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This study is concerned with an optimization-based approach to the identification
of “background” viscoelastic properties of soft tissues from magnetic resonance (MR)
elastography-type measurements. In this approach, the triaxial tissue displacements,
captured by the MR scanner over a suitable subdomain that is free of major heterogeneities,
are split into (i) a boundary subset that is used to formulate the forward (Dirichlet)
problem, and (ii) an internal subset, employed as “the data” for the inverse (material
characterization) problem. For an elevated performance of the minimization scheme,
material sensitivities of the featured cost functional are computed semi-analytically via a
boundary-integral formulation, resulting in alternative “direct” and adjoint-field sensitivity
formulas. The numerical results, obtained assuming input parameters that are relevant to
MR elastography, indicate that the proposed approach may provide an effective means for
comprehensive multi-frequency characterization of the “background” viscoelasticity of soft
tissues.

© 2010 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

RESUME

L'objet de cette étude est l'identification des propriétés viscoélastiques «ambiantes»
d’un tissu mou par un processus d’optimisation reposant sur des mesures fournies par
élastographie par résonance magnétique (IRM). Dans cette approche, les déplacements
triaxiaux au sein du tissu (mesurés par le scanner IRM) dans un sous domaine d’intérét,
sans hétérogénéités majeures, sont séparés en (i) données de frontiére utilisées pour
formuler le probléme (Dirichlet) direct, et (ii) mesures internes constituant les « données»
pour le probléme inverse (de caractérisation des matériaux). Pour une performance accrue
de l'algorithme de minimisation, les sensibilités matériaux de la fonction cofit considérée
sont calculées semi-analytiquement par une formulation d'intégrales de frontiéres
aboutissant a des formules de sensibilités reposant sur des champs «direct» et adjoint. Les
résultats numériques, obtenus en utilisant des paramétres pertinents pour I'élastographie
par résonance magnétique, montrent que I'approche proposée peut constituer un moyen
efficace pour une caractérisation multi-fréquentielle exhaustive de la viscoélasticité
«ambiante » des tissus mous.
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1. Introduction

Magnetic resonance (MR) elastography is a novel imaging technique for the spatial reconstruction of effective viscoelastic
properties in soft tissues [1-3]. Since its inception [1], the technique has been applied to breast tumor [4-6], liver tumor
[7,8] and brain degeneration imaging [9] with promising results. The basic idea of the MR elastography is to vibrate the
tissue in a steady-state fashion (at frequencies in the 0.01-1 kHz range) inside the scanner, and to capture the induced
3D motion, i.e. wave patterns in the tissue via suitable sequencing of the MR scans. With such kinematic information
the viscoelastic tissue properties can, at a given control point, be estimated by numerically approximating (e.g. via finite
differences) and algebraically manipulating the local equations of motion [3,4]. Frequently enhanced by the introduction of
a numerical curl operator [6] to filter the effect of compressional waves, such local “inversion” of the governing differential
equations has gained popularity due to its simplicity and low computational cost. Despite its advantages, however, this
approach is hampered by simplifying assumptions such as material isotropy and homogeneity [3,4], and the necessity to
numerically evaluate the second- or even third-order [6] spatial derivatives of the observed displacement field. In terms
of the MR applications, the latter requirement translates into (i) elevated sensitivity to measurement uncertainties, and
(ii) strict limitations on the excitation frequencies, i.e. wavelengths that can be handled by the given spatial resolution of an
MR scanner (often on the order of a millimeter).

An alternative technique for the geometric reconstruction and material characterization of inner heterogeneities using
mechanical waves is the so-called method of topological sensitivity [10-13], which identifies obstacles via the distribution
of the namesake indicator function. In particular the topological sensitivity, which quantifies the perturbation of a given cost
functional due to the nucleation of an infinitesimal defect in the reference (“defect-free”) solid [14,15], is used as an effective
obstacle indicator through an assembly of sampling points where it attains extreme negative values. This technique, which
is computationally effective as it entails the calculation of only two (visco-) elastodynamic states for the reference solid,
however assumes the knowledge of the constitutive properties of the latter. In the context of medical imaging, such “prior”
information on the reference, i.e. background solid is unfortunately patient-specific and must be obtained on a case-by-case
basis.

