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Abstract The arterial network in healthy young adults is thought to be structured to optimize wave
reflection in the arterial system, producing an ascending aortic pressure waveform with three key
features: early systolic peak, negative systolic augmentation and diastolic hump. One-dimensional
computer models have provided significant insights into arterial haemodynamics, but no previous
models of the young adult have exhibited these three features. Given that this issue was likely to be
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related to unrepresentative or non-optimized impedance properties of the model arterial networks,
we developed a new ‘YoungAdult’ model that incorporated the following features: (i) a new and
more accurate empirical equation for approximating wave speeds, based on area and relative distance
to elastic-muscular arterial transition points; (ii) optimally matched arterial junctions; and (iii) an
improved arterial network geometry that eliminated ‘within-segment’ taper (which causes wave
reflection in conduit arteries) whilst establishing ‘impedance-preserving’ taper. These properties of
the model led to wave reflection occurring predominantly at distal vascular beds, rather than in
conduit arteries. The model predicted all three typical characteristics of an ascending aortic pressure
waveform observed in young adults. When compared with non-invasively acquired pressure and
velocity measurements (obtained via tonometry and Doppler ultrasound in seven young adults),
the model was also shown to reproduce the typical waveform morphology observed in the radial,
brachial, carotid, temporal, femoral and tibial arteries. The YoungAdult model provides support for
the concept that the arterial tree impedance in healthy young adults is exquisitely optimized, and it
provides an important baseline model for investigating cardiovascular changes in ageing and disease
states.

(Received 6 February 2022; accepted after revision 8 July 2022; first published online 19 July 2022)
Corresponding author Jonathan P. Mynard: Heart Research, Murdoch Children’s Research Institute, 50 Flemington
Road, Parkville, VIC 3052, Australia. Email: jonathan.mynard@mcri.edu.au

Abstract figure legend In this paper, three key improvements were implemented in a one-dimensional (1D) model of
the systemic arterial network. (1) Wave speed was represented better by accounting for differences between elastic and
muscular arteries via transition points. (2) Continuous arterial taper was replaced with stepwise reduction in diameter via
well-matched side-branches. (3) Vascular bed compliance was modified to achieve triphasic flow in peripheral arteries.
These improvements produced an ascending aortic pressure waveform with three features typical of a healthy young
adult: an early systolic peak, negative augmentation and a diastolic hump.

Key points

¢ The origin of wave reflection in the arterial system is controversial, but reflection properties are
likely to give rise to characteristic haemodynamic features in healthy young adults, including an
early systolic peak, negative systolic augmentation and diastolic hump in the ascending aortic
pressure waveform, and triphasic velocity profiles in peripheral arteries. Although computational
modelling provides insights into arterial haemodynamics, no previous models have predicted all
these features.

® An established arterial network model was optimized by incorporating the following features:
(i) a more accurate representation of arterial wave speeds; (ii) precisely matched junctions; and
(iil) impedance-preserving tapering, thereby minimizing wave reflection in conduit arteries in the
forward direction. Comparison with in vivo data (n = 7 subjects) indicated that the characteristic
waveform features in young adults were predicted accurately.

e Our findings strongly imply that a healthy young arterial system is structured to optimize wave
reflection in the main conduit arteries and that reflection of forward waves occurs primarily in
the vicinity of vascular beds.

J Physiol 600.16

Introduction

It is widely recognized that a healthy arterial system
limits the rise in pressure during systole and maintains
pressure during diastole (Nichols, 1998; O'Rourke, 1982).
One prominent view is that this occurs, in part, owing
to the ‘beautifully designed ... tuning’ of the arterial
tree (O’Rourke & Hashimoto, 2007), with junctions that
are well matched in the forward direction (Papageorgiou

et al,, 1990) resulting in reflected pressure waves pre-
dominantly arriving at the left ventricle during diastole.
In the ascending aorta, this is evidenced by a type C wave-
form, which has a similar shape to the flow waveform
during systole (with an early systolic peak and negative
augmentation index; Kelly et al., 1989) and a pressure
‘hump’ during diastole that supports coronary perfusion
(Murgo et al., 1980; Nichols et al, 1985; O’Rourke
& Hashimoto, 2007). According to this model, arterial

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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stiffening with ageing causes wave reflections to arrive
during systole, which contributes to systolic hypertension,
elevated left ventricular afterload and, ultimately, cardio-
vascular events and mortality (Chirinos et al., 2012a,
2012b; Lee & Oh, 2010; Sluyter et al.,, 2019; Tomiyama
et al., 2018; Zhou et al., 2021).

One-dimensional (1D) mathematical modelling of the
arterial network is a powerful approach for gaining insight
into the structural and functional properties that lead to
this ‘beautiful tuning in addition to mechanisms under-
lying the detrimental effects of vascular ageing and disease
(Alastruey et al., 2009; Charlton et al., 2019; Stergiopulos
etal., 1992). It therefore stands to reason that establishing
a representative model of a healthy young adult is a
crucial starting point for studying processes that might
cause a departure from an ‘ideal’ arterial design. In
particular, an accurate model of a young adult would be
expected to exhibit the following characteristic features
in the ascending aorta: (i) an early systolic peak; (ii) a
negative augmentation; and (iii) a prominent diastolic
hump. However, although the detailed model of Blanco
etal. (2014) produced a diastolic hump, to our knowledge
no previous models have predicted an early systolic peak
and negative augmentation (Charlton et al., 2019; Mynard
& Smolich, 2015; Reymond et al., 2012).

The reason(s) why these features have not been
captured well in existing 1D models is unclear, given that
input variables, such as wave speed in the ascending aorta
(Groenink et al.,, 1998; Kim et al., 2013; Negoita et al.,
2018; Rogers et al., 2001), and general haemodynamic
variables, such as systolic and diastolic blood pressures
(Master et al., 1950; O’Rourke & Nichols, 2005; Robinson
& Brucer, 1939) and cardiac output (Brandfonbrener et al.,
1955; Katori, 1979), have been representative of young
adults. Nonetheless, at least four possible reasons might
be involved in current 1D models not capturing all key
features of young adult blood pressure waveforms. The
first reason is that the wave speeds for the other arteries
might not have been sufficiently representative of in vivo
values. Given that it is not feasible to obtain in vivo data
from every artery in the body, previous investigators have
estimated wave speeds of all arteries via an empirical
equation that uses arterial diameter as the independent
variable (Olufsen, 1999; Reymond et al., 2009). However,
given that the common carotid and femoral arteries have
comparable diameters [0.69 cm (Pomella et al., 2017) and
0.77 cm (Lorbeer et al., 2018), respectively], this approach
leads to similar estimated wave speeds for both arteries. In
contrast, in vivo measurements indicate that wave speed in
the carotid artery [397-485 cm st (Engelen et al., 2015;
Jourdan et al., 2005; Mikola et al., 2015; Petersen et al.,
2006; Rakobowchuk et al., 2008)] is substantially lower
than in the femoral artery [926-1029 cm s~! (Bossuyt
et al,, 2015; De Hoon et al., 2003; Rakobowchuk et al.,
2009; van den Berkmortel et al, 1998)], most likely

Optimized model predicts haemodynamic features of young adults
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because the common carotid is an ‘elastic artery’ (i.e.
has a higher elastin content), whereas the femoral artery
is a ‘muscular artery’ (higher smooth muscle content)
(Learoyd & Taylor, 1966; Leloup et al., 2015; Lockwood
et al, 1992). As a rule of thumb, systemic arteries that
are closer to the heart (e.g. aorta and carotid) are elastic,
whereas those further away (femoral and radial) are
muscular (Betts et al., 2013: 892-893). In this paper, we
propose a new method for estimating the wave speed of
all systemic arteries that accounts for the relative distance
to transition points from elastic to muscular arteries.

