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ABSTRACT

Background and Objectives: Reflections measured at the aortic root are of physiological and clinical in-
terest and thought to be composed of the superimposed reflections arriving from the upper and lower
parts of the circulatory system. However, the specific contribution of each region to the overall reflection
measurement has not been thoroughly examined. This study aims to elucidate the relative contribution
of reflected waves arising from the upper and lower human body vasculature to those observed at the
aortic root.
Methods: We utilised a one-dimensional (1D) computational model of wave propagation to study reflec-
tions in an arterial model that included 37 largest arteries. A narrow Gaussian-shaped pulse was intro-
duced to the arterial model from five distal locations: carotid, brachial, radial, renal, and anterior tibial.
The propagation of each pulse towards the ascending aorta was computationally tracked. We calculated
the reflected pressure and wave intensity at the ascending aorta in each case. The results are presented
as a ratio of the initial pulse.
Results: The findings of this study indicates that pressure pulses originated at the lower body can hardly
be observed, while those originated from the upper body account for the largest portion of reflected
waves seen at the ascending aorta.
Conclusions: Our study validates the findings of earlier studies, which demonstrated that human arterial
bifurcations have a significantly lower reflection coefficient in the forward direction as compared to the
backward direction. The results of this study underscore the need for further in-vivo investigations to
provide a deeper understanding of the nature and characteristics of reflections observed in the ascending
aorta, which can inform the development of effective strategies for the management of arterial diseases.
© 2023 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

leagues 6] studied 444 junctions at various locations in the human
arterial tree and concluded that the area ratio of the daughter to

Arterial wave reflections and their influence on the contour
of the pressure waveform in the aorta has been widely studied
[1-5]. With each cardiac cycle, a wave propagates forward towards
the periphery, while alterations in the arterial mechanical and geo-
metrical properties, such as elastic modulus, dimensions, and mor-
phology can cause reflections that travel backward towards the
heart. From a theoretical standpoint, optimal wave transmission
and minimal wave reflection is attained when the ratio of wall
thickness to vessel radius remains constant before and after the
junction (i.e., optimal area ratio). Notably, Papageorgiou and col-
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the parent vessel for forward-travelling waves was approximately
1.14, consistent with the theoretical optimal area ratio, except for
the aortoiliac bifurcation where a lower value was observed. In
this context, we note that bifurcations with an optimal area ratio
for forward travelling waves (i.e., travelling from the parent ves-
sels to the daughter vessels) constitutes a strong reflection site for
backward travelling waves (i.e., travelling from a daughter vessel
to the parent and the other daughter vessel). Consequently, back-
ward travelling waves are significantly damped as they travel back
towards the heart. Furthermore, any backward-travelling reflected
wave can undergo re-reflection and travel in the forward direc-
tion until encountering another discontinuity and reflecting again,
a phenomenon known as wave-trapping. The complexity of wave
trapping suggests that keeping track of the reflections traversing
the arterial system is not trivial [7-10].
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Several studies have focused on understanding wave reflec-
tions and identifying the principal reflection sites along the arte-
rial tree [3,5,11,12]. In a classical experiment, Peterson and Gerst
[13] injected controlled volume pulses at peripheral arterial loca-
tions in living dogs and found no evidence of the injected waves
reaching the aortic root. This led them to conclude that reflected
waves might not affect the central arterial pulse contour, as they
are progressively damped by the arterial tree. In another exper-
imental study, Khir and Parker [12] occluded the aorta of dogs
at four different locations and reported that reflection in the aor-
tic root due to the occlusion was similar to the control condition
(i.e. no occlusion) when the occlusion site was below the renal
bifurcations.

Different in-vitro models of the circulation were introduced to
investigate arterial wave transmission, mainly consisting of single
tube [14,15] and T-tube models [16,17]. The single tube model is
primarily used to study the interaction between the heart and the
arterial tree with a single reflection site. On the other hand, T-tube
models are used with the assumption of the existence of two sep-
arate reflection sites. Burattini and Campbell [16] used a modified
T-tube model and questioned the concept of the existence of a dis-
crete reflection site, concluding that the middle to low abdominal
aorta is the “effective reflection site”.

