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Displacement reconstructions in ultrasound elastography

Guillaume Bal * Sébastien Imperiale T
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Abstract

We consider the reconstruction of internal elastic displacements from ultrasound measure-
ments, which finds applications in the medical imaging modality called elastography. By ap-
propriate interferometry and windowed Fourier transforms of the ultrasound measurements, we
propose a reconstruction procedure of the vectorial structure of spatially varying elastic displace-
ments in biological tissues. This provides a modeling and generalization of scalar reconstruction
procedures routinely used in elastography. The proposed algorithm is justified using a single
scattering approximation and local asymptotic analysis. Its validity is assessed by numerical
simulations.

1 Introduction

Elastography has established itself as an important imaging modality to quantify the elastic proper-
ties of biological tissues [8, 9, 16, 18, 19, 20, 21]. In most settings of elastography, the first step in
the modality is the reconstruction of internal elastic displacements or strain tensors. This paper is
concerned with Ultrasound Elastography, which includes Strain Elastography [18, 19] and Transient
Elastography (or Shear-wave Elastography) [8, 9], and aims to reconstruct the elastic displacements
from ultrasonic echoes. Internal displacements may also be obtained by another method, not con-
sidered in this paper, which combines elastic displacements with magnetic resonance imaging; see
(14, 15, 16, 17, 21] for additional information on Magnetic Resonance Elastography.

Ultrasound Elastography leverages a physical coupling between elastic displacements and scat-
tering of ultrasound. Elastic (shear) waves propagate relatively slowly through biological tissues (on
the order of m/s). They generate displacements of cells, which may be seen as weak scatterers for
the much faster (on the order of 1500 m/s) probing ultrasonic (compressional) waves. Ultrasonic
probing pulses emitted a few (or fractions of a) ms apart encounter a slightly modified environment,
which provides information about the elastic displacements.

The main objective of this paper is a modeling of the interaction of the probing ultrasound with
the underlying tissues perturbed by elastic displacements. There is an important literature on this
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subject, mostly modeling ultrasound measurements as time traces on a given ultrasonic transducer
and estimating time delays; see for instance [19, 23, 9] and their references. In this paper, we
propose a model that allows us to reconstruct the vectorial structure of the elastic displacements.
It is well-known that displacements generate phase shifts in the Fourier domain, which may be
detected by appropriate interferometric techniques. Interferometry of time traces allows one to
garner precise information about displacements in a spatially one-dimensional setting. We propose
here reconstructions based on space-time interferometry (or more precisely space-time windowed
Fourier transforms) that provide a full characterization of the elastic displacements.

Ultrasound are modeled as acoustic waves propagating in a disordered environment. Their model-
ing is therefore a problem of wave propagation in highly heterogeneous media [10, 22]. More precisely,
we aim to understand the correlation (interferometry) of two ultrasonic field propagating in slightly
different media. This was analyzed in the context of time reversed waves in random media in, e.g.,
[1, 6]. The method in the latter reference may be used to derive the reconstruction procedure for the
elastic displacements proposed below. However, such a method requires more restrictive spatial and
temporal averaging to obtain statistically stable reconstructions. We therefore present in section 3
below a more direct modeling of the ultrasound propagation in the heterogeneous environment based
upon single scattering approximation.

The reconstructed internal elastic displacements do not provide quantitative properties of the
biological tissues. A second inverse problem, often referred to as a hybrid inverse problem, needs
to be solved. We do not consider this step here and refer the reader to, e.g., [2, 3, 12] for more
information on hybrid inverse problems and to [4, 5, 7] for quantitative reconstructions of elastic
properties using scalar and vectorial elasticity models.

The rest of the paper is structured as follows. Section 2 presents the main results of this paper
and the reconstruction of vectorial spatially varying elastic displacements from appropriate windowed
Fourier transforms of spatio-temporal ultrasound measurements. The derivation of the reconstruction
and its main properties using models of wave propagation in heterogeneous media is given in section
3. Finally, numerical reconstructions of displacements are displayed in section 4. Some concluding
remarks and perspective are given in section 5.

2 Reconstruction procedure

This section presents the main results of the paper as well as the principal hypotheses on the under-
lying biological medium. We refer to section 3 on the derivation of the main results for additional
details.

Throughout this paper, the elastic displacement is denoted by 7(x) for x € X C R™ with typically
n = 3. Here X is the spatial domain in which we wish to reconstruct the displacement. We do not
consider the generation of the displacement itself. It could be done by compression, by acoustic
radiation force, or by any other means; see [21] for a review. We assume that the elastic waves that
generate such a displacement propagate at a much lower speed than the ultrasonic waves used to
probe it so that the displacement 7(z) is approximately independent of time during the ultrasound
probing. In a static compression, 7(x) would be the displacement between a body at rest and the
body experiencing a small displacement; in a dynamic setting such as transient elastography, 7(x)
would be the (even smaller) displacement between two probing frames.



We denote by u(t, z) and u, (¢, x) the propagating acoustic fields (ultrasound) in the absence and
the presence of the displacement. An acoustic pulsed source is emitted in the vicinity of a point z
and close to time t = 0; see section 3 for a more precise description of the source, whose details do
not matter for the reconstruction. We consider space-time measurements in the vicinity of the point
(to, xo) .

