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Anisotropy in ultrasound shear
wave elastography: An add-on to
muscles characterization Q1
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Ultrasound shear wave elastography was developed the past decade, bringing

new stiffness biomarker in clinical practice. This biomarker reveals to be of

primarily importance for the diagnosis of breast cancer or liver fibrosis. In

muscle this biomarker become much more complex due to the nature of the

muscle itself: an anisotropic medium. In this manuscript we depict the

underlying theory of propagating waves in such anisotropic medium. Then

we present the availablemethods that can consider and quantify this parameter.

Advantages and drawbacks are discussed to open the way to imagine new

methods that can free this biomarker in a daily clinical practice.

KEYWORDS

shear wave elastography, ultrafast ultrasound imaging, biomechanics, anisotropy,
muscle Q5

1 Introduction Q6

At the end of the 20th century, static elastography was developed to enhance biological

tissues characterization and medical diagnosis for pathological tissues (Ophir et al., 1991a). It

was inspired from the first clinical gesture of the physician, the manual palpation. It relied on

the fact that the stiffness felt by the physicianwould translate themalignant nature of the tissue.

Strain elastography was based on Hooke’s law, that links Young’s modulus (i.e. the stiffness E)

to the applied stress (σ) and the observed strain (ε) in an isotropic and purely elastic media: E =

σ/ε. Some studies have been performedwith this technique onmuscle (Akagi et al., 2011; Chino

et al., 2012; Chino et al., 2014) However, the applied stress was difficult to quantify and, in

practice, only strain profile was known leading to qualitative information. To overcome this

limitation, the so-called shear wave elastography (SWE) based on shear wave propagation was

developed. This approach assumes that, for a quasi-incompressible elastic solid, the shear wave

speed (VS) is related to the shear modulus (µ) and to the Young’s modulus by the following

relationship: E = 3µ = 3ρVS
2, where ρ is the density of biological tissues (~1,000 kg/m3).

Numerous ultrasound-based shear wave elastography techniques were developed based on this

physical hypothesis. These techniques involved twomain basic steps: i) generating shear waves

within a tissue and ii) imaging their propagation to retrieve their speed (Ophir et al., 1991;

Sarvazyan et al., 1995; Nightingale et al., 2002; Gennisson et al., 2003; Sandrin et al., 2003;

Palmeri et al., 2008; McAleavey et al., 2009). With these “dynamic” techniques has be widely
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investigated (Nordez et al., 2008; Akagi and Takahashi, 2013;

Alfuraih et al., 2018; Hirata et al., 2020). Nonetheless, in order to

solve the inverse problem (i.e. image tissue’s elasticity from shear

wave velocity estimation), all these methods assume, in first

approximation, that tissues are isotropic, quasi-incompressible

and purely elastic media. However, this is not the case for

muscles which can be modeled as transverse isotropic solid since

they are composed of a random distribution of parallel fibers around

one axis of symmetry (Eby et al., 2013). As a result, shear waves

propagate faster along the muscle fibers than across the fibers

(Gennisson et al., 2003; Miyamoto et al., 2015; Alfuraih et al.,

2017). Thus, the link between Young’s modulus and shear waves

speed is no more valid and the stiffness must be quantified by the

estimation of two shear moduli, µ// and µ⊥, along and

perpendicularly to the fibers respectively (Royer et al., 2011). In

order to improve tissue characterization and potentially medical

diagnosis, it is then important to define new biomarkers such as

anisotropy. As an example, because shear wave speed is linearly

related to muscle force (Hug et al., 2015), estimating muscle

anisotropic behavior would be of particular interest to better

characterize muscle behavior and adaptation to various

phenomena, such as training or disuse. In neuromuscular

diseases, such as Duchenne myopathy, changes in the muscle

molecular organization (Zemła et al., 2021) could certainly lead

to modification of mechanical properties that could impact

anisotropy. In this review, we focus on the possible ways to

quantify anisotropy after considering theoretical aspects of shear

wave propagation in a transverse isotropic medium. Then, an

overview of the main dynamic ultrasound-based SWE techniques

that have been developed from one-dimensional (1D) (one value) to

three-dimensional (3D) (stiffness volume) shear wave imaging is

presented and discussed with special emphasis on the developments

made to include anisotropy as a new biomarker for physicians.

2 Shear wave propagation in
transverse isotropic medium

Most muscles often present a random distribution of fibers

oriented in the same direction, which implies a symmetry about

the fiber orientation. Because of this symmetry, muscles are

usually modeled as a transverse isotropic (TI) tissue, i.e. a

tissue whose physical properties (e.g. stiffness) are symmetric

with respect to an axis that is normal to the plane of isotropy.

In the limit of small displacements, the stress-strain

relationship in an anisotropic tissue is linear and can be

described by Hooke’s lawQ7

σ ij� Cijklϵkl (1)

where σij is the stress tensor, εkl is the infinitesimal strain tensor,

Cijkl is the fourth-order stiffness tensor. In Eq. 1 summation over

repeated indices is implied (i.e. Einstein’s summation notation).

In a TI tissue, based on symmetry, the eighty-one entries of the

stiffness tensor are reduced to only five and Eq. 1 can be

expressed using Voigt’s notation as follows:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

σ1
σ2
σ3
σ4
σ5
σ6

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
�
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

C11 C12 C13 0 0 0
C12 C11 C13 0 0 0
C13 C13 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 C66

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ε1
ε2
ε3
ε4
ε5
ε6

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(2)

with C66 � (C11 − C12)/2. It is important to mention that in Eq. 2

the symmetry axis of the material (i.e. given by the direction of

muscle fibers) is oriented parallel to x̂3. Eq. 2 can also be

expressed in terms of the Young’s moduli (EL, ET), Poisson’s

ratios (]LT, ]TT) and shear moduli (μL, μT), as

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ε1
ε2
ε3
ε4
ε5
ε6

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
�
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1/ET −]TT/ET −]LT/EL 0 0 0
−]TT/ET 1/ET −]LT/EL 0 0 0
−]LT/EL −]LT/EL 1/EL 0 0 0

0 0 0 1/μL 0 0
0 0 0 0 1/μL 0
0 0 0 0 0 1/μT

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

σ1
σ2
σ3
σ4
σ5
σ6

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(3)

where μT � 1
2ET/(1 + ]TT) and the subscripts L andT correspond

to the longitudinal and transverse directions relative to the to the

symmetry axis, respectively.