More recently, in-vitro models were extended to detailed arte-
rial replicas. Segers and Verdonck [18] used an elastic replica of
large conduit arteries to study the pattern of reflected waves in the
aorta and compared the in-vitro results with those estimated by
computational models. After the separating the pressure waveform
into its incident and reflected components, they observed continu-
ous reflections originating at different locations of the replica. They
extrapolated that the reflected waveforms observed in aortic in-
vivo are an interaction between small reflections arising from ta-
pering and those originating at the diaphragm level.

Arterial wave reflections have been investigated also in-vivo,
with Murgo et al. [19] and Mills et al. [20] reporting that reflec-
tions originating from the end of the abdominal aorta are the main
contributor to reflections observed in the ascending aorta. A sec-
ondary outcome of the study of Murgo et al. [19] is that bilat-
eral external compression of the femoral arteries resulted in in-
creased pressure at ascending aorta in four patients, thus suggest-
ing that partial occlusions of peripheral arteries may enhance re-
flections in the aorta. These findings were corroborated by Mu-
rakami [21], who observed an increase aortic pressure during
squatting, which compresses the femoral arteries. Furthermore,
Latham et al. [22] identified two major sites of arterial wave re-
flection that impact the aortic pressure, namely the renal branches
and the aorta-iliac bifurcation.

Numerous in-vivo studies investigated the effect of aging
and pathologies on wave reflections [4,23-25]. Segers et al.
[26] showed that the magnitude of wave reflections increases with
age, and Greenwald et al. [27] reported that the area ratio of parent
to daughters vessels at the aorta-iliac bifurcation changes with age,
from +0.3 in early life to —0.3 in old age, indicating the potential
change of the nature of the wave reflection from compression to
expansion. Furthermore, several studies have explored the changes
in wave reflections associated with abdominal aortic aneurysm,
aortic coarctation and arterial stenosis [28-31].

Despite these findings, there is debate among researchers re-
garding the significance of reflected waves from peripheral vessels
in the ascending aorta [12,13]. While some studies have observed
a measurable change in the arterial pressure due to semi-occlusion
in femoral arteries [21], others have suggested that reflections arise
from multiple sites rather than a single location [3,11]. To our
knowledge, no published works have explored the relative contri-
bution of reflections originating from upper and lower body ves-
sels to the pressure observed in ascending aorta. Thus, the ques-
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tion about the composition of aortic root reflections remains open
for further investigation.

As a contribution to the above open question regarding the ori-
gin of reflections in the ascending aorta, we propose that periph-
erally originated reflections lose much of their amplitude before
reaching the aortic root. To test this hypothesis, we utilised a one-
dimensional (1D) computational model developed by Matthys et al.
[32], which has demonstrated the ability to capture the main fea-
tures of human conduit artery pressure and flow waveforms. By
initiating a pulse from distal sites and tracking changes in pres-
sure and wave intensity, we assessed the pulse’s transmission to
the aortic root. Additionally, we compared reflection coefficient
as the pulse encounters the bifurcation in the forward and back-
ward directions and investigated the relative contribution of upper
and lower body vessel reflections to the pressure in the ascending
aorta.

2. Methods
2.1. Numerical model

The one-dimensional model of pulse wave propagation used in
this study is based on the physical principles of conservation of
mass and momentum and on the tube-law, under the assump-
tion that blood is incompressible and Newtonian, the flow is lam-
inar, and that there are no energy losses at bifurcations [33]. The
conservation equations and tube-law are numerically solved using
a discontinuous Galerkin scheme with a spectral/hp spatial dis-
cretization. The connections at the interface of the arterial seg-
ments are governed by the conservation of mass and continuity
of total pressure.

An arterial network composed of the 37 largest arteries is mod-
elled to study the proportion of a reflected wave travelling towards
the aorta from distal locations. This numerical model is designed
and validated by a 1:1 silicon replica of the largest arterial ves-
sels [33]. The large vessels in this model were linearly tapered, and
the smallest branches had a constant cross-sectional area. Elastic
modulus value of 1.2 MPa used for the aortic wall in the current
work was taken after 1D numerical model of the arterial tree [33].
The silicon wall’s performance was evaluated under physiological
pressure conditions, and it was found to have a consistent Young’s
modulus of 1.2 MPa throughout the working pressure range. This
value is within the reported values of recent mechanical testing of
the human aorta [34], and also found in the classical review by Do-
brin [35]. Hence, the choice of elastic modulus used in this work
is representative to physiological conditions and well justified.

