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Biomechanical modeling of the heart:
From multi-scale multi-physics formulations to
patient-specific simulations, with experimental
validations and clinical applications

D. Chapelle, with P. Moireau, M. Caruel, R. Chabiniok...
Inria Saclay-lle-de-France, M3DISIM team



Outline

* Multiscale modeling of the myocardium

Focus on mechanical behavior, with chemical / electrical input
* Validation against experimental data (papillary muscles)

* Modeling and validation at the organ scale:

=> lllustration with CRT simulations

* Specific considerations on estimation for patient-specific modeling:

—=> Detailed validation with infarct characterization

e Conclusions
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Multiscale heart modeling: (1) Micro

Courtesy: R. Peyronnet (Imperial)
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Multiscale heart modeling: (1) Micro

* Actin-Myosin bridges: Huxley 57 revisited

on . On
It ~ €c Os — (nO _ n)f_ ng

n(s,t) : ratio attached bridges for heads

at distance s from actin site / time t

f/ g: binding / unbinding rate

no : ratio of actually available sites

(Frank-Starling, perfusion, etc.)
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Multiscale heart modeling: (1) Micro

* Actin-Myosin bridges: Huxley 57 revisited

on . On
ot o Os (no — n)f —ng

n(s,t) : ratio attached bridges for heads

at distance s from actin site / time t

f/ g: binding / unbinding rate =
no : ratio of actually available sites

(Frank-Starling, perfusion, etc.)

* To be modeled: {(s,t), g(s,t), Wn(s,t) (elastic energy of bridge)
OW,,(t,s)
Os
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e Resulting sarcomere (active) stress: 7¢(t) = / n(t,s) ds
S



Active force vs. sarcomere length

100 a

Skeletal

Tension (% of maximum)

1.0 1.5 2.0 2.5 3.0 3.5 4.0
Sarcomere length (um)

H.A. Shiels and E.White, Journal of Experimental Biology 21 |,2005 (2008).

-> HO(ec)
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Multiscale heart modeling: (2) Meso

* Moment equations: , — /s”n(s,t) ds
S

ftp = nof, — (f+ g)pp + Pecpip—1

assuming f + g independent of s (see also Gueérin et al. | 1)
* Modeling choices:

f(t,s) = kaplscio, 11| [Ca2+]>C

g(t,s) = alec| + karplsgo, 11l jcart1>c + krs | jca+1<c

k
Win(t,s) = —

5 (s +s9)*  (Symmetry breaking)

* Papers:
v Bestel, Clément, Sorine - LNCS, vol. 2208, 200

v Chapelle, Le Tallec, Moireau, Sorine - JMCE, 2012
I"m"'f



Multiscale heart modeling: (3) Macro

e Active constitutive relation for sarcomeres

ke :ko/n(s,t) ds, T :ko/(s+so)n(s,t) ds
R R

(stiffness) (stress)
(- .
< ke = —(|u] + a|éc|)ke + noko |ul_,
\7.-c — —( ul + « éc )TC —+ éckc -+ NpOy \u\+

with u = katp [Ca2t]>C — Kgs | [Ca?t]<C
(action potential related input)

k
* Microscopic energy U, = ?O /(s + 50)2n(s, t) ds
S

U. = —(Ju] + o |é|)Uc + écre + noUo u|
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Complete rheological modeling

 Passive components:
Z-disks, intra- and extra-cellular media,

collagen, etc.
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Complete rheological modeling

 Passive components:

Z-disks, intra- and extra-cellular media, LWs W
collagen, etc Es L
’ . r
Ju
. . 4/\/\/\/\/ILD<—’7:C
* Hill-Maxwell rheological model o e
W
* Note: sarcomeres generate stresses W
L

in fiber direction (1D)

* More sophisticated modeling ingredients can be considered in

micro-macro approach: addit. chemical states and internal variables...

* Complete energy balance here:

I
i<IC—|—<€’e+—/ Esesde—l—/ Uch):
dt 2 Ja, %

. . ow,
Pexe (V) —I—/ noUo |ul, d§) — / (lu] + « |ec])U dS2 — / () dQ — :
Qo Qo Qo

. £dQ)

o ag
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Myocardium modeling summary
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Myocardium modeling summary

* Principle of dynamics in total Lagrangian formulation

/ p')_i-éydﬂo—l—/ ézdgdﬂo—l—/Pvg-g_'-éyde‘:O,
o o : YoveV

* Constitutive law
2. = %%— oW + oip(eip,ec)n @ n
= Oe 0e O
v Hyperelastic term W*¢ = ¢, et U= ¢, el k(= 1) —InJ|
5 Jy=(n-C-n)J”

