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Abstract

OBJECTIVES: The aim was to define the 3-dimensional (3D) geometrical changes of the aortic root and to determine the local shear stress
profile of aortic root elements during the cardiac cycle.

METHODS: Six sonomicrometric crystals (200 Hz) were implanted into the aortic root of five pigs at the commissures and at the aortic
root base (AoB). 3D aortic root deformation including volume, torsion and tilt angle were determined. Geometrical data with measured
local flow and pressure conditions was used for computed fluid dynamics modelling of the aortic root.

RESULTS: Compared with end-diastole, the sinotubular junction and AoB have maximal expansion at peak ejection: 16.42 £ 6.36 and
7.60 +2.52%, and minimal at isovolaemic relaxation: 2.87 + 1.62 and 1.85 £ 1.79%. Aortic root tilt and rotation angle were maximal at the
end of diastole: 17.7 £ 8.8 and 21.2 + 2.09°, and decreased to 15.24 + 8.14 and 18.3 + 0.1.94° at peak ejection. High shear stress >20 Pa was
registered at peak ejection at coaptations, and during diastole at the superior two-thirds of the leaflets and intervalvular triangles (IVTs).
The leaflet body, inferior one-third of the IVTs and valve nadir were exposed to moderate shear stress (8-16 Pa) during the cardiac cycle.

CONCLUSIONS: Aortic root geometry demonstrates precise 3D changes of tilt and rotation angle. Reduction of angles during ejection
results in a straight cylinder with low shear stress that facilitates the ejection; the increase during diastole results in a tilted frustum with ele-

vated shear stress. Findings can be used for comparative analysis of native and synthetic structures with individual compliance.

Keywords: Aortic root  Geometry of the aortic root » Shear stress + Computed fluid dynamics

INTRODUCTION

The aortic root (aortic root) is a complex morphological as well as
a functional unit of the three sinuses of Valsava, of three leaflets
and three intervalvular triangles (IVTs), and ostia of both coronary
arteries [1, 2]. The different shapes of the three sinuses, along with
the IVTs create a very complex asymmetrical aortic root shape [1,
3]. This natural asymmetry was validated via 3D geometry that
considered direction, tilt angle and the aortic root vector [1, 2].
The impact of the natural aortic root asymmetry on proper valve
function, i.e. closure and opening of the aortic valve, however is
not known in full detail. In fact, aortic root haemodynamics is
complex and includes synchronous morphological deformation of
the sinotubular junction (SJ), IVTs, the three sinuses and the aortic
root base (AoB) in order to provide a smooth opening and closure
of the three leaflets. To date, a majority of studies have focused on
sinuses of Valsava and leaflet haemodynamics and, in actuality,

little is known about the AoB and IVTs in this complex mechanism.
For a long time, it was supposed that the key element of smooth
valve movement was the proper functioning of the sinuses of
Valsava [4, 5]. The most striking fact, which supports this theory,
was the notion of early leaflet deterioration and degeneration fol-
lowing aortic valve implantation in a tubular graft as in the David
procedure. The elevated stress shear on the leaflets should induce
and lead to early valve degeneration [5-7]. In the recent literature,
however, there is strong evidence of excellent long-term results in
valve reimplantation with 95% freedom from valve-related com-
plications over 20 years [8, 9].

The aim of this experimental study was to describe aortic root
deformation in 3D real time during the cardiac cycle. To accom-
plish this, a geometrical model of the aortic root was developed
and utilized. Experimental data were obtained to create a real-
time computed fluid dynamics model to investigate local shear
stress, pressure and flow modalities in the aortic root.

© The Author 2015. Published by Oxford University Press on behalf of the European Association for Cardio-Thoracic Surgery. All rights reserved.

EXPERIMENTAL

b/s10[8/W00°dnoolwepeoe//:sdiy Woll papeojumoq

610z Aienige4 /Z uo Jasn oueuQ ulalsap 1o Alsiaaiun Aq GZesd



1214 D. Berdajs et al. / European Journal of Cardio-Thoracic Surgery

MATERIALS AND METHODS
Animal protocol

The research protocol was reviewed and approved by the
Committee on Animal Care, Office Vétérinaire Cantonal, Lausanne.
All animals received care in compliance with the Principles of
Laboratory Animal Care formulated by the National Society for
Medical Research and the Guide for the Care and Use of
Laboratory Animals prepared by the National Academy of Sciences
and published by the National Institutes of Health, NIH Publication
No. 80-23, revised in 1985.

