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Abstract: The COVID-19 pandemic has underscored the importance of understanding
the interplay between the cardiovascular and immune systems during viral infections.
SARS-CoV-2 enters human cells via the ACE-2 enzyme, initiating a cascade of immune
responses. This study presents a coupled mathematical model that integrates the
cardiovascular system (CVS) and immune system (IS), capturing their complex interactions
during infection. The CVS model, based on ordinary differential equations, describes heart
dynamics and pulmonary and systemic circulation, while the IS model simulates immune
responses to SARS-CoV-2, including immune cell interactions and cytokine production. A
coupling strategy transfers information from the IS to the CVS at specific intervals, enabling
the exploration of immune-driven cardiovascular effects. Numerical simulations examined
how these interactions influence infection severity and recovery. The coupled model
accurately replicated the evolution of cardiac function in survivors and non-survivors
of COVID-19. Survivors exhibited a left ventricular ejection fraction (LVEF) reduction
of up to 25% while remaining within normal limits, whereas non-survivors showed a
severe 4-fold decline, indicative of myocardial dysfunction. Similarly, the right ventricular
ejection fraction (RV EF) decreased by approximately 50% in survivors but underwent a
drastic 5-fold reduction in non-survivors. These findings highlight the model’s capacity to
distinguish differential cardiac dysfunction across clinical outcomes and its potential to
enhance our understanding of COVID-19 pathophysiology.

Keywords: COVID-19; viral infection; cardiovascular system; immune system; mathematical
models

Key Contribution: A novel coupled mathematical model integrating the cardiovascular
and immune systems captures complex interactions during SARS-CoV-2 infection, enabling
the exploration of immune-driven cardiovascular effects. Numerical simulations revealed
distinct cardiac dysfunction patterns between survivors and non-survivors, demonstrating
the model’s potential to enhance understanding of COVID-19 pathophysiology.
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1. Introduction

First reported in December 2019, severe acute respiratory syndrome, also known as
COVID-19, was responsible for triggering a global pandemic that shook public health and
society on an unprecedented scale. Identified in the city of Wuhan, in the province of Hubei,
China, the disease quickly spread worldwide, causing the World Health Organization to
declare a pandemic on 11 March 2020 [1].

SARS-CoV-2 (severe acute respiratory syndrome-associated coronavirus 2), a pathogen
associated with the disease is a Sarbecovirus (betacoronavirus lineage B) that is used
as a receptor for entry into the cell enzyme angiotensin type 2 (ACE-2), a molecule
widely present mainly on the surface of cells of the endothelium, myocardium, kidneys,
gastrointestinal tract and lungs [2]. Although its function is not entirely known, this
molecule is usually related to the regulation of the renin—angiotensin-aldosterone system,
which controls blood pressure and fluid balance in the body [2].

COVID-19 has been linked to a range of cardiovascular complications, many of which
significantly contribute to the disease’s morbidity and mortality. These complications
include myocarditis, arrhythmia, acute coronary syndromes and thromboembolic events [3].
The mechanisms underlying these effects are multi-factorial and include direct viral
invasion of cardiac tissue, systemic inflammation, a dysregulated immune response and
endothelial dysfunction [4,5]. Furthermore, the hypercoagulable state observed in severe
COVID-19 cases has been implicated in the development of venous thromboembolism and
other vascular complications [6]. Understanding these cardiovascular implications is critical
for effective management and highlights the intricate interplay between the cardiovascular
and immune systems during infection.

The interaction between the cardiovascular system and the immune system has been
the subject of study due to its importance in understanding health complications [7].
Mathematical and computational models have been widely used to better understand
various pathologies, as well as to propose new therapies and treatments. In this
context, a coupled model between the cardiovascular and immune systems presents
itself as a promising tool for understanding the dynamics between these systems and
their implications. In particular, the prevalence of COVID-19 and its effects to date
has highlighted the need to understand how these systems interact during an acute
viral infection.

The objective of the present work is to present the coupling between mathematical
models of the cardiovascular system and the immune system in a scenario of viral infection
by COVID-19. Both models are represented by systems of ordinary differential equations
(ODEs) and are based on previously published models validated with experimental
data. Coupling is done through the imposition of the effects of the viral infection and the
subsequent immune response on the cardiovascular system. Computational simulations
for different scenarios are presented, and the results are analyzed based on reference values
from the literature for normal and pathological conditions.

