Chapter 3 )
Segregated Algorithms for the Numerical o
Simulation of Cardiac Electromechanics

in the Left Human Ventricle

L. Dede’, A. Gerbi, and A. Quarteroni

Abstract We propose and numerically assess three segregated (partitioned) algo-
rithms for the numerical solution of the coupled electromechanics problem for
the left human ventricle. We split the coupled problem into its core mathematical
models and we proceed to their numerical approximation. Space and time dis-
cretizations of the core problems are carried out by means of the Finite Element
Method and Backward Differentiation Formulas, respectively. In our mathematical
model, electrophysiology is represented by the monodomain equation while the
Holzapfel-Ogden strain energy function is used for the passive characterization of
tissue mechanics. A transmurally variable active strain model is used for the active
deformation of the fibers of the myocardium to couple the electrophysiology and the
mechanics in the framework of the active strain model. In this work, we focus on the
numerical strategy to deal with the solution of the coupled model, which is based
on novel segregated algorithms that we propose. These also allow using different
time discretization schemes for the core submodels, thus leading to the formulation
of staggered algorithms, a feature that we systematically exploit to increase the
efficiency of the overall computational procedure. By means of numerical tests
we show that these staggered algorithms feature (at least) first order of accuracy.
We take advantage of the efficiency of the segregated schemes to solve, in a High
Performance Computing framework, the cardiac electromechanics problem for the
human left ventricle, for both idealized and subject-specific configurations.
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3.1 Introduction

The heart performs two fundamental tasks: it pumps the deoxygenated blood to the
lungs to get oxygen and release carbon dioxide, while it simultaneously pushes the
oxygen rich blood into the arteries delivering it to tissues and organs [46], almost
to every cell in the human body. Despite the apparent simplicity of these tasks,
the heart function is however the result of the concerted action of several physical
processes taking place at different spatial scales, i.e. at the cellular, tissue, and organ
levels, other than time scales. In the mathematical modeling of the heart function
all these processes have to be properly considered and, above all, integrated;
we refer to this as an “integrated heart model” [62]. The electrophysiology, the
active and the passive mechanics are referred to as “single core models”, and
are expressed by systems of Ordinary Differential Equations (ODEs) and Partial
Differential Equations (PDEs). Although their individual behavior is nowadays
quite established, further theoretical studies are necessary to better understand their
interactions [12, 19, 26, 28, 61, 67]. Since, as noticed before, the processes under
consideration feature different spatial and temporal scales, the grid for the numerical
approximation of the individual core models must be properly chosen. Moreover, the
discretized integrated problem can be formulated by either a monolithic approach,
where the approximated equations are assembled in a single large system and
simultaneously solved, or a segregated approach, where the approximated equations
are solved sequentially.

We focus here on the electromechanics of the left ventricle (LV). For the
investigation of this model and its numerical approximation we refer the interested
reader to, e.g., [33, 53,61, 62, 68, 77, 80, 82]. Segregated algorithms are investigated
in [4, 12, 33, 44, 68, 82], where the electrophysiology and the mechanics problems
are solved separately. In [20, 21, 37], the integrated problem is instead solved using
a monolithic approach. In either case, suitable solvers (and preconditioners) must
be employed for the efficient solution of the linear systems stemming from the
discretization of the problems.

In this work we use the monodomain equation [13, 41, 59] together with the
minimal Bueno-Orovio ionic model [8] for the description of the electrophysiology.
For the passive mechanics, we use the state-of-the-art Holzapfel-Ogden model
[39] together with the active strain approach [2, 3] for the active mechanics, the
latter endowed with a newly proposed model for the transmurally heterogeneous
thickening of the myocardium [6]. The mechanics is then coupled with the
electrophysiology by means of a mathematical model describing the shortening of
the myocardial fibers [28, 71], triggered by a change in the ionic concentrations
in the cardiac cells, namely the intracellular calcium concentration. Regarding
the numerical approximation of the integrated model, we use the Finite Element
Method (FEM) for the space discretization while the time discretization is carried
out by means of the Backward Differentiation Formulas (BDFs) [63]. We propose
three novel segregated algorithms in combination with both implicit and semi-
implicit schemes, the latter consisting in the partial evaluation of the nonlinear
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terms with an approximation of the unknowns of the same order of the BDF scheme
[11, 29]. We compare the numerical results obtained by means of the segregated
algorithms with those of the monolithic method proposed in [28] for physically
meaningful benchmark problems. We develop our segregated algorithms in a way
such that different timestep sizes for the electrophysiology and the mechanics can
be used, thus leading to the so-called staggered algorithms. The use of different
timestep sizes for the time discretization of the single core models is indeed made
straightforward by the use of segregated approaches. Moreover, this is physically
motivated as each core model features very different time scales: precisely, the
electrophysiology requires a small timestep size while the mechanics yields stable
and accurate results also for relatively coarse time discretizations. We show that
the segregated schemes exhibit order of convergence with respect to the timestep
size equal to one. Moreover, regarding the computational efficiency, we show that
the segregated algorithms allow dramatic reductions of the computational costs
with respect to the monolithic scheme. This is particularly true for a segregated
algorithm in which the ionic, the monodomain, the mechanical activation, and the
mechanics equations are fully decoupled and a timestep size ten times larger is used
for the latter with respect to the former. Finally, we use the proposed algorithms for
subject-specific large scale simulations for a full heartbeat and discuss the results
thus obtained.

This chapter is organized as follows: in Sect.3.2 we recall the mathematical
models for the electrophysiology, the mechanics and the mechanical activation of
the myocardium; in Sect.3.3 we carry on the space and time discretizations of
the single core models; in Sect. 3.4 we propose the segregated algorithms for the
solution of the integrated problem; in Sect. 3.5 we report and discuss the numerical
results obtained with the proposed methods; finally, we draw our Conclusions.

3.2 Mathematical Models

We recall, for each physical process, the underlying mathematical models in the
form of ODEs and PDE:s.

3.2.1 Ionic Model and Monodomain Equation

The systolic phase of the LV starts when the electric signal originated from the
atrioventricular node is conveyed through the Purkinje fibers network and delivered
to the myocardium [7, 14, 38, 55]. The signal triggers a complex interaction between
the transmembrane potential v and different ionic species thus causing a quick
depolarization and repolarization of the cells. This change of v is known as action
potential [47]. The electric signal propagates faster along the myocardial fibers
which, together with the sheets, characterizes the internal structure of the muscle
[73] as depicted in Fig. 3.1.
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Fig. 3.1 Fibers in a subject-specific geometry (left) colored by a transmurally linear variable and
a close up of a slice with fibers fy, sheets sp, and normals ng, together with their relative position
(right)

We use a set of Ny ODEs in the ionic variables w = {wq}N; | to model
the ionic species concentrations and currents through the cell membrane and the
monodomain equation, a nonlinear diffusion-reaction parabolic equation derived
from the bidomain equations under simplifying assumptions [13, 14], to model the
tissue electrophysiology. This is compactly written as:

8‘: — ()W (V) — W) + B(V)W in Qo x (0,7),

9 )
X (Cm 8;) + 1" (v, w)) =V (JF'D,FTVv) + 1)  inQx 0,T),

(JF'D,FTvy) . N=0 on 9 x (0, T),

v=1uvy, W=W in Q¢ x {0},
3.1

Here, Q¢ is the reference domain and 7 > 0 is the final time of the simulation;
x and C, € RT are the ratio of membrane surface with respect to the volume
and the membrane capacitance, respectively. The term 77" (v, w) represents the
currents driven by the ions concentrations while /%P is an externally applied
stimulus. The current geometry displacement (the displacement of the myocardium)

d = X — x determines F =1+ 9X and J = det(F), where X and x are the

space variables in the reference (£2p) and in the deformed (£2) configurations,
respectively. We neglect, for simplicity, stretch activated currents (SAC) [22, 42]
and other bioelectrical effects of mechanical feedbacks [16—18]. To account for the
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anisotropic electrical conductance of the myocardium, the diffusion tensor reads
Dy = oi50(I — fo ® fo) + ofy ® £y, where fy is the local fiber orientation (see
Fig.3.1) that varies transmurally, while the sheets direction sy (which is oriented as
the normal to the collagene sheets) is orthogonal to the LV walls. The ng direction
is orthogonal to both fy and so; 0i5, and o are the fiber-transversal and the fiber-
longitudinal conductances, respectively. Finally, the terms «(v), 8(v), and / ion are
prescribed according to the ionic model. Among the many models proposed in
literature ([1, 47, 48, 52, 79]) we choose the Bueno-Orovio minimal model [8] for
whizch N; = 3. We assimilate the variable w3 to the intracellular concentration
[Ca’t].

3.2.2 Mechanical Activation

The concentration of calcium ions [Ca®*] drives complex dynamics in the sarcom-
eres [66], which lead to the cardiomyocites stretching. We use a phenomenological
model for the local shortening of the fibers (denoted by yr) at the macroscopic level.
The latter, firstly proposed in [71], and further developed in [28, 68], reads:

TE_ Ayr= b ey d) ingyx 0.7),
or  glws) "7 g(ws)
Vys-N=0 on 3o x (0, T), (3-2)
yr=0 in ¢ x {0}.
Here g(w3) = [taw?, while ® (w3, yr,d) depends on the sarcomere force-

length relationship [28, 34, 68]; we refer the reader to [28] for the expression of
® (w3, y7,d). Finally, /t4, & € R are tuning parameters for the subject-specific
case under study.

3.2.3 Passive and Active Mechanics

We model the myocardium as a hyperelastic material [54]; then P = P(d) = 38,‘12/

is the first Piola—Kirchhoff stress tensor and ‘W the strain energy density function.
To model moderate volumetric changes (2—-15%), we use the nearly-incompressible
formulation [25] by multiplicatively decomposing the deformation gradient F into

the isochoric F and the volumetric F, parts as F = F,F, where F, = J ; L
We use the Holzapfel-Ogden strain energy density function [39]—the state—of—
the—art in passive myocardial tissue modeling—with a volumetric term weakly
penalizing volumetric variations [74] W(C, J) = W (C, J) + Wy (J), where
the expression of W, is given in [28] with parameters determined in [39] and
Woor = 5(J = 1) log(J); B € RY is the bulk modulus.
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We use the active strain formulation [2, 3, 51, 70] to account for the active
behavior of the myocardium. This approach corresponds to a decomposition of F

in the form F = FgF4 = J3FgF4; Fg is the isochoric component of the elastic
(passive) part of the deformation, where Fr = F,Fg, and F4 is the prescribed
active deformation (active strain) tensor. We have that P = det(F A)PEFXT,
where Pr = g(FME/ . We refer to [28, 30, 31] for more details. We use the following
orthotropic form for the tensor F4 [2, 5, 57, 68, 69]:

Fa =1+ ysfo ®fo+ ys80 ® so + yunp ® ng,

where y,, and y; are the local shortening (or elongation) of the tissue in the directions
so and ng, respectively. Following [6, 28], we set y,, as transmurally variable, y,, =

k') \/11+y — 1), where A is a transmural coordinate, varying from A4, at the
;

endocardium and A.p; at the epicardium. The dependent variable y; is chosen to

ensure det(F4) = 1; hence, y,, = v (yy) and ys = y5(vy).

We finally use the stress tensor P(d, y¢) in the momentum equation:

3%d .
patz—Vo-P(d,yf)=0 in Qg x (0, 7),
- p 0d
NeN)|(Kid+C]
n ’Iad n
+ T -N®N) I(Hd—i-C|| 9 +Pd,y/)N=0 onT'y x (0, 7),
P(d, Vf) N = pendo(t)N on F(e)ndo x (0’ T),
od .
d = do, 9 =dy in Qg x {0}.
(3.3)

where p is the density of the myocardium. The boundary 92 is partitioned in

rgmde, rgP', and T3¢, representing the endocardium, the epicardium, and the
ventricle base, respectively. For n € {base, epi}, we consider generalized Robin
conditions with parameters K", K ﬁ’, cl.c ﬂ’ € RT, whereas the pressure p"4°(r)
(still prescribed at this stage) is set at the endocardium; the generalized Robin
conditions are meant to represent the effect of the pericardium and surrounding

tissues on the epicardium. Finally, dg and dy denote initial conditions.

3.2.3.1 Prestress

If, at the initial time r = 0, p**° = p°d°(0) > 0, the blood pressure acts at
the endocardial walls and thus the net force acting on the myocardium is not zero.
The reference configuration €2 is therefore unstressed at + = 0, which leads to



3 Segregated Algorithms for the Numerical Simulation of Cardiac. . . 87

unphysical deformations in problem (3.3). To overcome this issue, we use a prestress
approach [40, 78] to determine the internal stresses of the myocardium such that the
latter remains in mechanical equilibrium at 7 = 0. After observing that P(d, y¢) =
P(dy) at r = 0, we look for a vector dg and a tensor Pg such that

Vo - P(do) = —Vo - Py in Q,
N®N)Kdy + I—N@N)Kdy + P(do) N = 0 on Ty, (3.4)
P(do)N = p°N on I§"e,

with Ho ~ dy. We then use the stress tensor f’(ﬁ, v#) = P(d, yf) + P in place of
P(d, yy) in the first of Eq. (3.3), and set dg = do, do = 0. Since the pair (do, Po)
is a solution of Eq.(3.4), this allows the myocardium to remain in mechanical
equilibrium at r = 0.

3.2.4 Cardiac Cycle

As we aim at modeling the LV electromechanics for a full heartbeat (typically about
0.8s long), we need to account for the blood interaction with the LV along the
different phases of the heartbeat (see Fig. 3.2). Hence, we solve different 0D model
(ODEs) [26, 68, 82]. The phases are, in order:

1. Isovolumic contraction: the early stages of the LV contraction drive an increment
of the endocardial pressure p¢*4° from the End Diastolic Pressure (EDP) pf{'gj’u
(about 10 mmHg) to the one in the aorta p’ (about 85 mmHg). We determine
pdo a5 the solution of

dVendo

(p"*) =0,  te(0, T, (3.5)

dr
where V¢"d2(0) is set to the initial LV volume. Thus, we require that the
ventricular volume V¢"?° remains constant; Ty = T;(p®"?°) is the earliest time
occurrence at which pe"d" > p??;

2. Ejection: the ventricular volume V¢"4° decreases due to the contraction of the
LV forcing the blood to flow through the aortic valve. We use a two elements
Windkessel 0D model [84] in the form:

dpendo pendu dvend()

