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Background and Motivation UNI

_ RAZ

* Great potential of biophysical models for personalised medicine, e.g. for cardiovascular diseases

* Parameter estimation and model calibration are challenging, due to the complexity of the cardiac
function and availability of clinical measurements

* Parameter estimation methods can benefit from machine learning

 Aims of this work:

» Extension of physics-informed neural networks (PINN) methodology to time-dependent 3D
non-linear elasticity problems for cardiac applications

» Investigation of training methodologies

» |dentification of biophysical properties of the myocardial tissue

=
.l Caforio et al, arXix 2023
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Obijective: identify the solution u(x; 1+) and the unknown parameters y given:

Lu;pu)=Ff inQ Lwypu)=Ff inQx(0,T]
B(u)=g onl o B(u)=g onl
withf,g:Q — R with f,g: Q x (0,T] — R
considering noisy observations u,.OBS = u(x,OBS; wn)+e,fori=1,...,Nogs
parameters __ PDE
I,u s - T S )= === = == -~
N /\ \
neural network |

| @\f N -
| Llu;p) =1 N minimizew 0 ﬂ)
| B(u) = loss ’
| *@/\ (u) 5 \- J
|
\ /




Methodology: PINNs
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Obijective: Find the weights and biases @ of a NN and the unknown parameters [ s.t.

. . 2
1,0 = arg min ||uNN(XOBS; 1, 0) — uOBSH + R(upn (x5 1, 9))
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Methodology: PINNs

Objective: Find the weights and biases 0 of an ANN and the unknown parameters [ s.t.

min Jops(0) + Jroe(p, 0) + Tac(6) + R(0)

w.0
3\ Nogs
with jQBS( ) /\/ZEZ Z HuOBS _ uNN( OBS, 9)“
~ APDE s "DE) PDE . 2
JeoE (14, € = Neoe - Z 1f(x7%) — L(unn(x 5 0); 1) |
A\ Nec, D
Jec(0) = NES:EDD Z HU-FD BCD) —UNN( BCD. . 0) H 4

=

A\ Nec, N 2

BC,N BC N BC N BC N
No Z [Vunn (x5 0) - n(x ) —pn(x; )|

and  R(0) = \y|0]
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Methodology: Random Fourier Features

Idea: Replace first layer with non-trainable frequency features:

v Rinput N RZP

. cos(Bx)

X

sin(Bx)

B = (b)) € RPX™  with b ~ N(0, o) X unn (X)

Results in a network architecture

uN/\/(X) — L/< O LK_| O...0 L| (’V(X)) with Lk(Y) — 0 (ka -+ b/<)

N
.I Tancik et al, AIPS 2020
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Methodology: Exact Boundary Condition

Ildea: Dirichlet boundary 'y can be explicitly imposed with a distance function:

¢ R 3R
x > dist(x, projr (X))

This results in a network architecture:

with G(X) extension of boundary

uiN” (x) = unn(x) - o(x) + G(x)

Especially for homogeneous boundary conditions:

ui” (x) = aw(x) - B(x)

N
.| Sukumar et al, CMAME, 2022

Z 1n mm



Guccione Model for Passive Stress

*  Quasi-static problem: Find u st
-~V - -P(u) =0 in
P(uyn=—p/F'n onTy
P(uyn+ku=0 on I'g
oW

th P = ——
Wi o

M ~ A 2
W = 5 (epr— I) +§(logj)

* Transverse-isotropic material:

with Q = bg (f, - B fo) + by [(sO -

2 by, [(fO Eso) + (5 -Eno)z}
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- Parameters:

+ Geometry: Parallelepiped
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Guccione model for Passive Stress: BioTechMed
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Forward Solution
- stiffness: 4 = |0 kPa , nearly-incompressible material : A\ = 1000 kPa
o fO
displacement magnitude So
. E—
0 1
L) ccLemuc



Guccione Model for Passive Stress:
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PINN-based Reconstruction of Forward Solution
Ground Truth PINN solution Error
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Guccione Model for Passive Stress:

Loss Terms

. Fit loss \/jQBS(H) on test points, C = 0

1071
S
3
= —— lathyp, op = 1.0
= ——— sobol, op = 1.0
. " —— uniform, op = 1.0
7210771 — lathyp, o = 2.0
= —— gsobol, o = 2.0
— uniform, op = 2.0
——— lathyp .
—— sobol
——— uniform
10-3 o —— -
10Y 101 107 10°

No. iterations

- 500 test points

|0 seeds

600 Adam + 7000 BFGS
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- PDE loss \/jPDE(H) on test points, C = 0

Test PDE error on u

102 ;
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107 ;

107" -

1072

lathyp, o = 1.0
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uniform, op = 1.0
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Guccione Model for Passive Stress:
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PINN-based Estimation of Stiffness f
- Without Fourier features, C = O - With Fourier features, C = 0
10° 10°
3 3
g 10_1 g 10_1
z E
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o= 107 o 10 — S?)bgfll,)O'FFZ 1.0
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» |0 seeds
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Guccione Model for Passive Stress:
PINN-based Estimation of Stiffness

