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Abbreviations 

4D flow MRI: three-dimensional (3D) cine (time-resolved) phase-contrast MRI with three-directional 

velocity-encoding 

AA: ascending aorta 

AS: aortic valve stenosis 

BAV: bicuspid aortic valve 

DA: descending aorta 

HTN: hypertension 

PWV: pulse wave velocity 

WSS: wall shear stress 

Summary statement: We show the feasibility in a clinical setting of 2-minute aortic 4D flow MRI in 

68 healthy volunteers and patients from 2 centers, providing reproducible velocity and wall shear 

stress indices sensitive to expected aging- and disease-related aortic hemodynamic alterations. 

Implications for Patient Care: Our work aims at accelerating 4D flow MRI, whose clinical use is 

currently limited by long scan times while evidence for its potential value in diagnosis and patient 



 

 

management has been growing. Such efforts are needed to allow 4D flow MRI longitudinal, larger multi-

center studies to investigate its prognostic value.



 

 

Abstract 

Purpose: To 1) investigate the two-center feasibility of highly k-t accelerated 2-minute aortic 4D flow 

MRI; 2) evaluate its performance for the quantification of aortic velocities and wall shear stress (WSS). 

Methods: This cross-sectional study prospectively included 68 subjects (Center I: 11 healthy volunteers 

[age=61±15years], 16 patients with aortic disease [age=60±10years]; Center II: 14 healthy volunteers 

[age=38±13years], 27 patients with aortic or cardiac disease [age=78±18years]). All subjects underwent 

highly accelerated 4D flow MRI (k-t acceleration with R=5) of the thoracic aorta. For comparison, 

conventional 4D flow MRI (R=2) was acquired in the n=27 subjects at Center I. Data analysis included 

the quantification of regional peak systolic velocities and 3D WSS in the aorta.  

Results: k-t accelerated scan times (Center I: 2:03±0:29min, Center II: 2:06±0:20min) were significantly 

reduced compared to conventional 4D flow (Center I: 12:38±2:25min, p<0.0001). Overall good agreement 

was found between the two techniques (absolute differences≤15%) but proximal aortic WSS was 

significantly underestimated in patients by k-t accelerated when compared to conventional 4D flow 

(p≤0.03). k-t accelerated 4D flow MRI was reproducible (intra- and inter-observer intraclass correlation 

coefficient≥0.98) and identified significantly increased peak velocities and WSS in patients with stenotic 

(p≤0.003) or bicuspid (p≤0.04) aortic valves compared to healthy volunteers. In addition, k-t accelerated-

derived velocities and WSS were inversely related to age (r≥-0.53, p≤0.03) for all healthy volunteers.  

Conclusion: k-t accelerated aortic 4D flow MRI providing 2-minute scan times was feasible and 

reproducible at 2 centers. Although WSS can be underestimated in patients, consistent healthy ageing- and 

disease-related changes in aortic hemodynamics were observed.  



 

 

Introduction 

Three-dimensional cine phase-contrast magnetic resonance imaging with three-directional velocity 

encoding, known as 4D flow MRI (1), has proven to be a useful tool for the visualization and 

quantification of cardiovascular hemodynamics in cardiothoracic diseases, such as congenital heart 

disease (2), valvular heart disease (3), or aortic abnormalities (4). However, its use in clinical routine is 

still hampered by lengthy scan prescription including navigator placement for respiration control, and long 

scan times ranging from 5 to 15 minutes for aortic applications. 

Recently developed highly accelerated 4D flow MRI allows for total scan times in the order of 2 minutes. 

Significant scan time reduction was achieved by k-t acceleration and free breathing without respiratory 

navigator control, combined with a dedicated k-space sampling to minimize breathing artifacts (5). A pilot 

study at a single center demonstrated its technical feasibility in in-vitro flow phantom experiments, 10 

healthy volunteers and 10 patients with aortic disease (5). Findings of this pilot study revealed that 2-

minute 4D flow MRI could reliably quantify hemodynamic indices such as velocity and flow in close 

agreement with conventional respiratory navigator-gated 4D flow MRI (5). 