WIN

with reduced invariants |, = (trg) B
See Prot et al. 07, and also Humphrey&Yin 87, Guccione et al. 91,

Fung 93, Costa et al. 96, Holzapfel&Ogden 09 (review/analysis)...

v Viscous term W" = gtl‘(éz)

v Active part (fiber directed)



Experimental validation

(1) (2) (3) 4)

ml ml m?2
Papillary muscles
m2 (laboratory rats)
Rest Preload Afterload Activation

Experimental data : Y. Lecarpentier (Institut du Coeur & Meaux hosp.)
Paper: Caruel, Chabiniok, Moireau, Lecarpentier & Chapelle, BMMB’[ 3
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Model vs. experiment: (1) statics

w
Passive law

(a)

- — - Active stress
0 Preloads
® Afterloads ° PN

21| x Passive stress ’ N

Stress/strain data
for initial loading (1)
and max. shortening (3)

Fyip/Ao (.10* Pa)

{ { { 1.1 . { { ]

o
A
- @[ 5 9@ D\@ (@ @
o 15} — 1+ —
—
5 Y 09 =

1 = - |
-\% @ 0.8 ©)
o [ 1 1 0.7 1 1

0 0.2 0.4 0 0.2 0.4
time (s) time (s)
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Model vs. experiment: (2) dynamics

High preload Low preload

(\B)
Dashed / solid lines
for

Gl simul. / exp. results
<t

—

(@)

<

~—

R

[,

0 0.2 0.4

time (s)
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Dynamics: HilP’s maximum velocity

S —
8 O  Exp.
- O Simul.
D N
6 O O Exp.
O O O Simul.
—~~ O
I 4 e - N
— O
~ O
‘O g O
O
9 O
| | | |
0 1 2 3

Fyip /Ao (-10% Pa)
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VvV (-107% m?)

P, (-10* Pa)

~
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Cross-validation with simplified

single-cavity heart model
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Biomechanical modeling of the heart

Simplified spherical
symmetry assumption

Geometric param. adj. for
left ventricle

Physical param.unchanged
except contractility x10




End-systolic pressure-volume relation
(ESPVR) with simplified model

4 |
oo = 1.8.10°
oo = 1.2.10°
3] oo = 0.6.10°
diaStOIiC ﬁl. /' ........................
/cs\ ....................................................
D-‘ N N
i O e~
g 2 |- 2T
A°
1 |
—50 0 50 100 150
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Suga-Sagawa elastance signature

E (x 10?2 Pa/mL)

normalized FE
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Modeling the organ heart

* Fiber directions: not quite at hand in-vivo yet, hence difficulty for

patient-specific => prescribed based on anatomical knowledge
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Modeling the organ heart

* Fiber directions: not quite at hand in-vivo yet, hence difficulty for

patient-specific => prescribed based on anatomical knowledge

* Boundary conditions: complex interactions with surrounding

structures and organs => viscoelastic support and sliding contact

* Closure of the system to account for pressure variables:

Windkessel model (OD) for artery flows

W
“j\icd G

Venous R R - i
3 d D Arterial
Pressure | };{ |_.B” Pressure
d

_ flow

Visco-elastic
boundary condition

Fibers orientation __.-—""S

Epi. ’

I
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Visco-elastic
boundary condition



Modeling the organ heart

* Fiber directions: not quite at hand in-vivo yet, hence difficulty for

patient-specific => prescribed based on anatomical knowledge

* Boundary conditions: complex interactions with surrounding

structures and organs => viscoelastic support and sliding contact

* Closure of the system to account for pressure variables:

Windkessel model (0D) for artery flows —— (2)

311~ -~ Active stress °

0 Preloads
® Afterloads ° -~
2 || x Passive stress //’ N

* Difficulty with reference configuration:

end-diastole not stress-free

=> inverse problem to be solved
(Gee, Forster & Wall, JNMBE, 2010)

Fiip/Ao (.10% Pa)
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Cardiac Resynchronization Therapy
patient-specific modeling...
and optimization

M. Sermesant, R. Chabiniok, P. Chinchapatnam, T. Mansi, F. Billet, P. Moireau,
J.M. Peyrat, K. Wong, J. Relan, K. Rhode, M. Ginks, P. Lambiase, H.
Delingette, M. Sorine, C.A. Rinaldi, D. Chapelle, R. Razavi and N. Ayache
Patient-Specific Electromechanical Models of the Heart for the Prediction
of Pacing Acute Effects in CRT: a Preliminary Clinical Validation
Medical Image Analysis, 16(1):201-215, 2012

