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Abstract

There exists considerable controversy surrounding the timing and extent of aortic resection for 

patients with BAV disease. Since abnormal wall shear stress (WSS) is potentially associated with 

tissue remodeling in BAV-related aortopathy, we propose a methodology that creates patient-

specific ‘heat maps’ of abnormal WSS, based on 4D flow MRI. The heat maps were created by 

detecting outlier measurements from a volumetric 3D map of ensemble-averaged WSS in healthy 

controls. 4D flow MRI was performed in 13 BAV patients, referred for aortic resection and 10 

age-matched controls. Systolic WSS was calculated from this data, and an ensemble-average and 

standard deviation (SD) WSS map of the controls was created. Regions of the individual WSS 

maps of the BAV patients that showed a higher WSS than the mean+1.96SD of the ensemble-

average control WSS map were highlighted. Elevated WSS was found on the greater ascending 

aorta (35% ± 15 of the surface area), which correlated significantly with peak systolic velocity 

(R2=0.5, P=0.01) and showed good agreement with the resected aortic regions. This novel 

approach to characterize regional aortic WSS may allow clinicians to gain unique insights 

regarding the heterogeneous expression of aortopathy and may be leveraged to guide patient-

specific resection strategies for aorta repair.
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INTRODUCTION

With an incidence of 1–2%, bicuspid aortic valve (BAV) disease is responsible for more 

morbidity and mortality than the combined effects of all other congenital heart defects (0.8% 

of live births) (1). BAV is related to frequent and premature occurrence of cardiovascular 

events, dominated by the development of heart failure resulting from aortic valve stenosis, 

and the development of aortic dilatation (2). Serious complications occur in at least one third 

of BAV patients, with the incidence of aortic dissection occurring more frequent than in the 

general population (3,4). Thus, the ability to understand which patients are at risk for 

developing complications has the potential to greatly improve the standard of care.

Nonetheless, controversy exists regarding the surgical management for BAV aortopathy, 

especially when considering timing and extent of surgical intervention in an individual 

patient. For example, the minimum threshold for intervention is subject to clinician 

preference, with some surgeons intervening at dilated aortic diameters as small as 4.5 cm, 

while others are known to wait until 5.5 cm (5,6). A recent survey reinforced these gaps in 

attitude, especially as they relate to the clinical guidelines (7,8). The controversy is also 

highlighted by the recent changes to the ACC/AHA recommendations for management of 

patients with BAV-related aortopathy. For example, the threshold aortic diameter for 

surgery has changed from 5.0 cm (9) to 5.5 cm (8), primarily because few large scale studies 

have been performed, and of those, few look beyond aortic diameter and growth rate. With 

the development of more advanced stratification biomarkers, some groups have proposed 

that guidelines dependent on aortic dimensions are too simplified, and do not account for the 

underlying pathophysiological mechanisms such as tissue characteristics, valve morphology 

or hemodynamic shear stresses (10). Therefore, a process is needed which allows for new 

biomarkers to be evaluated in relation to physiologic norms and to the risk of regional aortic 

growth or dissection (11).

With this in mind, it is known that aortopathy in the presence of BAV disease is associated 

with accelerated degeneration of the aortic media, fragmentation of elastic tissue and 

changes in smooth muscle cell orientation (12) (13,14). These disruptions have also been 

associated with the abnormal expression of wall shear stress (WSS) (15,16). Recent MRI 

pilot studies, based on time-resolved, three-dimensional phase contrast MRI (4D flow MRI), 

have shown that BAV patients do, in fact, express abnormal WSS (17–20). However, these 

studies have estimated WSS using manually placed planes highly focused on specific 

vascular landmarks (21). This approach may miss large aortic regions demonstrating 

abnormal WSS characteristics. Furthermore, the studies averaged WSS in cohort-averaged 

ensembles, which do not allow for the identification of individual patient cases with 

abnormal WSS. An individualized approach for assessment of regional wall shear stress is 

critical to developing individualized resection strategies for patients with BAV aortopathy.

