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Abstract 

 

The diabetic foot is a complication that stems from diabetes when it is not properly managed. 

The underlying biomechanical changes that occur inside the plantar tissue as a result of 

glycation when a person begins to develop this complication suggest that there is a change in 

its elasticity and hardness. Consequently, these changes could be estimated quantitatively with 

elastography, which comprises many modalities that can be implemented with a magnetic 

resonator, an ultrasound equipment, among other devices. One of these modalities relies on the 

generation of a reverberant shear wave field inside the tissue or medium of interest, called 

reverberant shear wave elastography (RSWE). In that sense, the literature is scarce pertaining 

diabetic foot research with ultrasound elastography, while the RSWE modality is still in its 

early stages.  

The main objective of this work focuses on assessing the clinical application feasibility of this 

novel elastography technique by characterizing the elasticity of regions of the foot plant.  
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Chapter 1 

 

1 The Problem of the Diabetic Foot and 

Elastography Review 

1.1 The Problem of the Diabetic Foot 

1.1.1 Diabetes 

Diabetes mellitus (DM) describes a group of diseases characterized by chronic hyperglycemia 

[1]. The most known types of diabetes are type 1, an autoimmune disease characterized by the 

body’s inability to secrete insulin; and type 2, characterized by insulin deficiency and resistance 

[2]. Between these two, type 2 is by far the most common type [3]. 

1.1.2 Statistics of Diabetes 

 DM is considered a worldwide epidemic [4]. For instance, in 2015, the prevalence of diabetes 

was estimated to be 11.6% in China [5]. In Peru, DM was number six in disease burden in 2016 

[6].  In 2014, 4.9 million people died from diabetes related issues [7] and 387 million people 

were suffering from it [6]. This number increased to 451 million for 2017 and is estimated that 

it will rise to 693 million for 2045 [1].  

1.1.3 Complications 

DM can seriously damage the kidneys, liver, heart, eyes, neural tissue, musculoskeletal system, 

digestive system, can affect mental health and cognitive functioning [8]. Moreover, a serious 

complication that results from diabetes is the diabetic foot (DF) [4]. 

1.1.4 The diabetic foot  

DF references the foot of a diabetic person at risk of developing pathologies such as 

neuropathy, peripheral vascular disease, ischemia, osteomyelitis and ulceration, among others 

[9]. Close to 50% of people with type 2 diabetes have neuropathy and could present 

complications on their feet [10][11]. This condition is a major health problem with great 

morbidity and mortality that can severely compromise a person’s quality of life [12][13]. 
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1.1.5 Diabetic foot ulceration  

Diabetic foot ulceration (DFU) is a pathology set off by a lesion or trauma [10]. The risk of 

ulceration can be as high as 30% in people with DM [11]. It could lead to a more complicated 

problem: the amputation of the foot, which is its ultimate repercussion. This problem is often 

preceded by ulceration, being the precursor of 85% of them [9][12]. Once the foot ulcerates, 

the risk of amputation becomes 10 to 30 times greater than in non-diabetic people. This fact is 

concerning because it presents a mortality follow-up as high as 80% in one to five years. 

Besides, amputation brings psychological, social and financial repercussions [4]. Table 1.1 

shows prevalence results from numerous studies on DFU. 

 

Location Prevalence 
Year 

Reported 
Source 

Worldwide 6.30% 2017 [14]  

 England 7.60% 2008 [15] 

United States 14% 2018  [16] 

China 4.10% 2017  [14] 

Sudan 18.10% 2017 [17] 

France 5.60% 2017  [14] 

 

1.1.6 Social and economic Impact  

Amputation has devastating consequences as It creates a set of dire circumstances which deeply 

affects people from a psychological standpoint and hinders all aspects of their lives [18]. On 

the other hand, it is necessary to mention its economic impact. In 2017, the average cost of DF 

per patient was $8659 and had a total cost ranging from 9-13 billion dollars in the United States 

[14]. 

1.1.7 Biomechanical Changes of the foot 

The plantar soft tissue structures contain fatty cells that absorb the initial impact created during 

gait [19]. Research identifies changes at a molecular level as a consequence of DM [20]. These 

histological changes occur as a result of glycation and compromise the structure and 

biomechanical properties of such tissue [19][21], which becomes unable to bear typical 

Table 1.1. DFU prevalence statistics shown in 5 locations, as well as worldwide. 



