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Abstract

Purpose—To assess the performance of highly accelerated free breathing aortic 4D flow MRI 

acquired in under 2 minutes compared to conventional respiratory gated 4D flow.

Methods—Eight k-t accelerated non-gated 4D flow MRI (PEAK GRAPPA, R=5, TRes=67.2ms) 

using four ky-kz Cartesian sampling patterns (linear, center-out, out-center-out, random) and two 

spatial resolutions (SRes1=3.5×2.3×2.6mm3, SRes2=4.5×2.3×2.6mm3) were compared in vitro 
(aortic coarctation flow phantom) and in 10 healthy volunteers, to conventional 4D flow (16mm-

navigator acceptance window; R=2; TRes=39.2ms; SRes=3.2×2.3×2.4mm3). The best k-t 

accelerated approach was further assessed in 10 patients with aortic disease.

Results—k-t accelerated in vitro aortic peak flow (Qmax), net flow (Qnet), and peak velocity 

(Vmax) were lower than conventional 4D flow indices by ≤4.7%, ≤11%, and ≤22%, respectively. 

In vivo k-t accelerated acquisitions were significantly shorter but showed a trend to lower image 

quality compared to conventional 4D flow. Hemodynamic indices for linear and out-center-out k-

space samplings were in agreement with conventional 4D flow (Qmax≤13%, Qnet≤13%, 

Vmax≤17%, p>0.05).

Conclusion—Aortic 4D flow MRI in under 2 minutes is feasible with moderate underestimation 

of flow indices. Differences in k-space sampling patterns suggest an opportunity to mitigate image 

artifacts by an optimal trade-off between scan time, acceleration, and k-space sampling.
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Introduction

While time-resolved (CINE) 2D phase-contrast (PC) MRI is already an established clinical 

tool for the non-invasive evaluation of aortic blood flow (1), three-dimensional CINE PC 

MRI with three-directional velocity encoding (4D flow MRI) has emerged as a more 

comprehensive tool for the assessment of aortic hemodynamics (2). It allows for both the 

visualization of blood flow and the retrospective quantification of velocity and flow rate 

indices at any location inside a 3D volume.

Due to its multi-dimensional nature (3D + time + 3 velocity encoding directions), scan times 

for 4D flow MRI can be long, hampering its use in clinical routine and preventing the 

acquisition during a breath-hold, as is common for 2D CINE PC MRI. In addition, 

respiration control is needed for cardiothoracic applications to reduce breathing-induced 

blurring and ghosting artifacts (3), rendering the acquisition time even longer. Even with 

advanced navigator gating and respiration-driven phase encoding (4), scan time efficiency 

can be 60–80% compared to an ungated sequence, with a typical duration of 8–12 minutes 

for an aortic 4D flow exam (depending on heart rate and navigator efficiency, using regular 

parallel imaging with R=2).

Several studies have shown that the application of advanced acceleration techniques can be 

used to substantially reduce 4D flow scan times. Recent and ongoing developments in sparse 

sampling techniques, e.g. compressed sensing (5) or radial acquisition (6), as well as 

multidimensional parallel imaging, e.g. k-t GRAPPA (7–9), have shown great potential to 

accelerate data acquisition and shorten overall 4D flow scan time. However, the combination 

of these techniques with free breathing acquisitions, i.e. maintaining a 100% scan efficiency, 

and different spatio-temporal resolutions has not been systematically investigated.

It was the aim of this study to assess the feasibility of performing aortic 4D flow MRI in 

under 2 minutes by combining k-t acceleration, free breathing data acquisition using 

different ky-kz sampling patterns (linear, centric, random) to mitigate breathing artifacts, and 

adapted spatial/temporal resolutions. Our goal was to assess the impact of 8 different 4D 

flow acquisition strategies on image quality and quantification of flow indices (regional peak 

velocity as well as peak flow and net flow volume), both in vitro in a patient-specific aortic 

flow phantom and in a study with healthy volunteers in comparison to conventional 4D flow 

acquired with navigator gating. Finally, the strategy providing the best performance in this 

preliminary study was further assessed in 10 patients with aortic disease.

Materials and methods

4D flow MRI pulse sequences and k-space reordering strategies

Conventional 4D flow MRI was performed according to consensus recommendations and 

was further used as the reference method (2). Prospectively ECG gated 4D flow was 

acquired with respiration control (navigator gating of the lung-liver interface) (10). Parallel 

imaging (GRAPPA) along phase encoding direction (y) with a reduction factor R=2 (24 

reference lines) was used for imaging acceleration. No parallel imaging was applied for the 
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slice encoding direction (z). Additional pulse sequence parameters are summarized in Table 

1.

