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ABSTRACT

An abdominal aortic aneurysm (AAA) is a critical health condition with a risk of rupture, where the diameter of
the aorta enlarges more than 50% of its normal diameter. The incidence rate of AAA has increased worldwide.
Currently, about three out of every 100,000 people have aortic diseases. The diameter and geometry of AAAs
influence the hemodynamic forces exerted on the arterial wall. Therefore, a reliable assessment of hemodynamics
is crucial for predicting the rupture risk. Wall shear stress (WSS) is an important metric to define the level of the
frictional force on the AAA wall. Excessive levels of WSS deteriorate the remodeling mechanism of the arteries
and lead to abnormal conditions. At this point, WSS-related hemodynamic parameters, such as time-averaged
WSS (TAWSS), oscillatory shear index (OSI), endothelial cell activation potential (ECAP), and relative resi-
dence time (RRT) provide important information to evaluate the shear environment on the AAA wall in detail.
Calculation of these parameters is not straightforward and requires a physical understanding of what they
represent. In addition, computational fluid dynamics (CFD) solvers do not readily calculate these parameters
when hemodynamics is simulated. This review aims to explain the WSS-derived parameters focusing on how
these represent different characteristics of disturbed hemodynamics. A representative case is presented for spatial
and temporal formulation that would be useful for interested researchers for practical calculations. Finally,
recent hemodynamics investigations relating WSS-related parameters with AAA rupture risk assessment are
presented. This review will be useful to understand the physical representation of WSS-related parameters in
cardiovascular flows and how they can be calculated practically for AAA investigations.

1. Introduction

is caused by abnormal balloon-shaped aortic enlargement. The term
abdominal aortic aneurysm (AAA) refers to an aortic dilatation that

Aorta is the largest blood vessel in the body, transporting the blood
from the heart to the body’s other organs at high pressure and velocity.
Unexpected abnormalities or disorders that may occur in the aorta can
lead to major health problems in the circulatory system or even death.
Between 1990 and 2010, the global death rate from aortic diseases
increased from 2.49 to 2.78 per 100,000 of the population worldwide [1,
2]. One of the most prevalent aortic disorders is aortic aneurysm, which
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exceeds 50% of the normal vessel diameter [3]. According to the reports,
4-8% of males and 0.5-1% of women over the age of 50 have an AAA,
which accounts for 15,000 fatalities each year in the United States alone
[4,5]. The aforementioned incidence rates indicate the critical impor-
tance of early diagnosis and health care for AAAs.

The majority of people with non-ruptured aneurysms normally have
no symptoms. Unfortunately, over 75% of patients do not show clinical
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signs of an imminent AAA rupture [6]. Particularly in patients with
coronary, peripheral, or cerebrovascular disorders, AAAs are detected
by chance or during a thorough clinical examination carried out for
general health screening [7]. In rare cases, the problems including distal
embolization and acute thrombosis might lead to the diagnosis of
non-ruptured aneurysms [4].

AAA rupture can lead to a deadly surgical emergency condition,
mainly due to hematocele and decreased blood supply to essential or-
gans. AAA rupture is the most severe consequence of aneurysmal dis-
ease, with an astonishing overall death rate of 80%. Since the majority of
ruptured aneurysms never reach the stage of a surgical operation,
ruptured AAA operations are known to only be the tip of the iceberg.
Although there have been reports of improved operational results for
ruptured AAAs, overall mortality is still high and further advancements
only have a limited impact [8]. Therefore, early and appropriate care for
AAA detected by medical imaging modalities will significantly reduce
the risk of rupture and mortality rates.

A convenient rupture risk assessment of AAA has a critical impor-
tance for early warning. The standard clinical practice is to refer patients
with large AAAs (diameter >5.5 cm) for surgical repair [9]. If the AAA
growth rate is greater than 1 cm/year, this condition is also evaluated as
a high-risk factor, and surgical repair is recommended depending on the
general health status and life expectancy of the patient. For relatively
smaller AAAs (diameter <5.5 cm), regular monitoring with ultraso-
nography is provided, and patients are referred for surgery if the
aneurysm diameter reaches 5.5 cm or larger, or if the growth rate ex-
ceeds 1 cm/year [10,11]. It should be noted that the aneurysm diameter
criterion provides a rough estimate of the case and is not always accurate
in terms of rupture risk identification. Although surgical intervention is
performed for large AAAs and regular monitoring of small diameter
aneurysms is recommended, there are exceptional cases where 9 cm
diameter AAAs may remain stable [12] and AAAs smaller than 5.5 cm
may rupture [13-17]. No matter how small the aneurysm is, approxi-
mately 70% of AAAs will need to be surgically repaired within 10 years
of the first diagnosis, depending on the rate of growth [18]. As a
consequence, monitoring the diameter of the aneurysm with simple
medical imaging techniques may be insufficient to intervene in the AAA
at the appropriate time before it ruptures.

