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Abstract - The pulse wave velocity (PWV) has been shown to be associated with the properties of 
blood vessels and a cardiovascular risk factor, such as an aneurysm. The global PWV estimation is 
applied in conventional clinical diagnosis. However, the geometry of the blood vessel changes along 
the wave traveling path and the global PWV estimation may not always detect regional wall changes 
resulting from cardiovascular diseases. In this study, a fl uid structure interaction (FSI) analysis was 
applied on straight-shaped aortas with and without an aneurysm with the aim of determining the effects 
of the aneurysm size and the ratio of the aneurysm to wall modulus on the pulse wave propagation and 
velocity. The characterization for each stage of the aneurysmal aorta was simulated by progressively 
increasing aortic stiffness and aneurysm size. The pulse wave propagations and velocities were 
estimated from a two-dimensional spatial-temporal plot of the normalized wall displacement based on 
elastic deformation. The supra- and infra-aneurysm PWVs of aneurysmal aortic walls were found to 
be up to 58±14% and 13±10%, respectively, which were different from the PWV of a normal aortic 
wall. The combined quantitative and qualitative parameters, i.e., PWV, magnitude of wall displacement 
on the wave, width of the standing wave and wave propagations, were used to distinguish the 
characterization of the normal and aneurysmal aortic walls and shown to be relevant regional markers 
that can be utilized in clinical diagnosis.
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1.  Introduction
Arterial stiffness is used worldwide as an indicator associated 
with the onset and progression of cardiovascular diseases, 
such as aortic aneurysms, thrombosis, stenosis, atherosclerosis 
and coronary events, etc. Several in vivo noninvasive 
methods have been proposed to assess the arterial stiffness, 
such as pulse wave imaging (PWI) (Shahmirzadi et al., 
2013; Vappou et al., 2010), pressure-diameter (Nichols 
and O’Rourke, 2005) or stress-strain relationship (Danpinid 
et al., 2010; Khamdaeng et al., 2012), based ultrasound. 
The conventional in vivo noninvasive method is the global 
measurement of the pulse wave velocity (PWV). The pulse 
wave profi les of arterial wall pressure can be continuously 
measured by using applanation tonometry at two distant 
locations, e.g., carotid and femoral arteries. To obtain the 
pulse wave velocity, the distance between the two different 
locations is divided by the traveling time delay. Using a 
modifi ed Moens-Korteweg equation, the pulse wave velocity 
can be related to the arterial stiffness (Nichols and 
O’Rourke, 2005). Although applanation tonometry has 
been used in routine clinical studies, it is limited by the 
uncertainty of the path traveled by the pulse wave velocity, 
i.e., the arterial wall geometry changes between the two 

measurement points, thus, the diseases may not always be 
located along the travel line of the pulse wave (Luo et al., 
2009). There are a few regional noninvasive measurements 
using ultrasound and MRI-based methods (Markl et al., 
2010; Fujikura et al., 2007; Li et al., 2011) to locally detect 
the changes in stiffness. The pulse wave velocity is not 
only quantitatively determined but also the pulse wave 
propagation can be qualitatively visualized. The abnor-
malities, changes in mechanical properties, of the regional 
arterial wall can be identifi ed and localized. The changes 
in the propagation speed and patterns of the pulse wave 
velocity were found to be clear markers to detect the 
regional abnormalities (Baquet, 2003; Williams, 2007). 
Methods involving assessments of regional aortic stiffness 
have been proposed and developed to be applied in clinical 
detection. The regional pulse wave propagation and velocity 
of normal and aneurysmal aortas were investigated in mice 
and humans using pulse wave imaging validated by 
simulation and phantom fi ndings (Vappou et al., 2011; Luo 
et al., 2008; Shahmirzadi et al., 2012). The fl uid-structure 
interaction (FSI) fi nite-element simulation was shown to 
be a reliable tool to obtain the pulse wave propagation on 
aorta with homogeneous and non-homogeneous walls and 
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to serve as a guide for pulse wave imaging in vivo (Khamdaeng 
et al., 2015; Shahmirzadi and Konofagou, 2012; Shahmirzadi 
and Konofagou, 2014). Due to the complexity of blood 
fl ow in arteries, the model of the luminal pressure variations 
with altered hemodynamics is utilized to realistically 
simulate the fluid-solid arterial responses. A reliable 
three-dimensional aortic model with normal and 
pathological aortas is therefore required to visualize and 
measure the regional pulse wave propagation and velocity. 
Therefore, the objective of this study was to investigate the 
pulse wave propagation and velocity in straight-shaped 
aortas with and without aneurysm using a coupled 
dynamic FSI model. 