Recently, two studies demonstrated the feasibility of volumetric WSS estimation based on 

the direct use of 4D flow MRI data, without the need for computational modeling (22,23). In 

the current study, pre-operative volumetric WSS was used to identify abnormal WSS in 

individual BAV patients who underwent ascending aortic repair by comparison with an 

ensemble-average WSS map (24) of healthy volunteers. The aim was to present a large 
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amount of information in an easy to interpret ‘heat map’, capable of delineating regions of 

abnormal WSS in single-patient BAV cases by comparing them to WSS maps obtained from 

ensemble averages of healthy control subjects. In addition, the ascending aortic regions with 

abnormal WSS were compared to the region of tissue that was resected. Furthermore, 

ensemble-average WSS maps can be used as P-value maps (24) which visualize and 

quantify regions of significant, ensemble-averaged WSS differences (for example, to show 

the average difference of WSS expression in various valve morphology phenotypes).

METHODS

Enrollment

Thirteen BAV patients (mean age: 51±17 years old, range: 20–82 years old, all men) 

referred for pre-surgical MR prior to aortic root replacement with aortic valve repair (or 

replacement) were enrolled in this study. Eight of the aortic valves were replaced with a 

bioprosthetic valve, 3 with a mechanical valve, 1 with a pulmonary valve (Ross procedure) 

and 1 underwent repair. In all patients, the aortic root was replaced by Dacron grafts, with 

the ascending aorta also replaced in 11 cases. Six of these also included hemiarch 

replacement. The healthy control cohort consisted of 10 age-matched (P=0.88, Wilcoxon 

rank sum test) subjects with a tricuspid aortic valve (TAV) and no history of cardiovascular 

disease (mean age: 50±14 years old, range: 33–76 years old, 6 men and 4 women).

The study was approved by the local Institutional Review Board (IRB). Nine controls and all 

BAV patients provided informed consent. The tenth control presented normal findings on a 

clinical scan and was enrolled using an IRB approved protocol permitting retrospective chart 

review.

MR Imaging

All patients were examined with standard-of-care thoracic cardiovascular MRI on 1.5 and 

3T scanners (MAGNETOM Espree, Avanto, Skyra, Aera, Siemens, Erlangen, Germany). 

Cardiac function and valve morphology were assessed by ECG gated CINE balanced steady 

state free precession (bSSFP) cardiac MRI. Contrast enhanced MR angiography (CE-MRA, 

Multihance or Magnevist) was used for the quantification of the aortic diameters. The scan 

parameters for the CE-MRAs were: spatial resolution = 0.78–1.17 mm × 0.78–1.17 mm × 

1.10–1.80 mm; TE/TR/flip angle = 0.9–1.2 ms/2.7–3.4 ms/25–40°; field of view = 273–328 

mm × 350–500 mm × 72–106 mm.

2D phase contrast (PC) MRI was performed above and below the valve to assess aortic 

insufficiency (AI). The scan parameters for the 2D PC-MRI examinations were: spatial 

resolution = 1.63–2.35 mm × 1.63–2.80 mm × 6–7 mm; TE/TR/flip angle = 1.9–2.7 ms/

3.69–5.8 ms/20–30°; field of view = 225–366 mm × 244–380 mm.

Additionally, 4D flow MRI was performed in a sagittal oblique volume using prospective 

ECG gating and free-breathing with a respiratory navigator placed on the lung-liver 

interface to assess velocity in the three principal directions over time (25). The 4D flow 

pulse sequence parameters were: spatial resolution = 2.24–3.8 mm × 1.67–2.69 mm × 2.2–3 

mm; temporal resolution = 36–43 ms (18±3, 13–25 cardiac time frames); TE/TR/flip angle = 

van Ooij et al. Page 3

Ann Biomed Eng. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.2–2.8 ms/4.5–5.4 ms/7–15°; field of view = 144–430 mm × 130–301 mm × 60–116 mm; 

velocity sensitivity = 150 cm/s and 150–400 cm/s for the controls and the patients, 

respectively.

Data analysis

BAV valve morphology was classified on bSSFP images at the level of the valve by an 

experienced radiologist and if possible, corroborated during surgery. BAV AP indicates 

BAV valves without raphes that open in anterio-posterior direction. BAV lat indicates BAV 

valves without raphes that open in lateral direction. BAV RL indicates BAV valves with 1 

raphe and fusion of the right coronary and left coronary valve. BAV RN indicates BAV 

valves with 1 raphe and fusion of the right coronary and non-coronary valve. BAV uni 

indicates BAV valves characterized by two raphes: fusion of the right and left coronary 

valves and fusion of the right coronary and the non-coronary valves, resulting in a 

functionally unicuspid valve (26).

