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Mathematical modelling of the cardiovascular system (CVS) can help in understanding the complex interactions between
both the ventricles and the septum. By describing the behaviour of the left (right) ventricular free wall, atria and septum
using the variable elastance models, it is possible to reproduce their interactions. By relating the mechanical properties of
both atria and both ventricles to the electrocardiogram (ECG) signal, it is possible to analyse the effects produced by
different ECG delay on haemodynamic parameters. In the cardiovascular field, the incorrect interactions between septumQ1

and both ventricular free walls are based on many pathological conditions, i.e. symptomatic heart failure resulting from
systolic dysfunction, ischemic dilated cardiomyopathy, and so on. The possible corrections that can be induced on the QRS
complex duration in the ECG signal (i.e. cardiac resynchronisation therapy, CRT) can produce benefits improving the
clinical status of the patient. The aim of this work was to evaluate, using our numerical simulator of the CVS, the effects
induced on coronary blood flow (CBF) and aortic pressure using different ECG times, intra-ventricular and inter-ventricular
delays. The results were obtained by reproducing the circulatory baseline and CRT conditions of seven patients described in
literature. Haemodynamic simulated results are in accordance with literature data. Also the controversial results on CBF, in
presence of CRT, are consistent with those described in the literature.

Keywords: circulatory system; haemodynamics; coronary circulation; left ventricle; computer simulation; cardiac
resynchronisation therapy

Introduction

In the heart dysfunction study, many pathological

conditions are due to inter-ventricular and/or intra-

ventricular dyssynchrony. Many patients with advanced

heart failure (HF) exhibit significant intra-ventricular or

inter-ventricular conduction delays (IVCD) that disturb the

synchronous beating of the ventricles so that they pump less

efficiently (Edvardsen et al. 2005; Kalogeropoulos et al.

2008). Ventricular dyssynchrony can produce a number of

deleterious effects on cardiac function such as reduced

diastolic filling time, weakened contractility, protracted

mitral regurgitation and post-systolic regional contraction.

The possible corrections that can be induced to solve the

ventricular dyssynchrony – i.e. the reduction in the QRS

complex duration in electrocardiogram (ECG) signal (i.e.

cardiac resynchronisation therapy, CRT) – can produce

benefits improving the clinical status of the patient (Rinaldi

et al. 2002; Ghio et al. 2004; Kamdar et al. 2010).

In the literature, it has been reported that the mechanisms

of ventricular interaction can be divided into two types of

interactions. The first one (called ‘in series’ interaction) is

caused by the outlet of each ventricle that is connected to the

inlet of the other ventricle through the systemic/pulmonary

circulation. The second one (called ‘direct’ interaction) is

connected to the septum wall, shared by left and right

ventricles and the pericardium that contains the heart. The

relative contributions of these types of interaction are

difficult to measure (Slinker and Glantz 1986).

A numerical model of the cardiovascular system

(CVS) can be a useful tool to help understand the complex

interactions between the left (right) ventricular free walls,

atria and septum. This paper describes the updating of theQ1

numerical simulator of the CVS, CARDIOSIMq (Ferrari

et al. 1992; De Lazzari et al. 1994), implementing the

behaviour of the septum that permits to simulate all

interactions between the two ventricular chambers. In the

simulator, the different circulatory districts were

represented by a lumped parameter model; both

ventricular and atrial functions were implemented using

a variable elastance model (Maughan et al. 1987; Sagawa

et al. 1988; De Lazzari et al. 2009). The behaviour of the

septum was simulated using a variable elastance model

(Maughan et al. 1987). An updated software was used to

study, on the coronary blood flow (CBF)-systemic aortic

pressure (AoP) plain, the CBF–AoP loops (De Lazzari

et al. 2009) in correspondence to different ECG times,

intra-ventricular and inter-ventricular delays.

The results obtained showed that the software simulator

CARDIOSIMq can reproduce the pathological conditions

of patients with idiopathic dilated cardiomyopathy and
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with IVCD. The software is able to reproduce the

haemodynamic patient conditions when the effects of

CRT are simulated. Finally, the numerical simulator can

predict the trend of CBF–AoP slope, CBF–AoP area and

minimum and maximum values of CBF waveform (during

the cardiac cycle) in patients treated using CRT.

