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Abstract

Clinical oriented applications of computational electrocardiology require efficient and reliable identification of patient-specific
parameters of mathematical models based on available measures. In particular, the estimation of cardiac conductivities in
models of potential propagation is crucial, since they have major quantitative impact on the solution. Available estimates of
cardiac conductivities are significantly diverse in the literature and the definition of experimental/mathematical estimation
techniques is an open problem with important practical implications in clinics. We have recently proposed a methodology
based on a variational procedure, where the reliability is confirmed by numerical experiments. In this paper we explore
model-order-reduction techniques to fit the estimation procedure into timelines of clinical interest. Specifically we consider
the Monodomain model and resort to Proper Orthogonal Decomposition (POD) techniques to take advantage of an off-line
step when solving iteratively the electrocardiological forward model online. In addition, we perform the Discrete Empirical
Interpolation Method (DEIM) to tackle the nonlinearity of the model. While standard POD techniques usually fail in this kind
of problems, due to the wave-front propagation dynamics, an educated novel sampling of the parameter space based on the
concept of Domain of Effectiveness introduced here dramatically reduces the computational cost of the inverse solver by at
least 95%.
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1. Introduction

In recent years, computational electrocardiology has attracted the attention of mathematicians, engineers and clinicians.
Computational methods have been continuously refined to match clinical applications. Just to mention one example,the ideal
lesion pattern with minimal burn in a cardiac ablation therapy has been studied in [29] by electrocardiological modeling.
However, to provide reliable and efficient simulations of cardiac electrical activity is not easy. Differential models in elec-
trocardiology depend on several parameters typically coming from empirical constitutive laws, so their quantification for a
specific patient is difficult. In particular, these models are strongly sensitive to the cardiac conductivity parameter [26]. While
experimental data generally disagree on the values of conductivities, mathematically sound estimation methods—generally
based on the solution of an inverse problem—have been considered only recently in [24] and in our previous work [44]. In
addition, electrocardiological modeling for clinical application is computationally intensive. This is even more true for the
inverse conductivity problem as we carried out in [44], since high computational cost arises in many “queries” of forward
simulations with different conductivity guesses. Model-order-reduction techniques have been investigated in the literature,
but their application to cardiac conductivity estimation is challenging, due to the nonlinearity of the models and the specific
features like wave-front propagation of the solutions. In this paper, we apply model reduction techniques to dramatically
decrease the computational cost of solving the inverse conductivity problem.

A numerical solution to the forward problem by Galerkin projection can be represented, in general terms, as an expansion

up(x,t) = > u;(t)¢;(x). In finite elements, the basis {¢;}}_, is selected to be a set of piecewise polynomials. This basis is
j=1
of “general purpose” as it does not have any specific clue of the problem to solve. Model reduction techniques aim at cheaply
solving the forward equations in a low-dimensional space still by a Galerkin projection process. To this aim they construct a
rather small set of basis functions (known as reduced basis), which we call “educated” basis as it includes features of solutions
to the forward problem considered. This allows to an efficient low-dimensional yet accurate representation of the solution.
Among various techniques for the reduced basis construction (see the recent review[5]), typical ones are the Proper
Orthogonal Decomposition (POD) approach [30, 20], the Greedy Reduced Basis (GRB) approach [37, 10], and their combination
[28]. In these approaches, the reduced basis is constructed from a set of parameter-dependent solutions of the full-order
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model. The POD approach has drawn widespread attention for its optimal ability to approximate the snapshots of solution
with minimized error by the selection of the most important modes, and for its easy-to-use feature in practice. The GRB
approach selects the snapshots following a greedy process according to a rule controlled by an a posteriori error estimator.
The requirement of a rigorous error estimator currently limits its application to electrocardiological models due to the model
complexity. In this paper we resort to the POD approach as a starting point, the development of an a posteriori error estimator
for the GRB method is a part of ongoing work.

The POD approach has been used in numerous fields of science and engineering such as fluid-structure interaction [6]
and aerodynamics [11], but its practical application in electrocardiology only starts from 2011 [7, 8, 18]. In these refer-
ences, the POD method allows reasonable estimation of cardiac ionic model parameters, however, no systematic study on
the improvement of efficiency of solving the full nonlinear electrocardiological model is available. In fact, one critical aspect
when reducing a nonlinear problem by projecting onto a low-dimensional space is to approximate the projected nonlinear
terms in a way independent of the full-order model size. This point was not thoroughly addressed in current electrocardiology
publications.

Several techniques are available in general to reduce the cost of evaluating nonlinear terms, such as the trajectory piecewise-
linear (TPWL [38]) approach, the Best Point Interpolation Method (BPIM [32]), the Empirical Interpolation Method (EIM [2])
and its discrete variant Discrete EIM (DEIM [13]). Although TPWL was successfully applied to some practical problems, it
may not be effective or efficient for systems with high order of nonlinearity. The BPIM and EIM approaches are similar [22],
both select a small set of spatial interpolation points to avoid the expensive calculation of inner products and use the points
for nonlinear approximation. BPIM is optimal in the point selection and gains a little improvement on accuracy, but it is more
computational expensive.

Here, we resort to EIM in its discrete variant DEIM. Precisely, we apply the POD-DEIM for the first time to the conductivity
estimation problem. It is worth mentioning that the conductivity parameter to be estimated considered in this work is more
troublesome than other ionic model parameters, since it dominates the speed and direction of fast transient of electrical po-
tential through the cardiac tissue, which is an intrinsic feature of the forward electrocardiology model. This fact thus prevents
a successful model reduction via a classical POD procedure. Model reduction procedures need to be specifically customized
for the problem, and in particular the construction of the educated basis is a delicate step. Nevertheless, we show here how
an appropriate sampling for the basis computation actually leads to significant reduction of the full-order computational costs
with a great level of accuracy. We address the sampling required for basis construction based on the novel concept of “Domain
of Effectiveness” in the parameter space. A rather small set of samples is obtained by sampling the parameter space based on
polar coordinates, with refinement in the “small angle-short arc” zone of the sample space utilizing Gaussian nodes. In this
way, we manage to use the POD-DEIM reduced-order model with a computational reduction of at least 95% of the full-order
conductivity estimation. The present work relies on but largely improved the study presented in [43], to which we refer for
more details.

We consider specifically the Monodomain problem. Notwithstanding that some authors consider this model reliable enough
for many clinical applications, the extension of the present work to the more accurate Bidomain system is a follow-up of the
present work. The outline is as follows. After a brief statement of the full-order Monodomain inverse conductivity problem
(MICP) in a discrete form (Sec. 2), the POD-DEIM approach is introduced (Sec. 3) and applied to solve a reduced MICP
(Sec. 4) by derivative-based optimization. The reduced-order model is tested in Sec. 5: both the efficiency and accuracy of
the POD-DEIM approach in conductivity estimation are investigated; we report both pitfalls and successful examples.

2. The full-order Monodomain inverse conductivity problem

The cardiac Bidomain and Monodomain models

The Bidomain model is considered as the most physiologically founded description for the dynamics of cardiac electric
potentials—the transmembrane potential v and the extracellular potential u.—at the level of cardiac tissue. Its parabolic-
elliptic form (see e.g. [36]) reads

ﬁC’m% =V (oiVu) = V- (6iVue) + BLion(u,w) = Iy inQ x [0,7) o
=V (o:Vu) =V - (i + 0¢) Ve = I — Ise inQ x [0,7)

with initial condition u(x,0) = ug(x). Typically, homogeneous Neumann boundary conditions are prescribed to model an
isolated tissue. Here Q2 C R? is a spatial domain denoting the portion of cardiac tissue of interest and [0, 7] is a fixed
time interval. The symbol C,, is the membrane capacitance per unit area with 3 = 2000 cm~! being the surface-to-volume
ratio of the membrane; o; (o) is the intracellular (extracellular) conductivity tensor; Iy (Is.) represents the intracellular
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Figure 1: The reconstruction of potential by the Monodomain solver, computed with the estimated conductivity [om1, ome] = [1.704,0.3551],

gives an excellent matching with the Bidomain solution, which is computed with [oi1, oe1, 0it, 0et] = [3.5, 3,0.3,1.8].

(extracellular) stimulation current. An explicit form of the total ionic current [i,, is described by an ionic model in which
the gating variable w is used to control the depolarization and repolarization phases of the cardiac action potential. The time
evolution of the gating variable w is generally modeled in the form

dw

o +g(u,w) =0 inQx[0,T]

with initial condition w(x, 0) = wy(x).

