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Review Article

The role of computational methods in cardiovascular medicine: a 
narrative review
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Background and Objective: Computational models of the cardiovascular system allow for a detailed 
and quantitative investigation of both physiological and pathological conditions, thanks to their ability to 
combine clinical—possibly patient-specific—data with physical knowledge of the processes underlying 
the heart function. These models have been increasingly employed in clinical practice to understand 
pathological mechanisms and their progression, design medical devices, support clinicians in improving 
therapies. Hinging upon a long-year experience in cardiovascular modeling, we have recently constructed 
a computational multi-physics and multi-scale integrated model of the heart for the investigation of its 
physiological function, the analysis of pathological conditions, and to support clinicians in both diagnosis 
and treatment planning. This narrative review aims to systematically discuss the role that such model had in 
addressing specific clinical questions, and how further impact of computational models on clinical practice 
are envisaged.
Methods: We developed computational models of the physical processes encompassed by the heart function 
(electrophysiology, electrical activation, force generation, mechanics, blood flow dynamics, valve dynamics, 
myocardial perfusion) and of their inherently strong coupling. To solve the equations of such models, we 
devised advanced numerical methods, implemented in a flexible and highly efficient software library. We also 
developed computational procedures for clinical data post-processing—like the reconstruction of the heart 
geometry and motion from diagnostic images—and for their integration into computational models.
Key Content and Findings: Our integrated computational model of the heart function provides non-
invasive measures of indicators characterizing the heart function and dysfunctions, and sheds light on its 
underlying processes and their coupling. Moreover, thanks to the close collaboration with several clinical 
partners, we addressed specific clinical questions on pathological conditions, such as arrhythmias, ventricular 
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Introduction

This narrative review aims at discussing the benefits and 
challenges that the integration of computational methods 
and clinical observations provides to the investigation 
of cardiac and vascular pathophysiology. Specifically, we 
illustrate how innovative computational methodologies 
can have an impact on clinical practice, both in the present 
day and in the near future. The discussion is enriched 
with some specific applications addressed by our group in 
collaboration with hospital centers in our area empowered 
by our integrated virtual model of the heart.

This latter is a comprehensive computational model 
of the human heart, capable of describing all the main 
physiological processes (electrophysiology, contractile force 
generation, passive and active mechanics, blood dynamics, 
valve dynamics, myocardial perfusion) in a multi-physics 
integrated framework, and coupling them to the rest of the 
cardiovascular system. Exploiting both the descriptive and 
predictive power of computational models, we managed to 
reproduce virtually both the physiological heart function 
and the effects of some pathological conditions, by which 
we could address clinical questions of interest.

Background

Diagnostic tools, such as the electrocardiogram (ECG), 
cardiac and arterial echocolordoppler, coronary computed 
tomography (CT), magnetic resonance imaging (MRI), 
provide important measures of several specific features of 
the cardiac function (1-5). Various measurements made with 
different modalities need to be combined to provide a more 
comprehensive view, albeit still partial. Physical knowledge 
may enable these gaps to be filled, through models that 

can represent the behavior and dynamics of quantities of 
interest, such as the transmembrane potential, the blood 
velocity and pressure, or cardiac muscle displacement (6). 
This has become particularly relevant in recent years, due 
to the increasingly complex and rich data available from 
diagnostic tests and to the need to exploit such data in 
the most effective way. Indeed, also regulators encourage 
computational trials in the development of treatment 
protocols and in the design of medical devices (7-9), thanks 
to: (I) the reduced costs of numerical simulations with 
respect to those of extensive experimental campaigns and 
(II) the non-invasiveness of computational models, which 
is particularly important when children medical care and 
treatment are entailed.

