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Abstract

This study investigated the effects of cardiac properties variability on arterial pulse
wave morphology using blood flow modelling and pulse wave analysis. A lumped-
parameter model of the left part of the heart was coupled to a one-dimensional model
of the arterial network and validated using reference pulse waveforms in turn verified15

by comparison with in vivo measurements. A sensitivity analysis was performed to
assess the effects of variations in cardiac parameters on central and peripheral pulse
waveforms. Results showed that left ventricle contractility, stroke volume, cardiac
cycle duration, and heart valves impairment are determinants of central waveforms
morphology, pulse pressure and its amplification. Contractility of the left atrium has20

negligible effects on arterial pulse waves. Results also suggested that it may be possible
to infer left ventricular dysfunction by analysing the timing of the dicrotic notch and
cardiac function by analysing PPG signals. This study has identified cardiac properties
that may be extracted from in vivo central and peripheral pulse waves to assess cardiac
function.25

keywords: Cardiovascular network; Ventricular-arterial coupling; Pulse wave morphol-
ogy; Sensitivity analysis; Cardiac dysfunction; PPG signal
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1 Introduction

Pathologies affecting cardiac function are responsible for morbidity and mortality world-
wide1. Cardiac haemodynamics properties are of paramount importance for the assessment30

of cardiac function and, hence, cardiovascular risk. Some cardiac properties are assessed
invasively. For example, left ventricular filling pressure – which is used to assess left ven-
tricular function – can be measured directly by placing a catheter in the proximal aorta
or the left ventricle, or indirectly from the pulmonary artery2,3. This is an expensive and
time-consuming procedure that carries risk to patients (e.g., blood clot formation and em-35

bolization) due to its invasive nature, even when performed in specialized centres4.
An indirect estimation of cardiac properties by pulse wave analysis may overcome these

obstacles. Currently, pulse wave analysis is usually employed to obtain information on
vascular properties, such as arterial stiffness5, but it has the potential to provide information
on cardiac function, since changes in cardiac properties affect the morphology of pulse wave40

signals measured in the vasculature6. Nowadays, pulse waves can be acquired noninvasively
by wearable devices which are more convenient and less expensive for large-scale screening
than invasive exams. In particular, the photoplethysmogram (PPG) pulse wave is easily
acquired using pulse oximeters, which are frequently used in healthcare settings to measure
arterial blood oxygen saturation and pulse rate. PPG signals can also be acquired by devices45

available to the wider population, such as smartwatches and fitness bands7,8.
Databases of in silico pulse waves signals representative of cohorts of real subjects can

be produced using robust and efficient computational blood flow models for the development
and pre-clinical testing of pulse wave analysis algorithms9,10. Virtual subjects are charac-
terised by haemodynamic variables spanning the physiological range, even in disease-related50

conditions11,12. Different numerical models can be employed to accomplish this task: zero-
dimensional (0-D) lumped-parameters models for simulating blood flow in distal vessels13,14,15

and specific organs such as the heart16, one-dimensional (1-D) models for simulating blood
flow in the large arteries of the human circulation17,18, and three-dimensional (3-D) models11,
whose use is limited to the simulation of blood flow in localised regions of the vasculature55

due to their high computational cost. 1-D models can simulate pulse wave signals with a
reasonable accuracy compared with both 3-D models19,11 and experimental data20, and at
much lower computational cost compared to 3-D models. They have, therefore, been used
to generate databases of pulse waves for thousands of virtual subjects.

The aim of this study is to investigate the effect of cardiac properties on pulse wave60

morphology using a 1-D model of the arterial vasculature18 coupled to a 0-D model of
cardiac contraction. Previous studies have simulated the ventricular–arterial coupling in 1-
D modelling, such as the pioneering work of Formaggia et al.21, and, more recently, Liang et
al.22, however they aimed to infer the effect of arterial changes caused by ageing on cardiac
dynamics. Our 1-D model considers the viscoelastic behaviour of vessel walls23,24, which is65

also accounted for in the numerical treatment of boundary conditions18. The heart model
is based on the state-of-the-art model by Mynard et al.16,25. The ability of our model to
describe physiological pulse waves for assigned cardiac properties is verified using reference
pulse waveforms25,15. A sensitivity analysis (SA) is then performed to study the effect of
all cardiac model parameters on central and peripheral pulse waveforms, including the PPG70
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Figure 1: The schematic representation of the 1-D model vascular network coupled with the
0-D cardiac contraction model (A), central blood pressure waveforms (B), peripheral blood
pressure waveforms (C). The cardiovascular network consists of the arterial tree, containing
the 116 largest systemic arteries, the left-side heart coupled to the vascular network at the
aortic root, and lumped parameter models at 1-D model terminal segments representing the
vascular bed. See text for the definition of parameters.

signal in the digital artery, so that the perspective of the problem analysed in Formaggia et
al.21 and Liang et al.22 is reversed.

2 Materials and Methods

2.1 Cardiovascular model

A schematic representation of the proposed cardiovascular model is shown in Fig. 1.75

It includes three key components. First, the 1-D model arterial network consists of 116
arterial segments representing the largest arteries of the thorax, limbs and head15. Arterial
segments were modelled as thin viscoelastic tubes of linearly tapered diameter. Second, the
RCR Windkessel model was employed at the terminal vessels as outlet boundary condition
(BC), to describe the resistance and compliance of peripheral vascular beds. Third, a cardiac80

contraction model representing the left-side heart was coupled to the vascular network as
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inlet BC.

