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Abstract

We developed a whole-circulation computational model by integrating a transmission line
(TL) model describing vascular wave transmission into the established CircAdapt platform
of whole-heart mechanics. In the present paper, we verify the numerical framework of our
TL model by benchmark comparison to a previously validated pulse wave propagation
(PWP) model. Additionally, we showcase the integrated CircAdapt—TL model, which now
includes the heart as well as extensive arterial and venous trees with terminal impedances.
We present CircAdapt—TL haemodynamics simulations of: 1) a systemic normotensive situ-
ation and 2) a systemic hypertensive situation. In the TL-PWP benchmark comparison we
found good agreement regarding pressure and flow waveforms (relative errors < 2.9% for
pressure, and < 5.6% for flow). CircAdapt—TL simulations reproduced the typically observed
haemodynamic changes with hypertension, expressed by increases in mean and pulsatile
blood pressures, and increased arterial pulse wave velocity. We observed a change in the
timing of pressure augmentation (defined as a late-systolic boost in aortic pressure) from
occurring after time of peak systolic pressure in the normotensive situation, to occurring
prior to time of peak pressure in the hypertensive situation. The pressure augmentation
could not be observed when the systemic circulation was lumped into a (non-linear) three-
element windkessel model, instead of using our TL model. Wave intensity analysis at the
carotid artery indicated earlier arrival of reflected waves with hypertension as compared to
normotension, in good qualitative agreement with findings in patients. In conclusion, we suc-
cessfully embedded a TL model as a vascular module into the CircAdapt platform. The inte-
grated CircAdapt—TL model allows detailed studies on mechanistic studies on heart-vessel
interaction.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1007173  July 15,2019

1/21


http://orcid.org/0000-0002-3879-573X
http://orcid.org/0000-0003-2354-883X
https://doi.org/10.1371/journal.pcbi.1007173
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1007173&domain=pdf&date_stamp=2019-08-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1007173&domain=pdf&date_stamp=2019-08-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1007173&domain=pdf&date_stamp=2019-08-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1007173&domain=pdf&date_stamp=2019-08-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1007173&domain=pdf&date_stamp=2019-08-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pcbi.1007173&domain=pdf&date_stamp=2019-08-02
https://doi.org/10.1371/journal.pcbi.1007173
http://creativecommons.org/licenses/by/4.0/
https://github.com/Mheu1991/CircAdaptTL
https://github.com/Mheu1991/CircAdaptTL

GPLOS |saisermom

Computational whole-circulation platform

Competing interests: The authors have declared
that no competing interests exist.

Author summary

Arterial pulse wave characteristics show associations with left ventricular hypertrophy
in clinical studies. However, in such studies, measurement and signal processing errors
limit assessment of causality between wave characteristics and left ventricular hypertro-
phy. When validated, a computational model would allow comprehensive causality stud-
ies on heart-vessel interaction without such errors. In the present study, we integrated
a novel vascular module describing wave transmission in vascular networks into the
CircAdapt model of whole-heart mechanics. A benchmark comparison between our
vascular module and a previously validated but more complex method, showed good
agreement in terms of pressure and flow waveforms. The extended CircAdapt model

is now also able to quantitatively describe vascular haemodynamics, including wave
dynamics.

Introduction

The CircAdapt platform, a zero-dimensional whole-heart model developed in our lab,
historically focussed on cardiac mechanics. It has been successfully used for simulating
haemodynamics during cardiac conductance disorders, valve pathologies, and changes in
afterload [1, 2, 3, 4]. Lacking a distributed model of the vascular system, the current CircA-
dapt model is yet unable to simulate heart-vessel interaction at the level of arterial wave
dynamics.

Arterial pulse waves, constituting a component of ventricular afterload, appear to have
implications in age-related changes in left ventricular mass, and left ventricular hypertrophy
[5, 6]. So-called wave intensity analysis (WIA) allows characterisation of both pulse wave
magnitude and propagation direction, thereby requiring synchronous and co-localised mea-
surements of blood pressure and blood flow velocity signals [7]. WIA applied to patient mea-
surement data is sensitive to synchronisation errors and the signal processing characteristics of
the measurement devices [8], which hampers or limits detailed studies on heart-vessel interac-
tion, especially concerning causal relationships.

Computational models of whole-circulation mechanics, such as CircAdapt, allow for well-
controlled simulations, facilitating comprehensive study of single- and multi-factorial relation-
ships between arterial system properties and cardiac structure and function. In the present
study we introduce and demonstrate the CircAdapt-TL model (Fig 1): a whole-circulation
model with an integrated segmental transmission line (TL) module, describing vascular wave
propagation, reflection and transmission.

We verify the numerical implementation of the TL model by a benchmark comparison
of the model to the established pulse wave propagation (PWP) model of Kroon et al. [11].
Additionally, we demonstrate operation and output of the integrated CircAdapt-TL model,
by simulating systemic normotensive- and hypertensive conditions. We evaluate the impli-
cations of modelling vascular wave transmission on aortic haemodynamics by comparing
simulated left ventricular- and aortic pressure tracings of the integrated CircAdapt-TL
model with the tracings obtained with the systemic circulation lumped into the existing
CircAdapt non-linear three-element windkessel (3WK) model (i.e., neglecting wave trans-
mission effects). Further evaluation includes WIA applied to simulated carotid arterial
pressure and flow waveforms in semi-quantitative comparison with WIA applied to patient
measurements.
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Fig 1. The new vascular module interfaces the existing whole heart-heart mechanics and arterio-venous impedance modules.
The CircAdapt-TL model contains the cardiac modules describing whole-heart mechanics, including interventricular interactions,
and the systemic and pulmonary circulations [9]. Cardiac valves are modelled as described in Palau-Caballero et al. [1]. The vascular
module is described in section ‘Vascular module’. The arterio-venous impedance module, modelling the peripheral circulation using
anon-linear three-element windkessel (3WK) was previously developed by Arts et al. [10]. Abbreviations: RA: right atrium, LA: left

atrium, TV: t

ricuspid valve, PV: pulmonary valve, AV: aortic valve, RV: right ventricle, LV: left ventricle, MV: mitral valve, art:

arterial, ven: venous, 3WK: non-linear three-element windkessel model. Symbols: R;,: peripheral resistance, Z,,qve: wave impedance,

C: complianc
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/10.1371/journal.pchi.1007173.g001

Models
Overview of complete model

Our vascular module describing wave transmission in vascular networks will be integrated
into the existing CircAdapt platform (www.circadapt.org). This model platform has a modu-
lar setup, currently consisting of a 0D whole-heart mechanics model, valve haemodynamics
model, and non-linear three-element windkessel models of the pulmonary and peripheral
circulations (Fig 1). In the next section, we introduce the governing equations, modelling
assumptions and implementation of our new vascular module in detail.

New vascular TL-module

To model pressure-flow waves within segments of blood vessels, we assume 1) blood vessels to
be thick-walled, longitudinally constrained non-linear elastic tubes, 2) blood to be incompress-
ible and Newtonian and 3) that gravity forces can be neglected. Furthermore, we assume 4) no
leakage of blood to small side-branches that are not explicitly modelled. Application of the
laws of balance of mass and momentum, and subsequent integration over the tube’s cross-sec-
tional area yield the governing equations [12]:

dp  0q _

CE &_07 (1)
9,90 [, 9% _
L(atJraz/szdA)Jrazf, (2)

where p = p(z, t) is the pressure at the axial vessel coordinate z, and g = q(z, t) the flow rate at
that coordinate. Furthermore, A denotes cross-sectional lumen area, and L and C are the tube
inertance and compliance per unit length, respectively. Term LZ [, v2dA represents the con-
vective acceleration term, with v, the axial blood velocity. Term frepresents friction force per
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unit volume caused by viscous properties of the blood, defined f = 2nr,7,,/Aq [13]. Here, sym-
bol ., denotes wall shear stress, r, reference radius, and A, reference cross-sectional lumen
area, respectively. After neglecting the convective acceleration term and assuming an approxi-
mate velocity profile to estimate 7,, [13], the governing equations can be rewritten to the teleg-
rapher’s equations:

99 _ _Op
_1_ o2 3
0z Cc')t ’ (3)
op 0q
_ — -1 4
az L(O!()) 8t + R(ao)% ( )

with L(ap) and R(a) a characteristic Womersley number-dependent inertance and resistance
term, defined by

L) =g(o) o (5)
8y .
R(ay) = h(x) = , with (6)

oy =t/ pw,/n . (7)

The functions g(a,) and h(a,) were derived by Bessems et al. [13] and are detailed in S1
Text, Section ‘Derivation of the attenuation constant, wave speed and wave impedance’. The
characteristic Womersley number () describes the ratio of instationary inertia forces and vis-
cous forces, governed by vessel radius (ro), characteristic angular frequency (wo = 27/T, with T
the cardiac cycle duration), blood dynamic viscosity (77) and blood density (p), respectively
(Table 1).

