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1 INTRODUCTION 

Multi-slice breath-hold cine imaging using balanced steady state free precession (bSSFP) is 

the standard MRI method of assessing cardiac function and dynamic anatomy [1]. However, 

it is complex and time consuming. Acquisition of each slice must be segmented over several 

cardiac cycles, and breath-holding becomes necessary to avoid motion artefact. This can be 

problematic in children and patients with shortness of breath. In addition, multiple 2D slices 

must be acquired in several orientations in order to cover the anatomy of interest, further 

increasing total scan time. 

Free-breathing whole-heart cine MRI is a desirable solution to these issues. This technique 

enables the acquisition of dynamic volumetric data with full anatomical coverage in a single, 

easy to plan scan, which can be reformatted in any plane during post processing. However, 

the acquisition of such high-dimensional data within a clinically feasible scan time demands 

extensive use of acceleration techniques and advanced reconstruction methods [2], such as 

parallel imaging [3] and compressed sensing [4,5]. 

Several 3D cine applications have been developed so far. Some are based on radial 

trajectories, such as spiral phyllotaxis koosh-ball [6–8] and stack of stars [9,10]. Cartesian 

approaches have also been used [11,12]. Spiral trajectories, however, have received little 

interest in this particular problem. The main advantage of spirals is the efficiency with which 

they cover k-space. Unlike radial trajectories, where sampling density varies quadratically with 

the radius, spirals have a relatively uniform (and adjustable) sampling density. As a result, 

they can sample k-space at the Nyquist rate (or at any given acceleration factor) using a 

significantly smaller number of readouts. Another source of efficiency is that readouts can be 

longer, which further decreases the number of excitations required, although this may not be 

as relevant for bSSFP sequences due to tight restrictions to TR [13]. The benefit of additional 

efficiency is that it can be leveraged to reduce acquisition time in data-intensive applications 

such as 3D cine imaging. 

Spirals can be stacked in order to sample a volumetric k-space [14]. In particular, it has been 

recently shown that a golden ratio stack of spirals (GRASS) sampling strategy allows highly 

accelerated 3D plus time spoiled gradient echo imaging [15]. In addition to the efficiency of 

spirals, the use of golden ratio spacing in both the kx-ky plane and along kz produces incoherent 

aliasing that is well suited to compressed sensing reconstruction. A further benefit is that the 

central kz line (kx, ky = 0) can be used for respiratory self-navigation, e.g. to gate the acquisition 

or to sort readouts into multiple respiratory phases [16]. However, GRASS utilises golden ratio 



spacing in kz, between consecutive readouts. This is unsuitable for bSSFP sequences, which 

exhibit image artefacts when subject to large stepwise changes in eddy currents [17]. 

Therefore, alternative sampling strategies must be considered to adapt GRASS for use in a 

bSSFP pulse sequence, such as uniform and tiny golden ratio [18] sampling.  

This work presents a rapid free-breathing whole-heart cine imaging framework based on a 

stack of spirals trajectory with a parallel imaging and compressed sensing reconstruction. The 

aims were to: (1) investigate the optimal ordering scheme for a stack of spirals cine sequence 

using an in silico model, (2) implement such a sequence and test it in vivo and (3) evaluate 

image quality and quantitative measurements against the gold standard examination, i.e. 2D 

multi-slice breath-hold imaging. 

2 MATERIALS AND METHODS 

This work is divided into two parts: (1) a simulation study comparing two different step sizes 

in kz, and (2) a patient study comparing the resulting technique to conventional 2D multi-slice 

breath-hold imaging.  

2.1 Sequence Design 

The sequence employed in this work is a 3D bSSFP stack of spirals acquired in a transverse 

orientation. A uniform density spiral trajectory was designed using the method described by 

Pipe et al. [19], assuming a field-of-view of 450 mm, a spatial resolution of 2.0 × 2.0 mm and 

90 uniformly spaced spiral arms for complete filling of k-space, at each of the 104 kz partitions.  

