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While zero- and one-dimensional multiscale modeling of the adult cardiovascular system (CVS) has been re-
cognized as a useful tool in cardiovascular research and clinical applications, there are still not any generic
cardiovascular models for a broad range of age groups. To study age-related alterations in cardiovascular
parameters and hemodynamics, we here presented a versatile multiscale cardiovascular model considering the
cardiovascular growth and development during aging. An adult cardiovascular model was first established by
utilizing population-averaged physiological data. We then introduced an allometric scaling law-based approach
to estimate age-related cardiovascular parameters for infants, children, and adolescents, by using the newly
defined scaling exponents for different types of cardiovascular parameters. The model was validated to be
capable of predicting the age-related alterations in hemodynamics through a comprehensive comparison with
available in vivo measurements. Moreover, a variance-based global sensitivity analysis was performed for all
cardiovascular parameters under normal and abnormal conditions to identify which are the most important
model inputs in affecting model outputs. Our results indicate that the present generic cardiovascular model
provides a robust and useful tool for evaluating normal cardiovascular functions over a broad age range for

biomedical engineering applications.

1. Introduction

The 0-1D multiscale cardiovascular model has been a promising tool
for the simulation-based predictive medicine to aid clinicians in un-
veiling the association between complex pathophysiologic mechanisms
of cardiovascular diseases and hemodynamics [1-5], because of its
versatility and robustness in the global hemodynamic analysis and
pulse wave analysis, as well as in providing physiologically adequate
boundary conditions for the 3D image-based hemodynamic simulation.
However, previously developed cardiovascular models are primarily
about the adult cardiovascular system (CVS); a cardiovascular model
applicable for predicting hemodynamics over a broad age range is still
lacking, and thus limiting their applicability on computer-aided he-
modynamic predictions.

Clinical observations report that over 50% of the patients with
cardiac surgeries are within 0-19 years old [6], for instance, the staged
Fontan operation is usually accomplished at 0.2-5 years old [7].

Moreover, the youngest children usually show a highest post-operative
mortality, such as the 6-months mortality after cardiac surgery is nearly
10% [6]. Therefore, developing a multiscale cardiovascular model ap-
plicable to a broad age range, in particular involving infants and chil-
dren, would be of great physiological and clinical significance.
Obviously, the increasing body size with aging inevitably results in
significant changes in cardiovascular parameters, which are char-
acterized by the increase in the vessel size (diameter and length), vessel
stiffness (pulse wave velocity), heart size (mass and volume), total
vascular compliance, and total blood volume, while it causes a decrease
in the cardiac systolic performance, heart rate, and total vascular re-
sistance [8-17]. On the other hand, the age-related alterations in car-
diovascular parameters cause significant changes in hemodynamics.
The biggest challenge in developing a multiscale cardiovascular model
adaptive to a broad age range arises from the lack of sufficient phy-
siological data for defining cardiovascular model parameters. It is very
challenging or even infeasible to collect data of the cardiovascular
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Nomenclature

0-1D Zero- and one-dimensional

3D Three dimensional

CVS Cardiovascular system

ASL Allometric scaling law

SA Sensitivity analysis

UuQ Uncertainty quantification

Sm Main sensitivity index

LHS Latin Hypercube Sampling

C Vascular compliance (mlmmHg’l)
R Vascular resistance (mmHg~s~ml_1)
\% Blood volume (ml)

Z Characteristic impendence (mmHg~s'm1’1)
q Blood flow rate (mls™1)

g Cycle-averaged flow rate (mls™!)
D Blood pressure (mmHg)

Py Reference pressure (mmHg)

Ao Vascular cross-sectional area at P, (cm?)
Dy Vascular diameter at P, (cm)

Len Vessel length (cm)

co (PWV) Pulse wave velocity (ms™ )

p Blood density (kgm ™ 3)

E Elastance (mmHgml ")

E, Active elastance amplitude (mmHg'ml ')

E, Passive elastance baseline (mmHg-ml’l)

Vo Unstressed volume (ml)

Vini Initial volume (ml)

Vpe Pericardial volume (ml)

Vpeo Pericardial volume offset (ml)

Ppe Pericardial volume constant (ml)

S Viscoelasticity (mmHg-sml ")

bs Viscoelasticity constant (sml™h)

D, Diameter of the cardiac valve (cm)

[ - Length of the cardiac valve (cm)

Acfimax Maximum effective cross-sectional area at valve is fully
open (cm?)

Acfrmin  Minimum effective cross-sectional area at valve is fully

closed (cm?)