Fostered by this interest, several research groups at the 
intersection of the medical, bioengineering, mathematical 
and scientific computing fields have been developing 
computational methods and procedures for the in-silico 
reproduction of the cardiovascular system and its analysis. 
In the last decade, detailed models have been introduced 
for the description of specific components of the heart 
function, such as electrophysiology (10-19), ion dynamics 
in the cardiomyocytes (20-23), contraction and mechanical 
behavior of the cardiac tissue (24-34), blood flow (35-48), 
valve dynamics (49-66), and cardiac perfusion (67-73). Special 
efforts have been made to integrate all these components 
into a single computational model. A first example of 
multi-physics computational heart model was proposed 
by the UT-Heart team (74) (ut-heart.com) with clinical 
investigations, e.g., in double-outlet right ventricle (75) 
and cardiac resynchronization therapy (CRT) (76). Very 
few other groups have succeeded in introducing models 
that couple the electromechanics of the cardiac muscle 

dyssynchrony, hypertrophic cardiomyopathy, degeneration of prosthetic valves, and the way coronavirus 
disease 2019 (COVID-19) infection may affect the cardiac function. In multiple cases, we were also able to 
provide quantitative indications for treatment.
Conclusions: Computational models provide a quantitative and detailed tool to support clinicians in 
patient care, which can enhance the assessment of cardiac diseases, the prediction of the development of 
pathological conditions, and the planning of treatments and follow-up tests.
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with the 3D distribution of blood flow and pressure, 
focusing, e.g., on the systolic phase (77), on the assessment 
of a left ventricular assist device (LVAD) (78), or on the 
computational efficiency of the solution of the equations 
pertaining to the model (79).

Rationale and knowledge gap

In our group we have created an integrated simulator of 
the cardiac function, encompassing the several physical 
processes occurring in the heart, from cell-scale myocyte 
force generation (80) to organ-scale motion and blood 
flow (81,82), from the microseconds of electrical pulse 
propagation to the timespan of a whole heartbeat (www.
iheart.polimi.it). This simulator was then used to address 
specific questions arising at different stages of the clinical 
practice: in the investigation of the physiological behavior 
of a normal heart, in the diagnostics of pathologies and 
the assessment of their severity, in decision making and 
treatment planning, and in the prediction of the insurgence 
of complications after a device implantation.

The main features of our integrated cardiocirculatory 
model are listed below:

(I) A detailed description of the physical processes 
entailed in the cardiac function, by means 
of state-of-the-art computational models of 
electrophysiology, force generation, myocardium 
mechanics, blood flow dynamics, valve dynamics, 
and myocardial perfusion;

(II) The merging of the abovementioned models into 
a single integrated model accounting for the strict 
coupling between all the functions of the heart, 
using mathematically rigorous coupling strategies;

(III) An accurate resolution of the abovementioned 
models, employing state-of-the-art numerical 
methods, implemented in efficient software 
libraries and often validated against actual clinical 
data;

(IV) The analysis of diagnostic imaging and other 
clinical data and the extraction of anatomical and 
functional information that is integrated into our 
computational models, by means of innovative 
image processing tools.

Objective

This narrative review aims to demonstrate the advantages 
and challenges of using computational models in the clinical 

diagnosis and treatment of the cardiovascular system. Our 
discussion is accompanied by relevant clinical examples 
investigated by means of our simulator.

The characteristics of computational models can 
be exploited in two directions. First, their descriptive 
power can be used for an in-depth investigation of the 
physiological processes entailed in the cardiac function 
and its pathologies, as well as to uncover relations between 
clinical indicators, or even to bring forth new quantities of 
interest to be investigated. Second, the predictive power of 
physics-based models can be exploited in scenario analysis 
to stratify patients, compare different treatment strategies, 
or to anticipate the development of future pathological 
conditions.

The computational models that we discuss were 
mainly developed on data coming from adult human 
heart observations and measurements, but their high 
flexibility allows them to be employed also in the pediatric 
context. Indeed, the same physical laws that we included 
in our models govern the blood flow, the electric signal 
propagation and the contraction of the heart in the 
general sense. An example of this wide applicability will be 
discussed in the case of an investigation of cardiovascular 
effect of coronavirus disease 2019 (COVID-19) on children 
(see Part V in “Illustrative applications” and the following 
discussion). We present this article in accordance with the 
Narrative Review reporting checklist (available at https://
tp.amegroups.com/article/view/10.21037/tp-23-184/rc). 

