used for image acquisition. Data was retrospectively binned into

different cardiac and respiratory phases based on information extracted from SG projections using

principal component analysis. Each cardiac phase was reconstructed using a respiratory motion-

corrected self-calibrating SENSE framework, and those belong to the quiescent period were

retrospectively combined for coronary visualization. Healthy volunteer studies were conducted to

evaluate the efficacy of the SG method, the accuracy of the left ventricle (LV) function parameters

and the quality of coronary artery visualization.

Results—SG performed reliably for all subjects including one with poor ECG. The LV function

parameters showed excellent agreement with those from a conventional cine protocol. For

coronary imaging, the proposed method yielded comparable apparent SNR and coronary

sharpness and lower apparent CNR on three subjects compared with an ECG and navigator-gated

Cartesian protocol and an ECG-gated, respiratory motion-corrected 3DPR protocol.

Conclusion—A fully self-gated 4D whole-heart imaging technique was developed, potentially

allowing cardiac anatomy and function assessment from a single measurement.
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INTRODUCTION

Motion artifact suppression is a major challenge in coronary magnetic resonance

angiography (MRA). Cardiac motion is usually addressed by prospective electrocardiogram

(ECG) gating, in which the data acquisition window is placed within the most quiescent

cardiac phase, usually in mid-diastole, with a predetermined duration and delay after the R-

wave trigger (1,2). For respiratory motion, the typical method is prospective navigator

gating, in which a k-space segment is repeatedly acquired until the corresponding diaphragm

position, tracked by a navigator, falls within a predetermined range in the superior-inferior

(SI) direction (3).

These approaches bear a number of limitations. In prospective ECG gating, the fixed trigger

delay and acquisition window duration, determined visually from a cine pre-scan, are not

only reader-dependent but can also become invalid should the heart rate of the subject

changes significantly. Furthermore, the ECG waveform can be distorted and yield incorrect

triggers due to chest deformity or the magnetohydrodynamic effect (4). Last, setting up the

ECG electrodes can be time-consuming and require operator expertise. Likewise, issues

such as vulnerability to respiratory pattern drifts, operator dependency, reduced scan

efficiency, as well as extra setup time, are also present in respiratory navigator gating.

An alternative approach to address cardiac motion is retrospective ECG gating, commonly

used in cardiac cine imaging. The k-space data is acquired continuously and then resorted

into different cardiac phases during reconstruction based on the simultaneously recorded

ECG information (5,6). In this way, the entire cardiac cycle can be visualized. However, the

continuous acquisition precludes conventional free-breathing techniques such as navigator

gating, and usually relies on breath-holding for respiratory motion suppression. As a result,

the total scan time is restricted to 10–15 sec, limiting the spatiotemporal resolution and

spatial coverage. A number of strategies have been proposed to enable free-breathing,

including real-time imaging and respiratory self-gating. Real-time imaging resolves both

cardiac and respiratory motion by achieving high temporal resolution through various

acceleration techniques, albeit at a cost of spatial resolution and coverage (7–9). Respiratory

self-gating (SG) allows free-breathing acquisition by extracting motion information from

imaging data (10). This information can then be used for retrospective respiratory gating or

respiratory motion corrected averaging (11,12). Free of the scan time constraint, a larger

spatial coverage may be achieved (13,14). Breath-hold cardiac SG (15,16) and simultaneous

cardiac and respiratory SG (14,17,18) have also been proposed to further eliminate the need

to obtain ECG signal.

A number of previous works have proposed continuous acquisition strategies for coronary

MRA allowing the user to retrospectively select the time window for optimal coronary

visualization (19–24). The cardiac phase information is obtained by either concurrently

recorded ECG signal (19–23) or cardiac SG (24), and the required fat-suppressed bright-

blood contrast was achieved using balanced steady-state free precession (bSSFP) readout

and phase-sensitive fat-suppression (19,21,22), interleaved fat-suppression modules (23),

spoiled gradient echo readout with T1-shortening contrast agent (20), or fat-water separation

with a multi-echo bSSFP readout (24). Achieved spatial coverage ranges from targeted thin
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slab with non-isotropic spatial resolution (19–22,24) to isotropic whole-heart (23). Most

utilize view sharing to reconstruct different cardiac phases (19,20,23,24). Reported scan

times are 20–24 sec (19,20), 4–6 min (21,22,24) and 14 min (23). Methods for respiratory

motion suppression include breath-holding (19,20) and respiratory SG (21–24).

