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ABSTRACT

Objectives: The complexity of aortic disease is not fully exposed by aortic
dimensions alone, andmorbidity ormortality can occur before intervention thresholds
are met. Patient-specific computational fluid dynamics (CFD) were used to assess the
effect of different aortic valve morphologies on velocity profiles, flow patterns, helic-
ity, wall shear stress (WSS), and oscillatory shear index (OSI) in the thoracic aorta.

Methods: A total of 45 subjects were divided into 5 groups: volunteers, aortic
regurgitation-tricuspid aortic valve (AR-TAV), aortic stenosis-tricuspid aortic
valve (AS-TAV), aortic stenosis-bicuspid aortic valve right-left cusp fusion
(BAV[RL]), and aortic stenosis-right-non cusp fusion (AS-BAV[RN]). Subjects
underwent magnetic resonance angiography, with phase-contrast magnetic
resonance imaging at the sino-tubular junction to define patient-specific inflow
velocity profiles. Hemodynamic recordings were used alongside magnetic
resonance imaging angiographic data to run patient-specific CFD.

Results: The BAV groups had larger mid-ascending aorta diameters (P<.05).
Ascending aorta flow was more eccentric in BAV (flow asymmetry ¼ 78.9%
� 6.5% for AS-BAV(RN), compared with 4.7% � 2.1% for volunteers,
P<.05). Helicity was greater in AS-BAV(RL) (P<.05). Mean WSS was elevated
in AS groups, greatest in AS-BAV(RN) (37.1 � 4.0 dyn/cm2, compared with
9.8 � 5.4 for volunteers, P<.05). The greater curvature of the ascending aorta
experienced highest WSS and lowest OSI in AS patients, most significant in
AS-BAV(RN) (P<.05).

Conclusions:BAV displays eccentric flowwith high helicity. The presence of AS,
particularly in BAV-RN, led to greaterWSS and lower OSI in the greater curvature
of the ascending aorta. Patient-specific CFD provides noninvasive functional
assessment of the thoracic aorta, and may enable development of a personalized
approach to diagnosis and management of aortic disease beyond traditional guide-
lines. (J Thorac Cardiovasc Surg 2016;-:1-13)
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Central Message

Patient-specific computational fluid dynamics

reveals high wall shear stress and lower oscilla-

tory shear index in the greater curvature of

bicuspid aortic valve aortas, with highly eccen-

tric and helical flow.
Perspective

In patients with aortic valve disease and aortic

aneurysm, morbidity or mortality can occur

before size criteria for intervention are met.

Patient-specific computational fluid dynamics

provides noninvasive functional and hemody-

namic assessment of the thoracic aorta. With

validation, it may enable the development of

an individualized approach to diagnosis and

management of aortic disease beyond tradi-

tional guidelines.
Formany years, treatment guidelines and intervention criteria
have concentrated on traditional echocardiographicmeasure-
ments for the aortic valve (AV).1,2 Furthermore, size remains
the principal decision-making index for treatment of the
thoracic aorta3,4; however, there is growing evidence that
hemodynamics play an important role in aneurysm
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Abbreviations and Acronyms
AR ¼ aortic regurgitation
AS ¼ aortic stenosis
AV ¼ aortic valve
BAV ¼ bicuspid aortic valve
CFD ¼ computational fluid dynamics
Flowasymmetry ¼ flow asymmetry
HFI ¼ helical flow index
MRA ¼ magnetic resonance angiography
MRI ¼ magnetic resonance imaging
MWSS ¼ mean wall shear stress
MWSSAsc Aorta ¼ mean wall shear stress averaged

over the ascending aorta
OSI ¼ oscillatory shear index
RL ¼ right-left cusp fusion
RN ¼ right-non cusp fusion
3D ¼ 3 dimensional
TAV ¼ tricuspid aortic valve
2D ¼ 2 dimensional
WSS ¼ wall shear stress
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for this article.
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formation, with effects on endothelial homeostasis, smooth
muscle response, and fibroblast function.5,6

Flow characteristics are highly variable in the thoracic
aorta, where the inflow velocity profile is largely dependent
on themorphology of the AV. Bicuspid aortic valve (BAV) is
the most common congenital cardiac abnormality, with an
estimated prevalence of 1% to 2%, as well as a morbidity
and mortality accounting for more than that of all other
congenital cardiac diseases combined.7 BAVis often associ-
ated with aneurysms of the ascending aorta or aortic root.
This dilatation can lead to eventual dissection or rupture.8

Disease processes such as aneurysm formation and
atherosclerosis are affected greatly by hemodynamic fac-
tors in the vascular system.9-12 Spatial velocity gradients
together with blood viscosity result in wall shear stresses
(WSS) on the endothelium. WSS refers to the force per
unit area exerted by a moving fluid in the direction of the
local tangent of the luminal surface.13 Lower WSS has
been observed in those carotid arteries with greater levels
of plaque formation.14 In contrast, highWSS has been asso-
ciated with aneurysm formation in the cerebral arteries.15

