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Abstract

In this study, we present a computational framework designed to evaluate virtual scenarios of Cardiac Resyn-
chronization Therapy (CRT) and compare their effectiveness based on relevant clinical biomarkers. Our approach
involves electro-mechanical numerical simulations calibrated, for patients with left bundle branch block, using
data from Electro-Anatomical Mapping System (EAMS) measures, as well as ventricular pressures and volumes,
both obtained pre-implantation. We validate the calibration by using EAMS data coming from right pacing con-
ditions. Three patients with fibrosis and three without are considered to explore various conditions. Our virtual
scenarios consist of personalized numerical experiments, incorporating different positions of the left electrode
along reconstructed epicardial veins; different locations of the right electrode; different ventriculo-ventricular
delays. The aim is to offer a comprehensive tool capable of optimizing CRT efficiency for individual patients, by
providing preliminary answers on optimal electrode placement and delay.

1 Introduction

Cardiac Resynchronization Therapy (CRT) is a clinical treatment employed by cardiologists to treat heart failure
patients affected by dyssynchronous ventricular contraction [1], due e.g to Left Bundle Branch Block (LBBB), an
electrical conduction defect causing a late activation of the left ventricle (LV), and resulting in a lowered ejection
fraction. The aim of CRT is to restore a coordinated ventricular motion, therefore improving systolic function and
cardiac output [2, 3].

The functioning of CRT relies on an implantable device called bi-ventricular pacemaker that provides electrical
stimuli to the heart chambers, through the insertion of electrodes, in order to restore the synchronism and a
physiological contraction of the cardiac muscle.

Usually, CRT is performed by locating one electrode in the epicardial veins of the left ventricle and another
one in the right ventricle at the level of the apex. Often, the two stimuli are characterized by a delay in order to
improve CRT performance. Clinicians, at the moment of the procedure, need to select suitable electrodes locations
and an effective value of the stimuli delay. There is no global agreement on the optimal procedure settings ensuring
a success of the therapy and long-term benefit for the patients [4, 5]. Indeed, 30% of patients do not respond to
CRT, as several clinical trials show, like MIRACLE [6]. For such reasons CRT still needs to be improved.

In this context, mathematical and computational cardiac models may support clinicians by enabling the virtual
reproduction of the heart function under different working conditions, avoiding to resort to invasive and expensive
procedures. Indeed, mathematical models describing the physics of the heart, both in physiological and patho-
logical conditions, are becoming a powerful tool to support therapeutic planning for several cardiac disorders, i.e.
arrhythmias, cadiomyopathies, myocardial infarction, heart failure [7, 8], and, as in the present case, LBBB and
ventricular dyssynchrony [9, 10].

Cardiac models need in general to account for electrical propagation, mechanical contraction, and haemody-
namics [11]. In view of CRT simulation and optimization, several computational studies have been performed
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by different research groups (see the review [12] and Table 1). Some of them focused only on electrophysiology,
guaranteeing high efficiency and exploiting ECG patients’ acquisition, however neglecting any indication about
the mechanical restoring; other studies relied on electromechanics (EM) models, possibly calibrated by means of
electrical (mapping or ECG) and pressure-volume measures; in some cases patient’s fibrosis has been accounted for.

Work Real human LV Fibrosis EM EP Calibration MEC Calibration Opt CRT

Kerckhoffs et al., 2003 [13] × × ✓ × × ×

Kerckhoffs et al., 2009 [9] ✓† × ✓ × × ×

Sermesant et al., 2011 [14] ✓ ✓ ✓ ✓ ✓ ×

Hyde et al., 2015 [15] ✓ × × × × ×

Kayvanpour et al., 2015 [16] ✓ × × ✓∗ × ×

Crozier et al., 2016 [17] ✓ × ✓ × ✓ ×

Costa et al., 2020 [18] ✓ ✓ × × × ×

Reumann et al., 2007 [19] ✓ × × × × ✓

Villongco et al., 2016 [20] ✓ ✓ × ✓∗ × ✓

Pluijmert et al., 2016 [21] × × ✓ × × ✓

Lee et al., 2017 [5] ✓ ✓ ✓ × ✓ ✓

Isotani et al., 2020 [22] ✓ ✓ ✓ × ✓ ✓

Fan et al., 2022 [23] × ✓ ✓ × ✓ ✓

Table 1: State of the art of some representative computational studies for simulating CRT. In the bottom part we
highlighted those works that included some preliminary investigations about CRT optimization
† canine LV have been used
∗ calibration has been performed by means of ECG measures; otherwise, anatomical electrical mapping has been
used

More recently, some work performed a virtual CRT optimization by varying the location of the electrodes and
the stimuli delay. However, in all the cases the positioning of electrodes has not taken into account anatomical
constraints such as coronary sinus and left ventricle epicardial veins. Moreover, only the acute scenario, i.e. what
happens just after the device implantation, has been analyzed.

In this work, a patient-specific EM computational model [24] is employed to study different CRT scenarios
in acute conditions by virtually moving the left electrode along the patient-specific coronary sinus and epicardial
veins, as happens in the clinical setting. Moreover, we consider different right electrode locations and stimulation
delays. For each of the analyzed patients we calibrated the model electrical properties by using electro-anatomical
mappings, as proposed in [25, 26], and mechanical properties by using volume and pressure measures. At the
best of our knowledge, this is the first computationally study that exploits patient-specific anatomically compatible
locations of the left electrode in CRT studies. Moreover, for the first time, we used a calibrated EM model for CRT
optimization and we explore different right electrode positions.

