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Abstract

Collateral ligament insufficiency due to injury or an imbalance after knee replacement

surgery can lead to knee instability or stiffness. The aim of this PhD project was to develop

ultrasound techniques that can non-invasively assess the health and function of these

tissues by measuring their biomechanical properties. The key to implementing shear wave

imaging for measuring material properties was adequate consideration of how shear wave

propagation through the collateral ligaments is influenced by the viscous and thin nature of

the tissue. Ex vivo tests on tissue-mimicking phantoms and the medial collateral ligaments

of porcine joints showed that a Voigt model could effectively capture the viscous effects,

while a Lamb wave model accounted for the guided wave phenomenon resulting from

the structure’s narrow boundaries. Analysing shear wave propagation with an incorrect

model led to material properties that exhibited a dependency on the tissue’s thickness

and did not accurately reflect those from mechanical testing. The ultrasound speckle

tracking technique, which was used to measure the strain behaviour of the ligaments,

also required careful tuning of the post-processing algorithm to account for the complex

anatomy and elongation pattern of ligaments. It was found that selection of the algorithmic

settings, which conventionally requires a time-consuming trial-and-error approach and

validation against ground truth data, could instead be automated by using an optimisation

approach that verifies displacement field convergence, then minimises variance between

repeat measurements. This optimisation routine was insensitive to anatomical variation

and loading conditions, producing tuned algorithms that accurately and reliably measured

strains in the medial ligaments of both ex vivo porcine and human knees, and for quasi-

static and dynamic loading. Additionally, the non-uniform strain behaviour of in vivo medial

ligamentous structures was measured with good reliability, detecting elongation of the

anterior bundles and shortening of posterior bundles during knee flexion.
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Chapter 1. Introduction

1.1 Motivation

Total knee replacement (TKR) is a surgical procedure during which an artificial knee

joint replaces a knee that has become impaired due to, for example, osteoarthritis.

This procedure has the potential to significantly reduce pain and restore joint range

of motion and strength [1, 2]. In the UK alone, around 100,000 patients require TKR every

year, making up over 50% of all primary surgical joint procedures [3]. However, despite

advancements in implant design and surgical technique, around 20% of patients are

dissatisfied with their TKR [4] and experience 30% worse knee function during activities of

daily living [5].

Knee instability and stiffness are some of the main complications following knee

arthroplasty and will often significantly reduce the quality of life of affected patients [3, 6,

7]. Falls or fear of falling due to implant instability reduces the confidence of patients and

leads to increasing immobility [8, 9]. Likewise, patients in our Patient and Public

Involvement (PPI) group report that implant stiffness can lead to pain and reduced range

of motion, preventing them from performing daily activities such as putting on their

socks/shoes or playing with grandchildren on the floor. These are significant challenges

considering the primary aims of the surgery are to relieve pain and restore function.

One source of knee instability or stiffness is improper balancing of the collateral ligaments

during the knee replacement surgery [3, 6]. The collateral ligaments are flat bands of

fibrous tissue that connect the femur in the upper leg to the tibia and fibula of the lower

leg. They play an important role in stabilising the knee. Leaving the ligaments too slack
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can lead to instability, while if they are too tight, a patient can experience stiffness or pain.

It is therefore crucial that these ligaments remain properly tensioned over the full range

of motion after the placement of the implant [10, 11]. However, despite a rise in assistive

technologies that facilitate intra-operative collateral ligament balancing [12], knee instability

and stiffness are still prevalent and result in around 20 – 35% of revision surgeries, a figure

that has not changed in the last 10 years [3, 13].

It remains unclear what happens to the collateral ligaments after surgery: could post-

operative healing and adaptation change the mechanical properties of the ligaments and

cause a balanced knee to become unbalanced [7]?

Clinically, the integrity of the collateral ligaments is most often assessed with a

varus/valgus stress test. However, this test is very subjective and offers poor reliability.

Recent research has explored the use of a video-fluoroscopy system to obtain a more

quantitative assessment of post-operative ligament function by measuring the strain

behaviour of the ligament: the motion of ligament attachment sites is tracked throughout

knee extension and flexion and the ligament strain during this motion is obtained from the

estimated ligament length change [14, 15]. However, fluoroscopy is an invasive research

method, exposing patients to radiation.

Instead, ultrasound technology could provide a safe, quick, non-invasive, and more widely

available tool to monitor the integrity of the collateral ligaments after surgery: in the

past two decades, quantitative ultrasound (QUS) techniques have become increasingly

important medical diagnostic tools, which have enabled the biomechanics and properties

of soft tissues to be measured objectively and non-invasively [16, 17]. Two techniques

that could prove particularly useful in the clinical assessment of ligaments are (1) shear

wave imaging to measure viscoelastic material properties, and (2) speckle-tracking to

measure the strain behaviour of the ligaments. These quantitative metrics can be used as

diagnostic parameters to detect abnormal ligament adaptations, and provide an insight

into collateral ligament function in knee stability [18, 19]. Changes in material properties

could, for example, indicate potential tightening due to recovery at surgical incisions or

stress-relaxation and tearing of overly tight ligaments. Changes in how much the ligaments
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strain during certain knee movements could warn of increased or decreased engagement

of the ligament due to inadequate tensioning.

Various commercial systems have already implemented the above ultrasound elastography

techniques, such as for the detection of liver fibrosis [20–23] or malignant tumours in the

breast [24–27]. However, commercial implementations are often designed and validated

for large, homogeneous tissue and do not provide accurate results in tissue structures

with complex anatomy or material properties such as, for example, the thin, viscoelastic

fibrous structure of ligaments [28–30].