The rupture can be defined as the mechanical failure of the aorta due
to the weakening of the arterial structure. The degeneration of the
pathological structure, such as the elastic fibrin and collagen fibers in
the aorta, is known to reduce the strength of the arterial wall, which
leads to AAA. On the other hand, pathological degeneration is not suf-
ficient to produce an abnormal balloon shape. The development of such
abnormal structures is caused by the dynamic effect of high pressure and
flow velocity in the aorta in addition to the weakened arterial wall. The
luminal and endothelial wall surfaces of arteries are constantly sub-
jected to wall shear stress (WSS) as a result of the hemodynamic effects
of the blood flow. WSS is caused by the frictional component of the flow-
driven hemodynamic forces on the arterial wall. In numerous studies, it
has been demonstrated that shear stress has a direct impact on vessel
wall remodeling [19-21]. The cumulative result of the
endothelium-mediated compensatory reactions is to keep the mean
arterial hemodynamic shear stress between 15 and 20 dyn/cm2 [22].
Therefore, the deterioration of the healthy endothelium structure and
the non-stabilized shear stresses acting on the vessel wall resulting in the
formation of abnormal structures on the vessel surface. In addition to the
frictional effects of WSS, normal pressure and circumferential stretch
also play a role in tissue degeneration. To summarize, AAA formation
and rupture occur when the blood flow-driven stresses acting on the
aneurysm exceed the limits of wall tissue strength. Therefore, the
determination of hemodynamic effects and blood flow profiles in AAA
are crucial for performing an accurate rupture risk assessment. Ac-
cording to the hemodynamic simulations, the majority of ruptured an-
eurysms displayed complex flow patterns with several independent flow
vortices. Contrarily, the majority of non-ruptured aneurysms resulted in
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relatively simpler flow patterns with a single vortex [23].

Doppler Ultrasound and flow MRI are the most commonly used
clinical imaging modalities for studying the flow hemodynamics in
major vessels [24-28]. In Doppler ultrasound, the velocity of moving red
blood cells is calculated from the frequency shift of the sound echo signal
[29]. This technique can provide an average flow velocity in a 2-D vessel
cross-section. In flow MRI, the flow velocity is obtained using the
changes in the MR signal phase along a magnetic field gradient [30].
This technique can be used for 3D velocity measurement for vessel
volume. Another approach for studying cardiovascular hemodynamics is
computationally calculating the complex stresses on aneurysmal tissue.
Particularly, the computational fluid dynamics (CFD) approach enables
investigation of the disturbed hemodynamics and frictional shear
stresses acting on vessel walls. Here, governing physical equations are
solved using patient-specific blood flow and geometry information as
boundary condition input. CFD simulations would give detailed infor-
mation for the fluid field of study making it very useful to study
particularly unsteady flows such as cardiovascular flows. Velocity gra-
dients near the wall can be calculated accurately, enabling assessing
wall shear stress in the boundary layer. CFD techniques have been
applied extensively to investigate complex flow patterns in the aorta
[31-33], and several other studies have tried to link hemodynamic pa-
rameters from CFD with the AAA progression and eventual rupture risk
[19,21,34-38]. The application of CFD for the prediction of AAA rupture
risk has been reviewed elegantly in some recent review papers [3,19,39,
40]. In a few pioneering clinical investigations, a patient-specific CFD
approach has been adapted for surgery planning of AAA patients and has
shown great promise [40]. Such computational approaches will most
likely be the most powerful way of predicting AAA rupture risk in near
future, however, these are still not very practical and readily available to
be adapted to clinical practice, and validation of these tools remains a
significant challenge [3,41].

CFD analysis identifies and quantifies the wall shear stresses that
develop within the aneurysm wall, assisting surgeons in determining
whether surgical intervention is required. However, to accurately esti-
mate the stresses that develop in the AAA wall, the mechanical effect of
hemodynamic forces on the AAA wall must be understood. The new
approach is based on fluid-structure interaction (FSI) analysis, which
allows the evaluation of both the hemodynamic forces of blood flow and
the mechanical stresses acting on the AAA wall. The FSI analysis can
assess the effect of the rupture caused by wall shear stress and the
enlargement of the aneurysm diameter [34,42,43]. Furthermore,
calculating the static uniform pressure on the AAA surface to determine
the rupture region yields more precise and sensitive results than the
maximal diameter, which is utilized as the sole tear risk factor [44,45].
The effects of mechanical stress produced by hemodynamic forces on
variations in aneurysm wall thickness were investigated in FSI studies
using idealized aneurysm geometries with different wall thicknesses,
and it was determined that including ILT in the aneurysm, geometries
will give more accurate results [46]. Consequently, it was discovered
that variations in wall thickness cause higher stresses and increase the
risk of rupture when compared to models with uniform wall thickness,
and it was discovered that ILT can significantly reduce the stress on the
wall [47-50].

Another important point is the challenges in characterizing unsteady
disturbed flows with an AAA. WSS-related hemodynamic parameters,
such as time-averaged WSS (TAWSS), oscillatory shear index (OSI),
endothelial cell activation potential (ECAP), and relative residence time
(RRT) are useful to evaluate the complex shear environment affecting
the AAA wall. Some recent computational studies made a substantial
contribution in that field to adapt the CFD approach in the rupture risk
assessment of AAAs, in line with the flow chart in Fig. 1. Here re-
searchers tried to relate characteristics of disturbed flows with AAA
rupture locations (Table 1). Calculation of these parameters is not
straightforward and requires a physical understanding of what they
represent. In addition, CFD solvers do not readily calculate these
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Fig. 1. The most prevalent methods for investigating disrupted hemodynamics, WSS, and WSS-derived parameters for AAA rupture.

parameters when hemodynamics is simulated. Therefore, investigating
AAA rupture risk with hemodynamic parameters is challenging.

