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Abstract

Objective—To systematically investigate a newly developed semi-automated workflow for the 

analysis of aortic 4D-flow MRI and its ability to detect hemodynamic differences in patients with 

congenitally altered aortic valve (CAV, bicuspid or quadricuspid valves) compared to tricuspid 

aortic valves (TAV).

Methods—4D-flow MRI data were acquired in 20 aortic dilation patients (9 TAV, 11 CAV). A 

semi-automated workflow was evaluated regarding inter-observer variability, accuracy of net 

flow, regurgitant fraction and peak systolic velocity, and the ability to detect differences between 

cohorts. Results were compared to manual segmentation of vessel contours.

Results—Despite the significantly reduced analysis time a good inter-observer agreement was 

found for net flow and peak systolic velocity and moderate agreement for regurgitation. 

Significant differences in peak velocities in the descending aorta (P=0.014) could be detected.

Conclusions—4D-flow MRI-based semi-automated analysis of aortic hemodynamics can be 

performed with good reproducibility and accuracy.
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INTRODUCTION

Time-resolved (CINE) 3D phase-contrast (PC) MRI1,2 with velocity encoding along three 

spatial directions (also termed '4D-flow MRI')3 has been widely used for the assessment of 

3D blood flow in a number of clinical applications4–16. Visualization of complex 3D blood 

flow patterns and quantification of regional flow characteristics is possible with 4D-flow 

MRI8,17–20.

Blood flow quantification using standard CINE 2D PC MRI based on single 2D analysis 

planes at a vascular region of interest has been extensively validated in the literature. 

Previous studies demonstrated that velocity assessment in the aorta and pulmonary artery is 
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reliable and comparable with Doppler ultrasound13,21–23. Other studies found high 

reproducibility for 2D PC MRI flow quantification in the pulmonary venous system and in a 

pulsatile flow phantom24,25 as well as low intra- and interobserver variability for quantifying 

mitral flow26.

In a recent healthy volunteer study investigating scan-rescan and inter- and intraobserver 

variability, it was shown that regional quantification of flow parameters based on aortic 4D-

flow MRI in normal volunteers can also be performed with good reproducibility27. 

However, this study was based on time-consuming and labor intensive manual segmentation 

of the aortic lumen at user-defined anatomic regions of interest. A more automated analysis 

of 4D-flow MRI data would thus be desirable as it has the potential to reduce analysis time 

and may enable broader clinical applications. However, accuracy, reproducibility, and 

observer variability determine the potential utility of new methods for clinical 

applications2,27.

Therefore, the scope of this study was to assess a new semi-automated workflow for blood 

flow visualization and calculation of quantitative parameters including peak velocity, net 

flow, and regurgitant fraction. We investigated inter-observer variability of the new semi-

automated workflow, parameter accuracy compared to manual analysis as the reference 

standard, and differences in above mentioned metrics of hemodynamics in aortic dilation 

patients with congenitally altered aortic valves compared to tricuspid aortic valves.

MATERIALS AND METHODS

Study Population

Twenty patients (14 males, age = 50.7 ± 8.7 years) with aortic dilation were included in the 

study, divided into two groups. 11 patients (6 males, age = 46.7 ± 8.9 years) presented with 

a congenitally altered aortic valve (CAV cohort): 10 patients with bicuspid aortic valve 

(BAV) and one patient with a quadricuspid aortic valve. The second group consisted of 9 

aortic dilation patients (8 males, age = 55.5 ± 5.9 years) with tricuspid aortic valves (TAV 

cohort). Aortic dilatation was defined at the sinuses of Valsalva (SOV) (SOV diameter_CAV 

= 4.2 ± 0.6 cm, SOV diameter_TAV = 4.3 ± 0.5 cm). The study was approved by the 

Institutional Review Board (IRB). All patients were included in accordance with an IRB 

protocol permitting retrospective chart review.

Data acquisition

All examinations were performed on a 1.5 T MR system (AVANTO, Siemens Germany). 