Materials and methods

The software simulator of the CVS CARDIOSIMq

was updated to study the ventricular interactions. This

software can reproduce, by haemodynamic point of

view, the physiopathological circulatory phenomena and

permits to simulate the effects of different mechanical

assist devices (De Lazzari et al. 1998; De Lazzari and

Ferrari 2007).

CARDIOSIMq has a modular structure that includes

the following (Figures 1 and 2):

. the systemic arterial section modelled by a three-cellQ1

model (Ferrari et al. 1992; De Lazzari et al. 2009)

implemented using, for each cell, a modified

windkessel with a characteristic resistance Rcs

(Rcs1 and Rcs2), an inertance Ls (Ls1 and Ls2), a

compliance Cas (Cas1 and Cas2) and a variable

peripheral resistance Ras (Figures 1 and 2);

. the systemic pulmonary section modelled by a

modified windkessel with a characteristic resistance

Rcp, an inertance Lp, a compliance Cap and a

variable peripheral resistance Rap (Figure 1);
. the systemic venous section modelled by a

compliance Cvs and the variable resistance Rvs

(Guyton et al. 1973; Figure 1);
. the pulmonary venous section modelled by a simple

compliance Cvp (Guyton et al. 1973; Figure 1);
. the coronary section (De Lazzari et al. 2009;

Figure 2);
. the left and the right heart (Figure 1).

Heart valves are modelled as a diode with a series

resistance (Figure 1), assuming the unidirectional way of

blood flow.

In the software simulator, the behaviour of both atria is

described by variable elastance models (Korakianitis and

Shi 2006; De Lazzari et al. 2009) and their mechanical

properties are related to the ECG signal schematised as in

Figure 3. Ventricular function is reproduced (for both

ventricles) using a variable elastance model (Maughan

et al. 1987; Sagawa et al. 1988; Korakianitis and Shi

2006). Left time-varying ventricular elastance elv(t) is

described as a function of the left ventricular systolic

elastance Elvs, the left ventricular diastolic elastance Elvd

Systemic arterial section
Pas Pas2

Qli Qlo

Coronary section

Rcs

Ls Rcs1
Ls1

Cas Cas1 Cas2

Rcs2

V
et

ri
cl

en
t

A
tr

iu
m

i

Systemic
venous
section

Pulmonary
arterial
section

RasCoronary
section

A
tr

iu
mQri

Qro

Pulmonary arterial section

PapRloRli PlvPla

Cap
Lp Rcp

Rap

Rro Rri PraPrv

PV TV
Left

heart

AVMV

Pt
Right
heart

Systemic venous sectionPulmonary venous sectiony

Pt Pt

PtPt

Rvs Cvs

Pvs
Pvp

Cvs

Pt

Cvp

Pulmonary
venous
section

V
en

tr
ic

le

Systemic
arterial
section

Coronary
section

Ls2

Pas1

Figure 1. Electric analogue of the numerical simulator. MV (AV) and Rli (Rlo) represent the mitral (aortic) valve. TV (PV) and Rri
(Rro) represent the tricuspid (pulmonary) valve. Qli (Qri) is the input flow rate of the left (right) ventricle, Qlo (Qro) is the output flow rate
of the left (right) ventricle. Pla (Pra) is the left (right) atrial pressure, Plv (Prv) is the left (right) ventricular pressure, Pas (Pap) is the
systemic (pulmonary) arterial pressure, Pvs (Pvp) is the systemic (pulmonary) venous pressure. Pt is the mean intrathoracic pressure.
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and the left activation function alv(t):

elvðtÞ ¼ Elvd þ
Elvs2 Elvd

2
alvðtÞ; ð1Þ

alvðtÞ ¼

1 2 cos t
TT
p

� �
; 0 # t # TT;

1 þ cos t2TT

TTE2TT
p

� �
; TT , t # TTE;

0; TTE , t # TD;

8>>>><
>>>>:

ð2Þ

where TD is the duration of the ECG signal (heart period),

TTE is the end of ventricular systole and TT is the T-wave

peak time (Korakianitis and Shi 2006).

In this condition, the instantaneous left ventricular

pressure is given by

PlvðtÞ ¼ elvðtÞ · ðVlvðtÞ2 VloÞ

VlvðtÞ ¼
PlvðtÞ

elvðtÞ

� �
þ Vlo;

ð3Þ

where Vlo is the rest volume of the left ventricle, Vlv(t) is

the instantaneous left ventricular volume and Plv(t) is the

instantaneous left ventricular pressure.