Kyo Valve opening rate coefficients (mmHg s~ 1)
Kye Valve closing rate coefficients (mmHg ™ s~ 1)
L Inertance (mmHg~s2~m1’1)

B Bernoulli's resistance (mmHg-s>ml ~2)

Dpe Pericardial pressure (mmHg)

Dit Intrathoracic pressure (mmHg)

X Cardiovascular parameter

w Body weight (kg)

a Normalization constant

B Scaling exponent

TAPSE  Tricuspid annular plane systolic excursion
SV Stroke volume (ml)

CO Cardiac output (L'min™ 1)

MAP Mean systemic artery pressure (mmHg)

HR Heart rate (min™?)

mP Mean blood pressure (mmHg)
mP, Mean ascending aortic pressure (mmHg)
mPjy¢ Mean inferior vena caval pressure (mmHg)
mPrpa  Mean main pulmonary artery pressure (mmHg)
mP,,ya  mean right pulmonary artery pressure (mmHg)
tuep Duration of ventricular contraction (s)
tar Timing of atrial relaxation (s)
AscAo  Ascending Aorta

AoArc I Aortic Arch I

BCA Brachiocephalic Artery

AoArc I Aortic Arch II

LCA Left Carotid Artery

LSA Left Subclavian Artery

DTA Descending Thoracic Aorta

IvC Inferior Vena Cava

SvC Superior Vena Cava

MPA Main Pulmonary Artery

LPA Left Pulmonary Artery

RPA Right Pulmonary Artery

LSPA Left Superior Pulmonary Artery
LIPA Left Inferior Pulmonary Artery
RSPA Right Superior Pulmonary Artery
RIPA Right Inferior Pulmonary Artery
LSPV Left Superior Pulmonary Vein
LIPV Left Inferior Pulmonary Vein
RSPV Right Superior Pulmonary Vein
RIPV Right Inferior Pulmonary Vein
TCPC Total cavopulmonary connection
EC Extracardiac conduit

Subscripts

i Number of terminal artery

j Number of terminal vein

ra Right atrium

v Right ventricle

la Left atrium

v Left ventricle

tv Tricuspid valve

pv Pulmonary valve

mv Mitral valve

av Aortic valve

sa Systemic artery

sv Systemic vein

svb Systemic vascular bed

pua Pulmonary artery

puv Pulmonary vein

pvb Pulmonary vascular bed

art Artery

ven Vein

T Total

ive Inferior vena cava

parameters sufficiently through direct in vivo measurements because of
the technical obstacles and even the ethical issue, e.g., the difficulties in
measuring the end-systolic elastance of the right ventricle (E,,) due to
the complicated geometry [11].

Aiming at investigating the age-related alterations in both cardio-
vascular parameters and hemodynamics associated with human cardi-
ovascular growth and development, the allometric scaling law (ASL)
[18,19], whereby a biological (cardiovascular) variable is related to the
mass of the organism by a power law, is herein applied to estimate the
age-related cardiovascular parameters values for infants, children, and

adolescents. We first established a closed-loop 0-1D multiscale cardio-
vascular model for the adult CVS by using the population-averaged data
from published literature. We then applied ASL-based scaling approach
to estimate age-related cardiovascular parameters for infants, children
and adolescents through introducing newly defined scaling exponents
for different kinds of cardiovascular parameters, the age-specific model
was validated via comparison with experimental measurements of
healthy subjects over an age range of 0-18 years old. Finally, to make
our model more reliable for the simulation-based hemodynamic pre-
diction, a variance-based global sensitivity analysis (SA) was performed
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for all cardiovascular parameters under normal and abnormal condi-
tions.

2. Methods
2.1. A closed-loop 0-1D multiscale model of the adult CVS

In the proposed adult cardiovascular model, 20 larger vessels in-
cluding aortas, vena cava, pulmonary arteries and veins are represented
by 1D models, and the remainder vessels are lumped into the OD per-
ipheral vascular beds, as illustrated in Fig. la. The geometrical and
mechanical data of the 1D cardiovascular network are summarized in
Table A.1 for a population-averaged adult model with the height,
weight and age to be 175 cm, 75 kg, and 20-30 years, respectively. The
0D vascular bed (Fig. 1b) consists of 3 elements, involving an arterial
compliance (Cs,), a vascular resistance (Rg,1), and a venous compliance
(Csv). The terminal arteries and veins are connected to the vascular bed
with characteristic independences (Zu+ or Zyen). If the total systemic
arterial and venous compliances (Crs, and Cr,), the total pulmonary
arterial and venous compliances (Crpu, and Crpyy), the total systemic
vascular resistance (Rr,b) and pulmonary vascular resistance (Rr,pyb)
are known, the arterial and venous compliances, as well as the re-
sistance associated with different vascular bed compartments can be
determined. Take the systemic vascular bed as an example (Fig. 1b), the
vascular resistance (Rl;), arterial compliance (C',), and venous com-
pliance (Cs,) can be calculated as [20]:

Rsivb = RT,squTT - Z;rt - Z\{en’

4 (€8]

7
Csia = [CT,sa - z

AlLen;| [R;’vb+zzn)
plcd)’ Ry )

i=1 r 2
. o AlLen; | g
Cs]v = CT,sv - Z 0—21 is
j=s P(d)" )ar 3)

where i and j denote the numbers of the terminal artery and terminal
vein, p the blood density, A, the cross-sectional area of the 1D blood
vessel, Len the length of the 1D blood vessel, c, the pulse wave velocity
(PWV), g; and g; the cycle-averaged flow rates of the outlet of the
terminal artery and the inlet of the terminal vein, g; the cycle-averaged
flow rates of the inlet of the ascending aorta, respectively. The char-
acteristic impedance is defined with Z = pco/Ag and the calculated
parameters values for OD peripheral vascular beds are given in Table
A.2.

With respect to the heart modeling, we model each of the four
cardiac chambers with a time-varying capacitor (i.e. the well-estab-
lished time-varying elastance model) [1] with consideration of the di-
rect pressure coupling between left and right ventricles through inter-
ventricular septum [21] to estimate their hemodynamic characteristics,
i.e., the pressure-volume relationship. The viscoelasticity of the four
cardiac walls is each modeled as a pressure-dependent resistor [22].
The four cardiac valves are each modeled as a resistor and inductor in
series, to simulate the hemodynamic characteristics (pressure-flow re-
lationships) across the valves [23]. The physiological data of the car-
diac chambers and valves are summarized in Table A.3. Details asso-
ciated with the governing equations and solution methods for 1D
vascular flow, bifurcation, cardiac chambers and valves, and peripheral
vascular beds [2,5,24] are documented in Supplemental file 1. The
cardiovascular model was written in Fortran 90 language.

2.2. ASL-based parameter estimations for infants, children and adolescents

Generally, a cardiovascular parameter X may be represented with a
power function of the body weight W [18]
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X = aWw?, @

where a is a normalization constant and § denotes the scaling exponent.
Accordingly, given the body weight, the age-related cardiovascular
model parameters values for infants, children and adolescents can be
reasonably estimated from the adult model parameters values [19],
such as

B
w
X= Xadult(—) .

Waauit (5)

We adjusted and redefined the scaling exponents () values of es-
timating different types of cardiovascular parameters under study, as
shown in Table 1. Fig. 2 compared the estimated cardiovascular para-
meters values of using the defined 8 with in vivo measurements [8-13].

2.3. Methodology of the global SA

Here we employ the Monte Carlo-based approach for SA. For the
sake of simplification in description of the methodology, we simply
represent the developed cardiovascular model as a black-box function,
such as

Y =fX), (6)

where Y = (y1, Y2, ---, Ym) and X = (xy, X, ..., Xi) represent the model
outputs and inputs, respectively. The uncertainties of the model inputs
are represented by assuming that they are normally distributed within
the uncertain domain according to a probability density function p(x;).
If the model inputs x; (i = 1, ..., k) are independent, the joint prob-
ability density function can be represented by
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Fig. 1. Schematic representation of the computational model of the CVS. (a)
The closed-loop 0-1D multiscale cardiovascular model. (b) A typical 0D vas-
cular bed connected by a 1D terminal artery and a 1D terminal vein.
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Table 1
A list of scaling exponents (8) associated with age-related cardiovascular
parameters for infants, children, and adolescents.

Scaling exponent 3 Cardiovascular parameter

For 1D cardiovascular network
0.45 Vascular diameter (Do) and length (Len)

Pulse wave velocity (co):

0.2 Systemic arteries
0.065 Systemic veins

0.075 Pulmonary arteries
0.065 Pulmonary veins

0.1 Reference pressure (Po)

For 0D cardiovascular model

—0.475 Systemic vascular resistance (R syb)
-0.7 Pulmonary vascular resistance (Rr,pvb)
1.0 Systemic arterial and venous compliances (Cr,s, and Cr,s,)

Pulmonary arterial and venous compliances (Cr,pua and

Crpu)

Cardiac elastance:

-0.75 Eara Epra

-0.5 Eaas Epja

-0.75 Eqrvs Eprv

-0.5 Ealvs Epv

0.45 Diameters and lengths of the four cardiac valves (D, and
L)

-0.5 Valve opening and closing rate coefficients (K, and Ky.)