The main assumption on the propagation of ultrasound is that the underlying medium (biological
tissues) is highly heterogeneous but weakly scattering. For concreteness, we also assume that the
macroscopic sound speed is constant and equal to ¢ (typically that of water). In such a setting, we
may assume that u(t,z) is well approximated by a single scattering approximation. Heuristically,
the acoustic signal emitted at (in the vicinity of) (0, zy) thus propagates along straight lines until
it scatters at times s > 0 at a point yo such that |yo — 29| = c¢s. Signals are then measured at (in
the vicinity of) (to, ) provided that cty = |xg — vo| + |yo — 20| We observe that the points yo
satisfying such constraints live on an ellipsoid. The point yg, where scattering occurred and which
will provide information about 7(yg), is therefore not uniquely determined. What we need is to
obtain directional information about the measured signal u(¢,x). This is where windowed Fourier
transforms (also known mathematically as Fourier-Bros-Tagolnitzer (FBI) transforms) provide the
required information. Let us define for a wavenumber k£ € R”

v(to,:vo,k):/ e_%‘x_x°‘2e_ik'(”_x°)u(to,w)dw. (1)

This windowed Fourier transform (FBI transform) constrains the signal in the az vicinity of
xo and takes is Fourier transform for the wavenumber k. The choice of |k| is made by the choice
of the probing ultrasound: c|k| is a frequency (for instance the carrier frequency) that is present
in the pulsed ultrasound generated at zy. If L is the diameter of the spatial domain X, we assume
that |k|L > 1 to obtain a good resolution. We want a2L > 1 to obtain localization in the vicinity
of 2o and a2 < |k| in order to obtain good directional information in the direction k = k/|k|. An
optimal choice is a ~ |k|L™. The processed signal v then provides a (L|k|)~2 localization both in
the physical and wavenumber spaces, which is optimal by the Heisenberg principle.

The above transform requires measurement of u (o, x) in the spatial vicinity of o at a given time
to. In practice, it is more convenient to consider an array of ultrasonic transducers that capture time
traces of the acoustic signal. Let us decompose x = ¢ + x1e; + 2’ with e; the direction orthogonal
to the transducer array and x’ the coordinates along the array. We then decompose k = kie; + &/
with k1 < 0 and £’ orthogonal to e; and define the space-time FBI transform

w(t(), X, ]{;) = / e_%(02(15—150)2-5-|I/|2)e—i(0|k|(15—150)4‘1‘3/’5‘7/)u(t7 0, I’/)dl’,dt (2)

In the above phase c|k|(t —to) + k-2, we recognize the dispersion relation w = ¢|k| with the choice of
sign obtained from knowing that the signal propagates in the direction of negatives values of ;. We
assume that the displacement 7(z) is supported in the half space x; > 0; i.e., X C {x € R";z; > 0}.

In both (1) and (2), the domain of integration is R™ and R"~! x R. Note that the Gaussian term
decays rapidly as |z —xg| or ¢*(t—ty)?+|2’|? increases. In practice, the infinite domains of integration
are replaced by finite domains with the assumption that the detector array is large enough so that
most of the signal in (1) and (2) is captured.



Above, u, v, and w are acoustic signals for the (unknown) underlying biological tissues in a
reference configuration. We assume that at a later time frame, the biological tissue has undergone a
(vectorial) displacement given by 7(z). The corresponding probing acoustic signals are then denoted
by u,, v,, and w,, respectively. In the setting of a planar array of ultrasonic transducers, we therefore
have access to w and w,. Qualitative transient elastography concerns the reconstruction of 7(x) from
such information.

The source location (0, z9) and measurement location (¢, xo, k) are fixed in our analysis. We
assume that cty > |zrg — zo| so that the measurements would vanish in the absence of heterogeneities
in the underlying medium. In the single scattering setting, scattering has to occur at the uniquely
determined point yo = yo(to, zo, k) such that (see also Figure 1)

k To — Yo

F=— =20 9 4nd cto = |zo — Yo| + |yo — 20|- (3)
k| w0 — yol

We then define the vectors, which are functions of (to, o, k, 20):

..........

Figure 1: Schematic of the configuration: The initial condition is located around zy, the measurement
region is located around z (the dotted square for the computation of v or the dotted line for the
computation of w), the displacement is reconstructed at yo, the heterogeneities (i.e. the scatterers)
are given by the function V' (z).

We are now ready to present the reconstruction of the displacement 7(y):

Reconstruction Procedure. The main result of this paper is that, under appropriate assumptions
detailed later:

%ﬁfj” ]f; ~ (gj ]jj‘)> ~ chirme(1 4 0((%\/5 + (Tf)@ +Ivr@)))). )
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: t k t k .
In other words, the measured ratios 2zto:20:k) o vrllo.20k) o6 yipit complex numbers whose arguments
) w(to,xo,k) v(to,xo,k)

divided by |k| equal 7(yo) - ¢ with ¢ = ¢(to, x0, k, 20) defined in (4). More specifically, writing for
wT(to,zo,k)
’w(to,ro,k) )

instance we observe, provided that |k||7| is sufficiently small, that

~ 1 wT(t07x0>k)
T(b0) - 0% v ( wlto 70.%) )

As mentionned in the introduction, practical ultrasound elastography methodologies are based on
1D cross-correlation algorithms (see [9] for an overview and detailed references). In these algorithms,
the vectorial structure of the displacement is not taken into account. This bias is minimized in ex-
periments by generating a displacement polarized in the azial direction, i.e., (xg, yo, 20) are aligned,;
this is the principle of the 1D-Transient elastography. The justification of formula (5) given below
sets some theoretical background for a development in the direction of fully vectorial reconstructions
of the elastic displacement.