In this work, we proposed an improved 4D coronary MRA technique with free-breathing

acquisition, simultaneous cardiac and respiratory self-gating and isotropic whole-heart

coverage that allowed cardiac anatomy and function assessment from a single measurement.

First, we developed and validated a simultaneous cardiac and respiratory SG method based

on SI projections and principal component analysis (PCA). Second, we extended our

previous 3DPR based motion correction and sensitivity-encoding framework (25–27) to

enable cardiac phase-resolved reconstruction with 100% respiratory gating efficiency. Then,

we evaluated the accuracy of the left ventricle (LV) function parameters derived from the

proposed method by comparing against conventional breath-hold cine protocols. Last, we

performed preliminary comparisons between the proposed technique and two prospectively

ECG gated coronary MRA protocols in terms of apparent signal-to-noise ratio (aSNR),

apparent contrast-to-noise ratio (aCNR) and coronary sharpness.

METHODS

Extraction of Cardiac and Respiratory Motion Signals

In this work, we achieved simultaneous cardiac and respiratory SG through SI readouts

inserted at regular intervals during imaging. After Fourier transform, the resulting image

space projection profiles were organized as the following (Nc×Nr)-by-NSG matrix:

where Nc is the number of coils, Nr is the number of readout points, and NSG is the total

number of SG lines. Considering the imaging volume was repeatedly projected onto the

same SI axis, the variations in the projection profiles through time should be largely

attributed to the underlying cardiac and respiratory motion. Treating each stacked multi-coil

projection profile as a single point in an Nc×Nr dimensional measurement space, we

hypothesize that the motion signals lie along the principal components found by PCA (18).

To determine if a principal component represented cardiac or respiratory motion, its major

Fourier mode was identified, and if the frequency matched typical cardiac (0.75–2.0 Hz, 45–

120 bpm) or respiratory (0.1–0.5 Hz) ranges, it would be assigned as the cardiac or

respiratory component. This procedure began with the first principal component and was

repeated on the following ones until both cardiac and respiratory motion signals were

identified. Then, each k-space line was assigned its respective cardiac and respiratory phases

according to the motion signals, essential for the subsequent respiratory motion correction,

detailed in the following sections.
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Cardiac SG Processing and Sampling Rate Requirement

The cardiac SG triggers were located using simple valley detection. Then, each imaging line

can be mapped to the respective cardiac phase based on its relative position between two

triggers. Intuitively, the SG lines needed to be played out frequently enough to correctly

capture the cardiac motion. According to the Nyquist-Shannon sampling theorem, a band-

limited signal can be perfectly sampled at a rate twice its bandwidth. However, due to heart

rate variation, the cardiac motion is not band-limited, and therefore the Nyquist rate formula

is not directly applicable. To empirically determine the required oversampling factor on

healthy volunteers (compared to the Nyquist rate specified by the average heart rate), we

performed the following study. First, a 25-heartbeat-long dataset consisting of only SI

projections was acquired on a healthy subject. Then, the SG time series was downsampled

temporally, and the accordance between cardiac SG and ECG triggers was measured in

terms of the standard deviation of the differences in SG and ECG trigger times. This step

was repeated until there was significant error in the SG triggering times.

Respiratory SG Processing and Motion Correction

We hypothesized that the respiratory PCA component was correlated to the SI translation

found by the cross-correlation based template matching method used in previous works (26–

28), and the k-space data can be allocated into different respiratory phases accordingly. To

test this hypothesis, we calculated the correlation of the respiratory PCA component and the

SI translation found by template matching (26,27) for each subject.