A smart way to non-invasively measure the mechanical

properties of TI tissue is to use wave propagation, since as in

isotropic tissues, the wave speed is directly linked to the tissue’s

stiffness constants or equivalently to the tissue’s Young and shear

moduli. The fundamental difference between isotropic and TI

tissue is that the wave speed will depend not only on the direction

of propagation but also on the wave polarization. Particularly, the

elastic wave propagation in TI tissue is governed by a set of linear

equations known as “Christoffel equations” which relate wave

speed, propagation direction, polarization and mechanical

properties.

Let us consider a TI tissue that obeys Hooke’s law. In the

absence of body forces a disturbance propagating within the

medium will obey the following wave equation

ρ
z2ui

zt2
� Cijkl

z2ul

zxjzxk
(4)

Where ui (i = 1, 2, 3) denotes the components of the

displacement field and ρ is the material density assumed to be

constant (~1,100 kg/m3). Under plane wave decomposition, a

monochromatic plane wave of the form ui( �r, t) � uo exp[i( �k. �r −
ωt)] where the wave amplitude is uo, �k denotes the wave vector

and ω is the frequency is a non-trivial solution of Eq. 4 if the

following secular equation is satisfied:

∣∣∣∣Cijklkjkl − ρω2δik
∣∣∣∣ � 0 (5)
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Eq. 5 can be rewritten in terms of the phase velocity v � ω/k,

the direction cosines ni (i = 1, 2, 3) and the Christoffel matrix

Γik � Cijklnjnl as ∣∣∣∣Γik − ρv2δik
∣∣∣∣ � 0 (6)

Eq. 6 corresponds to the eigenvalue equation for matrix Γ and

is known as the Christoffel equation. From Eq. 2, we may now

write Γ in the particular case of a TI tissue:

Γ � ⎛⎜⎜⎝C11n
2
1 + C66n

2
2 + C44n

2
3 (C11 + C66)n2n1 (C44 + C13)n1n3

(C11 + C66)n2n1 C66n
2
1 + C11n

2
2 + C44n

2
3 (C44 + C13)n2n3

(C44 + C13)n1n3 (C44 + C13)n2n3 C44n
2
1 + C44n

2
2 + C33n

2
3

⎞⎟⎟⎠
(7)

In what follows we will consider some examples of particular

interest for shear wave elastography in muscles.

i) �n � (1, 0, 0): For this case there are three different phase

velocities (i.e. three different eigenvalues) given by v1 �
�����
C11/ρ

√
,

v2 �
�����
C66/ρ

√
and v3 �

�����
C44/ρ

√
with eigenvectors ê1 � (1, 0, 0),

ê2 � (0, 1, 0) and ê3 � (0, 0, 1), respectively. The first eigenvector
corresponds to a pure longitudinal mode propagating at the

speed of ultrasound while the second and third eigenvector

correspond to pure shear modes with phase velocities given

by the shear moduli μT and μL, respectively. Consequently,

the shear anisotropy can be measured by propagating shear

waves in depth and using a source that favors each mode, as

it is depicted in Royer et al., 2011.

ii) �n � (0, sin (ϕ), cos (ϕ) ): For this example, an evident

solution to Eq. 6 is:

ρv2 � C66sin
2(ϕ) + C44cos

2(ϕ) (8)

with eigenvector ê1 � (1, 0, 0), thus, corresponding to a “pure”

shear wave which is the mode often used in most shear wave

elastography techniques applied to skeletal muscle. This mode is

termed shear horizontal mode (SH) in the sense that the wave

polarization vector ê1 is perpendicular to the plane formed by the

material symmetry axis and wave propagation direction. As it

will be seen below there are other ways to generate a SH mode.

It is important to point out that the velocity given by Eq. 8

corresponds to the phase velocity of the wave which is not the

magnitude measured by many elastography techniques. Many

elastography techniques measure the time of flight of a wave

packet through a known distance to compute the wave velocity.

This corresponds to the group velocity of the wave packet. In a

non-dispersive isotropic medium, the phase and group velocities

are identical. However, in a TI tissue the phase and group velocity

along the same direction are not necessarily equal. From Eq. 8 it

can be shown that the group velocity vg obeys the following

equation (Wang et al., 2013):

ρv2g � C44C66

C44sin2(ϕ) + C66cos2(ϕ) (9)

iii) �n � (sin (θ), 0, cos(θ)): This corresponds to the case of

shear wave elastography being applied to pennate muscle,

particularly, when wave propagation vector forms an angle

with the fiber orientation. In this example the eigenvalues are

given by:

ρv21,3 �
1
2
[Γ11 + Γ33 ∓

���������������
(Γ33 − Γ11)2 + 4Γ2

13

√ ] (10)

(where the minus sign corresponds to the first eigenvalue) and:

ρv22 � Γ22 � C66sin
2(θ) + C44cos

2(θ) (11)

The second eigenvalue corresponds to a pure shear wave, i.e.

with eigenvector parallel to x̂2 while the first and third

eigenvalues correspond to a quasi-shear and a quasi-

longitudinal wave. In the incompressibility limit the phase

velocity for the quasi-shear mode reduces to (Rouze et al., 2013):

ρv21 � μL + (EL

ET
μT − μL)sin 2(2θ)

� C44 + (C33C11 − C2
13

4(C11 − C66) − C44)sin 2(2θ) (12)

and its polarization is purely transverse. It is important to point

out that the incompressibility limit, shear wave propagation in

TIT only depends on three mechanical properties: μL, μT and the

anisotropy ratio of the Young’s moduli EL
ET
. Thus, all three

parameters required to characterize an incompressible TI

material can be measured by observing shear wave

propagation in the material. Finally, in the recent work of

(Rouze et al., 2019) and (Caenen et al., 2020) the following

terminology was used to describe both transverse modes: a SH

mode (i.e. defined in Eq. 11) and the shear vertical (SV) mode

which is defined by a wave polarization vector parallel to this

plane (i.e. mode corresponding to the first eigenvalue in the

incompressibility limit).