Methods

We report clinical applications of our computational 
methods and discuss the corresponding results with 
references to other computational studies in the main 
journals of the bioengineering and numerical modeling 
literature, in the last decade. A more structured description 
of the search strategy is provided in Table 1.

Illustrative applications

In what follows we briefly discuss some studies as 
paradigmatic examples of clinical applications of our 
computational models.

(I) Atrial fibrillation (AF), the arrhythmia with the 
highest worldwide incidence, is an electrical 
dysfunction characterized by a progression of 
episodes with irregular rhythm and, in most cases, 
high heart rate and reduced contraction. These 

http://www.iheart.polimi.it
http://www.iheart.polimi.it
https://tp.amegroups.com/article/view/10.21037/tp-23-184/rc
https://tp.amegroups.com/article/view/10.21037/tp-23-184/rc
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expose the patient to numerous complications, 
such as thrombo-embolic risk or heart failure. AF 
represents a very challenging pathology, resulting 
from dysfunctionalities of ionic species at the 
cellular level combined with signal conduction 
abnormalities in myocardial tissue architecture. 
Moreover, there is not yet a complete picture of 
its etiopathology and, consequently, the optimal 
treatments tailored for the individual patient 
remains an open challenge. In this context, 
computational models along with advanced 
electroanatomical mapping systems and clinical 
images with increasing high resolution are rapidly 
advancing research in this area. Specifically, 
computational models have the ability to simulate 
the induction and sustainment of AF episodes (18) 
(Figure 1) and to provide a framework for linking 
arrhythmic propensity to biomarkers computed 
from electroanatomical maps (19,85,86) or imaging 
(87,88). 

(II) Another pathological condition of the cardiac 
electrophysiological function is the left bundle 
b ranch  b lock  (LBBB) ,  wh i ch  induce s  an 
asynchronous contraction of the ventricles, possibly 
impairing the pumping function of the heart. To 
assess the severity of the condition and to plan the 
device implantation for CRT, invasive measures 
of the activation map are currently performed on 
the patients, by means of catheterization of the 
ventricles and the epicardial coronary veins. In 
studies of Stella et al. and Vergara et al. (89,90), a 
computational model was employed with the aim 

of reducing the invasiveness of such measurements. 
The left ventricle geometry of different patients was 
reconstructed from MRI, and the personalization 
of the electrophysiological model was based only 
on the activation map measures acquired on the 
septum and in the proximal portion of the epicardial 
veins. Distal measures in the veins were used only 
for cross-validation. The computational model 
effectively predicted the region of latest activation, 
as well as the latest activation time (see Figure 2).

We investigated the effects of hypertrophic cardiomyopathy 
(HCM) on the blood flow, in patient-specific scenarios, to 
assess the severity of the HCM-induced obstruction and 
provide clinical indications for its treatment (45,60). Starting 
from kinetic MRI (cine-MRI) data, we developed an image-
processing procedure to reconstruct the anatomy and 
motion of the left ventricle of HCM patients (see Figure 3). 
In the case of systolic anterior motion (SAM) of the mitral 
valve, we also reconstructed the shape and displacement 
of the anterior leaflet of the valve. Then, we simulated the 
blood flow induced by the patient-specific anomalous heart 
contraction, evaluated the pressure and stress exerted by the 
flow on the endocardium, described the turbulent structures 
developing in the aorta (see Figure 4), and proposed a 
synthetic indicator to identify the most suitable region 
for surgical intervention by septal myectomy, which is the 
mostly advised treatment for obstructive HCM according 
to clinical guidelines (91,92).