A golden ratio stack of spirals (GRASS) sampling strategy was used [15], which is based on 

a continuously running nested loop strategy. In the inner loop, consecutive spiral interleaves 

were advanced in the kz direction, while keeping their kx‐ky position the same. Each inner loop 

consisted of 104 steps and was followed by an outer loop rotation of the spiral arm by the 

golden angle (∼222°) [20] (Figure 1). 

The following imaging parameters were used: TR/TE = 3.42/0.95 ms, FOV = 450  450  210 

mm3, matrix size = 224  224  104, voxel size = 2.0  2.0  2.0 mm3, flip angle = 60°, 

bandwidth = 1,590 Hz/pixel. A total of 62,400 readouts were continuously acquired for a fixed 

scan time of 3 min 33 s. 

When using non-Cartesian trajectories such as spirals, some attention must be dedicated to 

ensuring trajectory fidelity. In modern scanners, the most important source of trajectory errors 

is the gradient delay relative to the ADC. This can be easily adjusted by appropriately shifting 

the ADC window and/or correcting the trajectory. The delay is typically different for each 



physical gradient axis [21]. However, if these differences are relatively small, as is the case 

for the scanner used in this work, using a single optimized delay affords most of the benefit 

while simplifying the implementation [22]. In the present work, the delay was set to the average 

of the delays in the x and y physical axes (ignoring z as it was only used for phase encoding). 

2.2 Reconstruction 

The same reconstruction was used for both the simulation and patient studies. We expanded 

on the previously described GRASS framework [15], to develop XD-GRASS which sorts the 

data into cardiac and respiratory motion states, and reconstructs the undersampled 

multidimensional dataset using parallel imaging and compressed sensing, similar to [8]. This 

method has the advantage of exploiting sparsity in the respiratory dimension. 

Data were retrospectively gated into 20 cardiac phases and 4 respiratory phases, totalling 80 

volumes, with an acceleration factor of ~12. Cardiac gating was based on timestamps 

(provided from the vector cardiogram signal in the patient study, simulated timestamps in the 

simulation study). In order to obtain respiratory information, head-foot projections were 

retrospectively extracted from the k-space samples in the kz axis, both in the patient study and 

the simulation study (Figure 2). This has been previously described for stack of spirals data 

and validated against respiratory bellows [15]. A method based on principal component 

analysis (PCA) and Fourier analysis was then used to extract a respiratory signal from the 

projections [23]. Such a signal has been shown to be a reliable indicator of respiratory position. 

Finally, the respiratory signal was used to sort the k-space samples into respiratory bins from 

end-expiration to end-inspiration [16]. 

After data sorting, an iterative reconstruction combining parallel imaging and compressed 

sensing was used to obtain images from a subsampled k-space. Prior to the reconstruction, 

coil compression was performed in order to limit computational cost [24]. Then, coil sensitivity 

maps were obtained for the virtual coils using the ESPIRiT method [25]. 

After calibration, images 𝑚 were reconstructed from sorted k-space data 𝑑 by solving the 

following optimization problem [16]: 

𝑚 = argmin
𝑚

‖𝐹 ⋅ 𝐶 ⋅ 𝑚 − 𝑑‖2
2 + 𝜆𝑐‖𝐷𝑐 ⋅ 𝑚‖1 + 𝜆𝑟‖𝐷𝑟 ⋅ 𝑚‖1 

Where 𝐹 is the Fourier transform operator; 𝐶 is the coil sensitivity maps; 𝐷𝑐  and 𝐷𝑟  are the 

finite difference operators for the cardiac and respiratory dimensions, respectively; and 𝜆𝑐 and 

𝜆𝑟 are the regularization parameters for the cardiac and respiratory dimensions, respectively. 



Regularization parameters were selected empirically based on visual inspection and set to 

0.005 and 0.002, respectively.  

