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Mathematical models can be used to generate high-fidelity simulations of the cardiopulmonary system. Such
models, when applied to real patients, can provide valuable insights into underlying physiological processes
that are hard for clinicians to observe directly. In this work, we propose a novel modelling strategy capable of
generating scenario-specific cardiopulmonary simulations to replicate the vital physiological signals clinicians
use to determine the state of a patient. This model is composed of a tree-like pulmonary system that features
a novel, non-linear alveoli opening strategy, based on the dynamics of balloon inflation, that interacts with
the cardiovascular system via the thorax. A baseline simulation of the model is performed to measure the
response of the system during spontaneous breathing which is subsequently compared to the same system under
mechanical ventilation. To test the new lung opening mechanics and systematic recruitment of alveolar units, a
positive end-expiratory pressure (PEEP) test is performed and its results are then compared to simulations of a
deep spontaneous breath. The system displays a marked decrease in tidal volume as PEEP increases, replicating
a sigmoidal curve relationship between volume and pressure. At high PEEP, cardiovascular function is shown
to be visibly impaired, in contrast to the deep breath test where normal function is maintained.

1. Introduction role in creating digital twins, enabling seamless integration of multiple
organ systems to mimic the most pertinent physiological processes in
real-time [4].

Generally, lumped parameter models exploit the fluid-electrical
analogy, where pressures and flows of blood vessels are mathematically
represented by electrical circuit networks [5]. These models have a
broad range of applications, from studies on single blood vessels to
simulations tailored for large vascular networks. In recent advance-

ments within cardiovascular (CV) system modelling, there is a trend

Mathematical models and computational simulations are crucial in
enhancing our understanding of health, physiology, and therapeutic
strategies, playing a pivotal role in biomedical research and clinical
applications [1,2]. A wide variety of physiological models have been
developed, ranging from simple zero-dimensional models, containing
little if any spatial detail, to advanced three-dimensional multiscale
simulations that intricately attempt to capture the vast complexities
of certain specific physiological functions. Typically, the physiological

system in a zero-dimensional (lumped parameter) model is concep-
tualized as a series of discrete compartments, with their dynamics
characterized by ordinary differential equations (ODEs) [3]. In contrast,
one-dimensional (1D), two-dimensional (2D), and three-dimensional
(3D) models employ partial differential equations (PDEs), that addi-
tionally capture potentially important spatial dependence on certain
physiological processes and mechanisms. Recently, there has been a
surge in developing digital twins or virtual patients to facilitate person-
alized care and treatment. Lumped parameter models play a significant

* Corresponding author.
E-mail address: v.diaz@ucl.ac.uk (V. Diaz-Zuccarini).

https://doi.org/10.1016/j.compbiomed.2024.108960

towards combining 0D models, often based on the Windkessel model,
with 1D and 3D simulations [6]. An example of this is the CircAdapt
approach, which employs 0D models for the vasculature coupled to a
3D model for the heart chambers, and offers a comprehensive view
of cardiac function [7]. To model CV pathologies more accurately,
some studies have adapted their systems of equations to exhibit non-
linear behaviours in order to include mechanisms such as ventricular
interaction and valve dynamics [8,9]. Similar to CV modelling, models
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of the pulmonary system (PS) also use the lumped parameter approach
to effectively represent various regions within the lungs [10]. More
recent approaches have been developed to include multi-branching
trees of bronchi, offering a more anatomically detailed structure and
function of the PS [11,12]. A critical aspect of these branching models is
the individualized Threshold Opening Pressure (TOP) for each alveolar
unit enabling the creation of lung models that can, not only collapse,
but also systematically recruit alveolar units as the depth of breath
increases. Yuta et al. [13] proposed a model incorporating 60,000
airway and alveolar units, each with its own TOP following a normal
distribution. This model was then applied to explore optimal me-
chanical ventilation strategies for Acute Respiratory Distress Syndrome
(ARDS) patients [14,15] where lung heterogeneity and impairment in
the recruitment of alveolar units are defining characteristics of the
syndrome.

Owing to the similar modelling principles of the CV and PS, var-
ious integrated cardio-pulmonary (CP) models have been proposed.
These models are used to understand the interconnected dynamics of
these two systems, including the effects of blood gas levels on heart
rate and ventilation, and the influence of respiratory mechanics on
venous return and arterial pressure. Consequently, these models are
pivotal to investigate the physiological impacts of ventilation and can
help determine the most effective, patient-specific ventilation strategy.
Flumerfelt et al. [16], introduced a two-compartment lung model in-
tegrated with capillaries for gas exchange. This idea was expanded
upon by Liu et al. [10] and further advanced by Lu et al. [17], with
the latter introducing a detailed CP model. This model encompassed a
wide range of physiological aspects, including the mechanics of atria
and ventricles, the hemodynamics of both systemic and pulmonary
circulations, the baroreflex mechanism for arterial pressure regulation,
the mechanics of airways and lungs, and gas exchange at the alveolar-
capillary interface, thereby providing a comprehensive view of CP
interactions. The works of Ursino et al. [18] laid the foundation for
another family of CP models, starting with a CV model featuring
autonomic control and later expanded by Magroso et al. [19] into a CP
model that explored the role of carbon dioxide in CV regulation. Chbat
et al. [20] extended this model to include hypercapnic respiratory
failure. Subsequently, Albanese et al. [21,22] further refined the model
to include the autonomic nervous system interactions. Other notable
CP models in the literature, featuring chemoreceptor and baroreceptor
regulation, include those by Fernandes et al. [23] and Lin et al. [24].
Although these models offer valuable insights into the effects of venti-
lation on CP physiology [17,19,22,25], they often fail to adequately
represent the coupled physical interactions between the CV and PS.
In particular, the impact of positive pressure ventilation (PPV) on the
CP system, which is extremely relevant in intensive care, has not been
well explored in the current literature. This is despite the numerous
existing studies that indicate prolonged or excessive use of PPV can
adversely affect the integrity and functionality of the respiratory sys-
tem [26]. Patients with conditions like ARDS are notoriously difficult
to ventilate efficiently [27] and usually patient-specific strategies are
needed to ensure optimal ventilation for these patients [28]. A typical
characteristic observed in these patients is lung heterogeneity and
impaired alveoli recruitment, which causes some regions of the lung to
inflate more than others due to fluid accumulation or damaged tissues
during mechanical ventilation [29]. This can potentially lead to over-
distension and subsequent damage in certain areas while leaving others
collapsed or under-ventilated, resulting in impaired gas exchange and
reduced lung compliance [30]. While it has been observed that lung
heterogeneity reduces under increasing airway pressure, the extent
of the underlying structural heterogeneities persists when pressure is
reduced [31]. Elevated lung pressures can also affect the CV system,
where the increased thoracic pressure can compromise the capacity of
the heart to maintain a healthy cardiac output (CO) [32,33]. To this
end, we aim to develop a CP model that accounts for lung heterogeneity
and the aforementioned CP interactions, and quantifies the associated
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changes in the CV system, such as venous return and cardiac outputs,
during both spontaneous breathing and mechanical ventilation.

PEEP challenge is a lung recruitment maneuver commonly used
by clinicians to open the lungs of patients and to find the optimal
ventilation pressure to ventilate with. It is characterized by a sustained
increase in airway pressure with the goal to open collapsed alveoli [34].
After this a sufficient PEEP is applied to keep the lungs open. The level
to which is safe to increase airway pressure is however not always
obvious and a sustained dose of high pressure can have detrimental CV
and pulmonary effects [35]. With some patients observed to recover
cardiac function with a decrease in PEEP [36]. This test can also be
use to probe if a patient will respond positively to fluid administration
as the increased thoracic pressure adds pressure to the cardiovascular
system and effectively simulates the administration of fluid to increase
cardiac function [37].

We will focus on investigating the effects of Positive Pressure Venti-
lation (PPV) on the CP system and to compare them with Spontaneous
Breathing (SB). Another point of focus in the development of this
model was to implement the system of equations in a generalized
fashion where the same code could be used to create different model
configurations. This methodology enables the construction of diverse
physiological model configurations with various degrees of complexity,
that can be easily tailored to study various physiological systems whilst
using the same mathematical basis. We exemplify this versatility by
developing an integrated mathematical model of the human CP system,
comprising a tree structure for the PS with multiple independently con-
figurable alveoli, that interact with a CV system via the thoracic cavity.
We then apply our CP model to investigate a novel alveoli opening
mechanism, uncovering the different modes of operation during the
PEEP challenge test and deep breath scenario.