8 

 

mechanical loading and ultimately break down [22]. Consequently, plantar soft tissue becomes 

stiffer, harder, thicker [23] and unable to uniformly distribute loads [24]. This effect leads to 

an increase in loading [21] and combined with the inability to recognize mechanical trauma, 

largely because of impaired sensation due to neuropathy [25], make up one of the main 

mechanisms of foot ulceration. Nonetheless, it is difficult to stablish whether the biomechanical 

alterations occur before or after ulceration [21]. 

1.1.8 Traditional diagnostic methods 

There are several diagnostic tools to detect DF but mainly three methods are utilized in 

consultation. The first one is the Semmes-Weinstein monofilament as shown in figure 1.1, 

which consists in a nylon filament used to apply pressure on four spots of each foot. The test 

is considered positive if at least one spot is insensitive [10][12]. Moreover, it has sensitivity 

values ranging from 66% to 91% and specificity oscillating between 23-86% [4][12].The 

second method is the tuning fork as shown in figure 1.2, which is used to test vibration 

sensation and consists of an acoustic resonator operating at 128 Hz applied on the bony 

prominence of the first toe [4][10]. Also, it presents a sensitivity value of 53%. The last one is 

the ankle-brachial pressure index, which is obtained from dividing the arterial systolic pressure 

(ASP) of each ankle and the highest ASP of any brachial artery [12]. Comparing the first and 

last methods, it can be said that the turning fork is less predictive than the monofilament method 

[4]. 

 

 

 

 

 

 

 

 

Figure 1.1. Semmes-Weinstein evaluation of the foot. From [26]. 
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Figure 1.2. Evaluation of a foot with a turning fork. From [27]. 

 

1.1.9 Importance of early diagnosis of the diabetic foot 

An early diagnosis can improve the incidence of diabetic complications [8].Furthermore, it can 

have an effect in decreasing the morbidity of the DF [20]. This is exemplified as up to 80% of 

amputations could be avoided with proper management and implementation of prevention 

methods [21]. On the other hand, the traditional diagnostic methods mentioned in section 1.1.8 

either have sensitivity and specificity values that vary too much over a broad margin or have 

low sensitivity values. Furthermore, the existence of alternatives that offer quantitative 

information make impractical the utilization of methods partially relying on subjectivity [13]. 

In this context, it is important to assess the skin as it pertains to DFU evaluation because as 

ulceration develops, the skin, loses elasticity and gets stiffer [12][20][23]. Furthermore, there 

are studies that show that it is possible to characterize elastic properties of skin using 

elastography [28]. Therefore, elastography may be a viable alternative to assess this condition. 

1.2 Elastography Review 

1.2.1 Generalities 

Elastography imaging refers to a group of techniques that yield a non-invasive assessment of 

tissue mechanical properties [29]. It was first described in the late 1980’s and it has been further 

developed to provide quantitative evaluations [29][30]. Elastography is founded on the premise 

that healthy and pathological tissue differ on their respective elasticity values. Therefore, 

several elastographic techniques can be implemented to differentiate abnormal from healthy 
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tissue [29][31]. It can be performed mainly through ultrasound elastography (USE) and 

magnetic resonance elastography (MRE) [32]. Both approaches have an edge over tomography 

imaging as they do not utilize ionizing radiation for image acquisition purposes. Furthermore, 

elastography combined with conventional B-mode ultrasound imaging, provides an improved 

diagnostic performance [33] and is more reliable than traditional procedures such as palpation 

[34].  Therefore, a more thorough comparison will be made in the following section.  

1.2.2 Ultrasound elastography and magnetic resonance elastography 

 

Table 1.2. Comparison of USE and MRE. 

 

Table 1.2 summarizes the advantages and disadvantages of US and MRE implementations. 

Although MRE is a better technique as it pertains to the accuracy of measurements, US is easier 

to utilize given that the equipment is portable and considerably smaller. Furthermore, the 

relatively low cost makes it available to a broader group of people. Therefore, this research will 

be based on ultrasound elastography. 

