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OINTRODUCTION

Atrial Fibrillation &1 AALSS TR i

@ CONCLUSION

Context ¢
* One of the most important Left Atrium
cardiac arrhythmias

Time: 363.0 ms

* Chaotic electrical wave and
irregular heartbeat

* Affects the pumping function of
the heart

Treatment
 |solation of the 4 pulmonary veins

Pathological area

How
 Cardiac Ablation
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OINTRODUCTION

Cardiac Ablation o) ML e P

@ CONCLUSION

e Classical technigue: Radio-Frequency Ablation (RFA).
Clinics disadvantages [1]: damage to adjacent structures (lungs,
phrenic nerve, oesophagus) and risk of “steam pop” mainly due to
heat diffusion.

* Novel technique: Pulsed Field Ablation (PFA).
Preservation of tissue scaffold, non thermal technique, which takes
advantage of irreversible electroporation.

RFA PFA
Type of ablation Thermal Non-thermal
Tissue scaffold Destruction Preservation
Induced fibrosis More Few
Recurrency of AF ~ 30 % ~15%

[1] Wojtaszczyk A, Caluori G, PesSl M, et al. Irreversible electroporation ablation for atrial fibrillation. J Cardiovasc Electrophysiol 2018;

29: 643-651.
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Electroporation

OINTRODUCTION
@ 1. ANALYSIS AFTER PFA

@2. RFA vs PFA
@ CONCLUSION

Reversible electroporation

. o ™
High voltages pulses (100 < |E| < 3000 V.cm-) ~

14 .
and short duration (~ 100 ys to 100 ms)
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Irreversible electroporation
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Applications (in oncology):
* In vitro gene transfection
+ Electrochemotherapy

>
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Apoptosis

Application:
 Tumoral ablation
« Cardiac ablation
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OINTRODUCTION

@ 1. ANALYSIS AFTER PFA
@2. RFA vs PFA

@ CONCLUSION

Atrial fibrillation ~ Surgery Months

Study analysis after
ﬂ ablation

%

* 1st goal: model the behavior of electric potential in a cardiac tissue
with an area ablated by PFA

* 2nd goal: compare models and simulations of PFA and RFA
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@ INTRODUCTION

Analysis after PFA 31 A AFTEn Pra

@ CONCLUSION

Modeling of electric potential
e C(Classic bidomain equations in €2

Am (Cmag—;n + Iq;on(vm,’w)> — V- (5’1 . VUZ) = 0, in () X (O,T)
A (Cmag—;n -+ Iion(vm,w)> + V- (6¢-Vue) =0, in 2 x (0,7T)

Orw + g(Vp,w) =0, in Q x (0,7T)

* Neumann BC + Gauge condition
 Scalar or tensor conductivities
e Intra-cellular potential u;

 Extra-cellular potential u,

 Transmembrane potential Um ‘= U; — Ue
 Gating variable w
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@ INTRODUCTION

Analysis after PFA 31 A AFTEn Pra

@ CONCLUSION

Modeling of electric potential
e C(Classic bidomain equations in €2

OV, _ .

A, (me + Iion(vm,fw)) —V (o - @ = 0, in 2 x (0,7T)
OV, _ .

Am (me + Iion(vm,w)> +V - (Ge-Mue) =0,  inQx(0,T)

* Neumann BC + Gauge condition
e Scalar or tensor conductivities

ff . )
* |Intra-cellular potential u;

» | Extra-cellular potential e,

 Transmembrane potential Um ‘= U; — Ue
 Gating variable w
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Analysis after PFA

@ INTRODUCTION

O1. ANALYSIS AFTER PFA
@2. RFA vs PFA

@ CONCLUSION

Modeling of electric potential
e C(Classic bidomain equations in €2

Am, (C’m@—klion@,w ) — V- (7 -

( @Hm@ >+v(

0w —I—g(@ w) =0,

* Neumann BC + Gauge condition
e Scalar or tensor conductivities

ff . )
* |Intra-cellular potential u;

» | Extra-cellular potential e,

@:O, in Q2 x (0,7)
:O, in Q x (0,T)
in Q2 x (0,7)

. Cl'ransmembrane potential Um ‘= U

~ )

 Gating variable w
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@ INTRODUCTION

Analysis after PFA 31 A AFTEn Pra

@ CONCLUSION

Modeling of electric potential
e C(Classic bidomain equations in €2

Am (Cfm@‘klzon(@@) —V(Ez@ :0, in ) X (O,T)

