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ABSTRACT

Lumped (zero-dimensional) technique is a robust and widely used approach to
mathematically model and explore bulk behaviour of different physical phenomena in
a lower expense. In modelling of cardio/cerebrovascular fluid dynamics, this technique
facilitates the assessment of relevant metrics such as flow, pressure, and temperature
at different locations over a large network/domain. Furthermore, they can be employed
as boundary conditions in multiscale modelling of physiological flows. In this
methodology paper, a lumped model for the cardiovascular flow simulation along with
a two-node thermoregulation model are employed. The lumped models are built upon
previous studies and are amended appropriately to focus on cardiac function. The
output of the coupled model can either be used for assessing the cardiac function in
different physiological conditions or it can provide the input data for other
investigations. Noteworthy to mention that, the present model has been specifically
developed for investigation on the effects of atrial fibrillation on cardiac performance.
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METHOD DETAILS

BACKGROUND

The lumped modelling technique is a simple, zero-dimensional approach, which
enables to mathematically model and solve a wide range of physical phenomena. In
modelling of cardiovascular flow, the lumped technique describes general behaviour
of a system through distributions of pressure and flow rate of a region of interest. In
this method, each compartment of a cardiovascular network is mimicked within a
hydraulic impedance, which is the combination of frictional loss, vascular compliance,
and blood inertia. There is a wide spectrum of lumped models, which starts from a
simple two-element Windkessel, to the most extended one named as Guyton model
[1]. Employing lumped techniques for the cardiovascular systems, it brings up several
applications such as flow analysis in systemic arteries, haemodynamic responses of
a native cardiovascular system under various physiological conditions, and in surgical
and therapeutic interventions, ventricular assist device support for the heart failure,
study of cardiovascular responses under different neuro-regulation conditions, and as
boundary conditions in multiscale modelling. Shi et al. [2] performed a comprehensive
review on the lumped techniques in modelling of cardiovascular flow. In a broad
classification by Shi et al. [2], they summarised that to generate a circuit of heart and
vasculature, several mono and multi-compartment elements are employed, which the
latter is again composed of several mono-compartment elements.

Lumped approach is not just limited to cardio/cerebrovascular networks. Examining
body thermal response to different physiological and environmental conditions is
another application of lumped technique to understand biological performance of
human’s body. The thermoregulation model proposed by Gagge et al. [3] is one of the
preliminary attempts, which was later on developed by several authors, such as one
of the very recent improvement proposed by Zhang et al. [4]. In this model, the body
is divided into skin and core regions, hence, it is called two-node thermoregulation
model. Then, a set of governing equations for heat and mass transfers, fluid flow, and
the body metabolism are devised to estimate internal and skin temperatures of the
body in a variety of circumstances.

Building upon our previous workflows in modelling of cardiovascular flow [5]-[13], in
this methodology paper, a coupled lumped model for the flow and thermoregulation of
the body is employed to evaluate cardiac function in normal and diseased conditions.
The following sections are organised to initially present the lumped model for the
cardiovascular flow and then a two-node thermoregulation model is described. Finally,
the employed methods are validated to evaluate the proposed technique. The
developed pipeline will be used for further analysis on one of the cardiovascular
diseases called atrial fibrillation.

A LUMPED MODEL FOR THE CARDIOVASCULAR CIRCULATION

In order to consider the cardiovascular circulation, a lumped model, which was
primarily introduced by Korakianitis & Shi [14] is employed. As displayed in Figure 1,
using the electric circuit analogy, the left and right hearts, and systemic and pulmonary
circulations are considered. Four cardiac chambers including left atrium (LA), left
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ventricle (LV), right atrium (RA), and right ventricle (RV) are considered. The cardiac
chambers in the model of Korakianitis & Shi [14] are modified, which will be described
later on. In this study each heart chamber is defined by four components, which are
representative of flow friction (R), inertial force (L), intra-cardiac compliance (C = 1/E),
and flow separation coefficient (B). Additionally, to account for various effects of
cardiac valves, the proposed model by Korakianitis & Shi [14] is adopted. To assimilate
large arteries in systemic and pulmonary circulations several RCL compartments are
considered. For large venous vessels given a small intravenous pressure and velocity,
the inertial effects are less significant, therefore, RC components can sufficiently mimic
intravenous flow attributes. Finally, the arterioles and capillaries in pulmonary and
systemic circulations are incorporated through several single-element resistance
components, as the resistance is the dominant flow behaviour in microcirculation. In
this section the governing equations of each compartment of the lumped system will
be explained in detail.
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Figure 1. An electric circuit of a cardiovascular circulation comprising the left and the right
hearts, systemic circulation, and pulmonary circulation.

