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Pacemakers and electrical questions

Right
internal

Left
subclavian

(a) Diverse pacemaker leads (b) Focus: bradychardia leads

Intervention Lifetime of the device 10-20 years later
1 1 \
T T 7
Insertion, Energy to pace the heart ? Rupture due to fatigue ?
navigation to target, Sensing evoked potentials ?

deformation, constraints ?
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Question of interest

What are the stimulation pulse characteristics (voltage amplitude in NV and pulse duration in
ms) required for a bradychardia lead in bipolar (tip/ring) mode to capture (stimulate) healthy
cardiac tissue ?

Context: threshold test in animal experiments. Influence of the design of the lead, like
geometry and contact properties 7

s
Co(;npyte:r model £ @
and simulation p Capture
©
2
_ 3| ®
Verification and <E( No capture

distance ring to tip

validation >
Duration (ms)

Input: design parameters Output: Lapicque curve
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Web-based computational platform

Ideal objective: run trials on a web based platform, and obtain credible results

&
s 22 A New Simulation
Cloud services (3 »
Web Interfaces (front-ends) Identity
Bodetl AP (back-ond)
Database
Platform
l APl
Storage
Product N
Computo
LE] content Deivery & ocropnaL-rioo W corrmPAA

4} InSilicoTrials

Credible according to VV40! : Qol, Cou, Verification, Validation. . .

140-2018, Assessing Credibility of Computational Modeling through Verification and Validation: Application
to Medical Devices.
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Time course of an electrical pulse

@ Pacing: for duration T (ms), with charge Q (eq. V)
@ Interruption (switches): 122ps
© Output Capacitor Discharge (OCD): ~ 13ms

cIosIe 51 open S5 cIosF S open 52\
pace for T ms " 122ps OCD for ~ 13ms s
K Cets Cts rtip tact
[ [ contac
|| | VW= ? .
< s electrolytic bath — bench exp.
1 2
excitable tissue — animal exp.
\ , , contact
?
Rpulse Rgnd lving '
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Time course of an electrical pulse

© Pacing: for duration T (ms), with charge Q (eq. V)
@ Interruption (switches): 122ps
© Output Capacitor Discharge (OCD): ~ 13ms

close 5 open S close S open 52\
" pacefor Tms = 122ps OCD for ~ 13ms —

x CIeItS |Ct|S ltip contact
S | |52 k : charges electrolytic bath — bench exp.
contact excitable tissue — animal exp.

charges

Rpulse Rgnd Iring
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Time course of an electrical pulse

@ Pacing: for duration T (ms), with charge Q (eq. V)
@ Interruption (switches): 122ps
© Output Capacitor Discharge (OCD): ~ 13ms

close S; open 5 close S open S
pace for T ms " 122ps OCD for ~ 13ms —
Cets Gis Y
L [ | tip contact
N ' _
S k l |5 k discharges electrolytic bath — bench exp.
1 2
L’\A/\/J—’\N\/—’\/V\/* contact excitable tissue — animal exp.
discharges
RPUISG Rgnd rring g
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Time course of an electrical pulse

@ Pacing: for duration T (ms), with charge Q (eq. V)
@ Interruption (switches): 122ps
© Output Capacitor Discharge (OCD): ~ 13ms

close S; open Sy close S5 open So.
pace for T ms = 122us OCD for ~ 13ms o
Cets Ces Py
L [ tip contact
N i _
S k l |5 discharges electrolytic bath — bench exp.
1 2
contact excitable tissue — animal exp.
discharges
Rpulse Rgnd Iting g
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Time course of an electrical pulse

@ Pacing: for duration T (ms), with charge Q (eq. V)
@ Interruption (switches): 122ps
© Output Capacitor Discharge (OCD): ~ 13ms

cIosIe 51 open S5 cIosF S open 52\
pace for T ms " 122ps OCD for ~ 13ms s
K Cets Cts rtip tact
[ [ contac
|| | VWV ? .
< s ' electrolytic bath — bench exp.
1 2
contact excitable tissue — animal exp.
?
Rpulse Rgnd lving '
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Contact impedance model

C.tip
Cets CtS rtl
L | | p
| |
é p Rtip electrolytic bath — bench exp.
1 2
Cring excitable tissue — animal exp.
Rpulse Rgnd Iring
Rring

@ At pacing, creation of a “double layer” impedance
@ Boundary layer related to the Debye length
o Literature is huge?