All subjects underwent a standard-of-care thoracic cardiovascular MRI including ECG gated 

time-resolved (CINE) cardiac MRI for the evaluation of cardiac function and valve 

morphology as well as contrast enhanced MR angiography for the quantification of aortic 

dimensions. For valve imaging, a 2D imaging plane was carefully positioned orthogonal to 

the aortic root at the level of the aortic valve. For the assessment of aortic hemodynamics, 

time-resolved 3D phase-contrast MRI with three-directional velocity encoding (4D-flow 

MRI) was employed to measure 3D blood flow velocities with full volumetric coverage of 

the thoracic aorta. Scan parameters were as follows: TE/TR = 2.27 – 2.41 ms / 1.42 – 3.13 
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ms, flip angle 15°, temporal resolution = 37.6–38.4 ms, bandwidth = 446–453 Hz/pixel, 

spatial resolution = 2.88 – 3.05×2.13 – 2.25×2.5 – 3.2 mm3, parallel imaging (GRAPPA) 

along phase encoding direction (y) with reduction factor R = 2 (24 reference lines). The 

velocity sensitivity along all three directions was 150 cm/s. Total scan time for 4D-flow 

MRI ranged between 10 – 15 min for all patients, depending on heart rate and respiratory 

gating efficiency.

Data Analysis

Valve morphology and severity of aortic stenosis and insufficiency were determined using a 

ECG-gated segmented CINE SSFP and GRE imaging MRI sequence. ECG-gated contrast-

enhanced MR angiography was used to assess aortic dimensions, which were measured both 

at the sinuses of Valsalva (SOV) and the mid-ascending aorta (MAA) at the level of the 

pulmonary artery using doubly-obliqued multiplanar reformatted images as described 

previously28–30.

4D-flow MRI preprocessing—4D-flow MRI data underwent corrections for concomitant 

gradient fields, eddy currents, and velocity aliasing as previously described31,32. Noise 

masking and subsequent calculation of absolute blood flow velocities weighted by the 

magnitude data permitted the calculation of a time-averaged 3D phase contrast angiography 

(PC-MRA) for anatomic orientation (Figure 1) (Bock J, et al., presented at the 2007 annual 

meeting of the ISMRM, Abstract 3138).

4D-flow MRI analysis - semi-automated workflow—After preprocessing, 4D-flow 

MRI data were loaded into commercial 3D visualization software (EnSight, CEI, USA). A 

series of macros programmed in Python (Python Software Foundation) were developed and 

embedded in the visualization software for systematic step-wise 3D flow visualization and 

regional flow quantification.

A schematic summary of the semi-automated analysis workflow is provided in figure 2. 

Initially, the user adjusted the 3D-PC-MRA threshold for masking velocities inside the 

aorta. Next, nine analysis planes were positioned at anatomical landmarks along the thoracic 

aorta. The first plane was manually positioned in the aortic root, proximal to the sinuses of 

valsalva. The subsequent eight analysis planes were created automatically by using the 

location of the first plane to estimate the position and angulation of the remaining 8 planes. 

All plane positions were then manually shifted to defined anatomical landmarks and 

angulated orthogonal to the aortic lumen (plane 2 in the proximal ascending aorta (AAo), 

plane 3 in the AAo at the level of the right pulmonary artery, plane 4 in the AAo proximal to 

the origin of the brachiocephalic trunk, plane 5 between the origins of the brachiocephalic 

trunk and left common carotid artery, plane 6 between the origins of the left common carotid 

and left subclavian arteries, plane 7 in the proximal descending aorta (DAo), plane 8 in the 

DAo at the level of plane 1, and plane 9 in the distal DAo).

Based on the plane positioning all following steps were fully automated: Creation of time-

resolved particle traces for 3D blood flow visualization in the aorta and the quantification of 

regional blood flow in all nine analysis planes (peak systolic velocity, net flow, regurgitation 
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fraction). For all 20 patients, semi-automated 4D-flow analysis was performed in a blinded 

fashion by two independent observers.

To evaluate the accuracy of the new semi-automated workflow, four analysis planes (aortic 

root, mid-ascending aorta, mid-aortic arch and proximal descending aorta) were exported 

from the visualization software and manually segmented for each cardiac phase by one 

observer using a home built tool programmed in Matlab (Matlab, The Mathworks, USA). 

The aortic lumen contours were manually delineated for all time-frames, and net flow, 

regurgitation fraction and peak systolic velocity were calculated.

Statistics

Continuous variables are reported as mean ± standard deviation. To compare hemodynamic 

parameters between the two patient groups (CAV cohort and tricuspid valve) a Lillifors test 

was used to determine parameter normalcy followed by 1-way ANOVA (normal 

distribution) or Kruskal Wallis (non-normal distribution). If an F or chi-squared statistic less 

than 0.05 determined that a hemodynamic parameter was significantly different between 

groups, multiple comparisons for all groups were performed. To detect statistically 

significant differences between groups, unpaired two-sample one-tailed t-tests were applied. 

