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EQUATIONS GOVERNING THE CELLULAR
ELECTROPHYSIOLOGICAL MODEL

Physical units used: time (t) in ms, membrane potential (V) in mV,
transmembrane current densities (Iy) in pA/pF and intracellular and
extracellular ionic concentrations (X; and X,) in uM (or umol/L).

TRANSMEMBRANE CURRENTS AND MEMBRANE POTENTIAL [1, 2]

The time evolution of the membrane potential is described as fol-
lows:

dv

dt + Iion + Istim =0

where Ijo, is the sum of all transmembrane ionic current densities (see

equation and figure below) and Isim is the externally applied stimulus
current density.

Lion = INa + Ik1 + Ito + Ikr + IcaL + INaca + INak + IpCa + IpK + Ipca + IbNa

. _ —95 f100<t< 106
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-

[y Period

o

I

Q

Z -5

g

3

-10
0 800 1600 2400
Time (ms)

(a) Schematic representation of the (b) Stimulus current used to trigger the AP.
transmembrane ionic currents de-  The stimulation period fixes the heart rate.
scribed in the electrophysiological
model.



Nernst potentials
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Transient outward potassium current: Iy,
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Slow delayed rectifier current: I
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Rapid delayed rectifier current: Ix,
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Sarcolemmal calcium pump current: I,

Cai
Ihca = Gpca———
PCa ™ PPCA o + Cay

Sarcolemmal potassium pump current: Ik

Lk =G —V
pK pK
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Background currents: Iyn, and Ipc,

IyNa = GbNa(V — Ena)
IbCa = GbCa(V - ECa)

CALCIUM DYNAMICS

Calcium dynamics is described
within three subcellular compart-
ments (see figure): cytoplasm
(CYTO), sarcoplasmic reticulum
(SR) and diadic subspace (SS).
In the following equations, [Cal;
is free cytoplasmic calcium con-
centration, [Calgg is free SR cal-
cium concentration and [Calg is
free diadic subspace calcium con-
centration (all concentrations ex-
pressed in uM). Typ, Lrel, Igfer and
[leak are expressed in uM/ms.

e SERCA (ten Tusscher and Panfilov [2])

* CICR (Lascano et al. [3])

maXs, — Ming,
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e Mechanical feedback (Kosta et al. [4])
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The colored concentrations are obtained from the sarcomere con-
traction model.

¢ Free calcium concentrations in the CYTO, SR and SS compartments
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Parameter Units Value Parameter Units Value
R J/K/mol 8.314472 KmNa uM 40 000
F C/mol 96485.3415 Gpca nS/pF 0.1238
T K 310 Kpca uM 0.5
Cmo uF 1.84 1074 Gpk nS/pF 0.0146
Ve mL 1.6404 108 Vup uM/ms 6.375
Vsr mL 1.0941 10 Y Kup uM 0.25
Vss mL 5.4681 10 ' EC5 uM 1500
Ko uM 5400 K1 uM? /ms 1.5
Na, uM 140 000 |34 uM/ms 4.5
Ca, uM 2000 k3 ms~! 0.06
GNa nS/pF 14.838 k4 ms~! 0.005
GcaL cm?®/ms/uF | 3.98107° Viel ms™? 0.102
Gio nS/pF 0.294 Vieak(d) ms~ ! 1.8 10°
Gks nS/pF 0.098 Vieak(c) ms—' | 3.4210%
PKNa - 0.03 Vifer ms—? 0.0038
Gxr nS/pF 0.153 Buf; uM 130
G nS/pF 5.405 Kpuf, uM 1
KNaCa pA/pF 1000 Bufgr uM 10%
Kmn uM 87 500 Kpufsr uM 300
Y - 0.35 Bufsg uM 400
Ksat - 0.1 Kpufss M 0.25
PNaK pA/pF 2.724 Period ms 800
Kmk uM 1000

Table A: Electrophysiological parameters




EQUATIONS GOVERNING THE SARCOMERE
CONTRACTION MODEL

LEFT VENTRICLE
The "LV" indices below designate the left ventricle.

