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Abstract

Purpose—Absolute local normalized helicity (LNH) can differentiate flow alterations in the 

aorta between healthy controls and bicuspid aortic valve (BAV) patients.

Methods—65 controls and 50 subjects with BAV underwent in-vivo 4D flow MRI. Data analysis 

included the 3D segmentation of the thoracic aorta (ascending aorta, aortic arch and descending 

aorta) and calculation of absolute LNH. The mean velocity in the entire aorta was used to identify 

peak systole, systolic deceleration and mid-diastole. A sensitivity analysis was performed to 

identify the optimal absolute LNH threshold comparing control and BAV groups. A 

reproducibility test was performed for 3D segmentation and absolute LNH.

Results—Absolute LNH above 0.6 was significantly higher (P<0.001) in BAV in comparison to 

controls for all aortic segments and cardiac time frames. Absolute LNH in the ascending aorta 

correlated with maximal aortic diameter (r=0.83, P<0.001, at peak systole; r=0.84, P<0.001, at 

systolic deceleration; r=0.88, P<0.001, at mid-diastole) and significantly increased (P<0.001) with 

aortic stenosis severity. Intra- and inter-observer errors were 5±2% and 12±6% for 3D 

segmentation and 7±6% and 12±7% for absolute LNH.

Conclusion—Absolute LNH can differentiate between controls and subjects with aortic 

dilatation, and was associated with maximal aortic diameter and aortic stenosis severity.
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INTRODUCTION

The curved non-planar geometry of the human thoracic aorta leads blood ejected from the 

heart to develop helical flow patterns (1). Helical flow, corkscrew-like motion about the 

principal flow direction, has been reported as a normal observation in healthy subjects (2–4). 

Helical flow in the thoracic aorta may be exacerbated by common pathologies such as aortic 

dilatation, aortic valve stenosis, or bicuspid aortic valve (BAV) (5–9). In turn, increased 

helical flow can influence the distribution of shear forces at the vessel wall and contribute to 

the changes in endothelial cell function thereby promoting arterial remodeling (5,7,10,11). 

Helical flow can be evaluated invivo using four dimensional (4D) flow MRI which facilitates 

the acquisition of time-resolved 3-dimensional flow velocities with full volumetric coverage 

of the entire thoracic aorta (7,12,13). Previous studies have qualitatively estimated helical 

flow through 3D flow visualization and assessment of pathlines, streamlines, or flow vectors 

(14–17). These approaches to analysis and classify helical flow could remain observer 

dependent. A more quantitative approach to assess flow helicity can be achieved by 

parameters such as vorticity magnitude threshold, Q-criterion, λ2-criterion, and local 

normalized helicity (LNH) (13,18–20).

In particular, LNH measures the local alignment between the velocity and the vorticity 

vector fields, provides information about the organization of both laminar and turbulent 

flow, and is associated with flow energy decay over time (21,22). LNH has been explored 

using 2D velocity measurements, multi-planar reformatting of 4D flow MRI data and 

volumetric topologic visualization (13,23–26). In addition, some studies have shown that 4D 

flow MRI derived LNH can be useful to better understand complex flow pattern evolution 

through the formation and dissipation of volumetric flow helicity (13,24,26). A visualization 

threshold of ±0.8 for LNH has been used in previous studies with small populations to detect 

elevated LNH regions (23,25,27). However, a full 3D quantification methodology, the 

definition of optimal analysis thresholds, and reproducibility test for assessing and detecting 

regions with elevated LNH in larger populations are missing. This might limit the diagnostic 

value of LNH for the characterization of aortic and valvular diseases. Specially, BAV 

patients are prone to increase helical flow which might promote aortic dilatation (5,7,28). 

Thus, the association between quantitative 3D LNH and patients with BAV should be 

evaluated for a better understanding of local alterations in aortic dimensions. Moreover, 

aortic valve fusion pattern and aortic stenosis severity might similarly increase helical flow 

formation in the ascending aorta (5,6,28,29).