We can represent the conductivity tensors as o (z) = oa(z)a; ()’ + oxas(z)ag ()T + oxnan(x)an(x)?, where k stands
foriore, (aj,at, a,) are orthonormal vectors related to the structure of the myocardium with a; parallel to the fibre direction
of the myocardial tissue. We further assume that the tissue is axial isotropic (i.e. o, = o) and postulate the conductivity
[0k, okt] to be constant, as has been done by several groups [16, 39] for conductivity estimation in experiments.

The Bidomain model has been widely used due to its ability to reproduce cardiac phenomena [41]. However, its numerical
solution for clinical application requires high computational cost, since it is a degenerate system of PDEs and the mesh and
time constraints are significant for simulating fast potential variation. The Monodomain model as a heuristic approximation
of the Bidomain model has been proposed to provide computational improvements. Its derivation [33] is based upon a
proportionality assumption o, = Ao;, where ) is a constant. A formulation of the Monodomain model is then obtained, by
denoting o, = 1%‘71 and I, = H%Isi + 15 L, as

ou

BCIHE =V (omVu) + Blion = Lapp in Q x [0,7T]. (2)

Although the assumption on its derivation lacks physiological foundation, the Monodomain model has been intensively
used in clinic-oriented simulations [42, 3] since it requires significantly less computational efforts than the Bidomain model.
More importantly, a comparison between the Bidomain and Monodomain models in [9] concluded that the discrepancy
between the models at the continuous level may be quite small: of order 1% or even below in terms of activation time relative
error.

We resort to the Monodomain model in this paper for the cardiac conductivity estimation, following the “potential oriented”
line. Namely, we speculate that an appropriate estimate of the conductivity tensor o, based on our variational procedure can
still lead to an accurate reconstruction of the potential propagation. This is demonstrated by the numerical result shown in
Fig. 1, where the Bidomain solution « computed on a slab mesh with [0y, oc1, 0it, 0et] = [3.5, 3,0.3, 1.8] was used as synthetic
measurement data to estimate the conductivity o, in the Monodomain solver. The reconstruction of potential by the Mon-
odomain solver with the estimated conductivity [om1, ome] = [1.704,0.3551] gives an excellent matching with the Bidomain
solution (for more details, see [43]).

In the following subsections, we describe the time and space discretization schemes for the full-order Monodomain model,
and state the Monodomain inverse conductivity problem in a discrete version. As a starting point of studies on reduced-order
modeling for conductivity estimation, here we simply use the classical Rogers—McCulloch [40] ionic model, given by

Tion (1, w) = Cin[Br(u = Vi) (u = Vin)(u = V) + ca(u = Vi )w]

9(u,w) = =f2(u — Vi) + bdw (3)

with 6; = (Vpiilvr)l’v By = VP%V The values of ionic model parameters are taken from [21]: C, = 1 uFem ™2, V; = —85 mV,

Vin=-72mV, V, =15mV, ¢; = 11.54ms !, co =44 ms™ ', 6 =0.012ms™ !, d = 1.



Time and space discretization

To improve the computational efficiency, we split the Monodomain problem into a PDE and an ODE representing the
Rogers—McCulloch model. The ODE gating variables are integrated with an implicit backward Euler method. The PDE is
solved by a semi-implicit method based on a backward differentiation formula (BDF). The nonlinear terms are tackled by an
explicit second-order time extrapolation [44]. Let At be the time step, we define L = T/At, t' = [At. Hereafter we use
superscripts [ and [ + 1 for those variables at time ¢! and /!, respectively.

The finite element method (FEM) is used for space discretization. Let {¢;}"_; be the finite element basis, we denote by M
the mass matrix and by S; and S; the stiffness matrices with entries

[Si];x = /Q aal Vo - Vo;dz, [Siljr = /Q (I-aja)Vey - Vodx.

The bold symbol u! will denote the vector representation of u(z,t') in the finite element space. We adopt a similar notation
for the other variables.
At time ¢t = t/*1, the gating variable w'*! in the ionic model is updated by

1 _ ol
w N wo_ —g(@t, with) 4)
with @*! = 2u! — u/~! (@! = u® in particular) being the second-order time extrapolation of u'*!'. Here g(-) is evaluated
component-wise, its i-th entry is computed as g([a!*!];, [w'*1];). For the sake of computational efficiency (see Sec. 5.3: The

measures) and for the convenience of model reduction (Sec. 3.2: (12)), we approximate the nonlinear function [;,,, and the
stimulus I, piecewise linearly. Under this assumption, the discretized Monodomain system reads

Amul+1 _ bH—l (5)

where A, = 6C, M + 0m1S1 + oSy and the right-hand side is evaluated as

2
~ Q5 i
bt = (I;S;l) ﬁ[]on(ul+17wl+1)) +BCmMZEul+1 i (6)
i=1
Here «;’s are the coefficients of the BDF (for a BDF of order two we have oy = 3/2, a1 = 2, as = —1/2). In (6),

Lon (@'t w!th) is a component-wise evaluation. As we will see in Sec. 5.3, this component-wise approximation improves
computational efficiency without significant loss of accuracy as compared with the exact finite element approximation.

The linear system (5) can be solved by an ILU preconditioned conjugate gradient method implemented for instance in the
Trilinos package (www.trilinos.org). A mass lumping technique ([46], Sec. 16.2.4) is employed for the sake of computa-
tional efficiency and stability. Specifically, we apply a diagonal scaling with the factor being the total mass Mot (= 3_; ; M)

M,
divided by the trace, i.e. the diagonal lumped mass matrix My, satisfies [M ];; = Tlt\/It)M” For simplicity of notation, we

will use the same symbol M for the lumped mass matrix as for the mass. We solve the Monodomain and Bidomain models
using LifeV, an object oriented C+ + finite element library developed by different groups worldwide [35].

The inverse conductivity problem
The Monodomain inverse conductivity problem (MICP) reads: find o = [0, mt] € Cag C R? that minimizes

L

1 o

Py Z ll - umeas Xb‘itt‘(ul - ufmeas)Xinap + ER(U) (7)
=1

[\

subject to the Monodomain system (5) coupled with (4). Here C,q is an admissible domain given by inequality constraints on
the conductivity, in the general form h(a) > 0. The term u/ ., denotes experimental data at time ¢'. The data can be obtained
in vitro using voltage optical mapping [15], or in vivo by back-mapping body surface potentials [17] or possibly by potential
reconstruction from electrocardiogram phase analysis of standard gated SPECT [14]. We assume that the measurement sites
are always grid points and X € R™*" is the matrix recording observation sites. The off-diagonal entries in X, are zeros;
in the diagonal, [Xit];; = 1 if the spatial grid z; is an observation site and 0 otherwise. We also introduce the snapshot marker

Xhnap Which equals 1 if ¢ is an observation moment and 0 otherwise.



The MICP can be solved by the BFGS optimization [34] approach as done in [44]. However, the computation is intensive
since each “query” of the forward system or its adjoint counterpart is performed in the full-order n by solving large algebraic
systems. Moreover, in practice one may find also pathological tissues where scars inside have different (anomalous) values
of conductivities. In this case the number of “queries” will substantially increase due to the increase of the total number of
conductivities (see [44, 43]). Altogether, in the current scenario, the MICP is too computationally expensive to be applied in
clinic. This motivates us to work on a model reduction investigation with the aim of reducing significantly the computational
cost.

3. Model order reduction for nonlinear systems

In this section, we describe the method in general by considering the discrete system of a parameterized nonlinear differ-
ential equation
Ay(r) = F(y();7) ®

where 7 denotes the model parameter of interest in an inverse problem and is contained in a closed bounded domain D.
We assume that the matrix A € R"™*" has affine dependence on 7 and omit the explicit dependency A(7) for simplic-
ity; F() is a nonlinear function evaluated at the solution y(7) = [y1(7), - ,yn(7)]’ component-wise, i.e. F(y(r);7) =
[F(y(1);7),- , F(yn(7); 7)]T with F(-) being a nonlinear scalar-valued function. In a finite element discretization, this is
equivalent to a piece-wise linear approximation.

Our goal is to construct a small set of basis functions {¢,;}Y; in R™ such that the solution y(7) can be well approx-
imated in the space span{y,} (called reduced space). The functions {¢,}~ , form the so-called reduced basis (RB). Let
Zy = [p1, ,pn] € R™N we represent the solution in the reduced space as y(7) = Z,y,(7) with y,(7) being the vec-
tor of coordinates in the reduced space. A reduced-order model (ROM) of (8) is then obtained by Galerkin projection

Z;AZy ye(T) = Z;F(Zyyr(T); 7). ()]
——

Ay

Notice that A, = Zg AZ, € RVN*N is a dense matrix but in general it features a very small size, hence the linear system (9)
can be tackled with a direct solver.

