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Introduction

Hypertension is a leading global risk factor for
death and disability, found in individuals from
every part of the globe and every income level,
and increasingly widespread: its prevalence dou-
bled from 650 million in 1990 to 1.3 billion in
2019. Typically asymptomatic, it is not di-
agnosed until complications arise, stressing the
need for early treatment [1|. Mathematical mod-
els are increasingly recognized as indispensable
tools for the study of complex physiological sys-
tems, offering insights not accessible to tradi-
tional approaches. Particularly, patient data-
based differential equation models allows for
identification of personalized cardiovascular sim-
ulations with very high accuracy. Since hyper-
tension modeling has been explored only to a
limited extent so far, this thesis is proposed as
innovative contribution by combining lumped-
parameter and detailed electromechanical mod-
els, providing an unprecedented level of detail.

1. Hypertension

According to the 2023 European and current in-
ternational guidelines [1], hypertension is diag-
nosed when office blood pressure measurements

consistently exceed 140/90 mmHg.

1.1. Causes and Symptoms

Hypertension is a complex, multifactorial condi-
tion, as described in [2]. Initially asymptomatic,
it may progress to symptoms like headaches,
dizziness, palpitations or epistaxis. In advanced
stages, it increases strain on vital organs, includ-
ing the heart, brain, kidneys and vasculature.
The kidney regulates blood pressure through
hormonal and feedback mechanisms, contribut-
ing to hypertension at any age. Immune acti-
vation plays a key role, as specific immune cells
infiltrate the kidney and vessels: they disrupt re-
nal and vascular function, promote vascular re-
modeling and increase sodium retention, further
increasing blood pressure and creating a vicious
cycle. High salt intake further exacerbates hy-
pertension by altering gut microbiota, causing
inflammation, increased intestinal permeability
and impairing vascular function.

In hypertensive individuals, increased vasocon-
striction occurs in both large arteries and ar-
terioles, worsened by the so called “systemic au-
toregulation”; aortic pathologies, such as its nar-
rowing, are more common in younger patients.
Structural changes in blood vessels, leading to



higher vascular resistance, are a key factor in hy-
pertension progression. Loss of elasticity in large
arteries and increased pressure in smaller vessels
may damage organs and vessel walls. This cre-
ates a vicious cycle where symptoms and causes
amplify each other.

Chronic hypertension overstresses the left ven-
tricular wall, increasing afterload and promot-
ing remodeling and hypertrophy, impairing both
diastolic and systolic function and contributing
to hypertensive heart disease. Long-term ele-
vated pressure in the left ventricle may cause
left atrium dysfunction, leading to pulmonary
hypertension and right ventricle dysfunction. As
a result, hypertension is a leading cause of my-
ocardial infarction, heart failure, stroke, atrial
fibrillation and cardiovascular mortality, as well
as valvular heart disease, aortic narrowing and
regurgitation, and reduced pumping efficiency.

2. Cardiovascular Models

2.1. A Lumped-Parameter Model

The lumped-parameter model (%) [3, 4] repre-
sents the cardiovascular system as a set of inter-
connected 0D components in Figure 1, assum-
ing that it can be simplified into discrete ele-
ments, capturing key haemodynamic features.
Two variants are employed in this work, and are
described by different sets of ODEs: (%), which
includes capillaries for greater microcirculatory
detail, and (énc), which does not.

Systemic (SYS) and pulmonary (PUL) circula-
tions, including arterial (AR), venous (VEN)
and capillary (C) components, are modeled as
RLC circuits, where resistance (R) accounts for
the opposition to blood flow, inductance (L)
mimics the inertia and capacitance (C) repre-
sents vessel elasticity. The heart is modeled with
time-varying elastance elements, capturing car-
diac force variations, while heart valves act as
non-ideal diodes. (¢¢) and (énc) differ in their
ODE systems, with the former requiring two ex-
tra equations for the capillary network.

