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Abstract

The torsional behaviour of the heart (i.e. the mutual rotation of the cardiac

base and apex) was proved to be sensitive to alterations of some cardiovascu-

lar parameters, i.e. preload, afterload and contractility. Moreover, pathologies

which affect the fibers architecture and cardiac geometry were proved to alter

the cardiac torsion pattern. For these reasons, the cardiac torsion represents a

sensitive index of ventricular performance. The aim of this work is to provide

further insight into physiological and pathological alterations of the cardiac tor-

sion by means of computational analyses, combining a structural model of the

two ventricles with simple lumped parameter models of both the systemic and

the pulmonary circulations. Starting from diagnostic images, a 3D anatomy

based geometry of the two ventricles was reconstructed. The myocytes ori-

entation in the ventricles was assigned according to literature data and the

myocardium mechanical behavior was modelled by an anisotropic hyperelastic

law. Both the active and the passive phases of the cardiac cycle were mod-

elled, and different clinical conditions were simulated. The results in terms of

alterations of the cardiac torsion in the presence of pathologies are in agreement
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with experimental literature data. The use of a computational approach allowed

the investigation of the stress and strain distributions in the ventricular wall as

well as of the global hemodynamic parameters of the ventricle in the presence

of the considered pathologies. Furthermore, the model outcomes highlight how

for specific pathological conditions like the heart failure, an altered torsional

pattern of the ventricles can be present, encouraging the use of the ventricular

torsion in the clinical practice.

Keywords: cardiac mechanics, cardiac torsion, finite element model,

myocardial infarction, hypertension

2010 MSC: 00-01, 99-00

1. Introduction

The cardiac torsion i.e. the mutual rotation of the cardiac base and apex,

is conventionally defined as the difference between the cardiac apical and basal

cross-sections rotation. A counter-clockwise rotation when viewed from the apex

is conventionally assumed as positive. During initial isovolumic contraction, the

apex and the base both rotate in a counter-clockwise direction [1]; during the

systole the base changes direction and starts to rotate in a clockwise direction,

while the apex continues to rotate counterclockwise, causing the torsional peak.

This peak is then followed by a rapid untwisting of the ventricle during the

isovolumic relaxation: the potential elastic energy stored in the collagen matrix

and cytoskeletal proteins (titin) is released (recoil), causing the rapid untwist-

ing [2], [3] and contributing to an active suction of blood from the atria.The

cardiac torsion is due to the peculiar architecture of the heart. Several studies

highlighted the presence of obliquely oriented muscle fibres whose orientation

varies from a right-handed helix at the subendocardium to a left-handed helix at

the subepicardium [4], [5], [6], [7]. This spiral organization seems to be funda-

mental in determining both the cardiac systolic and diastolic function [8]. The

torsional behaviour of the heart was proved to be sensitive to the alteration

of some cardiovascular parameters, i.e. preload, afterload and contractility.
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Moreover, pathologies which affect the fibers architecture and cardiac geometry

were proved to alter the cardiac torsion pattern. For these reasons, the cardiac

torsion represents a sensitive index of ventricular performance [9], [10], [11],

[12], [13]. The assessment of cardiac torsion as a sensitive clinical index has

led to a substantial increase of the number of experimental and clinical studies

aimed at quantifying this parameter. The relevant improvement of the imaging

techniques in the last 20 years strongly supported this trend. Different meth-

ods have been used to measure the experimental parameters characterizing the

torsional behavior (e.g. angular velocity, rotation angle); the first approaches

used radiographic tracking of myocardial markers ([14], [15], [16], [17], [18],

[19]), optical devices ([20], [21], [22], [23]) and two-dimensional echocardiog-

raphy ([24], [25]). Lately, tissue-tagging magnetic resonance imaging (tagged

MRI) has permitted to obtain non-invasive measurement of myocardial defor-

mation in three-dimensional space and prompted investigation of left ventricle

torsion ([26], [1], [27], [28], [28], [29], [30], [31], [32], [33],[34], [35], [36], [37], [38],

[39], [40]). Doppler tissue imaging (DTI) has been also proposed as an efficient

non-invasive method for quantifying left ventricular torsion in humans (Notomi

et al. 2005-a), thanks to its higher temporal resolution with respect to MRI in

the measurement of myocardial velocity. More recently, speckle tracking imag-

ing (STI) technique, based on the appearance of speckle patterns within the

tissue during two-dimensional ultrasound imaging, was used to estimate angle

displacement respect to the central axis of the left ventricle ([35], [41]). Since

all these non-invasive techniques are not suitable for chronic monitoring of left

ventricle dynamics, a Coriolis-force based gyroscopic sensor was proposed by

our research group as an alternative technique to continuously quantify in vivo

Left Ventricle (LV) torsion ([42],[9],[10]). For a review on the clinical relevance

of cardiac torsion, the reader is referred to [43]. In this context, a model able

to reproduce the cardiac torsion pattern in both physiological and pathologi-

cal conditions may provide important clinical indications. Several models have

been proposed in the literature to investigate cardiac torsion using a simplified

geometry [8], [44], [45], [46], [47]. More complex models were developed to inves-
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tigate different aspects of heart behaviour (i.e., electrical-mechanical behaviour

[48], [49], [50], [51], [52], [53], [54] and [55], fluid dynamics [56], [57], [58] and

mechanics [59], [60]) or to study pathological conditions [61], [62] but the car-

diac torsion was only qualitatively evaluated. The aim of this work is to provide

further insight into the physiological and pathological alterations of the cardiac

torsion by means of computational analyses, combining a structural model of

the two ventricles with simple lumped parameter models of both the systemic

and the pulmonary circulations. Different clinical conditions were simulated

to investigate the sensitivity of the cardiac torsion as an index of heart func-

tioning compared to other quantities usually considered in the clinical practice,

like the global cardiac haemodynamic parameters, or frequently investigated by

computational studies, like the stress and strain distribution in the ventricular

wall.