2. Mathematical Models

Next, the mathematical modeling used to represent the cardiovascular system
is described through a compartment model involving the cardiac chambers and the
pulmonary and systemic circulation, as well as the immune system model. Subsequently,
it describes how the effects of COVID-19 infection are applied to the cardiovascular
model based on changes in some parameters. Finally, the strategy used to couple the
immunological model is presented to characterize the effects of COVID-19, the response of
this system during infection and its effects on the cardiovascular system.
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2.1. Cardiovascular Model

The cardiovascular system (CVS) model used is based on ordinary differential
equations and was originally proposed by Colunga et al. [8]. This model of the
cardiovascular system is based on eight compartments and is capable of representing
the characteristics of cardiac, systemic and pulmonary circulation, specifically in terms of
pressure (mmHg), flow (mL/s) and volume (mL). The structure of the model is formulated
with analogies to electrical circuits, in which blood pressure is equivalent to voltage, flow
to current, volume to electrical charge and compliance to capacitance, as explained in the
literature [9,10].

The model involves a total of eight compartments, covering the four cardiac chambers
(i.e., left and right atria and ventricles), as well as the pulmonary and systemic circulation
represented by their respective arteries and veins, as illustrated in Figure 1.
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Figure 1. Schematic representation of the cardiovascular system model used in this study, based on a
previous model [8].

In general, the model of the cardiovascular system, including cardiac, pulmonary and
systemic circulation, can be described as:

avs;

3 = 9i-1— 45 1)
Ny 0
Vsi=Vi—Vini = Ci(pi — pi+1), 3)

where the indices i — 1, i and i + 1 refer to the previous, current and next compartments
of the system, V;; represents the stressed volume (the circulating volume) of the
vessel/chamber, and V,, ; is the unstressed volume (constant). In addition, g; is the blood
flow, p; is the pressure, R; is the resistance between two compartments and C; is the
complacency of a given compartment.

Considering the compartments and the diagram of the cardiovascular model used
in this work, which is based on the work of Colunga et al. [8], as shown in Figure 1, we
have the following ordinary differential equations that describe the volume variation of
the compartments:

dav, A% A% dv,
d;}v =dqp — qpo, Ttla = Jpv — moa, dilfv = 9muva — Yava, dtsa = fJava — s, (4)
AV AV, Avi, Vi

it = Gpva — qp, ar = Gtva — qpva, T = fsv — Gtva, it = s — gsv- )
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The flows through the mitral (mva), aortic (ava), tricuspid (tva) and pulmonary (pva)
valves are defined by the following equations:

- BePloif piy > pro ©)
moa — 7
0, otherwise
Gava = plﬁ;}fsa' if pro > Psa @)
aoa —
0, otherwise
Gron = W/ if Pia > Plo )
va — 7
0, otherwise
Pro—Ppa .
Gron — e if pra > pro )
pva = ) .
, otherwise

Cardiac dynamics are represented using time functions that relate the pressure in each
cardiac chamber to elastance (as a function of time) and volume, as follows: p;(t) = E;(f) Vs,
where i = ra, la, rv,lv and E;(f) is the time-dependent function describing the elastance of
cardiac chamber i. Elastance functions for the ventricles and atria, along with additional
details, can be found in the original references.

The heart chambers i = ra,la,rv,lv denoting the left (I) and right (r) atria (a) and
ventricles (v) are modeled using a time-varying elastance function E;(t), relating pressure
and volume as follows:

pi(t) = Ei(F) Vs, (10)

where f is a normalized time representing the time within the cardiac cycle. It is computed
by f = mod(t, T), where T is the length of the cardiac cycle. The functions for the elastance
of the ventricles and atria are illustrated schematically in Figure 2, and their mathematical
expressions are detailed in Colunga et al. [8].
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Figure 2. Schematic representation of the elastance function for the ventricular (blue) and atrial
(red) chambers. Parameters corresponding to specific timings T} 4, T¢0, tca, Tr0 and Te, are at their
respective phases of the cardiac cycle.

2.2. Immune System Model

The immune system (IS) model used to describe the dynamics during SARS-CoV-2
infection consists of fifteen ODEs. The model was originally proposed by Reis et al. [11]
and has been qualitatively validated based on experimental data. The model represents the
chain of events that occurs after SARS-CoV-2 infects immune cells. The hypothesis is that
infected cells produce a high level of pro-inflammatory cytokines, which in turn can cause
a cytokine storm (also known as Cytokine Release Syndrome—CRS). Cytokine storms have
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been associated, in addition to SARS-CoV-2 infection, with a wide variety of infectious and
non-infectious diseases in recent decades.
The IS model is given by the following system of ODEs:

%V = 7,V — k1 Vge — kot Vign — keaV Tk — ko VApm,

DAy = aep(C 1) (A0~ Ay) - ﬁapAp%,

%Apm = ﬁ“PApC,:FZJ:}/"/ o ‘ngmApmV o 5apmApm/

C1= BumApnV + Bt TV — Supni,

& T = @ (Tino — Tin) — BusApn T,

%The = BtnApmThn + 7TnApmThe — Otn The,

& T = (€ 1) (T — Ti) — Bis(C+ 1) Apn Ty, a
%Tke = Bu(CH+ 1) ApnTien + T Apm Tre — Bke Tke V — Ot The

% B = ay(Bo — B) + 71 + VB+ 2+ TyaB — By ApmB — By ToeB — B TicB,
%Ps = BpsApuB — 5ysP.,

By = ByiTacB — GyuP) + Yo B,

a By

73 B = Bom TheB + 7051 B (1 — T YomBm),

d

EIgM = npsps - 5umIgM/
d

ElgG = nplpl - 5agIgG/

%C = ncapmApm + 7l + e, Tre — 6.C.