2.1.1. The Role of Capillaries

The use of (éc) is preferable as it provides
a more comprehensive circulatory representa-
tion with additional output variables; however,
since the 3D-0D model employs a 0D circula-
tion model without capillaries, it is crucial to
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Figure 1: Lumped-parameter model (énc); in
red the changes to obtain (46(), in violet the ones
to get the 3D-0D model.

assess whether their inclusion introduces signif-
icant discrepancies that affect comparability.

A procedure to adjust (6¢) parameters to match
its outputs as closely as possible to those of
(énc) is implemented. Firstly, a parameter
set O)C is chosen for (¥nc), and a simula-
tion (MNC) is performed. Then, a simulation
(MC) is run using (éc) with the same @)C
plus capillary parameters Bg. Starting from
6y = [OSIC, Og], parameters of (é¢) are itera-
tively adjusted: each is scaled by a factor k, a
new MC simulation is performed and the error ¢,
a measure of the discrepancy between MNC and
MC outputs, is computed; if § decreases, the pa-
rameter is updated and the process repeats for
n iterations per parameter. The algorithm runs
multiple times for different n and k, alternating
k values above and below 1.

A strict threshold of 0.92 is set for J, in order
to avoid excessive computational cost while en-
suring accuracy, with an upper threshold of 1.5



balancing efficiency and parameter quality. Typ-
ically, a few hundred iterations are enough, as
o)C

the shared initial set ensures the variables

are sufficiently aligned when the process starts.

2.2. 3D-0D Electromechanical Model

The 3D-0D model used in this work (Figure 1)
is based on [3]: it couples a detailed 3D elec-
tromechanical model of left ventricle (9 C R?),
governed by sets of PDEs over Qq x (0, T], with
a 0D systemic and pulmonary circulation model,
excluding capillaries, to solve in (0, T]. The 3D—
0D model consists of five core submodels:

1. electrical potential transmission (&);

2. ion dynamics (&);

3. contraction of cardiac muscle cells (),

which outputs the active tension T;
4. tissue mechanics (), which provides the
tissue displacement d;

5. blood circulation ().
A volume conservation constraint (7#°) ensures
proper interaction between (.#) and (%). Un-
like [3], this work adopts the RDQ20-MF model
in (), offering a detailed biophysical charac-
terization of sarcomeric protein behaviour, along
with the causes that support the responsiveness
of the heart towards variations in calcium [5].
Numerically, the problem is solved using a parti-
tioned, staggered and segregated approach; spa-
tial discretization is handled using FEM, while
temporal discretization employs FD schemes.
The left ventricle geometry corresponds to the
50th percentile of a healthy Caucasian male in
the U.S., acquired at 70% diastole. Numeri-
cal methods are implemented within the 1ife*
framework in a parallel environment, utilizing
HPC resources at MOX, Politecnico di Milano.

3. Hypertension Models
3.1. Sensitivity Analysis

Total Sobol indices S,z’T are employed, a form of
global sensitivity analysis capturing both direct
effects and interactions of each parameter p; on
the variance of output y;. For their computa-
tion, parameters vary Within a multidimensional
space, with a range of % of the reference value
[6]. For simplicity, mdependence is assumed; re-
spectively, 26 parameters are analyzed for (én¢)
in Figure 2, and 32 for (4¢).

Additionally, a multi-parametric approach is
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Figure 2: (énc) total Sobol indices ST >0.2.

used for both (énc¢) and (4¢): groups of pa-
rameters based on cardiovascular subsystems are
studied to assess their collective impact on the
model. Left ventricle parameters are examined
to study the effect of taking their fixed values
in the 3D-0D model, while systemic and pul-
monary capillary circulations are separately con-
sidered in (%¢). Consistently with hyperten-
sion progression, resistances and inductances in-
crease, conductances decrease, active and pas-
sive elastances rise, and resting volume declines,
and vice versa. Initially, parameters to be stud-
ied are scaled within physiological ranges while
others remain fixed; a simulation is performed,
outputs and time-dependent variables are com-
puted, and their variations are quantified using
specific indicators.

