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In this paper we address the numerical solution of the inverse elastography problem, from the knowledge of

the excitation field on the boundary and the displacement field in a grid of points within the domain. We
suggest using a representation of the solution by the method of fundamental solutions and using a Newton-
type method to iteratively approximate the Lamé coefficients of the medium from elastography displacement
measurements. We consider a toy model to illustrate the performance of the method.

1 INTRODUCTION

Elastography is an imaging modality where the elas-
tic displacement induced by a given excitation on the
imaged tissue is measured to recover the material’s
elastic properties.

We are especially interested in considering optical
coherence elastography (OCE), which means that one
used optical coherence tomography to measure the
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phase difference related to the elastic movement and
the consequent elastic displacement in depth of the
tissue (see, for instance (Claus et al., 2017; Kennedy
etal., 2011; Quetal., 2018; Zhu et al., 2017)). There-
fore, one is interested in recovering the elastic prop-
erties of the tissue material given the measurement of
the depth displacement in a grid of inner points within
the tissue and the time-harmonic excitation.

This paper will consider time-harmonic excitation
for the Lamé equation, which allows the elastic field
to be represented by the method of fundamental so-
lutions (MFS). In this case, we propose a Newton’s
method approach based on the differentiation of the
operator that maps the Lamé coefficients to the solu-
tion of the problem. At each iteration the proposed
method requires few computational effort to update
the Lamé coefficients, since it resumes to solve a 2-
by-2 linear system at each iteration. However, to es-
tablish this linear system a forward problem must be
solved at each iteration, which supports the choice of
a MFS approach due to its easy implementation. We
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also discuss the main advantages and possible disad-
vantages of this approach.

2 PROBLEM FORMULATION

For time-harmonic waves, the Lamé equation governs
the elastic displacement field u# in a domain D (Doy-
ley, 2012; Park and Maniatty, 2006) by

pAu+ (A4 u) graddivu+ @’pu=0in D, (1)

where p is the density, ® is the frequency, and the
Lamé constants are given by

E B VE
B=20+v) "7 +v)(d-2v)

where v is the Poisson’s ratio and E is the Young’s
Modulus. Usually in this setting the boundary condi-
tions are defined by the pressure p, namely by relating
it with the elastic field u at some part I" of the bound-
ary dD by one or both of the following transmission
conditions (Ito et al., 2008; Ito and Toivanen, 2007)

l OPn—1
p ov
Pn—1Vn—1 = G(”)Vn onT, (3)

=o’u-vonT, )

where the stress tensor is given by
o(u) = u(Vu+ (Vu)T) + Adivul.
In the remaining boundary, one can assume either
u=0ondD\T 4)
or
o(u)v=0o0ndD\T. (5)
The setting of the problem is illustrated in figure 1.
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Figure 1: Problem and Domain setting.

The direct problem consists in determining the
elastic field u# within the domain D, given the pres-
sure p on I', the material’s density p, the frequency ®
and Lamé coefficients u and A. This can be done us-
ing a forward solver as for instance the MFS, which
we will detail in the following section.
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The inverse problem consists in determining the
Lamé coefficients u and A from the knowledge of elas-
tic field u in a discrete grid of points in domain D, the
pressure p on I', the material’s density p and the fre-
quency ®. The following section will address the pro-
posed numerical approach based on Newton’s method
to solve the inverse problem.

3 NUMERICAL METHOD

Having in mind that the fundamental solution of equa-
tion (1) in R? is given by (cf. (Alves et al., 2017))

i
) =40 (9 s a1

+ gradgrad(Hél) (% |x]) —

Hy () )
(6)
where
o’ _wp o’p
St ST a (7)
H,(,l) is the Hankel function of first kind and order n, 1
is the identity operator in R? and one has

T
2 B (]

gradgrad( (lel) |x|2 2

- WH ([,

the method of fundamental solutions is based on the
representation of the solution as

u(x; Ky, Xp) = Z(I) X —5k) 0 8)
for some source points sp ¢ D,k =1,2,...,N;, and
coefficients o € C2. From the definition of funda-
mental solution, it can be shown that this representa-
tion fulfils equation (1). Moreover, it can be shown
that solutions of this form are dense for analytic solu-
tions of the problem (Alves et al., 2017).

Therefore, the method of fundamental solutions is
a good choice for forward solver (cf. (Barbeiro and
Serranho, 2020)), since one needs only to find the
coefficients oy € C? such that the boundary condi-
tions (2)-(3) and (4) or (5) are satisfied.