To solve the governing equations, we also need a constitutive law to relate (changes in)
transmural pressure (Pyans) to (changes in) current cross-sectional area (A). The rationale of
this method is to calculate R and L based on an approximated velocity profile for which the vis-
cous boundary layer thickness is approximated for the characteristic frequency [13]. We for-
mulated a non-linear power-law to phenomenologically capture the experimentally observed
non-linear pressure-area relation of arteries and veins [16, 20]:

k/3—

AT pA
ptrans(A) = _pext +P0 ((]— + b) () — ;) ,

4,

and (8)
dA

c = ,
dp trans

with py a reference pressure, A, a reference cross-sectional area, and k the vessel stiffness coef-
ficient. Furthermore, b is a small fraction to simulate collapse of the tube with negative trans-
mural pressure (Table 1) and p.y represents a prescribed external pressure (if present). Now
we can solve the resulting governing equations in either the time domain or frequency domain
[21]. We explicitly chose a time-domain approach, since this permits using non-linear bound-
ary conditions as already present in the CircAdapt platform [2]. Our solving method uses a TL
model. A detailed overview of our solving method is provided in S1 Text, Section ‘Solving
strategy’.
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Table 1. Parameters relevant for the transmission line model.

Symbol
Ao 1o
Qo

b

Po.a
Doy

qav

Value or expression Unit Meaning Reference
See Table B, C in S1 Text m?orm Reference lumen area or vessel radius [14, 15]
) = 197/ pwy/n - Characteristic Womersley number [13]
0.02 Collapsible tube fraction Assumed
0.001 s Time step Assumed
0.02 m Element size Assumed
6qsly m Characteristic vessel bed length Assumed
See Table B, C in S1 Text - Vessel stiffness coefficient [16], Assumed
See Table B, C in S1 Text m Vessel length [14, 15]
0.003 Pas Blood dynamic viscosity [17]
105 (REF), 135 (HYP) mmHg Reference pressure for arteries Assumed
1.1 (REF), 1.1 (HYP) mmHg Reference pressure for veins Assumed
See Table B in S1 Text mls™! Mean flow through terminal tube [18, 19], Assumed
85 mls™ Mean systemic flow [2]
1050 kg m™ Blood density [17]
0.85 s Cardiac cycle duration [2]
7.39 rads™ Characteristic angular frequency [13]

REF: Reference simulation. HYP: Hypertension simulation.

https://doi.org/10.1371/journal.pchi.1007173.t001

Arterio-venous impedance module

The terminal end of a tube was coupled to a non-linear three-element windkessel (3WK) ele-
ment [10]. We assumed the windkessel compliance to be pressure-dependent, and scaled by
an estimate of the tissues’ vessel bed length [22]. As a consequence, wave impedance also
becomes pressure-dependent (Fig 1):

Cy =1

AV and Zwave,AV =
dpy

©)

with AV, the subscript for the arterial and venous contributions, i.e. AV = [art, ven]. Such
approach enables simulating large changes in haemodynamic load (e.g. exercise or hyperten-
sion) without requiring to manually adjust the 3WK parameter values. The derivatives in the

aforementioned equations were calculated at the connection point (i.e. a node) of a tube with a
3WK, using the constitutive relation as given in Eq 8. The parameter [,y represents the charac-
teristic length of a peripheral bed. We estimated the vessel bed length using the relation given
by L, = 644, with g4y the mean peripheral flow through any terminal tube. To obtain first-
order approximations of /4y among all peripheral beds, we utilised this relation in conjunction
with flow distribution estimates as reported in Table B in S1 Text. Furthermore, using a physi-
ology textbook [18], we estimated that in rest 21% of the cardiac output is directed to the head,
47% to the abdomen, 18% to the pelvis and lower extremities, and 14% to the upper extremi-
ties, respectively. The peripheral resistance (R,,) was defined via a flow source, controlled by
the instantaneous arterio-venous pressure difference (Fig 1) [10]:

par _pven
R, =t B (10)
qAV
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Cardiac module

The atria and ventricles of the heart were modelled as contractile chambers. The ventricles

are surrounded by three cardiac walls: the left ventricle free wall, interventricular septum and
right ventricle free wall (Fig 1). Ventricles are mechanically coupled, based on force equilib-
rium in the junction of the ventricular walls [9]. The atria are surrounded by the left atrial wall
and right atrial wall (Fig 1). The cardiac chambers are considered as contractile cavities formed
by the one-fibre model, relating myofibre stress to cavity pressure using the assumption that
myofibre stress is homogeneously distributed within the myocardial wall [23]. The phenome-
nological model of myofibre mechanics was previously described [2]. The one-fibre model is
used to calculate myofibre stress from myofibre strain. Total Cauchy myofibre stress experi-
enced by cardiac tissue comprises of a summation of active stress, present in the actin fila-
ments and separate microstructural contributions (i.e. titin and the extracellular matrix,
assumed to act in parallel). Transmural pressure is calculated from wall tension, derived from
total Cauchy stress and wall curvature using Laplace’s law [2]. Cavity pressures are calculated
by adding the transmural pressures to the pericardial pressure surrounding the myocardial
walls. As commonly used in other cardiac models, the pericardium was assumed a compliant
bag, modelled using a non-linear relation relating pericardial pressure and volume [24]. The
pulmonary circulation was modelled as 3WK (see Section ‘Arterio-venous impedance mod-
ule’), connecting the pulmonary artery with the pulmonary veins [25]. Full details of the car-
diac model can be retrieved from Walmsley et al. [2] and Lumens et al. [9].

Valve module

Valve flow (gyarve) Was generated using the unsteady Bernoulli equation, assuming incompres-
sibility and inviscid, irrotational flow:

valve valve

p lvalve 8qvalve 1 1 1
Ploave Wvalve - _ A _ = b2 1
A at p D) P Guave ‘ valve | A2 A; ) ( )

with the term on the left hand side the unsteady inertia, governed by blood density, effective
valve length (L,.1ve) and valve cross-sectional area (Ay,yye) [1]. The first term on the right hand
side denotes the pressure difference (Ap) and the second term is the change in kinetic energy,
with Ay,ive and A, cross-sectional areas of the valve and proximal to the valve, respectively. For
Ayaves @ phenomenological valve opening and closing function depending on the pressure gra-
dient was used [1]. In case Ap > 0, A, instantaneously increases towards an effective valve
area representing a completely opened valve. In case Ap < 0, on the other hand, flow gradually
decreases due to inertia. Furthermore, A,y gradually decreases towards a quasi-closed state,
with small leakage to avoid division by zero [1].