The mean body weight of five domestic pigs was 61.2 + 7.8 kg
and mean body surface was 1.38 + 0.13 m% General anaesthesia was
induced with intravenous ketamine (1 mg/kg per body weight) and
propofol (4.0 mg/kg per body weight) and was maintained by vola-
tile anaesthetics (isoflurane 1.5-2.5%). The animals were equipped
with a jugular central venous catheter, femoral arterial catheter for
haemodynamic monitoring and five-lead electrocardiogram.

The heart was exposed via median sternotomy. The right atrium
and inferior vena cava were cannulated with a 32 Fr venous
cannula (SmartCannula®, Lausanne, Switzerland), and arterial can-
nulation at the aortic arch was done using a 20 Fr cannula (Eopa®
cannula, Medtronic, Inc., Minneapolis, MN, USA). Clear priming
(800 ml) and full systemic heparinization (heparin loading dose
300 units/kg per body weight with activated clotting time >480 s)
were used throughout the procedure. After cross-clamping of the
ascending aorta, cold crystalloid cardioplegia was administered
into the aortic root. The ascending aorta was opened 1 cm super-
ior to the §J. Six ultrasonic crystals (Sonometrics Corp., London,
ON, Canada) were implanted into the aortic root. The 2 mm high-
fidelity crystals (200 Hz) were secured by 5-0 polypropylene suture
at three commissures and had their projection at the AoB, which
is at the deepest point of each IVT. The crystal orientation was
towards the lumen of the aortic root. After the crystal electrodes
were exteriorized, through the aortic incision, the aorta was closed
with 4-0 polypropylene suture. High-fidelity catheter-tipped pres-
sure transducers (Millar Instruments, Houston, TX, USA) were
placed in the ascending aorta and into the left ventricular cavity to
obtain the pressure. Flow was measured by a PeriVascular flow
probe (Medistim ASA, Oslo, Norway) at the ascending aorta.

After the cardiopulmonary bypass was discontinued, and the
animal was haemodynamically stable, five recordings of 10 min
each were undertaken. Transoesophageal echocardiography was
obtained to verify the competence of the aortic valve. At the end
of the experiment, the heart was explanted and autopsy was per-
formed to confirm the correct position of all six crystals.

Cardiac cycle and time-setting of measurements

Aortic root geometry was assessed over the whole cardiac cycle.
According to the pressure tracings in the left ventricle and ascend-
ing aorta, the following time-related 3D geometries were defined:
(i) at the end of diastole and at the beginning of the isovolemic
contraction when the pressure in the left ventricle starts to rise, (ii)
aortic valve opening at equalization of arterial and ventricular
pressure, (iii) peak ejection, (iv) end of the systole, when the aortic
valve closes and at (v) the end of the isovolaemic relaxation at the
lowest pressure value in the left ventricle when the mitral valve
opens.

3D geometry of the aortic root

The 3D geometry of the aortic root was defined as an oblique tri-
angular prism in our previous reports [1, 2]. The superior triangle is
positioned at the SJ, and three edges of the triangle correspond to
the anterior, right and left commissures. The basal triangle is posi-
tioned at the AoB, and its edges correspond to the vertical projec-
tion of the three commissures into the AoB [1, 2]. The distance
between the sinotubular and the basal markers corresponds to
the height of the IVTs. The AoB and the §J triangles are not parallel
and enclose a tilt angle. The asymmetry of the aortic root is
defined by one sole parameter, the aortic root vector, that defines
its direction and tilt angle (Fig. 1) [1, 2].

Data acquisition and definition of 3D deformation

Measured distances in the aortic root, and the pressure in the left
ventricle and in the ascending aorta were synchronized by using
Digital Sonomicromter System software (Sonometric Corporation).
In post-measurement processing (CardioSoft program, Sonometric
Corporation), the distance between crystals, and time-related 3D
reconstruction of the aortic root and the aortic root vector were
defined. The following distances were measured: (i) the intercom-
missural distances at the S, (ii) basal distances between the three
crystals at the AoB, (iii) the distance at the IVT and (iv) the diagonal
distances corresponding to each sinus. The radius of the AoB as
well of the S) was calculated by using the rules in Euclidean space
where each triangle has a circumscribed circle [10]. The volume of
the aortic root was calculated according to the oblique conical
frustum where the basal and the top surface are not parallel [11].