We make several remarks regarding the reconstruction:

Signal. The above formula takes the ratio of two fields, which better be non-vanishing. As will
become more apparent in the next section, w, and w are well approximated by the product
of two quantities: (i) the frequency content of the acoustic pulse at the wavenumber |k|¢, and
(ii) the amount of scattering generated at yo for the wavenumber |k|¢ (see (13) below). Since
scattering increases rapidly with |k| (as the fourth power of |k| for Rayleigh scattering), we
need to choose k in the acoustic pulse so that scattering is strong enough to be detected in w
and weak enough so that multiple scattering can be neglected. This is a good approximation
for the standard applications of ultrasound in the 1 — 10MHz range.

Statistical Stability. Both w, and w are random fields in the sense that they depend on the
unknown (small scale) scattering properties of the underlying biological tissues. However, the
ratio in (5) is approximately statistically stable (i.e., independent of the specific realization
of the scattering) and nothing prevents the denominator to be close to 0, which creates some
numerical instabilities. The statistical stability may heuristically be improved by considering
the following averaging procedure (written for (w,w,) for concreteness)

/(wTw*)(to +t,xg+x,k+q)dv(t,z,q)
Silklr ()6 A,

, (6)

/ lw|?(to + t,z0 + 2,k + q)dv(t, z, q)

with v a continuous or discrete measure supported in a sufficiently small vicinity of (0,0, 0)
so that 7(y(to + t,x0 + x,k + q)) is close to 7(yo) for all (¢,z,q) in the support of v. The
interferometric measurement w,w* may be seen as the correlation of the perturbed field w,
with the unperturbed field w. Note also that the denominator in (6) is non-vanishing for
measures v with sufficiently broad support; see also our numerical simulations in section 4.

Resolution. The formula (5) hinges on 7(y) varying more slowly than the other quantities in-
volved, typically the wavelength of the probing pulse and the correlation length of the scattering



medium. As we shall see, (5) holds with an error that is proportional to (\/La ‘ i )|V7(y0)|
Choosing « optimally as |k|/L, we observe that variations of 7 at (and faster than) the spatial
scale a2 = L2 /|k|2 cannot be reconstructed accurately. The procedure still has the potential
to reconstruct sub-millimetric variations in 7(yo) with the use of 5 — 10MHz ultrasonic pulses.

This inherent limitation of the method is confirmed by our numerical simulations and those in
[13]

Aliasing. The above algorithm provides a means to reconstruct 7(yo)-¢ with ¢ = ¢(tg, zo, k) given in

(4) from evaluating the argument in (5) and dividing by |k|. This reconstruction is unambiguous
provided that |k||7||¢| < 7, which holds when 2|k||7| < 7. In practice, displacements are quite
small and the latter constraint is satisfied. When this is not the case, the aliasing issue can be
remedied by choosing smaller frequencies |k| or multiple frequencies k; see [13].

Echo Mode. When the source and the detector are located at the same point with zo = 2o then

¢ = —k and ¢ = 2k. If the array is moreover orthogonal to k so that &' = 0 in (2), then
(5) provides the displacement 7(yg) - k along the line yy = xg — sk by considering a windowed
Fourier transform in time for the average ultrasound measured on the ultrasonic array.

Vectorial reconstruction. The above procedure can be repeated by changing the location of the

source zy and the array (t,xg, k) parameters. For a fixed (2, ), the whole domain y, may
be swept by changing ¢ and the direction k. This allows us to reconstruct T(y) - o(t, k; o)
in a direction ¢ dictated by the geometry. We then verify that the full vectorial structure of
7(y) may be reconstructed by choosing n source locations z, that do not lie on a subspace of
co-dimension greater than 2. In dimension n = 3, this means choosing three different source
locations zq, 29, and z3 that do not lie on the same line. For instance, with o = 0 and an
orientation of the array given by e;, we could choose z; = xg = 0, 2z = (0,d,0) and 23 = (0,0, d)
for any d # 0. This issue is considered in more detail in section 4.

Triangulation. This paper considers the setting of a localized source in the vicinity of zy; with a

3

wide radiation pattern. Measurements at (o, xo) then correspond to single scattering occurring
at points y such that cty = |xg — y| + |y — 20|, which do not uniquely characterize y. The role
of the FBI transform is to further localize the measurements in space and direction to uniquely
determine a point y, that satisfies the above constraint and lives on the line xy — sk for some
s > 0. Other triangulation procedures could also be considered, for instance using a source at
2o that only radiates in a specific direction. We then verify that measurements of u(tg, zo) also
provide information about 7(yo) - ¢ at an appropriate uniquely defined yo; see also [13].