Consequently, there is considerable interest in expanding these techniques for new

applications involving more complex soft tissue. This requires understanding of how

intricate material behaviours and anatomical variations impact the ultrasound acquisition

and post-processing requirements. From this understanding, a set of frameworks and

tools can be developed to facilitate the transfer of these techniques to novel applications.

In the field of orthopaedics, this could open up new opportunities to better understand

post-operative changes in collateral ligament function and could guide the development of

surgical techniques and implant design to reduce complications related to the collateral

ligaments.
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1.2 Aims and objectives

The aim of this PhD thesis was to develop non-invasive diagnostic tools for monitoring the

health and function of fibrous connective tissue. To achieve this, the following objectives

were defined:

1. Develop ultrasonic acquisition and post-processing techniques to measure the

material properties and strain behaviour of thin-layered, viscoelastic soft tissue.

2. Validate these techniques using reference data of strain and material properties,

obtained from ex vivo specimen measurements in a materials testing lab.

3. Gain insight into the in vivo strain behaviour of the medial ligaments in healthy

knees, and determine the reliability of quantifying this behaviour using non-invasive

ultrasound measurements.
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1.3 Thesis structure

This thesis is structured as follows: Chapter 2 provides a review of the literature,

discussing both the biomechanical behaviour of collateral ligaments and their role after

knee replacement surgeries, as well as the fundamental principles of ultrasound and

quantitative ultrasound (QUS) techniques. In Chapter 3 and Chapter 4, the

implementation of the shear wave imaging and speckle tracking techniques is outlined,

including ultrasound acquisition methods and custom post-processing algorithms. The

acoustic output levels of both ultrasound techniques are measured in Chapter 5 to verify

whether these are safe for in vivo applications. In Chapter 6, the shear wave imaging and

speckle tracking techniques are validated on tissue-mimicking phantom specimens, as

well as ex vivo porcine and human cadaveric medial knee ligaments. Chapter 7 explores

the use of the speckle tracking algorithm for in vivo applications, investigating the reliability

(inter-rater and intra-rater) of measurements performed on healthy volunteers, and

presenting the results for the first patient of a clinical pilot study. The thesis concludes with

a discussion of the potential future direction of this work in Chapter 8.
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Chapter 2. Literature Review

2.1 Biomechanics and clinical background

2.1.1 Anatomy, composition and biomechanics of tendons
and ligaments

The musculoskeletal system forms the foundation of the human body, providing structure,

stability, and enabling controlled movement [31]. Tendons and ligaments are essential

fibrous connective tissues within this system, each playing distinct yet complementary

roles. Tendons connect muscles to bones, transmitting forces to move the skeleton, while

ligaments connect bones to one another, stabilising joints and preventing excessive

movement [31–33]. The shape and size of these structures can vary greatly depending on

their specific role and location in the body, ranging from fat tendons that transfer forces

from large muscle bodies (e.g., the Achilles tendon), to mid-size ligaments that provide

stability and constraint (e.g., collateral ligaments), and finally thin, delicate connective

tissue where space is limited (e.g., annular ligaments or flexor digitorum tendons of the

hand) [34].

Tendons and ligaments share a unique hierarchical structure that allows them to bear

significant mechanical loads while maintaining flexibility (Figure 2.1) [32]. At the largest

level, they consist of fascicles separated by a fascicular membrane. Each fascicle is in turn

made up of individual fibres (1 – 12µm) running through a fascicular matrix; fibres can be

further broken down into fibrils, subfibrils, and microfibrils (3.5 – 100 nm) [31, 36].

The mechanical properties of tendons and ligaments are also influenced by their
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F IGURE 2 .1 Hierarchical structure of ligaments and tendons, reproduced with permission from Kastelic et al. [35].

biochemical composition. Collagen, the predominant component of fibrils, constitutes for

70 – 80% of the dry weight and is responsible for their tensile strength and load-bearing

capabilities, making them among the strongest soft tissues in the body. Elastin,

composing 1 – 2% of dry weight, contributes elasticity, allowing these tissues to stretch.

Proteins such as proteoglycans (<1%) bind the water to form a gel, providing stability and

strength between fibres [31, 33, 37].

The interplay of the hierarchical structure and composition of tendons and ligaments

leads to finely tuned mechanical properties that provide both strength and flexibility, with

nonlinear, anisotropic, and viscoelastic behaviour.

Non-linearity

Non-linearity is mainly caused by the “crimped” structure of fibrils: in their relaxed state,

fibrils take on a wavy, zigzag formation [36]. Thus, these tissues are relatively compliant

during initial loading while the fibrils uncrimp [31, 33]. Resistance to loading gradually

increases as the fibrils straighten and become parallel to the direction of loading, resulting

in a concave stress-strain curve during the first 1.5 – 4% of straining [31, 36]. This region of
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the curve has been termed the “toe” region [31]. This is followed by a mostly linear region

until the tissue’s yield point [33]. Non-linearity is especially important in ligament function,

since the lower elastic modulus at small loads provides freedom of joint movement, while

the higher modulus at large loads restricts excessive, unstable movement.

Anisotropy

The mechanical properties of connective tissue varies with the direction of loading [32]. For

example, the strength and elasticity of the medial collateral ligament (MCL) has been found

to be 30 times higher in the longitudinal direction compared to its transverse direction [38].

This anisotropy is linked to the arrangement and orientation of fibres. In tendons, fibres

generally run parallel to each other in line with the direction of muscle pull, providing great

strength in this direction, but less resilience against loads across the fibres [31]. In contrast,

ligaments have a more complex structure with an irregular distribution of fibres of varying

thickness and length. These fibres are often arranged in spiral or oblique patterns, oriented

at an angle of 0 – 30◦ relative to the longitudinal axis. Depending on the joint movement

and the constraint needed during different activities, ligaments can be subjected to forces

in various directions and, thus, this more complex fibre arrangement enables ligaments to

transmit or resist these forces [31, 33].