C = — — , t T, T»], 3.6
dr R dr € (T, T] (3.6)

with p¢"4°(T;) = p®® where C and R represent the capacitance and resistance of
the electric circuit mimicking the blood flow in the aorta. This phase ends when



88

Pressure (mm Hg)

Volume (ml)

L. Dede’ et al.
Isovolumic
relaxation
Isovolumic  E1ection Filing
contraction \ \ /
120 Aortic Aortic valve
valve y / closes .
1004 opens . 4 \,_ .
" 9 e Y === Aortic pressure
80 ot .| B O e
60
40
20 / Atrial pressure
133 . =7 Re==Z5 ventricular pressure
-—
90 / Ventricular volume
50 - -

Fig. 3.2 Wiggers diagram [43] of the left heart depicting the aortic, ventricular, and atrial
pressures as well as the ventricular volume, along the four phases of the cardiac cycle

P4 becomes smaller than p®°, thus closing the aortic valve. Since we do not
model the aortic pressure over time, we set in Eq. (3.6) 7> = T (Ve40) a5 soon

VI (Ty) > 0;

d
as dt

. Isovolumic relaxation: the endocardial pressure p®'?° decreases as a conse-

quence of the LV early relaxation while V¢"° remains constant and is treated

similarly to the isovolumic contraction (Eq.(3.5)). We denote the end time of
: _ d : d d

this phase as 73 = T3(p*'“?), the occurrence at which p®"“? < pi<¢ (about

5 mmHg);

. Filling: the pressure drop in the LV causes the opening of the mitral valve, which

in turn causes an increment of V*"4° due to the blood flowing into the LV, until
both the pressure p®4° and the volume V¢"4° reach the EDP values. We model
: : : : endo B endo :
this phase by linearly increasing p until it reaches the value pZ'h% at the time
T3 = 0.7s, and we keep it constant from 7’3 to the final time 7 = 0.8 s, that is:

endo

d
P oo e Tl 3.7)

dr

ngng% _pendo (T3)

it e (T3 Tsland g = 0if 1 € (T5T1.

with ¢ =
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3.3 Space and Time Discretizations

We briefly discuss the numerical discretization of the single core models (3.1), (3.2),
and (3.3) with respect to the space and the time independent variables.

3.3.1 Space Discretization

We use the Finite Element Method, FEM [63], for the space discretization of the
PDEs of Sect. 3.2, thus obtaining a system of ODEs for each core model. We
consider a mesh composed of pairwise disjoint tetrahedra 7 such that Ugc7;, K =
Qo, where h is the maximum size of the elements K € 77,. Then, we define
the finite dimensional spaces X}, = {v e C%(Qo) : v|x € P"(K) VK € T3} and

X, = [XZ]3, where P"(K) is the set of polynomials of degree smaller than

dof
or equal to r in the element K. By indicating with { wj}j.v;l a basis for X7,

it holds X}, = span(yr1, ..., Yryar), X}, = span({$y}i_y, ..., {w’;vgof},izl), and

dof
¥ = jer, where e is the k-th unit vector of R3. We then denote by {x j}j.v;l
the set of the Degrees of Freedom (DoFs) associated to X} and X),. The functions
U, Vfh, and d;, are the FEM approximations of v, yr, and d, respectively, and

we denote by v, y ;, and d the vectors containing the nodal values of the primitive
dof

variables. Specifically, for the ionic variables wZ x,1) = Z;V;l w? )y (x), where

NS"f
w!(t) & wy(x;. 1), from which w (1) = {wj(t)}j:l and w(r) = {w/O}) .
dof
Similarly, for the transmembrane potential v, (X,t) = Zy;l v; ()Y (x), where
dof
vi(t) ~ v(xj,t) and v(t) = {vj (t)}j.v;l. For the active strain, yfn(X,1) =
Ndof Nduf
YL v OV (X), where vy (1) ~ yp(xj.0) and y (1) = {yz;(®};Z,. For
dof
the displacement, dj, (x, 1) = Zy;l 213;1 df(t)iﬁ];(x), where df(t) ~d(x;),1) - e
dof y 3
and d (1) = “d’?(t)] ’ } .
=) g
We write the equations of the ionic model at each node x;, j = 1,..., N dofr

The semi-discrete formulation of the ionic model hence reads: given v(¢), find w(z)
such that

{ w(r) + Uv()w(r) = Q(v(r)), te0,1],
(3.8)

w(0) = wo,

where U;; (V) = aq (v)) — B4 (v;) and Qi (V) = ag (v))wi°(v)), with i = g NPT+ j,
forqg=1,...,Ny, j= 1,.“,N;10f.
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For the monodomain equation we obtain instead the following semi-discrete
problem: given w(#) and d (), find v(¢) such that

: M&(t) + Kd()v(t) + F(v(r), w(t)) = MI’P(¢), 1€ (0, T], (3.9)

v(0) = vo,

where M;; = fQO Y dQ, Kij(dy) = fQO(JhF;TIDmF/:Tij) - Vi dQ,

v, w) = fo, 17 (v}, . w)) i dS0, and K7 (6) = 197 (x;,1) for

- dof
i,j =1,...,N% and vy = {vo(xj)}j.";l; Fp = 2% and J, = det(Fy). To

overcome numerical instabilities [9], we use however a lumped mass matrix ME
in place of M [60].

The semi-discrete formulation of the mechanical activation problem (3.2) reads:
given w(?) and d(¢), find Y@ such that

{ My /(1) + eK(W(D)p ;1) + ®(wW(0). y (). d(1) =0 1€ (0, T],

y ;(0) =0,
(3.10)

where K;;(w) = fQO g(i;)ij - Vi dQo and ®;(w,y ., d) = _fQO g(;;?)q)

(w3, ysn, dn) i dQ, fori, j=1,..., No.
The semi-discrete formulation of the mechanics problem (3.3) reads: given
¥ £ (1), find d(r) such that

psMi3d(r) + Fd(1) + Gd(r) + S@(t), y £(0) =p" %) —So, 1€(0,TI,

d0) =dy, d(0) =0,
G.11)

dof 13

where dy = ’{do(Xj)'ek}yéllk_l’ M

Jrenao P ONY;. S0, = [o,Po : Vo¥ i d20.Ff; = e e base) Jer (CIIN®N)

diag{M, M, M}, pde =

1

. 3
+Cﬁ](l -N® N)> 'l,]/( : 10;’( dro, F= dlag {Fk}k=1’ Gf/ = Zne{epi,baSE} fFS (Kj]_

. 3
(N®N)+K"|7(I—N®N)>1/f’;. - yhdry, G=diag{G),_,, Sf@.y, =
3
Jo P@ivia) + VowkdQo, S@.yy) = dag{S‘@yp| _ forij =

1,..., N;i‘)f. The discretized prestress problem (3.4) can be similarly written as:
find (dg, Pg) such that

Gdo + S(do.n) = p5's% — So. (3.12)
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3.3.2 Time Discretization

We now carry on the time discretization for each of the semi-discrete single
core problems of Sect.3.3.1. For the electrophysiology several approaches have
been proposed and used to solve the monodomain equation, in combination with
the ionic model: explicit schemes [36, 68], implicit schemes [49, 59, 85], and
implicit-explicit (IMEX) schemes [15, 75]. Regarding the mechanics, we consider
an implicit scheme, while we consider both implicit and semi-implicit schemes
for the electrophysiology. We symbolically rewrite the semi-discrete problems of
Sect. 3.2 in the general form:

Miz;(t) + Ti(z(t)) =H;(z) te(0,T], i=1,...,4
z;(0) = z; 0, i=1,...,4, (3.13)
24(0)=0

where z; _w ) =Vv,23 =y, 24 = d, and M, —Hdt,M2=M3 —Méit,

My = ,osM3 dt2 . The nonlinear vector-valued functions T; and H; are specific of the
corresponding core model. In order to obtain a fully discretized formulation using
the BDF scheme, we exploit the following approximation of the time derivatives:

jtzi(tnﬂ) ~ Al <l91 n+1 Zi) Zﬁ/ n—kl i=1.....4

d? 1 1 I+l _ I = I, n—k+1
n+1y ~ n+ n—k+
dt2Z4(t ) ~ (A2 (19 7, — z4> 7y = E U2y ,

(3.14)
where At = NT is the timestep size, N7 being the number of subintervals, while
the parameters 19k, 19,2’, k=0,...,0 depend on the order o of the BDF scheme.