3.2. Hypertensive Scenarios

Model parameter modifications, guided by sen-
sitivity analysis in § 3.1, ensure that simulated
haemodynamic alterations align with clinical
and physiological expectations. Three types of
hypertension are considered, each at three sever-
ity levels:

1. systemic hypertension, primarily affecting
systemic arterial circulation;

2. pulmonary hypertension, characterized by
elevated pulmonary pressure;

3. renovascular hypertension, caused by kid-
ney abnormalities; the condition is wors-
ened by secondary pulmonary hypertension.

Parameter adjustments, based on § 1.1, require



an understanding of their physiological roles.

e Vascular and heart valve resistance R re-
spectively represents opposition to blood
flow within a vessel or through a valve; an
increase signifies vessel or valve narrowing,
respectively.

e Capacitance C reflects vessel elasticity; a
decrease indicates vascular stiffening.

e Active elastance E“ models systolic con-
tractile function; an increase is related to
stronger contractility.

e Passive elastance EP regulates heart cham-
ber stiffness during diastole; an increase in-
dicates reduced chamber compliance.

For the sake of brevity, only systemic hyperten-
sion will be illustrated here: it primarily involves
increased systemic vascular resistance, arterial
stiffness and heart adaptations to these changes.
The main variations occur in systemic arteries,
with higher resistance and reduced capacitance,
leading to elevated initial pressures; in severe
cases, pulmonary vascular resistance is also af-
fected. The left ventricle undergoes hypertrophy
and stiffening, particularly impacting the aortic
valve, while venous circulation is less affected.
Microvascular alterations include increased sys-
temic resistance and reduced capacitance.

3.3. Models Calibration
3.3.1. The 0D model

Similarly to [4], the goal is to determine the op-
timal parameter set p € RN?, where N, is the
number of parameters to be calibrated, by min-
imising the loss function £, where:

L) =) f@E®). fO)=6 (1)
i

with §; the relative error related with output y;.
The parameters to be calibrated include active
and passive elastances and unstressed volumes
of the cardiac chambers, maximal and minimal
valve resistances, and all RLC components of the
vascular system.

To reduce the calibration time and enhance pa-
rameter accuracy, an investigation of alternative
functions f in Formula 1 is conducted. Having
decided the set of possible functions, for each of
them, a calibration is performed on those pa-
rameters pg such that 3j : S,Z,’T > 0.2 as in
Figure 2, recording the required time and com-
paring the time-dependent outputs. A healthy
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Figure 3: Workflow illustrating the calibration
process of 3D-0D models.
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dataset serves as a baseline, with modifications
introduced to simulate hypertensive conditions
as in § 3.2; these adjusted datasets are used
as input for (4¢), generating time-independent
outputs that act as reference data, and (én¢) is
then calibrated against these targets. f1(0) =
log cosh § emerges as the optimal choice among
the examined functions, as it balances parame-
ter accuracy and calibration efficiency.

3.3.2. The 3D—0D model

To reduce computational costs, strategy in Fig-
ure 3 is adopted. Firstly, hypertension-related
adjustments, as in § 3.2, are applied to (4¢), al-
lowing direct modification of capillary parame-
ters; a simulation is then performed and its time-
independent outputs serve as targets for cali-
brating (énc). Finally, the calibrated param-
eters of (énc) are incorporated into the 3D-0D
model for simulation.

Left ventricular 0D parameters are excluded
from calibration, as the 3D mesh is derived from
a healthy individual; additionally, the electrome-
chanical component is not calibrated, overall re-
flecting a scenario of short-term hypertension.

4. Results and Discussion

For brevity, only the most relevant results of sys-
temic hypertension are presented, firstly using
(6¢c) and then the 3D-0D model; the interpre-
tation is based on the considerations in § 1.
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Figure 4: Time-dependent variables from (¢¢).
Mild, moderate and severe hypertension is
compared with a healthy individual.

