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Electrophysiology

Elements of Cardiac Physiology

Cardiac physiology studies the healthy (or unimpaired) cardiac
function of the heart.

This includes:
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potential (V)

Electrophysiology

The Action Potential
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Cardiomyocytes are excitable cells, i.e. they have the ability to ‘ '\M»hs /
WA e
respond actively to electric stimuli. In resting condition, the cells | \
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maintain ionic concentrations (different from those outside).

-

The action potential of charged ions through the membrane determines an electric
potential difference across the membrane, called transmembrane potential.
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Electrophysiology

Cardiac models a " ;
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lonic membrane models

The modern and

Mathematical formulation

general cardiac membrane model, with N ionic currents, M

gating variables and w = (w; ...wy;), S ionic concentrations, ¢ = (c; ...Cs),

can be written as

a system of ODEs

( dv
C’"E + Lion(v,w,€) = Iy
dw
) E - R(U, W)
dc
i S(v,w,c)
\V(O) = Vo, w(0) = wy, c(0) = ¢,

Where R and S are specific functions, vy, wy, ¢, are the initial conditions and

lion(v, W, €)

N M
= z Gy (v, C) Z ijj"(v — vk(c)) + L, (v,w,c)
k=1 J=1



Cardiac stem cells ionic models



Human Induced Pluripotent Stem Cells

Human Induced Pluripotent Stem Cells (hiPSCs):

A kind of human pluripotent stem cells that can be directly
generated from adult cells

In 2006 S. Yamanaka and J.

Specialized Cell

Gordon (Nobel Prize for (e.g., skin sample)
Medicine), created iPSCs starting Pluripotency Genes, e.g.,
= QOct4
from mouse somatic cells . E_o’:;]zyc
= KIf4

hiPSCs can be propagated almost
indefinitely and provide a iPS Cell

constant source of differentiated / \

cells, including Cardiac Myocytes

(CMs)

w?f%

S

Self-renewal Differentiation

S. Yamanaka, Induction of Pluripotent Stem Cells from Mouse Embrionic and Adult

Fibroblast Cultures by Dened Factors, in Cell, 2006 9



Human Induced Pluripotent Stem Cells

Human Induced Pluripotent Stem Cells (hiPSCs):

A kind of human pluripotent stem cells that can be directly
generated from adult cells

Specialized Cell
(e.g., skin sample)

Human Induced Pluripotent Stem Priootenty Genes. o,
Cells — derived cardiomyocytes ! soo
(hiPSC-CMs): £

Spontaneous beating cardiomyocytes ipS Cell

derived from hiPSCs / \

They are functionally similar to adult human ®
\ <

cardiomyocytes and exhibit expected

responses to cardiac stimuli Self-renewal Differentiation

S. Yamanaka, Induction of Pluripotent Stem Cells from Mouse Embrionic and Adult
Fibroblast Cultures by Dened Factors, in Cell, 2006 9



Paci ionic model

lonic model for Ventricle-like hiPSC-CMs

The current model for hiPSC-CMs with a ventricle phenotype was published in
2018 by M. Paci and S. Severi.

The model consists in a set of 22 ODEs for 22 variables:
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M. Paci et al., Automatic Optimization of an in Silico Model of Human iPSC Derived Cardiomyocytes Recapitulating Calcium
Handling Abnormalities, in Frontiers in Physiology 9 (2018) 10



Paci ionic model

lonic model for Ventricle-like hiPSC-CMs

The current model for hiPSC-CMs with a ventricle phenotype was published in
2018 by M. Paci and S. Severi.

