
Journal of Theoretical Biology 456 (2018) 16–28 

Contents lists available at ScienceDirect 

Journal of Theoretical Biology 

journal homepage: www.elsevier.com/locate/jtb 

Experimental assessment of a myocyte-based multiscale model of 

cardiac contractile dysfunction 

Elena C. Lascano 

a , Juan I. Felice 

c , Sandra Wray 

a , Sara Kosta 

b , Pierre C. Dauby 

b , 
Edmundo I. Cabrera-Fischer a , Jorge A. Negroni a , ∗

a Instituto de Medicina Translacional, Transplante y Bioingeniería, Universidad Favaloro-CONICET, Solís 453, Buenos Aires 1078, Argentina. 
b University of Liège, GIGA- In Silico Medecine, Liège, Belgium. 
c Centro de Investigaciones Cardiovasculares, Facultad de Ciencias Médicas, Universidad Nacional de La Plata-CONICET, La Plata, Argentina. 

a r t i c l e i n f o 

Article history: 

Received 16 December 2017 

Revised 9 July 2018 

Accepted 27 July 2018 

Available online 29 July 2018 

Keywords: 

Cardiac contractile dysfunction 

Multiscale model 

Myocyte contraction model 

Sheep experiments 

Hemodynamics 

a b s t r a c t 

Cardiac contractile dysfunction (CD) is a multifactorial syndrome caused by different acute or progres- 

sive diseases which hamper assessing the role of the underlying mechanisms characterizing a defined 

pathological condition. Mathematical modeling can help to understand the processes involved in CD and 

analyze their relative impact in the overall response. The aim of this study was thus to use a myocyte- 

based multiscale model of the circulatory system to simulate the effects of halothane, a volatile anesthetic 

which at high doses elicits significant acute CD both in isolated myocytes and intact animals. Ventricu- 

lar chambers built using a human myocyte model were incorporated into a whole circulatory system 

represented by resistances and capacitances. Halothane-induced decreased sarco(endo)plasmic reticulum 

Ca 2 + (SERCA2a) reuptake pump, transient outward K 

+ (I to ), Na + -Ca 2 + exchanger (I NCX ) and L-type Ca 2 + 

channel (I CaL ) currents, together with ryanodine receptor (RyR2) increased open probability (P o ) and re- 

duced myofilament Ca 2 + sensitivity, reproduced equivalent decreased action potential duration at 90% 

repolarization and intracellular Ca 2 + concentration at the myocyte level reported in the literature. In the 

whole circulatory system, model reduction in mean arterial pressure, cardiac output and regional wall 

thickening fraction was similar to experimental results in open-chest sheep subjected to acute halothane 

overdose. Effective model performance indicates that the model structure could be used to study other 

changes in myocyte targets eliciting CD. 

© 2018 Published by Elsevier Ltd. 
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1. Introduction 

Cardiac contractile dysfunction (CD) is a heterogeneous syn-

drome resulting from repeated injury on the heart caused by nu-

merous diseases, including ischemic heart disease, hypertension,

diabetes, infections and toxic substances, which may eventually

lead to heart failure. This depressed contractility is thought to in-

volve altered Ca 2 + management, resulting in decreased intracel-

lular Ca 2 + transient and concomitant decline in contractility and

inotropic reserve ( Piacentino et al., 2003 ). Different experimental

models of spontaneous or induced hypertension ( Chen-Izu et al.,

2007; Hamdani et al., 2013 ), hypertrophy ( Belin et al., 2011 ) and

tachypacing ( Belevych et al., 2007, 2011 ), among others, have been

developed to study at the myocyte level the mechanisms involved

in the CD of the failing heart. However, these subcellular mecha-

nisms vary both on the type and progression of the underlying dis-
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ase, hampering an accurate assessment of their individual role in

he altered cardiac function. Moreover, as it is not experimentally

easible to simultaneously analyze all the myocyte targets impli-

ated in impaired heart function, their relevance on hemodynamic

ehavior has not been clearly elucidated. This is an important is-

ue, as the identification of the relative impact of the most signifi-

ant cellular targets might help to direct therapeutic interventions

o improve ventricular function in the diseased heart. 

Mathematical modeling can provide insight into the mecha-

isms triggering CD through the individual contribution of detri-

ental effects on Ca 2 + handling and force development targets to

he overall myocyte response. In this sense, some myocyte models

ere able to reproduce experimental results in altered myocytes,

ncluding the intracellular Ca 2 + decrease and action potential pro-

ongation response of heart failure ( Puglisi and Bers, 2001; Shan-

on et al., 2003 ). These models, however, lacked a contractile rep-

esentation, precluding their inclusion into an integrative descrip-

ion of the circulatory system. 

https://doi.org/10.1016/j.jtbi.2018.07.038
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jtb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtbi.2018.07.038&domain=pdf
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Alternatively, multiscale models, encompassing myocyte-based 

entricular representations coupled to a circulatory circuit, have

he potential of linking intracellular events to hemodynamic out-

omes. Complex multiscale models have been developed integrat-

ng myocyte ( Nygren et al., 1998; ten Tusscher and Panfilov, 2006 )

nd contractile ( Negroni and Lascano, 1996; Negroni et al., 2015 )

odels into force-length to pressure-volume transformations to

escribe normal ( Negroni and Lascano, 1999 ) or failing ventricular

r atrial and ventricular ( Kosta et al., 2017; Pagel et al., 1996; Shim

t al., 2006 , 2007 ) dynamic behavior. However, their use to study

he influence of myocyte altered targets on the overall CD response

s prevented due to the diversity of animal models used that do

ot provide reliable intracellular target changes for a defined stage

f an evolving heart disease, thus hampering the comparison be-

ween model simulations and experimental results. Therefore, it

ould be useful to evaluate a multiscale model of CD based as

losely as possible on target effects obtained by a similar inter-

ention at the myocyte level and in intact animals. This proven

ultiscale model could then provide the basis to simulate other

ituations of CD. 

Halothane (H) is a volatile anesthetic that induces cardiac dys-

unction in a dose-dependent manner ( Pagel et al., 1996 ). Since H

as been found to elicit an acute response both in isolated myocyte

xperiments ( Davies et al., 20 0 0; Laver et al., 2017 ) and intact an-

mals ( Prys-Roberts et al., 1972 ), a multiscale model representing

he experimental myocyte effects of H was built and its hemody-

amic response was compared with results of acute dysfunction

n anesthetized sheep subjected to an overdose of this anesthetic

rug. 

In the multiscale model, a recently improved myocyte model

 Lascano et al., 2013; Negroni et al., 2015 ) was used as basis for

he left and right ventricular chamber model ( Negroni and Las-

ano, 1999; Regen, 1990 ), with the left ventricular wall assumed

s a two-layer structure to characterize greater wall thickness.

alothane-induced dysfunction was simulated as myocyte reduced

ransient outward K 

+ (I to ) ( Rithalia et al., 2004 ), Na + -Ca 2 + ex-

hanger (INCX) ( Bru-Mercier et al., 2005 ) and L-type Ca 2 + channel

I CaL ) ( Rithalia et al., 2004 ) currents, decreased sarco(endo)plasmic

eticulum Ca 2 + ATPase2a (SERCA2a) reuptake flow ( Karon et al.,

995 , 1999 ), increased ryanodine receptor (RyR2) open probabil-

ty (RyR2P o ) ( Laver et al., 2017 ) and decreased myofilament Ca 2 + 

ensitivity ( Davies et al., 20 0 0 ) and atrial elasticity. 