2.1.1 Vascular model

The 1-D model vascular network was modelled using the augmented fluid-structure inter-
action (a-FSI) system 23,24,26, a hyperbolic set of equations. This includes equations for the85

conservation of mass and momentum, and a closure equation relating vessel cross-sectional
area and internal pressure, the so-called tube law27,23, properly reformulated to take into
account the viscoelastic behaviour of vessel walls. Key assumptions for the haemodynamic
model are: laminar flow, incompressible and Newtonian fluid (blood density, ρ = 1060 kg/m3;
blood viscosity, µ = 2.5 mPa s), and no energy losses at bifurcations.90

For the geometrical and mechanical characteristics of the network, the reader is referred
to Charlton et al.15. The viscoelastic formulation of the tube law was described using
the Standard Linear Solid Model (SLSM)28,29, entailing the presence of a stiff term in
the governing system of equations. Therefore, the numerical scheme was chosen to work
efficiently with all ranges of relaxation time. It consists of the stiffly accurate implicit-95

explicit (IMEX) strong-stability-preserving SSP(3,3,2) scheme, characterised by three stages
for both the implicit and explicit parts and second-order accuracy30,23. A finite volume (FV)
method was used for the discretisation in space. The treatment of internal BCs, i.e. vessel
junctions, and external BCs followed the methodology presented by Piccioli et al.18, which
is consistent with the model describing the arterial mechanical behaviour.100

2.1.2 Left-side cardiac model

The cardiac contraction model includes the left atrium (LA), the left ventricle (LV), and
the adjacent valves, i.e. mitral valve (MV) and aortic valve (AV). The pulmonary venous
flow rate (PVFR) entering the LA was prescribed as a function of time. The cardiac con-
traction model was employed as inlet BC for the vascular model, as described in Sect. 2.1.3.105

The LA and LV were modelled through the time-varying elastance function E(t)16. Mim-
icking the myocardium contraction, elastance changes between its extrema, relating the pres-
sure in the cavity p(t) with the cavity volume v(t) by

p(t) = E(t) [v(t)− vp0] [1−Ks qout(t)] , (2.1)

where vp0 is the unstressed volume,Ks is a resistive term, and qout(t) is the chamber outflow16.
The elastance E(t) was defined by the ‘double-Hill’ function16,31

E(t) =

[
Emax − Emin

max(H1(t)H2(t))

]
H1(t)H2(t) + Emin, (2.2)

where Emin and Emax are the minimal and maximal values of the elastance, respectively.
Emin governs diastolic passive stiffness, hence the filling phase of the chamber32, whereas
Emax is considered to be a measure of systolic contractility33,34,35. The functions H1(t) and
H2(t),

H1(t) =
(t̄/τ1)

m1

1 + (t̄/τ1)m1
and H2(t) =

1

1 + (t̄/τ2)m2
, (2.3)
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govern the ascending (contraction) and descending (relaxation) tracts of the E(t) curve,
respectively, and they were described by shape mi and time τi parameters, with i = 1, 2. In
Eq. (2.3), t̄ is equal to t− tonset, with tonset the onset of contraction. The cavity volume v(t)
was calculated using the continuity equation

dv

dt
= qin(t)− qout(t), (2.4)

where qin(t) and qout(t) are the flow rates entering and leaving the heart chamber.

Valve dynamics, described by the trans-valvular blood flow rate, q(t), and the opening
state of the valve, ζ(t), ranging from 0 to 1, depends on the pressure difference across the
valve, ∆p(t). Valve dynamics over time was expressed via a system of ordinary differential
equations (ODE)16,

dq

dt
=

1

L(t)
[∆p(t)−B(t)q(t) |q(t)|] , (2.5a)

dζ

dt
= F (ζ,Kvo, Kvc,∆p) =

{
[1− ζ(t)]Kvo∆p(t) if ∆p(t) > 0,

ζ(t)Kvc∆p(t) if ∆p(t) < 0,
(2.5b)

where the coefficientsB(t) and L(t) are Bernoulli resistance and blood inertance, respectively.
They are expressed as

B(t) =
ρ

2Av(t)2
and L(t) =

ρl

Av(t)
, (2.6)

where Av(t) is the valve orifice area, and l is the valve length16. The orifice area ranges from
Amin to Amax potentially accounting for a leaky or stenotic valve,

Av(t) = [Amax − Amin] ζ(t) + Amin. (2.7)

The rate of opening or closure of the valve, dζ/dt, depends on the pressure difference, such
that when ∆p(t) is positive the valve opens and the coefficient Kvo is employed; otherwise,110

the valve closes and Kvc is used. High values of Kvo and Kvc indicate a rapid opening and
closing of the valve, respectively.

The input to the cardiac contraction model, represented by the pulmonary venous flow
rate, was prescribed as a discretised function of time. The PVFR entering the LA accounts115

for the flow contributions of all the pulmonary veins. It has a double-peaked shape, with two
local maxima, i.e. the systolic and diastolic peaks, and two local minima,16,25,36 as shown in
Fig. 1 (A). In this work, PVFR was parametrised using a Fourier function by assigning six
parameters: the cardiac cycle duration T , the total volume entering the left atrium in one
cardiac cycle, Vnet, and the four function extrema.120

2.1.3 0D-1D coupling

The cardiac contraction model acts as inlet boundary condition to the 1-D model vascular
network. The flow rate through the aortic valve, qAV (t), was computed at every time step
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and prescribed as the inflow to the aortic root. The coupling between the cardiac model
and the arterial domain was accomplished using the following Riemann invariants associated
with the genuinely non-linear field at the proximal boundary of the physical domain18,

Γ1 = u− 4c, Γ2 = p−K
(√

α− 1
)
, (2.8)

where u(x, t) is the cross-sectional averaged blood velocity, c(x, t) is the pulse wave veloc-
ity, p(x, t) is the cross-sectional averaged blood pressure (BP), K(x) is the wall stiffness
coefficient, and α = A/A0 is the dimensionless luminal cross-sectional area, where A(x, t)
and A0(x) are the time–varying dimensional and equilibrium luminal cross-sectional areas,125

respectively23.