For the detection of statistically significant inter-observer and inter-method differences of 

continuous variables, paired two-sample one-tailed t-tests were applied.

Agreement between observers and between the semi-automatic-work flow and the 

reference-standard (manual segmentation) was evaluated using Bland-Altman analysis33 for 

flow quantification in four representative planes (aortic root, mid-AAo, mid-aortic arch and 

proximal DAo). From these data, mean difference (d̅), the limits of agreement (d̅ ± 1.96 SD) 

and the 95% confidence intervals ( ) were calculated. The appropriate t-value is 

taken from a standard t-distribution table in the column for α = 0.05 and n − 1 degrees of 

freedom (with n = 10 and t = 2.262 in our study).

RESULTS

Patients’ demographics are summarized in Table 1. Both patient groups were matched for all 

parameters except for age (the CAV group was significantly younger, P = 0.016) and gender 

(proportion of men in the CAV group = 1.2, an in the TAV group = 8). Both patient groups 

had aortic dilatation as expressed by SOV and MAA diameters. All patient data was 

successfully preprocessed and analyzed using both the semi-automated and manual analyses 

as illustrated for a representative patient from each cohort in Figure 2.

Analysis times for the new workflow

Processing time needed to analyze 4D-flow MRI data based on the semi-automatic 

workflow (plane positioning, creation of 3D particle traces, flow quantification in 9 analysis 

planes, see figure 2) was 40.1 ± 15.7 minutes. Manual segmentations of the vessel wall for 

four planes (reference method) required additional 30 minutes per patient.
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Flow Quantification: Semi-automatic workflow versus manual segmentation

The results of semi-automated regional flow quantification in the aortic root, AAo, arch and 

DAo compared to the standard of reference method of manual lumen segmentation are 

summarized in Figure 3 and Table 2 (supplemental material). Good agreement was found 

for net flow and peak systolic velocity (d̅<8% of mean values) compared to the reference 

standard while agreement was only moderate for regurgitant fraction (d̅<41%).

Figure 4 shows an analysis plane-by-plane comparison of all flow parameters (peak velocity, 

net flow, regurgitation) for both CAV and TAV cohorts. Flow quantification based on the 

semi-automated workflow yielded similar flow parameters compared to the reference 

method except for regurgitant fraction in the aortic root (CAV: 2.70 ± 2.69 % vs. 2.20 ± 

5.81 %, P=0.02)..

Net flow and peak velocity were similar in all analysis planes for CAV and TAV cohorts for 

both analysis methods. Statistically significant differences in peak systolic velocities in the 

DAo (CAVaut: 1.03 ± 0.26 m/s, CAVref: 0.97 ± 0.22 m/s, TAVaut: 0.79 ± 0.15 m/s, TAVref: 

0.75 ± 0.14 m/s, Paut = 0.02, Pref = 0.014) were detected by both the semi-automated 

analysis and reference methods.

Inter-observer variability

Results of observer variability analysis for flow quantification in the aortic root, AAo, arch 

and DAo are summarized in Figure 5 and Table 3 (supplemental material). Bland Altman 

inter-observer comparisons for net flow, peak velocity, and regurgitation fraction (d̅netflow = 

8.1 ± 13.8 ml/cycle, d̅pvelo = 0.1 ± 0.7 m/s, d̅regurg = −0.01 ± 4.6 %) demonstrated good 

agreement (mean differences d̅ < 10% of mean values) for all flow metrics.

DISCUSSION

The findings of this study systematically investigated a new standardized semi-automated 

analysis workflow for the evaluation of aortic hemodynamics based on 4D-flow MRI data. 

The application in a study cohort of 20 patients with dilation of the ascending aorta 

illustrated its performance compared to a reference method and its ability to detect 

differences in aortic flow between patients with and without trileaflet aortic valve 

morphology.