2. Methods

The biventricular computational model presented in this study consists of

(i) an anatomy based geometrical model, (ii) a finite element (FE) model of the

cardiac mechanics accounting for both the active and the passive behaviour of

the myocardium and (iii) two simplified lumped parameter models representing

the systemic and the pulmonary circulations.

2.1. Anatomy based geometrical model

An anatomy-based 3D geometry of the two ventricles was reconstructed by

using Amira R©5 (VISAGE IMAGING, Carlsbad, CA, USA) software, which al-

lows the processing of diagnostic images. Magnetic Resonance (MRI) images

of the heart of an adult healthy subject at the end of the systolic phase were

provided by IRCCS San Donato, Milan, Italy. A manual segmentation of the

MRI slices was performed to carefully distinguish between cardiac tissue and

surrounding tissues. A smoothing process was then applied to the external and

internal surfaces of the two ventricles to reduce artifacts induced by the segmen-
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tation interpolation. Starting from the reconstructed surfaces, a volume was cre-

ated using GAMBIT commercial code (Fluent Inc.,Lebanon, NH, USA) R©. The

volume was then discretized to obtain the computational mesh (Fig. 1a). The

number of elements was chosen in order to obtain a good compromise between

the computational costs and the results accuracy. It is worth to notice that the

number of elements across the myocardial wall thickness influences the fiber ori-

entation (see paragraph 2.2.2 ); therefore an adequate discretization along the

wall thickness was chosen to properly assign the myocytes orientations. The

biventricular geometry consists of 433814 tetrahedral elements, with a 437027

degrees of freedom.

2.2. FE model of cardiac mechanics

The computational model was implemented using Abaqus R©6.10 (SIMULIA,

Dessault Systèmes, France) FEM modelling suite. The domain discretization

was obtained using 4 node linear tetrahedral element. To handle for the in-

compressibility constraint, mixed formulation elements were used; this type of

elements allows the treatment of the pressure stress as an independently inter-

polated basic solution variable, coupled to the displacement solution through

the constitutive theory and the compatibility condition. This coupling is imple-

mented by a Lagrange multiplier. The use of hybrid elements also avoids the

volume locking. For detailed information on the hybrid formulation, the reader

is referred to the Abaqus Documentation. The simulations were performed us-

ing quasi-static stress/displacement analyses. The non linear FE model was

solved using Newton iteration algorithm.

2.2.1. Constitutive equation of the passive myocardium

In order to model the passive behaviour of the myocardial wall, the con-

stitutive equation developed by [63] and [64] was used. Some hypotheses were

formulated concerning the myocardium description: (i) the myocardium was

described as an incompressible medium; (ii) the contribution of the collagen

was included in the isotropic term which accounts for the matrix; (iii) all the
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processes occur at a constant temperature (T=310.15K); (iv) the cardiac fibers

dispersion with respect to their mean directions is assumed equal to 0 (perfectly

aligned fibers). Under such hypotheses, the strain energy potential is given as:

Ψ =
1

2
c(I1 − 3) +

k1
2k2

[
exp(k2E

2

i − 1)
]
; (1)

I1 = trC; (2)

I4 = C : A; (3)

where the first term in (1) represents the isotropic potential which accounts

for the extracellular matrix contribution, while the second term represents the

transversely isotropic potential due to the presence of the oriented myocytes.

I1 is the first deviatoric strain invariant while the strain-like quantity Ei char-

acterizes the deformation of the i-th family of fibers and, for perfectly aligned

fibers, is defined as

Ei = I4(i,i) − 1 (4)

where I4 is a pseudo-invariants of C (i.e. the distortional part of the right

Cauchy-Green tensor C = J− 2
3C) which depends on the fibers orientation, set

in the reference configuration by the unit tensor A.

The material parameters to be determined are c, namely the neo-Hookean pa-

rameter which characterizes the matrix properties, and k1 and k2, a stresslike

and a dimensionless parameter respectively, both referred to the fibers stiffness.

The estimation of those parameters was performed by fitting the physiological

end diastolic volume of the right and of the left ventricle given the physiological

end diastolic pressures for a healthy subject. (see Table 1).

2.2.2. Active contraction

To replicate the active behaviour of the myocardium, which is due to the

combination of electrical, mechanical and chemical processes and results in the

shortening of the sarcomers, the material parameters c and k1 were increased
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[44] during the cardiac systole (see Table 1) according to the profile of the force

developed by a cardiomyocyte secondary to an intracellular calcium variation

[65]. The variation of the fiber stiffness (k1) was set according to the force profile

and modulated to obtain the physiological systolic peak pressures (fig. 2). This

simplified approach neglects all the phenomena occurring at the microscopic

level but is able to reproduce the macroscopic contraction of the myocardium

with a significant reduction in the model complexity and consequently in the

computational demand. In this way, a simultaneous contraction of the all ven-

tricles is considered, disregarding any spatial variation.