In the implicit case, we obtain the following nonlinear systems:
Ai @y = bt i=1,....,4, n=o,...,Np—1, (3.15)
with z" assigned forn = 0, ..., 0. In the semi-implicit case, on the other hand,

we extrapolate the variables in the nonlinear terms A;(z"*!) by means of the
Newton-Gregory backward polynomials [11]—as done, e.g., for the Navier—Stokes
equations in [29]—thus yielding a linear system at each timestep. The extrapolated
variables are evaluated by means of an approximation of the same order o of
the BDF scheme as z;(1"*!) ~ z = =i | Bzl k1 We thus approximate the

nonlinear terms as A; (z't!) ~ Z =1 A (z*)z?Jrl + A, (z*), with notation being
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understood. By recalling Eq. (3.15), we hence obtain a system in the form:

4
}:&ﬂfuﬁizw“ n=o,...,Nr —1, (3.16)
Jj=1

with z" assigned forn =0, ..., o and b?“ = hl’f“ — K,- (z*).

3.3.2.1 Discretization of the 0D Fluid Model

We evaluate the volume V¢"°(¢) at time " by exploiting the formula reported in
[68]. For the discretization of the OD fluid models of Sect.3.2.4 in terms of pe"d”,
we consider the following approaches tailored on the phase of the heartbeat (we
drop the “endo” superscript for simplicity). At each n:

1. Isovolumic contraction: we use an inexact Newton method to solve Eq. (3.5)
by iteratively updating the pressure as pjt| = p{*' — AZ’(Vk"Jrl — V"), for
k=0,1,... with pSH = p" and V(;“rl = V". By dimensional arguments,

: av , n+l At [ mm*s?
we approximate (py ") as : [ o

iteration, 1’1?111 is used to solve the electromechanics problem thus obtaining

. . I\ A S
Vk"_fll; the procedure is repeated until the condition l "“A . | < ¢ is satisfied.

The parameter ¢ < 0 has to be “sufficiently” small in order for the fixed point
algorithm to converge;

2. Ejection: the two elements Windkessel model (3.6) is solved in the pressure
variable with a BDF scheme of order o = 1:

] in the Newton iterate. At each

n+l _ n n+1 yn — Vn—l
c? pr__r : (3.17)
At R At

(O8]

. Isovolumic relaxation: we proceed as in 1);
4. Filling: the pressure is simply updated as p"t! = p" 4+ At ¢.
3.4 Numerical Coupling: Segregated Strategies

We first recall the monolithic strategy that we introduced in [28], then we propose
three new segregated strategies for the solution of the electromechanics problem.
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3.4.1 Fully Monolithic Strategy (I1ExAMy)

We use the implicit scheme (3.15) for the time discretization of each core model
and we assemble the integrated problem in a monolithic fashion, thus considering a
“strong” coupling among the fully discretized core models; see [28]. This amounts
to solve, forn = o, ..., Ny — 1, the following system of size 8 x N;i‘)f:

1

9, 1
0 U n+1 Wn+1 Q n+1 WI
- - 9

. 1
([[(SlﬂlMl) . M + 8K<wn+l)) ynf+l + (I)(WVFFI’ yanﬁl’ d”+l) = At M}’Ifs

Hl 1

0 M + ZO F + G) dn-H n+l a1

+8@",yrh

P (ary?

1

( ﬁ() M + K(d"JFl)) vyl + ‘on (Vn-H wn-H) — 1 MVI + Mlapp(tn+1)
s At s

( t

1 i 1 1
=5 ppp Mol + T +p7 " = 8o,

(3.18)

which we indicate as (J1EAM), where the subscript I stands for the implicit
solver, and compactly rewrite in algebraic form as

AL @ =it (3.19)

with notation being understood. We then apply, at each timestep, the Newton method
[63] to approximate the solution of the nonlinear problem (3.19) by iteratively
solving the linear system

n+1 n+1 n+1

1 1 1
Vemidzily = —rg" with zly = + oy, (3.20)
gt N N : ntl
fork = 0,...,untl |Ir; " |l;2 < g, where &, is a given tolerance. Jp}, , is

the Jacobian matrix of (3.19), evaluated in ZZ‘H , and is endowed with the following

block structure:

Jip Jiz 00
Jor Jn| 0 Jx

J31 0 134
00 Ju[Ju] (3.21)

Jem =
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while the residual is defined as ¥} "' = bt — AZFL(Z 1) In (3.21) we high-
light the diagonal blocks corresponding to the electrophysiology, the mechanical
activation, and the mechanics, respectively. We use the preconditioned GMRES
method [72] to solve problem (3.20). We exploit a lower block triangular Gauss—
Seidel right preconditioner Pgjs introduced in [28], a generalization of the FaCSI
preconditioner of [23, 24, 27]. Pem is obtained by dropping the upper triangular
blocks of matrix Jgas, namely Jia, Josa, and Jz4, and then by substituting the
diagonal blocks with black-box Algebraic Multigrid (AMG) and Additive Schwarz
preconditioners. With this strategy, we are able to exploit the information of the
core problems at the block level, that is we use a preconditioner that exploits the
“physics” of the coupled problem.

While (Z1EAIM)) is “numerically” stable and convergent as long as the initial
guess ZSH in (3.20) is, at each time, “sufficiently” close to the solution, it also
requires to use the same timestep for the time discretization of each core model.
Hence, even if the electrophysiology and the mechanics feature very different time
scales, the former dictates our choice for the timestep of the fully monolithic
problem.

3.4.2 Partially Segregated Strategy (11E1A)—-(My)

We break the strong coupling between the electrophysiology and the mechanical
activation (Z1E1A) and the tissue mechanics (Mj). We hence evaluate the terms

K(dn+1) and <I>(w”+1, y'}“ d ) of Eq.(3.18) in the extrapolated variable d

instead of dn+1, thus obtaining two separated problems which are solved in a
segregated fashion. This strategy is equivalent to the application of a (first order)
Godunov splitting scheme [32] to the monolithic problem. We notice that the
(7161 A7) problem is still fully coupled, while it is decoupled from the (M) block,
hence the denomination (Z1EAD)—-(My).