The reconstruction was implemented in MATLAB R2018a (The Mathworks, Inc, Natick, MA, 

USA). The Berkeley Advanced Reconstruction Toolbox (BART) was used for the ESPIRiT 

calibration and reconstruction [16]. Reconstructions were performed in a high-performance 

computing (HPC) cluster node, equipped with an 18-core Intel Xeon Gold 6140 processor and 

432 GB of DDR4 memory. 

2.3 Simulation Study 

A simulation study was designed to investigate which step size in kz provides optimal filling in 

k-space, while meeting the requirements that: (1) it must be small enough so as not to cause 

eddy current related artefacts, and (2) it must allow the calculation of a respiratory navigator 

as described above. Two alternative step sizes were investigated: uniform spacing (US) and 

tiny golden spacing (TS), which used the 7th tiny golden ratio (0.116) [26] (Figure 1). It is worth 

noting that the problem with eddy currents does not apply to golden angle rotations in the 

outer loop, due to “pairing” compensation [17]. Therefore, the golden angle was used in the 

outer loop. 

The design of the model was similar to the one described in [15]. Ellipsoids and cylinders were 

used to model the heart, liver, ascending/descending aorta, left/right pulmonary arteries and 

the thoracic wall (Figure 3). The heart and blood vessels were given contractile dynamics, 

while respiratory dynamics were modelled using a craniocaudal translation. Low frequency 

sinusoids were used to incorporate coil sensitivities into the model. Because all these 

elements have analytic representations in the Fourier domain, direct simulation of the k-space 

signal is possible [17]. This prevents the so-called inverse crime bias, which arises in 

rasterized simulations due to the use of identical models for both data synthesis and image 

reconstruction. 

This model was used to generate multi-channel k-space data for both the US and the TS 

reordering schemes. Simulations were repeated four times at random heart rates (drawn from 

a uniform distribution between 60-100 bpm) and respiratory rates (12-18 bpm) to average out 

possible effects due to these factors. Data were “collected” and reconstructed as described in 

sections 2.1 and 2.2. In addition, reference images were obtained by simulating a fully 

sampled stack of spirals acquisition for every cardiorespiratory state. Root mean squared error 

(RMSE) and structural similarity (SSIM), were calculated against these reference images to 

assess image quality for both reordering strategies. 



2.4 Patient Study 

2.4.1 Data Acquisition  

Ten subjects were prospectively recruited for this study (age 21.2 ± 10.1 years). All were 

hospital patients for whom an MR scan had been clinically indicated. This study was approved 

by the local research ethics committee, and written consent was obtained from all 

subjects/guardians (Ref: 06/Q0508/124). A 12-channel receiver coil array (6-element body coil 

plus 6-element spine coil) was used and vector cardiogram time stamps were logged for 

retrospective cardiac gating. The proposed free-breathing whole-heart (FB-WH) cine method 

(see imaging protocol above) was compared with a conventional 2D multi-slice breath-hold 

stack in a short axis orientation (BH-SAX), with field of view = ~340 × 300 mm2, voxel size = 

~1.5 × 1.5 mm2, slice thickness = 8.0 mm, flip angle = 70°, 10-12 slices, temporal resolution 

= ~40 ms. All imaging was performed on a 1.5 T MR scanner (Avanto, Siemens Healthineers 

AG, Erlangen, Germany). 

2.4.2 Data Processing 

All post processing was performed using the OsiriX open source DICOM viewing platform 

(OsiriX v9.0, OsiriX Foundation, Geneva, Switzerland) [27]. Prior to analysis, FB-WH volumes 

were reformatted into a stack of short axis cines with a slice thickness of 8 mm using the 

multiplanar functionality in OsiriX, in order to obtain a dataset comparable to the BH-SAX.  

Image Quality Assessment. Image quality was assessed on the mid-ventricular slice of the 

BH-SAX data and the short axis reformatted FB-WH data. Quantitative image quality was 

evaluated using two objective scores: edge sharpness (ES) and contrast-to-noise ratio (CNR). 

