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a b s t r a c t 

This paper aims at studying the effects of the heart rate (HR) on the intraventricular hemodynamics and 

mitral valve dynamics for a healthy left ventricle of the human heart. The problem is tackled through 

direct numerical simulation of the Navier-Stokes equations, two–way coupled with a structural solver 

for the ventricle and mitral valve leaflets. Several HRs ranging from bradycardia to normal and up to 

tachycardia are considered and the resulting flow and structure dynamics analysed. 

Taking the physiological HR of 60 beats per minute (bpm) as reference case, it results that in the brady- 

cardia regime the lower flow rates produce a weaker mitral jet with a lower blood kinetic energy and 

smaller wall shear stresses either on the valve leaflets and on the endocardium. In contrast, as the HR 

increases, the faster and thicker mitral jets are associated to increasing blood kinetic energy and the wall 

shear stress, which more than double increasing the HR from bradycardia to tachycardia. The altered wall 

shear stress distribution and amplitude, though not intense enough to produce immediate effects, are 

implied to induce, in the long-term, structure alteration or tissue remodelling via mechanotransduction 

mechanisms [1]. Another relevant effect of the HR increase is the reduction of the diastasis duration un- 

til at HR = 100 bpm the early diastole (E–wave) overlaps the late diastole (A–wave). This phenomenon 

produces an enhanced mitral leaflets mobility, which open more at higher HRs, thus yielding larger geo- 

metrical orifice area during diastole. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

The human heart pumps blood throughout the body in order

o supply oxygen and other nutrients to the cells and to remove

etabolic waste products [2] . In order to achieve this goal, a sin-

le heartbeat consists of two main phases: the diastole , in which

lood flows passively from the atria to the ventricles (E–wave) and

s then pushed by the active atrial contraction (A–wave), and the

ystole that is driven by the active contraction of the ventricles that

ump the blood to the pulmonary arteries (right ventricle) and

o the aorta (left ventricle) [3] . The time duration of a heartbeat,

iven by the sum of the diastole and systole, is inversely propor-

ional to the heart rate (HR) that is the number of heart beats per

inute. Accordingly, a higher HR yields a shorter beating period,

s shown in Fig. 1 (a) where an illustrative electrocardiogram sig-

al is reported as a function of the HR. This fundamental parame-

er of the heart functioning is related to the cardiac output, which
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s the volume of oxygenated blood delivered by the left ventricle

LV) in one minute, and it is an indicator of the workload of the

ardiovascular system [4] . The HR, depends on several factors such

s age, fitness and activity levels, cholesterol, diabetes, smoking, as

ell as air temperature, body position and emotions. In particular,

n overactive thyroid gland as well as insufficient nutrition or sleep

ield the HR to increase [2] . Also obesity, which reduces the body’s

bility to transport blood through the vessels, is seen to raise the

R [5] . Medications can either decrease or increase the HR: beta

lockers, antidepressants and opioid type painkillers may decrease

R, while thyroid medications may increase it [6] . A normal rest-

ng HR, which is measured after lying down quietly for at least five

inutes, ranges within 60–100 beats per minute (bpm) for adults

umans, whereas higher values are observed for children and ado-

escents [2,3] . HR alterations can eventually cause few or mini-

al symptoms and they are strongly correlated with heart diseases

nd cardiovascular mortality risk [7] . Specifically, HRs lower than

https://doi.org/10.1016/j.compfluid.2019.104359
http://www.ScienceDirect.com
http://www.elsevier.com/locate/compfluid
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Fig. 1. (a) Sketch of the HR effect on the electrocardiogram signal and (b) computational set-up for the left ventricle, the mitral valve leaflets and the aortic/mitral channels. 

(For interpretation of the references to colour in text, the reader is referred to the web version of this article.) 
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a  
normal are referred to as bradycardia, whereas faster HRs corre-

spond to tachycardia. 

Bradycardia occurs for HRs slower than 60 bpm for adults in

resting conditions. Although such a low HR can be normal for

healthy young adults and trained athletes, it is sometimes the re-

sult of serious heart diseases such as myocardial damages due

to aging or heart attack, hypothyroidism, inflammatory disease

(rheumatic fever or lupus) or drugs. Hence, due to the reduced

heart beats per minute (bpm) the cardiac output diminishes and

the heart does not pump enough oxygenated blood to the body,

and the brain, as well as other organs, might not get enough oxy-

gen, thus causing symptoms including fainting, chest pain and fa-

tigue. In the case of severe or prolonged bradycardia, a pacemaker

is implanted in order to regulate the heart rhythm, helping the

heart maintaining an appropriate HR. 