2.2.3. Fiber orientation

The fiber orientation was set according to literature data in both the right

and the left ventricle. In particular, according to [66], the fibers orientation

in the left ventricle (LV) varies from +60◦ at the endocardium to −60◦ at the

epicardium, compared to the circumferential direction. In the right ventricle

(RV) the fiber orientation ranges from −60◦ at the epicardium to +90◦ at the

endocardium, compared to the circumferential direction. The interventricular

septum was considered part of the LV [67]. This peculiar arrangement of the

myocardial fibers was defined in the model by a routine ad hoc implemented

in Matlab (The MathWorks, Inc, Natick, MA, USA). Based on a proximity

criterion, the routine first categorizes each element of the mesh as part of ei-

ther the left or the right ventricle. Secondly according to that classification,

the fiber orientation is assigned (−/ + 60◦ in the LV and 0◦/90◦ in the RV).

In order to ensure a smooth variation of the myocyctes direction among sub-

sequent elements in the LV-RV transition region, the absence of discontinuities

in the fiber orientation and of the quantities of interest was manually verified a

posteriori. Particular attention was paid in analysing the apical region, where

discontinuities are most likely to be found.
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2.3. Lumped parameter models of the circulation

To evaluate the hemodynamic behaviour of the heart, the FE model was

coupled with two lumped-parameter models (LPM) simulating a closed loop

circulation, thus ensuring the blood volume conservation. In particular, one

LPM simulates the systemic circulation and the other the pulmonary circu-

lation. Each LPM comprises a resistance representing the outflow valves (the

aortic valve, Raort, for the systemic circulation and the pulmonary valve, Rpulm,

for the pulmonary circulation), a constant compliance accounting for the sys-

temic (Csyst) or the pulmonary (Cpulm) compliant blood vessels, a resistance

representing the systemic (Rpsyst) or the pulmonary (Rppulm) peripheral vas-

cular resistances, a constant compliance modelling the atrial chamber (Cla for

the left atrium and Cra for the right atrium) and a resistance representing the

atrio-ventricular valves (the mitral valve, Rmitr, and the tricuspid valve, Rtric)

(Fig. 3). The systemic (Csyst) and the pulmonary (Cpulm) compliance as well as

the systemic (Rpsyst) and the pulmonary (Rppulm) resistances account for both

the imedance of arterial and the venous pulmonary and systemic compartments,

respectively. Indeed, the pressure obtained upstream to the right and left atrial

compliance are equal to the physiological pressures in the inferior and superior

vena cava (Pvc) and in the pulmonary veins (Ppv) respectively, just before their

connection with the atria (Fig. 3). The LPM paramters used to reproduce

the physiological condition are summarized in Table 2. The ventricular cavities

were defined as fluid cavities by using hydrostatic elements, which allowed the

coupling of the cavities pressure and volume as well as the simulation of a fluid

flows from the atria to the ventricles and from the ventricles to the outflow ar-

teries (for a detailed description of the fluid cavities implementation the reader

is referred to Abaqus Documentation). Fluid properties were assumed to be the

same in both cavities; any pressure gradient in the ventricles was disregarded.

The fluid (blood) was modelled as an incompressible newtonian fluid with a den-

sity equal to 1060 kg/m3. The unidirectional flow induced by the heart valves

was modelled by means of diodes. In particular during the ”on state” of each

diode, which correspond to the valve opening, a linear pressure-flow relationship
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was prescribed to the valve, while during the ”off state”, corresponding to the

valve closure, blood flow is prescribed to zero, thus preventing backflows.

2.4. Simulation conditions

Appropriate kinematic boundary conditions were applied to the ventricular

model to reproduce the effect of the surrounding tissues on in vivo heart move-

ments and, particularly, on the ventricular torsion. Specifically, to replicate the

effect of these structures without directly constraining any ventricular region, a

deformable constraint was implemented and kinematically coupled to the ven-

tricles, at the valvular plane. The deformable constraint consists of a linear

elastic planar ring connected at the ventricular base; the mechanical parame-

ters (Young’s modulus=0.2 MPa; Poisson’s ratio=0.35) and diameter (d=400

mm) of the ring were chosen to reproduce physiologic values of the ventricular

base rotation in the healthy case. Any longitudinal displacement of the con-

straint plane were prevented, while rigid motions of the structure were avoided

by fixing the external nodes of the ring (namely, the external circumference) in

all the directions. This solution serves the purpose to reduce the effect of the

constraint on the cardiac base. To simulate the whole cardiac cycle, two steps

were implemented. The first step reproduces the diastole (physiological diastole

duration 0.5 s) while the second step reproduces the subsequent systole (physi-

ological systole duration 0.4 s) for a total cardiac cycle time of 0.9 s (frequency

= 70 bpm). The model was used to simulate the physiological condition and

some of the most widespread cardiac diseases. In particular, systemic hyper-

tension (SYST-HYP) was simulated by increasing the Rpsyst in the LPN from

25 mmHg · L/min to 35 mmHg · L/min while the mitral valve regurgitation

(MVR) was obtained by modifying the ”off state” of the diode using a lin-

ear pressure-flow relationship to allow the blackflow. Myocardial infarction at

the interventricular septum (SEP-INF) and at the LV free wall (FW-INF) were

obtained by decreasing the contractility (i.e, reduction of the contractility of

the 50% with respect to the physiological case) of the correspondent regions of

myocardial wall. The locations of the infarcted regions both for the SEP-INF
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and the FW-INF are illustrated in figure 4. In both cases, the portion of the

LV wall subjected to the reduction of the contractility corresponds to the 20%

of the LV wall mass. For MVR, SEP-INF and FW-INF, the LPM parameters

are assumed as for the physiological condition ( Table 2). To reach a converged

limit cycle of the LPM of both the systemic and the pulmonary circulation, ten

cardiac cycles were performed for all the simulation conditions; a difference of

the ventricles pressures lower than 5% between two subsequent cardiac cycles

was considered as a reliable indicator of the system convergence.