The end branches of the system are modelled as simple re-
sistance models with a stiff capillary tube leading to an over-
flow reservoir that reflects a constant venous pressure. The nec-
essary parameters for the numerical algorithm are obtained di-
rectly from in vitro measurements [32]. In the numerical model,
peripheral resistance to the flow is determined by measuring mean
pressure and flow measurements in close proximity to the outlet
of each terminal branch. These measurements are then simulated
as an outflow boundary condition by implementing the equation
Ry = (p1p — Pout)/Qip, wWhere R, denotes the peripheral resistance,
pip and Q;p are the pressure and flow rate at the outlet of 1D
terminal branch. The constant hydrostatic pressure at the overflow
reservoir is assigned a value of 3.2 mmHg and used as the value
for pout.

Table 1 in the reference [32] provides detailed information
about the dimensions of the vessels, including the diastolic cross-
sectional radii at the inlet and outlet of each segment, the aver-
age wall thickness, and the peripheral resistance values. This model
produces physiologically accurate pressure and velocity waves with
a physiological inflow boundary condition. Figs. 1A and 1B depict
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Fig. 1. The simulated pressure (P) in A, and velocity (U), in B, at the level of ascending aorta in the 37-segment numerical 1D model generated by a physiological inflow

boundary condition.
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Fig. 2. A) A narrow Gaussian-shaped flow used as input (left) and the schematic representation of the arterial network with locations of insertion of the pulse (right). In
five different simulations the pulse was inserted from 1) right anterior tibial artery, 2) the right renal artery, 3) the right radial artery, 4) the right brachial artery, and 5) the
right carotid artery. B) A schematic representation of a bifurcation and the travelling waves directions.

Table 1
Estimated values for the transmission coefficient for backward
travelling waves using three different calculation methods.

JUNCTION 1+R  1+Rp 1+RY
Tibial bifurcation 0.551 0.605 0.518
Iliac bifurcation 0.223 0.222 0.195
Abdominal aorta to renal 0.127 0.180 0.178
Abdominal aorta to celiac 0.187 0.153 0.166
Brachial bifurcation 0.598 0.606 0.519
Brachiocephalic bifurcation  0.522 0.477 0.571

the pressure and velocity waves computed by this model as the
physiological inflow (Q) is the input boundary condition.

Using a pulse as the input to the arterial model is convenient
for testing the response of the system and showing both the reflec-
tions and changes in the amplitude of the pulse as it propagates
through the system [9]. A narrow Gaussian-shaped flow wave, with
an amplitude large enough to reach the ascending aorta, was in-
serted into various distal vessels. The shape of the inflow is defined
as

Q(t) =22 % 10—66—10,0000—0.05)2 (m3s*1) (1)

and can be seen in Fig. 2A. The terminal vessels in each simulation
are connected to a single resistance in a Windkessel model unless
that vessel is chosen for inducing the volume inflow. Fig. 2 in-
dicates the selected origins for the pulses: 1) the right femoral
artery, 2) the right renal artery, 3) the right radial artery, 4) the
right brachial artery, and 5) the right common carotid artery.
The initial conditions for all segments are (A(x, 0), U(x, 0), P(x,
0)) = (Ag(x),0, 0). A, U, and P are cross-sectional area, velocity,
and pressure, respectively. Ag is the initial cross-sectional area at

time=0. To isolate the changes of reflections arising from distal lo-
cations, no cardiac input was introduced into the system, and the
aortic valve was considered closed, in all simulations. For the sce-
nario where the pulse is inserted into the brachial artery (No. 4),
which is not a terminal segment, the connected distal segments
are excluded from the model, and a pulse inflow replaces the ter-
minal boundary condition.

Since the same pulse was inserted into different vessels, the
amplitudes of the generated pressure were different at each loca-
tion. This difference is attributed to the varying cross-sectional ar-
eas of the distal vessels, which result in different flow velocities
(Q = AU). Therefore, to facilitate comparisons between different
sites, the pressure values in the ascending aorta were normalised
to the pressure of the pulse inserted in that location. For instance,
the pressure wave arriving at the ascending aorta from the renal
artery is normalised by dividing its maximum value by the peak
pressure in the renal vessel.