-0.3 Heart rate

0.8 Blood volumes (V, Vini, Vo, Vpe, Vpeo, Ppe)

1.0 Viscoelasticity (S)

k
P, X, 00, Xp) = HP(xi),
i=1

()
and the expectation and variance of y are defined as
k
EQ) = [ fCa, %% [] plc,
ax i=1 (C))
k
Vo) = [ 2@ 0,00 [ pedy - E2),
Qx i=1 )

where Qx denotes the sample space of the model inputs. The values of
model inputs and the corresponding uncertainties are listed in
Supplemental file 2. We introduce the Latin Hypercube Sampling (LHS)
technique to generate random samples for model inputs [25].

Following Saltelli's efficient procedure [26], the main sensitivity
index (first order sensitivity index) is herein evaluated by

_ V[E(@lxp)]
V)

Evaluation of the term S, ; can be summarized as follows:

Sm i
’ (10)

(1) Create two independent Latin Hypercube sample matrices M; and
M, (each contains n = 5000 samples) for all of the model inputs

(1)

xl(l) xz(l) - X xll(l) x2,(1) . x,é(l)
@ @ (2) 2 2
M, = x2 xP e xg ’ _ xll() xzr(z) . x,é() :
xl(n> xz(n) x,ﬁ") xl/(ﬂ) xz'(") . x,é(") an

(2) Create k sample matrices N; (i = 1, ...,k) using M; and M>. N; can be
generated by incorporating the i-th column of M; into M>, such as
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O O DL
DI I CRC)
1= H
xll(n) le(n) xi(") x,é(”) 12)

(3) Run the cardiovascular code for each row of the generated k+ 2
sample matrices to get all of the model outputs;

(4) Evaluate main sensitivity indices S,,; for all model inputs with
obtained model outputs in step (3), such as

U - E)
Smi=—— "
V() 13)
where
1 n
U= — 2 el oo x)f O, g, o, o),
n s=1 (14)
1w 5 (s g ) (s o
B2p) = = 20 F G, x5, f ({9, g @, O,
n o 1s)
1 n
V) =— 2200, 1, x®) - B2 ).
n s=1 (16)

3. Results
3.1. Comparisons with in vivo measurements

Model validation is performed in twofold, with comparisons be-
tween simulated and measured results of: 1) waveforms in terms of
normalized elastance, flow rate, and velocity for adults; and 2) age-
related hemodynamic alterations in terms of stroke volume (SV), car-
diac output (CO), mean systemic arterial pressure (MAP), heart rate
(HR), mean pulmonary artery pressure, as well as left atrial and ven-
tricular volumes, over a wide age range for infants, children, and
adolescents.

Fig. 3 shows the comparison of the elastance, flow rate, and velocity
waveforms between model simulations and experimental measure-
ments [27-31]. The simulated hemodynamic waveforms for the adult
model agree well with the in vivo measurements with similar waveform
characteristics and amplitudes. Particularly, the important waveform
features are well captured by the model in terms of, 1) a prominent
antegrade flow during ventricular systole and a retrograde flow during
early ventricular diastole as well as a small antegrade flow during
ventricular diastole in ascending aorta and main pulmonary artery
(Fig. 3¢, d, e, f); and 2) a large antegrade flow during ventricular systole
and a small antegrade flow during ventricular diastole as well as a small
retrograde flow during right atrial contraction in vena cava (Fig. 3g, h,
i, j). In Fig. 4 a comparison is made in terms of SV, CO, MAP, and HR for
children aged 1-12 years [12], the simulations are capable of providing
similar age-varying magnitudes and trends within a reasonable phy-
siological range. Although the cardiac contractility, the afterload and
the heart rate are observed to decrease with aging, CO increases with
aging because of the increased SV. Fig. 5 shows a comparison of mean
pulmonary arterial pressure (mPp,,) between simulations and mea-
surements [32] for seven different age groups, the model predicted
mPp,, shows seldom variations with aging, also is in good agreement
with the measurements, pointing out an interesting phenomenon that
mPp,, turns to maintain a relatively stable level during aging for
healthy children. In Fig. 6 the simulated left atrial and ventricular vo-
lume waveforms during one cardiac circle are compared with the
measurements among five different age groups [14], the simulated left
atrial and ventricular time-volume curves during one cardiac cycle well
match the measurements, indicating that left atrial and ventricular
volumes increase with aging: the LV end-diastolic volume increases
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Fig. 2. Comparison of the cardiovascular parameter values between experimental measurements [8-13] and estimations with the defined f3 given in Table 1.

from 32.9 ml in the group aged 3.7 years up to as high as 112.1ml in
the group aged 17.3 years. It should be noted that a certain degree of
discrepancy does exist in comparisons between experiment and simu-
lation results, which is considered mainly due to the uncertainties of
model simulations and experiments. Overall, age-related hemody-
namics are predicted well agreeing with the measurements within
reasonable physiological ranges, demonstrating the capability of the
present generic multiscale cardiovascular model in predicting age-re-
lated hemodynamics for infants, children, and adolescents.