Viscoelasticity

Viscous effects are present as well, caused by the complex interaction of collagen, elastin,

proteins, and water, as well as the interaction of fibre bundles as they slide along each other

[33]. Viscosity causes the mechanical behaviour to be time-dependent, resulting in (1)

hysteresis in the stress-strain curve due to internal energy dissipation, i.e. different paths

of loading and unloading, (2) static creep, i.e. straining under constant stress, (3) static

stress relaxation, i.e. decrease in stress under constant strain, (4) strain rate dependent

stress-strain response, and (5) time lag between the stress and strain response during

dynamic loading [32, 39, 40]. These characteristics manifest multiple practical benefits in

tendons and ligaments: stress relaxation reduces the peak stress during extended or cyclic
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loading, such as during walking, thus reducing the risk of fatigue failure. Additionally, due to

the strain rate dependency, ligaments and tendons exhibit a higher elastic modulus during

rapid loading, enabling them to absorb and resist large impact forces more effectively [33].

Rheological models are often used to describe the viscoelastic behaviour of connective

tissue in terms of dashpots and springs [31]. For example, the Kelvin-Voigt model (or

often simply referred to as Voigt model) approximates the mechanical behaviour of the

tissue with a parallel arrangement of a spring and dashpot [39]. This model is particularly

effective in simulating creep behaviour, where tissue gradually deforms until reaching an

equilibrium under a constant load. This model has previously been applied to the Achilles

and hamstring tendons [30, 41]. Alternatively, the spring and dashpot can be combined

in series to give the Maxwell model [31]. Both the Kelvin-Voigt and Maxwell models

characterise the viscoelastic behaviour using two constants: an elastic modulus and a

viscous coefficient. While this simplification means that certain viscoelastic characteristics

are not modelled appropriately, such as stress relaxation in the Voigt model and creep in the

Maxwell model [42], it facilitates their implementation in further mathematical formulations.

For instance, these simplified models are often applied when modelling shear wave

propagation through viscoelastic materials. In fact, Zhou et al. [43] demonstrated that the

Voigt model outperformed more complex models, such as the standard linear solid or

spring-pot models, when applied to shear wave propagation in tissue-mimicking phantoms.

Strength

The strength of tendons and ligaments is mainly influenced by the number and diameter

of fibrils, as well as their collagen content. Tendons usually have a greater cross-sectional

area with more and larger fibrils to carry loads. Furthermore, they often have a higher

proportion of collagen compared to ligaments [31]. Thus, these structures tend to have

higher failure loads, reflecting their role in handling large muscle forces. Strength can also

vary within a single structure. For instance, the anterior bundles of the collateral ligaments

have been found to have a higher collagen content than the posterior bundles [33].
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2.1.2 Techniques to measure biomechanical properties of
tendons and ligaments

Mechanical properties of ex vivo ligaments and tendon specimens are calculated from the

static or dynamic stress-strain response measured with a material testing machine. These

tests are generally performed in tension, since this tends to be the principal mechanism of

loading these structures are subjected to in vivo [32]. Performing these uniaxial tensile tests

can be challenging: tendons and ligaments that have been isolated from the bone/muscle

are difficult to mount in the testing machine. Generally, a clamping mechanism is used;

however, this can damage the specimen, lead to stress concentrations or result in slipping

from the clamps at large tensile forces [32]. Instead, ligaments and tendons are often tested

with bone insertions intact, and the specimen is mounted with clamps or custom fixtures

holding on to the bone. The stress-strain curve obtained from these tests provides insight

into the large-scale material properties of the entire connective tissue. Material properties

that can be read from the quasi-static stress-strain curve include tangent modulus of

the linear response region, instantaneous modulus during initial loading, ultimate tensile

strength, and ultimate tensile strain [32]. From dynamic stress-strain measurements, the

viscoelastic strain rate dependency of modulus and strength, as well as the viscoelastic

phase lag between the stress and strain responses, can be determined [39].

In vivo measurement of mechanical properties is more challenging. Most commonly,

manual examinations such as palpation or laxity tests are used to assess tendon or

ligament function. For example, tendon or ligament thickening or swelling may be detected

through palpation if the soft tissue of interest lies close to the skin, such as the patellar

or Achilles tendon [44]. Knee laxity tests, including the varus-valgus stress test and

Lachman test, are commonly used to assess knee stability and provide valuable insight

into the integrity of the collateral ligaments or anterior cruciate ligament (ACL), respectively.

However, these tests are often very subjective [45, 46].

Some quantitative imaging-based methods for in vivo measurements have therefore

been proposed. For example, fluoroscopy can be used to track the motion of ligament
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attachment sites during joint motion, from which the strain within the ligament or its

elongation pattern can be estimated, which indicates the ligament’s contribution to stability

[14, 19, 47]. However, the ionising radiation of fluoroscopy makes this technique unsuitable

for routine application [48]. Instead, quantitative ultrasound (QUS) techniques have been

trialled, such as speckle tracking to measure the strain behaviour, or shear wave imaging

to measure viscoelastic properties [30, 49, 50]. However, concerns exist regarding the

reliability of these techniques when applied to thin fibrous tissue, due to its non-elastic

material behaviour and the difficulty in obtaining clear images of such structures [30, 48,

51].