2.2. Wave intensity analysis

Wave intensity analysis (WIA) determines the flux of energy
carried by the wave per cross-sectional area, and it is calculated
using Eq. (2)

1
dlsy = dP;pdUsp, = +—— (dP + pcdU)?, (2)

’ ’ 4pc
where P and U denote the fluid pressure and velocity, and sub-
scripts f and b indicate the forward and backward wave compo-
nents. The SI unit of WIA is W/m2. Wave speed (c) is obtained us-

ing the Moens-Korteweg equation [36] and fluid density p is set to
1050 kg m~3,
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Nonlinear separation of the wavefronts has previously been
studied [37-39]. However, Pythoud et al. [38]| showed that the dif-
ference between the linear and nonlinear results was 5-10%, with
the linear separation being sufficient for practical purposes.

2.3. Calculation of reflection and transmission coefficient

To begin, the definition of reflection coefficient (R) was ex-
tended from its use in acoustic waves to arterial modeling. In
acoustics, R is defined as the ratio of the energy of the reflected- to
the incident wave [40]. In physiological fluid mechanics, R is most
often defined as the ratio of the amplitude of the reflected to the
incident pressure wave, given that the unit for pressure is energy
per unit volume [8]. In addition, R can be calculated using wave in-
tensity analysis [41]. In this work, we compared three methods for
estimating R in a tapered arterial network, as no previous studies
have reported on different estimation methods for this application.

(i) The first method uses the impedance (Z) of the vessels in the
bifurcation, and it is written as

_1/20—1/21—1/22 Z:ﬁ (3)

Re=-22_-01 2.
YT 2o+ 1/Z + 1/, A

Where R; is the theoretically calculated reflection coefficient.
Subscripts 0, 1, and 2 indicate parent vessel and daughter vessels
1 and 2. It is worth mentioning that if waves encounter an in-
crease in the impedance at a bifurcation, the reflection coefficient
will be positive, and the opposite holds true. The size of the re-
flected wave and its nature (compression (dP>0) /decompression
(dP<0); increase/decrease in pressure) is determined as the prod-
uct of the incident wave and the reflection coefficient. For example,
an incident compression wave encountering a negative reflection
coefficient will produce a reflected decompression wave, whereas a
positive reflection coefficient would result in a reflected compres-
sion wave. Similarly, an incident decompression wave encountering
a negative reflection coefficient will produce a reflected compres-
sion wave, whereas encountering a positive reflection coefficient
will produce a reflected decompression wave [11,42].

Assuming that blood is incompressible, Eq. (3) reduces to

Ao/Co —A1/c1 —Az/Co )
Ag/Co +Ar/c1+Az/C2

Equation (4) can also be written for a wave approaching the
bifurcation from one of the daughter vessels as
Aq/c1 — Ao/Co — Az/Ca 5)
Ao/Co+Ar/c1 +Az/Ca

This equation can be used for the theoretical calculation of the
reflection coefficient, using only the structural properties of the

vessel. A schematic representation of a bifurcation the direction of
the wave is shown in Fig. 2B.

Rt. parent =

Rt. daughter 1 =

(i) The second approach [43] is to use the ratio of net changes in
the peak of backward pressure (AP,) to the peak of forward
pressure (APs) waves as

(6)

Rgp = AR

where APy, = XdPyy, and dPyp, = %(dPi pcdU). In this work, ref-
erences to Rgp are the values resulting from the simulations.

(i) The third method [44] for estimation of R used is defined as the
square root of the ratio of peak backward wave intensity (Al)
to peak forward wave intensity (Alf) written as

| Al

Al (7)

0.5
Ry’ ==
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The sign for Rgf is positive if the reflection is in the same direc-
tion of the incident wave and negative if they are different. Similar
to Ryp, Rg-f is estimated using the values resulting from the simu-
lations.

