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A multiscale-in-time framework for simulation of maladaptive growth and remodeling (G&R) in the
heart is presented. G&R is assumed to be driven by a deviation of mechanical stress or strain with respect
to a homeostatic baseline state. Since ventricular loads vary on a much shorter time scale than processes
of G&R occur, a staggered solution scheme discriminating between “small scale” heart beat dynamics and
“large scale” G&R is chosen.

On the small scale, a coupled monolithic problem of 3D finite strain elasticity for the heart and 0D
lumped-parameter flow is solved, using a closed-loop systemic and pulmonary circulation model to ac-
count for physiologic loading conditions on the myocardium. After computing a homeostatic reference
state, the system is perturbed by introducing a cardiovascular disease (ie regurgitation of the mitral valve
or aortic stenosis), eventually leading to a state of chronic volume or pressure overload for the ventricle.

On the large scale, the spatial field of fiber overstretch or tissue overstress is then imposed, and a
pure solid mechanics problem of strain- or stress-mediated volumetric growth is solved together with a
remodeling law that allows for change in elastic material parameters depending on the amount of growth.

Small and large time scales are mutually revisited until no further volume change occurs. Physiologi-
cally meaningful changes in ventricular pressure-volume relationship are obtained for ventricular volume
and pressure overload and comply with general observations.

Nonlinear deformation-dependent growth requires local Newton updates at integration point level and
is implemented in FEniCS by expressing growth residual and increments as forms at quadrature points. In-
ner virtual work is expressed explicitly with help of the fourth-order material tangent operator to account
for all tangent contributions arising from the nonlinear G&R model.
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You can cite this talk as:

Marc Hirschvogel. “Multiscale-in-time modeling of myocardial growth & disease progression”. In: Proceedings
of FEniCS 2021, online, 22–26 March (eds Igor Baratta, Jørgen S. Dokken, Chris Richardson, Matthew W. Scroggs)
(2021), 34–50. DOI: 10.6084/m9.figshare.14494809.

BibTeX for this citation can be found at https://mscroggs.github.io/fenics2021/talks/hirschvogel.html .

34

http://www.deepambit.com
https://fenicsproject.org
https://dx.doi.org/10.6084/m9.figshare.14494809
https://mscroggs.github.io/fenics2021/talks/hirschvogel.html


M ultiscale-in-Tim e M odeling of M yocardial G row th & D isease Progression

FEniC S conference

M arc Hirschvogel
King’s C ollege London

22 M ar 2021

35



2M arc Hirschvogel M ultiscale-in-Tim e M odeling of M yocardial G row th & D isease Progression
22 M ar 2021

O utline

1 Introduction & M otivation

2 M odeling the Heart and D isease M echanism s

3 N um erical Im plem entation using FEniC S-X

4 Results

5 Sum m ary & O utlook

36



3M arc Hirschvogel M ultiscale-in-Tim e M odeling of M yocardial G row th & D isease Progression
22 M ar 2021

1.1 Heart M odels and the C ardiac C ycle

Healthy heart Eccentric grow th after
volum e overload

C oncentric grow th after
pressure overload

• C ardiovascular disease entities m ost prevalent in industrialized w orld [D im m eler 2011, Luepker 2011]

• D iseases of the m yocardium  (heart m uscle) are m ultifactorial and yet to be fully understood

➢ A ltered m echanical loads
➢ N eurohorm onal changes

• Heart m ay undergo adaptations in structure and shape if loading conditions are
chronically above a certain physiological level, referred to as
G row th and Rem odeling (G  & R) [Rossi et al. 1991]

• Volum e overload (Fig. (b)):

➢ Heart adapts by eccentric grow th (systolic heart failure)

• Pressure overload (Fig. (c)):

➢ Heart adapts by concentric grow th (diastolic heart failure)
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2.1 Patient-specific G eom etric 3D -0D  Heart M odel

Rule-based fiber directions
Transm ural variation (-60°, 60°)

[D oste et al. 2019, Bayer et al. 2012]

• Heart m uscle: N onlinear nearly-incom pressible hyperelastic, anisotropic solid [G uccione et al. 1991]

• C ontraction: Tim e- and fiber stretch-dependent active stress law  [Bestel et al. 2001]

• C irculatory system  is m odeled w ith a lum ped-param eter 0D  flow  m odel (com pliances,
resistances inertances) [Hirschvogel et al. 2017, Trenhago et al. 2016, U rsino and M agosso 2000a,b]

Frank-Starling m echanism  [Solaro 2007]