The heart expansion and contraction mechanisms determine the amount of flow it can
store and pass through the systemic and pulmonary circulations. Therefore, to account
for the cardiac influx and efflux to each of the chambers, based on mass conservation
law, the volume change of each chamber is correlated to the inflow and outflow as
presented below:



av, . .
a Vin = Vour (1)

(i, in, out) = (la,pvn, mi), (lv, mi, ao), (ra, svn, ti), (rv, ti,po)

where V is the volume and V is the volumetric flow rate. Furthermore, the intra-cardiac
pressure is proportional to its volume changes. The proportionality can be set to an
equality by employing an appropriate elastance parameter for the heart [15]. Therefore,
following equation can be written for each chamber to correlate the intracardiac
pressure to its volume through appropriate elastance parameters:

Pi= P+ E;- (Vi — Vi,un); i =la,lv,ra,rv (2)

where, P denotes the intra-cardiac pressure and E is the elastance of a cardiac
chamber. Moreover, subscript un refers to the unstressed volume and pressure of a
chamber. In order to define the cardiac elastance, the following relation is proposed:

Ei = Ei,min +0.5- (Ei,max - Ei,min) ' ej(t) (3)
@,j) = (a,a),(lv,v), (ra,a), (rv,v)

where e, (t) and e,(t) are the normalised activation functions of the atrium and
ventricle, respectively, which are used to mimic the variable heart elastance [16]. The
normalised activation functions are introduced through the following equations:
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In Egs. (4) and (5), each temporal parameter is defined as what follows: T, =
0.3VRR; T,, = 0.5T,; T, = 0.17RR; T,. = 0.17RR; t,, = 0.97RR; t,. = 0.8RR.

As alluded to above, each cardiac chamber is defined by four elements. The main
advantage of the selected model over its counterpart, which was suggested by
Korakianitis and Shi [14] is that it eliminates the imperative iteration for finding the
intracardiac flow rates. In fact, the flow across each valve is defined through a first
order ordinary differential equation (ODE), which can be solved in conjunction with



other ODEs. Therefore, based on the momentum equations proposed by Blanco &
Feijoo [17], the following set of equations are employed for the cardiac chambers:

Lg- d?l = —Rpi " Vini = Ba " Vi - |Vmi| + Om; * (P — Pry) ©)
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To clarify the contribution of each term in the momentum equations, they should be
defined. In the left side of the equations, L; - (dV;/dt) causes the pressure difference
that enforcing the blood to flow, R;-V; is the flow resistance due to the viscous
dissipation effect, and B; - V; - |Vi| is the pressure loss due to the flow separation.
Furthermore, the valve coefficient, 0, is a function of valve opening and closing angles
[17], and for each cardiac valve it can be defined as follows:
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Employing a more developed valve model rather than a simple orifice with a binary
motion (immediate closing and opening), a second order ODE will be resulted, which
describes the valve dynamics [14]. In Egs. (11) - (14), the first term in the right side of
the equations calculates the normal pressure on the surface of a valvular leaflet. The
second term considers the frictional effects due to the tissue resistance, which were
assumed to be proportional to the angular motion of a valve. The third term determines
the force acting on the valvular leaflet via normal velocity component of the flow, and
finally, the last term considers vortex effects.