This review aims to explain the WSS-derived parameters focusing on
how they represent different characteristics of disturbed hemodynamics.
A representative case is presented for spatial and temporal formulation
that would be useful for interested researchers for practical calculations.
Finally, recent hemodynamics investigations relating WSS-related pa-
rameters with AAA rupture risk assessment are presented. This review
will be useful to understand the physical representation of WSS-related
parameters in cardiovascular flows and how they can be calculated
practically for AAA investigations.

2. AAA (Abdominal aortic aneurysm) hemodynamics

The aorta is the largest artery in the human body, which is directly
attached to the heart. It carries the majority of the blood in the body and
ensures that an adequate amount of blood is distributed throughout the
entire vascular system [60]. Hence, the aorta is subjected to high levels
of mechanical stress because of the high-pressure blood flow that is
pumped from the heart. The high-velocity flow in the aorta also results
in high WSS levels which directly affect the vascular wall and lead to
abnormalities in the vascular function [61]. Theoretically, WSS in the
internal flows can be calculated by finding the tangential force per unit
wall area, which is directly proportional to the velocity gradient. WSS

levels are expected to be high if the velocity gradient is high near the
wall. On the other hand, lower flow velocities will result in lower WSS
because of the low-velocity gradient near the wall, but this condition
will also increase the blood residence time near the arterial wall. In most
cases, the WSS levels of the post-aneurysm aorta are frequently higher
than that of the pre-aneurysm aorta [62].

The hemodynamic conditions in the aorta change substantially along
its length, from a high Reynolds Number value at the aortic root to low
and oscillatory shear values at the aortic bifurcations [63]. In Fig. 2, the
blood flow dynamics in normal, non-ruptured, and ruptured AAAs are
compared to a healthy abdominal aorta. As can be seen in the compar-
ison, the flow velocity decreases in the aneurysm sac due to the
enlargement of the vessel, which leads to a recirculating flow pattern. In
the healthy aorta, the flow velocities have a relatively homogenous
distribution throughout the cardiac cycle compared to AAA flow. It can
be concluded that a heterogeneous hemodynamic environment is pro-
duced in AAAs, one as a disturbed recirculating flow with low and
oscillating WSS, and the other as a flow with a high WSS gradient
(WSSG) [64-72]. The remodeling of developing and mature arteries is
significantly influenced by these flow variables of local hemodynamics
in both healthy and pathological conditions [73].

Besides the flow conditions, the blood flow hemodynamics are
impacted by changes in vessel volume and shape. Accordingly, it has
been demonstrated that hemodynamic variables in AAAs, such as
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Table 1
Previous CFD studies where the correlation of WSS-derived parameters and AAA
rupture locations were investigated.

Reference Investigated WSS Remarks
parameters based on

CFD results

Forneris et al., TAWSS Aneurysm rupture associated with
2020 [51] low TAWSS and thick thrombus

deposition

Doyle et al., TAWSS The AAA ruptured in the proximal,
2014 [52] low TAWSS zone where the flow was

recirculating.

McClarty WSS magnitude at peak The rupture occurred in a low WSS
et al., 2021 systole zone and was related to a significant
[53] increase in AAA diameter from 6.6 to

8.4 cm.

Qiu et al., TAWSS, OSI, ECAP Without an ILT in the sac, the rupture

2019 [54] was correlated with extremely low
WSS and high ECAP.

Boyd et al., WSS magnitude The rupture occurred in locations
2016 [55] with low WSS and ILT deposition.

Boniforti etal.,  TAWSS, OSI AAA rupture is related to high ILT
2021 [56] deposition, low TAWSS, and high OSI

values.

Qiu et al., WSS All of the rupture locations were in
2018 [35] stagnation zones with near-zero wall

shear stress (WSS) but a high WSS
gradient (WSSG).

Xenos et al., WSS The ruptured AAAs have near-zero
2010 [34] WSS values on the aneurysm sac

compared to normal and non-
ruptured aneurysms.

Arzani et al., TAWSS, OSI The rate of thrombus growth may be a
2014 [57] predictor of rupture. High OSI (>0.4)

and very low TAWSS (1 dyn/cm2)
locations did not appear to encourage
thrombus deposition.

Trenti et al., RRT Increasing RRT along the artery wall
2022 [58] may promote the absorption of

inflammatory cells and biomarkers,
contributing to aortic wall
degradation that leads to
enlargement and rupture.

Doyle et al., TAWSS Areas of low TAWSS correspond with
2014 [52] lumen expansion and ILT formation.

During the rapid expansion (9 mm/
year) period preceding rupture, the
proximal lobe of the lumen exhibited
low TAWSS.