The paper is structured as follows: In Section 2 we outline the model
generalization technique, followed by a detailed explanation of the
equations used in the model and their physiological significance. In
Section 3 baseline simulations within the normal physiological range
for an adult are presented to validate the model. We then present a
Positive End-Expiratory Pressure (PEEP) challenge test and describe the
alveolar operating mechanism. Further, we compare the PEEP chal-
lenge test with a deep breathing scenario induced by the respiratory
muscles. These studies demonstrate that our CP model can simulate the
effects of the lung heterogeneity in both PPV and SB realistically. To
conclude, in Section 4 we discuss both the applicability and limitations
of the model framework presented.

2. Materials and methods

The model of the CP system developed in this study integrates key
aspects of CV circulation, respiratory mechanics, and cardio-pulmonary
interactions. This model can reproduce physiological behaviours com-
monly seen in adult humans, both under spontaneous breathing and
mechanical ventilation, while elucidating the underlying respiratory
mechanisms and haemodynamics. Our CP model utilizes a compart-
mental modelling approach, wherein the CP system is segmented into
a series of interconnected compartments, each corresponding to spe-
cific sections of the heart, lungs, and vascular network. In this ap-
proach, each compartment is effectively a standalone module, tailored
to capture the unique physiological functions pertinent to its respec-
tive anatomical regions. For example, the trachea is conceptualized
as a compartment, that allows airflow from the atmosphere into the
bronchial pathways. Similarly, the left heart can be seen as an individ-
ual compartment, responsible for receiving blood from the pulmonary
veins and channelling it into the systemic arteries. Therefore, the com-
partments constitute the foundational units, or generic compartments,
in our model, offering a generalized representation of the various
elements within the CP system.

A generic compartment is composed by a central capacitor con-
nected to inflow and outflow resistances to simulate the inflow and
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Fig. 1. Generic representation of a compartment, composed of a set of resistors that
connect the compartment to other compartments and a capacitor that holds a certain
volume of fluid. P is the pressure felt by the capacitor, P and P are the pressures
of the neighbouring capacitors that are connected to this compartment, R” and R™
are the resistances of the connecting resistors. Q" and Q" represents the inflow and
outflow of fluid. C represents the capacity/compliance of the compartment.

outflow of blood/air from a compartment, a schematic representation
of the system is shown in Fig. 1. The underlying governing equations
used to compute the pressure P, flow Q, and volume changes V -V
are:
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These equations are formulated based upon principles of conservation
laws, established constitutive equations, and phenomenological rela-
tions. Eq. (1) is the constitutive equation that computes the pressure
in a compartment based on its compliance and the volume it occupies
at that instant of time. The flow in and out of a compartment is
then calculated using Eq. (2), which uses the pressures calculated
previously along with resistances that modulate the flow. Eq. (3) is the
conservation equation that describes the dynamics of air/blood inflow,
outflow, and accumulation within the system, maintaining the integrity
of volume conservation.

It is clear from these three equations that the compliance and
resistances dictate the temporal evolution of the pressure and volume
in the compartment. The compliances and resistances can be con-
stant (passive) or variable and can also have non-linear relationships
with the physiological variables depending on the specific compart-
ment and their interactions with other compartments. Many generic
compartments are then strategically assembled to construct a com-
prehensive model of the CP system. Whilst the temporal dynamics
of each compartment are described using ODEs, the spatial depen-
dencies between different compartments are approximated through
the implementation of lumped properties and the interconnections be-
tween the compartments. Despite its simplicity, we demonstrate how
this approach permits a detailed exploration of coupled physiological
mechanisms, such as respiratory-induced variations in blood flow, and
alveolar recruitment mechanisms.

Cardio-pulmonary system model

An integrated CP model having a lung and cardiovascular system,
assembled with appropriate compliances and resistances is shown in
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Fig. 2. To achieve realistic physiological behaviour, the capacitors are
categorized into passive, semi-compliant, variable and ’balloon-like’
types, each tailored to represent different compliance characteristics
of the CP system. Similarly, the resistances are categorized as either
passive or diode-like, enabling the simulation of a broad range of phys-
iological flows and valve dynamics. This diverse array of components
ensures that our model not only reflects the complexities of the CP
system but also adapts dynamically to simulate realistic physiological
mechanisms and processes. Although the assembly of multiple com-
partments leads to a sophisticated architectural design, it is important
to note that each compartment in the CP model is equipped with a
capacitor, while resistors establish inter-compartmental connections.
This configuration allows the CP model to be conceptualized as a
graph, where nodes (capacitors) represent the individual compartments
and the resistors are depicted as edges linking these nodes. From
a computational perspective, the graph-based architecture facilitates
a matrix representation that encodes the connectivity map between
different compartments. This methodology effectively simplifies the
representation of the model’s architecture, thereby streamlining the
construction and manipulation of the interconnected CP system.

In our CP model, each compartment is designated to represent a
distinct segment of the heart, lungs, and vasculature. The CV sys-
tem is segmented into nine distinct compartments. These include two
compartments for the ventricles (denoted as Hl and Hr), systemic
arterial, capillary, and venous compartments (denoted as As, Cs, and
Vs respectively), and a thoracic venous compartment (Vt), representing
the veins within the thorax. Additionally, it encompasses compartments
for the pulmonary arterial, capillary, and venous systems (Ap, Cp, and
Vp). The entire pulmonary vasculature, the heart, and the thoracic
vein are all housed within the thoracic cavity. The PS is composed of
a trachea, bronchi, and multiple independently configurable alveolar
compartments enclosed in the pleural space. In the following subsec-
tions, we describe the compliance and resistance choices associated
with the vasculature, heart, lung, and thoracic cavity.

Vasculature

The vasculature refers to the network of blood vessels that circulate
blood throughout the body, including arteries, veins, and capillaries.
Since arteries are less compliant than veins, these vessels would there-
fore need more pressure to be exerted to push the same amount of
fluid into the compartment. This is particularly relevant for vessels
with thicker walls, where the force exerted on the vessel wall rela-
tive to its deformation from its original shape generates a significant
counter-reaction. The constant ¥, in (1) is used to account for this
effect, enabling the model to accurately represent distinct compliance
characteristics of different types of blood vessels.

The parameter V;, can be seen as the unstressed volume, i.e. the
equilibrium volume the vessel would have when the pressure in the
system is equal to the bias pressure [18]. The appropriate choice of ¥},
allows to impart the arterial system with desired blood volume whilst
being able to maintain low compliance on the system so that high
pressures can be attained without significant changes to the volume.

Valves

The valves in the circulatory system essentially act as gates, ensur-
ing the one-way flow of blood to maintain proper circulation. Valve
dynamics are modelled using

P-P
D
0

where P, and P are the pressures across the valve. The valves block the
flow and resets Q to zero whenever the pressure difference becomes
negative in the compartment.

P —-P>0,
P,—P<0,

4
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Fig. 2. Schematic representation of the CP model with the equivalent electric circuits for the pulmonary and cardiovascular systems.

Heart

The heart functions as a muscle that operates in a periodic cycle
of contraction (systole) and relaxation (diastole). Consequently, the
compliances representing the heart chambers also have to be specif-
ically tailored to account for the cyclic nature of cardiac function.
In literature, the most common approach is to modulate the value
of compliance using elastance models. We use the variable-elastance
model adapted from Heldt et al. [38] written as:

Eg — Ey ,
E, () = y . [1 — cos( = t)] ; 5)
rise
Egys — Ed' -(t—=T.:
Epo(®) = L +COS(M) : 6)
2 fall
Edias + Erise(l) 0<t< Trise7
E@t) =4 Egias + Egn(®)  Trise <t < Trise + Tranls @

Edias Trise + Tfall <t

The compliance is then computed from Eq. (7) as C(t) = 1/E(t) and
is subsequently used in Eq. (1). Here ¢ denotes time measured with
respect to the onset of ventricular contraction. Egys and Egj,g represent
the values for the systolic and diastolic elastances respectively. Ty,
and Tp,, is the duration of the rise and fall of the elastance profile
during the systole and diastole respectively. The parameter Egy, is
instrumental in modulating the intensity of the heart’s contractions.
Similarly, Eg4;,s modulates the volume of blood that is allowed back into
the heart during the diastolic phase. Thus the elastance Eq. (7) governs
the ventricular activation, which is pivotal in maintaining blood flow
across all compartments throughout a cardiac cycle.