Derivation of the reconstruction procedure

We first model the propagation of the acoustic signal in the underlying medium, typically biological
tissues in applications of elastography. We recall that the elastic shear waves and ultrasound (com-
pressional) waves propagate at significantly different speeds and may be considered with a reasonable
accuracy as decoupled. Ultrasound are modeled here as propagating in an isotropic acoustic medium



with sound speed c(x) that we recast as

1 1

— = —=(1-V(x)),

2 (ZL’) 2 ( ( ))

with V' a spatially varying index of refraction and ¢ a constant macroscopic sound speed (e.g., that of
water). We assume that V' is a realization of a statistically homogeneous random distribution around
a region of interest. By rescaling time L~ 'ct — ¢ and space L'z — x (and V(L™ 'z) — V(z)) we
may assume that ¢ = L = 1. The model for the acoustic signal is then the following wave equation

(02 — A)u = Vu. (7)
This is augmented with initial conditions at ¢ = 0 given by
u(0,z) =0, Ou(0,x) = f(x — zp). (8)

The initial condition f could be generated by a time pulse emitted at zy for small negative times
whose emitted signal is evaluated at ¢ = 0; see also section 4. The pressure u(0,x) would then not
necessarily vanish. More general initial conditions than (8) can easily be accounted for at the expense
of slightly more cumbersome notation and so we restrict ourselves to (8) for simplicity.

Single scattering approximation. Let us introduce
(8752 — A)U/(] = O, (83 — A)Ul = V@fuo,

with Qyug(0,z) = f(x) and all other initial conditions for ug and u; vanishing. Then for v = u—ug—u;

we have
1

&

0F — Ayv = Volu,.
Considering the energy norm
E.[v](t) = / (O)* + ()| Vv]?) de,

it is standard that

slpo v [ ([ n(@fuﬁ?dxf s <Vl [ Bl (o) ds

with C' a generic constant depending only on the bounds forc(x). This energy identity implies

B} (t) < OV / / B0Puol} (r) dr ds.

Assuming that ug has sufficiently small time derivatives compared to V' we find that u; has energy
of order V' while v has energy of order V? < V, which is now neglected. At the detector level, only
uy, which we now relabel as u, is measured since the ballistic part uy vanishes on the support of the
detector for times t (at least slightly) larger than |zo — 2|.

7



Model of propagation. Within the single scattering approximation, we thus have v modeled by

Note that Auwug solves the wave equation with initial conditions given by (Awug)(0,z) = 0 and
0 (Aug)(0,z) = (Af)(x) so that it is really Af and not f that is propagated in our model.
Define now the Green’s function as the solution to

(0F = A)G = d(t)d(x)

which is given in dimension n = 3 by

Gt x) = o(t — [x]).

47T| |

Thus, we may write u in dimension n = 3 as

(4m)%u(t, z) / /Rﬁ ArG(s,x — y)V(y)drG(t — s,y — 2)(Af)(2)dsdydz

_ / f;— |x — Z/| ’y |)V(y)(Af)(Z)dde (9)

|z —ylly — 2|

To avoid unnecessary technical difficulties, we assume that V' (y) vanishes in the vicinity of the support
of Af and the detector array so that |z — y||y — z| is uniformly bounded from below on the support
of V by a positive constant.

The formula (5) is obtained asymptotically in the limit of large frequencies of probing. We thus
introduce a small parameter 0 < ¢ < 1 and consider initial conditions of frequency |k|/e with |k| a
rescaled wavenumber. The probing pulse has frequencies of order e~! and is emitted in the vicinity
of zp. We thus replace the initial condition (Af)(z) by (Af)(*2%). Such an initial condition could

be renormalized by a multiplicative factor £73 to preserve its L? norm. However, since u is linear
both in (Af) and in V', we do not keep track of such renormalizations.

Scaling. As waves with frequency of order |k|/e propagate in the heterogeneous medium modeled
by V, they primarily interact with features of V' of similar frequency |k|/e (see, e.g., [1, 22]). We
therefore assume that the correlation length of V' is of order € and set

Y—"%Yo

V=V, (=

Since the frequencies of the measured signals v and w are now of order €1, for the rest of the paper,
we introduce rescaled versions of (1) and (2). We only consider the case of v to simplify and thus
introduce (neglecting the constant (47)? that cancels out when ratios are taken in formula (5))

— =0 Ydxdydz.
(10)

2 _ib(o—ag)Olto — e =yl —ly—2]);, ¥ = z
-(to, o, L (r-a0)? -ib-r-s0) v, A
veltoo ) = [ e e e A L



In the above expression, we have also rescaled o — %a as the appropriate spatial concentration scale
about the point z.

Let us now model the elastic displacement. Since frequency is of the form |k|/e and frequency
times displacement has to be sufficiently small to avoid aliasing, we rescale the elastic displacement as
e7(y). Each point y inside the domain of interest is therefore shifted to y +e7(y). As a consequence,
we obtain the rescaled shifted signal

T—T —ik(x—g 5t—‘r—y_y_’z y—y Z -
et 20 K) = [ om0ttt 2 p!—yHL—LI Dy (L2 ) (A

il Ydxdydz.
(11)

The objective of the rest of this section is to obtain a macroscopic model for %z, The reader can
verify that the same reasoning provides a macroscopic model for “==.

Asymptotic expansion. We now justify formula (5) in the case where all the scattering occurs in
a e-vicinity of yy. More precisely it consists to assume that

supp (%0(%)) and supp (Af(z _E ZO))

are included in (two disjoints) balls with e-independent radius. Note that since V,, is also bounded
by assumption, it is then integrable.