To help resolve the problem, this investigation establishes a systematic, minimization-based methodology for estimating
the isotropic viscoelastic properties of a background (i.e. healthy) soft tissue from MR elastography measurements. This is
accomplished by considering a sample subdomain, £2, of the region tested (identified to be lesion-free on the basis of the
“raw” MR images), and formulating an inverse problem where the motion measurements over 92 are interpreted as the
Dirichlet excitation used to “illuminate” the subdomain, whereas their companions taken strictly inside 2 are used as the
data. In this setting, the minimization of the assumed (e.g. least-squares) misfit functional is facilitated by obtaining the for-
mulas for its material sensitivities in a boundary-integral equation (BIE) setting that makes use of the adjoint-field approach
and material-parameter sensitivities of the visco-elastodynamic fundamental solution [16]. Numerical results indicate that
the proposed methodology may provide an effective means for estimating the (background) viscoelastic properties of soft
tissues over a range of excitation frequencies, including those associated with shorter wavelengths where the local inversion
approach [3,4,6] may not be effective. The latter feature may especially be useful in establishing the basis for “broad-band”,
high-resolution MR elastography that is yet to be developed.

2. Problem formulation

In the MR elastography experiment, time-harmonic excitation is applied to the surface of a tissue, and the tissue’s
displacement response is monitored over a uniform 3D grid of internal points commensurate with the spatial resolution of
an MR device [4]. To identify the tissue’s “background” viscoelastic properties, the idea is to select a cubic subdomain 2
(free of major heterogeneities) whose closure 2 = 2U T, I' = 352 contains (N + 2)> measurement grid points, and to solve
the inverse problem for a homogeneous solid cube whose Dirichlet boundary conditions (taken as the excitation, i.e. input
to the direct problem) are computed by interpolating (6N% 4+ 12N + 8) triaxial displacement measurements taken over I". In
what follows, the featured inverse problem is formulated in a continuum setting where the viscoelastic material properties
of a finite body are sought on the basis of the prescribed boundary excitation and observed internal motion, monitored over
a set of interior points. Assuming further the boundary excitation to be time-harmonic [6], the material characterization
problem reduces, by virtue of the correspondence principle [17], to the reconstruction of the solid’s complex-valued and
frequency-dependent “elastic” parameters, one frequency at a time.

2.1. Direct and inverse problem
Consider the boundary value problem for a finite, homogeneous, viscoelastic body 2 that is vibrated, at frequency w,
via Dirichlet boundary excitation ¥ prescribed over I" = 952. In the isotropic material setting assumed hereon, the body is

characterized by its mass density o, complex-valued shear modulus © = p(w), and complex-valued Poisson’s ratio v = v(w).
On denoting by u the displacement field induced in the solid, the featured direct problem can accordingly be written as
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Lu=0, &ec£2
u=vy, &erl (1)
where
LO=V-(C:V(O)+pa?() 2)
is the Navier operator, and
_2pu(1+v)

1
= I L+2ulls—-1LI
31 —2v) 2@ I + M<4 32® 2)

is the isotropic viscoelasticity tensor.

To characterize the body in terms of its viscoelastic and mass density properties, the experimental displacement field,
hereon denoted by u°", is monitored over a prescribed grid of measurement points uniformly distributed over £ U I".
Consistent with earlier discussion, this data set is split as u° = u%bs U u}’;’s, where the boundary observations ¥ = u‘I’-bs are

used to construct the Dirichlet excitation for (1), while the internal observations, u?}”, are used as “the data”. As a result,
the sought vector of material properties

o=(,v,p) (3)

can be conveniently estimated by minimizing the cost functional

J (o) = / o (u(x), u° (%), x) ds2, (4)
2

where the distance function ¢, which quantifies the misfit between the trial displacement field u (computed for given ¥
and trial &) and its observed counterpart u°, is assumed to be differentiable with respect to its first argument. In the case
of the least-squares cost functional and spatially-discrete observations that are relevant to this study, one further has

M
obs _l _ obs|2 _ m
@(u, u™, x) = 2m§]|u u"s(x — "), XMef (5)

where x¥™ signify the set of M = N3 internal observation points. Given a moderate size of the parametric space (3), 7 can be
effectively minimized via gradient-based optimization [18] where the key ingredient is an efficient and accurate evaluation
of the cost functional sensitivities.