Six real cases of patients implanted with a CRT device are presented, all affected by LBBB and all treated at the
S. Maria del Carmine Hospital in Rovereto (TN), Italy, by using the Latest Electrically Activated Segment (LEAS)
in the epicardial veins to locate the left electrode. Pre-operative electrical and mechanical clinical measurements
have been employed to calibrate the Eikonal-Reaction-Mechanics (ERM) model [27, 24] on each patient, whereas
electrical measures obtained by an intermediate right pacing, carried out during the CRT implantation procedure,
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have been used to validate our model.
The idea is to use the calibrated ERM model to provide useful information about the optimal CRT scenario for

the patient, by comparing activation and contraction of different virtual configurations just after the implantation
of the device. This is justified by assuming that the haemodynamic and electrical properties characterizing the
patient do not change immediately after the beginning of CRT stimulation. The beneficial effects of every CRT
scenario are evaluated and compared using suitable mechanical biomarkers, that are used in clinical practice to
evaluate acute outcomes of the therapy [14, 28]. Such quantities are able to provide information about the restoring
of the heart function, such as the Ejection Fraction (EF) and the maximum rate of pressure change, that can be
easily computed as post-processing of the numerical ERM results.

2 Materials and methods

2.1 Overview of the work

The overall flowchart of the method we developed to perform virtual CRT scenarios and compare their outcomes is
mainly composed by three major steps:

• Pre-processing of the data in order to obtain the computational meshes and the activation times provided by
electro-anatomical mapping procedures;

• Calibration of the Eikonal-Reaction-Mechanics model in terms of both electrical and mechanical parameters,
in sinus rhythm (pre-operative) conditions;

• Simulation of CRT virtual scenarios by varying left and right electrodes positions and delay.

In Figure 1 we report the complete flowchart of the steps of our strategy, that will be detailed in the following
paragraphs.

2.2 Clinical data

We have at disposal six patients (referred in what follows as P2, P3, P4, P6, P8, P11, in accordance with previous
numbering) who underwent CRT at Santa Maria del Carmine Hospital, Rovereto (TN), Italy. All the patients
suffered from ventricle dyssynchrony caused by LBBB. Patients P6, P8, P11 presented fibrotic regions.

For all the patients we had at disposal different sets of data referring to the pre-operative scenario that were
processed as follows:

• MRI images used for the segmentation and reconstruction of the left ventricle geometry. These allowed us to
build the computational meshes for the numerical simulations (see [25] for further details);

• Bullseye diagram highlighting the fibrotic regions distribution in terms of the 17-segment division of the LV
myocardium. See Figure 2;

• Electrical activation times obtained during sinus rhythm (pre-operative scenario) with the contact EnSite
PrecisionTM Electro-Anatomical Mapping System (EAMS) [29], whose utility was threefold. First, measure-
ments of activation times in the septal region, when available, were used as input to the electrical propagation
model during the electrical calibration (pre-operative conditions). Secondly, measurements at the coronary
sinus were used to calibrate electrical conductivities [26]. Finally, the spatial distribution of acquisition points
along the lateral LV epicardium was used to identify the epicardial veins geometry (See Figure 2 and [25] for
further details);

• Electrical activation times obtained during right pacing (only right electrode active) with EAMS. These data
are acquired by cardiologists as a preliminary analysis before CRT implantation and will be used in this study
to validate the electrical calibration obtained using pre-operative data;

• Measures of the End Systolic and Diastolic Volumes (ESV and EDV) obtained by MRI (with corresponding
stroke volume (SV) and ejection fraction (EF)), and of diastolic and systolic pressure values (denoted as PD

and PS) measured at the arm, together with the heart rate (HR). See Table 2.

Finally, we notice that we have at disposal also CT images for another case (P12), which are used for a validation
of the epicardial veins reconstruction. Starting from these images, we reconstruct the coronary veins applying in the
vmtk software the vesselness filter provided in [30] as a pre-processing step for a better visualization of the lumen
of the vessel. We then performed a level set segmentation after a colliding fronts initialization [31].
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Figure 1: Pipeline of the overall method. Top, yellow sector: Pre-processing procedures to obtain the input data;
Middle, blue sector: Electrical and mechanical calibrations to obtain the personalized parameters; Bottom, green
sector: Virtual CRT simulations. AT stands for Activation Times.

ESV EDV SV EF PD PS HR
[ml] [ml] [ml] [%] [mmHg] [mmHg] [bpm]

P2 425 501 76 15.2 60 110 85
P3 238 350 112 32.0 75 140 75
P4 226 300 73 24.5 80 120 62
P6 236 318 82 25.8 70 110 76
P8 143 214 71 33.2 70 130 68
P11 173 231 58 25.1 80 110 110

Table 2: Clinical data used for the mechanical calibration, together with the heart rate.

2.3 Mathematical Model

For the computational model we used the Eikonal-Reaction-Mechanics (ERM) model proposed in [24], so that
we refer the interested reader there for details. Here, it is enough to report the coupled models and the relevant
parameters for the calibration:

1. An offline Eikonal-Diffusion model [32] to determine activation times ψ in electrophysiology, see in particular
[24]. This is characterized by parameter c0 that tunes the velocity of the depolarization wave along the
fiber direction for a planar wavefront, by the dimensionless parameter ε that regulated the impact of the
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Figure 2: From the left: A) 17-level segments bullseye plots of the ischemic regions; B) Patient’s reconstructed LV
and epicardial veins geometries, together with points of EAMS measures. In green the measure points used for the
veins’ reconstruction; C) Fine mesh for electrophysiology simulations; D) Coarse mesh for mechanics simulations.