The model consists in a set of 22 ODEs for 22 variables:
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Toward Atrial ionic model (i)

Experimental background

Atrial like hiPSC-CMs increasing interest to study atrial fibrillation

GO

10

In undifferentiated hiPSC-CMs
the Inward Rectifier Potassium

20

0

Current (IK1) expression is still %
too low or lacking " L//—WK
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Treatment of Devalla et al., Atrial-like

20 mV | RA cardiomyocytes from

100 ms human pluripotent stem
cells are robust preclinical
model  for  assessing
atrial-selective
pharmacology, in Embo
Molecular Medicine
(2015)

differentiating hiPSC-
CMs with Retinoic
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Toward Atrial ionic model (i)

Dynamic clamp
Several attempts have been proposed to mature hiPSC-CMs through an increase of I,

The dynamic clamp (DC) uses computer simulation to introduce artificial
membrane currents into the cell and create hybrid circuits of real and model cells.

i V —— RT-Linux PC —
The membrane potential 1, atch clamp m
is continuously sampled into amplifier |- I ¥
. . K1 i
a Real-Time Linux based pc. y T l I input Vi, (A/D)
inj At te /

The V,,-dependent current " = co:"pfle ?::}/A)

. . . output k4
Ix1is computed and injected current
K1 P J clamp \/ -

with the stimulus current i
Letim hiPSC-CM

12



Toward Atrial ionic model (i)

Virtual dynamic clamp

In-silico replica of the dynamic clamp, performing the Atrial Paci 2013 and the Ventricular Paci
2013, published by Paci et al. (first generation models, without calcium dynamic)

| step: Evaluation of 6 different Iy, model structures available in the literature

K G
Ten-Tussher Ig1 = Gk ’S_ZXKIOO(V — Ex) Fink 2013 Ig1 = Ggq G (V —Eg)
) max
K, , _
Grandl 2011 IK1 = 0;35 ﬂKlsS(V - EK) O Hara‘Rudy 2011 IKl = GKh/KoxKlRKl(V - EK)

= IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.

.lIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.

Koivumaki 2014 (Nygren 1997)

V —Eg
1+ el,S(V—EK+3,6)F/RT>

Ig1 = GK1K814457(

Courtmanche 1998

_ 91 (V — Eg)
K171 + exp[0,07(V — Eg)]

Bett 2013

o V +85
K17 \1 4 exp[0,0896(V + 85)]

) +0,01(V + 85)

-2 . . . .
-120 -100 -80 -G0 -40 -20 0

2 . . . . ,
-120 -100 -80 -G0 -40 -20 0 20
] Voltage [mV]

Voltage [mV
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Toward Atrial ionic model (i)

Virtual dynamic clamp

In-silico replica of the dynamic clamp, performing the Atrial Paci 2013 and the Ventricular Paci
2013, published by Paci et al. (first generation models, without calcium dynamic)

. Ventricular formulations ! Atrial formulations
—TenTusscher — Koivumaki
— Grandi — Courtemanche
Fink Bett
—QHara — Rudy

5 / _ N
" Ste . GKl (|\/|aX|mum , ,OI” | ,0”) \

conductance) scaling, in order \
8, . \

to obtain the same higher
current value

Potassium current [K1[pA/pF
Potassium current [K1[pA/pF

-1 1
Model Scaling factor Normalized g1 [nS/pt] -15 J : : : ‘ : -1.5 : : : : : :
-120  -100  -80 -60 -40 -20 0 20 -120  -100  -80 -60 -40 -20 0 20
Ten Tusscher 0.34109 1.8436 Voltage [mV] Voltage [mV]
Fink 0.48919 0.3337
Grandi 0.41384 0.41384
O’Hara-Rudy 0.68753 0.1312
Courtemanche 1.1101 0.0999

Bett 0.36827 0.36827 13




Toward Atrial ionic model (i)

Virtual dynamic clamp

In-silico replica of the dynamic clamp, performing the Atrial Paci 2013 and the Ventricular Paci
2013, published by Paci et al. (first generation models, without calcium dynamic)

lll_step: Physiological and non-physiological AP morphology definition, mathematically
discriminated by the number of inflections

Increasing the

percentage of the 7 —al
injected current, ” =
the morphology % o
is driven to a -

physiological AP

-100 ‘ ‘ |
1 2 5

Time [s] N v ! ’ 13



Toward Atrial ionic model (i)