The initial application of this technique, however, was limited to MRI studies at a single center and did 

not assess the impact of k-t-acceleration combined with dedicated k-space sampling on more advanced 

derived hemodynamics metrics, such as wall shear stress (WSS) (4,6–9), or arterial stiffness indices, such 

as pulse wave velocity (PWV) (10,11). WSS is defined as the viscous force applied by blood flow parallel 

to vessel walls, and has been shown to be involved in the regulation of endothelial cell function and vessel 

wall remodeling via endothelial mechanotransduction (12). 4D flow MRI-based assessment of WSS has 

recently gained increased interest for the characterization of aortic valve disease and associated changes in 

aortic hemodynamics. Regionally elevated WSS has been implicated in aortic wall tissue degradation 

(6,13), suggesting its ability to non-invasively detect tissue disease. PWV, which is defined as the speed of 

the arterial blood pressure wave to travel along an artery, is inversely related to the vessel elasticity. Aortic 

PWV was shown to strongly and independently predict cardiovascular mortality in elderly subjects (10), 



 

 

and several imaging studies have reported the usefulness of MRI to provide an accurate non-invasive 

measurement of aortic PWV (11). 

The objective of this study was to build on the previously developed 2-minute 4D flow MRI protocol and 

to 1) prospectively investigate the feasibility of 2-minute aortic 4D flow MRI in larger volunteer and 

patient cohorts at two centers; and 2) evaluate its performance for the quantification of 3D regional WSS 

and pulse wave velocity (PWV). 

 

Materials and Methods 

Study cohort 

Healthy volunteers with no history of cardiovascular disease and patients scheduled for standard-of-care 

cardiothoracic MRI were prospectively recruited between July 2016 and December 2017. Approval of the 

local Institutional Review Boards, HIPAA compliance and informed consent from all participants were 

obtained. Patient recruitment at Center I targeted consecutive patients with aorta and/or aortic valve 

disease, while recruitment at Center II targeted all patients, due to a lower proportion of aortic disease. 

Center I subjects underwent both conventional respiration-controlled and k-t accelerated free breathing 4D 

flow MRI, while Center II subjects underwent k-t accelerated free breathing 4D flow MRI only due to 

time constraints. Of note, 20 out of the 71 subjects included in the present study have been previously 

reported (5). While the prior study investigated conventional aortic flow hemodynamic indices at a single 

center, in this manuscript we included more patients at the initial center, extended to another inclusion 

center and investigated quantification of more advanced parameters such as aortic wall shear stress and 

pulse wave velocity. 

 

 



 

 

MRI acquisitions 

4D flow MRI was acquired in a sagittal oblique volume which included the thoracic aorta on 1.5T MRI 

systems (Center I: Aera or Avanto; Center II: Aera, Siemens, Germany), except for 4 Center II patients 

(3T Prisma, Siemens). Standard-of-care cardiothoracic MRI included the administration of Gadolinium-

based contrast agent (Center I patients: Gadavist, Bayer, Leverkusen, Germany; all Center II subjects: 

Dotarem, Guerbet, Villepinte, France) prior to 4D flow data acquisition, except for Center I healthy 

volunteers who were recruited for a non-contrast research MRI. Conventional respiration-controlled aortic 

4D flow MRI was acquired at Center I according to current consensus recommendations (1) using the 

acquisition parameters summarized in Table 1. Briefly, navigator gating of the lung-liver interface with a 

fixed 16-mm acceptance window size (14), and parallel imaging GRAPPA (15) along the phase-encoding 

direction ky with an acceleration factor R=2 and 24 reference lines were employed. k-t accelerated free 

breathing aortic 4D flow MRI was acquired at both centers using similar acquisition parameters, with k-t 

PEAK GRAPPA (16) with R=5 and no respiration control to keep the acquisition even shorter (Table 1). 

To minimize respiration-related artifacts, an optimized Cartesian ky-kz-space filling pattern was used as 

described previously (5): corners were filled initially followed by a centric reordering, to prioritize k-space 

center acquisition and thus favor contrast over as few respiratory cycles as possible once stable patient 

physiological and respiratory conditions are reached. Scan time was recorded for all 4D flow MRI scans. 

Standard cine balanced steady-state free precession (bSSFP) short-axis images covering the left ventricle 

(LV) were also acquired to compute LV stroke volume (SV) as a reference standard in subjects from 

Center II. 

4D flow MRI data analysis 

The same analysis workflow which is illustrated in Figure 1 was applied to aortic 4D flow MRI datasets 

acquired at both centers. 4D flow MRI data pre-processing included corrections for Maxwell terms, eddy 

currents, velocity aliasing and noise, as well as the computation of a 3D phase-contrast MR angiogram 



 

 

(PC-MRA), using a previously described software developed in Matlab (R2017b version, The Mathworks, 

Natick, MA, USA) (Figure 1.a) (17). Next, a segmentation of the 3D aortic volume was generated 