We recall that hat yo is unlquely deﬁned by the constraints tg = |zo — yo| + |yo — 20| and k= xo/—\yo
and that @D = yo —zpand ¢ = @D which is not a unit vector in general. We now change variables
as follows. We rewrite

Yy — Yo + €y, z— 29+ €z, x—>x0+5x1k;+me%

(5x3+41)

with 2’ orthogonal to k. Up to multiplication by ¢ /2 we have to analyze

— R— / l L — — — J—
/e—é(lz'l2+sx%)e—ikx15(t |zo y0+f7€€12 +5(351Ak Y| = lyo — 20 +(y Z)D‘@O(y)(Af)(z)dxdydz.
w0 — yo +@'e2 +e(w1k — y)|lyo — 20 +e(y — 2)|

In the presence of a displacement, V;,(y) above is replaced by Vi, (y+7(yo+cy)). We wish to use the
delta function to integrate out the z; variable. This is done by using the following Taylor expansions

|z + dx| = |x| + dz - a:+ (|5a:|2 (6x - 2)?) + O(0z?).

We then find that ¢ — |xg — yo + Z'er + 8(:131/;’ —y)| — |yo — 20 + e(y — z)| takes the form
e(xy — - zﬁ + —| i )+ e ( ' )
T —@- -z r1,2,Y, 2

1 Y 2 2o — ol P11, T, Y,

for ¢1 a bounded function for the original (z, y, ) sufficiently close to (o, Yo, 20). We can then change
the variable z + E%gol(:vl, x',y,z) — x1 to finally obtain an expression for
2|2

5($1—¢'y—1/}'2+ ’)+€g(p2(xluyvz>:()'

2|5150—yo

9



After replacing the z; variable and integration in the x’ variable we further obtain the expression
(again up to a multiplicative constant depending on |k|)

. L +e2¢:(y,2)))
o=y () (Af)(2) = dydz = I (to, 2o, k).
/e AN S s = 1t )

Here ¢.(y,z) is uniformly bounded in y and z over the (bounded) domains of integration and
e2¢.(y,z) = o(1). In the presence of a displacement, we have

—i 4z 1 +€% \Y, <
/6 MotV (5 + (Yo + €9) (Af)(2) |EBO — yoﬁyg — z)jldydz = Lerlfor %0, K).

Note that v.,/v. = I.;/I.. We now change variables
=y —+7(yo+ey) so that y = v — 7(yo) + O(e|VT]) (12)
This allows us to recast the above expression as

(1+e2¢.(y, 2) + O] V7))

|$0 - y0||yo - Zo|

L, = e [ e bras= iy, g)(a ) (2 dydz.

This shows that
v [ G)AN ) + Sy, ) + Oy
K etk (o)

: [V (AN + b 2)dudz

~ cilkIT(w0)0

by neglecting the terms €2, (y, z) and O(¢|V7|)). This is (5). When Vi, and (Af) are L' functions
uniformly in € and 7(y) is independent of €, then as e — 0 the above integrals converge to the same
constant R /\ R
Vo (K10) D) (kI (13)

Provided that the latter does not vanish, then the ratio of measurements is approximately given by
e!lFI7Wo)¢ a5 an application of the Lebesgue dominated convergence theorem. Note that the ratio
of the measurements is therefore approximately deterministic even though both measurements are
random.

Then (6) follows provided p is supported on a domain such that y = y(¢, z, ¢) remains sufficiently
close to yo (such that 7(y) remains close to 7(yg)).

Statistical Stability of the ratio and resolution. In the range ez, < e|V 7|, we can estimate
the statistical stability of the measurements. Up to lower-order terms, we have that

Ay +7(y) +ey VT =7(yo) + (I + (eVr(y)))y  sothat y= (I+(eVr(y)) " (v — (1))

Therefore, we find that I, is approximately given by

I r M) oo (ADRY) Vi (KU +2V7(0)6)
- [0 — vollyo — 20| det(I +eVT(yo))

10



The ratio *= is therefore approximately given by

Ver MIHEVT(Wo)) 7 (wo) 6 7 (K |(T 4+ eV (o)) ')
v det(I +eV(yo)) Vi [K19)

. (14)

This is a random variable whose variance can be estimated for a model of randomness of V. When
e|Vr| is large, then V is estimated at a different wavenumber and the variance is expected to be
large. When V is a smooth function, we expect the standard deviation of the ratio to be proportional
to e|V7|. This standard deviation may increase when V is not a smooth function. The resolution of
the reconstruction of 7 may similarly be estimated from (14): we want eV to be small compared
to the variations of V,,(¢) for ¢ in the vicinity of |k|¢ for otherwise the ratio in (14) is not longer
deterministic. Note that the resolution and statistical stability of (14) depend on the statistical
structure of the underlying sound speed variations V.

Statistical Stability with more realistic scattering in the one-dimensional case. We con-
clude this section by revisiting (5) when V,, ((y —Y0)/ 5) does not have a compact support (i.e. the

Fourier transform V(f) of the random fluctuations is not smooth). This assumption essentially im-
plied above that scattering was only considered in the e—vicinity of yy, while scattering farther away
from y, was assumed to have a marginal effect on the measurements.

We now briefly consider a more realistic scenario for V,,(y). Since the analysis is significantly
more involved, the calculations will be presented in a one-dimensional setting. Consider the one-
dimensional model with g = 2o = 0 and yo > 0 with ¢ = 2y then and £k = —|k|. Then the
measurements are of the form

vo= [ B (y - 0) - (5 - V(AN )y

This simplifies to

vo= [t (C A AN deda,
2e €
We assume A f & § since integrations in the variable z are easy to deal with when Af is integrable.
Thus we have
x

~ —ag? kg
vsw/e 2% et wo(zg)da:.