This approach allows to use a smaller timestep for the (1E1.A;) problem, which
we denote by t, with respect to the one used for the mechanics (My): we set in
particular

At
Nmb '

where Ny, € N is the number of intermediate substeps; T is the timestep size of

(7161 A1) and At that of (My). This implies that T < At and """ Nowp = = t"+mr for
m =1, ..., Ngyp. Nsyp can also be regarded as the ratio of the timestep lengths used
for the mechanics and for the electrophysiology and activation. The overall time
advancement is represented in Fig.3.3. Another clear advantage of this approach
is that, in the isovolumic phases, only the mechanics problem needs to be solved,
contrarily to the fully monolithic one where Eq. (3.18) has to be solved at each
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Fig. 3.3 Graphical representation of the time advancement for (I1EA)-(M;) and
(I s1Es1AsD—(M1)

subiteration. Problem (7 &1 Ap) from ¢" to "1 reads:
791 +om +om +om 1
0 + [U(vn Nsub ) wn Neup — Q(vn Noub ) = wI!
T T
17(1) * n+ " ion, " n+ " 1 1 a n+ "
ZL;E1A)) - MAK@E@) v N +T%v  Nub ,w " Nsub )= My = MIPP (" Nouv),
T T

m

sl m n+ m n+ " 1
( OME - e (" ))rf B e Ty Y = My,
. _ ‘ MY

(3.22)
form = 1,..., Ngu,», where the terms wI, VI, and y} (defined in Eq. (3.14)) are
evaluated by using the variables at times ¢",t" — 7,...," — (6 — 1)7. As in

the case of the implicit electromechanics, we use the Newton method to solve
problem (3.22), and the block structure of the correspondent Jacobian matrix Jga
is:

Jea= | | Jn| O

0 [Fn]

We exploit the same preconditioning technique that was outlined in Sect. 3.4.1 for
the (Z71EAIM)) strategy, but we restrict it to the block (Z1E1A). After solving
Eq. (3.22) for Ny, steps, we solve at "1 the implicit mechanics problem (M;):

Jit Jiz| O ‘

(3.23)

% Myt UF4G) a4 s@

M) : (3.24)

1 n 1 _ 1
=P g Mad + | Fd +p "t = So,
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by means of the Newton method. We notice that the vector "™ Uin Eq.(3.24) is
already known, since it is given after the last step of Eq. (3.22) (i.e. for m = Nyy»).

3.4.3 Partially Segregated Strategy (I s1Es1Asp)—(My)

By considering now the semi-implicit scheme (subscript SI) for the time discretiza-
tion, the (Zs1Es1:As1) problem reads:

»l m 1
( 0 +U(v*)> W = w4 Qv),
At T

m

0 : ,
(A‘; M+ K(d") + I (v, w*)) VN £ I WO N

(Is1Es1As1) =
1 ~: m
— le + Tion (V*, W*) + MI4PP (tVH— Neub )’
T
191 +m 1 -
( OM + eK(w*) + Py, (W, ¥}, d*)> y;. Nsub Mylf + e (W, y7}, a",
- . 7. .
(3.25)
form =1, ..., Ng,p. In this case, the block pattern of the matrix Ag4, stemming

from the linear system (3.25), is:

A O
Apa = Azl A

0 0 (3.26)

As in the case of the (7161 A)) strategy, after solving Eq. (3.25) for Ny, steps, we
solve the implicit mechanics problem (M) (3.24).

0
0

3.4.4 Fully Segregated Strategy (I s1)—(Esp)—(Asp)—-(My)

Finally, we further segregate the (Zs1Es1Asy) block: that is instead of solving
schematic (3.25) in a single shot, we solve the three subproblems sequentially. In
Fig. 3.4 we show a representation of the time advancement in this case. At each time
t", the algorithm amounts to perform, form =1, ..., Ngp, the following steps, in
order:
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Fig. 3.4 Graphical representation of the time advancement for (Zsy)—(Esp)—(Asp)—(Mr)

1. find w'" Neub by solving:

1 m
(Is1) : (190 + U(v*)> W = Lwl g Qevt; (3.27)
At T

2. use w"+N:r;b , obtained with Eq. (3.27), to find v Neub by solving:

ol . m m
(A(;M +R(d") + T (v, W' Ve )> V' Mo
(&sp) -
= ! MVI +'i'i0n (v*, wn+ N:r;b ) — ]Ii{,m (v*, wn+ N:Zb )wn+ N::llb + MI4PP (tn—i- N:;b );

T

(3.28)
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m

3. use WHN?Zb and v'" Nsub , obtained from Eq.(3.27) and Eq.(3.28), to find

+ m
y; Nub by solving:

19(1) n+ Vi n+ " * * n+N:;b
M+ eK(w' " Ysub ) + PV (W' Mo, p%.d) | v
(As)

1 -~ m
= TMy}f- + <I>(wn+Nsub , yf;-, d*).
(3.29)

After Ny, steps, we solve once again problem (3.24) and finally obtain d"+l.

3.5 Numerical Results

In this section we first briefly describe the procedures used to obtain the geometries,
the fiber and sheet fields, and the prestress, then we test the three segregated schemes
on benchmark problems in both idealized and subject-specific LV geometries. The
idealized mesh features 1827 vertices and 6500 tetrahedra, while the subject-specific
mesh features 126,031 vertices and 637,379 tetrahedra. We use finite elements of
order r = 1 and BDF of order 0 = 1 (i.e. Backward Euler) and o = 2 for the time
discretization to ensure A-stability [63].

For all the simulations we use LifeV,! an open-source finite element library for
the solution of problems described by PDEs in a High Performance Computing
framework.

3.5.1 Preprocessing

Image segmentation locates regions of interest (ROI) in the form of a subset of pixels
[35], and amounts to assign different flags to regions containing different types of
tissues and/or fluids. In this work, to obtain the subject-specific mesh, we used a
manual procedure exploiting the brightness of the pixels of a 3D MRI image;> see
Fig.3.5.

Fibers and sheets field distributions in the myocardium are not tipically extracted
from MRIs, unless special procedures are applied [65]. For this reason, several

Uhttps://cmesforge.epfl.ch.

2The MRI images are provided by Prof. J. Schwitter (Chief physician at the Centre Hospitalier
Universitaire Vaudois CHUYV, Lausanne) and Dr. P. Masci (CHUYV) in the framework of the
collaboration CMCS @EPFL-CHUV.


https://cmcsforge.epfl.ch
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Fig. 3.5 From left to right: the MRI from which the subject-specific geometry was segmented, the
mesh, the fibers field, and the sheets field

mathematically rule-based definition of these fields have been used [33, 45, 50, 70],
which attempt to construct their orientation. At the epicardium and at the endo-
cardium, the fiber direction fj is tangential to the boundary, while the sheet direction
so belongs to the plane identified by the normal and the ventricle centerline (i.e. the
line passing through the center of the ventricle). In the most general case, angles
Qendos Yepis Bendo> and Bep;, representing the inclination of the fibers and the sheets
with respect to the base plane, are assigned. The direction of fibers and sheets inside
the myocardium is determined by a transmurally linear mapping. Here we consider
the rule-based algorithm proposed in [87] and further developed in [68]; we set
Qendo = —60°, aepi = +60°, Bendo = Bepi = 0°. In Fig. 3.5, we show the fields
obtained by applying the algorithm to the subject-specific mesh.