A (Cm@+lm(@@> +V- (56- =0, inQx(0,7)
Iw)r gm(w) =0,  inQx(0,T)

* Neumann BC + Gauge condition
e Scalar or tensor conductivities

ff . )
* |Intra-cellular potential u;

» | Extra-cellular potential e,

. Cl'ransmembrane potential Vm ‘= U; — 1@

. (Gating variable w)
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@ INTRODUCTION

Analysis after PFA 3} puuresrenen

@ CONCLUSION

Modeling of electric potential
e C(Classic bidomain equations in €2

OV, _
Am (Cm% + Iion(vm,w)> — V- (5’i . Vuz) = 0, in ) X (O,T)
\ Depolarization Plateau phase
a m . 20 T
Am (Cm% — Iion(’ljm,w) —+ ] (C_ 1 /

—

Repolarization

8tw +

* Neumann BC + Gauge condition
e Scalar or tensor conductivities

 |ntra-cellular potential u; .

0 0.5 1 1.5

<_> t[s]
Resting potential

 Extra-cellular potential u,

IONIC MODEL

« Transmembrane potential Um ‘= (REACTION TERM)

 Gating variable w
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@ INTRODUCTION

Analysis after PFA 3} puuresrenen

@ CONCLUSION

Modeling the electroporated (EP) area

Assumptions

e The size of the EP area is
considered thin.

 Almost all the cardiomyocytes are
ablated by PFA : we assume

5 {52@-, inside EP area,
o. —
- (2

05, outside EP area. !

2. Linearization of the ionic
current in the EP area.
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@ INTRODUCTION

Analysis after PFA 31 A AFTEn Pra

@ CONCLUSION

Modeling the electroporated (EP) area

Fout Fout
/
4 ) 4 )
QH QH
Q, L a
>
e—0
\_ ) Q \_ ) Q)
‘Objective A
Determine transmission conditions at
the interface I when £ — O. y

4 BORDEAUX

St Lezia— |NP 12 M%NC SIMONE NATI POLTRI



Analysis after PFA

@ INTRODUCTION
O1. ANALYSIS AFTER PFA
@2. RFA vs PFA

The static problem

=V (V) + AmLion(u; —ue) = Lo, f,  Qu UQpy,

—V - (0eVug) — Amlion(u; —ug) = —la, f, QmUQpy,
—V - (e%0:Vus) + A So (uf —ul) =0, Qep:

—V - (0e.Vuy) — Ay So (u; —ug) =0, Qeps

coupled to transmission conditions,
[[Uf]]r =0, [[Ufanufﬂf =0, [[UZ]]F =0, [[Ueﬁnui]]r =0,
[[uf]]rs — 07 [[O-’fanuf]]rs — 07 [[/U’Z]]Fs — 07 [[UeanuZ]]Fs — 07
boundary conditions,

Onu; =0, Onug =0,
r

|Fout out

/u‘édx:().
Q

L /P | N| - s MONC

and gauge condition

@ CONCLUSION
(- )
Qp
QF, /F
_ 0

First results

- Existence and
unigueness, under
conditions on the
lonic term.

* A priori estimates,
allow the
convergence.
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@ INTRODUCTION

Analysis after PFA 3} puuresrenen

@ CONCLUSION

Why an asymptotic analysis?

=V - (0:Vu5) + A Tion (u§ —ul) = Lo, f, Qg UQ%y,
—V (0. VU) — Apdion(u; —ul) = =1, f, Qg UQ%y,,
—V - (%0;Vu3) + AmSo (u§ —ul) =0, Qeps

—V - (0.VUE) — A Sy (uS — uf) = 0, Qeps
R A At
T Solving the dynamic
o6 I system with an

" 5 adapted mesh...