Lungs

The respiratory model structure consists of a trachea bifurcating
into two bronchi, which further branch out into a tree-like network of
alveoli, simulating the intricate architecture of the human respiratory
system. In contrast to the CV system, the PS is an open-loop system
that is responsible for transporting air from the atmosphere through
the trachea and upper airways into the alveoli where oxygen and
carbon dioxide are exchanged with blood in the pulmonary capillaries.
The PS is connected to the atmosphere through the pharynx, extends
through the throat and trachea, and is subsequently distributed through
the lung via a network of bronchi terminating in the alveolar region.
The mathematical formulation follows the same principles as the ones
described for the CV components. The trachea and the bronchi are
airways cladded with cartilage and smooth muscle and therefore their
compliance is expected to be very low. These airways, except for the
bronchioles, are not supposed to collapse and will hold most of their
volume as unstressed volumes for these reasons; Eq. (1) is used to model

the pressure changes in these compartments. The alveoli experiences
significant volume change during normal respiration which leads to
a non-linear relationship between its compliance and volume. A key
aspect of this relationship is the concept of lung collapse, which pri-
marily occurs at the level of individual alveoli. This phenomenon takes
place when the air volume within an alveolus drops sufficiently low,
and the transpulmonary pressure between the pleura and the alveoli
is insufficient to counteract the elastic and the surface tension forces
on the alveolar walls. Under these conditions, the alveoli lose their
connection to the bronchi and become incapable of engaging in gas
exchange. Reopening a collapsed alveolus requires exerting a specific
amount of pressure referred to as the Threshold Opening Pressure
(TOP) to overcome the surface tension, allowing the alveolus to ‘pop’
open again. This reopening process is essential for restoring normal
alveolar function and ensuring effective gas exchange [14].

The aforementioned alveoli dynamics share a lot of the same char-
acteristics with rubber balloons, where creating the initial extension
requires the transmural pressure to exceed a certain threshold value,
beyond this point, the pressure required to keep inflating the balloon
decreases until it starts overstretching resulting in increasingly higher
pressures being necessary to inflate any further. The mathematical
formulation of spherical elastic balloon dynamics can be found in
the works of Muller et al. [39]. Of particular interest to this work
is the pressure/radius curve presented which is analogous to a pres-
sure/volume curve in our model. A similar pressure/volume behaviour
can be obtained when the compliance of the compartment is calculated
by merging a reversed sigmoid curve,

C,o,(V (1) = A0 C €)
ol O = Ty * o
with another sigmoid curve,
ACstr
Cyy(V (1) = Tk O Vom T Costrs C)

as shown in Fig. 3.

The resulting pressure can be obtained by calculating P(r) =
V(t)/C(V(1)). This pressure refers to the transmural pressure that must
exceed a certain threshold value to maintain the alveoli in an open
state. The compliance curve produced as a result creates a pressure
profile that imparts a non-linear behaviour to the system, characterized
by four distinct operational modes. The first mode is a closed mode
that operates between OmL and the volume at the peak of the pressure
curve (TOP), where very small variations of volume generate high
changes in pressure. The second mode of operation lies between the
volume at TOP and the volume at the local pressure minimum, here
the alveoli are considered to be opening in a cascade effect generated
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Fig. 3. Compliance-volume relation of a balloon alveoli with four distinct operational
modes of an alveoli highlighted. Mode 1: Closed Mode, ranging from 0 mL to the
volume at the peak of the pressure curve (TOP), where small volume changes result
in significant pressure variations. Mode 2: Cascade opening Mode ("Pop’), occurring
between the volume at TOP and the volume at the local pressure minimum, charac-
terized by alveoli opening due to reduced transmural pressure. Mode 3: Expansion
Mode, where a small increase in pressure leads to further alveolar inflation, indicating
the lung’s expansion phase. Mode 4: Over-Stretching Mode, beyond the inflection
point of the stretching sigmoid, marking the onset of exponential pressure/volume
relationship and maximal alveolar expansion, leading to potential tissue over-stretching.
This final mode represents the threshold of maximum compartment volume achievable
at physiological pressures.

by the drop in transmural pressure needed to keep the alveoli open.
The third mode of operation is characterized by a relatively small
increase in pressure needed to keep inflating the alveoli. The fourth
mode occurs beyond a point in volume where the inflection point of
the stretching sigmoid is located, in this regime the pressure/volume
relationship starts to be exponential and the alveoli are considered to
have reached maximum expansion and begin to undergo tissue over-
stretching. Consequently, the volume at this stage can be regarded as
being at, or close to, the maximum capacity that the compartment can
sustain under physiological pressures.

This novel strategy introduces a more realistic method for mod-
elling alveoli, incorporating non-linear alveolar dynamics and lung
heterogeneity. Contrary to traditional models in the literature that
depict alveolar opening as a step increase in volume after reaching
a critical TOP, our model simulates alveolar opening as a process
that emerges from a time-dependent compliance/volume relation. This
approach not only offers a more precise representation of alveolar states
but also delineates four distinct operating zones for the alveoli. The
proposed equations to model alveolar dynamics include eight distinct
parameters for each alveolus. The parameter C,,,, in Eq. (8), specifies
the alveolus’s residual volume when it is in a closed state. Similarly,
Cys:r from Eq. (9) determines the alveoli’s residual compliance when
it is overstretched, influencing the steepness of the pressure curve in
this condition. The combination of AC,,,, the slope parameter k, and
Vopop €stablishes the TOP, with Vj,,, being crucial in determining the
opening volume of the alveoli (typically a few mL below V;,,,). Vjg,
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defines the volume at the inflection point on the stretching sigmoidal
curve, limiting the maximum volume of air allowed in the alveoli.

The branched architecture of the PS is created using a recursive
tree generation algorithm, enabling an efficient construction of a lung
model with desired number of alveolar units. This method ensures
the model’s adaptability to various scenarios while maintaining com-
putational efficiency for real-time simulations. The PS model used to
produce the results presented, consists of a single trachea compartment,
two bronchi compartments, and forty alveoli, with each bronchus
dividing into four alveoli, and each alveolus further branching into
four additional alveoli. This structure results in eight groups of five
alveoli, where four of them are directly connected to a parent alveolus.
To mimic realistic physiological variations, each alveolus is assigned a
slightly different TOP, allowing for heterogeneity during simulations.
Fig. 4 illustrates the compliance/volume and pressure/volume rela-
tionships for some selected alveoli, offering insight into the dynamics
of alveolar opening and its effects on pressure and volume variations
across the PS.

Thoracic cavity

One of the challenges in modelling the CP system using zero-
dimensional models is to address the influence of surrounding regions
on each compartment. Two critical regions in this context are the
thoracic cavity and the pleural space. The thoracic cavity is the region
enclosed by the rib cage and the diaphragm encompassing the heart
along with its inflow and outflow vessels, as well as the respiratory
system. The pleural cavity is the liquid-filled region between the pari-
etal pleura (lining the thoracic cavity) and the visceral pleura (covering
the lungs) that envelopes the lungs and all the blood vessels that
irrigate it. The parameter P,;,, in Eq. (1) is employed to account for the
bias pressure that different compartments experience, based on their
spatial location. In our model, we use the pressures at the pleura and
thoracic cavity to establish the bias pressures at the specific locations
indicated in Fig. 2. The thoracic cavity is modelled as a semi-compliant
capacitor where V' from Eq. (1) is obtained by aggregating the volumes
of all compartments encompassed within the thoracic cavity. V; de-
notes the unstressed volume of the thoracic cavity, functioning as the
diaphragm’s activation mechanism, with the thoracic cavity’s pressure
being biased by atmospheric conditions. Since the P;,; is consistent
for compartments situated within the same cavity, any changes in
pressure within one compartment are effectively transmitted to the
other compartments via the thoracic pressure.

Spontaneous breathing and mechanical ventilation

In our model, the spontaneous breathing mechanism is simulated
using a methodology akin to that used for modelling cardiac muscle
activity. We achieve this by adapting the temporal dynamics of the
unstressed thoracic volume throughout a respiratory cycle RC, applying
specific modifications to Egs. (5) to (7). Specifically, the Egys and Egjqq
in the cardiac activation function are replaced with V™ and V™"
respectively. Furthermore, Tj;, is changed to Tj,, and set to 0.33 - RC,
where RC is calculated from the respiratory rate as RR = 60/RC. The
modified equations are now given by

pmax _ Vmin .
v,H=-"2—709 . [1 — cos(Z ’)]; (10)
2 Tinsp
ymax _ jymin -t =Tig,)
V)= =2 ° . [1 + cos(———2~ ] ; an
2 fall
VEin L V(0 0 <1< Tingps
VO(t) = V()min + Vout(t) Tinsp <t Ty + Tinsp’ (12)
V()mm Tinsp + Tfall <t

The unstressed volume V}, is then used to calculate the thoracic pressure
using (1). In the case of mechanical ventilation, it is common for
patients to be either not spontaneously breathing or under an assisted
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Table 1
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Equations and parameters used for the calculation of the volumes of the thorax and pleura regions. The total volume in these compartments
is the sum of the volumes of all the compartments inside these regions.The parameters for the calculation of V., can be seen in Table 3.