Simulations and analysis

Benchmark comparison. First, we evaluated the TL model’s numerical framework in a
benchmark comparison, comparing arterial pressure and flow waveforms generated by on the
one hand the TL model and those generated by the PWP model, developed by Kroon et al.
[11]. The numerical framework of this PWP model was previously validated in Boileau et al.
[26] against in vitro experiments, whereas Bessems et al. [13] confirmed the validity of the
approximate velocity profile against Womersley theory. In the benchmark comparison, we
considered large central arteries (vessel diameters between 15 and 30 mm) as well as smaller
arteries of the left arm (vessel diameters between 2 and 11 mm, Table B in S1 Text). Further-
more, the same set of equations (i.e. the balance equations and the constitutive law) was solved
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for the PWP- as well as for the TL model. We also kept boundary conditions (i.e. constitutive
law and 3WK parameters) equal between the PWP- and TL model. At the proximal aorta we
prescribed a periodical flow wave (giua0w) With a period of 0.85 s. This flow wave was com-
posed of a half-sinusoidal wave with a duration (£.) of 0.3 s and a peak flow rate (g,) of 350 ml
s”!, whereas flow was zero in the rest of the period,

g,sin (2) if0<¢t<t
Qinﬂow(t) = { . (IC) (12)
0 ift >t .

The PWP model used a simplified trapezoidal scheme for spatial discretisation and a sec-
ond-order backward difference scheme for time discretisation. For each tube in the domain,
agreement between models in terms of pressure and flow, was quantified by calculation of root
mean square errors (¢) and relative errors (8):

_ \/zf_o (Pru(t) = P (1))

p.n Nt )
. \/z,o (412(8) = Grun (1))’
q:n - N )
t (13)
1 q-[pn() —p (t)‘
6, =— 1L PWEL21-100% L and
i Nt =0 pPWP(t) ’
1 Q[9n(t) — 4 (t)‘
5 == TL PWP -100%
* N, ; max, (qpyp(t)) !

with 7 the tube reference number, T the cardiac cycle duration and N; the number of time
points for which a comparison is made. A complete overview of the benchmark comparison
setup is provided in S1 Text, Section ‘Benchmark comparison between TL and PWP model’.

Simulation of arterial and venous haemodynamics using the CircAdapt-TL model.
We first show the applicability of the CircAdapt-TL model in terms of simulation of pressure
and flow waveforms throughout arteries and veins as well as changes in wave dynamics when
simulating systemic hypertension. Furthermore, we compare LV and aortic pressure tracings
of the CircAdapt-TL model with those obtained when lumping the systemic arterial and
venous blood vessels into a single 3WK. For the first purpose, we implemented an arterial tree
(Fig 2 and Table B in S1 Text), for which the morphological and mechanical properties were
based on the work of Reymond et al. [15], and a venous tree (Fig 3 and Table C in SI Text),
based on the work of Miiller and Toro [14]. Since in the present study we were not interested
in simulating pressure and flow in cerebral and coronary vessels, we excluded these vessels
from our model domain. Vessel stiffness coefficients (k) for the aortic segments as well as
arteries of the left and right arm were as used in the benchmark comparison. Furthermore, for
the arteries of the leg (i.e. the iliac, femoral and tibial arteries), we chose k equal to 30, based
on data of Hayashi et al. [16]. Given the lack of human data on veins, a fixed k-value of 10 was
chosen for all veins in the model domain.

We performed the following sets of simulations.

1. Using the CircAdapt-TL model, we performed:

o A reference simulation (REF-TL) in which we model the case of normal arterial stiffness.
For this simulation, we kept reference pressure (p,) at 105 mmHg and vessel stiffness
coefficient (k) as given in Tables A and B in S1 Text. According to clinical standards, we
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Fig 2. Overview of the complete arterial model domain. Geometrical and mechanical properties of modelled arteries are given in
Table B in S1 Text. Panels display pressure and flow waveforms for three regions (i.e. central, arm and leg, indicated using symbol
and colour coding). Grey curves display left ventricular (LV) pressures and volumes, left atrial (LA) pressures and volumes as well as
aortic valve flow. Line type indicates the distance from the heart within a region; proximal: solid line, intermediate: dash-dotted line,
distal: dotted line, respectively. Arrows indicate the direction of mean blood flow. Aortic valve closure is indicated by the vertical

blue dashed lines.

https://doi.org/10.1371/journal.pcbi.1007173.9002
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Fig 3. Overview of the complete venous model domain. Geometrical and mechanical properties of modelled veins are given in
Table C in S1 Text. Panels display pressure and flow waveforms for three regions; central, arm and leg, indicated using symbol and
colour coding. Line type indicates the distance from the heart within a region; proximal: solid line, intermediate: dash-dotted line,
distal: dotted line, respectively. Grey curves display right ventricular (RV) pressures and volumes, right atrial (RA) pressures and
volumes. Arrows indicate the direction of mean blood flow. Aortic valve closure is indicated by the vertical blue dashed lines.

https://doi.org/10.1371/journal.pcbi.1007173.9003
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characterised arterial stiffness by calculating the carotid-femoral pulse wave velocity
(PWV). We obtained PWV by dividing the fixed path length between the terminal nodes
of the tubes that modelled the carotid artery and femoral artery by the pulse transit time
between these nodes. The pulse transit time was obtained as the foot-to-foot time differ-
ence between the respective pressure waveforms. Foot detection was performed using the
maximum of the 2"%-order derivative of the pressure waveform.

A systemic hypertension simulation (HYP-TL), in which we model a hypertensive situa-
tion. For this simulation, we increased po. Such increase in p, can physiologically be inter-
preted as an increase in peripheral resistance. Furthermore, vascular stiffness parameter k
of all systemic arterial segments was increased by a factor Ak. The latter increases the non-
linearity of the pressure-area relation (Eq 8), and models an increase in material stiffness
of the vessel wall. For the HYP simulation, we imposed [po, Ak] = [135 mmHg, + 6]. This
resulted in a blood pressure exceeding 140/90 mmHg, a situation defined as hypertension
according to the European Society of Hypertension/European Society of Cardiology guide-
lines [27].

2. Using the CircAdapt-3WK model, we performed

« A reference and hypertension simulation. Now, the systemic circulation was lumped into a
3WK (REF-3WK and HYP-3WK, see S1 Text, Section ‘Simulations performed using the
CircAdapt-3WK model’).

For the REF-TL and HYP-TL simulations, we compared pressure and flow waveforms
for cardiac chambers, central arteries and veins, as well as trans-valvular flows. Furthermore,
haemodynamic indices (i.e. diastolic, systolic blood pressures, pulse wave velocity) were com-
pared between the REF-TL and HYP-TL simulation. Systolic and diastolic aortic blood pres-
sures were calculated from the tube that mimics the ascending aorta (i.e. tube #1, Fig 2). The
following analyses were conducted to assess the implications of using the TL model on aortic
haemodynamics. First, we compared the morphology of pressure tracings of the LV and aorta
obtained using the CircAdapt-TL model with those from the CircAdapt-3WK model. Second,
wave intensity analysis was performed in the common carotid artery. Wave intensity analysis
provides an approach to determine the characteristics of the primary wave originating from
wave reflection, (i.e. termed the backward compression wave (BCW)) [7]. Wave intensity may
be defined as the rate of energy transfer per unit area, often given in units of [W m~2s72] [28].
Wave intensity is positive (dI') for a forward running wave, and negative (dI") for a backward
running wave. Furthermore, net wave intensity (dI) is defined as the sum of backward and for-
ward wave intensity, respectively. Using the derived wave intensity tracings, we qualitatively
assessed changes in arrival time and intensity of the BCW between the normotensive- and
hypertensive situations. Finally, we compared between simulated wave intensity tracings and
those obtained in patients. Details regarding derivation of dI", dI", and dI are provided in S1
Text, Section ‘Calculation of wave intensity’.