Highly accelerated 4D flow MRI was achieved using spatio-temporal (k-t) ‘PEAK 

GRAPPA’ undersampling and reconstruction technique - an extension of k-t GRAPPA - as 

reported previously (9,11). Briefly, PEAK GRAPPA is characterized by a uniform 

reconstruction kernel geometry composing a smallest cell within a ky-kz-t data 

undersampling pattern. Data sampling and reconstruction with a reduction factor of R=5 

were used, which demonstrated optimal performance in a previous study (12). The k-t 

algorithm was integrated into the scanner’s data reconstruction workflow and all 

undersampled data were acquired and reconstructed directly on the MRI system. To assess 

the impact of data acquisition during free breathing on image quality, different ky-kz 

sampling patterns were investigated. Four Cartesian ky-kz-space filling patterns were 

implemented as described below and illustrated in Figure 1:

1. ky-kz-space filled conventionally in a linear line-by-line fashion;

2. ky-kz-space filled from the central (ky=kz= 0) to the outer k-space positions 

(‘center-out’);

3. most outer ky-kz-space positions (i.e. k-space corners) initially filled during the 

first 10 cardiac cycles, followed by centric encoding, as in scheme #2 (‘out-

center-out’);

4. ky-kz-space was filled randomly, using a randomized permutation of ky-kz-space 

positions as defined a priori based on the ky-kz acquisition matrix size.

Our objective by testing the ‘center-out’ k-space filling pattern was to prioritize filling of the 

k-space center at the beginning of the acquisition over as few respiratory cycles as possible, 

in order to minimize artifacts due to changes in respiration pattern. The ‘out-center-out’ 

pattern was based on a combination of the center-out pattern, with an initial filling of the k-

space corners at the beginning of the acquisition to ensure stable physiological conditions 

and respiration patterns when central k-space data was acquired. Finally, the idea behind the 

random pattern was to average the effect of any potential confounder, by acquiring both 

center and corners of the k-space independently of the acquisition or respiratory timing.

Spatial and temporal resolutions of k-t accelerated 4D flow MRI were selected to achieve 

total scan times <2:30 minutes (spatial resolution SRes1) and <2 minutes (spatial resolution 

SRes2) as summarized in Table 1.

In vitro 4D flow MRI phantom experiments

To systematically evaluate the impact of spatio-temporal resolution and k-t acceleration on 

4D flow-derived flow parameters, a patient-specific in vitro aorta model was used to perform 

flow phantom experiments on a 1.5T MAGNETOM Aera scanner (Siemens Medical 

Systems, Erlangen, Germany). The phantom geometry was created from 3D contrast-

enhanced MR angiography (CE-MRA) of a 41-year-old male patient after repair of an aortic 

coarctation (13) (Supporting Figure S1). 3D segmentation of the thoracic aorta was 

performed using CE-MRA and dedicated software (Mimics, Materialise). Standard tube 
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fittings were mated to the segmentation (Solidworks, Waltham, MA, USA) to integrate the 

model with a previously described MRI-compatible, pulsatile flow loop (14). An STL file 

was exported (Blender, Freeware) to 3D print a scale model of the aorta using Acrylonitrile-

Butadiene-Styrene (ABS) (Makerbot Replicator 2x, Makerbot Industries, NY, USA).

Pulsatile flow was generated by a pneumatically driven ventricular assist device (VAD, 

volume: 60 ml) (14,15). The VAD and pump control unit (MEDOS, Germany) are approved 

for clinical use as an artificial ventricle in patients with heart failure. The VAD, which is 

made of MRI-compatible thermoplastic polyurethane with polycarbonate connectors, 

comprises pneumatic drive and blood/fluid compartments, separated by a membrane. 

Pneumatic pressures are applied on the membrane to mimic systole and diastole, during 

which the fluid is ejected from or filling into the VAD, respectively, through trileaflet aortic 

valve-shaped valves. The VAD was directly attached to the ascending aorta of the 3D printed 

model and placed inside the MRI magnet to mimic the beating left ventricle (Supporting 

Figure S1). The following settings were supplied to the pump control unit outside the MRI 

room: heart rate=80 bpm, systolic / diastolic pressures=120 / −20 mmHg, systolic 

period=25% of the entire cardiac cycle. The pump and the MRI trigger were synchronized 

using LabVIEW (National Instruments, TX, USA). Gadopentetate dimeglumine (Magnevist, 

Bayer, Germany) was used to enhance the signal-to-noise ratio of the fluid (de-ionized 

water).

The conventional 4D flow MRI exam, along with a total of eight additional k-t accelerated 

4D flow MRI acquisitions (4 different ky-kz sampling patterns: linear, center-out, out-center-

out, random; 2 spatial resolutions=3.6×2.3×2.6 mm3 and 4.5×2.3×2.6 mm3) were performed 

(see Table 1 for details) with full coverage of the aorta model.

In vivo 4D flow MRI

Twenty subjects were prospectively recruited between July and December 2016 for an 

Institutional Review Board-approved study with informed consent obtained for all 

participants.

In a first study, 10 healthy volunteers (4 women, age: 61±16 [31–77] years, weight: 88±21 

[59–127] kg) with no history of cardiovascular disease underwent MRI on a 1.5T 

MAGNETOM Aera scanner (Siemens Medical Systems, Erlangen, Germany). Non-contrast 

4D flow MRI was performed in a sagittal oblique volume which included the entire thoracic 

aorta. Similar to the in vitro phantom experiments, a total of nine 4D flow acquisitions were 

performed for each subject: conventional 4D flow MRI and eight k-t accelerated free 

breathing 4D flow MRI scans with different ky-kz sampling patterns (linear, center-out, out-

center-out, random) and two spatial resolutions. Acquisition parameters are provided in 

Table 1.