Each of the ODEs of the immune system model represents the behavior of one of the
populations involved in the disease and its fight, namely: virus (V), presenting cells (Ap),
mature presenting cells (A,;;), immune cells infected by the SARS-CoV-2 virus (I), helper
naive T cells (Ty,;,), effector T helper cells (Tj,), naive killer T cells (Ty,), effector killer T cells
(Tke), B cells (B), short-lived plasma cells (Ps), long-lived plasma cells (P;), memory B cells
(Bm), 1gM (Igp1) and IgG () antibodies and cytokines (C). The rates and other parameters
involved in the model are detailed in Reis et al. [11].

It is important to highlight that this particular IS model was developed to investigate
two cases: case 1, composed of patients who survived the COVID-19 infection, and case 2,
composed of patients who did not survive the disease. This approach allowed a comparative
analysis between the two groups, specifically in relation to the levels of cytokines present
in the immune system during infection with the SARS-CoV-2 virus. The results of the
simulations also clarified why individuals who survived had lower levels of cytokines
compared to those who did not survive. These substances play a vital role in the body’s
immune response, and it is essential to regulate their function appropriately to effectively
fight infection without causing additional damage to the body [11].
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2.3. Effects of COVID-19 on the Cardiovascular System

The effects of COVID-19 on the CV system were modeled via changes in the following:
(i) heart rate, (ii) resistance of the pulmonary veins and (iii) elastance of the four cardiac
chambers. All changes were introduced through multiplicative factors that affect the
original parameters of the CV model [12].

Changes in heart rate were implemented through a multiplicative factor K, which
modifies the duration of the cardiac cycle and other parameters of the elastance functions
appropriately. For instance, to change the heart rate from 60 bpm to 80 bpm, the model’s
time constant values were multiplied by Kt = 0.75.

Modifications in the contractility of the cardiac muscle were introduced through
variations in the values of the maximum elastance parameters E; »1, for i = ra,la,rv,lv,
as follows:

Eim = KeEl; (12)
where E:‘;{; is the value of the maximum elastance of the cardiac chamber denoted by i.
For changes in pulmonary vein resistance, a multiplicative factor Kg was introduced
as follows:

va = KRR;ez{/ (13)

f

where R;ev is the reference value for the normotensive individual.

It is important to note that in the original work of Dede et al. [12], the multiplying
factors Kt, Kp and Kr were constants throughout the entire simulation. As will be shown
in the following section, our coupling strategy for the CV and IS models considers these
factors as a function of the cytokine concentrations C to describe the evolution of these
effects during the infection.

2.4. Coupling of the Models

The objective of coupling the CV and IS models is to analyze the interactions between
the immune system and the effects caused on the cardiovascular system during COVID-19
infection. For simplification purposes, the effects of COVID-19 on the cardiovascular
system, are applied at specific points in time. We employed a simplified approach that
considers only a one-way coupling, in which the IS model influences the cardiovascular
CV model without feedback from the CV model to the IS. The simplification is based on
the observation that the immune response to an infectious condition can be exaggerated,
with greater than necessary production of pro-inflammatory cytokines, resulting in the
phenomenon called cytokine storm. Therefore, for the coupling between the CV and IS
models, cytokines were considered a fundamental component in describing the severity of
the infectious condition and, consequently, the effects of COVID-19 on the CV model were
calibrated based on the concentration of cytokines released by the immune system cells.

The coupling strategy involving Ky, Kp4 and Kgp as functions of cytokines C,
representing the effects of COVID-19 on the CV model, can be described as follows:

C(t)

Kr(t) = 10— =03, (14)
Ke(t) = 1.0 — (1) 25, (15)
Kr(t) = 1.0+ C(t) 1 7, (16)

Cmux
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where C represents the value of cytokine concentration, and Cyy is a parameter of
the coupled model. The constants in the expressions are such that for C = Cy4y, the
multipliers reach the reference values of the effects of COVID-19 on the CVS described
in Dede et al. [12]. The parameter C,;,y was considered a reference value for the maximum
concentration of cytokines and was used to calibrate the model based on experimental data
found in the literature [13]. The reference values used to describe the effects of COVID-19
on the CV are parameters that can be adjusted or tuned accordingly. The values scaled by
C/Cax were defined to ensure that when C = C;,,4, the baseline is modified in accordance
with findings reported in the literature [12]. Specifically, at C = Cy4x, there is a 25%
reduction in contractility and a 2.75-fold increase in pulmonary resistance relative to the
baseline values.