ING'S
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http://www-roc.inria.fr/MACS/spip.php?article224
http://www-roc.inria.fr/MACS/spip.php?article224
http://www-roc.inria.fr/MACS/spip.php?article224
http://www-roc.inria.fr/MACS/spip.php?article224

Protocol

Patient
60 years old woman with congested heart failure (NYHA Ill) and LBBB

Clinical intervention
Pacing using several resynchronization schemes (number and location of pacing

leads, timing)

Data

Non-contact electrophysiological mapping of the LV endocardial potentials using
Ensite 3000 multi-electrode array catheter system (St Jude, Sylmar, CA)

LV pressure measurements

Objective
Short term effect of CRT can be assessed by measuring left ventricular pressure and
its time derivative: dp

max( %)
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Model Calibration - Baseline simulation
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Baseline simulation immersed in MRI

mage Sze: 200
Voxel Ske: 1.50;
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LV dp/dt (mmHg/s)
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Optimization of CRT procedure [1]

LV dpdt K

CL009baselineCS3.mat

1500

1000

500,

-500

-1000

-1500

= = = simulation

data, cardiac cycle #3

0.6 0.8 1
time (s)
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LV pressure KCLO09baselineCS3.mat

140
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[o]
o

o]
o

LV pressure (mmHg)
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data, cardiac cycle #3 ||
= = = simulation
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time (s)
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P——

LV dp/dt (mmHg/s)
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= = =simulation
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1500 T
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= = =simulation

data, cardiac cycle #13 |7
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Optimization of CRT: effective strategies

pltriv
(LV endo, coronary
sinus, RV endo)
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Optimization of CRT procedure [2]

LV dp/dt (mmHg/s)

&Lﬁé’a’- D. CHAPELLE et al. - Biomechanical modeling of the heart
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= = =simulation
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= = = simulation
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ﬁ




dt
1500.0
1125.0
750.0
375.0
O . Atrial Ry BiVsim Ve
Baseline B Measured
B Simulated
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Estimation problem setup

Models (dynamical system) Measurements (images & signals)
X = A(X, 0, t) Z =H(X) + x

Arising from: in raw (?) or processed form, e.g.:
solid//'fluid mechanics, etc. v MRI or US with segmentation

Equation types: PDEs, variational and/or optical flow

formulations (EEs), ODEs... v Tagged MRI with extracted

displacements and/or velocity...
To be estimated:

X(0) and 8 — X
Note:

Typical sizes: some modeling may be involved in
X(0) : 10° to 10° dofs pre-processing, statistical
6 : 10 to 100 parameters modeling in noise.
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Sequential data assimilation (filtering)

Basic principle:
X =A(X), with X(0) = Xo+ , butZ=H(X)+ x,

X = A(X) + K(Z — H(X)), with X(0) = Xo.

Target System
Limit System

> {
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Sequential data assimilation (filtering)

Basic principle:
X =A(X), with X(0) = Xo+ , butZ=H(X) + .

X = A(X) + K(Z — H(X)), with X(0) = Xo.

v Kalman equations for optimal filter (in linear case)
(X(t) = AX + PHTW='(Z — HX)
P—PAT — AP+ PH'W~'HP = 0
P(0) = Py
| X(0) = Xo
Y In non linear case, you must solve a HJB equation,

or an approximate “Extended Kalman Filter”

v Major drawback: computation of Kalman filter is untractable in
practice (full covariance)
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@ Stabilized system
@ Damped system
® Undamped system

Effective state estimators N

Luenberger observers:

Design K filter “easy to compute™ and
effective, i.e. fast X — X convergence

.
—% %

VWhen A and H linear, error X = X — X gives AC*
X = (A — KH)X — Ky, “ X

hence effective feedback stabilization provides

adequate filter e 'S

Advantages:

v Many dissipative feedbacks known for energy- -— . :
preserving systems (or other invariants)

v Physics-based operators easy to implement in simulation software
v Reasonable cost (sparse operators)

v Robustness much preferable to “optimality”

¥ Here, the control is applied on a virtual system: more possibilities!
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Joint state-parameter estimation

Aim: estimate ((x,0)in X = AX + BO + R, with X(0) = Xy + (x

Classical path: introduce augmented dynamical system

§ =0, with0(0) =0+

{X — AX +BO+R, with X(0) = Xo + (x

v Kalman filter applied to augmented system
A A A A
< X = AX + BO + R+KZ (Z — HX), with X(0) =X,

0 =K% (Z— HX), with 6(0) =0

v Kalman untractable, so here we wish to substitute K, for Kffa,
v No physics-based filter available for virtual parameter dynamics

Key idea: two-stage estimation (optimal reduced-order. for param.)