Accurate model agreement with experimental results in open-

hest sheep subjected to H could provide a useful framework to

tudy other subcellular alterations produced by diseases eliciting

D, such as heart failure. 

. Methods 

.1. Multiscale model 

The ten Tusscher–Panfilov human myocyte model ( ten Tusscher

nd Panfilov, 2006 ) was used, coupled to our myofilament-based

ontractile model ( Negroni et al., 2015 ) ( Fig. 1 A) with a previously

odified RyR2 structure ( Lascano et al., 2013 ). 

A new change was added to SERCA2a Ca 2 + reuptake pump flow

I up ) defined as: 

 up = 

V up max 

1+ 

[ 
K up 

[C a 2+ ] i 

] h 

here V up max is maximum pump activity, K up is Ca 2 + sensitiv-

ty parameter and h is Hill coefficient ( ten Tusscher and Panfilov,

006 ). Here, we assumed h = 1, similar to other myocyte models

 Luo and Rudy, 1994; Santamore and Burkhoff, 1991 ) instead of
 = 2 as in the ten Tusscher model, because it improved previ-

us model performance ( Lascano et al., 2013 ) increasing peak Ca 2 + 

ransient in the range of low frequencies (data not shown). This

yocyte model was used as basis to build left and right ventricu-

ar chambers. The main components of the vessels representing the

irculatory system of the multiscale model ( Fig. 1 B) were described

s vascular resistances and capacitances regulating arterial and ve-

ous pulmonary (Ppul, Pap, Pvp) and systemic (Paor, Pas, Pvs) pres-

ures, respectively. Tricuspid (TV), pulmonary (PV), mitral (MV)

nd aortic (AoV) heart valves were represented as diodes (elec-

ronic valves allowing forward electric current, in our case only

orward blood flow) ( Santamore and Burkhoff, 1991 ; Shim et al.,

006 ) whose flow (Flow v ) was characterized according to their

lectronic similarity as: 

lo w v = α. 
(
e β. �P − 1 

)
here the scale factor α represents maximum regurgitant flow,

governs the forward pressure-flow relationship and �P is for-

ard transvalvular pressure (see Appendix A for details). 

.1.1. Atrial chamber elastic model 

Left and right atrial chambers were described by their pres-

ure (P)-volume (V) elastic properties as ( Santamore and Burkhoff,

991 ) 

 = P d ( V ) + e(t) . [ P s ( V ) − P d ( V ) ] 

ith end-diastolic P d (V) and end systolic P s (V) as P-V functions de-

cribed as 

 d (V) = E d . (V − V d ) 
3 

nd 

 s (V) = E s . (V − V s ) 

here E d and E s characterize diastolic and systolic elastances and

(t) is the time-varying chamber activation defined as a fourth

rder polynomial function ( Lascano et al., 1989; Negroni et al.,

988 ): 

(t) = ( t − 2 . t m 

) 
2 
. t 2 / t m 

4 

alid between t = 0 and t < 2.t m 

, with t m 

representing heart rate-

ependent time for maximum e(t), and e(t) = 0 for any other time.

.1.2. Ventricular chamber spherical model 

Postulating each ventricular chamber as two hemispheres at

quilibrium, force due to the enclosed blood volume (F p ) is equal

o the opposing force generated by wall stress (F σ ) 

 p = F σ . (1) 

According to Fig. 2 A, F p generates the ventricular pressure (P v )

cting on the internal surface of the hemisphere which is counter-

alanced by the force originated by the tangential stress ( σ ) on the

all (F σ ). Considering R as mid-wall radius results in: 

 p = P v π
(

R − x 

2 

)2 

nd from Eq. (1) 

 v .π . 

(
R − x 

2 

)2 

= σ .π. 

[(
R + 

x 

2 

)2 

−
(

R − x 

2 

)2 
]
, 

esulting in: 

 v = σ
2 · ( x / R ) (
1 − ( x / R ) 

2 

)2 

If x / R << 1 (thin-wall sphere) this equation can be simplified

o give the Laplace relationship: 

 v = σ. 
2x 

. (2) 

R 
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Fig. 1. A. Schematic diagram of the human myocyte model. Three-compartment model with transarcolemmal and intracellular ion flows responsible for action potential 

development and Ca 2 + management. The myocyte model is coupled to a myofilament force model consisting of 5-state troponin system (TS) driven by Ca 2 + cooperative 

kinetics. Force is developed by weakly attached (TSCa 3 
∼) and strongly attached (TSCa 3 

∗and TS ∗) cross-bridges ( Negroni et al., 2015 ). CYTO: Cytoplasm; SR: Sarcoplasmic 

reticulum. DC: Dyadic cleft. Sarcolemmal and intracellular ion flows (I) are represented for Na + -H 

+ exchanger (I NHE ), Na + -Ca 2 + exchanger (I NCX ), L-type Ca 2 + channel current 

(I CaL ), fast Na + channel current (I Na ), Na + -K + pump current (I NaK ), rapid delayed rectifier current (I Kr ), slow delayed rectifier (I Ks ) and inward rectifier (I K1 ) K 
+ channel currents, 

plateau K + current (I Kp ), transient outward K + current (I to ), background Ca 2 + current (I Cab ), sarcolemmal Ca 2 + pump (I Cap ), background Na + current (I Nab ), SR Ca 2 + release 

through the ryanodine receptor (RyR2) (I rel ), Ca 2 + translocation from DC to CYTO (I xfer ), and SR Ca 2 + reuptake pump current (I up ). B. Multiscale model. A closed circulatory 

system depicts systemic (s) and pulmonary (p) circuits, with their corresponding arterial (a), venous (v) and characteristic (c) resistances (R) and capacitances (C), and nodes 

determining the resultant right atrial (ra), pulmonary (pul), left atrial (la), left ventricular (lv) and aortic (aor) pressures (P). LA: Left atrium. LV: Left ventricle. RA: Right 

atrium. RV: Right ventricle. MV: Mitral valve. AoV: Aortic valve. TV: Tricuspid valve. PV: Pulmonary valve. L: inductance characterizing the reflex wave effect. 
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Fig. 2. A. Hemisphere representing ventricular chambers. x: Wall thickness F p : 

Force generated by blood volume. F σ : Force generated by wall stress. R: Midwall 

radius. B . Left ventricular wall represented as two concentric layers with different 

wall volumes (V w ). V v : Left ventricular blood volume. R 1 and R 2 : Midwall curvature 

radius (R) corresponding to the two mid-wall layer surfaces. �P: Pressure devel- 

oped by each layer contributing to total left ventricular pressure (P). 
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Also, in the spherical model, mid-wall volume (V mw 

) can be cal-

ulated as: 

 mw 

= 

4 

3 

π. R 

3 (3) 

nd wall volume (V w 

) as the difference between external volume

nd ventricular volume as 

 w 

= 

4 

3 

π

[(
R + 

x 

2 

)3 

−
(

R − x 

2 

)3 
]

 w 

= 4 .π . R 

2 x . 

(
1 + 

x 2 

12 R 

2 

)
, 

here assuming x 2 << 12R 

2 

 w 

∼= 

4 .π . R 

2 x 

Then, using Eq. (3) 

V w 

V mw 

= 3 . 
x 

R 

(4) 

nd substituting into Laplace’s equation ( Eq. (2) ) results in 

 v = 

2 

3 

.σ. 
V w 

V mw 

(5) 

hich defines Regen’s relationship for thin-wall spheres ( Regen,

990 ). 
V
Considering that ventricular volume (V v ) is the volume enclos-

ng the chamber external surface (V ext ) minus V w 

 v = V ext − V w 

= 

4 

3 

π. (R + x / 2) 3 − V w 

nd solving and rearranging results in 

 v = V mw 

+ π. R . x 2 + 

V w 

2 

− V w 

. (6)

Since from Eqs. (2 ) to (3 ) R and x become a function of V w 

and

 mw 

. R . x 2 = 

V 

2 
w 

12 . V mw 

nd replacing into Eq. (6) leads to 

 v = V mw 

− V w 

2 

. 