In the cardiac contraction model, the time-dependent variables presented in Sect. 2.1.2
must be computed and updated for every time step. These variables are the valve’s flow
rate, qv, and state, ζv, and the chambers volume, vc. Subscript c identifies either the LA
or the LV, whereas subscript v identifies either the MV or AV. Equations (2.5a) and (2.5b)
were integrated in time following the IMEX RK method, treating the equations explicitly
since they do not contain stiff terms. Thus, the time discretisation of Eq. (2.5a) reads as

q(k)v = qnv +∆t
k−1∑
j=1

ãkj

[
1

L(j)

(
∆p(j) −B(j)q(j)

∣∣q(j)∣∣)] , (2.9a)

qn+1
v = qnv +∆t

s∑
k=1

ω̃k

[
1

L(k)

(
∆p(k) −B(k)q(k)

∣∣q(k)∣∣)] . (2.9b)

Here, qnv is the flow rate at time tn, and qn+1
v at tn+1 = tn + ∆t. Matrix ã = (ãkj) is an

s × s matrix characterising the explicit stages of the chosen IMEX RK scheme, while the
coefficient vector ω̃ = (ω̃1, . . . , ω̃s) represents the explicit weights, with s the number of the
Runge-Kutta (RK) stages (s = 3 in this work)37,30. The same time discretisation scheme was
applied to the opening state of the valve to obtain the explicit discretisation of Eq. (2.5b),

ζ(k)v = ζnv +∆t

k−1∑
j=1

ãkj F
(
ζ(j)v , K(j)

vo,v, K
(j)
vc,v,∆p(j)v

)
, (2.10a)

ζn+1
v = ζnv +∆t

s∑
k=1

ω̃k F
(
ζ(k)v , K(k)

vo,v, K
(k)
vc,v,∆p(k)v

)
. (2.10b)

For the mitral valve, ∆pMV is the pressure difference between the LA and the LV, whereas,
for the aortic valve, ∆pAV is the pressure difference between the LV and the first section of
the aortic root. Heart chamber pressures were calculated using the stress-strain relationship
given by Eq. (2.1). Finally, applying the IMEX RK method to Eq. (2.4), the chamber
volume at each RK time step was computed using the inlet and outlet flow rates calculated
at the same time step as in Eq. (2.9a), and for the final update those calculated by Eq.
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(2.9b), i.e.

v(k)c = vnc +∆t

k−1∑
j=1

ãkj

(
q
(j)
v,in − q

(j)
v,out

)
, (2.11a)

vn+1
c = vnc +∆t

s∑
k=1

ω̃k

(
q
(k)
v,in − q

(k)
v,out

)
. (2.11b)

For the LA, qv,in is the pulmonary venous flow rate and qv,out is qMV , whereas for the LV
they are qMV and qAV , respectively.

2.2 Sensitivity analysis130

Given the wealth of parameters involved in the cardiovascular model, a sensitivity analysis
(SA) was performed to identify those parameters that most affect blood pressure waveforms,
labelled hereafter as significant. Section 2.2.1 presents the cardiovascular parameters varied
in the SA, and Section 2.2.2 describes how the significant parameters were identified. Section
2.2.3 introduces the haemodynamic indices studied in the SA.135

2.2.1 Model parameters

The parameters defining the cardiovascular model were separated into vascular and car-
diac, as indicated in Table 1. The former refer to geometrical and mechanical parameters of
the arterial tree, including the RCR parameters of terminal branches. Vascular parameters
were taken from Charlton et al.15. The cardiac parameters are those of the cardiac contrac-140

tion model. Vnet and T were also taken from Charlton et al.15. The parameters defining
chamber elastance and valve dynamics were set in accordance with Mynard et al.25. Their
reference values are listed in Appendix A.
The SA focused on the cardiac parameters, since a SA for the vascular parameters was
performed by Charlton et al.15.145

2.2.2 Significant parameters evaluation

SA was performed by varying the cardiac parameters listed in Table 1 from their ref-
erence values in a univariate manner, i.e. when a parameter is varied, all others remained
unchanged. Reference values of heart chamber and valve parameters are listed in Tables 2
and 3, respectively. Variations were performed by increasing and decreasing each reference150

value by a percentage change that depends on the cardiac parameter considered:

– Cardiac parameters, excluding Vnet, T , and minimum and maximum valves areas, were
varied by ±50% from the reference value. Given the lack of baseline physiological varia-
tions of these modelling parameters in the literature, a ±50% was chosen to investigate
the effect of these parameters on pulse wave morphology. The resulting variations in155

LV contractility are generally within the physiological range for different clinical sce-
narios38, as shown in Sect. 3.2.2.
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– The minimum orifice area of the aortic and mitral valves have a zero reference value,
standing for a complete valve closure. Simulations for increased Amin,AV and Amin,MV

were obtained by setting their values to 30 mm2, corresponding to a severe aortic160

regurgitant orifice area39, and to a severe mitral regurgitation40. Decreased values
have no physical meaning and were not considered. The maximum orifice areas of
the aortic and mitral valves, Amax,AV and Amax,MV respectively, were decreased to
simulate severe stenosis scenarios by setting their values to 1 cm2 41. Increased values
were obtained increasing their reference value by 50%.165

– The total volume entering the network in one cardiac cycle, Vnet, and cardiac cycle
duration, T , were varied as described by Charlton et al.15. Maximum and minimum
values for both parameters were identified in Charlton’s database. The positive and
negative percentage variations from their reference value were calculated, and the great-
est variation in absolute value was used in the SA. As a result, Vnet varied by ±40%,170

and T by ±20%. The same percentage changes were used for positive and negative
variations to avoid SA asymmetry.