5

Figure 1: Geometric model of the aortic root. The ‘123’ triangle is positioned in
the sinotubular junction. The three edges correspond to the LCS, RCS and NCS
commissures. The triangle at the aortic root base is marked by the ‘456’ triangle,
and the basal points correspond to the vertical projection of the three commis-
sures into the root base. By interconnecting the points of both triangles, a
model of the aortic root is obtained. This model is a prism where the basal and
the sinotubular junction plane are not parallel. The axis of the prism intercon-
nects the centre of the sinotubular junction and aortic root base. LCS: left cor-
onary sinus; RCS: right coronary sinus; NCS: non-coronary sinus.
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Definition of aortic root tilt angle and torsion

The tilt angle was computed as the angle between the normal
vector of the SJ and the z-axis. The torsion angle was defined as
the angle between the z-axis and the vector going through the
centroids of the AoB and the SJ. The uncertainty for both of these
angles was determined via a Monte-Carlo simulation: the seg-
ments of the prism were drawn from a Gaussian distribution with
sample mean and variance (based on the repeated measures of
each segment), the prism was reconstructed on the basis of the
drawn segments and the angles were computed for the recon-
structed prism. Repeating this process 1000 times, and as such
having 1000 values of the torsion and the tilt angle for each prism,
allowed us to generate a good statistical estimate of these quan-
tities (Fig. 2).

Statistical analysis of measured data

Ten consecutive heartbeats from each measurement sequence
(five sequences of 10 min for each animal were registered) with a
minimal amount of noise were chosen for analysis. The data are
presented as mean and standard deviation. The measured param-
eter changes were tested for significance using the Student's t-test
for paired observations (P > 0.05 was significant). A univariate gen-
eralized linear model was used to test for significant differences
(P> 0.05 was significant). The radius of the S) and AoB was exam-
ined to evaluate the order of relative expansions, and values were
compared with the baseline radius at the end of diastole.

Computational fluid dynamics modelling of the
aortic root

A geometrical model, suitable for computational fluid dynamics
(CFD) simulations, was established for the aortic root in order to
evaluate pressure, velocity and shear stress profiles. The geometry
was designed based on 3D real-time measurements, calculations
and experimental data (Fig. 3). In particular, the dimensions of the

NCS
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prism were used to build eight geometrical models representative
of the cardiac cycle and time-setting of measurements described
previously (five characteristic steps and three additional inter-
mediate positions). A discretized set of 100 geometrical models
was interpolated and generated in order to reproduce the geo-
metrical deformation of the aortic root and the movement of the
three leaflets during the complete cardiac cycle.

The ANSYS ICEMCFD (ANSYS, Inc., Cecil Township, PA, USA)
preprocessor tool was used to generate the multiblock structured
grids needed by the Navier-Stokes Multi-Block (NSMB) flow
solver. An O-grid topology (which aligns the hexahedral cells of
the structured grid with the walls of the geometrical model) was
employed to refine the mesh close to the walls in order to correct-
ly capture the laminar boundary layer in these regions [12]. The
grid for the aortic root comprises 308 structured blocks for
around 1.8 million cells.

Since the simulation was performed in a large vessel, blood was
modelled as a Newtonian [13, 14] fluid with a viscosity of 4.1073
Pas and a density of 1060 kg/m®. No-slip boundary conditions
were imposed on the artery walls, as well as on the valve leaflets.
At the inlet of the aortic root, a pulsatile velocity flow profile was
applied according to the measured values from the experimental
scenario. Pressure conditions were applied at the outlet of the
aortic root as well as at the outlet of the coronary arteries. The
NSMB solver uses a cell-centred finite volume method to solve
the compressible Navier-Stokes equations [15, 16]. The spatial dis-
cretization was ensured by a forth-order central scheme, while the
time discretization was resolved by an implicit scheme.