(
1 − V w 

6 . V mw 

)
(7) 

The general approach to represent left and right ventricu-

ar chambers was the previously used myocyte force-length to

ressure-volume transformation from which the relationship be-

ween V mw 

and L m 

is obtained as 

 mw 

= K v . L m 

3 (8) 

here K v is equation parameter and L m 

is half-sarcomere length

 Negroni and Lascano, 1999 ). Then, replacing Eq. (8) into Eq. (7) ,

he length-volume transformation is obtained 

 v = K v L m 

3 − V w 

2 

. 

(
1 − V w 

6 . K v L m 

3 

)
. (9) 

In Eq. (5) σ is calculated as 

= F m 

. 
L m 

L r 
(10) 

here F m 

represents sarcomere force and L r constant reference

ength ( Negroni and Lascano, 1999 ). 

Replacing Eq. (10 ) into Eq. (5 ) results in 

 v = 

2 

3 

. F m 

. 
L m 

L r 
. 

V w 

V wm 

(11) 

nd adding a parallel elastic volume element ( Negroni and Lascano,

999 ), the final expression for P v is 

 v = 

2 

3 

. F m 

. 
L m 

L r 
. 

V w 

V wm 

+ γ . ( V v − V 0 ) 
3 
. (12)

This equation shows that P v has two components: active pres-

ure due only to the myocytes ( Eq. (11) ) plus a passive component

epresenting the rest of the wall elements. 

Then, Eqs. (9 ) and (12 ) are the final expressions defining force-

ength to pressure-volume transformation. This approach, based on

hin-wall chamber properties, was adopted for the right ventricle,

here considering the second term of Eq. (9) as a constant fraction

f V w 

( Negroni and Lascano, 1999 ), results in 

 v = K v . L m 

3 − 0 . 4 V w 

. 

Conversely, in the left ventricle, whose wall thickness approxi-

ately doubles that of the right ventricle ( Ho and Nihoyannopou-

os, 2006; Troy et al., 1972 ), the ventricular wall was assumed to

onsist of the sum of two layers, each layer with thin-wall chamber

roperties to comply with Regen’s approach ( Fig. 2 B). In this as-

umption, the division into two layers does not represent a struc-

ural or electrical arrangement of the heart, but as pressure and

olume contributions to left ventricular function for a chamber

ith greater wall thickness. Then, Eq. (7) for each layer is 

 mw1 = V v + 

V w1 

2 

. 

(
1 − V w1 

6 . V mw1 

)
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Table 1 

Parameter values corresponding to the heart chambers and the pulmonary and systemic components of the model. 

Parameter Value Description Reference 

Rcs (mmHg.ms/ml) 112 Systemic characteristic resistance Santamore and Burkhoff (1991) 

Ras (mmHg.ms/ml) 920 Systemic arterial resistance Santamore and Burkhoff (1991) 

Rvs (mmHg.ms/ml) 5.56 Systemic venous resistance Santamore and Burkhoff (1991) 

Rcp (mmHg.ms/ml) 30 Pulmonary characteristic resistance Santamore and Burkhoff (1991) 

Rap (mmHg.ms/ml) 150 Pulmonary arterial resistance Santamore and Burkhoff (1991) 

Rvp (mmHg.ms/ml) 7.5 Pulmonary venous resistance Santamore and Burkhoff (1991) 

Caor (ml/mmHg) 0.2 Aortic capacitance Model performance 

Cas (ml/mmHg) 2 Systemic capacitance Santamore and Burkhoff (1991) 

Cvs (ml/mmHg) 950 Systemic venous capacitance Santamore and Burkhoff (1991) 

Cap (ml/mmHg) 7 Pulmonary capacitance Santamore and Burkhoff (1991) 

Cvp (mL/mmHg) 10 Pulmonary venous capacitance Santamore and Burkhoff (1991) 

L (mV.ms 2 /ml) 2200 Aortic inductance Model performance 

α (mL/ms) 0.001 Maximal backward valve flow Model performance 

β (1/mmHg) 3 Forward valve flow-pressure relation Model performance 

E d (mmHg/ml 3 ) 0.0 0 01 Diastolic elastance Lau et al. (1979 ) 

Alexander et al. (1987) 

V d (ml) 35 (RA) & 30 (LA) Diastolic dead volume Lau et al. (1979 ) 

Alexander et al. (1987) 

E s (mmHg/ml) 0.35 (RA) & 0.4 (LA) Systolic elastance Lau et al. (1979 ) 

Alexander et al. (1987) 

V s (ml) 15 (RA) & 20 (LA) Systolic dead volume Lau et al. (1979) 

Alexander et al. (1987 ) 

V w (ml) 165 (RV) & 220 (LV) Total wall volume Gibbs and Chapman (1979) 

V w1 (ml) 0.48V w LV internal layer volume Model structure 

V w2 (ml) 0.52V w LV external layer volume Model structure 

K v (ml/μm 

3 ) 120 (RV) & 160 (LV) Mid-wall volume-L m relationship Negroni and Lascano (1999) 

Cain et al. (2009) 

f (addim) 0.4 V w fraction enclosed by RV V mw Negroni and Lascano (1999) 

γ (mmHg/ml 3 ) 0.0 0 0 05 RV and LV parallel chamber elasticity Sunagawa et al. (1982) 

Negroni and Lascano (1999) 

L r (μm) 1.05 Reference half sarcomere length Negroni and Lascano (1999) 

TBV (ml) 50 0 0 Total blood volume Barrett et al. (2010 ) 

LV: Left ventricle. RV: Right ventricle. (see Appendix for details). 
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V mw2 = V v + V w1 + 

V w2 

2 

. 

(
1 − V w2 

6 . V mw2 

)

where V w1 and V w2 are estimated values of wall volume for each

layer (see Appendix A ). It can be seen that in the second layer,

V mw2 encloses V v plus the wall volume of the first layer (V w1 ). 

According to the two-layer structure, left ventricular pressure

(Plv) is the sum of the pressure contributions ( �P) generated by

the two wall layers: 

Plv = �P 1 + �P 2 

Then, from Eq. (10) 

�P 1 = 

2 

3 

. F m 1 . 
L m1 

L r 
. 

V w1 

V mw1 

and 

�P 2 = 

2 

3 

. F m2 . 
L m2 

L r 
. 

V w2 

V mw2 

. 

In order to use only one type of myocyte, it is possible to cal-

culate through Eq. (8 ) an equivalent L m 

in the two-layer wall from

the weighted mean of V mw 

( V mw 

) according to the V w 

of each

layer as: L m 

= 

3 

√ 

V mw 
K v 

. This results in a single myocyte, with F m 

as

a function of L m 

once the contractile part is solved. Then, incorpo-

rating the parallel elastic element as in Eq. (12 ), the final Plv is: 

Plv = 

2 

3 

. F m 

. 
L m 

L r 

(
V w1 

V mw1 

+ 

V w2 

V mw2 

)
+ γ . ( V v −V 0 ) 

3 

Table 1 shows model parameters in control conditions. 