SA simulations were compared in pairs to assess the effect on arterial pressure waveforms
of changes in cardiac parameters: (i) baseline simulation and (ii) increased or decreased
parameter, respectively. This comparison was made for each parameter at the aortic root,175

brachial artery, and digital artery. The root mean square deviation (RMSD) was calculated
for each pair. RMSDs were found to increase towards the periphery, therefore, the cardiac
parameters giving an RMSD in the digital artery above the assigned threshold of 6.5 mmHg
were labelled as significant.

2.2.3 Haemodynamic indices180

Eleven haemodynamic indices were used in a second SA involving those cardiac param-
eters identified as significant in Section 2.2.2.

The following four indices of central haemodynamics were considered. Left ventricular
contractility, quantified by the contractility index (CI), is the maximum rate of increase
in left ventricular pressure during isovolumetric contraction, dpLV/dt|max

38,42. The rate of185

increase in flow rate and pressure at the aortic root in early systole, ∆q/∆t and ∆p/∆t,
respectively. ∆q was calculated as the difference between the peak flow rate, qmax, and the
flow rate at the foot of the waveform, qmin, i.e. when the aortic valve opens. ∆p is the
pulse pressure (PP), i.e. the difference between systolic (SBP) and diastolic (DBP) blood
pressures43. ∆t is the time interval in-between the occurrences of either qmin and qmax or190

DBP and SBP. Finally, the maximum rate of decrease of late-systolic flow at the aortic root,
dq/dt|min,AoRt, as described in Flores Gerónimo et al.44.

The following four indices of cardiac function were considered: left ventricular ejection
time (LVET), stroke volume (SV), left ventricular ejection fraction (EF), and cardiac output
(CO). LVET is the time interval between opening and closing of the aortic valve. SV is the195

difference between simulated left ventricular end-diastolic volume (LVEDV) and end-systolic
volume (LVESV). EF is the ratio of SV to LVEDV. Lastly, CO is equal to SV × 60/T .

The following three vascular indices were considered: PP at a central (aortic root) and
peripheral (digital) site, PPAoRt and PPDi respectively, and the PP augmentation ratio
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Figure 2: Haemodynamic results of the cardiovascular model. Simulated waveforms are in
black solid lines, reference waveforms are in grey solid lines. Cardiac and vascular reference
signals were taken from Mynard et al.25 and Charlton at al.15, respectively. Cardiac signals
are volume in the left atrium (vLA), flow rate through the mitral valve (qMV ), state of
the mitral valve (ζMV ), volume in the left ventricle (vLV ), flow rate through the aortic valve
(qAV ), state of the aortic valve (ζAV ), normalised to compare reference and simulated signals.
Vascular signals are internal pressure (p), PPG signal, flow rate (q), flow velocity (u), and
luminal cross-sectional area (A), in the temporal, brachial, radial, digital, femoral, and tibial
arteries, as indicated by the labels in the sketch on the top.

(ARAoRt−Di) calculated as the percentage increase in PP between the two sites.200

3 Results

3.1 Cardiovascular model verification

The vascular network model has been thoroughly tested in previous studies23,24,18. Here,
we focused on verifying the ability of the cardiac contractility model coupled to the vas-
cular network model to produce physiological haemodynamics signals. Figure 2 compares205

simulated haemodynamics signals with reference in silico data, taken from Mynard and
Smolich25, and Charlton et al.15 in the heart and vasculature, respectively. These reference
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heart valve-related parameters (blue lines), and Vnet and T (red lines). Grey lines represent
all non-significant parameters.

data were validated against in vivo measurements. Since the reference cardiac and vascular
models had different cardiac outputs, the cardiac output of the reference vascular model was
used to assess the accuracy of our model. Therefore, to qualitatively compare simulated210

cardiac waveforms with the corresponding reference waveforms, both reference and simu-
lated cardiac signals were normalised. The new model replicated well the morphology of all
cardiac signals. The mitral trans-valvular flow rate presents its characteristic double-peaked
morphology45,46, with the E/A ratio equal to 1.7, consistent with literature values36,25. Fur-
thermore, the state of the aortic valve variable shows a clear distinction between the LV215

ejection phase when the valve is open and the LV filling phase when it is closed. These re-
sults corroborate the ability of the cardiac contraction model to accurately simulate cardiac
haemodynamics.

Figure 2 shows pulse wave signals (flow rate, flow velocity, luminal cross-sectional area,
pressure, and PPG, calculated as shown in Appendix C.) at six arterial sites: the temporal220

artery in the head, three peripheral sites in the arm, namely the brachial, radial, and digital
arteries, and two in the leg, the femoral and the anterior tibial arteries. Reference and
simulated waveforms are in excellent agreement, with percentage relative RMSDs smaller
than 1% for all signals and sites, relative to reference signals.

3.2 Sensitivity analysis225

3.2.1 Waveform morphology

RMSDs increased towards the periphery of the vascular network (Fig. 3), where the
threshold of significant cardiac parameter was imposed (i.e. at the digital site). The result-
ing significant cardiac parameters were found to be the same for both scenarios in which
cardiac parameters were either increased or decreased from their baseline values. These are230

parameters mainly attributed to LV contractility: the maximal elastance, Emax,LV , the con-
traction shape parameter m1,LV , and the contraction and relaxation time parameters, τ1,LV
and τ2,LV , respectively. The other significant parameters were the minimum orifice area of
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Figure 4: Pulse waveforms at baseline (black), and with increased (red) and decreased (blue)
values in the significant cardiac parameters. The following waveforms are shown: flow rate
at the aortic root (qAoRt), pressure at the aortic root (pAoRt), pressure in the brachial artery
(pBr), and pressure (pDi) and PPG signal (PPGDi) in the digital artery. Each row represents
simulations for a significant cardiac parameter: left ventricular (LV) maximal elastance
(Emax,LV ), LV contraction shape parameter (m1,LV ), LV contraction time parameter (τ1,LV ),
LV relaxation time parameter (τ2,LV ), aortic valve minimum orifice area (Amin,AV ), mitral
valve minimum orifice area (Amin,MV ), aortic valve maximum orifice area (Amax,AV ), total
volume entering the left atrium in one cardiac cycle (Vnet), and cardiac cycle duration (T ).