dzgmi deml .
dt2 = (Pla - Plv) ' Kp,mi  C0SOp,; — Kf.mi ' <T) + Kb,mi *Vini - €080 (1 1)
— Kymi * Vipi * SiN20,; - signViy,
d?6,, d8g0 ~
dt2 = (Plv - Psas) ' Kp,ao " cosb,, — Kf,ao ' <T> + Kb,ao Voo - €050, (12)
- Kv,ao ’ Vao ' SiTlZBao ’ SignVao
dzgtl dgtl . .
— = (Pra = Py) " Kp i~ €058 — Kp i - | —— ) + Kp iy * Vi €050y — Ky gy - Vi
dt . dt (13)
- sin28y; - signVy;
d?o de
po __ . . . po V.
iz (PTU — Ppas) Ky po cosepo — Kr o (7) + Kppo " Voo cosepo (14)
— Ky po * Vo * SiN20,, - sign¥y,
oo {1 =0 . (15)
signV; = . ,j = mi,ao,ti,po
gnv; 0 V<0 ] p



For the systemic and pulmonary loops, based on the Kirchhoff's law for the flow rate
and pressure — the former is analogous to the electrical current and the latter is
analogous to the voltage, the following set of equations are obtained:

Systemic aortic sinus

dPsqs _ Vao = Vsas

dt  Cyys (16)

staS _ Bsas = Psar — Rsqs - Vsas (17)
dt Ly
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dPsat _ Vsas - Vsat (18)
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The lumped model comprises plenty of parameters, which has to be tuned
appropriately to address different physiological conditions of the vascular network,
particularly the heart. Table 1 presents the numeric values for a healthy candidate.

Table 1. Baseline values of the lumped model parameters for a healthy person with HR =75 bpm.

Parameter Unit Value Parameter Unit value
Heart
Ejg min mmHg/ml 0.15 Piaun mmHg 1
Elymax mmHg/ml 0.25 Viaun mi 4
°Elymin mmHg/ml 0.09 Ppyun mmHg 1
°Eppmax mmHg/ml 2.5 Vivun mi 5
Erqmin mmHg/ml 0.15 Paun mmHg 1
Eramax mmHg/ml 0.25 Viaun mi 4
Eyrpmin mmHg/ml 0.07 Pryun mmHg 1
Erymax mmHg/ml 1.15 Vivun mi 10
PR i (mmHg s)/ml 4.5e-6 ®L, (mmHg s?)/ml 3.75e-6
R0 (mmHg s)/ml 4.5e-6 °L, (mmHg s?)/ml 3.75e-6
°R,; (mmHg s)/ml 4.5e-6 °B, (mmHg s?)/ml>  0.000025
°Rpo (mmHg s)/ml 4.5e-6 °B, (mmHg s?)/ml?  0.000040
Ky (miaotipoy  rad/(s> mmHg) 5500 Ormin rad 0
K¢ (mi,ao,tipo) 1/s 50 Ormax rad 5m/12
Ky, (mi,a0,ti,po) rad/(s ml) 2 RR s 0.8
Ky (mien) rad/(s ml) 3.5
Ky (a0 p0) rad/(s ml) 7
Systemic Aortic Sinus Pulmonary Arterial Sinus

Csas ml/mmHg 0.08 Cpas ml/mmHg 0.18

°Rqs (mmHg s)/ml 0.05 “Rpas (mmHg s)/ml 0.02

Lggs (mmHg s2)/ml 6.2e-5 Lyygs (mmHg s2)/ml 5.2e-5

Systemic Artery Pulmonary Artery

Csat ml/mmHg 1.6 Coat ml/mmHg 3.8

Rgqt (mmHg s)/ml 0.05 Ryt (mmHg s)/ml 0.01

Lgat (mmHg s2)/ml 0.0017 Lyat (mmHg s?)/ml 0.0017

Systemic Arteriole Pulmonary Arteriole
Reyr (mmHg s)/ml 0.5 R ar (mmHg s)/ml 0.05
Systemic Capillary Pulmonary Capillary
Ry (mmHg s)/ml 0.52 R, (mmHg s)/ml 0.07
Systemic Vein Pulmonary Vein
Repn (mmHg s)/ml 0.075 Ryun (mmHg s)/ml 0.006
Copn ml/mmHg 20.5 Couom ml/mmHg 20.5

@ Selected from Liang et al., 2009 [18].

b Selected from Blanco & Feijoo, 2013 [17]

¢ Tuned for the current study.

Other values are employed from Scarsoglio et al., 2014 [19].




