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Abstract

An abdominal aortic aneurysm (AAA) is the most prevalent form of aneurysm, charac-
terized by a permanent and localized enlargement of the abdominal aorta exceeding 50%
of its normal diameter, posing a high risk of rupture with a mortality rate between 70%
and 90%. The global prevalence of AAA in individuals aged 30-79 is around 0.92%, and
the incidence has been rising worldwide. Early detection and risk assessment, particularly
of factors like thrombosis and rupture, are vital for effective treatment. The geometry
and diameter of AAAs significantly affect hemodynamic forces, especially wall shear stress
(WSS), which plays a crucial role in arterial remodeling and disease progression. Abnormal
WSS levels can impair the arterial wall’s adaptive mechanisms, making WSS-derived pa-
rameters, such as time-averaged WSS (TAWSS), oscillatory shear index (OSI), endothelial
cell activation potential (ECAP), and relative residence time (RRT) essential for detailed
assessment of the shear environment within an AAA. However, calculating these parameters
requires a solid understanding of their physical meaning, as they are not directly computed
in standard computational fluid dynamics (CFD) simulations. Recent studies focus on
the relationship between these hemodynamic metrics and AAA rupture, offering valuable
insights for researchers aiming to improve predictive models and intervention strategies.
This review aims to explain the WSS-derived parameters, focusing on how these represent
different characteristics of disturbed hemodynamics. A representative AAA model from
the SimVascular repository and the virtually repaired model using SimVascular are investi-
gated using the WSS-derived parameters. This review will be useful for understanding the
physical representation of WSS-related parameters in cardiovascular flows and how they
can be calculated practically for AAA investigations.

Keywords: Abdominal aortic aneurysm (AAA), time-averaged WSS (TAWSS), compu-
tational fluid dynamics (CFD)

1. Motivation

The aorta, the body’s largest and most vital artery, carries blood from the heart to the rest
of the organs under high pressure and velocity. Due to its critical role in circulation, any
unexpected abnormalities or disorders affecting the aorta can result in severe cardiovascular
complications or even death. Reflecting this serious impact, the global death rate from aortic
diseases rose from 2.49 to 2.78 per 100,000 people between 1990 and 2010, highlighting
the growing concern and the need for continued focus on early detection and intervention
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(Bossone and Eagle, 2021; Sampson et al., 2014). One of the most common aortic disorders
is the aortic aneurysm, which occurs due to an abnormal, balloon-like enlargement of the
aorta. Specifically, an abdominal aortic aneurysm (AAA) is defined as a dilation of the
abdominal aorta exceeding 50% of its normal diameter (McGloughlin and Doyle, 2010).
Reports show that AAAs affect approximately 4-8% of men and 0.5-1% of women over
the age of 50, contributing to around 15,000 deaths annually in the United States alone
(Sakalihasan et al., 2005; Kontopodis et al., 2015). These statistics underscore the urgent
need for early detection and appropriate medical care to reduce the risks associated with
AAA progression and rupture.

Non-ruptured abdominal aortic aneurysms (AAAs) are typically silent, with most pa-
tients showing no noticeable symptoms. In fact, over 75% of individuals with an impending
AAA rupture do not display any clinical warning signs (Anjum et al., 2012). Detection often
occurs incidentally during routine health screenings or evaluations for other conditions, par-
ticularly in patients with coronary, peripheral, or cerebrovascular diseases (Wilmink et al.,
1999). Although uncommon, some non-ruptured AAAs are identified through complications
such as distal embolization or acute thrombosis, which prompt further medical investigation
(Sakalihasan et al., 2005).

The rupture of an abdominal aortic aneurysm (AAA) constitutes a life-threatening sur-
gical emergency, primarily due to internal bleeding (hematocele) and a sudden reduction
in blood flow to vital organs. It represents the most critical and fatal outcome of aneurys-
mal disease, with an overall mortality rate reaching approximately 80%. Most cases of
ruptured AAAs do not survive long enough to undergo surgical intervention, meaning that
the surgeries performed represent only a small portion of the actual cases. While surgical
outcomes have seen some improvement in recent years, overall survival rates remain low,
and advancements have only modestly influenced these outcomes (Bengtsson and Bergqvist,
1993). Therefore, early and appropriate care for AAA detected by medical imaging modal-
ities will significantly reduce the risk of rupture and mortality rates.