After cardiac and respiratory binning, the heartbeats with duration more than two standard

deviations away from the mean were discarded. Also, the outlier respiratory positions,

defined as those more than two standard deviations away from the mean respiratory

position, were binned into the outermost respiratory bin. Then, a previously developed

image-based framework was adapted for respiratory motion correction (26,27). The k-space

data was assigned to 54 bins spanning 9 cardiac and 6 respiratory phases, such that both

types of motion were adequately resolved and, at the same time, each bin contained at least

1,000 lines for reconstructing an acceptable 3D image by gridding with appropriate low-pass

filtering. One of the respiratory phases, usually in end-expiration, was identified as the

reference phase. Then, separately for each cardiac phase, the remaining bins were registered

to the corresponding reference bins using an affine transform model. The resulting transform

parameters were subsequently used to modify k-space data and trajectory for respiratory

motion correction. The workflow is summarized in Fig. 1. Additional figures showing the

effect of motion correction can be viewed in online supplementary material.

Dual-Mode Image Reconstruction

A self-calibrating sensitivity encoding framework was used for image reconstruction to

suppress the streaking artifacts from radial undersampling (27). Given the total amount of

data available, the major tradeoff in 4D reconstruction was between cardiac motion-

resolving performance (number of cardiac phases) and image quality (number of lines per

phase). After respiratory motion correction, the data may be divided into an arbitrary

number of cardiac frames thanks to the sampling pattern stability offered by the golden

means-based 3D radial trajectory (29). Using all k-space data, a “performance-driven” 16-
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phase reconstruction was first performed to visualize cardiac motion and derive functional

parameters such as end systolic volume (ESV), end diastolic volume (EDV) and ejection

fraction (EF) (30). No data was shared between adjacent phases. Then, the quiescent period,

which may contain more than one of the 16 cardiac phases, was visually identified to and the

corresponding k-space data was combined to yield a “quality-driven” reconstruction

intended for coronary visualization.

In Vivo Experiment

In vivo studies were performed on nine healthy volunteers (three men, average age

38.6±13.4 years) with IRB approval and written consent obtained before the scan. MR data

was collected using a clinical 3T scanner (MAGNETOM Verio, Siemens Healthcare,

Erlangen, Germany) with a 32-channel receiver coil array.

After initial localization, 2D breath-hold bSSFP cine protocol was performed at 10–12 short-

axis locations covering the entire LV with the following parameters: TR/TE = 2.9/1.3 ms,

flip angle = 50°, readout bandwidth = 1313 Hz/pixel, FOV = 320×240 mm2, matrix size =

224×168, slice thickness = 8 mm, slice gap = 2 mm, retrospective ECG gating, number of

reconstructed cardiac phases = 25. Total scan time was 10–15 min including the rest time

between the breath-holds.

Next, 4D data was collected during free breathing using an ungated spoiled gradient echo

pulse sequence: 1-2-1 water selective hard pulse, TR/TE = 5.5/3.0 ms, flip angle = 15°,

bandwidth = 449 Hz/pixel, FOV = 4003 mm3, matrix size = 3843, total number lines =

109,000, scan time = 10 min regardless of the heart rate or breathing pattern of the subject.

To improve blood-myocardium contrast, a 0.20 mmol/kg Gd-BOPTA (MultiHance, Bracco

Imaging SpA, Milano, Italy) bolus was injected at 3.0 ml/s prior to image acquisition. For

the 16-phase reconstruction, each phase had a temporal footprint of 62.5 ms (assuming 60

bpm heart rate) and contained approximately 6,800 lines which, suggested by our previous

work, provided adequate image quality (27). ECG signal was recorded from the scanner

physiological measurement unit for comparison purposes.

Furthermore, three subjects underwent two additional coronary scans on separate visits.

First, an ECG and diaphragm navigator-gated, fat-suppressed, inversion recovery (IR)

prepared, spoiled gradient echo sequence with 3D Cartesian trajectory: TR/TE = 3.4/1.5 ms,

flip angle = 20°, inversion time = 200 ms, bandwidth = 710 Hz/pixel, FOV = 320×250×96

mm3, matrix size = 320×250×96, GRAPPA factor = 2, slice partial Fourier factor = 7/8, 5

mm navigator acceptance window. Second, an ECG-gated, fat-suppressed, IR prepared

spoiled gradient echo sequence with spiral-on-sphere 3DPR k-space trajectory (31): TR/TE

= 3.5/1.8 ms, flip angle = 18°, inversion time = 300 ms, bandwidth = 704 Hz/pixel, FOV =

4003 mm3, matrix size = 3843, number of projections = 12,000, free-breathing with

retrospective self-navigated respiratory motion correction (26,27). Both scans were

performed with 0.20 mmol/kg Gd-BOPTA enhancement, and the data acquisition window

was set to the cardiac quiescent period as determined from a four-chamber cine pre-scan.