Parallel R-C equivalent circuit

2Grimnes and Martinsen, Bioimpedance and Bioelectricity Basics — Third Edition.
YC (IMB/Liryc/Inria-Carmen) 2023-11-16
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Bath experiment / model

Cets
|
[
S S
Rpulse

Figure: Passive bath — def of contact model and parameter identification
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Bath experiment / model

Ctip
Cets CtS rtl
x| [ | ’
} } Equation for a passive electrolyte ?
£ A Rtip @ Poisson equation = linear PDE
! 2 Cring b'°§ Contact model < Debye BL
@ Linear equivalent resistance Ry;,
Rpulse Rgnd ring R
ring

Figure: Passive bath — def of contact model and parameter identification

2023-11-16
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The passive bath model

Cets CtS

—

S S,

Rpulse

dl + l[ = 1 (ﬁ . _Vri"g)

dt 7 R T Tri
Rtot — Rpulse+Rgnd —+ Fring + rtip+Rbio tot tip ring
1 1 1 1 1 —‘/’+—‘/i—_—l i € {tip, ring}
1 Ip, rin
Ctot Cets Cts Ctip Cring
> =3 = = ==

DA
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The passive bath experiments

o MICROPORT CRM BOREA pacemaker + VEGA leads

@ Saline solution measured at o = 2.85mS/cm

Imeas = V/ R

1

0.0
=05
B G :ﬁ' %10
Ring Tip . — Data
—2.0

= = R//C Model

2 4 6 8

10 12 14
(a) Bath experiment

(b) Measured / model voltage Vimeas
e 9 datasets: (0.25,0.5,1) ms x (1,2,4)V
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Method to calibrate the contact parameters

e Bath equivalent resistance computed from the initial data (V4ip = Viing = 0):

Viieas(t = 0)
Rbio = I:zstlzo) — hip — fring

@ 4 parameters (device components are known):
0= (Rtip7 RringaTtip = RtipCtivaring = RtipCtip)

@ Cost function weighted by step s € {pulse, interruption, OCD}

J(9) _ Zws]]-s(t) (|Vmeas(9) - Vr:1eas|fz + ‘I(Q) — I*’g2> 7 Zws -1

|Vr¢1eas|f2 |/*|€2

o L-BFGS-B from Python Scipy, restricted to a subset of R*

» ODE solved semi-analytically (i.e. no approx. error)
» First step in Log scale, R € (1,1 x 10%), 7 € (1 x 107°,1)

@ 1 optimisation for each dataset — 9 parameter sets

YC (IMB/Liryc/Inria-Carmen) 2023-11-16 10/33



Calibration results — contact parameters

Ring = 26.0 + 1.7,

Rip = 4.0 & 2.0k,

Impedance measured by the pacemaker: 940 Q

Tring = 54.8 £6.93ps
Ttip = 50 &= 24ms

0.5

04
0.0
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~0.5

02
—1.0

0.1
-15

0.0

0.0 0.5 1.0 0.95 1.00 1.05 110 5 10

~16 0.20
0.0

0.15
—05

0.10
-10

0.05
—-1.5

—22 0.00

0.0 0.5 1.0 0.95 1.00 1.05 1.10 5 10
Time (ms) Time (ms) Time (ms)

Figure: Current and voltage in each step, measures and model (left), and parameters (right)
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Tissue experiment / model

Cets Gis
I
L | | v
[ [
S1 S
Rpulse Rgnd Iring

Figure: Animal experiment — validation data
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Tissue experiment / model
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! 7 Cring
Rpulse Rgnd Iring Rring i

Figure: Animal experiment — validation data
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Thresehold detection tests in animal experiments

Ventricular wedge preparation, 2 sheeps (now 3)

3 sites: apex (X), septum (—), base (+)

screw fully deployed, perpendicular

Recording of Vi, like in the bath

Recording of distant EGMs with needle electrodes
Optical signals + 9.4T MRI

1y

Automatic threshold search by the pacemaker:

e For a fixed duration T (ms) — 5 pulses at 1.5 Hz
@ Decrease voltage to locate the interval : last capturing — first non capturing
o Capture is decided by the pacemaker, and controlled through EGMs