The RB is constructed from the full-order model (FOM) (8) which is of large scale, thus the computation is usually expensive
and performed offline. In the online phase, the ROM (9) is solved many times for different parameter values with remarkably
lower computational costs than the FOM. Techniques for RB construction may rely on a sampling on the parameter 7. We
introduce here a sample S = {r,--- , 7} consisting of s distinct parameter points in D. A RB is constructed so to guarantee
that for each 7; € S the error of approximating y(7;) in the reduced space is bounded by a desired tolerance. Hereafter we

follow the POD approach, which usually constructs an “optimal” reduced basis as specified below.

3.1. Proper Orthogonal Decomposition (POD)

For the sake of completeness we briefly recall basic features of POD. More details can be found e.g. in [30]. Given the
parameter sample .S, we solve the FOM (8) for each parameter value in S. The solutions are called snapshots and denoted by
{y:}, (m = s in current setting). The Proper Orthogonal Decomposition (POD) approach seeks an orthonormal POD basis
{p1, - ,on (also known as a set of POD modes) in R™ of a given rank N (N < m) that can best approximate the training
space X' = span{y;}/" ;. Here “best” means the POD basis solves

m N
min » |[ly; — Z<yj>¢i>¢i||2 s.t. (Y, ;) = diy. (10
K200 St Pt
We gather the snapshots into the so called snapshot matrix Y = [y1, - ,ym] € R™*™. The POD modes are given by the N

left singular vectors of Y associated with the N largest singular values [30]. Without loss of generality, we assume that the
m
snapshot mean is zero. In fact we can replace each y; with y; — # >y
j=1
An efficient way for computing the POD modes through snapshot matrix Y is to first compute the thin QR factorization of

Y as Y = QR and then compute the singular value decomposition of matrix R € R™*™ as R = UgrSg V. The POD modes
can be extracted in order as the first NV columns of QUy.



Snapshots selection / Sampling

The effectiveness of model reduction is clearly related to the representativity of the snapshots. Standard schemes of
sampling in the parameter space, which determines snapshots selection, include uniform sampling, random sampling, the
Latin hypercube sampling (LHS, [31]), and the centroidal voronoi tessellation (CVT) sampling [19]. When sampling a high-
dimensional parameter space, the greedy sampling method could be used [37, 28]. The key feature of greedy sampling is to
adaptively select a parameter at which the estimate of the solution error in the ROM is maximal. In this way, we select the
most effective parameter for controlling the error of the ROM. However, the application of this method is limited to problems
where sharp error estimators are available.

For optimal control applications, several online adaptive sampling procedures have been proposed to let the sampling
procedure take into account the optimization trajectory. The Trust Region POD [1] approach constructs successively improved
POD bases according to parameter values updated during optimization. The updating procedure was embedded with the trust
region method which determines whether after an optimization step the POD basis should be updated. The Compact POD
[12] uses snapshots of the full-order model solutions as well as their derivatives (known as sensitivities) with respect to the
model parameters of interest.

3.2. Discrete Empirical Interpolation Method (DEIM)
In the reduced system (9) obtained by the POD projection, we have to evaluate the nonlinear term

n(r) = Zz; F(ZyYF(T)5T>~ 1D
v_,—/
Nxn nx1

This evaluation has computational complexity depending on the size n of the FOM (8), which is possibly in the magnitude of
hundred thousand. Therefore, solving the ROM (9) without an appropriate methodology may be as expensive as solving the
full one.

The complexity of evaluating (11) can be made independent of the full order n by using the Discrete Empirical Interpola-
tion Method (DEIM [13]). The DEIM provides an interpolation approximation for the nonlinear term F(Z,y,(7);7) (simply
denoted as f(7) in the sequel) by a projection onto a low-dimensional subspace. For this purpose, we introduce an M dimen-
sional space (M <« n) where we look for an approximation of f(7) for values 7 of interest. In particular, we can sample 7,
take snapshots of f(7) computed from the FOM with those samples, and then apply the POD on the snapshots to extract a
projection basis {z1, -,z }.

Let Z¢ = 21, - ,zpm] € R"*M the DEIM approximation of f is in the form f ~ f = Z;c. To determine the coefficient vector
c, the DEIM optimally extracts M distinct rows from the over-determined system f = Zc. Specifically, the DEIM selects row
indices py,- -+ ,pa in {1,...,n} and requires: [f],, = [f],,. If we denote P = [e,,, - ,e,,,] € R"*M with e,, being the p;-th

unit vector in R", the coefficient vector c is solved from PTf = (P7Z)c. Finally the approximation of f writes
fr~f=27Zc=7Z(PTZ) ' PTE = Z(PTZe) 'R (PT Zyy, (7); 7). 12)

The last equality in (12) follows from the assumption that the function F(-) evaluates component-wise at its input vector. The
nonlinear term (11) can then be efficiently computed through

n(r) ~ ZL Ze(PT Ze) " F(PT Zyye(7); 7). (13)

NxXM Mx1

Notice that the matrices Z] Z;(P*Zs)~' € RV*M and PTZ, € RM*"N can be precomputed so that the computational com-
plexity of evaluating n(7) is only O(M N).

The interpolation indices py, - - - , pas are selected inductively from the projection basis {z1, - - - ,zs} by the DEIM algorithm.
For the sake of completeness, we recall in Algorithm 1 the DEIM described in [13]. At each iteration, an interpolation index
is selected to limit growth of the error bound of the approximation f. In particular, the first index p; is the index on which z;
has the largest magnitude; each of the remaining indices p; is the index on which the residual of approximating z; by the first
[ — 1 basis vectors {z, - - - ,z;—1 } has the largest magnitude. It is demonstrated that the DEIM algorithm is well-defined ([13],
lem. 2.2.2). In fact, P” Z; is non-singular in each iteration of Algorithm 1 and the interpolation indices are not repeated.

4. The reduced-order Monodomain inverse conductivity problem

The combination of POD and DEIM as described can be applied to the MICP. However, the real accuracy (and also effi-
ciency) of the procedure depends on the nature of the problem and ultimately on the snapshots selection. In this section we
present the standard tools to apply POD-DEIM to the MICP. The performance and the specific customization needed to make
the procedure effective are discussed in Sec. 5.



Algorithm 1 DEIM [13]

Input: {z;}}2, C R" linear independent

Output: indices p = [p1,--- ,pa]T € RM, M as the inverse of P77
1 [[pl, p1] = max{|z:[}
2 Zg — [z1], P —[ep,], p — [p1]
3: fori=2,---,M do

Solve (PTZf)C = PTZl

r =2z; — ZC

[lpl, pr] = max{[r[}

al = el Zs

N> n

I —c M 0
MF{O ! H—plaTM ﬂl]

9: Ly — [Zg zi], P — [P ep], p — [p” p]”

10: end for
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Figure 2: Singular values of snapshot matrices of v and Iio,. Left: snapshots generated by one parameter value. Right: snapshots generated
by four parameter values.

The POD basis for the Monodomain model

In constructing a reduced basis for the parameterized Monodomain model, two ways can be followed as mentioned in [7].
One is to store a set of solutions of the full-order model computed at different instants with a set of different parameter values
in a given sample space, then collect all these solutions to build a unique snapshot matrix, upon which the POD basis is finally
built. In other words, we treat both the conductivity tensor o and also the time ¢ as parameters of the model. Another way for
the reduced basis construction is to build multiple POD bases instead of a unique one. Each POD basis is constructed from the
snapshots of solutions computed with a particular conductivity parameter, which we call generating parameter and denote by
O gen. The idea is that for a given value of the tensor o we select the POD basis obtained with the closest generating parameter
(among all available) to approximate the Monodomain problem.

The dynamic of the transmembrane potential u is not quite smooth in time, due to the wavefront propagation or the
upstroke (depolarization) spreading. This has an important impact on POD procedures. In fact, the singular values of the
snapshot matrix of u do not decay fast in general. We confirm this by a numerical experiment shown in Fig. 2 (left). In this
test, the time step At = 0.05 ms and the full-order model dimension is 24272. We collected snapshots of the transmembrane
potential » (and the ionic current I;,,) computed with a fixed conductivity parameter o = [3, 1] for 500 time steps. Slow
decay shown in Fig. 2 (left) is apparent especially when compared with other problems, in which singular values of a snapshot
matrix usually decrease fast hence few POD modes are enough to give an accurate approximation of the solution considered
(see e.g. [6] for a FLuid-Structure Interaction problem). The slow decay is detrimental to the actual model reduction as many
modes need to be considered in the ROM construction.

