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Abstract

The angle of arterial tapering increases with ageing, and the geometrical

changes of the aorta may cause an increase in central arterial pressure and

stiffness. The impact of tapering has been primarily studied using frequency-

domain transmission line theories. In this work, we revisit the problem of

tapering and investigate its effect on blood pressure and pulse wave velocity

(PWV) using a time-domain analysis with a 1D computational model. First,

tapering is modelled as a stepwise reduction in diameter and compared with

results from a continuously tapered segment. Next, we studied wave reflections

in a combination of stepwise diameter reduction of straight vessels and bifurca-

tions, then repeated the experiments with decreasing the length to physiologi-

cal values. As the model's segments became shorter in length, wave reflections

and re-reflections resulted in waves overlapping in time. We extended our

work by examining the effect of increasing the tapering angle on blood pres-

sure and wave intensity in physiological models: a model of the thoracic aorta

and a model of upper thoracic and descending aorta connected to the iliac

bifurcation. Vessels tapering inherently changed the ratio between the inlet

and outlet cross-sectional areas, increasing the vessel resistance and reducing

the compliance compared with non-tapered vessels. These variables influence

peak and pulse pressure. In addition, it is well established that pulse wave

velocity increases in an ageing arterial tree. This work provides confirmation

that tapering induces reflections and offers an additional explanation to the

observation of increased peak pressure and decreased diastolic pressure distally

in the arterial tree.
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1 | INTRODUCTION

Age-related alteration in the arterial tree is associated with progression of cardiovascular disease.1,2 It profoundly affects
proximal aortic geometry compared with the distal parts of the arterial tree.3,4 Aortic unfolding is a common clinical
expression referring to the elongation and enlarging of the aortic arch diameter, and previous works proved that it
increases the central arterial blood pressure and the arterial stiffness.2,5-7

One of the known normal characteristics of the arterial system is its tapered structure, that is, the area of an artery
decreases gradually towards its outlet.8 Analysing the dynamics of blood flow in tapered structures is vital for under-
standing the development of pressure. Furthermore, according to the findings of Hickson et al9 and Charlton et al,10

with ageing, the diameter at the level of the ascending aorta and the aortic arch increases while the diameter of des-
cending aorta remains the same. This means an increased tapering angle with ageing and hence our interest in the
effect of tapering and its variation.

Any discontinuity in the geometry or the elasticity of the arterial system generates reflections. Because of the spa-
tially varying elastic properties of the vessels and the branching structure of the arterial tree, wave reflections are always
present in vessels. These reflected waves can also be re-reflected multiple times,11,12 causing intricate patterns in the
pressure waveform. Although the identification of reflection site has been the focus of many studies, the detailed under-
standing of this matter is still not completely comprehensive.13

While the changes in capillary blood vessels can be well captured with Windkessel (Wk) models14,15 and the impact
of bifurcations has been previously studied,16-19 the direct influence of tapering and its contribution to the reflections is
not well documented and requires further investigation.

The earliest research considering the changes of cross-sectional area and its mechanical effects was probably con-
ducted by Patel et al,20 where the dimensions of various sites along the aorta were measured in 30 living dogs. However,
the rate of tapering varies from species to species, and the ratio presented by Patel et al may not justify the tapering rate
in humans. Later, other studies approached the problem using the concept of admittance in the cardiovascular sys-
tem.21,22 The drawback of this approach is the inability to study the axial location of the reflections. The basic assump-
tion with this approach is that if the reduction in the cross-sectional area is sufficiently gradual and occurs over a
considerably longer length compared with the wavelength, the reflected energy caused by the tapering is small and can
be neglected as the wave travels through the vessel.

Regarding the alteration in pressure (P), Fung23 suggested that if the energy transmits completely while the cross-
sectional area is decreasing gradually, the amplitude of the pressure is proportional to the square root of the characteris-
tic impedance (Z):

P=constant ×
ffiffiffiffi
Z

p
, Z=

ρc
A
, ð1Þ

where ρ denotes blood density, A is the cross-sectional area of the vessel, and c is the pulse wave velocity. With a reduc-
tion in the cross-sectional area, there is a corresponding increase in admittance and pressure.

Bauer et al24 used an experimental setup consisting of three uniform tubes with diameters being inversely propor-
tional to their impedances, and the waves were analysed in the frequency domain. The results only showed the alter-
ation in the amplitude of pressure but yielded no information about the location of reflection or the origin of the
backward wave. Also in an experimental study, Reuderink et al,25 using the pressure measurement at three different
points, “three-point method,” studied the effect of tapering to validate the propagation coefficient. The authors used
Womersley's theory to calculate the longitudinal and transversal impedance and compared the results with those
obtained using the foot-to-foot method. They concluded that the increase in the tapering angle leads to higher discrep-
ancies. In their study, they attempted to prove that the reflections are not generated by one isolated origin but a super-
imposition of multiple reflection sites, although re-reflected waves were not considered.