Teng et al., WSS Patients with a significant value of
2022 [59] diameter, curvature, and a low WSS

were identified as being at high risk of
rupture.

velocity, vorticity, WSS, and turbulence intensity are patient-specific
and vary from patient to patient [57,74-76]. Due to the structural dif-
ferences, unique curved shapes, and varying diameters in
patient-specific AAAs, each AAA case should be investigated individu-
ally. In areas with fusiform shapes, the reverse flow is more noticeable,
and the blood flow velocity and oscillating WSS are several times lower
than in healthy aortas [64]. Saccular AAAs display completely different
hemodynamic circumstances, in which the blood is nearly stagnant
within the aneurysm sac and wall flow parameters are similar to those of
normal aortas [77].

Another important condition that affects AAA hemodynamics is the
presence of an intraluminal thrombus (ILT). The layer of ILT reduces the
flow volume inside the aneurysm sac. For a reliable hemodynamic
investigation, the presence and thickness of ILT should be taken into
account during the modeling stage of the AAA. The level of ILT signif-
icantly affects the hemodynamics as a result of the new flow volume
caused by the ILT deposition [43]. In addition to the aforementioned
factors affecting the AAA hemodynamics, the shape of the vascular
structures around the aneurysm and the flow characteristics in these
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structures directly affect the flow dynamics within the aneurysm
[78-81].

2.1. Governing equations and CFD (Computational fluid dynamics)
methodology

The flow variables are determined using the Continuity and Navier-
Stokes Momentum equations as given in Eq. (1) and Eq. (2), respectively
[82]. In these equations, v denotes the velocity vector, s denotes the
mass density of the fluid, 7y denotes the fluid stress tensor, and fj de-
notes the body forces such as the gravity. For the incompressible flows,
the continuity equation guarantees that the inlet and outlet mass flow
rates are equal in the flow domain.

Ver=0 @

dv
pr-i-pfvon—Von =fs 2)

The fluid stress tensor (7;) can be defined in terms of the fluid
pressure (p) and the dynamic viscosity () of the fluid as provided in Eq.
(3) [82]. The term &; denotes the Kronecker delta, and &; denotes the
strain rate of the fluid. The strain rate (¢;) can be defined in terms of the
velocity vector (v) as given in Eq. (4).

Ty = — pdy + 2ue; 3

& :% (Vw+wW) @

For the Newtonian fluids, the dynamics viscosity is constant and does
not vary with the flow conditions. On the other hand, non-Newtonian
fluids such as blood have a varying viscosity which changes depend-
ing on the local shear rate in the flow domain [32,33]. The
non-Newtonian behavior of blood is particularly observed in the small
arteries. For large arteries such as the aorta, the shear strain rate is above
50 s~! and the changes in the dynamic viscosity of the blood can be
neglected [83,84].

One of the ways to solve the governing flow equations is to use
computational fluid dynamics (CFD) analysis. In the computational
method, the flow domain is discretized into a finite number of spatial
elements, which is known as meshing. The physical equations are then
solved at each element of the mesh within the interested range of time
intervals using appropriate time steps. Therefore, the method relies on
the discretization of the problem in time and spatial domains. At this
point, the boundary conditions have the utmost importance, and they
must be determined realistically. The general approach is to isolate the
interested region of the flow geometry by applying the inlet and outlet
boundary conditions as prescribed velocity and pressure profiles that are
changing with time. The no-slip condition is a commonly used boundary
condition on the walls, which guarantees that the flow velocity is zero on
the wall boundaries. After determining the solution, the flow variables
such as the velocity, pressure, and WSS can be determined within the
entire flow geometry. In a recent review paper, we explained in detail
the flow hemodynamics within AAA and how to study these phenomena
via experimental and computational techniques [19].

3. Critical hemodynamic parameters

Among the flow variables, WSS has particular importance in AAA
flow simulations, because the endothelial cells on the arterial wall sense
the level of WSS and regulate the remodeling of the artery according to
the WSS levels [20]. Abnormal levels of WSS would lead to the deteri-
oration of the arterial structure in the long term and may lead to the
rupture of AAA. Therefore, WSS-related hemodynamic parameters have
a prior interest in this study. The WSS-related parameters can be listed as
a time-averaged wall shear stress (TAWSS), oscillatory shear index
(0OSI), endothelial cell activation potential (ECAP), and relative



O. Mutlu et al.

Computers in Biology and Medicine 154 (2023) 106609

NORMAL SUBJECT 1 NORMAL SUBJECT 2 NON-RUPTURED AAA RUPTURED AAA 1 RUPTURED AAA 2
2 K |
2@ >
=
[
~ ,
-
N -
w !
w
o =
2 }
172 }
17
Y
a
- (b)
e
2]
w
2
8
w
E
E3
(a) 3;
: '51 T
= %
o -= I' B
w
: » 2
§ )
2 / } \
yil

Fig. 2. The hemodynamic comparison of a non-ruptured and ruptured AAA with a healthy aorta. The figure is adapted from Ref. [34] and used with permission.

residence time (RRT). The following sections describe the methods for
calculating the WSS-related parameters and explain how these param-
eters can be used in the rupture risk assessment of AAA.