We found good inter-observer agreement for peak systolic velocity, net flow and regurgitant 

fraction, three hemodynamic parameters commonly used in the clinical routine. In addition, 

the comparison between the semi-automated analysis and the reference method of manual 

segmentation of vessel walls revealed good agreement. Variability between observers was 

increased at the aortic root, compared to the reference method. However, statistically 

significant differences in peak systolic velocity in the descending aorta between the two 

patient groups were detected by both methods, with an average of higher peak velocities 

using the semi-automated analysis method. Although the semi-automated analysis technique 

differed from the reference method in quantification of the retrograde fraction at the aortic 

root plane, the differences were small and of doubtful clinical significance.
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Inter-observer and inter-method variability

For the semi-automatic analysis, calculation of flow parameters was fully automated based 

on aortic lumen contours as defined by the 3D PC-MRA mask. However, the PC-MR 

angiogram represents a time-averaged 3D mask of the thoracic aorta and may also include 

adjacent vessels such as the pulmonary arteries or caval veins. Incorrect plane placement or 

size may thus result in the inclusion of flow velocities from neighboring vessels into the 

flow calculations and lead to errors in flow parameters. Therefore, we investigated the 

variability of results compared to manually segmented vessel walls and found good accuracy 

for net flow and peak velocities (< 8 % variation compared with average values). However, 

regurgitant fraction was not as accurate with increased mean difference of approximately 40 

% of the average value. We also found a significant difference in regurgitation for the two 

observers at the level of the aortic root. However, the average regurgitant fraction in our 

patient cohort was very low (4.47 % ± 7.50 %), such that the 40% mean difference 

corresponded to small and clinically acceptable differences of 1.8%. Future studies should 

therefore investigate the performance of the methods in cohorts with moderate or higher 

degrees of aortic valve insufficiency.

The highest variability between observers was found at the aortic root. These findings are 

related to the increased motion during the cardiac cycle of the aortic root compared to other 

aortic segments. As a result, plane placement is more challenging and the lumen contours 

defined by the time-averaged 3D PC-MRA mask may introduce more lumen segmentation 

inaccuracies. In addition, square planes used for the analysis may include flow velocities 

from neighboring structures such as the pulmonary artery.

However, we believe that the variability in our results is acceptable for typical clinical 

applications, which rely on integrated flow time curves (stroke volume, regurgitant flow) or 

the measurement of peak velocities (stenosis grading). Nevertheless, further investigation of 

the impact of these inaccuracies on flow quantification should be investigated for patient 

groups with severe aortic valve stenosis and/or regurgitation to evaluate the influence of 

more extreme flow conditions on quantification accuracy.

Sensitivity of plane placement

Regional flow quantification is sensitive to plane placement as illustrated in Figure 6 

showing an example for plane placement in the mid-ascending aorta by the two observers. 

As evident from Figure 6, observer 2 did not fully include the entire aortic lumen in the 

analyses plane. In addition, different plane angulation resulted in increased partial volume 

error due to flow from the pulmonary artery. As a result, observer variability for all flow 

parameters was high for this particular patient. These findings indicate the importance of 

careful training of observers regarding anatomical location for plane placement and 

angulation.

In a previous aortic 4D-flow MRI reproducibility study by Markl et al.27, inter-observer 

variability was investigated in 12 healthy volunteers. Net flow was found to be < 5 % of the 

total average flow and peak systolic velocity was < 3 % of the total average. In comparison, 

we found similar but moderately increased variability in our study cohort. However, the 
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previous study did only investigate aortic hemodynamics in healthy young controls and used 

a very time-intensive manual segmentation of aortic analysis planes. The results of our study 

therefore confirm the potential of a new semi-automated and more time-efficient analysis 

workflow for reproducible aortic 4D-flow MRI in patients with aortic dilation and 

congenitally altered or trileaflet aortic valve morphology.

Study limitations

Limitations of this study include the small number of patients, which underlines the 

feasibility nature of this study. In particular, the analysis of peak velocity and regurgitant 

fraction should be further analyzed in larger cohorts including sub-group analysis with more 

significant variance in parameters (aortic stenosis, moderate or greater aortic insufficiency, 

and/or aortic coarctation). Nevertheless, we were able to show that semi-automated 4D-flow 

analysis can provide reproducible results with good accuracy compared to manual 

segmentation as the standard of reference.

We investigated whether or not our new method can detect the same differences in flow 

parameters as found with the reference method. A drawback of this analysis is related to the 

analyzed parameters, which were not very sensitive to hemodynamic differences between 

the TAV and CAV groups. We only found differences in peak systolic velocities in the 

descending aorta. Future studies should thus investigate parameters such as wall shear stress 

that have been shown to better reflect hemodynamic differences between these cohorts28,34.