3.2. Global SA and uncertainty quantification (UQ)

For the healthy adult and the 3-year-old child with normal/ab-
normal circulation, we carried out an investigation on the main sensi-
tivity indices of all cardiovascular parameters associated with the
mostly interested model outputs: such as the mean ascending aortic
pressure (mP,), the mean inferior vena caval pressure (mP;,.), the
mean main pulmonary artery pressure (mPppu,) OF mean right pul-
monary artery pressure (mPypy,), and CO.

Fig. 7 compares the computed main sensitivity indices for the
healthy adult model and the 3-year-old child model with the input
uncertainties as given in Supplemental file 2. Similar values in the main
sensitivity indices are observed between the two models. Generally, the
main sensitivity index lower than 0.05 means the parameter has a
negligible impact on the uncertainty of the model output. Thus, only
parameters with main sensitivity indices higher than 0.05 are analyzed
here. Fig. 8 compares the main sensitivity indices of selected important
parameters. It is seen that the Ry s has the most significant impact on

the mP,, in all model inputs (Fig. 8a). The Dg vc, Co,ives Po,sv, and Ep 1
play a primary role in affecting the mP;,. (Fig. 8b). Influence of the p;,
and Ry sy, on the mP;, seems to be secondary (Fig. 8b). Compared with
the adult model, the mP;,. in the child model is more sensitive to cg jyc
and pjy;, but less to Py gy, Rrsvp, and Ep . With respect to mPppy,, the
Py, Rrpwb, and E, ., are obviously the primary impact parameters
(Fig. 8c). The Dg jyc, Co,ives Ep,1v, and Dy, seems to be secondary (Fig. 8c).
Compared with the adult model, the mP,,, in the child model is more
sensitive to Do iyc, Co,ives RT,pvb, and Dy, but less to Pg gy, Ep v, and Ey 1.
The CO is affected crucially by Dg ivc, Po,svs Pits RT,svbs Ep,rvs Ep,ivs Dtvs tueps
and t,, (Fig. 8d). Compared with the adult model, the CO in the child
model is more sensitive to Do jvc, Po,sv, Pit» Div, and tycp, but less to Ry syp,
Ep v, Ep v, and t,.

Fig. 9 compares the main sensitivity indices of selected important
parameters between the health child model and the child model with
the total cavopulmonary connection (TCPC) circulation. The TCPC
circulation, as illustrated in Fig. 10, is normally built up through con-
necting the superior vena cava (SVC) to the right pulmonary artery
(RPA) directly, and connecting the inferior vena cava (IVC) to the RPA
via an artificial extracardiac conduit (EC). The TCPC circulation model
developed here, only the cardiovascular structure is altered while
keeping the model parameter values unchanged as those in the healthy
3-year-old child model. Such modification can facilitate the modeling of
the intrinsic hemodynamic changes of the TCPC circulation caused by
surgery-induced variations in the cardiovascular structure. The Ry sy
and Py py, are the primary and secondary important parameters on af-
fecting the mP,; in the child model with the TCPC circulation. Com-
pared with the healthy child model, the mP,s in the TCPC model is more

204
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sensitive to Pg pua, but less to Po g, and Ry (Fig. 9a). The Py, and
Py pua play a most important role on affecting mP;,. and mP;p,, in the
TCPC model, respectively (Fig. 9b and c). Compared with the healthy
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child model, the mP;,. in the TCPC model is more sensitive to the Pg gy
(Fig. 9b); the mP,p,, in the TCPC model is more sensitive t0 P pua
(Fig. 9¢). With respect to CO, the Py, is the primary impact para-
meter; pi, R pvb, and Ej 1, are secondary impact parameters. Compared
with the healthy child model, the CO in the TCPC model is more sen-
sitive to P pua, Rr,pvb, and Ey, 1y, but less to Do jve, Po,svs Pit; Rr,svby aNd tycp
(Fig. 9d).

Fig. 11 compares the computed probability density distributions of
mP,;, mP;,., and CO for the TCPC model with the input uncertainties as
in Supplemental file 2. Our results indicate that with a half reduction in
the input uncertainties of Rr,ep, Po,sv, and Popya, i.€., the most influ-
ential model inputs, the uncertainties in the model outputs can be
largely improved.

