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Background

Cardiac Modelling

Motivation

State of Cardiac Modelling

@ Computational cardiac models are
becoming more feasible for routine
clinical use

o Precision ablations
e Mapping of heart from ECGs
o Arrythmia risk assessment

@ Heart has 2-3 billion myocardial cells
(~10 billion cells total)
e heavy computational demands
o trade-off between physiological
accuracy and clinical feasibility

(e)

(Lopez-Perez et al., 2015)
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Background

Cardiac Modelling
Motivation

Bidomain Model

@ Most cardiac modelling employs the

bidomain or monodomain models Homogenization, i "llﬂ £
. . . ] b
@ Bidomain model is based on a |'|| 'l : !
18

volume-averaging approach of
electrical activity in cardiac cells

. . Discretization
@ Monodomain model is a reduced

. . . C i | Cardiol Lab
formulation of the bidomain model (i) Cai L)
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Background

Cardiac Modelling
Motivation

Limitations of Conventional Models

@ The bidomain and monodomain models treat cells
homogeneously as a continuum

@ An insufficient assumption when discontinuities at the cellular
level are implicated in a certain disease or phenomenon

@ To address these models’ limitations, the
extracellular-membrane-intracellular (EMI) model was
developed by Tveito et al. in 2017

Epicardium Midmyocardium Endocardium

(Glukhov et al., 2010)
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Mathematical Models
Experimental Protocol

Solving Methods

Bidomain Model

6‘; + Xlion(v,8) = V - (0iVV) + V - (01V te),
V-

mea—
0= (0iVVv)+ V- ((0i + 0e)Vue),

subject to

i (oiVv+0oiVue),

0
0=rn"(0eVue),

and initial conditions.
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Mathematical Models

Experimental Protocol

Extracellular-Membrane-Intracellular (EMI) Model

V. (0eVie) =0, in Qe B rﬁ‘ G *
V- @Pvuy =0, inQ¥ k=1,2, ‘ -
8(:) = %(/(“ — 1%y, on ), ) | qll J |
8@7": _ 1.2)( 1 2 Igap)7 on r(172) A. Extracellular-membrane-intracellular (EMI) two-cell schematic
where
v(k)—uk)—u, on r(k), k=1,2, and

on 2. B. 3D EMI mesh (two cells)
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Mathematical Models
Experimental Protocol

Extracellular-Membrane-Intracellular (EMI) Model

r.- K

Boundary and Flux Conditions:
B

| K
ue =0, onTlg, (I Q

9= ~(o1Ivu) - & l
L

(0eVue) - fig
A. Extracellular-membrane-intracellular (EMI) two-cell schematic.

k=1,2,

(UEQ)VLIIQ)) . ﬁ§2) = —(a(l)Vufl)) . ﬁgl), on r®:2),

) on r:2), T
B. 3D EMI mesh (two cells).

19 = —(eWvu®y. a0 onr® k=1,2,
(

102 = _(,Wy M) . 4
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Mathematical Models
Experimental Protocol

Solving Methods

In this study, we:

@ Carry out a comparison study between the bidomain and EMI
models in the area of tissue refractoriness

@ Search for the threshold currents required to stimulate
consecutive APs separated by varying time intervals and plot
these on strength-interval curves

@ Compare the curves from each model against experimental
data to identify differences and evaluate accuracy
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Mathematical Models
Experimental Protocol

Solving Methods

Simulation main

o Tissue size: 4 mm x 0.625 mm X
0.025 mm (625 cells, 25 x 25 x 1)

@ Electrode dimensions: 0.5 mm x 0.1
mm x 0.025 mm, positioned in
bottom third of domain (one A 2doman compuatons doman
electrode = unipolar)

@ All currents delivered via an initial
transmembrane stimulus in the cell
model

B. EMI computational domain.
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Mathematical Models
Experimental Protocol
Solving Methods

S1-S2 Stimulus Protocol

ams
-
153ms. Case 1:
= = Nos2

=

Total refractory period

r ‘ Case 2: ARP, ERP RRP;
S2 o SNP
S1 Excitation S]_ 52
s2
S1 ARP = Absolute Refractory Period
RRP = Relative Refractory Period

(Jaye et al., 2010)

$1-S2 interval
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Mathematical Models
Experimental Protocol

Solving Methods

Numerical and Programming Methods

@ Cell model: Gray and Pathmanathan’s 2016 parsimonious
ionic model based on rabbit action potentials
@ Time evolution with first order Godunov operator splitting
o Cell model (ODE) solver: Forward Euler or Rush—Larsen
o PDE Solver: Backward Euler

Spatial discretization with Finite Element Method

Software implementation:

o Bidomain: Modified Chaste (Pitt-Francis et al., 2009)
o EMI: FreeFEM++ (Hecht et al., 2012)
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Mathematical Models
Experimental Protocol