0.4 40

0.3 F 30

0.2 20

0.1F 10

Transmembrane potential v,

0 0

0 05 1
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@INTRODUCTION

Analysis after PFA 3} puuresrenen

@ CONCLUSION

Why an asymptotic analysis?
=V - (0:Vu7) + Apdion(uj —ug) = 1o, f, Qe UQ%y,|  ...numerical problems

g g g = g
2 € € g\ __ €
-V - (@aZV’uJZ) + A So (uf —ul) =0, Qc,,
g g g _ g
—V - (0.Vul) — ApSo (u; — us) =0, Qg
8\ —0— CPU Time, o, = €0;
BN =0~ CPU Time, o0; = %0;
‘N —6— Number of elements, o; = 0, | |
10! 2 \\\\ — 0~ Number of elements, 0, = £%0;

~410°

10° |

CPU Time (h)

Number of mesh elements

10

107! L
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@ INTRODUCTION

Analysis after PFA 3} puuresrenen

@ CONCLUSION
The asymptotic analysis _ o .
—V - (o;Vu3) + A Lion (us —ud) = 1, f, Qg UQDy, Qr
—V - (0.VuE) — A Lion(uf —u) = =1, f, QpUQ%,, Yoo o
~V - (e%0;Vus) + A So (uf — uf) =0, Qc,,
—V - (0eVul) — Ay So (ui —ul) =0, Qg

[[uﬂ]f‘ =0, [[Ufanuf]]F =0, [[UZ]]F =0, [[UeaﬂuZ]]F = 0,
[ui]r. =0, [o;0nu;]r. =0, [uelr. =0, [oeOnug]r. =0, L Jo

Classical Ansatz

zeajy ng zexy QHUQ%?
p>0
Uso(6,m) =D &Py (&,m), T x(0,1)
\_ p=0 ,
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@ INTRODUCTION

Analysis after PFA g} posres s
@ CONCLUSION
The asymptotic analysis: the zero order ~ g )
Qn

Inside the healthy heart ;

—V - (0:VUu]) + A Lion(uj —u)) = Lo, f,  QuwUQpy,
—V - (O'GVU ) A Izon(u — U ) — _]]'QHf7 QH UQPV’

8nug\p = O, 8nu2|p — O,

out

0 _
/ u.dr = 0. . o
QrUQpy

At the interface I’

out

Ontl|r— =0, Oqul|r+ =0, Neumann boundary condition on intra-cellular potential
[w]r = 0, [Oqul]r =0, Continuity on extra-cellular potential

In the EP area (profile solutions)

e = Ug|r-, . Local coordinates (&1, £2)
0

u) = ud|p- + po(€1)e™ " 4+ Ao (&1)e” « Variable change n := &> /¢
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@ INTRODUCTION

- O1. ANALYSIS AFTER PFA
Ana IYS'S after PFA @2 RFA vs PFA
@ CONCLUSION
The asymptotic analysis: the first order _ o R
. Curvature k(&1) s
/I‘
« Map O,
At the interface |
Opit, = O, T
Z'F— 7’|n 0 \— Y.
7
[[uflg]]p = 8nu2|r —/ / k(&) 08u0 dsdn,
1 A SO 0 2 0 0,0
[nullr = £(€)] / / (€1)0.u? dsdr] / 220 (00 ) — (s(E1))"mdga? + S0 .

(We can now write effective transmission conditions for f&,},e =u;, +eu; e]

Solutions at any order are determined by induction.
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@ INTRODUCTION

Analysis after PFA 31 A AFTEn Pra

@ CONCLUSION

The asymptotic analysis: convergence theorem [1]

Assuming the well-posedness of all the PDE systems and
let (uS, usN) be the functions defined by

Nk, k £
Zk:og U e Qp ULy,
e,IN
1,€e

N k. k —1 £
Zk:og ui,eoq)s ) er?

for all N > 0, there exists a constant C independent of €
such that
)

||uf — Uf’NHHl(QHUQ%V)+||uz — u‘z’N”Hl(Q)—I—é‘HV(uf — uf’ HLz(Qgp) < CN5N+1.

[1] A. Collin, S. Nati Poltri, C. Poignard. Electrocardiology modeling after pulsed field ablation relying on asymptotic analysis. To

be submitted. 2024.
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@ INTRODUCTION

Analysis after PFA 3} puuresrenen

@ CONCLUSION

The asymptotic analysis: convergence theorem [1]

10-1 : ||Uz o U’IéVHHl(QHUQ}V) : 100 ||’U/§ — uiVHHl(QHUQ;V)
102 | 107
0.98491 10-2

107" 0.98637

Numerical
validation through
convergence tests
for the zero and first
orders

[ _ 1073 |

it /2 |\ /)

107°

107°

1076 |
£ 10—6

1077

107° 10° 107° 10°

g — g™

; |1 (@uuas ) Fllug — u™ [ o) +el |V (uf — Uf’N)HL?(Qgp) < Cne™th

[1] A. Collin, S. Nati Poltri, C. Poignard. Electrocardiology modeling after pulsed field ablation relying on asymptotic analysis. To

be submitted. 2024.
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@ INTRODUCTION

RFA vs P F A 8; QI;I:I\_;SFI’EAAFTER PFA

@ CONCLUSION

Coming back to the dynamical system...