Secondly, the k-t accelerated free breathing 4D flow MRI with the best spatial resolution and 

the ky-kz sampling pattern providing the best performance in vitro and in the healthy 

volunteers was further assessed and compared to the conventional gated sequence in 10 

patients (3 women, age: 60±10 [44–74] years, weight: 88±13 [73–117] kg) with various 

aortic disease, on a 1.5T MAGNETOM Avanto scanner (Siemens Medical Systems). 

Bollache et al. Page 4

Magn Reson Med. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acquisition parameters were as follows; k-t accelerated 4D flow: TR=4.1 ms, TE=2.2 ms, 

acquisition matrix=160×80, FOV=360×270 mm2, spatial resolution=3.4×2.3×2.8–3.0 mm3, 

NSeg=4, temporal resolution=65.6 ms, number of slices=24, PEAK GRAPPA R=5; 

conventional 4D flow: TR=4.8 ms, TE=2.4 ms, acquisition matrix=160×88, FOV=340×276 

mm2, spatial resolution=3.1×2.1×2.6–3.2 mm3, NSeg=2, temporal resolution=38.4 ms, 

number of slices=26±1, GRAPPA R=2. For both sequences, a 15° flip angle was used due to 

the injection of contrast agent (0.2 mmol/kg Gadavist (double dose), Bayer, Leverkusen, 

Germany). Encoding velocity ranged from 150 to 250 cm/s depending on the presence of 

aortic valve stenosis.

All scans were performed using prospective ECG gating. The conventional 4D flow MRI 

sequence (considered as the reference scan) was acquired according to recommendations (2), 

which included the use of respiratory navigator gating placed on the lung/liver interface, 

with a fixed 16 mm-acceptance window size combined with respiratory-ordered phase 

encoding (10). For each 4D flow MRI sequence, the acquisition time was recorded.

Flow quantification

For each in vitro and in vivo 4D flow dataset, preprocessing was applied using a previously 

described tool programmed in Matlab (The Mathworks, USA) (16), including eddy current 

correction and background noise suppression. A 3D angiogram (PC-MRA) was computed 

(16) to segment the aortic volume (Mimics, Materialize) and subsequently mask the flow 

velocities.

Next, sagittal maximal intensity projections (MIP) of the systolic absolute velocities inside 

the 3D segmentation were calculated and used to obtain the regional peak velocity (Vmax) 

in the ascending (AA) and proximal descending (DA) aorta, as well as in the aortic arch, 

while excluding the supra-aortic branches (see Figure 2a) (17). Finally, 2D planes were 

manually positioned in the AA and DA orthogonal to the aortic axis at the level of the 

pulmonary artery using commercial software (EnSight, CEI, Apex, North Carolina, USA). 

Peak flow (Qmax) and net flow (throughout the cardiac cycle, Qnet) were computed after 

segmenting AA and DA borders (custom software programmed in Matlab) (18).

Image quality assessment

To evaluate the impact of navigator gating, image quality was assessed in each in vivo 4D 

flow dataset in a randomized order by a blinded radiologist with 10 years of experience. 

Assessment was based on the 4D flow magnitude cine data and the PC-MRA sagittal MIP. 

Edge sharpness of the aortic wall as well as signal and noise inside the aorta were graded on 

a 3-point scale (1: low, 2: medium, 3: high quality), separately in the AA, arch and DA.

Statistical analysis

Image quality grading median values along with interquartile ranges separately over the 10 

healthy volunteers and 10 patients were reported for each 4D flow acquisition. AA, DA peak 

velocity (Vmax), flow peak (Qmax) and net volume (Qnet), as well as arch Vmax, averaged 

over each healthy and disease population, were provided as mean ± standard deviation. Each 

dataset obtained from non-respiratory controlled k-t accelerated 4D flow sequences was 
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compared against conventional 4D flow measurements as a reference: Bland-Altman 

analysis was employed to calculate mean biases and limits of agreement (as defined by mean 

bias ± 1.96 x standard deviation) for each hemodynamic index (AA and DA Vmax, Qmax 

and Qnet, as well as arch Vmax). The significance of the differences for each index, as well 

as scan time and image quality grading, was tested using a Wilcoxon signed rank test. 

Finally, relative differences as defined as non-gated - gated measurements were reported for 

each index, in percentage of the gated measurement.

In addition, for each 4D flow acquisition, AA and DA flow rate waveforms were 

interpolated using a 1 ms-time step and then averaged over the 10 volunteers as well as the 

10 patients. Comparison at time points every 38 ms was performed using a Kruskal-Wallis 

test across the 9 sequences in the volunteers and a Wilcoxon signed rank test between the 2 

sequences in patients. A p value <0.05 was considered as statistically significant. Statistical 

analyses were performed using Matlab (MathWorks, Natick, MA, USA).

Results

For the in vitro and all in vivo scans, the conventional and k-t accelerated 4D flow MRI 

datasets were successfully acquired, resulting in a total number of n=119 4D flow MRI 

datasets (9 in vitro, 110 in vivo).