On the other hand, clinical investigations indicate that rest-

ing HR higher than 100 bpm accompanies increased production

of inflammation molecules and of reactive oxygen species in car-

diovascular system, in addition to increased mechanical stress of

the heart. As a consequence, a significant correlation between in-

creased HR and cardiovascular mortality has been found [8,9] . For

instance, adults with no evidence of heart disease and a resting

HR higher than 100 bpm have a five times higher risk of sudden

cardiac death [10] . Furthermore, an international study [8] shows

that for patients with cardiovascular disease the HR is a key in-

dicator for the risk of heart attack: among the 11,0 0 0 patients of

over 33 countries monitored, the ones with a HR ≥ 70 bpm man-

ifest a higher incidence of heart attacks, hospital admissions and

the need for surgery. Other studies proved that a high resting HR

is associated with an increased cardiovascular and all–cause mor-

tality in the general population as in patients with chronic disease

[11] . In particular, every 10 bpm increase in resting HR has been

shown to be associated with a 10–20% increase in risk of death

[10] thus yielding shorter life expectancy [12] . 

Although a sustained abnormal HR eventually degenerates in

one of the above described cardiovascular disorders, the disease

progression is only gradual and in the initial phase the heart

is still fully functional. Within these conditions an essentially

healthy heart operates with a pathologic pace thus producing an

altered hemodynamics and tissue loads that in the long-term in-

duce functional alterations via mechanotransduction mechanisms

[13] . 

In the literature, there is a large number of studies investigat-

ing the intraventricular hemodynamics [14] along with the dynam-
cs of mitral valve leaflets [15–17] . The flow structure in healthy

nd pathological left ventricles with natural and prosthetic mitral

alves has been also investigated by prescribing the motion of the

alve leaflets [18,19] and, more recently, by solving the full FSI,

hus obtaining a more realistic representation of the valve leaflet

inematics [20] . In these studies, however, the HR was fixed to a

ertain normal value (HR between 60 and 80 bpm) and not varied

ystematically, thus overlooking its effect on the ventricular hemo-

ynamics and mitral valve dynamics. 

Despite the wealth of studies on cardiovascular dynamics, to

he authors’ knowledge there are no investigations focussed on

he effect of the HR on a physiologic left ventricle. Accordingly,

he main goal of this study is to investigate the changes caused

y the HR on the intraventricular flow structure and on the wall

hear stress for a physiologic left ventricle with its mitral valve.

arying the HR from bradycardia to tachycardia corresponds, in-

eed, to different filling/emptying conditions for the left ventricle

LV) during diastole/systole. Due to the intrinsic nonlinearity of the

ystem, these HR alterations have a complex and non–trivial ef-

ect of the hemodynamics. Four different HRs ranging from brady-

ardia (40 bpm), to normal (60 and 100 bpm) and up to tachycar-

ia (140 bpm) are studied by a computational approach. Specifi-

ally, a fluid–structure interaction (FSI) computational model, de-

eloped in-house, is employed to simulate the dynamics of a LV

ith an ejection fraction (EF, the ratio between the ejected blood

olume to the diastolic ventricle volume) of about 60%, which is

 typical physiological value for a healthy heart. The blood dy-

amics is solved by integrating the full Navier–Stokes equations

wo– way coupled with a structural solver in order to compute

lso the ventricle and mitral valve dynamics. The paper is struc-

ured as follows. In Section 2 the computational model is pre-

ented along with the procedure to determine the inflow/outflow

ates as a function of the HR. In Section 3 the results on the ven-

ricular flow and mitral leaflets dynamics, along with the corre-

ponding transvalvular pressure drop and wall shear stress, are

resented for the several HRs. Lastly, limitations and perspectives

or future studies are given in Section 4 . 

. Problem configuration 

.1. The computational model 

The computational set-up is sketched in Fig. 1 (b) and includes

 deformable left ventricle and mitral valve, the latter made of
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wo leaflets, the anterior (red) and the posterior (blue). Both ven-

