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Abstract

:

Ultrasound elastography (USE) or elastosonography is an ultrasound-based, non-invasive imaging method for assessing tissue elasticity. The different types of elastosonography are distinguished according to the mechanisms used for estimating tissue elasticity and the type of information they provide. In strain imaging, mechanical stress is applied to the tissue, and the resulting differential strain between different tissues is used to provide a qualitative assessment of elasticity. In shear wave imaging, tissue elasticity is inferred through quantitative parameters, such as shear wave velocity or longitudinal elastic modulus. Shear waves can be produced using a vibrating mechanical device, as in transient elastography (TE), or an acoustic impulse, which can be highly focused, as in point-shear wave elastography (p-SWE), or directed to multiple zones in a two-dimensional area, as in 2D-SWE. A general understanding of the basic principles behind each technique is important for clinicians to improve data acquisition and interpretation. Major clinical applications include chronic liver disease, breast lesions, thyroid nodules, lymph node malignancies, and inflammatory bowel disease. The integration of artificial intelligence tools could potentially overcome some of the main limitations of elastosonography, such as operator dependence and low specificity, allowing for its effective integration into clinical workflow.






Keywords:


ultrasound elastography; elastosonography; shear-wave elastography












1. Introduction


Elasticity is a mechanical property of tissues that is vitally linked to their microstructure, function, and pathology [1]. In biological tissues, elasticity mainly depends on the composition of the extracellular matrix, which is affected by aging and the development of diseases [2]. Therefore, a pathological process that alters the structure and composition of tissue also affects its elasticity. Intuitively, this is why clinical palpation is still an essential tool for the detection of the disease during physical examination [3].



Elasticity cannot be measured directly using conventional imaging methods; however, several techniques have been developed to obtain an indirect quantitative estimate of this important parameter [1]. Ultrasound elastography (USE) is a promising non-invasive imaging technique that exploits the physical principles and properties of ultrasound to assess the elasticity (or, conversely, the stiffness) of different biological tissues for diagnostic purposes [4,5]. The physical principles at the base of ultrasound imaging can be found here [6].



In the first section of this article, we propose a step-by-step introduction to the basic principles of USE, beginning with the definition of elasticity and its main equations, with the help of some simplified models. Since this article targets clinicians and residents, we avoided differential notation in the equations. We are aware of several limitations to our description, from a formal standpoint. Still, we have tried to achieve a good balance between correctness and ensuring the accessibility of this content for people without advanced mathematical knowledge.



In the second part, we provide a concise overview of the main clinical applications, focusing on the liver, breast, thyroid, lymph nodes, and bowel. For each application, we report some evidence to illustrate how USE could successfully integrate B-mode ultrasound to enhance diagnostic performance [7,8].



USE has many of the advantages of standard ultrasound examination that have contributed to its popularity in recent decades: it is safe, inexpensive, widely available, and quick to perform. However, elastography also inherits important limitations, first of all, its low specificity and operator dependence, which have hindered its large-scale implementation in clinical practice [7,8].



In this landscape, therefore, for each application we finally present some recent evidence of how artificial intelligence, when applied to elastosonography measurements, could partially overcome these limitations, thereby improving its diagnostic performance and effective integration into the clinical practice.




2. Principles of Ultrasound Elastography


The physical principles of the USE are complex: for general, introductory articles, see [5,7]; for intermediate-level reviews, see [9,10]; in-depth accounts can also be found elsewhere [11,12].



2.1. Definition of Elasticity


Since elastosonography is essentially elasticity imaging, it is worth commencing with a definition of elasticity.



In material mechanics, the elasticity of a material is the property that describes its tendency to resume its original size and shape after being subjected to a deforming force, or stress [13,14]. A more detailed account of the elastic properties of tissues may be found in an earlier work [14]. Rubber is an example of a material with the property of being elastic at a high grade.



The opposite of elasticity is plasticity, which is the propensity of a solid to undergo largely irreversible changes in shape, in response to applied forces (for example, clay). In the real world, most materials present a mixture of elastic and plastic properties.



Conversely, stiffness is also defined as the opposite of elasticity and is the ability of a body to oppose the elastic deformation caused by an applied force [13]. Thus, elasticity and stiffness do not describe different properties, but instead convey the same underlying property of “being elastic” from opposite perspectives: a tissue that provides high elasticity has low stiffness (rubber), while a tissue that has high stiffness has low elasticity (steel).




2.2. Longitudinal Elasticity and Young’s Modulus (YM)


In elasticity imaging, researchers are interested in knowing a particular quantity, called Young’s modulus (YM), which expresses the tissue property of their topic of interest, namely, its elasticity. Elastosonography techniques are essentially differentiated on the basis of how they estimate this quantity [7,8].



If an elastic body is not free to move when it is subjected to an external force, it deforms and develops a force that opposes the deformation. Hooke’s law describes the behavior of an elastic spring subjected to a force, F, longitudinally, either in traction or compression (Figure 1) [13]. Hooke’s law states that an elastic body undergoes a deformation that is directly proportional to the force applied to it:


  F = −  k  E     ⋅ Δ  l x   



(1)




where  F  is the force of retraction of the spring that is equal and opposite to the applied force,   Δ  l x    represents the elongation undergone by the spring along the  x -axis (we suppose that the deformation occurs only in one dimension), and    k E    represents the longitudinal elasticity coefficient, which depends upon the nature of the material itself and is dimensionally expressed as     [ N ⋅  m  − 1   ]     . This law is valid, of course, within certain limits, beyond which the body loses the capacity to return to its original shape (elastic behavior) and becomes permanently deformed (plastic behavior).



The formulation of Hooke’s law in Equation (1) is useful to describe the deformation of a spring that is stressed longitudinally, in traction or compression, along the  x -axis, but it does not fit well with more complex models.



Hereafter, we present a more general formulation of Hooke’s law (Equation (2)) that uses two vector quantities, the stress and the strain [8,13]:


      σ = E ⋅  ε l   



(2)




where  σ  represents the stress applied,    ε l    represents the strain, and  E  is a constant, known as Young’s modulus (YM) [8,9,10,11,12,13,14], which simply represents the deformation resistance along the axis of stress. Similarly to the    k E    in Equation (1), YM relies on the intrinsic characteristics of the body.



Stress is defined as the ratio between the applied force, F, and the surface, A, on which the force is applied [9,14]:


  σ =  F A  .  



(3)







Its unit of measure is the Pascal, dimensionally defined as     N /  m 2     .



The longitudinal strain    ε l    is defined as the ratio between the change in length and the initial length [9,14]:


   ε l  =    l f  −  l i     l i    =   Δ l  L   



(4)




where    l f    is the final length and    l i    is the initial length (or  L ). The strain, unlike the displacement,   Δ  l x   , in Equation (1), is a dimensionless quantity.



Although Equations (1) and (2) look similar, they are not equivalent (see Figure 2).



In Equation (2), Young’s modulus ( E ) appears in place of the longitudinal coefficient of elasticity (   k E   ). YM expresses the relationship between the longitudinal stress and the longitudinal deformation (strain), in the case of uniaxial load conditions and in the case of the fully elastic behavior of the material:


  E =  σ ε  .  