The model was run at a HR of 70 beats/min and 100 beats were

considered for stabilized conditions (difference between consecu-

tive beats < 0.1% for each variable at the end of the stabilization

period). 
The percent changes due to H in myocyte I up , I NCX , I CaL , I to ,

yR2P o , myofilament Ca 2 + sensitivity and E s for the left and right

tria are shown in Table 2 . 

To estimate the 3 to 4-fold increase in RyR2P o at high H con-

entrations reported in sheep RyR2 incorporated into lipid bi-

ayers ( Laver et al., 2017 ), we first simulated the isolated RyR2

erformance in steady state control conditions, using as constant

Ca 2 + ] SR in the luminal side of the RyR2 the [Ca 2 + ] SR at the end

f the multiscale model stabilization period, and as constant Ca 2 + 

n the dyadic cleft ([Ca 2 + ] DC ) the one that in steady state condi-

ions and constant [Ca 2 + ] SR reproduced the mean RyR2P o obtained

t the end of the stabilization period. Then, the RyR2 rate constant

arameters k 1 and k 4 used by ten Tusscher and Panfilov (2006 )

ere enhanced by 120% to attain a 3.5-fold increase in RyR2P o at

igh H concentration. 

.2. Experimental study 

Acute experiments were performed in 17 male, young Hamp-

hire Down sheep (25–30 kg). Following induction of anesthesia,

ntubation, and connection to mechanical ventilation (Siemens-

lema Servo Ventilator 900 C, Sweden), anesthesia was maintained

ith 3% isoflurane carried in oxygen and fentanyl citrate (0.1 mg).

aline solution at a rate of 3–4 ml/min was administered via a

atheter inserted in the brachial vein. 

Tidal volume and respiratory frequency were adjusted to main-

ain O 2 saturation > 95% and pCO 2 between 35 and 45 mmHg. Core

emperature was monitored with a thermometer placed in the

sophagus and three needles inserted under the chest skin were

onnected to the ECG monitor for continuous surface electrocar-

iographic monitoring. Both temperature and electrocardiogram

ere used to monitor the condition of the animals during the ex-

eriment and their values were not recorded as they were not
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Table 2 

Percent model parameter changes due to halothane. 

H targets Parameter C Model percent change from C due to H 

I to G to (nS . pF −1 ) 0.294 ( ten Tusscher and Panfilov, 2006 ) −8% ( Rithalia et al., 2004 ) 

I CaL G Cal (cm 

. ms −1 . μF −1 ) 3.98 . 10 −5 ( ten Tusscher and Panfilov, 2006 ) −50% ( Rithalia et al., 2004 ) 

RyR2P o k 1 ’ (μM 

−2. ms −1 ) 0.15 . 10 −6 ( ten Tusscher and Panfilov, 2006 ) + 120% [model performance] 

k 4 (ms −1 ) 0.005 ( ten Tusscher and Panfilov, 2006 ) + 120% [model performance] 

I up V maxup (μM 

. ms −1 ) 6.375 ( ten Tusscher and Panfilov, 2006 ) −45% ( Karon et al., 1995; Karon et al., 1999 ) 

I NCX k NaCa (pA . pF −1 ) 10 0 0 ( ten Tusscher and Panfilov, 2006 ) −55% ( Bru-Mercier et al., 2005 ) 

MS z b (ms −1 ) 0.1397 ( Lascano et al., 2013 ) + 120% [model performance] 

ASE E s (mmHg . ml −1 ) 0.35 (RA) & 0.4 (LA) [model performance] −30% [model performance] 

H: Halothane. C: Control. I to : Transient outward K + current. G to : Maximum I to conductance. I CaL : L-type Ca 2 + channel current. G CaL : 

Maximum I CaL conductance. RyR2P o : Ryanodine receptor open probability. k 1 ’: R to O and RI to I rate constant. k 4 : I to O and RI 

to I rate constant. Model-fitted enhanced k 1 ’ and k 4 with halothane yielded 3.5 P o in isolated RyR2 channel conditions ( Laver et 

al., 2017 ). I up : Ca 2 + reuptake flow by the sarcoplasmic reticulum through the sarco-endoplasmic Ca 2 + ATPase. V maxup : Maximum 

SERCA2a activity. I NCX : Na + -Ca 2 + exchanger current. k NaCa : Maximum NCX conductance. MS: Myofilament Ca 2 + sensitivity. z b : TSCa 3 
to TS (troponin system) rate constant. In the mechanical model, z b was increased to obtain 50% reduction in myofilament Ca 2 + 

sensitivity ( Davies et al., 20 0 0 ), assessed as 50% increase of Ca 50 in the force-Ca 2 + relationship. ASE: Atrial systolic elastance. E s : 

Maximum atrial elastance. 
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elevant for the purpose of the study. All variables were visually

ontrolled on the screen of a multi-parametric monitor (Edan M8,

hanghai, China). 

A lateral left thoracotomy was performed at the level of the

th intercostal space followed by pericardial opening. The carotid

rtery was dissected free of surrounding tissue and a fluid-filled

atheter was inserted through a small incision for instantaneous

lood pressure (BP) recording at the aortic root. Another fluid-filled

atheter was inserted into the left ventricle through a stab wound

n the apex to measure left ventricular pressure (LVP). Both pres-

ure catheters were connected to previously calibrated Statham

23DB pressure transducers. A Swan-Ganz catheter was inserted

ia the right femoral vein to assess cardiac output (CO) by ther-

odilution. A pair of 2 mm diameter 5 MHz piezoelectric crystals

as positioned in the anterior wall to measure left ventricular wall

hickness (WTh) by sonomicrometry. 

At the end of the study the animal was sacrificed with an over-

ose of anesthesia. 

The experimental protocol conformed Institutional Animal Care

nd Use Committee (IACUC) guidelines, regulations of the National

dministration of Drugs, Foods and Medical Devices (ANMAT pro-

ision No. 6344/96), and the Animal Welfare Assurance for Hu-

ane Care and Use of Laboratory Animals by Foreign Institutions

#A5556-01), in accordance with the Guide for the Care and Use

f Laboratory Animals, published by the US National Institutes of

ealth (NIH Publication No. 85-23, revised 1996). 

Wall thickness and ventricular and aortic pressures were con-

inuously digitized at 2 ms sampling rate and monitored on the

omputer screen. Once steady state conditions were reached, sig-

als were recorded for 15 s every 5 min during a 15 min period.

ardiac output was measured at each 5-minute interval. After this

ontrol (C) period, isoflurane anesthesia was switched to 3–4% H

o induce CD, which was established as approximately 20% reduc-

ion from baseline systolic BP and LVP. This was reached after 10–

5 min of H administration, whereupon data were acquired for an-

ther 15 min at 5-min intervals. 

The LVP signal was used to separate the phases of the cardiac

ycle. End diastole was defined to occur at the onset of the rapid

pstroke of the digitally obtained time derivative of LVP (dP/dt)

nd end-systole as the time point where dP/dt reached 10% of its

inimal value ( Lascano et al., 2002 ). Regional wall thickening frac-

ion (WTF) was calculated as: 

TF = ( WT h s − WT h d ) / WT h d 

here WTh s was maximum wall thickness considered between

nd-systole and minimum dP/dt (dP/dt min ) and WTh d was end-

iastolic wall thickness ( Negroni et al., 2002 ). 
Mean arterial pressure (MAP) was calculated as the mean value

f the BP signal in a beat and heart rate (HR) was obtained from

he LVP signal. 