wavefront curvature on its propagation velocity, and by the conductivity tensor normalized with respect to
the surface-to-volume ratio χ and the transmembrane capacitance Cm (see [24]):

D̂ = zσ̂s1+ z(σ̂f − σ̂s)f ⊗ f + z(σ̂n − σ̂s)n⊗ n. (1)

Vectors f , s and n are the fibers, sheets and normal directions, {σ̂i}i∈{f,s,n} are the respective conductivities
and z ∈ [0, 1] indicates the degree of fibrosis (with z = 1 denoting an healthy tissue);
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2. The solution ψ obtained at step (i) is in turn used to shift the calcium transient precomputed by solving an
offline Reaction problem [27] for the intracellular calcium concentration [Ca2+]i, namely a simplified version
of the monodomain equation, coupled to the ToR-ORd ionic model [33];

3. The temporal loop where at each time-step we have the coupling among:

(a) The mechanical activation (MA) provided by the RDQ20-MF model [34], characterized by cross-bridge
stiffness aXB, which quantifies the myocardial tissue contractility. This allows to compute the active
tension Ta;

(b) The active-passive mechanics (APM); in particular we used the Usyk constitutive law [35] for the passive
mechanics and the active stress obtained by assuming that Ta acts only in the fibers direction f [36];

(c) A two-element Windkessel (W) model for the circulatory system during the ejection phase [37, 38],
characterized by the resistance R and the compliance C, or a linear ramp for the pressure during the
filling phase.

Specifically, MA provides the active tension for APM, whereas the latter allows us to prescribe the mechanical
deformation to the former. APM and W are coupled during the ejection phase, through the exchange of LV
pressure and volume, whereas during the filling the pressure data of the prescribed ramp are assigned to APM.
On the other hand, isovolumetric phases have been managed by interpreting the 0D pressures as Lagrange
multipliers to enforce the volume conservation constraint. To account for the pericardium APM model was
equipped by Robin-like boundary conditions [39].

Notice that the electrophysiology problem (steps i and ii) is based on computing the activation times ψ(x) with
an Eikonal model and then to localize in the Reaction problem an applied current for each point x in a temporal
neighborhood of ψ(x). This allowed us to surrogate the diffusion process [24].

Since electrical propagation and mechanical contraction is highly influenced by cardiac fibers’ direction and
standard imaging techniques do not provide geometric information, we used here the Laplace-Dirichlet rule-based
algorithm described in [40, 41], see also [25] for further details.

We highlight also that the previous model is based on the simplifying assumption of neglecting the mechano-
electrical feedbacks, allowing to solve electrophysiology (step i and ii) outside of the temporal loop. The solution of
the Reaction model (step ii) is obtained off-line for each heartbeat duration and evaluated in each mesh point.

The choice of using a 0D model for blood fluid-dynamics is justified by the major interest of the present work
in the electrical and mechanical contraction of the cardiac muscle, rather than blood dynamics in the chamber.

In Figure 3 we report a comprehensive picture of the computational model.

Figure 3: Structure of the Eikonal-Reaction-Mechanics model, highlighting the couplings among the different cores.

2.4 Numerical Approximation

All computational methods for the numerical approximation of the ERM mathematical model are implemented in
the high-performance C++ library lifex, developed at MOX, Dipartimento di Matematica, with the collaboration
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of LaBS, Dipartimento di Chimica, Materiali e Ingegneria Chimica (both at Politecnico di Milano) 1 [42, 43].
For the numerical solution of time-dependent problem (iii) in Section 2.3, we consider a segregated method,

based on a loosely-coupled strategy for mechanics couplings with both MA and 0D model [24]. We discretize all the
evolutionary subproblems by means of the BDF1 scheme using a time-step ∆t = 1 × 10−4 s. MA problem, which
is instead approximated by the Forward Euler method, requires a finer time step for numerical stability purposes.
Hence, it is advanced resorting to an inner iteration loop with ∆t = 2.5× 10−5 s (see [24]).

Each subproblem is discretized in space using the Finite Element Method (FEM) of order 1 on hexahedral
meshes (Q1). Two nested meshes are genereted: a coarser mesh for mechanics (h ≃ 3.5mm) and a finer one for
electrophysiology (h ≃ 0.8mm) obtained by recursively splitting each element of the coarser one. See Figure 2.

2.5 Calibration

To calibrate the model in pre-operative conditions, we proceed in two steps, considering first the electrophysiology
and then the mechanics, due to the absence of feedback from the latter to the former. The values of all the other
non-calibrated parameters used in the numerical experiments are reported in Table 3, together with the default
initial values from which our calibration procedure started.

MECHANICAL ACTIVATION

SL0 [µm] k̄d [µM] αkd
[µM/µm] γ [−]

2.2 0.4 −0.2083 30
koff [s−1] kbasic [s−1] µ0

fP
[s−1] µ1

fP
[s−1]

40 8 32.255 0.768

PERICARDIUM
Kepi

⊥ [Pam−1] Kepi
∥ [Pam−1] Cepi

⊥ [Pa sm−1] Cepi
∥ [Pa sm−1]

2 · 105 2 · 104 2 · 104 2 · 103

WINDKESSEL
p̄0DMVO [mmHg] p̄0DED [mmHg] C [m3 Pa−1]

5 10 4.5 · 10−9

Table 3: Non-calibrated parameters used in the numerical simulations: Mechanical Activation parameters taken
from [34], Pericardium and Windkessel parameters taken from [24].