RESULTS

Experiments were successfully performed for all five animals. The
recordings were performed under stable haemodynamical condi-
tions over 10 min, and were repeated five times. From obtained
data, five consecutive heartbeats of each measurement series
were chosen for analysis. Systolic pressure was 104 + 19.3 mmHg,
diastolic pressure 66 + 20.1 mmHg and heart rate was 99 + 13.7/min.
The mean flow measured at the ascending aorta was 3.3+ 0.38
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Figure 2: Aortic root tilt angle and torsion angle shown on the 3D model. The aortic root tilt angle is the angle between the sinotubular junction and aortic root base
(A). The solid arrow in triangle ‘123" is a vector of the sinotubular junction. The aortic root base vector is positioned at the triangle ‘456". Projecting the sinotubular
junction vector onto the aortic root base (dashed line arrow), the tilt angle between two planes becomes more obvious. The aortic root torsion is twisting around the
root axis, the green solid line connecting the centre of the sinotubuar junction and the aortic root base triangles (B). The grade of torsion is presented as the torsion
angle and represents the displacement of the sinotubular junction with regard to the aortic root base. LCS: left coronary sinus; RCS: right coronary sinus; NCS:

non-coronary sinus.
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Figure 3: The distance between the three commissures (A), their projection at the aortic root base (B) and the radius of the aortic root base and the sinotubular junc-
tion (C) show a similar pattern. Maximal expansion was registered in the period of valve opening to peak ejection, followed by constant values till aortic valve closures
and rapid increase of measured parameters during isovolaemic relaxation. The aortic root base radius is larger than the radius of the sinotubular junction (C);
however, the relative changes of deformation were more prominent at the sinotubular junction (D). On the plot, the columns represent relative radius changes when
compared with the end-diastolic values. The expansion of the sinotubular junction during ejection is about two times the expansion at the level of the aortic root
base (C and D). §J: sinotubular junction; AoRoot base: aortic root base; LCS: left coronary sinus; RCS: right coronary sinus; NCS: non-coronary sinus; ED: end-diastole;
Min: end of the isovolaemic contraction; Max: maximal/peak ejection; ES: end of systole; Mid-D: mid-term of diastole at mitral valve opening.

I/min. There was no valve regurgitation registered during the
recording, and at autopsy in all five cases, the crystals were con-
firmed to be in the correct positions.

3D aortic root deformation during cardiac cycle

The expansion of three sinuses at the level of commissures
showed a similar pattern. The expansion of the left (LCS) and right
coronary sinus (RCS) was similar over the whole cardiac cycle.
Both were significantly larger than the expansion recorded in the
non-coronary sinus (NCS) (P > 0.05). The expansion pattern was as
follows: maximal expansion was registered between the end of the
isovolaemic contraction at peak ejection: 13.04 £0.22 mm for
the LCS, 14.11 £ 0.25 mm for the RCS and 11.54 + 0.15 mm for the
NCS vs 15.3 £ 0.2 mm for the LCS, 16.6 = 0.3 mm for the RCS and
13.6 £ 0.2 mm for the NCS. This rapid expansion phase was fol-
lowed by a plateau between peak ejection and closure of the
aortic leaflets. There was a rapid drop in commissural distances
registered during the initial phase of the diastole in the period
from the closure of the aortic valve: 15.2+0.26 mm for the
LCS, 16.5+0.26 mm for the RCS and 13.48 +0.21 for the NCS to

the opening of the mitral valve: 13.44 +0.25 mm for the LCS,
1444 +0.26 mm for the RCS and 11.93 +0.20 mm for the NCS.
Minimal distance reduction was observed between the period of
mitral valve closure and the beginning of the isovolaemic contrac-
tion (P <0.05). A similar expansion pattern was observed at the
AoB, with the only exception being a slight increase of distances
during isovolaemic contraction. Expansion of the LCS and RCS
base was identical and larger than the expansion of the NCS base
(P> 0.05). Maximal expansion was registered between the period
of aortic valve opening and peak ejection with: 20.07 + 0.47 mm
for the LCS, 18.97 + 0.29 mm for the RCS and 12.87 + 0.34 mm for
the NCS vs 21.06 + 0.13 mm for the LCS, 20.23 + 0.14 mm for the
RCS and 13.82 + 0.08 for the NCS. A rapid drop in basal distances
was registered in the period from the closure of the aortic valve
and the opening of the mitral valve: 20.92 + 0.19 mm for the LCS,
20.18 £ 0.22 mm for the RCS and 13.82+0.11 mm for the NCS vs
19.24 +0.28 mm for the LCS, 18.59 +0.17 mm for the RCS and
12.33+0.16 mm for the NCS. From here on, all three distances
measured at the AoB were slightly increasing to the level mea-
sured at the end of diastole (Table 1, Fig. 3).