Signal processing and parameter calculations were performed at

ach time of data acquisition. Mean arterial pressure, HR, and WTF

ere calculated from each recorded beat and the average of pro-

essed beats (15–20 beats) was the sample value assigned to the

orresponding acquisition time. Subsequently, peripheral vascular 

esistance (PVR) was calculated as MAP/CO ratio at each acquisi-

ion time. 

Finally, MAP, CO, HR, PVR and WTF values obtained at the last

wo acquisition times of steady state C and H, respectively, were

veraged to obtain stabilized baseline data for each animal in C

nd H conditions. 

.3. Statistical analysis 

Because C and H conditions were assessed in the same animal,

 paired t test (or one sample t test) was used to compare vari-

bles in C and H, calculating for each animal the percent ratio of

ts value with H with respect to control, considered to be equal to

00 (H/ C 

∗100) and estimating t against 100. A similar calculation

as adopted for model simulations in C and H. The distribution of

ata for experimental MAP, CO, WTF and PVR was normal as both

ymmetry and kurtosis could not be rejected through the calcu-

ation of their corresponding β1 and β2 parameters. ( Zar, 2010 ).

o compare experimental and model variables a one sample t test

as used with t = 

mean experimental v alue −mean simulation v alue 
experimental SD 

for each

xperimental variable. 

A value of p < 0.05 was considered statistically significant. 

. Results 

.1. Model 

The multiscale model performance was analyzed by simu-

ation of different relationships between variables. A preload

aneuver obtained by vena cava occlusion through increased

vs = 150 mmH.ms/ml ( Fig. 3 A) showed the increasing drop in

ressure and volume as the heart volume decreases due to the

mpaired venous return. Stroke work calculated from the first

ressure-volume loop was 6452.10 3 erg, similar to that reported by

lower adapted to humans (6271.10 3 erg). The preload recruitable

troke work estimated from the preload maneuver loops as a func-

ion of end-diastolic volume yielded the linear Frank-Starling re-

ationship ( Fig. 3 B) reported by Glower et al. (1985) . Next, the
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Fig. 3. A : Preload maneuver obtained by simulation of vena cava occlusion through increased Rvs = 150 mmH.ms/ml. B: Stroke work-end-diastolic volume linear relationship. 

C: Mean arterial pressure (MAP) and cardiac output as a function of peripheral resistance (Ras) and D: Mean arterial pressure (MAP) and cardiac output as a function of 

heart rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 

Hemodynamic and contractile response of the multi- 

scale model in control and halothane conditions. 

Variable C H % change 

APD 90 (ms) 391 341 −12.8 

[Ca 2 + ] imax (μM) 1.019 0.770 −36.2 

MPaor (mmHg) 74.6 55.7 −24.4 

CO (l/min) 4.07 2.97 −27.0 

EF (%) 62.4 44.1 −29.3 

PVR (dyne .s/cm 

5 ) 1466 1500 2.3 

WTF 0.277 0.174 −35.4 

Plv sys (mmHg) 81.3 63.6 −21.8 

Plv diast (mmHg) 9.3 11.1 19.4 

dP/dt max (mmHg/s) 1722 865 −49.8 

dP/dt min (mmHg/s) −616 −306 −51.3 

LVDV (ml) 94.5 98.1 3.8 

RVP max (mmHg) 28.8 26.1 −9.4 

MPpul (mmHg) 19.8 20.0 1.0 

C: Control. H: Halothane. % change: 100 ∗(H 

–C)/C. 

APD 90 : Action potential duration at 90% repolariza- 

tion. MPaor: Mean aortic pressure. CO: Cardiac out- 

put. EF: Ejection fraction. PVR: Peripheral vascular 

resistance calculated as MPaor/CO ratio. WTF: Wall 

thickening fraction. Plv sys : Left ventricular end-systolic 

pressure. Plv diast : Left ventricular end-diastolic pres- 

sure. dP/dt max and dP/dt min : Maximum and minimum 

velocity of left ventricular developed pressure, re- 

spectively. LVDV: Left ventricular end-diastolic volume. 

RVP max : Maximum right ventricular pressure. MPpul: 

Mean pulmonary pressure. 

r  

v  

a  

l  

d  
model was challenged to depict the response of mean arterial pres-

sure (MAP) and cardiac output (CO) as a function of 20% increase

and decrease in systemic arterial resistance (Ras) from its baseline

value of 920 mmHg.ms/ml and 10 beats/min increase and decrease

in HR from a baseline value of 70 beats/min. Fig. 3 C shows that as

expected, MAP increases and CO decreases with increasing Ras and

conversely, both MAP and CO increase with increasing HR ( Fig. 3 D)

Fig. 4 and Table 3 show the multiscale model performance dur-

ing C and H-triggered CD. Fig. 4 A-E illustrates myocyte perfor-

mance and Fig. 4 F–J the heart response in C and H. Fig. 4 A depicts

the time course of the intracellular action potential in C condi-

tions and its earlier repolarization with H decreasing action poten-

tial duration at 90% repolarization (APD 90 ) by 48 ms. Calcium entry

through the L-type Ca2 + channel as a result of myocyte depolar-

ization produces the abrupt rise and sharp decrease in SR Ca 2 + re-

lease flow (I rel ) represented in Fig. 4 B, and the lower peak attained

in H conditions as a result of reduced [Ca 2 + ] SR due to increased

RyR2P o and decreased I up . Fig. 4 C describes a typical intracellu-

lar Ca 2 + concentration ([Ca 2 + ] i ) curve with its fast rise to 1 μM

peak [Ca 2 + ] i and gradual decay in C state and the marked reduc-

tion to 0.77 μM and slower [Ca 2 + ] i rise and fall induced by H. The

intracellular Ca 2 + elevation generates the rise in force and its fall

as Ca 2 + is reuptaken by the SR seen in Fig. 4 D, and the reduced

force development with H due to lower [Ca 2 + ] i . Myocyte force re-

sponse is accompanied by the corresponding sarcomere shorten-

ing in C and H as shown in Fig. 4 E. At the heart level, Fig. 4 F

depicts the simultaneous time courses of Plv and aortic pressure

(Paor) showing the slightly lower Paor during ejection and the di-

crotic notch due to the backflow elicited by the reflex aortic wave.

Halothane-induced CD reduced peak Plv and its velocity of rise and

fall, and increased diastolic pressure, effects that were accompa-

nied by reduced Paor. Figs. 4 G and H present intraventricular and

atrial volumes. Ventricular volume is maximum at the onset of ac-

tivation by the contribution of atrial volume which decreases as a

s  
esult of its contraction. Thereafter, atrial volume increases as the

entricles empty and blood returns to the heart. Both ventricular

nd atrial volume changes are reduced with H, in accordance with

ower myocyte contractility. The aortic flow represented in Fig. 4 I

epicts the typical rapid blood flow at the onset of ejection and its

lower drop as the ventricle empties in C conditions, and the lower
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Fig. 4. Multiscale model response at the myocyte ( A-E ) and heart ( F-J ) level in control (black tracings) and halothane (grey tracings) conditions. A : action potential (Vm), 

B : ryanodine receptor Ca 2 + release flow (I rel ), C : intracellular Ca 2 + concentration ([Ca 2 + ] i ), D : myocyte force, E : half-sarcomere length, F : left ventricular pressure (Plv) and 

aortic pressure (Paor), G : Left ventricular (LV) volume, H : Left atrial (LA) volume, I : aortic flow, and J: left ventricular pressure–volume loops. 
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Fig. 5. Experimental tracings illustrating steady state blood pressure (BP), left ven- 

tricular pressure (LVP) and wall thickness (Wth) in A: control and B: halothane con- 

ditions. 