Segers and Verdonck26 evaluated the tapered aorta as segments of a transmission line mathematical model.
They concluded that the reflection present in the aorta is the outcome of two interacting phenomena: the continu-
ous reflection caused by tapering and reflections originating from the diaphragm level. Using the frequency
domain approach, the authors observed that the continuous reflection caused by tapering is hidden in the input
impedance pattern.

More recently, Mynard and Smolich27 computationally assessed the waves in diastole using a 1D-Wk mathematical
model, and they compared changes of diameter in three different simulations: two stepwise and three stepwise diameter
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reductions and a continuous tapered structure; their results showed that in the tapered tube, waves are merged and the
pressure decays smoothly.

The 1D model has the ability to capture the distributed nature of the waves and their reflections in the arterial tree
with a fair computational cost compared with 3D models. Moreover, unlike 0D models, it considers waves to be non-
periodic.28,29 1D models have been used for explaining the phenomena happening in the arterial tree30 and comparing
it with in vivo31-34 and in vitro35-38 experiments.

To the best of our knowledge, most of the previous studies on the problem of tapering have applied the
transmission line theory using frequency-based methods, and none investigated the effect of tapering on wave intensity
analysis (WIA). Therefore, the aim of this work is to investigate the effect of vessel tapering on the changes of pressure
and flow waveforms using a non-linear 1D time-domain model. We also aim to investigate the effect of varying the
tapering angle on WIA.

2 | METHODS

We describe the governing mathematical equations and paradigms used for 1D modelling (Section 2.1) and WIA
(Section 2.2). In Section 2.3, the studied 1D models, their properties, and input and output boundary conditions are presented.

2.1 | 1D formulation

The 1D, non-linear equations considered in this work assume blood to be an incompressible and Newtonian fluid
flowing within an elastic, circular tube. The vessels' wall is assumed to be thin, homogeneous, and incompressible. The
physical principles of conservation of mass and momentum39 can be written as

∂A
∂t

+
∂ AUð Þ
∂x

=0, ð2Þ

∂U
∂t

+U
∂U
∂x

=
−1
ρ

∂P
∂x

+
f
ρA

, ð3Þ

respectively, where x is the axial coordinate along the segments, t is the time, U(x, t) is the mean blood axial velocity, A
(x, t) is the cross-sectional area, and P(x, t) is the internal pressure. The friction force per unit length is given by f = − 2
(γ + 2)μπU, where γ = 9 is determined by the prescribed shape of the velocity profile.40 The pressure-area relationship
(Equation 4) is required for closing the system of governing equations

P=P0 +
β

A0

ffiffiffiffi
A

p
−

ffiffiffiffiffiffi
A0

p� �
: ð4Þ

A0 is the area initial condition where (P, U) = (P0, 0), and β represents the material properties of the elastic vessel

β=
4
3

ffiffiffiffi
π

p
Eh, ð5Þ

where E(x) is Young's modulus and h(x) is the wall thickness. In this study, wave speed of the, also known as pulse
wave velocity, PWV(x), is calculated using the Moens-Korteweg equation

PWVMK =

ffiffiffiffiffiffiffiffiffiffiffi
β

2ρA0

s
A

1
4: ð6Þ

Equations for the conservation of mass and momentum (Equations 2 and 3) and pressure-area relationship
(Equation 4) are solved using a discontinuous Galerkin numerical scheme with a spectral/hp spatial discretization.
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Also, vessel junctions are calculated using the conservation of mass and continuity of total pressure.15 A detailed expla-
nation of the numerical modelling is provided in Alastruey et al.41

In addition to PWVMK, which provides a local estimate for the pulse wave velocity in each cross-sectional area, a
regional pulse wave velocity (PWVff) can be estimated by measuring the transient time and the path length between
two different sites, using the foot-to-foot technique. PWVffis calculated as ΔL/Δt, where ΔL is the axial difference
between the measurement sites and Δt is the time it takes the waveform to travel from one measurement site to the
other. In PWVff, the foot of the wave is considered as the intersection point of the end-diastolic decline and early-
systolic rise sections of the pressure waveform.42

2.2 | Wave separation and WIA

Any disturbance in the flow creates a wave, propagating with speed U + c in the forward direction and U − c in the
backward direction.28 The forward pulse wave travels away from the heart to the periphery, and the backward pulse
wave returns to the heart. Both pressure and velocity can be separated into their forward and backward travelling com-
ponents. Total changes of velocity and pressure can be linearly separated into their corresponding forward (f ) and back-
ward (b) components, dU = dUf + dUb and dP = dPf + dPb.