In addition, the pattern of aortopathy was classified according to the typology introduced by 

Fazel et al. (27) and refined by Kang et al. (28). Aortopathy type 1 is characterized by 

dilation of the aortic root, type 2 by dilation of the root and ascending aorta (AAo) and type 

3 by dilation of the root, AAo and transverse aortic arch (28).

An experienced radiologist measured the aortic diameters at the level of the Sinus of 

Valsalve (SOV) and the mid-ascending aorta (MAA) in Vitrea (version 6.0.0.1, Vital 

Images, Minnetonka, MN, USA)(29).

Aortic insufficiency (AI) was calculated by dividing forward volume from the 2D PC-MRI 

measurement above the valve by the retrograde volume from the 2D PC-MRI measurement 

below the valve. AI was classified as mild, moderate and severe according to a regurgitant 

fraction less than 29%, between 30 to 49%, or greater than 50%, respectively (30).

The 4D flow MRI measurements were corrected for eddy currents, Maxwell terms and 

velocity aliasing using home built Matlab software (Natick, the Mathworks, USA) (31). 

Voxels with remaining velocity aliasing were manually corrected. The 4D flow MRI 

magnitude images were multiplied by absolute velocity and averaged over time to yield 3D 

phase contrast angiography (PC-MRA) images (31). The 3D PC-MRA images were used to 

semi-automatically segment the aortic lumen (MIMICS, Materialise, Leuven, Belgium). The 

time frame with the maximum average absolute velocity in the segmentation was defined as 

peak systole. A maximum intensity projection (MIP) was created of the absolute velocity in 

the aorta. A region of interest in was manually drawn in this MIP to determine the maximum 

velocity at peak systole.

The maximum velocity at peak systole was used to classify aortic stenosis as is 

recommended for continuous wave Doppler ultrasound guidelines (mild stenosis: between 

1.5–3 m/s, moderate stenosis: between 3–4 m/s, severe stenosis: greater than 4 m/s) (30).
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WSS calculation

WSS was calculated using the method developed by Potters et al. (23). In short, the shear 

stress tensor:

[1]

was simplified by performing a rotation such that the z-axis aligned with the normal vector 

of the vessel wall, resulting in n⃗ = (0,0,1). In equation 1 η is the dynamic viscosity 

(Newtonian: 3.2•10−3 Pa•s), ε̇ is the rate of deformation tensor and n⃗ is the normal vector 

orthogonal to the vessel wall. Since no flow occurs through the wall (n⃗ · v⃗ = 0 at the wall), 

the inner product of the rate of deformation tensor and the normal vector is reduced to:

[2]

where the shear rates  are the spatial velocity gradients at the wall in the rotated 

coordinate system. Thus, the rotated WSS vector τ⃗′ is defined as:

[3]

The shear rates were derived from 1D smoothing splines (32) fitted through three equidistant 

data points along the inward normal vector onto which the rotated surrounding x- and y-

velocity values were interpolated. The length of the inward normal was 1.5 cm (23). 

Subsequently, the WSS vector was transformed to the original coordinate system by inverse 

rotation. To reduce the influence of noise on the WSS vectors, average WSS vectors were 

calculated over five cardiac time frames centered at peak systole. 2D slices were manually 

placed perpendicular to the ascending aorta in three subjects to visualize peak systolic WSS 

vectors (Ensight, CEI Inc, Apex, NC, USA). For the same subjects, volumetric WSS vectors 

were visualized in Matlab (The Mathworks, Natick, MA, USA).

Control population: ensemble-averaged WSS maps

As previously reported (24), an ensemble-averaged 3D WSS map representing 

physiologically ‘normal’ WSS values experienced in the control population was created 

using a four-step approach, briefly summarized: 1) the 3D segmentations of the control 

aortas were co-registered (rigid registration using FLIRT (33)) such that a map was created 

representing the overlap of the segmentations. 2) The amount of overlap (24) between the 

individual control aortas and geometries with different thresholds was calculated as a 

measure of anatomic variability. The geometry with the maximum overlap was chosen for 

the idealized geometry representing the cohort. 3) Each individual control 3D segmentation 

was registered (affine registration in FLIRT) to the geometry, and WSS in each control 

subject was subsequently interpolated to the geometry using nearest neighbor interpolation. 