Calcium kinetics

[TS]Ly = [TSltv — [TSCasly — [TSCaj]y — [TSCajly — [TS*]v

d[TSC(;fB]LV —  Y,[TSliy[Cali? — Zy[TSCayliy+g[TSCa; 1y — fTSCasliy

‘”TSSEG]W — f[TSCayly — glTSCa; l1y+Zp[TSCalliy — Yp[TSCaly

CHTSdCta;]LV = Y,[TSCajliy — Zp[TSCaliy+Z (TS 1y [Cali® — Y, [TSCaZlLy
(:I[Tj:]w = Y,[TSCajly — Z:[TS"]1y[Cal;?~gq(TS* Iy

Intracellular calcium concentration ([Cal;) is obtained from the electro-
physiological model.

f = Yqaexp(—Rra(Lry —La)?)
g= Zqa+ Y

YV(1 - eXP(_Y(thV - hWTLv)Z)) if hWLv < herV
Yh =
0.1, (1 —exp(—y(hywy — hwrw)z)) otherwise

ga = Yaexp(—Yc(Liv —L¢))

Half-sarcomere length and force

hWLV = LLV - XWLV ‘hww, or hVLv

h101_v =Liv— XPLv Fs
<A :§ :

dX A

% = BW(hWLV - hWT‘L\/)

dX

% =Bp(hpy —hpry) Lu

Lva
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Fa = Aw [TSCa;]LV hyy +Ap ([TSCa;]Lv +[TS*]v) hpyy
Fp =Ke(Lry —Lo)* + Le(Lry — Lo)
F=Foa+Fp
Fs = o(exp(B(Lim,Lv —Lrv)) —1)
L, LV is obtained from the hemodynamic model and Ly v is calculated

for each iteration step by solving F — Fs = 0, using the MatLab fzero
function.

RIGHT VENTRICLE (RV)
The set of equations for RV sarcometric contraction is the same as

for LV, where every "LV" subscript has to be replaced with "RV". The
parameters listed below are identical for both ventricles.
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Parameter Units Value
Ap mN/mm?/pum/uM 2850
Aw mN/mm?/pum/uM 570

o mN/mm? 0.15
&) ms ! 8o
By ms ™! 1.75
By ms~! 1.225
Y. ms~! 231073
Yy, uM —3.ms~! 0.1816
Y. uM—! 4
Y4 ms~! 0.028
Yp ms~! 0.1397
Y; ms ™! 0.1397
Yy ms~! 0.9
Za ms~! 0.0023
7y ms~! 0.1397
Zy ms~! 0.2095
7z uM —3.ms~! 7.2626
[TS]; uM 70/3
Lo pm 0.97
La pm 1.15
R pm 2 15
L. wm 1.05
hpr um 6 103
hywr pm 104
Y ms~! 281074
Ke mN/mm?/um~> | 3.15 10*
Le mN/mm?/ um 3

Table B: Mechanical parameters
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EQUATIONS GOVERNING THE HEMODYNAMIC
(6-CHAMBER) MODEL

PASSIVE CHAMBERS PRESSURES

Pao =Eao - Vao with Eao =1/Cao
Pve =Eve - Voe  with Eye =1/Cyc

Pra =Epa-Vpa with Epa =1/Cpa
Ppv = Epy - Vpy  with Epy =1/Cpy

FLOWS

¢ Pulmonary and systemic flows:

o Pao — Pve
sts B Rsys

— Ppa - PPV
qul B Rpul

¢ Valves flows:

Ppy— P
VI i Pey > Pry
th =

0 otherwise

P, —P
v a0 if P]_V > PAO
Qav = Rav
0 otherwise
Py —P
_ve ™ if Pvc > Prv
th = th
0 otherwise
Prv—P
v pd if Prv > Ppa
va - RPV
0 otherwise
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VOLUMES

dvlv

3t = Qmt—Qav
T80 — Quy — Quys
d:i/:c = sts — Qtc
T = Que— Qe
dVpa

dt = va - qul

va - SBV_ VIV - Vao - VVC - VTV - Vp(l
ACTIVE CHAMBERS PRESSURES

LV (RV) ventricle is assimilated to a thick walled sphere (see figure
below) with a wall volume V,,;, (Vi) The reference (and vari-
able) radius Ry (Rgryv) corresponds to the position of the Npv (Ngrv)
sarcomeres of length L, 1v (L rv) assembled in circle inside the
ventricular wall. The volume included between 1i,,,, and Rrv (Ting,
and Rgry) is noted Vy, (Vigy)-

mry

L
VVLV %

4 3/ 3

3
gnrinLv = VLV = riT‘L[_V = 47_[VI_V
4 3 5/ 3
gﬁroutLv =Viv + VWLV = Tout y = EVLV + VWLV
4 3 3/ 3
gﬂRLv =Viv+ Vi, = Ry = EVLV + Vi
27'[R]_V