Fig. 2 (left) shows that the singular value s; of snapshots of the transmembrane potential relative to the leading singular
value s; decays to 10~2 (cross markers in Fig. 2) when i is 49 (113 for the ionic current). It suggests that u (I;,,) may still
be well approximated by a POD basis of dimension less than 50 (120), provided that the model parameter is close enough to
the generating parameter of the POD basis. We also infer that the ionic current I, features even more complex nonlinearity
than the transmembrane potential u, since more POD modes are needed for approximating the ionic current with the same
accuracy of the transmembrane potential (circular markers in Fig. 2)

A consequence of this nature of the problem is that building a unique POD basis actually provides worthless results. This
can be identified from Fig. 2 right, in which the leading 500 singular values of snapshots generated by four different conduc-



tivity parameters are reported. The relative singular value s;/s; of snapshots of the transmembrane u decays to 10~2 when i
is 136 (399 for the ionic current). Compared with the one-parameter case shown in Fig. 2 left, a combination of snapshots
from different parameter values does not reduce the number of POD modes necessary for accurate POD approximation. This
feature demands for specific customization of the POD procedure based on an educated selection of the snapshots as detailed
in Sec. 5.

Sensitivity equations

One possible way to improve our model reduction is to add snapshots of the sensitivity of the Monodomain solution to the
conductivity tensor. To this aim, we explicitly report the sensitivity equations.
Applying differentiation with respect to o, on the Monodomain model ((5) coupled with (4)), at time ¢'*! we can solve

OA 9 I+1 abl+1
= ul+1 -+ Anl 711 = .
Omk aO'mk aO-mk

(14
The sensitivity of the ionic current, stated in the continuous form without loss of generality, can be evaluated through

aIion ou ow
= 8 Ii n .S 8 Ii n
aUmk v aUmk  Gwhio aomk

where k stands for either 1 or t.

Application of DEIM on the Monodomain solver

Let us denote the reduced bases for the transmembrane potential » and the ionic current I;,, (evaluated in the degrees of
freedom) by Z, and Z,,, respectively. By projecting the discrete Monodomain system (5, 6) onto the reduced space Z, , we

obtain . . .
ZT A Zgultt = blt 1e{0,1,---,L—1}

2 .
with bl = ZI'b!*! = ZIMIL ! +8C, ZIMZ, Y- 45 ult!
N—— ——i=1 N——

app r

Nx1 NxN Nx1 (15)
—BZTM Iy (Z,ubtt, with)
N——
Nxn nx1l

where ult! is the solution at time ¢ = ¢'*! in the reduced space and ut! = 2ul — ul~! is its second-order extrapolation. As

discussed in Sec. 3.2, the complexity in computing the nonlinear term Ij,, in the right hand side is O(n). This mainly results
from the fact that I, (Z,uk™!, w!t!) cannot be precomputed, since it depends nonlinearly on the full-order vector Z,u*! and
w!tl. We will apply the DEIM approximation to o, (Z,ukt!, w!*!). We use the POD basis Z;,, € R"*M of snapshots of I,
as an input basis for the DEIM algorithm, where M is the number of POD modes. The DEIM algorithm generates interpolation

indices p = [py,--- ,pa]? for constructing the extraction matrix P. The DEIM approximation reads then
Tion(Zy 0t W) & Zign (PT Zign) ! Lion (P Z, 0k, PTw!TL), (16)
nxM Mx1 Mx1
If we set

A, =7YALZ, € RVN

M, = Z'MZ, € RVN My, = ZIM Zio,(PT Zio) ™+ € RV*M
—— —,
Nxn nxM

L =z, MIE e RV, wit!t = PPw!t!t e RMX U = PTZ, € RMY,

the reduced Monodomain system is then formulated as

2 ‘ _
Ault!t =1 4 B0 M, Z %uﬁ“’l — BMiy Lion (Unltt, with)
Wit _ wl =t : an
T = (VR wht



The reduced Monodomain inverse conductivity problem
We are in position of formulating the reduced MICP: find o = [0, 0] that minimizes

L
o
Z u - umea.s)TXSite(Zuui‘ - ufneas)Xinap + 57?’(0-) (18)
=1

w\»—‘

subject to the reduced Monodomain system (17) and the inequality constraint h(o) > 0. In particular, we restrict the admis-
sible domain of the conductivities as

{om/ome > 1, Om1/Ome < 100, oy > 0.05, o4 < T},

inspired from the range of conductivity measures listed in Table 1 of [44]. We will denote the components of h(o) as h;(o) in
the algorithm description. In order to obtain linear algebra operations of complexity O(N) only, in computing the cost function
J-, We can rewrite

[\]

L

1 ~ «

72 TX Ll _2( ineas) ll + HumeaSH )Xsnap+ 57?’(0-) (19)
=1

where X, = ZI'X1eZ, € RV*N. The projected measurements U € R¥*1 and & e Rx1
can be precomputed
As we did in [44] for the full-order problem, we introduce the Lagrange multipliers {q},---,qf,r},--- rL} and the

Lagrangian functional

= Z Xsweu - X\lteu

meas meas meas meas

1 L 1 L 1 L .1
‘Cr(ur?”' Uy, Wey o0y WraU7qra"'7qrarra"'7 r) ‘71( )

L
= (@) (Apul — IL — BC M, Z u, "+ fMiuLion (U, W;))
- (20)

L 1 _
S (U wh).

L,
The adjoint form of the reduced discretized Monodomain system can be constructed by setting Tl Oforl=1,---,L. It
reads ’
ZzAmZu(ﬁ‘ = di‘ le {L t vL} 21D
with

UT{Mluql+2} o a Ilon( l+2 l+2) 26UT{Mluql+l} o a Ilon( l+1 W£,+1)

— 0ugUTEL + (Xyul — 0 ) Xinap + BCm M, Z a

Here the operation o means entry-wise product. The dual gating variable r'. is updated by the equation below derived from
setting g/: =0forl=1,--- L
rbt pl

fT = Dypgrl + B{ML gL} 0 Oy Lion (UL, wh). (22)

For superscripts exceeding L, we set ¢¥*! = 0 = qf*? and r/+! = 0 = r+2,
Based on the adjoint equations we then get the derlvatlves of J;

DJ:

23
DO'mk =1 2 80mk ( )

where Sy, = ZISkZ, € R¥*N and k stands for 1 and t. Notice that A, = ZI A, Z, = BC, S My, + 0miSiu + Ot Stu-
Eventually, the reduced inverse conductivity problem can be solved by a line search or trust region interior-point method

[34], for instance the primal-dual method or the logarithmic barrier method with a quasi-Newton update on the Hessian com-

putation. For simplicity, we describe in Algorithm 2 only the line search barrier method. In particular, the norm || - || in step



Algorithm 2 Optimization-POD-DEIM: opt-reduced(o®, {Z.}i_;, {Zi, }i 1, {ohentizis ©)

on

Input: initial guess o € C,q, POD basis {Z };_, and {Z{,, };_,, POD bases generating parameters {o ., };_,, factor ¢ € (0,1)
Output: estimated conductivity values o

1: oo p—1,k«0,i«— —1

2: while k < ky.x and not converged do

3: while stopping tolerance not reached do

4: Search i, = arg min |lo — ol
1<5<s

5: if (i. # io) then

6: Import the POD basis Z and Z!:

7: 10 — Ts

8: end if

9: Solve u,'*! with o from ! to t*, using bases Zi: and Z.z_
10: Compute the perturbed cost function value (o) — 3" log (h;(o))
11: Solve q, ' with o from t” to ¢!, using bases Z: and Z!:_
12: Compute the gradient V7 (o) — Y, %ff)), using (23)
13: Update the inverse Hessian approximation and compute the search direction v* (BFGS [34])
14: Set o = o + y,v"* where ;, € (0,0) is computed from a line search
15: E—k+1
16: end while

17: M Sl
18: end while

Algorithm 3 Adaptive POD-DEIM Optimization

Input: initial guess o, factor ¢ € (0, 1)
Output: estimated conductivity value o°

1: Ry = []: Rion = []: den = H

2: while stopping criterion not fulfilled do

3:  Create snapshots: solve full-order u(o?) and o, (a°)

4 Build POD bases Z, () and Z;., (o) using above snapshots
5: Include new POD bases: R, = [Ry, Zu(0°)], Rion = [Rion, Zion(0°)], Zgen = [Lgen, 0]
6: Solve the reduced-order problem min J;(o): opt-reduced(a’, Ry, Rion, Ygens S)

o

7
8:

Set 0¥ «— argmin J; (o)
o

end while

4 of Algorithm 2 could be customized. For instance, we can use the Euclidean norm of the polar coordinates to introduce a
priori information weighting different values as we propose in Sec. 5.3. The parameters p and ¢ are related to the enforcement
of the unilateral constraints on the solution. The optimization iteration updating in our simulation is based on the Optizelle
package!, an open source library for nonlinear optimization.