The ES was calculated by drawing a line across the endocardial border, fitting a 10th order 

polynomial to the normalized pixel intensities (to filter out noise), and taking the maximum 

gradient of the fitted line as the measurement, as previously described [28]. The CNR was 

calculated as the ratio of the average signal difference between blood pool and myocardium 

to the average standard deviation in both regions [12]. The regions of interest for blood and 

myocardium were manually positioned in the centre of the left-ventricular cavity and the 

ventricular septum, respectively. In addition, subjective image quality was rated by a clinical 

observer on a 5-point Likert scale (0 = non-diagnostic, 1 = poor, 2 = moderate, 3 = good, 4 = 

excellent) in three categories: sharpness of the endocardial border, temporal fidelity of wall 

motion and residual artefacts. 



Ventricular Volume Quantification. Quantification of left ventricular (LV) and right ventricular 

(RV) volumes was performed in a similar manner for each technique using in-house plugins 

for OsiriX by a single observer (AG, 7 years of experience in CMR). Firstly, the end-diastolic 

and end-systolic phases were identified for each ventricle through visual inspection of the mid-

ventricular cine. The endocardial borders of all slices at end systole and diastole were then 

traced manually. This allowed calculation of end-diastolic volume (EDV) and end-systolic 

volume (ESV). Stroke volume (SV) was obtained by subtracting ESV from EDV and ejection 

fraction (EF) = SV/EDV × 100. The observer was presented with each anonymized volume in 

a random order, blinded to diagnosis, patient number and type of sequence. 

2.5 Statistical Analysis 

All statistical analysis was performed using R software (R Foundation for Statistical 

Computing, Vienna, Austria) and results were considered statistically significant if p < 0.05. In 

the simulation study, t-tests were used to assess the hypothesis that RMSE and SSIM values 

from the US and TS images have equal means. In the patient study, edge sharpness and 

CNR scores for the FB-WH and BH-SAX methods were compared using t-tests, while 

qualitative scores were compared using Wilcoxon signed-rank tests. Bland-Altman analysis 

was used to compare ventricular volume measurements between FB-WH and BH-SAX. 

3 RESULTS 

3.1 Simulation Study 

Figure 3 shows representative axial and coronal views of the reconstructed phantom images 

for the US and TS sampling strategies. Visual inspection reveals better image quality in the 

case of US sampling, with less artefact, sharper edges and less temporal blurring. This is 

particularly obvious in the coronal view. The RMSE measure seems to agree with this 

observation (US: 0.0472 ± 0.0005 vs TS: 0.0482  0.0007, p = 0.0852), as well as SSIM (US: 

0.8937 ± 0.0217 vs TS: 0.8608 ± 0.0193, p = 0.0954). Since the use of TS does not seem to 

offer any benefits, US was used for the patient study. 

3.2 Patient Study 

FB-WH and BH-SAX data were acquired successfully in all patients. Acquisition time for FB-

WH was 3 min 33 s, compared to 4 min 48 s ± 51 s for BH-SAX (p < 0.05). The average heart 

rate during the scans was 71 ± 13 bpm. Reconstruction time for FB-WH images was 105.6 

min ± 3.3 min per patient. Representative end-systole and end-diastole images are shown in 

Figure 4, in a short axis orientation (multiplanar reformatted) for comparison with BH-SAX. 

Coronal views are shown in Figure 5 to illustrate the depiction of respiratory motion. 



Subjective image quality scores were lower for FB-WH data compared to BH-SAX as shown 

in Table 1, but on average were still in the clinically useful range. Quantitative edge sharpness 

of the FB-WH images was significantly lower than the BH-SAX (0.13  0.03 vs 0.64  0.18 

mm-1, p < 0.05). CNR was also lower (13.8  4.7 vs 16.4  5.4) but this did not reach statistical 

significance (p = 0.29).  