YC (IMB/Liryc/Inria-Carmen) 2023-11-16 13/33



Bidomain coupled to the pacemaker — CEM3

$\0mega_\nm (B} §
Utip — Ultip(x)
«
Ctip
Cets Cts fes H
x| ] v P | tip surface T -
B | | tip surrace | +ip e
tip 1
S1 S2 Vmeas .
Cring
.jring i
ring surface [ing
Rpulse Rgnd Iring siomege 1 (e)s
Iring

Uring — Ulring(x)

i = oV m = Gu(Ui(e) — ur (£,20) + - (U(1) — e, (£,%)), i € {ti, ring}

3Somersalo, Cheney, and Isaacson, “Existence and Uniqueness for Electrode Models for Electric Current
Computed Tomography".
YC (IMB/Liryc/Inria-Carmen) 2023-11-16 14 /33



Complete system of equations

dUring dUtip
Ttip dt +Uring = dt ? — dIV (UiVUi) = —Cm(?tvm — Iion(Vm, h)
RTT ; rtipC <L T = RC, _div (O'Vu) _ cmatvm =+ l;on(vm, h)
— Mpulse + Rgnd + Iring, 0
1 1 1 .
= = Oth + gion(Vm, h) =0 in Q
et o th + gion(Vim, h) M

With the CEM transmission conditions

1
Ji=—0oVu-ni=co(Ui —ur,) + ;(U,- —uy,;), i€ {tip,ring}
1

YC (IMB/Liryc/Inria-Carmen) 2023-11-16
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Energy estimate

@ There is an inequality if energy, which states the energy associated to each (equivalent)
dipole in the overall electrical circuit

For test functions w;(x), w(x) € HY, and Wip, Wing € R,

/ U;VU/'VWi+/UVU'VW+/ (Cmath+lion) Wm
QM Q QM

+ Z /Fk <ck8t(Uku|rk)+ 1(U/<U|rk)> (Wi —wr,)

rk

ke{tip,ring}
dUti 1
+C dtp VVtip + EUringWring =0

e — adapt the standard* existence proof (article in preparation), and error estimate for FEM

“Bourgault, Coudiére, and Pierre, “Existence and uniqueness of the solution for the bidomain model used in
cardiac electrophysiology”.
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A surrogate 0D model

Cets

}_

51 52 Vmeas Cthl:]pg l/ggeg Cm _— Iion (l)

Rpulse Rgnd Iring } .
- scaling surface S

We need to rescale the current per unit of surface (ionic) to a current:

/:s(cm%

dt + fon + ge Vm)
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Surrogate 0D model ODEs

dl 1 1 Vtip Vring /ion( Vma h) Vm
42 = —F — 1
dt * T Reot (Ttip * Tring * Cm - Tm ( )
v, Vi 1
E + ?I = Ci, IS {tlp, rlng} (2)
dVm  kon(Vm, h) Vi |
dt " Cw 7w SCy’ (3)
dh
—-I—g(Vm,h):O, (4)

dt

@ How to choose S and g ?
e Our starting choice: S = 100cm? and g. = 10~°mS, obtained from a volume of 1mm?3

YC (IMB/Liryc/Inria-Carmen) 2023-11-16 18 /33



Threshold detection in the model

20

—40

—60

Transmembrane voltage (mV)

—80

1.0

1.5 2.0
Time (s)

2.5

3.0

3.5

Amplitude (V)
.
5
8

S= 2448 cm2, 0.00189574 mS

*e — a/x+b. a=438.267 b=371.916

02

0.4 0.6 0.8 10 12 14
Duration (ms)

e Capture := more than 50% successful captures, seen on V,,
@ a 2D dichotomy algorithm — intervals (Viin(T), Vimax(T))
@ Rheobase V, (0.372 V) and chronaxie T, (1.18 ms) from the Lapicque law (LS fitting):

1 2

T, .
Wapicque(T) == Vi (1 + 7) ,an minimize | Viapicque(t) — = (Vimin(t) + Vimax(t))