(5)







As previously stated, YM describes the property of the tissue that is of most interest to us, that is, the way in which it reacts to external mechanical stress. Unlike the longitudinal elasticity coefficient, the accepted measurement unit of YM in the International System is the Pascal     N /  m 2     .



For a homogeneous isotropic solid, the relation between the stress and the strain can be considered to be linear for small changes (i.e., for strains of less than a few percent); thus, the ratio E is a constant [10]. With the stress increasing from zero, the strain increases rapidly and the elastic modulus becomes progressively greater with the increasing strain [10].



A further complication is that tissue may be viscoelastic, and this issue will be discussed in the next sections.




2.3. Shear Wave and Shear Modulus (G)


Ultrasounds propagate via compression and rarefaction waves, longitudinally, and via shear waves, in which the particles propagate orthogonally to the direction of the ultrasound beam [6,10,13] (Figure 3). The other principal wave modes are surface and plate waves; however, these are hardly relevant to ultrasound propagation in biological soft tissues and, therefore, are not given further consideration here [10].



Shear waves are at the basis of shear wave elastography (SWE) methods, in which the physical quantity of interest is the shear wave speed, measured in [m/s]. Young’s modulus of elasticity (E) may then be derived from the shear wave velocity, knowing the relationship between the shear modulus (G) and the elastic modulus (E), using the assumptions of the constant density, homogeneity, isotropy, and incompressibility of the material [7,8,9].



To understand the mechanisms underlying shear wave elastography, we consider a cylindrical model, which represents a portion of tissue. Until now, we have only considered the deformation that occurs along the force axis (longitudinal strain); however, in the absence of volume variations, a cylindrical object becomes thinner and wider when compressed (Figure 4).



For this cylinder, it is possible to calculate not only the longitudinal strain,    ε l   , but also the transverse strain,    ε t   . The percentage change in the radial direction,    ε t   , is called the transverse strain and, analogously to the longitudinal strain in Equation (2), is defined as reported previously [5,7,10,14]:


   ε t  =   Δ r  R   



(6)




where   Δ r   represents the change in width and  R  represents the initial radius.



Since the two components act together, it is possible to calculate the ratio between the longitudinal and transverse deformations. This ratio is named Poisson’s ratio and is indicated by the Greek letter  ν  (“ni“) [5,7,10,14]:


  ν =    ε l     ε t    .  



(7)







The Poisson ratio is important as it represents the degree to which the material shrinks or expands transversely in the presence of longitudinal stress (see Figure 5) [5,7,9,10]. In the case of a virtually incompressible material, it has a value equal to 0.5 [5,7]. This is important because biological tissues react to compression more similarly to our cylinder than to the spring in Figure 1.



In the cylinder example, we considered transverse strain as being the result of longitudinal compression, and that model is important to understand how the two types of deformations are related. However, it is possible to consider a simplified model in which the transverse strain is produced by a force that acts tangentially to the direction of displacement; in this case, we may speak more properly of shear stress (Figure 6). Similar to the calculations for YM, it is possible to describe a quantity, which we define as G, to indicate the shear modulus [5,7,9,10]. The equation is:


   σ   = G      ε t           



(8)




where    σ     is the tangential (or shear) stress,  G  is the shear modulus, and    ε t    represents the shear strain (i.e., the percentage of transverse displacement).



The two elastic moduli, E and G, are interrelated. The shear modulus, G, can be derived through the longitudinal modulus, E, and the Poisson’s ratio:


  G =  E  2   1 + ν     ,  



(9)




which, by making E explicit, becomes:


  E = 2 G   1 + ν   .  



(10)







Due to the high water content of biological tissues, the Poisson’s ratio is near 0.5, from which [5,7]:


  E ≃ 3 G .  



(11)







Finally, since biological tissues are not exactly incompressible, we must introduce a third modulus of elasticity, called the bulk modulus (Figure 7), which is a measure of how the volume changes under pressure [5,7,10]:


  K =  σ   ε v     



(12)




where    ε v  = Δ V / V   and represents the volume strain.



These three elastic modules are important, not only because they define the deformation of a material subjected to a stress but also because they influence the speed of propagation of mechanical waves in the medium [5,7,9,13,14]. For soft materials, such as rubber or biological tissue, where the bulk modulus is much higher than the shear modulus, Poisson’s ratio is nearly 0.5 [5,7,14].



For a sound wave propagating through biological tissue, which have mechanical properties halfway between solids and liquids, the parameter K allows us (better than parameter E) to estimate the longitudinal propagation speed,      c l   , which is given by:


   c  l     =    K ρ    ,  



(13)




where  ρ  represents the density of the medium [5,7]. For soft tissues, K must range from about 1800 MPa in fat to about 2800 MPa in muscle [10].



If we consider the speed of the waves propagating in the transverse direction (shear waves), the notation becomes:


   c  s     =    G ρ    ,  



(14)




where  ρ  represents the density of the medium [5,7].



According to Equations (13) and (14), the greater the value of K or G (the stiffer the medium is), the faster the waves will propagate [5].



The shear wave velocity in soft tissues is significantly lower (1–10 m/s) than the longitudinal wave velocity and covers a wider range of values. However, in soft tissues, the longitudinal wave velocity is usually approximated to 1540 m/s, comparable to sound velocity in water (1500 m/s), with minimal changes between the different tissues (ranging from 1412 m/s in fat to 1629 m/s in muscle) [10].



This fact has important implications in terms of USE because the differences in the shear wave velocity between soft tissues can be used to obtain information on the elasticity between different tissues, with good contrast resolution [5,7].




2.4. Viscoelastic Models


Until now, we have considered biological tissues as soft solids that are characterized by perfectly elastic behavior, without considering the viscous components. However, since biological tissues are highly hydrated, internal friction forces cannot be neglected [10]. Ignoring the viscosity introduces errors and biases in the context of elasticity estimates [15]. Since biological tissues contain both elastic and viscous components, they are called viscoelastic media.



When shear stress is applied to a fluid, instead of deformation (as with the solid in Figure 6), it produces sliding of the various layers of fluid [13]. This sliding is hindered by internal frictional forces, a property known as viscosity. The dynamic viscosity of a fluid is a measure of its resistance to flow when tangential stress is applied, and this is due to the adjacent layers of fluid moving at different speeds. Shear elasticity in solids and viscosity in fluids are somehow interconnected, but there are differences. Viscosity is a property that manifests itself in a liquid and concerns the speed with which a stress is exerted.



Figure 8 illustrates the concept of viscosity and highlights the similarities with shear strain in a solid.



Shear wave velocity is determined by both elasticity and viscosity [15].



The model presented in Figure 9 (the Kelvin–Voigt model) is used to describe the behavior of solid viscoelastic media. Where the velocity of the applied force is very slow, the effect of viscosity can be ignored. Conversely, if high-frequency vibration is applied, the viscous component will have a greater effect, the magnitude of which will depend on the frequency.



When the Kelvin–Voigt model is used, the following equation is derived to establish the speed of a transverse wave, instead of Equation (14) [5,15,16]:


   c s   ω  =     2 [ G    2  +  ω 2   μ    2   ]   ρ [ G +    G 2  +  ω 2   μ 2  ]       ,  



(15)




where G is the shear modulus,  μ  is the dynamic viscosity coefficient, and ω is the angular frequency of vibration [15].