A second possibility for the lack of young adult features
in previous models is non-representative wave reflection
properties of the arterial tree, given the profound
influence of wave reflection on haemodynamic wave-
forms (van den Bos et al, 1982). As previous models
have exhibited positive systolic augmentation (Blanco
et al., 2014; Charlton et al., 2019; Mynard & Smolich,
2015; Reymond et al., 2012), wave reflection in these
models is likely to have occurred more proximally than is
typical in young adults owing to certain features of these
geometrically simplified models. For example, similar to
the related models by other authors (Avolio, 1980; Blanco
et al., 2014; Reymond et al., 2009; Sherwin et al., 2003;
Stergiopulos et al., 1992; Westerhof et al., 1969), the
model by Mynard and Smolich (2015) incorporated a
substantial amount of taper in the brachial and femoral
arteries (70 and 50% reduction in area, respectively) and
no side-branches along their substantial length (35 and
44 cm, respectively). Such taper in the models is likely to
produce substantial wave reflection (Segers & Verdonck,
2000). Although the exact origin of wave reflection in the
arterial system is controversial (Segers & Verdonck, 2000;
Westerhof et al., 2008), one widely held theory is that wave
reflection occurs mainly in the vicinity of resistance vessels
(Hamilton, 1944; O’Rourke, 1984). If this is the case, it is
likely that the progressive decline in diameter of conduit
arteries with distance from the heart occurs primarily
in a stepwise manner (decreasing where side-branches
arise), which allows for the preservation of impedance
and minimizes wave reflection of forward waves in the
main conduit arteries. This stepwise reduction in diameter
might therefore be considered ‘impedance-preserving
taper;, in contradistinction to ‘within-segment taper’ that
increases impedance and gives rise to wave reflection.

A third issue concerns the degree of wave reflection
occurring at the distal vascular beds. In many pre-
vious models, the simulated velocity waveforms in peri-
pheral arteries (such as the femoral artery) have been
monophasic (forward flow throughout the cardiac cycle;
Reymond et al., 2009; Stergiopulos et al., 1992), whereas
in vivo waveforms are triphasic (forward flow during
systole, reverse flow during early diastole, and forward
flow again during late diastole; Hwang, 2017; Kim et al,,
2020). It has been suggested that the early diastolic reverse

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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flow arises owing to the high resistance of peripheral
vascular beds (Maixner et al., 1980; Rittenhouse et al,,
1976), which in turn is likely to be associated with
lower vascular bed compliance. Importantly, vascular bed
compliance (not resistance per se) governs the reactive (or
pulsatile) components of impedance, hence the degree of
wave reflection (Westerhof & Westerhof, 2018). However,
although vascular bed compliance (Cpeq) is therefore
likely to be a key parameter governing systemic arterial
wave reflection, current methods of estimating Gpeq for
modelling studies are highly approximate. Thus, the in
vivo value of Gyeq is not known. In this paper, we therefore
investigate the effect of Cyeq on central and peripheral
haemodynamics.

The fourth issue is that although most junctions in
the systemic vasculature appear to be well matched in
the forward direction (Papageorgiou et al., 1990), some
studies suggest that the aorto-iliac bifurcation could be
an exception to this rule, with a reflection coefficient
(Rp) as high as 0.2 in some individuals (Greenwald et al.,
1990; Papageorgiou et al., 1990). However, the effect of
wave reflection at the aorto-iliac bifurcation on the wave
reflection patterns in the aorta has not been explored in
previous models.

This study had three main aims. The first aim was
to determine the effect of incorporating the following
improved physiological variables on large artery pressure
and flow waveforms into a 1D model previously described
by Mynard and Smolich (2015): (i) a more accurate
empirical equation that approximates arterial wave speeds
based on cross-sectional area and relative distance to
known elastic-muscular arterial transition points; and (ii)
eliminating within-segment taper and ensuring that any
taper in major arteries is impedance preserving (e.g. by
adding additional side-branches). We hypothesized that
this improved ‘YoungAdult’ model would predict early
systolic peak, negative augmentation and diastolic hump
in the ascending aortic pressure waveform, and triphasic
velocity profiles in peripheral arteries. The second aim
was to validate model predictions with non-invasively
acquired in vivo pressure and velocity waveforms obtained
from young adults, with a focus on whether the model
reproduced key features of waveform morphology. The
third aim was to determine the influence of the following
key aspects of the model: (i) compliance of distal
vascular beds; (ii) reflection coeflicient of the aorto-iliac
bifurcation; and (iii) use of impedance-preserving vs.
within-segment arterial taper on arterial wave reflection.

Methods
Area-wave speed relationship

Conventional approach. Previous modelling studies
defined the relationship between arterial diameter and
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wave speed by fitting exponential (Olufsen, 1999) or
power (Reymond et al., 2009) curves to in vivo data. In
doing so, the elastic/muscular nature of arteries has not
been accounted for explicitly. To evaluate this approach,
in vivo data on the wave speeds of various arteries in
young adults (18-30 years of age) were gathered from the
literature, the details of which are presented in Appendix
A. Similar to previous work, a power relationship [eqn (1)]
was fitted to the wave speed and area data points using the
Curve Fitting toolbox of MATLAB (MathWorks, Natick,
MA, USA). Furthermore, an anchor point was imposed
for the fitted curve at the wave speed of the ascending
aorta (segment 2), beause we considered this to be the
most important value for achieving representative arterial
compliance. To achieve this, a weight of one was given to
the wave speeds of all other arteries, while the weight of
the ascending aortic wave speed was increased arbitrarily
to a value (50) that forced the curve to pass exactly
through this wave speed. This manipulation did not
significantly alter the shape of the curve in comparison to
using no weights (data not shown). The resulting power
law equation was as follows:

5773

c= A023” (1)

where ¢ is the wave speed (in centimetres per second) and
A is the area of the artery (in centimetres squared). This
relationship yielded an R? value of 0.79 and a root mean
square error (RMSE) of 177 cm s™! (Fig. 1A4). However,
there were substantial differences between the in vivo wave
speeds and those calculated using this equation (Fig. 1B).
For example, the in vivo wave speeds of the carotid
and femoral arteries were 438 and 905 cm s~ ! (average
of literature values; refer to Appendix A), respectively,
whereas eqn (1) yielded 679 cm s™! (difference = —241
cm s7!) and 703 cm s7! (difference = 202 cm s7!),
respectively.

Accounting for elastic-muscular transition points. In
addition to elastic arteries being closer to the heart and
muscular arteries being further away, there are known
transition points along a given arterial pathway where
there is a substantial increase in wave speed and distinct
change in morphological features from one artery to
the next; this indicates a transition from predominantly
elastic to more muscular arteries. These points are at
the distal ends of the axillary artery for the upper limbs
(Bjarnegard & Léanne, 2010) and the abdominal aorta for
the lower limbs (Latham et al., 1985), and 1 cm from
the origin of the external carotid artery for the head
and neck region (Nowrozani & Zareiyan, 2011) [we here
assume the same distance for the internal carotid artery,
consistent with its classification as a muscular artery
(Rees, 1968)]. Using this, we propose a ‘transition distance
index’ (TDI) of an artery as a surrogate marker for its

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.



J Physiol 600.16 Optimized model predicts haemodynamic features of young adults 3729

degree of elasticity/muscularity. The TDI is defined as the
distance between the proximal end of an artery and the
left ventricle divided by the distance between the trans-
ition point and the left ventricle. Thus, TDI < 1 indicates
an elastic artery and TDI > 1 a muscular artery.

The transition points at the axillary artery, abdominal
aorta and external carotid artery were assigned to the
arm arteries (subclavian to ulnar and radial arteries), the
entire aorta and leg arteries (ascending aorta to post-
erior tibial artery) and the cerebral arteries (all arteries
distal to the common carotid and vertebral arteries
inclusive), respectively. The TDIs of arteries with available
in vivo data on wave speed and area are shown in
Appendix A. Power and sigmoid functions were used to
govern the area dependence and TDI dependence of wave
speed, respectively. Thus, a three-dimensional surface was
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Figure 1. Area-wave speed relationship

obtained, with area and TDI as independent variables and
wave speed as the dependent variable [eqn (2)]. After
weighting towards the ascending aortic data point in the
same way as for eqn (1), the final expression was as follows:

661

c= 40058 + 145.3 x arctan (167 x TDI — 164.8). (2)

This relationship yielded an R? value of 0.98 and RMSE
of 57 cm s™! (Fig. 1C). The differences between the in
vivo wave speeds and those calculated using the new
relationship were substantially reduced in comparison to
those obtained with eqn (1) (Fig. 1D), with values of
462 and 921 cm s ! for the carotid and femoral arteries,
respectively (differences of only —24 and —15 cm s~ ! from
the in vivo values, respectively; see Appendix A).
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mean square error. [Colour figure can be viewed at wileyonlinelibrary.com]
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Model development

The 1D YoungAdult model described herein is an
adaptation of a previously developed closed-loop
model of the entire circulation and four-chamber
heart, herein referred to as ‘Mynard2015" (Mynard &
Smolich, 2015). Given that the present study relates to
only systemic arterial haemodynamics, only those model
components likely to have a substantial impact on large
artery haemodynamics were incorporated; therefore, the
coronary arteries, veins and the pulmonary circulation
were removed, whereas the cerebral arteries were retained,
because these have been shown to have an effect on central
waveforms (Reymond et al,, 2009). The input to the
YoungAdult model was a two-chamber elastance-based
heart model (left atrium and ventricle) that has been
described previously (Kondiboyina et al., 2020). The
distal arteries were terminated with lumped-parameter
three-element Windkessel compartments representing
downstream vascular beds.