In vitro 4D flow MRI phantom experiments

Total scan time was 9:27, 2:16 and 1:53 minutes for the conventional 4D flow MRI and the 

k-t accelerated acquisitions with spatial resolutions of 3.6×2.3×2.6 mm3 and 4.5×2.3×2.6 

mm3, respectively.

Aortic velocity MIP as well as AA and DA flow waveforms over the cardiac cycle are shown 

in Figure 2 for linear k-space reordering and Supporting Figure S2 for all eight k-t 

accelerated acquisitions, clearly illustrating the ability of the 2-minute 4D flow MRI scans to 

reproduce peak systolic velocity and flow patterns. Quantitative AA and DA peak velocity 

(Vmax), flow peak (Qmax) and net volume (Qnet), as well as arch Vmax, are provided for 

each dataset in Table 2, along with percentage differences when compared to conventional 

4D flow measurements. The relative error for Vmax ranged from −13 to −0.8% in the AA 

and arch, while it reached down to −22% in regions with accelerated and complex flow near 

the coarctation in the DA. Overall small differences were observed for flow indices: −4 to 

4.7% for Qmax, −2.7 to 11% for Qnet, with the most optimal performance for the ‘out-

center-out’ ky-kz sampling pattern (absolute differences ranging from Vmax: −18 to −0.8%; 

Qmax: −1.9 to 4.2%; Qnet: −1.9 to 9.8%).

Volunteer study: scan times

Scan times for the conventional respiration-controlled 4D flow MRI as well as for free 

breathing k-t accelerated 4D flow MRI are provided in Table 3. They were significantly 

reduced for all eight k-t accelerated 4D flow MRI sequences by 7:52–12:19 minutes when 

compared to conventional 4D flow (p=0.002). Of note, conventional 4D flow scan time 

included 1:05±0:21 minutes to set up navigator crossed-pair slices at the diaphragm level, 

and average scan efficiency was 74±14 [50–100]%. For each volunteer and each ky-kz 
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sampling pattern, scan time was below 2 minutes for acquisitions with the spatial resolution 

SRes2.

Volunteer study: image quality

Figure 3 illustrates examples of 4D flow magnitude images and 3D PC-MRA MIP in sagittal 

orientation for conventional 4D flow as well as k-t accelerated 4D flow data using linear k-

space filling and two different spatial resolutions. Image quality grading obtained with each 

k-t accelerated dataset for edge sharpness, signal and noise in the AA, arch and DA, along 

with comparison against conventional 4D flow MRI are provided in Table 4. Overall a trend 

towards reduced image quality was found for k-t accelerated 4D flow data when compared 

against conventional 4D flow. However, most image quality differences were not 

significantly different for aortic wall edge sharpness, signal or noise except for a number of 

aortic segments for linear, out-center-out and random k-space ordering strategies for SRes1.

Volunteer study: flow quantification

Examples of in vivo peak systolic velocity MIP and the cohort-averaged AA and DA flow 

waveforms obtained using conventional 4D flow and k-t accelerated acquisitions with the 

linear k-space reordering are shown in Figure 4a and 4b, respectively. Comprehensive results 

of all eight k-t accelerated acquisitions are shown in Supporting Figure S3, illustrating 

similar flow dynamics across the cardiac cycle for all nine 4D flow scans. Results of 

regional flow quantification are summarized in Table 3. Discrepancies between k-t 

accelerated and conventional 4D flow MRI ranged on average from −18 to 11% for Vmax, 

−15 to 3% for Qmax and −17 to 2.9% for Qnet. The best performance compared to 

conventional 4D flow MRI was found for the linear (Vmax: −4.5 to 6.4%, Qmax: −4.2 to 3% 

and Qnet: −3.2 to 1.6% errors) and out-center-out (Vmax: −3.4 to 11%, Qmax: −3.9 to 

−1.1% and Qnet: −5.3 to 2.9% errors) ky-kz sampling patterns. Notably, hemodynamic 

parameters obtained from k-t accelerated 4D flow MRI with both out-center-out and linear 

k-space samplings were similar compared to conventional 4D flow MRI (no significant 

differences for any index or aortic region, p≥0.05). In contrast, center-out sampling resulted 

in significant differences against conventional 4D flow MRI for almost all hemodynamic 

indices.

Finally, the results of the Bland-Altman analysis comparing hemodynamic indices for each 

free breathing k-t accelerated dataset against conventional 4D flow are provided in the 

supporting material. Mean biases and limits of agreement are summarized in Supporting 

Table S1, while the corresponding Bland-Altman diagrams are provided in Supporting 

Figures S4–6. Supporting Figure S7 further illustrates bar plots for comparison between 

mean biases obtained with the various ky-kz sampling patterns and spatial resolutions. This 

analysis reveals overall lowest biases compared to conventional 4D flow MRI when using 

the out-center-out ky-kz sampling pattern (mean biases [limits of agreement]: from −6.3 

[−39;26] to 7.4 [−27;41] cm/s for Vmax, −12 [−73;49] to −8.9 [−120;103] ml/s for Qmax, 