Virtual dynamic clamp

In-silico replica of the dynamic clamp, performing the Atrial Paci 2013 and the Ventricular Paci
2013, published by Paci et al. (first generation models, without calcium dynamic)
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Results: Required I, percentages are higher for atrial like formulations
= The same injected current could produce non physiological action potential in

the atrial like cell = Atrial like potassium formulations are elegible in the DC
13



Toward Atrial ionic model (ii)

lonic model for Atrial-like hiPSC-CMs

/@3 Starting from Cardiocentrum Ticino biomarkers...
= Create a new ionic model for Atrial like hiPSC-CMs

14



Toward Atrial ionic model (ii)

lonic model for Atrial-like hiPSC-CMs

| step: Parameters update of the best Ventricular model, Paci 2020, using the same

scaling of Paci 2013, considering virtual basic fitting parameters of mixed phenotypes

frape o a

g:Apr P Qq _I—> ag = g(f H(ay))

Current Year Basic fitting Ventricular Atrial Units
2013 Gng = 6329.7 0.58 x G, = 3671.2 1.05 x G, = 6646.2 S/F

Ing 2020 GNa = GNanw/0.58 GNaw = 64471.1896 GNaa =1.05% Gy, = 116720 S/F
2013/2020 Vhg=-9.1 Vhg,=Vhg=-9.1 Vhaoe=Vhg+3.114 = —5.986 mV

] 2013/2020 Vhy =—26 Vhyo=Vhy=-26 Vh¢a=Vhy+0.774 = —25.226 mV
Cal 2013/2020 Vhypy = —32 Vhpoo=Vhpa=-=32 Vhfyq=Vha+0.774 = =31.226 mV
2013/2020 Tt2 Tro.w = tatgs Tfo.a = 2% Tf2 ms

7 2013 Gy =53.76 0.56 * G¢ = 30.10 0.56 * Gy = 30.10 S/F
! 2020 - Gy = 22.2763088 Gy = 222763088 S/F
2013 G = 59.81 0.5 % Gt = 29.9 Gto,q = Gto = 59.81 S/F

Ito 2020 Gto - Gto,@/O.S Gto:ﬂ - 299038 Gto,a - Gto - 598076 S/F
2013 Gr1 = 25.59 1.1 % Gg1 = 28.15 0.75 %« G, = 19.19 S/F

I 2020 Gr1=Ggi1./1.1 Gg1.v = 28.1492 Gr1a=0.75%Gr1 =19.1926 S/F
2013 C,, = 8.7 1.113x C,,, = 98.71 0.887 x C,,, = 78.66 pF

Ch, 2020 Cpy = Cpn/1.113 Con.o = 98.7109 Cpn.a = 0.887 % C,,, = 78.6672 pF




Toward Atrial ionic model (ii)

lonic model for Atrial-like hiPSC-CMs

10

Il step: Additional atrial specific

0

current: ultrarapid outward 10
current Iy, o
% 30

=]
. . . -40
Koivumaki Maleckar formulation B

-60

: ra s 3
IKUT‘ — QK'U:" s Ayr " tur (I/ }TII’ - EK . 10 ) 70 : .
495 495.5 496 496.5 497 497.5 498 498.5 499 499.5 500

Time [sl
40
1.0
Ayr,oo = 3
,  VmV-10316.0
1.0 +exp — = 20|
0.009
Taur = - 0.0005
1.0 + exp % 0
daur - Qypr,co — Qur ;
dt Taur E-20
=
. 1.0
lur,oo — VmV4+T7.5 -40)
' 1.0 +exp ~"5 5
0.59 _ 60!
Tiur = + 35
1.0 + exp Ymyot60-0 -
i i — 1 -80
ur _ furoco  tur 805 8955 896  896.5 897  897.5 898 8985 899  899.5 900 14

dt Tiur Time [s]



Toward Atrial ionic model (ii)

lonic model for Atrial-like hiPSC-CMs

Il step: Additional atrial specific
current: ultrarapid outward

current Iy,

Courtemanche formulation

Iur = gicur - U - Uj - (V-mV — Fx - 103)
0.05 VmV —15.0

Ud
wr = 0.005 + — 4exp (-
IK °T 10 +ew< 13.0

VmV + In.n) < \'m\'—:m.u)] A
) | =——— | HeRp———
8.5 50.0
5 -1
- )