Numerical implementation. All simulations were performed in MATLAB 2015a (The
MathWorks, Natick, MA, USA) on a standard personal computer running an Intel® Core
i7™processor and 8.00 GB RAM. Blood viscosity was kept at 3 - 107 Pa s, blood density was
kept at 1050 kg m ™, and collapsible tube fraction b was kept at 0.02 (Table 1). We chose a time
step (Af) of 1 ms. Furthermore, for the simulations performed using the CircAdapt-TL model,
we chose an element size (i.e. Az, indicating the distance between nodes) of 0.02 m. This value
was chosen as a trade-off between on the one hand being able to capture geometric tapering of
blood vessels, and on the other hand to restrain simulation time. For both the benchmark eval-
uation and the simulations that were performed using the CircAdapt-TL and CircAdapt-3WK
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Fig 4. Results of the benchmark comparison. Pressure (p) and flow (q) waveforms generated by the transmission line (TL) model
and 1D pulse wave propagation model (PWP) model are shown for various locations along the arterial domain. Agreement between
p and q waveforms is expressed by root mean square errors ¢, and ¢, as well as relative errors &, and &,,.

https://doi.org/10.1371/journal.pcbi.1007173.9004

models, we ensured that numerical convergence was achieved (i.e. negligible change in pres-
sure and flow waveforms when further decreasing At and Az).

Results

Benchmark comparison

Agreement between pressure and flow waves of the TL model and PWP model for five tubes
in the model domain is graphically depicted in Fig 4. Root mean square errors (Eq 13) for pres-
sures and flows for all tubes are given in Table 2.

Table 2. Benchmark comparison between pressure and flow waveforms of the new transmission line (TL) model and established pulse wave propagation (PWP)

model.

tube # 1+2 4 15 19+27 3 16 20 21 22 23 24 26 25

€ [mmHg] 1.62 1.65 1.68 1.62 2.36 1.68 1.68 2.14 2.96 3.96 3.68 4.03 4.05

€q [ml s_l] 2.53 21.20 441 5.71 3.02 0.87 1.63 0.32 0.92 0.22 0.48 0.30 0.27

61’ [%] 0.8 0.8 0.8 0.9 1.2 0.8 0.8 1.5 1.5 2.7 2.2 2.8 2.9

6q [%] 0.6 5.6 1.1 1.9 4.5 2.2 3.3 2.8 3.5 3.2 3.1 3.7 5.3
Root mean square errors for pressure (¢,) and for flow (e,), as well as their relative errors (5, and J,) describe agreement between both models. Agreement was
calculated for the element located at the center of the tube.

https://doi.org/10.1371/journal.pcbi.1007173.t1002
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Table 3. Haemodynamic indices in the reference (REF) and hypertensive (HYP) simulations.

Index REF HYP Unit Meaning
DPsys 128 193 mmHg Systolic pressure in the aorta
Ddia 75 92 mmHg Diastolic pressure in the aorta
Ppulse 53 101 mmHg Pulse pressure in the aorta
PWV 5.5 8.0 ms Carotid-femoral pulse wave velocity

https://doi.org/10.1371/journal.pcbi.1007173.t003

Between models, we found good agreement in terms of pressure and flow waveforms for
proximal arteries (e.g. aorta, carotid, subclavian and vertebral arteries), expressed by relative
errors 6, < 1.5% and 6, < 5.6% At the distally located interosseous artery, the difference
between both models slightly increased, expressed by 6, 5 equal to 2.9% and &5 equal to
5.3%. Nevertheless, the shape of the pressure and flow waveforms as well as absolute systolic
and diastolic pressure and flow values were highly similar (Fig 4).

Simulation of normotension and hypertension

In Figs 2 and 3, pressure and flow waveforms in normotension are displayed for arteries and
veins at three regions (i.e. the central-, arm- and leg region). Arterial pressure waveforms at
distal locations are characterised by an increase in pressure amplitude, as well as a reduction
in peak width. The arterial pressure waveforms at distal locations show a more prominent
dicrotic notch compared to the pressure waves at proximal locations. For veins, a biphasic
pressure waveform can be distinguished, with venous flow and pressure in anti-phase (Fig 3).

In the REF-TL simulation, pulse wave velocity (PWV) was 5.5 m s, representing a PWV
value commonly found in subjects aged < 30 years [29]. For the HYP simulation, pulse wave
velocity (PWV) was 8.0 m s, representing a PWV value clinically associated with early aortic
stiffening, and commonly found in subjects aged > 50 years [29].

The blood pressure values in the REF-TL simulation were within the normal range
(Table 3). As shown in Fig 5, simulating systemic hypertension (HYP) caused arterial pressure
to increase. This resulted in an increase in left ventricular pressure and left atrial pressure,
whereas pulmonary artery pressure and pulmonary venous pressure slightly increased (Fig 5).
The HYP-TL simulation showed an increase in systolic blood pressure (psy) from 128 to 193
mmHg and an increased diastolic blood pressure (pg;,) from 75 to 92 mmHg (Table 3).

Fig 6 shows LV and ascending aortic pressure tracings obtained using the CircAdapt-3WK
model and the CircAdapt-TL model, respectively. The aortic pressure tracings of the REF-TL
and HYP-TL simulation showed pressure augmentation (i.e. a systolic pressure boost) as well
as an dicrotic notch, whereas for CircAdapt-3WK model simulations, these waveform charac-
teristics were absent. In the REF-TL simulation, systolic pressure augmentation occurred after
time of peak systolic pressure, whereas in the HYP-TL simulation this occurred prior to the
time of peak systolic pressure.

Wave intensity tracings (dI", dI", and dI, respectively) of the REF-TL and HYP-TL simula-
tion were calculated for the left common carotid artery (Fig 7A). The carotid arterial wave
intensity tracings of the REF-TL simulation indicate a forward compression wave (FCW) fol-
lowed by a backward compression wave (BCW). At end-systole, there is a forward expansion
wave (FEW) associated with the deceleration of the rate of myocardial contraction [30]. In the
REF-TL simulation, the onset of the BCW occurred 38 ms after onset of left ventricular ejec-
tion, whereas for the HYP-TL simulation the delay was 28 ms (Fig 7A). Peak wave intensity of
the BCW was approximately equal for the HYP-TL simulation (4.19 - 10° W m ™ s™*) as com-
pared to the REF-TL simulation (4.23 - 10° W m > s™%) (Fig 7A). Overall, the pattern of the
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Fig 5. CircAdapt-TL model simulated time courses of pressure and flow for the reference (REF-TL) simulation
(left), and the hypertension (HYP-TL) simulation (right). Curves display time courses of pressure (solid lines) and
flow (dotted lines) of the left ventricle and large arteries; the right ventricle and pulmonary artery; the left atrium and
pulmonary vein; and the right atrium and vena cava, respectively. Valve states (i.e. open or closed) are indicated. These
have been determined exactly from the valve model orifice area data, not from the pressure or flow signals. AVC: aortic
valve closed, AVO: aortic valve open, MVC: mitral valve closed, MVO: mitral valve open, PVC: pulmonary valve
closed, PVO: pulmonary valve open, TVC: tricuspid valve closed, TVO: tricuspid valve open.

https://doi.org/10.1371/journal.pcbi.1007173.g005
simulated wave intensity tracings was similar to measured carotid arterial wave intensity trac-

ings as reported by Hughes et al. [31] (Fig 7B).

