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Purpose: Aortic dimensions and peak velocity (PV) are clinically important metrics for the characterization of aortic 
disease1. However, these parameters are typically evaluated at selected locations (e.g. mid ascending aorta [MAA]) 
and are thus subject to observer variability. Further, analysis based on single analysis planes may miss the true 
maximum aortic diameter or PV and the impact of different aortic diseases on aortic dilation patterns and changes in 
hemodynamics throughout the aorta are not fully understood. Therefore, the purpose of this study was to apply 
volumetric 4D flow MRI for the simultaneous assessment of aorta morphometry and flow parameters along the entire 
volume of the thoracic aorta. The aim was to test the hypotheses that 1) 4D flow can detect differences in aortic 
dimensions and hemodynamics throughout the aorta based on a single acquisition; 2) changes in aortic dimensions are 
associated with age and PV; 3) bicuspid valve morphology can significantly impact aortic dilation patterns compared 
to patients with aortic dilatation and tricuspid aortic valves.  
 

Methods: 165 subjects (65 controls [age=43±14 yrs, 25 females], 50 patients with bicuspid aortic valve (BAV) with 
aortic dilation (MAA diameter ≥30 mm) [age=49±14 yrs, 12 females, MAA diameter= 39±6 mm], and 50 patients 
with tricuspid aortic valve (TAV) and aortic dilation [age=61±14 yrs, 9 females, MAA diameter= 40±6 mm]) were 
identified via an IRB-approved retrospective chart review. Imaging was performed at 1.5T (n=119) and 3T (n=46). 
All subjects underwent ECG gated 4D flow MRI during free breathing with adaptive respiratory navigator gating2. 4D 
flow data were acquired in a sagittal oblique orientation covering the entire aorta (Venc=1.5–4 m/s, TE=2.3–2.84ms, 
TR=4.6–5.4ms, FOV=212–540mm×132–326mm, spatial resolution=1.66–2.81×1.66–2.81×2.2–3.7mm³, temporal 
resolution=36.8–43.2ms, FA=15°). In 20 controls, standard contrast enhanced (CE) MRA was performed for 
morphometric validation (ECG-gated 3D FLASH, contrast media: Magnevist, Ablavar, Gadovist, Multihance, FOV 
384×204 mm2. resolution 1.17×1.17×1.4 mm3, TE=1.07ms, TR=3.11ms, FA=30°). Data analysis for all 165 subjects 
included the calculation of a 3D phase-contrast (PC) angiogram (MRA) from the 4D flow data2 (Matlab, The 
Mathworks, USA) followed by 3D segmentation (Mimics, Materialise, Leuven, Belgium) of the aortic lumen (Fig. 
1A). A volume centerline3 was calculated based on the aorta 3D segmentation (Fig. 1B) and used to automatically 
extract diameter and PV along the entire centerline. Standardized anatomic landmarks (left ventricle outflow tract 
[LVOT], aortic sinus [SOV], sino-tubular junction [STJ], MAA, brachiocephalic trunk [BCT], left subclavian artery 
[LSA] and descending aorta [DAo], Fig. 1C) were used to normalize the measurements along the aorta centerline 
distance. Morphometric validation in 20 controls was performed by comparing 4D flow derived diameter with manual 
diameter measurements at landmarks (STJ, BCT, LSA, and DAo) obtained from the clinical reference standard CE 
MRA. In addition, the CE-MRA data underwent 3D segmentation and extraction of diameter along the centerline.  
  