The difference in mean velocity before and after interpolation (24) was calculated in six 

regions to indicate a budget of uncertainty. 4) The interpolated WSS was averaged over all 
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control subjects, resulting in a ensemble-averaged 3D WSS map and a standard deviation 

(SD) WSS map.

Heat maps: comparison of single subject regional WSS variation to physiologic norms

In order to detect if the regional expression of 3D WSS in the aorta of a single BAV patient 

was outside of that expected for healthy, normal physiology (as defined by the ensemble-

average of the control group), heat maps were generated which represent locations where 

patients exhibited abnormal shear characteristics. Thus, the individual BAV geometry was 

registered to the ensemble-averaged control geometry and the ensemble-averaged 3D WSS 

map and SD WSS map interpolated to the individual aorta geometry of the BAV patient 

(figure 1A and B). Next, the ensemble-average and SD maps for WSS were combined 

(mean ± 1.96*SD maps, figure 1C) and compared with the individual BAV patients to create 

the heat maps (figure 1D). Regions where WSS for the individual BAV patient was higher 

than the mean + 1.96 times the SD of the control population are highlighted in red. Regions 

where WSS for the individual BAV patient was lower than the mean − 1.96 times the SD of 

the control population are highlighted in blue. Regions that were within range were 

delineated in grey.

P-value maps: comparison of patient population regional WSS variation to physiologic 
norms

To compare the BAV patient population with the control population, each WSS profile of 

the individual BAV patient was registered and interpolated to the control population aortic 

geometry (figure 2A and B). The WSS map of the BAV patient population was then tested 

for significance on a voxel-by-voxel basis to the control population, allowing for P-value 

maps to be created (figure 2C).

Statistical Analysis

To create the P-value maps for WSS, a Wilcoxon rank sum test between the individual BAV 

patients and controls was performed for each location on the control aorta geometry (24) 

(figure 2C). Differences were considered statistically significant for P<0.05. Significant 

regional differences of WSS between cohorts were visualized in red and blue when the WSS 

of the patients was respectively greater and lower than the controls. Regions where the 

difference was not significant were delineated in grey.

To quantify the results, the segmented aorta was manually subdivided into six regions for 

which the difference in mean velocity before and after interpolation and the percentage of 

the aorta surface that is abnormally higher or lower than the controls is reported. The six 

regions include: 1) the inner curvature of the ascending aorta (AAo), 2) the outer curvature 

of the AAo, 3) the inner curvature of the aortic arch, 4) the outer curvature of the arch, 5) the 

inner curvature of the descending aorta (DAo) and 6) the outer curvature of the DAo (see 

figure 4).

All values are expressed as a mean ± SD percentage of surface area of the region of interest 

shown in figure 3. Correlations between peak systolic velocity, aortic dimensions and 

percentage of the surface where WSS was higher for the BAV patients (as compared to the 
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controls) were investigated using univariate linear regression. The strength and significance 

of the correlations were calculated and expressed as R2 and P-value, respectively. P<0.05 

was considered significant.

RESULTS

In table 1 the aortic dimensions, valve morphology, aortopathy phenotype, AI and AS 

severity of the BAV patients and controls are summarized.

WSS calculation

In figure 3, peak systolic volumetric WSS vectors and WSS vectors in a slice placed 

perpendicular to the aorta are shown. The choice of slice placement is based on the 

hypothesis that flow patterns distal to RL-fusion valves are directed toward the right anterior 

wall of the root and aorta, exerting high WSS and promoting dilation of the root and mid-

ascending aorta. Flow patterns distal to RN-fusion valves are believed to be reflected off the 

posterior wall of the root, and exert high WSS more distal to the RL-fusion pattern 

(potentially promoting dilation involving regions near the arch)(34). WSS in the control 

aorta shows similar WSS vectors around the circumference of the aorta for both images, 

whereas WSS patterns for the BAV patients are highly asymmetric.