3.1. TAWSS (Time-averaged wall shear stress)

TAWSS is a key parameter for detecting the critical locations on AAA
which are prone to rupture as shown in Fig. 3. In the given figure, a
retrospective analysis is performed using patient-specific images and
TAWSS levels are provided around the ruptured locations of the inves-
tigated AAAs. It is observed that the rupture location cannot be deter-
mined directly by only quantifying the TAWSS levels, and other
parameters such as the thickness of ILT also play a role in the rupture
mechanism.

The formulation of TAWSS is defined in Eq. (5). For calculating
TAWSS, the absolute values of x, y, and z components of WSS are used
within the time period of T. In the general approach, the time period (T)
is used as one full cardiac cycle. In Eq. (5), 7,, defines the instantaneous
WSS vector.

1 T
TAWSS =— (/ \rw|dz)
T\ Jo

In many CFD analysis software packages, TAWSS formulation is not
defined in the default post-processing options. Therefore, these analysis
tools cannot directly calculate the TAWSS values at each mesh point. To
determine the TAWSS distribution on AAA, the values of WSS vectors in
three spatial dimensions (WSSx, WSSy, and WSSz) should be obtained at
each time step, and then Eq. (5) should be implemented using an
external software package (Matlab, Python, etc.).

For further clarification, a sample case can be considered for a 3D
transient analysis with a cardiac cycle length of 1 s and time step size of
0.01 s (Total analysis time = 1 s, Time step size = 0.01 s, Cardiac cycle

)

length =1 s). Each element on the AAA wall will yield WSSx, WSSy, and
WSSz values at each time step (from time step 1 to 100). At each
element, 100 WSSx, 100 WSSy, and 100 WSSz values will be obtained
for the given example. If there are 2000 mesh nodes on the wall of the
analyzed AAA geometry, the data can be summarized as presented in
Table 2.

In the first step of TAWSS calculation, the WSS magnitude (|zy|)
should be calculated for each element and time step as given in Eq. (6),
where the subscript k defines the time step number and n defines the
element number on the AAA wall.

(el =/ (WSSxe)” + (WSSyes)” + (WSSzi)’ ©®

If |7,,|, ; (WSS magnitude of the first element at the first-time step) is
calculated using the sample data provided in Table 2, the following
equation will be obtained as given in Eq. (7).

[Tl = \/(0.61)2 + (0.42)* + (0.12)* = 0.750 %)

The WSS magnitude can be determined independently for each
element, as shown in Table 3.

The TAWSS formulation given in Eq. (5) can be written in the form of
Eq. (8) considering the temporally discretized results of CFD simula-
tions. The integral operation is replaced by the summation of results at
all time steps. In Eq. (8), TAWSS, defines the TAWSS value for the
element number n, Ty defines the total number of time steps within one
full cardiac cycle, At defines the time step size, and |z, defines the
magnitude of instantaneous WSS for the element number n. In the pre-
viously given sample case, the cardiac cycle length is assumed as 1 s (T
=1 s) and the step size is used as 0.01 (At = 0.01 s), corresponding to
100-time steps with one cardiac cycle (T, = 100). For the sample case,
TAWSS,, can be directly found by summing all the WSS values and then
dividing by 100 as shown in Eq. (8). The procedure is applied for each
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Fig. 3. TAWSS contour maps of different patients ruptured (indicated with black arrows) AAA with and without ILT deposition. The figure is adapted from Ref. [54]

and used with permission.

Table 2

Summarized data for 100-time steps considering a sample case which is

composed of 2000 elements on the AAA wall.

Time step = 1 WSSx WSSy WSSz
Element number = 1 0.61 0.42 0.12
Element number = 2 0.60 0.46 0.21
Element number = 2000 0.10 0.30 0.23
Time step = 100 WSSx WSSy WSSz
Element number = 1 0.11 0.08 0.02
Element number = 2 0.20 0.10 0.08
Element number = 2000 0.12 0.05 0.01

element (for 2000 elements in the sample case) on the AAA wall as

shown in Table 4.

1 T 1 Ty At 100
TAWSS, =~ (/ \Twm) ~r (S adel, ) = Z|TW|
T = ®)

= 1170 <‘TW|n‘Total>

Table 3

Calculated WSS magnitudes at each time step.
Time step = 1 [Tw]
Element number = 1 0.750
Element number = 2 0.784
Element number = 2000 0.391
Time step = 100 [T
Element number = 1 0.137
Element number = 2 0.237
Element number = 2000 0.130

3.2. OSI (Oscillatory shear index)

OSI is another critical hemodynamic parameter that explains the
periodic separation of WSS from the prevailing axial direction. In Fig. 4,
OSI values are provided for ten different patient-specific AAAs, and a
highly heterogenous OSI map is obtained on the AAA wall of each
sample case. Ku et al. proposed the original concept of OSI [85], but
since the definition lacks a dominant axial direction, the equation
cannot be extended to a general three-dimensional form. As a result, He
et al. proposed an alternative definition of OSI, as shown in Eq. (9),
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Table 4
TAWSS calculation for each mesh point.
Tstep = 1 7w Tstep = 2 7w Tstep = 100 |7w]
Fowl o = E.1 0.750 E. 1 0.530 E 1 0.137
E. 2 0.784 + E. 2 0.644 + + E. 2 0.237
E. 2000 0.391 E. 2000 0.312 E. 2000 0.130
TAWSS
Element number = 1 0.70
Element number = 2 0.79
Element number = 2000 0.43
P1 P2 P3 P4 P5
E