Elimination of the veins, pulmonary and coronary
circulations and interventricular interactions caused
small changes in the preload, mean arterial pressure
and chamber elastance, respectively, compared with the
closed-loop model. To achieve results that were similar to
those of the Mynard2015 model, we used an algorithm
to adjust the preload, vascular resistance and chamber
elastance iteratively until the maximal chamber volume,
mean aortic pressure and maximum effective chamber
elastance, respectively, of the YoungAdult model were
within a 0.5% tolerance of those of the Mynard2015
model. Further details about the model are provided in
Appendix B.

Tapering and arterial side-branches. To obtain
impedance-preserving taper and reduce early wave
reflection, side-branches were added to the major arterial
segments of the YoungAdult model, such as the internal
carotid, radial, brachial and femoral arteries. The brachial
artery, which originally had a 71% area taper, was divided
into four non-tapered segments of successively smaller
diameters by adding side-branches along its length based
on the detailed model of Blanco et al. (2014). Likewise,
the femoral artery, which originally had an area taper
of 43%, was divided into five non-tapered segments of
successively smaller diameters by adding four equally
spaced side-branches representing the muscular branches
of the femoral artery that perfuse the surrounding tissue.
Furthermore, a more detailed lower limb arterial network
was included in the model by including the genicular,
popliteal and peroneal arteries, which have been neglected
in most previous models. Figure 2 depicts a schematic
representation of the model, and the details of all arteries
included in the YoungAdult model can be found in
Supplemental File 1.

A. Kondiboyina and others
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Impedance matching of branch junctions. Arterial
junctions have been found to be relatively well matched
in vivo (i.e. R, of approximately zero), implying an
efficient transmission of energy in the forward direction
(Papageorgiou et al., 1990). However, simply eliminating
within-segment taper from arteries of the YoungAdult
model would result in unmatched junctions. We therefore
developed an optimization algorithm to produce
well-matched junctions along the arterial tree of the
YoungAdult model. The R, value at a junction can be
calculated using eqn (3), as follows:

_ (A/e) = (A1/ar) — (Ar/ )
b= afo) (A fa) + (Afa) O

where the subscript ‘0’ refers to the parent artery,
while ‘1’ and 2’ refer to the two daughter arteries. As
part of the optimization algorithm, the area and wave
speed of the parent artery were kept fixed, while A,
and A, were multiplied by an unknown factor (x); the
corresponding wave speeds (¢; and ¢;) were calculated
using eqn (2). Using the fminsearch function of MATLAB,
the value of x was changed iteratively until a reflection
coeflicient of zero was achieved (within a tolerance of
£0.001). In this manner, the optimization was highly
constrained by altering only the areas; there were some
downstream effects on wave speed and wall visco-
elastic coefficient, which were determined by the arterial
area [eqn (2)] and diameter [eqn (B5); Appendix B],
respectively. Furthermore, the optimization algorithm
did not significantly alter the diameters of the down-
stream arteries, as evidenced by the terminal posterior
tibial (Black et al., 2003; Sabatier et al., 2006) and radial
arteries (Beniwal et al., 2014; Yoo et al., 2003, 2005),
which had diameters within physiological ranges. Note
that the within-segment taper of the cerebral arteries
downstream of the internal carotid artery from the
Mynard2015 model was retained because the looping
nature of the cerebral arterial tree meant that some
cerebral arteries had two parents. This is not conducive
for the optimization algorithm, which requires a simple
bifurcating tree structure.

To explore the influence of reflection at the aorto-iliac
bifurcation, the optimization algorithm was used to obtain
a second model, in which an R;, value of 0.2 was enforced
at the aorto-iliac bifurcation, along with well-matched
junctions in the downstream junctions of the legs.

Vascular bed compliance. The vascular beds were
represented by Windkessel models (Appendix B). The
compliance of distal vascular beds (Gyeq) is difficult to
measure in vivo, and estimation techniques are therefore
used for model parameterization. In most studies, total
arterial compliance (TAC,) has first been estimated from
aortic pressure and flow waveforms via the pulse pressure

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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method that uses a two-element Windkessel model
(Stergiopulos et al., 1994). Vascular bed compliance is
then estimated by subtracting the combined compliance
of all 1D arterial segments from TAC,x and distributing
the remaining compliance among the vascular beds (in
inverse proportion to their resistances). Although the
Windkessel method is well established to estimate arterial
compliance, it is not known whether this ‘subtraction
approach’ captures both central arterial compliance (C,()
and Cyeq accurately.

In Appendix C, we show that although TAC,yx is
sensitive to Gy, it is relatively insensitive to Gpeq in
the YoungAdult model, with a 153% increase in total
compliance of the model, produced by changing only Cpq,

Optimized model predicts haemodynamic features of young adults 3731

leading to an increase of only 1.6% in TAC,,x. This suggests
that currently used methods of estimating C,.q might be
inaccurate. We thus investigated the effect of varying Gyeq
on the model waveforms. The parameters Gpeq and Rped
(Windkessel resistance) are related via an assumed time
constant (T = Rped X Ghed). Starting from a value of 7 =
0.55, as used in Mynard2015, we found that a value of T =
1.3 produced the characteristic features of a young adult
aortic pressure waveform (early systolic peak, diastolic
hump and negative augmentation) and of the peripheral
velocity waveforms (triphasic profile). Thus, G,eq of all
vascular beds was calculated using Rpeq and 7 = 1.3 as
the baseline model. The details of the vascular beds of
the YoungAdult model with baseline values of Cyeq can be

B
163 166,
169 170
183 164 167 185
184 186
179 181
180 182
149 150
175 48 177
28 34
176 178
31 37
7 40
6 33

Figure 2. Schematic diagram of the systemic (A) and cerebral (B) arteries of the YoungAdult model

[Colour figure can be viewed at wileyonlinelibrary.com]
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found in Supplemental File 2. The sensitivity of the model
to the value of T was also tested by performing simulations
witht =0.5and r = 2.5.

Impact of impedance-preserving vs. within-segment
taper. To  elucidate  the impact of  using
impedance-preserving taper on central wave reflection,
the closed-loop Mynard2015 model (with a substantial
degree of within-segment taper) was first converted to
an open-loop model, as described above, but without
any other changes to the arterial tree geometry or wave
speed. The Gyeq of all vascular beds was then calculated
based on Rpeq and values of 7 of 1.3 (baseline) and 100
(used to reduce wave reflection markedly at vascular
beds and thereby reveal the contribution of tapering to
wave reflection). The same procedure was followed for
the YoungAdult model, which has no within-segment
taper (i.e. only impedance-preserving taper), except in
the cerebral arteries. The waveforms at the aorta of the
two models were then compared for both values of 7.

To quantify the effects of taper on central wave
reflection, we calculated the system ‘input pressure’ [Py,
elsewhere called the water hammer pressure (Vennin
et al., 2021), which signifies the pressure that would
occur in the absence of any wave reflection] as B, =
QZ. (Phan et al, 2016), where Q is flow and Z.
is the characteristic impedance calculated using the
frequency-domain method (O’Rourke & Taylor, 1967).
Conversely, the ‘total reflected pressure’ (P.s), defined as
the pressure arising from vascular wave reflection and any
re-reflections occurring at the ventricle, is given by P =
P — P,, = 2By, where P is the total pressure and By is
the traditionally defined backward component of pressure
obtained by wave separation (Westerhof et al., 1972). In
summary, P = P, + P, and as wave reflection decreases,
Pt — 0and P — P, (Phan etal., 2016).