This study aims to exploit the full volumetric coverage of 4D flow MRI to demonstrate that: 

1) the optimal selection of absolute LNH threshold may improve the assessment of elevated 

helicity in healthy controls and BAV patients; 2) absolute LNH quantification can 

differentiate helical flow alterations in the aorta between healthy controls and BAV patients 

with aortic dilatation; 3) absolute LNH is associated with BAV aortic dimensions, peak 

velocity, and aortic valve effective orifice area; 4) absolute LNH increases with aortic valve 

stenosis severity in BAV patients.
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METHODS

Study population

Data from 115 subjects (65 healthy controls [age=43±14 years, 25 females] and 50 BAV 

patients [age=49±14 years, 12 females]) was included for analysis. The BAV patients were 

enrolled via an IRB-approved retrospective chart review for those who underwent a 

standard-of-care MRI between February 2014 and August 2014 for surveillance of aorta 

size. Heathy control volunteers underwent 4D flow MRI based on an IRB-approved 

prospective protocol and informed consent was obtained from all those participants.

Magnetic resonance imaging

MR imaging was performed on 1.5T (total n=74, healthy controls n=33, BAV=41) and 3T 

(total n=41, healthy controls n=32, BAV=9) systems (Magnetom Espree, Avanto, Aera and 

Skyra, Siemens, Erlangen, Germany) with dedicated body surface coils (Espree and Avanto: 

6 elements coil + 6-9 in patient table for a total of 12-15 elements; Aera and Skyra: 18 

elements coil + 12-18 elements in patient table for a total of 30-36 elements). All subjects 

underwent a standard-of-care thoracic cardiovascular MRI exam including dynamic 2D cine 

steady state free precession (SSFP) imaging of the heart and the aortic valve. The aortic 

valve images were used to determine valve morphology as previously reported (30). 4D flow 

MRI was acquired in a sagittal oblique 3D volume covering the thoracic aorta with 

prospective ECG-gating and a respiratory navigator placed on the lung-liver interface (12). 

Conventional parallel imaging, GRAPPA (GeneRalized Autocalibrating Partially Parallel 

Acquisitions), with a factor of R=2 was used. Pulse sequence parameters were as follows: 

TE=2.3–2.84 ms, TR= 4.6–5.4 ms, FOV= 212–540 mm×132–326 mm, true spatial 

resolution = 1.66–2.81×1.66–2.81×2.20–3.50 mm3, temporal resolution = 36.8–43.2 ms, flip 

angle = 15°. Velocity encoding was adjusted to minimize velocity aliasing (1.5-4.0 m/s) 

based on the cine SSFP 3-chamber view of in-plane 2D phase-contrast scout images. A 

summary including the spatial resolution and velocity encoding selection for the controls 

group and BAV aortic stenosis sub-groups is provided in Table 1. 4D flow MRI acquisition 

times varied from 8 to 15 min depending on heart rate and navigator gating efficiency.

Data analysis

All 4D flow MRI data (Fig. 1A) were corrected for eddy currents, Maxwell terms, and 

velocity aliasing using custom built software (31) programmed in Matlab (Mathworks, 

Natick, Ma, USA). A 3D phase contrast (PC) MR angiogram (MRA) was computed for each 

subject using the pre-processed 4D flow MRI data as given by 

, where  is the magnitude image,  is 

the spatial location within the 3D volume, v is the velocity encoded image with j 
representing the velocity encoding direction in image coordinates (x, y, z), and i is the 

measured time frame within the cardiac cycle (12). The 3D PC MRA data were used to 

manually obtain a 3D segmentation (Mimics, Materialise, Leuven, Belgium) of the aortic 

lumen (Fig. 1B) (32). Anatomic landmarks were defined using the 3D PC MRA 

segmentation and the 4D flow MRI magnitude images, and used to subdivide the aorta 3D 

segmentation into three segments (Fig. 1C): ascending aorta (from left ventricle outflow 
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tract to brachiocephalic trunk [BCT]), aortic arch (from BCT to left subclavian artery 

[LSA]) and descending aorta (from LSA to the end of the segmentation). The maximal 

aortic diameter was calculated using equidistant planes along the 3D segmentation centreline 

in the ascending aorta segment (33,34). The 4D flow MRI dataset was subsequently masked 

using the full aorta 3D segmentation. The time-resolved masked aorta velocity field was then 

used to calculate the velocity magnitude (i.e. ). Mean velocity over 

the entire volume along the cardiac cycle was used to identify peak systole, systolic 

deceleration (between peak systole and end systole) and mid-diastolic time frames (Fig. 1D 

and Fig. 2). A maximum intensity projection (MIP) of Vmag was calculated in an oblique 

sagittal plane and averaged over three cardiac time frames centered on peak systole (32). 