(Mimics, Materialise NV, Louvain, Belgium) and used to mask blood flow velocities inside the thoracic 

aorta. Peak systole was automatically defined as the cardiac time frame with the highest velocity as 

averaged over the entire volume. Hemodynamic quantification included the calculation of peak systolic 

velocity and WSS as shown in Figure 1.b. The 3D aorta segmentation was used to calculate a systolic 

velocity maximal intensity projection (MIP), and volumetric peak systolic velocities were extracted in 

consecutive contiguous regions of interest covering the ascending aorta (AA), aortic arch, and descending 

aorta (DA) (18) , as defined by the following anatomic landmarks: AA: aortic valve to the most proximal 

supra-aortic branch (brachiocephalic trunk), arch: brachiocephalic trunk to the most distal subclavian 

artery, DA: subclavian artery to the level of the aortic valve. Finally, peak systolic 3D WSS on the aortic 

surface was calculated using a previously published 3D algorithm (19). Regional maximum WSS (defined 

as the mean of the absolute WSS top 2% to reduce the effect of noise, as previously proposed (7)) was 

extracted in 6 manually defined regions of interest covering the inner and outer wall of the AA, aortic arch 

and DA. 

In addition, global aortic PWV was quantified from all conventional and k-t accelerated 4D flow MRI 

datasets collected at Center I using a previously described strategy (20,21). Briefly, a centerline of the 3D 

segmented aortic volume was first generated to allow automated positioning of cross-sectional planes 

every 4 mm along the aorta (22). Time-resolved flow rate waveforms were then computed within each 2D 

plane using masked velocities, and the time delay between the first most proximal aortic plane and each 

subsequent plane was calculated using maximal cross-correlation between the two flow rate waveforms 

(23). Finally, PWV was defined as the inverse slope of the linear regression on each time delay plotted 

according to the distance to the most proximal plane along the aortic centerline. 

Stroke volume in the AA was computed from k-t accelerated 4D flow data in Center II healthy volunteers 

(17). First, a 2D cross-sectional plane was positioned on the 3D segmented volume at the level of the 



 

 

pulmonary artery using EnSight (10.1.4 version, CEI, USA), in which AA borders were then delineated 

for each time frame of the cardiac cycle using a custom software (Matlab, MathWorks, USA). Finally net 

flow volume was obtained by time-integrating the flow rate waveform. 

Intra- and inter-observer variability of k-t accelerated 4D flow MRI-derived hemodynamic indices 

Reproducibility of the regional aortic peak systolic maximal velocity and WSS quantification was 

assessed by blinded repeated analysis by the first observer and by a second independent observer, for 20 

randomly selected k-t accelerated 4D flow MRI datasets from both Center I and Center II (5 healthy 

volunteers and 5 patients from each Center). 

Statistical methods 

Statistical analyses were performed using Matlab (MathWorks, USA). The Lilliefors test was used to test 

for normal distribution of subjects’ basic characteristics, scan times, as well as aortic hemodynamic and 

stiffness parameters, which were provided as mean ± standard deviation. Comparisons between 

conventional and k-t accelerated 4D flow MRI acquired in the same subjects at Center I, as well as 

between cine bSSFP- and k-t accelerated 4D flow-derived LV SV at Center II, were performed using 

Wilcoxon signed-rank tests, Bland-Altman analyses and intraclass correlation coefficients (ICC). Mean 

biases, limits of agreement (± 1.96 x standard deviations) and absolute differences between the 2 

techniques, expressed as the percentage of the reference standard, were calculated. Bland-Altman analyses 

and ICC were further used to study intra- and inter-observer variability. Differences in k-t accelerated 4D 

flow scan times between Center I and Center II, as well as differences between patients and healthy 

volunteers, were evaluated using a Wilcoxon rank sum test. Finally, the relationship with age of k-t 

accelerated 4D flow MRI-derived aortic velocity and WSS indices was investigated using linear 

regressions and pooling of Centers I and II data. Spearman’s rank correlation coefficients r were 

calculated. A p value <0.05 was considered statistically significant. 

 



 

 

Results 

Study cohort 

A total number of 71 subjects were recruited from both centers. One patient dataset from Center I and 2 

patient datasets from Center II were excluded, due to complete signal loss in the 4D flow images in the 

DA as a result of previous stented aortic coarctation and volume orientation mispositioning, respectively. 