ricle and valves are anchored to a rigid valvular plane that em-

eds two rigid channels mimicking the left atrium (mitral chan-

el of inner diameter 24 mm placed above the mitral valve) and

he aorta (aortic channel of inner diameter 19 mm above the aor-

ic valve). Although the computational model is able to deal with

eal geometries, including the ones coming from an ECO or CT of

 specific patient, the left ventricle geometry is not patient spe-

ific and has been built from high-resolution clinical images and

edical atlas using modeling software [2] , and is 8 mm thick with

n end-diastolic volume of 125 ml. All these values correctly fit in

he range of available clinical measurements/data for a physiologi-

al ventricle [21,22] . The same approach is used for the mitral valve

eaflets, which are modeled as deformable membranes 1 mm thick

rotruding within the left ventricle. In order to reduce the compu-

ational load, the aortic valve is modeled as a porous disk placed in

he aortic channel with a time-dependent porosity that ensures the

orrect flow direction during a heartbeat (see [23] where a similar

odel is used). During diastole, the medium permeability goes to

ero, thus obstructing the duct and preventing the fluid from re-

urgitating while, on the contrary, during systole the permeability

ises and blood can flow through the aorta. It is worth mention-

ng that the simplifying assumption to model the aortic valve as

 porous volume does not alter appreciably the hemodynamics of

he LV since the flow mainly leaves the ventricle during systole,

hile the valve is sealed during diastole. Indeed, there is also a

hysiologic minor back flow during the valve closure due to the

eformability of the aortic leaflets, which bend towards the ven-

ricle owing to the negative transvalvular pressure drop between

entricle and aorta. Nevertheless, this suction (called false regurgi-

ation since the net mass flux through the aortic leaflets is null) is

nly of the order of 5% in volume of the forward flow and its ef-

ect on the overall dynamics is expected to be limited [24] . On the

ther hand, if the aortic valve were impaired (severe calcification,

eaflets prolapse or other disorders) and significant regurgitation

ccurred, the present aortic valve model would be inadequate and

he only possibility would be to model the full dynamics of the

hree leaflets [25] . The presence of chordae tendineae, which con-

ect the mitral leaflets to the papillary muscles of the myocardium,

re simply modeled by a numerical constraint that prevents them

rom everting into the mitral channel. We wish to point out that

he chordae tendineae are a crucial structure of the mitral valve

nd their influence on the overall LV dynamics is of utmost rele-

ance. In our model we have already included their presence, thus

valuating their effect on the hemodynamics with a 30–40% in-

rease of the computational load owing to the presence of narrow

lament structures demanding for finer spatial resolution [26] . In

his context, however, in which the focus of the investigation is the

R influence on the system dynamics, it has been decided to re-

lace the physical chordae tendineae with their kinematic effect in

he sake of the saving of computational resources. 

The intraventricular hemodynamics and the resulting valve

inematics along with the LV deformation are solved numerically

sing a two–way coupled FSI model, which has been extensively

alidated through a series of studies [20,27,28] and is only briefly

ummarized here. The blood motion is governed by the Navier–

tokes equations for incompressible, viscous fluids, which in non-

imensional form read: 

∂ u 

∂t 
+ u · ∇u = −∇p + 

1 

Re 
∇ 

2 u + f , 

∇ · u = 0 . (1) 

ere u is the blood velocity, p the pressure and f a specific body

orce term, used to impose the correct boundary condition at

he interface within the immersed boundary context, later speci-

ed. The Reynolds number is equal to Re = U 

∗
m 

d ∗/ν = 4250 , where
 

∗ = 24 mm is the mitral valve diameter and U 

∗
m 

= 0 . 85 m/s is a

haracteristic velocity during diastole. The blood is modelled as a

ewtonian fluid with a constant viscosity of ν = 4 . 8 × 10 −6 m 

2 /s

ince its non–Newtonian features are relevant only in vessels of

ub–millimetric diameter [29] . This assumption has been previ-

usly tested and validated by comparing the results obtained us-

ng a Carreau–Yasuda shear–thinning model versus a Newtonian

lood model: a good agreement both in terms of hemodynamics

nd heart tissues kinematics has been observed [20] . 

Eq. (1) are discretized using the Navier-Stokes solver AFiD,

hich is based on a staggered finite difference method suitable

or three-dimensional complex flow simulations [30] . The struc-

ural solver consists of a spring–mass model based on an interac-

ion potential approach [27,28,31] . The immersed surfaces are dis-

retized using triangular meshes, with almost equilateral elements,

hose vertices are connected by ideal elastic springs. The system

esults in a complex network deforming by external loads and in-

ernal forces, given by elastic, bending, area and volume energies

hich are stored into the system. The elastic and bending ener-

ies, assuming isotropic membranes, are set accordingly to the Van

elder model [20,27,32] . 

An immersed boundary technique, based on a moving least

quare approach [33] , is then adopted to simulate the influence

f the structure on the fluid and vice–versa. Despite its compu-

ational cost, the method provides smooth hydrodynamic loads at

he fluid/structure interface that allow an accurate computation

f the boundaries deformations. A FSI algorithm is employed for

he coupling of all the elements described above, thus providing a

ynergistic functioning of all the components of the computational

odel. A loose–coupling approach, implying that the fluid is solved

rst and the generated hydrodynamic loads are then used to up-

ate the structure, is chosen after extensive convergence checks,

n combination with a substepping technique for the computation

f the structure deformation (see the cited literature for a detailed

iscussion [20,25] ). 

All the numerical results reported in this work are run on

 mesh of 129 3 nodes evenly distributed in all three directions,

hich has been seen to correctly reproduce the intraventricular

emodynamics and the mitral valve dynamics (see [20] for a de-

ailed grid independence study). Furthermore, the computational

odel has been validated against dedicated experiments con-

erning both the mitral valve and ventricle deformation [20,26] :

espite some cycle–to–cycle variations due to small scales dynam-

cs, the matching between experimental measurements and nu-

erical results is ensured. In order to maintain the optimal ratio

etween the Lagrangian (triangle) resolution and the local Eule-

ian grid spacing to correctly enforce the boundary conditions on

he bodies, the left ventricle is discretized by 3 × 10 4 triangles,

hile the two leaflets of the mitral valve have a total of 8 × 10 3 

riangles. 

For the time integration, the time step adjusts dynamically dur-

ng the cycle so to maintain CF L = 0 . 2 ; this implies that the most

ctive phases of the evolution (with intense velocities) are inte-

rated with smaller time increments while the quiet parts can ben-

fit from larger time steps. 

The initial sub–stepping parameter for the integration of the

tructure is fixed at S = 100 implying that the dynamics of the

eformable bodies is advanced with a time step that is S times

maller than that of the fluid. As the cardiac cycle progresses, also

 is dynamically adjusted so to keep the time step of the structure

onstant as the time step of the fluid changes according to the CFL

tability condition. 