A LUMPED MODEL FOR THE BODY THERMOREGULATION

When the heat transfer and thermodynamic states of a heart is of interest, evaluating
its thermal response in various physiological and environmental conditions become
important. Therefore, an appropriate thermoregulation model proposes a subtle
framework to measure thermal state of a heart. For that purpose, the present work is
invoked the thermoregulation model proposed by Gagge et al. [3] and developed by
Zhang et al. [4]. The model is known as a two-node thermoregulation model, and it
consists of the core and skin regions of a body. In particular, the model can consider
the temperature of skin, core, left and right hearts, artery, and vein. Although the
cardiac and vascular network are not exposed to significant temperature variations
comparing against the core temperature, for the sake of integrity they are considered,
as separate components in the model. In response to different environmental
conditions, body regulates its temperature through various mechanisms, most
importantly, heart rate, vasomotion (vasodilation and vasoconstriction), shivering, and
sweating. Vasomotion, shivering, and sweating work through thermal signals the body
receives. In fact, each signal implies the warmness or coldness, thus, the
corresponding mechanism will be activated to regulate the body temperature. To
mathematically describe, these signals are defined as follows [4]:

WSIGeore = Max{0,T.r — Terrer} (28)
CSIGeore = Max{0, Ty rer — Ter} (29)
WSIGsyin = Max{0, Tgy — Tsprer } (30)
CSIGsyin = Max{0, Ty rer — Toic} (31)

where, WSIG and CSIG are the warm and cold signals, respectively, T,, (°C) is the
core temperature, and T, (°C) is the skin temperature. Furthermore, T, .., (°C) and
Tskrer (°C) are the reference temperatures of the core and skin, respectively. In order
to incorporate different heat transfer mechanisms inside the body and through the skin,
the energy balance equations for the core and skin regions are written as follows [4]:

dT, . . . .
CCT . < Cr) - Mbody - Wbody - Qres - ch—sk - hart 'Aart ) (TCT - Tan)

dt . | 2)
~ hye - Ave (TCT - Tve) T Mey* Cpy (Tart - Tcr) — Mgy * Cpy
“(Ter — Tsie)
dT. . ) ) . .
Cor - < dzk) = Qcr—sk + Mgy Cpy - (Ter — Tog) — Qc — Qr — Qe (33)

Eq. (32), the energy balance equation for the core, incorporates metabolism of the
body, body work, respiration heat transfer, core to skin heat transfer, convective heat
transfer between the arterial system, venal system, and core region, the heat source,
and the heat sink in the core and skin regions. In Eq. (33), the energy balance equation
for the skin, it comprises the heat transfer between the core and skin, skin heat source,
and the skin heat transfer to the environment through the convection, radiation, and
evaporation. In the following, each term and related parameters will be described
meticulously.



In the energy balance equations of core and skin, C.,. (W hr)/°C and C;, (W hr)/°C
are the heat capacitance of core and skin, respectively, which are estimated as follows
[3]:

Ccr/sk = Mcr/sk " Chody (34)

where, c,,4, (W hr °C)/kg is the specific heat of the body. The mass of core and skin
are defined as 0.9584 - my,,4, and 0.0416 - my,4,, respectively [3]. Also, to estimate
Choay- It CAN be calculated through the following equation [20]:

Myat Mgat
Chody = (%) *Crat + (1 S L. > " Cothers (35)

body mbody

The ratio of mass of fat to the body, (m,¢/mp04y), Can be defined through the body
fat (BF) percentage (%) as follows [21]:

BF,, . = 1.33 - BMI + 0.236 - Age — 20.20 26
BFemate = 1.210 - BMI + 0.262 - Age — 6.7 (36)

where BMI(kg/m?) is the body mass index, and Age(year) is the age of a person.
Moreover, h,, (W K)/m? and h,, (W K)/m? are convective heat transfer coefficients
of the artery and vein, respectively, 4,, (m?) and 4,, (m?) are the surface area of
artery and vein, respectively, and ¢;; (J K)/kg is the blood specific heat capacity. The
rate of metabolism in the body, M,,ody (W) [4] is comprised of a basal metabolic rate
and a shivering metabolic rate and is defined as follows:

Mbody = Mbasal + Mshiver (37)
The basal metabolic rate, M,,,,, (W), varies given the body condition and type of
activity. For the body in rest, it can be estimated to be 58.2 - SA (W) [22]. Also, the
shivering metabolic rate, M., (W), is defined as follows:

Mgpiver = 19.4 - SA - CSIG,, - CSIGgy, (38)

In above equations, SA (m?) is the body surface area and it can be estimated by
Dubois formula [23], as presented below:

SA = 0.203 - Mpyqy **?5 - height 725 (39)

Noteworthy to mention that for the body in rest, the rate of body external work,
Wbody(W), is assumed to be zero. Another heat transfer mechanism is the rate of

respiration heat transfer, Q,., (W/m?) [24], which is determined as follows:

Qres = 0.0023 - Moy, - SA - (44 — ¢y - Py) (40)



where ¢, (%) is the relative humidity, and P, (mmHg) is the saturated vapour
pressure of ambient air. Note that the numeric value of 44 mmHg belongs to the
saturated vapour pressure at average lung temperature, which is assumed to be 35.5
°C. In general, the saturated vapour pressure can be estimated by employing the
following relation [25]:

(41)

4030.18
P, (mmHg) = exp <18.67 — )

T, (°C) + 235

The core flow rate, m.,. (kg/s), is estimated as average flow rate of systemic
circulation. Moreover, skin flow rate, my;, (kg/s), is calculated as follows [3]:

msk/SA = (msk—basal + K - WSIGcr)/(l + Keons CSIGsk) (42)

where K,; kg/(m? hrK) and K_,,s (1/K) are vasodilation and vasoconstriction
coefficients, respectively. Another parameter in the energy balance equations of the
core and skin is the rate of heat transfer between core and skin via conduction,
Q.r—sx (W), which is expressed as follows:

. T., —T.
Qor—sic = SA " = —"— (43)

core—to—skin
In EqQ. (43), Reore—to—skin (M? °C)/W is the thermal resistance between the core and
skin, which varies in different skin blood flows and metabolic rates. In order to calculate
core to skin resistance, the following relation [20] is incorporated:

Rcore—to—skin = 1/( : + - ) (44)

Rskin—bloodFlow Rmuscle—fat—skin

where Rskin—bloodFlow (m2 OC)/W and Rmuscle—fat—skin (mz OC)/W are defined as
follows:

1
Rskin—bloodFlow = CCHEE - cv. * h
bl sk

Rmuscle—fat—skin = Rmuscle + Rfat—skin (46)

(49)

Where CCHEE is the counter-current heat exchanger efficiency. Furthermore, muscle-
fat-skin resistance is split into Ryysce (M? °C)/W and Regp—siin (m? °C)/W as follows:

0.05
Rmuscte = 2 Mody =65 (47)
130
Rygr—skin = 0.0048 - (thicknessyqe—skin (mm) — 2) + 0.0044 (48)

In the skin energy balance equation, Q. (W), Q, (W), and Q, (W) are the skin heat
transfer mechanisms to the environment through the convection, radiation, and



evaporation, respectively. The rate of convection and radiation heat transfers are
determined as follows:
Qc =h,-SA- (Tsk - Ta) " Fe (49)

Qr = hr " SA - (Tsk - Ta) "Fgy (50)

where, h, W/(m?K) and h,, W/(m?K) are the convective and radiative heat transfer
coefficients, respectively. In the present study, h, is assumed to be constant, which is
equal to 4.65 W/(m?K) [4] and h,. is expressed as follows [26]:

hy = 2.7 + 7.4 1, 1na®67 (51)

where,v,,;,q (m/s) is the wind velocity. Also, in Egs. (49) and (50), F,; is Burton’s
efficiency factor [27] for clothing, which is estimated as follows:

1

F., =
7140155 (h. + h,) - Iy,

(52)

where I, (clo) is the thermal resistance coefficient. In order to clarify the associated
unit of thermal resistance coefficient, 1 clo is equal to 0.155 (m? °C)/W.