Model computation. The model was implemented using
previously described methods (Mynard & Nithiarasu,
2008; Mynard & Smolich, 2015). In brief, the non-linear
1D form of the Navier-Stokes equations, combined
with a non-linear viscoelastic pressure-area relationship
(Mynard & Smolich, 2015), were solved using the locally
conservative Galerkin finite element method (Mynard
& Nithiarasu, 2008), with conservation of mass and
continuity of total pressure enforced at junctions. For a
detailed description, refer to Appendix B.

Model validation with in vivo data

Non-invasive study. Model-predicted pressure and
velocity waveforms were validated by performing
applanation tonometry and Doppler ultrasound
measurements, respectively, of accessible arteries in

A. Kondiboyina and others

J Physiol 600.16

seven healthy young adults aged between 21 and 25 years.
Informed consent was obtained from all participants,
and the study conformed to the standards set by the
Declaration of Helsinki. The study was approved by the
Ethics Committee of the Royal Children’s Hospital,
Victoria, Australia (HREC/74476/RCHM-2021).
Participants were asked to refrain from consuming
caffeine or alcohol for 3 h before the study, and all
participants were non-smokers. They were placed in
a supine position and were allowed to rest for 5 min
before recording their brachial blood pressure with an
oscillometric device (WatchBP Office Central; Microlife,
Widnau, Switzerland). Pressure waveforms in the left
brachial, radial, common carotid, superficial femoral,
superficial temporal and posterior tibial arteries were
then measured with applanation tonometry (SPT-301;
Millar Instruments, Houston, TX, USA). The pressure
waveform of the ascending aorta was obtained by
applying a validated transfer function to the common
carotid pressure waveform (Chen et al., 1996). Finally,
Doppler ultrasonography was performed using a GE
Vivid ultrasound machine (10-15 MHz; GE Healthcare,
Parramatta, NSW, Australia) for the left common carotid
and femoral arteries and a VisualSonics Vevo 3100
ultrasound machine (30-70 MHz; Fujifilm VisualSonics,
Toronto, ON, Canada) for the left brachial, radial and
posterior tibial arteries, owing to the difference in depth
of the arteries. The sampling gate was over the middle
two-thirds of the artery, with an insonation angle of <60°
(Gerhard-Herman et al., 2006). Doppler ultrasonography
of the superficial temporal artery was not performed.

Analysis of in vivo data. Pressure waveforms from
tonometry were averaged over ~20 heart beats. Systolic
and pulse pressures for each artery were obtained
by calibrating the waveforms to diastolic and mean
brachial pressures, because these pressures are similar
throughout the arterial network (Hansen & Orskov, 1992;
Kelly & Fitchett, 1992). The upper and lower spectral
envelopes of the Doppler ultrasound data were auto-
matically segmented using a custom program written in
MATLAB 2019b (R2020b; The MathWorks, Natick, MA,
USA). In each artery, the mean velocity waveform across
three cycles was calculated from the spectrum-weighted
average, from which an average velocity waveform was
obtained.

To facilitate visual comparison of in vivo and model
waveforms, the pressure and velocity waveforms were
normalized to an amplitude of one. To normalize the
systolic duration, pressure waveforms with a distinct
dicrotic notch (common carotid, superficial temporal
and ascending aortic waveforms) were normalized to
a systolic duration of 0.3 s (the same as that of the
model). The waveforms in other arteries did not always
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have a sharply defined dicrotic notch indicating the
end of systole; therefore, these waveforms were scaled
horizontally to minimize the root mean squared error
compared with the corresponding model waveform. The
pressure and velocity waveforms for each artery were
then ensemble-averaged across all participants for visual
validation of the corresponding waveforms produced by
the model. Validation of raw absolute values of pressure
and velocity (systolic and pulse) are also tabulated.

Results
Comparison with previous models

Figure 3 compares the aortic pressure waveforms
from the YoungAdult model with those from pre-
vious models, which were extracted from published
data. The YoungAdult model displayed all features
typically found in young adults: early systolic peak
(at 35% of systolic duration), negative augmentation
(augmentation index = —3.6%) and a clear diastolic
hump. In comparison, previous models exhibited later

YoungAdult
20 Blanco
mmHg Charlton
Reymond
— Mynard2015

A
BN

0.2 0.4 0.6 0.8
Time (s)

o

Figure 3. Comparison of the YoungAdult model with models
described in the literature

Comparison of the ascending aortic pressure waveform of the
YoungAdult model with models described by Blanco et al. (2014),
Charlton et al. (2019), Reymond et al. (2012) and the Mynard2015
model (Mynard & Smolich, 2015). [Colour figure can be viewed at
wileyonlinelibrary.com]
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Table 1. Characteristics of participants in the in vivo validation
study (n = 7)

Characteristic Value
Age (years) 22.6 + 1.5*
Height (cm) 172.2 + 7.8*
Weight (kg) 64.4 + 15.7%
Sex (% male) 29

“Data are presented as the mean = SD.

systolic peaks (between 53 and 75% of systolic duration)
and positive augmentation (augmentation index between
3.4 and 24%), and only the Blanco model displayed a
diastolic hump.

In vivo validation

Participant characteristics are presented in Table 1, and
the top panels of Figs 4-6 present the raw waveforms
(pressure and velocity) of all seven participants in grey and
the corresponding average waveforms in black; the raw
data for the average waveforms are given in Supplemental
File 3. There are no pressure scales in these figures
because our primary aim was to visually compare the
model waveforms with in vivo ones. Overall, pressure and
velocity waveforms produced by the baseline YoungAdult
model (t = 1.3) were similar to those found in vivo.
Importantly, the model captured key features of young
adult waveforms, such as triphasic velocity profiles in
distal arteries (brachial, radial, femoral and tibial) and
an aortic pressure waveform that matched the in vivo
waveform. Furthermore, Table 2 shows that the systolic
and pulse pressures and the maximum and pulse velocity
values of all arteries of the model were within the range
of values found in vivo, with the exception of ascending
aortic pulse pressure (although the model values were
similar to the central pulse pressure reported in 18- to
29-year-olds in a much larger study (McEniery et al,
2005)).

Influence of vascular bed compliance

Decreasing the compliance of the arm vascular beds by
decreasing 7 increased the triphasic nature of the velocity
waveforms of the brachial and radial arteries, with
increasing amplitudes of the systolic forward velocity,
early diastolic reverse velocity and late diastolic forward
velocity, along with earlier diastolic velocity reversal.
Similar changes were also observed in the pressure
waveforms, with an increased systolic peak, lower early
diastolic trough and a higher late diastolic peak. This
also augmented the late systolic portion of the ascending
aortic pressure waveform. Increasing compliance had
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3734 A. Kondiboyina and others J Physiol 600.16

Table 2. Comparison of the systolic/maximum and pulse pressure and velocity values as median (range) across various arteries from
the YoungAdult model and the in vivo study (subject characteristics are given in Table 1)

Model
Artery Pressure/velocity Units values In vivo values
Ascending aorta Pressure (systolic) mmHg 105 102 (96-122)
Pressure (pulse) mmHg 25 35 (33-52)
Left common carotid artery Pressure (systolic) mmHg 111 102 (95-120)
Pressure (pulse) mmHg 32 37 (31-50)
Velocity (maximum) cm st 54 44 (38-89)
Velocity (pulse) cms™! 52 36 (30-69)
Left brachial artery Pressure (systolic) mmHg 117 112 (105-126)
Pressure (pulse) mmHg 39 41 (34-56)
Velocity (maximum) cams! 35 49 (26-64)
Velocity (pulse) cms~! 40 57 (34-79)
Left radial artery Pressure (systolic) mmHg 113 116 (114-145)
Pressure (pulse) mmHg 36 49 (45-75)
Velocity (maximum) cms~! 30 20 (15-39)
Velocity (pulse) cms~! 33 29 (21-43)
Left superficial femoral artery Pressure (systolic) mmHg 122 106 (98-127)
Pressure (pulse) mmHg 45 41 (30-57)
Velocity (maximum) cms! 36 37 (32-68)
Velocity (pulse) cms™! 42 48 (32-89)
Left posterior tibial artery Pressure (systolic) mmHg 118 124 (114-134)
Pressure (pulse) mmHg 43 52 (43-68)
Velocity (maximum) cams! 36 21 (13-43)
Velocity (pulse) cms~! 40 31 (18-59)
Left superficial temporal artery Pressure (systolic) mmHg 113 105 (94-129)
Pressure (pulse) mmHg 35 36 (30-59)

the opposite effect, with decreasing velocity and pressure ~ Importantly, decreasing compliance augmented the
amplitudes and reduced late systolic augmentation  diastolic hump of the ascending aortic pressure waveform,