Another image-based computational  model for 
hemodynamics was developed (93) for the investigation 
on transcatheter aortic valve implantation (TAVI) and the 
occurrence of structural valve degeneration (SVD) years 

Table 1 The search strategy summary

Items Specification

Date of search 31 January 2023

Databases and other sources searched Google Scholar

Search terms used Cardiac model ing, computat ional  hemodynamics, cardiac valves, 
electrophysiology, heart multi-physics, patient-specific simulation

Timeframe 2013–2023

Inclusion criteria We considered papers describing computational models used in the fields of 
bioengineering and medical research on the heart and cardiovascular system. 
We focused on works with direct clinical applications and published in the last 
decade

Selection process No selection process on human subjects was required: all quantitative and 
subject-specific information was retrieved from published works
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Figure 1 Numerical prediction of arrhythmogenic propensity in atria (18) and ventricles (83,84): numerical simulations on patient-specific 
geometries allow to accurately identify re-entrant distributions of transmembrane potential characterizing atrial fibrillation (above) and 
ventricular tachycardia (below). Credits: S. Pagani.

Figure 2 Computed (continuous map) and measured activation times. The measured and computational LEAS, and the calibrating data at 
CS are highlighted. LEAS, latest electrical activation segment; CS, coronary sinus. Credits: S. Stella.

after the intervention. Based only on pre-implantation 
CT acquisitions, we reconstructed the patient-specific 
geometries of the aorta for different patients (three that 
encountered SVD and two that did not), virtually implanted 
the prosthetic device, and simulated numerically the 
blood flow and its interaction with the prosthesis and the 
native valvular tissue, in a post-implantation scenario. This 
investigation unveiled preliminary correlations between 
the onset of SVD and the distribution of flow-induced wall 

shear stress (WSS) on the aortic wall (see Figure 5).
The effects of COVID-19 on the cardiovascular system 

of pediatric patients were investigated (94), based on a lumped-
parameter model of the whole system developed (95). Patient-
specific models of both asymptomatic and symptomatic 
children were obtained by calibration with measured 
clinical data. A correlation was found between myocardial 
compromise and the severity of the COVID-19 infection 
(see Figure 6), as observed also in clinical studies (96,97).
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Figure 3 General image-based computational procedure for patient-specific simulations. From diagnostic imaging data (A), segmentation 
yields anatomical surfaces (B) possibly for different times of the heartbeat. Registration algorithms are used to reconstruct displacement 
fields (C) with respect to a reference configuration. A computational mesh of the patient’s anatomy is generated (D) and used to perform 
numerical simulations (streamlines of blood flow in left ventricle and aorta) (E). Credits: M. Fedele, I. Fumagalli.

Figure 4 Image-based numerical simulation of patient-specific blood flow in the left ventricle and ascending aorta of a patient with SAM 
of the MV: pathologically strong aortic jet flow (left) and related vortical structures obtained by Q-criterion at systolic peak (right). SAM, 
systolic anterior motion; MV, mitral valve. Credits: I. Fumagalli.
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The computational models for the cardiovascular system 
developed in our group were described (98). Most of the 
simulations based on such models have been carried out 
in a high-performance computing environment, using the 
finite element software library lifex (https://lifex.gitlab.io/)  

(99-102). For the integration of clinical imaging data into the 
computational models, specific image- and surface-processing 
procedures have been devised and implemented based on 
VMTK (103,104), elastix (elastix.lumc.nl) (105), SimpleITK 
(simpleitk.org), MITK (www.mitk.org) (106,107).

Figure 5 WSS on the aortic wall of patients with TAVI (93): WSS distribution at systolic peak (left) and time evolution of average WSS 
in the orange area (right). High intensity and long persistence of WSS are predictive indicators of SVD. WSS, wall shear stress; TAVI, 
transcatheter aortic valve implantation; SVD, structural valve degeneration. Credits: R. Polidori, F. Renzi.