Oscillatory shear index (OSI) is a metric that quantifies
the changes in direction and magnitude of WSS and has
been associated with vasculopathy.16 It ranges between
2 The Journal of Thoracic and Cardiovascular Surger
0 (in unidirectional steady flow) and 0.5 (perfectly
oscillating back-and-forth velocities over the cardiac
cycle). Flow in the thoracic aorta has a significant helical
component resulting from a combination of factors such
as ventricular twist and torsion,17 mechanics of the AV
and aortic root, and the curved morphology of the aortic
arch.18 This helical flow has been related to both
plaque deposition19 and aneurysm formation.20 These
hemodynamic and biomechanical parameters can be
measured noninvasively by the use of computational fluid
dynamics (CFD). In this study, we aimed to use
patient-specific CFD to assess the effect of different AV
morphologies on velocity profiles, flow patterns and
helicity, WSS, and OSI in the thoracic aorta.
METHODS
Study Population

A total of 45 subjects were studied. Theywere divided into the following

5 groups: volunteers (healthy volunteers with tricuspid aortic valves [TAV];

n ¼ 5); AR-TAV (aortic regurgitation tricuspid aortic valves; n ¼ 10); AS-

TAV (aortic stenosis tricuspid aortic valves; n ¼ 10); AS-BAV(RL) (aortic

stenosis bicuspid aortic valves with fusion of right and left coronary cusps;

n¼ 10); AS-BAV(RN) (aortic stenosis bicuspid aortic valves with fusion of

right and noncoronary cusps; n¼ 10). Diagnosis of AS or ARwas based on

transthoracic echocardiographic data. AS was defined as aortic

maximal velocity > 4 m/s, mean pressure gradient > 40 mm Hg, AV

area<1.0 cm2, or AVarea index<0.6 cm2/m2. ARwas defined as jet width

>65% of left ventricular outflow tract, vena contracta�0.6 cm, regurgitant

volume>60 mL/beat, or effective regurgitant orifice �0.3 cm2.1 Patients

with coarctationwere excluded. The studywas approvedby the local ethical

committee (St. George’s University of London, equivalent to an institu-

tional review board), and informed consent was obtained from all healthy

volunteers and patients.

Imaging
Patients underwent standard-of-care cardiac magnetic resonance imag-

ing (MRI) and magnetic resonance angiography (MRA) to image the entire

thoracic aorta, including the head and neck vessels. Time-resolved, veloc-

ity-encoded 2-dimensional (2D) anatomic and through-plane PC-MRI

(flow MRI) was performed on a plane orthogonal to the ascending aorta

at the sino-tubular junction. Heart rates among subjects ranged between

50 and 95 bpm, during which 30 images were reconstructed. Cine se-

quences were performed for assessment of valve morphology. Velocity

sensitivity was set between 150 and 500 cm/s depending on the degree

of AS. Average scan times were 20 minutes. Supine bilateral upper blood

pressure assessment was performed with a Dinamap system (GE Health-

care, Waukesha, Wis). See Appendix E1 for details of the MRI techniques.

Computational Fluid Dynamics
Three-dimensional (3D) geometric models of the thoracic aorta

were reconstructed from the MRA data via the use of custom software

(http://www.crimson.software/).21 A tetrahedral mesh was created by dis-

cretizing the geometric model of the aorta to produce anisotropic meshes

consisting of approximately 2.5 to 5.5 million elements. Blood flow simu-

lations were carried out with a stabilized finite element formulation to solve

equations enforcing conservation of mass (continuity) and balance of

linear momentum (Navier-Stokes) for the flow of an incompressible New-

tonian fluid with density r ¼ 1.06 g/cm3 and dynamic viscosity m ¼ 0.04

Poise.22 The validated in-house code CRIMSON was used for this process

(http://www.crimson.software/).21
y c - 2016
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FIGURE 1. A, 2D velocity map above the AV showing areas of different velocity represented by color. B, 3D velocity profile showing a warped geometric

representation of the velocity pattern. C and D, Velocity map and velocity profile showing Vmax15% in red dots. The yellow sphere is the centroid of the

whole plane, whereas the blue sphere is the centroid of Vmax15%. Flowasymmetry is calculated by dividing distance x by distance y as a percentage.
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The flow-MRI data were used to define the patient-specific inflow

velocity profile. In-house software written in Matlab (The Mathworks

Inc, Natick, Mass) was used to extract velocity profiles from the flow-

MRI and map them to the inlet face of the aortic model.

The outflow boundary conditions were carried out in a patient-specific

manner with the use of blood pressure recordings and cardiac output mea-

surements from the flow-MRI data. A coupled-multidomain formulation

was used whereby 3-element Windkessel models (comprising proximal

resistance, compliance, and a distal resistance) were coupled to each

outflow branch (eg, innominate artery, left common carotid artery, left

subclavian artery, and descending aorta) (Appendix E2).23

Quantification of Hemodynamic Indices
Velocity maps (2D) and velocity profiles (3D) were extracted from the PC-

MRI data above the AV (Figure 1). Flow asymmetry (Flowasymmetry) was

acquired by measuring the distance between the centroid of the top 15% of

peak systolic velocities and the geometric centroid of the inlet plane, as a
The Journal of Thoracic and C
percentage of the equivalent radius of the inlet plane. A Flowasymmetry of 0%

means flow is central to the axis of the vessel, and a Flowasymmetry of 100%

meansflow is completely eccentric and at theperipheryof the lumen (Figure1).