2.1.3 Role of the collateral ligaments in the knee

The collateral ligaments are flat bands of fibrous connective tissue that connect the femur

in the upper leg to the tibia and fibula of the lower leg. They play a vital role in stabilising

the knee and maintaining the bone and joint geometry [52]. The viscoelastic properties

of collateral ligaments are optimised such that they can stretch within their elastic limit to

provide freedom of knee movement, while providing sufficient constraint through resistive

forces to provide stability and prevent, for example, over-extension or over-flexion [33].

The lateral collateral ligament (LCL) is a cord-like structure located on the outside of the

knee and its main function is to restrict excessive varus rotation, i.e. inwards angulation of

the tibia, while also providing some resistance to external rotation. It attaches inferior to

the lateral epicondyle of the femur and to the fibular head [52–54].

The medial collateral ligament (MCL) is located on the inside of the knee and consists

of two separate structures. The longitudinal fibres of the superficial MCL have a femoral

attachment near the medial epicondyle, and two tibial attachments located approximately

12 and 60mm distal to the tibial plateau [52, 54, 55]. The shorter fibres of the deep MCL,

on the other hand, are located beneath the superficial MCL and attach to the femur and

tibia just above and below the joint line, with an additional intermediate attachment to the

medial meniscus [54, 55].
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The posterior oblique ligament (POL) lies posterior to the superficial MCL and is part

of the medial ligament complex [55]. Some consider it to be a distinct structure, while

others describe it to be part of the posterior bundle of the superficial MCL. Its proximal

attachment is posterior to the femoral attachment of the superficial MCL, from where it

extends fanlike towards the tibia: while anterior fibres of the POL run parallel to and merge

with the superficial MCL, posterior fibres are oriented obliquely, running to a more posterior

attachment on the tibia [46].

Anterior and superficial structures of the medial ligament complex act as primary valgus

stabilisers, while posterior structures prevent excessive internal rotation. The deep MCL

provides additional restraint against internal rotation while also stabilising the meniscus

[54].

After the ACL, the MCL is the ligament in the knee most susceptible to injury [56].

Ligaments and tendons can often heal and regenerate themselves after small injuries with

a regiment of bracing, rest and physiotherapy [57]. However, full ruptures require surgical

reconstruction. The degree of damage and progression of healing is difficult to detect, and

is often estimated based on structural changes on MRI images, abnormalities at bone

insertion cites on CT scans, or using laxity tests [54, 57–59].

2.1.4 Summary of mechanical properties of collateral
ligaments

An extensive literature review was conducted on the dimensions as well as quasi-static and

dynamic viscoelastic material properties of collateral ligaments (Table 2.1). In summary,

the human LCL is approximately 50mm long [52, 60–62], with a width of around 4 – 5mm at

its mid-substance [60, 63] and 6.8 – 8.8mm at the attachment sites [52]. Large differences

are reported for the lengths of the human MCL (30 – 112mm) [55, 60, 63], with notable

variations between bundles, i.e. ∼80mm for anterior superficial fibres [52], ∼90mm for

posterior superficial fibres [52], and ∼30mm for deep fibres [55]. The width of the MCL is

∼10mm [52, 55, 60] although it can decrease to 5mm for the deep MCL [55]. Reported

18
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thicknesses were between 2 – 3mm for both ligaments in humans.

The elastic moduli of the human collateral ligaments ranged between 94 – 626MPa. While,

generally, elastic moduli increased with strain rate [64], values were inconsistent between

studies. For example, Kerrigan et al. [64] reports elastic moduli for the MCL of ∼94MPa at

low strain rates <2%/s, which increase to ∼180MPa for strain rates >1000%/s. However,

this high strain rate measurement is lower than the quasi-static values reported by other

studies [38, 60, 65, 66]. Similarly, for the LCL, the quasi-static elastic modulus of ∼500MPa

reported by Cho et al. [60] was notably higher than those measured at higher strain rates by

other studies (e.g., 180 – 380MPa at 100%/s) [61, 62]. The elastic moduli of the ligaments

of animal models typically used for ex vivo experiments were mostly within the large range

of variation of human ligaments (∼100 – 1000MPa).

A wide range of factors have been found to affect the material properties of tendons and

ligaments, which could explain the large variation in the reported material properties of

these tissues. For example, connective tissue can remodel when subjected to increased

loading and, thus, regular activity can increase strength and Young’s modulus, and reduce

hysteresis [33]. On the other hand, prolonged immobilisation and disuse of the tissue can

significantly reduce strength and stiffness [67]. Stretching can reduce viscosity, hysteresis,

and stiffness [40]. Ageing has been found to deteriorate material properties, with decreased

stiffness, ultimate stress, and energy absorption [68–71].

Abnormal material properties in tendons and ligaments can also be a sign of pathological

tissue changes due to injury [32, 33]. Injuries can be caused by sudden eccentric loading,

with ACL and MCL tears being a common sports injury (e.g., in footballers and skiers)

when the knee undergoes non-physiological internal rotation [33]. Damage can also be

caused by an accumulation of small tears induced by repetitive straining and overuse,

which in tendons is often referred to as tendinopathy [32]. Alternatively, soft tissues can

be damaged during surgical procedures. For instance, in knee replacement surgery, the

collateral ligaments may be resected accidentally, particularly in smaller knees, or they
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may be partially or fully released intentionally if implant placement results in excessive

joint stiffness [82, 83]. These ruptures or tears can cause a reduction in elastic modulus

and viscosity [41, 84–87].

Biomechanical function of tendons and ligaments can also be assessed from their strain

or length change behaviour. For example, in the Achilles and patellar tendon, abnormal

length change behaviour can show reduced subtendon sliding, which limits efficient muscle

activation, and has been linked to ageing, tendinopathy and ruptures [88–95].