Basic characteristics of the resulting 68 subjects (n=25 healthy volunteers, n=43 patients) are summarized 

in Table 2. Patients recruited at Center I had various concomitant diseases: 9 had aortic dilation or 

aneurysm, 8 had a bicuspid aortic valve (BAV), 4 had aortic valve stenosis (AS), one had aortic valve 

regurgitation (AR), 3 had previously undergone surgery (two underwent aortic valve replacement (AVR), 

including one with aortic repair, and one underwent repair of type A aortic dissection). Patients recruited 

at Center II were referred for aortic disease (n=6), cardiac disease (n=20) and type II diabetes with 

dyspnea (n=1). Among patients with aortic disease, one had aortic dilation with AR, 4 had AS, one had 

had concomitant AVR and dissection repair. Cardiac disease ranged from coronary artery disease (n=5) 

including myocardial infarction (n=2), heart failure (n=7), hypertensive disease (n=3), dilated 

cardiomyopathy (n=2), dilation of all cardiac chambers (n=1), myocarditis (n=1) and cardiac mass (n=1). 

Conventional vs. k-t accelerated aortic 4D flow MRI at Center I 

Scan times are provided in Table 2, confirming significantly shorter k-t accelerated 4D flow MRI 

acquisitions when compared to conventional 4D flow MRI in the n=27 subjects recruited at Center I 

(p<0.0001). 

Figure 2.a illustrates aortic peak systolic velocity MIPs and 3D aortic systolic WSS magnitude in 

representative examples of a healthy volunteer and patients from Center I, obtained using conventional 

and k-t accelerated 4D flow MRI. Similar aortic velocity and WSS patterns were observed between the 

two techniques. The corresponding quantitative regional aortic hemodynamic indices as obtained using 

conventional and k-t accelerated 4D flow MRI are summarized in Table 3 and Figure 3 (Bland-Altman 



 

 

diagrams). Discrepancies between both methods were overall higher for WSS (absolute differences 

averaged over the whole group and ICC in the inner AA: 12±14% and ICC=0.87; outer AA: 13±8.9% and 

ICC=0.89; inner arch: 14±15% and ICC=0.91; outer arch: 15±12% and ICC=0.92; inner DA: 13±13% and 

ICC=0.71; outer DA: 11±13% and ICC=0.74) than for velocity (AA: 5.2±4.3% and ICC=0.98; arch: 

10±15% and ICC=0.95; DA: 9.6±10% and ICC=0.77). Only AA WSS in patients was significantly 

underestimated by k-t accelerated 4D flow when compared to the conventional approach (p=0.03 and 

p=0.02 on the inner and outer curvature, respectively). 

Finally, after exclusion of a 71-yo outlier in which we obtained non-physiological values including using 

conventional 4D flow data, global aortic PWV was significantly different between conventional and k-t 

accelerated techniques (11.0±3.3 m/s vs. 9.7±2.8 m/s, p=0.003; mean bias [limits of agreement] = 1.3 [-

2.5;5.1] m/s; absolute difference = 15±21%; ICC = 0.73). 

k-t accelerated 4D flow MRI at Center II  

k-t accelerated 4D flow scan times in the order of 2 minutes were also achieved for the n=41 subjects 

recruited at Center II (Table 2). Representative examples of peak systolic aortic velocity MIP and 3D 

WSS magnitude from subjects recruited at Center II are provided in Figure 2.b. Quantitative values in 

healthy volunteers and patients are provided in Table 4. 

LV SV obtained in healthy volunteers (n=14) was 98±23 and 84±18 mL using cine bSSFP and k-t 

accelerated 4D flow data (p=0.0002), respectively, resulting in mean bias [limits of agreement] = -14 [-

35;6.3] mL, absolute difference = -14±9.1% and ICC = 0.70. 

 

 

k-t accelerated 4D flow MRI - full cohort  



 

 

Significant inverse relationships were obtained between healthy volunteers' age and k-t accelerated 4D 

flow MRI-derived systolic peak velocities (aortic arch: r=-0.64, p=0.0005; DA: r=-0.75, p<0.0001) as well 

as maximum WSS (inner arch: r=-0.57, p=0.003; outer arch: r=-0.53, p=0.007; inner DA: r=-0.81, 

p<0.0001; outer DA: r=-0.80, p<0.0001), across the entire cohort of 25 controls recruited at both centers 

(Figure 4).  

In patients, as illustrated in Figure 2, k-t accelerated 4D flow was able to reproduce the expected disease-

related changes in aortic hemodynamics when compared to healthy volunteers at both centers: regionally 

elevated systolic WSS and velocity in the AA of patients with AS, reduced WSS in patients with 

hypertension or dilated aorta and no AS, altered AA flow following surgery. Differences compared to 

healthy volunteers were significant for the following subgroups (Figure 5): AS (AA velocity: 98% 

increase, p<0.0001; inner AA WSS: 54% increase, p=0.003; outer AA WSS: 51% increase, p=0.001), 

BAV (AA velocity: 47% increase, p=0.01; outer AA WSS: 29% increase, p=0.04) and hypertension (inner 

AA WSS: 19% decrease, p=0.04; outer AA WSS: 24% decrease, p=0.05). The WSS decrease in patients 

with a dilated aorta and no aortic valve disease when compared to healthy volunteers did not reach 

statistical significance (inner AA: 12% decrease, p=0.08; outer AA: 10% decrease, p=0.29). 