NivLmiv =27Riy = Liniv = N
v

L
Piv=75Fv m,LV <(Tout|_v )2 — ]) +A (VLV - VO)

LT TinL\/
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Parameter Units Value
SBV ml 940.86 (identified*)
Rsys 103 mmHg - ms/ml 1.38 (identified)
Rput mmHg - ms/ml 109.57 (identified™)
Rmt mmHg - ms/ml 22.09 (identified)
Ric mmHg - ms/ml 11.56 (identified)
Rav mmHg - ms/ml 47.96 (identified)
Rpv mmHg - ms/ml 3.51 (identified)
Cao mmHg/ml 0.9550 (identified*)
Cye mmHg/ml 79.10 (identified)
Cpa mmHg/ml 2.43 (identified*)
Cpv mmHg/ml 23.34 (identified)
Vivw ml 334.86 (identified*)
Vivw ml 48.31 (identified™)
A mmHg/ml3 510 ° [5]
Vo ml 8o [5]

Table C: Hemodynamic parameters.
* The identified parameter has a different value than reported in [4], because
a two-step identification procedure was used (see explanations in text).

Fi v is obtained from the sarcomere contraction model.
The same reasoning for the RV gives:

L
Pry = 7.5 Fry —oRV ((Toutw )2 — 1> +A (Vry — Vo)

LT TiT\.RV

PARAMETERS OPTIMIZATION

Thirteen hemodynamic parameters from the cardiovascular sys-
tem have to be identified, and they are listed in Table C: the four
valves resistances, the two circulation resistances, the four passive
chambers compliances, wall volume of both ventricles, and stressed
blood volume. The parameters are identified using the fminsearch algo-
rithm from MATLAB (The MathWorks, Natick, MA, USA) in order to
minimize an objective function defined as the absolute relative error
between a chosen set of reference variables and their corresponding
calculated values. The value for the reference data were chosen in
order to correspond to standard healthy values [6-8] and are given in
Table D and E.

Our optimization procedure consists in the following two-step ap-
proach. First note that it is well known that valve resistances are

15



practically difficult to identify, but their precise values do not a play an
important role in the final model. For this reason, they are generally
excluded from the identification procedure of hemodynamic models
[o—11]. To obtain an estimate for the valve resistances, we perform a
first identification procedure for the 13 parameters listed in Table C
by introducing the data from Table D in our objective function. Then
we fix the obtained valve resistance values, and we perform a second
identification procedure with the remaining nine parameters and the
reference data from Table E.

Standard Units
value
Stroke volume 60 ml
Maximal LV pressure 120 mmHg
Maximal RV pressure 21,5 mmHg
Maximal aortic pressure 113 mmHg
Amplitude of aortic pressure 35 mmHg
Maximal pulmonary artery pressure 21 mmHg
Amplitude of pulmonary artery pres- 13 mmHg
sure
Maximal pulmonary vein pressure 7,5 mmHg
Amplitude of pulmonary vein pres- 2 mmHg
sure
Maximal vena cava pressure 7 mmHg
Amplitude of vena cava pressure 0,5 mmHg
Minimal LV volume 60 ml
Minimal RV volume 60 ml

Table D: Standard values of hemodynamic quantities corresponding to a
healthy subject that are used in the 13-parameter identification procedure
(see text).
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Standard Units
value
Stroke volume 60 ml
Mean LV pressure 59 mmHg
Mean RV pressure 12 mmHg
Mean aortic pressure 108 mmHg
Mean pulmonary artery pressure 19 mmHg
Amplitude of pulmonary vein pres- 2 mmHg
sure
Amplitude of vena cava pressure 0.5 mmHg
Minimal LV volume 60 ml
Minimal RV volume 60 ml

Table E: Standard values of hemodynamic quantities corresponding to a
healthy subject that are used in the 9-parameter identification procedure (see

text).
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