Table 2 compares the volumes obtained from the FB-WH and BH-SAX acquisitions. FB-WH 

slightly underestimated end diastolic volumes for both ventricles (left: −4.0 mL, −2.7%; right: 

−8.2 mL, −4.6%) and overestimated end systolic volumes (left: +5.3 mL, +9.3%; right: +2.6 

mL, +3.7%). The remaining measures are derived from these and thus reflect the same biases. 

The corresponding Bland-Altman plots are shown in Figure 6. 

4 DISCUSSION 

This work presents a stack of spirals free-breathing whole-heart cine sequence, which 

leverages the golden ratio to impart incoherence to the aliasing artefacts as necessary for 

compressed sensing reconstruction. The main findings of this study were: (1) stack of spirals 

free-breathing whole-heart cine imaging was feasible in patients, (2) uniform spacing in kz was 

preferable to tiny golden step spacing in in silico models, (3) image quality was lower than that 

of breath-hold short axis stacks, but was still in the clinically useful range, and (4) there was 

reasonable agreement between ventricular volumes measured using FB-WH and BH-SAX 

images. Thus, this sequence offers a rapid, easy to plan free breathing alternative to multi-

slice breath-hold imaging in patients with heart disease. 

The sequence used in this study is based on a previously described golden ratio stack of 

spirals (GRASS) sequence used for contrast enhanced angiography. The use of golden ratio 

steps in kz and golden angle rotations in kx-ky promotes both incoherent aliasing and optimized 

k-space filling after retrospective cardio-respiratory binning. However, this sampling pattern is 

poorly suited to bSSFP imaging due to the large jumps in kz, which would result in significant 

eddy current artefacts. Two plausible alternatives are uniform spacing and tiny golden ratio 

spacing, both of which have smaller step sizes, but still allow formation of a respiratory self-

navigation signal. In our in silico model, no evidence could be found that the tiny golden ratio 

outperforms uniform spacing. This is slightly surprising because golden ratio spacing has been 

shown to outperform uniform spacing in kz, when using spoiled gradient echo imaging [15]. 

The new observation may be explained by the fact that there are many more readouts (and 

rotations) in a bSSFP acquisition, since each readout must be kept shorter to minimize dark 

band artefacts. This may increase the incoherence provided by the golden angle rotations and 



reduce the dependence on non-uniform sampling in kz. Due to the better image quality in the 

in silico models, uniform spacing was used for the patient arm of the study. 

In the patient study, the proposed scheme was on average 26% faster to acquire than the 

short axis stack. However, the short axis stack did have higher in-plane resolution, making 

direct comparison difficult. A more important benefit of the FB-WH technique is that it provides 

whole-heart coverage with isotropic resolution, enabling multiplanar reformatting (MPR) in 

arbitrary orientations during postprocessing. This reduces the need for multiple scans in 

different orientations (short axis, long axis, 4-chamber, outflow tracts, etc.), which are a time-

consuming element of conventional cardiac MR protocols. An additional advantage is that FB-

WH does not require breath-holding, which improves patient comfort.  

The image quality of FB-WH data was lower than for BH-SAX images in terms of CNR, edge 

sharpness and subjective scores. There are several possible causes of lower image quality in 

FB-WH data. Firstly, in-plane resolution was lower in FB-WH compared to BH-SAX images, 

which reduces edge sharpness, as well as subjective image quality. Acquiring images with 

higher resolution is possible but would incur a significant cost in terms of scan and 

reconstruction times. Secondly, FB-WH acquisitions were highly accelerated, which makes 

the recovery of high-quality images challenging. Image quality could be improved by simply 

reducing the amount of acceleration, but this would also increase acquisition time. A better 

approach might be to try to improve the reconstruction itself. This could be done by using 

alternative sparsifying transforms [29], or incorporating low-rank constraints [30–32]. Thirdly, 