−2.7 [−13;7.2] to 1.1 [−13;15] ml for Qnet).
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Patient study

Using the results from the healthy volunteers study, we further investigated the performance 

of the k-t accelerated free breathing 4D flow MRI using the best spatial resolution SRes1 

and the out-center-out ky-kz sampling pattern in 10 patients. Among them, 6 had a native 

tricuspid aortic valve, 2 had a bicuspid aortic valve and 3 had undergone surgery for aortic 

valve replacement (n=2) or aneurysm repair (n=1) in the past. Two patients had moderate to 

severe aortic valve stenosis, while 5 had trace to moderate aortic valve regurgitation. Sinus 

of Valsalva and mid-ascending aorta mean diameters were 41±5.6 and 44±13 mm, 

respectively. All patients had normal left ventricular ejection fraction (mean value=59±4%).

Conventional respiration-controlled and free breathing k-t accelerated 4D flow MRI scan 

times obtained in patients are provided in Table 5 (top row), confirming significantly 

reduced scan time for the k-t accelerated technique (p=0.002). Examples of magnitude 

images and 3D PC-MRA MIP obtained in a patient with a large thoracic aortic aneurysm 

(sinus of Valsalva / mid-AA diameters = 40 / 75 mm) as well as stenosis of the tricuspid 

aortic valve, using pre-operative conventional and k-t accelerated 4D flow MRI, are shown 

in Figure 5a. Grading for edge sharpness, signal and noise in the AA, arch and DA, averaged 

over the 10 patients are provided in Table 5 (middle row), indicating similar image quality 

between conventional and k-t accelerated 4D flow data. Median grading reached 3 for 

almost all criteria, except for DA wall edge sharpness which was reduced when using k-t 

accelerated 4D flow, albeit non-significantly. Finally, Figures 5b and 5c illustrate peak 

systolic velocity MIPs calculated for the aforementioned patient, as well as AA and DA flow 

rate waveforms averaged over the 10 patients, as obtained using conventional and k-t 

accelerated 4D flow sequences. The quantitative comparison between the two techniques in 

terms of hemodynamic parameters is summarized in Table 5 (bottom rows). Again, similar 

ranges as in the volunteer study for errors, mean biases and limits of agreement were found. 

Peak velocity in patients was more systematically underestimated with the k-t accelerated 

approach which had a lower resolution when compared to the conventional respiration-

controlled 4D flow reference. Most importantly, differences in all hemodynamic parameters 

and all locations were non-significant.

Discussion

The purpose of this study was to achieve aortic 4D flow MRI acquisition within 2 minutes, 

using k-t PEAK GRAPPA, adapted spatial and temporal resolutions as well as no respiratory 

control. The performance of this strategy was assessed on an in vitro aortic coarctation 

model, in 10 healthy volunteers as well as 10 patients with various aortic diseases. Our main 

findings were that: 1) aortic 4D flow under 2 minutes is feasible but can lead to a moderate 

underestimation of hemodynamic indices and particularly of peak systolic velocity; 2) free 

breathing without controlling for respiration motion reduces image quality but flow and 

velocity indices for specific k-space ordering schemes (linear, out-center-out) were not 

significantly different from those obtained using conventional navigator-gated 4D flow; 3) 

the observed differences in k-space sampling patterns suggest an opportunity to mitigate 

some image artifacts and velocity errors by adapting k-space filling. Thus, the methods 

presented here are potentially useful for rapid 4D flow MRI for aortic flow quantification, 
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although care has to be taken when applied to regions where complex flow dynamics and 

high velocities are expected, such as coarctation or valvular dysfunction. The encouraging 

results still need more investigation to identify the optimal combination between 

acceleration, resolution, k-space sampling pattern and respiration control.

The in vitro experiments using a patient-specific 3D printed aortic coarctation model showed 

that the use of k-t acceleration and decreased spatial and temporal resolutions predictably 

lead to a systematic underestimation of peak velocity and flow indices, when compared to 

conventional 4D flow MRI. However, differences were small (absolute differences below 

11% for flow parameters and <13% for AA and arch peak velocity), except for peak velocity 

in the descending aorta at the location of the coarctation where complex flow requires high 

spatial and temporal resolutions to capture abrupt local hemodynamic alterations accurately. 

Data from both healthy and diseased populations allowed to further study the effect of 

discarding respiratory control. Although image quality was systematically better when using 

the conventional navigator-gated 4D flow, differences were not significant when considering 

the k-t accelerated datasets acquired with the lowest resolution (SRes2). We hypothesize that 

this might be due to the shorter acquisition, i.e. overall less respiratory cycles, or to the fact 

that voxel size was closer to the order of magnitude of respiratory motion in the images. 

When comparing the four ky-kz sampling patterns in the healthy volunteers, we found that 

differences between conventional and k-t accelerated 4D flow were significant for most of 

the aortic hemodynamic indices when using the center-out strategy, while hemodynamic 

metrics were in good agreement when considering the linear and out-center-out patterns. In 

addition, the lowest mean biases were obtained with the out-center-out pattern (Figure S4). 