2.5. Quantities of interest

The ventricular torsion during the cardiac cycle was measured as the dif-

ference in the angular rotation of each analyzed ventricular cross-sections with

respect to the basal region (Fig. 1b). Further, to investigate the regional vari-

ation of the LV torsion, this parameter was evaluated in different locations of

the LV free wall (Fig. 1c): the LV-FW, the LV-FW1 (located in the posterior

portion of the left ventricle) and LV-FW2 (located in the anterior portion of the

left ventricle). The Cauchy stress in the fiber direction during the systolic and

the diastolic phase was measured along the myocardial wall. In particular, for a

mid-longitudinal cross section three different locations were considered i.e. the

LV and RV free walls and the interventricular septum (Fig. 1c). Further, the

time profile of the myocardial strain was measured along the longitudinal, cir-

cumferential and radial direction in a point located in a mid-longitudinal cross

section of the LV free wall. The circumferential-radial (CR) and circumferential-

longitudinal (CL) shear strains were also calculated at two different location of

the left ventricular wall (namely, at the ventricular base and apex, in the free

wall). Indeed, both shear strains are strictly related with ventricular torsion

[68],[69].

3. Results and Discussion

In this section the results of the simulations are presented and discussed

for both the physiological and the pathological cases. First, the results of the
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physiological model are reported and compared to available literature data.

Secondly, the results of the pathological conditions are presented and compared

with the physiological case to show any alteration induced by the simulated

pathologies. Lastly, the pathological simulation results are compared against

the available literature data.

3.1. Physiological condition

The pressure volume loops for the RV (blue) and the LV (red) under phys-

iological condition are shown in figure 5. The physiological values of systolic

peak pressures (SPP), end diastolic volume (EDV) and stroke volume (SV) for

the RV and LV are reported in table 3. The LV shows higher SPP and EDV

with respect to the RV (136.9 mmHG and 114.6 mL versus 49.7 mmHg and

106.5 mL) but a slighlty smaller SV (−1%). The physiological pressure profiles

during the normalized cardiac cycle of the RV, the LV, the left atrium (LA),

the right atrium (RA), the aorta and the pulmonary artery (PULM) are shown

in figure 6. The Cauchy stress in the fiber direction was evaluated in the mid-

longitudinal cross section of the ventricle. In particular, the stress pattern was

calculated across the myocardial thickness in different regions: the LV and RV

free wall and the intraventricular septum (see fig. (1c)). The stress patterns

for these three regions in the physiological case are reported in figure 7 at the

end diastole and systolic peak condition. In the LV free wall (PHYS-LV) and

in the intraventricular septum (PHYS-SEP), both during diastole and systole,

fiber stress was higher near the endocardial region than in the epicardial region

(49 KPa at the 35% of the myocardial thickness and 41 KPa at the 23% of the

myocardial thickness, respectively). In the RV free wall (PHYS-RV), the maxi-

mum tensile fiber stress (14 KPa) was found at 50% of the myocardial thickness

both during diastole and systole. These different behaviour of the ventricular

regions can be explained because of the myocytes orientation. Indeed, while in

the LV and intraventricular septum the fiber orientation ranges from +60◦ at

the endocardium to −60◦ at the epicardium, compared to the circumferential

direction, in the right ventricle it varies from −60◦ at the epicardium to +90◦
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at the endocardium. In all these regions, stresses in the fiber direction were

higher during systole than during diastole due to cardiomyocytes contraction.

It is worth to notice that the stress distributions in systole and in diastole show

nearly the same trend, even if characterized by different values. Thus, the sim-

plified mechanism here proposed to simulate the myofiber contraction allows to

replicate the Frank-Starling law: the higher the myocytes stress and strain in

diastole, the stronger is the contractile force the myocytes are able to develop

during systole. The time profile of the myocardial strains was also measured

in a point located in a middle section of the left ventricle long axis (Fig. 8);

for a correct comparison of the calculated and experimental strains, the cir-

cumferential, radial and longitudinal strains were considered. In fact, even if in

the physiological case the principal strain directions are pretty close to the cir-

cumferential, radial and longitudinal one, a different orientation of the principal

strains was observed in case of pathology in experimental works [70].

For the physiological case, LV torsion at different cross sections along the LV

long axis is reported for FW in figure 10. As expected, the cardiac torsion is

higher at the ventricular apex (22◦) while it decreases when reaching the car-

diac base (2◦) [71]. The cardiac torsion peak occurs during the systolic phase

since it is determined by the fiber contraction. The torsion profile in different

regions (fig. (1c)) of the LV is shown in figure 11. The cardiac torsion is higher

in the LV-FW (22◦) and LV-FW1 (21◦) than in the LV-FW2 (16◦). The first

two regions are located in the antero-lateral portion of the LV while the FW2

is positioned in the posterior wall.