1.2.3 Classification of US techniques 

Elastographic techniques can be classified depending upon the type of information they 

provide, qualitative or quantitative; the type of excitation force applied, quasi static, transient 

or harmonic [37]; or the nature of the measurement they make, strain elastography (SE) or 

shear wave imaging (SWI) [33]. Quantitative data has an advantage over qualitative data 

because it offers additional information that enables a more accurate classification and 

Ultrasound Magnetic Resonance 

Advantages Disadvantages Advantages Disadvantages 

Wide availability [29] 
Low accuracy at high 

frequencies [35] 

Excellent accuracy 

[32] 

Requires a MR 

unit [32] 

Relatively low cost [29] 
Depth limitations  

(in vivo) [35] 

Can measure all 

displacement 

components [30] 

Costly 

technique [30] 

Versatility [29] - - 

Long 

acquisition 

times [36] 
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differentiation of tissue, reducing the false positive ratio [34]. Harmonic excitation relies on an 

external mechanical vibration [38]. On the other hand, quasi static force is applied via external 

compression through manually applied stress [38] and consequently yields a qualitative 

measurement [29]. Transient elastography has the need for a dedicated device, does not allows 

B-mode orientation and presents operator and patient variability [32]. Hence, it can be inferred 

that harmonic excitation is more advantageous than elastography relying on quasi static or 

transient force. Finally, strain elastography measures displacements before and after a manual 

compression has been applied, but assumes uniform stress distribution, which is usually not 

the case, so it provides a qualitative measurement [29][30]. Also, it is hard to compress deep 

organs [30]. 

1.2.4 Shear wave elastography modalities 

Particular interest has been put in shear wave elastography, as shear wave speed is directly 

linked to tissue stiffness through the elasticity modulus [29][39]. Furthermore, shear waves 

travel at approximately 1-10 m/s in soft tissue while longitudinal waves travel at 1540 m/s, so 

the relative differences in wave speed found in different tissues are much simpler to contrast 

[29]. Among the SWE modalities, we have Crawling Waves Sonoelastography (CWS) [30], 

Reverberant Shear Wave Elastography (RSWE) [39][40], Single Tracking Location Shear 

Wave Elastography (STL-SWE) [41], Shear Wave Elastography (SWE) [35], among others. 

Analysis will continue the first three.  

1.2.5 Related works 

Saavedra et al. emphasized the importance of measurement of Surface Acoustic Waves (SAW) 

in skin because they exist at the top part of an elastic solid [37]. Not doing so, will result in 

biased estimates; therefore, a compensation factor must be considered [28]. Another interesting 

fact is that in the work of Cortela et al. e difficulty in the measurement of SWS is presented in 

the DF due to the low depth of tissue [42]. Furthermore, Saavedra assessed skin elasticity in 

vivo utilizing the CWE technique, but reported the interference pattern was not properly built 

for frequencies ranges of 300-500 Hz and attributed it to dermis attenuation and boundary 

reflections [28].  

On a related note, CWS is a promising technique that can overcome depth limitations; however, 

the most prominent techniques of image reconstruction report high variance and the presence 

of artifacts [34][36]. Moreover, STL-SWE is susceptible to depth attenuation [43]. In that 

context, Ormachea et al. made a comparison of STL-SWE and CWE for estimation of SWS 
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[41]. However, they assumed plane wave propagation behavior to obtain SWS vs frequency 

data. Crawling waves are not highly susceptible to aberration, as they only showed a 3% 

variance; nevertheless, aberration increases in in vivo implementations with multiple tissue 

layers [44][45]. 

Moreover, limited elastography studies pertaining diabetic foot have been reported since the 

late 1990’s. Most of these studies have been made with MRI where they report stiffer fat pads 

in diabetic subjects [46]. Additionally, Gefen et al. reports that the first metatarsal head is 

substantially stiffer than other regions [47]. These results follow the trend of expecting stiffer 

pathological tissue. In ultrasound studies, Naemi et al. reported lower relative heal pad stiffness 

in ulcerated patients in comparison with non-ulcerated ones [19]. These are conflicting results, 

given that one would expect the exact opposite. 

1.3 Justification 

Ultrasound elastography has been implemented mainly in the evaluation of liver, thyroid, 

breast, kidney and prostate [29][35], and no significant work has been done in evaluation of 

the diabetic foot. 

The papers discussed in section 2.4 either reported difficulties in CWS at higher frequencies, 

reported high variance and artifact presence, assumed plane wave propagation for data 

acquisition or reported aberration increases with frequency. 