Another heat transfer mechanism in the skin energy balance equation is the
evaporative heat loss. The evaporation from the skin surface occurs through two heat
loss mechanisms [3], namely, the heat loss due to the sweating, Q,, (W), and the

heat loss due to the skin diffusion, Qdiff (W). Thus, the cumulative value forms the
overall rate of evaporation heat loss as defined below:

Qe = Qrsw + Qdiff (53)
Therefore, in the above equation, rate of sweating heat transfer [3] is defined as follows:
Qs = LHS - 1it,g,, + SA - 2(Tsk=Tskrer)/3 (54)

where LHS (W hr)/gr is the latent heat of sweat and is taken as a constant parameter,
and m,, (grhr)/m? is the sweating flow rate, which is defined as follows:

Kysw " WSIG,ore - WSIGyin during rest

Mrsw = {Krsw *WSIGeore - WSIGsyin + 250 - WSIGeore during exercise (%5)

where, K,, gr/(m? hrK) is the sweating rate coefficient. In order to determine the
rate of diffusion heat loss [3], the following relation is employed:

Qdiff = Pwet * Qemax - Qrsw (96)
where, p,.: is the skin wetness, which is calculated as follows:

Pwet = 0.06 + 0.94 - py, (57)



In the skin wetness equation, p,.,, is introduced as the ratio of sweating heat loss (Q,-s,,)
to the maximal evaporative loss (Q,.4y), therefore, it varies between zero and unity.
Furthermore, Q.4 IS defined as follows:

Qemax:LR'hC'SA'(Psk_d)a'Pa)'chl (58)

where LR (°C/mmHg) is the Lewis relation, P, (mmHg) is the saturated vapour
pressure at the mean skin temperature (T, ), which can be estimated through Eq. (41).
Moreover, F,; is called the permeation efficiency factor, which defines the efficiency
of water vapour infiltration through the cloth to the environment as it evaporates from
the skin surface. The permeation efficiency factor is estimated as follows [27]:

1
Foa =130143- he 1, (59)
Despite the marginal difference between the core body temperature and the heart, the
energy balance relation for the vascular circulations, the left heart, and the right heart

are considered as follows [4]:

Cova (T2) = ~hare  Aare " (Tare = Ter) 100 ot (T~ Tard) (60
Coro (52) = e e (Toe = Tor) + iy o1 (g — T 61
Corrn - (%) = Myp * Cpr* (Tye — Trn) (62)
Corin (%) =1y * Cpr * (Ter — Tin) (63)

In the above-mentioned energy balance equations, T,,;(°C), T,.(°C), T,,(°C), and
T, (°C) are the temperatures of systemic artery, systemic vein, right heart, and left
heart, respectively. Additionally, A,,.(m?) and A,.(m?) are the surface areas of
systemic artery and systemic vein, respectively. Finally, C,;, (J/K) is the thermal
capacitance of arteries, Cy;,, (J/K) denotes the thermal capacitance of veins,
Cpirn (J/K) is the thermal capacitance of right heart, and Cp;;, (J/K) defines the
thermal capacitance of left heart. All thermal capacitances can be calculated through
the following equations:

RR
Cpia = PCblf Vaodt
0 RR
Cbl,v = pcbl,v f Vsatdt
° (64)

RR
Corin = pcbl,lhf (van + Vmi)dt
0

RR
Cbl,a = pcbl,rh f (Vao + stn)dt
0



Note that, the mass flow rate is simply obtained as follows:
m;=p- V], (i,j) = (a,a0), (v,sat), (rh, svn), (Lh, pvn) (65)

Table 2 presents the employed parameters, with their corresponding units and
numeric values in a constant environment conditions and the body at rest.

Table 2. Parameters of the body thermoregulation model

Parameter definition Symbol Unit Value
Core reference temperature Terref °C 36.8
Skin reference temperature T rer °C 34.1
Total mass Mpoay kg 81.7
Height height m 1.80
Age age year 24
Specific heat capacity of fat Crat ]/ (kg K) 2510
fSapt>eC|f|c heat capacity of body without Cother 1/ (kg K) 3650
Ambient temperature T, °C 25
Relative humidity ba % 47
Basal Metabolism M, w 58.2-SA
Surface area of systemic artery Ayt m? 0.12
Surface area of systemic vein A, m? 0.2
g)r?gr\;ection heat transfer coefficient of hy,, W/(m2K) 1800
\C/)(;)izvecnon heat transfer coefficient of hy, W/ (m?2K) 1080
Specific heat capacity of blood Cp1 J/ (kg K) 3640
Blood density Pb1 kg/m3 1060
Basal skin blood flow Mgy—pasal kg/(m? hr) 6.3
Vasodilation coefficient Kair kg/(m? hr K) 75
Vasoconstriction coefficient Koons 1/K 0.5
Radiative heat transfer coefficient h, W/(m? K) 4.65
Wind velocity Vyind m/s 0.2
Thermal resistance of clothing I 1 0.1
(insulation of clothing) clo do :
Latent heat of sweat LHS (W hr)/gr 0.7
Sweating rate coefficient K, q gr/(m? hr K) 100
Lewis relation LR °C/mmHg 2.2
Thickness fat-skin thicknesssq;_skin mm 15.72