The transmission coefficient (i.e. the parameter quantifying the
amount of wave transmitted after a bifurcation [31] is related to
the reflection coefficient and calculated as

T=1+R (8)

For estimating the reduction of the pressure wave in the sim-
ulations, as it crosses the bifurcations, the amplitude of the wave
can be calculated using

n n
Ampp =P« [ [(1+R) =R+ [ [ T, (9)
k=1 k=1

where Ppis the peak pressure at the distal inlet and R, and Ty
are the reflection and transmission coefficients of the ki bifurca-
tion, respectively.

To avoid confusion with the established notions, it is important
to clarify that introducing a pulse as a reflection into a system is
not equivalent to a reflected wave. This is because the pulse is gen-
erated as an outcome of an incident wave encountering a reflection
site. Therefore, establishing systematic definitions are necessary for
this study. Any wave travelling from the distal locations towards
the heart, regardless of its source, is a backward wave, and any
wave travelling from the heart towards the peripheral beds is a for-
ward travelling wave. It is important to note that reflected waves
can travel in both forward and backward directions. For example,
if a reflected wave reaches the closed aortic valve, it will be re-
reflected in the forward direction.

3. Results

For each of the five scenarios of backward wave propagation,
we performed numerical simulations to investigate the changes
in pressure and velocity along the path leading to the ascending
aorta. At each main bifurcation point between the distal site and
the ascending aorta, we separated the pressure and wave intensity
into their forward and backward components, as shown in Fig. 3.
We then used the peak values of these separated components to
calculate Rgp and R}?.

The calculated transmission coefficient for the different bifur-
cations (Trey) is presented in Table 1. The results demonstrated in
the table reveal that the iliac bifurcation and the aortic-renal and
aortic-celiac junctions constitute the major sites of reflections for
backward travelling waves, with approximately 80% of the pressure
wave (re)reflected towards the peripheral circulations.

On the other hand, approximately 40-50% of the backward
wave's amplitude is transmitted to the parent vessel at the tibial,
brachial and brachiocephalic bifurcations. Fig. 4 provides an exam-
ple of the propagation of a backward pressure injected from the
anterior-tibial artery towards the ascending aorta. Because of wave
reflections at the lower limb arterial bifurcations, only a small frac-
tion (~ 0.3) of the injected wave reaches the abdominal aorta be-
fore being further damped at major aortic bifurcations sites such
as the renal and celiac arteries.

Using Egs. (4) and (5), the theoretical reflection coefficient for
each major bifurcation in the model was calculated for waves en-
tering the bifurcation in the forward (travelling away from the
heart) and in the backward direction (travelling towards the heart)
and presented in Table 2. The results reveal that, in most bifur-
cation, the reflection coefficients for forward travelling waves are
smaller in absolute value than those for backward travelling waves.
This indicates that, on average, waves entering a bifurcation from
the parent tube in the forward direction lose far less amplitude
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Fig. 3. The forward and backward components of the pressure (A) and wave in-
tensity (B) generated by a narrow Gaussian-shaped pulse inserted at right anterior
tibial artery. dlp,cwara @nd dlgrwarg are the intensity of the wave travelling from the
periphery to the ascending aorta and vice-versa, respectively.

due to reflection than those entering from one of the daughter
tubes in the backward direction.

For each of the five considered scenarios, we employed
Eq. (9) and the backward travelling wave reflection coefficients
from Table 2 to estimate the attenuation of the injected backward
pressure wave as it propagates towards the aortic root. We then
compared these estimations with the results obtained from our
1D model simulations. Fig. 5 illustrates this comparison, which has
been normalised with respect to the input pressure and wave in-
tensity values. Fig. 5 displays an exponential fitting for the decline
of pressure and backward wave intensity using dashed and solid
lines. Theoretical calculations and simulation results are presented
by triangle and square markers, respectively.

To examine the effect of the size of the inserted pulse repre-
senting the reflected wave on the results, we repeated the compu-
tational experiments whilst doubling and tripling the amplitudes
of the inserted pulses. We found that varying the amplitudes of
the inserted pulses yielded similar results to those obtained with
the currently used amplitude. Given that the reflection arriving at
the ascending aorta is reported as a ratio of the original pulse, and
since the reflection coefficient of the arterial bifurcations and the
effect of tapering are independent of pulse amplitude, this finding
was unsurprising.