In the next parts, we will describe the most representative

work allowing the quantification of biological tissues anisotropy

using ultrasound elastography techniques, from 1D to 3D

elastography in transverse isotropic medium.

3 Anisotropy quantification by
elastography methods

3.1 1D elastography

1D elastography is, to our knowledge, the first dynamic

ultrasound elastography technique that was developed to

quantify elastic anisotropy through the use of the shear

elasticity probe (Gennisson et al., 2003). The idea was to

change the polarization of shear waves to measure the shear

modulus along and perpendicular to fibers. Gennisson et al.

proposed to use a rod fixed on a vibrator to increase the energy of

shear waves perpendicularly to its axis of percussion. Then, by

placing the probe parallel or perpendicular to the muscle fibers,

the shear waves speed could be retrieved by following the
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theoretical part described in Section 2i (Eq. 8). This allow the

quantification of muscle stiffness ex vivo (Gennisson et al., 2003)

and in vivo (Gennisson et al., 2005). This device is presented in

Figure 1A on an in vivo experiment on the biceps brachii.

Figure 1B displays the device allowing the estimation of the

elastic non-linear shear parameters in an acoustoelasticity

experiment by quantifying the apparent anisotropy induced

by a uniaxial stress applied on the medium (Catheline et al.,

2003).

To improve this 1D approach, Chatelin et al. (2014a)

proposed a new remote shear wave elasticity probe for

anisotropy investigation based on radiation force of a focused

ultrasound beam. The previous mini-shaker that generates shear

waves on the shear elasticity probe was replaced by a focused

transducer that will create remotely and locally within the muscle

a shear wave source (Sarvazyan et al., 1998). Closely to this

focused transducer, 8 single transducers were smartly placed to

track the shear wave propagation parallel and perpendicular to

the muscle fibers (Tanter et al., 2016). Taking advantage of this

first prototype, Pedreira et al. (2021) recently developed a new

compact probe to investigate stiffness anisotropy of the

myocardium. The transducer is composed of five concentric

annular elements and three lateral elements. The annular

elements allow the generation of an acoustic radiation force at

a chosen depth and display the M-mode images of the region of

interest for a better positioning of the probe. Lateral elements are

angularly spaced at 120° to estimate the local displacement in the

medium around the pushing zone. Shear velocities along and

across the fibers are finally assessed thanks to the ellipse fitting of

the propagating shear wave using Eq. 9.

3.2 2D elastography

Complementary to 1D elastography, 2D elastography devices

were developed using different approaches. As for 1D

elastography, multiple shear wave sources were proposed

leading to different 2D elastography methods, most of which

are presented here:

3.2.1 Transient elastography
In 2004, Catheline proposed to adapt 1D transient

elastography to anisotropic measurements in 2D. A plate was

fixed on a mini-shaker to generate 2D plane shear waves in a

muscle. Shear waves were then caught in 2D by an ultrafast

ultrasound probe composed of 128 channels. By placing the

shaking plate along or perpendicular to muscle fibers, they

deduced both shear moduli along two axes of an ex vivo

muscle (Catheline et al., 2004).

3.2.2 Supersonic shear Imaging
The development of the Supersonic Shear Imaging (SSI)

technique (Bercoff et al., 2004) is a major breakthrough in the

field of 2D elastography. Briefly, this technique consists in

generating shear waves by using the acoustic radiation force

and catching their propagation by using ultrafast imaging that

allows an imaging frequency up to 20 kHz. Gennisson et al.

(2010) were, to our knowledge, the first to quantify muscle

anisotropy in 2D. Two muscles were studied: human biceps

brachii and brachialis, which are fusiform muscles parallel to

each other. Stiffness of both muscles were measured during

isometric contractions and passive extensions (Figure 2) by

using two probe positions: parallel and perpendicular to the

fibers. In this specific case the shear wave group velocity was

investigated as described in the theoretical part Section 2ii. Shear

waves group velocity was measured at different levels of isometric

contraction. As a result, sets of shear wave group velocity maps of

two adjacent muscles oriented differently with different degrees

of stress (isometric contraction and passive extension) were

produced in both orientations of the shear wave propagation.

The relationship between elasticity and anisotropy was then

studied. The authors found that shear wave group velocity

progressively decreased as the probe was more and more

perpendicular to muscle fibers. More so, experimentally it was

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

FIGURE 1
(A) 1D shear elasticity probe applied in vivo on the biceps brachii to quantify stiffness anisotropy by rotating the rod fixed on themini-shaker. (B)
Apparent anisotropy quantified with two 1D shear elasticity probe in an acoustoelasticity experiment on agar-gelatin phantom.Q11
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observed that this decrease was even more pronounced in the

contracted state than in the relaxed state. It was thus deduced that

the evaluation of muscle anisotropy would be more evident in the

contracted state than the relaxed one. Through these

measurements, the muscle anisotropic mechanical properties

can be assessed with a complete set of quantitative data.

In 2012, to validate the use of the SSI method as a tool to

quantify anisotropy, Lee et al. (2012a); Lee et al. (2012b)

investigated myocardium fiber orientation. Myocardium is

structured in distinct layers with varying orientations across

the heart wall (Streeter and Bassett 1966; Streeter et al., 1969).

In this work, the ultrasonic probe was placed at the surface of an

ex vivomyocardium and rotated around a single axis (Figure 3A).

Shear waves were generated by using acoustic radiation force and

shear wave velocities were measured for different depths within

the myocardium for each angle of rotation (Figure 3B). By

looking at the maximum velocity as a function of the angle

for each depth, the muscle fiber orientation was retrieved. Results

were compared to diffusion tensor imaging by using magnetic

resonance imaging, a technique allowing the tracking of fibers

orientation in space. A good agreement between the two

techniques showed that this ultrasonic approach, so-called
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FIGURE 2
Shear wave velocity maps of the biceps brachii for passive extension of the elbow with different angle (from 90° to 165° with 25° step) along the
fibers (A) and perpendicularly to the fibers (B).