2.5. Numerical Solution, Model Parameters and Initial Conditions

It is important to highlight that the time scales used in the two models are quite
different: the cardiovascular system is evaluated in seconds, while the immune system is
evaluated in days. Therefore, the approach adopted in this work is to simulate the coupled
problem on the scale of days (referring to the IS) and, in certain steps, transfer the state of
the IS model to the CV model. This procedure is carried out according to an interval given
by Acy, that is, every Acy days the cytokines from the IS model are transferred to the CV
model. At this point, the CV model is solved for a certain number of cardiac cycles N¢ until
reaching a steady state, where the effects on the CV are evaluated. For the studies of this
work, we used N¢ = 30 cycles. For the coupled model, a total of Ncy = 24 time windows
for the coupling were considered, which resulted in a total of 120 days for the simulation.

The coupled CV+IS model is defined by the Equations (1)—(3) from the CV model
and (11) from the IS model. The coupled model was numerically solved as follows: the
cardiovascular model was computed using the LSODA method via the odeint interface
from the SciPy library, while the immune system model was solved using the RK45 method
through the solve_ivp interface, also available in SciPy [14]. We used a time step size equal
to At = 0.001 s for the numerical integration of the CV model, and At = 1 days for the
IS model. For the coupling, we adopted in this work as Acy = 2 days, which means that
every 2 days information from the IS model is transferred to the CV model.

Tables A1 and A2 summarize the parameter values used for the CV and IS components
of the coupled model, respectively. Table A3 lists the initial conditions for all variables
of the coupled model. It is important to note that the CV parameter values and initial
conditions were adjusted based on clinical information from a normotensive individual, as
documented by Colunga et al. [8].

The parameters and initial conditions of the IS model are available in Reis et al. [11]
(Tables 5 and 6), and were also based on experimental data. It is important to highlight that
the IS model parameters were fitted for two scenarios, which are also explored in this work:
survivors and non-survivors. The IS model parameters were calibrated using available
cohort data on viremia, IgG, IgM and cytokines for both survivors and non-survivors. To
achieve this, the discrepancy between the model and the observed data was minimized
using a weighted least-squares approach, employing the differential evolution method. A
detailed description is provided in Reis et al. [11].

2.6. Uncertainty Quantification

In this work, we considered values for Cy,,x as those reported in the literature [13]. Due
to the biological variability, the values reported by Cabaro et al. [13] for the levels of
cytokines in a mild COVID-19 scenario are within a range of [8.07,26.98] pg/mL. The data
are also consistent with other values reported in the literature [15-18]. Therefore, to evaluate
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the impacts of this parameter within this range, we conducted an uncertainty propagation
considering Cy;4y as a random variable uniformly distributed in its physiological range. So,
we considered

Cpuax ~ U(8.07,26.98), (17)

where U represents the uniform distribution.

To carry out this uncertainty quantification, we used the classical Monte Carlo method
with a total number of 1000 realizations (executions of the coupled model) considering
only Cyqx as an uncertain input parameter. Then, relevant quantities of interest in the
model, such as the pressure-volume loop (PV-loop) and the ejection fraction (EF), were
evaluated statistically through the mean value and prediction intervals obtained by specific
percentiles of the outputs. For more details on uncertainty quantification for biomedical
applications, see the review by Eck et al. [19].

2.7. Pressure=Volume Loop and Ejection Fraction

Below, we describe two key metrics used to evaluate cardiac function. A widely
used method for assessing the cardiovascular system and evaluating ventricular function
involves diagrams that plot the relationship between pressure within the ventricular cavities
and their corresponding volumes. These diagrams, commonly referred to as PV loops, offer
crucial insights into ventricular performance and dynamics, serving as a fundamental tool
for understanding cardiac function [20].

Ejection fraction (EF) is another key measure of cardiac performance defined as the
percentage of blood ejected from a ventricle during systole relative to its end-diastolic
volume. The ejection fraction is given by EF = %, where EDV and ESV denote
the end-diastolic and end-systolic volumes, respectively. Ejection fraction is crucial for
assessing ventricular efficiency and diagnosing conditions such as heart failure, as it reflects
the heart’s ability to pump blood effectively. EF is most commonly associated with the left
ventricle, as it reflects the efficiency of this chamber in pumping oxygenated blood to the
systemic circulation. Normal values for EF are typically between 50% and 70%. It is worth
noting that these values may vary according to age [21], sex [22] and other conditions, such
as during inflammation [23].