there was no fat suppression in our implementation of the FB-WH sequence. This is important 

as subcutaneous fat is a significant contributor to the aliasing artefact and increases the 

difficulty of reconstruction. Techniques such as fat saturation [33], alternating TR [34] or phase 

detection [35] can be used to attenuate signal from fat, though some would also incur an 

acquisition time penalty. Fourthly, spiral imaging is highly sensitive to off-resonance artefact, 

which manifests as blurring. It should be noted that this type of blurring increases with readout 

time as off-resonant spins accumulate phase. Thus, its influence is not expected to be very 

significant in this work, which uses a short readout time. Nevertheless, existing off-resonance 

correction methods [36–38] may offer some improvement. Finally, this work used a non-

centred TE, i.e. TE  TR/2. This was necessary in order to maintain scanning efficiency but is 

suboptimal in bSSFP sequences. Using a modified trajectory, such as spiral-in/out, would 

enable the use of a centred TE while maintaining efficiency [39]. Aligning TE to the spin 

refocusing at TR/2 should improve the signal-to-noise ratio and reduce blurring due to off-

resonant spins [13].  



Although the FB-WH images had lower image quality than the BH-SAX data, there was still 

good agreement in the measurement of ventricular volumes. However, with the FB-WH 

technique there was a small but statistically significant underestimation of end diastolic volume 

and overestimation of end systolic volume, for both ventricles. This is probably due to temporal 

blurring and there are two possible causes. Firstly, as part of the compressed sensing 

reconstruction, significant amounts of temporal regularization are required to minimize the 

undersampling artefact. Secondly, although true temporal resolution is similar for both 

techniques (~40 ms), BH-SAX k-space data were interpolated during reconstruction to a finer 

temporal grid (40 reconstructed images, or about ~20 ms per frame). This is not possible with 

the FB-WH technique because k-space coordinates are continuously rotated using the golden 

angle. 

The results reported here are consistent with other free-breathing isotropic 3D cine 

techniques. One study [8], using a radial koosh-ball trajectory, achieves better spatial 

resolution and image quality, but scan time is about four times longer than in this work. Other 

Cartesian techniques that offer the same spatial resolution [11,12] report more similar results 

in terms of image quality, agreement of ventricular volumes and scan time, but are still slower 

than the technique reported in this work. For the interested reader, a detailed discussion is 

given in Supplementary Information S1. 

Finally, an important limitation of this work is the long reconstruction time and the necessary 

computing power. In order to enable clinical implementation, much optimization would be 

needed in terms of speed and memory usage, which in this work prevents the use of GPU 

computing. Incorporating new reconstruction technologies, such as those based on deep 

learning, could potentially improve the prospects in this regard. 

5 CONCLUSION 

In conclusion, this work presents a whole-heart imaging framework for comprehensive cardiac 

assessment in free-breathing conditions, with trivial planning and short acquisition time (< 4 

min). While the proposed method could not provide the same image quality as a conventional 

multi-slice breath-hold acquisition, several factors have been identified that could mitigate this. 

Long reconstruction time and high computational requirements are important challenges to be 

addressed. Addressing these limitations, the approach may represent a promising way to 

simplify and accelerate the cardiac MRI workflow.  
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CAPTIONS 

Table 1. Subjective image quality scores, from 1 to 5, in all three categories. Median and 

interquartile range (IQR) are given for each category and each method. * indicates a 

statistically significant difference (p < 0.05). 

Table 2. Ventricular volumes obtained from the BH-SAX and FB-WH acquisitions. Mean and 

standard deviation are given for each method, as well as bias and limits of agreement 

calculated using Bland-Altman analysis. Abbreviations: LV, left ventricle; RV; right ventricle; 

EDV, end diastolic volume; ESV, end systolic volume; SV, stroke volume; EF, ejection fraction. 

* indicates a statistically significant difference (p < 0.05). 