34,35,43,44 Combining these equations with the “water-
hammer” formula, the change of pressure and velocity in the f and b directions can respectively be determined as previ-
ously shown44-46

dPf ,b =
1
2
dP�ρcdUð Þ, dUf ,b =

1
2

dU�dP
ρc

� �
: ð7Þ

The non-linear separation of waves has previously been presented in several studies.47-59 However, Equation (7) is
mostly used for practical applications through WIA.

Wave intensity (dI) is defined as the flux of energy carried by the wave per cross-sectional area28 and can be
calculated as dI = dPdU, having an SI unit of W/m2. The intensities travelling into the f and b directions can be calcu-
lated as

dIf ,b = dPf ,bdUf ,b = � 1
4ρc

dP�ρcdUð Þ2: ð8Þ

A forward travelling wave has a positive value (dI > 0), while the backward wave has a negative value (dI < 0).
Waves can also be categorized based on their effect on pressure; a compression causes an increase but an expansion
(decompression) causes a decrease in pressure.

In normal physiological condition, during early systole, a forward compression wave (FCW) increases both pressure
and blood velocity.50,51 During mid-systole, the arrival of a backward compression wave (BCW) causes an increase in
pressure but a decrease in velocity. Then, in late systole, both pressure and blood velocity decrease as the result of the
third wave forward expansion wave (FEW). Another FCW is expected during aortic valve closure due to a brief increase
in pressure.52

2.3 | Simulations of 1D models

Five different sets of simulations (studies) are used to study the reflected waves in a tapered vessel. The first study
revisits the traditional approach used in other studies,21,23 which is a stepwise reduction of the area in a vessel, in time
domain (Section 1). In the second study, we compare a straight vessel, a continuously tapered vessel, and a four and five
stepwise reductions in diameter to highlight the difference between methods of modelling tapering (Section 2). A com-
bination of the stepwise tapered vessel connected to a bifurcation is examined in three different lengths (Section 3). The
fourth simulation is a model of the thoracic aorta, which is used for studying the effect of different tapering angles
(Section 4). Then, a more complex model of the aorta consisting of the thoracic aorta connected to an iliac bifurcation
is studied in Section 5.
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2.3.1 | Reflections in three stepwise area reduction

In order to analyse the discrete reflections originating from a tapered structure, a vessel composed of three 5-m long segments
with stepwise decreasing diameter was designed. The aim of this experiment is to trace the path of reflections and their time
of occurrence in a simple setup, where the effect of tapering is magnified by using the stepwise reduction of the diameter.

A half-sinusoid flow wave is prescribed at the inlet of the structure, and changes in pressure are measured in the
inlet of each segment. The decrease in diameter was uniform, and each succeeding segment has a diameter 10% smaller
than the previous, in order to represent a crude effect of a tapered structure. The dimensions and properties are pres-
ented in Table 1. The 5-m long segments provide enough distance and travel time for reflections to emerge separately,
since the calculated PWVMK is 6.17 m/s. Figure 1A depicts the schematic representation of the structure.

2.3.2 | Reflections in stepwise diameter reduction and continuous tapered vessel

The three factors that describe tapering are the inlet diameter, the outlet diameter, and the length of the structure. A
comparison between four and five stepwise reductions in the diameters of the vessel and continuously tapered vessel is
made, as shown in Figure 1B. The inlet and outlet diameters of all structures are kept unchanged in the tapered struc-
tures. The tapering angle (θ) is calculated using

tanθ=
Din−Dout

2L
, ð9Þ

TABLE 1 The dimensions and

properties used in the structure with

three stepwise reductions in diameter

Property Description Value (unit)

L1, L2, L3 Length 5 (m)

Ain1 Diastolic area of segment 1 3.14 (cm2)

Ain2 Diastolic area of segment 2 2.98 (cm2)

Ain3 Diastolic area of segment 3 2.83 (cm2)

h Wall thickness 1.2 (mm)

E Young's modulus 500 (kPa)

ρ Blood density 1060 (kg/m3)

μ Blood viscosity 4 (mPa s)

FIGURE 1 A schematic representation of (A) a tapered structure with three stepwise reductions in diameter, (B) stepwise tapering

compared with a continuously tapered of a vessel, and (C) a combination of a stepwise tapering and bifurcation. The input for all

experiments is a half-sinusoid flow waveform
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where L is the length and Din and Dout are the diameters at the inlet and outlet of all the vessels. The length of the ves-
sel was assigned to be 2 m in order to highlight the overlapping of the reflected waves. The angle of tapering in this
experiment is 0.5�, which falls into the range of physiological tapering.26 The diameter at the inlet is 6 cm, which
reduces to 2.5 cm at the outlet. The dimensions and properties used in the models are presented in Table 2. To avoid
the reflections at the outlet, the terminal boundary condition is complete absorption.