Table 4 

Hemodynamic and contractile experimental variables in 

control and halothane conditions. 

Variable C H 

MAP (mmHg) 59.24 ± 3.11 43.48 ± 2.82 ∗

CO (l/min) 2.48 ± 0.15 1.77 ± 0.14 ∗

HR (beats/min) 85.5 ± 4.5 80.7 ± 4.3 

PVR (dyne . s/cm 

5 ) 1967.0 ± 91.2 2040.5 ± 99.8 

WTF 0.18 ± 0.01 0.12 ± 0.01 ∗

C: Control. H: Halothane. MAP: Mean arterial pres- 

sure. CO: Cardiac output. HR: Heart rate. PVR: Periph- 

eral vascular resistance. WTH: Wall thickening fraction. 

Mean ± SE. ∗p < 0.01 (paired t test). 

 

 

 

 

 

 

 

 

 

Fig. 6. Experimental and model percent change of hemodynamic and contractile 

variables due to cardiac dysfunction (CD) elicited by H. MAP: Mean arterial pres- 

sure. CO: Cardiac output. WTF: Wall thickening fraction. PVR: Peripheral vascular 

resistance. ∗p < 0.01 (experimental t test against 100). 
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peak and later onset as a result of H. Finally, Fig. 4 J shows a left

ventricular pressure-volume loop in C conditions and its rightward

shift with H, together with reduced ejective pressure and ejection

fraction and increased diastolic pressure, suggesting ventricular

dilatation. 

3.2. Experimental 

No animal died as a result of experimental heart dysfunction

induced by H. Fig. 5 shows BP, LVP and WTh tracings during C ( Fig.

5 A) and at 15 min of H anesthesia ( Fig. 5 B) in a typical animal. 

Mean hemodynamic and WTF values of all animals during C

and H conditions ( Table 4 ) show that acute dysfunction produced

a significant decrease in MAP, CO and WTF compared with C val-
es ( p < 0.01), with a non-significant increase in PVR and decrease

n HR. 

Fig. 6 depicts model and experimental hemodynamic and con-

ractile response to H expressed as percent change from C values.

he similar simulation and experimental results in sheep support

he model structure and parameter values chosen both in C and H

onditions. 

After assessing CD model performance, the relevance of H

hanges at the myocyte level was tested through the single can-

ellation of H effect on I to , I CaL , RyRP o , I up, I NCX , myofilament Ca 2 +

ensitivity, and E s , analyzing the resulting impact on hemody-

amic and contractile variables. Table 5 illustrates CO, MPaor, EF,

P/dt max , dP/dt min , mean pulmonary pressure (MPpul) and WTF

esponse to the abrogation of H effect from each myocyte target,

eeping the rest of the variables under H conditions, together with

he root mean square error (RMSE) calculated as: 

MSE = 

√ ∑ 

( % C − 100 ) 
2 

N 

here %C is the percent value of each variable with respect to con-

rol obtained from the simulation (e.g., CO, MP aor , EF, etc.) for a

efined situation (e.g., H or H-I to or H-I CaL , etc.) and N in the num-

er of variables (in this case 7). Then RMSE allows to compare the

ifferent situations of single H elimination as a mean square de-

iation from C, to identify the single myocyte effect showing the

reatest impact. 

Though different degrees of hemodynamic and contractile vari-

ble improvement were observed with the elimination of indi-

idual CD targets, the best response was consistently obtained

ith CD abolition from I up , evidencing the lowest RMSE, while the

orse impact was achieved with abrogation of H from I NCX , result-

ng in the greatest divergence from C RMSE. 

. Discussion 

The multiscale model used in the present study was able to

imulate experiments at the myocyte, ventricular and whole circu-

atory system levels reported in the literature and to reproduce the

emodynamic and cardiac function response of acute CD obtained

ith an overdose of H in open chest sheep. This satisfactory model

esponse confirms adequate integration of the three main aspects

epresenting the three levels of the multiscale model structure:

yocyte, heart chambers and circulatory system. As previously re-

orted ( Lascano et al., 2013 ), the simplified equilibrium between
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Table 5 

Percent change of model hemodynamic and contractile variable response to single abrogation of 

myocyte halothane effects. 

CO MPaor EF dP/dt max dP/dt min MPpul WTF RMSE 

(% C) (% C) (% C) (% C) (% C) (% C) (% C) (%-100) 

C 100 100 100 100 100 100 100 0 

H 72.98 74.63 70.67 50.22 49.66 100.76 62.95 35.09 

H-I to 73.20 74.84 70.90 50.43 49.64 100.91 63.20 34.94 

H- I CaL 72.93 74.88 129.76 68.03 58.60 67.64 130.95 31.60 

H-RyRP o 63.49 65.80 62.47 40.63 40.36 95.61 53.54 43.38 

H-I up 89.06 89.72 87.18 83.63 78.66 102.68 82.79 14.23 

H-I NCX 41.60 45.23 38.27 21.34 95.59 93.44 31.20 55.04 

H-MS 79.42 80.76 89.39 62.02 56.77 86.62 80.12 26.16 

H-ASE 74.35 75.89 69.78 50.44 50.06 103.08 62.84 34.83 

CO: Cardiac output. MPaor: Mean aortic pressure. EF: Ejection fraction. dP/dt max : Maximum time 

derivative of left ventricular pressure. dP/dt min : Minimum time derivative of left ventricular pres- 

sure. MPpul: Mean pulmonary pressure. WTF: Wall thickening fraction. RMSE: Root mean square 

error. C: Control. H: Halothane HF-I to : Single abrogation of H on the transient outward K + current. 

H-I CaL : Single abrogation of H on L-type Ca 2 + channel current. H-RyRP o : Single abrogation of H 

on maximum ryanodine receptor open probability. H-I up : Single abrogation of H on Ca 2 + reuptake 

flow by the sarcoplasmic reticulum through the sarco-endoplasmic Ca 2 + ATPase. H-I NCX : Single ab- 

rogation of H on Na + -Ca 2 + exchanger current. H-MS: Single abrogation of H on myofilament Ca 2 + 

sensitivity. H-ASE: Single abrogation of H on atrial systolic elastance. 
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pen and resting states of the RyR2 in the ten Tusscher human my-

cyte model ( ten Tusscher and Panfilov, 2006 ) was substituted by

hannon’s original RyR2 structure ( Shannon et al., 2004 ), allowing

ate constant parameter changes to reproduce the modified RyR2P o 
or H simulations ( Laver et al., 2017 ). This myocyte model was em-

loyed to build left and right ventricular chambers based on fiber

tress and ventricular wall volume ( Negroni and Lascano, 1999; Re-

en, 1990 ). Since force-length to pressure-volume transformation

elationships are assumed for thin-wall chambers ( Mirsky, 1979;

egen, 1990 ), we attempted to improve this limitation adopting

or the left ventricular wall a two-layer structure, whose individual

ressure contributions were added for better description of thick-

all ventricular behavior. This approach improved the simulation

f WTF, with a C value (0.24) within the range of that found in

ur anesthetized sheep model (0.18) and humans (0.26–0.33) ( Bolli

t al., 1990 ). 