Therefore, (1) SWV is determined by both elasticity and viscosity [15,16], and (2) SWV increases at the rate of the square root of the frequency; the higher the frequency, the faster the speed [5,15,16].



In biological tissue characterization applications, G is often in the order of a few thousand and μ is often less than 10. Thus, for a purely elastic material, or when the wave frequency is very low (less than a few Hz), the viscous component can be omitted; the SWV is constant over all frequencies and can be obtained via Equation (14) [15,16].



However, for viscoelastic media, especially when the frequency is very high (higher than a few tens of kHz), the shear wave speed increases monotonically with frequency [15,16,17]. Not only does the velocity increase with the frequency but also the velocity dispersion caused by the viscosity occurs during wave propagation, when the frequency is high in the soft tissues [5,15,16,17].





3. From Basic Physics to Imaging


3.1. From Elasticity to Strain Imaging


Since elasticity concerns the material’s resistance to deformation, the application of an external force is required to measure it: this, in very simple terms, is the underlying principle of strain imaging, which extracts information on tissue elasticity by exploiting the deformation induced by external stress [5,7]. Strain imaging was the first type of ultrasound-based elastography, developed in the 1970s by Dr. Jonathan Ophir [18].



It is divided into two different techniques, according to the modality of the compression [5].



In strain elastography (SE), compression is applied (usually to the skin surface) directly through manual compression or, indirectly, through the heart pulse or respiratory movements [5,7,10,19]. In freehand compression, the ultrasound probe takes on the dual functions of a transducer and a mechanical actuator [19]. The operator manages the transducer to produce a quasi-static load with a compressive stress of up to 3–5% [5]. Force is applied for a length of time that is sufficiently long for the induced tissue strains to effectively become stabilized (quasi-static) [10].



In Acoustic Radiation Force Impulse (ARFI) strain imaging, the tissue deformation is produced through a short-duration (0.1–0.5 ms) high-intensity (spatial peak pulse average = 1400 W/cm2, spatial peak temporal average = 0.7 W/cm2) acoustic “pushing pulse” that produces a small displacement (~10–20 μm) in the normal direction (i.e., perpendicular to the surface) [2,20,21,22]. In this technique, the same transducer is used to generate and analyze tissue displacement.



In theory, YM could be derived from Equation (2), knowing the stress and strain. However, since the stress that is applied manually or physiologically is not quantifiable, SE cannot provide quantitative elasticity measurements of YM, expressed in kPa [23]. However, assuming that the stress that is exerted is uniform, strain imaging provides qualitative information concerning tissue elasticity by comparing the different strains of the insonified adjacent tissue [7,23]. The differential displacement between the adjacent tissues can be evaluated via different techniques, depending on the manufacturer, including spatial-correlation methods, Doppler processing, or a combination of these two methods [5,7,9].



In the spatial correlation method, the strain is inferred from an analysis of the images before and after compression, and by mapping the differences in the speckle pattern within a region of interest (ROI) along the beam axis [5,7,9,24]. Even if it has currently been replaced by other mechanisms, this method is useful for understanding the underlying general principles [5,7,9,24].



In Figure 10A–D is presented a simplified model of its inner workings.



Assuming that the tissue has a purely elastic behavior and that the displacement occurs only in the longitudinal direction, this deformation can be approximated with a one-dimensional spring model (Figure 10A). Before the compression (a), 4 different points (named P1–P4), located at different depths (z), are identified on the spring. After the compression (b), each point is displaced downward (δ), with the more superficial showing a greater displacement than the deeper ones (δ1 > δ2, δ2 > δ3,…). Intuitively, the displacement is maximum for a point located at the free end of the spring (on the skin) and is virtually zero for a point located at the anchor end. The graph in Figure 10A(c) represents the relationship between the depth (z) and the displacement (δ). The slope of the line expresses the coefficient of elasticity, an intrinsic characteristic of the medium.



Figure 10B shows three spring models, representing biological tissues with different elasticity. Before compression occurs, they have the same initial length (Z), represented with the dotted gray silhouette superimposed. Assuming the stress exerted (red arrows) to be identical, the tissue on the left (blue spring) demonstrates the greatest stiffness, the tissue in the middle (green spring) has intermediate stiffness, and the one on the right (red spring) is the most elastic. In each spring, we depicted four representative points (yellow dots) which were virtually aligned before the compression. The three graphs in the second row represent the relationship between the initial depth of the points and the displacement obtained. Again, the slope of the corresponding graph (same color as the spring) expresses the coefficient of elasticity; it is higher for the blue spring and lower for the red spring.



In Figure 10C, in place of the spring, a speckle pattern is represented along the main axes. The ultrasound beam passes through tissues with different elasticity: points A and B are located in a more elastic part of the tissue (in red), while points C and D are located in a stiffer area (in blue). The system correlates the position of the speckles before and after the compression. For each part of the tissue, the strain (ε) is inferred by considering the differential displacement (displacement in relation to the depth). As is evident, points A and B are displaced proportionally more than points C and D. The strain of the soft tissue (εsoft) is higher than the strain of the hard tissue (εhard). The graph in the bottom right shows the relationship between depth and displacement for different areas of the tissue: this is the result of the combination of two graphs with different slopes, with a stiffer central part and two more elastic parts at the ends.



In Figure 10D, the stiffer area is represented by a nodular lesion (in blue). The two graphs on the right represent the relationship between the strain (ε) (upper graph) and the elastic modulus (E) (lower graph) and the depth (z). Note that there are no units of measurement in the graphs, as the estimate is qualitative (stress is not quantifiable).



The mechanism explained in Figure 10 works as long as the strain is extremely slight, and the window moves while maintaining its speckle pattern. We only consider the displacement in the direction of propagation of the ultrasound beam.



The autocorrelation-based method is the preferred estimator used without considering the lateral displacement [24]. However, each region of interest (ROI) also moves in the transverse direction due to the lateral deformation of the tissues; therefore, an adjustment is needed to estimate the displacement accurately in both the longitudinal and transverse directions.



In the Doppler-based method [5,7], the phase difference between the echo signals obtained by transmitting repeated pulses before and after compression is detected, and an autocorrelation method is used to calculate the displacement [5].



The methods described so far are not suitable for real-time processing because of the amount of computation time required. Concerning their practical application in the clinical setting, since the fluctuations in compression speed are large when manual compression is used, a high degree of accuracy is required to accommodate small displacements. More recently, some authors have developed a new tool, called the combined autocorrelation method (CAM), which combines the merits of the spatial correlation method and phase differences detection [5,24].




3.2. Visualizing SI information


In strain imaging, elasticity information can be displayed in many ways [8].



The main modality is a semi-transparent color map, called an elastogram, which is represented as if superimposed on a B-mode image. Typically, high stiffness is displayed in blue, and low stiffness is displayed in red, although the color scale may vary, depending on the manufacturer or personal preferences [8,23,25,26,27].



In strain imaging, the results may also be expressed through semi-quantitative parameters. The strain ratio is a parameter that is normally used to compare the stiffness of a discrete mass lesion with the adjacent tissue. In the strain ratio, two regions of interest (ROI) are drawn on the target region and an adjacent (usually normal) reference region that is experiencing similar stress. Then, the strain ratio is automatically calculated by the machine as the mean strain in the reference (B), divided by the mean strain in the “lesion” (A) [8,23]. Both ROIs should be placed at the same depth.