Figure 1. Sampling strategies. Two sampling strategies were considered, both based in a 

nested loop strategy, with partitions in the inner loop and rotations in the outer loop. In US 

(uniform spacing), partition coordinates are in a Cartesian grid. In TS (tiny golden ratio 

spacing), partition spacing is based on the 7th tiny golden ratio. In both strategies, spirals are 

rotated by the golden angle, θ. 

Figure 2. Respiratory navigator. Head-foot projections along time, obtained using the samples 

along the kz axis. Superimposed in white, the respiratory surrogate signal obtained via PCA 

and Fourier analysis. 

Figure 3. Simulation study results. From top to bottom: fully sampled reference image, uniform 

step acquisition, tiny golden step acquisition. From left to right: axial, coronal views, and 

through time views of the numeric phantom. 

Figure 4. Patient study results. Multiplanar reformation of a representative dataset in short-

axis orientation and corresponding breath-hold image. Both are depicted for end diastole and 

end systole. 

Figure 5. Patient study results. Coronal view of a representative dataset in end-inspiration 

and end-expiration. The white line is aligned to the dome of the right hemidiaphragm in end-

inspiratory position for reference. 

Figure 6. Bland-Altman plots for volumes of clinical interest: LV EDV, LV ESV, RV EDV and 

RV ESV. The continuous line indicates the bias and the dashed lines indicate the limits of 

agreement. 



 
Median  IQR / 2 

BH-SAX FB-WH 

Sharpness of the 
endocardial border 

3.0  0.5 2.0  1.0* 

Temporal fidelity of wall 
motion 

4.0  0.0 2.5  0.5* 

Residual artefacts 4.0  0.0 3.0  0.0* 

 



 
Mean  standard deviation 

Bias (limits of agreement) 
BH-SAX FB-WH 

LVEDV (mL) 150  53 146  50 −4.0 (−23.6 to 15.6) 

LVESV (mL) 54  23 59  26* +5.3 (−4.4 to 15.0) 

LVSV (mL) 96  32 87  26* −9.2 (−27.2 to 8.8) 

LVEF (%) 65  6 61  6* −3.9 (−9.7 to 2.0) 

RVEDV (mL) 177  47 169  48* −8.2 (−27.2 to 10.8) 

RVESV (mL) 77  27 79  25 +2.6 (−14.1 to 19.2) 

RVSV (mL) 100  23 89  24* −10.9 (−27.3 to 5.5) 

RVEF (%) 57  5 54  3* −4.0 (−11.9 to 4.0) 
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Appendix A. Comparison with similar techniques 

The results in this work were compared to those of other relevant methods in the literature; in 

particular, other free-breathing isotropic 3D cine imaging techniques (see table below). Please 

note it is not the aim of this comparison to provide an extensive review of 3D cine imaging 

techniques, but rather to help put this work in context. The authors apologize for failing to 

include any other publications that might deserve inclusion. 

Every effort has been made to present data fairly while facilitating comparison. However, 

caveats exist. Due to the complexity of techniques being compared, there are many 

uncontrolled sources of variability. Images have been analysed by different observers 

following different guidelines. Averages reported here are based on small samples. Subjective 

quality scores are defined differently in each case. Reconstructions were made in different 

computers at different optimization levels. Therefore, every care should be taken when 

drawing conclusions from these data. Nevertheless, it is hoped that the analysis will be useful 

to convey general ideas about the state of the art regarding free-breathing isotropic 3D cine 

cardiac imaging. 

The work by Feng et al. [1] uses a radial koosh-ball trajectory (spiral phyllotaxis) and a 

cardiorespiratory resolved compressed sensing reconstruction, similar to the one used in this 

paper. It provides high quality images in terms of spatial resolution (1.15 mm), subjective 

scores and bias in volumetric measurements. However, this comes at a heavy cost in terms 

of scan time (~14 min).  