Two of the most critical issues with existing techniques had been the assumption of 

unidirectional wave propagation and plane wave behavior. Such conditions are rarely met in 

implementations in vivo due to internal organ reflections and inhomogeneities. Therefore, 

Parker et al. [39][40] developed the RSWE technique to take advantage of waves propagating 

in all directions. This implementation would take advantage and exploit these previously 

adverse conditions because they aid in the formation of the reverberant field.  

This approach offers facile implementation and real time image acquisition, which are 

important conditions for real clinical applications [40].  

Finally, del Castillo et al. [12] reported the importance of assessing the skin as it pertains to 

DFU evaluation because as ulceration develops, the skin loses elasticity and gets stiffer. 

Therefore, we could take advantage of this skin proximity to the bone in order to aid in the 

reverberation of the waves and estimate its elasticity value.  
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1.4 Objectives 

1.4.1 General objective 

➢ Characterize the elasticity of the foot plant with the novel reverberant shear wave 

elastography method to assess its feasibility for clinical application. 

1.4.2 Specific objectives 

➢ Validate the RSWE method by processing simulated data mimicking wave propagation 

inside a medium. 

➢ Assess the method on three viscoelastic homogenous phantoms with different gelatin 

concentrations. 

➢ Apply the method on a small population of healthy and diabetic volunteers and compare 

the results.  
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Chapter 2 

 

2 Reverberant Shear Wave Elastography 

Theoretical Framework 

 

2.1 Introduction 

The previous chapter described how diabetes changes the biomechanical properties of tissue, 

particularly the foot. Furthermore, existing techniques for evaluating ulceration of the foot were 

stated and briefly described. However, given their inconsistent sensitivity and specificity 

values, the necessity of another potentially viable alternative was established. Therefore, 

elastography was brought up as this potential alternative for predicting foot ulceration because 

it can provide quantitative information and aid a doctor to improve his diagnosis. Moreover, 

the comparison of this technique and the crawling waves technique was presented as the 

purpose of this study.  

The present chapter elaborates on the necessary concepts to understand the fundamentals of the 

reverberant shear wave elastography approach. These concepts comprise acoustics, mechanical 

deformations and advanced vector calculus that explain the formation and usefulness of an 

ideally diffuse, statistically isotropic reverberant field. Finally, the solution model is presented.  

2.2 Theoretical Framework 

2.2.1 Acoustic Impedance 

Acoustic impedance (z) describes the opposition of an acoustic medium (or inertia) to the 

propagation of sound waves [48]. It relates a driving force (pressure) and the response this 

force has in the system (volume flow). The specific acoustic impedance is the ratio between 

acoustic pressure and the velocity of an oscillating particle [49]. Equation 2.1 governs the 

acoustic impedance model. 

𝑧 = 𝜌 ∙ 𝑐      (2.1) 
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Where z is the acoustic impedance, 𝜌 is the medium density (𝑘𝑔/𝑚3) and 𝑐 is the air velocity 

(𝑚/𝑠).  

2.2.2 Plane Wave Compounding 

Plane wave compounding allow image acquisition with significantly higher frame rates which 

has opened the door for important advances in ultrasound imaging by enabling new 

applications [50]. This is achieved by forming an entire frame from a single acoustic pulse 

whereas conventional approaches are limited by the number of scan lines used [50]. 

Compounding solves the issue with merely utilizing plane waves where the beamforming focus 

is limited to the receive mode: adding the backscattered echoes from the insonified medium in 

a coherent way leads to improved image resolution [50]. Conversely, adding them in an 

incoherent way would improve image speckle. The benefits of this method are an increase in 

contrast, reduction of artifacts, among others [50]. The inconvenience would be that it requires 

the equipment to possess a high degree of computing power and parallel processing 

capabilities. A more thorough explanation and a description of the mathematics behind it can 

be found in [50]. 

2.2.3 Shear Waves Theory 

2.2.3.1 Hooke’s Law 

Assuming a material is entirely elastic and has no time dependency deformation, meaning the 

material has no viscosity, Hooke’s law, as shown in (2.1), can describe its elastic behavior [29]. 

𝜎 = 𝛤 ∙ 𝜀      (2.1) 

Where 𝜎 is stress (Pa), 𝜀 is strain (dimensionless) and 𝛤 is the elasticity modulus (Pa).  