The structural model has also to account for the contact among

ifferent deformable tissues, which prevents the membranes from

iercing each other without prescribing arbitrary contact sur-

aces or kinematic constrains. As discussed in previous works, the
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contact mechanism between the two membranes is modeled by

defining an array that is null for the cells occupied by the fluid

and has a non–zero value in the cells occupied by the bodies [34] .

This array is updated at every time step and, if a triangle of one

of the membranes ends up in a non null cell, a contact is detected

with another body. In this case the velocities of both surface ele-

ments are set to their average. In this way the two bodies can still

freely move together in space according to the local dynamics. We

anticipate that this model allows for a perfect valve sealing with-

out prescribing an arbitrary coaptation zone. 

2.2. The inflow function depending on the heart rate 

In the computational model, the ventricle expan-

sion/contraction is driven by a prescribed inflow/outflow entering

from the mitral channel (inlet) and leaving the ventricle through

the aortic channel (outlet). Hence, the HR and the time duration

of diastole and systole, are set by prescribed flow-rate curves and

each HR corresponds to a different inflow/outflow profile, which

can be determined as described below. 

The diastole is the filling phase of a heartbeat and is made

of three parts: (i) the E-wave, which corresponds to an inflow

through the mitral channel due to the initial passive expansion

of the LV; (ii) the diastasis, where the passive filling comes to a

halt; and (iii) the A-wave, which yields a second inflow due to

the atrial contraction. On the other hand, the systole is made of

a single outflow through the aorta triggered by the LV contraction.

Although there is substantial variability among different individu-

als for the inflow/outflow curves, some common features are avail-

able from the literature and they can be thought of as obtained

from ensemble averages of cohorts of homogeneous healthy adults

[2,36,37] . According to the literature, for a normal HR of 60 bpm,

the inflow (E- and A- wave) and outflow (systole) waveforms can

be modeled using three time–shifted Gaussian functions with the

standard deviation depending on their time duration and the am-

plitude proportional to the cardiac output [20,38–40] . The use of

Gaussian shape functions for modelling the inflow/outflow wave-

forms is found to effectively reproduce clinical data obtained by

Doppler measurements, [41–43] . 

In order to investigate the effect of the HR however, the cor-

responding flow rate curves need to be determined and since the

inflow and outflow waveforms depend on the specific HR they can

not be simply obtained by trivial scalings of a reference flow rate

curve. As reported in Fig. 2 (a), Chung et al. [35] measured the time

duration of the heart phases as a function of the HR, which sets
Fig. 2. (a) Heart phases duration as a function of the HR. The negative time duration o

Peak velocity of the E-wave, A-wave and systolic jet. The data about the E-wave, diasta

Chung et al. [35] . The vertical lines depict the HRs studied in this work. 
he width (standard deviation) of the Gaussians and the spacings

mong them. In the same paper, transmitral Doppler echocardiog-

aphy is used to measure, as function of the HR, the peak velocity

uring the A–wave, which is about half of the peak velocity dur-

ng the E–wave for a healthy ventricle [38] . The peak velocities of

– and A–waves set the amplitude of the two Gaussian functions

odelling the diastole, whereas the amplitude of the systolic out-

ow is determined by imposing that the blood volume displaced

uring diastole equals that ejected during systole, i.e. that the in-

ow/outflow curve has zero–mean over a heart cycle. As a last

tep, the flow–rate magnitude has to be rescaled so as to set the

troke volume delivered by the LV in a heart beat. In order to focus

n the effect of the HR on the ventricular hemodynamics and mi-

ral valve kinematics, the stroke volume is set to 75 ml that, along

ith a tele–diastolic volume of V max = 125 ml, corresponds to an

jection fraction of 

F = 

V max − V min 

V max 
= 60% . (2)

his value is within the normal range for a healthy heart

55% ≤ EF ≤ 70%), with V min = 50 ml the tele–systolic volume [2] .

t is worth mentioning that, according to the standard physio-

ogic data [2,44] , the EF is constant for 50 ≤ HR ≤ 130, increases for

R < 50 and decreases for HR > 130. The variations, however, are

ery small and only for extreme HRs become significant (e.g. for

n increase in HR of 60 beats/min the EF decreases of about 10%

44] ). It should be also stated, however, that the EF and the resting

R is variable among individuals and the cases studied here (EF

f 60% and several HR) may be thought of as representative of an

verage among different healthy subjects. 