Aortic 3D velocity streamlines were calculated from temporally

resolved 3D velocity data for the entire thoracic aorta and color coded

by blood velocity magnitude. Helicity is a metric that represents the extent

to which corkscrew-like motion occurs and is governed by velocity and

vorticity. Helical flow index (HFI) was calculated to quantitatively measure

the degree of helicity according to Hardman and colleagues.16

WSS and OSI were obtained for the entire thoracic aorta, with further

in-depth subanalysis in the ascending aorta. To look for asymmetry and dif-

ferences inWSS and OSI on different sides of the aorta, the ascending aorta

was divided into 8 anatomical sectors (anterior, right-anterior, right, right-

posterior, posterior, left-posterior, left, and left-anterior sectors; Figure 2).

The results were visualized with the open-source software ParaView

(Kitware, Inc, Clifton Park, NY). Further details on how HFI, WSS, and

OSI were calculated are included in Appendix E3.
ardiovascular Surgery c Volume -, Number - 3



FIGURE 2. The ascending aorta is divided into 8 anatomical segments for subanalysis of hemodynamic parameters. RA, Right-anterior; R, right; RP, right-

posterior; P, posterior; LP, left-posterior; L, left; LA, left-anterior; A, anterior; RCA, right coronary artery; LCA, left coronary artery.
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Statistical Analysis
Data is presented as mean � standard deviation. For each group,

data were tested for Gaussian distribution via the Shapiro-Wilk test.

One-way analysis of variance was used to test for difference in results

between groups. If this revealed P < .05, multiple comparisons were

carried out between all groups by the use of independent-sample

t tests. A P value < .01 was considered significant following

Bonferroni correction to adjust for multiple comparisons. All
TABLE 1. Demographics, aortic dimensions, and hemodynamic indices in

Volunteers AR-TAV

Demographics

n 5 10

Male, n (%) 5 (100) 4 (40)

Age, y 31.3 � 3.1 54.0 � 10.8

Hypertension 1 (20) 3 (30)

Beta-blockers 1 (20) 2 (20)

ACEi/ARBs 1 (20) 2 (20)

Aortic dimensions, mm

SOV diameter 28.8 � 1.3 33.9 � 1.9

STJ diameter 22.8 � 0.9 29.7 � 1.6

MAA diameter 23.5 � 1.0 32.4 � 2.4

Hemodynamic indices

Flowasymmetry (%) 4.7 � 2.1 23.2 � 5.3

HFIsystole 0.24 � 0.02 0.28 � 0.06

MWSSAsc Aorta, dyn/cm2 9.8 � 5.4 17.4 � 8.8

OSIAsc Aorta 0.18 � 0.04 0.21 � 0.04

All continuous data are given as mean� standard deviation. AR-TAV, Aortic regurgitation tr

stenosis bicuspid aortic valvewith right left cusp fusion; AS-BAV(RN), aortic stenosis bicusp

ARBs, angiotensin II receptor blockers; SOV, sinuses of Valsalva; STJ, sinotubular junction

mean wall shear stress; OSIAsc Aorta, ascending aorta oscillatory shear index. *Denotes sig

between the marked group and volunteer group. yDenotes significant difference between

4 The Journal of Thoracic and Cardiovascular Surger
statistical analysis was carried out with SPSS (version 21; IBM

Corp, Armonk, NY).
RESULTS
Patient Demographics

The degree of AS or AR met the severity criteria
described previously in all patients except for the volunteer
the 5 study groups

AS-TAV AS-BAV(RL) AS-BAV(RN)

10 10 10

2 (20) 3 (30) 8 (80)

78.0 � 1.4* 63.5 � 7.5* 64.0 � 8.6

5 (50) 4 (40) 4 (40)

4 (40) 3 (30) 3 (30)

5 (50) 3 (30) 4 (40)

34.4 � 2.8 32.2 � 2.4 35.6 � 5.1

26.3 � 2.2 29.9 � 2.7 31.8 � 2.0

32.0 � 4.3 37.2 � 4.4* 39.9 � 2.4*

41.1 � 9.8 72.6 � 17.2 78.9 � 6.5y
0.26 � 0.04 0.39 � 0.04* 0.28 � 0.03

35.0 � 20.1 27.3 � 10.0 37.1 � 4.0*

0.19 � 0.02 0.18 � 0.03 0.13 � 0.02

icuspid aortic valve; AS-TAV, aortic stenosis tricuspid aortic valve; AS-BAV(RL), aortic

id aortic valve right-non cusp fusion; ACEi, angiotensin-converting enzyme inhibitor;

;MAA, mid-ascending aorta; HFI, helical flow index; MWSSAsc Aorta, ascending aorta

nificant difference after analysis of variance and independent-sample t test (P<.01)

the marked group and volunteer group, AS-TAV and AR-TAV.

y c - 2016



FIGURE 3. A, Schematic diagram of AVmorphology in the 5 study groups. B, 2D velocitymaps above the AVat peak systole. C, 3D velocity profiles above

the AVat peak systole. D, 3D schematic of the location of Vmax15%, as shown in red. E, 2D map of the location of Vmax15% (white circle ¼ centroid of

inflow, yellow circle ¼ centroid of Vmax15%). AR-TAV, Aortic regurgitation tricuspid aortic valve; AS-TAV, aortic stenosis tricuspid aortic valve; AS-