2.2.3.2 Types of deformational forces 

An object can present longitudinal, volume or shear deformation. Longitudinal deformation 

happens when a pair of forces are either inwards (compression) or outwards (traction) and their 

direction is perpendicular to the surface. Volume deformation happens when forces compress 

an object inciting from every direction; the very name conveys that in this type there is a change 

in volume. For instance, this happens when an object is submerged underwater. Finally, shear 

deformation happens when a pair of forces incise tangentially to the surface. Since Hooke’s 

law characterizes all these phenomena, the elasticity modulus becomes the Young’s modulus 
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(E) for the first case, the Bulk modulus (K) for the second and Shear modulus (G) for the last 

one. 

2.2.3.3 Relation between wave speed and elasticity modulus 

 

𝑐 = √
𝛤

𝜌
  

      (2.2) 

Equation (2.2) describes the relation between c and 𝛤. Since the interest of these study is in 

shear wave speed (𝑐𝑠), the previous equation turns into Equation (2.3), where 𝛤 becomes 𝐺. 

𝑐𝑠 = √
𝐺

𝜌
  

    (2.3) 

Furthermore, it is necessary to know that the previous mentioned types of deformation are not 

independent from one another. In fact, shear and longitudinal deformation are related through 

Poisson’s ratio (𝑣) [29]. 

𝐸 = 2(𝑣 + 1) ∙ 𝐺      (2.4) 

Given the high content of water of tissue, 𝑣 ≈ 0.5. Consequently, combining equation (2.3) 

and (2.4): 

𝐸 = 3𝐺 = 3 ∙ 𝜌 ∙ 𝑐𝑠
2      (2.5) 

Equation (2.5) fully shows the relation between shear wave speed and Young’s modulus, which 

is the one that can characterize tissue elasticity. 
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2.2.4 Reverberant shear wave elastography theory 

2.2.4.1 Summary of the theoretical derivation  

 

 

 

The scheme above summarizes the steps taken to obtain estimators along the axial and lateral 

components of a travelling shear wave and calculate the wavenumber starting from an 

expression describing the pressure of a given particle at a given point. The next subsections 

show some of these steps. 
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2.2.4.2 Theoretical derivation 

The pressure at a given point 𝜀 can be assumed as the superposition of waves incident from all 

directions [39]. Equation (2.6) describes this assumption.  

�̂�(𝑡, 𝜀) = ∑ �̂�𝑞 ∙ 𝑒𝑗(𝑘𝑛𝑞𝜀−𝜔0𝑡)

𝑞

 

   (2.6) 

�̂�𝑞 is the pressure amplitude, 𝑘 is the wavenumber, 𝑛𝑞 is the vector of directional propagation 

of a given wave at a position 𝜀 and 𝜔0 is the angular frequency. Dividing Eq. 2.6 by the acoustic 

impedance yields the particle velocity function shown in Eq. 2.7, where 𝑛𝑞l is the direction of 

particle velocity. Note that it is perpendicular to  𝑛𝑞 because shear wave particle velocity is 

normal to its direction of propagation.  

𝑣(𝑡,𝜀) =
�̂�(𝑡, 𝜀)

𝜌 ∙ 𝑐
= ∑ 𝑛𝑞𝑣𝑞 ∙ 𝑒𝑗(𝑘𝒏𝑞𝜀−𝜔0𝑡)

𝑞

 

    (2.7) 

     

 

 

 

 

 

 

 

 

Figure 2.1. Spherical coordinates system showing the azimuth (𝝓) and elevation (𝜽) angles. 

Background: An ideal reverberant shear wave field where shear waves propagate in the 

interior of an object along 𝟒𝝅 steradians. 

𝑛𝑞𝑙 
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Figure 2.1 shows the scenario depicted by the previous equations. Moreover, the summation is 

understood to be taken over 4π steradians for wave propagation and over 2π for wave particle 

velocity components at a given point.  Also, note that 𝑛𝑞𝑙 = cos(𝛼)𝑒𝜙 + sin(𝛼)𝑒𝜃, the unit 

vectors  𝑒𝜙 and   𝑒𝜃 are defined as  𝑒𝜙 = − sin(𝜙)𝑒𝑥 + cos(𝜙)𝑒𝑦 and   𝑒𝜃 =

cos(𝜃) cos(𝜙) 𝑒𝑥 + cos(𝜃) sin(𝜙) 𝑒𝑦 − sin(𝜃)𝑒𝑧 . The transducer probe is assumed to be 

aligned with the x axis and to detect displacement along the z axis. Consequently, it is necessary 

to project the velocity towards this direction ( 𝑛𝑧𝑞𝑙 = 𝑛𝑞𝑙 ∙ 𝑒𝑧 ) to later calculate the 

autocorrelation function described in Eq. 2.8. 