Figure 6 Virtual scenario analyses: (A) 2D slices of the peak-systole blood velocity field in the left ventricle outflow tract of a patient with 
different levels of SAM (59); (B) pressure-volume loops of the LV of a healthy child and of a child with COVID-19 infection (94). SAM, 
systolic anterior motion; LV, left ventricle. Credits: L. Ruffino, A. Santoro, S. Sparvieri.
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The role of computational models in diagnostics 
and treatment planning

In our group, we developed a fully integrated multi-physics 
computational model of the heart function, encompassing 
the numerical modeling of several physiological processes, 
the development of computational tools for the analysis 
of clinical and imaging data, and the integration of such 
data in the model, for patient-specific analysis. The 
following discussion shows how the medical research 
and the clinical practice can benefit from computational 
modeling, exploiting its power at different levels: in the 
analysis of clinical data (see section “Analysis of patient data 
and clinical indicators”), in the quantitative assessment of 
clinical indicators and the uncovering of relations between 
quantities that are not directly measurable by diagnostic 
tools (see section “Investigation of physical processes 
underlying the heart function”), and in the prediction 
of long-term effects of treatments or development of 
pathologies (see section “Towards exploiting the predictive 
power of computational approaches”).

Analysis of patient data and clinical indicators

The assessment of the heart function in clinical practice 
entails the acquisition of diverse and possibly large datasets 
such as, e.g., diagnostic imaging data, time-dependent 
signals like ECG, pressure measurements, and the patient’s 
medical history. To assist the analysis and evaluation 
of a pathological condition, quantitative indicators and 
biomarkers are extracted from the patient’s data. These 
indicators, based on approved protocols and the physician’s 
experience, quantify the severity of a condition or the 
propensity to develop a certain pathology.

The main source of information about heart function 
is diagnostic imaging, acquired by CT, MRI or Doppler 
echocardiography. Indeed, several geometric measurements 
are used to assess the function of the heart—such as the 
stroke volume, the orifice area of valves, the diameters of 
the ventricles, or the thickness of the cardiac walls—and 
their deviation from physiological ranges is an important 
indicator of pathological states. Several reconstruction 
procedures have been developed to extract geometric 
and functional information from the data, either to 
create representative virtual models of the normal heart  
(108-110) or to develop a digital twin of a pathological 
heart in patient-specific conditions (45,83,84,111). In 
general, these procedures entail segmentation and registration 

algorithms, as shown in Figure 3. Segmentation refers to the 
reconstruction of surfaces—such as vessel or heart chamber 
walls (see Figure 3B)—from grey-scale images, and they 
rely on computational methods such as level-set methods 
based on partial differential equations combined with the 
marching-cubes algorithm (112). Registration, instead, aims 
to reconstruct the motion of such surfaces (see Figure 3C), 
by means of shape optimization and other optimization 
algorithms applied to images corresponding to different 
instants of the heartbeat (such as cine-MRI, multiple-
time CT scans, or time-dependent echocardiography): 
see, e.g., (60,113).

More recently, machine-learning algorithms have 
also been employed for these reconstruction goals: the 
introduction of these algorithms aims at reducing the need 
for human intervention in the reconstruction procedure, 
by relying almost completely on data, and their reliability 
is based on the large number of data employed for their 
training (114,115).

In electrophysiology, in addition to anatomical data, 
electrical biomarkers guide the definition of ablation 
targets, which are those regions that are electrically isolated 
to avoid the development of new arrhythmic episodes. 
These indicators are calculated from electro-anatomical 
data, which consists of the set of intracardiac electrograms 
(EGMs) and the location of their measurement. These data 
are collected with mapping or diagnostic catheters (like, 
e.g., the coronary sinus catheter) equipped with multiple 
electrodes. Mapping systems process EGMs to reconstruct 
3D maps depicting wavefront propagation in the cardiac 
chamber or areas of abnormal electrical activity (such as low 
voltage areas) (116).