3. Results

This section presents the numerical results obtained through the simulation of the
coupled model that represents the interaction between the immune system and the
cardiovascular system in the context of SARS-CoV-2 infection. Through the analysis
of simulations carried out for different scenarios (survivors and non-survivors), the
interactions between the two systems are described. We denote by case 1 the scenario
simulated with the parameters adjusted for the survivors and case 2 the scenario simulated
for the non-survivors.

3.1. Immune System and Cardiovascular Models

We begin by presenting an illustrative simulation of the coupled CV+IS model using
the baseline parameters. First, we present the results of each model component, and then
we detail how one model influences the other.

Figure 3 presents the results of the simulations carried out for four variables of the
IS model for cases 1 and 2 (survivors and non-survivors) fixing Cyax = 12 pg/mL. The
variables represent the viremia V, the cytokine concentration C (used in coupling) and also
the variables I, and Iop.
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It can be seen in the evolution of the cytokine concentration in case 1 at the top panel (a)
of Figure 3, that cytokines increase rapidly until reaching high values and maintain this
trend through a plateau phase, reaching levels of cytokines about 6 pg/mL, and then decay
back to equilibrium at the end of the simulation of 120 days. The analysis of the evolution
of viremia allows us to conclude that, in this case, the IS was efficient and effectively
fought the virus until its complete elimination. For case 2, shown in the bottom panel (b) of
Figure 3, related to the non-survivors, the results follow the same trends. However, it can
be observed that the concentration of the cytokines reaches much higher values than in the
previous case, as does the amount of virus.
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Figure 3. Evolution of the immune system variables V, C, Lge

for the (b) non-survivors case 2.

Iop for the (a) survivors case 1 and

Figure 4 illustrates the typical evolution of right and left ventricular pressures, P, and

Py, for the simulation of survivors (Case 1). The data shown correspond to the final ten

cardiac cycles at the onset of the coupled simulation, where it is clear that the quantities
reached a steady state.

30 - 175
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Figure 4. Evolution of the cardiovascular variables Py, and P, describing right and left ventricle
pressures, respectively, at the beginning of the coupled simulation of the survivors case 1.

3.2. Coupled Model

Next, we present the evolution of the key component linking the IS model to
the cardiovascular model, which is the evolution of the cytokines scaled by the Cax
parameter. Here, we considered Cpux = 12 pg/mL fixed, while in the next studies, it
was considered a random variable. Figure 5 shows the evolution of the coupling variable
between the IS and CV model for both survivors and non-survivors.
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The results of the coupled model, illustrated by the PV-loops of the left and right
ventricles for the survivor case (case 1), are presented in Figure 6. The graphs depict the
patient’s PV-loop under normal conditions prior to infection t = 0 and demonstrate how
the effects of infection’s progression, coupled with immune system activation, influence
the cardiovascular system through the cytokine effects described earlier. These impacts
are evident in the temporal changes of the PV-loops. The peak effect of cytokines on the
cardiovascular system occurs between t = 2 and t = 20 days, marked by a reduction
in ejection fraction. Subsequently, as the immune system combats the infection, the
cardiovascular system gradually recovers, with normal function restored from ¢ = 80 days.
Notably, the dynamics are most pronounced at the simulation’s onset, with significant
PV-loop alterations occurring within the first days due to the strong interaction between
the cardiovascular and immune system models.

2.0
0.5 1
0.4 157
T 0.3 1 I 1.0
S $
S 0.2 4 S
0.5 1
0.1 9
0.0 1 0.0 1
T T T T T T
0 50 100 0 50 100
time [days] time [days]

Figure 5. Link for the coupling of the CV and IS models: evolution of C/Cjyx for case 1 (left) and
case 2 (right), where C;,y was fixed at the value of 12 pg/mL.
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Figure 6. PV-loop evolution of left and right ventricles for simulation case 1 (survivors) in the
coupled model.

Figure 7 illustrates the evolution of the PV-loops for the right and left ventricles in the
non-survivor case (case 2). The dynamics unfold more gradually compared to case 1, with
incremental changes in the PV-loops observed at each time point depicted in the figure. The
maximal impact of inflammation, driven by immune system activation of cytokines, occurs
around t = 20 days, where the PV-loops and EF are notably altered from the baseline
(t = 0), reflecting the effects of the infection. Following this peak, the influence of cytokines
on the cardiovascular system diminishes, and the model shows a recovery in the PV-loops,
approaching baseline values as the system begins to restore its original function.