 

𝐵𝑣𝑧𝑣𝑧(𝛥𝑡,𝛥𝜀)
= 𝐸{𝑣𝑧(𝑡,𝜀) ∙ 𝑣 ∗̂

𝑧(𝑡+∆𝑡,𝜀+∆𝜀)} 

 

𝐵𝑣𝑧𝑣𝑧(𝛥𝑡,𝛥𝜀)
= 𝐸 {(∑ 𝑛𝑧𝑞𝑙𝑣𝑞 ∙ 𝑒𝑗(𝑘𝒏𝑞𝜀−𝜔0𝑡)

𝑞

) ∙ (∑ 𝑛𝑧𝑞𝑙′𝑣 ∗̂
𝑞′ ∙ 𝑒

−𝑗(𝑘𝑛
𝒒′(𝜀+∆𝜀)−𝜔0(𝑡+∆𝑡))

𝑞

)} 

 

𝑩𝒗𝒛𝒗𝒛(𝜟𝒕,𝜟𝜺)
= 𝑬 {(∑ 𝒏𝒛𝒒𝒍

𝟐 �̂�𝒒
𝟐 ∙ 𝒆𝒋(𝝎𝟎∆𝒕−𝒌𝒏𝒒∆𝜺)

𝒒

)} 

    (2.8) 

 

E represents an ensemble average. Also, note that the average of the summation over discrete 

directions can be calculated as the average of the summation over all directions because an 

ideal isotropic diffuse field was assumed. Therefore, the autocorrelation function becomes 

 

𝑩𝒗𝒙𝒗𝒙(𝜟𝒕,𝜟𝜺)
=

𝑽𝒂𝒗𝒈
𝟐

𝟒𝝅
∬

𝟏

𝟐𝝅
∫ [− 𝒔𝒊𝒏(𝜽) 𝒔𝒊𝒏(𝜶)]𝟐 𝒄𝒐𝒔(𝝎𝟎∆𝒕 − 𝒌𝒏𝒒∆𝜺)

𝟐𝝅

𝟎

𝒅𝜶𝒅𝜴
𝑺𝒑𝒉𝒆𝒓𝒆

 

    (2.9) 

𝑑𝛺 is the differential solid angle. For particle displacements along the z axis, 
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𝑛𝑞 ∙ ∆𝜀𝑧 = ∆𝜀𝑧 ∙ 𝑐𝑜𝑠(𝜃)  

     (2.10) 

For particle displacements along the x axis,  

 

𝑛𝑞 ∙ ∆𝜀𝑥 = ∆𝜀𝑥 ∙ 𝑠𝑖𝑛(𝜃)𝑐𝑜𝑠(𝜙)  

     (2.11) 

Combining Eq.  2.9 & 2.10 and solving the integral: 

 

𝐵𝑣𝑧𝑣𝑧(𝛥𝑡,𝛥𝜀𝑧)
= 𝑉𝑎𝑣𝑔

2𝑐𝑜𝑠 (𝜔0∆𝑡) ∙ (
𝑗1(𝑘∆𝜀𝑧)

𝑘∆𝜀𝑧
) 

   (2.12) 

Likewise, Combining Eq. 2.9 & 2.11 and solving the integral: 

 

𝐵𝑣𝑧𝑣𝑧(𝛥𝑡,𝛥𝜀𝑥)
= 𝑉𝑎𝑣𝑔

2𝑐𝑜𝑠 (𝜔0∆𝑡) ∙ (
𝑠𝑖𝑛 (𝑘∆𝜀𝑥)

2𝑘∆𝜀𝑥
−

𝑗1(𝑘∆𝜀𝑥)

2𝑘∆𝜀𝑥
) 

   (2.13) 

  

 

𝑗1 is the spherical Bessel function of the first order of the first kind. Equations 2.12 and 2.13 

correspond to the autocorrelation of the particle velocity function for displacements taken along 

the z and x directions, respectively. The corresponding equations in [39] are similar, but 

multiplied by a factor of two. Moreover, they show clear separation of the temporal and spatial 

components. The spatial components of Eq. 2.12 and 2.13 can be visualized in Figure 2.2.  
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Figure 2.2. Plots of equations 2.12 (blue line) and 2.13 (orange line). 