Am(cmatvm + Iz’on(vma w)) — V- (52 . Vuz) — U,
V(EGVue)%—V(EZVuz) = 0,
atw+g(vm,w) — U,

Um = Uj — Ue,

with homogeneous Neumann BC on 0D

(EZVuZ)fFL:(), (5’6°Vu€)°ﬁ:(),

~\

rThe EP area is

_ reduced to an
Gie =0 04 (0}, —0..) [10(0)To ® 70 + Jo(0)Tg- @ Ty ] | interface!

. .

and conductivity tensors [1] defined as

and transmission conditions on I to close the system.

[1] Chapelle, D., Collin, A., & Gerbeau, J. F. (2013). A surface-based electrophysiology model relying on asymptotic analysis and

motivated by cardiac atria modeling. Mathematical Models and Methods in Applied Sciences, 23(14), 2749-2776.
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@ INTRODUCTION

RFA vs PFA ® 1. ANALYSIS AFTER PFA

@ CONCLUSION

...and transmission conditions on I " to close the system.

RFA: Kedem-Katchalsky conditions.
a =0 Perfect Isolation

- 0<a<l1 Fibrosis
= ((@i - Vuy) 'ﬁ)|r_ a>1 Continuity

= ((Ge - Vue) - 1), = ((Ge - Vue) - 1)

"lF |I‘+

PFA: zero order transmission conditions

(i) Continuity of extra-cellular potential and its derivative

[ueljr =0, [(0c - Vue) - 2. =0
(i) Isolation of intra-cellular potential

|I“|' |I‘—
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@ INTRODUCTION

RFA VS P F A 8; gllzl:szPIEAAFTER PFA

@ CONCLUSION

[1] Electrocardiology Modeling after Catheter

= = = . Ablations for Atrial Fibrillation. S. Nati Poltri, G.
Numerical simulations [1] Caluori, P. Jais, A. Collin, C. Poignard. FIMH

2023.

 Numerical resolution: Finite Element Method, BDF 2, FreeFEM++

- Non-overlapping Schwarz-type algorithm for PFA
(penalty parameter chosen very carefully through a mathematical
study)

* Weak coupling for RFA

* Mesh, fibers and codes are available here:
https://qitlab.inria.fr/snatipol/af-pfa-rfa
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https://gitlab.inria.fr/snatipol/af-pfa-rfa

@ INTRODUCTION

RFA VS P F A 8; QEAAI\_/\;SF!IS:‘AAFTER PFA

@ CONCLUSION

Time: 363.0 ms

[1] Electrocardiology Modeling after Catheter
Ablations for Atrial Fibrillation. S. Nati Poltri, G.
Caluori, P. Jais, A. Collin, C. Poignard. FIMH
2023.

Numerical simulations [1]:

Transmembrane potential

AF RFA (a = 107%) PFA

Time: 20.0 ms Time: 20.0 ms

Time: 20.0 ms

- -
-0.08 v, (V) 0.02
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@ INTRODUCTION

RFA VS P F A 8; QEAAI\_/\;SF!IS:‘AAFTER PFA

@ CONCLUSION

Time: 363.0 ms

[1] Electrocardiology Modeling after Catheter
Ablations for Atrial Fibrillation. S. Nati Poltri, G.
Caluori, P. Jais, A. Collin, C. Poignard. FIMH
2023.

Numerical simulations [1]:

Transmembrane potential

AF RFA (a = 107%) PFA

Time: 44.0 ms Time: 44.0 ms

Time: 44.0 ms

- -
-0.08 v, (V) 0.02
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@ INTRODUCTION

RFA VS PFA 8; g';lﬁl\-gSPIIS:oAAFTER PFA

@ CONCLUSION

Time: 363.0 ms

[1] Electrocardiology Modeling after Catheter
Ablations for Atrial Fibrillation. S. Nati Poltri, G.
Caluori, P. Jais, A. Collin, C. Poignard. FIMH
2023.