When comparing the PV-loops and ejection fraction between survivor and non-survivor
cases, the changes observed in the survivor case (case 1) are less pronounced than in the
non-survivor case (case 2). In case 2, significant alterations in both the PV-loop and EF are
evident, reflecting a more substantial impact of inflammation. This aligns with the fact that the
parameters of the IS model in case 2 were calibrated from data of non-survivor individuals,
who experienced a stronger immune response and more severe inflammatory effects.
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Figure 7. PV-loop evolution of left and right ventricles for simulation case 2 (survivors) in the
coupled model.

3.3. Uncertainty Quantification

Next, we evaluated the coupled model treating Cj,,x as a random variable constrained
within its reported physiological range. The results of this uncertainty propagation are
presented as the 90% prediction interval (encompassing the 5th to 95th percentiles) for
the PV-loops, along with the evolution of the ejection fraction over time obtained from
the simulations.

Figure 8 illustrates the evolution of the ejection fraction calculated at the conclusion of
the N¢ cycles for each coupling step between the IS and CV models, using Acy = 2 days
for the simulations. It can be observed that in both cases, the EF initially declines during
the inflammation phase and subsequently recovers to its baseline value. This behavior
highlights the influence of cytokine transients on the CV model response and the shape of
the left ventricular EF curve.

Notably, in case 2 (non-survivors), the EF values fall to markedly low levels, well
below the normal physiological range, whereas in case 1 (survivors), the EF remains within
normal limits (about 50%) even when accounting for uncertainty. For example, in case 2, the
left ventricular EF decreases to as low as 20%, indicating severe cardiac dysfunction. Such
impairment is strongly associated with increased hospitalization and mortality rates [24].

case 1 case 2
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Figure 8. Uncertainty propagation for the left ventricle ejection fraction for cases 1 and 2. The solid line
represents the mean ejection fraction, while the shaded region is the 90% prediction interval (P190).

Figure 9 shows the uncertainty quantification for the pressure-volume loops of the RV
and LV, as measured at ¢ = 20 days for both cases 1 and 2 corresponding to survivors (a)
and non-survivors (b), respectively. The uncertainty is presented using the 5th, 50th and 95th
percentiles of the pressure—volume loops from all samples obtained during the analysis. Firstly,
one can clearly observe that the uncertainties for the survivor’s case are significantly smaller
than those for non-survivors. Secondly, one can notice that although the uncertainties for the
LV pressure-volume loop are non-negligible, the ones for the RV are much higher.
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Figure 9. Uncertainties in the left and right ventricle pressure—volume loops for case 1 (a) and case 2
(b) at t = 20 days of simulation of the coupled model. The dotted line represents the 5th percentile,
the solid line is the 50th percentile and the dashed line is the 95th percentile.

3.4. Computational Performance

In this section, we report the total elapsed time for a single simulation of the coupled
CV+IS model, as well as for the complete Monte Carlo analysis conducted for uncertainty
quantification. All simulations were performed on a Dell Latitude 3440 laptop equipped
with an Intel Core i5-1235U processor and 8 GB of RAM.

The total elapsed time for a single run of the coupled CV+IS model, using a time step
of At = 0.001 s for the CV model, At = 1 day for the IS model and a coupling interval of
Acy = 2 days, was about 15 s. The total elapsed time for the Monte Carlo analysis using
1000 samples of the Cyyy parameter was about 13,200 s.

4. Discussion
4.1. On the Immune System Response and Cytokine Release

The immune system’s response to SARS-CoV-2 infection involves a cascade of
events that can lead to either protective or pathological outcomes. In our coupled model
simulations, the cytokine response emerged as a critical determinant of the clinical trajectory
of COVID-19, particularly due to its impact on cardiovascular function.

In the case of survivors (case 1, Figure 3), cytokine levels rose rapidly during the initial
phases of infection, peaking before gradually declining. This controlled cytokine production
facilitated viral clearance without causing excessive systemic damage. Conversely, in
non-survivors (case 2, Figure 3b), cytokine levels exhibited an initial peak in the early days
of infection, followed by a significantly elevated second peak. This excessive response,
often referred to as a cytokine storm, exacerbated systemic inflammation and was strongly
associated with severe cardiovascular dysfunction.

Cytokines, such as interleukins (e.g., IL-6) and tumor necrosis factor-alpha (TNF-«),
play a dual role during infection. On the one hand, they activate immune cells and
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coordinate the antiviral response; on the other, their overproduction can result in
endothelial dysfunction, increased vascular permeability and tissue damage. Our model’s
simulation of these dynamics highlights the critical balance required in cytokine regulation
to prevent complications such as myocardial injury, arrhythmia and thromboembolic
events—complications observed to be more pronounced in non-survivors (case 2).

Finally, Figure 3 shows that antibody production and viral elimination are not
significantly affected by increased cytokine production. Both survivors and non-survivors
exhibited similar peak levels of IgM and IgG, with only a slight increase in viral load
concentration in non-survivors compared to survivors.