4. Discussion
In the following, we give an extensive discussion on several issues

associated with the ASL-based computational modeling of the human
CVS and global SA of the model parameters.

Left ventricle
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Fig. 6. Comparison between simulated and measured left atrial and ventricular volumes in children and young adults.
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4.1. ASL-based cardiovascular modeling

The scaling law of the mammalian CVS was first derived by West
et al. [18], on the basis of that age-related changes in the size of the CVS
obeys the ASL. Pennati and Fumero [19] made a definition of the
scaling exponents to evaluate the fetal vascular and cardiac parameters,
and investigated fetal hemodynamic changes associated with the ge-
stational age. They found that the age-related cardiovascular para-
meters could be well predicted by applying the ASL-based scaling ap-
proach. In the ASL-based modeling, the scaling exponent (8) however
turns to be a crucial parameter, which needs to be adjusted and de-
termined reasonably corresponding to weight-dependent variations.
After birth, age-related changes in both cardiovascular parameters and
hemodynamics are significantly different from that of the fetus [8-17],
particularly during the underage period [33,34], and thus it is neces-
sary to redefine and adjust the scaling exponents (p) for different kinds
of cardiovascular parameters. To the best of our knowledge, however,
there have been no any studies on investigating the scaling exponents of
evaluating age-related changes in the cardiovascular parameters across
a wide age range, covering infants, children, and adolescents. In this
study we for the first time successfully defined a sets of reasonable
scaling exponents for different kinds of cardiovascular parameters
covering infants, children, and adolescents. This was established based
on the tremendous measurements from published literature, involving
the cardiac elastance, the cardiac chamber volume, the heart rate, the
diameters and lengths of the cardiac valves, the 1D vascular diameters

and lengths, the pulse wave velocities, the compliance and resistance of
the peripheral vascular bed, and the blood volume.

On the basis of clinical data, we applied 8 = 0.45 to evaluate the
age-related changes in the cardiac valve and vascular dimensions,
which shared a similar exponential association with the body size [35].
While Pennati and Fumero [19] suggested a value of = 0.33 well
describing the changes of the vascular diameters and lengths associated
with the gestational age for the fetus, we found that § = 0.45 obviously
led to a more accurate evaluation of the vascular diameters and lengths
for infants, children, and adolescents. The predicted aortic diameters
matched the echocardiographic measurements [8] excellently with a
maximum percentage error of 5.7% (Fig. 2a). This indicates that the
growth rate in cardiovascular dimensions should be different between
prenatal and postnatal growth.

The aortic PWV, as an important predictor of the vascular stiffness,
was observed to increase with aging in children and adolescents
[9,36,37]. The measured aortic PWV increased from 4.3ms~ ! for 7-
year-old males to 5.7 m s~ ! for 19-year-old males [37]. We herein ap-
plied 8 = 0.2 to estimate the age-related changes in the PWV for sys-
temic arteries, which was also observed to agree well with the in vivo
measurements over a broad age range with a maximum percentage
error of 1.1% [9] (Fig. 2b). Due to the paucity of data, in accordance
with Mynard [38], we applied 8 = 0.065, § = 0.075, and 3 = 0.065 to
evaluate the PWVs of the systemic veins, pulmonary arteries and veins,
respectively. Note that the reference pressure P, was scaled with
B = 0.1 for all 1D vessels.
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measurements [10] (Fig. 2c). With respect to the right ventricular
elastance, there is no study on evaluating the right ventricular elastance
during aging to date. Measuring the tricuspid annular plane systolic
excursion (TAPSE) has been a useful method to evaluate the right
ventricular systolic functions. Ntnez-Gil et al. [11] investigated the
normalized TAPSE values associated with aging and found an aging-
induced decrease in the right ventricular systolic performance. For the
normalized TAPSE we herein found out that taking 3 = —0.75 over a
broad range of 0-18 years (Fig. 2d) resulted in a good match with the
measurements by a maximum percentage error of 11%. For left and
right atrial elastances, because there are no measurements available
yet, we may assume that they obey the similar scaling law in concern
with the left and right ventricles, respectively.

With consideration of the fact that the total compliances of systemic
and pulmonary circulations present a linear relationship with body
weight [16], we herein adopted f = 1.0 to predict the compliances of
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peripheral vascular beds while utilizing § = —0.475 and § = —0.7 for
the systemic and pulmonary vascular resistances, respectively. For a 6-
month-old infant, Ry, was estimated to be 0.24 mmHg sml ™! within
a reasonable range of 0.15-0.45 mmHg sml~?! [39]. Furthermore, the
systemic vascular resistance (Rrs) Was estimated with f = —0.475,
matching well the in vivo measurements [12] with a maximum per-
centage error of 8% (Fig. 2e); the total blood volume with 3 = 0.8
showed a reasonable agreement with the measurements [13] with a
maximum percentage error of 16.5% (Fig. 2f).