In this project, my approach to studying cardiovascular hemodynamics involves compu-
tationally evaluating the complex stresses acting on aneurysmal tissue (Mutlu et al., 2023).
An AAA model has been chosen from the SimVascular repository to analyze the hemody-
namic parameters. Specifically, using computational fluid dynamics (CFD) which enables
detailed analysis of disturbed flow patterns and frictional shear stresses on the vessel wall.
By incorporating patient-specific blood flow conditions and aortic geometry as boundary
inputs, CFD solves the governing physical equations to simulate the unsteady nature of
cardiovascular flows. This allows for precise assessment of velocity gradients and wall shear
stress near the vessel wall. CFD has been widely applied to explore intricate flow dynamics
in the aorta (Salman et al., 2021), and numerous studies have attempted to correlate CFD-
derived hemodynamic parameters with AAA progression and rupture risk (Salman et al.,
2019; Xenos et al., 2010; Fillinger et al., 2002). Recent reviews have also highlighted the role
of CFD in rupture risk prediction (McGloughlin and Doyle, 2010; Lipp et al., 2020), while
some pioneering clinical efforts have demonstrated its potential in surgery planning using
patient-specific data (Lipp et al., 2020). Despite its promise, the clinical integration of CFD
remains limited due to challenges in practicality, accessibility, and validation (McGloughlin
and Doyle, 2010; Polzer and Gasser, 2015).
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A significant challenge in the study of abdominal aortic aneurysms (AAAs) lies in accu-
rately characterizing the unsteady and disturbed blood flow within the aneurysmal region.
Hemodynamic parameters related to wall shear stress (WSS), such as time-averaged WSS
(TAWSS), oscillatory shear index (OSI), endothelial cell activation potential (ECAP), and
relative residence time (RRT), are essential for evaluating the complex shear environment
acting on the aneurysm wall. Although recent computational studies have made notable
progress in incorporating these metrics into CFD-based rupture risk assessments, calculat-
ing them is not straightforward and demands a clear physical understanding of what each
parameter represents. Moreover, standard CFD solvers do not automatically compute these
metrics during simulations, adding another layer of complexity (Mutlu et al., 2023). As a
result, assessing AAA rupture risk through hemodynamic parameters remains a challenging
task.

This review aims to clarify the significance of WSS-derived parameters by illustrating
how they reflect distinct features of disturbed flow, presenting a representative case to
support both spatial and temporal formulation. We have also virtually repaired the model to
observe how the hemodynamic parameters are responding to the change. These insights are
intended to aid researchers in practically applying these calculations in AAA investigations,
ultimately enhancing our understanding of their role in rupture risk prediction (Mutlu et al.,
2023)

2. Team

I am especially grateful to Dr. Daniele E. Schiavazzi for his support and encouragement
throughout this project. His insightful suggestions and genuine interest in my work helped
me stay motivated and think more critically. I truly appreciate the time he took to guide
me.

3. Cardiovascular model

I choose a AAA model (Figure 1) from the the SimVascular repository. A finite element
mesh for simulations was generated using the open-source TetGen package (Si, 2015), which
is included in SimVascular. To ensure mesh convergence and achieve local accuracy near
the wall, which is necessary to adequately resolve WSS, we constructed a boundary-layer
mesh and used local mesh refinement in the aneurysmal regions.

Additionally, we virtually reconstructed healthy model that removes the aneurysmal
deformation from the original AAA geometry using SimVascular (Figure 2).
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Figure 1: AAA model from SimVascular
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Figure 2: Virtually repaired model

3.1 Governing equations and CFD (Computational fluid dynamics)

methodology

We solved the time-dependent Navier-
Stokes equations using the SimVascular,
which is the governing blood flow. Blood
was modeled as an incompressible Newto-
nian fluid (density = 1.06 g/cc, dynamic
viscosity = 0.04 dynes/cm?). Boundary
conditions for the blood flow (Figure 3) at
inlet and outlets of the aorta were enforced
using a lumped parameter network model.

4. Hemodynamic parameters

WSS vector can be obtained from the sim-
ulation output. This section describes the
calculating of the WSS-related parameters
and explain how these parameters can be
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used in the rupture risk assessment of AAA.

A detailed calculation methodology is given

in the Mutlu et al. (2023). I have also compared the disease model and the reconstructed
healthy model for all the parameters.