NUMERICAL METHOD, SOLVING THE GOVERNING ODES

The coupled lumped model comprises two sets of ODEs, which expresses the
cardiovascular flow and body thermal condition. The flow lumped model results 22
ODEs for finding flow rate, pressure, and angular position of the valves. Also, the
energy balance equations of the body thermoregulation led to 6 ODEs to estimate the
temperatures.

The set of equations is solved chronologically as shown in Figure 2. In fact, initially the
flow lumped model ODEs are solved, then the resulted outputs will be passed through
the thermoregulation model to find the temperatures. Furthermore, there was
employed an auxiliary block, which takes in flow data for further necessary
calculations. The output of the coupled flow-thermoregulation lumped model will be
employed for further analysis of cardiac function or as the boundary condition of flow
as it leaves the LV. The code was developed in MATLAB R2020a, and a MATLAB
ODE solver, ode15s, was invoked. Ode15s is a robust variable-step variable-order
method based on the numerical discretisation formulas, which can effectively resolve
stiff equations.

Setting initial values of dependent variables

First

Setting relative and absolute tolerances

lumpedCardiovascularFlow.m twoNodeThermoregulation.m
Parametrisation @ 1 Parametrisation @ 1
Defining variables ﬂ Defining variables @
, 2 2

x = X(@) t; =T(@)
Defining relationships @ 3 ge) Defining relationships @ 3

. . . =
Defining equations =

Calculating the parameters based on the ﬂ .
ax(i)/dt = f(X(@),...) @ 4 lumped cardiovascular flow model

Defining equations

g idzé’(i)/dt2 =k(6()),do(i)/dt, ...) dT(i)/dt = g(T(0),...) @ °
1400/ de = 9 (0)

id(p(i)/dt =k(0@), p>Q),...)

iTo keep the angular position within the realistic range
if

i(e >0, and d6/dt > 0)

This block is invoked for further essential
calculations

>
—
i)
=
3
<

i(@ < Oppin and dO/dt < 0) then

0=

Figure 2. Solution algorithm for governing equations of lumped flow and thermoregulation
models.



INITIAL VALUES OF THE GOVERNING EQUATIONS

Table 3. Initial values for solving governing equations of the lumped flow and thermoregulation
models.

Initial Values

Variable Unit Value Variable Unit value
Vla ml 60 an ml/s 0
[ rad 0 Qu mi/s 0

% rad/s 0 Qpo mi/s 0
Vi ml 130 Py mmHg 100
040 rad 0 Qsas ml/s 0
dz‘;" rad/s 0 Py mmHg 100
Vra ml 39 Qsat ml/s 0
0, rad 0 Poyn mmHg 10
% rad/s 0 Byas mmHg 20
V., mi 110 Qpas ml/s 0
Opo rad 0 Ppat mmHg 20
dz’;" rad/s 0 Qpat ml/s 0
Qi mi/s 0 Byon mmHg 10
T., °C 36.8 Tex °C 34.1
Ti °C 36.8 T, °C 36.8

Tt °C 36.8 T, °C 36.8




VALIDATION OF THE MODELS

In this section to evaluate the developed pipeline, serval comparisons are made
against experimental data and in-vivo measurements. Figure 3(a) and (b) show intra-
cardiac and aortic pressures. Figure 3(c) and (d) demonstrate the flow rates across
the four cardiac valves. Furthermore, Figure 3(e) illustrates the volume changes of
heart chambers, and finally in Figure 3(f), LV pressure-volume relation is plotted for
different preload (Rmiral) conditions.