YC (IMB/Liryc/Inria-Carmen)
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First comparisons — experiments and 0D model, see®

o Beeler-Reuter ionic model, with parameters from CellML

o Contact parameters fixed from the bath experiments

0.2

0.0

0.0 0.2 0.4 0.6 0.8 1.0

Duration (ms)

=10 cm?
S =20 cm?®
S =30 cm?®
S =40 cm?
S =50 cm?
S =60 cm?
S =170 cm?
S =80 cm?
S =90 cm?
S =100 cm®
RV Apex
RV Septum

Amplitude (V)

0.0

0.0

0.2

0.4 0.6
Duration (ms)

0.8 1.0

Ri=1Q
Ry =3Q
R =7Q
Ry =17Q
Ry =44Q
Ry =113Q
Ry =292
Ry =7530Q
Ry =1941Q
Ry = 50009
RV Apex
RV Septum

Figure: Comparison of Lapicque curves (solid lines) computed with different values of S (left) and Ry
(right). The shaded regions indicate where the experimental capture threshold is located.

SPannetier, Leguébe, Coudiére, Walton, Feuerstein, and Amaro, “Modeling cardiac stimulation by a
pacemaker, with accurate tissue-electrode interface”.
YC (IMB/Liryc/Inria-Carmen)
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Remarks

o Pacemakers have very sparse covering of the Lapicque plane, but we model the pacemaker

T € {0.12,0.25,0.35,0.5,0.75,0.85,1.00}ms, V € {2.0,1.75,1.5,1.0,0.75,0.5,0.25}V

Lapicque law fits well the model

Lapicque law do not fit within the experimental regions

(Too ?) many modeling simplification ?
» 0D -1 cell
» g. and S: influence of g. < influence of S
» Contact properties in bath versus tissue 7 Influence of Ry,
» BR model with CellML std parameters

What about the V&V40 guidelines

Fast computations, OK for prototyping ideas / computational procedures

YC (IMB/Liryc/Inria-Carmen) 2023-11-16 21/33



Some preliminary 3D results |

Trans. Voltage (mV)

Activation time (ms)

Electric field (mV/cm)
e

104107 1072 107! 1

Mesh resolution 6pm — 1.5mm, time-step 10ps, P1-Lagrange FEM, BDF2+RL2, BiCGStab
Supra-threshold pacing, T = 1lms and V = 2.5V
Standard CellML BR model + electrical conductivity coefficients
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Some preliminary 3D results |l

150

—— Measured voltage [mV]

o
!

100 4

E —~500 4 E
E*IOUU’ v 501
£ k]
§ -1500 1 £
o
—2000
25004 Measured voltage [mV]
: ‘ : : ‘ ‘ . . 504 ‘ :
Time [ms] Time [ms]
(a) Simulated voltage Vimeas, capture case (b) voltage during OCD, capture case

Figure: We obtain the expected behavior for Vieas
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The V&V40 framework

Next: how to make it useful and credible 7
Qol: What is the energy level needed to capture a heart beat ?

CoU: As it would be reported by threshold detection procedures during animal

experiments
Model high 3 4 -
influence | medium | 2 COU 3 4
low 2 3
low medium high
Decision consequence

Figure 2: Model Risk Matrix (cf. ASME VV40) evaluating the COU included in UC1.

(a) Risk matrix foll. ASME VV40 (b) V: 231 pages (c) V: 151 pages

2023-11-16 24 /33
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Work on verification

Table 6: Verification Credibility Factors Coverage Level for Use Case 1 (cf. ASME VV40); * indicates verification
activities not yet d

Model Risk
Credibility Factor Coverage Level
Code Verification: Software Quality Assurance
Code Verification: Numerical Code Verification - NCV
Calculation Verification - Discretization Error *
Calculation Verification - Numerical Solver Error *
Calculation Verification - Use Error [\

XX |IX X |X|N|x

SQA: software code CEPS, thorough Cl, SonarQube analysis, ...
NCV, discretization error, solver error: that is numerical analysis.

We provide many automatic tests (interpolation, quadrature, ODE solvers) and
convergence tests on PDEs (Laplace, heat, reaction-diffusion) w/r to
manufactured and reference solutions

Use error: on the web-based platform + within SQA
We cover credibility up to 4 or 5, while 2 is needed (risk analysis).