Finally, good intra- and inter-observer reproducibility at both Centers was found for the estimation of 

aortic hemodynamic indices provided by k-t accelerated 4D flow MRI (Table 5). 

 

Discussion 

The purpose of this work was to assess the two-center feasibility of a recently proposed k-t accelerated 

free breathing aortic 4D flow MRI sequence under 2 minutes, as well as its ability to quantify reliable 

velocity and WSS indices. Our main findings were: 1) k-t accelerated aortic 4D flow MRI was feasible 

with short scan time and without the need for respiratory navigator placement, in prospectively recruited 

healthy volunteers and patients at two centers, 2) on average, two minute-scan time was achieved in study 



 

 

cohorts at both centers, which was significantly shorter than conventional navigator-gated 4D flow, 3) 

peak systolic velocities in all regions as well as distal aortic systolic maximum WSS were equivalent in 

both healthy volunteers and patients, 4) in patients, proximal aortic WSS was significantly underestimated 

compared to conventional 4D flow-derived WSS, 5) aortic hemodynamic indices provided by k-t 

accelerated 4D flow were reproducible and reflected the expected age- and disease-related alterations. 

While the k-t accelerated aortic 4D flow MRI sequence was successfully acquired in the 71 prospective 

healthy volunteers and patients at both centers, three datasets had to be excluded from the analysis because 

of either acquisition volume mispositioning or signal loss, which was easily explained by the presence of a 

stent (24). In agreement with a pilot study (5), we found that scan times were in the order of 2 minutes and 

thus on average 6 times shorter compared to navigator-gated aortic 4D flow MRI. 

The findings of this study demonstrated that accelerated 4D flow MRI was able to provide reliable 

velocities when compared to conventional 4D flow MRI in the AA, aortic arch and DA. This is in 

agreement with recent works investigating various ways to accelerate 4D flow MRI, from k-t acceleration 

(5), self-gated ultra-short echo time (25), low-rank matrix structure and Hadamard sparsity (26), echo-

planar imaging (27), pseudo-random variable-density Cartesian undersampling combined with k-t 

SPARSE-SENSE (28), to hybrid one- and two-sided flow encodings only (29). Other recent studies have 

focused on reducing 4D flow scan times down to a single breath-hold based on spiral sampling combined 

with dynamic compressed sensing (30) or Bayesian imaging approach (31), which allows to avoid both 

respiratory motion and the use of lengthy navigator. This growing literature on the application of 

acceleration techniques to 4D flow MRI suggests the opportunity to foster its clinical use, which is today 

often limited by long scan times. 

Previous work also demonstrated the agreement between k-t accelerated and conventional 4D flow MRI in 

the estimation of aortic net volume (5). In the present study, due to the lack of a 4D flow reference at the 

second Center, we compared k-t accelerated flow volume to standard-of-care bSSFP-derived LV SV in 

healthy volunteers and found reasonable relationship, with values and mean bias which were similar to 



 

 

previously reported findings (18 healthy volunteers; 4D flow-derived aortic flow volume = 81±24 mL vs. 

LV SV = 97±14 mL, resulting in mean bias = -15±44 mL) (32). 

We further investigated aortic 3D WSS and found increased discrepancies between k-t accelerated and 

conventional 4D flow MRI. The underestimation of k-t accelerated-derived WSS was significant in 

patients with aortic disease for both the AA inner and outer curvature walls, and we observed 

heteroscedastic Bland-Altman plots with higher discrepancy obtained for higher WSS values. This could 

be explained by several factors, including respiratory motion and differences in spatial and temporal 

resolutions that could underestimate complex hemodynamic alterations, as well as between the two 

imaging acceleration techniques (standard GRAPPA vs. k-t acceleration). Indeed, in agreement with our 

findings, significant differences were previously shown in aortic WSS estimated using k-t GRAPPA 

accelerated 4D flow with an acceleration factor R=5 when compared to GRAPPA with R=2, with the 

same spatial and temporal resolutions (33). Another study on a realistic thoracic aortic phantom reported a 

significant underestimation of WSS using 4D flow when reducing spatial and temporal resolutions, with a 

higher sensitivity to the former (34). A 70% difference in WSS was found when reducing resolutions from 

1.5x1.5x2.0mm3 and 20ms to 2.5x2.5x4.0mm3 and 40ms, respectively (34). Future studies should 

investigate their separate effects and subsequently define optimized spatial and temporal resolutions as 

well as acceleration. 