Given the elastography data, that is, the measure-
ment points x; € D, j = 1,2,...,N, and the respective
displacement measures u; = u(x;), we now define the
operators

Gj: (K, Kp) = u(xj3Ke, Kp) —uj, j=1,2,... Npp.
In this way, one wants to find Ky, K, such that
Gj(Ks,Kp) =0,Yj=1,2,...Ny
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To achieve this, we propose a Newton’s method ap-

proach. At iteration n, given the current approxima-

tions (Kﬁ"), ;,")) one solves the system of N,, equa-

tions
aaij (Kﬁ"), KE,”)) hy + g% (Kﬁ"),KE,")) h,

P
G )

with respect to (h, k) in a least square sense, having
the new update

+1 +1
W ) )
The method is now iterated until some stopping crite-
ria is achieved. It is also worth noting that in this case
one has

JG; ou

TKJ (K5, K%p) = P ()3 Ky, Kp) ©)
dG; Ju )

E (K5, Kp) = E ()3 Ky, Kp) (10)

However, in particular for OCE one only gathers the

displacement in depth, so in this case the operator G;
should be modified to

Gaj : (Ks,Xp) = up ()3 K, Kpp) — U2 j

that is, one has only access to the second component
of the displacement vector.

We also note that the problem of recover-
ing (x,,%,) is equivalent to recovering (u,A), since
one pair uniquely defines the other by (7).

4 PRELIMINARY NUMERICAL
RESULTS

The numerical results we present here are ongoing
work, so you will only consider a simple toy model.
Moreover, tunning of the parameters has not yet been
consider, so the results might improve.

We consider D to be a unit circle. Instead of
the boundary conditions (2)-(5), we considered the
Dirichlet boundary condition in all of x € dD given
by

u(x) = 0.25exp(ixd - x) exp(—|x — (0,1)[>/0.25)v

(1D
with d = (—1,-5)/+/(26), k = 1 and v is the out-
ward normal unit vector to the boundary. Also, we
considered ® = p = 1. For the forward problem, we
considered 800 collocation equally spaced points over
the unit circumference and 400 source equally spaced
points over the circumference of radius r=1.2, for the

MFS representation (8). We considered Tikhonov
regularization to solve the overdetermined linear sys-
tem to determine 0y in (8) by imposing (11) on the
collocation points. This procedure obtained the dis-
placement field u; in a grid of points x; as illustrated
in figure 2, for example 1.
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Figure 2: Displacement field data u; in the measurement
points x; and displacement given by boundary condition for
example 1 (ks = 0.5,%, = 2), with 400 source points (blue)
and 800 collocation points (red).

To avoid an inverse crime (Colton and Kress,
2013), for the inverse problem we considered 200 col-
location points equally spaced over the unit circum-
ference and 100 source points equally spaced over the
circumference of radius r=1.1, for the forward MFS
solver considering the current approximation for the
parameters (1<§"),1<§,”)), with the same regularization
parameter.

We considered the error norm

N
1612 = \| Y. Go i (k" )
j=1

and stop the algorithm whenever this error increases
from one iteration to the following.We also define the
error in the approximation

() _ |y

e — K, eg,") = |1<§,") —Xp).

We started by considering k; = 0.5 and K, = 2 in
example 1. The results are shown in Table 1 for exact
data and in Table 2 for multiplicative 1% noise in the
data. We can see that for exact data the approximation
has high precision and is not very affected with noise.
As for example 2, we considered k; = 1.2 and x,, = .5,
with results in Table 3 for exact data and in Table 4
for multiplicative 1% noise in the data. In this case
the method seems to stop very early for exact data.
This is clear once for noisy data, the method performs
at a very similar level. Future work should consider
optimization of the regularization coefficient based on
error and/or number of points.
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Table 1: Results for exact data for example 1:x; = 0.5, K, = 2.

| " | [ e e’ [ 16"l ]

1 1 0.5 -1 0.036015

0.85337 | 1.2119 0.35337 -0.78813 0.022349
0.46939 | 1.4692 || -0.030611 -0.53076 0.0041958