3.2. Comparison with literature data

According to the time tracings showed in figure (6) and the data reported

in table 3, the physiological hemodynamic results are consistent with in vivo

literature data of healthy subjects [72]. The myofiber stress distribution in the

ventricular wall highlighted higher stress values in the midwall where the fiber

are directed more circumferentially. This pattern is in agreement with the lit-

erature ([73]) and the peak stress in both the systolic and diastolic phase are
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within the range of other works ([73], [74], [75], [8], [48]). However, the stress

variation across the wall, especially in the left ventricle, seems to be bigger than

the physiologic one. This high stress variation coul be explained due to the

choice of a literature myocytes arrangement instead of a patient-specific one. In

fact, the myofiber stress distribution in the ventricular wall strongly depends on

the fibers orientation. The influence of myocytes orientation on wall mechanics

has been demonstrated in several literature studies, and different hypotheses

about the mechanisms underlying the peculiar cardiac fibers arrangement have

been made ([76], [77], [78], [25], [79], [80]). Hence, even if the variation of fibres

orientation among different individuals has proven to be small ([81]), the ad-

dition of a patient-specific tissue architecture measured for example by cardiac

DTI could improve the accuracy of the results. The comparison of myofiber

strains with literature data (fig. (8)) showed an overall agreement of the strain

pattern provided by the model and the experimental data [82]. Nevertheless,

the model circumferential strain was higher than the literature one during sys-

tole, while the opposite trend was observed for the radial direction. However,

literature data [82], [83] showed a wide variability of the absolute values of the

strain while the time profile is generally confirmed.The CR shear strain, which

is related to the transmural difference of the cardiac rotation, exhibits a dif-

ferent pattern between the apex and the base (fig.(9)). This particular feature

of ventricular kinematics has been confirmed by previous experimental works

[84, 69]. A general agreement between the model results in terms of CL shear

strain, which increases from the apex to the base, and literature experimental

findings was also found [69]. The maximum values of the calculated shear strains

are in good agreement with the aforementioned experimental literature works.

Another important index to evaluate the cardiac performances is the cavity to

wall volume ratio. In fact, this index has proven to be the most important

geometric parameter in linking the ventricular heamodynamic variables (cavity

pressure and volume) with the myofiber mechanics variables (stress and strain)

([85], [86]). Typical values of this index range among 0.15 and 0.7 ([85]); in the

physiological model, the cavity to wall ratio varies between 0.3 and 0.61 during
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the cardiac cycle, in agreement with literature findings. Finally, the physiologi-

cal torsion pattern predicted from the model is in agreement with experimental

literature measurements as well as the torsion peak values [87], [36], [35], [28]

and [88]. A greater variation of the torsion is observed from the apex to the mid

point than from the mid point to the base, as previously reported by [29] (sec-

tion 4, fig. 10. The differences observed in the torsional behaviour of different

regions of the LV wall (namely LV-FW, LV-FW1 in the antero-lateral portion

and LV-FW2 in the posterior portion) are consistent with literature findings.

Indeed, [29] and [43] observed a lower torsion in the posterior/ postero-lateral

than the anterior/antero-lateral regions of the LV.

3.3. Pathological condition

In the next subsections, the results of the pathological consitions are pre-

sented. For the sake of clarity, the results of the pathological conditions and their

comparison to the physiological case are grouped in: (i) global hemodynamic

results (i.e., pressure profile and pressure-volume loop of the two ventricles);

(ii) local mechanics (i.e., stress and strain distributions evaluated at the LV

free wall, RV free wall and interventricular septum); (iii) cardiac torsion profiles

during the cardiac cycle evaluated at different sections of the LV (see para-

graph 2.4). The results obtained from simulations of pathological conditions are

compared and discussed with available literature data.

3.3.1. Global hemodynamic results

The comparison among the PV loops in the physiological case and the inves-

tigated pathological conditions is summarized in figure 12. In case of systemic

hypertension (SYS-HYP) (fig. 12A) the LV systolic peak pressure is higher

(+12%) while the LV stroke volume is lower (−14%) than the physiological

case. As a consequence, the RV end diastolic volume decreases compared to

the physiological condition (−8%). By comparing physiological case to MVR

condition (fig. 12B), the absence of isovolumetric phases in the LV is observed

in the MVR due to the backflow through the mitral valve from the LV to the
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LA. The investigation of the myocardial infarction in the intraventicular septum

(fig. 12C) and in the LV free wall highlights a slightly decreased LV systolic

peak pressure (−2% and −4%, respectively) while the EF decreases by −4% in

FW-INF and −8% in SEP-INF.

3.3.2. Local mechanics

Myofiber stresses. For all the investigated pathological conditions, the Cauchy

stress in the fiber direction was evaluated across the wall thickness in three dif-

ferent regions of the myocardium (see fig. 1c); these stresses are shown in figure

13 compared to the physiological case. In all the pathological conditions, the

stress profile within the myocardial wall is preserved, with the same location of

the peak values for all the three regions. The stress patterns during the systole

at the LV free wall and at the intraventricular septum highlight higher stress

values for the HYP, SEP-INF and FW-INF with respect to the physiological

case, while the LV fibers stress under MVR is lower. These findings can be due

to the increase in systolic peak pressure in HYP and to a lower contractility of a

portion of the myocardium in FW-INF and SEP-INF, both phenomena leading

to a general increase in myofiber stress. On the contrary, the MVR condition

leads to a decrease of the LV pressure due to the backflow towards the LA dur-

ing systole. By comparing the two myocardial infarction conditions, at the LV

free wall higher stresses are observed for the FW-INF while the two conditions

lead to quite similar results in the intraventricular septum. The comparison

among the different pathologies in terms of stress profile is preserved during

the diastole (the graphs are not shown for sake of brevity) with the exception

of the MVR, where higher stresses at the LV free wall are observed during the

ventricular filling phase. Indeed, the end diastolic volume of the LV increases

in the MVR condition due to the increased atrial pressure with respect to the

physiological case.

Myofiber strains. The strain profile in the longitudinal, circumferential and ra-

dial direction for the pathological conditions is reported in figure 14 compared

to the physiological case. A general decrease of the longitudinal strain was ob-
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served for all the pathological conditions with respect to the physiological case.