In the circulatory model, the heart valves were represented

s diodes based on the current-voltage relationship described for

lectricity. This continuous function allowed better simulation of

he flow-pressure relationship that describes blood flow through

he corresponding heart valves. (See Appendix A ) 

The systemic and pulmonary circuits described as vascular re-

istances and capacitances ( Santamore and Burkhoff, 1991; Shim

t al., 20 07 , 20 08 ) enabled a more physiological interpretation of

heir interaction with heart chamber properties. It was possible to

alculate aortic pressure at the exit of the left ventricle separately

rom the rest of the systemic circuit pressures and to include an

nductance that simulated the reflex aortic wave generating the di-

rotic notch. 

.1. Experimental and multiscale model of acute contractile 

ysfunction 

Halothane is a volatile anesthetic with acute pressure and car-

iac output depressive effect due to contractile impairment, as re-

orted in dogs ( Prys-Roberts et al., 1972 ), and in a dose-dependent

anner mimicking CD in sheep ( Bia et al., 2012 ) and pigs 

 Sigg and Iaizzo, 2006 ). The decision of using H to induce acute CD

as based on experimental and modeling purposes. Experimen-

ally, H elicits an acute albeit reversible response, allowing bet-

er control of its administration to obtain a predefined impairment

nd a rapid onset of the failing response. In addition, it enabled

tilizing the same animal for C and H conditions, as it preserved
he stability of the WTh signal which might have been altered or

ost with other models of CD, such as the 3–4 week fast pacing

odel to induce heart failure ( Wolff et al., 1992 ). In the case of

odeling, parameter changes for the simulations were also based

n experiments with an acute response to H. This approach ad-

itted a more direct comparison between sheep experiments and

odel hemodynamic results, avoiding changes in parameter val-

es resulting from experiments performed at different stages of the

isease causing CD. 

In the multiscale model, the hemodynamic and contractile re-

ponse to CD was only due to changes at the myocyte level and

n atrial systolic elastance. In order to validate the model, first

t had to satisfactorily reproduce observed H effects in the my-

cyte, which had then to be reflected as hemodynamic changes at

he circulatory level, comparably to experimental results in sheep.

n the myocyte model, a very similar decrease in action poten-

ial ion currents as those reported experimentally [I to (8%) ( Rithalia

t al., 2004 ), I CaL (40%) ( Rithalia et al., 2004 ) and I NCX (65%) ( Bru-

ercier et al., 2005 )] resulted in 13% APD 90 shortening. This re-

ult was lower than that found in rats ( Rithalia et al., 2004 ) and

uinea pigs ( Terrar and Victory, 1988 ) (25% −35%) suggesting that

here might be differences between real myocytes and their human

odel representation, or that other unaccounted-for effects in vivo

onditions might influence APD 90 response to H. Conversely, the

eduction in I CaL obtained with the model was able to reproduce

he 25% decrease in peak intracellular Ca 2 + observed in rat exper-

ments ( Davies et al., 20 0 0 ). When the same 3.5-fold increase in

yR2P o obtained from isolated sheep RyR2 in lipid bilayers at high

 concentration ( Laver et al., 2017 ) was introduced into the my-

cyte model by increasing the rate constants favoring RyR2P o , I rel 

as reduced by 66%. This effect was due to the combined SR de-

letion as a result of increased P o , the 45% decrease in SERCA2a

ctivity, which was very similar to that observed in canine cardiac

R vesicles under H ( Karon et al., 1995 ), and the lower Ca 2 + in-

ut to the cleft through a deficient I CaL , producing lower stimula-

ion of RyR2 opening. However, the use of the reported decrease in

ERCA2a ( Karon et al., 1995 , 1999 ) generated a drop of 50% in SR

oad, higher than the one observed experimentally (28%) ( Davies

t al., 20 0 0 ), though this reduced SR Ca 2 + content aided in achiev-

ng the Ca 2 + transient fall found in animals. On the other hand,

he adopted H effect on I NCX, which decreased the maximum

utward I NCX by 66% and the inward I NCX by 42%, within the

ange of the respective 64% and 65% reduction in rat myocytes
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( Bru-Mercier et al., 2005 ), also contributed to keep a low intracel-

lular Ca 2 + content. 

It has been shown that H affects myofilament contractility not

by a direct interaction with cross-bridge action ( Vivien et al., 2005 )

but through myofilament Ca 2 + sensitivity ( Davies et al., 20 0 0 ). In

the model, the 50% reduction in myofilament Ca 2 + sensitivity, sim-

ilar to the 48% decrease reported experimentally ( Davies et al.,

20 0 0 ), was effected increasing the rate constant for Ca 2 + detach-

ment (z b ) from the troponin system (TS) in the myocyte force-

generating model mechanism ( Negroni and Lascano, 2008; Negroni

et al., 2015 ). Impaired contractility together with H changes on the

ion currents affecting the intracellular Ca 2 + transient resulted in

model reduced WTF, MPaor, CO, dP/dt max and dP/dt min very similar

to results reported in dogs ( Prys-Roberts et al., 1972 ) and hemody-

namic findings in our sheep experiments. 

Since the aim of this study was to compare model versus exper-

imental CD with H, it was assumed that this anesthetic drug would

cause contractile impairment in all the heart chambers. Therefore,

H changes were applied both to the right and left ventricular my-

ocytes, and atrial E s was arbitrarily reduced by 30%. As removal of

H from the atrial E s did not have a significant impact on the re-

maining hemodynamic and contractile variables (See Table 5 ), its

depressed contractility was preserved since it was more compati-

ble with the assumed overall H effect on the heart. 

Some model ion current changes agreed more than others with

those reported in the literature to reproduce an expected response

in the myocyte variables. However, it is necessary to consider that

the multiscale model was based on a human myocyte structure

integrating all the intracellular H modifications, whereas isolated

myocyte experiments were done mostly in rats, examining only

one or two variables at a time. Nevertheless, despite these dis-

crepancies, the good concordance with H hemodynamic effects in

sheep supports the model structure and the adopted changes to

simulate CD due to H. 

Finally, as shown in Table 5 , the multiscale structure allows the

dissection of the relative impact of each myocyte target on the

contractile and hemodynamic response of the circulatory system,

evidencing that I up is the most affected target by H. 

4.2. Limitations 

The present study has several limitations. Firstly, the multiscale

model was built based on a human myocyte model where orig-

inal parameters were assumed to provide control data similar to

that of humans, whereas experimental CD was conducted in open

chest sheep, whose myocyte variables may have parameter val-

ues different from the human heart. Yet, the percent changes in

hemodynamic variables induced by H were sufficiently similar be-

tween model and sheep experiments to consider that the multi-

scale model was an adequate representation of CD in vivo con-

ditions. Secondly, despite the hemodynamic model response was

comparable to that observed in sheep, it was assumed that H af-

fected only the heart chambers, without considering the possible

vessel involvement that might have modulated the hemodynamic

response. Thirdly, compared with awake animals, isoflurane anes-

thesia markedly depresses hemodynamic variables. However, all

the animals received the same dose and for the same period of

time before switching to H overdose, whereupon a similar rela-

tive further reduction in pressure was established to account for

its added depressant effect. Another limitation is the model struc-

ture. Only one type of myocyte was used to represent the left and

right ventricle and both chambers were likewise affected by H.