Nonetheless, aortic velocity and WSS provided by k-t accelerated 4D flow were able to characterize 

expected age- and disease-related alterations. First, we found that both indices significantly decreased with 

age in healthy volunteers, as previously described (8,35,36). We further obtained correlation coefficients 

similar to those previously reported using aortic 4D flow MRI (r=0.57, p<0.001 for velocity and r=0.62, 

p<0.001 for WSS in 56 controls aged from 19 to 78 years (36); r=0.58, p=0.012 for circumferential WSS 

and r=0.71, p<0.0001 for axial WSS in 24 controls aged from 21 to 74 years (8)). Furthermore, our indices 

were able to characterize the known increase in proximal aortic velocity (37) and WSS (38,39) in patients 

with AS when compared to healthy volunteers. In accordance with the literature, patients with a BAV also 



 

 

demonstrated a significant increase in peak velocity (40) along with asymmetrically increased WSS on the 

AA outer wall (41). Conversely, we observed the previously reported decrease in AA WSS in patients 

with hypertension (42) and in the 5 patients with a dilated aorta and no AS/BAV (37,39,43), although the 

latter was not significant. Finally, post-surgery 4D flow MRI data revealed various aortic hemodynamic 

changes (4,7); however, due to the low number of patients and heterogeneity of procedures, we did not 

find any significant differences compared to healthy volunteers. Importantly, observed significant 

differences in aortic valve disease patients compared to healthy volunteers were larger than WSS 

underestimation vs. conventional 4D flow, and similar to previous findings reported in a large cohort of 

571 patients using a conventional 4D flow MRI technique: patients with AS had increased regional AA 

WSS by 16-177%, and patients with a BAV had an increased outer AA WSS by 9-34% (39). In addition, 

the intra- and inter-observer variability of k-t accelerated 4D flow MRI-derived WSS was much lower 

than these physiologic WSS differences, and similar to previously reported conventional 4D flow 

reproducibility (mean difference ≤ 0.09 [-0.3; 0.5] Pa for WSS (7) and 0.01 m/s, ICC = 0.98 for velocity 

(18)). 

Finally, we found significantly different global aortic pulse wave velocity between conventional and k-t 

accelerated 4D flow MRI data. We speculate that respiration control, spatial resolution, as well as 

temporal resolution may have contributed to the observed PWV differences as previously demonstrated 

(44). More studies are needed to further investigate the clinical value of k-t accelerated 4D flow-derived 

aortic PWV. 

The main limitation of our study is the small and heterogeneous population, although we were able to 

retrieve statistically significant findings that were consistent with literature. Populations were also 

different between the 2 institutions, in terms of disease but also age and gender distributions, due to the 

prospective feature of our study. Different scanners were used, including different field strengths. 

However only 4/68 subjects were scanned at 3T while all the other 94% of subjects were scanned at 1.5T; 

moreover, such field strengths were previously shown to be of identical performance for the quantification 



 

 

of aortic peak systolic velocity or WSS (45). An additional drawback is related to the lack of a gold 

standard for aortic hemodynamic measurements since invasive procedures could not be performed. 

Instead, we chose to define 4D flow MRI acquired according to the current consensus (1) at Center I and 

conventional cine bSSFP left ventricular stroke volume measurements at Center II, as a reference 

standard. Further interscan test-retest studies will be needed to demonstrate the reproducibility of this k-t 

accelerated 4D flow MRI technique. This preliminary multi-center effort should be extended to more 

institutions both with and without experience with cardiovascular MRI to confirm the feasibility of such 

sequence. Finally, a technical limitation is related to the lengthy image reconstruction time which could 

reach up to 12 minutes, which can be shortened by improved GPU-based implementation in future studies. 

Conclusion 

The findings of this study demonstrate the dual-center feasibility of 2-minute k-t accelerated aortic 4D 

flow MRI, which was able to characterize consistent healthy ageing- and disease-related changes in 

velocity and WSS, although the latter was significantly underestimated in the proximal aorta of patients 

when compared to conventional 4D flow. Such efforts in fostering 4D flow clinical use are crucial to 

allow longitudinal, larger multi-center studies needed to establish specific aortic hemodynamic indices 

reference normal ranges.  
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Tables 

Table 1. Acquisition parameters used for aortic 4D flow MRI exams according to the inclusion 

center. 