4.1 TAWSS (Time-averaged wall shear stress)

TAWSS is an important parameter for identifying critical regions in AAA that are sus-
ceptible to rupture, as illustrated in Figure 4 and the virtually repaired model in Figure
5. However, it has been observed that rupture locations cannot be determined solely by
quantifying TAWSS levels. Other factors, such as the thickness of the ILT, also contribute
significantly to the rupture mechanism (Mutlu et al., 2023).
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Figure 4: TAWSS of AAA model Figure 5: TAWSS of virtually repaired model

The formulation of TAWSS is defined in Eq. (1). To calculate TAWSS, the absolute
values of the z, y, and z components of the wall shear stress (WSS) are used over a time
period T, which typically corresponds to one full cardiac cycle. In Eq. (1), 7, represents

the instantaneous WSS vector:
1 T
TAWSS = — (/ | 7wl dt> (1)
T \Jo

In many computational fluid dynamics (CFD) software packages, this TAWSS formu-
lation is not available as a default post-processing option. As a result, these tools cannot
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directly compute TAWSS values at each mesh point. To determine the TAWSS distribu-
tion on an AAA surface, the WSS vectors in three spatial directions (WSS,, WSS,, and
WSS, ) must be extracted at each time step. Then, Eq. (1) should be implemented using
an external software package (MATLAB, Python, etc.) (Mutlu et al., 2023).

4.2 OSI (Oscillatory shear index)

OSI is another critical hemodynamic parameter that explains the periodic separation of
WSS from the prevailing axial direction. I have used the OSI defined in Mutlu et al. (2023).
The OSI is defined as:

1 ’foTdet‘ 1 . %’foTdet‘ 1 %‘foTdet‘

OSI=-11 2
foT 7| dt 2 %IOT 7| dt 2 TAWSS (2)

\)

In this equation, 7, is the instantaneous WSS vector and T' is the duration of one cardiac
cycle. Figure 6 shows the OSI for the AAA model, while Figure 7 shows the OSI for
the virtually repaired model. The OSI values range from 0 to 0.5, with 0 indicating fully
unidirectional WSS and 0.5 indicating WSS with a temporal average of zero (Taylor et al.,
1998; Les et al., 2010).
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Figure 6: OSI of AAA model Figure 7: OSI of virtually repaired model

4.3 ECAP (Endothelial cell activation potential)

The ECAP metric, proposed by Achille et al. (2014) , uses the ratio of OSI to TAWSS
to describe the thrombogenic susceptibility of the vessel wall, as shown in Eq. (3). ECAP



IMPACT OF HEMODYNAMIC PARAMETERS ON RUPTURE RISK IN AAA

is used to identify regions that are exposed to high OSI and low TAWSS, as illustrated
in Figure 8 for the disease model and Figure 9 for the virtually repaired model. High
ECAP index values correspond to conditions of large OSI and small TAWSS, which indicate
increased endothelial sensitivity:

O8I

ECAP = WSS (3)
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Figure 8: ECAP of AAA model Figure 9: ECAP of virtually repaired model

4.4 RRT (Relative residence time)

According to Himburg et al. (2004), the combined analysis of Time-Averaged Wall Shear
Stress (TAWSS) and Oscillatory Shear Index (OSI) provides insight into the residence time
of blood near the vessel wall. This led to the introduction of a new hemodynamic metric
known as the Relative Residence Time (RRT), which serves to quantify disturbed flow
patterns (Himburg et al., 2004). Figure 10 shows the RRT for the AAA model, while
Figure 11 shows the RRT for the virtually repaired model. Since RRT is defined as the
inverse of the magnitude of the time-averaged wall shear stress vector, it demonstrates a
strong correlation with TAWSS. As a result, RRT has been proposed as a potential unified
indicator to replace both WSS and OSI in characterizing regions of “low and oscillatory”
shear stress (Lee et al., 2009). The formal definition of RRT is presented in Eq. (4), and it
should be emphasized that RRT is inversely related to the numerator of the OSI expression,
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as shown in Eq. (5).

1
RRT = (1 —2 x OSI) x TAWSS @

RRT = — (5)
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Figure 10: RRT of AAA model Figure 11: RRT of virtually repaired model

5. Results

In this section, I will describe the importance of hemodynamic parameters that I defined
in the previous section. Evaluating WSS magnitudes at specific time points, such as at the
peak flow velocity, is not sufficient for identifying the critical regions on the aneurysm sac.
This limitation arises from the combined hemodynamic effects occurring throughout the
entire cardiac cycle, which play a key role in aneurysm expansion or rupture. Consequently,
assessing the average forces exerted on the wall during the full cardiac cycle is essential for
identifying the potential rupture zones. It is important to emphasize that relying solely on
TAWSS is typically inadequate for pinpointing high-risk rupture locations. Thus, incorpo-
rating multiple parameters, including OSI, ECAP, and RRT alongside TAWSS, enhances
the reliability of rupture risk assessments and leads to more accurate predictive outcomes
(Mutlu et al., 2023).
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5.1 Effects of WSS (Wall shear stress) and TAWSS (Time average wall shear
stress)