Capacitor Description Eq. Pressure Volumes Pyias Compliance Vo
(mmHg) (mL) (mmHg) (mL/mmHg) (mL)
Crhorax Thoracic P. 1 Priorax Vip + Ve + Vop + Vi Py 300 3500
+ Vi, + Vi + VLtmg
Crieura Pleural P. 1), a2) Prioura Vep + Vatveoli Pyim 35 Table 3

breathing regimen provided by a ventilator. Our model simulates these
conditions by modulating air pressure at the mouth as follows:

P..(t) = Asin(mT - & - 1); 13)
Pran(®) = Acos(nT 7 (1 = Tin)): e
PEEP + P (1) 0<t<m,
PIP <t<T...
P(t) = m=1= linsp as)

PEEP + Pryy(t) Tingp <1 < (Tingp +m),
PEEP t> (Tipgp + m),

where ¢ is the relative time computed from the beginning of a RC,
PEEP is the peak end-expiratory pressure, PIP is the peak inspi-
ratory pressure, Ting, is the duration of inspiration calculated using
the knowledge of the duration of a RC and the Inspiration/Expiration
(I:E) ratio defined on the ventilator, m is the transition time between
expiration/inspiration and A is the pressure amplitude. This equation
generates a square wave with rounded edges and simulates a mechan-
ical ventilator operating in pressure-control mode, where a minimum
PEEP above atmospheric pressure is constantly maintained. To enable
an inspiration, the ventilator increases the pressure to PIP.

Computer implementation of the CP model

The CP model architecture, depicted in Fig. 2, is configured by as-
sembling a number of generic compartments. This construction is facil-
itated by encoding the model’s graph structure into a JavaScript Object
Notation (JSON) format, derived from the data across Tables 1 to 5, to
parameterize and initialize the system of governing ODEs of our model.

The implementation was executed in Python 3.1, augmented with
the Just After eXecution (JAX) library for its efficiency in numerical
computations, native graphics processing unit (GPU) acceleration, and
Just in Time (JIT) compilation capabilities, enhancing computational
performance. The Equinox library was used for defining and manag-
ing equation classes and the integration stack, owing to its seamless
integration with JAX and transformation of parameterized functions
into PyTrees. Additionally, the Diffrax library, another JAX-based tool,
was employed for its advanced numerical differential equation solving
capabilities. Numerical integration was performed using Euler’s method
with a fixed step size of 0.001 s on a high-specification CPU (Intel Core
i7-8565U with 32 GB RAM), without GPU utilization. The algorithm
begins by computing the pressures in the regions (Table 1) followed
by pressures in compartments (Table 2), and flow rates (Q) across
resistors (Table 4). Subsequently, the temporal evolution of volume
dV /dt for all compartments is evaluated using the equations of Table 5.
The output from this model comprises high-fidelity (100 Hz) time-
series data of pressures, volumes, and flow within each compartment
and flow rates between different compartments. This efficient computer
implementation, equipped with Python-based libraries such as JAX and
Diffrax, ensures the fast generation of high-frequency data in real time,
essential for the in-depth CP system analysis required from a digital
twin environment.

Model parameters

Although our CP model is influenced by the modelling approaches
found in existing literature [17,25], substantial modifications to the

model architecture and the incorporation of novel alveolar dynam-
ics, necessitate a modification to the parameters from these studies.
Consequently, to accurately calibrate our model, we implement an
optimization-based approach for parameter evaluation. Our calibration
procedure aims to ensure that the model accurately captures physiolog-
ical responses while operating within a normal range. Specifically, we
strive to simulate the physiological behaviour of a healthy human, char-
acterized by typical volume distribution and pressure levels throughout
the CP system, as detailed in Tables 7 and 8. In essence, the calibration
process involves adjusting the compliance and resistance values within
the system to achieve these set target ranges of pressure and volume.

CV optimization strategy

On the cardiovascular side, the parameters proposed for resistance
and compliance/elastance in [38] were used as the initial values in the
calibration process. From these, eleven were selected for optimization,
leaving the remainder unchanged. The parameters chosen were the two
resistors for the arterial systems, R, and R,,, the systolic elastances
E,HI and E,, Hr and all seven compliances C of all compartments
representing blood vessels.

From (1) it can be observed that the value for compliance in a
compartment affects the pressure and volume of a compartment. If the
compliance of a compartment goes up, the pressure in that compart-
ment will go down (negatively correlated) and the volume held in the
compartment will go up (positively correlated). Using the same idea, it
can be seen from (2) that the value for the resistance connecting two
compartments modulates the flow rate that is allowed between these
compartments, where higher resistance for the same pressure difference
will yield less flow rate.

Knowledge of these relations between the parameters and the vari-
ables can be leveraged to create an extra set of differential equations
that will nudge the model to settle into physiologically relevant zones
where the values for pressure and volume generated by the model can
be targeted. To illustrate our parameterization methodology, take the
systemic capillaries as an example, where in Guyton et al. [40] it is
stated that the normal volume of blood in these vessels is 7% of the
total blood volume. To nudge the model into settling in this volume
another equation dC¢ (V(1)/d?) is added to the model. The equations
operate by, firstly, calculating the relative error between the volumes
observed and the target volume ¢ = (Vyrrent/Viarger) — 1- If the volume
is below the target, compliance needs to increase and the magnitude
of the increase/decrease of the value of the compliance should be
proportional to the residual error. If the variables are anti-correlated,
the relationship inverts. The variation of compliance is calculated as

k-Ccys0rel

dCe, | s o>0
—= =40 =0, (16)
dt _k-Ccs-0rel o <0

step

where k is a constant that modulates the magnitude of change for
compliance.

A C,;, and a C,,, are used to constrain the system to reasonable
values. Table 6 displays all the equations added to the model during
the calibration process with the respective targets. The equation used
to calibrate the value for C;,, was made to target a pressure instead of
a volume because the same volume distribution in the system can be

achieved for different operating pressures: a pressure target, therefore,
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Equations and parameters used for the calculation of pressures in all CV compartments. The parameters for the calculation

of Elastance can be seen in Table 3.

Capacitor Description Eq. Pressure Volume Pgias Compliance Vo

(mmHg) (mL) (mmHg) (mL/mmHg) (mL)
Ey E. Left Ventricle @, @ Py, Vi Priorax Table 3 -
Cyy C. Systemic Arteries 1) Py, Vs P 1.656 500
Ces C. Systemic Capillaries (@) Py Ves Py 20.784 -
Cy, C. Systemic Veins (€8] Py Vs Piim 307.058 -
Cy, C. Thoracic Veins 1) Py, Vi, Prhorax 17.965 -
Ey, E. Right Ventricle @, ) Py, Vir Prporax Table 3 -
Cyp C. Pulmonary Arteries (€D) Py, Vi Pryorax 3.176 90
Ce,p C. Pulmonary Capillaries (@] Pc, Vep Ppieura 10.147 -
Cy, C. Pulmonary Veins (@] Py, Vip Prporax 22.899 -

Table 3

Equations and parameters used for the calculation of the parameters of the variable capacitors and the ventilator function.

V" and V" are measured in mL.