Free heart STL geom etry from  https://w w w .icm m .ru/tom ogram -to-fem
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2.2 C ontinuum  M echanical M odeling of G &R

• G &R com puted in a kinem atic grow th fram ew ork w ith m ultiplicative split of
deform ation gradient into elastic and inelastic (grow th) part
[Lee et al. 1969, Rodriguez et al. 1994]

• G row th deform ation gradient is function of grow th stretch     and possibly
of preferred directions       :

• G row th stretch usually is governed by an evolution equation and can depend on
m echanical or other stim uli:

• Rem odeling is taken into account by additively decom posing the stress response into a part governing the reference 
and one describing the rem odeled m aterial (sim ilar to [Thon et al. 2018]):

: Fraction of grow n m aterial

40



7M arc Hirschvogel M ultiscale-in-Tim e M odeling of M yocardial G row th & D isease Progression
22 M ar 2021

O utline

1 Introduction & M otivation

2 M odeling the Heart and D isease M echanism s

3 N um erical Im plem entation using FEniC S-X

4 Results

5 Sum m ary & O utlook

41



8M arc Hirschvogel M ultiscale-in-Tim e M odeling of M yocardial G row th & D isease Progression
22 M ar 2021

3.1 3D -0D  C oupled Elastodynam ics

• N onlinear elastodynam ics using G eneralized-alpha tim e integration [C hung and Hulbert 1993]

• Strongly coupled 3D -0D  m onolithic solution of solid m echanics and lum ped flow  m odels
[Hirschvogel et al. 2017]

• U se of direct solver (SuperLU ) or block-pre-
conditioned G M RES [Elm an et al. 2008]

• ~90’000 linear displacem ent-based tetrahedral elem ents, ~60’000 unknow ns

➢ Exam ple healthy heart cycle sim ulation:

https://github.com /m archirschvogel/am bit
O pen-source Python FEniC S-based solver for cardiac m echanics
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3.2 Inelastic D eform ation-D ependent G row th & Rem odeling

• Fiber stretch-driven anisotropic grow th in fiber direction

• Stress in inner virtual w ork depending on deform ation and internal variable    , w hich is
deform ation-dependent itself in a nonlinear w ay (needs local N ew ton to solve)

• Full m aterial tangent operator reads:

➢ FEniC S U FL can only take care of first term , since no analytic expression                  possible

➢ Express virtual w ork linearization directly as form  w ithout using “derivative” and add second term  m anually to

➢ D epending on grow th law , can render excessive FFC -X com pilation tim es! (betw een 5 and 30 m inutes!)

 

Elastic part of
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3.3 M ultiscale-in-Tim e A nalysis: Volum e O verload and Eccentric G row th in the Heart

• Hom eostatic healthy heart beat com putation

• Acute disease state (e.g. m itral valve regurgitation)
com putation, evaluation of end-diastolic volum e
overload

• Set state “large tim e scale”:

➢ Q uasi-static grow th com putation

• Set state “sm all tim e scale”:

➢ C om pute new  hom eostatic heat beat state

• M utually revisit sm all and large scale until grow th
falls below  a certain tolerance
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4.1 Eccentric G row th in the Heart: Results for M itral Regurgitation (M R)

• G &R after m itral valve regurgitation

➢ Loss of isovolum etric contraction
phases

➢ Right-shift of pressure-volum e
relationship

➢ LV w all thinning

• “Heart failure w ith reduced ejection
fraction”

• Rem odeling: A ssum ption that only active m aterial is reduced w ith grow th (cardio-
m yocytes are elongated, degradation and disruption of fibrillar collagen, im paired
contractility [Aurigem m a et al. 2006]):

Acute M R G &R and M R
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5 Sum m ary & O utlook

• M ultiphysics and m ultiscale approach to cardiac grow th and rem odeling using FeniC S-X

➢ 3D -0D  coupled nonlinear elastodynam ics and reduced-dim ensional flow

➢ Inelastic deform ation-dependent grow th solved at integration point level

• Physiological results and grow th patterns, but ...

• N eed of fine-tuning to m atch experim ental data

• N eed for higher-order spatial approxim ation to avoid spurious effects of low -order finite elem ents, but ...

➢ M issing Q uadrature function spaces in FEniC S-X! For linear elem ents w ith one integration point (C G 1), grow th m aterial 
is specified as discontinuous D G 0 function pace

➢ N o quadratic convergence for grow th m aterial living on D G 1 space for higher-order m esh (C G 2)

• N eed for strategies of reducing FFC -X com piler tim es for com plex constitutive U FL expressions
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Thank you for your attention!
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