2.5.1 Electrical calibration

We prescribe as input to the Eikonal-Diffusion model the activation times measured at the septum. When these
are not available (i.e. for P8 and P11), three equispaced points are selected at the septum, to surrogate the action
of the Purkinje network. Then, we calibrate the Eikonal-Diffusion model parameters, following the criterion of
minimizing the discrepancy between the clinically measured activation times tclini , representing the pre-operative
scenario, on the epicardial veins and their computational counterparts tcomp

i (calibration error):

e[%] =
1

NTmax

N∑
i=1

|tclini − tcomp
i | · 100, (2)

where N is the number of activation times clinically recorded and Tmax is the maximum activation time recorded.
Due to the computational challenges linked to automatic optimization procedures with an underlying differential
model, we rely on a manual procedure. Specifically, starting from baseline values [24], we iteratively tune the
parameters (the parameter c0 is employed to control the action potential speed propagation, while the dimensionless
parameter ε controls the wave curvature effect) until the relative error e is lower than a prescribed threshold of
10%. In patients with scarred tissue, we assign z = 1 in (1) in the healthy region, while, in the fibrotic region,
we calibrate the value z < 1 by following the procedure described above, that is by minimizing (2). The rationale
followed here is that a lower value of z slows down in a more pronounced way the action potential propagation in
the considered region.

2.5.2 Mechanical calibration

Once the electrical calibration is successfully concluded, we proceed with the calibration of the mechanical and
haemodynamic parameters. Some parameters of the model are readily available as patients’ measures, namely the

1https://lifex.gitlab.io/lifex
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HR, the EDV and the aortic valve opening pressure, which we surrogate with the clinically measured diastolic
pressure PD. We remark that the HR is not only used in the APM model to define the heartbeat period, but it is
also employed to compute the calcium transient within the ToR-ORd ionic model, which has been calibrated based
on human data [33], and is capable to reproduce the frequency-calcium response of ventricular cardiomyocytes.
The calcium transient is provided to the RDQ20-MF model, which in turn faithfully reproduces the calcium-force
response [34]. In this manner, our ERM model captures the rate-dependent effects of the heartbeat mechanics.

Finally, we employ the two remaining clinical quantities available, namely ESV and PS , to calibrate two pa-
rameters of the model that rule the cardiac contractility and the afterload. These parameters are the cross-bridge
stiffness aXB and the Windkessel resistance R, respectively. Due to the higher computational cost of the APM
model compared to the Eikonal-Diffusion model, following an iterative procedure by running the full-order APM
model for any change of model parameters would entail a significant computational cost. Hence, in order to speedup
this step of the calibration pipeline, we rely on the cardiac emulator proposed in [44]. The emulator is a surrogate
cardiac model, built through a data-driven approach from a few Pressure-Volume (PV) loops computed through
the computational model. Once it is constructed, it allows predicting PV loops for new values of the parameters in
less than one millisecond on a single-core laptop, with an approximation lower than 1%. The workflow is thus as
follows:

1. Run a few cycles with an initial guess of R and for two different values of aXB;

2. Construct the cardiac emulator, by relying on the Python library cardio-emulator2;

3. Find the optimal value of the parameters aXB and R by fitting ESV and PS with the cardiac emulator
prediction (we notice that this step is computationally fast, thanks to the use of the lightweight emulator);

4. Run a 3D-0D simulation with the selected parameters, to check that the fit of clinical data is satisfactory.

2.6 CRT scenarios under investigation

To study the optimal CRT configurations in acute conditions, the idea of this paper is to virtually vary the activation
conditions of the stimulation by assuming that the electrical and mechanical conditions just after the implantation
are the same of the pre-operative case. Indeed, CRT induces significant effects on the cardiac muscle only some
months after the implant [45].

In what follows, we refer to LEAS as the Latest Electrically Activated Segment, i.e. the point accessible through
the reconstructed epicardial veins characterized by the highest computed activation time. LEAS is used by some
cardiologists for the location of the left electrode [46]. Notice that in [26] we proved that computational methods
are able to well predict LEAS position.

In this study, we investigate the effect on CRT outcomes induced by three virtual modifications of the implant
(see Figure 4, bottom):

• The left lead position is virtually placed in the LEAS (simulating a common practice of cardiologists) and in
other permitted positions along the reconstructed epicardial veins. In this case the right lead is by default
located in the LV epicardium (representing the RV apical endocardium) below the interventricular septum
and close to the apex [46];

• The right lead position is also virtually placed in different points along the ventricle septum, keeping the left
electrode fixed at LEAS;

• The ventriculo-ventricular delay (VVD) is virtually changed to account for different plausible values used by
clinicians, with the convention that positive values indicates that the right stimulation precedes the left one.

We notice that for patients P8 and P11 the fibrotic region spreads out in a wide region, so that a limited (null
for P11) area of healthy tissue is covered by the reconstructed epicardial veins. Thus, for these cases the location
of the left electrode may be in a fibrotic region, see Results and Discussion sections.

In this work, we decided to use the preload values (i.e. diastolic pressure and volume) resulting from pre-
operative measures also in the CRT scenarios. It is known that atrio-ventricular delay induced by the electrode
located in the right atrium could however lead to different preload configurations during CRT [47]. This aspect has
been here neglected since we are not considering the right atrium pacing.

2https://github.com/FrancescoRegazzoni/cardioemulator
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Figure 4: Computed activation times during calibration with corresponding data acquired at sinus rhythm (top left)
and during validation with corresponding data acquired at right pacing (top right). Bottom: Example of computed
activation times under CRT stimulation. Case P2.