(Fig. 4). whereas increasing compliance had the opposite effect.
A similar effect was seen when decreasing and Increasing the cerebral vascular bed compliance also
increasing leg vascular bed compliance (Fig. 5).  caused similar changes in the pressure waveforms of
Ascending Aorta Left Brachial Artery (Segment 54) Left Radial Artery (Segment 57)
(Segment 2)
Pressure (mmHg) Pressure (mmHg) Velocity (cm/s) Pressure (mmHg) Velocity (cm/s)
0 02 04 06 08 0 02 04 06 08 02 04 06 08
Time (s) Time (s) Time (s)

——=05 (Lower C, )

—— = 1.3 (Baseline C, )

—— =05 (Lower C,)
—— =13 (Baseline C,,,)
—— =25 (Higher C, )

—— =05 (Lower C, )
—— = 1.3 (Baseline C,,)
——1 =25 (Higher C,)

——=05 (Lower C,)
—— 1= 1.3 (Baseline C, )
——1 =25 (Higher C, )

——1=25 (Higher C, ) ——1=25 (Higher C, )

0 02 04 06 08 0 02 04 06 08 0 0.2 04 0.6 08 0 0.2 0.4 06 0.8 0 0.2 04 0.6 0.8
Time () Time (s) Time (s) Time (s) Time (s)

Figure 4. Comparison of the ascending aortic, left brachial and left radial artery waveforms produced
by the YoungAdult model (bottom panels) and in vivo data (top panels)

The individual waveforms for each participant are shown in grey and the average waveform in black. The effect on
the waveforms of varying the compliance of the arm vascular beds (Cyrm) by varying the time constant (z) is also
shown. The in vivo waveforms have been normalized for purposes of visualization. [Colour figure can be viewed
at wileyonlinelibrary.com]
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to maintain well-matched junctions thereafter affected
the late systolic and diastolic portions of the ascending
aortic pressure waveform and abolished the diastolic
hump. It also increased the height of the dicrotic
notch (Fig. 7A) and masked the effect of changing
leg vascular bed compliance on the ascending aortic
pressure waveform, with decreasing compliance causing

lesser modulation of the diastolic hump (Fig. 7B)

the common carotid and superficial temporal arteries
and slightly augmented the late systolic portion of the
ascending aortic pressure waveform (Fig. 6).

Wave reflection at the aorto-iliac bifurcation

Introducing a reflection coeflicient of 0.2 at the aorto-iliac
bifurcation and adjusting the downstream leg vasculature

Ascending Aorta
(Segment 2)

Pressure (mmHg)

Left Superficial Femoral Artery (Segment 80) Left Posterior Tibial Artery (Segment 112)

Velocity (cm/s) Velocity (cm/s)

Pressure (mmHg) Pressure (mmHg)

0 0.2 0.4 0.6 08 0 0.2 0.4 0.6 08 0 0.2 0.4 0.6 08 0 0.2 0.4 0.6 08 0 0.2 04 0.6 0.8
Time (s) Time (s) Time (s) Time (s)

=05 (Lower C,,))
=13 (Baseline C,
=25 (Higher C,,)

©=05 (Lower Cp)
—— =13 (Baseline C,))

©=25 (Higher C,,))

©=05 (Lower C,))
—— = 1.3 (Baseline C,,)
=25 (Higher C,,))

©=05 (Lower C,)
—— = 1.3 (Baseline C,,)
©=25 (Higher C,,))

=05 (Lower C,,))
—— =13 (Baseline C,,)
©=25 (Higher C,,))

0.4 0.6 0.8 0 0.2 0.4 0.6 08 0 0.2 0.4 0.6 0.8
Time (s) Time (s) Time (s)

0 0.2 0.4 0.6 08 0 0.2 0.4 0.6 08 0 0.2
Time (s) Time (s)

Figure 5. Comparison of the ascending aortic, left superficial femoral and left posterior tibial artery
waveforms produced by the YoungAdult (bottom panels) and in vivo data (top panels)

The individual waveforms for each participant are shown in grey and the average waveform in black. The effect
on the waveforms of varying the compliance of the leg vascular beds (Cg) by varying the time constant (z)
is also shown. The in vivo waveforms have been normalized for visualization. [Colour figure can be viewed at
wileyonlinelibrary.com]

Left Superficial Temporal
Artery (Segment 181)

Pressure (mmHg)
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Figure 6. Comparison of the ascending aortic, left common carotid and left superficial temporal artery
waveforms produced by the YoungAdult model (bottom panels) and in vivo data (top panels)

The individual waveforms for each participant are shown in grey and the average waveform in black. The effect
on the waveforms of varying the compliance of the cerebral vascular beds (Ceer) by varying the time constant (z)
is also shown. The in vivo waveforms have been normalized for visualization. The velocity profile of the superficial
temporal artery was not measured. [Colour figure can be viewed at wileyonlinelibrary.com]
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when compared with the changes seen in Fig. 5
(where R, = 0).

Impact of tapering on wave reflection

To investigate the impact of impedance-preserving vs.
within-segment tapering on arterial wave reflection, Fig. 8
shows the effect of a large increase in C,eq that markedly
reduced wave reflection in the distal vascular beds (thus
revealing the contribution of wave reflection within
the 1D network). In the Mynard2015 model (which
includes substantial within-segment taper), the amplitude
of P.s (red) at the aorta was 29 mmHg at baseline and
reduced by only 27% when Cyeq was increased; there
also remained a large difference between P (blue) and
P, (black in Fig. 8B). In contrast, the amplitude of P
in the ascending aorta of the YoungAdult model (with
mostly impedance-preserving taper) was 17 mmHg at
baseline (43% less than the Mynard2015 model) and
reduced by 63% with increased G,eq; the ascending aortic
pressure and input waveforms also became very similar
in shape (Fig. 8D), demonstrating that most of the wave
reflection in the YoungAdult model arises at the level of the
vascular beds.

Discussion

In this study, we have described an optimized arterial
network model that is the first to predict the characteristic
features of the ascending aortic pressure waveform in
young adults [early systolic peak, negative augmentation
and a diastolic hump (Murgo et al., 1980; Nichols et al,,
1985; O’Rourke & Hashimoto, 2007)] in addition to
clearly triphasic velocity profiles in peripheral arteries.

>
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The properties of the YoungAdult model that led to this
improvement over earlier models were as follows: (i) an
improved wave speed relationship that accounted for the
degree of elasticity/muscularity of arteries in addition
to their area; (ii) optimally matched junctions; (iii)
impedance-preserving taper; and (iv) increased vascular
bed compliance. Model results imply that the arterial
network must be exquisitely well matched to exhibit the
observed waveform features that are typical of healthy
young adults, with minimal reflection of forward waves
in the main conduit arteries (i.e. at junctions or owing
to within-segment taper) and with reflection of forward
waves occurring predominantly in the distal vascular
beds. Furthermore, a major strength of our study is that
both pressure and velocity waveforms produced by the
model across major central and peripheral arteries were
in close agreement with observed in vivo data measured
in young adults.