Control population: ensemble-averaged WSS maps

In figure 4a the anatomic variability for the co-registered control aortas is shown in a 

maximum intensity projection. The maximum amount of overlap (26±7%) was found for a 

threshold of ≥ 4 overlapping aortas, resulting in the idealized geometry shown in figure 4b. 

The standard deviation of 7% illustrates the small anatomic variability of the control aorta 

geometries.

Heat maps: comparison of single subject regional WSS variation to physiologic norms

The maximum amount of overlap between the idealized control geometry and the individual 

BAV patients was 39±9%, illustrating the slightly higher variability in aortic anatomy for 

the BAV patients. The amount of overlap for registration of the ensemble-averaged control 

geometry to the BAV patients was significantly different from the amount of overlap for 

registration of the individual control geometries to the ensemble-averaged control geometry 

(Wilcoxon rank sum test, P=0.005). The interpolation of the ensemble-averaged control 

WSS to the individual BAV geometries resulted in mean velocity differences of 2±1% for 

the inner ascending aorta, 2±2% for the outer ascending aorta, 5±3% for the inner arch, 

5±3% for the outer arch, 3±2% for the inner descending aorta and 1±1% for the outer 

descending aorta, resulting in a total budget of uncertainty of 3%.

Figure 5 depicts WSS heat maps and the area of resected tissue for all BAV patients 

included in the study. In most aortas, abnormal WSS was elevated (red) on the greater 

curvature of the ascending aorta (mean percentage of the surface: 35% ± 15), see figure 5 

and table 2. For all six regions, the percentage of abnormally depressed WSS (blue regions) 

was on the order of 0–1%. In most cases the regions of resected tissue corresponded with the 

regions of abnormally elevated WSS.
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Interactions: traditional disease biomarkers and WSS

For the BAV patient population, a significant correlation (R2=0.5, P=0.01) was found 

between peak systolic velocity in the aortic outflow region and the percentage of the greater 

curvature of the ascending aorta with elevated WSS (red area in region 2 of figure 3).

A trend was found towards a negative correlation (R2=0.3, P=0.06) between the SOV 

diameter and the percentage of the greater curvature of the ascending aorta surface area 

(region 2 in figure 3) with higher WSS (red areas in figure 3).

No correlations were found for abnormal WSS surface percentages and cardiac output, heart 

rate or body surface area.

Table 3 shows a trend for increasing surface area with elevated WSS in the BAV patient 

population on the inner and outer AAo curvature as a function of valve phenotype (i.e. 

abnormal WSS surface area increases from phenotype AP, lat, RN, RL and unicuspid valve 

morphology).

P-value maps: comparison of patient population regional WSS variation to physiologic 
norms

Similar to the single-subject results, significantly higher WSS was found on the outer 

curvature of the ascending aorta for the ensemble-averaged BAV group, as compared to the 

control group. Isolated regions of depressed WSS were found at the inner curvature of the 

ascending aorta and arch (figure 6a, table 3).

DISCUSSION

In this study, a proof of concept was presented that allows for visualization of abnormal 

aortic WSS in individual BAV patients by comparing regional WSS with the population-

average of age-matched healthy controls. For all BAV patients, elevated WSS was found in 

the ascending aorta compared to healthy controls. On average, abnormally depressed WSS 

was lower than 1% and therefore considered negligible. The technique allows for a 

comprehensive, easy-to-grasp evaluation of abnormal relative wall shear stress and has the 

potential to clarify the relationships between altered hemodynamics due to valve 

morphology and aortopathy in BAV disease.

Finite element methods (FEM) and computational fluid dynamics (CFD) are frequently used 

for the evaluation of hemodynamics in BAV disease. FEM models provide valuable insights 

in increased stress exerted on the bicuspid valve compared to the tricuspid valve (35,36). 

CFD has the ability to simulate aortic blood flow in BAV disease, and the main outcomes of 

these studies correspond to the results of this study, i.e. maximum WSS at the outer 

curvature of the mid-ascending aorta (37–39).