In the collateral ligaments, the length change behaviour has already been studied for

healthy knees. During knee flexion from full extension to 75◦, the LCL slackens to

approximately −4% [47]. The MCL and POL, on the other hand, experience non-uniform

length change patterns (Figure 2.2). The anterior fibres elongate, with the maximum

reported length change after 75◦ of knee flexion occurring in the anterior fibres of the deep

MCL during squatting, at around 30% [96]. As the attachment of the fibres progresses

posteriorly, strains decrease, with the lowest reported strains being around −30% for the

posterior fibres of the POL [18].

F IGURE 2 . 2 Literature review on the relative strain or length change of the medial ligament bundles of the knee during
knee flexion from 0◦ to 75◦. Willinger et al. [18] measured length change values in ex vivo cadaveric knees using linear variable
displacement transducers (LVDTs). Hosseini Nasab et al. [14, 47] and Kono et al. [96] estimated ligament length changes by
tracking the bony attachment sites in fluoroscopic images. All values were read off the graphs presented in these studies.
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As with the Achilles tendon, altered strain mechanisms in the collateral ligaments may

be indicative of damage. Alternatively, these changes could suggest that the collateral

ligaments are not being properly engaged following knee replacement surgery due to

altered knee biomechanics. A fluoroscopy study by Hosseini Nasab et al. [14] revealed

that total knee replacement (TKR) surgery leads to altered elongation behaviours in the

MCL. In the healthy knees, anterior fibres continuously elongate, while posterior fibres

shorten. In TKR patients, the behaviour is similar for the first 40 – 50◦ of flexion; however,

for increased flexion, anterior fibres slacken again and posterior fibres experience more

pronounced shortening than in the healthy knees [14, 19, 47]. This leads to overall lower

strains after 75◦ of flexion (Figure 2.2).

2.1.5 Treatment of the collateral ligaments during knee
replacement surgery

The collateral ligaments play a vital role in stabilising the knee and maintaining the

bone and joint geometry. Therefore, preserving these ligaments during knee replacement

surgery is preferred and surgeons perform a procedure known as “ligament balancing” to

ensure that ligament tension remains properly balanced throughout the procedure [10, 11].

Unsuccessful balancing of the ligaments at the time of surgery has been linked to poor

post-operative outcomes: overly tightening the ligaments reduces range of motion and

can cause pain, while loose ligaments can lead to implant instability, causing the patient to

feel unstable when performing daily activities [8, 9]. Furthermore, tightness can lead to

overstraining of the ligaments which can cause plastic deformation, tears and cell death,

while laxity can impair the healing response mechanism [15].

The most common recommendation for ligament balancing during knee replacement

surgery is to achieve a rectangular and equal gap between the femoral and tibial implant

components both in extension and flexion [8]. Two main surgical methods exist for achieving

this. 1) During the measured resection technique, bony landmarks are used as reference

points for tibial and femoral resections. Bone cuts are then followed by soft-tissue release to
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obtain equal flexion and extension gaps. 2) During the gap-balancing technique, ligament

structures are released first to obtain neutral alignment. The femoral component is then

positioned parallel to the resected tibia, resulting in symmetric gaps and equally tensioned

ligaments [97–99].

Historically, optimal ligament balancing has often been judged subjectively by the surgeon,

with no measurable intra-operative guidelines [8]: the knee is moved through a range of

motion, and the stability, stiffness and movement pattern is assessed. Thus, there has

been great research interest in improving and establishing quantitative metrics for the

balancing of ligaments. One of the major advancements seen in the last years is the

development of a sensor-assisted device called Verasense by Orthosensor. This device

replaces the tibial spacer that is traditionally used to measure the gaps between the tibial

and femoral components. Instead, the Verasense provides surgeons with the magnitude

and position of loads on the medial and lateral side, allowing for more informed and

objective decisions during soft tissue release and implant positioning [12]. With the use of

this device, the success rate for balancing has been shown to increase from 50% to over

90% [100].

However, despite the improved intra-operative success rate, complications related to

a ligament unbalance remain high [3, 13]. While it is well understood how ligaments

contribute to stability during surgery, little information is available on how post-operative

healing or adaption can compromise this stability. Currently, the only non-invasive way to

monitor post-operative collateral ligament function is with manual laxity tests, such as the

varus-valgus stress test, or by measuring the elongation pattern using a video-fluoroscopy

system [14, 15]. However, laxity tests are very subjective and fluoroscopy comes with the

risks associated with radiation.
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2.2 Ultrasound background

Ultrasound has established an indispensable role in the field of diagnostic medicine due

to its non-invasive nature, real-time imaging capabilities, and versatility in assessing soft

tissue appearance and mechanics [101]. Its ability to provide detailed information on soft

tissues, blood flow, and movement, combined with its safety and cost-effectiveness, makes

it a critical tool in a wide range of clinical applications, from obstetrics and cardiology to

musculoskeletal and abdominal assessments [101].

2.2.1 Fundamentals

Sound is acoustic pressure waves travelling through a medium. Acoustic waves with

frequencies between 20Hz and 20 kHz are audible, whereas ultrasound waves, with higher

frequencies, fall within an inaudible spectrum. The medium through which sound travels

determines various characteristics of propagation, such as the speed of the waves or

its attenuation, i.e. how much energy is absorbed by the medium [101]. For example,

in the human body, speeds and attenuation coefficients range from ∼1500m/s and

<1 dB/cm/MHz in fat, blood and soft tissue, to ∼4000m/s and ∼5 dB/cm/MHz in bone

[102, 103]. Furthermore, the acoustic impedance of the medium plays a vital role in

medical ultrasound imaging. Impedance is the product of the density of the medium and

the speed of sound in the medium. Ultrasound waves reflect and refract when there is

a change in acoustic impedance, and the detection of these backscattered reflections
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gives rise to ultrasound images. Thus, boundaries of structures with a large difference

in impedance, such as soft tissue and bone, are characterised by a large spike in the

reflected signal, resulting in bright features in the ultrasound image. However, even small

changes in impedance due to the heterogeneity of soft tissue are visible, as they result

in a speckled appearance in the background of the image. This speckle pattern is often

unique to specific types of tissues and, while it appears to be noisy, remains stable over

consecutive acquisitions [102, 103].