the valves, Amin,AV and Amin,MV , the maximum orifice area of the aortic valve, Amax,AV ,
in the stenotic scenario, the total volume entering the LA in one cardiac cycle, Vnet, and235
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the cardiac cycle duration, T . No cardiac parameters of LA contractility were found to be
significant.
Figure 4 shows pulse waveforms both in central and peripheral sites at baseline and with
individual variations in the significant cardiac parameters. Changes in wave morphology
occurred mainly in systole. LV-related parameters produced minor changes in wave mor-240

phology in diastole. The timing of the dicrotic notch only changed when τ2,LV was varied,
since this cardiac parameter regulates the timing of the relaxation phase of LV contractility.
With increasing τ2,LV the relaxation phase of the LV was delayed and, hence, the aortic valve
closed later, delaying the time of the dicrotic notch.
Regurgitant valve scenarios show significant variations in pulse wave morphology. With in-245

creasing Amin,AV the flow rate at the aortic root became negative in diastole due to the
reflux caused by the suction effect of the LV during relaxation. Consequently, arterial dias-
tolic pressure decreased. These results suggest that impairment of the AV has direct effects
on arterial pulse waves, both at central and peripheral sites. With increasing Amin,MV the
late-systolic decrease in flow rate occurred more rapidly than in the case of a healthy valve.250

During LV contraction blood volume was not only ejected in the vascular network through
the AV, but part of it is also re-ejected in the LA through the leaking MV. Pressures in the
network with regurgitant MV changed less significantly than the AV regurgitation case due
to the mitigating function of the LV and the proper action of the AV. Significant variations in
wave morphologies were also observed with severe aortic stenosis. With decreased Amax,AV255

the flow rate at the aortic root became more smoothed and with lower peak. In all vascular
sites, the rate of increase in early-systolic BP was less steep, with a consequent decrease in
PP becoming more evident at the digital site.
Cardiac function, in particular LV contractility, influenced PPG morphology. Variations in
PPG signals followed those in digital pressure. Interestingly, in the case of Vnet variations,260

PPG pulse waves remained unaltered due to the nearly linear relationship between volume
in the network and internal pressure: when only Vnet varied, the pressure amplitude changed
but not the pressure wave morphology.

3.2.2 Haemodynamic indices

Figure 5 summarises the percentage variations in haemodynamic indices with changes in265

significant cardiac parameters. The reference CI (dpLV/dt|max) was 13.96× 102 mmHg/s in
agreement with literature data38,42. The observed variations in CI are consistent with physi-
ologic percentage variations in which CI increased by 133% during exercise and decreased by
47% with cardiomyopathy38. Most of the variations reported in Fig. 5 (A) are within this
range. CI increased with increasing Emax,LV and decreasing m1,LV , τ1,LV , and τ2,LV . The270

most significant variation in CI occurred with the decreasing shape parameter m1,LV , which
defines the slope of the increasing part of the chamber elastance curve. A smallerm1,LV made
the slope steeper raising the rate of increase in pLV. Regurgitant valves and Vnet caused an
increase in CI, whereas T and Amax,LV led to negligible effects on CI. ∆q/∆t and ∆p/∆t at
the aortic root varied similarly to variations in CI, although at different rates (Fig. 5 (B)275

and (C)). The variations in ∆q/∆t and ∆p/∆t observed with stenotic aortic valve confirmed
the variations in flow rate and BP waveforms observed in Fig. 4. The relation between
increased LV contractility and aortic root pulse wave morphology produced by our model is
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Figure 5: Percentage variations in haemodynamic indices with increased (red) and decreased
(blue) values in the significant cardiac parameters. Y-axis show percentage variations in
the indices from their corresponding baseline values. Baseline values: contractility index
(dpLV/dt|max), 13.96×102 mmHg/s; rate of increase in flow rate in early-systole at the aortic
root (∆q/∆t|AoRt), 6.45×103 ml/s2; rate of increase in pressure in early-systole at the aortic
root (∆p/∆t|AoRt), 1.47× 102 mmHg/s; maximum rate of decrease of late-systolic flow rate
at the aortic root (dq/dt|min,AoRt), 2.42 × 103 ml/s2; left ventricular ejection time (LVET),
324 ms, ejection fraction (EF), 58 %; stroke volume (SV), 66.4 ml; cardiac output (CO), 4.8
l/min; pulse pressure at the aortic root (PPAoRt), 27.3 mmHg; pulse pressure in the digital
artery (PPDi), 52.3 mmHg; and pulse pressure augmentation ratio between the aortic root
and the digital artery (ARAoRt−Di), 91.8 %.

consistent with Li et al.43. The variations in ∆q/∆t and ∆p/∆t followed the same trend as
those in PPDi (Fig. 5 (J)), in agreement with the morphology of the central pressure wave280

being a major determinant of peripheral SBP and correlating with the rate of increase in
early-systolic aortic flow43,44. Moreover, the maximum rate of decrease in late-systolic flow
at the aortic root, dq/dt|min,AoRt in Fig. 5 (D), increased with increasing Vnet, and decreasing
T and LVET, in agreement with Flores Gerónimo et al.44