If one wants to avoid off-line reduced bases construction, as an alternative the conductivity parameter can be estimated
by an online POD-DEIM framework with adaptivity. This is explained by Algorithm 3. Specifically, one can solve the full-order
Monodomain system at the initial guess, build the POD bases from snapshots and solve the reduced inverse solver, then use the
reduced-order solution as a new initial guess for the next computing cycle. In particular, for the inverse conductivity problem,
instead of storing a unique basis by merging previous POD modes we typically store multiple reduced bases online. In the
reduced-order computation, we still use polar coordinates to choose a single appropriate basis (see step 4 of Algorithm 2).

5. Model reduction in action: pitfalls and success

In the beginning of this section, we will focus only on the offline-online procedure of POD-DEIM approximation. That is,

LThttp://www.optimojoe.com/products/optizelle/
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Figure 4: Errors of u by POD-DEIM approximation. Left: errors w.r.t. the dimension of the POD basis, with dim(Z,) ranging from 34 to
46 and dim(Zion) ranging from 82 to 106 ; Right: errors on 16 x 16 different conductivity parameters, with fixed POD-basis dimensions:
dim(Z,) = 45 and dim(Zien) = 100.

we would like to obtain a set of reduced bases offline so that it can be use at any moment and for many times to solve an
inverse conductivity problem. The observation on adaptive POD-DEIM will be provided at the last.

5.1. POD-DEIM on the forward problem

To investigate the performance of POD-DEIM model reduction technique on the Monodomain system, we preliminarily
solved the ROM on a slab Q = [0,5] x [0,5] x [0,0.5] € R3 with 24272 mesh nodes. In each simulation, five stimuli of
Lpp = 10° uA/cm® were applied with four at the corners and one at the center of the domain for a duration of 1 ms. We set
the myocardium fibers to be constantly along the z-axis. The snapshots for POD basis construction were taken every 0.05 ms
with a duration of 25 ms.

In Fig. 3 (first row), we plot the first three POD modes of the transmembrane potential constructed from snapshots of u
that were computed with conductivity parameter o g, = [3,2]. The parameter chosen has ¢,,1/0w close to one, which makes
the tissue almost isotropic. This explains why the wave front propagated from the center of the slab tissue is almost circular.
We also plot in the second row the leading POD modes of the transmembrane potential constructed with oz, = [4,0.1]. The
wave front in this case is elliptic since the ratio oy,1/omt > 1. This comparison suggests that the POD modes constructed with
different conductivity values are very weakly correlated. Therefore, the approach of extracting POD modes from combined
snapshots computed with different parameter values can not achieve enough dimension reduction, as already pointed out in
Fig. 2 (right).

11
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Figure 5: Domains of effectiveness of different reduced bases. The relative errors (denoted by e) of the ROM solutions are indicated in
different colors. Black: e < 0.002, Cyan(Gray): 0.002 < e < 0.005, White: e > 0.005. The parameter space is partitioned by the red dash
lines using an equi-spaced partition on arctan(Z=t). The POD basis generating parameter oz in each picture is indicated by a red triangle.

m
m]l

To check the performance of reduced-order modeling, we took a uniform sampling on the conductivity parameter: 25
samples were generated over the domain [1, 5] x [0, 2]. For each value of the parameter, snapshots were computed to construct
offline a POD basis of the transmembrane potential (ionic current). In this way, 25 POD bases were available for importing
during online computation of the reduced-order Monodomain model (Algorithm 2).

As a preliminary assessment of the impact of model reduction, we computed the transmembrane potential with the POD-
DEIM procedure. Fig. 4 reports the corresponding relative error. The errors in Fig. 4 (left) are with respect to the dimension
of the POD basis, with dim(Z, ) ranging from 34 to 46 and dim(Z;.,,) ranging from 82 to 106. The test conductivity parameter
is o = [2.6,1.05]. We observe that the POD-DEIM method provides stable and accurate approximation when the POD basis
dimension is around 40 for v and 90 for [i,,.

In Fig. 4 (right) we plot the errors on 16 x 16 different conductivity parameters, with fixed POD-basis dimensions:
dim(Z,) = 45 and dim(Z;,,) = 100. We observe that 60.55% of the parameters in this test feature errors below 0.005,
21.48% of them lead errors greater than 0.01 and they are mainly associated with conductivities at the boundary of the sam-
ple space. These errors indicate that a uniform sampling with 25 parameter values would be generally inappropriate for its
use in the inverse problem of conductivity estimation.

5.2. Domain of effectiveness (DOE) of the reduced basis

From previous results we argue that a single reduced basis may be effective only for problems with parameter values close
to the generator one. To quantify the role of this basis, we introduce the concept of “domain of effectiveness” (DOE). This is
the region of the parameter space where a reduced-order solution provide accurate results as we specify later on. We carry
out a supportive study on the domains of effectiveness of different reduced bases, when each basis has a unique generating
parameter o, that differs from others in the conductivity ratio.

Given a POD basis Z, and a test parameter o, we measure the effectiveness of Z,, at o by the relative error of reduced-order

L L
solution e(a) = > ||Zyul — u!||?/Y ||u!||* where u' is the full-order solution at time # given o and ul. is the corresponding
=1 =1

reduced-order solution solved with the reduced basis Z,,. We study the domains of effectiveness of different reduced bases
and plot them in Fig. 5. In each picture, a unique generating parameter o, (indicated by the red triangle) was used for the

12
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Figure 6: Domains of effectiveness of sensitivity-based reduced bases both generated by oge, = [3,0.35]. The left one is based on o gen +
[01, 8¢] = [3.8,1.32] (marked by the red circle) and the right one takes ogen + [01, 0] = [4.2,0.48] (marked by the red circle).

construction of the reduced basis. The reduced-order simulation errors are less than 0.002 at black points, between 0.002 and
0.005 at cyan/gray points, and greater than 0.005 at white points. We define the DOE associated to the reduced basis as the
region collecting black and cyan points, where the reconstruction error is less than 0.005.

In Fig. 5, the parameter space is partitioned by the red dash lines using an equi-spaced partition on the range of arctan (ot /omi)-

It is interesting to see that the DOE of a reduced basis is apparently confined to an angular region of its generating parameter.
The region is wide when the arc and the angle of o, are large (as in Fig. 5 upper left), and is relatively narrow while
the arc or the angle is relatively small (as in Fig. 5 upper right, lower left and lower right). This study confirms that the
transmembrane potentials solved with the Monodomain model are strongly sensitive to the conductivity ratio and amplitude

[26].

As we mentioned earlier, a natural idea to enlarge the domain of effectiveness of a reduced basis is to include extra
sensitivity snapshots in the POD basis construction. Following the idea in Compact POD [12], we took snapshots for the
transmembrane potential u as

;. oul ou! I
u ,(51(9Tml,5tao_7mt,--~ , ,617
where 4, and ¢, are scaling factors applied on the sensitivity snapshots. We also took snapshots for the ionic current [, in a
similar way. To investigate the feasibility of this concept, we chose a generating parameter o4, = [3,0.35] and compare the
DOE of the sensitivity-based RB with the older one shown in Fig. 5 lower left. Two sets of scaling factors were chosen in a
way such that
Ogen + [0,0) = [3.8,1.32] O gen + [01,8¢] = [4.2,0.48].

Two reduced bases were generated accordingly and their DOE are plotted in Fig. 6. The ROM in this test took 100 POD
modes for v and 250 for I, which are appropriate numbers based on our experience. From this test, we notice that adding
sensitivity snapshots is not significantly effective for widening the DOE. In addition, the largely increased necessary number
of POD modes makes this idea not feasible for application in inverse problem such as conductivity estimation.