For the next steps, it is necessary to solve for the wavenumber in order to generate the shear 

wave speed elastogram. The method that is able to perform such task takes a two-step approach. 

First, second moment of the Fourier transform of the autocorrelation function is taken. This 

results is equated to the second derivative evaluated at t = 0 at some lag 𝛥𝜀 based on the 

moment and moment generating function relations (the moment generating function resembles 

the Fourier transform, but this function needs to converge absolutely to exist whereas the 

Fourier transform allows a more relaxed sense of convergence). 

 

Finally, 

 

𝑘𝑧
2 =

10

Δ𝜀𝑧
2 ∙ 𝐵𝑧𝑣𝑧

(0)
∙ (𝑅𝑒{𝐵𝑣𝑧𝑣𝑧

(0)} − 𝑅𝑒{𝐵𝑣𝑧𝑣𝑧
(∆𝜀𝑧)}) 

    (2.14) 

 

 

∆𝜀 
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And 

 

𝑘𝑥
2 =

5

Δ𝜀𝑥
2 ∙ 𝐵𝑣𝑧𝑣𝑧

(0)
∙ (𝑅𝑒{𝐵𝑣𝑧𝑣𝑧

(0)} − 𝑅𝑒{𝐵𝑣𝑧𝑣𝑧
(∆𝜀𝑥)}) 

(2.15) 

 

Equation 2.14  is the same as the one suggested in [39] whereas Eq. 2.15 is scaled by a factor 

of 0.5. By taking the mean, both relations can yield an average wavenumber based on the 

particle velocity detected by an ultrasound system, which is generated by an external vibration 

source or an acoustic radiation force.  

A more detailed explanation of the RSWE theory can be found in [51] and [52]. Moreover, 

[51] presents an updated version of the theoretical derivation, which was originally published 

in [39], and serves as the main base for the steps presented in this work.  

 

2.3 Solution Model 

The flow chart presented below synthetizes the necessary steps to fulfil the objectives of this 

thesis. The first two steps (1 & 2) involve each of the two specific objectives. The generation 

of the reverberant field is of paramount importance since it is the base of the method. The 

“how” of both cases will be specified on the next chapter. Furthermore, the criteria for filtering 

on each domain and the technique used for creating the image will be detailed. Calculating the 

elasticity modulus is straight forward considering equation 2.5; however, spatial resolution and 

contrast will be detailed in the upcoming section. 
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3 Conclusions 

 

➢ A need for a quantitative approach that could differentiate foot tissue between a healthy 

person from one in the process of developing diabetic foot is paramount, given that 

diabetes is becoming an escalating issue. Then, it could be feasible to implement 

ultrasound RSWE for that purpose. 

 

➢ The theoretical derivation of RSWE shows that there are a set of equations that relate 

wavenumber and wave velocity autocorrelation both in an exact and approximation 

form. Herein, it is necessary to validate which method would be more appropriate to 

follow.  

 

➢  Literature results indicate that the plantar tissue behaves in a viscoelastic manner. 

Therefore, the methodology should include experiments implementing RSWE 

corroborating such behavior in gelatin phantoms. 
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4 Recommendations and Future Works  

 

➢  A comparison of tissue stiffness between cohorts of healthy and diabetic volunteers is 

underway. The methodology for that work is derived from the specific objectives 

presented in this document. 

 

➢ It is recommended to always count with the assistance of a medical professional to 

avoid erroneous acquisitions while working with real tissue, given that even a 

radiologist experimented issues locating and maintaining the anatomical landmark on 

screen. 

 

➢ The optimal number of vibration sources necessary to create a diffuse isotropic 

reverberant shear wave field has not been found. Purely elastic mediums could require 

only one source, but phantoms and biological tissue do not behave this way. Therefore, 

there is a need to compensate for attenuation loses so the optimal number of external 

vibration sources is still to be investigated.   
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