2.3.3 | A combination of stepwise tapering and a bifurcation

A stepwise tapered bifurcation, as shown in Figure 1C, is simulated with three different lengths of segments to study
the contribution of their reflections and the overlapping of waves as the segments become shorter. In the first case, the
length of the mother vessel is 30 m in total, which consists of six segments that are 5 m. The daughter vessels are 5 m
each, divided into five 1-m segments. In the next experiment, each segment is 16 times shorter than the previous struc-
ture, resulting in the mother tube and daughter tube to be 0.312 and 0.062 m, respectively.

Finally, in the third case, the length of the mother vessel is 0.469 m, with six 0.078 m segments, and the length of
the branches are 0.390 m in total. The total length in the last case is reduced to 0.859 m, resembling the length of the
aortic trunk and the iliac bifurcation. The blood viscosity and density in all experiments are 4 mPa s and 1050 kg/m3,
respectively. The inlet boundary condition is a half-sinusoid flow waveform. The duration of the flow is 0.5 second and
the peak of flow is 20 L/min. As in the previous section, the outlets of the daughter vessels are completely absorbent.
The length and diastolic area of segments are presented in Table 3.

2.3.4 | Tapering in the upper thoracic aorta

The model used for the upper thoracic aorta is a single vessel with constant wall thickness, connected to a three-
element Wk model as the terminal boundary condition, and has been previously used in various studies.44,53 The three

TABLE 2 The properties used in

the comparison of four stepwise and

five stepwise diameter reductions,

continuous tapered, and straight vessel

Property Description Value (unit)

L Length 2 (m)

Ain Diastolic area of inlet 28 (cm2)

Aout Diastolic Area of outlet 4.94 (cm2)

h Wall thickness 1.2 (mm)

E Young's modulus 500 (kPa)

ρ Blood density 1060 (kg/m3)

μ Blood viscosity 4 (mPa s)

TABLE 3 The dimension of vessels used in tapered vessels and a bifurcation

Experiment 1 Experiment 2 Experiment 3

Property
Parent
vessel

Daughter
vessels

Parent
vessel

Daughter
vessels

Parent
vessel

Daughter
vessels

L, length (m) 30 15 1.87 0.94 0.55 0.27

Ad, diastolic area (cm
2) 3.14 1.18 3.14 1.18 3.14 1.18

h, wall thickness (mm) 1.20 1.20 1.20 1.20 1.20 1.20

E, Young's modulus
(kPa)

400 400 400 400 400 400

Note: In Experiment 1, the segments are 5 m long; in Experiment 2, the length of each segment is 0.3125 m; and in Experiment 3, the segments are

0.07 m long.
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elements of Wk model are the proximal resistance, R1, distal resistance, R2, and a compliance, C. R1 is connected in
series with the parallel combination of R2 and C.

Table 4 shows the values that are used in the model. The outlet cross-sectional area varies in relation to the tapering
angle. The physiological tapering angle in human vessels has been reported to be up to 1.5�.26 The inflow boundary
condition was also described in Xiao et al.53

According to Epstein et al,45 if the nonlinearities and the inertia terms are neglected, and it is assumed that pulse
wave transit durations along a vessel is much smaller than the duration of the cardiac cycle, then the arterial compli-
ance (Cv) and resistance (Rv) can be derived by

Cv =
K1

ρ
, K1 =

ðl
0

A0

PWV 2
0

dx, ð10Þ

Rv =2 γ+2ð ÞπμK2, K2 =
ðl
0

1
A2
0

dx: ð11Þ

2.3.5 | Tapering in the aorta and iliac bifurcation

A symmetrical iliac bifurcation is connected to the upper thoracic aorta with its side branches, namely,
brachiocephalic, left carotid and left subclavian, and the descending thoracic aorta. The descending thoracic aorta is
modelled as a straight vessel with constant wall thickness and no side branches. According to the finding of Hickson
et al,9 with ageing, the aortic arch increases both in length and cross-sectional area; therefore, in this study, we apply
different tapering angles only on descending aorta. The linear tapering is implemented by changing the diameter at
the end of the descending aorta using Equation (9). The area and the wall thickness of other segments are kept
constant.

The terminal boundary condition for the iliac vessels is a three-element Wk model. The parameters used in
the models are presented in Table 5 and in agreement with the findings of other studies.10,46 The blood viscosity
and density are 2.5 mPa s and 1040 kg/m3, respectively. The initial pressure and velocity are defined as
(A0, U0) = (Ad, 0).