Numerical methods improve the post-processing 
of electro-anatomical data by extracting even more 
representative indicators of arrhythmic propensity: slow 
conduction corridors or high rotational areas (pivot points). 
In the context of AF, these quantitative biomarkers, in 
addition to allowing a better stratification of patients 
explaining AF progression (86), are proven to affect the 
clinical outcome of an ablation procedure (117) (see Part 
I in section “Illustrative applications”). In the context of 
ventricular tachycardia, structural abnormalities can be 
distinguished from functional ones thanks to the quantitative 
comparison of indicators computed from electroanatomical 
maps in sinus rhythm and tachycardia (118). This highlights 
the importance of having computational tools that can 
combine information acquired using different modalities 
(e.g., imaging and catheter) or surrogate the lack of 
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information with physics-based differential models.

Investigation of physical processes underlying the heart 
function

One of the main goals of medical research is to identify 
correlations between different physio-pathological processes 
and between different clinical indicators and measurable 
quantities, to explain the mechanisms of normal physiology, 
to investigate the causes and characteristics of pathologies, 
and to devise effective treatments. In this endeavor, 
important obstacles are represented by the uncertainty 
in clinical data, the difficulty of integrating information 
coming from different acquisition sources, and the intrinsic 
impossibility of analyzing different scenarios of pathology 
evolution or treatments.

Computational models can substantially address these 
issues through their encoded physics-based knowledge. 
Moreover, they can integrate subject-specific anatomical 
and functional data, as discussed in section “Analysis of 
patient data and clinical indicators”.

In this framework, computational investigation can be:
(I) Complementary to diagnostics and clinical analysis, 

since:
(i) It can quantify quantities of interest and 

biomarkers with a level of detail as high as 

needed;
(ii) It can fill up missing data in the measurements 

(e.g., the time evolution of quantities measured 
only in few time instants) or even give access 
to quantities that are not measurable in vivo;

(II) Supplementary to clinical investigation, since it 
allows the analysis of different patient-specific 
scenarios associated with different stages of a 
pathology or with the application of different 
treatments.

These points will be discussed in the following, by 
referring to the clinical applications described in section 
“Illustrative applications”. 

In terms of level of detail (point I-i), computational 
models can reach the scale of a single cell in representing 
contractile force generation in cardiac myocytes (80) or 
investigating slow conduction regions in the myocardium at 
the level of the fiber scale (19) or describing the generation 
of small-scale vortices and turbulence in the blood flow 
(45,48,119): examples of detailed vortical structures of 
flow jets in pathological conditions (HCM and mitral valve 
regurgitation), obtained by image-based computational 
fluid dynamics, are shown in Figures 4,7. Indeed, this 
kind of high-resolution information cannot be directly 
captured by standard in vivo measurements and clinical 
imaging. Moreover, multiscale models can describe how the 

Figure 7 Systolic blood flow in a left heart with mitral valve regurgitation (113): instant of maximum regurgitant flow. Blood streamlines 
(colored by velocity magnitude) and WSS on the mitral valve leaflets due to the regurgitant jets. WSS, wall shear stress. Credits: L. Bennati.
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abovementioned microscale effects affect the whole organ 
function, thus extending even further the relevance of the 
results.

In addition to enhancing the detail of measures of 
relevant clinical indicators, computational models can also 
provide data that are not directly measured by standard 
clinical measurements (point I-ii). Missing data can be 
of two types: they can be quantities that are in principle 
measurable but are not acquired to reduce the invasiveness 
of the diagnostic phase, or they can be quantities that are 
completely not measurable in vivo. An example of the first 
type is the acquisition of activation maps by catheterization 
of the epicardial veins or the interventricular septum: it 
was shown how the radiation exposure and the overall 
invasiveness of the procedure can be reduced by hinging 
upon an accurate numerical simulation of the electrical 
activity of the left ventricle (90) (cf. Part II in section 
“Illustrative applications”). The results of the computational 
model were validated against additional data in some 
subjects, such as the measured latest electrical activation 
segment (LEAS), as shown in Figure 2. In alternative, 
computational models combined with deep learning 
approaches can support the development of non-invasive 
reconstruction of the electrical activity in the ventricles 
(ECG imaging) (120).