P6 P10

P7 P8 P9

0 0.1 0.2 0.3 0.4 0.5
OSI

Fig. 4. OSI results for the ten different patient hemodynamic CFD simulations. The figure is adapted from Ref. [57] and used with permission.

which is now widely used and approved by many researchers [86]. As the WSS vector by the WSS magnitude.

shown in Eq. (9), OSI can be written in various forms. For calculating OSI in a CFD simulation, total WSS vectors should be
determined at each mesh point considering Eq. (10), where 7, . de-
T T T notes the summation of all WSS vectors at the element number n within

AR N BN B AT ! ! .
oSI=_|1-"—— =3 - | = 5 1— —TAWSS one full cardiac cycle. Due to summing up the WSS vectors, three spatial
2 fo 7] dt ?fo |7.| dt components of WSS in x, y, and z directions should be summed sepa-

rately, as shown in Table 5.

(C)] "
OSI values range from 0 to 0.5, with 0 indicating a fully unidirec- T toar = / 7, dt (10$)
. . . . . 0
tional WSS and 0.5 indicating WSS with a temporal average of zero [78,
80,871. For all the presented forms in Eq. (9), OSI is obtained by dividing After determining the summation of WSS vector components in x, y,
and z directions, the total magnitude of WSS can be found using the
Table 5
Calculation of total WSS vector magnitudes for each mesh element.
Tstep = 1 WSSx WSSy WSSsz Tstep = 2 WSSx WSSy WSSz Tstep = 100 WSSx WSSy WSSz
Twiotal = E.1 0.61 0.42 0.12 E1l 0.56 0.38 0.11 E1 0.11 0.08 0.02
E.2 0.60 0.46 0.21 + E.2 0.57 0.54 0.28 + + E.2 0.20 0.10 0.08
E.2000 0.10 0.30 0.23 E.2000 0.11 0.33 0.17 E.2000 0.12 0.05 0.01
WSSX total WSSY total WSSZ total
Twiotal = Element number = 1 53 33 10
Element number = 2 49 51 15
Element number = 2000 25 19 17
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Pythagorean theorem, which is previously given in Eq. (6). For the given
sample case with 2000 elements, the magnitudes of total WSS vectors
are provided in Table 6.

Finally, the TAWSS values provided in Table 4 and the total mag-
nitudes of the WSS vectors (|zyq|) given in Table 6 can be used to
determine the values of OSI. In Eq. (11), the value of OSI is determined
for the 1st element of the given sample case. Using the same procedure,
the OSI values can be determined for each mesh element of the sample
case, as shown in Table 7.

1 12(63.23
OSIfnr element 1 = 5 1- M

2 070 =0.048 an

3.3. ECAP (Endothelial cell activation potential)

The ECAP metric is proposed by Di Achile et al. and employs the ratio
of OSI and TAWSS to describe the vessel wall’s thrombogenic suscepti-
bility, as provided in Eq. (12) [88]. ECAP is used to identify the areas
which are exposed to high OSI and low TAWSS as shown in Fig. 5. High
ECAP index values will correspond to the conditions of large OSI and
small TAWSS, which is indicating endothelial sensitivity [88].

oSsI

ECAP=
¢ TAWSS

(12)

3.4. RRT (Relative residence time)

According to Himburg et al. [89], the combination of TAWSS and OSI
reflects the time that blood spends near the vessel wall. This resulted in
the creation of a new metric called RRT, which is used to assess the state
of the degraded flow as shown in Fig. 6 [89]. Since RRT is the inverse of
the time-averaged WSS vector magnitude, it has a near-perfect corre-
lation with TAWSS. Consequently, it’s been proposed that RRT might
take the place of WSS and OSI as a single descriptor of “low and oscil-
lating” shear stress [90]. The definition of the RRT is given in Eq. (13). It
should be noted that RRT is inversely proportional to the numerator of
OSI, as shown in Eq. (14).

1

RRT = 1
(1—2 x OSI) x TAWSS a3
1
RRT =———— (14)
il

4. Recent studies on WSS (Wall shear stress) related
hemodynamic parameters and rupture risk assessment

Different techniques are being developed by clinicians to precisely
predict the likelihood of aneurysm rupture. However, rather than being
founded on solid physical principles, practically all of the criteria that
have been developed are based on empirical data. "Laplace’s law" is the
criterion that is most usually utilized [92]. According to Laplace’s law,
which serves as the theoretical basis for the maximum diameter crite-
rion, the mechanical stress acting on the aneurysm wall is directly
proportional to its diameter. In most cases, AAA geometries do not have
a specified simple spherical structure. On the contrary, it is unique to
each patient and geometrically complex [93,94]. The geometric

Table 6
Total WSS vector magnitudes at each mesh element within one cardiac cycle.
‘Twmml‘
[Twtotal] = Element number = 1 63.23
Element number = 2 72.30
Element number = 2000 35.70
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Table 7
OSI calculation for each mesh element.
OSI
Element number = 1 0.048
Element number = 2 0.042
Element number = 2000 0.084

structure of the aneurysm sac as well as the diameter and degree of
curvature of the artery exiting the aneurysm have a direct impact on the
blood flow dynamics in the AAA sac and the associated shear stresses
acting on the wall. Therefore, only measuring the maximum diameter
using the standard imaging methods may be insufficient to correctly
assess the risk of rupture potential [95,96], because the factors such as
AAA expansion rate [97-99], wall stiffness, increased ILT thickness
[100], wall tension [17], and peak AAA wall stress [36,37,44] have been
suggested as additional potential predictors of AAA rupture [14].