The radius of the AoB was larger compared with the radius of
the S) over the whole cardiac cycle (P<0.05). However, the
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amplitude of S) radius deformation was larger than the deform-
ation at the AoB (P < 0.05). The largest expansion for both regions
was at peak ejection: 16.42 + 6.36% for the ) and 7.6 + 2.52% for
the AoB, followed by expansion at the end of systole:
15.77 +7.00% for the S) and 7.13 + 2.68% for the AoB when com-
pared with the radius at the end of diastole. The smallest change
of radius expansion was registered at the end of the isovolaemic
contraction: 0.44 + 0.15% for the SJ and 1.85 + 2.45% for the AoB,
when compared with the radius at the end of diastole (Table 1,
Fig. 3).

The geometrical deformation of the IVTs was as follows: the
largest dimensions were measured at the left (LIVT) followed by
anterior (AIVT) and at the right (RIVT) (P > 0.05). All three distances
showed almost a linear expansion from the beginning of the iso-
volaemic contraction at 16.18 +0.04 mm for the LIVT, 14.38
0.04 mm for the AIVT and 12.94 +0.04 mm for the RIVT to the

1217

peak ejection: 16.38 + 0.06 mm for the LIVT, 14.49 + 0.06 mm for
the AIVT and 13.01 £ 0.07 mm for the RIVT. A plateau followed till
the closure of the aortic valve: 16.38 +0.06 mm for the LIVT,
14.49 £ 0.06 mm for the AIVT and 13.01 + 0.07 mm for the RIVT,
and a decrease in distances during the isovolaemic phase of dia-
stole: 16.17 + 0.05 mm for the LIVT, 14.41 + 0.06 mm for the AIVT
and 12.96 + 0.06 mm for the RIVT.

aortic root volume showed a slight increase at isovolaemic con-
traction from 4.28 + 0.15 ml at the end of diastole to 4.45+0.15
ml at the end of isovolaemic contraction. From here on, the
volume increased to 5.15+0.18 ml at peak ejection and
510+0.18 ml at the closure of the valve. Then the volume
decreased down to a minimal value of 4.22 + 0.15 ml at the time
of mitral valve opening (Table 2).

The tilt angle (@) of the aortic root is the angle between the S)
and AoB and corresponds to the aortic root vector tilt angle. The

Table 1: Measured distances at the three commissures, aortic root base and intervalvular triangles
ED Min MaxE ES Mid-D
Intercommissural distance (mm)
LCS 1296+0.18 13.04+0.22 1535+0.24 1520+ 0.21 13.44+0.25
RCS 14.05+0.19 1411+0.25 16.54+0.3 16.51+0.29 14.44+0.27
NCS 11.52+0.13 11.54+0.15 13.61+0.23 13.48+0.21 11.93+£0.13
Distance at the aortic root base (mm)
LCS 19.65+0.28 20.07 +0.47 21.06 +0.14 20.93+0.19 19.25+0.28
RCS 18.82+0.17 18.97+0.29 20.23+0.14 20.18 +0.22 18.59+0.17
NCS 1254+0.14 12.87+0.34 13.90 £ 0.08 12.82+0.11 1233+0.16
Sinotubular junction and aortic root base radius (mm)
S) 7.84+0.69 7.87+0.69 9.12+0.76 9.06+0.82 8.07+0.28
AoB 10.38+1.22 1057+1.18 11.16+1.21 11.11+1.25 1018+ 1.15
ED/ED Min/ED MaxE/ED ES/ED Mid-D/ED
Relative radius change when compared with the ED radius
S) 1 044 £1.15% 16.42 + 6.36% 15.77 +7.0% 2.87 £1.62%
AoB 1 1.85+1.45% 7.6+252% 7.13+2.68% 1.85+1.79%

Additionally, the radii of the sinotubular junction and of the aortic root base were calculated. Relative expansion of the radius when compared with the

end-diastolic value is also presented.