As shown in Figure 3(a) and (b), the left heart pressure is higher than the right heart
pressure, and the ventricular pressure is higher than the atrial pressure. The results
emphasise that for a normal heart function, the LA varies between 9 and 12 mmHg
and the LV changes between 5 and 134 mmHg. While the values for the RA (5-9
mmHg) and RV (3-40 mmHg) are less than the left heart. Also, about the aortic
pressure waveform in Figure 3(a), it shows that the model can predict the aortic notch,
when the aortic valve opens. In Figure 3(c) and (d) the flow rates across the aortic,
mitral, pulmonary, and tricuspid valves are displayed. The model can successfully
predict important flow features, mainly, the flow regurgitation during the valvular
closure, and E-wave and A-wave peaks across the mitral and tricuspid valves. Note
that E-wave and A-wave indicate the passive and active contractions of normal atria,
respectively. Therefore, the obtained data are in a physiological range reported for
normal people and they are in a good agreement with other numerical studies [14],
[28].

Figure 3(e) displays the volume changes of different chambers. The current model
suggests that the stroke volumes for the LA and LV are about 30 ml and 70 ml,
respectively, which are well located in a range reported by Gutman et al. [29] for a
healthy cohort (24 + 7.6 for LA and 65 + 14.3 for LV). Furthermore, the cardiac output
is about 5.2 I/min which is in a normal range reported in textbooks of physiology [30].
End systolic pressure volume relation (ESPVR) as one of the well-known heart
parameter [31] is plotted in Figure 3(f) for different preload conditions. The pressure-
volume diagram of the LV displays a good agreement with the real physiological
conditions. In fact, the loci of end systolic pressure volume result a straight line, which
intercepts the abscissa at the value of LV unstressed volume.
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Figure 3. (a) pressure of the left ventricle (LV), right ventricle (RV), and aorta in a cardiac
cycle, (b) pressure of the left atrium (LA) and right atrium (RA) in a cardiac cycle, (c) flow
rates across aortic and mitral valves, (d) flow rates across pulmonary and tricuspid valves, (e)
volume changes of the LA, LV, RA, and RV in a cardiac cycle, and (f) LV pressure-volume
relation for different preload (Ruitra) conditions.

In addition to the flow lumped model, the thermoregulation model was also validated
against a set experimental data. Figure 4(a) and (b) compare the result of the current
study against the experimental data obtained by Takada et al. [32]. The comparison
is made for two schedules and subject D of the study by Takada et al. [32]. In schedule
|, everyone underwent various thermal conditions in five different timespans, while in
schedule II, the cases were tested in three different thermal conditions. To improve
the comparison, the thermal signal reference temperatures, vasomotion parameters,
and basal skin blood flow were tuned to be consistent with thermal characteristics of



people in the experiment. The results of the employed thermoregulation model show
a good agreement with the experimental data.
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Schedule | shown in figure (a
31-

zq 5181 81-101 101-120
T, (°C) 204 20 294 409 29.4
ba(%) 475 556 476 535 47.8

Viina (M/S) 010 024 010  0.12 0.12

Schedule Il shown in figure (b
32-

t(min) 0-32 ¢ 61-120
T,ir (°C) 294 352 26.3
b (%) 471 473 46.0
Vuina (M/5) 0.10  0.11 0.12

Figure 4. Skin and core temperatures, comparing the numerical results against the

experimental data of subject D in the study by Takada et al. [32], (a) schedule I, and (b) schedule
IL.

CONCLUSION

In this methodology paper, a workflow was developed based on previous lumped
models of flow and body’s thermoregulation. The develop pipeline considers the heart,
systemic, and pulmonary circulations of blood flow, while it accounts for the thermal
response of the body. The coupled pipeline provides crucial information about flow
rate, pressure, and temperature of cardiovascular system. The pipeline was
successfully validated against several clinical and experimental dataset to evaluate its
credential. The outcome of this model can be interpreted for variety of physiological
conditions and provide essential information for further analysis. The workflow is
mainly developed to explore effects of atrial fibrillation on cardiac function.
Furthermore, it provides the necessary input data for entropy and exergy analysis of
the cardiac system, which consequently leads to a new index for the heart ageing.
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