  S t r a i n   R a t i o     B / A   =   M e a n   s t r a i n   o f   f a t   a r e a    B    M e a n   s t r a i n   i n   l e s i o n   o f   i n t e r e s t    A    .  











A strain ratio > 1 usually indicates that the target lesion compresses less than the normal reference tissue, thus indicating lower strain and greater stiffness (or lower elasticity) [8,23]. The usefulness of this index emerges, for example, for the evaluation of nodular lesions in which the probability of malignancy increases as the deformation ratio increases [24].



Many elasticity scores or grading systems have been proposed to qualitatively classify the elastography color patterns in a wide spectrum of disease processes, including breast imaging [27], thyroid nodules [28,29], and bowel inflammatory disease [30].



The fat-to-lesion strain ratio is the strain ratio between fat and a lesion [31].



Finally, the elastography-based maximum size of the lesion can be compared with the corresponding B-mode image and can be expressed as a ratio as well [32].



A good practical guide written by experts in the field on how to perform deformation elastography is available in a previous work [23].




3.3. From Shear Waves to Shear Wave Imaging


Shear wave imaging focuses on the shear waves created by mechanical excitation in solids, in which the particles move perpendicularly to the direction of propagation [1,9,15]. As previously mentioned, the propagation speed of the shear waves in soft tissue is several orders of magnitude slower than the speed of sound waves in soft tissue, and ranges from 1–10 m/s, compared to 1540 m/s. For this reason, measurement of the shear wave speed is suitable for producing a good contrast resolution for soft tissues. In shear wave imaging, Young’s modulus, E, is calculated from the shear wave speed. Starting from Equation (9) and by making G explicit, we obtain:


  G = ρ  c s 2  .  



(16)







However,   E ≃ 3 G    (Equation (11)), from which we derive:


  E = 3 ρ  c s 2  ,  



(17)




where the measurement of    c s     allows the estimation of  E  and  G . Density  ρ  has units in kg/m3 and    c s     has units in m/s; therefore,   ρ  c s 2    is dimensionally defined as [kg/(m·s2)], which is equivalent to [N/m2] or [kPa], that is, the units of measurement of  E  and  G . A recent consensus advocates reporting the results as shear wave velocity (SWV) in terms of m/s, as part of a standardized approach [5,33].



From a technical point of view, the calculation of the shear wave speed makes use of so-called time-of-flight (TOF) methods, which perform a linear regression of the wave time arrival with respect to different positions [5,33]. The TOF indicates the measurement of the time taken by an object, a particle, or a wave to travel a certain distance in a given medium; knowing the distance between the two points and the time taken to travel that distance, it is possible to derive the speed.



In shear wave elastography (SWE), the shear wave speed within a location of interest is derived by cross-correlating the time profiles of the shear wave-induced displacement at two neighboring points. Starting from the comparison of these profiles, a mathematical function yields the time taken for the shear wave to travel between the two points, then the shear wave speed is obtained by dividing the distance between the two points by the transit time [5,33]. TOF-based methods employ assumptions about tissue behavior to generate an estimate of the shear wave velocity, including local homogeneity and a known direction of propagation [5,33].



As with strain imaging, shear waves can be generated by different sources, including external vibration and the acoustic radiation force [5,7]. There are currently two technical approaches for SWE: one-dimensional transient elastography (1D-TE) [5,7,34,35] and acoustic radiation force impulse (ARFI) shear wave elastography [5,7,21,36,37,38]. The first commercially available ultrasonic shear wave measurement system was the FibroScanTM (Echosens, Paris, France), which uses the probe as a mechanical actuator [5,34]. The probe produces a controlled mechanical excitation through a piston that punches the surface of the body at a known frequency and amplitude; it is integrated with an ultrasonic transducer to monitor the impulse of the shear waves generated by the piston. This method was designed specifically to measure liver stiffness and does not provide a 2D guide for the operator; it is similar to A-mode imaging. Therefore, the sampling relies on the operator’s knowledge of the gross anatomy of the liver. The analysis of the echo pattern along the A-line allows adjustment of the acoustic window, avoiding the suboptimal ones due to the interference of vascular structures or other causes.



In ARFI-based SWE, an acoustic impulse is used to generate shear waves. Unlike ARFI strain imaging, the tissue displacement itself is not measured; instead, the velocity of the shear waves, which propagate perpendicularly to the direction of the ultrasound beam, is measured. YM can then be derived.




3.4. Visualizing SWE Information


In transient elastography (TE), the ultrasound transducer has a fixed focal configuration; the same probe is used to generate the vibrating stress and to measure the shear wave velocity along the main axes. The FibroScanTM device displays the elastogram, which represents the strains induced in the liver by shear wave propagation as a function of time and depth. An A-mode and M-mode are provided as well, for quality checks of the measurement. The equivalent stiffness in [kPa] is derived from the SWV and can also be visually assessed according to the slope of the elastogram [35].



The lack of a grayscale B-mode makes it difficult to understand where the measurement is performed [35,39]. Other limitations concern the need to recalibrate the spring in the device, at intervals of 6 to 12 months (depending on the type of probe), the reduced feasibility in cases of obesity, and the impossibility of employing the device in patients with ascites [7,39].



ARFI-based SWE is divided into point SWE (pSWE) and two-dimensional SWE (2D-SWE). In pSWE, an ARFI is used to induce tissue displacement in the normal direction in a single focal location (therefore, it is named “point” SWE) [5,36]. SWV may be reported either in [m/s] or converted in [kPa], to provide a quantitative estimation of tissue elasticity. Unlike TE, p-SWE may be performed on a conventional ultrasound device; B-mode image guidance is possible during the measurement since the same probe is used to both generate the shear waves and detect their propagation [5,7,33,36].



In pSWE (Figure 11), the tissue region interrogated by a single, highly focused ultrasound beam is narrow because the shear waves are rapidly attenuated by the internal frictional forces, as they propagate from the excitation region. To derive tissue stiffness over a larger ROI, data from multiple pushes must be combined; this is the basis of two-dimensional shear wave elastography (2D-SWE) [5,7].



The technique of 2D-SWE is the latest technological innovation that uses acoustic radiation force to assess tissue elasticity (Figure 12). First, 2D-SWE alternates the multiple perturbations and reading phases, enabling an image of the shear wave speed for analyzing a larger tissue sample. Instead of a single focal location, multiple focal zones are interrogated in rapid succession, faster than the shear wave speed. The need to transmit multiple pulses in sequence to synthesize a single elastographic image results in an increase in the acquisition time. To achieve a larger ROI without increasing the acquisition time, some devices transmit multiple thrust beams at the same time, each constituting an independent source of shear waves [5,7,33]. As they propagate, the wavefronts generated by each thrust eventually meet and pass through each other. The combined wavefronts can assess a much larger region of tissue in a single transmission event. This creates a near-cylindrical shear wave cone, allowing the real-time monitoring of shear waves in the transverse direction for the measurement of shear wave speed and the generation of quantitative elastograms [5,10,33].



In 2D-SWE, a TOF algorithm is used to estimate the local shear wave speed at every location in the shear wave elastography ROI [33]. The speed within a location of interest is derived by correlating the displacement induced by the shear waves at two neighboring points. The cross-correlation function also provides the correlation coefficient, which is used to assess the quality of the measurement.