Capacitor Description Eq. E, .. E, Ty Cycle Period
(mmHg/mL) (mmHg/mL) (s) (s)
Ey, Left Ventricle Elastance @) 2.812 0.0686 03VHC 0.75 (HC)
Ey, Right Ventricle Elastance 7) 0.575 0.0414 03VHC 0.75 (HC)
Vopieura Pleura Unstressed Volume (12) 3850 (VO”"“) 3300 (V“'”’") 0.2- RC 5 (RC)
Capacitor Description Eq. PEEP amplitude Tinsp Cycle Period
(mmHg) (mmHg) o) )
Py Ventilator Pressure (15) 5 8 0.2 5
Table 4
Equations and parameters used for the calculation of flows across all CV compartments.
Resistor Description Eq. Flow P, P, Resistance
(ml/s) (mmHg) (mmHg) (mmHg s/ml)

Ry, R. Left Ventricle (©)] O Py, Py 0.06

R, R. Systemic Arteries (2) Q Py, P, 0.8655

R, R. Systemic Capillaries 2 Ocs Pe, Py, 0.08

Ry, R. Systemic Veins 2 Oy, Py, Py, 0.04

Ry, R. Thoracic Veins (©)] Oy, Py, Py, 0.005

Ry, R. Right Ventricle @ Oy, Py, Py, 0.006

Ry, R. Pulmonary Artery (2 0,4y Py, Pc, 0.0511

R, R. Pulmonary Capillaries 2) O, P, Py, 0.0229

Ry, R. Pulmonary Veins @] Oy, Py, Py, 0.005

Table 5 Table 6

Equations and parameters used for the calculation of the temporal evolution of volume
in each compartment in the CV model.

Descriptors for the equations used in the calibration process. ‘+’ implies positive
correlation and ‘-’ negative correlation.

Compartment Description Eq. 0, Qour dv /di
ml/s ml/s ml

HI Left Ventricle 3 Qi Qs vy, /di
As Systemic Arteries 3 Oy Oc, dVy,/dt
Cs Systemic Capillaries 3 Qcs Oy, dVe,/dt
Vs Systemic Veins 3 Oy, Oy; dvy,/di
Vit Thoracic Veins 3 Oy, Qpy, dvy,/dt
Hr Right Ventricle 3) Oy, Q4 dVy,/dt
Ap Pulmonary Arteries 3) O,y Qc, av,,/dt
Cp Pulmonary Capillaries (3) Oc, Oy, dve,/dt
Vp Pulmonary Veins 3) 0y, Oy dVy,/di

better directed the system to settle within a specified pressure range.
The stroke volume used as a target for the resistors and was calculated
by integrating the flow between the heart and the artery and updated
at the end of every heartbeat and the systemic and pulmonary arte-
rial pressures were used to modulate the systolic elastance, with the
diastolic elastance left constant according to [38].

The system was then allowed to run until it reached equilibrium and
the resulting parameters are presented in Tables 2, 3 and 4.

PS optimization strategy

The complexity of the chosen PS model prevented us from using
a similar technique to parametrise the model. Moreover, due to the
novelty of the strategy used, there were no literature values that could
be leveraged for alveoli parametrisation and a first principle-based

Target variable Target Parameter to calibrate +/— Min Max
Vs 650 mL Cyy + 0.01 10
Ves 350 mL Ce, + 0.01 50
Py, 10 mmHg Cy, - 150 1400
Vv, 100 mL Cy, + 0.01 50
Vap 150 mL Cup + 0.01 10
Vep 150 mL Cep + 0.01 15
Yo 300 mL Cy, + 0.01 50
SVy, 68 mL Ry, - 0.01 200
SV 68 mL Ry, - 0.01 200
Py, 90 mmHg E, . HI + 0.01 4
Py, 17 mmHg E,..Hr + 0.01 1

approach had to be employed instead, targeting normal lung volumes
seen in [40] (Table 10).

The trachea and both bronchi are the compartments responsible for
most of the respiratory dead space and serve mainly as resistive vessels
with small volume variations. To model this they were initially given
very low compliance (0.5 and 2 mL/mmHg) and resistance (0.002 and
0.003 mmHg s/mL) respectively. To modulate the baseline volume in
these compartments a total unstressed volume of 225 mL (3 x 75 mL)
was attributed.

The interpretability of the parameters of the alveoli Egs. (8)-(9)
was of paramount importance in the parameterization process of the
pulmonary system. The value for the sum of all ¥, across all alveoli
is always very close to the maximum volume of the pulmonary system.
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Fig. 4. Visualization of the compliance/volume profiles and pressure/volume profiles for selected alveoli, highlighting their nonlinear behaviour and the resulting heterogeneity

sripps ON the Tight P,,,,

of the lung. In all plots on the left, Co,pmy and AC,

Vopop @nd AC,,, are the main determinants of TOP and tiny variations
of these parameters will generate different TOP in every alveoli with k
determining the steepness of the pressure wall. This flexibility allows
the pulmonary system to be re-parametrized to represent different lung
dynamics with a wide range of opening profiles.

The 8 parent alveoli were given a higher inflow resistance of 0.03
mmHg s/mL to reflect the fact that the highest lung resistance resides in
the bronchioles and the 32 child alveoli were given a lower resistance
of 0.003 mmHg s/mL. To model a Functional Residual Capacity FRC
of 2500 mL the total V,, of the 8 parent alveoli was set to 312.5 mL
and to ensure that these alveoli open at very low volumes k = 0.1 m~3,
Vopop = 60 mL, ACy,,./,, = 55 mL/mmHg and Cy, /., = 0.5 mL/mmHg
generating a TOP of 7.8 mmHg.

The parameters used for the child alveoli were k = 0.35 and
Cosir/pop = 0.5 mL/mmHg, and to create a heterogeneous lung V;,,, and
ACqy,/pop Were set to 17 mL+1.5 and 17.0 mL/mmHg+3 using a normally
distributed random number generator. To create a total lung capacity
of around 5000 mL, Vj,, was set to 55 mL + V;,,,. This created a set
of alveoli with TOPs ranging from 5.4 mmHg and 8.2 mmHg. In Fig. 4,
the properties of a parent alveoli, the child alveoli with the highest and
lowest opening pressures and another alveoli with the same ¥ as the
one with the highest opening pressure but different compliance.

3. Results
Baseline simulation

To assess the suitability of the model to represent the CV dynamics
and CP interactions of a healthy human, a baseline simulation was
performed where the system was allowed to stabilize while sponta-
neously breathing at 12 breaths/min with a heart rate of 75 beats/min.
Fig. 5 presents the distribution of blood volume and pressures across
the CV compartments. The results are presented over two RC (10 s).
In this scenario, the system displays a mean systemic arterial blood
pressure BP of 95.67 mmHg (75.52-115.25 diastolic and systolic) and
an average stroke volume SV of 72.7mL, generating a CO of 5.452
L/min.

The simplicity of the model equations, the parameter interpretabil-
ity and the graph nature of the system provided useful guidance during
the parameterization process, allowing us to identify the important
parameters that ensure the model is operating in a regime considered
representative of normal human physiology. Tables 7 and 8 present
a comparison between the simulated pressures and volumes with the

and on the bottom, Vo, and ¥, as seen in Fig. 3.

Table 7
Simulated pressures at every compartment compared to the normal values observed in
these compartments found in literature [38] over the 10-s simulation period.

Compartment Pressure (mmHg)
Min Avg Max Diast/Min [38] Syst/Max [38]
Systemic Artery 75,5 957 1152 60-90 90-140
Systemic Capillaries 16.7 169 17.1 - -
Systemic Veins 9.6 9.6 9.7 - -
Thoracic Veins 5.1 6.0 7.3 0-8 2-14
Right Ventricle 2.5 11.5 313 0-8 15-28
Pulmonary Artery 13.8 199 29.6 5-16 15-28
Pulmonary Capillaries 13.0 17.0 23.5 1-12 9-23
Pulmonary Veins 11.7 131 157 - -
Left Ventricle 5 40.0 116.0 4-12 90-140
Table 8

Simulated Volumes at every compartment compared to the normal values observed
in these compartments found in literature [40] over the 10-s simulation period. The
values marked as ‘-’ were not found in literature.

Compartment Volume %
Min Avg Max Lit Values

Systemic Artery 12.5 13.2 13.8 13
Systemic Capillaries 6.9 7.0 7.1 7
Systemic Veins 59.1 59.3 59.4 64
Thoracic Veins 2.9 3.2 3.8 -
Right Ventricle 0.9 1.9 2.5 -
Pulmonary Artery 3.1 3.5 4.2 -
Pulmonary Capillaries 2.6 3.4 4.3 -
Pulmonary Veins 6.1 6.7 7.6 -
Left Ventricle 1.0 1.8 2.7 -
Pulmonary Vessels 12.8 13.6 14.6 9
Systemic Circulation 81.9 82.7 83.7 84
Heart 2.0 3.7 5.1 3

values usually observed in healthy humans. As shown, the mean values
obtained for the volumes and pressures of the cardiovascular compart-
ments where the ‘optimizers’ are used, are all within the targets defined
during the optimization process.