This kind of representation can be used to simulate the

inter-ventricular dyssynchrony. To simulate also the

intra-ventricular dyssynchrony, a model of the ventricular

interaction (or ‘ventricular interdependence’) was

implemented through the inter-ventricular septum

(Maughan et al. 1987; Sagawa et al. 1988). The concept

of ventricular interdependence considers the properties of

one ventricle to be a function of the properties of the

contralateral ventricle. To model the behaviour of theQ1

septum, the time-varying elastance model can be used:

eSPTðtÞ ¼ EdSPT þ
EsSPT 2 EdSPT

2
aSPTðtÞ; ð4Þ

where EdSPT is the septum diastolic elastance, EsSPT is the

septum systolic elastance and aSPT(t) is the activation

function described in Equation (5):

aSPTðtÞ ¼

1 2 cos t
TR
p

� �
; 0 # t # TR;

1 þ cos t2TR

TTE2TR
p

� �
; TR , t # TTE;

0; TTE , t # TD;

8>>>><
>>>>:

ð5Þ

where TR is the R-wave peak time in the ECG signal.

Instantaneous septum volume (VSPT(t)), when Plv(t) .

Prv(t), was represented as the volume of shift of the

septum from the neutral position towards the right
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Figure 2. Electric analogue of the coronary circulation. The network is connected to the right atrium and near the output of the left
ventricle. The resistances Ra1i (Rai) take into account vessels with diameter .100mm (,100mm).
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ventricular lumen (Maughan et al. 1987; Sagawa et al.

1988):

VSPTðtÞ ¼
PlvðtÞ2 PrvðtÞ

eSPTðtÞ
; ð6Þ

where Prv(t) is the instantaneous right ventricular

pressure.

When Prv(t) . Plv(t), the septum shifts towards the

left and the septum volume is given by

VSPTðtÞ ¼
PrvðtÞ2 PlvðtÞ

eSPTðtÞ
: ð7Þ

In this way, the instantaneous left and right ventricular

volumes are given by

VlvðtÞ ¼ VlvðtÞ þ VSPTðtÞ;

VrvðtÞ ¼ VrvðtÞ2 VSPTðtÞ;

(
ð8Þ

where Vrv(t) is the instantaneous right ventricular volume.

In Equation (8), substituting Vlv(t) in Equation (3) and

VSPT(t) in Equation (6) results in:

VlvðtÞ ¼
PlvðtÞ

elvðtÞ
·Vloþ

PlvðtÞ2 Pr vðtÞ

eSPTðtÞ
: ð9Þ

From Equation (9), the instantaneous left (right)

ventricular pressure becomes:

PlvðtÞ ¼ eSPTðtÞ·elvðtÞ
eSPTðtÞþelvðtÞ

·ðVlvðtÞ2 VloÞ þ elvðtÞ
eSPTðtÞþelvðtÞ

·PrvðtÞ;

PrvðtÞ ¼ eSPTðtÞ·ervðtÞ
eSPTðtÞþervðtÞ

·ðVrvðtÞ2 VroÞ þ ervðtÞ
eSPTðtÞþervðtÞ

·PlvðtÞ;

8<
:

ð10Þ

where Vro is the rest volume of the right ventricle and

erv(t) is the right time-varying ventricular elastance. In

this way, the pressure of the left (right) ventricular

chamber is described as a function of its elastance, the

pressure and the elastance of the right (left) ventricular

chamber.

With the model updated, it is possible to simulate all

interactions between the two ventricular chambers.

In the cardiovascular simulator, the coronary network

(Figure 2) is developed by lumped parameter represen-

tation based on the intramyocardial pump concept (Spaan

et al. 1981a, 1981b). The coronary model is subdivided

into three parallel sections that represent the endocardial,

the middle and the epicardial layers of the left ventricular

wall. Each parallel layer is modelled in the same way using

RC elements. For each layer, there are an arterial

resistance Ra1i (i ¼ endocardium, middle and epicardium

layer), an arteriolar resistance Rai, a venular resistance Rvi

and a venous resistance Rv1i. Cai, Cmi and Cvi represent

the arteriolar, the capillary and the venular compliance,

respectively. Pai, Pmi and Pvi represent the arteriolar, the

capillary and the venous pressures in each layer,

respectively. QRa1i, Q1i, QRai, QRvi, QRv1i and Q2i

represent the flows in different points of each layer. Kmi

and Kvi are constants and can be assumed different values

in each layer. Appendix 1 reports the equations that

describe the coronary model.