The quality of the measurement is important in clinical practice [40]. Some vendors provide a color-coded “confidence map” that helps the operator to visually assess the quality of the acquired signals in real time [40] (Figure 13). In this viewing modality, the operator can easily work with the split-screen modality. On one side, the confidence map displays an ROI that is identical to the one of the elastogram, which chromatically represents the quality of the measurements. On the other side, the elastogram provides a chromatic map of elasticity values according to the confidence map, but the filtering thresholds are filtered out and, thus, appear transparent, showing the areas below the threshold. The operator can easily compare the confidence map and the elastogram to select the most suitable tissue areas for the sampling, improving the quality of the examination (Figure 13).



Compared to pSWE and TE, this technique includes the real-time visualization of a color elastogram, superimposed on a B-mode image, enabling the operator to be guided by both anatomical and tissue stiffness information [7,39,40]. The optimal depth for sampling is considered to be 4–5 cm from the skin; although most vendors allow measurements up to 8 cm from the transducer, it is proven that the accuracy decreases below 6 cm because of the attenuation of the ARFI pulse [7].



Figure 14 summarizes the different types of USE and some of the commercial devices that are currently available.





4. Examples of Clinical Applications and Artificial Intelligence Integration


4.1. Liver


Ultrasound elastography has been applied in the staging of liver fibrosis more extensively, compared to other clinical settings. Chronic liver disease results in the development of collagen deposition and hepatic fibrosis, leading to increased parenchymal stiffness. Although biopsy is the gold standard for staging liver fibrosis, it is an invasive method that presents some limitations, including some variability between observers [39]. Many clinical guidelines recommend USE as a noninvasive imaging technique for the non-invasive detection and staging of liver fibrosis [39,40,41,42].



TE was the first modality to be applied systematically and was quickly established as the point-of-care technology for the non-invasive quantitative assessment of liver fibrosis, although it presents some limitations [41,42,43]. The feasibility and results of the p-SWE and 2D-SWE techniques have been extensively investigated and the recommended protocols are reported in the reference guidelines [41]. In addition, the SWE techniques showed excellent reproducibility, provided that the recommendations of the manufacturer and expert recommendations are followed [39].



For example, in patients with chronic viral hepatitis, SWE is the preferred method for first-line assessment for the severity of liver fibrosis in untreated patients and to rule out advanced disease; however, it cannot be used to stage liver fibrosis or rule out cirrhosis in patients with a sustained viral response, due to the loss of accuracy of the cutoffs defined in viremic patients [39].



Measurements are usually taken with the patient holding their breath for a few seconds on a medium apnea, while supine, or slightly rotated in the lateral decubitus, with the right arm raised above the head. Sampling is conducted in the right lobe of the liver. When using SWE techniques, ARFI should be applied perpendicular to the hepatic capsule, to a depth of 4–5 cm deep, ensuring that the ROI and the immediately adjacent areas are free of vascular and biliary structures, along with the rib shadows [5,39]. A detailed account of the main limiting factors can be found in the main reference guidelines [39,41].



With the availability of antiviral therapies, chronic viral hepatitis is slowly but progressively decreasing its burden of disease in favor of non-alcoholic fatty liver disease (NAFLD) as the leading cause of chronic hepatitis in the world and is an emerging issue in public health [44]. NAFLS includes a wide range of conditions, from simple steatosis to nonalcoholic steatohepatitis (NASH).



USE plays a promising role in the non-invasive assessment of these patients [39]. Among the different techniques, SWE showed superior performance in the assessment of liver fibrosis in NAFLD patients and can be used to rule out advanced fibrosis and select patients for further assessment [39,45]. Much effort is directed toward the potential application of USE in patient screening for the quantitative assessment of patients with simple steatosis, in order to perform risk stratification and ensure follow-up.



The controlled attenuation parameter (CAP), expressed in decibels per meter (dB/m), describes the decrease in the amplitude of the ultrasonic signal in the liver and correlates with the degree of hepatic steatosis [46,47]. Its accuracy is not influenced by fibrosis or cirrhosis [39,48]. It is available as an add-on tool in the latest version of the FibroScan 502 Touch System and is considered a standardized and reproducible point-of-care technique that is suitable for detecting fatty liver disease [39]. However, since there is a large overlap between the adjacent grades, there are no reference consensual cut-offs, and quality criteria have not yet been established [39]. Combinational elastography is a new imaging technique available on the Fujifilm Arietta 850 that combines strain and shear wave elastography for the quantification of liver fibrosis and steatosis, which could partially overcome some of the traditional limitations of the studies in this field [39,49].



Artificial intelligence could potentially assist quantitative ultrasound imaging data analysis and integration for the assessment of liver fibrosis and steatosis, aiming to develop individualized classifications and predictive models. However, to date, only a few studies have applied AI in this context [50].



A large recent prospective multicenter study was conducted to assess the accuracy of a deep learning (DL) model in patients with chronic hepatitis B, using 2D-SWE elastograms instead of the traditional 2D-SWE approach, aspartate transaminase-to-platelet ratio index, and fibrosis index, and using liver biopsy as the reference standard [51]. The DL-based model shows the best overall performance in predicting liver fibrosis stages, compared with 2D-SWE and biomarkers; its diagnostic accuracy improved as more images (especially ≥ 3 images) were acquired from each individual [51].



A recent study by Destrempes et al. aimed to develop a quantitative B-mode ultrasound and elastography-based model to improve the classification of steatosis and fibrosis in patients with chronic liver disease, in comparison with SWE alone, adopting histopathology as the reference standard. A random forest model for classification and a bootstrapping technique was used to identify those combinations of parameters that provided the highest diagnostic accuracy. The ML-based model incorporating quantitative US and SWE data shows better accuracy in the classification of liver steatosis and fibrosis when compared to SWE alone [52].




4.2. Breast


USE is a complementary tool for improving the detection and non-invasive characterization of breast lesions, which can help radiologists to enhance patient management [7]. In particular, adding SWE to B-mode US has been shown not only to provide additional diagnostic information but also to reduce the likelihood of unnecessary biopsies [53].



Several tools have been developed to frame benign and malignant breast masses using SE [7]. The most common parameters are the Tsukuba score (elasticity score) [54], the elastography-to-B-mode ratio (width or length ratio, LR) [32], and the strain ratio (SR, or fat–lesion ratio) [55]. The Tsukuba score (a five-point color scale) is based on a tissue stiffness map in and around the lesion, where lower scores (1–3) indicate a lesion that is likely to be benign, while higher scores (4–5) indicate a higher probability of malignancy that requires a biopsy. Several studies have evaluated the performance of deformation elastography, many of which used the Tsukuba score, and showed an aggregate sensitivity and specificity of 83% and 84%, respectively, ranging from approximately 80 to 90% [54].



In the LR, the lesion size measured on the elastogram is divided by the lesion size measured on the B-mode. Since the stromal response to breast cancer also increases the stiffness of the surrounding tissues, the transverse diameter of a malignant lesion appears larger on an elastogram than in the B-mode. One study showed excellent sensitivity and specificity (100% and 95%, respectively) in terms of this score when differentiating benign and malignant breast lesions [32].