FIGURE 3
(A) Probe positioning regarding the myocardium wall. The probe can rotate following the Z axis, depth of the myocardium wall. (B) Fiber
orientation for each depth of the myocardium wall, in percentage of the wall thickness.
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elastic tensor imaging, can be proposed for the assessment of the

fiber structure in muscle.

Following the same method of a pushing beam followed by

an ultrafast acquisition, (Urban et al., 2015) used in 2016 a

transesophageal ultrasonic probe to generate in an ex vivo

myocardium shear waves. By using an ultrafast device, they

quantified shear wave velocity at different frequencies (50,

100 and 200 Hz) for different angle of the probe regarding the

muscle fibers (from 0° to 170° with 9° increment). They found that

low frequencies yield low sensitivity to the fiber’s orientation and

the true wave speeds in the layers was underestimated. By using

excitations at higher frequencies, a better estimation of the fiber

orientation and more accurate shear wave speeds measurement

was possible. This work provided the understanding that the

anisotropy factor is clearly better determined at high shear wave

frequencies.

3.2.3 Shear wave ultrasound vibrometry
In 2009, Chen et al. proposed to investigate anisotropy in an

ex vivo muscle by using the Shear wave Dispersion Ultrasound

Vibrometry (SDUV) technique. The basic principle of SDUV is

to generate a harmonic shear wave by an ultrasound beam (i.e.,

push), and its propagation is monitored by a separate ultrasound

beam (i.e., detection beam). The shear wave speed is calculated

from its phase measured at 2 different locations separated by a

known distance along its traveling path (Chen et al., 2009). The

results of this study were compared with finite element

simulations. This technique was also used to measure the

viscoelastic properties of ex vivo bovine and porcine striated

muscles (Urban et al., 2009; Urban and Greenleaf, 2009). In these

studies, the measurements were performed along and across the

muscle fibers. As an example, in the bovine muscle tissue, the

shear modulus values retrieved were µ// = 29 kPa and µ⊥ =

12 kPa, measured along and across the muscle fibers,

respectively. In the porcine muscle tissue, the values were µ//
= 12.7 kPa and µ⊥ = 5.3 kPa, measured along and across the

muscle fibers, respectively. The studies showed an anisotropic

ratio of about 2–3 when performing the ratio of shear waves

speed along and across muscle fibers.

3.2.4 Acoustic radiation force impulse—shear
wave speed

In parallel to the development of supersonic shear imagine

technique, Nightingale et al. (2003) proposed in 2003 to use

acoustic radiation force impulse as a source for shear wave

generation. The principal difference with supersonic imagine

was the way to image the propagation of shear waves by using

parallel beamforming over a small number of tracking line close

to the pushing beam. In 2013, Rouze et al. (2013) developed a

finite element simulation of shear wave propagation in an

incompressible transversely isotropic medium opening the

way to use the ARFI-SWS technique in studies. Recently,

Rouze et al. (2020) investigated a new modeling technique

using the Green’s tensor method to better characterize this

anisotropy (Rouze et al., 2020). The Green’s tensor is

expressed with an analytic expression of SH mode and an

integral expression of SV mode which allow to reduce the

number of numerical integrals by a factor up to 109,

significantly lessening computational complexity. The SV and

SH propagation mode were defined by the relative orientation of

waves polarization with respect to the plan formed by waves

propagation and material symmetry axis. This method is able to

provide the three parameters that characterize an incompressible

and TI material: the longitudinal µ// and transverse µ⊥ shear

modulus, and the tensile anisotropy χE (the ratio between the

Young’s modulus parallel and the Young’s modulus

perpendicular to the fibers) following an ARFI-SWS. Taking

advantage of this modeling method, ultrasonic rotational 3D

elasticity imaging was developed to fully characterize muscle

mechanical properties (Knight et al., 2021). To estimate the three

mentioned parameters, both SH and SV are measured by rotating

the probe in 3D. Regarding the modes, only χE has an impact on

the SV propagation. In vivo human experiments were conducted

on the vastus lateralis, a pennate muscle. That allows to

experimentally identify group SH and SV velocity using the

Radon sum algorithm (Rouze et al., 2010). By fitting these

experimental values to two Eqs. 10, 11, all three transverse

isotropic material parameters were computed.

3.3 3D elastography

To palliate the problem of being restrained to a 1D linear

transducer that move or rotate to get a full 2D elastography

volume, Wang et al. (2013) combined a spherical transducer,

used to generate a shear wave by ARFI, with a 2-D matrix

array to image shear wave propagation. By imaging the

propagation of the shear wave plane by plane in a

sequential way, they were able to synthetically reconstruct

the shear wave propagation in the entire volume. One

advantage of this technique is that the pushing beam is

maintained at the same location while the tracking beams

are shifted in different directions, which effectively allows for

the quantification of the elastic anisotropy. However, because

acquisitions must be repeated sequentially to acquire the full

volume, the technique yields a low volumetric frame rate and

as such is limited in presence of motion due, e.g., to breathing

or pulsatility. In 2014, Provost et al. developed further away

the concept of ultrafast ultrasound imaging to 2D matrix

array by designing a 3D ultrafast ultrasound device driving

1,024 channels. With intuitive beamforming reconstruction

applied to the small aperture of 2D matrix array, Provost et al.

(2014) proposed new ways to image the full volume of large

organs in real time such as the heart. Later, Gennisson et al.

(2015) took advantage of this new ultrafast device to proposed

the first full 3D shear wave elastography probe with an

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

Frontiers in Physiology frontiersin.org06

Ngo et al. 10.3389/fphys.2022.1000612

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1000612
admin
Resaltado
without parentheses

admin
Resaltado
lines

admin
Tachado

Luke
Note
replace simply by : Urban et al. used in ....