The inlet diameter was kept unchanged so that the interaction of the input boundary condition and the model
remains the same. In addition, the area ratio of the aorta (the parent vessel) and the iliac vessels (the daughter vessels)
are 0.9716,57 in all simulations, which means that the iliac cross-sectional area is changed with the outlet area of the
aorta to keep the ratio constant.

TABLE 4 The properties used in

the thoracic aorta model taken from

Xiao et al53

Property Description Value (unit)

L Length 24.1 (cm)

Ain Diastolic area of inlet 4.5 (cm2)

h Wall thickness 1.2 (mm)

E Young's modulus 400(kPa)

A (x,0) Initial cross-sectional 3.06 (cm2)

U (x,0) Initial flow velocity 0

P (x,0) Initial pressure 0

ρ Blood density 1060 (kg/m3)

μ Blood viscosity 4 (mPa s)

R1 Windkessel resistance 1.175 × 107 (Pa s m−3)

R2 Windkessel resistance 1.116 × 108 (Pa s m−3)

C Windkessel compliance 1.016 × 10−8(m3 Pa−1)
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3 | RESULTS AND DISCUSSION

In this paper, we use simplified arterial haemodynamic models to highlight wave reflection patterns and their
corresponding time of arrival. The tapering was first defined with a stepwise reduction of cross-sectional area, which
was proposed in earlier studies.23,24,27,58 The results of each model are discussed.

3.1 | Reflections in three-step area reduction

The pressure at the inlet of each segment is presented in Figure 2. The description of each pressure pulse is presented
in Table 6. The negative sign behind the segment number stands for the reflection route.

As the pulse travels across each junction with decreasing cross-sectional area, the pressure increases (waves a1, a2,
and a3). Further, a reflection travelling back to the inlet is generated at each junction (waves b1 and b2). After the
first junction, the reflections are re-reflected (wave d1) and the amplitude of the wave reduces. In some cases,
reflections overlap and emerge as one reflection (wave b2). Similar to the waves stated in Table 6, there are many reflec-
tions that appear on the pressure waveform; however, allocating their origin may not be straightforward since the sys-
tem will include multireflection and re-reflected waves, some of which maybe an amalgamation of two or more re-
reflections.

TABLE 5 Parameters used in the aorta and iliac bifurcation model

Segment
number Arterial segment

Length
(cm)

Rin

(mm) Rout (mm)

Peripheral
resistance
(1010 Pa s m −3)

Peripheral
compliance
(10−10 m 3 Pa−1)

1 Ascending aorta 6 17.80 17.80 — —

2 Aortic arch I 2 15.30 15.30 — —

3 Aortic arch II 3.9 6.60 6.60 — —

4 Aortic arch III 5.2 7.86 7.86 — —

5 Brachiocephalic 3.4 7.80 7.80 0.061 22.20

6 Left carotid 13.9 10.00 10.00 0.136 2.82

7 Left subclavian 3.4 9.53 9.53 0.139 12.16

8 Descending aorta II 24 12.60 12.60 ! 8.44 — —

9 Right common iliac 8.5 12 9.27 ! 6.26 0.026 31.00

10 Left common iliac 8.5 12 9.27 ! 6.26 0.026 31.00

FIGURE 2 The pressure at the inlet of the first (blue), second

(red), and third (green) segments in the three stepwise model
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These results, although obtained from a simplified model with non-physiological dimensions, show the difficulties
of resolving the ongoing debate of localizing the origin of the reflections.

The PWVMK of each segment was calculated at the inlet (seg1: 6.17 m/s, seg2: 6.25 m/s, seg3: 6.33 m/s) and com-
pared with the PWVff, which is 6.25 m/s. For calculation of the arrival time of reflections, both local and foot-to-foot
values were used. However, the local PWV better estimated the time of arrival of reflections, and the estimated time
was closer to values produced from simulations.

Since the reflections that aroused from tapering are closely dependent on the local mechanical properties of the
arterial wall, applying the foot-to-foot method is not convenient for locating their origin.

While in previous studies23,25,27 the frequency domain was used for the analysis of the stepwise taper, using a time
domain-based analysis gave us the ability of estimating the axial distance of the reflections as shown in Table 6.
Figure 3 shows the calculation of the time and location of each reflection and the pattern of their generation.

3.2 | Reflections in stepwise diameter reduction and continuous tapered vessel

A systematic comparison between different methods of implementing tapering in 1D, such as continuous taper or step-
wise reduction, and a straight segment was performed. The pressure waves at the inlet (A) and after 1.5 m (B) are
shown in Figure 4. The inlet area and flow were kept constant in all simulations, which should generate the same input
flow. However, the continuous tapered structure presents a higher peak pressure compared with other structures
(Figure 4A).