2.  Fluid structure interaction (FSI) model
The aortic wall was assumed to be one axisymmetric 
layer that exhibited nonlinear elastic behavior. The aortic 
geometry and boundary conditions under consideration are 

shown in Figure 1. The luminal diameter, d
i
, was equal to 

16 mm along with the longitudinal length, L, of 300 mm. 
The wall thickness, t, was equal to 2.2 mm (Fig. 1a). The 
aortic wall was modeled with wall density ρ

s
 = 1050 kg/

m3, Poisson’s ratio υ = 0.48 and Young’s modulus E
normal

 
= 2.56 MPa, representing a normal wall (Humphrey, 2002). 
The non-homogeneous models were assumed to have the 
aneurysm size of axial lengths L

a
 = 25, 37.5 and 50 mm 

(Fig. 1b, 1c and 1d), which was located at 50 mm from the 
tube inlet. Young’s moduli of E

stiff 
= 2.56, 5.12, 7.68 and 

10.24 MPa (Shahmirzadi and Konofagou, 2012) were used 
to represent the aneurysmal stiffness. The extravascular 
pressure was assumed to be null. The fl uid was modeled 
as Newtonian with material properties of fl uid density ρ

f
 

equal to 1000 kg/m3, reference speed of sound, c
o
, was 

equal to 1483 m/s and fl uid viscosity η = 0.0001 Ns/m2 
(Kanyanta, et al., 2009). 

(a)

(b)

(c)

(d)

 = 18.2 mm 
 = 16 mm 

Z, z
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Pinlet = pi (z, t) Poutlet = 0

25 mm

300 mm

50 mm
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Figure 1. Schematic illustration of aortic models and specifi ed boundary conditions with (a) homogeneous model. 
Non-homogeneous model with aneurysm size of axial length, L

a
, of (b) 25, (c) 37.5 and (d) 50 mm.

 Both inlet and outlet ends were fully constrained in 
three dimensions. A time dependent fully developed fl uid 
pulse pressure was applied on the tube inlet. The fl uid 
structure interface was defined as frictionless. The 
hexagonal 3D elements were meshed with a seeding size 
of 1 mm. 34800 and 48900 elements were respectively 
generated on the aortic wall and fl uid parts for the normal 
homogeneous model. The number of elements was changed 
between 33900 to 34226 and 49063 to 49500 on the aortic 
wall and fl uid parts, respectively, across the non-homoge-

neous models. The initial time increment was 6.743×10-7 
s. 3D coupled simulations were performed. Nodes along 
the axial length of the tube were selected to determine the 
displacement in the radial direction at each time increment 
(Fig. 2). The wave propagation was mapped on a 2D plane, 
with time and axial location as the x and y axes, 
respectively. The wave peak at each time increment could 
be visualized and tracked. Therefore, the pulse wave 
velocity could be determined as the slope of the axial 
locations of the wave peak and time relation.