The strain ratio of the nodular lesion to the strain in the subcutaneous fat is another important parameter when using strain imaging. Since fat has a constant modulus of elasticity over various compressions, the ratio is a semi-quantitative measure that reflects the relative stiffness of the injury [55].



A meta-analysis including 12 studies (2087 breast lesions) compared the performances of strain ratio (9 studies, 1875 patients) and the length ratio (3 studies, 450 breast lesions), showing that the sensitivity and specificity were good for both parameters (88% and 83%, respectively, for SR and 98% and 72%, respectively, for LR) [56].



A study by Ricci et al. compared the sensitivity and specificity of a B-mode ultrasound, color map, SR, and LR, and found that the combination of these three elastography parameters improved the overall diagnostic performance, compared to these parameters alone [57].



Concerning SWE, a recent meta-analysis of 25 studies including 5147 breast lesions showed pooled sensitivities of 0.94 and 0.97 (p = 0.087), pooled specificities of 0.85 and 0.61 (p = 0.009), and area under the receiver operating characteristic curve (AUC) values of 0.96 and 0.96 (p = 0.095) for the SWE and B-mode combined, compared to the traditional B-mode alone. When SWE was combined with the US B-mode, the B-Rads assignment changed from 4 to 3 in 71.3% of cases, reducing the frequency of unnecessary biopsies by 41.1% [58].



Artificial intelligence tools could further improve the real-time integration and performance of USE in B-mode US.



A recent study by Li et al. evaluated the performance of an AI system that integrates complementary information from the US mode and SWE mode and, thus, enhances the feature representations of each mode image. The diagnostic performance and concordance between expert and inexperienced radiologists in the classification of breast nodules in two operative settings were compared, with an independent diagnosis on the ultrasound; after an interval of 7 days, they performed a secondary diagnosis with the aid of AI (secondary diagnosis mode). A dataset containing 599 images of 91 patients was used, including 64 benign and 27 malignant breast tumors. AI assistance provides a more pronounced improvement in diagnostic performance for inexperienced radiologists; meanwhile, experienced radiologists benefited more from AI in terms of reducing interobserver variability [59].



Another study by Kim et al. investigated the added value of a DL-based CAD tool (S-Detect) on the SWE and B-mode US for the evaluation of 156 breast masses, detected at US screening in 146 women. S-Detect was applied to the most representative images selected on the B-mode US, followed by the application of S-Detect software. Color-coded SWE maps were created for the mass and the normal fat and the lesion-to-fat elasticity ratio was calculated. The BI-RADS score was applied for the final assessment category by three radiologists for the B-mode US alone, B-mode US plus S-Detect, and B-mode US plus SWE. Compared to the B-mode US alone, either the addition of S-Detect or SWE increased the specificity without a significant loss in sensitivity when using either S-Detect or SWE. In two assessments, the AUC of the B-mode plus SWE was higher than in the B-mode plus S-Detect [60].




4.3. Thyroid


Thyroid nodules are a common finding in US B-mode samples and affect up to 68% of the adult population. With the widespread use of imaging in clinical practice, incidental thyroid nodules are being discovered with increasing frequency [61,62]. TI-RADS classification, based on B-mode ultrasound features, is adopted to select nodules for sampling by fine needle aspiration biopsy (FNAB), which is generally used for the confirmation of malignancy. Although FNAB is considered the gold standard for diagnosis, up to 15–30% of samples are considered nondiagnostic or indeterminate due to technical factors, such as insufficient sampling or histological dilemmas between similar histotypes [63]. In addition, the TI-RADS system is characterized by low diagnostic specificity, resulting in the execution of an excess number of invasive examinations [64].



Thyroid elastosonography provides complementary information to B-mode US and FNAB for the evaluation of thyroid nodules. Analogously to the breast scan study, semi-quantitative parameters, such as the thyroid stiffness index (strain in the background normal thyroid/strain in the thyroid nodule) [65], and qualitative parameters, such as the Rago and Asteria criteria, were developed to stratify the risk of malignancy of thyroid nodules, based on the SE results [28,29]. Their application has shown controversial results [7,66].



It has been hypothesized that the diagnostic performance of the combination of US grayscale and SE measurements is greater than that of the individual modalities for malignancy assessment. This hypothesis was supported by a study conducted by Trimboli et al., in which the combination of the two modalities produced a sensitivity of 97% and a negative predictive value of 97%, which are higher than when using the two modalities individually [67].



In contrast, in the study by Moon et al., neither elastography nor the combination of elastography and grayscale US showed better performance for the diagnosis of thyroid tumors than grayscale US [68]. It has been observed that this heterogeneity of results could be due to the different exclusion criteria and the variability in the percentage of malignant nodules [7]. More recently, a multicenter study by Hairu et al., conducted on a total of 1445 thyroid nodules (834 malignant and 611 benign), evaluated the performance of SE in the diagnosis of highly suspect thyroid nodules, based on the 2015 ATA guidelines in the Chinese population, and demonstrated that the combination of the TI-RADS classification and SE led to a significant increase in the sensitivity and NPV (97.1 and 91.9%, respectively), compared with the TI-RADS, in particular in nodules of ≥1 cm [69].



Several studies have suggested that SWE is a promising tool for differentiating malignant and benign thyroid nodules, and some early meta-analyses appeared to support this view of a high-precision diagnostic tool. For example, in the meta-analysis by Zhan et al. (16 studies and 2436 nodules), the overall mean sensitivity and specificity of ARFI for the differentiation of thyroid nodules were 0.80 and 0.85, respectively [70]. In a review by Lin et al. (15 studies and 1867 nodules), the pooled sensitivity, specificity, and area under the summary ROC curve of SWE for detecting malignant thyroid nodules were 84.3%, 88.4%, and 93%, respectively [71]. When adopted as a screening tool, the PPV and NPV were 27.7–44.7% and 98.1–99.1%, respectively, calculated with a malignancy prevalence of 5–10% in the thyroid nodules [71].



However, the comforting results at the population level are less convincing at the individual level, due to the reproducibility problems of the method and the enormous overlap of the elasticity indices, which means that the proposed cut-off levels do not have optimal diagnostic accuracy [7,72,73,74].



A meta-analysis by Hu et al. in 2017 compared the results of RTE and SWE, and concluded that the overall sensitivities of RTE and SWE are approximately comparable in terms of the differentiation between malignant and benign thyroid nodules, while the difference in specificity between these 2 methods was statistically significant; the specificity of RTE was statistically superior to that of SWE.



Several authors have suggested using SWE as an adjunct to the US B-mode to select patients for FNAB or surgery, rather than for use as a separate diagnostic tool. The diagnostic accuracy of SWE as an adjuvant test has been addressed in several studies, but the results have been mixed, and some studies have shown an increase in sensitivity at the expense of specificity [75,76]. However, the most recent evidence seems to suggest that multimodal integration is the way forward. A recent study by Petersen et al. compared the diagnostic performance of the TIRADS system (Kwak-TIRADS, EU-TIRADS), in combination with SWE imaging, for the assessment of 61 thyroid nodules detected in 43 patients (10 malignant and 51 benign). The addition of SWE resulted in an increased accuracy from 65.6% to 82.0% when using Kwak-TIRADS and from 49.2% to 72.1% when using EU-TIRADS, suggesting that the combination of TIRADS and SWE seems to be superior for the risk stratification of thyroid nodules, compared to each method when used in isolation [77].