Our hypothesis when implementing this sampling pattern was that prioritizing the 

acquisition of the k-space center once a stable physiological state and respiratory pattern of 

the patient was reached would favor image contrast. Indeed, it seems on our small group that 

this strategy provided superior results than when starting directly the acquisition by filling 

the k-space center (‘center-out’ filling pattern), while still filling the k-space corners at the 

beginning of the acquisition in order to keep the same short scan time. It might be due to the 

fact that a transient phase is needed to ensure patient physiology and respiration stability.

Other groups have reported on the combination of imaging acceleration and 4D flow MRI, 

including advanced multidimensional parallel imaging such as k-t schemes (7–9,19–21), or 

sampling methods such as compressed sensing (5) and non-Cartesian radial acquisition (6). 

As an example, radial imaging with 3D PC vastly undersampled isotropic projection (VIPR) 

allows highly accelerated acquisition while maintaining good image quality as demonstrated 

in the brain (6). In addition to k-t-GRAPPA (9), whose feasibility at 7T and ability to reduce 

aortic 4D flow scan time while maintaining accurate flow quantification were recently 

demonstrated (20), several other multidimensional parallel imaging methods were 

previously proposed in the literature to address long acquisition time. Two of these methods 

are the k-t SENSE and k-t BLAST acceleration techniques, which were first validated with 

2D PC MRI by Baltes et al. (8). In this study, the in vivo application of k-t SENSE and k-t 

BLAST in 6 healthy volunteers resulted in good image quality, with an expected temporal 

blurring at high (8-fold) accelerations, although no quantitative scoring was performed (8). 

When comparing AA stroke volume against measurements obtained with a non-accelerated 

PC sequence, the authors reported k-t accelerated / non-accelerated ratios of 106±18% and 
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112±15% (reported as mean±2xstandard deviation) for k-t SENSE with acceleration factors 

R=5 and 8, respectively. These values are in agreement with findings from our volunteer 

study (k-t accelerated / conventional 4D flow ratio for SRes1: 102±24% and 102±28%; 

SRes2: 100±34% and 103±24%, with linear and out-center-out k-space sampling patterns, 

respectively). Of note, our larger standard deviations might be due to the fact that Baltes et 

al. used the same temporal and spatial resolutions between accelerated and non-accelerated 

sequences.

A more recent study compared the performance of non-respiratory controlled k-t BLAST 4D 

flow against gated SENSE 4D flow and 2D SENSE PC MRI (21). In line with our findings, 

the authors reported significantly reduced 4D flow scan times (5-fold) between k-t BLAST 

(averaged in 15 healthy volunteers and 8 patients with surgically repaired aortic coarctation: 

5.5 minutes) and gated SENSE (21). However, they found that the quality of magnitude 

images was significantly better when using k-t accelerated acquisitions. This discrepancy 

with our results might be due to differences in the employed techniques (Zaman et al. (21): 

k-t BLAST vs. SENSE; our study: PEAK GRAPPA vs. GRAPPA). However, the mean 

biases reported in their study for comparison between aortic hemodynamic indices were in 

the same range as ours: from 3.2 to 11.6 cm/s for Vmax (our study: SRes1: −7.9 to 7.4 cm/s; 

SRes2: −6.3 to 1.3 cm/s, with the out-center-out k-space sampling pattern), 5.4 to 11.2 ml/s 

for Qmax (our study: SRes1: −11 to −3.8 and SRes2: −12 to −10 ml/s), and −0.1 to 0.1 ml 

for Qnet (our study: SRes1: −2.3 to 5.8 and SRes2: −2.7 to 1.1 ml).

Another multidimensional parallel imaging method is the compartment-based k-t principal 

component analysis (PCA), which was first applied to 4D flow MRI by Giese et al. (19) and 

was shown to reduce temporal blurring with a net acceleration factor R=8 when compared to 

k-t SENSE, while leading to accurate aortic stroke volume quantification. In their in vivo 
study including 6 healthy volunteers, they reported mean biases close to ours for comparison 

of fully sampled datasets with k-t SENSE, regular k-t PCA and compartment k-t PCA, 

respectively: −1.7±6.1, 0.4±5.0 and −0.1±4.9 ml (our volunteer study: SRes1: 0.1±8.5 and 

−2.3±3.1 ml; SRes2: 1.1±7.0 and −2.7±5.0 ml, for net volume in the AA and DA, 

respectively, with the out-center-out k-space sampling pattern).

Other studies combined several of these MRI methods, such as parallel imaging and 

compressed sensing. It was indeed successfully applied to 4D flow MRI in pediatric 

populations (22–24). However no comparison with conventional 4D flow was reported, but 

rather qualitative assessment of valvular insufficiency, intra- and extra-cardiac shunts as well 

as postsurgical leaks, interobserver agreement (which was found to be high) and comparison 

against echocardiography (resulting in a good agreement) (23), consistency of venous and 

arterial flow conservation (24), or comparison of ventricular volumes against SSFP and of 

flow rates against 2D PC (22).

Another combination between spiral sampling and dynamic compressed sensing allowed for 

the acquisition of abdominal 4D flow MRI in a breath-hold (over 24 heart beats) (25). This 

study investigated its application in 3 healthy volunteers and 7 patients with liver disease. 