  

  Center I Center II 

  Conventional k-t accelerated k-t accelerated 

ECG gating Prospective Prospective 

Respiration control Navigator (16-mm window) None None 

TR (ms) 4.8±0.1 4.2±0.1 4.2±0.1 

TE (ms) 2.4±0.1 2.2±0.1 2.2±0.1 

Flip angle (°) Healthy volunteers: 7; patients: 15 15 

Acq. matrix 160x84-100 160x70-80 160x80 

FOV (mm2) 340-400x270-325 360-400x270-300 280-440x270-330 

SRes (mm3) 3.1-3.7x2.1-2.5x2.4-3.2 3.4-3.9x2.3-2.5x2.6-3.3 3.4-4.1x2.3-2.8x2.4-2.8 

NSeg 2 4 4 

TRes (ms) 38.5±0.7 66.4±1.3 66.9±1.0 

Slices (n) 27±3 26±5 24±2 

Venc (cm/s) 150-250 depending on stenosis presence/severity 150-450 

Parallel imaging GRAPPA (y) R=2 PEAK GRAPPA (y-z-t) R=5 PEAK GRAPPA (y-z-t) R=5 

rBW (Hz/pixel) 455-460 650 650 

Both conventional and k-t accelerated aortic 4D flow were acquired at Center I, while only k-t accelerated 4D flow was acquired at 

Center II. ECG: electrocardiogram; TR: repetition time; TE: echo time; FOV: field of view; SRes: spatial resolution; NSeg: number of 

k-space segments per cardiac time frame; TRes: temporal resolution; Venc: encoding sensitivity; R: acceleration factor; rBW: receiver 

bandwidth. 

 



 

 

Table 2. Subject characteristics and conventional and k-t accelerated 4D flow MRI scan times. 

 

  

  Center I Center II 

  Healthy volunteers Patients Healthy volunteers Patients 

  n=11 n=16 n=14 n=27 

Subject characteristics  

Gender 4 women 3 women 11 women 14 women 

Age (years) 61±15 [31-77] 60±10 [40-74] 38±13 [25-70] 58±16 [31-81] 

Weight (kg) 86±20 89±12 77±15 79±18 

Heart rate (bpm) 67±10 71±12 66±11 62±10 

4D flow MRI scan time (min)  

Conventional 11:47±1:30 13:17±2:49 - - 

k-t accelerated 1:56±0:14* 2:07±0:36* 1:59±0:18 2:09±0:20 

*: p<0.05 for comparison between conventional and k-t accelerated 4D flow MRI within subject groups. 

 



 

 

Table 3. Comparison between conventional and k-t accelerated 4D flow regional aortic 

hemodynamic indices: systolic velocity and WSS. 

  

  Center I 

  Healthy volunteers Patients 

  n=11 n=16 

  Conventional k-t accelerated Conventional k-t accelerated 

Peak systolic maximal velocity 

AA 1.66±0.31 m/s 1.63±0.24 m/s 2.10±0.73 m/s 2.03±0.73 m/s 

arch 0.83±0.16 m/s 0.89±0.17 m/s 1.18±0.54 m/s 1.13±0.53 m/s 

DA 0.97±0.21 m/s 0.99±0.20 m/s 0.97±0.22 m/s 0.93±0.19 m/s 

Systolic maximum WSS 

inner AA 1.36±0.25 Pa 1.44±0.21 Pa 1.58±0.55 Pa 1.49±0.53 Pa* 

outer AA 1.29±0.23 Pa 1.39±0.23 Pa 1.70±0.60 Pa 1.55±0.55 Pa* 

inner arch 0.86±0.16 Pa 0.97±0.21 Pa 1.12±0.50 Pa 1.11±0.51 Pa 

outer arch 0.81±0.19 Pa 0.89±0.24 Pa 1.15±0.64 Pa 1.09±0.67 Pa 

inner DA 0.92±0.20 Pa 0.99±0.17 Pa 0.94±0.20 Pa 0.91±0.27 Pa 

outer DA 0.89±0.22 Pa 0.94±0.20 Pa 0.88±0.24 Pa 0.83±0.22 Pa 

Velocity and WSS values are provided as mean ± standard deviation for each group and each 4D flow technique. AA: 

ascending and DA: descending aorta; WSS: wall shear stress. *: p<0.05 between conventional and k-t accelerated 4D flow. 

 



 

 

Table 4. k-t accelerated 4D flow regional aortic systolic velocity and WSS at Center II. 