Furthermore, the ratio between the amplitude of the pressure
wave inserted at the distal location and the amplitude of the wave
reaching the ascending aorta is presented in Fig. 6. As the theoret-
ical prediction showed good agreement with values obtained from
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the 1D modeling simulations, particularly for pressure amplitudes
(right panels in Fig. 5). The backward pressure wave inserted in
the carotid artery, due to its proximity to the heart, exhibited the
highest relative amplitude at the aortic root (approaching 20% of
the input), which is roughly twice as high as that observed in the
brachial artery. In contrast, the other three sites showed significant
damping, with more than 95% reduction in the amplitude of the
injected pressure wave.

To investigate the influence of pulse width on the normalised
pressure amplitudes, we repeated the simulations with pulse
widths ranging from 0.01 to 0.3 s. As depicted in Fig. 7, there
were no discernible changes in the normalised pressure amplitude
across different widths.

4. Discussions

This study aimed to better understand the composition of re-
flected waves measured in the ascending aorta, which is assumed
to be the results of reflections from both lower and upper body.
However, the contribution of each body part to the total measured
reflections is not adequately understood. In this work, we used
a 1D multi-branching and validated model representing the 37
largest vessels of the human arterial tree to investigate the atten-
uation in the amplitude of the wave travelling in the backward di-
rection as it is generated from distal sites. We separated the waves
into their forward and backward components and found that a sig-
nificant proportion of the ‘reflection waves’ travelling from lower
body to the ascending aorta are re-reflected towards the periph-
eral circulation. On the contrary, reflections originating from the
upper body and, in particular, the carotid artery are less reflected
on their route to the ascending aorta.

As the pulse wave generated by contracting ventricle travels
through the multi-branching and tapered structure of the arterial
bed. This causes reflections to occur due to the tapering [10], mis-
matched bifurcations, and changes in mechanical properties [9].
This inherently generated plethora of reflected waves with vary-
ing timing and amplitude. However, tracking these waves using a
single tube [40] or T-tube [45] is inadequate as they assume only
one or two effective reflection sites, respectively, which may not
account for the full range of reflections that occur.

The single tube and T-tube approaches aim to determine the
distance to an effective reflection site away from the heart. How-
ever, their assumptions may not accurately reflect the complex na-
ture of the arterial bed and its multiple reflection sites. Therefore,
alternative methods may be required to fully capture and analyze
the multitude of reflections generated by the arterial bed. The con-
cept of effective distance to a reflection site has traditionally been
determined by the quarter wavelength formula [46] but was chal-
lenged by [47].

Burattini and Di Carlo [48] proposed a modified approach to the
T-tube method, where they suggested the resultant of all reflecting
sites in the upper part of the body is likely to dominate over the
resultant of all reflecting sites in the lower part of the body. Al-
though they used a frequency domain approach, our findings using
a time domain model are consistent with their suggestion. Using a
time domain model, as applied in this study, enables the investiga-
tion of the intricate structure of the arterial tree and the tracking
of local reflections as they propagate back towards the heart. This
approach represents a significant advancement in the understand-
ing of the nature, size, and timing of reflections across all simu-
lated segments of the arterial tree.

Keeping in mind the simplifications and assumptions of this
study, such as using a narrow-gaussian pulse, our results suggest
that, in a healthy physiological setting, most of the reflections
present in the ascending aorta originate from the carotid arteries
rather than the more distal locations in lower body. While our sim-
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Fig. 4. The amplitude of the pressure pulse propagating in the arterial tree from the right anterior tibial artery (R. anterior tibial) to the aortic root. The length of the

travelled arterial path is 117 cm. R. iliac: right iliac artery; R. renal: right renal artery.

Table 2

Comparison of the reflection coefficients when the wave encounters the major bifurcations in the forward (from the parent vessel)

and backward (from one of the daughter vessels) directions.