We have proposed a novel empirical equation that
uses both area and distance from the heart indexed to
known transition points as a surrogate marker of the
degree of elasticity/muscularity of an artery. Owing to
the paucity of data on the wave speed of every artery,
earlier studies have used different estimation techniques
for the purpose of model parameterization. Westerhof
etal. (1969) assigned an elastic modulus (E) to each artery
and calculated the wave speed using the Moens—Korteweg
equation: ¢ = /Eh/2rp, where p is blood density, and
h and r are wall thickness and artery radius, respectively,
using data from the study by Noordergraaf et al. (1963).
Although the value of E increased in a stepwise manner
(4 x 105 8 x 10° and 16 x 10° g cm™! s72) with
increasing distance along an arterial path (Westerhof et al.,
1969), the common carotid and femoral arteries were

B Leg Compliance
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Figure 7. Effect of aorto-iliac wave reflection on the ascending aortic pressure waveform

A, comparison of the ascending aortic pressure waveform of the YoungAdult model with an aorto-iliac
bifurcation reflection coefficient (Ry) of O (baseline) and 0.2. B, effect of changing leg vascular bed compliance
on the ascending aortic pressure waveform when aorto-iliac R, = 0.2. [Colour figure can be viewed at

wileyonlinelibrary.com]
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both assigned the same value of E (4 x 10° g cm™!
s72) and thus had similar wave speeds (582 and 625
cm s, respectively). This approach was also adopted
by Stergiopulos et al. (1992) and Avolio (1980), although
Avolio increased the value of E for the femoral artery
to 8 x 10° g cm™! s72, which increased its wave speed
to 910 cm s! and was therefore more representative
of in vivo values.

To avoid the need to estimate E and h for every
artery, Olufsen (1999) used data from the studies by
Westerhof et al. (1969) and Stergiopulos et al. (1992)
to develop an empirical relationship between Eh/r and
r. This allows the estimation of the wave speed of an
artery based solely on its radius. This relationship has
been used in multiple studies (Charlton et al., 2019;

A  Mynard2015 (Within-Segment Taper)
Baseline

10 mmHg[

0 0.2 0.4 0.6 0.8

Time (s)
B Mynard2015 (Within-Segment Taper)
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0 0.2 0.4 0.6 0.8
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Mynard & Smolich, 2015), although Reymond et al. (2009)
later developed a similar empirical relationship based on
published in vivo wave speeds. The drawback of these
empirical relationships is that they provide similar wave
speeds for arteries of similar radius but different wall
properties (e.g. common carotid and femoral arteries). We
have shown that our improved relationship provides sub-
stantially more accurate estimates of wave speed across a
wide range of central and peripheral arteries in the young
adult in comparison to previously used relationships,
because it accounts for different wall properties as well as
radius.

We incorporated impedance-preserving taper in the
YoungAdult model, which moved the major reflection
sites distally to the vascular beds. Many previous studies

C YoungAdult (Impedance-Preserving Taper)

Baseline
10 mmHg{
0 0.2 0.4 0.6 0.8
Time (s)

D YoungAdult (Impedance-Preserving Taper)

High C, ,
10 mmHg{
0 0.2 0.4 0.6 0.8
Time (s)

Figure 8. Comparison of the effect of arterial taper and wave reflection on the ascending aortic pressure

waveform

The Mynard2015 model incorporated substantial within-segment taper (as in most other models), whereas the
YoungAdult model eliminated within-segment taper by adding impedance-preserving side-branches. The total
pressure (P), input pressure (R,) and total reflected pressure (Res) waveforms of the aorta are shown for the
Mynard2015 and YoungAdult models with baseline vascular bed compliance (Cpeq) (A and C, respectively) and,
to evaluate the influence of substantially reducing wave reflection from all distal vascular beds, with a 100-fold
increase in Cyeq (B and D, respectively). [Colour figure can be viewed at wileyonlinelibrary.com]
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have incorporated substantial within-segment taper [of up
to 70% by area (Mynard & Smolich, 2015)] into cardio-
vascular models (Reymond et al., 2009; Stergiopulos et al.,
1992). Although arterial diameter is known to decrease
with distance from the heart, Suwa et al. (1963) and
Milnor and Bertram (1978) found little to no taper in
sections of arteries between successive branching points.
This led Papageorgiou & Jones (1987) to conclude that
the reduction in diameter of an artery does not occur
continuously (as assumed in previous models), but in
steps, with each step occurring because of branching of the
vascular tree. Implementing such impedance-preserving
tapering in the YoungAdult model led to substantial
changes in both central and peripheral arteries, compared
with the Mynard2015 model (Mynard & Smolich, 2015),
that resulted in an ascending aortic pressure wave-
form exhibiting the typical features of a young adult,
in addition to triphasic velocity profiles in peripheral
arteries.

Additional evidence for the lack of within-segment
taper arises when considering model findings in Fig. 8
in light of experimental data presented by van den
Bos et al. (1982). These authors found that substantial
reduction of peripheral resistance and vascular bed wave
reflection, via administration of the potent vasodilator
sodium nitroprusside in dogs, led to pressure and flow
waveforms in the ascending aorta having similar shapes.
This indicated that vascular beds are likely to be the main
sites of wave reflection. Our results are consistent with
this conclusion, because increasing Cp,eq in the YoungAdult
model produced similar pressure and flow waveforms in
the ascending aorta (Fig. 8D) as in the study by van den
Bos et al. (1982), noting that Gy.q is likely to increase with
vasodilatation. In contrast, even with a large increase in
Cped in the Mynard2015 model (that includes substantial
within-segment taper), the ascending aortic pressure and
flow waveforms still had dissimilar shapes, indicating that
significant arterial wave reflection remained within the 1D
network (i.e. conduit arteries).

Our findings therefore support the contention by
Papageorgiou and Jones (1987) that ‘true’ arterial taper
(i.e. within-segment taper) is unlikely to be a typical (or
at least haemodynamically significant) feature in healthy
young adults, and that vascular beds are the main sites
of wave reflection in the vasculature (O’Rourke & Kelly,
1993). Indeed, from a design point of view, it is unclear
why such within-segment taper would be beneficial. It
was therefore not surprising that elimination of this
impedance-increasing taper from the major arteries in
the YoungAdult model caused wave reflection to occur
more distally in the network, and caused the reflected
waves to arrive in the ascending aorta during diastole.
The reflected waves thus exerted minimal effect during
systole (resulting in an early systolic peak and negative
augmentation) but a prominent influence during diastole
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(resulting in the diastolic hump), which is thought to be
an optimal situation when considering cardiac energetics
(O’Rourke & Hashimoto, 2007).

The influence of Cyq in 1D models has received little
attention, but we observed that this parameter has a
substantial effect on wave reflection properties in the
vasculature. Importantly, we showed that the ‘subtraction
approach’ to approximate Gyeq might not provide accurate
values, because calculated total arterial compliance (using
model waveforms) is relatively insensitive to this quantity
(Appendix C). Hence, we explored the effect of varying
Creq on velocity waveforms of distal arteries. Reflection
from systemic vascular beds would produce a backward
compression wave on wave intensity analysis (Mynard
et al., 2020; Parker, 2009), the amplitude of which would
be inversely related to Cyeq (given that reducing Cieq
increases reflection). The backward compression wave
would decrease arterial flow (Parker, 2009), tending to
produce backward flow and the triphasic velocity profiles
seen in healthy conditions (Rangankar et al., 2016). This
explains why decreasing Cpeq (increased wave reflection)
increased the triphasic nature of flow and caused earlier
diastolic flow reversal, whereas increasing Cpeq (reduced
wave reflection) decreased it and made it more mono-
phasic in nature. In fact, a monophasic velocity profile
in distal arteries can point to a pathological condition,
such as stenosis (Donnelly et al., 2000; Rangankar et al.,
2016; Stergiopulos et al., 1992). Previous models have
produced monophasic femoral flow waveforms (Reymond
et al., 2009; Stergiopulos et al., 1992), suggesting that the
Cped values and/or vascular geometry might have been
underestimated. Given that the precise value of Gyq is not
currently known, our results suggest that the dominant
effect of Gpeq on the triphasic nature of velocity in distal
arteries might be useful in guiding estimation of Cp.q.