Ultrasound transducers used in medical imaging are usually composed of a 1D linear or

curved array of individual piezoelectric elements. These elements convert electrical pulses

to mechanical vibrations that generate ultrasonic pressure waves that propagate through

the skin and into the body [104]. The same ultrasound transducer can be used to measure

the backscattered ultrasound echoes: the piezoelectric elements output a raw electrical

radio frequency (RF) signal proportional to the measured acoustic pressure [104]. Next, a

beamforming procedure is applied to convert the time-varying signal from each element

into 2D-spatial data representing the contribution of reflected signal from each point in the

field of view. Beamforming considers the time that the reflections from each point in space

take to return to each transducer element, based on the speed of sound in the tissue.

Thus, the signal from each element is delayed and summed accordingly to calculate the

contributions from each point in the field [101, 105].

Beamformed ultrasound images are often described in the transducer coordinate system

(Figure 2.3): the lateral dimension refers to the direction along the long axis of the

ultrasound transducer face, i.e. along the piezoelectric elements of a 1D array. The axial

dimension is parallel to the direction of ultrasound wave propagation, i.e. perpendicular to

the transducer face and into the depth of the tissue. Lastly, the elevational dimension is

along the short axis of the ultrasound transducer face, i.e. perpendicular to the 2D image

slice [101]. Throughout this thesis, directional descriptions will be made in this coordinate

system.

The resolution of the beamformed ultrasound images is determined by the smallest

distance between scatterers at which their reflections can still be distinguished during
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F IGURE 2 . 3 Ultrasound transducer coordinate system.

the beamforming process [105, 106]. In the axial image direction, this is equal to half

of the spatial pulse length, i.e. the product of the wavelength and the cycles per pulse.

Thus, axial resolution can be improved by using high-frequency ultrasound transducers,

since these produce waves of shorter wavelength [49]. However, since higher frequency

waves are also attenuated more quickly, only superficial structures can be visualised with

high-frequency waves [106].

Usually, multiple transducer elements are activated during each transmission to produce

an ultrasound beam of higher intensity. The lateral resolution is related to the width of this

beam, which varies with distance from the transducer. Without any focusing, the beam

converges within a “near-zone”, gradually decreasing from the width of the transducer

to half this width; in the “far-zone”, the beam diverges again. Lateral resolution can

be improved by using a narrower, focused beam, which is achieved by activating the

transducer elements with slight delays [106].

2.2.2 Imaging modes

A wide range of imaging modes exist that aim to strike a balance between spatial and

temporal resolution, as well as penetration depth (Figure 2.4).
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The most common imaging mode implemented by commercial ultrasound scanners is

a conventional scanline mode. Each vertical line of the image (into the depth of the

imaged tissue) is obtained one at a time with a narrow focused beam centred on the

line. These beams are created using a sub-aperture of the transducer, i.e. a small subset

of the ultrasound transducer elements. Since the image is created line by line, multiple

transmissions are required to obtain one full image, with each transmission shifting the

focused beam laterally along the transducer. The main disadvantage of this imaging mode

is that it limits the achievable frame rate. However, due to the narrow, focused beams,

spatial resolution and penetration depth is increased [49, 105, 107].

Plane wave imaging (PWI) is an ultrafast imaging mode that was developed to capture rapid

tissue motion, such as cardiac contractions or shear wave propagation through the tissue.

To achieve these high frame rates, all transducer elements are activated simultaneously

to produce a single unfocused beam that insonifies the entire field of view. Thus, the

ultrasound image can be obtained with as a little as one transmission, in which case the

frame rate is only limited by the speed of the ultrasound waves through the medium, the

desired image depth and the processing time to create the image [105]. This allows for

frame rates of up to several thousand frames per second. However, this comes at the cost

of reduced spatial resolution and contrast since no beam focusing is used.

Coherent plane-wave compounding (CPWC) is an extension of the PWI mode. In this

case, beam steering is applied to transmit the unfocused beams at several angles. By

One beam per scanline, beam is 
moved laterally along the transducer 

with each transmission

Plane wave imaging (PWI) / coherent 
plane-wave compounding (CPWC)Conventional scanline imaging ARF push pulse

F IGURE 2 . 4 Simulated beam profiles for conventional scanline imaging, plane wave imaging, and the acoustic radiation
force (ARF) push pulse. The colour map illustrates the relative pressures in the field. As can be seen, focusing produces narrower
beams with a more concentrated intensity distribution, thereby enhancing resolution.
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averaging the beamformed signal obtained at the different angles, an overall image with

improved quality can be obtained. This averaging process is called coherent compounding

[105, 108]. Even though each individual beam has a low and wide intensity distribution, a

synthetic focusing technique for transmission and receive can be used to obtain equally

high axial and lateral resolutions in the entire field of view [109, 110].