Recent studies have demonstrated that low wall shear stress (WSS) on the vessel wall is a
significant risk factor associated with the development of atherosclerosis and the progression
of aneurysms (Les et al., 2010; Biasetti et al., 2011). Prolonged exposure to low WSS
on the aneurysm wall has been shown to increase intercellular permeability (Okano and
Yoshida, 1994) and lead to severe degradation of elasticity within the aneurysm sac (Watton
et al., 2009). Moreover, oscillatory and irregular WSS levels below 0.4 Pa contribute to
the development of atherosclerosis by inducing endothelial cell degeneration (Malek, 1999;
Taylor et al., 1999; Bappoo et al., 2021). Physiological WSS values in large arteries typically
range between 1 and 5 Pa (Ene-Tordache and Remuzzi, 2012). When endothelial cells are
exposed to WSS within this physiological range, anti-inflammatory and anti-thrombogenic
responses are triggered, initiating the vascular remodeling process. As a result, WSS within
the physiological limits positively influences vascular health (Dewey et al., 1981; Metaxa
et al., 2008; Szymanski et al., 2008). In contrast, a low WSS environment may promote
conditions that activate coagulation factors, enhance platelet adhesion, and lead to platelet
deposition and the proliferation of intraluminal thrombus (ILT) in flow recirculation zones
(Xenos et al., 2010; McClarty et al., 2021; Paszkowiak and Dardik, 2003; Reneman et al.,
2006; Bluestein et al., 2009).

Although time-averaged wall shear stress (TAWSS) plays a significant role in modulating
intraluminal thrombus (ILT) deposition, an increase in ILT thickness is not consistently
observed in regions with low TAWSS. A reduction in TAWSS, resulting from slow circulation
within the abdominal aortic aneurysm (AAA) sac, has been linked to aneurysm enlargement
(Wang and Li, 2013). Furthermore, both the growth rate of AAAs (Zambrano et al., 2016)
and their rupture (Forneris et al., 2020; Doyle et al., 2014) have been associated with low
TAWSS and elevated ILT accumulation. Several studies indicate that aneurysm rupture in
low-WSS regions (McClarty et al., 2021) correlates with ILT buildup in these areas (Qiu
et al., 2019; Boyd et al., 2016), along with the presence of aortic wall hypoxia (Vorp et al.,
2001; Metaxa et al., 2018), which contributes to local wall weakening and increased rupture
susceptibility. Conversely, other findings suggest that high WSS levels (WSS > 3 Pa (Dolan
et al., 2013)) on the AAA wall are also associated with aneurysm rupture (Xenos et al.,
2010; Meng et al., 2014).

5.2 Effects of OSI (Oscillatory shear index)

The phenotypic regulation of abdominal aortic aneurysm (AAA) development has been
shown to correlate with high blood pressure, increased medial thickness, and elevated os-
cillatory shear index (OSI), all of which are linked to cellular inflammation (Meng et al.,
2014; Chen et al., 2018). OSI is also associated with thrombus formation and growth, indi-
cating a relationship between OSI and intraluminal thrombus (ILT) accumulation (Tzirakis
et al., 2017). Notably, significant thrombus growth is observed in regions with low OSI
values (< 0.1). In contrast, regions with low TAWSS and OSI values exceeding 0.1 tend
to exhibit limited or no thrombus growth (Boniforti et al., 2021; O’Rourke et al., 2012).
Lozowy et al. found no direct correlation between OSI and ILT deposition in a study of 23
AAA cases with diameters exceeding 5 c¢m, attributing this to abnormal flow patterns in
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large-diameter AAAs compared to more typical flow in smaller ones (Lozowy et al., 2017).
However, Zambrano et al. reported that ILT accumulation can occur at both high and low
OSI values (Zambrano et al., 2021).

The combined analysis of time-averaged wall shear stress (TAWSS) and oscillatory shear
index (OSI) is essential for identifying critical regions on the vessel or aneurysm wall. Pre-
vious studies have demonstrated that the coexistence of low TAWSS and high OSI is asso-
ciated with intravascular abnormalities, which are further linked to aneurysm growth and
rupture (Boniforti et al., 2021; Zambrano et al., 2016; Tzirakis et al., 2017). Arzani et al.
reported that thrombus growth frequently occurs in regions where TAWSS ranges between
2 and 3 dyn/cm?, and found a significant negative correlation between OSI and thrombus
accumulation. Notably, ILT accumulation is generally absent in regions characterized by
high OSI values (> 0.4) combined with very low TAWSS values (< 0.1 Pa) (Arzani et al.,
2014).