If V,, (/2¢) is uniformly integrable, then the above is nothing but V,, (2k) in the limit, which leads to
the same formula as (13). When V,, (z/2¢) is not uniformly integrable, which is the case in practice,
then the calculations are much more complicated. The reason V,,(z/2¢) cannot be expected to be
integrable is that scattering occurs at the scale € over a domain of size O(1). At the scale ¢, the
support of V,, is therefore a domain of size O(1/¢). Assuming that V' is a stationary process, which
means that its statistics are independent of spatial translation is a realistic assumption, then we
cannot expect V, (z/2¢) to be integrable on its support independently of e.
Note that with 7 present we have to analyze

Ver A /e_5.29”26_"55’31/;,0(2%—(€ +7(yo + x))dx. (15)
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After rescaling this is, up to a multiplicative constant

g

ea . X o . . x ~
/e—2x2e—zkxvyo(§ + T(yo + 8.213))(1:13 _ /e—2g;2€_zkxelq(2+r(yo+ax))‘/;/o (q)dqd:c (16)
Let us replace 7(yo + €x) by 7(yo) + €27’ (yo) up to a lower-order term that we assume is negligible.
Let us also assume that V,, (x) is a superposition of plane waves

Vo (z) = Z ‘/}e_iqua
J

with V; random variables and increasing ¢;, for instance ¢; = jq for a fixed ¢ and j € Z. This would
correspond to a 2m-periodic function, which forms a reasonable approximation for a random medium.
For such a model we find that the ratio of integrals of interest is

2
Z Vjeiqu(yo)e—ﬁ (qj(%+af’(yo))—k)

UETN J

~

: S ves i)
J

In the analysis of such a ratio, the choice of k and « is more important than in the preceding sections.
We need as before ea to be small in order to obtain some accuracy in frequency. Then, in order to
receive some signal at the detector array, we need %qj — k to be small for one j. Let us assume that
there is a j = jp such that %qj — k is small. This means that k£ cannot be chosen entirely arbitrary.
Let us then assume that ea is of the same order as (or smaller than) (3¢; — k)?. This shows that
only one exponential term above is not negligible and we obtain the approximation for the ratio

2
i0;7(90) o~ 7 (43 (3 e (v0)) k) | L e
er e ~ e2hTw) (1 4 O(Vea)) e

UET
~

ve Bfﬁ(qg‘(%*k)y

The latter term is close to 1 if e7/(yo) < v/ea. When this is the case, we obtain that the ratio is
given by 0]
12k (o) eim o)l
e <1+O(\/6_oz)+0( Ta )).
We thus observe that if « is chosen on the order of |7/(yo)|, then the ratio provides the correct phase
shift e™?"(#0) up to an error that is small provided that e|7/| < 1.

The conclusions are therefore the same as those obtained before: the displacement is accurately
reconstructed provided that £]|7’||« < 1. This shows that the best resolution we expect from the
method is much larger than €. Note also that the conclusion now holds provided that k£ and o are
carefully chosen. Note finally that the ratio of interest is close to being of unit modulus for the
appropriate choices of («, k).

12



Generalization to three dimensions. The generalization to the three dimensional setting of the
above calculations is more difficult and will not be presented here in detail. What we obtain as a
generalization of (15) is that

- 2 7. 7. _ 2
v, ~ C. / ei@dw(y—yo)e—%(¢~(y—y0))26—lzke‘a (l(I_’@k) I )V(y + 7(yo + y))dy.
3

We now observe two length scales in the above quadratic exponentials above: ('f—f)_% and (%)_%,
with the above approximation involving errors proportional to these two scales. From this, we infer
that v.,/v. is close to €*1?7(0) provided that 7 is sufficiently constant in the vicinity of y, for these
two scales. This implies that the ratio v.,/v. is

e!lkl¢-T(vo) (1 + O((% + \|/T€_|a> (1+ |Vr(y0)\))>.

The term in %|V7’(y0)] is similar to that in the one-dimensional setting. The following term in

\‘/,i?\VT(yO)] comes from the multi-dimensional angular spreading. We observe that the optimal

choice for «v is |k| as indicated earlier, which corresponds to both a good range resolution (the term

\/ig) as well as good cross-range resolution (the term ‘{?

). With proper dimensional quantities, the
above result yields (5).

4 Numerical simulations
In this section, we illustrate our reconstruction procedure by numerical simulations in a two-dimensional

setting. Instead of solving a homogeneous initial value problem, the incident field is solution of the
inhomogeneous problem (again up to a scaling factor)

(07 — A)ug = h (é) 90 ('m ;,Zol) ,

completed with zero initial condition. Where A(t) is a C*° bump function of support [—1/2,1/2]

defined by h(t) = eﬁ inside its support and the function gy have a bounded support around the
origin, is positive and unitary in the L' norm.