Self-breathing

The lower frequency oscillation of the BPs and volumes and the
variations of the SVs seen in Fig. 5 are caused by the changes in thoracic
pressure caused by the breathing reflex. As a spontaneous breath is
triggered, the respiratory muscles increase the volume of the thoracic
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Fig. 5. Baseline Simulation of the cardiovascular portion of the model over two full spontaneous breaths. Maximum, average and minimum values observed during simulation are

labelled on vertical axes.

cavity, a pressure drop is generated and the RV venous return pressure
increases. This causes an increase in SV in the RV and an increased
inflow of blood into the lung. In parallel to this, the venous return to the
LV decreases, leading to a decrease in the SV. During peak expiration
the reverse occurs, the increased thoracic pressure creates a decrease in
the venous return pressure and the RV stroke volume goes down, with
the opposite happening in the LV. This is because the increased thoracic
pressure generates an increase in pressure in the pulmonary capillaries
and veins. The slightly increased thoracic pressure generates an overall
decrease in venous return pressure and therefore an overall decrease in
SV in both ventricles.

PPV

To simulate PPV, some modifications to the model parameters
had to be made as these patients are usually sedated and paralysed.
The effect of paralysis in muscles is to decrease its tonus; In our
model tonus is positively correlated with VO of the thorax and pleura
and negatively correlated with their compliance. To replicate this,
the maximum and minimum value of thorax ¥, was set to 3200 mL
and pleura ¥, to 2800 ml. The compliance of the pleura was also
increased to 90 mL/mmHg. A ventilator was then connected to the
mouth with a PEEP of 5 mmHg (6.79 cmH,0) and a breath amplitude
of 7.3 mmHg (10 cmH,0). In Fig. 6, the comparison between SB and
PPV is presented.

In self-breathing mode, the average thoracic pressure was found
to be —0.38 mmHg, with a minimum of —0.76 mmHg at the peak of
inspiration PI and a maximum of 0.23 mmHg at the peak of expspiration
PE along with a pleural pressure PIP ranging from -11.15 to 4.23
mmHg. This generated a Tidal Volume TV of 550 mL and a Functional

residual capacity of 2423 mL. In PPV mode, the thoracic pressures
varied between 0.13 to 1.38 mmHg with PIP ranging from 0.92 to 5.12
mHg and a TV of 493 mL. The average SV was also reduced from 72 mL
during SB to 68 mL in PPV, resulting in a reduction of mean systemic
BP of 5 mmHg.

In contrast to spontaneous breathing, during PPV the pressure in
the thoracic cavity is highest at peak inspiration and therefore the SV is
the lowest at this point and the highest during peak expiration. Another
factor bringing the SV down during PPV is the increased blood pressure
in the lung capillaries. Because the maximum elastance of the ventricles
is constant, the RV does not generate enough force to maintain CO and
this leads to a larger volume in the RV during diastole. Because of the
reduced venous return to the LV during PPV, the blood volume in the
LV also reduces leading to a lower systemic arterial blood pressure.

Heartbeat comparison

In the work of Claesse et al. [41] the effect of the self-breathing
reflex on the heart in healthy subjects is presented. Here the authors
compare the Ejection Fraction (EF), Stroke Volume (SV) and End-
Diastolic Volume (EDV) of both ventricles at peak inspiration and
peak expiration. Table 9 presents the results of our model simulation
alongside the values for self-breathing described in [41]. The values
observed to PPV were also added for comparison. The model appears
to underestimate the changes of SV and EDV for the right ventricle
but keeps well within the observed range for the expected drop in
the left ventricle values. The literature also describes marginal changes
in EF, which the model also seems to reproduce. During PPV, the
system appears to homogenize the heartbeat during the breathing cycle,
with fewer differences observed between peak inspiration/expiration.
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Fig. 6. Comparison between self-breathing SB (left side) and positive pressure ventilation PPV over two breathing cycles. The y-axis for all plots displays the maximum, average

and minimum values observed during the simulation.

As expected these tendencies in PPV invert when compared to SB, with
SV experiencing its minimum at peak inspiration and maximum at peak
expiration.

PEEP challenge test

To perform the PEEP challenge, a ventilator is connected to the
model with an initial PEEP of 0 mmHg and breath amplitude of 7.3
mmHg (10 cmH,0). Initially, 5 breaths were allowed to happen at
this PEEP, followed by a progressive increase of 1 mmHg in PEEP
every other breath. The first breath after a PEEP step yields a TV
that is artificially increased as PEEP increase contributes to the breath
amplitude. The simulation was run until a maximum PEEP of 35 mmHg

10

was reached. The lung was deflated by gradually lowering PEEP back
to atmospheric pressure. The results for this test are presented in Fig. 7.

In this conformation, the 8 parent alveoli are fully open initially,
while the 32 child alveoli start fully closed and are systematically
opened during the test as PEEP increases. This happens because the
TOP of each alveolus is different, as illustrated in Fig. 9.

As PEEP increases, the TV appears to remain relatively unchanged
for the first few PEEP increments. As PEEP increases, the alveoli sys-
tematically open until a marked decrease in TV is observed for PEEP
values around 23 mmHg (280 s into the simulation). This happens
because at this pressure most alveoli are already opened and fully
extended. Further volume increases will reduce the alveoli compliance
and smaller changes in volume occur for the same pressure increase.
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Changes in Stroke Volume SV, Ejection Fraction EF and end-Diastolic Volume SV in the Right Ventricle RV and Left Ventricle LV during the RC.
The values presented are the percentage change from the average values during Peak Inspiration and Peak Expiration. The values in parenthesis

are the distribution observed in [41].

Average % change from average Average % change from average
Self-Breathing ventilator
Peak Ins Peak Exp Peak Ins Peak Exp

LV EF (%) 59.2 -1.82 (0) —-2.18 (0) 58.6 —-0.84 1.02
LV SV (mL) 74.8 —3.46 (-4 + -7) -8.48 (+4 + -7) 68.4 -2.72 1.91
LV EDV (mL) 126.2 -1.48 (-3) —6.04 (+5 + -7) 116.7 -1.84 0.93
RV EF (%) 59.3 0.35 (0) 2.83 (0) 59.8 1.21 -1.58
RV SV (mL) 72.6 0.55 (+10 + -5) 3.96 68.5 291 -1.46
RV EDV (mL) 122.5 0.14 (+9) 1.11 (-9) 114.6 1.68 0.07

Table 10
Volumes of the lung compared to the ones found in [40].

Lung Volumes (mL)

Name Model Result Normal Values [40]
Tidal Volume TV 499-504 500

Inspiratory reserve volume 2500 3000

Inspiratory capacity 3000 3500

Functional residual capacity 2627 2300

Total lung capacity 5492 5800

In accordance with experimental data [42,43], the developed model
in this conformation is able to simulate a lung with a sigmoidal-like
relationship between pressure and volume, as shown in the bottom plot
of Fig. 7. This relationship is highlighted by taking all the pressures
and volumes at peak inspiration for all breaths of the inspiration phase
of the test and fitting a sigmoidal curve to these points. According to
the work of [44], the lung can start overstretching at 22 mmHg which,
anecdotally, is the inflection point found by the curve fitting algorithm.

During the descending part of the PEEP test, the previously closed
alveoli remained open, successfully simulating the opening effect that
indicates why PEEP tests are sometimes prescribed to patients. Here,
both the TV and FRC were also observed to increase slightly compared
to their initial values; this is due to the total compliance of the lung
being significantly higher and, consequently, the volume of air can now
be redistributed through all the alveoli, and not only the parent ones.

The increase in PEEP generates an increase in thoracic and pleural
pressures of 8 mmHg and ~29 mmHg respectively. The pressures in
all cardiovascular compartments that are biased by these pressures
will therefore also increase. This increase triggers an outflow of 600
mL of blood from the thoracic cavity into the systemic circulation.
This shift of blood away from the lungs and the increasing external
pressure felt by the lung capillaries make the volume in this compart-
ment decrease. The increasing pressure in the system also decreases
the systemic venous return pressure, reducing blood flow from the
systemic circulation into the right ventricle. The stroke volume also
decreases with increasing PEEP until it reaches 35 mL at maximum
PEEP. This happens because the systolic elastance in the right ventricle
does not generate enough pressure to overcome the pressure acting on
the downstream vessels.

In Table 10 a comparison of the simulated lung volumes is presented
alongside the values considered normal by the literature. Our simulated
lung exhibits volumes close to, or within, the expected normal range.