5.3 Effects of RRT (Relative Residence time) and ECAP (Endothelial cell
activation potential)

TAWSS, OSI, and ECAP have been identified as reliable predictors for locating potential
rupture sites when comparing ruptured and non-ruptured AAA surfaces. However, in some
cases, using a fixed threshold for TAWSS, OSI, or ECAP to determine rupture locations
may not be practical. The accumulation of intraluminal thrombus (ILT), which results
from hemodynamic conditions, influences wall shear stress (WSS) on the aneurysm sac and
alters the mechanical properties of the wall, including elasticity and thickness. Since these
properties contribute to the likelihood of rupture in a degenerative wall, the presence and
extent of ILT should also be considered in rupture risk assessments.

A recent study compared three groups of ruptured abdominal aortic aneurysms (AAAs):
those without ILT, those with a thin ILT layer, and those with a thick ILT layer. In AAAs
without ILT, rupture occurred in regions characterized by low TAWSS, high OSI, and high
ECAP. Conversely, in AAAs with thick ILT layers, rupture was observed in areas with high
TAWSS and low ECAP. Interestingly, for AAAs with a medium ILT thickness, no clear
correlation was found between rupture risk and any of the three hemodynamic indicators
(Qiu et al., 2019).

Studies investigating relative residence time (RRT) and endothelial cell activation poten-
tial (ECAP) have shown that the prolonged residence time in recirculation zones facilitates
sufficient exposure for activated platelets to adhere to thrombogenic or atherogenic surfaces
(Biasetti et al., 2010, 2011). RRT has been found to exhibit a consistent positive corre-
lation with thrombus growth (Tzirakis et al., 2017). Kelsey et al. identified ECAP high
values indicative of critical thrombus-prone regions. Additionally, regions with both the
highest ECAP values and the longest residence times were found to be more susceptible to
thrombus formation (Kelsey et al., 2017).

6. Conclusions and possible improvements

Disturbed hemodynamics is a well-established factor influencing the progression of abdom-
inal aortic aneurysms (AAAs). Several parameters have been proposed to characterize
disturbed hemodynamics in cardiovascular flows, with TAWSS, OSI, ECAP, and RRT be-
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ing the most widely applied in AAA investigations. In this work, we have discussed these
WSS-derived parameters, focusing on their ability to capture different aspects of disturbed
hemodynamics. A representative case with the virtually repaired model was provided to of-
fer a spatial and temporal formulation that could serve as a useful reference for researchers
interested in practical applications. Additionally, we summarized recent findings linking
WSS-related parameters with AAA rupture risk assessment.

TAWSS and OSI, as well-known WSS-related parameters, have been shown to influence
endothelial sensing-mediated vascular remodeling (Shojima, 2004; Meng et al., 2007). ECAP
(Achille et al., 2014), defined as the ratio of OSI to TAWSS, serves as a key indicator of
the thrombogenic susceptibility of the arterial wall. RRT, a newly developed hemodynamic
parameter, is used to describe the relatively slower flow characteristics near the aneurysm
wall (Xiang et al., 2011).

Many studies have demonstrated that low WSS in the AAA sac leads to wall tissue
degradation and ILT accumulation, which in turn reduces the mechanical strength of the
arterial wall and increases rupture risk. Conversely, high WSS has also been linked to an
elevated rupture risk. In small-diameter AAAs, low OSI levels facilitate ILT formation
within the aneurysm sac, though OSI appears to have less effect on ILT deposition as
the aneurysm diameter increases. The general consensus is that low TAWSS combined
with high OSI creates abnormal conditions that may lead to AAA enlargement or rupture.
The presence of ILT, however, introduces significant complexities to the problem, and the
aforementioned conclusions may not hold when considering variations in the thickness and
shape of the ILT (Mutlu et al., 2023).

In conclusion, WSS-related parameters are critical for characterizing cardiovascular flows
and hold significant promise for assessing disease severity, particularly in the context of
AAAs, where they can be used to predict rupture risk. While TAWSS, OSI, ECAP, and
RRT remain the most studied parameters, newer metrics such as wall shear stress exposure
time (WSSET) and time-averaged WSS divergence (WSSdiv) (Arzani et al., 2014; Arzani
and Shadden, 2016; Arzani et al., 2017) are continually being introduced to more accurately
represent disturbed hemodynamics in cardiovascular flows. Looking forward, advancements
in computational fluid dynamics (CFD) tools and methodologies are expected to result in
faster and more efficient simulations, enabling better utilization of WSS-derived parameters
in clinical cardiovascular practice. These innovations could ultimately improve patient-
specific risk assessments and contribute to more effective clinical decision-making in the
management of AAAs.
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