X = AX + B + R + + . with X(0) = X
0 = . with 6(0) = 6,

~
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Joint estimation bibliography

v Moireau, Chapelle & Le Tallec: Joint state and parameter estimation for
distributed mechanical systems. CMAME, 2008

v Chapelle, Moireau & Le Tallec: Robust filtering for joint state parameter
estimation for distributed mechanical systems. DCDS/A, 2009

v Moireau & Chapelle: Reduced-order Unscented Kalman Filtering with
application to parameter identification in large-dimensional systems.

ESAIM: COCV,2010

v Moireau, Chapelle & Le Tallec: Filtering for distributed mechanical

systems using position measurements: perspectives in{medical imaging:

Inverse Problems, 2009
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Infarct characterization (by estimation)

R. Chabiniok, P. Moireau, P.-F. Lesault, A. Rahmouni, J.-F. Deux and D. Chapelle
Estimation of tissue contractility from cardiac cine-MRI using a
biomechanical heart model

Biomechanics and Modeling in Mechanobiology, 11(5):609-630, 2012
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Protocol

Subject
Animal data obtained with a farm pig of 25kg (the study was approved by Institutional

Animal Care and Use Committee of “Faculté de Créteil”)

Infarction protocol
Healthy heart at TO: Baseline

Infarct creation by a 2-hour occlusion of the LAD coronary artery by a balloon catheter
Follow-up of the animal 10 days (T0+10) and 38 days (T0+38) after the infarct creation

Data
Cine MRI, Late Enhancement (ground truth), Tagged MRI (optional), ECG

Objective of patient-specific modeling
Locate (compare with LE) and characterize the infarct tissue (contractility)
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Protocol

Subject
Animal data obtained with a farm pig of 25kg (the study was approved by Institutional

Animal Care and Use Committee of “Faculté de Créteil”)

Infarction protocol
Healthy heart at TO: Baseline

Infarct creation by a 2-hour occlusion of the LAD coronary artery by a balloon catheter
Follow-up of the animal 10 days (T0+10) and 38 days (T0+38) after the infarct creation

Data
Cine MRI, Late Enhancement (ground truth), Tagged MRI (optional), ECG

Objective of patient-specific modeling
Locate (compare with LE) and characterize the infarct tissue (contractility)

ke = —(|ul + o éc|)ke + noko [u]
fe = —(Ju] + o |ée])7e + écke + nooo |ul.,
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Model calibration for baseline (T0)
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Baseline (T0) compared to T38

Image contours Model without

extraction infarct modeling
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Baseline (T0) compared to T38

Image contours Model without
extraction infarct modeling
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Estimation at work (actual cine-MR data)

0.94

0.88

0.82

0.76

0.7

Estimated contractility

Estimator in AHA regions
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Enhanced estimation based on tagged-MR

PhD A. Imperiale
Collaboration Creatis (INSA-Lyon)
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Enhanced estimation based on tagged-MR

Dsplacement Magnitude Displacement Magnitude

1.165¢+01 ~ - < A 1.165e+01
8 768e+00 - g S AR 8 768e+00
X 5 8890 +00

5 889e+00 >
3 009e+00 § 3 009e+00

1 298¢ N

1.298e-01

PhD A. Imperiale
Collaboration Creatis (INSA-Lyon)
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Tagged-MR estimation results (synthetic)

1.250
1.125

1.000
0.875
0.750
0.625
0.500
0.375
0.250

0.125

Contractility

o Target parameters Estimated parameters

2.000
1.890
1.780
1.670
1.560
1.450
1.340
1.230

Stiffness

1.120

1.010
0.900

Target parameters Estimated parameters
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Concluding remarks

* Multiscale modeling of the myocardium based on physiological considerations

at all scales (starting with nano-scale)

* Fundamental physical requirements (energy) satisfied throughout the scales,
and associated consistent numerical procedures

-> well-adapted to multi-physics coupling (e.g. perfusion and chemistry)
* Substantial experimental and clinical validation achieved

* Inverse problems handled via novel effective data assimilation methods

=> provide key information for diagnosis and allow patient-specific modeling

The research leading to these results has received funding from
the European Community's Seventh Framework Programme

(FP7/2007-2013) under grant agreement n° 224495
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