5.3. POD-DEIM for the inverse problem

The measures

Considering the loss of accuracy in using the reduced-order model, we may need to acquire enough measures to maintain
the stability of the inverse conductivity solver. In the following tests, we used 100 x 100 measurement sites on the tissue
surface, which is achievable in experiments?. We point out that when reducing the number of sites (down to 1000), we
experienced just modest (expected) slowing of the iterative procedure and slightly worse estimation in most test cases. We
took snapshots every dtsna, = 2 ms for a duration of 7' = 30 ms.

The DEIM approximation for nonlinearity was applied under the assumption that the nonlinear term I, is evaluated
component-wise in the FOM. This assumption greatly improves the computational efficiency of the full-order system while
keeping enough accuracy when the mesh is fine. This is verified by a numerical experiment shown in Fig. 7. In this test the
mesh contains 76832 nodes. As one can see, the component-wise computation on [;,, (Fig. 7 middle) presents small error as
compared with the exact finite element approximation (Fig. 7 left). More importantly, the computational cost is reduced from

2F. Fenton (GA Tech), personal communication.
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Figure 7: Left: u computed with exact finite element approximation on the nonlinear term I;on; middle: u computed with component-wise
evaluation on the nonlinear term I,y ; right: synthetic measure of u generated from the left by adding 15% noise uniformly.
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Figure 8: Ten samples (stars in red) generated by a nonuniform sampling on the polar coordinates of conductivity values. The “small
angle—short arc” zone of the sample space is refined by the use of Gaussian nodes. The six blue dots will be used as test points.

759.284 seconds to 53.6954 seconds (more than 95% reduction). Fig. 7 (right) displays the synthetic measures generated by
adding 15% noise to the potential v computed with exact evaluation of I;,,. This typically represents the way we generate
measures in our subsequent numerical tests.

Sampling

As we have reported in Sec. 5.1, a uniform sampling on the conductivity parameter to construct POD bases is not a viable
approach, since it needs too many sample points and the corresponding ROM approximation still lacks accuracy. However,
based on the DOE study in Sec. 5.2, a nonuniform sampling with refinement in the “small angle-short arc” zone could
substantially decrease the number of sample points while preserving the accuracy of the ROM approximation. This can be
achieved by a sampling on polar coordinates, so to take advantage of the angular pattern of the DOE. We illustrate an example
in Fig. 8, where nine Gaussian nodes were generated to cover nonuniformly the parameter space and one extra node is added
in the left corner to slightly extend the coverage of those samples. Specifically, the Gaussian points were obtained in the polar
coordinates [p, 0]:

0 — —0i+26i+1, p— —p;+§§+1 24)
i—1)m .
61’ - amax - (gmax - emin) Ccos (%)7 1= 15 LT (25)

i (jfl)ﬂ)’ j=1,-

p] e pmax — (pmax — pmin) COS (m .. ni . (26)

in = arctan(1/14), ng =4, n{ = max(6 —4,3), Pmax = 6.5,

For the example above, we typically take 6,,,, = arctan(1.2), b

6
pmin = 1.5. The extra point in the left corner was given as [p, ] « [1.3, fminffmax],
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Table 1: Conductivity estimation on a slab mesh with DOF = 76832. T = 30 ms, At = 0.025 mSs, dtsnap = 2 ms, noise = 15%,
T initial = [157 1]

T exact O estimated # fwd | bwd | Total exe. time | Time perc
Full Order [3.2, 0.5] [3.237, 0.625] 51|12 2720's 100%
POD+DEIM [3.2, 0.5] [3.084 0.4277] 103 | 40 123.7 s 4.5%
Full Order [4.5, 1] [4.535, 1.099] 58|17 5409 s 100%
POD+DEIM [4.5, 1] [4.482 0.9846] 161 | 25 72.62 s 1.3%
Full Order [5.5, 3] [5.538, 3.059] 109 | 36 8699 s 100%
POD+DEIM [5.5, 3] [5.293 3.099] 156 | 24 58.25s 0.6%
Full Order [4, 2] [4.045, 2.076] 7123 5388 s 100%
POD+DEIM [4, 2] [3.762 1.965] 94 | 40 97.44 s 1.8%
Full Order [3, 2] [3.055, 2.077] 59|19 5626 s 100%
POD+DEIM [3, 2] [2.741, 2.148] 8311 49.52's 0.9%
Full Order [6, 5] [6.038, 5.049] 50|16 3366 s 100%
POD+DEIM [6, 5] [6.035, 4.910] 54|16 31.31s 0.9%

Conductivity estimation

We conduct a group of tests on the performance of the POD-DEIM approach applying to the inverse conductivity problem,
using the ten samples plotted in Fig. 8. For the sake of reliability of our results, six test points (blue dots in Fig. 8) were
carefully chosen not too close to the sample points. With each test point, we solved the full-order Monodomain equation and
then added 15% noise to generate the synthetic measures. We performed the numerical experiments on a 76832-node mesh
with a simulation time step A¢ = 0.025 ms. In each run of the reduced inverse conductivity solver, 35 POD modes were taken
for « and 80 for I;,,, the norm || - || in step 4 of Algorithm 2 was taken as the Euclidean norm of the polar coordinates. The
optimization iteration started from a prescribed initial guess o initia; = [1.5, 1] and was constrained by a maximum iteration
number 40. Each simulation was performed on a processor having an Intel(R) Core(TM) i7-3740QM CPU @ 2.70GHz.

The estimated conductivities are listed in Table 1, from which we infer the following conclusion. (a) On average each solve
of the reduced Monodomain system (or its dual), including reduced basis importing, takes about only 1 ms as compared with
60 ms for the full-order model. The computational cost reduction on the forward problem is of about two orders of magnitude.
(b) For conductivity estimation, the reduced inverse solver returns slightly worse estimates than the full-order inverse solver,
due to the loss of accuracy of the ROM. However, the total execution time can be reduced by at least 95% and the estimation
results using ROM are very satisfying with all the test points. Reasonable and similar results were obtained with the coarse
24272-node mesh, which we do not report for the sake of brevity. In summary, the message we retrieve from these results
is that even with the 24272-node mesh, notwithstanding the obvious difference between the potential computed with the
exact finite element approximation on nonlinearity and the potential solved by component-wise evaluation on nonlinearity,
the conductivity estimations using ROM are still vey good.

The iterations corresponding to the 76832-node case are plotted in Fig. 9. Some of them are also shown in the plane as
displayed in Fig. 10. We can see that the optimal pathway in the reduced inverse solver is similar to that in the full-order
inverse solver.

Simulations on the left ventricle

To demonstrate the independence of the method on geometries, we also performed simulations on a real left ventricular
geometry reconstructed from SPECT images (see Figure 11). The main features of the cardiac fiber field (shown as white
arrows in Figure 11) were modeled by an analytical representation of the fiber orientation, which was originally proposed
in [21] eqn. (6.2) for an ellipsoid domain and properly adapted to a real domain retrieved from SPECT images (as done in
[23]). Other computational models of cardiac fibers, such as [4], are also available. In this test, we still took measurements
every dtgnap = 2 ms for a duration of 7' = 30 ms. The synthetic measure of the transmembrane potential at time ¢ = 26 ms is
displayed in the left of Figure 11, which was created by simulating with o eyact = [3.2,0.5] and adding 15% uniform noise.

With the same sample points of the conductivity parameter mentioned before, we created the corresponding set of reduced
bases and employ them in the POD-DEIM procedure. The main difference between current and previous tests lies in the geo-
metric complexity of the fiber orientation. To capture enough variety of the propagation pattern on the ventricle, we need to
increase the number of POD modes in the reduced space. A typical example is at the first test point oexact = [3.2,0.5]. When
35 POD modes were taken for w and 80 for I, we obtain o estimatea = [2-491, 0.6]. After increasing the number of POD modes
to 45 and 90 respectively, the estimation is clearly improved to o estimatea = [3-07, 0.425]. For further tests we refer to Table 2.
On the ventricle, the reduced inverse solver lost certain accuracy as compared to the slab tissue, but still returned acceptable
estimations of the conductivity. We reconstruct the transmembrane potential corresponding to the first test point and show the
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Figure 9: Optimization iterations corresponding to Table 1

snapshot at time ¢ = 26 ms in the right of Figure 11. As demonstrated by the figure, the reconstruction matches the synthetic
measure on the wave front.

Adaptive POD-DEIM

We finally test the viability of adaptation by an online procedure. As described in Sec. 3.1, POD adaptivity has been studied
in many publications, such as [45]. The main purpose is to let the sampling procedure take into account the optimization
trajectory. Since we have observed that merging snapshots from different conductivity values doesn’t reduced the necessary
number of POD modes for accurate potential approximation, we still used multiple reduced bases in online reduced-order
computation.