ROUTE MAJOR BIFURCATIONS FORWARD BACKWARDS
ANTERIOR TIBIAL Aortic arch-thoracic aorta —0.045 —0.067
Abdominal aorta-renal arteries 0.0081 0.07
Abdominal aorta-iliac arteries 0.052 0.55
Iliac artery-tibial arteries 0.059 0.49
RENAL Aortic arch-thoracic aorta 0.045 0.067
Abdominal aorta-renal artery 0.063 0.92
BRACHIAL Ascending aorta-innominate artery 0.29 0.43
Innominate artery-subclavian artery 0.09 0.66
Subclavian artery-radial artery 0.038 0.49
CAROTID Ascending aorta-innominate artery 0.29 0.43
Innominate artery-carotid artery 0.09 0.43

ulations using different pulse durations and amplitudes showed no
influence of the ratios of peak pressures in the ascending aorta,
selection of a narrow Gaussian-shaped pulse as an input simplified
the tracking of the backward waves.

Despite being a simplification of reality, 1D models of the cir-
culation are useful tools to understand the function of the arte-
rial tree [49]. The aim of this study was to examine the size of
reflections resulting from waves crossing arterial bifurcations in
the backward direction in a tapered 1D model. We also aimed to
investigate the size of reflected waves that reach the ascending
aorta that arise from various arterial locations in the upper and
lower body. Although, this problem has been studied before, in
the present work we revisited the question using a new approach;
rather than studying wave propagation from the heart to the pe-
riphery (forward direction), we examined the propagation of waves
travelling towards the heart (backward direction).

The results of our analysis provide further evidence that the
reflection coefficients in physiological bifurcations are direction-
dependant, with larger absolute values in the backwards direction
(bifurcation approached from the daughter vessels) compared to
the forward direction (bifurcation approached from the parent ves-
sel). The finding is consistent with previous experimental obser-
vations of Papageorgiou and colleagues [6], who found that, in a
healthy human arterial tree, most bifurcations are well-matched

in the forward direction. Using data from Cox and Pace [50] for
the ascending aorta, brachiocephalic, left subclavian artery and
descending aorta, Borlotti et al. [51] calculated the characteristic
impedances for these vessels in anaesthetized dogs and found that
the reflection coefficient is 0.02 in the forward direction and —0.48
in the backward direction. This shows that the reflection coefficient
is highly dependent on the direction of wave encountering the bi-
furcation. Physiological bifurcations are well-matched (i.e., optimal
area ratio) with low values of R for forward (parent to daughters),
and unmatched with high values of R for a wave travelling in the
opposite direction (daughter to parent and other daughter). Fur-
ther, our results explain the in-vivo experimental observations of
Peterson and Gerst [13], who observed no change in the pressure
at the root of the aorta when pulses were inserted from periph-
eral arterial locations in living dogs. We found a similar pattern in
our study, where pulses originated from renal and radial arteries
lost most of their amplitude on route to the aortic root (Fig. 5).
Moreover, our results showed that the backward wave originated
at the right common carotid reached the ascending aorta with
approximately 18% of their magnitude. This was expected, as re-
flected waves in the carotid encounter fewer number of bifurca-
tions and travel a considerably shorter distance to reach the aortic
root compared to backward waves originating at other more distal
locations.
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Fig. 5. Comparison between the theoretical (i.e., calculated using R;) and simulated amplitudes of transmitted pressure wave (right panels) and wave intensity (left panels).
Dashed and solid lines represent an exponential fitting for the reduction of the pressure and backward wave intensity. The triangle markers represent the theoretical
calculation, and the square represents the simulation results. The fitted function is provided and r? values indicate the goodness of the fitting.

The values are normalised to the amplitude of the injected pulse at the right carotid artery in A, at right radial artery in B, at the right renal artery in C, and at the right
anterior tibial artery in D. Corresponding travelled distances were 20, 60, 40 and 120 cm, respectively. The scale of the x-axes is presented with the zero indicating the site

of the ascending aorta.
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Similar to our study, Alastruey and colleagues [52] used 1D
modeling of the systemic circulation to investigate the propagation
of waves. However, their study design was different from ours, as
they inserted a single pulse wave at the aortic root rather than
from a distal location. Nevertheless, they found that the absolute
amplitude of the wave declines exponentially, regardless of its sign.
In our study, we observed the same exponential decrease of the
pressure wave amplitude as it propagated backward in the arterial
tree (Fig. 5). Similar findings were also reported by Histand and
Anliker [53]. This trend was also preserved in the wave intensity
(dI) pattern, which was consistent with results reported in non-
tapered in vitro model of the arterial tree [54].