4.2. Effects on the Cardiovascular System

The simulations of survivors (case 1), while influenced by cytokine, exhibited an ejection
fraction and ventricular response indicative of inflammation but ultimately demonstrated
an overall normal cardiac function with values still in the normal ranges [25,26], as can be
noticed in Figures 6, 8 and 9a.

The effects of reduced contractility during COVID-19 infection were modeled by the
reduction in Kg4 used to decrease the value of the four active elastances. For case 1, this
change resulted in a maximal reduction of 25% of the baseline EF, whereas for case 2, it
resulted in drastic changes in the ejection fraction of up to 400%, as shown by the lower
limits of uncertainty in Figure 8.

In addition to the left ventricular function, the right ventricular function was
also markedly impacted by COVID-19-induced alterations in the simulations of the
coupled model. More specifically, the RV EF reduced about 50% for case 1, while for
the non-survivors case, a 5-fold reduction was observed. One can note that this clearly
shows a significant reduction in the RV EF when compared to the LV EF.

The observed reductions in ejection fraction (EF) of 25% in the left ventricle (LV)
and 50% in the right ventricle (RV) for the survivor case (Case 1) are consistent with
post-COVID-19 clinical findings. Specifically, Koutsiaris et al. [27] reported an average
hemodynamic reduction of 45% in conjunctival microcirculation, while Zharkikh et al. [28]
documented a 29% reduction in skin microcirculation. Furthermore, the EF reduction
aligns with a recently proposed pathophysiological mechanism of blood supply reduction
in post-COVID-19 patients, based on data from 634 individuals [29]. These cohort
studies clearly show that COVID-19 affects the cardiovascular system, causing endothelial
dysfunction, microvascular damage and increased heart failure risk.

The increased pulmonary resistance, introduced via the Kgp factor in the coupled
model, led to an approximately 10% rise in the RV maximal pressure in both cases.
Compared to other cardiovascular models in the literature, such as those presented by Dedeé
et al. [12], this effect is slightly less pronounced. However, it is important to note that the
modeling approaches for the cardiovascular system differ between these studies.

Finally, it is essential to emphasize that the simulations for case 2, representing
non-survivors of COVID-19, reported a left ventricular ejection fraction (LVEF) as low
as 15% in the uncertainty propagation study. According to the literature, an LVEF below
35% is typically associated with a poor prognosis and an increased risk of mortality. Given
that the data used for the immune system IS model in these simulations were derived
from a cohort of non-survivors, we consider the model to have effectively captured and
satisfactorily represented this clinical scenario.

5. Conclusions

This study proposed a coupling model between the immune system and the
cardiovascular system to analyze the effects of infections, such as COVID-19, on
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cardiovascular dynamics. The coupled model integrates two previously published
and experimentally calibrated models. The CV model employs a lumped-parameter
representation of the cardiovascular system, comprising eight compartments, while the
IS model represented by a system of fifteen ordinary differential equations, simulates
the immune response to SARS-CoV-2 and its response with an elevated production of
inflammatory cytokines.

To accommodate the differing time scales of the two systems, a unidirectional
coupling strategy was adopted, with information flowing from the IS model to the CV
model. The CV model is resolved only within specific time windows, consistent with this
approach. Both models were previously validated against experimental data. In this study,
the coupling is mediated by cytokine concentrations, which, when elevated, can adversely
affect cardiovascular function.

The COVID-19 pandemic has underscored the importance of understanding the
interplay between the cardiovascular and immune systems during viral infections.
SARS-CoV-2 enters human cells via the ACE-2 enzyme, initiating a cascade of immune
responses. This study presents a coupled mathematical model that integrates the
cardiovascular system (CVS) and immune system (IS), capturing their complex interactions
during infection. The CVS model, based on ordinary differential equations, describes heart
dynamics and pulmonary and systemic circulation, while the IS model simulates immune
responses to SARS-CoV-2, including immune cell interactions and cytokine production. A
coupling strategy transfers information from the IS to the CVS at specific intervals, enabling
the exploration of immune-driven cardiovascular effects.

Numerical simulations examined how these interactions influence infection severity
and recovery. The coupled model accurately replicated the evolution of cardiac function in
survivors and non-survivors of COVID-19. Survivors exhibited a left ventricular ejection
fraction (LVEF) reduction of up to 25% while remaining within normal limits, whereas
non-survivors showed a severe 4-fold decline, indicative of myocardial dysfunction. Similarly,
the right ventricular ejection fraction (RV EF) decreased by approximately 50% in survivors
but underwent a drastic 5-fold reduction in non-survivors, reflecting the severe impact on
right ventricular function. The numerical results align with experimental findings [3,5,6,27-29]
that describe the impacts of COVID-19 on the cardiovascular system. These findings highlight
the model’s capacity to distinguish differential cardiac dysfunction across clinical outcomes
and its potential to enhance our understanding of COVID-19 pathophysiology.
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Appendix A

This appendix presents the parameters and initial conditions of the CV and IS models.