The following experiments were conducted with the same six test values as before, on the slab mesh having 76832 nodes.
The measurement data were still generated synthetically with extra 15% noise. We execute Algorithm 3 given initial guess
Tinitial = [1.5, 1] and particularly control the reduced-order minimization problem inside the loop by a maximum iteration
number 20. Each single online basis Z,, has size 35 and Z;,,, has size 80. Accordingly to our experience, five cycles of reduced-
order optimizations are generally enough to obtain stable convergence. We list the estimated conductivities in Table 3. As one
can see, the accuracy of conductivity estimation is promising, and the execution time is reduced to 10.2%-38.8%. Although
the online computational reduction is not as intense as the offline-online procedure, this is an effective alternative use of
model reduction especially when we have no offline reduced basis at hand. To have an insight on the optimization trajectory,
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Figure 10: Optimization trajectory corresponding to Table 1 for test points: [4.5, 11, [4, 21, [6, 5]. The left column corresponds to the
full-order inverse solver, while the right column corresponds to the reduced inverse solver.

we report in Fig. 12 (resp. Fig. 13) the five cycles of iterations correspondingly to o cxact = [4.5, 1] (r€Sp. Fexact = [6, 5])-

6. Conclusions

Cardiac conductivity estimation is a critical step for bringing computational electrocardiology in clinical settings. Currently
there are no established procedures, available methodologies are computationally demanding. Model reduction is generally
challenged by the mathematical features of the Monodomain problem and this prevents “classical” approaches like POD
(coupled with DEIM) to be promptly applied. This paper gives a first contribution to model reduction applying to the inverse
conductivity problem.

As a matter of fact, the main challenge of model reduction lies in the POD basis construction. To quantify this effect, we
have introduced the concept of DOE. We have observed that the DOE of a POD basis based on a single generating parameter
is narrow, especially when the amplitude of the conductivity value is small. This phenomena has also been shown in [7]
where POD was applied to estimate ionic model parameters. The situation in our case is even worse, considering the fact that
we can not group snapshots for basis construction from different generating parameters, due to the strong sensitivity of the
transmembrane potential to the conductivities. In other words, a unique POD basis is inadequate for the inverse conductivity
problem, where the simulations are performed with various conductivity parameters.
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Figure 11: Screenshots of the transmembrane potential (in mV) at ¢ = 26 ms, computed on a real left ventricular geometry reconstructed
from SPECT images. The white arrows represent myocardial fiber orientation used in the simulation. Left: synthetic measure of the potential
created by simulating with oexact = [3.2,0.5] and adding 15% uniform noise. Right: reconstruction of the potential computed with the
estimated conductivity oestimated = [3.07,0.425].

Table 2: Conductivity estimation by the reduced inverse solver on a left ventricular mesh: oinitial = [1.5, 1].

Oexact | [3.2,0.5] [4.5, 1] [5.5, 3] [4, 2] [3,2] (6, 51
O cstimated ‘ [3.07,0.425] [4.757,0.94] [5.356,3.151] [3.9331.782] [2.8,2.07] [6.186,5.488]

Another challenge that deserves to mention is the failure of adding sensitivity snapshots, which is expected to highly
improve the effectiveness of the POD basis in other problems [12]. We find that putting extra sensitivity snapshots into the
snapshot matrix of state variables does not significantly enlarge the DOE of the constructed RB as much as we desire. Even if
it did to some extent, the required number of POD modes is almost tripled, hence it is not appropriate for online application.

Nevertheless, there are still some interesting aspects that finally lead to a success. We detect that the DOE of a reduced
basis is confined to an angular region of its generating parameter, and the region would be enlarged if the parameter amplitude
gets larger. Based on this, we sample the parameter space utilizing the polar coordinates and the Gaussian nodes. A sample set
of size ten is then obtained. The usage of multiple POD bases, each generated with a sampled parameter, provides satisfactory
results. Overall, by utilizing this POD-DEIM reduced-order model, the computational effort can be reduced by at least 95% in
conductivity estimation.

This work opens several interesting challenges to be investigated in future works. In particular, we would like to theo-
retically quantify the conductivity estimation error caused by reduced-order modeling. An error analysis for some particular
optimal control problems has been studied in [25, 27], but the work on conductivity estimation is still open sine the control
parameter appears in the differential core of the system. We also plan to extend the sampling strategy proposed here to 3D
Bidomain inverse conductivity problem.

Acknowledgements

This work has been supported by the NSF Project DMS 1412973/1413037 “Novel Data Assimilation Techniques in Mathe-
matical Cardiology”. We thank the referees for extremely valuable suggestions and remarks in improving this paper.

[1] E. Arian, M. Fahl, E. Sachs, Trust-Region Proper Orthogonal Decomposition for Flow Control, Technical Report, Institute
for Computer Applications in Science and Engineering, NASA Langley Research Center, 2000.

[2] M. Barrault, Y. Maday, N. Nguyen, A. Patera, An ‘empirical interpolation’ method: application to efficient reduced-basis
discretization of partial differential equations, Comptes Rendus Mathematique 339 (2004) 667-672.

[3] B. Barros, R. Santos, M. Lobosco, S. Alonso, Simulation of ectopic pacemakers in the heart: Multiple ectopic beats
generated by reentry inside fibrotic regions, BioMed Research International (2015) Article ID 713058, in press.

[4] J. Bayer, R. Blake, G. Plank, N. Trayanova, A novel rule-based algorithm for assigning myocardial fiber orientation to
computational heart models, Ann. Biomed. Eng. 40 (2012) 2243-2254.

[5] P. Benner, S. Gugercin, K. Willcox, A survey of projection-based model reduction methods for parametric dynamical
systems, SIAM Review 57 (2015) 483-531.

18



(o]

Estimated conductivities
w

Figure 12: Optimization with adaptive POD-DEIM corresponding to Table 3 for test point o exact = [4.5, 1]. Left: Optimization iterations.
The vertical dash lines denote the position where a new POD basis was generated. Each optimization cycle (five in total) is constrained by
a maximum iteration number 20. Right: Optimization trajectory. The points for online reduced basis generation are marked by the black

dots.

Estimated conductivities
n w o (4] [¢)] ~ [e¢]

-

Figure 13: Optimization with adaptive POD-DEIM corresponding to Table 3 for test point oexact = [6,5]. Left: Optimization iterations.
The vertical dash lines denote the position where a new POD basis was generated. Each optimization cycle (five in total) is constrained by
a maximum iteration number 20. Right: Optimization trajectory. The points for online reduced basis generation are marked by the black

dots.

(9]

N

n

O

Table 3: Conductivity estimation by online adaptive POD-DEIM.

Texact O estimated # fwd | bwd | Total exe. time | Time perc
Full Order [3.2,0.5] [3.237, 0.625] 51|12 2720 s 100%
Adaptive POD+DEIM [3.2,0.5] | [3.223,0.6635] 544 | 89 1055 s 38.8%
Full Order [4.5, 1] [4.535, 1.099] 58117 5409 s 100%
Adaptive POD+DEIM [4.5, 1] [4.522, 0.9839] 507 | 87 733.5s 13.6%
Full Order [5.5, 3] [5.538, 3.059] 109 | 36 8699 s 100%
Adaptive POD+DEIM [5.5, 3] [5.294, 3.212] 519 |93 889.4s 10.2%
Full Order [4, 2] [4.045, 2.076] 71123 5388 s 100%
Adaptive POD+DEIM [4, 2] [3.9, 2.084] 31881 812.6s 15.1%
Full Order [3,2] [3.055, 2.0771] 59119 5626 s 100%
Adaptive POD+DEIM [3, 2] [3.237, 1.784] 366 | 80 995.9s 17.7%
Full Order [6, 5] [6.038, 5.049] 50|16 3366 s 100%
Adaptive POD+DEIM [6, 51 [5.686, 5.064] 425 | 95 709 s 21%
3 - : —
/ @ iterations
25 // * Testimated
/// O oexact
2 J/ % _{ ® online sample

40 60 80

Number of optimization iterations

] i i i

! ! ! !

i i i i

| S, | |
M* = L p— —
Sy, | | '
£ 1 1 )\ I
LY . Y W S
1 | 1 I
3 i i l
i i o i
7 : : @ ml :
| | Tt | |
: i i i
® ! ! ! !

i i i i

20 40 60 80

Number of optimization iterations

S S
1 8 ®
o5t T mg -
e im
1 2 3 4 6
Tl

19

6 | | {m-iterations

* Testimated

O Uexact

® online sample




(6]

[7]

(81

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

L. Bertagna, A. Veneziani, A model reduction approach for the variational estimation of vascular compliance by solving
an inverse fluid-structure interaction problem, Inverse Problems 30 (2014) 055006.