3 Results

3.1 Validation of epicardial veins reconstruction

As highlighted in Section 2.2, the reconstruction of epicardial veins, useful for virtually changing the left electrode
position, was obtained by means of the electrical activation times acquired by EAMS, as described in [25]. In order
to show the validity of such strategy, we present here a comparison for P12 between this reconstruction and the
standard one based on CT images at disposal, described in Section 2.2.

In Figure 5 we show the results of such comparison which highlight the suitability of the method proposed in
[25] and used in this work to identify the epicardial veins.

Figure 5: Validation of the reconstructed veins of patient P12 using EAMS measures (on the left) versus CT scan
acquired image (in transparency on the right).
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3.2 Calibration and validation

The results of the calibrated pre-operative simulations are presented in Figure 6, first and third columns. We notice
that we have two classes of patients, namely the non-fibrotic ones (P2, P3, P4) and the fibrotic ones (P6, P8, P11).

In Table 4 we report the parameters values obtained from the calibration of the electrical, mechanical and 0D
haemodynamics models, as well as the calibration errors obtained for the electrical function and computed using
(2). It is worth noticing that they are all below the 10% threshold. In particular, calibration of patient P8 led to
the highest error, probably due to the smaller number of available measures of activation times registered at the
coronary sinus.

P2 P3 P4 P6 P8 P11
ELECTRICAL
σ̂f [10−4 ·m2 s−1] 2.29 1.99 1.37 1.91 1.91 1.57
σ̂s [10−4 ·m2 s−1] 1.05 0.91 0.62 0.87 0.87 0.72
σ̂n [10−4 ·m2 s−1] 0.34 0.29 0.20 0.28 0.28 0.23

c0 [s−
1
2 ] 84.37 73.36 77.03 73.36 80.70 73.36

ε [−] 11.96 14.95 14.20 19.46 14.95 14.95
z [−] 1.0 1.0 1.0 0.7 0.7 0.9

Calibration error [%] 4.0 6.1 7.3 5.9 9.9 4.6
Validation error [%] 7.8 4.9 4.1 3.4 6.0 -

MECHANICAL
aXB [102 ·MPa] 2.70 3.07 3.21 2.66 1.87 2.06

WINDKESSEL
R [107 · Pa sm−3] 3.40 3.00 3.92 2.8 5.60 3.50

Table 4: Calibrated electrical, mechanical and Windkessel parameters, together with calibration and validation
errors (except for P11 because of missing data of right pacing).

In order to assess the suitability of the calibration of the electrical parameters obtained by means of pre-operative
activation times, we performed a validation by comparing the numerical results of the Eikonal problem against data
not used in the calibration itself (cross validation). To this aim, we used the activation times acquired with EAMS
during right pacing procedure we had at disposal (only right electrode at the apex is stimulating) and we performed
numerical simulations in the right pacing scenario (see Figure 4, top).

In Table 4 we report the values of the relative errors obtained by this validation procedure (validation error),
using a formula analogous to (2). We observe the excellent matching between the computed and the measured
activation times in right pacing conditions. Since the measured data were not used in the calibration procedure, we
can definitively state that our calibration has been successfully cross-validated.

The calibrated parameters are then used in turn for the simulations of the virtual CRT scenarios, whose analysis
is presented in the next paragraphs.

In Figure 6 we report for all the patients the activation times and the mechanical displacements at a represen-
tative time instant for both the pre-operative and the LEAS-CRT scenarios. Notice that the activation times are
in accordance with the fibrotic regions depicted in Figure 2. Moreover, the results on displacements provide an
evidence that LEAS-CRT improves synchronism with respect to the pre-operative case.

3.3 Optimal left lead location

In Figure 7, left, we report our choices about the anatomically compatible locations inside the epicardial veins of the
left electrode considered in our virtual CRT simulations. In the same figure, on the right we report and compare the
corresponding PV loops. Notice that for all the patients the Stroke Volume (SV) (i. e. difference between diastolic
and systolic volumes, EDV −ESV ), and thus the ejection fraction EF = SV/EDV , increase for almost all virtual
CRT scenarios with respect to the pre-operative case.

In Table 5 we report the specific values of SV and EF for the most representative virtual CRT scenarios.
From these results, we first notice that for the non-fibrotic cases LEAS is an effective choice in terms of improve-

ments of the two biomarkers with respect to the pre-operative cases. Moreover, we notice that for P2 and P3 it is
possible to obtain a further improvement by selecting a different left electrode location. Also for the fibrotic cases
significant improvements of SV and EF were found for P6 and P11, with no further improvement by changing the
left electrode location. Instead, for P8 LEAS reveals to be a non optimal choice, with VEIN1 location which is able
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to provide a small improvement. Summarizing we have a maximum improvement with respect to the pre-operative
case of SV in the percentage range [7.3%, 14.5%] for the non-fibrotic cases and of [4.2%, 11.8%] for the fibrotic
cases; for EF we have a maximum improvement in the absolute range [1.4, 3.1] (no significant differences between
the two groups).