Results: For CE-MRA, the manually measured diameters at the prescribed landmarks were in excellent agreement 
with centerline based calculations, with an absolute difference of 2±2 % (Fig 2A). However, 4D flow derived 
diameter was significantly different compared to CE MRA in the aortic sinus region (Fig. 2A). For the remainder of 
the aorta (STJ to DAo), very good agreement for diameter between CE MRA and 4D flow MRI was found (r=0.98, 
p<0.001, mean difference=0.1 mm, limits of agreement=±2.2mm, absolute error=5±4 %). Significant differences 
between controls, BAV and TAV groups were found throughout the aorta for aortic dimensions and PV (p<0.05, Fig. 
2B and p<0.05, Fig. 2C, respectively). Diameter showed significant differences in the ascending aorta for controls vs. 
BAV and controls vs. TAV. Interestingly, aortic diameter for BAV and TAV were not significantly different in the 
ascending aorta but were significantly different in the aortic arch and descending aorta. Maximum PV was located 
within the LVOT-STJ section and showed a significant difference (p<0.05) between all groups. PV was also 
significantly different between groups from MAA to DAo sections, mainly between controls vs. TAV and control vs. 
BAV. Significant correlations of diameter with age (r=0.52, p<0.001) and aortic PV (r=0.44. p<0.001) were found. 
However, independent group correlations showed that this association was mainly driven by the control group 
(r=0.55, p<0.001 and r=0.45, p<0.001). BAV showed lower correlations for age (Fig. 3A) and aortic PV (Fig. 3B) 
(r=0.26, p=NS and r=0.15, p=NS) than TAV (r=0.32, p<0.001 and r=0.32, p<0.001).    
         

Discussion and Conclusion: The main findings of this study were: 1) aorta morphometric and hemodynamic 
differences can be detected using a single 4D flow MRI acquisition in the entire aorta except the SOV regions; 2) the 
association of max diameter with age and PV were driven by the control group, while the aortic dilation groups (BAV 
and TAV) showed modest correlation to age; 3) the presence of BAV significantly impacts PV, while no significant 
difference was found in ascending aorta diameter between the BAV and TAV groups. An important component of 
this study was the cross-validation of 4D flow MRA with CE MRA and standard-of-care measurements made using 
CE MRA. Aortic 

dimensions were inaccurate at the sinuses in the PC-MRA due to the lower 
velocities in the sinus, which will reduce the PC-MRA contrast and ultimately 
impact the segmentation region. Interestingly, an independent group correlation 
was found for diameter and age. Studies have suggested that diameter changes 
may be age- and gender-based. Similarly, in this study, the control group was 
the main driver of the association between diameter and age. This behavior was 
also observed in the association of diameter and PV. The presence of BAV 
increased PV and resulted in less dilation in the MAA. The proposed 4D flow 
approach was able to show both morphological and hemodynamic 
measurements, and identify differences between various aortic pathologies. 
Further studies in large cohort groups are needed to establish confidence 
intervals for aortic morphometry and hemodynamics to allow for the accurate 
detection and classification of pathology. 
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Figure 1. Work flow for aortic diameter and peak velocity
measurements. 4D flow derived 3D PC MRA was used for aortic
segmentation (A) and centerline calculation (B). Planes (C) were
placed along the centerline to measure aortic diameter and peak
velocity normalized to standard landmarks. 
 

 
Figure 2. Morphometric and hemodynamic measurements in the
entire aorta. (A) Aortic diameter determined by phase contrast (PC)
MRA, contrast enhanced (CE) MRA, and standard multiplanar CE
MRA. Red dots indicate a p-value < 0.05 between CE MRA
diameters and PC MRA diameters. (B) Aortic diameter for healthy 
controls (CTL in blue), subjects with bicuspid aortic valve (BAV in
orange) and tricuspid aortic valve (TAV in gray) with 95%
confidence interval. (C) Peak velocity for healthy controls (CTL in
blue), subjects with bicuspid aortic valve (BAV in orange) and 
tricuspid aortic valve (TAV in gray) with 95% confidence interval.
Yellow dots indicate a p-value < 0.05 between CTL vs. BAV. Dark
blue dots indicate a p-value < 0.05 between CTL vs. BAV. Green
dots indicate a p-value < 0.05 between BAV vs. TAV.  

 
Figure 3. Regressions between maximal aortic diameter in the ascending aorta and age and peak velocity (Ao Vmax) 
for healthy controls, subjects with bicuspid aortic valve (BAV) and tricuspid aortic valve (TAV). (a) Individual 
regressions for aortic diameter and age for controls (solid line), BAV (dashed line) and TAV (Dashed-dot line). (b) 
Individual regressions for aortic diameter and Ao Vmax for controls (solid line), BAV (dashed line) and TAV
(Dashed-dot line). 
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