I
3
—
0 3 e
= v el
~~
-

VmV +30.0\17"
Ug(oc) = |1.0+exp | — 96
85.0 :
Qu(i 21.0 + ¢

)

-20

v [mV]

-40

-60

497.5 498 498.5 499 499.5 500

Time [s]

-80
495 495.5 496 496.5 497

40
20
0

-20

v [mV]

-40)

-60

-80
695 697.5 698 698.5 699 699.5 700 14

Time [s]

695.5 696 696.5 697



Toward Atrial ionic model (ii)

lonic model for Atrial-like hiPSC-CMs

Next steps: 1.Parameters calibration, using literature and CCT biomarkers

Tested models E:z(p data ] Atrial Jiﬁtrial Koivumaki A_trial Courtemanche
Unpaced Unpaced Paced Unpaced Paced Unpaced Paced

MDP [mV] —735+1.5 —74.858 —66.5490 —69.9388 —068.9266 —68.5498 —68.4722
AV /dt mae — 20.3890 64.3703 24.8421 119.1028  22.10128 107.1832
APA  [mV] 100.2 +2.1 102.030  100.5526 79.5101 09.7257  94.82082 101.8640
Peak  [mV] 26,7+ 1.4 27.1675  33.98477  9.55838 30.7271 26.26785 33.0017
APD10  [ms] 60.8 +5.5 87.1589 84.3750 14.4785 3.8715 60.40387 47.4125
APD20  [ms] — 167.596  137.6229 28.7482 8.7657 103.4678 84.8394
APD30  [ms] 123.1+10.3  223.993 1928130  49.6623 19.5967 144.2292 127.6341
APD50  [ms] — 300.578  264.8854  84.0664 62.9016 199.4379 191.8454
APD70  [ms] — [334.647  306.3398 106.888 03.0400  231.2435 226.4829
APDI0  [ms] 286.9 +21.2  390.518  340.6575 138.714 128.3481  274.9456 263.8436
Rate AP — 35.0233  60.00175 73.6341 100.0003  48.23846 59.9990
RappAPD 1.1 £+0.1 2.79240 2.6392 1.6364 1.4785 2.152 2.5525
CL  [ms] 1200 % 200 1713.14  999.9713 814.839 599.9981  1243.820 1000.0158

2. Model validation, performing current block and dynamic clamp expertiments y



Isogeometric simulations of 3D cardiac tissue



Isogeometric simulations of hiPSC-CM tissue

-
" P

SN

c‘o_ MacQueen et al., Nat. Bio.

Eng., 2,930, (2018)

9
e”efation cell the‘ap\’

Cambria et al., Nat. Reg.

Med., 2, (2017)
Regenerative In-vitro Framework for
medicine model in-silico replicas

15




In-vitro ventricle manufactured on a scaffold

Ellipsoidal heart tissue (ventricle scaffold)

Human left ventricle with ellipsoidal shape and circumferentially oriented nanofibers
was produced by pull spinning nanofibers onto ellipsoidal collection mandrels

Heart ventricle ECM-inspired scaffold Cell culture in the scaffold
Ventricle e Scaffold e Ventricle scale model

MacQueen et al., Nat. Bio. Eng., 2, 930, (2018)

From the ellipsoidal collector To the in-silico ventricle mesh

Half ellipsoid with
Radius 4,5 mm
Heigh 9 mm

Cylinder with
Radius 4,5 mm
Heigh 9 mm

16



Monodomain formulation for tissue

Reaction-Diffusion Cardiac models

Cardiomyocytes are connected by means of gap junctions ﬁH

allowing flux of electric current in form of ions. 1o
H

Continuous intercellular space approximation Ohm’s law

Volume-average approach for a generic domain Qg EI Kirchhoff’s law

Monodomain equation 4—'