3. Material sensitivities

On employing the chain rule, the “material” sensitivities of a generic cost functional (4) with respect to the real and
imaginary parts of the entries of & can be computed as

a
‘_71!1.(“) = j :Re{ /(p,u(lhuobs’x) u;{ dQ}’ O(kr:Re(Olk)
’ 0y
Q
/ 97 obs /
jki(oc)za =—Im{ [ @u(u, u®” %) uw, d2¢, oi=Im(), k=1,2,3 (6)
, Qi
K1 o
where j3/,i =0 for the problem of interest (the mass density is real-valued), and
a a ou
pu=—n= iy ko123 7
’ d(Re(u)) d(Im(u)) oo

3.1. Direct approach

For an effective computation of the trial displacement field u and its material sensitivities u) (k=1,2,3) in a homoge-
neous body 2, one may conveniently employ the boundary-integral equation (BIE) formulation as in [19,20]. To this end,
let n be a reference unit normal, and let U(§, %) and T'(§,x) =n- C: V:U denote respectively the displacement and traction
(visco-elastodynamic) Green’s tensors [13] for an infinite solid R? with complex-valued constitutive parameters 4 and v,
and mass density p. Here the Cartesian components of U(¢, %) and T(&, %) are arranged such that U-e; and T - e; signify
respectively the displacement and traction vectors at & € £2 due to a unit time-harmonic point force acting at x € £2 in
the jth coordinate direction specified via unit vector e;, j = 1,2, 3. With such definitions, the direct problem (1) can be
reformulated in terms of the boundary-integral equation

H[Ylx) — Gltl(x) =0, xecI (8)
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where t =n - C : Vu denotes the surface traction on I (n is oriented toward the exterior of £2), and the featured boundary-
integral operators are defined as

Hulw = [u®) - TEpdse G110 = [ 06)- U w s (9)
r r
On solving (8) for t, the interior displacement field u can be computed by way of integral representation
ux) =gltix) — Hylx), xe (10)
By differentiating (10) with respect to a, one finds the material sensitivities u; to be computable as
u,(x) =Gt |®) + G [tI®) — H [¥](®), X2, k=123 (11)
where t), = dt/day, and
, aT oU
Hiuiw = [u) L E0dse. Grm= 1) ¢ ds: (12)
RLe7" oo
r r

noting that the explicit expressions for dU/dcoy and aT/day can be found in [16]. To compute tl’c, on the other hand, one
may differentiate the governing boundary-integral equation (8) with respect to o, which yields

Gt ]® =H[¥1® — Gil®), xel k=123 (13)

In the context of (8) and (13), it is noted that operators G and G, are only weakly singular, whereas H and H, are
both Cauchy singular [16]. The latter impediment can, however, be rectified via the usual decomposition procedure [19,20]
which employs the fact that the leading singular behavior of T (and consequently that of T} ) is given by the corresponding
elastostatic solution (@ = 0). Once t; over I" is computed from (13), the substitution of (11) into (6) yields the sought
material sensitivities as

|:‘7k/,r

Tl =| S | [ otun- @l + G - wim)and, k=123 (14
k,i o

where t on I' is computed by solving (8). In general, formulas (14) entail volume integration of surface integrals (9)
and (12) which, owing to the singularity of the featured Green’s functions, may require specialized numerical treatment
for quadrature points x that are close to I'. In situations involving discrete motion measurements as in (5), however, this
difficulty is normally circumvented due to the fact that the distance between the observation points ¥™ (m=1,2,..., M)
and I" is bounded from below by the spacing of the measurement grid.