Luke
Note
This is not 10 and 11, it is 11 and 12.Please replace by  Eqs. 11, 12

Luke
Texte surligné 

admin
Resaltado
link is missing



ultrafast ultrasound device. Therefore, shear wave

propagation can be induced and imaged in three-

dimensions, and tissue stiffness can be estimated in a full

volume. Experiments were performed in an isotropic breast

phantom dedicated to elastography and in vivomeasurements

were also performed on a healthy volunteer in the upper right

quadrant of the breast. Correia et al. (2018) then showed that

anisotropy was quantifiable with this approach in three-

dimensions, at high volume rate and in a few minutes of

post-processing. The technique was evaluated numerically in

simulated transverse isotropic model with different degrees of

stiffness and anisotropy. They showed good results in weakly

transversely isotropic media (PVA phantoms, Chatelin et al.,

2014b) and quantification of low fractional anisotropy (<
0.34) was validated with numeric simulation.

4 Discussion

Shear wave ultrasound elastography is an important

research field and has been growingly used in a variety of

clinical settings over the last 15 years. It has provided a set of

ultrasound methods allowing the noninvasive assessment of

tissue stiffness in vivo. Several studies have shown that tissue

stiffness is of great value for medical diagnosis. These

advantages should certainly lead to new applications of

shear wave elasticity imaging, not only for diagnosis but

also for the follow-up of tissue mechanical properties in a

wide range of population, whether it is athletes or patients

affected with neuromuscular dystrophies to name a few. The

real-time capability of some of these shear wave techniques

also allowed the development of 3D elastography imaging that

should facilitate the clinical use for detection, therapy

planning and monitoring in the routine clinical practice.

In all these approaches, tissues are assumed to be isotropic

and the variation of the shear modulus in biological tissues

offers a contrast that is potentially more interesting than

conventional ultrasound. This was possible because

researchers have decrypted the underlying physics of each

shear wave elastography method to understand their

advantages and physical limitations. In this paper, we have

highlighted the available shear wave elastography methods

which brought effective tools that was enhanced to define new

biomarker such as anisotropy. We depicted the methods for

muscular elastic anisotropy characterization from the

simplest in 1D to the more complex in 3D.

All methods have their advantages, such low cost in 1D

elastography (Pereira et al., 2021) or full characterization in 3D

elastography (Correia et al., 2018), and drawbacks, such as the

rotation step in 2D (Gennisson et al., 2010), but all allow the

determination of tissue anisotropy. Globally, only the simplest

case of anisotropy, TI medium were examined. This anisotropy is

easily investigable in fusiform muscle such as biceps braachi.

Otherwise, muscles have diverse arrangements which are much

more complicated than parallel structures (fusiform) with

notably higher anisotropic degree, namely, circular muscles

(orbicularis oris muscle), convergent muscles (pectoralis

major) or bipennate muscle (rectus femoris), etc. Further

research on different muscle models is essential to achieve a

powerful method of 3D elastography that considers all the

possible muscle anisotropies. Finally, all available elastography

methods are unable to provide information on the orientation of

the fibers in the elevation dimension (shear waves are always

polarized in this axis of the ultrasound). This issue must be

carefully studied to improve the 3D elastic maps.

For this biomarker, anisotropy, to be clinically relevant and

usable, its quantification needs to be facilitated. For example, 2D

elastography can be used to quantify tissue anisotropy in 3D by

performing multiple recordings with various probe angle. In the

case of fusiform muscle, if the probe is placed parallel to fibers,

with a rotation around the axis defined by the ultrasound beam it

is possible to determine the fiber orientation with only shear wave

velocity measurements. However, in pennate muscle shear wave

velocity measurements must be supplemented with Bmode

acquisition in order to retrieve fiber orientation. Here 3D

rotation is definitively needed as demonstrated by Knight

et al., 2021. However, probe rotation is a major drawback and

is not applicable to a muscle with constantly changing

contraction levels. 3D elastography appears to bridge the

gap between these limitations and what is expected from

clinicians but still requires expensive device that are rarely if

ever available in a clinical setting. So the last solution would be

to use a 2D device that is fast enough to asses locally

anisotropy but limits the measurement to one point, which

can be a problem for full muscle characterization in specific

pathologies such as myopathies. Considering all these

advantages and drawbacks of these techniques, the ultimate

goal would be to find a way to quantitatively estimate muscle

anisotropy in real time in a 2D imaging plane without mowing

the probe.

5 Conclusion

Over the last 20 years, ultrasound elastography have been

massively studied and deployed in various clinical and scientific

settings. Beside stiffness, ultrasound elastography allows the

assessment of tissue anisotropy, whether by performing multiple

acquisitions using 1D or 2D elastography, or a single acquisition

using 3D elastography. Tissue anisotropy may be a very relevant

biomarker of tissue mechanical properties and could improve our

understanding of muscle adaptations during aging, training, or

diseases. Further developments should mainly focus on the

implementation of readily available ultrasound elastography

sequences that would allow clinicians and specialist to monitor

tissue anisotropy on a daily basis.

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

Frontiers in Physiology frontiersin.org07

Ngo et al. 10.3389/fphys.2022.1000612

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1000612
admin
Resaltado
link to references

admin
Resaltado
moving

Luke
Texte surligné 
Replace by brachii and not braachi

Luke
Note



Author contributions

H-H-PN, TP, JB, and J-LG contribute equally in the

conception, writing and editing of the presented manuscript.Q8

Funding

Authors would like to acknowledge their funding support:

“Agence Nationale pour la Recherche” (ANR—France) through

the grant INNOVAN (ANR-19-CE19-0017). PEDECI

BA—Uruguay and the Agencia Nacional de Investigación e

Innovacion (ANII - Uruguay) through the grant

FMV_1_2019_1_155527.Q9

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest. Q10

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.