10 || 0.44448 | 1.588 -0.055522 -0.41196 0.0028442
50 || 0.49623 | 1.9429 || -0.0037699 | -0.057122 || 0.00047919
100 || 0.49975 | 1.9951 || -0.00025248 | -0.0049319 || 4.2702¢°
200 || 0.50000 | 2.0000 || -1.3591e=° | -3.3625¢=> || 3.1419¢~7
249 [/ 0.50000 | 2.0000 || 3.3361¢~7 | 3.5057¢7 || 1.0881¢~’
250 || 0.50000 | 2.0000 || 3.4172¢~7 | 5.1348¢ 7 || 1.0882¢~ 7

Table 2: Results for 1% noisy data for example 1:x; = 0.5, K, = 2.

n ] ] D P & | 167 |
0 1 1 0.5 -1 0.036014
1 0.85332 | 1.2117 0.35332 -0.7883 0.022352
5 0.46871 | 1.4684 || -0.031286 -0.53156 0.0041952
10 || 0.44344 | 1.5865 -0.056559 -0.4135 0.0028518
50 || 0.49489 | 1.9389 || -0.0051093 | -0.061051 0.00053961
100 || 0.49845 | 1.9908 || -0.0015487 | -0.0092421 || 0.00020766
200 || 0.49871 | 1.9956 || -0.0012923 | -0.0043913 || 0.00019709
424 || 0.49871 | 1.9956 || -0.0012904 | -0.0043545 || 0.00019704
Table 3: Results for exact data for example 2:k; = 1.2, K, = 0.5.
P A el =P
0 0.8 0.8 -0.4 0.3 0.02538
1 0.95237 | 0.70177 -0.24763 0.20177 0.01406
5 1.0882 | 0.60583 -0.11183 0.10583 0.0057529
10 1.14 0.55603 || -0.059973 | 0.056034 0.0028045
20 1.1719 | 0.50782 || -0.028133 | 0.0078185 || 0.00070746
30 1.1779 | 0.48971 || -0.022086 | -0.010286 || 0.00011391
34 1.178 0.48604 | -0.021955 | -0.013962 8.4068¢ >
Table 4: Results for 1% noisy data for example 2:k; = 1.2, K, = 0.5.
I = S e [ 116"l
0 0.8 0.8 -0.4 0.3 0.025379
1 0.95227 | 0.70148 -0.24773 0.20148 0.014052
5 1.0877 | 0.60483 -0.11231 0.10483 0.0057361
10 1.1391 | 0.55427 || -0.060947 | 0.054272 0.0027864
20 1.1697 | 0.50482 | -0.030252 | 0.0048246 || 0.00074093
30 1.1745 | 0.48572 -0.0255 -0.014282 || 0.00035822
32 1.1744 | 0.48353 || -0.025616 | -0.016473 || 0.00035996

been proven for some settings of ill-posed inverse
problems (Hohage, 1998; Potthast, 2001). Also, the
idea of using a reconstruction of field using the cur-
rent approximation of the unknowns and a subsequent
iteration based on the derivative of the operator that

S FINAL REMARKS AND
PERSPECTIVES

The application of Newton’s method for inverse prob-
lems is common (Kress, 2003) and convergence as
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maps the unknowns to the field has been successfully
used in shape reconstruction of unknown obstacles in
acoustics (Kress and Serranho, 2005; Kress and Ser-
ranho, 2007; Serranho, 2006; Serranho, 2007), so the
use of a similar idea in elastodynamics seems promis-
ing.
The use of MFS for the direct elastography prob-
lem was also successful (Barbeiro and Serranho,
2020), supporting our choice for the ansatz of the
elastic field. However, the solution of the inverse
problem is, as usual, more complex. Newton’s
method worked well on our toy model, but more ex-
periments need to be made. The method seems very
sensitive to the choice of the initial guess (Kﬁo),KEJO))
as usually in the application of Newton’s method for
ill-posed problems. In addition, the radius of the cir-
cumference for the source points, the choice of reg-
ularization parameters and the number of colloca-
tion and source points also affect the results. More-
over, we only considered low frequencies. High fre-
quencies increase the ill-posedness and require more
source points, turning the numerical solution more
complex. These aspects should be addressed in future
research.

Finally, domains with corners as in figure 1 or
non-smooth initial conditions will require the enrich-
ment of the basis functions of fundamental solutions
with particular solutions that can cope with those sin-
gularities and discontinuities, in the spirit of (Alves
et al., 2018). This will also be addressed in further
research, since it allows the method to be applied in
a setting as in figure 1 that is closer to elastography
applications.
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