In Table 1 a set of scaling exponents were summarized, which were
validated to be capable of estimating different cardiovascular para-
meters (Fig. 2), indicating that the present ASL-based approach could
be a versatile and useful method for the prediction of age-related car-
diovascular parameters. With application of the scaling law based on
the defined scaling exponents (Table 1), we then investigated the he-
modynamic changes associated with age for infants, children, and
adolescents, in which reasonable agreement was observed between the
simulations and measurements in all cases [Figs. 4-6]. This demon-
strates the feasibility and validity of the currently proposed cardio-
vascular model in predicting the age-related alterations in cardiovas-
cular parameters and hemodynamics over a broad parameter space,
involving the cardiac contractility, the cardiac chamber volume, the
heart rate, the diameters and lengths of the cardiac valves, the 1D
vascular diameters and lengths, the pulse wave velocities, the com-
pliance and resistance of the peripheral vascular bed, and the blood
volume.

4.2. Global SA

The uncertainties of model inputs caused by empirical estimations
or experimental measurements may result in the uncertainties of model
outputs. We carried out a variance-based global SA to evaluate the most
influential parameters in the adult and the children models with
normal/abnormal circulations. Due to the lack of sufficient data to
define probability density functions for the model inputs, all model
parameters are assumed to be normal distributions in their uncertain
domains, as summarized in Supplemental file 2. It is reasonable because
almost all of the adult model parameters are taken from published lit-
erature and have the highest probability to approach their expected
values [40]. All cardiovascular parameters are further assumed to be
mutually independent.

With consideration of the complexity of the 0-1D multiscale cardi-
ovascular model and its large number of model inputs, we herein uti-
lized the Monte Carlo-based method for SA. The merit is that the ex-
isting computational code can be employed straightforward without
any modifications [41]. Furthermore, since the random sample-based
evaluation of the sensitivity indices is computationally expensive, the
LHS technique was utilized to generate stratified random samples for
model inputs [25]. The Saltelli's efficient procedure [26] was further
used to evaluate the main sensitivity indices, which significantly re-
duced the total number of model evaluations from 2kn? to n (k + 2).

Our results showed that there are no distinctive discrepancies in the
main sensitivity indices between the healthy adult and 3-year-old child
models (Fig. 7), considerably because of the utilization of the same
cardiovascular structure designs. For the 3-year-old child model with
the TCPC circulation, as a result of the significant alterations in cardi-
ovascular structure, the main sensitivity indices however distinguish
remarkably from those of the healthy child model (Fig. 9). Interestingly,
our study reveals that eleven primary cardiovascular parameters show
the highest sensitivity in the multiscale cardiovascular modeling, in-
volving the total systemic peripheral vascular resistance, the total
pulmonary peripheral vascular resistance, the reference pressure, the
diameter, the pulse wave velocity of the 1D vena cava, the left and right
ventricular passive elastance, the duration of ventricular contraction,
the time of the atrial relaxation, the intrathoracic pressure, the diameter
of tricuspid valve. It should be noted that the eleven model parameters



X. Zhang, et al.

are highest sensitivity indices for the model outputs of mP,;, mP;,,
MPrpua, and CO, respectively. It may be possible that other input
parameters might be more sensitive when one investigates other model
outputs of interests. It is therefore reasonable to think that, in order to
provide more accurate and reliable model predictions for clinical de-
cision-making, an extensive parameter-based study should be focused
specifically on the issue, which may improve the accuracy and perfor-
mance of the multiscale modeling of the CVS.

4.3. Limitations and future work

For simplification, only twenty larger vessels are represented by 1D
models while the reminder vessels are lumped into the peripheral
vascular beds. Thus, the present model cannot provide detailed hemo-
dynamic predictions for other vascular compartments, such as cerebral
and hepatic circulations. In principle, the model however can be easily
expanded to a fine multiscale cardiovascular model covering most of
the large arteries (55 vessels) and veins (72 vessels) as in our previous
study [5], which is one of our future works.