In this study, all measurements were derived directly from the acquired imaging data. The 

approach is advantageous in that it does not require the assumption of inlet and boundary 

conditions. CFD has progressed significantly over the last few years in terms of prescribing 

boundary conditions (now frequently measured with 4D flow MRI (40)) and fluid-structure 
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interaction (41), however, we chose to use an approach which uses the direct data from the 

MRI sequence. This approach required less processing, computational power, and need for 

model assumptions. Future applications may realize a spatio-temporal benefit through the 

use of a hybrid image-based CFD approach. Nonetheless, in its current implementation, the 

4D flow MRI measurement, subsequent data post-processing and the application of the 

technique presented in this paper can be completed within 2 hours, potentially providing a 

bridge solution for use in the clinic.

The registration and interpolation steps necessary to create ensemble-averaged WSS maps 

and heat maps can lead to some uncertainties in WSS profiles. The rigid and affine 

registration processes can possibly fail when the anatomic variability is high. However, this 

was not observed in the cohorts used in this study which is supported by the moderate 

anatomic variability for the ensemble-averaged control WSS map (7%) and for the BAV 

patients (9%). Therefore, there was no need to guide the registration process by attributing 

landmarks or normalize the aorta geometries. Furthermore, the budget of uncertainty for 

interpolation of the ensemble-averaged control WSS map to the individual BAV patients 

was small (3%). Therefore, the technique applied to the cohorts used in this study is easy-to-

use and robust.

P-value maps were used to detect statistically abnormal WSS in the BAV patients, as 

compared to physiologic ensemble-averaged norms (using a previously described method) 

(24). These approaches are intended as a first-step towards large-scale tissue and population 

studies investigating if WSS is a risk factor for regional vascular remodeling. The 

individualized analysis revealed increased WSS on the greater curvature of the ascending 

aorta in the majority of the BAV heat maps, which is also supported by the BAV cohort 

WSS P-value map. Note that similar results were found for patients with tricuspid valve 

stenosis (24). Preliminary studies have shown that the greater curvature in BAV patients is 

also known to have an altered molecular expression of MMP (14,42–44) and eNOS (45,46). 

Nonetheless, regional inter-patient variation is apparent and indicative of the important role 

of individual valvular and vascular anatomy, and its potential impact on inter-patient 

variation.

The percentage of surface area with increased WSS on the greater curvature of the AAo 

correlated with peak systolic velocity in the aortic outflow region (R2=0.5, P=0.01). This 

correlation agrees with the observations of high velocity jets impinging on the greater 

curvature of the aorta, with recirculating flow occurring at the inner curvature (17,47). 

Additionally, the relationship between elevated velocity and elevated shear is an important 

finding, as aortic stenosis (e.g. elevated transvalvular velocities) was found to be one of the 

most powerful predictors for aortic aneurysm formation in BAV patients (multivariate odds 

ratio 3.4, n=416 followed over 29 years)(3). Consequently, a compelling connection seems 

to exist between peak velocity, elevated WSS, a mechanotransduction pathway capable of 

influencing vascular remodeling, and evidence of longitudinal risk for aneurysm. While care 

must be taken given that all patients were pre-surgically referred for valve or aneurysm 

repair, it is notable that abnormal shear was found in the inner and outer curvature of the 

AAo (table 4). A number of these regions were chosen for resection. This illustrates the 
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potential of the proposed methodology to aid in surgical planning (if WSS is, indeed, found 

to be associated with aneurysm growth).

Interestingly, a trend was found for a relation between increasing surface percentages of 

elevated WSS with BAV morphology type. In a previous study, it was shown that unicuspid 

valves presented higher flow angles than lat, AP, RN and RL valve morphology (26). Higher 

flow angles may cause larger areas of elevated WSS than low flow angles, which is 

congruent with lower areas of elevated WSS for lat, AP, RN and RL than unicuspid valves 

found in this study. Figures 3 and 4 support the mechanotransduction hypothesis that 

aortopathy mediated by abnormal WSS is the result of the RL-fusion impacting wall forces 

at the aortic root and proximal aorta, whereas RN-fusion appears to impact the wall forces 

more distal in the ascending aorta with involvement of the arch (34).

An effort was made to associate the surface area with higher WSS to SOV and MAA 

diameter. However, no significant correlations were found (although, trends did exist). The 

lack of statistical significance may be due to the low number of subjects investigated, the 

cross-sectional study design, or that simply no relationship exists to aneurysm growth (48). 