As for LV properties, both EF and LVET were affected by changes in LV contractility, as285

shown in Fig. 5 (E) and (F). EF also increased with regurgitant valves and increasing Vnet

and T . The variation in LVET became significant when τ2,LV was varied: it decreased by
−48 % with decreasing τ2,LV and increased by +52 % with increasing τ2,LV . This result
is consistent with the physical meaning of the contraction and relaxation time parameters.
These influence the time of occurrence of the respective sections of the elastance curve: a290

decrease in τ1,LV anticipates contraction and an increase in τ2,LV delays relaxation, and vice-
versa. In the case of AV regurgitation, LVET is the time interval when the area of the
AV is greater than its minimum value. SV was not affected by the four cardiac parameters
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related to LV contractility (Fig. 5 (G)), since Vnet did not change. A significant increase in
SV can be observed with simulated valve regurgitant scenarios, of +92 % and +72 % for295

the AV and MV, respectively. When the AV does not close completely, part of the volume
ejected during the contraction returns into the ventricle during relaxation, as pointed out in
Sect. 3.2. This causes both the LV end-diastolic and end-systolic volumes to increase, with
a greater increase in the former than the latter, thus resulting in an overall increase in SV.
Similarly, the LV ejects blood volume through both valves when the MV is impaired. Thus,300

the LV end-systolic volume decreases and the end-diastolic volume increases. The stenotic
aortic valve scenario did not affect significantly LV end-diastolic and end-systolic volumes,
hence, SV did not vary. The aortic stenosis caused a slower ejection of the blood volume,
as it is observable from the LV volume trend in the ejection phase, which is not reported
here for the sake of brevity. Variations in Vnet caused SV to change symmetrically from the305

baseline value, demonstrating that, barring leaking valve scenarios, Vnet is a surrogate of
stroke volume. As expected, CO in Fig. 5 (H) changed consistently with SV and T , most
significantly influenced by the former.
The pulse pressure PP showed less variation in central sites compared to the periphery (Fig.
5 (I) and (J)). PP increased with increasing LV contractility, i.e. higher peak and rate of310

increase in elastance. Both central and peripheral PP increased with shortened LVET, ob-
servable from variations in τ2,LV . Regurgitant valves and increased Vnet and T also raised
PP, which instead decreased with severe aortic stenosis. Greater contractility augmented
ARAoRt−Di (Fig. 5 (K)), hence enhancing the physiological effect of PP amplification to-
wards peripheral sites15,43. ARAoRt−Di decreased with regurgitant AV, caused by the greater315

increase in PPAoRt compared to PPDi from their baseline values.

4 Discussion

This work has studied the relationship between cardiac properties and vascular haemo-
dynamics using a state-of-the-art 0-D model properly coupled to a vascular 1-D model by
treating the 0-D model with the IMEX-RK SSP scheme for the time discretisation, con-320

sistently with the 1-D model. It has been demonstrated that the presented cardiovascular
model correctly reproduces human haemodynamics, consistent with in vivo measurements.
The sensitivity analysis has shown that variations in cardiac properties are associated with
identifiable variations in waveform morphology, suggesting the possibility of applying tech-
niques for inverse problem solving, going from a specific pressure waveform to the changes325

in cardiac characteristics that generated it. Moreover, LA contractility has negligible effects
on vascular pulse waves, suggesting that LA properties can not be derived from a pulse
wave analysis. At baseline values, Emax,LA is equal to 0.13 mmHg/ml, whereas Emax,LV is
equal to 2.8 mmHg/ml, producing peak LA and LV pressures of 8 mmHg and 103 mmHg,
respectively. Thus, even the variations in LA contractility parameters fail to produce sig-330

nificant changes in LA pressure sufficient to affect vascular haemodynamics. In contrast,
LV contractility, stroke volume, cardiac cycle duration, and impaired valves function have
a considerable influence on arterial pulse waves, being determinants of central waveforms
morphology, pulse pressure and its amplification. The greatest variations in PP were found
at peripheral sites rather than central sites, which may be more valuable sites for extracting335
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information about cardiac function by pulse wave analysis. Furthermore, our results have
corroborated the findings of previous studies showing strong correlations between LV con-
tractility, aortic blood flow and PP44,43,47, and the crucial role of cardiac function in both
central and peripheral pressure amplitudes1,48.
Our results have shown that LV contractility, measured by CI, is related to peak elastance,340

Emax,LV , rate of LV contraction, and LVET. An increase in Emax,LV allows the LV pressure
to reach higher values, as Emax,LV and LV pressure are directly related through the strain-
stress relationship of the cardiac chamber. CI increases with a faster contraction simulated
by decreased m1,LV , and time parameters. As τ1,LV decreases, LV pressure increases more
rapidly, and so does pressure and flow rate at the aortic root. Moreover, the decrease in345

τ2,LV results in a shortening of LVET, leading to the same SV being ejected in a shorter time
inteval, making the ejection more impulsive. The increase in contractility correlates with the
increase in the PP augmentation ratio, i.e. PP increases more in the periphery than centrally
(Fig. 5 (A) and (K)). Furthermore, increased CI is associated with greater SBP peaks in
the waveforms (see Fig. 4). This phenomenon is generally more pronounced towards the350

periphery, and is evident in the case of decreased τ2,LV . The total blood volume entering the
network in one cardiac cycle, Vnet, and cardiac cycle duration, T , both affected blood pres-
sure in the vascular network. With increasing Vnet and T , PP increased at both the central
and peripheral sites, but the PP augmentation ratio decreased from the baseline simulation.
Results have shown that valve impairment affects pulse waves, particularly in the case of355

a regurgitant and stenotic AV due to its direct coupling with the vascular network. With
aortic regurgitation, central PP increased more than peripheral PP due to the increased SV.
Central arteries have greater compliance than peripheral ones, hence they undergo a greater
cross-sectional area dilation and, so, greater increase in PP. With aortic stenosis there is no
variation in SV and PP changes more significantly in the peripheral site. Further research360

is needed to investigate the correlation between valve disease and peripheral pressure in a
large cohort of in vivo subjects with valve dysfunction via non-invasive measurements of
peripheral BP.
Some aspects of our cardiovascular model should be underlined. Firstly, some cardiac pa-
rameters that characterise the LV contractility and describe the elastance function cannot365