Discussion

We integrated a transmission line (TL) model into the existing CircAdapt platform of whole-
heart mechanics. The resulting benchmarked CircAdapt-TL model now also describes

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1007173  July 15,2019 13/21


https://doi.org/10.1371/journal.pcbi.1007173.g005
https://doi.org/10.1371/journal.pcbi.1007173

O PLOS

COMPUTATIONAL

BIOLOGY Computational whole-circulation platform
REF — 3WK REF — TL HYP — 3WK HYP — TL
200 125 125]
185 185
2 w0, "™ oo, VN
g 150 025 05 0.25 05 160 160
B — left ventricle 0.25 0.5 0.25 0.5
2 — ascending
$ 100 il
Q
50
0.5 1 0 0.5 1 0 0.5 1 0 0.5 1
time [s] time [s] time [s] time [s]

Fig 6. Left ventricular- and aortic blood pressure tracings simulated using, on the one hand, the CircAdapt model with the
systemic circulation lumped into a non-linear three-element windkessel model (3WK) and, on the other hand, CircAdapt with
the systemic circulation represented by transmission lines (TL). Pressure tracings are given for the normotensive (REF-3WK and
REF-TL, respectively) and hypertensive situation (HYP-3WK and HYP-TL, respectively).

https://doi.org/10.1371/journal.pcbi.1007173.9006

vascular wave transmission. The presented model and simulation/validation results bring the
following innovative steps forward. First, our model platform allows for computationally effi-
cient simulation of cardiac mechanics and vascular haemodynamics. CircAdapt-TL, as imple-
mented in MATLAB, simulates a single cardiac cycle in 6 s, whereas the CircAdapt-3WK
model requires 4 s but does not model wave transmission. We consider our TL implementa-
tion of a distributed model well-justified based on the acceptable increase in computational
time. Second, the modular structure of CircAdapt-TL renders it easy to change the model
domain (e.g. through user-defined assembly of network connections of the various modules).
This versatility comes at hand when handling the model in a non-engineering environment,
for example in a classroom of cardiologists in training. Third, the coupling of the extension of
CircAdapt heart [9] with our framework to capture large vessels, in conjunction with modest
increase in computational demand, facilitates extensive uncertainty quantification and sensi-
tivity analysis of detailed haemodynamics mechanisms.

The field of distributed modelling of vascular wave transmission considers continuous
pulse wave propagation (PWP) models that compute pressure and flow using numerical tech-
niques such as finite differences or the method of characteristics [32], and models that use
transmission line (TL) theory based on the telegraph equations [17, 33, 34]. We chose the TL
model for its reduced computational cost as compared to models using the method of charac-
teristics, its capability of operating in the time-domain, and its compatibility with the existing
CircAdapt model [2, 33].

The validity of our TL model’s numerical implementation was assessed by comparing
pressure and flow waveforms generated with the TL model with those generated by the
validated model of Kroon et al. [11]. For adequate comparison, an exact same model domain
ranging from the large central arteries towards the smaller arteries of the left arm was chosen.
Moreover, for both models boundary conditions defining proximal inflow, vessel wall
mechanics, and outflow conditions were kept identical. Remaining differences in pressure
and flow waveforms between both models may be attributed to the fact that in deriving the
propagation constant, our TL model neglects the higher order terms to render the attenua-
tion constant frequency-independent (see S1 Text, Section ‘Derivation of the attenuation
constant, wave speed and wave impedance’). This assumption is justified for high frequen-
cies, but may become questionable for low frequencies. For the PWP model of Kroon et al.
[11], such assumption was not made, since the attenuation in that model is incorporated by
wall shear stress [11].
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Fig 7. Wave intensity analysis. A: Carotid arterial pressure- and flow velocity waveforms of the reference (REF-TL)
and hypertensive (HYP-TL) simulations, and corresponding wave intensity traces. B: Normalised carotid arterial wave
intensity traces of two patients (adapted from [31], with reference to type C- and A-waveforms). Abbreviations: dI*,

dI' and dI denote forward-, backward-, and net wave intensity, respectively. FCW, BCW, FEW: forward compression

https://doi.org/10.1371/journal.pcbi.1007173.g007

wave, backward compression wave, and forward expansion wave, respectively.
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For the CircAdapt-TL model, pressure and flow waveforms of the arteries showed physi-
ologically realistic behaviour in both time and position along the modelled domain. The
morphology of arterial pressure waveforms of the aorta towards the radial and ulnar arteries
resemble pressure waveforms measured during pressure catheter withdrawal from the aorta
to the radial artery in man [35]. Venous pressure and flow waveform morphologies were
similar to the ones obtained in the computational model study of Miiller and Toro [14].

We found a similar venous pressure pulsatility (i.e. the maximum-minimum difference

in venous pressure) as these investigations reported (i.e. between 1.2 and 2.3 mmHg in the
central veins and between 0.9 and 3.9 mmHg in veins of the arm, respectively). In the refer-
ence (REF-TL) simulation, systolic and diastolic pressure in the aorta as well as pulse wave
velocity were within normal ranges. In the hypertension (HYP-TL) simulation, blood pres-
sure clearly increased indicated by the aortic systolic and diastolic pressures of 193 and 92
mmHg. The pulse pressure increase in the systemic hypertension simulation to 101 mmHg
is considered high given the moderate increase to a pulse wave velocity of 8.0 m s™* [29].

In our model, such large increase in pulse pressure could be caused by the fact that we did
not incorporate the dilatation of arteries caused by vascular remodelling in hypertension
[29, 36].

For the hypertension simulation, wave intensity analysis revealed earlier arrival of a back-
ward compression wave (Fig 7A), consistent with human measurements [37]. The simulated
ascending aortic blood pressure waveform changed from a type C waveform in the REF-TL
simulation, most often seen in young adults under 30 years of age, to a type A waveform in the
HYP-TL simulation, most often seen in subjects aged 40 to 65 years [38]. Although the classifi-
cation of pressure waveforms according to systolic pressure augmentation may appear subtle,
the clinical-epidemiological field assesses indices derived from systolic pressure augmentation
for cardiovascular risk stratification [39, 40]. Simulated carotid arterial wave intensity tracings
appeared similar to illustrative examples of measured tracings (Fig 7B). In the HYP-TL simu-
lation, a so-called mid-systolic forward expansion wave was present, similar to patient case 1
(around ¢t = 0.2 s) as described in [31]. Though this illustrates the level of detail possible in
model-based haemodynamic studies, the mechanistic interpretation of e.g. a mid-systolic for-
ward expansion wave is beyond the scope of this method paper.

With lumping the systemic vessels into a 3WK, the aortic pressure tracings lost the typical
dynamics around the dicrotic notch, which were present in the REF-TL and HYP-TL simula-
tions. Moreover, the (early) systolic pressure augmentation in the LV and aortic pressure trac-
ings was absent for the pressure tracings of the REF-3WK and HYP-3WK simulation (Fig 6).
Given the interest in parameters such as systolic pressure augmentation, we believe that using
distributed models like ours, for studies on heart-vessel interaction, may be preferable over
using 3WK models. However, future experimental studies and clinical comparisons are needed
to appraise the added value of distributed models over 3WK models in testing heart-vessel
interaction hypotheses.

Limitations

A simplification in the TL model is that convective acceleration is neglected. However, the
influence of convective acceleration on arterial pressures and flows is believed to be small [41].
Moreover, it was found that inclusion of convective acceleration in an arterial model domain,
similar to the one used in the present study, changed pressure and flow waveforms in the vari-
ous arteries only slightly (i.e. a root mean square error of 1.3 mmHg for thoracic aortic pres-
sure waveform and 11.3 ml s™* for thoracic aortic flow waveform, respectively [15]). We
expect, however, that the effect of convective acceleration will be more important when
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simulating exercise conditions. Therefore, in such studies the modelling error related to con-
vective acceleration needs to be properly considered.

By excluding cerebral and coronary vessels from our model domain, we neglect the pre-
sumed influence that wave reflections and re-reflections from head and neck vessels or vessels
in the myocardium may have on observed ascending aortic and carotid waveforms [15, 42].

Our model neither contains a skeletal-muscle pump model nor does it incorporate venous
valves. Hence, the present vascular model will not account for these functional aspects with
postural changes. For studies with emphasis on venous haemodynamics, the CircAdapt plat-
form allows for a straightforward implementation of venous valves, using for instance the
existing valve module as a starting point.

Like all distributed models of 1D wave transmission, our model cannot capture the complex
pressure losses or local wall shear stresses when applied to disease conditions (e.g. stenosis or
aneurysm). This requires either use of calibrated loss models or coupling of detailed 3D models
of stenoses and aneurysms to 1D models, respectively [43, 44].