To robustly investigate if abnormal WSS relates to aortic dimensions or growth, additional 

subjects and longitudinal data are needed. However, the trend for smaller surface areas of 

elevated WSS for larger aortic diameters is in accordance with previous studies that show 

that aortas with larger diameters are associated with lower WSS (22,49). No trends or 

significant differences were found between aortopathy type and the percentage of regional 

aorta surface with higher WSS or OSI.

The P-value map can provide a generalized representation of abnormal WSS for an entire 

patient group (such as a type 1 RL-only group versus a type 1 RN-only group). Interestingly, 

the WSS P-value map for the BAV patient population resembles the P-value map for dilated 

aortas with TAV stenosis as presented in a previous study (24), presenting similar 

percentages of aorta surface of increased WSS. This may be an indication of similar 

behavior of flow and WSS for BAV and TAV with stenosis, potentially leading to wall 

changes in both patient cohorts (50). With more subjects, separate P-value maps can be 

created for the different bicuspid valve morphologies, specifically focusing on how WSS is 

impacted in the presence of different fusion patterns. The finding of different locations of 

elevated WSS for type 1 RL and type 1 RN valve morphology by planar analysis (51) can be 

verified in more detail by this P-value map methodology. Future patient management could 

use this information to understand to what extent and at which locations the aorta may be at 

risk for dilation.

Study Limitations

Since the image SNR and blood flow velocity in diastolic cardiac phases is generally low, 

the PC-MRA images used for aortic segmentation are dominated by the systolic phases. 

Therefore, the motion of the aorta during the cardiac cycle limits the segmentations used in 

this study for use over the systolic phases. Using 2D PC-MRI imaging, and a time-resolved 

approach to segmentation, we have shown that WSS in the diastolic phases ‘dilutes’ the 

patient/control differences when averaging over the cardiac cycle (18). Therefore, in light of 
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these results, and the difficulty of a time-resolved 3D segmentation using the approach 

described here, we chose not to report WSS over the diastolic phases.

The main goal of this study was to present a methodology to visualize patient-specific WSS 

abnormalities by comparison with an ensemble-average of the control population WSS 

maps. The relatively low number of BAV patients did not allow for stratification of those 

with aortic insufficiency or stenosis. It is expected that with the inclusion of more BAV 

patients the significances detected here will improve in power and a more detailed analysis 

for insufficiency, valve morphology and aortopathy type can be performed. For the WSS P-

value maps, however, the number of subjects was sufficient to reach a statistical power 

assuming a mean ± SD systolic WSS of 0.4 ± 0.2 Pa for both the controls and the BAV 

patients (P<0.05) (17).

The cut-off value for the individualized analysis of ±1.96*SD was chosen to represent WSS 

values outside of the 95% confidence interval for normal shear values; the surface area of 

abnormal shear will enlarge or shrink depending on threshold values. Varying cut-off values 

was outside the scope of this study since the main goal was to present the technique, but 

future work will include a detailed analysis of sensitivity and specificity for varying 

thresholds (±0.5*SD, ±1*SD etc).

The 4D flow MRI examinations were performed on both 1.5 and 3T scanners. Due to 

different SNR levels, the accuracy of the WSS calculations may be slightly higher using 3T 

data than 1.5T data. Note, however, that Strecker et al. (52) did not find any significant 

differences in planar WSS between 1.5 and 3T. It is therefore expected that our results are 

not influenced substantially by field strength differences. In addition, the accuracy of WSS 

measurements will depend on spatial resolution and segmentation of the vessel (53). 

However, the segmentation algorithms were identical and the spatial resolution was similar 

for all subjects, thus, the relative values between subjects can be compared, irrespective of 

absolute error. For example, the visualization and quantification of higher or lower WSS as 

compared to controls, rather than reporting absolute WSS numbers, was emphasized in this 

study to minimize concerns related to the ability to measure absolute WSS. Validation of the 

WSS calculation method by comparison with CFD was outside the scope of this study. 

Nonetheless, good agreement between WSS calculated with CFD and 4D flow MRI was 

shown in carotid arteries (54) and in an in vitro and in vivo intracranial aneurysms (55), 

albeit with the expected lower absolute WSS values for 4D flow MRI. Future work will 

include a detailed analysis of scan/rescan, and intra- / inter-observer variability for WSS.