BAV(RL), aortic stenosis bicuspid aortic valve with right left cusp fusion; AS-BAV(RN), aortic stenosis bicuspid aortic valve right-non cusp fusion; RCA,

right coronary artery; LCA, left coronary artery.
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group, who were chosen because of their normal-
functioning AVs. The demographics and aortic dimensions
for the 5 groups are displayed in Table 1. Both BAV groups
had larger mid-ascending aortic diameters compared with
volunteers (P<.01).
The Journal of Thoracic and C
Velocity Patterns
Figure 3 depicts 2D velocity maps and 3D velocity pro-

files above the AV for a representative subject from each
of the 5 groups. When AS is present, the 3D velocity pro-
files are very peaked and narrow compared with the broader
ardiovascular Surgery c Volume -, Number - 5



FIGURE 4. 3D velocity streamlines showing trajectory of velocity during peak systole for example patients from the 5 study groups. Greater velocity jets are

represented by red. RCA, Right coronary artery; LCA, left coronary artery; AR-TAV, aortic regurgitation tricuspid aortic valve; AS-TAV, aortic stenosis tricuspid

aortic valve;AS-BAV(RL), aortic stenosis bicuspid aortic valvewith right left cusp fusion;AS-BAV(RN), aortic stenosis bicuspid aortic valve right-noncusp fusion.
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velocity profiles of the volunteer and AR-TAV groups.
Patients with BAV showed high velocity in the
periphery of the lumen, whereas patients with TAV
displayed more central velocity jets. Patients with BAV
had Flowasymmetry almost twice the magnitude of the
patients with TAV, indicating blood flow was much more
eccentric and asymmetrical (Table 1).
6 The Journal of Thoracic and Cardiovascular Surger
Helicity
The volunteer group showed laminar flow patterns with

relatively uniform parallel 3D velocity streamlines
indicating undisrupted flow (Figure 4). The AS-TAV and
AR-TAV groups showed a slightly greater degree of helical
flow compared with the volunteer group. Patients with BAV
displayed the greatest degree of corkscrew-like helical flow
y c - 2016



FIGURE 5. MWSS maps for example patients from the 5 study groups. The MWSS maps look at the thoracic aorta from 2 different views. Red represents

areas of high WSS. RCA, Right coronary artery; LCA, left coronary artery; AR-TAV, aortic regurgitation tricuspid aortic valve; AS-TAV, aortic stenosis

tricuspid aortic valve; AS-BAV(RL), aortic stenosis bicuspid aortic valve with right left cusp fusion; AS-BAV(RN), aortic stenosis bicuspid aortic valve

right-non cusp fusion.
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VIDEO 1. WSSmaps throughout the cardiac cycle, for example, patients from the 5 study groups. TheWSSmaps look at the thoracic aorta from 2 different

views. Red represents areas of high WSS. AR-TAV, Aortic regurgitation tricuspid aortic valve; AS-TAV, aortic stenosis tricuspid aortic valve; AS-BAV(RL),

aortic stenosis bicuspid aortic valvewith right left cusp fusion; AS-BAV(RN), aortic stenosis bicuspid aortic valve right-non cusp fusion; RCA, right coronary

artery; LCA, left coronary artery; WSS, wall shear stress. Video available at: http://www.jtcvs.org.
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and high-velocity jets traveling in a spiral manner around
the ascending aorta and arch. Helicity of blood flow in the
ascending aorta was assessed by the HFI, which at peak sys-
tole was significantly greater in the AS-BAV(RL) group
(Table 1).

Wall Shear Stress
Figure 5 shows cycle-averaged, or mean wall shear stress

(MWSS) maps throughout the thoracic aorta for each of the
5 groups. The 3 groups with AS showed high levels of
MWSS in the ascending aorta, predominantly affecting
the greater curvature. The volunteer and AR-TAV groups
showed lower levels of MWSS. Table 1 shows the values
of mean wall shear stress averaged over the ascending aorta
(MWSSAsc Aorta). MWSSAsc Aorta was similar in the
volunteer and AR-TAV groups. AS-BAV(RN) showed the
greatest MWSSAsc Aorta at 37.1 � 4.0 dyn/cm2. Video 1
shows the changing WSS patterns in the aorta throughout
the different phases of the cardiac cycle.

For each subject, the ascending aorta was divided into 8
sectors circumferentially. WSS averaged for each sector at
each time point was plotted against time over the cardiac
8 The Journal of Thoracic and Cardiovascular Surger
cycle (Figure 6). For the volunteer and AR-TAV groups,
WSS plots were low in magnitude and the curves re-
mained close together throughout the cardiac cycle, indi-
cating relatively symmetrical and uniform WSS
distribution around the ascending aorta. In contrast, the
3 AS groups (AS-BAV[RL], AS-BAV[RN], and AS-
TAV) showed greater WSS plots in the first one third of
the cardiac cycle (corresponding to systole). The sectors
displaying high WSS are the right-anterior and right sec-
tors for the patients with BAV, and the anterior, right-
anterior, and right sectors for the patients with AS-TAV.
This finding indicates significantly asymmetrical WSS
distribution.