The peak velocity in the ascending was extracted from the calculated Vmag MIP. Peak 

velocity was used to grade aortic stenosis severity and ranged between none (<2.0 m/s), mild 

(2.0-2.9 m/s), moderate (3.0-3.9 m/s), and severe (>4.0 m/s) overall subjects as indicated in 

the aortic valve guidelines (35). Aortic valve regurgitation severity (regurgitant fraction) was 

measured using an analysis plane at the sino-tubular junction (35). Aortic valve effective 

orifice area was calculated using the jet shear layer detection method (18,36,37).

Helicity calculation

LNH was calculated along the cardiac cycle as , where V and ω are the masked 

velocity and the vorticity vectors (13,21,26). The vorticity was derived from V as ω=curl (V) 

using a fourth-order compact Richardson scheme (18,37–39). The LNH calculation results 

in values between −1 and 1 (left-handed and right-handed rotation respectively) 

corresponding to the local angle between the velocity and the vorticity vectors. High values 

(±1) reflect regions where the flow rotation is reaching elevated helicity, and zero is obtained 

when the flow is symmetric. To assess both rotational directions the absolute LNH was used 

for analysis. A sensitivity analysis was performed to define which threshold was most 

sensitive to differences in absolute LNH between BAV and control groups. Gallo et al. 

defined a poor characterization of LNH at ±0.4 (27). Thus a threshold test range from 0.4 to 

0.95 of absolute LNH was set, at each threshold the isosurface volume (in mm3) was 

obtained. Furthermore, inter- and intra-observer variability between segmentations and 

calculation of absolute LNH were evaluated in 10 healthy control cases. Absolute error 

between measured volumes and Bland-Altman analysis were reported for both segmentation 

volume and absolute LNH using the optimal threshold from the sensitivity analysis.

Statistical analyses

All continuous data are presented as mean ± standard deviation. A Shapiro-Wilk test was 

used to evaluate distribution normality for measured parameters before performing a 

statistical comparison. Sensitivity analysis consisted of a statistical assessment between BAV 

and control groups for each evaluated segmentation (i.e. full aorta, ascending aorta, aortic 

arch, and descending aorta). Absolute error of aortic segmentation and absolute LNH was 

calculated by absolute error . For intra-observer 

absolute error measurement 1 was used as reference. For inter-observer absolute error 

measurement 1 from observed 1 was used as reference and measurement 2 was provided by 
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observer 2. Bland-Altman analysis was perform for both segmentation volume and 

calculation of absolute LNH using the optimal threshold from the sensitivity analysis. An 

independent-sample t-test was conducted to evaluate the significant differences between 

groups at peak systole, systolic deceleration and mid-diastolic frames. To compare measured 

parameters between heathy controls and BAV group an independent-sample t-test (Gaussian 

distribution) or Mann-Whitney test (non-Gaussian Distribution) was performed. 

Associations between maximal aortic diameter, aortic peak velocity, aortic valve effective 

orifice area, and absolute LNH in the ascending aorta were assessed by 2-tailed Pearson's 

correlation. P-values < 0.01 were considered significant. Statistical analysis was performed 

with SPSS 17 (SPSS, Chicago, IL).

RESULTS

Patient characteristics

The demographics of the study groups are summarized in Table 2. Patients in BAV group 

were significantly older (P=0.017) and taller (P=0.002) than healthy controls. Maximal 

aortic diameter was significantly higher in BAV group as compared with healthy controls 

(40±5 mm vs. 33±4 mm, P<0.001). In the BAV group n=10 (20%) patients presented with a 

peak velocity > 4 m/s (severe aortic stenosis). Aortic regurgitation was detected in 11 (22%) 

of BAV patients of which 1 (2%) was severe.

Local normalized helicity quantification

Absolute LNH was successfully extracted for all subjects. Sensitivity analysis P-values 

determined that 0.6 was the optimal threshold detecting most differences between groups at 

given time frames (Fig. 3). Thus, the data within this optimal threshold was used for further 

analysis. Aortic segmentation intra- and inter observer error were 5±2 % (measurement 

difference=−2517 mm3, limits of agreement: −14,373 mm3 to 9,703 mm3) and 12±6 % 

(measurement difference=3287 mm3, limits of agreement: −28,486 mm3 to 25,060 mm3) 

respectively. Absolute LNH intra- and inter observer error were 7±6 % (measurement 

difference=99 mm3, limits of agreement: −3,187 mm3 to 3,385 mm3) and 12±7 % 

(measurement difference=1250 mm3, limits of agreement: −5,233 mm3 to 7,732 mm3) 

respectively. Representative examples for one healthy control and one BAV patient (Fig. 2) 

illustrate the characteristic differences in aortic absolute LNH. Normal flow in controls at 

peak systole resulted in small and well organized absolute LNH structures. It was observed 

that LNH structures increased during deceleration and diastole (Fig. 2A). In contrast, LNH 

structures observed in BAV subjects led to marked local LNH elevation which persisted 

during late systolic deceleration and into diastole (Fig. 2B), in particular in the aortic valve 

region. As well, increased LNH appeared during mid-diastole in the descending aorta. 