Patient Location
dP/dt|max SV EF SW
[mmHg s−1] [ml] [%] [mmHgml]

P2

Pre-operative 2, 252 76 15.1 6, 300
LEAS +7.4% +11.8% +1.8 +19.4%
VEIN 1 +8.1% +14.5% +2.3 +23.5%
VEIN 4 +12.0% +11.8% +1.9 +20.1%

P3

Pre-operative 3, 119 112 31.9 11, 600
LEAS +13.0% +8.0% +2.6 +14.8%
VEIN 1 +9.7% +9.8% +3.1 +16.5%
VEIN 2 +13.9% +8.0% +2.7 +17.3%

P4

Pre-operative 2, 278 73 24.5 6, 800
LEAS +6.5% +7.3% +1.8 +10.8%
VEIN 1 +3.1% +6.3% +1.5 +10.0%
VEIN 4 +6.6% +1.9% +0.5 +3.7%

P6
Pre-operative 2, 186 82 25.9 7, 000

LEAS +3.7% +11.8% +3.0 +16.9%
VEIN 1 +2.0% +10.8% +2.8 +15.4%

P8
Pre-operative 2, 731 70 32.9 6, 700

LEAS −7.5% −1.4% −0.3 −1.6%
VEIN 1 +2.0% +4.2% +1.4 +6.6%

P11
Pre-operative 2, 460 58 25.0 4, 900

LEAS +0.7% +10.3% +2.6 +15.6%
VEIN 4 +1.5% +6.9% +1.9 +12.4%

Table 5: Biomarkers corresponding to virtual CRT configurations varying left lead position. See Figure 7 for the
different locations of the left electrode. For CRT scenarios we indicate the percentage of variation of dP/dt|max,
SV and SW with respect to the pre-operative case, whereas for EF we indicate the absolute changes. P2, P3, P4:
non-fibrotic cases; P6, P8, P11: fibrotic cases.

In Table 5 other biomarkers are presented. Specifically, we computed the maximal LV pressure rise dP/dt|max

[48] occurring during systole. dP/dt|max is used as an index of ventricular performance [49, 50] and thus elevated
values of dP/dt|max may be a sign, during the acute phase, of significant contractility and resynchronization [51].
Again, we notice that LEAS is an effective choice for the non-fibrotic cases, whereas for fibrotic case no significant
improvements are noticed. Moreover, for P2 and P3 different left electrode locations provide a further improvement
in terms of dP/dt|max. In any case, we notice that for all the CRT scenarios this index features larger values than
the pre-operative case, being maximum improvements with respect to pre-operative case in the percentage range
[6.6%, 13.9%] for the non-fibrotic cases and [1.5%, 3.7%] for the fibrotic cases. Another useful index reported in
Table 5 is the Stroke Work (SW ) defined as the work done by the ventricle to eject the blood and corresponding
to the area within the PV loop. Analogously to the other biomarkers, LEAS is shown to be in general an effective
choice and the value resulting from CRT simulations significantly increases with respect to pre-operative case in
the ranges [10.8%, 23.5%] for the non-fibrotic cases and [6.6%, 16.9%] for the fibrotic cases.

3.4 Study of the ventriculo-ventricular delay

In Figure 8 we report the PV loops obtained by using LEAS for the left electrode and varying the ventriculo-
ventricular delay VVD with the values V V D = [−30, −15, 15, 30] ms, with the convention that positive values
indicate that the right stimulus anticipates the left one. We observe that we obtain quite similar behaviors to the
V V D = 0 scenario, in any case with an increased stroke volume with respect to the pre-operative one. Negative
VVD, specifically V V D = −30 ms, seem to provide however slightly worst improvements.

These observations are confirmed by Table 6, where we report the same biomarkers of the previous analysis for
the best positive and negative values of VVD. In particular, for the non-fibrotic cases we observe that positive values
of VVD always allow to improve the four biomarkers with respect to the synchronous case V V D = 0, especially for
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dP/dt|max. Instead, negative values of VVD, although improving the biomarkers with respect to the pre-operative
case, do not seem to perform better than the synchronous case. As regards the fibrotic cases, we observe not
significant improvements of the delayed cases with respect to the synchronous case.

Patient
Delay dP/dt|max SV EF SW
[ms] [mmHg s−1] [ml] [%] [mmHgml]

P2

Pre-operative 2, 252 76 15.1 6, 300
−15 +5.2% +10.5% +1.6 +17.0%
0 +7.4% +11.8% +1.8 +19.0%
30 +11.3% +10.5% +1.7 +18.0%

P3

Pre-operative 3, 119 112 31.9 11, 600
−15 +7.0% +7.1% +2.3 +12.2%
0 +13.0% +8.0% +2.6 +14.8%
30 +24.9% +8.9% +2.8 +16.6%

P4

Pre-operative 2, 278 73 24.5 6, 800
−15 +1.2% +6.2% +1.5 +9.8%
0 +6.5% +7.3% +1.8 +10.8%
15 +9.8% +7.6% +1.8 +10.9%

P6

Pre-operative 2, 186 82 25.9 7, 000
−15 +2.4% +11.5% +3.0 +16.6%
0 +3.7% +11.8% +3.0 +16.9%
30 +6.7% +9.7% +2.5 +13.4%

P8

Pre-operative 2, 731 70 32.9 6, 700
−15 −0.9% +2.8% +1.1 +6.9%
0 +2.0% 4.2% +1.4 +6.6%
15 +3.0% +4.2% +1.5 +6.9%

P11

Pre-operative 2, 460 58 25.0 4, 900
−15 +0.5% +6.9% +2.1 +12.4%
0 +0.7% +10.3% +2.6 +15.6%
15 −0.9% +8.6% +2.2 +13.2%

Table 6: Biomarkers corresponding to virtual CRT configurations varying ventriculo-ventricular delay (VVD) with
the left electrode positioned at LEAS. Positive values of VVD means that the right stimulation occurs before the
left one. For CRT scenarios we indicate the percentage of variation of dP/dt|max, SV and SW with respect to the
pre-operative case, whereas for EF we indicate the absolute changes. P2, P3, P4: non-fibrotic cases; P6, P8, P11:
fibrotic cases.