A 2020 meta-analysis by Filho et al. compared the performance of the SWE of different manufacturers as an independent predictor of malignancy in the diagnostic differentiation of thyroid nodules (TN), obtaining ROC curves between 0.84 and 0.88 [78].



A recent review concludes that the present SWE technology seems not to be robust enough for clinical implementation on a wider scale [74]. However, AI can effectively integrate information in grayscale and elastosonography to improve the classification of thyroid nodules, overcoming some of the natural limitations of the method. For example, in a study of 2050 thyroid nodules, it was shown that a random forest model performed better than a radiologist in the differential diagnosis of thyroid nodules (malignant vs. benign), based on conventional US only (AUC = 0.924 (confidence interval (CI) 0.895–0.953) vs. 0.834 [CI 0.815–0.853]) and based on both conventional US and real-time elastography (AUC = 0.938 [CI 0.914–0.961] vs. 0.843) [79].



A study by Qin et al. proposed a new model based on a convolutional neural network that combines the characteristics of conventional ultrasound and ultrasound elasticity images to form a hybrid functionality space. Experimental results show that the accuracy of the proposed method is 0.947, which is better than that of other single data-source methods under the same conditions [80].



A recent retrospective study by Zhao et al. evaluated the performance of an ML model using a US and SWE image dataset of 743 nodules in 720 patients with biopsy-confirmed thyroid nodules (≥1 cm) and an independent test dataset. The radiomic features extracted from the USA and SWE images were used for the development of ML-assisted radiomics approaches and were then compared with the results obtained via the TI-RADS classification. The ML-assisted visual ultrasound approach performed better than the US approach alone. Furthermore , ML-assisted US + SWE visual approach also resulted in a reduction in the unnecessary FNAB rate, which decreased from 30.0% to 4.5% in the validation dataset and from 37.7% to 4.7% in the test dataset, compared to TI-RADS [81].



The integration of grayscale and elastosonographic modalities could improve the accuracy of the estimation of LN metastases for patients with papillary thyroid cancer. A study by Liu et al. trained and validated an AI model of the support vector machine type, using three feature sets extracted from B-US, SE-US, and a multi-modality containing B-US and SE-US. The results obtained with the multimode set produced a better area under the ROC curve than when using those functions extracted from B-US or SE-US separately [82].




4.4. Lymph Nodes


Both SE and SWE have been successfully applied to improve the diagnostic characterization of lymph nodes and have demonstrated that USE and conventional US can play complementary roles in the differentiation of malignant and benign LNs [7,83]. In addition to the traditional method, endoscopic US (EUS) and endobronchial US (EBUS) have also gained considerable popularity in recent years [84].



In normal LNs, the cortex is usually stiffer than the hilum, and this architecture is generally also preserved in inflammatory LNs. Conversely, malignant carcinoma cells proliferate rapidly and infiltrate the lymph node, distorting the normal architecture and increasing its stiffness [85]. However, focal infiltration may be challenging to detect, and lymphoma may produce soft lymph nodes that can predominantly have similar elasticity to the surrounding tissue, thus representing a specific challenge for this application [7].



Several studies have been published, evaluating the performance of elastosonography in differentiating between benign and malignant LNs, showing sensitivity values ranging from 64.5% to 100% and a specificity ranging from 41.7 to 91.3%, with an overall accuracy ranging from 60% to 96.7% [82].



Again, artificial intelligence (AI) can improve lymph node classification, compared to the radiologists’ evaluation alone.



A study by Tahmasebi et al. assessed the accuracy of image classification software (Google Cloud AutoML Vision, Mountain View, CA) compared to three expert radiologists, regarding a dataset containing ultrasound images of 317 axillary lymph nodes, using the histopathology as a reference standard. They showed that AI has comparable performance to expert radiologists and could be used to predict the presence of metastases in ultrasound images of the axillary lymph nodes [85].



Huang et al. have compared different machine learning models, including ultrasound elastography data, in the prediction of LN metastasis risk for patients with papillary thyroid microcarcinoma. The random forest classifiers show that the better performance had the strongest prediction efficiency, with an AUC of 0.889 (95% CI: 0.838–0.940) and 0.878 (95% CI: 0.821–0.935) in the training set and testing set, respectively [86].




4.5. Bowel


The incidence of inflammatory bowel disease (IBD) is growing worldwide [87]. The main types are ulcerative colitis (UC), which affects only the colon and rectum, and Crohn’s disease (MC), which could potentially affect every part of the digestive tract. IBD has a complex pathogenesis and a wide variety of clinical presentations, with clinical symptoms that often poorly correlate with bowel disease activity [88]. Therefore, both the initial diagnosis and further monitoring may be challenging for the clinicians, requiring the integration of clinical data, laboratory indices, and endoscopic and imaging data, together with a histopathological assessment. However, the assessment of disease activity and intestinal complications is crucial for therapeutic decisions. Several potential noninvasive biomarkers have been proposed for IBD activity assessment, including genetic, serological, fecal, microbial, histological, and immunological biomarkers [89]. In this context, ultrasound elastography could play an important role as a new non-invasive tool to improve patient monitoring [90,91,92].



Several studies have been performed to evaluate the feasibility and diagnostic contribution of elastography data in the assessment of IBD, which are summarized in two recent literature reviews, one by Ślósarz et al., including 12 records, and another by Grazynska, including 15 studies [90,91].



In Crohn’s disease in particular, chronic inflammation leads to the remodeling of the extracellular matrix and fibrosis, which, as is known, is one of the main determinants of tissue stiffness [93,94]. For this reason, much research has focused on the role of elastography in differentiating between inflammations and fibrosis [90]. The development of fibrosis is, in fact, associated with the onset of stenosis, a dreaded complication that can lead to surgery.



Some authors focused on distinguishing fibrotic bowel segments from inflamed ones, based on a qualitative assessment of color patterns in SE, using MRI as a reference standard. Sconfienza et al., for example, proposed a new classification score in which each patient could receive from 8 to 24 points: the terminal ileum was divided into 8 sectors and subsequently graded according to the prevalent color: red = 1 (minimal fibrosis), green = 2 (intermediate fibrosis), and blue = 3 (maximal fibrosis) [30]. Another study by Lo Re et al. evaluated a total of 41 affected bowel segments and 35 unaffected bowel segments in 35 patients, using a SE color-scale and enterography magnetic resonance imaging (E-MRI), showing a significant correlation between the findings of the two methods in distinguishing fibrotic and edematous matter. In particular, the color coding showed a blue color pattern in the fibrotic mesentery and bowel wall and a green color pattern in the edematous tissue [95].



Fraquelli et al. evaluated the role of the semiquantitative parameter strain ratio when discriminating patients with stenosis as candidates for surgery from patients with active non-narrowing/non-penetrating disease. Using histopathological data as a reference standard, they found a significant correlation between strain ratio and fibrosis severity, suggesting that SE shows excellent discriminatory ability in diagnosing severe intestinal fibrosis [96]. However, further studies are needed to consolidate these data, since other authors have not found a significant correlation between the strain ratio and the histopathologic scores of inflammation, fibrosis, or the clinical or biochemical biomarkers [97].