Absolute LNH was significantly higher (P<0.001) in BAV patients in comparison with 

controls for all evaluated segments and cardiac phases (Fig. 4).

Absolute local normalized helicity association with aortic dilatation and peak velocity

Figure 5 summarizes the independent associations between maximal ascending aortic 

diameter and peak velocity with absolute LNH. Strong and significant relationships were 

found between maximal aortic diameter with elevated LHN at systolic deceleration (R=0.84, 
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P<0.001) and mid-diastole (R=0.88, P<0.001). Independent group-wise correlation analysis 

(i.e. controls and BAV) between maximal aortic diameter and elevated LNH are presented in 

Table 3, scatter plot provided as supporting Figure S1. In both groups maximal aortic 

diameter was significantly associated with elevated LNH. The pattern was particularly 

apparent for controls at peak systole and mid-diastole (R=0.84, P<0.001), and for BAV at 

systole deceleration (R=0.8, P<0.001) and mid-diastole (R=0.81, P<0.001). Correlation 

analysis remained similar after adjusting the aortic diameter by age.

Impact of aortic valve stenosis

Aortic valve effective orifice area showed a significant inverse relationship with elevated 

LNH, as presented in Figure 5. In particular, the pattern was apparent during peak systole 

(R=−0.31, P<0.001) and mid-diastole (R=−0.34, P<0.001). BAV patients with mild to severe 

aortic valve stenosis presented higher absolute LNH volumes in comparison with controls 

for all evaluated segments and cardiac time frames (Fig. 6). The presence of severe aortic 

stenosis significantly contributed to the development of elevated helicity along cardiac cycle 

as compared with controls (P<0.001). A summary of group comparisons is presented in 

Table 4, descriptive statistics provided as supporting Table S1. BAV maximum aortic 

diameters for mild (n=12), moderate (n=7) and severe (n=10) AS groups were similar (40±5 

mm, 39±5 mm, and 41±4 mm, respectively). The severe AS group showed higher absolute 

LNH volume in the ascending aorta as compared with mild AS and moderate AS at peak 

systole (20%, and 35%, respectively), systolic deceleration (13%, and 31%, respectively), 

and mid-diastole (12%, and 25%, respectively). However, no significant differences between 

AS groups were found.

DISCUSSION

This study showed that: 1) optimal selection of threshold improves the volumetric 

assessment of absolute LNH; 2) elevated absolute LNH can differentiate helical flow 

patterns between healthy subjects and BAV patients; 3) absolute LNH was more closely 

associated with BAV maximal aorta diameter than aortic peak velocity or aortic valve 

effective orifice area; 4) valve stenosis increases absolute LNH in the ascending aorta; 5) 

absolute LNH demonstrated good reproducibility. The main contribution of this work was to 

introduce a novel quantitative volumetric method to assess complex flow patterns in the 

thoracic aorta and establish an optimal threshold for the assessment of aortic and valvular 

diseases. The systematic pre-processing and automatic calculation of absolute LNH 

demonstrated to have a good inter- and intra- reproducibility. Our findings showed that the 

aortic sub-volume exhibiting elevated absolute LNH was able to provide new quantitative 

information of aortopathy severity. The side-by-side visualization of the velocity magnitude 

MIPs and absolute LNH may be useful to easily identify regions where elevated helical flow 

occurs along the cardiac cycle.

Current clinical approach for adult BAV patients

State-of-the-art cardiac imaging is used for the diagnosis, phenotyping, and hemodynamic 

assessment of aortic valve dysfunction and the initial assessment of the thoracic aorta 

morphometry (40,41). In particular, close surveillance is recommended to detect changes in 
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aortic size, which may be triggered by coexisting mechanical, biological, and genetic 

influences (42). 4D flow MRI offers the opportunity to interrogate the velocities within the 

full volume of the thoracic aorta. The information from the aorta can be used to assess 

functional hemodynamic properties, blood flow patterns and advanced flow biomarkers (e.g. 

shear stress, strain, distensibility, complex helical flow). In this study a quantitative 

volumetric approach assessing complex flow patterns was applied using 4D flow-derived 

absolute LNH in order to complement the visualizations of the velocity field.