Reymond et al. [45] reported for the case of an apparently healthy aorta, that pressure and
flow waveforms from a 3D CFD model and from a 1D PWP model are highly similar. The lat-
ter finding supports our notion that, in general, distributed models of wave transmission are
well suited to examine and quantify heart-vessel interaction at the level of pressure and flow
waveform characteristics.

Perspectives

The utility of the CircAdapt-TL model should be further tested by direct comparisons against
detailed haemodynamic data from humans. We consider the concurrent use of in vivo as well
as simulated data as most valuable, because both arms bring complementary assets. The model
allows error free assessment of phase relationships between signals and in vivo data enables
characterisation of biological and pathological variability.

In the future, we aim to further extend the CircAdapt-TL model with the cardiac adapta-
tion module of Arts et al. [46]. This module contains a homeostatic control loop that senses
offsets in mechanical load (e.g. as present in chronic hypertension), and in response, imposes
geometrical (i.e. cavity volume and wall volume) adaptation of the heart. We believe that
modelling cardiac adaptation is vital in assessing candidate haemodynamic indices.

Key clinical studies in this field include that of Hashimoto et al. [6]. They found a positive
association between left ventricular mass, and wave reflection magnitude derived from pres-
sure and flow velocity measurements, following antihypertensive treatment in left ventricular
hypertrophy patients. However, a limitation of such clinical studies is that for non-invasive
acquisition, pressure signals are obtained at distal measurement sites (e.g. at the radial artery)
and therefore require a transfer function to obtain an estimate of the aortic pressure signal.
Moreover, for clinically-gathered data, correct synchronisation of pressure and flow velocity
signals is crucial, because only a small (e.g. 5 ms) misalignment can cause substantial changes
in derived wave (intensity) quantities [7].

Conclusions

We validated and incorporated a one-dimensional vascular module into the CircAdapt plat-
form. The resulting CircAdapt-TL model enables fast simulation of whole-heart mechanics,
pressure and flow waveforms at various locations along the arterial and venous systems, and
allows detailed haemodynamics studies. The CircAdapt-TL model provides a valuable tool for
testing hypotheses concerning heart-vessel interaction and evaluating existing haemodynamics
indices.
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Supporting information

S1 Text. CircAdapt-TL model paper supplement. This document contains a detailed over-
view of the transmission line (TL) model’s solving strategy, geometrical- and mechanical prop-
erties of arterial- and venous segments belonging to the modelled vascular trees, as well as flow
fraction values for terminating arterial branches. Furthermore, details of the benchmark com-
parison and the pulse wave propagation (PWP) model used herein are provided.

(PDF)

S1 Dataset. Comma-separated values file containing pressure data as simulated in the
benchmark comparison. This file provides pressure data at thirteen locations, generated
using on the one hand the TL model and on the other hand the PWP model. Each column
contains a pressure waveform for a specific location and model. Column headers are coded as
‘Seg#_Model_Flow’. For example, ‘Seglp2_TL_Flow’ denotes the pressure over time for the ‘1
+2’ tube as generated by the TL model.

(CSV)

$2 Dataset. Comma-separated values file containing flow data as simulated in the bench-
mark comparison. This file provides flow data at thirteen locations, generated using on the
one hand the TL model and on the other hand the PWP model. Each column contains a flow
waveform for a specific location and model. Column headers are coded as ‘Seg# Model_Flow’.
For example, ‘Seglp2_PWP_Flow’ denotes the pressure over time for the ‘1+2’ tube as gener-
ated by the PWP model.

(CSV)

Author Contributions

Conceptualization: Maarten H. G. Heusinkveld, Wouter Huberts, Theo Arts, Tammo Del-
haas, Koen D. Reesink.

Data curation: Maarten H. G. Heusinkveld, Wouter Huberts, Theo Arts, Tammo Delhaas,
Koen D. Reesink.

Formal analysis: Maarten H. G. Heusinkveld, Koen D. Reesink.
Funding acquisition: Tammo Delhaas, Koen D. Reesink.

Investigation: Maarten H. G. Heusinkveld, Wouter Huberts, Theo Arts, Tammo Delhaas,
Koen D. Reesink.

Methodology: Maarten H. G. Heusinkveld, Wouter Huberts, Joost Lumens, Theo Arts,
Tammo Delhaas, Koen D. Reesink.

Project administration: Maarten H. G. Heusinkveld.

Software: Maarten H. G. Heusinkveld, Wouter Huberts, Joost Lumens, Theo Arts.
Supervision: Wouter Huberts, Tammo Delhaas, Koen D. Reesink.

Validation: Maarten H. G. Heusinkveld.

Visualization: Maarten H. G. Heusinkveld.

Writing - original draft: Maarten H. G. Heusinkveld, Tammo Delhaas, Koen D. Reesink.

Writing - review & editing: Maarten H. G. Heusinkveld, Wouter Huberts, Joost Lumens,
Theo Arts, Tammo Delhaas, Koen D. Reesink.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1007173  July 15,2019 18/21


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1007173.s001
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1007173.s002
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1007173.s003
https://doi.org/10.1371/journal.pcbi.1007173

GPLOS |saisermom

Computational whole-circulation platform

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.
19.

Palau-Caballero G, Walmsley J, Gorcsan J, Lumens J, Delhaas T. Abnormal Ventricular and Aortic
Wall Properties Can Cause Inconsistencies in Grading Aortic Regurgitation Severity: A Computer Simu-
lation Study. Journal of the American Society of Echocardiography. 2016; 29(11):1122—1130. https://
doi.org/10.1016/j.echo.2016.07.015 PMID: 27638236

Walmsley J, Arts T, Derval N, Bordachar P, Cochet H, Ploux S, et al. Fast simulation of mechanical het-
erogeneity in the electrically asynchronous heart using the multipatch module. PLoS Computational
Biology. 2015; 11(7):€1004284. https://doi.org/10.1371/journal.pcbi.1004284 PMID: 26204520

Kuijpers NHL, Hermeling E, Lumens J, ten Eikelder HMM, Delhaas T, Prinzen FW. Mechano-electrical
coupling as framework for understanding functional remodeling during LBBB and CRT. American Jour-
nal of Physiology-Heart and Circulatory Physiology. 2014; 306(12):H1644—H1659. https://doi.org/10.
1152/ajpheart.00689.2013 PMID: 24748591

Lumens J, Ploux S, Strik M, Gorcsan J, Cochet H, Derval N, et al. Comparative electromechanical and
hemodynamic effects of left ventricular and biventricular pacing in dyssynchronous heart failure: electri-
cal resynchronization versus left—right ventricular interaction. Journal of the American College of Cardi-
ology. 2013; 62(25):2395-2403. https://doi.org/10.1016/j.jacc.2013.08.715 PMID: 24013057

Mitchell JR, Wang JJ. Expanding application of the Wiggers diagram to teach cardiovascular physiol-
ogy. Advances in Physiology Education. 2014; 38(2):170-175. https://doi.org/10.1152/advan.00128.
2013 PMID: 24913453

Hashimoto J, Westerhof BE, Westerhof N, Imai Y, O’Rourke MF. Different role of wave reflection
magnitude and timing on left ventricular mass reduction during antihypertensive treatment. Journal
of Hypertension. 2008; 26(5):1017—-24. https://doi.org/10.1097/HJH.0b013e3282f62a9b PMID:
18398345

Parker KH. An introduction to wave intensity analysis. Medical and Biological Engineering and Comput-
ing. 2009; 47(2):175-88. https://doi.org/10.1007/s11517-009-0439-y PMID: 19205773

Quail MA, Short R, Pandya B, Steeden JA, Khushnood A, Taylor AM, et al. Abnormal wave reflections
and left ventricular hypertrophy late after coarctation of the aorta repair. Hypertension. 2017; p. HYPER-
TENSIONAHA-116. https://doi.org/10.1161/HYPERTENSIONAHA.116.08763 PMID: 28115510