We present two different configurations described figure 2. In both configurations we assume that
V' is made of N. localized heterogeneities of random positions and amplitudes:

V=3 s (M) |

cb

This specific form of random field is described in [24] (chap. 8.2, eq. (8.51)). The amplitudes p; €
[—1, 1] are independent uniformly distributed random variables, whereas the {y5(w)} are distributed
randomly inside a rectangle for the first configuration and along a line for the second. Every scatterer,
as well as zy, are contained in the plane z - e3 = 0. Therefore, the scattered field is symmetric with
respect to this plane and its contribution outside the plane can be omitted in formula (1).

13
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+
Y ) 1
| Yo+ 1 >{yo
+
(a) Scatterers randomly dis- (b) Scatterers randomly
tributed in a rectangle distributed along a line

Figure 2: Schematic of the two configurations presented, where (xg, 29) respectively are the source
and observation positions and y, the position where the displacement 7 is recovered.

Explicit form of the scattered field. Assuming p large enough we approximate V" and the source
term using point scatterers approximation. Instead of (9) the scattered field is given by

UT(t,ZL‘) = iﬂz‘(w) h (5_ (t _ ’I - yf _ET(yf)’ B |ZO - yis B 57—(yf)‘)) (17)

|z —yi —eT(y5)| [vo — y§ —e7 (i)l

Computation of the FBI transform. The windowed Fourier transform v, (o, zo, k) given by (1)
of u,(t,x) given by (17) are computed at the observation locations in the plane z - e3 = 0, i.e we
restrict the computation of the FBI to a quadrature in that plane. The quadrature is a composite
3-point Gauss quadrature formula on a cartesian squared grid centered at xy. The size d. and the

spacing dr. of the grid are
3

:ﬁ.

The choice of d. as given by (18) guarantees that the error made by restricting the integral into a
1

 =4eln(2:77), dr. (18)

bounded domain is of order 2.

Configuration a). We choose 7y = 29 = (0,0,0), « = 1, |k| = 1, e = 5 x 107%, N, = 10°. The
scatterers are such that {y$(w)} € D with D = [—1,1] x [-5/2, —3/2] and are uniformly distributed

in a squared subdomain of D of area 1/N,, the unions of these subdomains being D. We choose t
such that yo = (0, -2, 0).

Configuration b). We assume that the distribution of scatterers is contain in D along a finite
straight line (see Figure 2):
L={(0,1,0)eR? le[-2,-1]}.

The points {y5(w)} are then distributed randomly via the formula

e . __2—1_@2(w)
) = (0, -1~ 5 - g

14



where §;(w) € [0, 1] is uniformly distributed and N, = 10%. The source term is located at 2o = (0,0, 0),
k| =1and e =5 x 107

A priori reconstruction quality informations (configuration a). We arbitrarily choose

1
)Zm(

Figure 3 represents the reconstruction of 7(yp) - ¢ for different random realization of V,,, which is
numerically given by the formula

T(y cos(myi), 2 cos(myy), O)'

1 (U57(|I’0—y0| + |y0—2’0|,1’0,k’)> (19>

T “¢p = ——ar
W0) @ = 7728 \ < {120 =0l T Tvo — 20}, 70, %)

Since ¢ = (0,2,0) we have 7(yo) - ¢ = 4/100. The average over the discrete reconstruction is 0.398
which is close to what is expected. However we observe in Figure 3 the correlation between the
quality of the reconstruction and

e the amplitude of |v.|: if almost no energy is measured in the configuration at rest, then we
cannot expect a good reconstruction.

e the deviation of |v., /v.| from unity: our asymptotic analysis predicted this ratio to be of module
approximately equal to 1 (see equation (3)).

—7(yo0) - ¢ ]
5% 1077/ |v.|
07 .. 10‘ ‘UsTl/"UE‘il{

Figure 3: For different random realizations of V: reconstructed 7(yo) - ¢ (the average value is ap-
proximately 0.398), amplitude of the measurement without shift and deviation of the ratio |v.,/v.|
with respect to 1.

Full reconstruction with minimal informations (configuration b). We now arbitrarily use
the following 2D vector fields to model the displacement

T(y) = %(sin(l@wyg), %cos(Sﬂyg), 0). (20)
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We first compute the windowed Fourier transforms at the observation points zo = (—1,0,0)7 and
To = (1,0,0)T at well chosen time such that the set of reconstruction point {yi} is uniformly dis-
tributed along L. Since we recover 7(yo) - ¢ and 7(yo) - ¢ with (¢, ) a basis of R? we can recover
7(y) completely. Figure 4 shows the two components of the reconstructed displacement 7 function
on 100 sampling points distributed uniformly along L for a single realizations of V.

T(yo) c €1 T(yo) $ €2
0.06 0.03¢
0.04 0.02f
0.02
0.01f
0
0 3
-0.02
-0.01f
-0.04
~0.06 -0.02f
—0.08 . . . . . 0.0 . . . | .
-2 -1.8 -1.6 -1.4 -1.2 -1 -2 -1.8 -1.6 -1.4 -1.2 -1
Y Y

Figure 4: Reconstructed displacement in both directions compared to the exact oscillating displace-
ment given by (20).