Helical flow quantification

The formation and dissipation of helical flow characterizes the local changes of blood flow 

structure over time (43). Therefore, helicity, like energy, has a great influence on the 

evolution and stability of both laminar and turbulent flows (21). In this study, we focused on 

helicity quantification using the absolute LNH. The presence of helical flow in the thoracic 

aorta is based on the assumption that valve morphology and aorta curved geometry may 

promote its formation. We showed, in Figure 2, that elevated helicity can be observed in 

healthy subjects and its formation is larger in BAV subjects with aortic dilatation. Helical 

flow patterns may play an important role by regulating the dissipation of energy and limiting 

flow instabilities (44,45). Previous studies (2,14) have shown that age-dependent changes in 

the thoracic aorta hemodynamics may be associated with an increase of the number of 

vortices (i.e. increase in helical flow). Furthermore, the effect of eccentric flow and the 

formation of helical patterns in BAV patients should be investigated in detail (7,28,29). In 

our study subjects were scanned using scanners at 1.5T and 3T. Strecker et al. demonstrated 

that 3T field strengths improves the 3D PC MRA, which was used for segmentation of the 

aorta, and not statically significant differences were found for systolic peak velocity (0.005 

m/s, P=0.40) and net flow (3 mL/cycle, P=0.39) measurements as compared with 1.5T (46). 

A LNH threshold of ±0.8 has typically been used for visualization purposes to show the 

elevated helicity. To focus on the volumetric assessment of LNH the absolute value was used 

for simplicity. Note that this approach may omit potentially valuable information associated 

with flow rotation direction. In this study, we performed a sensitivity analysis to evaluate 

which absolute LNH threshold may better differentiate in volume the helical flow structures 

present in healthy controls and BAV patients. Our analysis led to a lower absolute LNH 

threshold of 0.6 which captured more volume elements to compare between groups allowing 

a more robust assessment. Furthermore, intra-observer segmentation error was similar 

previous studies, our study 5% vs. 6% in reference (47). In the same study of van Ooij et al. 

a scan retest assessment was performed and a segmentation error of 6% was reported 

between scans. In our study any subject was rescanned. Absolute LNH showed an intra-

observer absolute error of 7% which is similar to other 4D flow velocity derived 

measurements such as wall shear stress (8% of error) (47) or energy loss (15% of error) (48).

Helical flow in BAV and aortic dilatation

Previous studies have associated BAV with eccentric flow and elevated flow helicity in the 

mid-ascending aorta section, and suggested that these flow alterations may contribute to the 

dilatation of the aorta (13,26,28,29,49,50). In this study, absolute LNH in the ascending 

aorta was significantly elevated in BAV patients as compared with healthy controls. Lorenz 

et al. reported a similar significant (P<0.001) difference between controls and BAV with 
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aortic dilatation along the thoracic aorta and the cardiac cycle for absolute LNH using 2D 

analysis planes. However, the 2D analysis strategy can underestimate reported absolute LNH 

(values <0.6) in the same way that peak velocity may be underestimated using 2D analysis 

plane strategy by sub-sampling the 3D velocity field (51,52). The absolute LNH MIPs used 

in our study (Fig. 2) allowed for the observation that absolute LNH >0.6 can be measured in 

heathy controls and its intensity increased in BAV patients. These results aligned with those 

reported by Morbiducci et al. (13,24). Furthermore, this study demonstrated that absolute 

LNH was associated with maximal aortic diameter of the ascending aorta. This hypothesis 

was suggested in previous studies where the qualitative grade of helicity was associated with 

mid-ascending aorta diameter (5,29,50). It is important to note that the association of 

absolute LNH with maximal aortic diameter was higher than the peak velocity (R=0.83 vs. 

R=0.46), and aortic valve effective orifice area (R=0.83 vs. R=−0.31). Furthermore, after 

adjusting aortic diameter by age, the correlations remained similar for both controls and 

BAV (Table 3). Thus, age may have a minimal influence in the association of aortic diameter 

with absolute LNH. Absolute LNH may potentially provide further detail of altered flow 

hemodynamics, beyond that of the aortic diameter growth rate, and elicit insight into fluid-

wall interactions that may cause atherogenesis and/or atherosclerosis (10).