Diffusion Reaction

oy ! \ W, c)l = Tissue
= = V- (oVv) — 2o o + Loy description
dw
— = R(v,
| = RoW _
dc , | Paci et al.
= S(v,w,c) inQy | cellular
Iy ‘ model
== 0 on 0Qy _/ —=
01y )

17



Monodomain formulation for tissue

Shape functions for Space discretization

\ A\ Element-wise
FEEM — O/ /\ linear polynomials

Patch-wise
B-splines
p=2-3

18



Monodomain formulation for tissue

Shape functions for Space discretization

N Element-wise
(X linear polynomials

\ A \\/ O,

Operator splitting for Time discretization

v(x,t) =N (x)v(t)
Patch-wise
B-splines
p=2-3

Given the generic evolution First solve (0W
1

linear model -1
ou wi(t=0)=u
—+Lu=f — \ L 0
) ot Then solve
Ku(t =0) = uy ( aw,

F — L2W2 te (O, At]

(W2 (t =0) = wy(At)

A

Where the linear operator is
L=L+ L,

18



Comparison IGA-FEM on a cable (1)

. [ ° 8?)* 82?}*
Adimensional equation: — . _CRrVSs
q 6t* Hax*Q Iwn H— AL2 ag

19




rel. err. potential

Comparison IGA-FEM on a cable (1)

*

O?v*

Adimensional equation: — — I I
* 31.*2 won - A L2
H (o)
o= 0.01
1071 3
] —— p=1
] , —— p=2
1072 3 p=3 E
10—3 _§ E E
107% 5 E E
] = e ———— =
10_5 L T Un| L T
101 104 10 10! 104 10 10! 104
T total n. dofs total n. dofs total n. dofs
TTIL(I(F
relative error: v _ Jo v (@ t) = vrey (. 1)) dt
* err — Tm(“r
fo |vmf (x,t)| dt —

1073

19



rel. err. potential

H (o)

Adimensional equation:

Comparison IGA-FEM on a cable (1)

*

k

d%v*
836'*2

I

1on

 CnVS
AL

H =

o

. o= 0.01
10~
—— p=1
r . P =2
10—2 . p 3 E
103 E 3 3
107* 4 ; E
] " “‘"‘--;,--..u__ - _
10_5 L T Un| L T
101 10 103 10! 102 103 10! 102
total n. dofs total n. dofs total n. dofs
\ Tissue: | hiPSC-CM tissue | Cardiac tissue
| ————— 1
CV: 15+15 [cm/s] 1| 50+100 [cm/s]

1073

19



Comparison IGA-FEM on a cable (2)

wave shape errors, o = 0.01
10-1§
For limited values of H:
_ 10-2—5
* p=1and p=2 have the g
same accuracy on reaction :
e p=2increase the accuracy : 107 B
: on diffusion : o
B EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEESE ' 101 102 103
J total n. dofs
S EEE NN NN NN NN NN NN NN NN NEEENENEEEENEEEEEEEEEEEEEES " 10_15
. diffusion error, o = 0.01 . ]
. 0.10 - : E:; i ) 1072 4
= 0051 p=3 E S 1
g E 1073 5
= 0.00- , —o ® e
E 107 3
’3;-‘3 —0.05 - g ]
' T Tt ' T T total n. dofs
101 102 10° =
. total n. dofs : - p=1 —e— p=2 p=23

p=2 is the best choice .



In-silico replica of the engineered ventricle

Computational framework for preclinical cardiology

2.3e+01
[0

—-20

?x —-40

[ -
-7.6e+01

Transmembrane Calcium
potential concentration

transmembrane potential

20




Thanks for your attention
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Electrophysiology

PHYSIOLOGICAL PERSPECTIVE

lonic channels = exchangers for the flow of Na*, K+, Ca?* ions

Electrical activity modeled by a
resistor-capacitor circuit

o) Outside
(extracellular)
\
+
— E
Cm i - +
i EnaTTRE Bk T-
- v
Inside

(intracellular)

+ Definition of capacitance ! .