The 3D radar plots shown in Figure 7 reveal an asymmet-
rical distribution of MWSS around the circumference of the
ascending aorta in the 3 AS groups. When we compared be-
tween groups, MWSS in the anterior, right-anterior, and
right sectors for AS-BAV(RN) was statistically greater
compared with the volunteer and AR-TAV groups
(P < .01). MWSS in the right-anterior sector for AS-
BAV(RL) is greater compared with the volunteer group
(but only achieving P<.05).
y c - 2016
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FIGURE 6. WSS plots throughout the cardiac cycle for example patients from each of the 5 groups. Each line represents 1 of the 8 anatomical sectors of the

ascending aorta. A, Anterior; RA, right-anterior; R, right; RP, right-posterior; P, posterior; LP, left-posterior; L, left; LA, left-anterior; AR-TAV, aortic regur-

gitation tricuspid aortic valve; AS-TAV, aortic stenosis tricuspid aortic valve; AS-BAV(RL), aortic stenosis bicuspid aortic valve with right left cusp fusion;

AS-BAV(RN), aortic stenosis bicuspid aortic valve right-non cusp fusion.

Youssefi et al Acquired

A
C
Q

Oscillatory Shear Index
Ascending aorta oscillatory shear index (OSIAsc Aorta)

was lower in AS-BAV(RN) (OSIAsc Aorta ¼ 0.13 � 0.02,
compared with 0.18 � 0.03 for AS-BAV[RL],
0.19 � 0.02 for AS-TAV, 0.21 � 0.04 for AR-TAV, and
0.18 � 0.04 for volunteers). Only the volunteer group
showed symmetrical OSI values in the ascending aorta.
Both bicuspid groups showed relatively lower OSI levels
in the right-anterior sectors. For AS-BAV(RN), this finding
was statistically significant for the anterior, right-anterior,
and right sectors compared with the volunteer group
The Journal of Thoracic and C
(P<.01). The tricuspid patient groups (AS-TAV and AR-
TAV) had greater OSI levels on the left side of the aorta,
with a significantly greater OSI in the left-anterior sector
for AS-TAV compared with AS-BAV(RN) (P < .01)
(Figure 7).

DISCUSSION
The results from this study show that the presence of BAV

was associated with eccentric blood flow patterns and high
helicity. AS, whether bicuspid or tricuspid, led to greater
WSS levels in the ascending aorta, with the WSS
ardiovascular Surgery c Volume -, Number - 9



FIGURE 7. A, Plots of MWSS for each of the 8 sectors of the ascending aorta. Error bars represent standard deviations of MWSS. B, Radial graphs of OSI

for each of the 8 sectors of the ascending aorta. *Indicates statistically significant differences for AS-BAV(RN) cohorts in comparisonwith AR-TAVandAR-

TAV (P<.01). f represents statistically significant differences for AS-TAV cohorts in comparison with AS-BAV(RN) (P<.01). j represents differences for

AS-BAV(RL) cohorts in comparison with AR-TAV (P<.05).MWSS, Mean wall shear stress; AR-TAV, aortic regurgitation tricuspid aortic valve; AS-TAV,

aortic stenosis tricuspid aortic valve; AS-BAV(RL), aortic stenosis bicuspid aortic valve with right left cusp fusion; AS-BAV(RN), aortic stenosis bicuspid

aortic valve right-non cusp fusion; OSI, oscillatory shear index; RA, right-anterior; R, right; A, anterior; RP, right-posterior; LA, left-anterior; P, posterior;

L, left; LP, left-posterior.
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distribution being asymmetrical and greatest in AS-
BAV(RN). OSI also was distributed asymmetrically, with
the lowest levels found in patients with AS-BAV(RN).
These findings corresponded with larger mid-ascending
aorta diameters in patients with BAV.

Implications for Management Guidelines
The results of this study question whether a patient-

specific functional assessment of the thoracic aorta should
be undertaken instead of size measurements alone. Guide-
lines of intervention on the aorta consist of maximal aortic
diameter as the principal management criteria, with treat-
ment recommended at smaller diameters in the presence
of risk factors such as connective tissue disorders or family
history of dissection.3 These criteria have remained largely
unchanged for many years. Despite these guidelines, how-
ever, there is still an incidence of rupture or dissection
when the aorta is below these size criteria. Elefteriades
and colleagues24 have shown the yearly risk of rupture,
dissection, or death to be 4.4%, 4.7%, 7.3%, and 12.1%
for aortic sizes 4, 5, 6, and 7 cm, respectively, which shows
that there remains a small-but-significant incremental risk
of aortic events for those patients with aortic size below cur-
rent intervention criteria.

These findings also provide new insights into sthe ade-
quacy of traditional long-standing indices of valve assess-
ment. Maximum aortic velocity, pressure gradients, valve
area, regurgitant volumes, and vena contracta are some of
10 The Journal of Thoracic and Cardiovascular Surge
the established echocardiographic indices used to assess
AV function.2 Although some of these hemodynamic
indices relate to symptoms and signs of AV pathology and
assess its effect on the left ventricle, they do not help in
the assessment of AV-related aortopathy. There is as of
yet no robust functional assessment of the effect of the
AVon the aorta, both in terms of flow changes and mechan-
ical stresses. Evidence shows a strong association between
BAV and aneurysm of the ascending aorta, with a risk of
subsequent dissection or rupture8; however, the decision
of when to intervene surgically on this group of patients
can be difficult. The degree of aortic dilatation can be highly
variable, and management guidelines are supported by
limited evidence. It is not uncommon to be presented with
a patient with BAV who has an intermediate severity of
valve dysfunction and a moderate degree of aortic dilata-
tion. This patient may not fulfill current criteria for surgical
intervention on the AVor the aorta; however, assessment of
some of the functional indices outlined in this study may
help in decision making.