Although no significant differences in arterial and venous wall sharpness were obtained 

between gated Cartesian and the proposed breath-held spiral 4D flow, significantly more 
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background artifacts were found when using the latter (grading 2.0 vs. 2.9) (25). In addition, 

the authors reported that spiral flow measurements were significantly lower and that peak 

velocity was similar to the ones provided by the gated Cartesian 4D flow. They further 

observed significantly lower vessel area with spiral 4D flow, which might be due to the 

breath-hold and also to the fact that abdominal vessels are smaller than the aorta and thus 

more sensitive to resolution and partial volume effects.

In addition to advanced acquisition schemes, several cardiovascular 4D flow MRI studies 

have investigated the effect of respiratory motion control (4,26–29). Most studies used 

navigator gating as the reference method for comparison, and reported overall good 

agreement between gated and non-gated datasets, in terms of AA stroke volume (28), global 

aortic velocity vector fields (4), or intracardiac flow indices such as stroke volume, kinetic 

energy and vortex ring volume (27). In the latter study, however, the authors found a better 

correlation compared to 2D PC MRI when using 4D flow gated acquisitions (27). This may 

be due to the fact that intra-cardiac measurements could be more sensitive to breathing 

motion than for the aorta. More advanced methods for respiratory motion correction were 

proposed, such as self-gating methods which can be applied either retrospectively, 

prospectively (30–32) or in real time (29). Aortic stroke volume was found to be lower, and 

agreement against 2D PC MRI measurements was found to be reduced, for non-gated 

acquisitions compared to real-time self-gated 4D flow (29). This discrepancy with our 

results can be explained by the different methods used for respiratory control. In addition, a 

limitation of this study is that the authors considered the non-gated measurements while 

averaging 2 scans to match acquisition time (12 minutes) of the self-gated scan, thereby 

averaging measurements over more cardiac cycles and not taking full advantage of a non-

gated scan, i.e. reduced scan time. Finally, Andersson et al. reported the comparison between 

navigator-gated and breath-held non-gated cardiac 2D PC MRI (26); however, differences in 

aortic hemodynamics were previously shown to be related to the difference in respiratory 

state between free breathing and breath-holding (33). All these findings indicate that, in 

some cases, respiratory control might be omitted for 4D flow acquisitions. Another 

alternative is the combination of compressed sensing and motion compensation, as recently 

developed in a 4D flow MRI study for pediatric congenital heart disease applications (34), 

resulting in good interobserver agreement and consistency between aortic and pulmonary 

flow. In the context of our objectives, all these acceleration and respiratory control methods 

are of interest and should be explored in future studies to compromise between short scan 

time and breathing motion correction.

A main limitation of our work is the low number of subjects. Although the results reported 

here are encouraging, care should be taken regarding statistical interpretation. In addition, a 

test-retest reproducibility study is lacking. Another drawback is that only one k-t accelerated 

4D flow MRI strategy was evaluated in the patients, instead of 8 in the healthy volunteers. 

However, even though the whole scan session required no breath-holding, it was difficult to 

add the 7 other sequences on the clinical protocol. In addition, we did not simulate 

respiration in the phantom scans; rather, these were used to understand the impact of 

acceleration and decreased spatio-temporal resolution. The volunteer and patient studies 

were used to evaluate respiratory control effects. Furthermore, it would be interesting to 

compare in vivo in a future work the different existing respiration motion correction 
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methods, as was recently performed using numerical simulations (35). Finally, technical 

limitations include the anisotropic voxel size, and long reconstruction times when using the 

PEAK GRAPPA method, which was up to 10 minutes for the SRes1 datasets. These should 

be addressed in future efforts.

In conclusion, we showed that aortic 4D flow acquisition under 2 minutes was feasible and 

easy to use, with no navigator placement and set-up required before the actual acquisition. 

The results presented in this preliminary study on an in vitro phantom as well as in healthy 

volunteers and patients with aortic disease, in terms of flow index quantification, are 

promising for performing hemodynamic measurements in a short period of time to 

complement standard of care assessment of cardiovascular flow. However, further 

investigation is needed to improve image quality as well as accurate quantification of 

complex flow, and to define the best compromise between imaging acceleration, resolution 

and k-space sampling patterns to mitigate respiratory motion.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Illustration of the four tested ky-kz-space Cartesian sampling strategies: a) conventional 

linear line-by-line k-space filling from left to right; b) closest to the furthest from the center 

filling (‘center-out’); c) furthest to the closest from the center during the first 10 cardiac 

cycles then center-out filling (‘out-center-out’); d) random filling.
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Figure 2. 
In vitro 4D flow MRI experiments: a) peak systolic velocity maximal intensity projections 

(MIP) in sagittal orientation as obtained using conventional 4D flow (left) and k-t 

accelerated 4D flow with the linear k-space reordering and spatial resolutions of SRes1 = 

3.6×2.3×2.6 mm3 (top row) and SRes2 = 4.5×2.3×2.6 mm3 (bottom row). White boxes on 

the conventional images define ascending (AA) and descending (DA) aorta as well as aortic 

arch regions. Location of AA, arch and DA peak velocities is indicated by black ‘+’. b) AA 