Impact of valve diseases

It has been demonstrated that BAV with aortic stenosis produce a significant (P<0.001) 

change in absolute LNH (26) as compared with heathy controls. The approach used in this 

study confirmed that absolute LNH has a significant association with the maximal ascending 

aorta diameter. Note that peak velocity rather than valve effective orifice area demonstrated a 

greater association with absolute LNH (Fig. 5). The elevated absolute LNH during the 

diastolic phase may be due to aortic valve insufficiency, the inertial effects of the diastolic 

flow, aortic compliance and pulse-wave reflection (4). Furthermore, systole deceleration and 

diastolic helicity may play a role in the aortic valve closing mechanism by avoiding 

turbulence and the left ventricle overload (53–56).

Relation between helical flow and shear forces

Shear forces may occur over the entire flow domain and not just at the aortic wall. It has 

been demonstrated that various components of the shear tensor, in particular shear gradients, 

directly influences platelet aggregation (57). In addition, helical flow and vortex shedding 

may also play an important role in the platelet deposition at physiological Reynolds number 

(22,58,59). Recently, Tovar-Lopez et al. demonstrated that the initiation of platelet 

aggregation is due to the shear gradient mechanism and the vortex formation constitute a 

secondary process that may serve to accelerate platelet aggregation process once the initial 

platelet mass has been established (60). Otherwise, elevated wall shear stress may be 

marginally related to platelet aggregation and activation. However, it may be a factor in the 

dysregulation of the extracellular matrix and elastic fiber degeneration in the ascending aorta 

of BAV patients (9). In particular, wall shear stress directionality has been shown to be 

related to the helical flow topology within the thoracic aorta (25). Furthermore, some studies 

have suggested that the helicity quantification in combination with wall shear stress (WSS) 

may be a valuable strategy for the prediction of dilatation rate, aneurysm formation and 

rupture (6,14,25,28). In this study, a method to quantify flow helicity was proposed. Helicity 
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quantification may thus be an important tool to better characterize both platelet aggregation 

and tissue degeneration in the thoracic aorta.

Study Limitations

This study included 50 BAV patients with a broad range of velocities, mid-ascending aorta 

diameters, and aortic insufficiency. The association between BAV phenotypes and absolute 

LNH was not explored in this study. The role of aortic insufficiency in the increment of 

absolute LNH was not possible due to the small number of severe cases (n=10) included in 

the BAV group. Patients follow-up was not available to assess the association of absolute 

LNH with aorta diameter grow rate, which might be helpful to demonstrate that aortic 

diameter enlargement can be predicted by absolute LNH. The main limitation of the LNH 

calculation is its dependence on spatial resolution, sensitivity to the velocity encoding 

selection (26), and data pre-processing (31). It should be notice that absolute LNH 

calculation was completely automated to reduce potential propagation error or post-

processing settings. The LNH accuracy, error propagation and uncertainties mainly depend 

on the choice of differentiation scheme used (38,39). Any calculation involving partial 

derivatives from the velocity field will be affected by the spatial resolution. In particular, for 

helical flow and vortex detection the error transmission ratio is a function of Δ/L, where Δ 

corresponds to the spatial resolution and L to the length scale of the vortex (39). Thus, 

coarse sampling equals the Nyquist frequency (Δ/L=0.5), i.e. for our subjects groups only 

helical flow with vortex cores >7.4 mm are properly mapped. For this study, a fourth-order 

scheme compact Richardson was used due its stability in a broad range of velocities, spatial 

resolutions, and signal-to-noise ratio (38,39). The effect of velocity encoding selection, 

without aliasing, will produce similar median values of helicity but the variance will be 

reduced with higher velocity encoding selection (26). Aliasing will lead to incorrect helicity 

values but its effect can be reduced using appropriate unwrapping algorithms. Furthermore, 

helicity calculation involves higher-order spatial derivatives which may naturally reflect the 

scale-wise energy dissipation (21). At the macro scale, cascade of eddies, helicity may be 

expected to dissipate faster than the kinetic energy. While at smaller scales (Kolmogorov 

scale on the order of mm to microns) only the kinetic energy dissipation plays a major role. 

For apparent turbulence in blood flow the scale is on the orders of tens of microns (61). 