Lumens J, Delhaas T, Kirn B, Arts T. Three-wall segment (TriSeg) model describing mechanics and
hemodynamics of ventricular interaction. Annals of Biomedical Engineering. 2009; 37(11):2234—2255.
https://doi.org/10.1007/s10439-009-9774-2 PMID: 19718527

Arts T, Reesink K, Kroon W, Delhaas T. Simulation of adaptation of blood vessel geometry to flow and
pressure: Implications for arterio-venous impedance. Mechanics Research Communications. 2012;
42:15-21. https://doi.org/10.1016/j.mechrescom.2011.10.005

Kroon W, Huberts W, Bosboom M, van de Vosse F. A numerical method of reduced complexity for sim-
ulating vascular hemodynamics using coupled 0D lumped and 1D wave propagation models. Computa-
tional and Mathematical Methods in Medicine. 2012;. https://doi.org/10.1155/2012/156094 PMID:
22654957

Hughes TJR, Lubliner J. On the one-dimensional theory of blood flow in the larger vessels. Mathemati-
cal Biosciences. 1973; 18(1-2):161-170. https://doi.org/10.1016/0025-5564(73)90027-8

Bessems D, Rutten M, van de Vosse FN. A wave propagation model of blood flow in large vessels
using an approximate velocity profile function. Journal of Fluid Mechanics. 2007; 580:145-168. https://
doi.org/10.1017/S0022112007005344

Miller LO, Toro EF. A global multiscale mathematical model for the human circulation with emphasis on
the venous system. International Journal for Numerical Methods in Biomedical Engineering. 2014; 30
(7):681-725. https://doi.org/10.1002/cnm.2622 PMID: 24431098

Reymond P, Merenda F, Perren F, Rifenacht D, Stergiopulos N. Validation of a one-dimensional model
of the systemic arterial tree. American Journal of Physiology-Heart and Circulatory Physiology. 2009;
297(1):H208-H222. https://doi.org/10.1152/ajpheart.00037.2009 PMID: 19429832

Hayashi K, Handa H, Nagasawa S, Okumura A, Moritake K. Stiffness and elastic behavior of human
intracranial and extracranial arteries. Journal of Biomechanics. 1980; 13(2):175181-179184. https:/
doi.org/10.1016/0021-9290(80)90191-8

Westerhof N, Bosman F, De Vries CJ, Noordergraaf A. Analog studies of the human systemic arterial
tree. Journal of Biomechanics. 1969; 2(2):121-143. https://doi.org/10.1016/0021-9290(69)90024-4
PMID: 16335097

Hall JE. Guyton and Hall textbook of medical physiology e-Book. Elsevier Health Sciences; 2015.

Huberts W, Bode AS, Kroon W, Planken RN, Tordoir JHM, Van de Vosse FN, et al. A pulse wave propa-
gation model to support decision-making in vascular access planning in the clinic. Medical Engineering
& Physics. 2012; 34(2):233-248. https://doi.org/10.1016/j.medengphy.2011.07.015

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1007173  July 15,2019 19/21


https://doi.org/10.1016/j.echo.2016.07.015
https://doi.org/10.1016/j.echo.2016.07.015
http://www.ncbi.nlm.nih.gov/pubmed/27638236
https://doi.org/10.1371/journal.pcbi.1004284
http://www.ncbi.nlm.nih.gov/pubmed/26204520
https://doi.org/10.1152/ajpheart.00689.2013
https://doi.org/10.1152/ajpheart.00689.2013
http://www.ncbi.nlm.nih.gov/pubmed/24748591
https://doi.org/10.1016/j.jacc.2013.08.715
http://www.ncbi.nlm.nih.gov/pubmed/24013057
https://doi.org/10.1152/advan.00123.2013
https://doi.org/10.1152/advan.00123.2013
http://www.ncbi.nlm.nih.gov/pubmed/24913453
https://doi.org/10.1097/HJH.0b013e3282f62a9b
http://www.ncbi.nlm.nih.gov/pubmed/18398345
https://doi.org/10.1007/s11517-009-0439-y
http://www.ncbi.nlm.nih.gov/pubmed/19205773
https://doi.org/10.1161/HYPERTENSIONAHA.116.08763
http://www.ncbi.nlm.nih.gov/pubmed/28115510
https://doi.org/10.1007/s10439-009-9774-2
http://www.ncbi.nlm.nih.gov/pubmed/19718527
https://doi.org/10.1016/j.mechrescom.2011.10.005
https://doi.org/10.1155/2012/156094
http://www.ncbi.nlm.nih.gov/pubmed/22654957
https://doi.org/10.1016/0025-5564(73)90027-8
https://doi.org/10.1017/S0022112007005344
https://doi.org/10.1017/S0022112007005344
https://doi.org/10.1002/cnm.2622
http://www.ncbi.nlm.nih.gov/pubmed/24431098
https://doi.org/10.1152/ajpheart.00037.2009
http://www.ncbi.nlm.nih.gov/pubmed/19429832
https://doi.org/10.1016/0021-9290(80)90191-8
https://doi.org/10.1016/0021-9290(80)90191-8
https://doi.org/10.1016/0021-9290(69)90024-4
http://www.ncbi.nlm.nih.gov/pubmed/16335097
https://doi.org/10.1016/j.medengphy.2011.07.015
https://doi.org/10.1371/journal.pcbi.1007173

GPLOS |saisermom

Computational whole-circulation platform

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Bassez S, Flaud P, Chauveau M. Modeling of the deformation of flexible tubes using a single law: appli-
cation to veins of the lower limb in man. Journal of Biomechanical Engineering. 2001; 123(1):58—-65.
https://doi.org/10.1115/1.1336143 PMID: 11277303

Burton JD, Edge KA, Burrows CR. Modeling requirements for the parallel simulation of hydraulic sys-
tems. Journal of Dynamic Systems, Measurement, and Control. 1994; 116(1):137—145. https://doi.org/
10.1115/1.2900668

Wesseling KH, Jansen JR, Settels JJ, Schreuder JJ. Computation of aortic flow from pressure in
humans using a nonlinear, three-element model. Journal of Applied Physiology. 1993; 74(5):2566—
2573. https://doi.org/10.1152/jappl.1993.74.5.2566 PMID: 8335593

Arts T, Bovendeerd PHM, Prinzen FW, Reneman RS. Relation between left ventricular cavity pressure
and volume and systolic fiber stress and strain in the wall. Biophysical Journal. 1991; 59(1):93—-102.
https://doi.org/10.1016/S0006-3495(91)82201-9 PMID: 2015392

Kerckhoffs RCP, Neal ML, Gu Q, Bassingthwaighte JB, Omens JH, McCulloch AD. Coupling of a 3D
finite element model of cardiac ventricular mechanics to lumped systems models of the systemic and
pulmonic circulation. Annals of Biomedical Engineering. 2007; 35(1):1-18. https://doi.org/10.1007/
5$10439-006-9212-7 PMID: 17111210

Palau-Caballero G. In silico mechanistic assessment of imaging-based measures of cardiac (patho)
physiology. Maastricht University. Netherlands; 2017.

Boileau E, Nithiarasu P, Blanco PJ, Miiller LO, Fossan FE, Hellevik LR, et al. A benchmark study of
numerical schemes for one-dimensional arterial blood flow modelling. International Journal for Numerical
Methods in Biomedical Engineering. 2015; 31(10). https://doi.org/10.1002/cnm.2732 PMID: 26100764

Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M, Burnier M, et al. 2018 ESC/ESH Guidelines
for the management of arterial hypertension. European Heart Journal. 2018; 39(33):3021-3104. https://
doi.org/10.1093/eurheartj/ehy339 PMID: 30165516

Westerhof N, Stergiopulos N, Noble MI, Westerhof BE. Wave Intensity Analysis. In: Snapshots of
Hemodynamics. Springer; 2019. p. 185-193.