While biomechanical assessment of degenerated AAA is important in
assessing the rupture risk, mechanical stresses on the tissue cannot be
directly extracted from the clinical images. Mechanical wall stress and
WSS can be calculated by performing computational analysis based on
finite element formulations. For this purpose, CFD simulations are per-
formed using realistic boundary conditions. The steady flow analysis is
not appropriate for modeling the pulsatile nature of the blood flow.
Therefore, time-dependent transient CFD analysis with time-varying
inlet and outlet boundary conditions should be applied for an accurate
flow simulation.

Evaluation of WSS magnitudes at specific time points such as at the
instant of peak flow velocity is ineffective in determining the critical
locations on the aneurysm sac because of the collective hemodynamic
effects taking place during the entire cardiac cycle that regulates the
aneurysm expansion or rupture. Therefore, examining the average of the
forces exerted on the wall during the entire cardiac cycle is critical for
determining the suspected zones of rupture. It should be noted that
analyzing TAWSS alone is generally insufficient to detect the significant
locations with a high risk of rupture. Therefore, using multiple param-
eters such as OSI, ECAP, and RRT in combination with TAWSS would
increase the reliability of the rupture risk assessment and result in more
effective predictive outcomes.

4.1. Effects of WSS (Wall shear stress) and TAWSS (Time average wall
shear stress)

Recent studies have shown that low WSS on the vessel wall is a risk
factor and it is associated with the formation of atherosclerosis and
aneurysm growth [87,101]. Long-term exposure to low WSS on the
aneurysm wall increases intercellular permeability [102] and induces
severe elasticity degradation in the aneurysm sac [103]. In addition,
oscillatory and irregular WSS levels below 0.4 Pa increase the devel-
opment of atherosclerosis by resulting in endothelial cell degeneration
[22,79,104]. The physiological WSS values are determined to be be-
tween 1 and 5 Pa in large arteries [105]. When endothelial cells are
subjected to WSS levels in the stated physiological range, their
anti-inflammatory and anti-thrombogenic responses change, and the
vascular remodeling mechanism initiates. Therefore, WSS levels within
the physiological limitations have a positive effect on vascular health
[106-108]. The low WSS environment may facilitate conditions that
favor the activation of coagulation factors which promote platelet
adhesion and the subsequent plate deposition in addition to the prolif-
eration of ILT in the flow recirculation zones [34,53,109-112].

Although TAWSS is a significant component in modulating ILT
deposition, there is no increase in the ILT thickness in the regions with
low TAWSS. This fact indicates that another flow feature such as vortex
dynamics may be controlling the amount of thrombus that can form
across the luminal wall [113]. The decrease in TAWSS level which is
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Fig. 5. ECAP contour maps of different patient hemodynamic CFD simulations ruptured (indicated with black arrows) AAA with and without ILT deposition. The

figure is adapted from Ref. [54] and used with permission.

caused by the slow circulation observed in the AAA sac causes an
enlargement of the AAA [38]. In addition, it is observed that AAA
growth rate [114] and rupture [51,52] are associated with low TAWSS
and high ILT accumulation.

According to several studies, aneurysm rupture in the regions of low
WSS [53] has been associated with the accumulation of ILT in these
regions [54,55] and the occurrence of aortic wall hypoxia [115,116],
which causes local wall disruption that is more sensitive to rupture. On
the contrary, another study demonstrates that the high WSS levels (WSS
>3 Pa [117]) on the AAA wall are related to the aneurysm rupture [34,
118].

4.2. Effects of OSI (Oscillatory shear index) and ECAP (Endothelial cell
activation potential)

The phenotypic regulation of AAA development is observed to be
correlated with high blood pressure, increased medial thickness, and
high OSI, which are all correlated with cell inflammation [118,119].
OSI, on the other hand, is related to thrombus formation and growth,
indicating that OSI and ILT correlate [120]. It is observed that there is
significant thrombus growth in regions with low OSI (<0.1) values. In
contrast to thrombus formation, there is limited or no thrombus growth
when the TAWSS level is low and OSI exceeds 0.1 [56,121]. Lozowy
et al. reported no direct link between OSI and ILT deposition in 23 AAA
cases with a diameter greater than 5 cm, which was caused by abnormal

flows in large-diameter AAA, in contrast to typical flows in
small-diameter AAAs [122]. However, Zambrano et al. showed in their
study that the accumulation of ILT occurs in both high and low OSI
values [113].