3.2. Adjoint-field approach

To establish the adjoint-field counterpart of (14), one may recall that u is governed by (1) and let 11 denote the so-called
adjoint field, defined in the usual way as a solution of the boundary value problem

Liu+¢@yu=0 Ecg2

u=0, £crl (15)
where L is given by (2), and ¢ , = d¢/du(u, u°s &) is computed in the sense of (7).

Domain-integral formula. The computation of 7, . and J;; can next be facilitated by differentiating (1) with respect to

oy, which yields ’

Lu,+Lu=0, £

u,=0, £cl’, k=1,2,3 (16)
Here u solves (1);

Li() =V (Coy 1 V() + 83’ () (17)

§ stands for the Kronecker delta, and ul/c = du/dqy is the sought sensitivity field generated by an effective body force [:;(u.
On exercising the Graffi's reciprocity identity in terms of visco-elastodynamic states # and u,, one finds that

/{go,.,.u;<_a,;u.a}dgg:/{r;,a_i.u,;}dsé (18)
2 r
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where t =n-C: Vit and T, =n-C:Vu, (note that 7 #t,). By virtue of the homogeneous boundary conditions & =0 and
u;< =0 on I, (18) can be reduced as

/(p,u'uidf)g:/ﬁ;{u‘l’!d.@g (19)
2 2

which, in light of (6), yields the adjoint-field material sensitivity formula

T+ Re ;.
|:jl’z:|((x)=|:_lmi|{/ﬁku-udﬂg}, k=1,2,3 (20)
51 Q

as the volume integral of a bilinear form involving the trial field u and the adjoint field 1. Here it is useful to note that (20),
which notably requires the second-order derivatives of u, is amenable to a variety of computational treatments including
finite element, finite difference, and BIE techniques. In terms of the latter class of methods, however, the computation of
material sensitivities following (20) is further complicated by the frequency-dependent density of quadrature that may be
necessary to accurately evaluate the featured domain integral.

Boundary-integral formula. To provide a surface-integral alternative to (14) and (20), one may apply the Graffi’s reciprocity
identity to u and @ which, on exercising the respective boundary conditions in (1) and (15), yields

/(p,u~ud.§2§=—/i_‘-1//d55 (21)
2 r

On differentiating (21) with respect to aj while considering the adjoint body-force excitation ¢ , as given, i.e. invariant
under the perturbation of material properties, one finds that

/(p,u w d$2e = —fi,i P dSe (22)

2 r

where i;c = 9t /day. By virtue of (6), this result yields the surface integral representation of material sensitivities as

‘7k,,r _ —Re +/ —
e[ [ 1o
’ r

To compute i,; within the framework of the BIE methods, one may formulate (15) as a boundary-integral equation

g[i](X)=—/§0,u(§)-U(§,X)d-Qg, xerl (24)
2
and differentiate (24) with respect to o, to obtain
./ ’rs U
GliJ0 = ~Gilt10 — [ou(®) 1 € 0d2:. xer (25)
Q

Here it is noted that, in the BIE setting, the solution of (24) is required for the computation of both (20) and (23). In
this light representation (23) requires the solution of an additional BIE, namely (25), which still entails domain integration.
Nonetheless, (23) is deemed to surpass (20) in terms of BIE computations in that: (i) it is free of the second-order derivatives
of u which may be cumbersome to compute, and (ii) for discrete observations as in (5), the volume integral on the right-
hand side of (25) can be computed exactly as a weighted summation of M Green’s function sensitivities regardless of the
excitation frequency.

4. Computational treatment and minimization

In what follows, the material identification scheme based on the gradient-based minimization of (4) and “direct” material
sensitivity formula (14) is implemented by way of the BIE framework as in [20].