The increase in input pressure is due to the increase of impedance in the first segment, which is in agreement
with findings of Segers and Verdonck.26 In addition, the continuous taper causes a smooth increase of reflections travel-
ling to the inlet while the stepwise reductions cause sudden oscillations (Figure 4A). As the number of stepwise seg-
ments increases, the pressure fluctuation decreases and the amplitude is closer to the continuous taper. While the
pressure amplitude in a straight vessel remains unchanged, there is a three-fold increase in pressure for the tapered
structures.

In contrast to the inlet, the pressure at the outlet (Figure 4B) is higher when the tapering is defined as stepwise
reduction. This shows how tapering can smoothen the pressure wave as the cross-sectional area is reduced. This result
is in agreement with that found by Mynard and Smolich,27 studying the effect of tapering on reflections and the smooth
pressure decay in diastole.

TABLE 6 Description of each

pressure wave appearing in the

experiment Wave Path

time

Simulation Theoretical

a1 Input 0 0

a2 1 0.808 0.81

b1 1,−1 1.615 1.62

a3 1,2,3 1.762 1.767

b2 1,2,−2 2.405 2.409

c1 1,2,−2,−1 3.214 3.219

b3 1,2,−2,2,3 3.372 3.367

c2 1,2,−2,−1,1 4.026 4.029

d1 1,2,−2,2,−2,−1 4.835 4.819

c3 1,2,−2,−1,1,2,3 4.978 4.987

d2 1,2,−2,2,−2,−1,1 5.633 5.629

e1 1,2,−2,2,−2,2,−2,−1 6.438 6.418

d3 1,2,−2,2,−2,−1,1,2,3 6.614 6.581

e2 1,2,−2,2,−2,2,−2,−1,1 7.266 7.228

e3 1,2,−2,2,−2,2,−2,−1,1,2,3 8.204 8.186
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3.3 | A combination of stepwise structure and bifurcation

We performed a comparison between stepwise structures when the segments are 5 m in length and when the length of
the segments are reduced to, first 0.312 m, and then 0.078 m. Figure 5 shows the computed pressure at the inlet of all
the structures. Each junction, which is an imitation of the effect of tapering, causes a reflection wave to travel towards
the inlet. A higher reflection is generated as the flow perturbation reaches the bifurcation, and the staggered arrange-
ment of the daughter vessels creates a fluctuation in the reflections originated from the bifurcation.

All three models have the same inlet area; therefore, the flow should produce the same pressure amplitude at their
inlets. However, Figure 5 shows a higher pressure in Experiment 3 compared with other simulations. This indicates that
since the reflections do not have enough axial distance to emerge separately, they overlap each other and cause an
increase in input impedance and, as a consequence, the pressure amplitude elevates. The reflections from the reduction
of diameter are manifested as a constant pressure, while the reflection from the bifurcation causes a peak in pressure.
The staggered definition of the daughter vessels caused a higher amplitude for the peak pressure, but the corresponding
ripple effect, which is evident in Experiment 1, disappears in Experiment 3. The results of this study show the location
and the time of occurrence of the reflections in long vessels. The length reduction adds complexity to the allocation of
the origin of each reflection, which is also reported in other studies.26,27 Therefore, we used WIA at the inlet of each
structure to study the reflections and their occurrence time. (Figure 5, bottom).

Experiment 1 shows that only the reflections originating from the tapered bifurcation are detectable at the inlet.
The same phenomenon is seen in Experiment 2; however, the occurrence time of reflection reaching to the inlet is
decreased. Finally, Experiment 3 shows the amalgamation of the reflection, which is increasing the amplitude of back-
ward wave intensity. It can be noticed that the FEW is decreasing when the reflection (BCW) is emerging, and it is not
symmetrical with FCW.

FIGURE 3 A schematic

representation of stepwise tapering

consisting of three segments and

emerged reflections pattern. The lengths

of all the segments L1, L2, and L3 are

5 m. c1, c2, and c3 denote for wave

speed in the respective segments

FIGURE 4 The pressure in the inlet

(A) and the outlet (B) of a continuous

tapered, five-step diameter reduction, four-

step diameter reduction and a straight vessel
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3.4 | Tapering in the upper thoracic aorta

With an increase in the tapering angle and a constant wall thickness, the PWVMK increases in each cross-section. The
difference in the PWVffis 1 m/s from no taper to the highest angle. The angles and the corresponding PWVMKat the inlet
and outlet, as well as mean and foot-to-foot PWV, are presented in Table 7. Several studies on age-related arterial stiff-
ness reported an increase in PWV with age,59,60 and a similar trend could be observed with the increase of tapering
angle in the upper thoracic aorta model.