4.1. 0D Model Results

As shown in Figure 4, the rise in pry, partic-
ularly end-systolic pressure, reflects increased
afterload, initially maintaining flow; however,
as hypertrophy progresses and myocardial walls
stiffen, ventricular function deteriorates. The
left ventricle must generate higher pressures to
sustain @Qay, but this becomes insufficient, re-
ducing flow. Left ventricular hypertrophy also
limits diastolic filling, lowering end-diastolic vol-
ume. pi\ﬁs increases in both systole and diastole,
indicating greater cardiac workload; along with
rising p%YS, this yields endothelial dysfunction

and vascular remodeling.

4.2. 3D-0D Model Results

In Figures 5 and 6, the 3D-0D model exhibits
important haemodynamic differences, more con-
sistent with clinical observation. The shape
of pryv more closely matches patient data and
rises considerably, along with Viy: although
in contrast with Figure 4a, this is unsurpris-
ing since the left ventricular parameters are un-

changed. pi%s is relatively unaltered between

models, while pggL and p@%ﬁ rise moderately, a
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Figure 5: Time-dependent variables from 3D-—
0D model. Mild, moderate and severe hyper-
tension is compared with a healthy individual.
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Figure 6: T, at time t = 0.26's, for healthy and
mild, moderate, severe hypertensive individuals.



more realistic pulmonary response to systemic
hypertension. In the 3D-0D model, Q oy reaches
more physiological peak wvalues, even under
healthy conditions, due to the 3D left ventricle
improving systolic ejection dynamics.

Average sarcomere length SL slightly increases,
particularly during ejection and isovolumetric
relaxation, indicating reduced sarcomere short-
ening and possibly elevated myocardial stiffness.
The impact on T}, is more pronounced, with ele-
vated peak values during isovolumetric contrac-
tion and ejection, suggesting larger contractile
forces to counteract increased afterload. T, is
highest in the upper left ventricle, as in Fig-
ure 6, highlighting areas of increased mechan-
ical stress, as might occur with regional hyper-
trophy or contractile heterogeneity: over time,
these factors cause myocardial remodeling and
dysfunction. |d| is similar in pattern, increasing
during systolic ejection: its correlation with T,
suggests greater mechanical stress during con-
traction, potentially signalling altered myocar-
dial deformation due to stiffness and pressure
overload, typical of hypertensive remodeling.

5. Conclusions

Firstly, the models used in this work were pre-
sented in sufficient depth to provide a fairly
meticulous overview, also showing that the pres-
ence or absence of capillaries does not preclude
meaningful comparisons between the two mod-
els. Sensitivity analysis of the 0D model was
conducted by total Sobol indices, followed by a
multi-parameter sensitivity study to assess their
overall impact on simulation results. Then, a
study to choose the best loss function is in-
cluded, performed by multiple tests evaluating
the trade-off between calibration quality and
computation time across a set of candidate func-
tions; the optimal loss function was then applied
in all subsequent calibration procedures. A cal-
ibration strategy was implemented for 3D-0D
model, using time-independent outputs of (6¢).
Finally, the simulation results of the three hy-
pertension cases at three severity levels were an-
alyzed, for both (4¢) and the 3D-0D model.

Future Developments

Some possibilities in this direction include in-
corporating a left ventricular mesh that reflects
the real structure of the patient’s cardiac cham-

ber; moreover, it would be important to intro-
duce the modification of parameters that are in-
cluded in the electromechanical component of
the model, and also a direct calibration of the
3D-0D model would be a great improvement.
However, it must be emphasized that these en-
hancements require real-world clinical data.

In addition, it is also possible to create an ad hoc
model for the patient whose cardiovascular sys-
tem is to be studied, adding and improving those
structures that are more involved and decisive
for a good modeling of the hypertensive condi-
tion. For example, to improve systemic hyper-
tension implementation, a good idea would be
modeling in 3D, in addition to the left ventri-
cle, the main systemic arteries, among them the
aorta, the carotid artery and the femoral artery.
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