Mattace-Raso FUS, Hofman A, Verwoert GC, Witteman J, Wilkinson I, Cockcroft J, et al. Determinants
of pulse wave velocity in healthy people and in the presence of cardiovascular risk factors: establishing
normal and reference values. European Heart Journal. 2010; 31(19):2338-2350. https://doi.org/10.
1093/eurheartj/ehq165

Parker KH, Jones CJ. Forward and backward running waves in the arteries: analysis using the method
of characteristics. Journal of Biomechanical Engineering. 1990; 112(3):322-6. https://doi.org/10.1115/
1.2891191 PMID: 2214715

Hughes AD, Park C, Davies J, Francis D, Thom SAM, Mayet J, et al. Limitations of augmentation index
in the assessment of wave reflection in normotensive healthy individuals. PLoS ONE. 2013; 8(3):
e59371. https://doi.org/10.1371/journal.pone.0059371 PMID: 23544061

van de Vosse FN, Stergiopulos N. Pulse Wave Propagation in the Arterial Tree. Annual Review of Fluid
Mechanics. 2011; 43(1):467—-499. https://doi.org/10.1146/annurev-fluid-122109-160730

Korade |, Virag Z, Krizmani¢ S. A fast method for solving a linear model of one-dimensional blood flow
in a viscoelastic arterial tree. Proceedings of the Institution of Mechanical Engineers, Part H: Journal of
Engineering in Medicine. 2017; 231(3):203-212. https://doi.org/10.1177/0954411916688718

John LR. Forward electrical transmission line model of the human arterial system. Medical and Biologi-
cal Engineering and Computing. 2004; 42(3):312-321. hitps://doi.org/10.1007/BF02344705 PMID:
15191075

Remington JW, Wood EH. Formation of peripheral pulse contour in man. Journal of Applied Physiology.
1956; 9(3):433—-442. https://doi.org/10.1152/jappl.1956.9.3.433 PMID: 13376469

Humphrey JD. Mechanisms of arterial remodeling in hypertension: coupled roles of wall shear and intra-
mural stress. Hypertension. 2008; 52(2):195-200. https://doi.org/10.1161/HYPERTENSIONAHA.107.
103440 PMID: 18541735

LiY, GuH, Fok H, Alastruey J, Chowienczyk P. Forward and backward pressure waveform morphology
in hypertension. Hypertension. 2016; p. HYPERTENSIONAHA-116.

Nichols W, O’Rourke M, Vlachopoulos C. McDonald’s blood flow in arteries: theoretical, experimental
and clinical principles. CRC press; 2011.

Weber T, Wassertheurer S, Rammer M, Haiden A, Hametner B, Eber B. Wave reflections, assessed
with a novel method for pulse wave separation, are associated with end-organ damage and clinical out-
comes. Hypertension. 2012; 60(2):534—41. https://doi.org/10.1161/HYPERTENSIONAHA.112.194571
PMID: 22585948

O’Rourke MF, Pauca A, Jiang XJ. Pulse wave analysis. British Journal of Clinical Pharmacology. 2001;
51(6):507-522. https://doi.org/10.1046/].0306-5251.2001.01400.x PMID: 11422010

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1007173  July 15,2019 20/21


https://doi.org/10.1115/1.1336143
http://www.ncbi.nlm.nih.gov/pubmed/11277303
https://doi.org/10.1115/1.2900668
https://doi.org/10.1115/1.2900668
https://doi.org/10.1152/jappl.1993.74.5.2566
http://www.ncbi.nlm.nih.gov/pubmed/8335593
https://doi.org/10.1016/S0006-3495(91)82201-9
http://www.ncbi.nlm.nih.gov/pubmed/2015392
https://doi.org/10.1007/s10439-006-9212-7
https://doi.org/10.1007/s10439-006-9212-7
http://www.ncbi.nlm.nih.gov/pubmed/17111210
https://doi.org/10.1002/cnm.2732
http://www.ncbi.nlm.nih.gov/pubmed/26100764
https://doi.org/10.1093/eurheartj/ehy339
https://doi.org/10.1093/eurheartj/ehy339
http://www.ncbi.nlm.nih.gov/pubmed/30165516
https://doi.org/10.1093/eurheartj/ehq165
https://doi.org/10.1093/eurheartj/ehq165
https://doi.org/10.1115/1.2891191
https://doi.org/10.1115/1.2891191
http://www.ncbi.nlm.nih.gov/pubmed/2214715
https://doi.org/10.1371/journal.pone.0059371
http://www.ncbi.nlm.nih.gov/pubmed/23544061
https://doi.org/10.1146/annurev-fluid-122109-160730
https://doi.org/10.1177/0954411916688718
https://doi.org/10.1007/BF02344705
http://www.ncbi.nlm.nih.gov/pubmed/15191075
https://doi.org/10.1152/jappl.1956.9.3.433
http://www.ncbi.nlm.nih.gov/pubmed/13376469
https://doi.org/10.1161/HYPERTENSIONAHA.107.103440
https://doi.org/10.1161/HYPERTENSIONAHA.107.103440
http://www.ncbi.nlm.nih.gov/pubmed/18541735
https://doi.org/10.1161/HYPERTENSIONAHA.112.194571
http://www.ncbi.nlm.nih.gov/pubmed/22585948
https://doi.org/10.1046/j.0306-5251.2001.01400.x
http://www.ncbi.nlm.nih.gov/pubmed/11422010
https://doi.org/10.1371/journal.pcbi.1007173

GPLOS |saisermom

Computational whole-circulation platform

41.

42,

43.

44.

45.

46.

Segers P, Stergiopulos N, Verdonck P, Verhoeven R. Assessment of distributed arterial network mod-
els. Medical and Biological Engineering and Computing. 1997; 35(6):729-736. https://doi.org/10.1007/
BF02510985 PMID: 9538553

Wang JJ, Parker KH. Wave propagation in a model of the arterial circulation. Journal of biomechanics.
2004; 37(4):457-470. https://doi.org/10.1016/j.joiomech.2003.09.007 PMID: 14996557

Beulen BWAMM. Toward simultaneous flow and pressure assessment in large arteries using non-inva-
sive ultrasound. Eindhoven University of Technology; 2009.

Bessems D. On the propagation of pressure and flow waves through the patient specific arterial system.
Eindhoven University of Technology; 2007.

Reymond P, Crosetto P, Deparis S, Quarteroni A, Stergiopulos N. Physiological simulation of blood
flow in the aorta: comparison of hemodynamic indices as predicted by 3-D FSlI, 3-D rigid wall and 1-D
models. Medical Engineering and Physics. 2013; 35(6):784—791. https://doi.org/10.1016/j.medengphy.
2012.08.009 PMID: 22981220

Arts T, Lumens J, Kroon W, Delhaas T. Control of whole heart geometry by intramyocardial mechano-
feedback: a model study. PLoS Computational Biology. 2012; 8(2):e1002369. https://doi.org/10.1371/
journal.pcbi.1002369 PMID: 22346742

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1007173  July 15,2019 21/21


https://doi.org/10.1007/BF02510985
https://doi.org/10.1007/BF02510985
http://www.ncbi.nlm.nih.gov/pubmed/9538553
https://doi.org/10.1016/j.jbiomech.2003.09.007
http://www.ncbi.nlm.nih.gov/pubmed/14996557
https://doi.org/10.1016/j.medengphy.2012.08.009
https://doi.org/10.1016/j.medengphy.2012.08.009
http://www.ncbi.nlm.nih.gov/pubmed/22981220
https://doi.org/10.1371/journal.pcbi.1002369
https://doi.org/10.1371/journal.pcbi.1002369
http://www.ncbi.nlm.nih.gov/pubmed/22346742
https://doi.org/10.1371/journal.pcbi.1007173