t = 24.05 ms
x = 46.29 m

s
mm

Figure 2. Example of pulse pressure wave induced wall displacement in radial direction at any time increment along the 
tube. The arrows denote the magnitude of the wall displacement.
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3.  Results and Discussion
3.1 Pulse wave propagation and velocity
The pulse wave propagation and velocity of the aortic wall 
with and without aneurysm were investigated in this study. 
The coupled fl uid structure interaction model was used to 
describe the compliant aortic wall phenomenon induced 
by pulsatile blood pressure.
 Figure 3(a) illustrates the 2D spatial-temporal plot 
of the normalized wall displacement of the homogeneous 
aortic wall with E

normal
 equal to 2.56 MPa. The relationship 

between the axial location and time was fi tted using a 
linear regression model to yield the pulse wave velocity. 
The forward pulse wave velocity was found to be equal to 
2.380 m/s.
 The non-homogeneous walls with aneurysm size L

a
 

= 25, 37.5 and 50 mm of aneurysmal stiffness E
stiff

 = 10.24 
MPa and walls with aneurysmal stiffness E

stiff
 = 2.56, 5.12, 

7.68 and 10.24 MPa of aneurysm size L
a
 = 25 mm are 

shown in Figure 3(b)-3(d) and Figure 3(e)-3(h), respectively. 
The refl ected, supra-, infra- and within-aneurysm waves 
were observed. The supra-aneurysm wave traveled toward 
the aneurysm and separated into three portions. The fi rst 
portion was refl ected at the inlet aneurysm site and traveled 
backward. The other portions, i.e., within- and infra-aneurysm 
waves, were maintained forward traveling. The pulse wave 
velocities of the refl ected, supra-, infra-, and within-aneurysm 
waves obtained from the linear fi ts are shown in Table 1. 
 The fl uid structure interaction framework was previously 
used to investigate the pulse wave propagation and velocity 
on the aortic walls with and without inclusions. The present 
study reports the effects of the aneurysm size and the ratio 
of aneurysm to wall modulus on the pulse wave propagation 
and velocity to serve as a guide for pulse wave imaging in 
vivo. The forward wave was only observed on the homogeneous 
model, unlike the case of the non-homogeneous models. 
The hard-stiff aneurysms caused the refl ected wave, but 
they did not cause remarkable changes in the pulse wave 
velocity, which was the same as the within-aneurysm wave. 
The changes in the ratio of the aneurysm to wall modulus 
and the aneurysm size caused the changes in the pulse wave 
velocity of the supra- and infra-aneurysm waves, respectively, 
which are better shown as evident markers.

3.2 Effect of aneurysm size
To investigate the effect of the aneurysm size on the pulse 
wave propagation and velocity, the 2D spatial-temporal 
plots of the normalized wall displacement of the non-ho-
mogeneous aortic wall with aneurysm size L

a
 = 25, 37.5, 

and 50 mm of aneurysmal stiffness E
stiff

 = 10.24 MPa 
(Figure 3(b)-3(d)) were demonstrated. Figure 4(a) illustrates 
the effect of the aneurysm size on the pulse wave propagation 
and velocity. The pulse wave velocity of the infra-aneurysm 
and refl ected waves decreased when the aneurysm size 
increased. The supra- and within-aneurysm waves were 
found to slightly increase in pulse wave velocity with the 
aneurysm size. The standing wave was found to occur at 
the inlet aneurysm site, with its width increasing with an 
increase in the aneurysm size. A small aneurysm size with 
hard stiffness showed a nonlinearity for the infra-aneurysm 
pulse wave velocity, and there was a better fi t with two 
linear correlations. The change in pulse wave velocity of 
the infra-aneurysm wave was found up to 70%, which 
indicated the highest sensitivity to change in the aneurysm 
size.

3.3 Effect of ratio of aneurysm to wall modulus
 The 2D spatial-temporal plots of the normalized wall 
displacement of the non-homogeneous aortic wall with 
aneurysmal stiffness E

stiff
 = 2.56, 5.12, 7.68, and 10.24 MPa 

of aneurysm size L
a
 = 25 mm are shown in Figure 3(e)-3(h). 