Previous works have examined the differences between differ-
ent methods of estimating R both numerically and experimentally.
Li et al. [41] studied R experimentally in-vitro using multiple sets
of straight flexible tubes with known mechanical properties, while
Mynard and colleagues [44] studied R computationally in a sin-
gle non-tapered vessel. Both studies agreed that R calculated from
the separated pressure (Ryp) and from the square root of the sep-
arated wave intensity (Rgf) showed the strongest agreement with
the theoretical coefficient R.

Consistent with the findings of Li et al. [41], our results show
that Rgf underestimates values of the wave intensity compared
to those determined using R;. The reason for this underestimation
maybe explained by the results in Mynard et al. [44], who showed
higher error in reflection coefficients calculated by wave intensity

in nonlinear conditions. On the other hand, the transmitted pres-
sure amplitude calculated using Ryp showed good agreement with
that calculated with R;. While in-vitro comparison of the reflection
coefficient in [41] showed that Ryp overestimates Ry, in this study,
the same trend is not observed as shown in Fig. 5 and Table 1. The
difference may be due to the overlapping of the pressure waves
caused by tapering and the short length of the vessels.

According to [41], the magnitude of the local reflection coeffi-
cient varies with their proximity to the reflection site. The tapering
of the vessel causes multiple infinitesimal reflections [4,10], and al-
though the size of these reflected waves is small, amalgamated col-
lectively they might be affecting the values estimated by Ry, and
ROiS'

This study has focused solely on the effect of pressure wave re-
flection in the aorta, which is a crucial factor in determining car-
diac function [55]. However, it is imperative that future research
investigates the influence of reflected waves and resultant pressure
changes in various arterial locations, particularly those vessels that
supply blood to vital organs. Such investigation would hold signifi-
cant scientific importance and should be considered as an essential
aspect of future studies.

Based on the current findings, the largest proportion of re-
flected waves observed at the ascending aorta is attributed to re-
flections from the upper body. This warrants clinical investigation
to inform the possible management of arterial diseases that affect
arterial bifurcation morphologies.
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Furthermore, our approach takes into consideration the impact
of tapering on reflection, which has not been extensively explored
in previous studies. By incorporating tapering into our model, we
are able to capture the influence of this important factor on reflec-
tion, which can have significant implications for the interpretation
of clinical data. This demonstrates the importance of a comprehen-
sive understanding of the complex mechanisms underlying arterial
reflection and highlights the need for continued research in this
area.

5. Limitations

The approach implemented in this study is to induce a narrow-
gaussian pulse wave at distal arterial sites and observe the am-
plitude of the wave reaching the aortic root. However, there are
some limitations to this approach. Firstly, to simplify the problem
and focus on the reflected waves, the influence of the pumping
heart on the response of the system was not considered. Nonethe-
less, our results are in consistent with earlier in-vivo experimental
work that accounted for the beating heart [13]. A second limita-
tion of the study was using the same value of pressure pulse am-
plitude at each of the distal sites, despite the possibility that re-
flections originating from different sites along the arterial bed may
not have the same amplitude. This approach was adopted to en-
able a comparison of the amplitude of waves arriving to the as-
cending aorta. Moreover, with this approach we kept the arterial
dimensions in physiological range and studied reflections arising
from vessels with different cross-sectional areas. Thirdly, by using
a narrow gaussian pulse, this study did not consider the effect of
overlapping of reflections that occurs in high-frequency waves.

6. Conclusions

The physiological bifurcations considered in this work have a
much larger reflection coefficient when the pulse wave encounter
them in the backward than the forward direction. The implica-
tion of which is that amplitudes of waves travelling backwards are
continuously reduced and the further the origin of the backward
wave is the less likely for it to be discerned in the aortic root. Re-
flected waves detected in the ascending aorta are likely to originate
at proximal arterial sites and are much larger when originated in
the upper compared to lower body. Based on the current findings,
the largest proportion of reflected waves observed at the ascending
aorta is attributed to reflections from the upper body. This high-
lights the need for clinical research to inform potential manage-
ment strategies for arterial diseases that impact arterial bifurcation
morphologies.
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