In terms of hemodynamics,  another example is 
represented by the lumped parameter model as the one 
proposed in some studies (34,38,121), which allowed to 
compute pressure-volume loops and the evolution of 
pressures and flows in the cardiovascular system with the 
need of only few non-invasive measurements of the systemic 
pressure and cardiac chamber volumes. A proper calibration 
of this model allowed to provide clinically relevant 
indications on the cardiopathies associated with COVID-19 
infection in children (see Part V in section “Illustrative 
applications”).

Furthermore, the physical content of mathematical 
models can also give access to quantities that are not 
measurable in vivo. This is the case, for example, of the 
shear stress exerted by the blood flow on the ventricular (45) 
and aortic (93) wall or even on valve leaflets (113), as shown 
in Figure 7, the transmembrane electric potential in the 
atria (18) and ventricles (84,118), as shown in Figure 1, or 
the specific orientation of conduction fibers in atria (18,122). 
The relevance of quantifying these quantities lies in the 
established correlation they have with the heart function 
or the development of pathological conditions: e.g., fiber 
orientation strongly affects the overall electrical activity and 

contraction of the heart (123,124), and strongly oscillating 
values of the WSS are known to induce plaque formation 
in the vessels (125,126). Moreover, additional correlations 
can be found, that would not be directly detectable by 
classical clinical trials. This is the case, for example, of 
the correlation between TAVI structural degeneration 
and the flow-induced stress on the wall of the ascending 
aorta (cf. Part IV in section “Illustrative applications” 
and Figure 5), or the quantification of the intraventricular 
pressure gradient associated to hypertrophic obstructive 
cardiomyopathy (cf. Part III in section “Illustrative 
applications”).

A feature of computational models from which medical 
research and clinical practice can greatly benefit is the 
possibility to perform scenario analysis (point II). A 
common characteristic of all computational models is a 
separation between equations and parameters: the former 
describe physical processes, while the latter describe the 
specific settings in which such processes take place, in 
terms of geometry, boundary conditions, or other physical 
characteristics such as electrical conductivity or elastic 
modulus of the tissue. Acting on these parameters, one can 
compare different physio-pathological conditions of a single 
patient—such as the different severity levels of SAM analyzed 
in (60) (cf. Part III in section “Illustrative applications” and 
Figure 6A)—or else compare models representing different 
patients, as in the investigation (94) of COVID-19 effects 
on children’s cardiovascular system (cf. Part V in section 
“Illustrative applications” and Figure 6B) or electrical 
substrate characteristics (18). The strong relevance of 
scenario analysis lies in its non-invasiveness and relatively 
low cost, since it can provide new information with respect 
to diagnostic tests without the need for intervention or 
hospitalization.

All the abovementioned information that computational 
models provide can be used to investigate correlations 
between the patients anatomical and functional characteristics 
and the mechanisms underlying physiology and pathology.

In cardiac electrophysiology, computational models 
allow us to associate the biomarkers extracted from 
electroanatomical maps to arrhythmic propensity: 
simulations have shown that slow-conducting areas provide 
anchor points for localized reentry, sustaining an arrhythmic 
episode (18). This link is crucial because, in addition to 
explaining a possible mechanism behind the higher duration 
and frequency of persistent fibrillation episodes, it confirms 
slow-conducting areas as suitable ablation targets (see 
Figure 8). Furthermore, in the absence of electrical data, 
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computational models provide a surrogate that can be used 
to construct patient-specific ablation strategies starting 
from imaging data, as done in the OPTIMA (Optimal 
Target Identification via Modeling of Arrhythmogenesis) 
approach (127).

This can then lead to the identification of predictive 
indicators for the onset or development of pathologies, as 
discussed in the next section.