Improved reconstruction at several observation positions (configuration b). Following our
theoretical analyses, we suggest a variant of the algorithm presented above. We now assume that the
FBI transforms are computed at a every point x{, of a set of N observations points {x}}. For each
triplet (z, 47, z) we define the vector gb;- using equations (3, 4). Applying formula (19) the quantity
T(y) - gb; can be recovered at every yg. This means that the reconstruction of the full vector field 7(y)
is redundant as soon as N is large enough. An alternative to standard least-square fitting is to select
among our measurements, a couple ({U:JJ, vfij}, {v:j, v:z] 1), for 2D reconstruction or a triplet, for
3D reconstruction, that are likely to give more stable results. To do so we choose the scattered fields
that have the strongest amplitude, more precisely, we define

UZ: j — U5(|I6 - yg)| + |yg) - Z0|7‘7;6> k)?

and assume that for all j fixed the {¢%} are 2-by-2 independent (any combination of them give access
to the full field 7(y) since we reconstruct 2D displacement). The selected measurements correspond
to the couple of indices (n;, m;) such that

o2l = W71 = ozl Vi {ng,myt

The displacement 7 can be recovered at each y since

,U”J . mj
TEJ ~ GilklT(yg)- 057 e~ EilRIT(y5) -5
87j E?]
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and the vectors qb;” are qb;nj independent by assumption. Figure 5 shows the results obtained using
such algorithm when the {z{} are uniformly distributed along a line:

2(i — 1)

7= (0, —1+

0), N =30

Results given figure 5 show the efficiency of such approach: the reconstruction is more stable statis-
tically.

T(yo) - €1 T(yo) €2
0.06 0.031
0.04 0.02f
0.02 0.01f
0 0
-0.02 -0.01}
-0.04 -0.02f
0,06 . . . . . 003 . . . . .
-2 -1.8 -1.6 -1.4 -1.2 -1 -2 -1.8 -1.6 -1.4 -1.2 -1
Y Y

Figure 5: Improved reconstructed displacement in both directions compared to the exact oscillating
displacement given by (20).

Improved reconstruction at several frequencies (configuration b). The previous algorithm
required the measurements of the scattered field at many observation points, which may not be
available in practical experiments. In this set up we consider only two observation points {z}} =
{x0, x}} with

zg = (—1,0,0), x5 =(1,0,0).

For the reconstruction we consider a single realization of the random medium and the averaging

formula . L
[ (e 0 o
|k + 4] w(to, zo. k + q)

with |k| = 1 and ¢ € [—1/2,1/2]. The other parameters are kept unchanged (except that we
choose dr. = 2¢/3k to take into account the increase of the frequency in the measurements). In
Figure 6 we plot the reconstructed displacement for 100 different values of ¢ and in Figure 7 the
average reconstructed displacement (u(g) is the uniform discrete measure over 100 points uniformly
distributed in [—1/2,1/2]). Note that the different reconstruction corresponds only to different post-
processing operations of the signal.

We could also obviously combine the two modifications presented above by averaging only on

a reduced number of reconstructed displacement corresponding (in each points) to the truncated
FBI with the largest amplitude (as described above). The results we obtain in our specific case are
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7(Yo) - €1 7(%o) - €2

0.1

AR T A

_03} -0.05}

Zz
=

-0.5, 0.1 " " " . s
-2 -1.8 -1.6 -1.4 -1.2 -1 -2 -1.8 -1.6 -1.4 -1.2 -1

Figure 6: Reconstructed displacement in both directions for different value of k € [1/2,3/2].

7(yo) - e1 T(yo) - €2

Figure 7: Plain line: reconstructed displacement compared to the exact oscillating displacement
given by (20) after averaging all the reconstructions represented Figure 6. Dashed line: reconstructed
displacement using the reconstructions represented Figure 6 and the selection algorithm described in
the previous paragraph.

slightly improved (see Figure 7 dashed line).

Numerical assessment of formula (14) (configuration b). We now assess the quality of formula
(14) with the following set of numerical experiments. We consider only one triplet (xg, 3o, 29) with
xo = 2o = (0,0,0) and yo = (0, —1.5,0) as well as a displacement 7(I;y) parametrized by :

1
T(l;y) = 1—0(0,arctan(l Y2 +115),0) = |Vr(l;-15)] =L

For a unique realization of the random medium V,,, we plot in Figure 8 the expression |v-)-/v:| — 1
with respect to [ for different values of |k| € [1/2,3/2]. Analysis of Figure 8 shows that

e the numerical results are in agreement with (14): the standard deviation of the ratio is propor-
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tional to |[V7(1)|.

e some values of |k| give more stable ratios with respect to the gradient variation, confirming the
importance of choosing appropriately k.

|UT(z)s\
|ve |

—1 o

Figure 8: Deviation of the ratio |v;q)./v.| with respect to the gradient of the displacement to be
reconstructed for different values of |k| € [1/2,3/2].

5 Conclusions

In this paper, we have presented a modeling of the influence of elastic displacements on ultrasound
measurements. We have then used this model to propose a vectorial reconstruction of such internal
elastic displacements. Our algorithm was justified theoretically and illustrated by several reasonably
realistic numerical simulations. Such an algorithm is expected to provide statistically robust recon-
structions in elastography, a medical imaging modality aiming to reconstruct the elastic properties
of tissues.

The main advantage of the procedure is the simple formula obtained in (4)-(5). It is based on the
major assumption that the displacement 7(x) varies slowly compared to the probing ultrasound pulse.
This limits the spatial resolution one expects from such a method. Nonetheless, our theoretical and
numerical analyses show that the reconstruction procedure is stable with respect to the randomness
in the scattering medium and should provide accurate spatially varying and vectorial reconstructions
of elastic displacements in elastography.
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