Deep breath test

A deep breath during spontaneous breathing is a comparable ma-
noeuvre to the PEEP test, where the lung is filled with air to Total
Lung Capacity (TLC). In this case, however, the respiratory muscles are
responsible for the driving force of the breath instead of the ventilator.
To test our model in this scenario a normal breath was allowed to
happen, followed by a deep breath which is subsequently followed by
another normal breath. The deep breath lasted 10 s (double the time
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of a normal breath) and was generated by increasing the value of V}
of the pleura and thorax compartments to 7150 mL. As can be seen in
Fig. 8, the alveoli dynamics are very similar to the PEEP test, where
all parent alveoli are initially open while all child alveoli are closed.
As V, increases, the PIP decreases and the transpulmonary pressure
increases past TOP. Consequently, the child alveoli start popping open
in succession. At peak inspiration, the total lung volume was 5698
mL with a TV of 2983 mL, and the child alveoli remain open after
deflation. On the cardiovascular side, the results are however very
different. Instead of a net outflow of blood from the thoracic cavity, we
see a net inflow of 200 mL of blood during inspiration. The SV of the
right ventricle increases during inspiration to a maximum of 89 mL and
decreases during expiration to a minimum of 53 mL at peak expiration.
The left ventricle follows an opposite trend ranging from a minimum of
52 mL during inspiration to a maximum of 93 mL at peak expiration.
Despite a substantial increase in the volume of the thoracic cavity, the
pulmonary circulation never ceased. The venous return into the right
ventricle remains consistently negative and ventricular volumes are
practically unchanged, other than a slight increase in left ventricular
volume during expiration.

Model applicability to clinical settings and as a research tool

One of the best potential uses for these types of mechanistic mod-
els is in patient-specific medical research. In this context, the model
presented would constitute a skeleton where the parameters could be
adjusted to represent the physiology of a particular patient. Finding
the combination of parameters needed to represent the physiology
of a specific patient will require more sophisticated parameterization
methods; this will be the focus of future publications. A key part of
the challenge to adopt these models in patient-specific studies is the
nature of the data available to calibrate the models. In the spectrum
of time series, routine clinical practice tends to only generate data,
at a sufficient resolution for very specific variables in the model such
as arterial systemic BP, HR, RR, TV and central venous pressure. If
the optimization algorithms attempt to blindly find a combination of
model parameters that can generate the same trends on the variables
recorded from the patient, the likelihood of different combinations of
parameters with very different physiological interpretations emerging
is very significant. It is therefore important to test the capabilities of
these algorithms to disambiguate between different parameter regimes.
The framework for model creation presented in this work is ideal for
this type of application as it provides the structural flexibility needed
to test different scenarios, approaches and effects.

Implementation advantages

The combined advantages of leveraging Python’s versatility and
integration capabilities, coupled with the model’s configuration flexi-
bility using JSON, facilitate the creation of user-friendly applications.
This unique blend of technical strengths positions the model as an
optimal choice for seamless integration and effective utilization within
clinical environments. Additionally, this setup facilitates the creation



M.T. Cabeleira et al.

Computers in Biology and Medicine 180 (2024) 108960

All Parent Volumes

360 m
380 )
3240
E 200
160
120
0 150 300 450 600 750
Time [s]
All Child Volumes
75 ==
60 NS T
=45
E 30
15 A
0 T T T T T T
0 150 300 450 600 750
Time [s]
Total Thorax (left) and Systemic (right) Blood Volumes Ventilation Pressure (left) and Thorax uVolume (right)
1054.9 4581.5 42.30
= 4307.7 3 g =
- ) b =)
E 6923 E E 18.85 3200 2
418.5 3945.1 0.00
0 150 300 450 600 750 0 150 300 450 600 750
Time [s] Time [s]
SB Stroke Volume of Left (left) and Right (right) Ventricles Total Lung Volume (left) and Tidal Volume (right)
7421 76.72 5911 571
=z I Tae3 438
E 53.06 5327E E E
36.48 1 , T —L~35.15 1957 . —- 171
0 150 300 450 600 750 0 150 300 450 600 750
Time [s] Time [s]
Left (left) and Right (right) Heart Volumes Thorax (left) and Pleural (right) Pressures
128.8 127.1. r 25.60
= = ':G:m 1343 E
5 5 :
E 673 6.9 E E 1y £
26.0 L2a.4 -0.99 -3.00
0 150 300 450 600 750 0 150 300 450 600 750
Time [s] Time [s]
Venous Return Pressure of Left (left) and Right (right) Ventricleg % 6144 Thorax (left) and Pleural (right) Volumes
[e=e T 5872
— 4. o
2 22 4952 762 =
£ -6.22 £ 2 4376 2
£ -724 E = =
= = 2959
-8.95 2440
0 150 300 450 600 750 0 150 300 450 600 750
Time [s] Time [s]
PEEP Challenge Pressure/Volume curves
—— Volume In/out
mm_|nspiration Curve
3600 — Sigmoid: v_max: 5082.0, k: 0.11, p_0: 22.0, v_0: -755.0
£
= 3000
[
£
2
8 2400
£
e
g 1800 [—
2 e
S
o
S 1200
3 =i
© |
=} 1
= 600
0
0 6 12 18 24 30 36 2

Ventilator Pressure [mmHg]

Fig. 7. PEEP challenge test simulation displaying the systematic opening of the child alveoli as PEEP increases and its effect on the cardiovascular (left) and pulmonary (right)

systems. In accordance with experimental data [42,43] the system displays a sigmoidal re

of a distributed system, enabling the offloading of computational bur-
dens to servers. Consequently, our proposed approach reduces the
bedside requirements to a mere tablet and allows for the creation of
web/mobile applications.

The object-oriented and modular approach used in the implementa-
tion of the system also allows for extensions to the model to be easily
implemented. As proved by the use of the additional equations used to
calibrate the model, all parameters (R, C,V}, E,uxs Epins HC, RC) used
in this work can be easily converted into state variables, allowing most
implementations of autonomic nervous system interactions found in the
literature to be easily incorporated into our model and different regu-
lation approaches to be tested. Allowing different model configurations
and interactions to be configured rather than implemented. The use of a

12

lationship between volume and pressure (bottom).

first-principle and modular approach to the creation of the ODE system
allows for the use of relatively simple equations that do not require
extensive mathematical skills to comprehend, making the whole model
easier to interpret.

Model limitations

Despite the overall behaviour of the system being very close to what
is seen in real patients, there are still some aspects where the model
deviates from what is observed in clinical practice. Firstly, the model
features a high-level representation of the physiological system with
the whole cardiovascular CV system being summarized into very few
compartments, in contrast to the millions of vessels and alveoli present
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Fig. 8. Deep breath Simulation displaying the volume redistribution of the parent alveoli as the child alveoli open due to the effect of a deep breath and its effect on the

cardiovascular (left) and pulmonary (right) systems.

in real humans. The absence of abdominal pressure, as well as the full
accountability of inertial effects and blood rheology, the absence of
ventricular interaction via the septum wall and pericardium, gravity
and position all contribute, to a greater or lesser degree, to the real-
world dynamics. The absence of these mechanism is mainly noticeable
in the heart response to the effects of breathing where, despite the
model displaying the correct overall dynamics, it underpredicts the
variation of SV and EDV during a RC, as can be seen in Table 9.
The integration algorithm is also one of the main limiting factors
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of the performance of the model, more robust integration methods
like [45], already validated in COVID-19 models [46] could improve
the reliability of the model results.

Need for autonomic nervous system

The model’s capability to simulate disease conditions or replicate
physiological manoeuvres, such as exercise physiology or a Valsalva
manoeuvre, is currently constrained by the absence of an autonomic
nervous system (ANS). The adaptability of the human body to changes



M.T. Cabeleira et al.

La|0]0][0

55.0 4 L 12.8

r7.8

[mL/mmHg]
[mmHg]

.

r0.0

0.9 - .
359.6

60.1
[mL]

La|o]o]1

55.0 1 L 128

r7.8

[mL/mmHg]
[mmHg]

»

L0.0
359.6

0.9 4

60.1
[mL]

Lal0|0[2

55.0 1 128

r7.8

[mL/mmHg]
[mmHg]

0.9 4

60.1

3

=
w
vy
o
o

La|0]0|3

55.0 4 128

r7.8

[mL/mmHg]
[mmHg]

.

L0.0
359.6

0.9 4

60.1
[mL]

Lalo]1]0

35.01 L12.8

r7.8

[mL/mmHg]
[mmHg]

.