LCS: left coronary sinus; RCS: right coronary sinus; NCS: non-coronary sinus; ED: end-diastole; Min: end of the isovolaemic contraction; MaxE: maximal/peak

ejection; ES: end of systole; Mid-D: mid-term of diastole at mitral valve opening.

Table 2: The tilt angle and rotation angle of the aortic root

Aortic root tilt and torsion angle (Grade®)

ED Min MaxE ES Mid-D
Tilt angle 17.78 + 843 18.37 £8.01 15.01+7.39 15.24+8.13 16.87 £ 8.94
Torsion angle 8 2124210 21.72+£1.93 1834 +1.94 18.78+3.13 20.12+1.80
Relative aortic root volume change when compared with the ED volume
Volume (ml) 4.28+0.15 4.45+0.15 515+0.18 510+0.18 4.22+0.14
ED/ED Min/ED MaxE/ED ES/ED Mid-D/ED
Ratio (%) 1 4.82+0.39 21.37+0.14% 19.76 £ 0.14% 0.3+0.85%

Aortic root volume is presented in absolute as well in relative values. For relative values, the end-diastolic value was considered as baseline. Data are

presented as mean * standard deviation.

ED: end-diastole; Min: end of the isovolaemic contraction; MaxE: maximal/peak ejection; ES: end of systole; Mid-D: mid-term of diastole at mitral valve

opening.
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rotation or the torsion angle (8) was determined as twist of the S
and AoB planes and corresponds to the displacement of the root
vector in a vertical plane. The tilt angle « at the end of diastole was
17.78 + 8.43° and slightly increased to 18.37 + 8.01° at the end of
isovolaemic contraction. From here on, the tilt angle showed a
drop during the ejection phase and was 15.01 + 7.93° at peak ejec-
tion and 15.24 + 8.13° at the closure of the aortic valve. From here
on, the tilt angle increased and reached 16.87 + 8.94° at the end of
isovolaemic diastole. The same phenomenon was noted for the
torsion angle B, which at the end of diastole was 21.24 + 2.09°, and
increased to 21.72 +1.93° at the end of isovolaemic contraction.
From here on, there was a decrease of rotation angle noted, with
18.34 £1.94° at peak ejection and 18.78 £ 3.13° at closure of the
aortic valve. The rotation angle again increased at the opening of
the mitral valve to 20.12 + 1.80° (Table 2, Fig. 4).

Computational fluid dynamics analysis of the
aortic root

Shear stress and the local pressure profile were investigated at
leaflets, at IVTs as well as on the wall of the sinuses. At the end of
diastole, the bodies of the three leaflets, the hinge regions of the
leaflets and the IVTs were exposed to low shear stress in a range of
0-8 Pa. High shear stress on the lunula was found in the range of
>45 Pa. During isovolaemic contraction, there was only slight shear
stress augmentation registered at the leaflet body and IVTs with a
range of 10-28 Pa. The hinge areas remained in low shear stress
(range 0-8 Pa) and the lunula in high shear stress regions at >60 Pa.
At peak ejection, the lunula as well the three commissures were
exposed to high shear stress (range >40-32 Pa). At the leaflet body
the shear stress progressively decreased from the lunular region
towards the hinge area. Moderately high shear stress (36-28 Pa)
was registered just underneath the lunula and there was moder-
ately low shear stress (24-12 Pa) at the basal regions of the leaflet
body. The hinge area remained in a low shear stress (range 0-8
Pa) region. This was the same for the IVT, where the superior half
was exposed to moderate shear stress (28-12 Pa) and the inferior
half to low shear stress (0-8 Pa). At the end of systole, the leaflet
body was again exposed to a low shear stress area (range 0-8 Pa),
with the exception of the regions underneath the valve coapta-
tion, which had moderately high shear stress (range 20-28 Pa).

The lunula was in a constant high shear stress region. The IVT were
in a low shear stress area (0-4 Pa). The wall of the three sinuses
during the whole cardiac cycle was exposed to low shear stress
(0-8 Pa) (Fig. 5, Videos 1 and 2).