The baseline conditions of a patient affected by dilatedQ1

cardiomyopathy were reproduced from the literature data

(De Lazzari et al. 2010), to evaluate the effects induced

on CBF and AoP represented on the CBF–AoP plane

(Figure 4; Scheel et al. 1989; Di Mario et al. 1994; Krams

et al. 2004; De Lazzari et al. 2009). Different ECG times,

intra-ventricular and inter-ventricular delays were used to

achieve such a goal. These data are related to patients with

moderate or severe HF, with an IVCD, treated by CRT.
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Figure 3. Schematic representation of the ECG signal. The period (TT 2 TTE) represents the ventricular systole duration and the period
(TPB 2 TPE) corresponds to the atrial systole duration.
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Using these data, we simulated the effects of different

intra-ventricular and inter-ventricular times.

To reproduce the baseline and the conditions induced

by CRT with different intra-ventricular and inter-

ventricular times, the parameters of the numerical

simulator were set as follows:

. Data (De Lazzari et al. 2010) of the systolic (AoPS)

and diastolic (AoPD) aortic pressures were repro-

duced changing automatically Ras using a dedicated

algorithm implemented in the software (Ferrari et al.

1992).
. EsSEPT, EdSEPT and Elvs (Ervs) were set to place

the left ventricular loop in the pressure–volume

plane according to the end systolic volume (ESV)

and end diastolic volume (EDV) data (De Lazzari

et al. 2010). To place the left ventricular loop, it has

also been assumed that the left ventricular end

systolic pressure (Pes) can be approximated with

mean AoP value (Sagawa et al. 1988; De Lazzari

et al. 2010).

CBF
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4
34
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24CBF
1 2

1
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Slope
31

2
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3
4 4

1
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Figure 4. Schematic CBF, AoP waveforms and CBF–AoP
loop. The curves are subdivided into four different phases along
the cardiac cycle. Systole being represented by segments 1 and 2
and diastole by segments 3 and 4. Segment 1 corresponds to the
ventricular isometric contraction. Segment 2 corresponds to the
ejection period. Segment 3 corresponds to the relaxation and
rapid ventricular filling. Finally, segment 4 corresponds to the
late diastolic period in which coronary resistance becomes
constant and flow linearly declines with the coronary driving
pressure. The slope (dashed line) of this portion of the CBF–AoP
loop has been considered an index of maximal coronary
conductance, capable of assessing the haemodynamic
significance of coronary stenosis (Di Mario et al. 1994).

Table 1. Literature data used to perform the numerical simulations.

HR (beats/min)
AoPS

(mm Hg)
AoPD

(mm Hg)
AoP

(mm Hg)
ESV (EDV)

(ml)
Inter-ventricular

delay (ms)
Intra-ventricular

delay (ms) EF (%)

Before CRT

#1 76 90 60 70 192 (213) 36* 70 10
#2 75 110 60 77 139 (201) 28 50 31
#3 68 110 70 83 105 (160) 50 60 34
#4 80 130 85 100 110 (170) 45 60 35
#5 70 100 70 80 78 (105) 37* 67* 25
#6 64 110 80 90 115 (160) 30 50 28
#7 65 100 60 73 144* (186*) 37 50 23

Within 6 months since CRT

#1 75 95 60 72 130 (169) 25* 20 23
#2 75 110 70 83 145 (215) 10 20 33
#3 64 100 60 73 86 (153) 20 25 44
#4 70 110 70 83 90 (150) 25 20 40
#5 80 100 60 73 46 (85) 0 6 46
#6 70 120 75 90 94 (154) 9 20 39
#7 70 110 70 83 120 (171) 9* 20* 30

Note: The symbol ‘*’ next to the data indicates that the literature data were published incorrectly.