The other three techniques provide larger voxel size (2.0 mm) but also lower scan times (~3-

9 min). Moghari et al. [2] employ a simple Cartesian trajectory and SENSE reconstruction 

combined with prospective motion compensation (re-acquiring data outside predefined 

acceptance window). This relatively straightforward acquisition takes longer than in other 

studies, but enables fast reconstruction without additional equipment or further optimization. 

They report relatively high subjective image quality and ventricular volume bias (see table 

below). 

Usman et al. [3] also use a Cartesian trajectory but they incorporate sparsity constraints into 

their reconstruction (TV-SENSE). To suit this type of reconstruction, they use a reordering 

strategy (CASPR-Tiger) that aims for incoherent aliasing. They acquire a smaller number of 

cardiac phases (16 vs 20 for the other techniques considered here). Finally, they use soft-

gating and rigid motion correction to improve scanning efficiency. For these reasons, scan 



time is rather low, which is traded off for increased reconstruction complexity. They report 

slightly lower subjective image quality and lower ventricular volume bias (see table below). 

Finally, this work combines a stack of spirals trajectory, optimized for incoherent aliasing, with 

a cardiorespiratory resolved compressed sensing reconstruction similar to that used in Feng 

et al. This enables very fast acquisition: this work reports the lowest scan time. However, like 

in Feng et al., the reconstruction of high-dimensional images from non-Cartesian k-space data 

is very computationally expensive. Subjective image quality scores and ventricular 

measurements are similar to those in other studies. Images in this study score particularly low 

on sharpness (issues with blurriness are extensively discussed in main text) but do better on 

temporal fidelity and residual artefact. Ventricular volume biases (low for EDV, higher for ESV) 

are within the range of those reported elsewhere. 
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 Trajectory Reconstruction 
Respiratory 

motion 

Voxel 
size 
(mm) 

Cardiac 
phases 

Subjective 
image 

quality1 

LV volume 
bias (%) 

Scan 
time 
(min) 

Reconstruction 
time (min) 

EDV ESV 

Feng et 
al. 

(2018) 

Radial 
(spiral 

phyllotaxis) 

PICS2 (cardiac 
TV + respiratory 

TV3) 

Resolved (4 
phases) 

1.15 20 2.6-3.44 1.1 3.3 14.3 408 

Moghari 
et al. 

(2018) 
Cartesian SENSE5 

Heart-NAV6 
(prospective) 

2.0 
20 (30 by 

interpolation) 
3.1, 2.67 9.5 4.0 

5.9 ± 
2.7 

Fast8 

Usman 
et al. 

(2017) 

Cartesian 
(CASPR-

Tiger9) 

SENSE with 
temporal TV 

Soft-gating + 
motion 

correction 
2.0 16 ~2.1, ~2.210 2.7 3.7 4-5 150 

This 
work 

Spiral 
(GRASS11) 

PICS (cardiac TV 
+ respiratory TV) 

Resolved (4 
phases) 

2.0 20 
2.0, 2.5, 

3.012 
-2.7 9.3 3.6 106 

 

 
1 Exact definitions vary. Care should be taken when comparing these results directly. 
2 Parallel imaging + compressed sensing reconstruction. 
3 Total variation. 
4 Image quality on a 0-4 Likert scale. Independent figures originally reported for different vessels, range is reported here. 
5 Sensitivity encoding. 
6 Image-based navigator with pre-defined acceptance window. 
7 Sharpness of ventricular borders on a 1-4 Likert scale; LV and RV, respectively. 
8 Fast in-line reconstruction on the scanner. 
9 Cartesian trajectory with spiral profile ordering and tiny golden step for eddy current reduction 
10 Sharpness of endocardial border and residual artefact on 0-4 Likert scale. Approximate values taken from figure. 
11 Golden ratio stack of spirals. 
12 Sharpness of endocardial border, temporal fidelity of wall motion and residual artefact on 0-4 scale. 