Let us consider four different HRs, namely: 40 bpm corre-

ponding to bradycardia condition, 60 bpm in the normal fre-

uency range, 100 bpm that is a transitional value between nor-

al and tachycardiac conditions, and the severe tachycardia case

f 140 bpm. The resulting flow rate curves as a function of time

re shown in Fig. 3 (a). The duration of the whole cardiac cycle

epends on the HR and the higher the HR the shorter the car-

iac period with the cycle duration in the tachycardia case lasting

nly as the E–wave duration of the bradycardia counterpart. From

igs. 2 (a) and 3 , it results that the diastasis, the pause between the

– and A–wave, is the most affected phase by the HR: its duration

an range from 2/3 of the whole diastole in the bradycardia case

HR = 40 bpm) up to disappearing with the overlapping of the E–

nd A–waves for high HR (HR ≥ 100 bpm). Fig. 3 (a) shows that the

ain effect of the HR on the flow–rate curves is to squeeze them
f diastasis (HR > 80 bpm) is due to the overlap of E- and A- diastolic waves. (b) 

sis and A-wave durations along with the A-wave peak velocity are adapted from 
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Fig. 3. (a) Inflow/outflow rates as a function of time for the HR considered in this study: 40, 60, 100 and 140 bpm. In (b) the same quantities are displayed as a function of 

time normalized by the beating period. (For interpretation of the references to colour in text, the reader is referred to the web version of this article.) 
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owards early times (left side of the time scale). This stretching,

owever, is not uniform among the heart phases, and the flow–rate

urves do not collapse onto each other when the physical time, t ,

s normalized by the beating period, T , as visible in Fig. 3 (b). Inter-

stingly, the normalized time, t / T , at which the E–wave peak oc-

urs increases with the HR, whereas the one of the A–wave and

ystolic peaks has a non–monotonous behaviour on the HR. Fur-

hermore, since the LV stroke is the same for all cases (75 ml), the

ow–rate profiles reach higher peaks at higher HR, e.g. the peak

iastolic flow–rate almost doubles when the HR is increased from

0 bpm to 140 bpm, whereas the peak systolic one gets more than

hree times larger. 

. Results 

In this section the effects of HR on the ventricular flow in terms

f blood velocity and mitral valve dynamics are studied for four

R values, ranging from bradycardia (40 bpm), normal (60 bpm and

00 bpm) to tachycardia (140 bpm). 

.1. Ventricular flow alterations induced by HR 

We start here by describing the flow structure and dynamics

hrough a beating cycle for the physiological HR = 60 bpm that

ill be used as a guideline to assess the alterations produced by

he HR. For a normal HR of 60 bpm, the ventricular flow is driven

y the inflow/outflow curve reported in Fig. 3 (green dashed line).

s diastole begins, the E–wave pushes the flow through the mitral

rifice, thus opening the mitral valve leaflets and producing the
itral jet, as shown in Fig. 4 (a). During early diastole the mitral

et is directed laterally to the ventricle wall owing to the leaflets

symmetry and generates a strong recirculation, which persists

lso during the diastasis (see Fig. 4 (b). Thereafter, a second weaker

et is produced during the late diastole (A–wave) corresponding to

he atrial contraction, as reported in Fig. 4 (c), thus injecting more

omentum and further strengthening the ventricular recirculation

hat continuously sweeps the endocardium. Successively, the ven-

ricle starts contracting (early systole) and the fluid initially leaves

he ventricle both, from the aortic and the mitral channels until

he incipient accelerating mitral back flow seals the valve leaflets

s in Fig. 4 (d). After the mitral valve closure, the blood can flow

nly through the aortic channel and the ventricle keeps shrinking

ntil the initial volume is recovered and a new cardiac cycle can

tart. 

Although the basic flow features are maintained as the HR is

ltered, some significant differences emer ge owing to the shorter

iastole at high HRs, as visible in Fig. 5 (a–d) where the vertical ve-

ocity field at the peak E–wave is shown for the different HRs. It

esults that a faster HR produces a more intense and thicker mitral

et with stronger downward velocities. This strengthened mitral jet

weeps the inner ventricle surface up to the apex, thus preventing

ndesired flow stagnation. On the other hand, in the bradycardia

ase the flow through the mitral valve is slower and it produces

 weaker and thinner jet that, however, still reaches the ventri-

le apex (see Fig. 5 (a). Similar hemodynamics modifications due

o HR are also observed during the late diastole (A–wave) where

he speed of the mitral jet produced by the ventricular contraction

rows as the HR increases. 
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Fig. 4. Nondimensional vertical velocity field in the mid-plane ( y = 0 ) for HR = 60 bpm superimposed to the in-plane velocity vectors at (a) E-wave peak ( t/T = 0 . 13 ), (b) 

mid–diastasis ( t/T = 0 . 35 ), (c) A-wave peak ( t/T = 0 . 52 ) and (d) peak of systole ( t/T = 0 . 80 ). 
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As mentioned before, the diastasis (the time interval between

the E– and the A–wave) decreases for increasing HR. Its duration

ranges from 60% of the cycle, in the case of low HR (40 bpm), to

30%, for physiological pace, (60 bpm), and it gets even negative

for HR higher than 80 bpm (see Fig. 2 (a), meaning that the atrial

contraction (A–wave) overlaps to the passive filling due to the LV

relaxation (E–wave). As anticipated, diastasis is very beneficial for

the ventricle because it allows the large recirculation to constantly

sweep the endocardium, thus ensuring the washout of the left ven-

tricle and preventing the formation of stagnant fluid regions. As a

result, for low HR = 40 bpm, the intraventricular hemodynamics

closely matches the one observed for HR = 60 bpm except for the

reduced velocities. On the other hand, for the highest HRs the A–

wave starts before the E–waves is completed thus reinforcing the

mitral jet (see Fig. 5 (d), but, at the same time, shortening the ben-

eficial ventricular recirculation. 