For the radial acquisitions, the image reconstruction was implemented offline using

MATLAB (Mathworks, Natick, MA) with parallel computing toolbox on a workstation with
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12-core Intel Xeon CPU and 96 GB memory. To reduce the memory requirement, channel

compression was performed using the method proposed by Buehrer et al (32). The

processing time was around 120 min for motion correction, and around 60 min per cardiac

phase for the non-Cartesian SENSE image reconstruction. The images were reformatted

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

Corporate Research, Princeton, NJ).

Data Analysis

First, we examined the accuracy of cardiac and respiratory SG for each subject. We

calculated the standard deviation of the difference between SG and ECG trigger times as a

measure of SG trigger accuracy. We also calculated the correlation between respiratory SG

component and the SI translation curve derived by template matching.

Next, we examined the agreement of the ESV, EDV and EF values measured from 2D cine

and the 16-phase 4D image series using linear regression and Bland-Altman analysis. The

multiple short-axis locations of the 2D cine series were retrospectively found in the 4D

series. For each slice location, the LV area was calculated from the manually traced blood-

myocardium boundary. For statistical analysis, we used paired Student’s t-test with the P-

value threshold set at 0.05.

Then, we compared the quiescent phase reconstruction with the ECG and navigator-gated

Cartesian coronary MRA protocol (Cartesian) and the ECG-gated 3DPR coronary MRA

protocol (ECG+3DPR). The numbers of projections in the proposed method and ECG

+3DPR were matched. Image quality was evaluated in terms of aSNR, aCNR and coronary

sharpness. The aSNR and aCNR were calculated from the mean signal intensities in the

blood pool and myocardium regions-of-interest (ROIs) and, to partially address the spatially

varying noise distribution due to parallel imaging, the signal standard deviation in the same

blood pool ROI as the apparent noise level. The ROI locations were matched among

different scans for the same subject. The coronary sharpness was measured using the method

proposed in (33) at proximal locations of left main and right coronary arteries and compared

on a per-vessel basis.

RESULTS

SG Sampling Rate Requirement

Fig. 2a shows the cardiac SG component of the example subject with different sampling

rates and the reference ECG waveform plotted against a common time axis. The vertical

lines and the circles indicate ECG R-wave triggers and SG triggers, respectively. For this

subject, SG triggering performed reliably with sampling rates as low as 4.0 Hz,

approximately 4 times the heart rate (around 60 bpm). Lower SG sampling rates led to

unreliable trigger times or even missed triggers. This observation was confirmed by a

quantitative analysis on the SG trigger uncertainty, measured by the standard deviation (SD)

of the difference between SG and ECG trigger times. Shown in Fig. 2b, the uncertainty

remained low until 3.0 Hz and drastically increases at 2.8 Hz. SG sampling rates lower than

2.8 Hz resulted in missing triggers and the SD was not calculated.
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In all subsequent in vivo studies, we used a SG sampling rate of 12 Hz 15-line imaging

segment), which was expected to be robust for the normal range of heart rates.

Performance of Cardiac and Respiratory SG in Healthy Subjects

Cardiac SG performed reliably on all subjects, including one (subject 8) who showed poor

ECG signal despite multiple attempts to place the electrodes. Excluding this subject, the

average SD value of the difference between SG and ECG trigger times was 30.9 ± 2.8 ms.

The average correlation between respiratory principal component and the SI translations

derived from cross-correlation-based template matching was 0.95 ± 0.02.

Shown in Fig. 3 are (a) cardiac PCA component, (b) ECG waveform, (c) respiratory PCA

component, (d) respiratory SI translation by template matching, and (e) the SG projection

time series from one channel for subject 8. The cardiac PCA component displayed distinct

triggering features, whereas the ECG signal yielded incorrect triggers. The sagittal scout

image (f) of this subject showed a chest deformity that likely compromised the ECG signal

reception. The conventional ECG-triggered cine protocol (g) showed significant blurring

due to incorrect cardiac triggering. Running the same protocol using pulse triggering (h)

improved the image quality. The four-chamber reformat of the self-gated 4D series (i)

showed excellent image quality.