4.1. Evaluation of material sensitivities

With reference to (8) and (13), the computation of 7, (k=1,2,3) entails the solution of four boundary-integral equa-
tions over I', where (13) must be evaluated (and solved) for each k. Written in terms of the “primary” tractions t over I
and their material-sensitivity companions t;, as the problem unknowns, these BIE’s can be discretized and represented via
respective algebraic systems as
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Primary: GT =HU
Material sensitivity: GT; =H,U -G, T, k=1,2,3 (26)

Here vectors U and T contain the nodal approximations of the primary displacement and traction fields, u = ¢ and t, on
I'; the coefficient matrices H and G approximate the respective boundary-integral operators H and G in (8); vector T
refers to t;, while H, and G are the matrix discretizations of H,, and G, in (13). In terms of the computational effort
required to solve (26), it is noted that the coefficient matrix, G, is the same for all four discretized systems. As a result,
the solution of the remaining three algebraic systems can be obtained at significantly reduced cost once the first system
has been solved. Assuming hereon a discrete set of internal observation points and the least-squares distance functional as

in (5), the cost functional J and its sensitivities 7, can, with U, T and T), in place, be computed as

2

M
T =3 S ul@) —u WP, u(E) = Giei) i)
m=1

AR EA PR R AR )

A
jk,i m=1
where the expression for u(x™) is understood in a discretized sense and k=1, 2, 3.

4.2. Minimization

As examined earlier, the goal of this study is the material characterization of a homogeneous viscoelastic body via
nonlinear minimization of the cost functional (4). To maintain the physical significance of a solution, however, the arguments
of 7, i.e. the components of & must be subject to suitable inequality constraints. In the context of isotropic viscoelasticity,
it can be shown that besides p > 0, one has Re(x) > 0 and Im(x) > 0 as the necessary conditions for thermomechanical
stability [17]. In terms of the complex-valued Poisson’s ratio where the constraints are more complicated, on the other hand,
it is found [21] that 0 < Re(v) < 0.5 and Im(v) < 0 represent meaningful restrictions on most viscoelastic materials. Since
the majority of constrained minimization algorithms provide only soft bounds that can be violated during the minimization
process [18], it is next essential to restate the vector of material properties & as to enforce most of the above constraints.
To this end, one may introduce an auxiliary vector 8 = (81, B2, B3, Ba, Bs) € R® where

B1 =log(a1y), B2 =log(ayj), B3 =10g(0.5 — aay), Ba =log(—a2i), Bs =log(a3) (27)

so that inequalities Re(u) > 0, Im(u) > 0, Re(v) < 0.5, Im(v) <0 and p > 0 are identically met. On the basis of this result,
the material sensitivity of 7 with respect to the components of 8 can be computed in terms of 9.7 /0 as

0J dJ g AT oJ 0J 0J 0T aJg 9J
— = — 0, & = %, o = (0atar — 0.5), o = T, T T o 93 (28)
B daar B2 Oy B3 Odaar 0Ba oo 85 das
In light of (27) and (28), the minimization problem is next posed in a constrained fashion as
mﬂinj(ﬂ), Ci(B)>0,VieT (29)

where the soft inequality constraints C; (Z being a set of integers) reflect any relevant restrictions on the material properties
that are not enforced via (27). By way of slack variables, the constrained optimization problem (29) can be further reduced
to the unconstrained minimization of an augmented-Lagrangian cost functional [18] defined as

LB A" ym) =T (B)+ D ®(Ci(B). A", yim)
ieZ
—AC+C?2y, C<yxr

30
—yA%/2, C>yAr (30)

O(C, A, y)= {
where m is the iteration number, A™ is the vector of Lagrange multipliers, and y™ is the penalty parameter. For each
iteration m, the minimization is carried out using the BFGS quasi-Newton method [18] and an inexact line search based on
the strong Wolfe conditions [22].