The hemodynamics alterations due to the HR are also visible in

the kinetic energy of the flow integrated over the ventricle volume

V ( t ), 

KE (t) = 

1 

2 

∫ 
V (t) 

u · u d V, (3)

which is shown in Fig. 6 . In all cases three energy peaks appear,

which correspond to the filling and contraction phases reported in

Fig. 3 (b). The first peak is due to the E–wave, the second to the A–
ave, whereas the last one corresponds to the systole and is gen-

rated by the intense velocities at the aortic outflow. In general, for

igher HR higher values of kinetic energy are observed, especially

uring E–wave and the systole peaks. In fact, since the LV stroke is

he same for all HRs, the mitral jet and the systolic jet through the

orta are more intense, thus yielding larger KE. Furthermore, the

nergy drop visible at 0.3 ≤ t / T ≤ 0.6 for the bradycardia case and

t 0.3 ≤ t / T ≤ 0.5 for HR = 60 bpm indicates the diastasis phase fol-

owing the E–wave mitral jet. This low KE phase is not present for

R of 100 and 140 bpm because of the shortening of the diastasis

hase, in agreement with Fig. 3 (b). 

Given a certain EF (equal to 60% in this work), a higher HR im-

lies that the same blood volume has to flow from the atrium to

he ventricle during a shorter diastolic time. This constraint on the

ass flux through the mitral valve yields not only a faster mi-

ral jet (as discussed above), but also affects the pressure drop

cross the mitral valve. Fig. 7 shows the maximum transvalvular

ressure drop (TPD) across the mitral valve for the HR considered,

here the inset indicates the up-valvular ( P A placed at the height

f the valve basis along the centerline of the mitral orifice) and

ub-valvular ( P V at the lower leaflets tip position) locations used

o evaluate the static pressure to calculate the TPD. For bradycar-

ia (HR = 40 bpm) and normal conditions (HR = 60 bpm), the TPD

s below the reference value of 3 mmHg, which is generally associ-

ted to physiological condition [45] . Nevertheless, the TPD steeply
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Fig. 5. Nondimensional vertical velocity field superimposed to the in-plane velocity vectors at the peak E-wave for HR equal to (a) 40 bpm ( t/T = 0 . 090 ), (b) 60 bpm 

( t/T = 0 . 125 ), (c) 100 bpm ( t/T = 0 . 180 ) and (d) 140 bpm ( t/T = 0 . 205 ). The white double-side arrow indicates the mitral jet thickness. 

Fig. 6. Kinetic energy of the flow integrated over the left ventricle domain as a function of time normalized by the heart beating period. 
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c  

m  
ncreases as the HR squared (TPD ∼ HR 

2 as visible in Fig. 7 ) and it

eaches about 10 mmHg for HR = 100 bpm and further increases

ntil 28 mmHg for severe tachycardia (HR = 140 bpm) owing to the

tronger jet velocities. It has to be remarked that a maximum TPD

over the heart beat) exceeding 20 mmHg as measured here for

R = 140 bpm (see Fig. 7 ) is typically considered as life threaten-

ng conditions in the clinical practice [45] . 
.2. Tissue shear stress 

HR alterations can also affect the physiologic wall shear stress

WSS) of the heart tissues, whose modification is an important

iagnostic parameter of the heart functioning being implied as a

ause of disorders through mechanical hemolysis and tissue re-

odelling [46–48] . The internal tissue stresses are computed as
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Fig. 7. (b) Maximum TPD during diastole for the HRs studied (solid line) and its 

quadratic fit TPD ∼ HR 2 (dashed line). All quantities have been phase-averaged over 

five heart cycles and the inset shows the reference configuration for the evaluation 

of the pressure difference values: up-valvular pressure p A and sub-valvular value p V . 
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a part of the solution by the computational model. The instanta-

neous WSS vector is 

τ = S ′ n , (4)

where S ′ is the off-diagonal part of the stress tensor and n is the

local normal vector. 

Fig. 8 shows the WSS magnitude averaged over a heart beat, 

| τττ | = 

1 

T 

∫ T 

0 

√ 

τττ (t) · τττ (t) d t, (5)

in the ventricular myocardium and mitral leaflets. In all panels, the

same colour range has been maintained and the contour (red) in-

dicates the tissue regions experiencing the highest WSS. For all HR,

the highest WSS is observed at the tips of the mitral leaflets where

the orifice area is minimum (see next section) and the blood flow

accelerates owing to mass conservation. Since the relative blood

velocity with respect to the valve leaflets is null (no–slip condi-

tion), high velocity gradients occur at the tissue surface and pro-

duce high WSS. On the other hand, large WSS levels are observed

also at the posterior ventricle wall where the mitral jet impinges

on the endocardium as reported in Fig. 4 , consistently with previ-

ous results [23] . Although the WSS distribution over mitral leaflets

and ventricular myocardium is similar for all HRs, its magnitude is

seen to increase almost linearly with the HR. In particular, the WSS

over the mitral leaflets is below 3 Pa in the bradycardia case (see

Fig. 8 a,b) and within 5 Pa for normal HR ( Fig. 8 d,e), but it exceeds

10 Pa at the leaflets tips for tachycardia (HR = 100, panels g and h).

This intense WSS further increases at HR = 140 bpm and spreads

over the whole leaflets surface owing to the faster and more en-

ergetic mitral jet. The mitral jet then impinges on the ventricular

myocardium during diastole and yields higher WSS in the tachycar-

dia case. In particular, for bradycardiac HR (40 bpm) a small apical

region of WSS about 1 Pa is visible, whereas a larger region of high

WSS (above 2 Pa) emerges for HR equal to 100 bpm and 140 bpm.