Even if the application of artificial intelligence in the field of inflammatory bowel disease has grown significantly in the past decade [98], demonstrating its great potential in extracting valuable information from multiple data-streams, to the best of our knowledge, there are still as yet no significant studies applying AI to elastosonography data in IBD. Therefore, this could present an interesting field of application for AI to overcome some traditional limitations and finally perfect the full integration of the method in patient management.





5. Conclusions


Elastosonography is a powerful non-invasive method for the assessment of tissue stiffness, which includes a set of different techniques depending on the principles used for elasticity estimation. In this review, we provided a brief introduction to the basic physical principles that underpin ultrasound elastography imaging. Although USE is a promising method, both investigator-dependent and independent factors may affect elasticity measurement. A general understanding of the underlying principles could benefit the entire process of data acquisition and interpretation, enhancing the USE reproducibility. Furthermore, the application of AI can be a precious ally, allowing us to extract more information from elasticity data to improve the diagnostic process and the integration of USE into the clinical workflow.
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Figure 1. Spring model of Hooke’s law. A simple helical spring model can be used to represent Hooke’s law. Hooke’s law states that the force (F) required to extend or compress a spring for a certain distance (Δlx) scales linearly to that distance. On the left, the upper part of the image (a) represents the spring in resting conditions, characterized by a longitudinal elasticity constant, kE, that is typical of the spring. The lower part of the image (b) represents the spring in traction due to a force, F, parallel to the x-axis. Δlx represents the longitudinal displacement of the free hand of the spring. The minus sign in the second member of the equation means that we are considering the restoring force exerted by the spring on whatever is pulling its free end since the direction of the restoring force is opposite to that of the displacement. 
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Figure 2. The relationship between force (F) and stress (σ). 
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Figure 3. Longitudinal waves (a) and shear waves (b). The green arrows and the red line in figure (b) show the movement of the molecules with respect to the axis of propagation. 
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Figure 4. The relationship between the longitudinal and the transverse strains in solids, using a cylindrical model. Before compression, the cylinder has a length (L) and radius (R). After the application of force (red arrow), the cylinder becomes thinner and wider. The longitudinal strain (εl) is defined as the ratio between the change in length (Δl) and the initial length (L). The transverse strain (εt) is defined as the ratio between the variation of the radius (Δr) and the initial radius (R). 
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Figure 5. Poisson’s ratio. The relationship between the longitudinal and transverse deformation is called Poisson’s ratio and depends on the characteristics of the medium. Red arrows in the cylinder highlight the strain direction. 






Figure 5. Poisson’s ratio. The relationship between the longitudinal and transverse deformation is called Poisson’s ratio and depends on the characteristics of the medium. Red arrows in the cylinder highlight the strain direction.



[image: Biomedinformatics 03 00002 g005]







[image: Biomedinformatics 03 00002 g006 550] 





Figure 6. Shear strain. The model helps to visualize the concept of shear stress. We consider a prism of elastic material and a shear force F (red arrow), applied parallel to the x-axis. Similarly to the calculations for Young’s modulus (E), it is possible to describe a quantity, which we define as G, to indicate the shear modulus. G is the constant of proportionality between the shear stress and the shear strain. The transverse strain can also be expressed as a function of the angle, θ. 






Figure 6. Shear strain. The model helps to visualize the concept of shear stress. We consider a prism of elastic material and a shear force F (red arrow), applied parallel to the x-axis. Similarly to the calculations for Young’s modulus (E), it is possible to describe a quantity, which we define as G, to indicate the shear modulus. G is the constant of proportionality between the shear stress and the shear strain. The transverse strain can also be expressed as a function of the angle, θ.



[image: Biomedinformatics 03 00002 g006]







[image: Biomedinformatics 03 00002 g007 550] 





Figure 7. The bulk modulus, or modulus of compressibility. Red arrows represent the pressure acting on the surface. In the bulk modulus equation the volumetric stress is usually expressed as a pressure P (force to surface area ratio) or, more precisely, the change in pressure. 






Figure 7. The bulk modulus, or modulus of compressibility. Red arrows represent the pressure acting on the surface. In the bulk modulus equation the volumetric stress is usually expressed as a pressure P (force to surface area ratio) or, more precisely, the change in pressure.



[image: Biomedinformatics 03 00002 g007]







[image: Biomedinformatics 03 00002 g008 550] 





Figure 8. The concept of viscosity. A green plate flows from left to right on the surface of a fluid (light blue), pulled with a force of intensity, F. If there were no friction present, the plate would move with a uniformly accelerated motion; however, in reality, its speed tends to be constant over time since the force F is balanced by a friction force due to the sliding of the various layers of liquid (under the conditions of laminar motion). The viscous friction force acting on the plate has an intensity that is given by relation 1 and it is directly proportional to the sliding speed (v). From relation 1, it is easy to derive relation 2, as highlighted by the red arrow. It is worth noting that, unlike the shear stress in solids (relation 3), the shear deformation is not expressed as a longitudinal strain, but instead as a gradient of velocity, that is, the change in velocity with respect to the depth of the liquid. Red arrows highlight the similarities. 
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Figure 9. The Kelvin–Voigt model for viscoelastic materials. The Kelvin–Voigt model is used to describe viscoelastic materials. This model is represented by a purely viscous damper (bottom), connected in parallel to a purely elastic spring (top). The constitutive equation associated with the model is represented on the right. For more explanations, see the main text. 
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Figure 10. (A–D). The autocorrelation method. 
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Figure 11. Point shear wave elastography. The image is obtained with point shear-wave elastography (ElastQ, Philips), using a convex probe in a healthy volunteer. A small ROI (white square) is placed in the middle third of the renal parenchyma. The mean stiffness value was 9.95 kPa. 
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Figure 12. Two-dimensional shear wave elastography. In 2D-SWE, instead of a single focal location, as in ARFI strain imaging and pSWE, the acoustic radiation force is used to interrogate multiple focal zones in rapid succession, faster than the shear wave speed. In step 1 (on the left), shear waves are generated using acoustic radiation force impulses; they propagate perpendicularly to the primary US wave at a lower velocity. In step 2 (on the right), since the speed of sound in tissue is approximately 1000 times faster than the shear wave speed, fast longitudinal wave excitation (blue and red arrows) can be used to track the displacement (orange small arrows) as the shear waves propagate through the tissue. 
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Figure 13. Confidence map and elastogram in 2D-SWE. The image is obtained via two-dimensional shear-wave elastography (2D-SWE) (ElastQ, Philips), using a convex probe in a healthy volunteer. The confidence map is displayed on the left, setting a threshold of 60%. A standard deviation of 60% or less of the mean value is indicative of a good-quality acquisition. The areas of low quality (red) are filtered out by the system and display as transparent (note that the area in red corresponds to a vascular structure on the B-mode); the yellow color is a warning indicating that the area is not of good quality; the green indicates a good quality of the measurement. On the right, the elastogram depicts a colorimetric map of the stiffness, in which the blue color corresponds to greater elasticity while red represents greater stiffness. In the elastogram on the right, a circular sampling area was inserted to obtain a quantitative measure of the stiffness value in the selected location (mean kPa 4.83). The presence of the confidence map helps the operator to check the quality of the sampling in real time. 
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Figure 14. Different techniques of ultrasound-based elastography and some of the commercial devices that are currently available. 
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