Numerical simulations [1]:

Transmembrane potential

AF RFA (a = 107%) PFA

Time: 70.0 ms Time: 70.0 ms

Time: 70.0 ms

- - S
-0.08 v, (V) 0.02

4 BORDEAUX

St Lezia— |NP 26 M%NC SIMONE NATI POLTRI



@ INTRODUCTION

RFA vs P F A 8; QI;I:%SFEAAFTER PFA

@ CONCLUSION

Time: 363.0 ms

[1] Electrocardiology Modeling after Catheter
Ablations for Atrial Fibrillation. S. Nati Poltri, G.
Caluori, P. Jais, A. Collin, C. Poignard. FIMH
2023.

Numerical simulations [1]:

Transmembrane potential

AF RFA (a = 107%) PFA

Time: 200.0 ms Time: 200.0 ms

Time: 200.0 ms
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@ INTRODUCTION

RFA VS P F A 8; QEAAI\_/\;SF!IS:‘AAFTER PFA

@ CONCLUSION

Time: 363.0 ms

[1] Electrocardiology Modeling after Catheter
Ablations for Atrial Fibrillation. S. Nati Poltri, G.
Caluori, P. Jais, A. Collin, C. Poignard. FIMH
2023.

Numerical simulations [1]:

Transmembrane potential

AF RFA (a = 107%) PFA

Time: 357.0 ms Time: 357.0 ms

Time: 357.0 ms

- -
-0.08 v, (V) 0.02
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@ INTRODUCTION

RFA VS P F A 8; QEAAI\_/\;SF!IS:‘AAFTER PFA

@ CONCLUSION

Time: 363.0 ms

[1] Electrocardiology Modeling after Catheter
Ablations for Atrial Fibrillation. S. Nati Poltri, G.
Caluori, P. Jais, A. Collin, C. Poignard. FIMH
2023.

Numerical simulations [1]:

Transmembrane potential

AF RFA (a = 107%) PFA

Time: 430.0 ms Time: 430.0 ms

Time: 430.0 ms

- -
-0.08 v, (V) 0.02
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@ INTRODUCTION

RFA VS P F A 8; gl;lﬁl\_/zSPIEAAFTER PFA

@ CONCLUSION

Time: 363.0 ms

[1] Electrocardiology Modeling after Catheter
Ablations for Atrial Fibrillation. S. Nati Poltri, G.
Caluori, P. Jais, A. Collin, C. Poignard. FIMH
2023.

Numerical simulations [1]:

Transmembrane potential

AF RFA (a = 107%) PFA

Time: 500.0 ms Time: 500.0 ms

Time: 500.0 ms

. -
-0.08 v, (V) 0.02
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@ INTRODUCTION

RFA VS P F A 8; gl;lﬁl\_/zSFl)EAAFTER PFA

@ CONCLUSION

Time: 363.0 ms

[1] Electrocardiology Modeling after Catheter
Ablations for Atrial Fibrillation. S. Nati Poltri, G.
Caluori, P. Jais, A. Collin, C. Poignard. FIMH
2023.

Numerical simulations [1]:

Extra-cellular potential

RFA: quasi-complete decoupling of the
two domains for all potentials
(intra- and extra-cellular potentials)

PFA: continuity of extracellular potential
(Only the cardiomyocytes are impacted)

. -
-0.025 u, (V) 0.035
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@ INTRODUCTION

RFA VS P F A 8; gl;lﬁl\_/zSFl)EAAFTER PFA

@ CONCLUSION

[1] Electrocardiology Modeling after Catheter
Numerical simulations [1] Ablations for Atrial Fibrillation. S. Nati Poltri, G.

Caluori, P. Jais, A. Collin, C. Poignard. FIMH
2023.
RFA-induced fibrosis

RFA (a = 107%) RFA (a = 107%) RFA (a = 107%)

Partial disconnection

Time: 543.0 ms Time: 543.0 ms Time: 543.0 ms

S
-0.08 v, (V) 0.02
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@ INTRODUCTION

I @1
Conclusion o e

OCONCLUSION

Conclusion

* Asymptotic analysis of the static bidomain problem containing an EP
area, treated by PFA

 Comparaison of model and simulations of RFA and PFA

Clinical Perspective (animal or patient data)
» Extract geometry & catheter position from medical images

* Determine the electroporated area with a tissue PFA
modeling (@Simon Bihoreau)

* Validate our model by comparing activation time obtained with our
model with measured activation time after electroporation

* Final objective: predict the activation times depending the catheter
position etc...
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Thank you for the attention
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