be measured directly. Therefore, it is cumbersome to define a physiological range of val-
ues for these parameters. Secondly, cardiac parameters affect vascular haemodynamics in-
dependently of each other, enabling the study of the effect on pulse wave morphology of
independent changes in cardiac properties. This is not the case in vivo, where it would be
challenging to change LV contractility, for example through pharmacological intervention,370

without affecting the properties of the vasculature, and vice-versa. Finally, an open–loop
model has been used and, thus, some parameters must be imposed, e.g. Vnet, de facto im-
posing the venous return. This is numerically implemented through the parametrisation of
the pulmonary venous flow rate entering the LA. Physiologically, an impaired LV function
can affect the venous return, but this cause–effect phenomenon cannot be regarded in an375

open–loop cardiovascular model. To overcome this limitation, a decreased venous return is
included in the SA through a variation in Vnet. Therefore, the open–loop model does not
weaken the results presented. The implementation of a closed–loop will be object of future
work.
This work suggests that it may be possible to infer LV dysfunction, such as an impaired380
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relaxation phase, by analysing the timing of the dicrotic notch. Results show that the time
of diastole of the pulse waveform only varies with the relaxation time parameter of the LV
elastance function, but is not affected by other cardiac parameters. This study also offers
valuable insight into in the field of hypertension. Lately, the importance of LV contractility
in hypertension has been studied, showing that LV function is a major determinant of blood385

pressure elevation1,48,49,44,43. Our results support this thesis, as PP increased with increasing
LV contractility without changes in vascular properties. Moreover, hypertension has been
found to be related to left ventricular hypertrophy, a response to chronic pressure overload50,
and heart valves disease51,52,53. Assessing cardiac properties by arterial pulse wave analysis
may allow cardiac function characterisation without the need for invasive catheterization.390

Results have shown that alterations in blood pressure waves amplify towards the periphery
of the systemic circulation (see the RMSDs trends and variations in PPDi and ARAoRt−Di

when significant cardiac parameters were varied). Therefore, easily accessible measurements
in peripheral arteries could be employed, such as in the radial artery, or one of its surrogates,
the digital artery54.395

Finally, our results have highlighted the importance of studying PPG signals, as already
presented in previous works in which machine learning models were employed to determine
haemodynamic properties using pulse waves and PPG data8,7. Such models could also be
applied to infer cardiac properties from peripheral pressure measurements and PPG signals.
Given the popularity of wearable devices, such as FitBits, smartwatches and oxymetries that400

are able to measure PPG signals, understanding their correlation with cardiac function could
provide consumers with personal tools for monitoring cardiac function.

5 Conclusions

We have presented a theoretical, computationally-based study to arouse interest in as-
sessing cardiac function from arterial pressure waves and peripheral PPG signals. We have405

validated an open–loop cardiovascular model accounting for ventricular–aortic coupling by
showing its ability to simulate accurately cardiac and vascular haemodynamics when com-
pared with reference models validated using in vivo measurements.
Results from this model suggest that cardiac parameters related to LV contraction and sys-
tolic ejection can be identified by pulse wave analysis. Altered contractility affects aortic flow410

rate and pressure waveforms, which in turn affect pulse pressure in central and peripheral
sites. An impaired LV relaxation phase can be identified from the analysis of the dicrotic
notch timing. Moreover, stenotic and regurgitant valves affect the flow rate at the aortic root
and pressure waveforms throughout the vasculature. Pulse pressure was found to increase
with aortic regurgitation, and to decrease with aortic stenosis. We have demonstrated that415

an altered venous return in the left atrium affects LV contractility and arterial pulse pres-
sures. In addition, the variations in pulse waves caused by changes in cardiac function were
found to amplify towards the periphery of the systemic vasculature, suggesting the suitabil-
ity of peripheral sites (e.g., radial and digital arteries) for assessing cardiac function. Finally,
we have found PPG signals in the periphery to vary with changes in cardiac parameters and420

diseased valves, suggesting that further work on the analysis of peripheral PPG signals could
improve cardiac dysfunction detection from easily–accessible pulse waves measurements.
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A Sensitivity Analysis: reference parameters

Reference values for Vnet and T were 66.3 ml and 0.822 s, respectively15. Tables 2 and 3
show the reference cardiac parameters25 that were increased by + 50 % and decreased by −
50 % in the sensitivity analysis.

B Sensitivity Analysis: RMSD440

Table 4 shows the RMSD evaluated in the three sites of analysis in the network, i.e. the
aortic root (AoRt), the brachial artery (Br), and the digital artery (Di). Results are reported
for each cardiac parameter and for both variations, i.e ± 50 %.

C Simulation of PPG signals445

The PPG is conceived as a measurement of volumetric change of arterial blood in a
tissue15,6. From an operational standpoint, PPG signals were calculated as described next,
depending on the site of analysis:

– At the periphery (e.g. the digital artery), the PPG was calculated from the volume of
blood stored in the terminal Windkessel model:

PPG(t) =

∫ t

0

q1D(t
′)− qout(t

′)dt′, (C.1)

where q1D is the inflow to the terminal Windkessel, and qout is the outflow, as shown
in Fig. 1.450