In conclusion, this pilot study presents a methodology to create heat maps for visualization 

and quantification of abnormal WSS in individual and ensemble-averaged BAV patients. 

These techniques have the potential to aid studies assessing the importance of WSS when 

considering risk for aortopathy. In addition, the use of these techniques pre-intervention can 

be used to investigate resected tissue for markers associated with vascular remodeling. In the 

future, the approaches presented here may aid in developing BAV phenotype or patient 

specific resection strategies for patients requiring ascending aorta repair.
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Figure 1. 
Generation of WSS heat maps. (A) The control population-averaged mean and SD WSS 

maps were registered and interpolated to the aorta segmentation of the BAV patient (B). (C) 

The mean ± 1.96 times SD maps are created and compared with the peak systolic WSS of 

the BAV patients resulting in the heat maps (D).
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Figure 2. 
Generation of WSS P-value maps. (A) The individual systolic WSS maps were registered 

and interpolated to the control population averaged aorta geometry (B). (C) A Wilcoxon 

rank sum test was performed between the individual controls and the BAV patients to create 

the P-value maps.
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Figure 3. 
Peak systolic volumetric WSS velocity vectors (column 1) and WSS vectors in slices 

manually placed orthogonal in the ascending aorta (column 2 and 3) for (a) a BAV patient 

with RL fusion, (b) a control with the slice positioned similar to (a), (c) a BAV patient with 

RN fusion and (d) the same control subject with the slice positioned similar to (d).
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Figure 4. 
(a) A map representing the overlap of all 10 control aortas. (b) The idealized geometry is the 

overlap map where the overlap is maximized over the subjects: in this case where more than 

4 aortas are overlapping. The six regions where the difference in velocity before and after 

interpolation and the percentage of surface area with abnormal WSS was calculated is 

shown in (b) as well: 1) Inner curvature AAo, 2) Outer curvature AAo, 3) Inner curvature 

Arch, 4) Outer curvature Arch, 5) Inner curvature DAo and 6) Outer curvature DAo.
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Figure 5. 
Right-anterior oblique views of the WSS heat maps illustrating abnormally elevated WSS 

(red) and depressed WSS (blue). RL indicates BAV patients with fusion of the right and left 

coronary cusps, RN indicates BAV patients with fusion of the right and non-coronary cusp. 

Lat indicates a valve without raphe that opens in lateral direction and uni indicates a 

functionally unicuspid valve with two raphes. R = Right, A = Anterior, H = Head.
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Figure 6. 
(a) Right-anterior and (b) posterior-right views of the P-value map for WSS. R = Right, A = 

Anterior, H = Head, P = Posterior, R = Right
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Table 1

Aortic dimensions, valve morphology, aortopathy phenotype, aortic insufficiency and aortic stenosis of the 

BAV patients and the controls. Differences across cohorts were evaluated using a Wilcoxon rank sum test.

Patients with BAV Normal Controls P-value

SOV diameter (cm) 4.5±0.6 3.0±0.5 <0.001

MAA diameter (cm) 4.7±0.7 2.9±0.5 <0.001

Heart rate (bpm) 74±17 74±15 0.80

Cardiac output (L/min) 8±3 6±2 0.10

Body surface area (m2) 2.0±0.2 1.9±0.2 0.28

Valve morphology

AP 1

TAV

Lat 1

RL 8

RN 2

uni 1

Aortopathy phenotype

ATP 0 0

N/A
ATP 1 1

ATP 2 6

ATP 3 6

Aortic insufficiency

Mild 4

N/AModerate 5

Severe 4

Aortic stenosis

None 2

N/A
Mild 6

Moderate 0

Severe 5

SOV = Sinus of Valsalva, MAA = Mid-ascending Aorta, AP = Anterior-Posterior, Lat = Lateral, RL = Right-Left, RN = Right-Non-coronary, NL 
= Non-coronary-Left, ATP=Aortopathy type
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Table 3

The surface percentages of the six regions of interest (see figure 4) for the WSS P-value map.

Surface percentage of

Increased WSS (%) Decreased WSS (%)

1.Inner AAo 7 14

2. Outer AAo 33 10

3. Inner Arch 0 8

4. Outer Arch 25 0

5. Inner DAo 0 1

6. Outer DAo 0 0
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