(top row) and DA (bottom row) flow rate waveforms throughout the cardiac cycle, as 

obtained using conventional 4D flow (in red) and the k-t accelerated 4D flow with linear k-

space reordering and different spatial resolutions (see legend).
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Figure 3. 
Example of 4D flow data acquired in one volunteer: a) systolic magnitude images, with an 

emphasis on the proximal aorta (bottom left corners), and b) 3D PC-MRA sagittal maximal 

intensity projections (MIP) obtained using conventional respiration-controlled 4D flow (left) 

as well as k-t accelerated sequences with no respiration control and linear ky-kz-space 

sampling, with two different spatial resolutions (right columns).
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Figure 4. 
In vivo 4D flow MRI volunteer studies: a) peak systolic velocity maximal intensity 

projections (MIP) in sagittal orientation as obtained using conventional 4D flow (left) and k-

t accelerated 4D flow with the linear k-space reordering and different spatial resolutions. 

MIPs were eroded by one pixel to suppress border noise. b) AA (top row) and DA (bottom 

row) flow rate waveforms throughout the cardiac cycle averaged over the 10 volunteers, as 

obtained using conventional respiration-controlled 4D flow (in red) and the non-controlled 

k-t accelerated 4D flow with linear k-space reordering and different spatial resolutions (see 

legend).
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Figure 5. 
Patient studies: a) example of systolic magnitude images (top) and 3D PC-MRA sagittal 

MIP (bottom) obtained using conventional respiration-controlled 4D flow (left) as well as k-t 

accelerated 4D flow with no respiration control and out-center-out ky-kz-space sampling 

(right), acquired in a patient with thoracic aortic aneurysm and moderate to severe aortic 

valve stenosis. b) peak systolic velocity MIP as obtained using conventional (left) and k-t 

accelerated (right) 4D flow in the same patient. c) AA (top) and DA (bottom) flow rate 

waveforms throughout the cardiac cycle averaged over the 10 patients, as obtained using 

conventional (in red) and k-t accelerated (grey) 4D flow.
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Table 1

4D flow MRI acquisition parameters: conventional respiration-controlled 4D flow MRI (left column) and k-t 

accelerated 4D flow MRI with no respiration control (right columns). For the latter, data were acquired using 

two different spatial resolutions SRes1 and SRes2. Differences between in vitro aorta flow phantom and in 
vivo volunteer studies are highlighted in grey.

SRes: spatial resolution; TR: repetition time; TE: echo time; FOV: field of view; Nseg: number of k-space segments per cardiac time frame; TRes: 

temporal resolution; Venc: encoding sensitivity; R: acceleration factor.
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Table 5

Comparison in patients of scan times (top row), image quality grading (middle) and hemodynamic parameters 

(bottom rows) between k-t accelerated (right) and conventional respiration-controlled (left) 4D flow MRI. 

Non-controlled k-t accelerated 4D flow was performed with the ‘out-center-out’ k-space reordering and the 

SRes1 spatial resolution. Relative differences (in %) as well as mean biases [limits of agreement] between k-t 

accelerated and conventional measurements are provided for each hemodynamic index in grey: peak velocity 

(Vmax) in the ascending (AA) and descending (DA) aorta as well the aortic arch, AA and DA flow peak 

(Qmax) and net volume (Qnet).

Conventional k-t accelerated

Respiration controlled
No respiration control

SRes1

out-center-out

Scan time (min)

12:47±2:53 2:05±0:44*

Image quality grading: edge sharpness

AA 3.0 (2.3–3.0) 3.0 (2.0–3.0)

arch 3.0 (3.0–3.0) 3.0 (2.0–3.0)

DA 3.0 (2.3–3.0) 2.0 (2.0–2.8)

Signal

AA 3.0 (3.0–3.0) 3.0 (3.0–3.0)

arch 3.0 (3.0–3.0) 3.0 (3.0–3.0)

DA 3.0 (3.0–3.0) 3.0 (3.0–3.0)

Noise

AA 3.0 (3.0–3.0) 3.0 (2.3–3.0)

arch 3.0 (3.0–3.0) 3.0 (3.0–3.0)

DA 3.0 (3.0–3.0) 3.0 (3.0–3.0)

Hemodynamic parameters: peak velocity Vmax (cm/s)

AA 192±55 184±54

−3.8±6.2% −7.9 [−32;16]

arch 112±55 106±56

−5.1±8.7% −5.7 [−26;14]

DA 95±22 89±17

−5.0±12% −5.8 [−32;20]

Flow peak Qmax (ml/s)

AA 308±92 296±89

−3.8±6.6% −12 [−51;27]
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Conventional k-t accelerated

Respiration controlled
No respiration control

SRes1

out-center-out

DA 234±53 223±40

−4.1±6.0% −12 [−44;21]

Net volume Qnet (ml)

AA 50±16 52±19

4.4±14% 2.4 [−9.6;14]

DA 41±9.1 44±8.8

5.8±6.3% 2.2 [−2.8;7.2]

*
indicates p<0.05 vs. conventional respiration-controlled measurement
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