  

  Center II 

  Healthy volunteers Patients 

  n=14 n=27 

  k-t accelerated 

Peak systolic maximal velocity 

AA 1.44±0.23 m/s 1.73±0.68 m/s 

arch 1.09±0.17 m/s 1.00±0.27 m/s 

DA 1.26±0.29 m/s 0.93±0.24 m/s 

Systolic maximum WSS 

inner AA 1.23±0.24 Pa 1.25±0.50 Pa 

outer AA 1.22±0.18 Pa 1.20±0.50 Pa 

inner arch 1.10±0.19 Pa 0.94±0.22 Pa 

outer arch 1.00±0.19 Pa 0.94±0.35 Pa 

inner DA 1.29±0.30 Pa 0.91±0.24 Pa 

outer DA 1.27±0.36 Pa 0.86±0.25 Pa 

Velocity and WSS values are provided as mean ± standard deviation for each group. 

AA: ascending and DA: descending aorta; WSS: wall shear stress. 

 



 

 

Table 5. Intra- and inter-observer variability of k-t accelerated 4D flow MRI-derived aortic peak 

systolic maximal velocity and wall shear stress according to the inclusion Center. 

 

  

  Peak systolic maximal velocity Systolic maximum WSS 

  Bias [LOA] (m/s) ICC Bias [LOA] (Pa) ICC 

Center I (n=10) 

Intra-observer 0.03 [-0.15;0.20] 0.99 0.01 [-0.11;0.13] 0.98 

Inter-observer 0.03 [-0.18;0.24] 0.98 0.01 [-0.11;0.14] 0.98 

Center II (n=10)  

Intra-observer 0.01 [-0.13;0.15] 0.99 -0.002 [-0.18;0.17] 0.98 

Inter-observer 0.03 [-0.18;0.23] 0.98 0.01 [-0.11;0.14] 0.99 

WSS: wall shear stress; LOA: limits of agreement = mean bias ± 1.96 x standard deviation; ICC: intraclass correlation 

coefficient.. 

 



 

 

Figures legends 

Figure 1. Analysis workflow of 4D flow MRI data: a. Preprocessing including correction for eddy 

currents, noise as well as velocity aliasing, calculation of a 3D phase-contrast MR angiogram (PC-MRA), 

3D segmentation of the aortic volume and automated detection of the peak systolic phase. b. 

Quantification of peak systolic maximal velocity in 3 aortic regions using maximal intensity projections 

(MIPs), and 3D peak systolic maximal wall shear stress (WSS) in 6 regions of interest throughout the 

aortic surface. 

Figure 2. 4D flow-derived aortic velocity and WSS map examples according to the sequence and 

inclusion center: a. Peak systolic velocity volumetric maximal intensity projections in sagittal orientation 

(MIPs, top rows) and 3D WSS maps in right-anterior view (bottom rows) obtained in representative 

Center I healthy volunteer (top left corner) and three patients, using conventional (on the left for each pair) 

and k-t accelerated (on the right for each pair) 4D flow MRI. b. Peak systolic velocity MIP (top row) and 

3D WSS maps (bottom row) obtained using k-t accelerated 4D flow MRI in representative Center II 

healthy volunteer (left column) and three patients with aortic disease or hypertension (HTN). Of note, 

velocity MIPs were eroded by one pixel to suppress border noise. 

Figure 3. Bland-Altman diagrams for comparison between conventional and k-t accelerated 4D flow 

aortic hemodynamic indices: Comparison between k-t accelerated and conventional 4D flow-derived 

peak systolic velocity and WSS in n=27 subjects recruited at Center I. a: peak velocity in the ascending 

aorta (AA), aortic arch and descending aorta (DA) of healthy volunteers (circles) and patients (squares); b. 

peak systolic maximum WSS at the inner and outer regions of the AA, aortic arch and DA of healthy 

volunteers (circles) and patients (squares). 

Figure 4. Linear regressions for association of k-t accelerated 4D flow MRI-derived regional aortic 

hemodynamic indices with age in healthy volunteers from both Centers (n=25). a: peak systolic 

maximal velocity in the aortic arch and descending aorta (DA); b: peak systolic maximum wall shear 



 

 

stress (WSS) along the inner and outer wall of the aortic arch and DA. Spearman’s rank correlation 

coefficients and p values are provided. 

Figure 5. Ascending aortic peak velocity and WSS obtained using k-t accelerated 4D flow according 

to disease: Averaged peak systolic velocity (left) and WSS (right) of healthy volunteers (left bars) and 

patients with aortic valve stenosis, aortic aneurysm, bicuspid aortic valve, after aortic surgery or 

hypertension, while pooling subjects from both centers. 