Before CRT Within 6 months since CRT

QRS
(ms)

QT
(ms)

PQ
(ms)

QRS
(ms)

QT
(ms)

PQ
(ms)

#1 180 340 180 120 370 160
#2 140 420 220 160 420 180
#3 150 410 180 140 420 180
#4 150 420 FA 130 430 FA
#5 120 400 180 120 420 180
#6 140 410 160 130 410 160
#7 140 400 160 130 410 160
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. Heart rate (HR), QT, PQ and QRS times, ejectionQ1

fraction (EF), inter-ventricular and intra-ventricular

delay were set using the literature data (De Lazzari

et al. 2010).

Table 1 shows the data (De Lazzari et al. 2010) used

during the simulations. In Table 1, the symbol ‘*’ attached

to the data indicates that the literature data were published

incorrectly. The correct values are reported in the table.

Results

In Figure 5, the upper panel shows for AoP the percentage

change calculated on the mean percentage changes

evaluated from the simulated and observed data (reported

in Table 1) before and within 6 months since CRT. The

lower panel shows for EDV, ESV and cardiac output (CO),

the percentage change calculated on the mean percentage

changes evaluated from the simulated and observed data

(reported in Table 1) before and within 6 months since

CRT. In the observed data, the CO was estimated

multiplying the stroke volume and the HR. The ‘p value’

of 5% was considered statistically significant. Figure 6

shows one of the different possible outputs produced by

the CARDIOSIMq software simulator. The figure reports

graphical and numerical data for two different cardiocir-

culatory conditions regarding patient 1. For this patient,

the baseline conditions (A) and the conditions after CRT

(B) are reproduced using data reported in Table 1.

The figure represents the left ventricular loops (on the

pressure–volume plane), the CBF–AoP loops and the

mean pressure (flow) values calculated during the cardiac

cycle. For each CBF–AoP loop, the slope (Di Mario et al.

1994) is also reproduced. Finally, EDV (Ved), ESV (Ves)

and stroke volume (SV) are presented for both ventricles.

Finally, Figure 7 shows for the seven patients the CBF

results obtained using the software simulator. In all panels,

the dark (white) bars represent the positive (negative)

percentage changes, when the patients are switched from

the baseline to assisted (CRT) conditions. The upper left

(right) panel shows the percentage changes in the minimum

(maximum) CBF value evaluated by comparing simulated

baseline and assisted (within 6 months since CRT) data.

The lower left (right) panel shows the percentage changes

in the CBF–AoP slope (in CBF–AoP area) evaluated

comparing simulated baseline data with the data obtained

simulating the patient conditions after about 6 months since

CRT. The CBF–AoP slope (Figure 4) can give information

on the maximal diastolic coronary conductance.

Discussion

The data presented in Figure 5 show that the software

simulator can reproduce the cardiocirculatory conditions,

in terms of haemodynamic parameters, of different

patients with different intra-ventricular and inter-ventri-

cular delays. The study of patients affected by advanced

systolic HF treated using CRT permits to evaluate the

effects of IVCD. The results presented in Figure 5 show

that the simulator reproduces quite faithfully haemody-

namic variables such as systolic (diastolic) AoP, end

systolic (diastolic) left ventricular volume and CO, in both

baseline and after CRT conditions (in patients affected by

HF). In relation to aortic systolic pressure, the upper panel

of figure shows that the simulator overestimates the

literature data by an average of about 0.47%. For the aortic

diastolic pressure, the software underestimates the

literature data by an average of about 0.5%. The lower

panel of Figure 5 shows that simulated EDV, ESV and CO

were overstimated when compared with those observed by

0.37% (EDV), 0.1% (ESV) and 0.71% (CO), respectively.

Figure 6 reproduces the baseline conditions and the

conditions after CRT of patient 1 obtained using the

software simulator. It is possible to observe the effects

produced by different ECG times and intra-ventricular and

inter-ventricular delays on the CBF–AoP (in figure

produced by the software Qcor-Pas) loops. In patient 1,

the reduction of QRS duration from 180 to 120 ms (after

CRT), the reduction of PQ duration from 180 to 160 ms

and the increase in the QT duration from 340 to 370 ms

0.6%
% Mean value changes

% Mean value changes

0.0%

0.2%

0.4%

–0.6%
Systolic Diastolic

–0.4%

–0.2%

0.5%

0.6%

0.7%

0.8%

0.1%

0.2%

0.3%

0.4%

0.0%

EDV CO ESV

Figure 5. Percentage change calculated on the mean percentage
changes between the simulated and the observed data before and
within 6 months since CRT. The upper panel shows the diastolic
and systolic percentage mean changes evaluated on the AoP
(p , 0.0001). The lower panel shows the EDV, CO and ESV
percentage mean changes (p , 0.0001).
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together with the reduction in inter-ventricular delay from

36 to 25 ms and intra-ventricular delay from 70 to 36 ms

produce different effects on CBF–AoP loop.