Thus, 4D flow MRI derived parameters characterize the upper portion of energy dissipation 

process at small scale. A more formal analysis of energy dissipation using 4D flow MRI data 

may be explored by means of dynamic mode decomposition and/or modal mode 

decomposition. These methods are closely related with scale-spatial flow energy dissipation 

and have shown the potential to characterize complex fluids in cardiovascular models (62). 

Otherwise, flow turbulence can better be characterized with 4D flow MRI using the 

quantification of turbulent kinetic energy (63,64). Furthermore, in this study the aortic vessel 

geometry/shape was not assessed. A recent study of Frydrychowicz et al.(14) evaluated this 

geometrical/shape aspect and found that vortex formation was prominent in the ascending 

aorta (50.0%), followed by the descending aorta (40.2%) and the arch (9.8%). In addition, it 

was a significant association between arch geometry and the presence of helicity (P=0.001). 

In our study LNH presented a similar pattern (Fig. 4) with increased LNH in the ascending 

aorta, followed by the descending aorta and then the aortic arch.
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CONCLUSION

In conclusion, this study demonstrated that absolute LNH can differentiate helical flow 

alterations between healthy controls and BAV patients using an optimal threshold. Absolute 

LNH was associated with maximal aorta diameter of the ascending aorta. LNH was 

associated with aortic stenosis severity, however no significant differences between aortic 

stenosis grading groups were found.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Workflow for the assessment of absolute local normalized helicity (LNH)
Workflow for the assessment of absolute local normalized helicity (LNH). 4D flow data (A) 

were used for calculating a phase contrast MR angiogram (MRA). The MRA was used to 

segment the entire aorta (B). Anatomic landmarks (C) identifying the location of the left 

ventricular outflow tract, the branchiocephalic trunk, and the left subclavian artery were 

used. Anatomic landmarks were used to divide the aorta into three sub-domains: 1) 

ascending aorta, 2) aortic arch, and 3) descending aorta. Absolute LNH was computed 

within the entire aorta segmentation (D). Absolute LNH 3D features were visualized and 

quantified using a threshold of 0.6.
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FIGURE 2. Comparison of absolute local normalized helicity in the entire aorta between one 
healthy control and one patient with bicuspid aortic valve (BAV)
Comparison of absolute local normalized helicity in the entire aorta between one healthy 

control and one patient with bicuspid aortic valve (BAV). The horizontal panels show a 

healthy control subject (mid-ascending aorta diameter = 27 mm) (A) and a patient (B) with 

BAV (mid-ascending aorta diameter = 28 mm). The first row illustrates the aortic flow 

velocity maximum intensity projection (MIP) and the second row shows absolute local 

normalized helicity (LNH) 3D features; the first column shows both velocity and absolute 

LNH MIPs at peak systole; the second column at systolic deceleration and the third column 

at mid-diastole.
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FIGURE 3. Absolute local normalized helicity sensitivity analysis
Absolute local normalized helicity sensitivity analysis. The analysis was perform in the full 

aorta (A), the ascending aorta (B), the aortic arch (C), and the descending aorta (D). Sub-

plot in panel A and B corresponds to the zoomed area within the black rectangle. P-values 

<0.01 were obtained using a threshold of 0.6.
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FIGURE 4. Absolute local normalized helicity comparison between healthy controls and patients 
for all segments
Absolute local normalized helicity comparison between healthy controls and patients for all 

segments. Volume corresponded to absolute local normalized helicity (LNH) >0.6. Analysis 

segments corresponded to the full aorta (A) which was further sub-divided on ascending 

aorta (B), aortic arch (C), and descending aorta (D). Comparison between healthy controls 

vs. BAV groups was given by a t-test. Outliers, circles, were defined by 1.5 × interquartile 

range. Extreme values, stars, were defined by 3 × interquartile range.
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FIGURE 5. Regression plots for absolute local normalized helicity
Regression plots for absolute local normalized helicity. Volume corresponded to absolute 

local normalized helicity (LNH) >0.6. Panels A-C show the regression plots between 

absolute normalized helicity and age. Panels D-F show the regression plots between absolute 

normalized helicity and maximal aortic diameter. Panels G-I show the regression plots 

between absolute normalized helicity and peak velocity. Panels J-L show the regression plots 

between absolute normalized helicity and aortic valve effective orifice area.
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FIGURE 6. Comparison of absolute local normalized helicity between aortic stenosis severity 
groups and controls
Comparison of absolute local normalized helicity between aortic stenosis severity groups 

and controls. Volume corresponded to absolute local normalized helicity (LNH) >0.6. 