Table Al. Reference parameters for the cardiovascular (CV) component of the coupled model.

Parameter Value Unit Parameter Value Unit

Rava 0.1291 mmHgsmL ™! Ryoa 0.0258 mmHg s mL ™!
Rpoa 0.0387 mmHgsmL ™! Rioa 0.0517 mmHg s mL~!
Rso 0.1550 mmHgsmL ™! Rpo 0.0258 mmHg s mL ™!
Rs 1.3560 mmHgsmL ™! R, 0.0646 mmHg s mL ™!
Csa 1.3590 mL mmHg ! Cpa 5.5753 mL mmHg !
Cso 15.0998 mL mmHg ™! Cpo 5.6218 mL mmHg ™!

Eram 0.2333 mmHg mL ™! Eram 0.0464 mmHg mL~!

Eiam 0.3500 mmHg mL~! 0.1237 mmHg mL~!

EroM 0.4239 mmHg mL~! Erom 0.0377 mmHg mL~!

Epom 3.0616 mmHg mL~! Epom 0.0942 mmHg mL ™!
Tra,c 0.6500 s Tiae 0.6825 s

Trac 0.8500 s Tiae 0.8500 s

Trar 0.2500 s lar 0.2525 s

Troc 0.3000 s Tioe 0.2850 s

Trosr 0.5000 s Tior 0.5000 s

Table A2. Reference parameters for the immune system (IS) component of the coupled model (model
parameter values that fit survivors’ data).

Parameter Value Unit

Tty 1.47 x 10° day !

ko 9.82 x 1073 day ! mIU/mL~!
ky2 6.10 x 107> day~! cells/mL™!
kw3 6.45 x 1072 day~! cells/mL~!
Xap 1.0 x 10° day ! pg/mL~!
Bap 1.79 x 1(())’1 day’l /copies/mL’1
C 8.0 x 10 copies/mL

CZZ; 8.08 x 100 cogies/ mL

Sapm 4.0 x 1072 day~!

Bapm 1.33 x 102 day~! copies/mL ™!
Bike 3.5x107° day~! copies/mL ™!
X 217 x 1074 day~!

Bin 1.8 x 1075 day~! cells/mL~!
T, 1.0 x 1078 day_1 cells/mL~1
S 3.0 x 107! day !

K 1.0 x 100 day_1 pg/mL_1

Bk 143 x 107> day_1 pg/mL_1 cells/mL~!
Tk 1.0 x 1078 day~! cells/mL~!
Sk 3x1072 day~!

ap 3.58 x 10° day~!

TTp1 8.98 x 1075 day~! copies/mL !
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Table A2. Cont.

Parameter Value Unit

Tl 1.27 x 1078 day~! cells/mL~!

Bps 6.0 x 107 day_1 cells/mL~!

ﬁpl 5.0x 1070 day’1 cells/mL~!

Bom 1.0 x 107 day’l cells/mL~1

Sps 2.5 x 10° day~

bpi 35x 107! day~*

Yom 9.75 x 10~4 day !

Tl 1.0 x 107> day !

T2 25x 108 cells/mL

TUps 8.7 x 1072 day~! cells/mL~!S/CO
Tyl 1.0 x 10’2 day~! cells/mL~!S/CO
Sam 7.0 x 10~ day~!

bag 7.0 x 1072 day !

TCapm 3.28 x 10? day ! cells/mL~! pg/mL
TTei 6.44 x 1073 day_1 cells/mL! pg/mL
Ty, 1.78 x 1072 day ! cells/mL~! pg/mL
Se 7.04 x 10? day~!

Table A3. Initial conditions of the coupled cardiovascular (CV) and immune system (IS) model.

Parameter Value Unit Parameter Value Unit
Visa 163.078 mL Vso 226.498 mL
Via 34.287 mL Voo 106.153 mL
Via 83.630 mL Voo 56.218 mL
Vi, 34.287 mL Viu 106.153 mL

v 61.0 copies/mL A, 1.0 x 10° cell/mL
Apm 0.0 cell/mL I 0.0 cells/mL
Thn 1.0 x 10° cells/mL TuE 0.0 cells/mL
Tin 5.0 x 10° cells/mL Ty 0.0 cells/mL
B 2.5 x 10° cells/mL P 0.0 cells/mL
P, 0.0 cells/mL By, 0.0 cells/mL
IgM 0.0 S/CO IgG 0.0 S/CO
C 0.0 pg/mL
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