Left Ventricle Function Parameters

For eight out of the nine subjects (excluding subject 8), ESV, EDV and EF values were

calculated from the breath-hold 2D and the 4D image series. As shown in Fig. 4, the LV

function parameters obtained from the two methods showed good correlation. No

statistically significant differences were found (ESV: P = 0.10, EDV: P = 0.94, EF: P =

0.17). The Bland-Altman analysis showed good agreement between the two measurement

methods.

Quiescent Window Selection for Coronary Visualization

The heart rates of the nine subjects ranged from 51 to 86 bpm. The mean cardiac cycle

durations and the identified quiescent periods are summarized in Fig. 5a. Cardiac phases that

may be combined for coronary visualization are highlighted. In subjects with lower heart

rates (subject 1–5, 9; 51–71 bpm), the quiescent window was in mid-diastole. However, for

subjects with higher heart rates (subject 6–8; 76–86 bpm), the peak systole phase showed the

least coronary motion. The durations of the quiescent phase ranged from 44 ms (systole,

subject 7) to 283 ms (diastole, subject 9). For these two subjects, the reformatted four-

chamber view of the 4D series are shown in Fig.5b and 5c, respectively.

Fig. 6 shows four reformatted quiescent phase reconstructions. The major coronary branches

including LAD, LCX and RCA were clearly depicted. Additional 4D volumetric rendering

and fly-through movies of one subject can be viewed in online supplementary material.

Comparing with Prospectively ECG Gated Protocols

While the scan time for the proposed 4D protocol was a fixed 10 min, the mean scan time

for the ECG+3DPR protocol was 6.4±1.1 min, and the mean scan time for the Cartesian
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protocol was 15.7±5.3 min with mean navigator efficiency of 35%±12%. For proposed,

ECG+3DPR and Cartesian, the mean coronary sharpness were 0.35±0.08, 0.36±0.10 and

0.41±0.06, respectively; the mean aSNR were 12.4±3.8, 12.8±1.1 and 12.9±2.5,

respectively, and the mean aCNR were 4.5±1.5, 6.8±0.3, and 10.2±3.0, respectively. The

numbers are summarized in Fig. 7. Example images using the three protocols are shown in

Fig. 8 for two subjects.

Also notable is that the specific absorption rate (SAR) of the proposed technique was well

within limit (15%) and lower than that of ECG+3DPR (50%) due to the lack of inversion

pulses. No complaints about the acoustic noise level were received from the subjects, though

we did notice that the proposed sequence was somewhat louder than the conventional

protocol due to the continuous rapid gradient switching.

DISCUSSION

In this proof-of-concept study, we developed an ECG and navigator-free 4D cardiac imaging

technique with fixed 10-min free-breathing scan time, isotropic whole-heart coverage, as

well as a flexible framework for retrospectively reconstructing any arbitrary cardiac phase.

The cardiac phase-resolved visualization from the proposed technique allowed volumetric

cardiac function assessment. We compared the LV function parameters derived from the 4D

image series with those from the conventional 2D cine protocol, and found excellent

agreement between the two. Compared with previously proposed free-breathing 3D cine

techniques (13,14), the proposed method offered considerable improvements in spatial

coverage and resolution, ECG-free retrospective cardiac gating, as well as 100% acquisition

efficiency through respiratory motion correction.

Furthermore, the proposed method delivered excellent visualization of the coronary anatomy

in healthy subjects with a wide range of heart rates due to its high spatial resolution, whole-

heart coverage and the flexibility of retrospective quiescent period selection. Within the

paradigm of coronary MRA techniques with 100% acquisition efficiency (25,26,28,34–41),

the proposed method presented a major technical development towards robust cardiac phase-

resolved coronary imaging.

From the point of view of an end-user, the proposed method also provides several benefits.