Regarding the prestress, we solve problem (3.12) by means of a continuation
method. More precisely, given the EDP value peEng‘;, and an integer S representing
the number of steps, we first define a pressure ramp increment in the form: py =
gp%"g‘;,, k=1,...,8S. Foreachk = 1,...,5, we set p = pi in Eq.(3.4)
and solve the nonlinear system (in d) by using the Newton method to obtain an
increasingly accurate approximation of Py g, i.e. the prestress corresponding to the

pressure py. We refer the reader to [28] for more details.

3.5.2 Benchmark Problem with Idealized Geometry

In order to assess the properties of the proposed segregated schemes and to evaluate
their behavior for different timestep sizes, we set up and solve a benchmark problem
by using the idealized geometry. The contraction is triggered by applying a current
in three distinct points at the endocardium while keeping the pressure at the
EDP value p%"l‘)l‘;, = 10 mmHg. We choose this setting so that the volume of the
idealized LV halves during the simulation, from the initial value of approximately
136 mL to around 68 mL, thus attaining a deformation which is comparable with
physiological data. Weset T = 0.1 sandt = 1,2,4,8, 12, 16, 24, 32x 1073 s, with
Nsup = 1, 2,4, 8, 16 for the segregated strategies (being At = Ny,p7 the timestep
size for the mechanics), while At = t for the monolithic strategy. The absolute
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Fig. 3.6 Idealized LV and magnitude of the displacement field at different times, compared with
the reference domain 2, for the benchmark problem

tolerances for the Newton method and the GMRES solver are set to 8%1 =107*
and sgl = 1078, respectively. For all the numerical simulations of this benchmark,
6 cpus are used.

In the following, we denote by v; and ﬁ; the potential and the displacement
solutions, respectively, obtained with (I1EAM) and timestep 7, while we set
T = 1077 s (the smallest timestep size used). We use the solution generated by the
monolithic approach (I1EAM) with (t = T) as a reference one (a manufactured
“exact” solution). Indeed, since no exact solution for the electromechanics problem
is available, the error analysis with respect to the timesteps is carried out by using
a reference solution on the same mesh, effectively disregarding the error due to the
space discretization. In the monolithic case, all the coupling conditions between
the core models are enforced in the extradiagonal blocks of the monolithic system
matrix. However, as we will show, this accuracy comes at the price of a large
computational cost. In Fig. 3.6 we report the deformation and the displacement field
of the ideal geometry obtained by solving the problem with (Z1E1 A1 M) compared
with the reference domain 2.

We first numerically verify that in the (71EALM) case the errors in LZ(QO) and
L*°(2p) norms of the potential and of the displacement magnitude decay as T and
72 when using BDF with 0 = 1 and o = 2, respectively. With this aim, we display
in Fig. 3.7 the errors |[v] — ﬁill and ||ﬁ,5 — EZH against the timestep t = At. The
converge rate is indeed coherent with the order o of the BDF scheme under use.

Before analyzing the convergence rates against t for the segregated schemes,
we investigate the role of the splitting scheme on the mechanical feedback in the
monodomain equation, which is realized by the dependence of the diffusion tensor
on the deformation gradient F. To this aim, we display in Fig. 3.8 the errors, at times
T = 24, 48,96 ms, made using (Z1E1A)—-(My) with T for different values of the
parameter Ny, ;. Thatis, we use T = T for the electrophysiology and the activation—
the same timestep used to obtain the reference solution—while using At = Nyt
for the mechanics. We first of all observe that, in all cases, the convergence rate
is linear with respect to Ny, (equivalently, with respect to At); this behavior is
expected since the Godunov splitting scheme used in the segregated algorithm is
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Fig. 3.7 Errors in L2(Q20) (left) and L*°(2) (right) norms of the potentials ﬁfl (top) and of
the displacements ﬁ; (bottom) obtained by solving the problem with the monolithic scheme
T1EAM)), attimes T = 24 ms (blue), T = 48 ms (red), and T = 96 ms (yellow), in logarithmic
scale against 7. The results for both BDF1 and BDF2 are reported

first order accurate. Furthermore, while the magnitude of the error of the potential
v}, is negligible when compared to the errors in Fig. 3.7, the same does not hold for
the displacement dz. This is also expected since, in Fig. 3.8, the value of 7 is fixed
while At is not, nonetheless this clearly shows that, for transmembrane potential,
the splitting error is several orders of magnitude smaller than the one introduced
when using a larger 7.
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Fig. 3.8 Errors in LZ(QO) (left) and L*°(R20) (right) norms of the potentials v; (top) and of the

displacements d; (bottom) at time 7 = 96 ms obtained by solving the problem with the segregated
scheme (7161 A1) —(M)) and timestep t, in logarithmic scale against Ny,

We then analyze the errors introduced when using (Z1E1AD)—-(My),
I s1Es1AsD-(Mp), and (Zs)—(EsD—-(As)—-(My) for varying 7 and Ny,p. We
do not report the ones for the case Ny, = 1 against t (as previously done for the
monolithic strategy) neither for (Z1E1A)—(M) nor for (I sp)—(Esp)—(As)—(Mp)
since no appreciable differences are visible with respect to (Z1E1AIMI)
and (Is51Es1As1)—(M), respectively. In Fig.3.9 the errors for the scheme
(T1E1AD)—-(M)) at time T = 96 ms are reported for different choices of Ny,p. As
previously mentioned, only first order accuracy is granted by the considered splitting
schemes, however the error on the potential v converges even quadratically (it is
superconvergent). On the other hand, the error on the displacement d; converges
linearly, unless the values Ny, = 1, 2 are employed.

By considering now the (Zs1Es1As1)—(M) strategy, we report in Fig. 3.10 the
errors made for the potential and the displacement at times 7 = 24,48, 96 ms.
We observe that the error significantly increases for > 8 x 107> s, in particular
for the potential vy . This is due to numerical instabilities occuring when using the
semi-implicit case, which is “not guaranteed” to be stable for an arbitrary choice
of 7. Nonetheless, these instabilities are “non-destructive” since the error on dﬁ is
not significantly affected by them. However, in both cases, we observe again that
the errors are superconvergent for Ny, = 1 and T < 8 x 1077 s as they decrease
quadratically. We conclude our error analysis by reporting in Fig.3.11 the errors
against At at time T = 96 ms when using (Z 518s1Asy)—(M), for different choices
of Nsyup. We conclude that, similarly to the (7181 A)—(M) case, the errors converge
at least linearly, as expected by the splitting schemes employed.
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Fig. 3.9 Errors in L%(Qo) (left) and L () (right) norms of the potentials v (top) and of
the displacements dj (bottom) at time 7 = 96ms obtained by solving the problem with
I1E1AN)-(My) and Ny = 1,2, 4, 8, 16, in logarithmic scale against t

We now investigate the efficiency of the schemes as a function of t and
Nsup. In Tables 3.1 and 3.2 we report the average number of Newton (NN)

and GMRES (N N) iterations required for the solution of the monolithic prob-
lem with (718 AIM), and for the solution of the mechanics problem with the
(181 AD-(M1), (Ls1Es1AsD—(M), and (Zs1)—(EsD)—(Asp)—(Mi) strategies. As
expected, both N M and N ¢ increase significantly as tv gets larger and larger.
Otherwise, the required wall time 7" dramatically drops with a speed-up of
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Fig. 3.10 Errors in L?(Qo) (left) and L*®(0) (right) norms of the potentials v (top) and of
the displacements dj; (bottom) obtained by solving the problem with (Z'siEs1Asy)—-(M), at times
T = 24 ms (blue), T = 48 ms (red), and T = 96 ms (yellow), in logarithmic scale against t, for
th =1

almost 300 times when using the strategy (Js1)—(Es1)—(Asp)—(Mp) and timestep
7 =32 x 1073, with respect to (J1ELAM) with timestep T = 1 x 1075,