Solving Methods

arameters

Table: Bidomain parameters. Table: EMI parameters.
Parameter Value Parameter Value

i x 0.2525 pA mV~Imm~—1 o 0.5 uA mV~imm~!
oiy 0.0222 pA mV " Imm~—1 oe 2.0 uA mV~—imm—!
Oiz 0.0222 pA mV~Imm~—1 Crm, €D | 0.01 puF mm—2
Oex 0.821 pA mV =" Imm~! Rk 0.15 mV-mm2pA~1L
e,y 0.215 pA mV " tmm~1! Ax 0.005 mm
e,z 0.215 pA mV—Imm—1

c - @ The bidomain conductivities, o,

' !

are calibrated values.
X 150 mm ! . .
@ The bidomain surface-to-volume-

A 0.025 - : :

X mm ratio, x, is derived from the

structure of the EMI domain.
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S1-S2 Experiments

Results Strength-Interval Curves

S1-S2 Experiments: Action P ial Traces

Action Potentials:
@ The S2 thresholds \
of each interval I T
Can be identlfled A. Bidomain AP Traces, 52 at 150 ms. B. EMI AP Traces, 52 at 150 ms.
by plotting the . F\\
potentials at .
different points
across the domain  °,,
C. Bidomain APY::((:: S2 at 145 ms. D. EMI AP Tr'a‘:;:‘:z at 145 ms.
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S1-S2 Experiments

Results Strength-Interval Curves

S1-S2 Experiments: Domain Visualization

Domain Visualization: |
ORI - - [T
be determined by
images of the domains

C. Bidomain model, S2 = 136 pA/pF at 148 ms.
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S1-S2 Experiments

Results Strength-Interval Curves

S1-S2 Experiments: Domain Visualization

Domain Visualization:

@ S2 thresholds can also
be determined by
looking at time-lapse
images of the domains

D. EMI model, S2 = 162 uA/pF at 148 ms.
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S1-S2 Experiments

Results Strength-Interval Curves

S1-S2 Experiments: Domain Visualization

Domain Visualization: m
@ Other information about E“

the degree of

refractoriness can be _‘

determined by looking at

excitation (i.e., make vs.

break)

Make (bidomain, S2 at 150 ms) Break (EMI, S2 at 150 ms)
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S1-S2 Experiments
Results Strength-Interval Curves

main and EMI

The Bidomain and EMI Strength-Interval Curves:

1800

1600 —e— Bldomain 1
——Em

1400 4

1200 9

1000 q

o
S
o

S2 Threshold (uA/uF)
-}
=}
o

N B
S ©°
e ©

o

o
Y
N

144 146 148 150 152 154 156
$1-52 Time Interval (ms)

Joyce Reimer Numerical Simulation Laboratory, U. of Saskatchewan 18 / 24



Differences Between Models
Limitations & Future Work

X ) Summary
Discussion

Differences Betwee odels

Shape of the Sl Curve:

1 . 6
@ The EMI model's strength-interval _
. . ER
curve is closer to experimental data =
23
£.
a0 =, P
—=&— Bidomain "
—- 35 ——EMI T20 T40 160 180 200 220 240 260 280 30
b Experimental Interval, ms
230
H
5" :
S 20 ’
°
G 15
g
F 10
o F
5 o
120 140 160 18D 200 220 240 26D 280 300
0 — Interval, ms
142 144 146 148 150 152 154 156
Time Interval (normalized) Experimental data from Sidorov
et al., 2005
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Differences Between Models
Limitations & Future Work

X ) Summary
Discussion

Differences Between dels

The Relative Refractory Period:

@ EMI's RRP is longer and more accurate than the bidomain
model:
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Differences Between Models
Limitations & Future Work

X ) Summary
Discussion

Differences Between dels

The Resting Threshold:

@ EMI's resting threshold is lower than the bidomain model’s
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A. Bidomain resting threshold. B. EMI resting threshold.

Joyce Reimer Numerical Simulation Laboratory, U. of Saskatchewan 21 /24



Differences Between Models
Limitations & Future Work

Summary

Discussion

Limitations & Future Work

Study Limitations & Future Work:
o Calibration parameter search was limited to the bidomain
conductivities

@ Small computational domain relative to experimental data on
whole heart due to long computation time of EMI model

o Parallelized EMI code is needed
@ Electrodes were modelled via transmembrane stimulus.

e A comparison of other electrode modelling methods needed
(e.g. boundary conditions)
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Differences Between Models
Limitations & Future Work

Summary

Discussion

Summary of Findings

@ Our results show that there is a difference between the
bidomain and EMI representations of the cardiac refractory
period

@ The results show that the EMI model outperforms the
bidomain in representing physiological data in this area

@ Other differences between models include

o The rheobase value: EMI's is lower than bidomain
e The length of the RRP: EMI's is longer than the bidomain
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Differences Between Models
Limitations & Future Work
Summary
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