The pressure and the pulse pressure change have more evident differences as shown in Figure 6. The peak pressure
at the inlet of the thoracic aorta changes by 5.72 kPa,from 0� to 0.87�.

The increase in mean pressure can be explained by the increase of arterial resistance in the thoracic aorta, which is
in agreement with the results of.2,6 In addition, a higher pulse pressure is reported in the ageing population, following
the drop of diastolic pressure, which can also be seen in Figure 6.2,61

FIGURE 5 The pressure (top) and wave intensity analysis (bottom) at the inlet of a stepwise structure with segments 5 m long

(Experiment 1), 0.312 m (Experiment 2), and 0.078 m (Experiment 3). All the structures have the same mechanical properties except the

axial length of its consisting segments. The structure ends with a bifurcation, where the daughter tube diameter is reduced in the same

manner

TABLE 7 Different tapering angles in thoracic aorta and the value pulse wave velocity in the inlet, outlet, mean, and the foot-to-foot

method

Tapering angle θ (�) PWVinlet (m/s) PWVoutlet (m/s) PWVmean (m/s) PWVff (m/s)

1.375 5.016 6.974 5.995 6.352

1.250 5.016 6.696 5.856 6.351

1.125 5.016 6.448 5.732 6.034

0.875 5.016 6.026 5.520 6.032

0.750 5.016 5.844 5.429 5.746

0.625 5.016 5.677 5.346 5.485

0.375 5.016 5.382 5.199 5.247

0.00 5.016 5.015 5.015 5.028

Abbreviation: PWV, pulse wave velocity.
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Furthermore, lower arterial compliance causes higher peak pressure in the aorta, since the damping ability of the
arterial wall is lower.7 Linear separation of the pressure at the inlet of the aorta with different angles is shown in
Figure 7.

The arrival time of the backward travelling pressure (Pb) reduces as the difference in the inlet and outlet diameter
increases, while the amplitude of both forward (Pf) and backward travelling pressure elevates.

The arterial compliance and resistance, computed using Equations (10) and (11), respectively, are presented in
Figure 8. According to O'Rourke and Hashimoto,62 the age-associated increase in systolic blood pressure is due to dimi-
nution of the arterial compliance. Our results show that with higher angle of tapering, arterial compliance decreases
regardless of the value of Young's modulus. Consequently, the amplitude of systolic pressure rises with changes in
diameters, which is in agreement with the results of clinical studies.63

FIGURE 6 The measured pressure and

flow velocity at the inlet of thoracic vessel in

different angles of tapering

FIGURE 7 Forward and backward

components of the pressure measured at the

inlet of the upper thoracic aorta in different

tapering angles

FIGURE 8 The arterial compliance

(left) and resistance (right) changes with

increased tapering angles
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Finally, we used WIA to study the reflections at the inlet of the thoracic aorta. A straight vessel causes a backward
reflection due to the terminal resistance. As the cross-sectional area of the outlet becomes narrower, the amplitude of
backward wave intensity increases. This surge is also evident in the forward wave intensity, which is anticipated
because of the alteration in the arterial compliance and resistance.

While tapering causes an evident difference in the pressure at the inlet of the thoracic aorta, there is a negligible dif-
ference in the time of arrival of the backward waves (Figure 9).

The small variance of PWVff with tapering might explain the reason behind the time difference, which causes the
reflection waves to arrive at the inlet at approximately the same time. In this model, we considered the wall thickness
and Young's modulus to be constant throughout the vessel. The mentioned variables directly impact the PWV as they
are included in Equation (6) (through Equation 5). However, according to O'Rourke et al,64 the arterial wall becomes
thinner towards the periphery.

3.5 | Tapering in the descending aorta and iliac bifurcation

The changes in diameter value had the same trend as the upper thoracic aorta model. Higher values of mean pressure,
pulse pressure, and systolic pressure is observed with the increase of tapering angle.

The forward and backward components of the pressure measured at the inlet are shown in Figure 10. The increase
in both forward and backward components of the pressure is noticeable in this model; however, the changes in the for-
ward direction is lower compared with the backward component.

Figure 11 shows the wave intensity in the aorta when connected to the iliac bifurcation. FCW's amplitude has a
small increase due to the constant properties of measurement location in all tapering angles. The BCW is growing in
amplitude, and there is a gradual backward shift in time, which shows the early arrival of the reflections. The area ratio
of the bifurcation is 0.97 in all the angles; therefore, the reflection caused by bifurcation is kept constant and the
changes can be related solely to the effect of tapering. However, according to Greenwald et al,16 the area ratio in iliac
bifurcation decreases with ageing because the parent vessel's cross-sectional area expands while the cross-sectional area
of the iliac vessel stays the same. In Mynard and Valen-Sendstad,16 the pressure at the junctions are calculated, and
they reported a higher accuracy of the simulations. Therefore, we suggest consideration of pressure losses at each junc-
tion to enhance the results.