– At distal sites within the arterial network (e.g. the wrist), the PPG was computed by
assuming that the volume of blood in the local microvasculature can be modelled by
a Windkessel model. The validity of this assumption relies on the fact that vascular
beds at sites within the arterial network are perfused by arterioles branching from the
major artery at that site (e.g. the radial artery at the wrist), which are too small to
be represented in the arterial network using 1-D modelling. Hence, the inflow to the
Windkessel model was assumed to be proportional to the flow in the arterial segment,
at a pressure equal to that of the arterial segment. The PPG was calculated using
Eq. (C.1), where q1D was set equal to the flow through the arterial segment, and qout
was calculated using

qout(t) =
p1D(t)− pout

R
, (C.2)

where

R =
⟨p1D(t)⟩ − pout

⟨q1D(t)⟩
, (C.3)

and pout is the outflow pressure, with ⟨p1D⟩ and ⟨q1D⟩ the blood pressure and flow rate,
respectively, obtained at the site of measurement and averaged over the cardiac cycle.
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In both cases, the PPG was finally obtained by normalising the pulsatile variation in blood
volume within the range [0, 1].
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Table 1: Vascular (VV) and cardiac (CC) parameters of the numerical model. VV parame-
ters: vessel length (L), proximal and distal vessel radius (rin and rout, resp.), vessel stiffness
(EY h, where EY is the Young’s modulus and h is vessel thickness) computed via Eq. (2) in15,
reference pressure (pref ), RCR outlet pressure (pout), and RCR resistances and compliance
(R1, R2, C, resp.). CC parameters: total volume entering the LA in one cardiac cycle (Vnet),
cardiac cycle duration (T ), minimal and maximal elastance (Emin and Emax, resp.), shape
and time parameters (m1,2 and τ1,2, resp.), source resistance (Ks), unstressed and initial
volumes (vp0 and v0, resp.) and onset time of the elastance function (tonset); minimum and
maximum valve orifice areas (Amin and Amax, resp.), valve opening and closure constants
(Kvo and Kvc, resp.), and valve length (l). Subscripts c and v refer to chamber and valve,
respectively.

VV
L [m] rin, rout [m] EY h [Pa m] pref [Pa] pext [Pa]

pout [Pa] R1 [Pa s/m3] R2 [Pa s/m3] C [m3/Pa]

CC

Vnet [m
3] Emin,c [Pa/m

3] m1,c [-], τ1,c [s] vp0,c [m
3] Ks,c [s/m

3]
T [s] Emax,c [Pa/m

3] m2,c [-], τ2,c [s] v0,c [m
3] tonset,c [s]

Amin,v [m2] Kvo,v [1/Pa s] lv [m]
Amax,v [m2] Kvc,v [1/Pa s]

Table 2: Reference parameters of the cardiac contraction model for the heart chambers: left
atrium (LA) and left ventricle (LV). The references values of the heart chambers were taken
from Mynard et al.25.

Emin Emax KS vp0 v0 m1 τ1 m2 τ2 tonset

Chamber [ Pa
cm3 ] [ Pa

cm3 ] [ s
cm3 ] [cm3] [cm3] [-] [s] [-] [s] [s]

LA 12.0 17.3 250 3.00 7.10 1.99 0.042 11.2 0.138 0.00

LV 9.33 373 500 1.00 136 1.32 0.215 21.9 0.362 0.65

Table 3: Reference parameters of the cardiac contraction model for the heart valves: mitral
valve (MV) and aortic valve (AV). The reference Amin is equal to zero for both valves. The
references values for valves dynamics were taken from Mynard et al.25.

Amax l Kvo Kvo

Valve [cm2] [cm] [Pa−1s−1] [Pa−1s−1]

MV 5.1 2.0 0.2 0.4

AV 4.9 1.0 0.2 0.2
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Table 4: Root mean square deviations (RMSD) in mmHg from the sensitivity analysis per-
formed in an univariate manner. The Increased and Decreased columns stand for the sim-
ulations with the increased or decreased cardiac parameter, respectively. The amount of
variation for each parameter is addressed in Sect 2.2.2. Cardiac parameters are classified
per cardiac site, namely left ventricle (LV), left atrium (LA), aortic valve (AV), and mitral
valve (MV). The total volume entering the LA in a cardiac cycle, Vnet, and the cardiac cy-
cle duration T are not attributed to any cardiac site because they describe overall cardiac
function. Significant parameters are reported in bold.

Cardiac site Param.
Increased Decreased

AoRt Br Di AoRt Br Di

–
Vnet 21.9 22.0 21.8 22.4 22.5 22.5
T 10.0 11.0 14.3 14.5 15.7 19.6

LV

Emax 3.43 5.54 8.88 5.51 8.08 12.4
Emin 0.80 0.92 1.19 0.58 0.82 1.14
m1 6.42 9.76 15.3 8.34 12.7 19.4
τ1 2.97 4.45 7.08 5.22 7.94 12.6
m2 0.63 0.97 1.44 1.41 2.19 3.32
τ2 3.26 4.62 6.80 7.17 10.9 17.7
vp0 0.07 0.10 0.14 0.06 0.09 0.12
Ks 1.09 1.67 2.62 1.30 2.01 3.26

LA

Emax 0.35 0.38 0.42 0.78 0.78 0.77
Emin 0.03 0.09 0.14 0.04 0.04 0.04
m1 0.02 0.08 0.12 0.04 0.09 0.13
τ1 0.02 0.07 0.10 0.03 0.03 0.03
m2 0.03 0.09 0.14 0.01 0.06 0.10
τ2 0.05 0.09 0.12 0.26 0.27 0.28
vp0 0.07 0.09 0.14 0.03 0.03 0.03
Ks 0.02 0.07 0.10 0.04 0.09 0.13

AV

Amax 0.55 0.78 1.10 3.27 4.82 7.25
Amin 12.8 16.6 22.6 - - -
l 0.47 0.72 1.0 0.56 0.80 1.16
Kvo 0.09 0.09 0.15 0.17 0.32 0.51
Kvc 0.29 0.43 0.61 0.80 1.13 1.59

MV

Amax 0.09 0.12 0.15 4.09 4.09 4.02
Amin 4.34 6.73 10.4 - - -
l 0.04 0.09 0.13 0.04 0.09 0.14
Kvo 0.03 0.07 0.11 0.04 0.09 0.12
Kvc 0.02 0.07 0.11 0.02 0.07 0.11
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