Cardiac models

Conservation law

\

Variable
accuracy
of the
membrane
description

J

dv

Cm

(

.

Different
number of
ionic
channels
and gating
variables

~

J

E-I_
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Na¥ !‘ Nad
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r
Extracellular
Cellular membrane = lipid bilayer in which are immersed proteins ”/j-):/?,; J/

ey

Intracellular
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Different
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lonic membrane models

Models formalism

Gating variables  Equations

Generation Representative model
number number

Phenomenological approach  FitzHugh-Nagumo (1955) 1 2




lonic membrane models

Models formalism

Gating variables  Equations

Generation Representative model
number number
Phenomenological approach  FitzHugh-Nagumo (1955) 1 2
First Generation models Hodgkin-Huxley (1952) 3 4

A.L. Hodgkin, A. F. Huxley, A quantitative description of the membrane current and its application to conduction and excitation in nerve,

in The Journal of Physiology, 1952 6




lonic membrane models

Models formalism

Gating variables  Equations

Generation Representative model
number number
Phenomenological approach  FitzHugh-Nagumo (1955) 1 2
First Generation models Hodgkin-Huxley (1952) 3 4
Second Generation models O’Hara-Rudy (2011) 12 41
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T. O’Hara et al., simulation of the

undiseased Human Cardiac

z Ventricular Action Potential: Model

..................... : “" formulation  and  Experimental
..................... h - b g Validation, in PLoS Computational

Cardiology, 2011 6



Outlook

 Coupled electro-mechanical simulations

Time domain Frequency domain

(ventricle beating) (beat rate) . PV loop
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MacQueen et al., Nat. Bio. Eng., 2, 930, (2018)
* Further investigations on H(o)
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rel. err. potential

rel. err. [Ca]

wave shape errors, 0 = 0.01
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speed Ca’* [cm/s]

Conduction velocity

simulated conduction velocity
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Strang splitting

tn tn+1
| |
V(tn)’ I 1 1
wi(t,), \ : integrate ODEs: v(6/2), w'(8/2), c3(6/2) :
e A § A reaction step

reaction step

integrate ODESs: v(t,.,), W'(t,,1), C5(t,.1)



hiPSC-CMs in-vitro ventricle

Engineered heart tissue

Three-dimensional, muscle strips, that can be generated from isolated heart
cells or hiPSC-CMs

Spontaneous Field stimulation Apical stimulation Isochrone

VAN ANAE S EAEA %hm,
) _

o - - o Spontaneous calcium
activity measurements,

\ useful for Cardiac
w\‘ ‘ @ arrhythmia studies

At=0.1s
MacQueen et al., Nat. Bio. Eng., 2, 930, (2018)

Time domain Frequency domain
(ventricle beating) (beat rate) . PV loop
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Comparison IGA-FEM on a cable (1)

ov* 0% v*
Ot* Ox*?
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Adimensional equation:
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Human Induced Pluripotent Stem Cells

HIPSC derived Cardiomyocytes

Spontaneous beating cardiomyocytes

Reprogramming

factors Human iPSCs :
hiPSC-CMs successfully replicate o) Q.) I
the fundamental cellular (—' \Qﬂs ﬁ
characteristics of patients CMs in ﬁ

V|tr0 l ?%\ Patient

High control on functionally -
. \#r- ] Neural cells Cardiomyocytes Islet cells
healthy and diseased human CMs [ o (fj
‘.;.;— — | iS5
{ Haematopoietic cells

| e g
In vitro drug tests and . [. |

preclinical cardiology
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Toward Atrial ionic model (ii)

lonic model for Atrial-like hiPSC-CMs

| step: Parameters update of the best Ventricular model, Paci 2020, using the same
scaling of Paci 2013, considering virtual basic fitting parameters of mixed phenotypes

f:abf - a,
gipr = Qg _I—V ag+ g(f ()

40
20 z
0
>
£-20
>
-40 .
-60 L
296 296.5 29 297.5 208 208.5 299 299.5 300 s 1055 10 T8
" e [s]
Time [s]

109.5 1\»11