References

Akagi, R., and Takahashi, H. (2013). Acute effect of static stretching on hardness
of the gastrocnemius muscle.Med. Sci. Sports Exerc. 45 (7), 1348–1354. doi:10.1249/
MSS.0b013e3182850e17

Akagi, R., Chino, K., Dohi, M., and Takahashi, H. (2011). Relationships between
muscle size and hardness of the medial gastrocnemius at different ankle joint angles
in young men. Acta Radiol. 53, 307–311. doi:10.1258/ar.2011.110481

Alfuraih, A. M., O’Connor, P., Tan, A. L., Hensor, E., Emery, P., andWakefield, R.
J. (2017). An investigation into the variability between different shear wave
elastography systems in muscle. Med. Ultrason. 19 (4), 392–400. doi:10.11152/
mu-1113

Alfuraih, A. M., O’Connor, P., Hensor, E., Tan, A. L., Emery, P., andWakefield, R.
J. (2018). The effect of unit, depth, and probe load on the reliability of muscle shear
wave elastography: Variables affecting reliability of SWE. J. Clin. Ultrasound 46 (2),
108–115. doi:10.1002/jcu.22534

Bercoff, J., Tanter, M., and Fink, M. (2004). Supersonic shear imaging: A new
technique for soft tissue elasticity mapping. IEEE Trans. Ultrason. Ferroelectr. Freq.
Control 51, 396–409. doi:10.1109/TUFFC.2004.1295425

Caenen, A., Knight, A. E., Rouze, N. C., Bottenus, N. B., Segers, P., and
Nightingale, K. R. (2020). Analysis of multiple shear wave modes in a nonlinear
soft solid: Experiments and finite element simulations with a tilted acoustic
radiation force. J. Mech. Behav. Biomed. Mat. 107, 103754. doi:10.1016/j.jmbbm.
2020.103754

Catheline, S., Gennisson, J.-L., and Fink, M. (2003). Measurement of elastic
nonlinearity of soft solid with transient elastography. J. Acoust. Soc. Am. 114,
3087–3091. doi:10.1121/1.1610457

Catheline, S., Gennisson, J.-L., Delon, G., Fink, M., Sinkus, R., Abouelkaram, S.,
et al. (2004). Measuring of viscoelastic properties of homogeneous soft solid using
transient elastography: An inverse problem approach. J. Acoust. Soc. Am. 116,
3734–3741. doi:10.1121/1.1815075

Chatelin, S., Correia, M., Gennisson, J.-L., Tanter, M., and Pernot, M. (2014a).
Submission A new portable probe for real-time ultrasound elastic tensor imaging in
fibrous tissues. IEEE Int. Ultrason. Symp. (IUS). Chicago, USA. doi:10.13140/2.1.
3722.4964

Chatelin, S., Bernal, M., Deffieux, T., Papadacci, C., Flaud, P., Nahas, A., et al.
(2014b). Anisotropic polyvinyl alcohol hydrogel phantom for shear wave
elastography in fibrous biological soft tissue: a multimodality characterization.
Phys. Med. Biol. 59, 6923–6940. doi:10.1088/0031-9155/59/22/6923

Chen, S., Urban, M., Pislaru, C., Kinnick, R., Zheng, Y., Yao, A., et al. (2009).
Shear wave dispersion ultrasound vibrometry (SDUV) for measuring tissue
elasticity and viscosity. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 56,
55–62. doi:10.1109/TUFFC.2009.1005

Chino, K., Akagi, R., Dohi, M., Fukashiro, S., and Takahashi, H. (2012). Reliability
and validity of quantifying absolute muscle hardness using ultrasound elastography.
PLoS ONE 7 (9), e45764. doi:10.1371/journal.pone.0045764

Chino, K., Akagi, R., Dohi, M., and Takahashi, H. (2014). Measurement of
muscle architecture concurrently with muscle hardness using ultrasound
strain elastography. Acta Radiol. 55 (7), 833–839. doi:10.1177/
0284185113507565

Correia, M., Deffieux, T., Chatelin, S., Provost, J., Tanter, M., and Pernot, M.
(2018). 3D elastic tensor imaging in weakly transversely isotropic soft tissues. Phys.
Med. Biol. 63, 155005. doi:10.1088/1361-6560/aacfaf

Eby, S. F., Song, P., Chen, S., Chen, Q., Greenleaf, J. F., and An, K.-N. (2013).
Validation of shear wave elastography in skeletal muscle. J. Biomech. 46, 2381–2387.
doi:10.1016/j.jbiomech.2013.07.033

Gennisson, J.-L., Catheline, S., Chaffaı€, S., and Fink, M. (2003). Transient
elastography in anisotropic medium: Application to the measurement of slow
and fast shear wave speeds in muscles. J. Acoust. Soc. Am. 114, 536–541. doi:10.
1121/1.1579008

Gennisson, J. L., Cornu, C., Catheline, S., Fink, M., and Portero, P. (2005). Human
muscle hardness assessment during incremental isometric contraction using
transient elastography. J. Biomech. 38, 1543–1550. doi:10.1016/j.jbiomech.2004.
07.013

Gennisson, J.-L., Deffieux, T., Macé, E., Montaldo, G., Fink, M., and Tanter, M.
(2010). Viscoelastic and anisotropic mechanical properties of in vivo muscle tissue
assessed by supersonic shear imaging. Ultrasound Med. Biol. 36, 789–801. doi:10.
1016/j.ultrasmedbio.2010.02.013

Gennisson, J., Provost, J., Deffieux, T., Papadacci, C., Imbault, M., Pernot, M.,
et al. (2015). 4-D ultrafast shear-wave imaging. IEEE Trans. Ultrason. Ferroelectr.
Freq. Control 62, 1059–1065. doi:10.1109/TUFFC.2014.006936

Hirata, K., Yamadera, R., and Akagi, R. (2020). Associations between range of
motion and tissue stiffness in young and older people. Med. Sci. Sports Exerc. 52
(10), 2179–2188. doi:10.1249/MSS.0000000000002360

Hug, F., Tucker, K., Gennisson, J.-L., Tanter, M., and Nordez, A. (2015).
Elastography for muscle biomechanics: Toward the estimation of individual
muscle force. Exerc. Sport Sci. Rev. 43, 125–133. doi:10.1249/JES.0000000000000049

Knight, A. E., Trutna, C. A., Rouze, N. C., Hobson-Webb, L. D., Caenen, A., Jin, F.
Q., et al. (2021). Full characterization of in vivomuscle as an elastic, incompressible,
transversely isotropic material using ultrasonic rotational 3D shear wave elasticity
imaging. IEEE Trans. Med. Imaging 41, 133–144. doi:10.1109/TMI.2021.3106278