Figure 4(b) illustrates the effect of the ratio of the aneurysm 
to the wall modulus on the pulse wave propagation and 
velocity. The change in the ratio of the aneurysm to wall 
modulus was found to be the least likely to be detected by 
the pulse wave velocity of the reflected, infra-, and 
within-aneurysm waves. However, the nonlinearity of the 
infra-aneurysm pulse wave velocity was found to increase 
with an increase in the ratio of the aneurysm to wall 
modulus, which can be better fitted with two linear
correlations. The magnitude of wall displacement on the 
refl ected wave also increased with the ratio of aneurysm 
to wall modulus. The pulse wave velocity of the 
supra-aneurysm wave decreased up to 100% when the 
ratio of the aneurysm to wall modulus increased and its 
change indicated the highest sensitivity to change in the 
ratio of the aneurysm to the wall modulus.
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Table 1. Pulse wave propagation and velocity (PWV) of seven aortic models with homogeneous and non-homogeneous 
models.

Aortic model
Young’s modulus 

(MPa)
Aneurysm size (mm) Wave type

PWV 
(m/s)

Homogeneous
Aortic wall:
2.56

- Forward 2.380

Non-homogeneous with 
aneurysm

Aortic wall:
2.56 
Aneurysm:
2.56 

25

Supra-aneurysm:
Forward
Within-aneurysm:
Forward
Infra-aneurysm:
Forward

1.631

0.239

2.532

Aortic wall:
2.56 
Aneurysm:
5.12

25

Supra -aneurysm:
Forward
Refl ected
Within-aneurysm:
Forward
Infra-aneurysm:
Forward

1.250
1.675

0.241

2.494

Aortic wall: 
2.56 
Aneurysm:
7.68

25

Supra -aneurysm:
Forward
Refl ected
Within-aneurysm:
Forward
Infra-aneurysm:
Forward 

1.046
1.640

0.353

2.535

Aortic wall: 
2.56 
Aneurysm:
10.24

25

Supra -aneurysm:
Forward
Refl ected
Within-aneurysm:
Forward
Infra-aneurysm:
Forward 

0.602
1.625

0.382

2.595

Aortic wall: 
2.56 
Aneurysm:
10.24

37.5

Supra -aneurysm:
Forward
Refl ected
Within-aneurysm:
Forward
Infra-aneurysm:
Forward 

0.922
1.135

0.552

1.989

Aortic wall: 
2.56 
Aneurysm:
10.24

50

Supra -aneurysm:
Forward
Refl ected
Within-aneurysm:
Forward
Infra-aneurysm:
Forward 

0.945
1.176

0.900

1.524
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(b)

(c)

(d)

(f)

(g)

(h)

Reflected wave 

(a) (e)

Forward wave 

Forward wave 

Standing wave 

Figure 3. 2D spatial-temporal plot of normalized wall displacement (wave peaks are shown) of (a) homogeneous wall 
(E

normal
 = 2.56 MPa); walls with L

a
 equal to (b) 25, (c) 37.5, and (d) 50 mm of E

stiff
= 10.24 MPa; and walls with E

stiff
 equal 

to (e) 2.56, (f) 5.12, (g) 7.68, and (h) 10.24 MPa of L
a
=25 mm. The fi tting yields the pulse wave velocity.
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(a)

(b)
Figure 4. Effects of (a) aneurysm size and (b) ratio of aneurysm to wall modulus on pulse wave velocity.

4.  Conclusion
Normal homogeneous and aneurysmal non-homogeneous 
aortic models were successfully established to estimate 
the pulse wave velocity propagation and velocity using 
a fl uid structure interaction (FSI) simulation. The 2D 
spatial-temporal plot of the normalized wall displacement 
provided clear information on the regional pulse wave 
propagation. The effects of the aneurysm size and the ratio 
of the aneurysm to the wall modulus on the pulse wave 
propagation and velocity were examined. The changes of 
the aneurysm size and the ratio of aneurysm to wall 
modulus were qualitatively identifi ed by the refl ected wave 
and standing wave propagations. The quantitative results, 
such as, pulse wave velocity, magnitude of wall displacement
on the wave, and width of the standing wave, were 
determined. The interpretations from both qualitative and 
quantitative results were found to be able to differentiate 
between the homogeneous and non-homogeneous models. 
The distinction between the aneurysm size and the ratio of 
the aneurysm to the wall modulus was characterized.
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