Valve Morphology and Hemodynamics
WSS was greater in the presence of AS, whether BAVor

TAV. MWSS was greatest in the patients with right-
nonfusion BAV. The WSS distribution was highly asymmet-
rical, with the right-anterior and right sectors experiencing
the greatest levels of WSS. These sectors correlate with the
convexity (greater curvature) of the ascending aorta. It was
ry c - 2016
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interesting to note that both BAV groups had significantly
larger mid-ascending aorta diameters compared with the
volunteer group. These trends are in keeping with previous
CFD studies,25,26 although our results are based on larger
patient numbers, less hemodynamic assumptions, and more
patient-specific parameters. Four-dimensional (4D) flow
MRI studies by Mahadevia and colleagues27 also found
WSS to be greater in sectors corresponding to the greater cur-
vature of the ascending aorta in patients with BAV.
Meierhofer and colleagues28 also used 4D flow MRI and
measured WSS to be up to 7.5 dyn/cm2 (0.75 N/m2) in the
ascending aorta of patients with healthy tricuspid valves, cor-
responding to 9.8� 5.4 dyn/cm2measured in our study.WSS
measurements for patients with BAV in their study were
greater than patients with TAV but were not as high as the
levels seen in our study. This finding may be attributed to
the lack of AS or insufficiency in their patients with BAV.

Our results also correlate well with the findings of Della
Corte and colleagues,29 who found that medial degeneration
was more severe in the greater curvature of BAV aortas.
Type I and III collagen were reduced in this area. Smooth
muscle cell apoptosis was seen to be increased in the greater
curvature of BAV aortas even before significant dilatation
had occurred.30

OSI throughout the ascending aorta was lower in the
right-non-BAV group. When we compared the 8 sectors,
lower OSI was seen in the anterior, right-anterior, and right
sectors. Greater OSI has been associated with increased
atherosclerotic plaque formation and an increase in vessel
wall thickness.31 It may be postulated that this lower OSI
seen in AS-BAV(RN) may be protective from atheroscle-
rotic plaques, or perhaps to even cause thinning of the
wall. The 3 sectors that demonstrated lower OSI were those
corresponding to the greater curvature of the ascending
aorta, typically the site of wall thinning.29 Further work in
this area may lend additional insights into the mechanisms
of aortopathy.

As the morphology of the AV changed relative to healthy
volunteers, blood flow helicity increased. There was a step-
wise increase in helicity from volunteer/ TAV (AS or AR)
/ AS-BAV(RN) / AS-BAV(RL). This may be related to
the asymmetrical flow seen in patients with BAV. Helicity
has been shown to play an important role in plaque deposi-
tion19 and aneurysm formation.20 High helicity has been
linked with high WSS, in part due to the nonaxial velocity
component as well as its link with disrupted flow.32,33 This
trend also was seen in our results.

This work focused on hemodynamic indices in the aorta
and their correlation to known vasculopathies. Pressure, on
the other hand, is the most important contributor to tensile
stress, the key determinant in aneurysm rupture when wall
stress exceeds wall strength. WSS acts in the direction of
the vessel wall and is governed by velocity. It is a smaller
quantity compared with tensile stress34 and the tensile
The Journal of Thoracic and C
strength35 of the aortic wall (Pascals for WSS compared
with hundreds of kiloPascals for tensile stress); however,
it interacts with the vessel wall via different mechanisms.
Tensile stress could be estimated by finite element modeling
of the aorta using appropriate constitutive models to
describe the characteristics of the wall.

Future Application of CFD
Current assessment of patients with aortopathy is largely

limited to surveillance of aortic size by computed tomogra-
phy or MRA. There remains a lack of information regarding
each patient’s aortic wall biomechanics and flow patterns.
Indices such as WSS and OSI have been shown to be asso-
ciated with aneurysm formation/rupture15 and vasculop-
athy.16 This study found WSS to be highest and OSI to be
lowest in the greater curvature of the ascending aorta of
bicuspid patients, the site of typical dilatation and thin-
ning.29 Further investigations should include longitudinal
studies to assess the correlation between the proposed he-
modynamic indices and aortopathy events, as well as the ef-
fect of these indices on proteomic changes, gene
expression, and inflammatory changes in the aortic wall.
Knowledge of these parameters may then help highlight
those patients at greater risk of aortic complications and
help guide timing of surgical intervention.
4D flowMRI also can be used to assess some of these he-

modynamic parameters; however, because of lower spatial
and temporal resolution, underestimation ofWSS is a recog-
nized problem.36 Furthermore, 4D flow MRI has a longer
acquisition time, which may be inconvenient for the patient.
The MRA and PC-MRI image acquisition required to carry
out CFD is of significantly shorter duration.
CFD is a noninvasive approach to quantify biomechanics

and hemodynamics in the assessment of aortic pathology.
Future development and incorporation of CFD algorithms
and tools into imaging modality systems may give clini-
cians access to each patient’s individual aortic flow dy-
namics and biomechanics.