Lee, W.-N., Larrat, B., Pernot, M., and Tanter, M. (2012a). Ultrasound elastic
tensor imaging: Comparison with MR diffusion tensor imaging in the myocardium.
Phys. Med. Biol. 57, 5075–5095. doi:10.1088/0031-9155/57/16/5075

Lee, W.-N., Pernot, M., Couade, M., Messas, E., Bruneval, P., Bel, A., et al.
(2012b). Mapping myocardial fiber orientation using echocardiography-based
shear wave imaging. IEEE Trans. Med. Imaging 31, 554–562. doi:10.1109/TMI.
2011.2172690

McAleavey, S., Menon, M., and Elegbe, E. (2009). Shear modulus imaging with
spatially-modulated ultrasound radiation force. Ultrason. Imaging 31, 217–234.
doi:10.1177/016173460903100401

Miyamoto, N., Hirata, K., Kanehisa, H., and Yoshitake, Y. (2015). Validity of
measurement of shear modulus by ultrasound shear wave elastography in human
pennate muscle. PLoS One 10 (4), e0124311. doi:10.1371/journal.pone.0124311

Nightingale, K., McAleavey, S., and Trahey, G. (2003). Shear-wave generation
using acoustic radiation force: In vivo and ex vivo results. Ultrasound Med. Biol. 29
(12), 1715–1723. doi:10.1016/j.ultrasmedbio.2003.08.008

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

Frontiers in Physiology frontiersin.org08

Ngo et al. 10.3389/fphys.2022.1000612

https://doi.org/10.1249/MSS.0b013e3182850e17
https://doi.org/10.1249/MSS.0b013e3182850e17
https://doi.org/10.1258/ar.2011.110481
https://doi.org/10.11152/mu-1113
https://doi.org/10.11152/mu-1113
https://doi.org/10.1002/jcu.22534
https://doi.org/10.1109/TUFFC.2004.1295425
https://doi.org/10.1016/j.jmbbm.2020.103754
https://doi.org/10.1016/j.jmbbm.2020.103754
https://doi.org/10.1121/1.1610457
https://doi.org/10.1121/1.1815075
https://doi.org/10.13140/2.1.3722.4964
https://doi.org/10.13140/2.1.3722.4964
https://doi.org/10.1088/0031-9155/59/22/6923
https://doi.org/10.1109/TUFFC.2009.1005
https://doi.org/10.1371/journal.pone.0045764
https://doi.org/10.1177/0284185113507565
https://doi.org/10.1177/0284185113507565
https://doi.org/10.1088/1361-6560/aacfaf
https://doi.org/10.1016/j.jbiomech.2013.07.033
https://doi.org/10.1121/1.1579008
https://doi.org/10.1121/1.1579008
https://doi.org/10.1016/j.jbiomech.2004.07.013
https://doi.org/10.1016/j.jbiomech.2004.07.013
https://doi.org/10.1016/j.ultrasmedbio.2010.02.013
https://doi.org/10.1016/j.ultrasmedbio.2010.02.013
https://doi.org/10.1109/TUFFC.2014.006936
https://doi.org/10.1249/MSS.0000000000002360
https://doi.org/10.1249/JES.0000000000000049
https://doi.org/10.1109/TMI.2021.3106278
https://doi.org/10.1088/0031-9155/57/16/5075
https://doi.org/10.1109/TMI.2011.2172690
https://doi.org/10.1109/TMI.2011.2172690
https://doi.org/10.1177/016173460903100401
https://doi.org/10.1371/journal.pone.0124311
https://doi.org/10.1016/j.ultrasmedbio.2003.08.008
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1000612
admin
Resaltado
PEDCIBA is one word, it should state PEDCIBA-Uruguay



Nordez, A., Gennisson, J.-L., Casari, P., Catheline, S., and Cornu, C. (2008).
Characterization of muscle belly elastic properties during passive stretching using
transient elastography. J. Biomech. 41 (10), 2305–2311. doi:10.1016/j.jbiomech.
2008.03.033

Ophir, J., Céspedes, I., Ponnekanti, H., Yazdi, Y., and Li, X. (1991a). Elastography:
A quantitative method for imaging the elasticity of biological tissues. Ultrason.
Imaging 13, 111–134. doi:10.1177/016173469101300201

Palmeri, M. L., Wang, M. H., Dahl, J. J., Frinkley, K. D., and Nightingale, K. R.
(2008). Quantifying hepatic shear modulus in vivo using acoustic radiation force.
Ultrasound Med. Biol. 34, 546–558. doi:10.1016/j.ultrasmedbio.2007.10.009

Pedreira, O., Correia, M., Chatelin, S., Villemain, O., Goudot, G., Thiebaut, S.,
et al. (2021). Smart ultrasound device for non-invasive real-time myocardial
stiffness quantification of the human heart. IEEE Trans. Biomed. Eng. 1, 42–52.
doi:10.1109/TBME.2021.3087039

Provost, J., Papadacci, C., Arango, J. E., Imbault, M., Fink, M., Gennisson, J.-L.,
et al. (2014). 3D ultrafast ultrasound imaging in vivo. Phys. Med. Biol. 59, L1–L13.
doi:10.1088/0031-9155/59/19/L1

Rouze, N. C., Wang, M. H., Palmeri, M. L., and Nightingale, K. R. (2010). Robust
estimation of time-of-flight shear wave speed using a radon sum transformation.
IEEE Trans. Ultrason. Ferroelectr. Freq. Control 57, 2662–2670. doi:10.1109/
TUFFC.2010.1740

Rouze, N. C., Wang, M. H., Palmeri, M. L., and Nightingale, K. R. (2013). Finite
element modeling of impulsive excitation and shear wave propagation in an
incompressible, transversely isotropic medium. J. Biomech. 46, 2761–2768.
doi:10.1016/j.jbiomech.2013.09.008