The comparison of the pathological circumferential strains to the physiologi-

cal case showed an increase in the MVR case (+23%) while for the FW-INF

and HYP a decrease was observed (−14% and −12%, respectively). The same

trend was observed in the radial strain: +7% in MVR, −20% in HYP, −19% in

FW-INF and −8% in SEP-INF.

3.3.3. Cardiac torsion

For all the considered cases, we report the cardiac torsion within the cardiac

cycle measured as the difference of the angular rotation of apical section with

respect to the basal region. The comparison of the physiological LV torsion with

the pathological conditions is summarized in figure 15. The comparison high-

lighted a slight decrease in the torsion peak value was observed in the HYP with

respect to the PHYS condition. The cardiac torsion also significant decreases

(−27%) in FW-INF. Concerning the MVR case, a lower diastolic recoil rate

was found. An interesting result of the performed simulations is the different

cardiac torsion trends showed by the two myocardial infarction conditions (FW-

INF and SEP-INF). With respect to the physiological conditions, an increase in

the torsion peak value is highlighted in the FW-INF (+27%) while the opposite

trend occurs in the SEP-INF (−27%). A possible explanation of this opposite

behaviour may be the different pressure gradient across the myocardial wall at

the interventricular septum and at the free wall. Indeed, even if the the same

contractily decrease was imposed, the interventricular septum motion is also

constricted by the right ventricular cavity pressure which may also contribute

to the reduction of the cardiac torsion.

3.3.4. Comparison with literature data

The local mechanics results obtained from pathological simulations showed

a good agreement with literature data. In particular, [89] evaluated the LV

strains in patients suffering from MV regurgitation with control group before

and after mitral valve repair by means of speckle tracking analysis. A general
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increase in the LV strain was found in patients with MVR than in normal control

individuals; the same trend was observed in our model as confirmed by figure 14

where an increase of the radial and circumferential strains in MVR with respect

to PHYS condition is found. Concerning the stress distribution, we observed a

reduction in the LV stresses in MVR. This finding is corroborated by a study

conducted by [90] in 1432 patients with MVR recorded in the transthoracic

echocardiography where lower end systolic stresses were found in patients with

1st and 2nd degrees of MVR with respect to the normal controls. With reference

to the HYP condition, higher stresses values were found for all the considered

locations while the opposite trend is observed for the radial, circumferential and

longitudianal strains with respect to the PHYS condition. The former results

are confirmed by [91], who proposed a finite element model of the LV coupled to

system circulation model to evaluate the effect of different grades of hypertension

on wall mechanics. The comparison of results obtained from the simulation of

the hypertension condition and those from the physiological case showed an

increase of +21% in the average fiber stress levels in mild hypertensive case

and of +36% in the moderate hypertension case. Concerning the latter results,

the same behaviour was assessed by [92] who investigated the LV strain in in

patients with systemic hypertension and preserved LV systolic function. The

longitudinal strains in patient with systemic hypertension were attenuated in

comparison with normal controls as well as circumferential strain.

The decrease in the torsion peak value observed in the HYP with respect to the

PHYS condition is confirmed by Macgowan and colleagues in 1996 [93] that used

Magnetic Resonance Imaging tagging to evaluate cardiac torsion in 10 canine

hearts with altered afterload. In a study from [37] the alteration of cardiac

torsion is evaluated when the afterload is increased. A reduction of the cardiac

torsion of the 50% was also observed if the ESV increases from 14.5 mL to

21.5 mL. In our cases the same trend is observed with smaller difference from

HYP to PHYS due to the lower ESV variation (from 58 mL in PHYS to 63

mL in HYP). Other literature studies investigated the effect of hypertension

on cardiac torsions [37]. Nevertheless, those studies are not comparable with
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the results here presented since in the present work only acute pathological

changes are taken into account, disregarding any long-term effect which may

occur with a persistent pathological condition. Different literature studies [94],

[21] and [22] assessed a decrease in the torsion peak in case of acute myocardial

infarction, thus confirming model results in case of SEP-INF. Concerning the

MVR case, the presence of a lower diastolic recoil rate observed in the MVR

torsion is corroborated by literature findings [18]. Further, [95] evaluated the

modification of cardiac torsion in patient suffering from chronic mitral valve

regurgitation; delay and slowing of the LV untwisting were found. The authors

suggested the use of the torsion parameter to asses desease severity and early

signs of ventricular dysfunction.

4. Limitations

All the aforementioned results are based on the computational biventricular

model, which is subjected to some limitations addressed below. Although the

methodologhy used to model the fibers contraction well reproduces the macro-

scopic active behavior of the myocardium, more accurate predictions could be

achieved by coupling the FE model to an electrophysiology model accounting

for the electrical phenomena occurring at lower spatial scale. A fibre orienta-

tion consistent with literature physiological data was assumed. Even though,

the fibre orientation range in physiological conditions was proved to have a low

inter-patients difference, it may be significantly altered in pathological condi-

tions. For this reason, this approximation in pathological condition may lead to

incorrect estimation of the myocardial anisotropy. However, the routine ad hoc

implemeted in Matlab to assign the fiber orientation easily allows the definition

of different fiber distributions thus enabling the modelling of patient specific

(physiological or pathological) fiber architecture, if specific data are provided.

