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SILICOFCM Scope and Concept
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Set up R&D computation pipelines for drug testing
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MP micromodel and Physiological macromodel:
Different time/space scale Complex computation

Passive
Force

Total
Force

Finite Element with Fiber

Muscle and Integration Points

AN

Mass Series
E_l’ (optional)
Viscosity
R .

O R
kgjf(Ca)N k (Ca) kg A
O e,

Rt 000

- . . Muscle Fiker
Finite Integration point  Connective Tissue
Element

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 777204




SILICOFCM Linking MP Micromodlel

B

50 - - 1.8e-6
— MUSICO
Y 40 - Novel model
a T':'- —— Ca i 1.49'6
> n_ p—
a E.» 5 30 - E
=
?I S - 9.0e-7 —
A o ]
Logw 4
u, F
- - 4.5e-7
10 -
MUSICO 27881.433 0 . . : 0.0
FE-MP 37.376 0.0 0.1 0.2 03 0.4 05

Time (s)
MEXIE Simulations

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 777204




SILICOFCM EBffect of Mutations in Troponin C (TnC) ancdl
Myosin Isoforms from Mouse to Hurman

TnC Mutations in Mouse
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The Effect of Disopyramicl
Modulation of [Ca2*] transients
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The Effect of Disopyramicle ancl Digoxin on HCM
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Changes

1. Modulation of [Ca?*] transients
» HCM - Disopyramide, which lowers peak and baseline
levels of [Ca%*] transient during twitch contractions

MP FE Heart
Musico Hsurrogate >

DCM - Digoxin, which increases peak of [CaZ*] transient

during twitch contractions, but does not change time t
peak and relaxation time

2. Changes in kinetic parameters

» HCM - Mavacamten, which is associated with regulation

Calcium
transient

of kinetics rates of transition between disordered myosi
detached states and ordered parked state

::[MUSM:O]—»[ MP I
surrogate

>

DCM - dATP, which modulates crossbridge cycle rates

3. Changes in macroscopic parameters
» HCM - Entresto, which acts on remodeling of heart
ventricle walls and modulates the elasticity of blood
v vessels, typically reducing resistance to blood flow and

Resistance of

Blood Flow

Elasticity of

Blood Vessels

| FE Heart | improving cardiac output in HCM
Model
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For treating
Hypertrophic Cardiomyopathy (HCM)

A - 80

vy )
-
(=]

30 Exp. Exp.
—— HCM —_ 0.8 —— HCM
— 25 —— HCM + Disopyramide - .0 1 —— HCM + Disopyramide
5 60 ug _
° ° -I 20 7
Disopyramide lowers peak and % “ = Z 08}
baseline levels of [CaZ*] 218 e S 04
. . . c i —
transient during twitch g 20 £ .
contractions! 5 - '
0 - -0 0.0
All MUSICO parameters are the C 30 ~-~_  Musico 80 D 20 | e, MP surrogate [ 80
same! / N\ ——— Hom _ - ..... HCM _ —_
The Only Change 'is 'in pa- 25 // \\ == == = HCM + Disopyramide . 60 % ‘a 25 4 :- .'. ----- HCM + Disopyramide 60 %
o \ > o >
. . 20 / 20
the peak of [Ca?*] transient in the i:" /] \ ~25. 5:' ;
. . \ - 40 - 40
presence of 5 uM of disopyramide 0 15 | \ 2 = 2
g 1 / // h \ o g )
o 101 |, \ N\ ) o 10 o
= Iy NN 20 6 - 120 g
L ~ S L 5 W
-j// \\_____-:'-—.____ '°"....::::.‘:: ----------
01~ ‘ ‘ ‘ S—— 01, . ‘ ‘ : Lo
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Time (s) Time (s)

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 777204




SIngpFCM

For treating
Dilated Cardiomyopathy (DCM)

Digoxin increases peak of [Ca?*]
transient during twitch
contractions but does not
change time to peak and
relaxation time!

All MUSICO parameters are the
same, and the only change is in
the peak of [Ca?*] transients

May 13, 2022
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Effects of calcium change
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Linking MUSICO and FE simulation ALYA

» The coupling of Alya and MP-surrogate was extended to a human heart biventricular
anatomy

/ Electrophysiology ALYA Solid Mecha@ MP-surrogate MUSICO

model
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Integration of MP-surrogate

into Alya finite element solver
WP5 Alya - MP surrogate Coupling
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Normal Human Heart
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Normal Human Heart - Stress
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Hypertrophic Cardiomyopathy
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HCM + Mavacamten
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Pressure-Volume Loop
Comparison between models

» Full heartbeat simulations require
simulation of more than one beat to reach
a steady state

» Baseline calcium transient magnitude pre-

stresses the anatomy

» There is a need to pre-stress the anatomy
so as to preserve initial diastolic volume