However, a thin-wall spherical isotropic model of the heart ven-

tricles did not compromise an adequate exploration of the pump-

ing properties of the heart. Effectively, the slope of the end-systolic
ressure-volume relationship ( Fig. 3 A) was 0.91 mmHg/ml and that

f preload recruitable stroke work ( Fig. 3 B) was 50.5 mmHg, close

o approximately 1 mmHg/ml and 52 mmHg, respectively, in anes-

hetized pigs ( Haney et al., 2002 ). Nevertheless, a single myocyte

odel precludes the study of the arrhythmogenic effects of electri-

al propagation. Moreover, the circulatory circuits were simplified

ithout participation of other organs and cardiovascular neurohu-

oral control to regulate the hemodynamic and contractile behav-

or. Finally, the concentration of H at the alveolar level was not

easured, and considering that its effect is dose-dependent, it may

ave introduced some variability in the CD response. For this rea-

on, as the dose administered to sheep was high enough to pro-

uce nearly a 30% drop in MAP and CO, the adopted changes in

yocyte ion currents for the simulation of hemodynamic variables

ere as close as possible to those reported experimentally at high

 doses. 

.3. Conclusions 

Changes in ion currents and myofilament sensitivity similar to

hose reported in isolated myocyte experiments with H resulted in

 comparable model response at the myocyte, ventricular and cir-

ulatory levels. Moreover, as H can only be administered acutely,

he implementation of model effects from experimental data ob-

ained from other sources is not affected by the different methods

r time intervals eliciting CD. This approach reinforces the results

ndicating effective model confirmation and suggests that its struc-

ure is suitably robust for the study of the subcellular mechanisms

nderlying other conditions of functional impairment. 
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ppendix A 

The rationale for Table 1 values was as follows: 

For Resistances, systemic arterial resistance (Ras) was cal-

ulated adopting for humans mean arterial pressure = 85 mmHg

nd cardiac output = 5 liter/min = 5/60 ml/ms ( Barrett et al., 2010 ).

hen, assuming a pressure 90% drop between arterial (Pas) and ve-

ous (Pvs) systemic pressures ( Barrett et al., 2010 ) results in 

Ras = 0.9 ∗85 ∗60/CO = 918 mmHg.ms/ml, within the range used

or humans by Stergiopulos et al. (1996) in their representation of

he arterial system. 

For the other systemic resistance values, we considered the pro-

ortionality established with respect to Ras reported by Santamore

nd Burkhoff (1991) . 

For the pulmonary circuit, pulmonary arterial resistance (Rap)

as calculated adopting mean pulmonary pressure = 14 mmHg
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 Barrett et al., 2010 ) and CO = 5 liter/min to make a similar cal-

ulation as that of Ras. The proportionality constants of Santamore

ere applied to calculate the other pulmonary resistances. 

In the case of Capacitances , the values reported by Santamore

nd Burkhoff (1991) for dogs were adapted to humans, consider-

ng that the differences arise from the different chamber volumes

f dogs and humans but without changes in pressure values. Vol-

mes were then corrected multiplying the weight of the dogs mea-

ured by Santamore by the human weight (70)/dog weight (20) ra-

io = 3.5, assuming that volumes are linearly related to weight. Be-

ause capacitance = chamber volume/chamber pressure, and pres-

ure changes slightly between mammals, only volume corrections

ere applied. 

The aortic capacitance ( Caor ) and the aortic inductance ( L )

ere set to give a damped oscillatory pressure-flow signal involv-

ng Rcs. Cas does not participate of this effect, then the value of

aor was assumed as 1/10 of Cas. The value of L was chosen to

eproduce an acceptable dicrotic notch. 

For Valves , the parameter alpha ( α) is, according with its math-

matical description, the maximal backward (regurgitant) flow. A

egligible regurgitation was accepted considering that it was 0.5%

f maximal normal flow (0.25 ml/ms); then, α = 0.001 ml/ms. 

Opposite to the alpha parameter, the value of the beta ( β) pa-

ameter is related to forward flow. Accepting a drop in pressure

hrough the valve of 2 mmHg when flow is maximal (0.25 ml/ms),

was calculated from 

lo w v = α
(
e β. �P − 1 

)
s β = 1/ �P ∗Ln[( maximal flow + α)/ α] 

The values of α and β found were assumed to be the same for

he four valves. 

Pressure-volume data for the atria were obtained from the me-

hanical description of Lau et al. (1979) for the right atrium and

lexander et al. (1987) for the left atrium. Their data were fitted

o the atrial model adopted, and the Ed, Vd, Es and Vs parameters

ere obtained after applying the dog to human weight transfor-

ation. 

For V w 

(ventricular wall volume), the values reported by Gibbs

nd Chapman (1979) were used: 

 w 

( LVmass ) = 200 gr 

 w 

( RVmass ) = 143 gr 

Considering density = 1, mass has the same value expressed

n milliliters. The values used were a somewhat higher, 220 and

65 ml, respectively, to compensate for the simplified ventricu-

ar model structure and obtain pressure values within the human

ange. 

Estimation of Vw1 and Vw2 

As the left ventricular wall thickness doubles that of the right

entricle, a chamber with only one layer and greater wall thickness

ould not be used to represent the left ventricular chamber, as it

ould not have met Laplace’s approximation and Regen’s approach

 1990 ) Two concentrical layers were thus adopted, whose fractions

f total wall volume were determined as follows: 

Clearing R from V mw 

= 

4 
3 π. R 

3 and 

V w 
V mw 

= 3 . x R ( Eq. (3) and Eq.

4) in the text, results in 

3 
4 . 

V mw 
π = 27 x 3 V mw 

3 

V w 
3 and 

 = 

1 

(36 .π ) 
1 / 3 

. 
V w 

V mw 

2 / 3 
(A.1) 

Assuming that the internal ( 1 ) and external ( 2 ) layers had the

ame thickness (x1 = x2), replacing x 1 and x 2 by their correspond-

ng values in Eq. (A.1) and rearranging resulted in: 

V w1 

V w2 

= 

(
V mw1 

V mw2 

)2 / 3 
Adopting 
V mw1 
V mw2 

∼= 

0 . 9 , because the external layer enclosed the

nternal one, then the wall volume relationship between the lay-

rs could be estimated as. 

V w1 

V w2 

= 0 . 9 

2 / 3 = 0 . 9322 = 

f 1 . V w 

f 2 . V w 

(A.2) 

here f 1 and f 2 are the internal and external volume fractions of

he left V w 

. Since by definition f 1 + f 2 = 1, and from Eq. (A.2) 

 1 = 0 . 9322 . f 2 

Solving this system we obtained f 1 = 0.48 and f 2 = 0.52 for the

nternal and external layers, respectively. Then V w1 = 0.48 V w 

and

 w2 = 0.52 V w 

K v for the human heart was obtained from Eq. (28) in Negroni

nd Lascano (1999) , as: 

 = K v ∗ L m 

3 − f ∗ V w 

To calculate K v we considered the values of its variables at end-

iastole. Then: 

 diast = K v ∗ L md 
3 − f ∗ V w 

here V diast is human left ventricular end-diastolic vol-

me = 130 ml ( Cain et al., 2009 ), L md is half-sarcomere length

t end-diastole = 1.1 μm, f = 0.4 (as calculated in Negroni and

ascano, 1999 ) and V w 

= 220 ml (as explained above). Then, for

he left ventricle K v = 163 (ml/μm 

3 ), and assuming the same

nd-diastolic volume and L md for the right ventricle, its K v = 147

ml/μm 

3 ). The values were modified to K v = 160 ml/μm 

3 for the

eft ventricular midwall-L m 

relationship and 120 ml/μm 

3 for the

ight ventricular midwall-L m 

relationship, to improve human

odel behavior with the spherical model. 

The value of gamma was established to reproduce data of

unagawa et al. (1982) after adaptation to the human heart accord-

ng to the assumed dog-human weight relationship = 3.54. 

TBV : Total blood volume = 50 0 0 ml accepting the value reported

y Barrett ( 2010 ). 
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