3.5 Study of the right electrode location

In this section, we report the results obtained by varying the position of the right electrode along the interventricular
septum, while keeping the left one fixed at LEAS and without any VVD. In Figure 9 we can observe the choices of
right electrode locations for each patient, together with the corresponding PV loops. From these results we notice
that there is a significant improvement of the stroke volume when the right electrode is located in the septal region
halfway between the apex and the base. More in detail, from Table 7, where we report the best cases together with
the standard one, we observe that for the non-fibrotic cases the improvements with respect to the pre-operative
case in terms of SV, EF and SW almost double compared to the standard apical RE case. As regards the fibrotic
cases, there is still an improvement of the three biomarkers compared to the RE case, even if milder.

On the other hand, for the non-fibrotic cases, dP/dt|max does not appear to benefit from the upward movement
of the right electrode along the septum, whereas slight improvements are noticed for the fibrotic cases.

4 Discussion

In this work we performed a computational study to assess the performance of CRT in terms of hemodynamic
indices in different scenarios obtained by virtually varying the electrodes locations and their phase shift. To do
this we carried out EM numerical simulations in three non-fibrotic and three fibrotic patients, suitably calibrated
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Patient Location
dP/dt|max SV EF SW
[mmHg s−1] [ml] [%] [mmHgml]

P2
Pre-operative 2, 252 76 15.1 6, 300

RE +7.4% +11.8% +1.8 +19.4%
RE 3 +3.5% +19.7% +3.1 +33.4%

P3
Pre-operative 3, 119 112 31.9 11, 600

RE +13.0% +8.0% +2.6 +14.8%
RE 3 +14.5% +12.5% +4.2 +22.3%

P4
Pre-operative 2, 278 73 24.5 6, 800

RE +6.5% +7.3% +1.8 +10.8%
RE 2 +7.9% +12.2% +3.0 +19.3%

P6
Pre-operative 2, 186 82 25.9 7, 000

RE +3.7% +11.8% +3.0 +16.9%
RE 3 +7.9% +12.5% +3.2 +19.3%

P8
Pre-operative 2, 731 71 33.2 6, 700

RE −7.5% −1.4% −0.3 −1.6%
RE 2 −5.1% +8.5% +2.6 +11.3%

P11
Pre-operative 2, 460 58 25.0 4, 900

RE +0.7% +10.3% +2.6 +15.6%
RE 2 +2.6% +12.1% +3.1 +19.6%

Table 7: Biomarkers corresponding to virtual CRT configurations varying right lead position, with LEAS choice for
the left one and V V D = 0. RE position indicated the apical position used in the numerical experiments reported in
Sections 3.3 and 3.4. See Figure 9 for the different locations of the right electrode. For CRT scenarios we indicate
the percentage of variation of dP/dt|max, SV and SW with respect to the pre-operative case, whereas for EF we
indicate the absolute changes. P2, P3, P4: non-fibrotic cases; P6, P8, P11: fibrotic cases.

by means of EAMS and mechanical data, and compared some hemodynamic outputs of clinical interest. Our
computational model incorporates an ionic model and a force generation model that are able to faithfully capture
the frequency-dependent effects on the active force generation process, thus accounting for the different heart rates
characterizing each patient.

This work featured some novelties in the framework of computational CRT studies:

• The validation of the calibrated EM model against EAMS measures obtained in a scenario (right pacing)
different from that used for the calibration (no stimulations);

• The use of the calibrated and validated EM model in the context of CRT optimization;

• The use of the reconstruction of epicardial veins to identify anatomically compatible locations of the left
electrode;

• The analysis of the CRT performance when different locations of the right electrode are exploited.

The outcomes of the EM numerical simulations were evaluated by computing four clinically relevant hemody-
namic quantities. The Stroke Volume (SV) and the Ejection Fraction (EF) were used as a preliminary and easily
computable indices of the restored synchronicity, although it is known that they are indicators of chronic reverse
remodeling after CRT [1, 6, 52] rather than measures of acute outcomes. As a further index, we proposed to use
the Stroke Work (SW) to have a more complete description of the mechanical properties of the ventricle, since it
accounts also for the pressure jump within the cardiac cycle. We also analyzed the maximum variation of pressure
during a cardiac cycle, dP/dt|max, employed to evaluate the synchronization and contractility of the cardiac muscle.
This index has been used in other computational studies, e.g. in [14, 53], and it has been shown to be significant
also in the acute regime [54, 51], since its acute increase of about 10% or more predicts reverse remodeling [55].

As regards the positioning of the left electrode, the clinical practice considers epicardial veins as a natural way to
place it, for example in a lateral or posterolateral tributary of the coronary sinus [56, 57, 58] or in anterolateral and
posterolateral locations [59]. Some studies proposed to consider measures of activation, for example coming from
EAMS, and to locate the left electrode in the site with latest electrical activation (Latest Electrically Activated
Segment, LEAS) [54, 46]. Other studies highlighted that the best location is specific to each individual, so it
does not always match the latest activated segment [60]. Our results showed that the LEAS is an effective choice

13



to position the left electrode for the non-fibrotic cases, in terms of significant improvements of the hemodynamic
indices with respect to the pre-operative case. Notice that our LEAS always falls in lateral (P6, P8), antero-lateral
(P2, P4), or in anterior (P11) position. Moreover, we showed how it is possible to identify other locations in the
epicardial veins that could even slightly improve the performance of LEAS.