First, avoiding the potentially time-consuming ECG electrode placement procedure will

considerably simplify the patient setup routine. Moreover, the ungated volumetric

acquisition is essentially “push-button” as it only requires basic three-plane localization,

reducing both the exam duration and setup complexity. Last, the proposed simultaneous

cardiac and respiratory SG method was shown to have performed reliably in the healthy

subjects scanned in this study, including one that displayed poor ECG signal. Therefore, the

proposed technique may be more favorable under the situations where ECG triggering is

unreliable.
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Comparing with Prospectively ECG Gated Protocols

The proposed method differed from conventional coronary MRA techniques primarily in the

cardiac gating strategy. Using the ECG signal as an external surrogate for cardiac motion,

the conventional techniques prospectively synchronize data acquisition to the quiescent

phase. Meanwhile, the dead time during the unacquired cardiac phases is used to play out

the IR module, which imposes a heavy T1-weighting that essentially nulls the myocardial

tissue. The proposed method, on the other hand, acquired data continuously and then

retrospectively sorted the k-space lines into different cardiac phases. The blood-myocardium

contrast thus relied on the steady-state T1 weighting which, in practice, cannot suppress the

myocardial signal completely. This observation was corroborated by the preliminary healthy

volunteer results where the aCNR of the proposed technique was lower than those of the two

ECG-gated protocols with IR preparation. Whether this difference in blood-myocardium

contrast will impact the detection of coronary stenosis, however, will require further

systematic studies on CAD patients that benchmark the proposed technique with both the

conventional coronary MRA protocol and x-ray angiography.

Beyond Steady-State Acquisition

In the proposed method, the fat-suppressed bright-blood image contrast, required to

visualize the coronary arteries, was achieved in steady-state imaging using water-excitation

RF pulses and T1-shortening contrast agent. However, it is possible to interleave

magnetization preparation (mag-prep) modules with the imaging lines for contrast

generation, such as fat-saturation modules in coronary imaging using bSSFP (23,42), as long

as the cardiac SG remains reliable. Our preliminary analysis showed that the SI direction

needed to be sampled at no less than 4 times the heart rate for cardiac SG to perform

correctly. Assuming a maximum normal heart rate of 120 bpm, the maximum available

interval between two SG lines will be 125 ms, which needs to accommodate both the mag-

prep module and the imaging lines.

Dealing with Arrhythmia

The proposed technique enabled retrospective arrhythmia rejection by discarding the outlier

heartbeats during reconstruction. For healthy subjects with regular sinus rhythm, the

irregular heartbeats are infrequent and will not significantly affect the overall scan

efficiency. Yet, for certain types of arrhythmia such as premature atrial and ventricular

contraction (PAC and PVC), the premature beats may represent a significant portion of the

scan time. In this case, both types of cardiac cycles may be reconstructed and visualized

separately from the same dataset. The imaging time may have to be extended to

accommodate a larger number of cardiac phases to be reconstructed. Further validation of

the proposed cardiac SG method is also required in the presence of PAC, PVC and other

types of arrhythmia, such as atrial fibrillation. Considering the higher degree of heart rate

variation, the SG sampling rate requirement may also have to be revised.

Further Improving the Reconstruction

The tradeoff between cardiac phase-resolving performance and image quality was

fundamental in the proposed reconstruction framework. Dividing the data into more cardiac
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phases reduces residual cardiac motion in each phase, but leads to more aggressive

undersampling and reduced image quality. To alleviate this constraint, it may be beneficial

to exploit the spatiotemporal correlation in the multi-channel dataset (43–48). The improved

image quality can then be traded to increase the temporal resolution or shorten the overall

scan time. Also, considering that the current implementation took around 19 hours in total

for motion correction, 16-phase cine reconstruction and the quiescent phase reconstruction,

future efforts to shorten the reconstruction time are highly desirable in order to make the

proposed technique more clinically feasible.