It is of interest that reduction of C,.q had a similar
effect on both the pressure and velocity waveforms:
increased early systolic peak, lower early diastolic trough
and increased late systolic hump. This might be counter-
intuitive, because a backward compression wave has
opposite effects on pressure and velocity (Mynard et al,,
2020; Parker, 2009). However, the similar effects of Cyeq
observed in conduit arteries are likely to be related to
the fact that at arterial bifurcations, reflected waves from
a given branch are transmitted into all other branches
(not only the parent artery) (Mynard et al, 2017);
therefore, they give rise to backward waves in addition
to forward waves in peripheral arteries. Although the
complex ensemble of reflected, re-reflected and trans-
mitted waves makes it difficult to establish the basis for
all waveform features precisely, changes in pressure and
velocity that are in the same direction indicate a pre-
dominant effect of forward waves, whereas changes in the
opposite direction indicate a predominant effect of back-
ward waves.
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Although it is known that the diastolic hump in the
ascending aortic pressure waveform is caused by reflected
waves arriving during diastole (O’Rourke & Yaginuma,
1984), the exact origin of these reflected waves is unclear.
Based on in vivo experiments, O’Rourke and Taylor (1967)
proposed that there were two distinct ‘effective’ reflection
sites in the body, roughly corresponding to the upper
and lower body. Consequently, they likened the systemic
arterial network to an asymmetric T-tube model, with
the shorter tube representing the upper body and the
longer tube the lower body (O’Rourke, 1967). They also
proposed that, in young adults, reflections from the upper
body and lower body affect the early and later part
of the cardiac cycle, respectively (O’Rourke & Avolio,
1980). Our simulations were consistent with this concept,
given that increasing reflection from the arm/cerebral
and leg arteries increased the late systolic portion and
diastolic hump of the ascending aortic pressure wave-
form, respectively, thus providing insight into the effect of
wave reflection from different regions of the body on the
ascending aortic pressure waveform.

Given the clear influence of wave reflection from the
legs on the diastolic hump (see Fig. 5), it was not surprising
that this waveform feature was affected by the reflection
properties of the aorto-iliac bifurcation. Although most
arterial junctions appear to be well matched in the
forward direction, the aorto-iliac bifurcation is thought
to be a potential exception owing to observed lower
daughter-to-parent area ratios (Papageorgiou et al., 1990).
Ex vivo analysis of abdominal aortic and common iliac
arteries by Greenwald et al. (1990) suggested that R,
at the aorto-iliac bifurcation might reach 0.2 or even
higher in some young individuals, although most values
in young adults were between 0 and 0.1. Our results show
that introducing R, = 0.2 at the aorto-iliac bifurcation
abolished the diastolic hump, indicating that the earlier
wave reflection arriving at the aorta owing to the
unmatched junction obscures the impact of reflection in
the legs (as revealed by comparison with R, = 0; Figs 5
and 7). To achieve R, = 0.2, all downstream vessels were
reduced in diameter, thus increasing the characteristic
impedance of all leg vessels. This would therefore reduce
the impedance mismatch between the leg vessels and
vascular beds, leading to lesser wave reflection in the legs.
Consequently, one might view this change as ‘transferring’
some wave reflection to a more proximal location, leading
to a reduced effective length of the arterial network.
Our findings suggest that the aorto-iliac bifurcation (in
addition to other arterial junctions in the lower body)
might need to be well matched to obtain a prominent
diastolic hump, although this needs to be investigated in
future human studies. Interestingly, the effect of occluding
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the femoral artery (mimicking an increased R, at the
aorto-iliac bifurcation) on the ascending aortic pressure
waveform has shown mixed results; some studies have
revealed a clear effect (Latham et al., 1985; Murgo et al.,
1980), whereas others have not (Baksi et al., 2016; Khir &
Parker, 2005). Thus, this warrants further investigation.

There are some limitations that should be considered
when interpreting the results of the present study. First,
for simplicity and consistency, a single value of 7 = 1.3
was used for all vascular beds. Although this produced
acceptable waveforms in all arteries, we did observe that
using T = 0.5 in only the arm vascular beds (with
7 = 1.3 in all other beds) produced arm waveforms
that were closer to those obtained in vivo compared with
the baseline model (Fig. 4); however, using 7 = 0.5 in
all vascular beds abolished the early systolic peak and
negative augmentation in the ascending aortic pressure
waveform. Thus, future studies could investigate methods
for estimating G,eq of individual vascular beds more pre-
cisely. Second, obtaining the ascending aortic pressure
waveform directly was beyond the scope of the study;
hence, it had to be estimated using a transfer function
applied to the carotid pressure waveform, which could
potentially reduce the accuracy of the in vivo systolic and
pulse pressure values obtained for the ascending aorta.
Although the resulting ascending aortic pulse pressure
was lower than that calculated in our cohort, the value
obtained was within the normal range compared with
literature data (McEniery et al., 2005).

In conclusion, we have shown that the YoungAdult
systemic arterial network model incorporating more
accurate arterial wave speeds, impedance-preserving
taper and well-matched junctions exhibits reflected waves
that arise predominantly at the level of the vascular beds
and arrive in the ascending aorta during the diastolic
period. These physiological features produce waveform
features that are typical of a healthy young adult, including
an early systolic peak, negative augmentation and a
diastolic hump in the ascending aorta, in addition to
triphasic velocity profiles in peripheral arteries. Our
model provides new insights into the ‘fine-tuning’ of
arterial network properties, and it can be used as a baseline
in future studies of cardiovascular ageing and disease.

Appendix A: improved wave speed
relationship

Table A1 shows the wave speed values from literature that
were used to guide the development of the area- and trans-
ition distance index-dependent wave speed relationship
used in the YoungAdult model.

© 2022 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Table A1. Wave speed values of various arteries extracted from literature. Segment numbers refer to Fig. 2 in the main manuscript,
and area and transition distance index refer to model-based values. Average wave speeds are the final values used to develop the
wave speed relationship.

Segment
number

Vessel name

Area
(cm?)

Transition
distance index

Wave speed (cm s~') (reference)

Average wave
speed (cm s~")

2

32

38

46
48
54

57

62

73

76
80

94

Ascending aorta

Right common carotid
artery

Aortic arch Il

Descending thoracic aorta |

Left axillary artery Il
Left brachial artery |
Left brachial artery IV

Left radial artery Il

Descending thoracic aorta
Il

Abdominal aorta IV

Left common lliac artery
Left femoral artery |

Left popliteal artery |

5.94

0.40

4.69

4.00

0.39
0.37
0.14

0.04

2.68

1.40

1.31
0.42

0.22

0.022

0.447

0.154

0.240

0.945

2.261

0.355

0.744

1
1.449

2.154

357 (Redheuil et al., 2010)8

374 (Petersen et al., 2006)8

364 (Rider et al., 2012)8

370 (Kim et al., 2013)7

458 (Rakobowchuk et al., 2008)#
426 (Jourdan et al., 2005)*

485 (Engelen et al., 2015)*

397 (Mikola et al., 2015)*

424 (Petersen et al., 2006)3

390 (Hickson et al., 2010)T

420 (Kroner et al., 2013)"

362 (Redheuil et al., 2010)8

440 (Petersen et al., 2006)S

410 (Rider et al., 2012)8

459 (Kim et al., 2013)8

430 (Hickson et al., 2010)7

490 (Kroner et al., 2013)1

481 (Bjarnegérd & Lanne, 2010)*
801 (Bjarnegard & Lanne, 2010)*
904 (Salzer et al., 2008)*

991 (De Hoon et al., 2003)*

1107 (Bjarnegérd & Lanne, 2010)*
1069 (Giannattasio et al., 2001)*
1007*

424 (Groenink et al., 1998)%

467 (Kim et al., 2013)8

405 (Kim et al., 2013)7

360 (Devos et al., 2015)7T

446 (Rogers et al., 2001)"

570 (Latham et al., 1985)"

480 (Kim et al., 2013)7

440 (Hickson et al., 2010)7

360 (Devos et al., 2015)7T

480 (Devos et al., 2015)1

514 (Rogers et al., 2001)"

470 (Kim et al., 2013)7

450 (Hickson et al., 2010)7

510 (Kréner et al., 2013)7

430 (Devos et al., 2015)1

880 (Latham et al., 1985)"

926 (van den Berkmortel et al., 1998)*

1029 (Bossuyt et al., 2015)*
709 (Rakobowchuk et al., 2009)*
957 (De Hoon et al., 2003)*
916 (Rakobowchuk et al., 2008)*

366

438

405

432

481
801
1001

1038

439

476

880
905

916

The vessel names and segment numbers correspond to the vessel names in Supplemental File 1.
SCalculated via reported distensibility measured using magnetic resonance imaging (MRI) and ¢ = /(1/pD), where c is wave speed, p is density,
and D is distensibility.
ficalculated via the transit time between two sections a known distance apart using MRI.