4.3. Interpolation of Dirichlet data over I"

A salient assumption behind the computation of 7 and its material sensitivities is that the observed Dirichlet data, ¢ =
u‘}bs, are available continuously over I which allows one to formulate the underpinning boundary value problems in terms
of the primary field u, adjoint field 1, and their sensitivities. In terms of (26), this hypothesis allows the vector of prescribed
boundary displacements, U, to be constructed by sampling ¥ at nodal coordinates of the featured boundary element mesh.
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Fig. 1. Testirg configuration for an infinite viscoelastic solid illuminated by shear plane wave: ball-shaped heterogeneity (left) and homogeneous cubical
subdomain §£2 = £2 U I" (right) containing the 3D grid of measurement points.

In the context of spatially-discrete observations inherent to MR elastography [3,4], this hypothesis is unfortunately not met
(see also (5)). In situations involving the cubic geometry of 2 such as those of interest in this study, however, the above
impediment can be rectified by computing the entries of U via two-dimensional (2D) cubic spline interpolation of the grid
values

yi=uS(x"), x'el ¢=1,2,....,6N*+12N+38

separately over each face of the cube, whose closure §2 U I" contains (N + 2)3 triaxial measurement points as examined
earlier.

5. Results

To examine the performance of the material identification approach, the foregoing methodology is employed to recon-
struct the complex shear modulus of a viscoelastic solid (over a range of frequencies) assuming prior knowledge of its
Poisson’s ratio and mass density. With reference to Fig. 1, the host, i.e. background domain is taken as infinite viscoelastic
solid, R3, perturbed by a stiff (ball-shaped) elastic inclusion to simulate the presence of material heterogeneities. In this
setting, the solid is illuminated by an incident plane wave, with the triaxial displacement response measured over a uni-
form 3D grid of (N + 2)3 = 83 observations contained by the closure, £2 U I'", of a homogeneous cubical subdomain 2 that
is used as the basis for material characterization. In what follows, the synthetic observations are generated using a visco-
elastodynamic boundary element code [20] employing 216 quadratic (eight-node) elements over the surface of the sphere;
the surface of the reference cubical domain, I, is discretized using 294 quadratic elements; and the minimization of 7
is effected assuming the least-squares distance function (5). For clarity it is emphasized that neither the information about
the geometry of the host domain, its heterogeneities, nor the applied excitation are made available to the reconstruction
scheme.

Motivated by the data from MR elastography studies [4,6], the Poisson’s ratio and mass density of the background solid
are taken as v = 0.49 and p = 1050 kg/m?, while the measurement grid of 8% points (N = 6) is assumed to be uniformly
distributed over the cubical volume 2 = {: |€j <7 mm, j=1,2,3} with the nearest-neighbor separation of 2 mm. The
“true” complex shear modulus of the background viscoelastic medium is taken as that of the standard linear solid [17],
namely

s + (Us + (U)ot
1+iwt:

p"e (@) = (31)
where s = 10 kPa is the static shear modulus, s + (g = limgy_ 0 4 = 20 kPa is the “high-frequency” shear modulus,
and 7, = 0.0016 s denotes the relaxation time. The Poisson’s ratio and mass density of the ball-shaped inclusion are taken
respectively as v, = 0.49 and pj, = 1550 kg/m>.

With reference to Table 1, the complex shear modulus of the background solid is reconstructed at four excitation fre-
quencies ranging from 50 to 200 Hz. As a point of reference the MR elastography experiments in [6], that feature the same
density of the testing grid, were performed at 65 Hz. As can be seen from the list, the direction and polarization of the
incident (shear) plane wave, as well as the location, size and shear modulus w; of the spherical heterogeneity were altered
from one excitation frequency to another to reflect the variation of wave patterns in a finite host domain (e.g. soft-tissue
organ) with increasing rate of excitation. As examined earlier, the information in Table 1 was not furnished to (nor required
by) the reconstruction scheme.
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Table 1
Parameters of the illuminating plane wave and ball-shaped inclusion at sample testing frequencies.
f [Hz] Incidence Polarization Centroid [mm)] Diameter [mm)] My [kPa]
1 1 -
50 51,10 7(2.2,-1) (-17,1.5,-1) 15 50 + 2i
100 (0,1,0) %(—1,0,—1) (—=2,-15,1) 10 60 + 4i
150 %(1, 0,2) 14,4/5,-2) (2,—15,-5) 10 60 + 4i
200 11,2,2) 1(=2,2,1) (2,-15,-5) 10 60 + 5i
i ot true true
Normalized cost functional e/ it i/ ik
7 3r : ;
——50Hz |} ; i —+—50Hz
P T S S | 100 Hz : : —+— 100 Hz
—+—150Hz |} 25} ; _ —+— 150 Hz
200 Hz | ; i 200 Hz