We can now better compare the efficiency of the different strategies by displaying
in Fig. 3.12 the errors of the displacement in L?(£2) norm against the total wall time
7Y, and hence establish which strategy is the most efficient for a given tolerance on
the error. The first clear conclusion that can be drawn is that, whatever the tolerance,
it is more convenient to use the (Z1E1A)—(My) strategy with Ny, = 1 rather than
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Fig. 3.11 Errors in LZ(QO) (left) and L°°(20) (right) norms of the potentials v; (top) and
of the displacements dj (bottom) at time 7 = 96ms obtained by solving the problem with
(Zs1Es1As1)—(M1) and Ny, = 1,2, 4, 8, 16, in logarithmic scale against t

the monolithic (F1EALMI) one; this is in agreement with our previous observations
on the magnitude of the splitting error introduced by using the (Z1E.A)—(Mi)
strategy. More in general, we observe that the proposed segregated strategies
represent a better alternative with respect to the monolithic one if a larger error on
the displacement is deemed to be acceptable. We conclude that the chosen strategy
represents a trade-off between the efficiency of the simulation and the accuracy
of the approximated solution. If the goal is that of reducing the computational
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Table 3.1 The averag; T (= Ap) (LEAM)
number of Newton (N ) and NN NG TV
G, . . .
GMRES'(N ) iterations ?orA 10-5s 21 85 363
the solution of the monolithic _s ,
problem (Z1EAMY), and 2 x 10 . s 24 8.1 188
the total wall time (7", in 4x10™s 3.0 7.8 10V
minutes) for the benchmark 8x107s 35 7.7 54
simulations, for each 12x10°%s 36 79 36
7 (= A1) considered 16x1075s 40 7.6 28
24x1073s 47 19 22
32x1073s 52 92 18

cost, the (Z's1)—(Es1)—(Asy)—(My) strategy should be the matter of choice, although
its accuracy drops for larger timestep sizes. On the other hand, if accuracy is the
driving factor, (Z1E1A)—(M) has to be preferred to (F1EALM) thus avoiding the
extremely long wall times needed by the latter.

3.5.3 Subject-Specific LV: The Full Heartbeat

We use the subject-specific mesh of Fig. 3.5 for the simulation of a full heartbeat by
modeling the pressure as detailed in Sect.3.3.2.1 and by setting 7 = 0.8 s. Basis
functions of degree r = 1 are employed, thus obtaining a system of size M =
8 x N ilof = 1,008,248 in the monolithic case, together with BDF of order o = 2.
The timestep is set equal to T = 5 X 107> s while At = Nyt with Ny =
1, 5, 10 for the segregated strategies. All the numerical simulations were carried out
using Piz Daint, a Cray XC50/XC40 supercomputer installed at the Swiss National
Supercomputing Center (CSCS),? and 72 cores were used for each simulation.*

As for the previous test, a current is applied at the endocardium at three distinct
points for 3 ms in order to trigger the cardiac rythm. We show the results obtained in
Fig.3.13, where the transmembrane potential at times 7 = 10, 20, 40 ms is depicted
together with the activation time (AT). The latter is defined, in each point, as the time
at which the electric potential reaches a threshold value v’ (we set in particular
v'"" = 10mV) [56, 81]. The activation time is in good agreement with experimental

3http://www.cscs.ch.

4Unfortunately the maximum wall time allowed on the Piz Daint supercomputer is set to 24 h,
thus making it impossible to complete a simulation of a full heartbeat in all cases—most notably
for the (Z1EAM) strategy, which is the most computational demanding. We hence run two sets
of simulations: in the first case, we set T = 0.8 s thus obtaining the pressure-volume loops of
Fig.3.16; in the second one, we set T = 0.073 s (the maximum time reachable in 24 h with the
(T1E1AM)) strategy) thus obtaining the results of Fig. 3.16.


http://www.cscs.ch
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Table 3.2 The average number of Newton (N N) and GMRES (N G) iterations for the solution of
the mechanics problem and the total wall time (TW, in minutes) for the benchmark simulations,
for each segregated strategy, t (in 107 s), and Ny, considered
T (L& AD-(My)
Nyup =1 Ngup =2 Ngup = 4 Nyup = 8 Nyup = 16
NY NS v MY NG v NV NG v NV NS v NV NG TV
1 25 44 300 27 47 221" 2.8 56 178 33 54 156 3.6 7.0 144
2 27 47 144 28 56 10’ 33 54 81" 36 70 69 41 103 63
4 28 56 700 33 54 50 36 7.0 38 41 102 327 45 145 29
8 33 54 38 36 7.0 260 4.1 103 20 44 146 16 52 18.7 15
12 34 62 2600 38 88 18 44 126 13 48 172 11 54 219 10
16 3.6 7.0 200 42 102 14 44 146 100 52 187 ¢ 55 247 8
24 38 89 15 44 126 10 48 172 ¥ 54 219 €6 6.0 28.8 6
32 42 103 12° 45 146 8 53 18.7 ¢ 55 248 5 6.0 332 %
T Tsi&siAsD)-(M)
Nwh =1 Nsub =2 Nwh =4 Nwh =38 Nsub =16
NY NS v NY NS v NV NG v NV NS TV MY NG TV
1 25 44 258 27 47 179 28 56 137 33 54 115 3.6 7.0 107
2 27 47 123 28 56 81" 33 54 59 36 70 48 4.1 10.2 42
4 28 56 600 33 54 39 36 70 27 42 102 2V 4.5 145 18
8 33 54 32 36 7.0 20 4.1 102 14 45 145 10 52 18.6 &
12 34 62 222 39 88 13 44 125 9 48 171 7 54 21.8 5
16 35 7.0 16 4.1 102 100 44 145 7 52 186 5 5.5 246 4
24 37 87 11 43 123 7 47 169 4 53 215 3% 6.0 284 2
32 38 99 ¢ 43 139 % 48 185 3 53 239 2 10.6 239 2
T (TsD=(EsD)—(AsD-(Mp)
Nwh =1 Nsub =2 Nwh =4 Nwh =38 Nsub =16
NY NS v NV NS v NV ONS v MY NG v NY NG TV
1 25 32 242" 27 36 159 28 44 118 33 44 97 3.6 58 84
2 27 36 114 28 45 71" 33 45 50 36 58 38 41 85 32
4 28 45 57 33 45 36 36 58 24 42 85 18 45 122 14
8 33 45 31" 36 59 18 42 86 127 45 122 & 52 159 7
12 34 60 21" 38 80 13 44 111 ¥ 48 152 ¢ 54 19.6 4
16 35 7.0 16 4.1 101 100 44 143 ¢ 52 183 4 55 243 3
24 37 82 11 43 116 6 4.6 157 4 54 202 3 6.0 267 2
32 38 85 8 43 120 5 48 159 3% 54 205 2 9.8 28.7 1

data obtained from healthy patients [10, 83], since the complete activation of the
myocardium takes around 40 ms.