At the end of diastole, low pressure (75-85 mmHg) was present
at the leaflet coaptation and bodies of the leaflets, while nadirs and
IVTs were in moderately high-pressure areas (92-95 mmHg). At the
end of isovolaemic contraction, the nadirs remain in low-pressure
areas (75-85 mmHg). Meanwhile, the central portion of the leaflets
as well the superior two-thirds of the IVT and the part belonging
to the attachment of leaflets were in high-pressure regions
(>120 mmHg). The rest of the leaflets and hinge area were in mod-
erately high-pressure regions (92-97.5 mmHg). At peak ejection,
the lunula and superior half of the leaflets were exposed to low
pressure (75-85 mmHg). The inferior half of the leaflet body was
exposed to moderately high pressure (90-97.5 mmHg). At closure
of the aortic valve, as well as during diastole, the leaflets as well as
their nadirs were exposed to moderate pressure (80-90 mmHg). At
the end of systole and during diastole, the IVTs were exposed to
moderate pressure (80-90 mmHg) (Fig. 5, Videos 1 and 2).

DISCUSSION

The aortic root has a complex morphological structure, with strict
spatial arrangement of its components. The general conviction is that
the aortic root has a symmetric structure where the three sinuses, the
IVTs and the three leaflets are equal in size [17, 18]. This simple inter-
pretation of the aortic root morphology is a well-accepted interpret-
ation and is used as a bench model in a majority of haemodynamics
studies evaluating local shear stress conditions of the native aortic
root as well of synthetic aortic root structures [4, 5, 19, 20]. In fact, the
components of the aortic root have shape differences that result in
an asymmetric morphology of the aortic root. It is easy to recognize
that each component of this highly sophisticated structure contri-
butes to an optimal 3D architecture and function. Providing a path
for large-volume blood flow during the ejection and at the same
time ascertaining laminar flow with minimal resistance and less
possible tissue stress and damage. It is easy to recognize that this
complex task may be accomplished only by precise synchronized
function of all aortic root components. The well-coordinated spatial

A Aortic root tilt angle B Aortic root rotation/Torsion angle
20 24.5
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Figure 4: Plot of the aortic root tilt angle (A) and aortic root torsion angle (B). The changes of both angles during the cardiac cycle show a similar pattern. The maximal
tilt angle and the rotation angle were measured at the end of the isovolaemic contraction, just prior to valve opening. The lowest values were registered at peak ejec-
tion; from here on, the aortic root tilt angle and rotation angle increased. ED: end-diastole; Min: end of the isovolaemic contraction; Max: maximal/peak ejection; ES:

end of systole; Mid-D: mid-term of diastole at mitral valve opening.
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Figure 5: Local shear stress and pressure profile of the aortic valve, intervalvular triangles and aortic root base. Local pressure changes during the cardiac cycle are
seen on (A), and the shear stress profile on (B). At the end of the isovolaemic contraction, pressure augmentation was noted; at this point, the shear stress was in mod-
erately low ranges. At peak ejection, high shear stress was noted at the superior one-third of the leaflet body and intervalvular triangles. ED: end-diastole; Min: end of
the isovolaemic contraction; Max: maximal/peak ejection; ES: end of systole; Mid-D: mid-term of diastole at mitral valve opening; LCS: left coronary sinus; RCS: right
coronary sinus; NCS: non-coronary sinus.

behaviour of aortic root elements and their combined impact on shock absorber during systole that reduces shear stress on the leaflets
haemodynamics was well described by Lansac et al. [6, 7]. Aortic root [6]. Unfortunately, a computed fluid dynamics model was not applied
shape change during the cardiac cycle was postulated as being a in order to support their suggestion [6, 7].
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Video 1: Showing the shear stress dynamics during the cardiac cycle; note that
the valve is seen from the ventricular as well as the aortic side. Constant low
shear stress exposure on the aortic surface is noted.

>

Video 2: Showing the pressure dynamics during the cardiac cycle, note that the
valve is seen from the ventricular as well as the aortic side. Constant low-
pressure exposure on the aortic surface is noted.