The examination of TAWSS and OSI combined is important for
detecting critical regions on the vessel or aneurysm wall. Previous
studies have shown that the combination of low TAWSS and high OSI
may result in intravascular abnormalities which are also related to
aneurysm growth and rupture [56,70,114,120,123]. Arzani et al.
discovered that thrombus growth is common in the areas with TAWSS
between 2 and 3 dyn/cm?, and there is a significant negative relation-
ship between OSI and thrombus accumulation. However, ILT accumu-
lation is not observed in regions with high OSI (>0.4) and low TAWSS
values (<0.1 Pa) [57].

4.3. Effects of ILT (Intraluminal thrombus deposition), RRT (Relative
Residence time), and ECAP (Endothelial cell activation potential)

TAWSS, OSI, and ECAP (shown in Fig. 7) were shown to be good
predictors to obtain critical rupture locations when ruptured or non-
ruptured AAA surfaces were examined. In some cases, however, deter-
mining the rupture location by using a fixed TAWSS, OSI, or ECAP
threshold value is not practical. The accumulation of ILT, which occurs
as a result of hemodynamic factors, affects the WSS on the aneurysm sac
as well as the mechanical properties of the wall such as wall elasticity
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Fig. 6. RRT contour map of an AAA. The figure is adapted from Ref. [91] and
used with permission.

and thickness. Since these factors affect the rupture of the degenerative
wall as well, the presence and level of ILT on the aneurysmal wall should
also be taken into consideration.

A recent study compared three different groups of ruptured AAA:
AAA without ILT, AAA with thin-layer ILT, and AAA with thick-layer ILT
deposition. For the AAAs without ILT, the rupture was detected in

Computers in Biology and Medicine 154 (2023) 106609

regions with low TAWSS, high OSI, and high ECAP. On the other hand,
for the AAAs with thick-layered ILT, rupture is observed at regions with
high TAWSS and low ECAP. Interestingly, for the AAAs with medium ILT
thickness, there was no direct correlation between the risk of rupture
and TAWSS, OSI, or ECAP [54].

According to the studies investigating RRT and ECAP, the long
residence time associated with recirculation areas is considered to pro-
vide the exposure time required for activated platelets to adhere to the
thrombogenic/atherogenic surface [77,101]. RRT demonstrated a
continuous positive correlation with thrombus growth [120]. ECAP
values close to 1.4 Pa! and higher are used by Kelsey et al. to identify the
critical thrombus locations. Furthermore, it was found that the locations
with the highest ECAP and the longest residence duration were more
prone to thrombus development [124].

5. Conclusion and future directions

Disturbed hemodynamics has been known to influence the progres-
sion of AAAs. Several parameters have been proposed to characterize
disturbed hemodynamics for cardiovascular flows. Among these,
TAWSS, OSI, ECAP, and RRT are the ones most applied to AAA in-
vestigations. There seems to be some confusion regarding the calcula-
tion of these parameters, which is not straightforward. Here, we explain
these WSS-derived parameters focusing on how they represent different
characteristics of disturbed hemodynamics. A representative case was
presented for spatial and temporal formulation that would be useful for
interested researchers for practical calculations. We also summarized
recent findings, relating WSS-related parameters with AAA rupture risk
assessment.

As well-known WSS-related parameters, TAWSS and OSI are asso-
ciated with endothelial sensing-mediated vascular remodeling [125,
126]. ECAP [88] is the ratio of OSI and TAWSS, characterizing the
thrombogenic susceptibility on the arterial wall. RRT has been recently
developed as a new hemodynamic component to describe the relatively
slower flow characteristics near the aneurysm wall [23,90].

In many studies, it is reported that the low WSS environment in AAA
sac results in wall tissue degradation and ILT accumulation, which de-
teriorates the mechanical strength of the arterial wall and increases the
risk of rupture. There are also investigations showing that high WSS
affects the increased rupture risk. In the small diameter AAAs, low OSI
levels promote the ILT formation in the aneurysm sac. However, when

TAWSS (Pa)
36
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ECAP (/Pa)
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Fig. 7. TAWSS, OSI, and ECAP fields for a saccular AAA case. The figure is adapted from Ref. [124] and used with permission.
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the AAA diameter is increased, OSI values are not effective on the ILT
deposit. The general opinion is that the low TAWSS combined with high
OSI leads to abnormal conditions which may result in AAA enlargement
or rupture. Interestingly, the presence of ILT introduces many un-
certainties in the problem, and the conclusions mentioned above are no
longer valid depending on the thickness and shape of the ILT.

In conclusion, WSS-related parameters are very important for char-
acterizing cardiovascular flows and they show great promise for the
assessment of disease severity as in the case of AAAs for predicting
rupture risk. While most studied parameters are TAWSS, OSI, ECAP, and
RRT, newer parameters are constantly being introduced such as wall
shear stress exposure time (WSSET) and time-averaged WSS divergence
(WSSdiv) [57,75,127] to better represent the disturbed hemodynamics
in cardiovascular flows. Advancing CFD tools and approaches are ex-
pected to result in more practical and faster CFD runs and better use of
WSS-derived parameters in clinical cardiovascular practice.
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