In Fig. 3.14 we show the displacement magnitude on the deformed myocardium
€2, compared with the reference geometry €2, at the times 7 = 100, 200, 300 ms. A
significant thickening of the myocardium walls takes place, which is in accordance
with experimental observations [64]. The model, however, only produces a moderate
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L? error vs TV L? error vs TV L? error vs TV
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Fig. 3.12 Errors in L2(2) norm of the displacement at time 7 = 96 ms against the total wall
time 7" for the (I1E1AD)-(My), (L s1Es1As1)—(M1), and (7 s1)—(Esp)—(Asp)—(My) strategies for
Nyup = 1,2,4,8, 16, compared to the error for the (Z1E A M) strategy
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Fig. 3.13 Transmembrane potential at different times (top row) and activation time (bottom row)
for the subject-specific simulation
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rotation of the LV: in [58] the authors suggest that this behavior is related to the
choice of the incompressibility constraint, the bulk modulus B magnitude, and to
the boundary conditions. In order to better appreciate the behavior of the employed
model, we also estimate the components of the stress tensor in the fibers and sheets
direction oyf = (Pfo)f and o5; = (Psp)s. With this aim, we solve the following
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T=100ms T=200ms T=2300ms

Displacement {mm)
] 4 8 12 16
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Fig. 3.14 Deformed subject-specific geometry and displacement field at different times, compared
with the reference domain 2, for the full heartbeat simulation

L?-projection problem: find & ff such that

/ orp = / (PEo) Y,
Q0 Q0

for i,..., Nf"f, and analogously for og. In Fig.3.15 we show the two fields
obtained at the same time instants considered in Fig.3.14; we highlight that
T = 200 ms corresponds approximately to the time at which the LV pressure
attains its maximum (around 120 mmHg). The values assumed by oy mostly
fall in the physiological range [39, 76, 86, 88] and match the pressure value at
the endocardium. Nonetheless the stress value peaks in the region close to the
myocardium base; we believe that this is due to the thickness of the septum wall
which, in this subject-specific geometry, was reconstructed as particularly thin.
Regarding the stress oy, the model reproduces much larger values with respect
to those indicated in [6, 39, 88], thus overestimating them by almost an order of
magnitude especially where the myocardium wall is (much) thinner. We remark,
however, that the available medical data used in [39] to fit the strain energy function
are obtained with in vitro loading tests, hence accounting only for the passive
component of the stress.

Finally, we compare in Fig. 3.16 the pressure-volume (pV) loops obtained with
the different numerical coupling strategies. A close up of the pV loops in the ejection
phase is also reported to better assess the differences among them. We observe
that, as in the benchmark test, the difference between the results obtained with
(751651 As1)— (M) and those obtained with (I s1)—(Es1)—(Asy)—(M) is negligible.
We conclude that the main deviation among the pV loops is caused by the choice
of different timestep lengths Ar = Nyt for the mechanical model. Specifically,
during the last part of the first isovolumic phase, the endocardial pressure increases
very rapidly, while the change of the phase (as detailed in Sect.3.2.4) takes place
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T=100ms T=200ms T =300 ms

Fig. 3.15 Stress components o 77 (top) and o, (bottom) depicted on three slices of the deformed
domain at three different times
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Fig. 3.16 LV internal volumes (top left) and endocardial pressures (bottom left) versus time,
with pV loops (right) for the subject-specific simulations with all the strategies considered (the
parameter Ny, used is indicated in legend with a subscript)
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r[.'able 33 Tl}e mef?anics Strategy Nop At NY NS v
timestep At (in 1077 s), the y
average number of Newton &AM - 5 33 187 1440
4
(V") and GMRES (N©) (T1EAN (M) 1 10 44 408 723
iterations, and the total wall (H1EAD-(My) 5 25 5.1 71.8 284
time (7%, in minutes) for the (T ELAD—-(MY) 10 50 58 93.6 259
simulation .of the heartbeat (Ts1Es1As)—(M)) 1 10 44 408 543
with final time 7 = 0.073s 7 o ) (M) 525 50 721 136
with the subject-specific ,
mesh, using the four (L s1Es1As1)—(M1) 10 50 57 937 130
strategies considered and IsD~(EsD~(AsD-(Mp) 1 10 44 377 582
Nsup =1,5,10 (L'sD—(EsD—(AsD-(Myp) 5 25 5.1 66.1 14¥

(LsD)—(EsD—(Asp)-(Myp) 10 50 57 864 9%

when the condition p¢*4° > p“° is satisfied. Hence, when using a large timestep At
for the mechanical core model, the value of the pressure is higher when the ejection
phase begins.

We conclude our analysis of the subject-specific simulations by reporting in

Table 3.3 the values of N N, N G, and TW, for the simulation of the heartbeat with
final time set to T = 0.073 for all the strategies used. We observe that, even if in
this case the number of Newton and GMRES iterations increases significantly with
respect to the benchmark simulation case, the segregated schemes, and in particular
the staggered schemes, allow to greatly reduce the computational costs for the
subject-specific simulations too. Indeed, a speed-up of up to 16 times is obtained
when using the (Zs1)—(Es))—(Asp)—(My) strategy with Ny, = 10, compared to
(7161 AIM)) used with the same timestep size T.

3.6 Conclusions

We proposed several segregated strategies for the solution of the integrated elec-
tromechanics problem for the LV. We formulated the continuous model by coupling
the monodomain equation, the ionic minimal model, the activation model for the
fibers contraction, and the myocardial mechanics in the active strain framework.
We approximated the mathematical model in space by means of the Finite Element
method, and in time with both implicit and semi-implicit schemes based on BDF;
then, we formulated segregated strategies for its solution, considering the more
general case of staggered time discretizations arising from the choice of different
timestep sizes for the electrophysiology and mechanical activation from one side,
and for the mechanics from the other side.

The proposed segregated strategies were used with an idealized geometry for the
simulation of a free contraction benchmark. The error on the results were evaluated
against the solution obtained with (J1ELAIM)) and 7 = 1073 s, here assumed to
be almost “exact”. We concluded from our error analysis that an approach based
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on segregating the mechanics from the rest of the problem allows to significantly
reduce the computational cost of the simulation while providing accurate results:
in the benchmark setting, it was possible to reduce the wall time for a 0.1 s long
contraction approximately from 6 h with (Z1EAM), to 2.5 h with (Z1E1.A)—(My)
and Ny, = 16. Using a semi-implicit time scheme for the electrophysiology and
the activation allows to further cut the time required for the simulation, but at
relatively large timesteps—for which the semi-implicit scheme is not stable—the
accuracy significantly drops. Then, we showed that if also the electrophysiology
and the activation are solved sequentially by segregating the ionic model, the
monodomain equation and the mechanical activation, the computational cost is
further reduced while the accuracy is preserved. With this approach, by using
I's)—(Esp)—(Asp)—(My) and Ngyup = 16, we were able to solve the problem in
less than 1.5h.

Finally, we showed that the same integrated model can be used for large scale
simulations with subject-specific geometries. We used the proposed strategies for
the simulation of a full heartbeat and showed that physiological values for the
pressure and the volume, are obtained. Segregated algorithms exhibit a significantly
improved efficiency in this case too, when compared to the monolithic one. We
conclude that segregated strategies are preferable if a relatively low temporal
accuracy is acceptable, while the monolithic strategy should be preferred if the
required accuracy is extremely high.
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