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Experiments and applications of EP
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Food sanitation NTIRE for tumor ablation

(microbial inactivation)

Juice extraction
(Sugar beets, grapes ...)

B

Postpulse Pl uptake after EP pulse Thermal Gene Electrotransfer
From Escoffre et al. , BBA, 2011
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Heuristics of Cell EP

Just after the shock | A few ms | After several
minutes

Spulses
100us, 400V /em

d3 9|qisiaAsy

Disturbed homeostasis Apoptosis

Necrosis

100pulses
100ps, 1500V /em
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Cell model of EP

Joint work with
A.Collin, P. Jaramillo-Aguayo,
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Electroquasistatics in a cell

0 (V- (eVu’)) + V- (aVu’) =0
With the assumptions:

Cytoplasm

)
Eo [ C, Oe
SRR _ o=1< 0S5
{,Nucleus \I & 60 < €m ™~ 5 < Cm m
/
| €i LG o;

Membrane

Then the problem is approached by

0,=05t01S.m? [= __ a 10 um
0,=1t01,5S.m’ AU = O’ in Oc U O, -
o | o
Electrical model of the cell Cm O; [u]r + S, [U]F — O-Cﬁnu‘r_7
e
U(ta ')|8Q — Uimp(t)a U(Ov ) = g. (oc)
Gl id
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Dirichlet-to-Neumann maps

Ae: HY2(T) — HV2(I) | .
, where v, 1s the solution to

V-o0.Vv.=0, in O,

f = In’_)C ) O-CVUC|F_ UC|F — f? UC|8OC\F — 07
4 .
V-0.Vv., =0, in O,
Ao : HY2(T) — H™V2(D) | | e ‘
~ , where v, is the solution to § ve|. = f,
f%ne-JQVvqﬁ, _ 0
\v€|aoe\r S
( .
V-0.Vu, =0, in O,,
A, : HY2(09) — H=V2(I) | | cv ¢
~ , where vy, is the solution to § v, =0,
g = Ne 0V, B
(V9o = 9-
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Formulation on the membrane

Thanks to the 3 DtN maps, one defines

1 1
Lr = Ae (Id+/\;1/\0) | £0:AC(Id+/\e_1/\C) AZ 1A

Then the transmembrane voltage satisfies

Cin0tvm + (Sm + Lr) vm = Log

Note the operatorﬁr is m-accretive with dense
domainin H(T') (Kavian, Leguébe, CP,Weynans, |MB 2014)

In a spherical cell of radius r.in a unidirectional uniform EF E

1 20.0. 30.0,
DV —

r. 20 + o, 20, + O,

20+ o0 r.C,

2040,
20,0, 1+ ST reSm

E cos g

. O + (sm :

Charging time: Tm ~ 0.1us
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Free-energy of the membrane

1
£6.V) = 5 [IVoPds+ [ W (0) ds— 5 [ Culov2as

Win(9) := 16a1¢°(1 — ¢)* + 8aa(¢ + 1/2)(¢ — 1)°

S|

Vi = 0.6[V

Cm(Qb) — Clipz’d Qb + Cwater(l — §b> Vm = 0.8[V]

V,, = 1[V]
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The coupling the PDEs

Um(w)
Om(¢)atvm + (Sm((b) + ﬁr) Vm = £Og Sm(w) — P where
o _
Orp — Dol = aW;,(9) + 5 Cr(D)Vi7, ) = LR 00 ) 4
¢(07 ) — ¢O(')7 let:O = V’n(g,
Property [Jaramillo, Collin, CP. JoMB2023]
D
- Transition interface of order  O( 6404(;1) ~ Inm
. . 1 D
 Time for pore creation of order ; _ 0 ~
' = 05100, 8 (Gaag,z2)) ~ 179

- After the pulse, the pore shape
IS driven by mean- curvature
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Instabilities for spherical or flat membranes

For spherical and flat membranes the operators are
diagonalisable in the same basis and we have the following
sufficient condition to get instabilities:

C”(¢)>c(¢2+(6—3—¢+( . A)
m 2 4611 64611 "

Linear model of capacitance are stable for the Allen-Cahn model.

The model of C),, comes from Looyenga |20]

Gt > 2[4+ 0l )] nw) + cwtsron) ).

where

1+ tanh(k; (1) — ¢th))
2 9

Vi (V) = 1 =1,2,3,
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Numerical scheme based on FFT
f(I)* _ eth(I)n
V5" 4 Bty (A= M)V + ot (A = M) V™) = 3 (oG + (200

[en+t1] @] D\ e |
s | = e +5tF< o >+TJF|@*,V*).F )

—aW'(¢) + $C,, (¢)v?
where I [i — <sm<¢>3/\55"'
_ Cm(@)
Main idea: symmetrize the problem
ot/2 1 B - ~0t/2 n 51‘ G" Gl
\/C <1>* \/Cm(é*)]Y Cm(@)[[jd Crp (O™ )(A )]V m(<1>")+ (<I>*)”
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Water ~antant nf the mamhrane
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Liver ablation by EP

Joint work with
B. Denis de Senneville, L. Lafitte, D. Voyer
O. Sutter, O. Séror, JP Tasu
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A centripetal energy deposit

Centrifugal deposit
(monopolar RE MVWV)

Centripetal deposit

(IRE, ECT, Multipolar RF)
A C
<=/ '::lg;*(" %"" - >4
20w R M
(D
B D
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Causes of liver cancer (hepatocellular carcinoma)
Credit: Johns Hopkins Kimmel Cancer Center

* No surgery for advanced disease. No chemotherapy.
Only TKI with a poor efficacy (~+3mo of OS).