Also, reflections originating from the side branches of descending aorta are neglected in this study, which can limit
the accuracy of this model.

According to other studies,2,9,61 pulse pressure and aortic impedance increase with stiffening of the vessel wall. In
our simulations, we noted the same influence on pulse pressure and aortic impedance in increasing the angle of taper-
ing. On the other hand, the changes in the arterial tree caused by ageing affect the proximal aorta more than its distal
parts. In the ascending aorta, both the length and width increase, while in the descending aorta, only the diameter
changes. This means that in the descending aorta, the angle of tapering increases with age.

We used the average values reported in Hickson et al9 for length and diameter for different age groups. The result
can be seen in Figure 12. Our findings are in agreement with the clinical values measured from 162 healthy subjects
aged 18 to 77 years. In addition, our results provide a range of tapering angle for each decade of age group. We only
used the values reported for the descending aorta.

FIGURE 9 Wave intensity analysis at

the inlet of the thoracic aorta with different

tapering angles
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The results show an increase in tapering angle in each age decade, except in 50-60. This appears to be an outlier due
to the noise of the data.

It is known that ageing causes arterial wall thickness, elasticity, and changing of the wall layers.7,62 It is reported
that the elastic changes are smaller than geometrical changes in the arterial wall and can be neglected.65 In all the

FIGURE 10 Pressure waveforms measured at the ascending aorta in

the model of the aorta and iliac bifurcation. The pressure is separated into

its forward and backward components in different tapering angles

FIGURE 11 Wave intensity analysis at the ascending aorta. The

model consists of the aorta connected to the iliac bifurcation. The

tapering angle is changing in the descending aorta

FIGURE 12 The reported variation of geometric tapering angle in descending aorta with

ageing in Hickson et al. (2010)
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current simulations, we considered Young's modulus to be constant in each vessel and tapering angle. This consider-
ation enabled us to focus on the alteration of diameter through aorta only. However, consideration of changes in elastic-
ity can provide a better understanding of the ageing arterial wall.

In addition, the prescribed input boundary condition is constant even when the tapered vessel becomes narrower.
This disregards the changes of the left ventricle with age and its response to changes in the proximal artery. Based on
the findings of some studies,6,60,66 left ventricle increases in mass and the walls changes (concentric remodelling);
hence, changing the inflow boundary condition or the coupled model of the heart with each tapering angle can improve
the results of this work.

Another limitation to this work is using the linear wave separation technique for examining the effect of tapering
because tapering introduces additional non-linearity into the system and, as a consequence, assumptions on linearity
can cause more substantial errors in the results, especially in steep tapered vessels.47 Therefore, a non-linear analysis of
the waves might provide a further understanding of the matter.

It is worth mentioning that the mathematical theories consider vessels as uniform circular tubes where the cross-
sectional area and distensibility vary continuously. However, real blood vessels are of variable cross-sections and
curved. Using the 1D model might be a crude heuristic method for the analysis of tapering since it neglects any flow
movement in other directions. However, a comparison study between 1D and 3D models was conducted,53 and the pre-
dictions of both simulations were in good agreement.

4 | CONCLUSION

We conclude that it is possible to show clear and discrete reflection sites in long segments (5 m). However, as the wave
continues to travel, the reflection and re-reflection amalgamation cascades, limiting the ability to find the reflection
sites. For segments with physiological lengths, the overlapping of the reflections causes an increase of pressure at the
inlet of our computational models. Tapering not only causes a continuous reflection in the arterial structure but also
increases the impedance of the system, which augments both peak and pulse pressures.

Additionally, the pressure variation throughout the segment is smoother in vessels with continuous tapered com-
pared with stepwise changes in vessel area.

Increasing the tapering angle, as found in the ageing descending aorta, is associated with an increase in the peak
pressure due to the increase of the segment resistance and an increase in pulse pressure due to the decrease in arterial
compliance. Also, increasing the tapering angle caused an increase in the magnitude of both the forward and backward
wave intensity.

Prospectively, a study of a larger number of arterial tree segments, compared with the current study that used differ-
ent tapering angles, will provide more accurate information on the values of reflections with ageing. The effect of
changes in Young's modulus, arterial wall thickness, non-linearity, and left ventricle concentric remodelling with taper-
ing and ageing should also be included in future studies.
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