In recent work, aortic root deformation was defined by using a
previously described 3D geometrical model of the aortic root.
This model was based on natural aortic root asymmetry and
follows the precise spatial patterns of the sinuses of Valsava, IVTs
and three leaflets [1, 2]. The 3D model is presented as a prism, and
is a numerical and geometrical interpretation of natural aortic
root architectures [1, 2]. In recent work, this 3D geometry was
used in order to describe spatial deformation of all root compo-
nents and to determine the local haemodynamics under physio-
logical conditions. Indeed our results on aortic root geometrical
deformation are in a certain way similar to those obtained by
Lansac [6, 7]. In our geometry not only the three sinuses were
included [6, 7], but we also considered the deformation of IVTs,
AoB and SJ. Doing so, we were able to determine the deformation
of the aortic root including its components that physiologically
belong to two different compartments: the left ventricle and the
aorta. Doing so, we also determined the behaviour of the aortic
root ‘in total’ and defined the tilt angle and rotation angle of the
aortic root during the cardiac cycle. This to the best of our knowl-
edge has not been described until now.

aortic root tilt angle and torsion angle changes showed a similar
pattern that was the inverse of the expansion of the AoB and the SJ.
During systole, the tilt angle as well the torsion angle decreased,
and during diastole both angles increased. The tilt angle reduction
during ejection brings the planes of the S) and the AoB into a more
parallel position and the aortic root becomes more cylindrical in
shape. As a consequence, the S) is almost in a parallel position to
the outflow tract of the left ventricle during the ejection phase. The
reduction of the torsion angle during ejection rotates the aortic
root from the left to a more right and neutral position, and back
during diastole. It appears that changes in aortic root tilt and

torsion angle exert a crucial influence on aortic root 3D anatomy.
The reduction during ejection results in the aortic root geometry
being closer to a cylindrical shape and the increase of angles during
diastole results in the aortic root becoming a frustum, where the
two planes enclose a tilt angle in the horizontal plane.

The impact of aortic root geometry deformation from a frustum
to cylinder on local pressure and under flow shear stress condi-
tions was evaluated in a CFD model. The cylindrical geometry,
identified in a period from valve opening to valve closure aligns
the aortic root in a straight line with the ascending aorta and left
ventricular outflow tract. This quasistraight alignment facilitates
blood ejection from the left ventricle to the ascending aorta and
may be considered as an ‘energy release’ form. In real-time CFD
simulation based on our 3D aortic root geometry reconstruction,
there was a presence of low shear stress areas in a majority of the
aortic root components such as at the IVTs, leaflet bodies, valve
nadirs and the left ventricular outflow tract. After the aortic valve
closes, the tilt angle and the rotation angle constantly increase to
their maximal value at the end of the isovolaemic contraction. At
this point, the aortic root shape regains its frustum-like geometry.
The frustum-like shape, in contrast to the cylindrical form, may be
interpreted as an ‘energy storage’ condition. Namely, from closure
of the aortic valve to the end of diastole, there is an important in-
crease of shear stress and pressure observed at the three leaflets,
IVTs and at the valve nadirs. This systematic and well-organized
repetitive aortic root geometry change conjoined with shear
stress and the pressure alteration may be plotted as a cyclic alter-
ation of ‘energy release’ and ‘energy accumulation’. The geometry
during diastole with augmentation of the torsion and tilt angle
accumulates the energy from the hydrostatic pressure of the
blood in the into the aortic root wall tension. At ejection the
aortic root becomes untwisted and the release of conserved and
accumulated elastic energy facilitates blood propulsion from the
left ventricle up into the ascending aorta. However, this, though at
first gaze seems a very simple concept, should be proved by
further investigations.

Limitations of the study

It may be argued that the clinical implication, due to the experi-
mental nature of the recent report, is of minimal value. However,
it is a fact that in this work we provided a very simple numerical in-
terpretation of complex 3D aortic root dynamics. Our approach to
define the aortic root physiology has to be considered as a bench
model that provides us with a better understanding of native
aortic root physiology. Further, it can be used for comparative
analysis of native and synthetic structures in order to better under-
stand the different root reconstructive procedures and predict
their outcome. In this way, not only we may better understand the
root physiology but also we can individualize the reconstructive
procedure and optimize the outcome. However, the way to go is
still long and, in future, further experimental as well clinical studies
have to be still performed.
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