10 15 20 0 5 10 15 20
Major iteration Major iteration Major iteration

20

Fig. 2. Convergence of the reconstructed shear modulus, u(w) at @ = 2w x {50, 100, 150, 200} rad/s, of the background solid in terms of w, =Re(u) and
i =Im(p).

Table 2
Optimization results.
f [Hz] e [kPa] . [mm] It [kPa] 1P [kPa] uﬁgfse [kPa]
50 (12.0,4.0) 68 (8.0,5.0) (12.0,4.0) (12.3,3.2)
100 (15.0,5.0) 38 (25.0,3.0) (14.9,5.0) (15.1,5.0)
150 (17.0,4.6) 27 (30.0,6.0) (17.0,4.6) (16.6,4.6)
200 (18.0,4.0) 21 (10.0,5.0) (18.0,4.0) (18.0,4.0)

The convergence of the optimization procedure at all four frequencies is illustrated, in terms of the real and imaginary
parts of the reconstructed shear modulus, in Fig. 2. As can be seen from the display, the scheme converges to the global
minimum after roughly 10-15 major iterations for the configurations examined. For completeness the “true” shear modulus
e the wavelength A of the illuminating shear waves, the initial “guess” M, and the optimal, i.e. reconstructed shear
modulus w°Pt are listed in Table 2 at each testing frequency. The results show that P is reasonably close to u'™¢ at all
frequencies tested (with maximum relative error on the order of 1%), despite the changing environment in terms of material
heterogeneity (outside £2) and plane-wave excitation as described in Table 1. To test the sensitivity of the proposed scheme
to measurement uncertainties, a 5% uniformly-distributed random noise was added to the synthetic observation data u°s
in (4). The optimization results thus obtained are listed in the last column of Table 2 under label “/Lﬁggse". At excitation
frequencies equaling 100, 150, and 200 Hz, the reconstructed shear modulus is within 3% of its “true” counterpart, both in
terms of its real and imaginary components. Only at 50 Hz, owing to the long wavelength of illuminating waves (relative
to the measurement grid), the imaginary part of the shear modulus differs from the “true” value by 20%. In this case, the
variation of the displacement field over the measurement region is diminished, which makes the reconstruction scheme
more sensitive to input perturbations. However, even at this low frequency, the real part of the complex shear modulus is
still close (3% relative error) to its “true” value. For clarity, the reconstruction results from Table 2 are plotted in Fig. 3 which
indicates that the proposed methodology may provide an effective means for exposing the variation of the complex shear
modulus with frequency, and thus enabling a comprehensive viscoelastic characterization of soft tissues.

6. Summary

In this study, an optimization-based scheme is proposed for the reconstruction of the “background” viscoelastic prop-
erties of a soft tissue from MR elastography measurements taken over a region where the tissue is predominantly homo-
geneous. To this end, the triaxial displacements observed over the featured (cubical) domain are split into (i) a boundary
subset that is used to formulate a Dirichlet boundary value problem, and (ii) an internal subset, employed as an input to
the minimization scheme. To aid the performance of the latter, material sensitivities of the featured cost functional are
computed semi-analytically within the context of a BIE formulation, resulting in alternative “direct” and adjoint-field sensi-
tivity formulas. The numerical results, obtained assuming geometric and material input parameters that are relevant to MR
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Fig. 3. “True” versus reconstructed values of the complex shear modulus versus frequency.

elastography, indicate that the proposed approach may provide an effective tool for comprehensive characterization of the
“background” viscoelasticity of soft tissues.
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