By switching from baseline (A) to CRT (B) conditions,

it is possible to observe an increase (a reduction) in the

maximum (minimum) value of CBF, an increase in the

CBF–AoP loop area and a variation in CBF–AoP slope.

Figure 6 shows that the mean CBF during the cardiac cycle

remains unchanged. These results show that the changes

induced in QRS, QT, PQ, intra-ventricular and inter-

ventricular times produce changes in the duration of the

different phases of the loop represented in Figure 4.

The upper left panel of Figure 7 shows that the

percentage variations on minimum value of the CBF

induced by the CRT simulation assumes positive and

negative values in patients. It should be noted that during

the simulations (from baseline to CRT), the values of

coronary resistances and compliances were not changed.

In physiological point of view, CBF is regulated by

different mechanisms depending on the driving pressure,

the coronary resistances and the compliances (Valzania

et al. 2008). In this study, the effects of driving pressure

have been taken into account when the CRT was applied,

in fact in the coronary model (Figure 2) some compliances

are connected to the left ventricular pressure. Instead,

during the simulations, the coronary resistances and

compliances values were not changed in the transition

from baseline simulation compared with CRT. In any case,

ESPVR ESPVR
A

A

B

B

EDPVR

EDPVR

A

A

A B

B

B

Figure 6. Screen output produced by the CARDIOSIMq software. Panel A (B) shows patient 1 baseline (within 6 months since CRT)
conditions reproduced from the data presented in Table 1. The upper graphical window reproduces the ventricular loops in the left
pressure–volume plane. ESPVR (EDPVR) is the end systolic (diastolic) pressure–volume relationship. Plv (Vlv) is the left ventricular
pressure (volume). The lower graphical window shows the CBF–AoP loops. Qcor and Pas in the software simulator represent the CBF
and the systemic arterial pressure (AoP), respectively. The lower numerical panel shows for both ventricles the end systolic volume (Ves),
the end diastolic volume (Ved) and the stroke volume (SV). In the right numerical panel are the reported HR and mean pressures and flow
rate values calculated during the cardiac cycle. Pla (Pra) is the mean left (right) atrial pressure. Pap is the mean pulmonary arterial
pressure. Pvs (Pvp) is the mean venous systemic (pulmonary) pressure. Qlia (Qria) is the mean left (right) input atrial flow rate. Qlo (Qro)
is the mean left (right) ventricular output flow rate. Qli (Qri) is the mean left (right) ventricular input flow rate. The two right-lower
numerical panels report the left (LV), right (RV) ventricular delays during baseline (A) and within 6 months since CRT (B) conditions.
Finally, the left panel shows the software simulator commands panel.
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patients 2 and 7 present an increase in the minimum value

of CBF when the software simulator switches from

baseline to CRT conditions. These two patients, together

with patients 1 and 6, present an increase in the maximum

value of CBF (upper right panel). In the lower left panel,Q1

the percentage variation of the CBF–AoP slope can give

information on the maximal diastolic coronary conduc-

tance and presents a reduction in four patients after CRT

simulation. Also these results must be interpreted bearing

in mind that the simulations made to reproduce the patient

circulatory conditions before and after CRT were made

without changing the values of coronary resistances and

compliances.

The CBF–AoP representation can be proposed as an

indirect parameter to evaluate the function of the coronary

circulation. An abnormal coronary flow reserve value may

also reflect changes in coronary or systemic haemody-

namics as well as changes in extravascular coronary

resistance (e.g. increased intramyocardial pressure). From

this perspective, the numerical simulator can be a valuable

tool for assessing the effects of cardiac resynchronisation.