CONCLUSION

In this proof-of-concept study, we developed an ECG and navigator-free 4D whole-heart

imaging technique with high isotropic spatial resolution and near 100% imaging efficiency

through continuous acquisition, self-gating, retrospective respiratory motion correction and

cardiac phase-resolved reconstruction. The proposed method potentially allows

simultaneous cardiac anatomy and function assessment from a single measurement. Future

efforts will be focused on optimization of both image acquisition and reconstruction, further

validation of the obtained functional and anatomical information, as well as developing

alternative, especially non-contrast acquisition strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematics of the proposed self-gating, data binning and respiratory motion correction

framework. First, the cardiac and respiratory motion components were identified from the

PCA of the multi-channel self-gating profile time series. Then, the imaging data was

mapped to different cardiac and respiratory bins based on its cardiac and respiratory phase

derived from the motion signals. Next, with one common respiratory phase selected as

reference (in this example, respiratory phase 1 for cardiac phases 1–9), all other bins

(respiratory phases 2–6, cardiac phases 1–9) were registered to the corresponding reference
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bin of the same cardiac phase using an affine transform model. The k-space trajectory and

data was then modified accordingly for respiratory motion correction. The 6 images on the

left show the 6 respiratory phases in cardiac phase 1. The horizontal dashed lines help

visualize the SI motion of the heart due to respiration. The 9 images on the bottom show the

9 cardiac phases in respiratory phase 6. The contraction of the left ventricle can be clearly

seen.
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Figure 2.
(a) Cardiac principal components at different sampling rates with the reference ECG

waveform, displayed on a common time axis. The vertical lines indicate the ECG R-wave

triggers, and the circles on the SG waveform indicate the SG trigger times from valley

detection. Comparing the two, cardiac SG performed reliably for sampling rates as low as

4.0 Hz. Lower rates led to inaccuracy in trigger times and missed trigger, as indicated by the

two cardiac SG waveforms sampled at 3.0 Hz and lower. (b) The uncertainty in the SG

trigger times was measured by the standard deviation (SD) of the difference between SG and

ECG trigger times. The SD value remained low for sampling rates above 3.0 Hz and

drastically increased at 2.8 Hz. Lower sampling rates resulted in missing triggers, thus the

SD was not calculated.
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Figure 3.
A case of failed ECG triggering (subject 8). (a) Cardiac component; (b) ECG waveform; (c)

Respiratory component; (d) SI translation detected by template matching; (e) SG projection

time series. The cardiac SG waveform showed distinct valleys as triggering features. The

ECG waveform yielded incorrect triggers, likely caused by the chest deformity shown in the

sagittal scout image (f). The ECG triggered cine image showed significant blurring due to

the unresolved cardiac motion (g). Switching to pulse triggering improved the image quality

(h). The same four-chamber view was reformatted from the self-gated 4D series, showing

excellent image quality (i).
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Figure 4.
Comparison of the left ventricle (LV) end-systolic volume (ESV), end-diastolic volume

(EDV) and ejection fraction (EF) derived from both breath-hold 2D cine images and the

proposed 4D technique. Good correlation and agreement were found between the two

methods, as shown in the regression (a–c) and Bland-Altman analysis (d–f).
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Figure 5.
The cardiac cycle durations (total length of the bars) and the quiescent periods (highlighted

portions) of all 9 subjects are shown in (a). For subjects with higher heart rates (subject 6–8;

76–86 bpm), the peak-systole phase usually yields the least coronary motion, as opposed to

the mid-diastole phase for the other subjects (subject 1–5, 9; 51–71 bpm). Shown in (b) are

the 16 cardiac phases of subject 7 in four-chamber view reformatted from the 3D whole-

heart volume. The window with the best coronary artery visualization contains phase 5.

Shown in (c) are the 16 cardiac phases of subject 9 in four-chamber view reformatted from

the 3D whole-heart volume. The window with the best coronary artery visualization contains

phase 8–11.
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Figure 6.
Reformatted quiescent phase images from 4 example subjects showed excellent depiction of

the major coronary branches.
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Figure 7.
Comparing the three coronary MRA protocols in terms of scan time, aSNR, aCNR and

coronary sharpness. (a) while the proposed method offered a fixed 10-min scan time, the

scan time of ECG+3DPR depended on the subject’s heart rate, and the scan time of

Cartesian depended on the subject’s heart rate as well as breathing pattern; (b) the three

techniques provided similar aSNR; (c) the aCNR of the proposed method, which depended

on the steady-state T1 weighting, was lower than those of the other two IR-prepared

techniques; (d) the coronary sharpness was comparable for the three techniques.
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Figure 8.
Example images from the three coronary MRA techniques of two subjects. Also shown is

the scan time for each image.
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