* Percutaneous ablation (especially RF ablation) is used
for nodules limited in number (<3) and diameter
(3cm) but RFA is however prohibited for some
tumors near vital structures.
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Hepatocellular carcinoma (HCC)

Irreversible EP is a
promising alternative
since it is minimally
thermal.
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90 pulses
100 mus
1.5kV/cm

Limit of reversile
electroporation

16 17/05/2024 C. Poignard, Inria Bordeaux

Heuristics of liver tumor ablation by EP

Joule : :
offect — destruction —  Necrosis
\\ f
4 Microthrombosis
Pure 1 o
IRE " ---» vascularitis Ischemia
effect S :
\\ i
Apoptosis
Limit of the
" irreversible
" electroporation

Courtesy O. Seror
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Static tissue model of EP

=V (Xeq(|V0]) Vo) =0,
blex =g~

QC C
where X.,(|V@|) = [Qec|oe + |§‘Zc| o - :
L+ s aven

i The problem is equivalent to minimise
=< Vol
= | a J(p) = / / $¥eq(s)dsdx —/ fodx
N QJ0 Q
which is strictly convex on H ! (€2)
A
For acom parison Of @ G. Jankowiak et al. Comparison and calibration of different
o electroporation models. Application to rabbit livers experiments.
existing EP models see:

ESAIM: Proceedings and Surveys, 67,242-260. 2020.

—T
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IRE in real life: very tricky pagedure!

Ca

OOOOO
E9

* Validation
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Preoperative Session

Numerical workflow

Interventional session

Clinical Workflow
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Numerical Processes .

CT-scan (Day -30)

ROIs Extraction

Voltage Current
W) 3500- ) 50-
- 40
2500
2000 30
1500 204
1000 10-
500 4
o_J OJ =
Time ime
(each pulse lasts 70 ps) (each pulse lasts 70 ys)

CBCT after needle Voltage and Current chrono-

insertion grams recorded by Nanoknife
: I~

ROls registration on the Model Calibration and
CBCT Simulation
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Non rigid multimodal image registration

+ Do

Comparison rigid/nonrigid registration

fvia@) e

C(T) D(T) — e—C(T)

IS @RIV dF

Minimization of E, (De Senneville et al 2016))

Qe = = ,
E(T)= j; DT) + Z(IVulp + IVvIE + 11 VwlR)dr
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Problem m <

¢m|1’m_ —

Pmlr, =V Wlthﬂc%df =0

Recoverlng the local conductlwty

V. (cVp,) =0 in
¢m|Fm+ =+V

we [ L[] oresar an

Fm+

Ip
p={12,,6}\ {my,m_} o Vo; Vo, dQ)
3P _

Main idea: Minimize measured and numerical impedance.
Tools: combine Medical Imaging and standard EIT assuming
piecewise constant conductivities to stabilize the inverse problem

ourant (A}
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50
40
30
20
10-

|

Résultats de courant de la procédure

AR RRER | | AR NEER 1] aann e

Temps (I'espacement d'impulsion intermédiaire n’est pas a l'échelle.)
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ClinicallRE: a software dedicated to
dose map computing

(53D Slicer 5.2.1
File Edit View Help

i - e
P mD mD oER v [ - S

& 3D Slicer

» Help & Acknowledgement

Subject hierarchy Transform hierarchy All nodes

PM_005_fix_registered
PM_005_tumor._registered.nii.gz
ire_simulation

“*4 cumulative_dose_300

“* cumulative_dose_500

¥ cumulative_dose_700
« Needle_1

« Needle_2

« Needle_3

v/ Show transforms Show MRML ID's

) Subject hierarchy item information

Filter:

» MRML node information

) Data Probe
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Coverage of the tumour by EF

Typical profile of treatment success.
The tumor is well covered by the EF

Typical profile of treatment failure.
The tumor is only partially covered by the EF

The software PrimetimelRE is in the test phase in the operating
room of Avicenne hospital.
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Comparing with clinical follow-up

Retrospective study with patient follow-up

Patient number RECIST (mm) % coverage 350V/m % coverage 700V/m Follow-up

Master thesis of O. Sutter, MD
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New interpretations of MRI at D+3

T2 w Tlw Tl injection
Irreversible zone for Necrosis (blue), irreversibly (orange) and reversibly
each of the 3 bermeabilised regions at the end of the procedure

pullbacks
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Conclusions and perspectives

EP: a promising ablation technique, especially for liver
and pancreatic cancers, but the threshold to generate
cell death have to be determined precisely.

There is a need for more numerical investigations.
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Dying Immature DC
tumor cell 73

b ® A@ﬂ) ® o oo

0 DQGCRTO b 4
: 90 b v 4 b P2RX7

0

) P 4 AP Db

X o b2

oo 0 . T

Oq Q 0 99

o Q HMGB1 @ 090

. o: 0% 0 Antigen
V4V AD » engulfment
r o
ICD
Therapy- Antigen

Therapy-sensitive
So20 tumor cells

stress

Therapy-resistant Tumo;‘ cell
tumor cells lysis
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induced presentation

Mature DC

CTLs

Immunogenicity of EP therapies

© ATP release: autophagy
« find me » signal for DCs : IL-1 production

=>» activation of IL-17+y0 T cells and CD8+ T cells
Favors DC differentiation and maturation

~ Exposure of Calreticuline (CRT):
Endoplasmic reticulum stress
« eat-me » signal for DCs

© HMGBI release:

membrane disruption

Pro-inflammatory cytokine

Favors cross-presentation of tumor antigens by DCs
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Immunogenicity of EP therapies
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THANK YOU!
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