Finally, analysing the lower right panel of Figure 7, we

observe that also the percentage variations in CBF–AoP

area assume an increase in patients 1, 5, 6 and 7, when

CRT simulation is applied. A reduction is registered in

patients 2, 3 and 4. The controversial results, regarding the

effects of CRT on CBF, presented in Figure 7,

are in accordance to in-vivo results presented in the

literature (Nelson et al. 2000; Lindner et al. 2005; FlevariQ2

et al. 2006). In line with literature results, in patients with

different pathological conditions (as ischaemic HF

patients or non-ischaemic patients), the CRT produces

different effects on CBF.

Conclusions

The numerical model implemented inside CARDIOSIMq

allows to reproduce the interaction between the septum

and the left (right) ventricular free wall to evaluate the

effects on CBF. The software simulator can reproduce the

pathological conditions of patients affected by HF, with

IVCD, and it is able to reproduce the haemodynamic

conditions when CRT is applied. The numerical simulator

results regarding haemodynamic variables (in baseline and

CRT conditions) are in accordance with literature data.

Also the controversial results on CBF in the presence of

CRT, obtained using the software simulator, are consistent

with those described in the literature.
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Figure 7. CBF results produced by software simulator. For the seven patients in all panels, the figure shows the percentage changes
between the baseline data and the data after the CRT, calculated from the literature data. The upper left (right) panel shows the percentage
changes in the minimum (maximum) CBF. The lower left (right) panel shows a bar diagram reporting the percentage changes of the
CBF–AoP slope (CBF–AoP area).
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Considering that limited data are available regarding

non-invasive measurements of CBF in HF patients treated

using CRT (Yildirim et al. 2007) and considering that

techniques such as Doppler catheterisation and coronary

sinus thermodilution (used for measuring CBF in humans)

are invasive and affected by serious limitations, the use of

a numerical simulator, as described in this work, may help

to understand the effects on CBF produced by CRT,

making sure to work on a substantial number of patients

with similar pathological conditions.
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Appendix 1

Equations used to solve the analogue network representing the coronary circulation.

QRa1MID ¼
PaMID 2 PaEPI

Ra1MID

; Q1EPI ¼ QRa1EPI 2 QRa1MID;

QRa1EPI ¼
Pasþ Pt2 PaEPI

Ra1EPI

;
dPaEPI

dt
¼

Q1EPI 2 QRa1EPI

CaEPI

;

QRaMID ¼
PaMID 2 ðPmMID þ KmMID·PlvÞ

RaMID

;
d

dt
PaEPI 2 KmEPI·Plvð Þ ¼

QRaEPI 2 QRvEPI

CmEPI

;

QRvEPI ¼
ðPaEPI 2 PvEPIÞ

RvEPI

;
d

dt
PvEPI 2 KvEPI·Plvð Þ ¼

QRvEPI 2 Q2EPI

CvEPI

;

QRv1EPI ¼
ðPvEPI 2 ðPraþ PtÞÞ

Rv1EPI

; QRa1MID ¼
PaEPI 2 PaMID

Ra1MID

2 QRa1ENDO;

QRv1MID ¼
ðPvMID 2 PvEPIÞ

Rv1MID

;

Q2MID ¼ QRv1MID 2 Q2SUB; Q2EPI ¼ QRv1EPI 2 QRv1MID;

QRaMID ¼
ðPaMID 2 PmMIDÞ

RaMID

;
dPaMID

dt
¼

Q1MID 2 QRaMID

CaMID

;

QRvMID ¼
ðPmMID 2 PvMIDÞ

RvMID

;
d

dt
PmMID 2 KmMID·Plvð Þ ¼

QRaMID 2 QRvMID

Cm2

;

d

dt
PvMID 2 KvMID·Plvð Þ ¼

QRvMID 2 Q2MID

CvMID

; Q2SUB ¼
ðPvSUB 2 PvMIDÞ

RvSUB

;

Q1SUB ¼
PaMID 2 PaSUB

Ra1SUB

; QRaSUB ¼
ðPaSUB 2 PmSUBÞ

RaSUB

;

dPaSUB

dt
¼

Q1SUB 2 QRaSUB

CaSUB

; QRvSUB ¼
ðPmSUB 2 PvSUBÞ

RvSUB

;

d

dt
PvSUB 2 KvSUNB·Plvð Þ ¼

QRvSUB 2 Q2SUB

CvSUB

;
d

dt
PmSUB 2 KmSUB·Plvð Þ ¼

QRaSUB 2 QRvSUB

CmSUB

:
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