0.0

0.9 4 T
359.6

60.1
[mL]

La|o|1]1

55.0 1 L 12.8

r7.8

[mL/mmHg]
[mmHg]

.

L0.0
359.6

0.9 4

60.1
[mL]

La|0]1]2

55.0 1 L 12.8

r7.8

[mL/mmHg]
[mmHg]

e

0.9 4

60.1
[mL]

La|0]1|3

35

©
o

3501 H12.8

r7.8

[mL/mmHg]
[mmHg]

.

L0.0
359.6

0.9 4

60.1
[mL]

La|o|o]o]O
18.1 175
=)
b =g 5.7 =
€ 2
£ £
S £
£ £
0.6 4+ +0.0
0.015.8 70.7
[mL]
La|o|O|1|0
19.0 A 23
F > 5
€ £
£ £
) £
£ £
0.6 = 0.0
0.016.9 71.8
[mL]
La|0]0|2|0
1 1 8.5
c F7.1
£ £
£ £
3 £
E E
0.5, +0.0
0.016.8 71.8
[mL]
La|o|0|3|0
17.2 1 18.3
Cl s
£ 2
£ £
3 £
E £
0.5 4=, +0.0
0.017.4 72.3
[mL]
La|0|1]0]0
14.3 9.5
=)
o F7.0 5
£ DD £
£ £
> £
E £
0.5, +0.0
0.016.3 71.2
[mL]
Lal0|1|1]|0
17.3 4 L7.9
§ 6.4 _
£ £
£ £
3 £
£ E
0.6 4+, 0.0
0.016.3 713
[mL]
Lal0|1]2]0
15.6 8.8
=) 7.0 —
£ g
£ £
3 £
E £
0.5 4+ +0.0
0.016.6 715
[mL]
Lalo|1|3|0
17.3 4 -8.8
F 3
£ £
£ £
> £
£ £
054, 100
0.018.5 73.4

[mL]

La|0]0[0|1

18.6 1

[mL/mmHg]

F7.2

[mmHg]

0.0

0.5
0.

<

017.4
[mL]
La|0]0[1[1

72

.3

17.54

[mL/mmHg]

i

0.6

F6.1 —

[mmHg

0.0

0.

016.1 7
[mL]
La|0]0[2[1

=

0

17.94

[mL/mmHg]

0.6 -

o

o
=t
v
w

7

E)
=

La|0]0|3|1

=3

17.6

[mL/mmHg]

<

0.5

F8.0

[mmHg]

0.0

0.

017.9
[mL]
Lalo|1[o[1

72

.9

19.0 4

[mL/mmHg]

&3

[mmHg]

0.0

0.6+
0.

v

1016.6 7
[mL]
La|o|1[1]2

2

[mL/mmHg]
i

©
©
[N}

0.6

0.

1016.2 7
[mL]
La|o|1]2]1

=

17.8

[mL/mmHg]

0.6 -
0.

<

1016.4
[mL]
La|o|1]3]1

71.

15.44

[mL/mmHg]

<

0.5

r6.8 —

[mmHg

0.0

0.

1016.3
[mL]

71.

3

Computers in Biology and Medicine 180 (2024) 108960

La|0]0]0|2
15.7 4 1 8.7
=) F7.0 —
g
£ £
£ £
3 £
£ £
0.5 1=, +0.0
0.016.6 71.5
[mL]
La|0]0|1|2
17.6 1 1 7.8
E L6.0 —
£ Gy
£ €
3 £
£ E
0.6 = +0.0
0.016.1 71.0
[mL]
La|0]0]2|2
1521 F8.4
E -
£ 2
£ £
3 =
£ £
054 0.0
0.017.9 728
[mL]
La|0]0|3|2
17.7 17.7
Cl L5.9 —
g
£ €
3 £
E £
0.6 1=, +oo0
0.015.9 70.8
[mL]
00 La[0]1]0]2
3 £8.4 B
£ 2
£ €
b £
E E
0.6 4+ +0.0
0.016.7 71.7
[mL]
La|o|1|1|2
15.2 4 ;9.0
° L6.9 —
£ 2
£ £
3 £
£ £
0.5 1= +0.0
0.016.4 71.4
[mL]
Lal0|1]2]2
1 1 8.2
2 6.2 =
£ g
£ =
3 £
£ £
0.6 4=, +0.0
0.016.1 71.0
[mL]
La|0|1|3|2
15.8 1 8.6
e L6.8 —
g
£ 2
£ €
3 £
g E
0.5 4+ 0.0
0.016.5 714
[mL]

La|0|00|3
18.7 L
— Fé8
=) =
£ £
£ £
3 £
g £
0.5 4=, 0.0
0.017.0 71.9
[mL]
La|0[0|1|3
14.0 1 9.8
el L7.6 —
£ g
£ £
S £
£ E
0542, 0.0
0.016.8 71.8
[mL]
La|0]0]2|3
1 L7.7
E 6.5
£ £
£ £
| £
E E
0.6 1= Foo
0.016.5 715
[mL]
65 La|0|0|3|3
18. L
= -é3
2 =
£ £
£ £
3 £
E E
0.5 4= 0.0
0.016.9 71.8
[mL]
Lal0]1]0|3
18.1 A 7.6
) 6.3 _
£ £
£ £
P £
g E
0.6 4=, +0.0
0.016.3 713
[mL]
Lal0|1]1|3
14.8 9.3
> 7.8 _
o =
£ £
£ £
3 £
E E
051 +o.0
0.017.1 72.0
[mL]
Lal0]1]2]3
1534 /=< }8.9
=)
_6‘4 —
£ g
£ £
3 £
E E
0.6 1= too
0.016.0 70.9
[mL]
La|0|1|3|3
18.6 L
— -4
£ 5
£ T
£ £
B £
g E
0.5 4=, 0.0
0.017.0 71.9
[mL]

Fig. 9. Compliance/Volume and Pressure/Volume curves for all 40 alveoli. the ticker in the y-axis is maximum and minimum compliance, minimum, TOP and maximum pressure
and, for the x-axis, minimum, V,,,, and maximum volumes.
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is pivotal in clinical scenarios, and the model’s limitation in incorpo-
rating these effects hinders the realism of certain tests, like the positive
end-expiratory pressure (PEEP) test, where the absence of regulatory
effects leads to a complete collapse of the pulmonary vessels. Incorpo-
rating ANS into the model would enhance its simulation capabilities,
enabling a more accurate representation of the body’s responses to
various stimuli, diseases, and medical procedures. A realistic approach
to the development of an ANS would also require the addition of gas
exchange and gas transport into the model, as one of the most impor-
tant roles of ANS, in this context, is to ensure sufficient oxygenation to
the vital organs and other tissues.

4. Conclusion

The modelling approach outlined in this paper is capable of cap-
turing the dynamics of the cardio-pulmonary (CP) system of a healthy
human. It reproduces most of the physiological phenomena observed in
the literature [47]. Specifically, the model demonstrates how changes
in pressure and volume, in the compartments present in the tho-
racic cavity, are communicated between pulmonary and cardiovascular
compartments. These interactions are of particular importance when
considering the optimal ventilation regimen of a patient where a bal-
ance between good ventilation and minimal impairment/damage to the
body is required. As observed, high values of PEEP induce an increase
of volume and pressure within the thoracic cavity, leading to an inflow
of blood into the systemic circulation. As a consequence, the pressure of
venous return to the heart is reduced, leading to a decrease in stroke
volume. Additionally the model is capable of inducing variability in
stroke volume depending on the moment of the respiratory cycle where
the beat occurs. Further, the proposed alveoli opening mechanism
operates in a regimen that represents physiology more accurately than
what literature proposes. The combination of multiple alveolar units
can generate a lung that can capture the familiar s-shaped curve usually
observed in patients undergoing a PEEP challenge. Even at values of
PEEP where the breathing regime is similar to self-breathing a small
impairment of the cardiovascular system can be observed. The response
of the system to a deep breath was observed to also have a much less
detrimental effect on the CV function when compared to the equivalent
PEEP challenge.

The modelling approach presented here differentiates itself from
the literature by providing equations where all parameters have di-
rect physiological meaning. The proposed generalization of compart-
ment representation allows for the creation of complex, highly inter-
connected models with extensive equation systems without requiring
changes to the base code of the model allowing for different conforma-
tions to be quickly assembled and tested against each other allowing
for faster model development.

This work lays a good bio-mechanical foundation for an expansion
of the scope of the model to other parts of physiology, such as gas
exchange/transport, metabolism and autonomic control, which will be
the focus of future publications.
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