M. Boulakia, J.F. Gerbeau, Parameter identification in cardiac electrophysiology using proper orthogonal decomposition
method, in: International Conference on Functional Imaging and Modeling of the Heart, Springer, pp. 315-322.

M. Boulakia, E. Schenone, J.F. Gerbeau, Reduced-order modeling for cardiac electrophysiology. application to parameter
identification, Int. J. Num. Meth. Biomed. Engng. 28 (2012) 727-744.

Y. Bourgault, C. Pierre, Comparing the bidomain and monodomain models in electro-cardiology through convergence
analysis, 2010. URL: https://hal.archives-ouvertes.fr/hal-00545888.

A. Buffa, Y. Maday, A. Patera, C. Prud’homme, G. Turinici, A priori convergence of the greedy algorithm for the
parametrized reduced basis method, ESAIM: Mathematical Modelling and Numerical Analysis 46 (2012) 595-603.

T. Bui-Thanh, M. Damodaran, K. Willcox, Aerodynamic data reconstruction and inverse design using proper orthogonal
decomposition, AIAA Journal 42 (2004) 1505-1516.

K. Carlberg, C. Farhat, A compact proper orthogonal decomposition basis for optimization-oriented reduced-order mod-
els, 12th AIAA/ISSMO Multidisciplinary Analysis and Optimization Conference (2008).

S. Chaturantabut, Nonlinear Model Reduction via Discrete Empirical Interpolation, Ph.D. thesis, Rice University, 2011.

J. Chen, M. Henneman, M. Trimble, J. Bax, S. Borges-Neto, A. Iskandrian, K. Nichols, E. Garcia, Assessment of left
ventricular mechanical dyssynchrony by phase analysis of ecg-gated spect myocardial perfusion imaging, Journal of
Nuclear Cardiology 15 (2008) 127-136.

E. Cherry, F. Fenton, Visualization of spiral and scroll waves in simulated and experimental cardiac tissue, New Journal
of Physics 10 (2008) 125016.

L. Clerc, Directional differences of impulse spread in trabecular muscle from mammalian heart, J. Physiol. 255 (1976)
335-346.

M. Cluitmans, P. Bonizzi, J. Karel, P. Volders, R. Peeters, R. Westra, Inverse reconstruction of epicardial potentials
improved by vectorcardiography and realistic potentials, in: Computing in Cardiology Conference (CinC), 2013, pp.
369-372.

C. Corrado, J.F. Gerbeau, P. Moireau, Identification of weakly coupled multiphysics problems. application to the inverse
problem of electrocardiography, Journal of Computational Physics 283 (2015) 271-298.

Q. Du, V. Faber, M. Gunzburger, Centroidal voronoi tessellations: Applications and algorithms, SIAM Rev. 41 (1999)
637-676.

M. Frangos, Y. Marzouk, K. Willcox, B. van Bloemen Waanders, Surrogate and reduced-order modeling: A compari-
son of approaches for large-scale statistical inverse problems, in: Large-Scale Inverse Problems and Quantification of
Uncertainty, Wiley Online Library, 2011, pp. 123-149.

P.C. Franzone, L. Pavarino, A parallel solver for reaction-diffusion systems in computational electrocardiology,
Math. Mod. Meth. Appl. S. 14 (2004) 883-911.

D. Galbally, K. Fidkowski, K. Willcox, O. Ghattas, Non-linear model reduction for uncertainty quantification in large-
scale inverse problems, International Journal for Numerical Methods in Engineering 81 (2010) 1581-1608. URL: http:
//dx.doi.org/10.1002/nme.2746.

L.G. Giorda, L. Mirabella, F. Nobile, M. Perego, A. Veneziani, A model-based block-triangular preconditioner for the
bidomain system in electrocardiology, J. Comput. Phys. 228 (2009) 3625-3639.

L. Graham, D. Kilpatrick, Estimation of the bidomain conductivity parameters of cardiac tissue from extracellular poten-
tial distributions initiated by point stimulation, Ann. Biomed. Eng. 38 (2010) 3630-3648.

M. Gubisch, 1. Neitzel, S. Volkwein, A-posteriori error estimation of discrete POD models for PDE-constrained optimal
control, Technical Report 350, 2016.

20



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]
[36]

[37]

[38]

[391]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

P. Johnston, A sensitivity study of conductivity values in the passive bidomain equation, Math. Biosci. 232 (2011) 142-
150.

E. Kammann, F. Troltzsch, S. Volkwein, A posteriori error estimation for semilinear parabolic optimal control problems
with application to model reduction by pod, ESAIM: Mathematical Modelling and Numerical Analysis 47 (2013) 555-
581.

D. Knezevic, N. Nguyen, A. Patera, Reduced basis approximation and a posteriori error estimation for the parametrized
unsteady boussinesq equations, Mathematical Models and Methods in Applied Sciences 21 (2011) 1415-1442.

M. Krueger, G. Seemann, K. Rhode, D. Keller, C. Schilling, A. Arujuna, J. Gill, M. O'Neill, R. Razavi, O. Dossel, Person-
alization of atrial anatomy and electrophysiology as a basis for clinical modeling of radio-frequency ablation of atrial
fibrillation, Medical Imaging, IEEE Transactions on 32 (2013) 73-84.

K. Kunisch, S. Volkwein, Galerkin proper orthogonal decomposition methods for a general equation in fluid dynamics,
SIAM Journal on Numerical Analysis 40 (2002) 492-515.

M. McKay, R. Beckman, W. Conover, A comparison of three methods for selecting values of input variables in the analysis
of output from a computer code, Technometrics 21 (1979) pp. 239-245.

N. Nguyen, A. Patera, J. Peraire, A ‘best points’ interpolation method for efficient approximation of parametrized func-
tions, International Journal for Numerical Methods in Engineering 73 (2008) 521-543. URL: http://dx.doi.org/10.
1002/nme . 2086.

B. Nielsen, T. Ruud, G. Lines, A. Tveito, Optimal monodomain approximation of the bidomain equations, Appl. Math.
Comp. 184 (2007) 276-290.

J. Nocedal, S. Wright, Numerical Optimization, second ed., Springer, New York, 2006.
S.D. Paris, Lifev web site. http://www.lifev.org, 2015.

A. Pullan, L. Cheng, M. Buist, Mathematically Modelling the Electrical Activity of the Heart: From Cell to Body surface
and back again, World Scientific, Singapore, 2005.

A. Quarteroni, G. Rozza, A. Manzoni, Certified reduced basis approximation for parametrized partial differential equa-
tions and applications, Journal of Mathematics in Industry 1 (2011) 3.

M. Rewienski, A Trajectory Piecewise-Linear Approach to Model Order Reduction of Nonlinear Dynamical Systems, Ph.D.
thesis, Technical University of Gdansk, 2003.

D. Roberts, A. Scher, Effect of tissue anisotropy on extracellular potential fields in canine myocardium in situ, Circ. Res.
50 (1982) 342-351.

J. Rogers, A. McCulloch, A collocation—galerkin finite element model of cardiac action potential propagation, IEEE
Trans. Biomed. Eng. 41 (1994) 743-757.

N. Trayanova, Defibrillation of the heart: insights into mechanisms from modelling studies, Experimental Physiology 91
(2006) 323-337.

C. Villongco, D. Krummen, P. Stark, J. Omens, A. McCulloch, Patient-specific modeling of ventricular activation pattern
using surface ecg-derived vectorcardiogram in bundle branch block, Prog Biophys Mol Biol 115 (2014) 305 — 313.

H. Yang, Parameter Estimation and Reduced-order Modeling in Electrocardiology, Ph.D. thesis, Emory University, 2015.
URL: http://pid.emory.edu/ark:/25593/r7mcm.

H. Yang, A. Veneziani, Estimation of cardiac conductivities in ventricular tissue by a variational approach, Inverse Prob-
lems 31 (2015) 115001.

M.J. Zahr, C. Farhat, Progressive construction of a parametric reduced-order model for pde-constrained optimization,
International Journal for Numerical Methods in Engineering 102 (2015) 1111-1135.

O. Zienkiewicz, R. Taylor, J. Zhu, The finite element method: its basis and fundamentals, sixth ed., Butterworth-
Heinemann, Oxford, 2005.

21