» Mavacamten slightly reduced arterial
pressure
Percentage change |LV RV
from Normal EF(%) | EF(%)
HCM -25%  -15%
HCM + Mavacamten -29%  -26%
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Barcelona

Supercomputing

Center
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Pressure-Volume loops
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PAK FE solver tool with linked MP surrogate model

a) Muscle b) Finite element ¢) Elongation of
with fiber and muscle fiber
integration points

MP surrogate Finite element
parameters solver (PAK)

Xz

2
%, finite element integration point muscle fiber

Data flow of the pak-musico integration Multi-scale model of muscle contraction.

a) Muscle discretized into finite elements,
b) Muscle fiber within the finite element and integration points,
c) deformation of the muscle

» MP surrogate was built into our finite element solver PAK as a new muscle
material model. MP surrogate consists of parameters, states, and calculator.

» Based on input parameters, the current state of the material model and
provided stretch, MP surrogate calculates stress and instantaneous stiffness
along muscle fiber and it produces a new state of the MP

D5.4 Software: Linking MUSICO and FE simulation

This project has received funding from the European Union’s Horizon 2020
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PAK FE solver tool with linked MP surrogate model

Step start

MP states » Finite element solver maintains and updates states
5 of the MP model. We accept the new state of the
i model if the finite elements achieved convergence.

We neglect the new state and use the state from the

previous time step if convergence is not achieved.

Configuration initialization a
the moments + Ar

elements loop

integration points loog

Calculate

Clate ,, » In our code, we incorporated openMP, which is
P o, typically used for loop-level parallelism, to speed up
the calculations of integrated PAK-MP simulations.

no

] VP states at 1+ A7 computationally intensive we created one thread per
YU, FY, YK | next time step . . . .

I S S integration point, so that the calculations done at
each integration point are done in parallel.

) Ff' IR Ff:' : iu T 7
Al = :f.uKll:] § gl : :, E :
’_—l_ —1 3 ¥ » OpenMP introduces parallelism into the application
L e R by launching a set of threads that execute portions
. yes 11| o= L ) .
g o= || c-Ter ! of code concurrently. Since MP calculations are

Algorithm: Finite element analysis and MP surrogate model
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PAK linked with MP - Use cases

» Cube model - Healthy muscle
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Table MP model parameters for a healthy heart

Parameter Value Parameter Value Parameter Value
TimeStep 1.00E-05 k_off_Ca 50 ErrFlag 0
IterMax 100 fO0_p 1000 Stiff_Eq_P1 197.5442
SL_O 1.6 h_0 5000 Stiff_Eq_P2 3434.963
SL_isom 1.9 h_O_p 550 Stiff_Eq_P3 0
LA 1.1 8.0 450 Ca_amp 3.380394
M 1.6 U 1.1 taut 0.065917
B 0.1776 W 1 tau2 0.014666
R_T_O 1.62E+05 V 1 k_PS_O 50
x0 0.007 beta 0 k_PS_max 700
Ca_50 0.915 eta 0.396 b_param 5
k_on_0 0 sigma_p 7.2 Ca_50_PS 1
k_on_Ca 120 sigma_n 1 k_lambda_on_0 3750
k_off 0 100 ErrorEps 1.0E-7 k_lambda_off 0 375
0.5 1 1.5 2 2.5

0
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w
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Displacement at the free node of the 3D model during muscle contraction
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PAK linked with MP - Use cases

» LV parametric model
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Numerical results from SILICOFCM platform for patients

before and after Entresto treatment
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SRS Numerical results from SILICOFCM platform for

patients after DIGOXIN treatment
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It was found that mean left ventricular ejection fraction increased from 74 + 2 to 79 + 1 percentage for
10 patients. In the simulation results ejection fraction was increased from 75 to 80 percentages which is
correlated with the observed clinical measurements. Also, we found that velocity field gives increased
values after digoxin treatment which may results as consequence of increased ejection fraction.
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" Upgrade FE biomechanical simulation (PAK Solver)

Solid and fluid left ventricle model generated from echocardiography

» Solid echo model
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Upgrade FE biomechanical simulation (PAK Solver)

Solid and fluid left ventricle model generated from echocardiography
» Fluid echo model
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Animations of total heart deformation
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Conclusions

» The full human heart simulations using the Multiscale model and Decision Support
System can provide physiologically relevant assessment of the familial
cardiomyopathies simulated and the effect of drugs.

» These results can provide insights into clinically relevant observations of the
disease and provide better insights on detailed drug effects.

» Future research challenges :

» A pre-stress algorithm will be added to the simulations in order to achieve higher
ejection fractions

» The application of these methodologies to patient-specific anatomies for high throughput
assessment for clinical purposes
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