Limitations
The results from this study have not been adjusted for pa-

tient characteristics such as age. Future studies should
contain different AV morphology groups such as AR-BAV
and even mixed AV disease groups (mixed AS and AR).
Furthermore, a comparison of BAV morphologies with
different degrees of stenosis or regurgitation should be
made to assess hemodynamic parameters in bicuspid pa-
tients with less than severe AS or AR.
Computations were performed under the assumption of

rigid walls. Increasing compliance and elasticity causes a
small reduction in WSS, so our results may have overesti-
mated WSS in all 5 groups. As the aorta dilates, its compli-
ance and elasticity reduce, and it becomes stiffer and more
rigid. This makes it more susceptible to greater shear
ardiovascular Surgery c Volume -, Number - 11
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stresses and increases the risk of rupture or dissection.37

The 2 bicuspid groups in this study had significantly larger
aortas, and it may be suggested that the aortic wall may have
been stiffer than the smaller diameter tricuspid groups.
Therefore, WSS would have been proportionally more
overestimated in the TAV groups. Thus, the actual differ-
ences in WSS between BAV and TAV groups could have
been even greater than that seen in this study. In future
studies, fluid-structure interaction analysis that takes into
account the elasticity of the aortic wall will be performed.

CONCLUSIONS
The outcomes in aortic hemodynamics from this study

may relate to a potential explanation for the increased inci-
dence of aortopathy in patients with BAV and indeed to
some degree of poststenotic dilatation seen in some patients
with AS-TAV. Our results show that there are increased ve-
locity jets found at the periphery of the aorta in patients with
BAV. Velocity streamlines show that these narrow jets
impact on the greater curvature of the ascending aorta and
subsequently spiral around the ascending aorta and arch.
They cause increased WSS and reduced OSI at the greater
curvature, corresponding to larger mid-ascending aorta di-
ameters. These findings provide a possible mechanistic
link between AV morphology and aortopathy. CFD is a
noninvasive, functional assessment of the thoracic aorta
and may enable the development of an improved personal-
ized approach to the diagnosis and management of aortic
disease beyond traditional guidelines.
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APPENDIX E1: MAGNETIC RESONANCE
IMAGING (MRI) PARAMETERS
Patients underwent standard-of-care cardiac MRI and mag-
netic resonance angiography to image the entire thoracic
aorta, including the head and neck vessels. Gadolinium
(0.3mL/kg; gadodiamide,Omniscan;GEHealthcare,Wauke-
sha, Wis) was infused with a breath-held 3-dimensional fast
gradient echo sequence using a Philips Achieva 3T scanner
(Philips Medical Systems, Eindhoven, The Netherlands). Ac-
quired slice thicknesswas 1.0 to 2.0mm,with 56 to 80 sagittal
slices per volume. A 344 3 344 acquisition matrix was used
with a field of view of 35 cm3 35 cm (reconstructed to slices
with a spatial resolution of 0.49 mm 3 0.49 mm and re-
sampled to a slice thickness of 1.00 mm). Other parameters
included a repetition time of 3.9 milliseconds, echo time of
1.4 milliseconds, and a flip angle of 27�.

Time-resolved, velocity-encoded 2-dimensional anatomic
and through-plane PC-MRI (flow MRI) was performed on a
plane orthogonal to the ascending aorta at the sino-tubular
junction. Heart rates amongst subjects ranged between 50
and 95 bpm, during which 30 images were reconstructed. Im-
aging parameters included repetition time, echo time, and flip
angle of 4.1 to 4.2ms, 2.4 to 2.5ms, and 15�, respectively. The
field of viewwas30 to 35 cm3 30 to 35 cmwith an acquisition
matrix of 152 to 170 3 120 to 150 and a slice thickness of
10 mm, resulting in a voxel size of 2.3 mm 3 2.4 mm
3 10 mm (resampled at 1.37 mm 3 1.36 mm 3 10 mm).
Data acquisition was carried out within a single breath-hold
and gated to the cardiac cycle. Cine sequenceswere performed
for assessment of valve morphology. Velocity sensitivity was
set between 150 and 500 cm/s, depending on the degree of
aortic stenosis. Average scan times were 20 minutes.

APPENDIX E2: OUTFLOW BOUNDARY
CONDITIONS

Patient-specific outflow boundary conditions were pre-
scribed at each outlet in the innominate artery, left common
carotid artery, left subclavian artery, and descending aorta.
Upper limb blood pressure was measured after each study
with the use of an automated sphygmomanometer cuff
with participants in the supine position. A 3-element Wind-
kessel RCR modelE1,E2 was superimposed on each outlet.
The Windkessel model represents the arterial tree beyond
the model outlet in an intuitive and physiological manner
comprising a proximal resistance (Rp), compliance (C),

and a distal resistance (Rd) for each outlet. Table E1 shows
the values of the outflow boundary conditions for an
example patient from each group.

Rtotal is the total resistance in the vascular system. These
values were calculated in the following patient-specific
manner:

Rtotal ¼ P

Q

where P ¼ patient’s mean arterial pressure, Q ¼ flow, as
derived from the PC-MRI inlet velocity profile.

Rtotal ¼
 X

i

1

Ri

!�1

and Ri is the total resistance for each individual outlet.

Ri ¼ RpþRd

for each individual outlet, where Rp is proximal resis-
tance, and Rd is the distal resistance. Ri is calculated using
the following relationship:

Rtotal

Ri

¼ Ai

AT

where Ai is the cross-sectional area of the individual
outlet, and AT is the total cross-sectional area of all outlets
in the model. We assumed the ratio of proximal to total
resistance:

Rp�
RpþRd

� ¼ 0:056
E3

Similarly, CT is the total compliance in the vascular
system.