Towards exploiting the predictive power of computational 
approaches

Hinging on the integration between patient-specific 
information and the fundamental physical laws governing 
the cardiovascular system, computational models can 
be used to model and predict virtual future scenarios. 
Indeed, based solely on the patient’s current situation, the 
development of a disease can be investigated for the next 
months or years, or else surgical treatments can be virtually 
applied and then compared at the pre-intervention stage.

An example of this is the investigation of TAVI 
degeneration described in Part IV in section “Illustrative 
applications”. We found preliminary predictive indicators 

for the onset of SVD on the basis of only pre-implantation 
CT scans. To make this possible, the reconstruction of 
patient-specific geometries was followed by the virtual 
implantation of the TAVI prosthesis, and a fluid-structure 
interaction simulation produced hemodynamics indicators 
in the resulting post-implantation settings. In the study, 
the intensity and persistence of WSS in the aorta were 
proved to be predictive for SVD by comparing their 
indication with the actual condition of the patients in 
follow-up exams (see Figure 5).

To further enhance the predictive power of computational 
models, the study of growth and remodeling of organs and 
living tissues, as well as of the development of pathological 
conditions such as plaques and aneurysms, is currently being 
brought forward (128-130). Adapted to reproduce specific 
pathological conditions, this kind of models will allow 
to shed more light on the development of cardiovascular 
diseases and to provide a more accurate environment for in-
silico trials in the long term.

Conclusions

Computational  cardiology combines the detai led 

Figure 8 Combination of quantitative post-processing of electro-anatomical maps with numerical simulations to analyze the arrhythmic 
propensity of a patient’s substrate and to design an optimal strategy for ablation. EA, electro-anatomical; AT, activation time; CV, conduction 
velocity; AF, atrial fibrillation. Credits: S. Pagani, A. Frontera.
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description of physical processes provided by computational 
models with the patient-specific information retrievable 
by imaging acquisition and diagnostic data. Relying on 
representative applications investigated in our research 
group, we illustrated how computational models can 
positively impact diagnosis and treatment planning for 
several cardiovascular diseases, at different stages of clinical 
practice. Part of the results presented (see Part V in section 
“Illustrative applications” and the related discussion) 
regard the treatment of cardiovascular diseases in children, 
showing how the versatility of mathematical models allows 
for the translation of computational methods developed for 
adult patient care to the pediatric context.

In the investigative phase of diagnosis, reconstruction 
procedures based on segmentation and registration algorithms 
enable the extraction of anatomical and functional information 
from diagnostic images, possibly combining data acquired 
by different imaging techniques.

Then, such information can be enhanced in terms of 
physical information and space and time resolution, hinging 
upon a mathematical description of the physics comprised 
in the heart function and solving the resulting equations 
possibly at the level of the cell scale. In this regard, a single 
integrated computational model encompassing the different 
physical processes occurring in the heart and their coupling 
with the rest of the cardiovascular system is of the utmost 
importance, since it allows to represent and investigate 
the mutual effects that different components have on one 
another.

Moreover, exploiting the generality of this computational 
model, different scenarios can be generated in a completely 
non-invasive way, to investigate different severity levels of 
specific pathologies or to compare the effects of a disease on 
different subjects.

Finally, computational models can also predict the 
development of pathological conditions and the long-term 
effectiveness and adverse reactions of treatments: the very 
recent development of models for growth and remodeling 
showed promising results in this direction.

Overa l l ,  one  of  the  main d i f f icu l t ies  of  us ing 
computational models in diagnosis and treatment design 
is related to certification. According to the current 
standards, validation of computational models usually 
requires extensive simulation campaigns and assessment on 
a great number of patient samples, that may require years. 
Moreover, there is no general definition of the requirements 
for a computational model or procedure to be certified, and 
each advancement needs an ad hoc evaluation. Nevertheless, 

the use of computational simulations has proved to be a 
powerful non-invasive tool for an effective investigation of 
specific pathologies and their treatments.
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