- Without Fourier features, C = 0.05

100 ;

—_
-
L

—_
3
\V)

Relative error on u

1073

lathyp
sobol
uniform

10°

10* 107

No. iterations

- 1000 data points

+ |0 seeds

- 600 Adam + 7000 BFGS
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- With Fourier features, C = 0.05

10° 1
o
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103 —
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Guccione Model for Passive Stress:

Loss Terms

» Fit loss \/joes(e) on test points,C = 0.05
6 x 1072
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- PDE loss \/jPDE(H) on test points, C = 0.05

Test PDE error on u
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Ambrosi Pezzuto Model for Active Stress

Find u s.t.

—V-P(u)=0 inQ
P(uyn=0 onIy
u=0 onl)p

» Quasi-static problem:

Z 1n mm

9)4Y%
th P — P> | Pac
. OF t
. i NE L 2 ~ )\ )
- Transverse-isotropic material: Was = 5 (exp 0 — |) 1 . (log )
Fify ® f
* Active stress: P =S 0 © 1o
Vv Ffy - Ffj

+ Geometry: Cube

S
.I Ambrosi et al, JE 2012
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Ambrosi Pezzuto Model for Active Stress:

Forward Solution
- stiffness: 4 = 0.8 kPa, nearly-incompressible material: A = 650 kPa
*active stress parameter: S, = | |8 kPa
ro fO
displacement magnitude >0
s —
0 0.8

) ccLemua
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Ambrosi Pezzuto Model for Active Stress: e
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PINN-based Reconstruction of Forward Solution
PINN solution Error
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Ambrosi Pezzuto Model for Active Stress:
PINN-based Reconstruction of Stress
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* With implicit Dirichlet boundary, C = 0 * With explicit Dirichlet boundary, C = 0

Relative error on 5,:4.9E-02 Relative error on 5,:2.6E-02
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Ambrosi Pezzuto Model for Active Stress:
PINN-based Reconstruction of Stress
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* With implicit Dirichlet boundary, C = 0.05 * With explicit Dirichlet boundary, C = 0.05

Relative error on 5,:5.5E-02 Relative error on 5,: 3.2E-02

-3 . —3

107 - 2000 data points
* Sobol sampling
- 5 seeds
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Bestel-Clement-Sorine Model for Active Stress

- Time-dependent problem:  Find u st.

O'u—V-P(u)=0 inQx(0,T]
n=0 only
u=0 onlhp
u(x,0) =up in

th P — { Pac
Y OF t
: : : 2 ~ A 2 z
» Transverse-isotropic material: Weas = 5 (exp Q— |) + 5 (log /) :
Fify ® 1
* Active stress: P = S4(t) \/on . FOfO

- Geometry: Cube
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Bestel-Clement-Sorine Model for Active Stress

- ODE for active stress: Find S, s.t.

{ S,(t) = —|a(t)]S,(t) + oola()].  fortin (0,T]
S,(0) =0

with  a(t)]. = max{a(t), 0}

160 - :...‘: ________ 5 - 5 G(t) — amaxf(t) _|_ &mlﬂ . (l - f(t))
140 - : : 0 f(t) — S+ (t — tsys) ) (t — td|as))
£ 120 - | At
10 i (80 = 5 (£t (57) )
.,_16 __C% 2 ’y
0 —10 -5
2 80 - S
= _153  Parameters:
; 60 E
é 10 —20 © O min Ymax tSyS ldias 00
- on -30 5 0,161 s 0,484 s 150 kPa
0- —30
0.0 0.2 0.4 0.6 0.8 1.0

. . \%
time 1n sec .I Bestel et al, MICCAI 2001



Bestel-Clement-Sorine Model for Active Stress: BioTechMed
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PINN-based Reconstruction of Forward Solution
stiffness: 4 = 0.8 kPa | nearly-incompressible material: A = 650 kPa, maximal stiffness 0o = 150 kPa
0.14

PINN Solution | t=0.0000 Error | t=0.0000

Ground Truth | t=0.0000
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Bestel-Clément-Sorine Model for Active Stress:
PINN-based Reconstruction of Stiffness

* With Dirichlet boundary layer, C = 0

Relative error on 0p:0.9E-02

Ground Truth | t=160.0000 l
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Test fit error on u
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Bestel-Clément-Sorine Model for Active Stress:
PINN-based Reconstruction of Stiffness

* With Dirichlet boundary layer, C = 0.05

Relative error on 09 : | .3E-02
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Test fit error on u
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Discussion and Future Steps: UNI
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Discussion:
- Efficient and versatile algorithm

 Robustness and convergence properties empirically proved in different testcases
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Discussion and Future Steps: UNI
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Discussion:
- Efficient and versatile algorithm

 Robustness and convergence properties empirically proved in different testcases

Future developments:
* Accelerate training for time-dependent case

- Realistic geometries
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