CT ¼
X
i

Ci

and

Ci

CT

¼ Ai

AT

Therefore, the flow and compliance at each outlet is pro-
portional to the outlet’s area.
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TABLE E1. Values of the lumped parameter Windkessel boundary conditions for an example patient from each of the 5 groups

Group Outlet

Windkessel parameters

Rp Rd C

Volunteers Brachiocephalic artery 1.36 9.23 48.3

Left common carotid artery 2.46 15.3 29.2

Left subclavian artery 1.74 11.3 39.3

Descending aorta 0.25 2.14 208

AR-TAV Brachiocephalic artery 0.41 9.79 22.68

Left common carotid artery 2.08 39.57 5.61

Left subclavian artery 1.18 24.31 9.13

Descending aorta 0.10 2.79 79.58

AS-TAV Brachiocephalic artery 0.48 4.91 36.22

Left common carotid artery 1.73 14.81 12.00

Left subclavian artery 1.65 14.19 12.52

Descending aorta 0.19 2.23 79.85

AS-BAV(RL) Brachiocephalic artery 0.79 18.2 28.2

Left common carotid artery 1.15 24.9 20.5

Left subclavian artery 1.29 27.6 18.6

Descending aorta 0.17 4.69 109

AS-BAV(RN) Brachiocephalic artery 0.67 5.61 49.28

Left common carotid artery 2.38 16.49 16.77

Left subclavian artery 2.00 14.22 19.45

Descending aorta 0.20 2.01 137.90

The units of resistance are 103 dynes s/cm5. The units of capacitance are 10�6 cm5/dynes. Rp, Proximal resistance; Rd, distal resistance; C, capacitance; AR-TAV, aortic regur-

gitation tricuspid aortic valve; AS-TAV, aortic stenosis tricuspid aortic valve; AS-BAV(RL), aortic stenosis bicuspid aortic valve with right left cusp fusion; AS-BAV(RN), aortic

stenosis bicuspid aortic valve right non cusp fusion.

Windkessel Parameters
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APPENDIX E3: HEMODYNAMIC INDICES
Helical Flow Index (HFI)

Aortic 3-dimensional velocity streamlines were calcu-
lated from temporally resolved velocity data for the entire
thoracic aorta and color coded to represent blood velocity.
Helicity is a metric that represents the extent to which
corkscrew-like motion occurs and is governed by velocity
and vorticity.E4 HFI was calculated to quantitatively mea-
sure the degree of helicity. HFIP is the helical flow index
for each pathline (velocity streamline), calculated over the
particle trajectory:

HFIp ¼ 1

Nj

XNj

i

Ji

Here,Ji is the dimensionless normalized helicity, calcu-
lated as the cosine of the angle between velocity and
vorticity vectors at each point of the pathline. Nj is the num-
ber of 0.5-mm steps, i ¼ 1, ., Nj, along the fluid particle
pathline j. Steady Poiseuille flow gives a value of Ji ¼ 0,
whereas values of jJj ¼ 1 occur when flow is purely heli-
cal.E4,E5 HFIsystole is the average HFIp over all pathlines
during peak systole.

Wall Shear Stress (WSS)
WSS expresses the force per unit area exerted by a flow-

ing fluid on a surface of the lumen in the direction of the
local tangent. In a complex 3-dimensional geometry such
as the aorta, wall shear stress WSS

��!
can be obtained as

follows:

WSS
��! ¼ mðV u!þV u!TÞ n!

where m is the blood viscosity, V u! is the gradient of the ve-
locity field, V u!T

is the transpose of the gradient of the ve-
locity field, and n! is the unit normal vector to the vessel
wall.

Oscillatory Shear Index (OSI)
In pulsatile flow, the temporal variation in WSS direction

can be expressed in terms of the OSI:

OSI ¼ 1

2

0
BBBBBBB@
1�

������
Z T

0

wsszdt

������Z T

0

jwsszjdt

1
CCCCCCCA
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where an OSI value of zero indicates unidirectional flow
throughout the pulsatile cycle, and a value of 0.5 indicates
that flow oscillates forward and backward for the same
period of time during the cycle (ie, disturbed flow). OSI
essentially measures the degree of disturbed flow at the
vessel wall,E4 and has been shown to be associated with
vasculopathy.E4

E2. Vignon-Clementel IE, Figueroa CA, Jansen KE, Taylor CA. Outflow bound-

ary conditions for three-dimensional finite element modeling of blood flow

and pressure in arteries. Comput Methods Appl Mech Eng. 2006;195:

3776-96.

E3. Laskey WK, Parker HG, Ferrari VA, Kussmaul WG, Noordergraaf A. Esti-

mation of total systemic arterial compliance in humans. J Appl Physiol.

1990;69:112-9.

E4. Hardman D, Semple SI, Richards JM, Hoskins PR. Comparison of patient-

specific inlet boundary conditions in the numerical modelling of blood flow in

abdominal aortic aneurysm disease. Int J Numer Method Biomed Eng. 2013;

29:165-78.
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Patient-specific computational fluid dynamics reveals high wall shear stress and lower oscillatory
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