Ultrasound transmissions can also be used to generate acoustic radiation forces (ARFs)

through a transfer of momentum within the soft tissue. These forces can be used to

generate shear waves whose propagation behaviour can give diagnostic insights or,

alternatively, for therapeutic high intensity focused ultrasound (HIFU) applications (e.g.,

destruction of pathological tissue) [103, 111]. While this momentum transfer also occurs

during regular B-mode imaging, the forces involved are minimal. Forces produced by the

ultrasound pulse can be elevated by focusing the ultrasound beam, extending the duration

of the pulse (i.e., microseconds vs nanoseconds), increasing the transducer voltage or a

combination of these [103, 112].

2.2.3 Quantitative ultrasound elastography

The diagnostic importance of assessing soft tissue mechanical properties has long

been recognised. Pathological changes, such as tumours, are frequently associated with

increased stiffness and, for centuries, palpation has been employed to identify these stiff

masses within the body [113]. However, manual assessment is often very subjective and

depends on the experience of the clinician. Quantitative ultrasound (QUS) elastography,

first introduced by Ophir et al. in 1991 [114], has enabled a non-invasive and objective

measurement of the function and material characteristics of soft tissue, such as its strain

behaviour or elastic modulus. This allows for a more complete assessment of tissue health

and helps clinicians identify pathological changes in the underlying microstructure of the

tissue that are not palpable or visually detectable from B-mode ultrasound images [86,

101, 108].

There exist several branches of ultrasound elastography, and most are linked by the
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same fundamental steps depicted in Figure 2.5 [101]. The objective is to analyse tissue

displacement due to an excitation source, which in turn provides information about the

tissue’s mechanical properties. Two common elastography techniques are shear wave

and speckle tracking imaging, and a detailed description of these is given in the following

sections.

Some approaches that are not based on tissue motion exist as well. For example,

acoustoelasticity techniques measure tissue stiffness from the intensity of reflected

ultrasound waves [115]. Thus, by comparing the echo intensity of B-mode images, changes

in stiffness may be detected. In orthopaedics, this technique has been applied to tendons

to quantify stiffness changes with loading [116], or due to damage and healing [117, 118].

2.2.4 Shear wave imaging

The evolution of shear wave imaging

The ultrasonic technique of shear wave imaging is based on the principle that the

propagation speed of a shear wave in a medium is related to the elastic shear modulus

[16]. Shear waves can be generated using two types of excitation sources, either (1) an

external vibration source that taps the skin near the soft tissue of interest [41, 119], or

(2) using a highly focused beam from the ultrasound transducer itself, which produces an

acoustic radiation force (ARF) at the focus through a momentum transfer from the beam to

the tissue [120, 121]. The tissue motion due to the shear wave propagation is subsequently

tracked using ultrafast ultrasound imaging. The advantages and disadvantages of using

an external shaker vs ARF-based technique are summarised in Table 2.2. Ultimately, the

F IGURE 2 . 5 Ultrasound elastography steps.
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TABLE 2 . 2 Advantages and disadvantages of generating shear waves using vibrations from external shakers vs acoustic
radiation forces (ARFs).

Aspect External shaker ARF-based technique

Safety No risk of thermal or mechanical damage has been reported (vibration
forces are generally less than those of commercial massage guns)

Potential for thermal and mechanical tissue damage due to high
acoustic pressures and intensities [103]

Patient comfort May be uncomfortable due to physical vibrations ARF cannot be felt and thus may be more comfortable for patients

Setup Requires bulky, external equipment [112] Integrated into ultrasound systems, thus more suitable in clinical
settings

Hardware Less expensive and simpler hardware Requires a powerful ultrasound system that can support high
transducer voltages [108]

Precision Shear waves are generated at the surface of skin and, thus, cannot be
localised to deeper tissue structures

Shear wave generation can be targeted to tissue of interest, which can
be better for small areas

Shear wave
frequency

Results in controlled shear wave frequencies with a narrow bandwidth,
allowing precise measurements over a wide range of frequencies,

which is especially useful for dispersion analysis [41, 43]

Results in shear waves with a broad range of frequencies that depend
on the interaction of the ARF with the soft tissue, i.e. less control over

frequencies [41]

Shear wave
amplitude

Shear waves with higher amplitude can be generated, leading to more
accurate shear wave tracking [122]

Stronger shear waves require larger acoustic radiation forces, which
increases the risk of thermal or mechanical damage due to acoustic

pressures [103]

choice of the most suitable method will depend on the specific application requirements.

Shear wave imaging, initially referred to as “sonoelasticity”, was first implemented by Lerner

and Parker [119, 123] in the late 1980s using externally generated shear waves. Methods

utilising ARF-generated waves soon followed, with various versions being developed over

the next decade. These methods employed different techniques for both excitation and

tracking of tissue displacement. Table 2.3 and Figure 2.6 describe these methods.

In 1998, Sarvazyan et al. [120] were the first to propose that ultrasound can be used for

both shear wave generation and tracking, presenting the physical and mathematical theory

behind shear wave formation due to an acoustic radiation force. Later in 2003, Nightingale

et al. [121] published their experimental work based on this idea, establishing the shear

wave elastography imaging (SWEI) method where the same transducer is used to induce

a shear wave at a single location and track the subsequent tissue motion at multiple lateral

positions.

In 2004, Bercoff et al. [112] introduced the supersonic shear imaging (SSI) method:

multiple shear waves are generated in quick succession at different focal depths. If

these shear sources move at supersonic speed, i.e. faster than the shear waves, a

Mach cone is created, resulting in two quasi-plane shear waves. This method provides
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TABLE 2 . 3 Shear wave imaging methods using acoustic radiation forces, summarising first implementations in the literature
as well as commercial systems using the techniques.