A further limitation of this study is related to the absence of a gold standard measurement of 

regional aortic blood flow to evaluate the accuracy of flow parameters. The results presented 

in this study were based on intra-modality comparisons using semi-automated and manual 

aortic lumen segmentation. Future studies should additionally investigate the variability of 

4D-flow MRI compared to standard 2D CINE PC MRI and flow parameters from other 

modalities such as Doppler echocardiography.

While the semi-automated workflow substantially reduced data analysis time (average 

timesaving of 7.5 minutes per analyzed segmented plane), analysis was still long (average of 

40.1 minutes), which still limits the clinical application of aortic 4D-flow MRI. Further 

refinements and automation of the analysis workflow are thus needed to improve the 

interaction into a clinically feasible timeframe. For example, calculation of a centerline in 

the thoracic aortic lumen and automatic analysis plane placement orthogonal to the center 

line may help reducing the time needed for the manual refinement of plane positioning35,36. 

In addition, both analysis time and accuracy could be further increased by using a separately 

segmented 3D angiogram for each vascular structure of interest to improve the 3D masking 

of the thoracic aorta and thus avoid partial volume effects from flow velocities in adjacent 

vessels.

Conclusions

In conclusion, we have developed a more time-efficient semi-automated workflow for the 

analysis, visualization and the calculation quantitative blood flow parameters from aortic 

4D-flow MRI data. Findings in two patient cohorts showed good inter-observer agreement 

and accuracy for net flow and peak systolic velocity. The semi-automated workflow could 
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detect differences in peak systolic velocities between both patient groups. Future prospective 

studies are needed to investigate the clinical utility of the semi-automatic 4D-flow analysis 

for the comprehensive evaluation of aortic valve disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Summary of the workflow from left to right: A. PC-MRA and the magnitude image loaded 

into the visualization software. B. Positioning of 9 analysis planes along the aorta. The four 

planes used for further quantification are highlighted in bold type. C. Calculation of time-

resolved particle traces with the PC-MRA as a mask. D. Flow quantification of peak 

velocity, net flow and regurgitation using the 3D-PC-MRA as a mask for the vessel 

boundaries for each analysis plane.
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Fig. 2. 
Examples of semi-automated 3D flow visualization and flow quantification for a CAV and a 

TAV patient. 3D blood flow is visualized using systolic 3D streamlines.
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Fig. 3. 
Bland-Altman analysis of flow quantification based on the semi-automatic workflow 

compared to the reference method (manual segmentation of the vessel wall) for net flow, 

peak velocity and regurgitant fraction.
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Fig. 4. 
Comparison of flow quantification based on the semi-automated workflow (white column) 

with the reference method (manual segmentation) for both patient groups and all analysis 

planes. A: peak systolic velocities B: net flow C: regurgitant fraction. * indicates significant 

differences between the new method and the reference method (p < 0.05, paired two-

sampled paired t-test). + indicates significant differences between the two patient groups (p 

< 0.05, unpaired two-sampled t-test).
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Fig. 5. 
Bland-Altman plots for inter observer variability for net flow, peak velocity and regurgitant 

fraction.
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Fig. 6. 
Inter-observer variability of analysis plane placement in a CAV patient analyzed by two 

observers. For each observer, an anterior superior view and on the right the dexter view is 

shown.
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Table 1

Patients’ demographics (CAV = bicuspid aortic valve, TAV = tricuspid aortic valve, Ao = aorta, SOV = 

sinuses of valsalva, MAA = mid-ascending aorta)

Parameter CAV TAV

Age 46.7 ± 8.9* 55.5 ± 5.9*

Gender 6M, 5F 8M, 1F

Height in cm 180.1 ± 11.7 176.7 ±6.2

Weight in kg 81.0 ± 14.4 91.5 ± 20.8

Stroke Volume in ml 82.2 ± 16.8 89.2 ± 31.1

SOV diameter in cm 4.2 ± 0.6 4.3 ± 0.5

MAA diameter in cm 3.9 ± 1.1 4.3 ± 0.4

Ao Stenosis 1 severe, 1 mild to moderate 2 moderate

Ao Insufficiency 1 severe, 2 mild, 1 trace 3 mild, 1 trace

Aneurysm 9 all

Valve 10 Bicuspid, 1 Quadricuspid 9 Tricuspid

Valve Fusion pattern 5 R/N, 5 R/L -

*
indicates significant difference (p<0.05) using an unpaired t-test (for normal distributed data) or the Mann-Whitney U-test (for not normal 

distributed data).
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