The simulations were performed using quasi static stress/displacement analy-

sis thus neglecting the system inertia. The use of static load steps was chosen

since preliminary tests performed under dynamic conditions showed unrealistic
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numerical oscillations of the kinematic outcomes, probably due to the absence

of the fluid modelling. However, the preliminary dynamic analyses showed that

the kinematic energy is negligible if compared to the strain energy of the system,

thus justifying the use of the quasi- static approach. In this work, the contri-

bution of the residual stresses has been neglected. This assumption may lead

to an overestimation of the predicted endocardial stress. The literature reports

only few data regarding the quantification and the distribution of the residual

stresses in the left ventricle. In fact, some works report a small influence of the

residual stresses and strains on the end-diastolic mechanics of the left ventri-

cle ([96], [97]) but the role in the systolic phase is still not clarified. However,

to completely investigate the residual stresses and determine the most suitable

constitutive law for the cardiac tissue, additional experimental data would be

required. To the best of our knowledge, investigation on the residual stress of

the RV has not been performed yet. In conclusion, due to the lack of experi-

mental data and the complexity of residual stress modelling during the systolic

phase, and relying on the literature data, we decided not to account for these

stresses assuming that this simplification can be acceptable for the purpose of

our paper. The myocardium was modelled as a transversely isotropic medium.

This assumption is surely a simplification regarding the tissue behaviour, which

is actually orthotropic as highlighted by several literature studies ([98], [99],

[100]). The modelling of the extracellular matrix and its complex architecture

would give a more accurate description of the material mechanics, allowing a de-

tailed analysis of the shear strains and wall thickening in different pathological

conditions. Nevertheless, the main characteristics of the cardiac tissue mechan-

ics can be adequately described by the proposed constitutive law. In fact, all

the quantities of interest for the aim of the present study where well reproduced

by the model and comparable with experimental data. To properly define the

kinematic boundary conditions, a realistic modeling of all the structures sur-

rounding the ventricles would be necessary; since this is beyond the aim of this

study, a simplified approach consisting in the implementation of a deformable

constraint aimed only at the simulation of the effect of the presence of these
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structures on the ventricular kinematics was adopted. This choice affects the

calculated displacements, especially in terms of rotation of the ventricular base.

However, the constraint characteristics have been carefully chosen to obtain

physiologic values of the base rotation in the healthy case, ensuring more realis-

tic results than what would be obtained by directly constraining regions of the

ventricles, as usually found in the literature (e.g. [101][61][82]). Also, the torsion

is mainly due to the rotation of the ventricular apex, which is not influenced

by the presence of such a constraint. Lastly, this study is aimed at investigat-

ing the effectiveness of cardiac torsion as an indicator of heart pathologies by

comparing its alteration with respect to the physiological condition; such a com-

parison is not affected by the kinematical constraint used. Finally, eventhough

the coupling of the FE model with the lumped-parameters models simulating

the systemic and pulmonary circulations allowed the evaluation of the myocar-

dial response under physiological and pathological conditions, in the fluid flow

modeling presented in this work the fluid inertia was neglected. Fluid-structure

models could better describe the interactions between blood flow and the de-

forming vascular structure, as well as the energy based mechanism driving the

transport processes; however it is well known how such models lead to higher

complexity and computational costs.

5. Conclusions

In this study a finite element model of the two heart ventricles was devel-

oped and coupled to two LPMs of the systemic and pulmonary circulations. To

correctly reproduce the myocardial mechanical behaviour, a hyperelastic consti-

tutive law was used and the presence of fiber orientation was taken into account.

The active behaviour of the myocardium was modelled using a simple mecha-

nism that allows the reproduction of the macroscopic heart contraction. This

choice allowed also to reduce the complexity of the model definition since it

does not requires the modelling of lower scale phenomena. The passive and

active material properties were determined to match the literature data for end
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diastolic volume and systolic peak pressure, respectively. LPM parameters were

estimated to reproduce the PV loops. The 3D FE model was then coupled to

LPMs obtaining a closed-loop circulation model to simulate complete cardiac

cycles. Physiological and pathological conditions were simulated. As shown

in the results and discussion section, both physiological and pathological sim-

ulation outcomes are in general agreement with available literature data. The

model can be used to predict global parameters as well as local function of the

heart, some of which cannot be directly measured in the patient. The model

here presented can also be used to investigate further pathologies such as mi-

tral or aortic vale stenosis, pulmonary hypertension and myocardial infarction

in different portion of the cardiac wall by properly altering either the LPM pa-

rameter or the contractility of the myocardium. Concerning the cardiac torsion,

the comparison of the physiological condition with the pathological cases gives

rise to interesting speculations. The cardiac torsion pattern in the pathological

cases is shown to deviate from the physiological condition, thus demostrating

the efficacy of such a parameter to discriminate pathological events. It is worth

to notice that in case of both SEP-INF and FW-INF, only a slightly decreased

LV systolic peak pressure was found compared to the physiological (−2% and

−4%, respectively) and the EF slightly decreases by −4% in FW-INF and −8%

in SEP-INF. On the contrary, the evaluation of the cardiac torsion in these two

pathological cases showed a remarkable difference with respect to the physio-

logical case (increase of the torsion peak value of the (+27%) in the FW-INF

and decrease of the (−27%) in the SEP-INF). This comparison may suggest the

ability of the cardiac torsion parameter to reveal even moderate pathological

conditions which are not detected from the analysis of the classical hemody-

namic parameters. Moreover, the opposite trends found in the cardiac torsion

pattern in the FW-INF and in the SEP-INF conditions, which may results from

the different pressure gradient across the myocardial wall at the interventricular

septum and at the free wall, further indicate the reliability of the cardiac tor-

sion as a sensitive index of the cardiac performance. So, the evaluation of the

cardiac torsion in addition to classical clinical indices may provide important
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indication on the heart performances and may consequently represent a valuable

tool in the clinical practice. Computational models are often used to assist the

surgeons in deciding the best surgical treatment to be performed thanks to their

ability to simulate different postoperative scenarios. In this context, the analy-

sis of cardiac torsion coupled with the classical mechanical parameters (stress,

strain, etc.) may provide the clinician a more complete frame of the outcomes

of different possible surgical treatments. To conclude, this model presents the

cardiac torsion as a new metric for cardiac performance and could be a starting

point for its systematic evaluation in different pathologic conditions.
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List of figures