Analysis segments corresponded to the full aorta (A) which was further sub-divided on 

ascending aorta (B), aortic arch (C), and descending aorta (D). Comparison between healthy 

controls and BAV stenosis severity groups are summarized in Table 4. Outliers, circles, were 

defined by 1.5 × interquartile range. Extreme values, stars, were defined by 3 × interquartile 

range.
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Table 1

Velocity encoding and spatial resolution

Velocity Encoding (m/s) Spatial Resolution (mm)

Control 150 1.66-2.81 × 1.66-2.81 × 2.20-2.85

Bicuspid Aortic Valve None 150-250 2.12-2.50 × 2.50-2.73 × 2.40-3.50

Mild 150-300 2.12-2.73 × 2.12-2.73 × 2.40-3.00

Moderate 150-400 2.12-2.73 × 2.12-2.73 × 2.00-3.00

Severe 150-400 2.12-2.73 × 2.12-2.73 × 2.60-3.50
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Table 2

Patient Characteristics

Controls BAV P-value Controls vs. BAV

N 65 50

Age (years) 43±14 (78,19) 49±14 (80,23) 0.017

Female 25 (38%) 12 (24%) 0.101

Height (m) 1.72±0.08 (1.90,1.52) 1.77±0.08 (1.96,1.55) 0.002

Weight (kg) 84±19 (136,54) 83±13 (123,59) -

Maximal aortic diameter (mm) 33±4 (26,41) 40±5 (28,46) <0.001

Effective Orifice Area (cm2) 2.6±0.5 (1.8,4.0) 2.0±0.7 (0.9,3.5) <0.001

Stenosis Severity

Mild 0 (0%) 12 (24%) <0.001

Moderate 0 (0%) 7 (14%) 0.046

Severe 0 (0%) 10 (20%) <0.001

Regurgitation Severity

Mild 0 (0%) 6 (12%) 0.004

Moderate 0 (0%) 4 (8%) 0.021

Severe 0 (0%) 1 (2%) -

All continuous data are presented as mean±standard deviation (max,min) or number (%). BAV indicates bicuspid aortic valve. P-value resulted 
from independent-sample t-test (Gaussian distribution) or Mann-Whitney (non-Gaussian distribution) comparing subjects groups.
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Table 3

Associations with absolute local normalized helicity

Maximal aortic diameter Absolute LNH at peak systole Absolute LNH at systolic 
deceleration

Absolute LNH at mid-diastole

R P-value R P-value R P-value

Controls 0.84 <0.001 0.74 <0.001 0.84 <0.001

Bicuspid aortic valve 0.75 <0.001 0.80 <0.001 0.81 <0.001

Age adjusted maximal aortic 
diameter

Control 0.84 <0.001 0.75 <0.001 0.84 <0.001

Bicuspid aortic valve 0.75 <0.001 0.80 <0.001 0.81 <0.001
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Table 4

Comparison of absolute local normalized helicity between aortic stenosis severity groups and controls

Absolute LNH at peak 
systole

Absolute LNH at systolic 
deceleration

Absolute LNH at mid-
diastole

Full Aorta

Control vs. None AS 0.005 0.004 <0.001

Control vs. Mild AS <0.001 <0.001 <0.001

Control vs. Moderate AS 0.1 0.047 0.05

Control vs. Severe AS <0.001 <0.001 <0.001

Ascending Aorta

Control vs. None AS <0.001 <0.001 <0.001

Control vs. Mild AS <0.001 <0.001 <0.001

Control vs. Moderate AS 0.174 0.022 0.05

Control vs. Severe AS <0.001 <0.001 <0.001

Aortic Arch

Control vs. None AS <0.001 0.312 0.030

Control vs. Mild AS 0.002 0.004 <0.001

Control vs. Moderate AS 0.43 0.669 0.016

Control vs. Severe AS <0.001 0.003 <0.001

Descending Aorta

Control vs. None AS 0.908 0.790 0.322

Control vs. Mild AS 0.001 <0.001 <0.001

Control vs. Moderate AS 0.141 0.045 0.028

Control vs. Severe AS <0.001 <0.001 <0.001

Comparison between healthy controls vs. BAV stenosis severity groups was given by a Mann-Whitney test. P-values ≤ 0.05 are bold.
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