*#Calculated via reported distensibility measured using ultrasonography using ¢ = /(1/pD).
*Calculated using transit time from the validation portion of this study using applanation tonometry and electrocardiography. Arrival time
at the distal end of the brachial and radial arteries was calculated as the time difference between the peak of the QRS complex of the ECG
and the upstroke of the pressure waveform obtained using applanation tonometry. The transit time was taken as the difference between
the arrival times of the distal ends of the radial and brachial arteries. Finally, the radial wave speed was estimated by measuring the distance
between the tonometry sites.
TCalculated via the transit time between two sections a known distance apart using simultaneous invasive micromanometer measurements.
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Appendix B: model formulation

Governing equations

The equations governing haemodynamics in the
YoungAdult model were the 1D Navier-Stokes equations
derived from the laws of conservation of mass and
momentum (Sherwin et al., 2003; Streeter et al., 1963), as
follows:

dA N dAu . (B1)
ot ax
and
u u 10P
bt u— = = f B2
st Yt o/ (B2)

where A is area, u is velocity, P is pressure, p is blood
density (1.06 g cm ™), and f = —&mpuu/A, where & was
calculated using the model described by Bessems et al.
(2007). Additionally, a wall law was implemented that
governed the relationship between pressure and area:

pope = 2 [(A) ] oA, (B3)
ext — b AO A\/Z Bt 0,
2 2
b= P (B4)
Py _Pcollapse
and
b
' = — + by, B5
D+ 0 (B5)

where Py is external pressure (assumed to be zero),
Peollapse is @ nominal pressure at which A — 0 [taken as
—10 mmHg (Langewouters et al., 1984)], B, is a reference
pressure (taken to be 80 mmHg), ¢ is the wave speed at
Py, Ag is the area at By, I is a coeflicient of wall viscosity, D
is vessel diameter, b; = 100 g cm s™!, and by = 400 g s~
(Mynard & Smolich, 2015).

Left Atrium Mitral Aortic
Valve Valve
1 [ |
> J 1 > J
E. R

va LA LA RLV
Left
Ventricle

PPV ELV

Figure B1. Schematic diagram of the left-heart model
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Two-chamber elastance heart model

The two-chamber left-heart model shown in Fig. Bl
was used in all presented simulations; it consisted of
the left atrium and ventricle, mitral and aortic valves, a
pulmonary venous resistance (Rpy = 0.05 mmHg s ml™')

Table B1. Values of parameters for the left-heart model

Left Left
Parameter Symbol Units atrium ventricle
Maximal elastance Emax mmHg ml~! 0.13 2.48
Minimal elastance  Enin mmHg ml~! 0.09 0.07
Systolic time 7 s 0.053 0.269
constant
Diastolic time 1) s 0.172 0.452
constant
Contraction rate my — 1.99 1.32
constant
Relaxation rate m, — 11.2 21.9
constant
Residual volume Vo—o ml 3.0 10.0
Initial volume Vi—o ml 15.8 158.0
Source resistance K x 10 4sml=' 25 5.0
coefficient
Onset of — s 0.8125 0.0

contraction

Table B2. Parameter values for the mitral and aortic valve
models

Mitral  Aortic
Parameter Symbol Units valve valve
Opening pressure Ko — 0.02 0.02
coefficient
Closure pressure Kye — 0.04 0.02
coefficient
Annular area Aann cm? 5.1 49
Zart
1D Artery AMN
Chea Rpea

oo

Figure B2. Schematic diagram of a one-dimensional artery
terminating in a vascular bed (Windkessel model)
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and a constant pulmonary venous pressure (Ppy = 10.8
mmHg). The left atrium and ventricle were modelled
as time-varying elastance chambers (Er, and Epy,
respectively), with source resistance (Rpa and Ryy,
respectively), as described by Mynard (2011). Heart rate
was set to 75 beats min~!.

The parameters E; o and Ejy are defined by two Hill
functions using the following parameters: Epax, Emin> T15
Ty, my, My, Vy, —gand V; — o; Ry and Ryy are related to Ep 5
and Eyy, respectively, via a source resistance coefficient, K
[see Mynard (2011) for further details]. The values of these
parameters for this study are given in Table B1.

The pressure-flow relationship of the mitral and aortic
valves (with annulus area, A,,,) was described by the

Varying C,, + Constant C, _,

A140 ) Aortic Pressure Waveforms
— TAC_=4.14
m
—— TAC_=3.17

m

Em‘ 120} TAC =224

£ — TAC =1.83
m

=

o 100+

3

(/2]

(2]

7 \

0 80

60 : : : :
0 0.2 0.4 0.6 0.8
Time (s)
C TAC ,vs. TAC
35 i i wk ) m

TAka (mL/mmHg)

2 2.5 3 3.5 4
TACm (mL/mmHg)
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Bernoulli equation, and the opening/closing dynamics
were governed by the valve opening and valve closing rate
coefficients, K, and K. (Table B2) (Mynard et al., 2012).

Vascular bed model

All terminal 1D arteries were connected to three-element
Windkessel compartments, which included two resistance
elements [characteristic impedance of the terminal 1D
artery (Zy) and peripheral resistance of the vascular
bed (Rped)] and one capacitor element (Gpeq) that
represents the compliance of the vascular bed (Fig. B2).
The venous system is represented as a constant outlet
pressure (Py) of 5 mmHg. The Z,, was matched to

Constant C__ + Varying C, _,

c 140+ Aortic Pressure Waveforms
— TAC =256
m
—— TAC_=3.18
’Ia 120 ¢ TAC, =4.00
£ —_— TACm =6.46
£
o 100+
3
7] —4\
(2]
o
0 80
60 : : : :
0 0.2 0.4 0.6 0.8
Time (s)
D TAC ,vs. TAC
wk m
35 . . .
3 L
=)
T
€ 25¢} 1
£ - 1
3
g 2
O§
157+
=
1t
05— : : :
3 4 5 6
TACm (mL/mmHg)

Figure C1. Differing effects of vascular bed compliance and arterial compliance on total arterial

compliance

A, aortic pressure waveforms obtained by keeping vascular bed compliance (C,eq) constant but changing arterial
compliance (Git). B, corresponding values of total arterial compliance obtained using the Windkessel pulse pressure
method (TAC,,) vs. that of the YoungAdult model (TAC,). C, aortic pressure waveforms obtained by keeping
Gart constant and changing Cpeq. D, corresponding values of TAC,y, vs. TACy,. [Colour figure can be viewed at

wileyonlinelibrary.com]
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the characteristic impedance of the 1D artery to prevent
non-physiological reflection of higher-frequency wave
components (Alastruey et al., 2008; Stergiopulos et al.,
1992). For more detail, please refer to Mynard (2011).

Appendix C: Windkessel compliance

We wanted to investigate whether the two-element
Windkessel pulse pressure method (Stergiopulos et al.,
1994) to estimate total arterial compliance (TACyy) was
sensitive to both conduit arterial (C,;) and vascular
bed compliance (Cpeq). To this end, we performed two
experiments using the YoungAdult model: experiment 1,
keeping Cieq of all beds constant and progressively
decreasing C, by multiplying the wave speed of
every vessel by a factor (thus maintaining the junction
matching); and experiment 2, keeping Cy;¢ constant and
progressively increasing Cp,.q of all beds by the same factor.
For each scenario, we calculated the total compliance of
every vessel and vascular bed in the YoungAdult model
(TAC,,) that is precisely known and compared it with the
corresponding TAC, using the aortic pressure and flow
waveforms produced by the model.

As seen in Fig. C1A, when only C, was decreased
but Gyeq was kept constant (experiment 1), the aortic
pulse pressure increased with a decrease in C, (and
consequently, TAC,,), with a range of 17-65 mmHg. There
was also a good correlation between TAC,x and TAC,,
when only C,; was decreased but G,.q was kept constant; a
56% reduction in TAC,, corresponded to a 76% reduction
in TAC,x (Fig. C1B). In contrast, although there was
a significant change in the shape of the aortic pressure
waveform with an increase in Gyeq (and consequently, an
increase in TAC,,) but constant C,,; (experiment 2), there
was not much change in its pulse pressure, with a range of
only 24-26 mmHg (Fig. C1C). There was also very little
change in TAC, with increasing TAC,,; even an increase
in TAC,, by 153% corresponded to only a 1.6% increase
in TACyx. These results suggest that although TAC, is
sensitive to C,y, it is insensitive to Cyeq. This is because
TACyy is entirely dependent on the aortic pulse pressure,
which is affected mostly by C,¢ but not significantly by
Ched-
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