As regards the ventriculo-ventricular delay, our results showed that for the non-fibrotic cases the activation of
the right electrode before (15 or 30 ms) the left one seems to improve the CRT performance. This is in contrast
with the clinical experience, where the left electrode is usually activated first, to compensate the delay of activation
of the corresponding region [61]. However, some work has contradicted this indication, showing that there is no
effective agreed rule in this regard [62, 63]. The interpretation of our findings relies on the observation that in the
physiological (non-CRT) case the region where the right electrode is usually placed is activated by the Purkinje
network slightly earlier than the region activated by the left electrode. Thus, anticipating the right stimulus can
maybe restore a more physiological condition, allowing the ventricle to twist properly.

One of the novelties of this work relies on exploring different possible locations of the right electrode along
the septum. In the clinical practice, usually this is placed in the apical position. However, some clinical studies
suggested that other locations could be explored, see for example [57, 64, 58], where the authors proposed to place
the right electrode in the mid-septum or in outflow tract septum. Accordingly, we virtually moved it in other
positions which are compatible with anchoring by screwing to the septum [64], to understand if the performance of
CRT could improve. We found that in general the performance in terms of EF, SV and SW seems to improve by
positioning the electrode a little higher, towards the base. Although very preliminary and far to provide specific
indications, we believe that this new analysis could provide a new horizon of exploration for the improvement of
CRT and deserves further investigations.

One of the critical issues related to the good functioning of the therapy is the presence of fibrosis. Some clinical
studies revealed that the presence of fibrosis (e.g. midwall fibrosis) could be an independent factor in favoring CRT
non-responders [65, 66, 67]. For example in [65] the authors showed that the non-responders mainly consist of
patients with scar tissue in the region of the left lead or with wide scar tissue. Our results went in this direction,
highlighting that the improvements of all biomarkers are in general less noticeable than in the non-fibrotic cases.
See also [68], where the authors computationally found that pacing at the LV epicardial surface in proximity to scar
increases the volume of high repolarization gradients, thus explaining the CRT-induced ventricular tachycardia in
patients with ischemia. Again, further investigations will be mandatory, for example to find possible correlations
between the fibrosis region and the placement of the electrodes.

Finally, we remark that all the results of this work were found under a main assumption: the calibrated
pre-operative parameters are considered to remain the same just after the CRT. This means that the electrical
and mechanical properties of the heart muscle and the blood resistances do not change immediately after the
implantation, since the LV needs over six months to experience remodeling [6]. This allowed us to use the pre-
operative calibrated electro-mechanical parameters also for the virtual CRT scenarios.

To conclude, in this paper, we have showcased the practical application of our developed methodology on some
specific patients. Our intention was not to conduct extensive statistical analyses, given the relatively modest sample
size. Instead, our focus was on presenting a proof-of-concept to highlight the potential of the proposed methodology.
The proposed pipeline was particularly well-suited for systematic replication on a patient-specific basis, requiring
relatively low computational costs. This methodology could serve as the foundation for a routine procedure aimed
at optimizing CRT with consideration for individualized factors, including geometric, electrophysiological, and
mechanical aspects, and their complex interplay.

Limitations and further developments

There are several limitations in this work, which are discussed in what follows.

• We did not consider in our simulations the atria. This means that we were not able to take into account
possible preload changes due to different atrio-ventricular delays [69]. Thus, our results should be understood
as obtained under the hypothesis of sinus-rhythm atrio-ventricular delay;

• Our electrical calibration was based on measures obtained by means of an Electro-Anatomical Mapping
System. Not all CRT interventions are nowadays made exploiting this procedure to guide the insertion of the
electrodes and limit the radiation exposure. However, in the last years performing EAMS-assisted CRT is
becoming more and more frequent, as proved by the multicentric study [70];

• We did not consider the Purkinje system in our electro-mechanical model. This simplification could have a
significant impact on the results, due, e.g., to possible re-entries from the left stimulation front [71, 72];
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• Our pipeline, from MRI images and EAMS measures to the numerical results of the virtual CRT scenarios,
passing through the electro-mechanical calibration, is nowadays not completely automatic. Some steps are still
manual (ventricle segmentation, electrical calibration), whereas other are completely automatic (mechanical
calibration, building of nested meshes, generation of epicardial veins). In the future, we plan to make our
procedure completely automatic, so in principle one could insert it as a module of EAMS;

• Our model calibration and numerical experiments ignore the right ventricle. This may have some important
consequences on the results, since the left contraction is influenced by the right one. However, in view of the
comparison among virtual scenarios, where we were interested more in relative differences than in absolute
values, we believe that the effect of this approximation could be acceptable in this first study.

Several further developments will be considered in future works to make our procedure more accurate, efficient,
and able to provide more precise clinical information. The previous limitations naturally suggest some of them:
the inclusion of left atrium, right ventricle, and Purkinje network, and the full automation of the computational
pipeline. Moreover, we will need to study more cases and to provide, through statistical analyses, more precise
indications on the stimulations regions and delays that could imporve CRT, possibly clustering the patients in
accordance with their conditions (presence of fibrosis, blocks, etc.).
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Figure 6: For each patient, comparison at a selected time of electrical activation times (left part) and mechanical
contraction (right part) between the pre-operative scenario (left in each of the two parts of the figure) and the
LEAS-based CRT virtual scenario (right).
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Figure 7: Representative choices of left electrode locations for virtual CRT simulations (left) and corresponding PV
loops (right), overlapped to the pre-operative scenario.
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Figure 8: PV loops of the virtual CRT simulations at LEAS for five different choices of ventriculo-ventricular delay
(VVD), overlapped to the pre-operative scenario.
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Figure 9: Choices of right electrode locations (RE) for virtual CRT simulations (left) and corresponding PV loops
(right), overlapped to the pre-operative scenario. Left electrode placed at LEAS and no VV delay for all the cases.
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