Rouze, N. C., Palmeri, M. L., and Nightingale, K. R. (2020). Tractable calculation
of the Green’s tensor for shear wave propagation in an incompressible, transversely
isotropic material. Phys. Med. Biol. 65, 015014. doi:10.1088/1361-6560/ab5c2d

Royer, D., Gennisson, J.-L., Deffieux, T., and Tanter, M. (2011). On the elasticity
of transverse isotropic soft tissues (L). J. Acoust. Soc. Am. 129, 2757–2760. doi:10.
1121/1.3559681

Sandrin, L., Fourquet, B., Hasquenoph, J.-M., Yon, S., Fournier, C., Mal, F., et al.
(2003). Transient elastography: A new noninvasive method for assessment of
hepatic fibrosis. Ultrasound Med. Biol. 29, 1705–1713. doi:10.1016/j.
ultrasmedbio.2003.07.001

Sarvazyan, A. P., Skovoroda, A. R., Emelianov, S. Y., Fowlkes, J. B., Pipe, J. G.,
Adler, R. S., et al. (1995). “Biophysical bases of elasticity imaging,” in Acoustical
imaging acoustical imaging. Editor J. P. Jones (Boston, MA: Springer US), 223–240.
doi:10.1007/978-1-4615-1943-0_23

Sarvazyan, A. P., Rudenko, O. V., Swanson, S. D., Fowlkes, J. B., and Emelianov, S.
Y. (1998). Shear wave elasticity imaging: A new ultrasonic technology of medical
diagnostics. Ultrasound Med. Biol. 24, 1419–1435. doi:10.1016/S0301-5629(98)
00110-0

Streeter, D. D., and Bassett, D. L. (1966). An engineering analysis of myocardial
fiber orientation in pig’s left ventricle in systole. Anat. Rec. 155, 503–511. doi:10.
1002/ar.1091550403

Streeter, D. D., Spotnitz, H. M., Patel, D. P., Ross, J., and Sonnenblick, E. H.
(1969). Fiber orientation in the canine left ventricle during diastole and systole. Circ.
Res. 24, 339–347. doi:10.1161/01.RES.24.3.339

Tanter, M., Pernot, M., Fink, M., and Gennisson, J.-L. (2016). Ultrasonic method
and device for characterizing weak anisotropic media, and ultrasonic probe assembly
for such a characterization device. Patent, US, 0345938.

Urban, M.W., and Greenleaf, J. F. (2009). A Kramers-Kronig-based quality factor
for shear wave propagation in soft tissue. Phys. Med. Biol. 54 (19), 5919–5933.
doi:10.1088/0031-9155/54/19/017

Urban, M. W., Chen, S., and Greenleaf, J. F. (2009). Error in estimates of tissue
material properties from shear wave dispersion ultrasound vibrometry. IEEE Trans.
Ultrason. Ferroelectr. Freq. Control 56, 748–758. doi:10.1109/TUFFC.2009.1097

Urban, M. W., Qiang, B., Song, P., Nenadic, I. Z., Chen, S., and Greenleaf, J. F.
(2015). Investigation of the effects of myocardial anisotropy for shear wave
elastography using acoustic radiation force and harmonic vibration. IEEE Int.
Ultrason. Symp. (IUS) (Taipei, Taiwan. doi:10.1109/ULTSYM.2015.0154

Wang, M., Byram, B., Palmeri, M., Rouze, N., and Nightingale, K. (2013). Imaging
transverse isotropic properties of muscle by monitoring acoustic radiation force
induced shear waves using a 2-D matrix ultrasound array. IEEE Trans. Med.
Imaging 32, 1671–1684. doi:10.1109/TMI.2013.2262948

Zemła, J., Iyer, P. S., Pyka-Fościak, G., Mermod, N., and Lekka, M. (2021).
Rheological properties of skeletal muscles in a Duchenne muscular dystrophy
murine model before and after autologous cell therapy. J. Biomech. 128, 110770.
doi:10.1016/j.jbiomech.2021.110770

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

Frontiers in Physiology frontiersin.org09

Ngo et al. 10.3389/fphys.2022.1000612

https://doi.org/10.1016/j.jbiomech.2008.03.033
https://doi.org/10.1016/j.jbiomech.2008.03.033
https://doi.org/10.1177/016173469101300201
https://doi.org/10.1016/j.ultrasmedbio.2007.10.009
https://doi.org/10.1109/TBME.2021.3087039
https://doi.org/10.1088/0031-9155/59/19/L1
https://doi.org/10.1109/TUFFC.2010.1740
https://doi.org/10.1109/TUFFC.2010.1740
https://doi.org/10.1016/j.jbiomech.2013.09.008
https://doi.org/10.1088/1361-6560/ab5c2d
https://doi.org/10.1121/1.3559681
https://doi.org/10.1121/1.3559681
https://doi.org/10.1016/j.ultrasmedbio.2003.07.001
https://doi.org/10.1016/j.ultrasmedbio.2003.07.001
https://doi.org/10.1007/978-1-4615-1943-0_23
https://doi.org/10.1016/S0301-5629(98)00110-0
https://doi.org/10.1016/S0301-5629(98)00110-0
https://doi.org/10.1002/ar.1091550403
https://doi.org/10.1002/ar.1091550403
https://doi.org/10.1161/01.RES.24.3.339
https://doi.org/10.1088/0031-9155/54/19/017
https://doi.org/10.1109/TUFFC.2009.1097
https://doi.org/10.1109/ULTSYM.2015.0154
https://doi.org/10.1109/TMI.2013.2262948
https://doi.org/10.1016/j.jbiomech.2021.110770
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1000612

	Anisotropy in ultrasound shear wave elastography: An add-on to muscles characterization
	1 Introduction
	2 Shear wave propagation in transverse isotropic medium
	3 Anisotropy quantification by elastography methods
	3.1 1D elastography
	3.2 2D elastography
	3.2.1 Transient elastography
	3.2.2 Supersonic shear Imaging
	3.2.3 Shear wave ultrasound vibrometry
	3.2.4 Acoustic radiation force impulse—shear wave speed

	3.3 3D elastography

	4 Discussion
	5 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References