For the sake of completeness, Table 1 reports the maximum WSS
Table 1 

Maximum WSS as a function of the HR over the ventricle and mitral leaflets. The 

bracket quantity is the ratio with respect normal conditions (HR = 60 bpm). 

HR [bpm] Ventricle [Pa] Anterior leaflet [Pa] Posterior leaflet [Pa] 

40 1.92 ( × 0.83) 6.27 ( × 0.60) 5.27 ( × 0.61) 

60 2.32 ( × 1.00) 10.47 ( × 1.00) 8.67 ( × 1.00) 

100 3.84 ( × 1.66) 16.20 ( × 1.55) 12.53 ( × 1.45) 

140 9.52 ( × 4.1) 17.33 ( × 1.66) 15.40 ( × 1.78) 

p  

t  

b  

e  

c  

(  

i  

c

 

t  
ver the ventricle and mitral leaflets as a function of the HR. Even

or the highest HRs the peak values of the WSS are not intense

nough to produce immediate mechanical damage to the tissues;

evertheless it is well known that the abnormal WSS distributions

nd peak values activate mechanotransduction mechanisms that in

he long term produce tissue remodelling that eventually leads to

he impairing of the organ. 

.3. Mitral leaflets dynamics and geometric orifice area (GOA) 

In physiologic conditions, the ventricular hemodynamics drives

he valve leaflets motion and vice–versa. This important feature is

eproduced by the present computational model owing to the full

SI coupling, which allows us to investigate the resulting mitral

eaflets kinematics as a function of the HR. Fig. 9 reports the x -

oordinate of the centroid of the (a) anterior and (b) posterior mi-

ral leaflet, while the corresponding z -coordinates are shown in the

anels (c,d). In general, either the anterior and the posterior leaflet

obility increases with the HR and this is due both to the more

ntense inflow rate, which produces a stronger and faster mitral

et, and to the reduced diastasis at higher HR. Indeed, after the E–

ave (first peak in Fig. 9 a-c), the mitral leaflets start closing during

iastasis before opening again during the A–wave (second peak).

hen HR increases, diastasis shortens and the mitral leaflets keep

pening during the anticipated A–wave. 

The enhanced valve mobility for higher HRs results in an

ncreased geometric orifice area (GOA) of the valve. The lat-

er is one of the clinical parameters used to assess the effi-

iency/functionalities of the mitral valve and it is defined as the

–D area delimited by the leaflets edges when observed from the

itral channel. Fig. 10 (a) shows the GOA versus time (normalized

y the period). For all HRs the GOA increases during diastole, when

he mitral valve opens, and reaches zero during systole, implying

hat in all cases the mitral valve is sealed during LV contraction.

wo peaks are present: the first associated with the high flow–

ate during E–wave and the second produced by the inflow of the

–wave. The time lag in between these two peaks corresponds to

he diastasis that reduces when the HR increases. Specifically, for

he higher HR (140 bpm) the two GOA peaks move closer and the

ase level between the two raises. This result can be explained re-

alling that for HR > 100 the diastasis fades and the momentum

njection due to the atrial contraction superimposes with the pas-

ive filling, thus further opening the mitral valve and reinforcing

igorously the mitral jet. It results that the GOA is an increasing

unction of the HR and that the maximum GOA for the tachycar-

ia case (red line) is almost 20% larger than the one observed for

radycardia (blue line). 

. Conclusions and future perspectives 

In this paper the effect of the HR on the ventricular flow and

itral valve dynamics is studied numerically by a computational

ool based on the direct numerical simulation of the Navier–Stokes

quations, two–way coupled with a structural solver based on an

nteraction potential approach. The ventricle expansion/contraction

s driven by prescribed inflow and outflow curves mimicking the

hysiological flow rates. Hence, the HR in the numerical simula-

ions is varied by setting these inflow/outflow profiles, which have

een deduced from previous medical estimates available in the lit-

rature [35] . In particular, four different HRs ranging from brady-

ardia (40 bpm), normal (60 bpm), mild tachycardiac conditions

100 bpm) and up to severe tachycardia (140 bpm) have been stud-

ed. In all cases, the EF is set to 60%, which is a typical physiologi-

al value for a healthy heart. 