YC (IMB/Liryc/Inria-Carmen) 2023-11-16 25 /33



On-going work on validation

Table 6 : Validation and Applicability Credibility Factors Coverage Level for Use Case 1 (cf. ASME VV40);
* indicates validation activities not yet completed; N/A indicates activities which requires completion to be

Tnated
ev

Model Risk
Credibility Factor Coverage Level
Validation - Model [Form] 1]
Validation - Model [Inputs] * Il
Validation - Comparator [Test Samples] * \%
Validation - Comparator [Test Conditions] * 1l
Validation - Assessment [Input Parameters] * 1]
Validation - Assessment [Output Comparison] N.A.
Applicability: Relevance of the Quantities of Interest * .

XXX [ X [X [X X [N]|X

Applicability: Relevance of the Validation Activities to the COU *

@ To be done in view of the Qol and CoU

@ For UC1 (Simcardiotest), we could design and run our own experiments

YC (IMB/Liryc/Inria-Carmen) 2023-11-16 26 /33



Path to calibration, before validation

AV

e

Calibrate model’s parameters
o Contact parameters — done (bath experiments)
@ lonic parameters — optical signal, pixel-wise, done

e Conductivity coefficients — 9.4T MRI (300 pm) + activation maps, partially done
Compare to experiments for validation

o Lapicque curves are within the experiment Lapicque regions ? Computational challenge

YC (IMB/Liryc/Inria-Carmen)
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lonic parameters for the BR model

BR has 2 parameters for the Na™ current: gn, and gnac

Optimisation technique developped in?: compass search
algorithm

il

Automatic search in each pixel of each camera (2 camera)

Using 6 consecutive pacings, beginning of the experiment

| A \w |
i W Wn\wm e Data has to be normalized (either baseline only or baseline +

peak)
: A\ \ \ \ \ ?Pongui Ngoma, Bourgault, Pop, and Nkounkou, “Adjustment of
b R Parameters in lonic Models Using Optimal Control Problems”.

NENRNENANR
L LR L)
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|dentification of parameters for 1 pixel

— signal

08

04

02

00

Figure: Exemple identification match. Raw signal (blue), filtered one (orange), and model (black).
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Spatial distribution of gn, and gua.c

endo

epi

T e T

(a) Acquisition #4

e w g = e

(b) Acquisition #17

Figure: gna (left) and gua.c (right) on endo (top) and epi (bottom) — 2 acquisitions.

YC (IMB/Liryc/Inria-Carmen)
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Endo / epi distribution of parameters

Acq 004 (t0+38 minutes) Acq 014 (t0+53 minutes) Acq 017 (t0+57 minutes)
thr=0.75V 0.35ms thr=0.75V 0.12ms thrMax=6V 0.12ms
g_Na g_Nac g_Na g_Nac g_Na g_Nac

0035 000015 003 000015 0035 000015
0030 0030 0030

000010 000010 000010
0025 o025 o025
0020 0020 0020

000005 000005 ml 000005 L

0015 o015 oo1s

sot0 000000 oot0 000000 o010 000000
000 0005 0005

-0.00005 ~o0.00005 ~o.00005
0000 0000 0000

endo  epi endo  epi endo  epi endo  epi endo  epi endo  epi

Figure: Statistical distribution of identified gn, and gna ¢
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Microstructure around the tip : conductivity coefficients

scale € : 1

res

(a) volume  (b) optical map (c) homogenization principle® (d) conductivity
fraction window coefficients

@ Segmentation and fiber direction — done (thanks to V. Ozenne, J. Magat)
e Volume fraction — done’

@ How to register the optical window to the the MR image (folded sample) ?

Davidovi¢, Coudiére, and Bourgault, “Modelling the action potential propagation in a heart with structural
heterogeneities: From high-resolution MRI to numerical simulations”.
"Ibid.
5093591516 S



Conclusion

Bridging between bioimpedance (signal processing) and bidomain (PDE modeling)
The computational pipeline is complete

The software did undergo a thorough verification process

Validation experiment were specifically designed, that is on-going work

It remains possible improvements (numerics) to study

Overall, the V&V process was certainly helpful
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Thanks for your attention!
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