Figure 1: Geometry of the FE model with highlighted acquistion regions. Left : Valvular

plane; Center: Long axis view with highlighted the cross-sections for the evaluation of the LV

torsion; Right: Short axis view with highlighted the locations for stresses (lines) and cardiac

torsion (circles) evaluation. The stress measurements were performed at the LV (light blue)

and RV (orange) free wall and at the interventricular septum (grey), while the cardiac torsion

was evaluated in LV-FW (blue), LV-FW1 (red) and LV-FW2 (green).
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Figure 2: Percentage of fiber stiffness variation within the normalized cardiac cycle.

Figure 3: 3D model coupled with the LPMs of the systemic and polmonary circulations.

Raort: aortic valve resistance; Rpulm: pulmonary valve resistance; Csyst: systemic blood

vessels compliance; Cpulm: pulmonary blood vessels compliance; Rpsyst: systemic peripheral

vascular resistances; Rppulm: pulmonary peripheral vascular resistances; Cla: left atrium

compliance; Cra: right atrium compliance; Rmitr : mitral valve resistance and Rtric: tricuspid

valve resistance.
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Figure 4: Locations of the infarcted regions for FW-INF (left) and SEP-FW (right).

Figure 5: Physiological pressure-volume loop for the RV (blue) and the LV (red)
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Figure 6: Physiological pressure profiles of the LV (red), the RV (blue), the LA (light red),

the RA (light blue), the aorta (dark red) and the pulmonary artery (dark blue). %Time=

normalized cardiac cycle duration.
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Figure 7: Physiological stress patterns at the systolic peak (top) and end diastolic condition

(bottom) in three regions: LV free wall (PHYS-LV), RV free wall (PHYS-RV) and intraven-

tricular septum (PHYS-SEP). %myocardial wall= normalized myocardial thickness where 0

refers to the endocardium while 1 to the epicardium.
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Figure 8: Physiological myofiber strains predicted by the model (blue) in the radial (top),

circumferential (middle) and longitudinal (bottom) directions compared to literature experi-

mental data (black) [82]. %Time= normalized cardiac cycle duration.
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Figure 9: Circumferential-radial (CR) and circumferential-longitudinal (CL) shear strain of

the basal and apical section of the left ventricle in the physiologic case.
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Figure 10: Physiological LV torsion for LV-FW at different cross sections with respect to the

LV long axis. 1 refers to the farther section while 6 to the nearest section with respect to the

apex. %Time= normalized cardiac cycle duration.

Figure 11: Physiological LV torsion for three different regions of the left ventricle: LV-FW,

LV-FW1 and LV-FW2. %Time= normalized cardiac cycle duration.
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Figure 12: Comparison of the physiological PV loops (PHYS) for the LV and RV in case of

(A) systemic hypertension (HYP), (B) mitral valve regurgitation (MVR), (C) infarction of

the intraventricular septum (SEP-INF) and (D) the LV free wall (FW-INF).
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Figure 13: Myofiber stress patterns during systole evaluated in the LV free wall (top), in-

terventricular septum (middle) and in the RV free wall (bottom) for the physiological case

(PHYS), systemic hypertension (HYP), mitral valve regurgitation (MVR), intraventricular

septum infarction (SEP-INF) and the free wall infarction (FW-INF).%myocardial wall= nor-

malized myocardial thickness where 0 refers to the endocardium while 1 to the epicardium.
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Figure 14: Comparison of the strain in the longitudinal (top), circumferential (middle) and

radial (bottom) directions for the physiological case (PHYS), systemic hypertension (HYP),

mitral valve regurgitation (MVR), intraventricular septum infarction (SEP-INF) and the free

wall infarction (FW-INF). %Time= normalized cardiac cycle duration.
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Figure 15: Comparison of the LV torsion for the physiological case (PHYS), systemic hyperten-

sion (HYP), mitral valve regurgitation (MVR), intraventricular septum infarction (SEP-INF)

and the free wall infarction (FW-INF). %Time= normalized cardiac cycle duration.

List of tables

Table 1: Diastolic and systolic material parameters. c is namely the neo-Hookean parameter

characterizing the matrix properties while k1 and k2 are a stresslike and a dimensionless

parameter respectively, both referred to the fibers stiffness.

Diastole Systole

c [MPa] 0.0014 0.0014÷0.023

k1 [MPa] 0.0001 0.0001÷0.045

k2 [-] 0.01 0.01
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Table 2: LPM parameter setting for the physiological condition.

PHYS

Rtric [mmHg · L/min] 0.20

Cra[L/mmHg] 2.13E-02

Rpsyst [mmHg · L/min] 25.00

Csyst[L/mmHg] 1.11E-03

Raort [mmHg · L/min] 0.38

Rmitr [mmHg · L/min] 0.20

Cla[L/mmHg] 1.33E-02

Rppulm [mmHg · L/min] 6.25

Cpulm[L/mmHg] 1.78E-03

Rpulm [mmHg · L/min] 0.11

Table 3: Hemodynamic parameters of the RV and LV. SPP: systolic peak pressure; EDV: end

diastolic volume; SV: stroke volume.

SPP [mmHg] EDV [ml] SV [ml]

LV 136.9 114.6 53.55

RV 49.7 106.5 54.0

48