The numerical results evidence that the HR relevantly affects

he ventricular flow and particularly the mitral valve dynamics. In
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Fig. 8. WSS modulus averaged during one heart cycle, | τττ | , on the (a) anterior leaflet, (b) posterior leaflet and (c) LV (bottom view) for the heart rate HR = 40 . The same 

quantity is shown for higher HRs: (d, e, f) HR = 60 , (g, h, i) HR = 100 and (l,m,n) HR = 140 . (For interpretation of the references to colour in text, the reader is referred to 

the web version of this article.) 
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he case of bradycardia, i.e. lower HR than normal, the flow rate

hrough the mitral (diastole) and aortic (systole) channels is slower

nd the diastasis is extended with respect to the normal case, thus

rotracting the ventricular circulation. As a consequence, the ki-

etic energy of the flow is smaller with respect to the normal

R case and the WSS have also reduced magnitude. In contrast,

achycardia yields faster and stronger mitral jets as evidenced by

onitoring the ventricular kinetic energy: the E–wave and systole

nergy peaks more than doubles with respect to the bradycardia

ase. The more energetic mitral jet implies higher washout capa-

ility of the LV, which is a key factor for preventing blood clots

ormation, although at the price of more intense velocity gradients

nd larger transvalvular pressure drop, which increases as the HR

quared. Furthermore, due to the reduced beating period, diastasis

hortens when HR increases until vanishing for HR > 80 bpm. This

lteration causes the A–wave to start before the E–waves is com-

leted, thus shortening the overall relative duration of the ventric-

lar recirculation. 
The modified hemodynamics and valve kinematics also alter the

SS that grows as the HR increases. We have observed that the

SS at the mitral leaflets tips more than doubles when the HR

s increased from bradycardiac to tachycardiac conditions and a

imilar trend is also found for the WSS over the ventricular en-

ocardium. For HR equal to 40 bpm, the WSS is practically uni-

ormly distributed over the myocardium with higher values in the

atero-apical region, where the mitral jet impinges during dias-

ole, and it is slightly enhanced in normal conditions. The WSS

hen significantly increases for tachycardia (HR equal to 100 and

40 bpm) and large regions of high WSS take place on the my-

cardium. Therefore, in tachycardia conditions not only the heart

eats more frequently in a time unit, but also undergoes higher

ydrodynamics loads. We wish to stress that even if the WSS more

han doubles increasing the HR from 40 bpm to 140 bpm the peaks

re still quite low and they are not likely to produce immediate

echanical damage neither to the endocardium and valve leaflets

or to the blood (hemolysis). Nevertheless, even small alterations
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Fig. 9. Dynamics of the valve leaflets over time normalized by the period. The x -coordinate of the centroid of the (a) anterior and (b) posterior leaflet are shown, while the 

corresponding z coordinate are reported in (c) and (d). All quantities have been phase-averaged over five heart cycles. 

Fig. 10. (a) GOA as a function of time for the HRs studied. The corresponding maximum GOA over a heart beat is reported in (b). (For interpretation of the references to 

colour in text, the reader is referred to the web version of this article.) 
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of the WSS patterns and of the physiologic levels are known to be

sensed by the endothelial cells that convert forces from blood flow

to biochemical signals (mechanotransduction) that, in turn, acti-

vate remodelling processes. Although the specific mechanisms of

mechanotransduction are still an area of ongoing research there

is substantial consensus that protract alterations of the endothe-

lial WSS eventually lead to adaptation processes that in the long

term degenerate in diseases [1,49] . The FSI computational model

presented here, which solves for the WSS, can be in principle cou-

pled with a mechanotransduction model to predict the effect of

the HR on the myocardium and valve leaflets remodelling. Within

this scenario, in a future study, these results could be used as ref-

erence state to assess the tissue modifications due to remodelling

induced by the of the WSS distribution produced by any alteration
of the HR. m
The overlapping of the E– and A–wave phases at high HR also

ffects the mitral leaflets mobility, which increases when the HR

ncreases. The pressure loads on the inner side of the leaflets get

ore intense as HR rises and force the mitral valve to open wider.

dditionally, the reduced diastasis prevents the partial valve clo-

ure occurring in between E–and A–wave for normal HR, and the

itral leaflets keep opening over the whole diastole for HR =
40 bpm. Furthermore, it results that the maximum GOA occurs

t the E–wave peak, when the mitral jet is more intense and it

ncreases as the HR is increased due to the enhanced leaflets mo-

ility. A larger GOA, indeed, allows for a larger blood volume to be

ushed through the mitral valve during the diastolic phase and, for

his reason, maximum GOA in the tachycardia case is 10% higher

han the one measured for bradycardia, whereas this difference

ore than doubles during the A–wave. 
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A natural continuation of this work would be to study the ef-

ect of the HR on the mitral valve kinematics also in terms of ef-

ective orifice area (EOA), which is another common index to quan-

ify mitral valve functioning and stenosis severity [50] . The EOA is

efined as the ratio between the peak flow rate through the mi-

ral valve and the maximum velocity over the mitral jet. It cor-

esponds to the minimum cross section of the blood streamtube

cross the mitral jet [51,52] . Despite EOA and GOA usually well cor-

elate each other, the former is a more relevant clinical parameter

ecause based on a fluid mechanical definition, rather than simply

n a geometrical measure as the GOA [23] . 
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