The cardiovascular parameter values for infants, children, and
adolescents are converted from the adult model by introducing the ASL-
based approach in a manner of the population-averaged data. For
clinical applications of personalized medicine, the model parameters
should be personalized based on various inputs of patient-specific data.
However, it is infeasible to define all of model parameters with direct
measurements in the simulation. We need to achieve an optimal trade-
off between experimental measurements and population-averaged data-
based parameter estimations. Therefore, SA and UQ is necessary to
identify the most important model parameters and quantify the possible
errors resulted from uncertainties of model parameters. In the SA, the
probability density functions for all of the cardiovascular parameters
are assumed to be normal distributions. Taking into account the rea-
listic probability density functions based on measurements and
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quantifying their influence on the global SA needs to be further studied
in detail.

5. Conclusions

In this study we introduced the ASL-based approach and proposed a
set of the scaling exponents to specifically describe different types of
cardiovascular parameters for juveniles, and successfully established a
novel closed-loop 0-1D multiscale cardiovascular model applicable to a
wide range of age groups. The model was validated to be capable of
predicting age-related alterations in both cardiovascular parameters
and hemodynamics for healthy infants, children, and adolescents with
consideration of the cardiovascular growth and development during
aging. Uncertainties in modeling hemodynamics of the healthy adult
and the 3-year-old children with/without TCPC circulation were further
quantified through a global SA, indicating that surgically-created
structures associated with TCPC circulation will cause distinct dis-
crepancies in sensitivity indices whereas growth-induced alterations in
cardiovascular parameters have a negligible impact. Our results de-
monstrated that the present cardiovascular model is versatile and ro-
bust, providing a generic and age-specific method for simulation-based
predictive medicine in terms of pathophysiologic mechanisms ex-
ploration and clinical interventions.
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Appendix. Adult model parameters of the closed-loop 0-1D multiscale cardiovascular model

Table A.1

Geometrical and mechanical characteristics of the 1D cardiovascular network in modeling of the adult circulation [2].
NO. Vessel Len (cm) Do (cm) co (ms™) P, (mmHg)
1 AscAo 4.0 2.94 4.60 80
2 AoArc I 2.0 2.58 4.60 80
3 BCA 3.4 1.40 4.64 80
4 AoArc II 3.9 2.48 4.60 80
5 LCA 3.4 0.74 5.29 80
6 LSA 3.4 1.09 4.75 80
7 DTA 5.2 2.20 4.60 80
8 IvC 7.0 2.20 1.38 5
9 SvC 6.0 1.80 1.48 5
10 MPA 4.3 2.70 2.77 11
11 LPA 2.5 1.80 2.80 11
12 RPA 5.8 2.20 2.78 11
13 LSPA 1.2 0.96 3.24 11
14 LIPA 2.1 1.69 2.81 11
15 RSPA 1.9 1.51 2.84 11
16 RIPA 2.4 1.85 2.79 11
17 LSPV 1.2 1.43 1.35 6
18 LIPV 21 1.28 1.43 6
19 RSPV 1.9 1.65 1.27 6
20 RIPV 2.4 1.73 1.25 6

Table A.2
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Parameters of peripheral vascular beds in modeling of the adult circulation.

Computers in Biology and Medicine 108 (2019) 200-212

Systemic vascular bed
Rrgp = 0.9mmHg sml™?, Crg, = 1.7 mlmmHg™”, Crg, = 146.0 ml mmHg* [2].

Artery Csa (ml'mmHg ™) Rgyp (mmHgsml™) Cyy (ml'mmHg™) Vein
3 0.243 4.66 44.22 9
5 0.066 17.31
6 0.079 14.06
7 0.891 1.30 98.89 8
Pulmonary vascular bed
Rrpwb = 0.05mmHg sml?, Crpua = 5.7ml mmHg™, Crpuy = 15.8ml mmHg" [2].
Artery Cpua (ml'mmHg™) Ry (mmHg-sml™) Couv (ml'mmHg™) Vein
13 0.673 0.56 1.476 17
14 1.901 0.19 5.832 18
15 1.862 0.20 4.528 19
16 2.934 0.13 7.598 20
Table A.3
Parameters of cardiac chambers and valves in modeling of the adult circulation [2,5,24].
Cardiac chambers ra v la v
E, (mmHg'ml™) 0.3 1.2 0.35 3.0
E, (mmHgml™) 0.1 0.08 0.2 0.08
Vo (ml) 5.0 10.0 5.0 10.0
Vini (ml) 25.0 120.0 25.0 120.0
S (mmHgsml™) PsPra bsPrv bsPra bsP
Cardiac valves tv pv mv av
At max (cm®) 6.0 5.7 5.1 4.9
Acft.min (cm?) 0.0 0.0 0.0 0.0
Logr (cm) 2.0 1.5 2.0 1.5
Kyo (mmHg's) 16.0 13.3 16.0 17.3
K. (mmHg's™) 16.0 20.0 16.0 17.3

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.compbiomed.2019.03.021.
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