Name Excitation Lateral tracking location Commercial system First implementation

Shear wave elastography imaging
(SWEI) Single ARF Multiple tracking locations

Acuson VTIQ (Siemens)
ElastPQ (Philips)
Aplio (Toshiba)

Sarvazyan et al. 1998 [120]
Nightingale et al. 2003 [121]

Supersonic shear imaging (SSI) Multiple axial ARF Multiple tracking locations Aixplorer (SuperSonic Imagine) Bercoff et al. [112]

Spatially modulated ultrasonic radiation
force (SMURF) Multiple lateral ARF Single tracking location - McAleavy et al. 2007 [124]

Comb-push ultrasound shear
elastography (CUSE) Multiple lateral ARF Multiple tracking locations LOGIQ E9 (GE) [125] Zhao et al. 2011 [126]

F IGURE 2 . 6 Diagrams for the shear wave imaging methods.

higher displacement amplitudes and a plane wave front (as opposed to spherical wave

propagation [127]), allowing a larger area to be covered and shear wave velocities to be

estimated with higher accuracy [112, 128].

The spatially modulated ultrasonic radiation force (SMURF) technique was developed by

McAleavey et al. [124] in 2007. In this case, an ARF force is applied at several lateral

positions, thus generating a shear wave with a known wavelength. The frequency of the

shear wave is then measured at the tracking location. Thus, the shear wave speed can

be calculated from the wavelength and frequency [124]. Comb-push ultrasound shear

elastography (CUSE) is an extension of this method presented by Zhao et al. [126]. This

method usually uses unfocused instead of focused push beams to reduce the complexity of

the push protocol, allowing for a larger number of simultaneous focus points; furthermore,

tracking is often performed at multiple locations [126, 129].
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Core principles of shear wave imaging

The external vibration or ARF produces both compressional and shear waves. The speed

of compressional waves is related to the bulk modulus of the material, while the speed

of the shear waves is related to the shear modulus [120, 121]. Since the bulk modulus in

biological soft tissue is far greater than the shear modulus, the compressional waves travel

very quickly through the tissue and are difficult to detect, while the shear waves travel at a

slower speed and can be captured with high frame-rate ultrasound systems [130, 131].

The velocity of shear waves depends on the viscoelastic properties and density of the

tissue and, when using the Voigt viscoelastic model, is governed by Equation 2.1.

cp =

√√√√2

ρ

µ2 + (ωη)2√
µ2 + (ωη)2 + µ

(2.1)

cp = phase velocity of the shear wave

η = Voigt shear viscosity

µ = Voigt shear modulus

ρ = material density

ω = angular temporal frequency

Two types of velocities can be used to describe the propagation of shear waves: phase and

group velocity. Phase velocity describes the speed of individual frequency components of

the wave. The superposition of multiple frequency components can lead to the formation

of wave packets, i.e. groups with large amplitude, and the speed of propagation of these

packets is termed the group velocity. Therefore, while phase velocity is related to the

material properties (Equation 2.1), group velocity usually represents the speed at which

information or energy is transferred; these are only equivalent for elastic material where

phase velocity does not vary with frequency, i.e. ω/k = dω/dk = constant [132, 133].

cg(ω) =
dω

dk
(2.2)

cp(ω) =
ω

k
(2.3)
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cg = group velocity of the shear wave

k = shear wavenumber

Most shear wave imaging implementations use so-called time-of-flight (TOF) algorithms

which track the movement of the overall wave packet through the field of view. This gives

a measure of the shear wave’s group velocity [132], thus assuming that the tissue is

elastic and non-dispersive (η = 0 and cp = cg), leading to the following simplification of

Equation 2.1: µ = ρc2p = ρc2g. Furthermore, the Young’s modulus (E) is sometimes reported

instead of shear modulus by assuming that the soft tissue is incompressible and isotropic,

i.e. E ≈ 3µ [71, 86, 134].

However, shear waves travelling through biological material with non-negligble viscous

effects will experience dispersion, leading to frequency dependent phase and group

velocities. Thus, to allow for full characterisation of tissue properties using Equation 2.1,

the shear wave phase velocity must be measured at a range of frequencies. Failure to do

so will result in inaccurate material property measurements and inconsistencies in the

results of studies that use shear waves of different frequencies.

Another source of dispersion is the geometry of the soft tissue. Soft tissues often consist

of layered structures of different thicknesses and mechanical properties [28, 135]. If the

shear wave is induced in a layer of thickness less than the shear wavelength, the bulk

wave theory is no longer applicable [135, 136]. Instead, reflections of the shear wave at

boundaries of heterogeneous soft tissue can lead to complex propagation patterns. This

occurs, for example, in thin-layered tendons and ligaments, where shear waves bounce

between the internal boundaries of the structure. The interference of the shear wave

reflections results in a new, dispersive “guided” wave with frequency-dependent phase and

group velocity [30, 135, 136]. While conventional shear wave imaging systems have been

used for thin-layered tissue structures [71, 86, 137, 138], the calculated wave velocity does

not correspond to the bulk shear wave velocity, but instead gives the guided wave group

velocity at the centre frequency [30]. This value is not very meaningful when attempting to

determine mechanical properties and, when used as the shear wave velocity (cp) value in
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the aforementioned relationship, significantly underestimates the shear modulus [28–30].

Instead, more complex guided wave models have been established, for example the Lamb

wave dispersion model, that describe how the guided wave speed is linked to both the

tissue geometry and its material properties [30, 139, 140].

Shear wave imaging applications

Shear wave imaging is being used or developed for a wide range of clinical applications to

scan for changes in tissue stiffness, which can signify a pathological condition (Table 2.4).

It has allowed for the detection of liver fibrosis [20–22], malignant tumours in the breast

[24, 25, 112], cardiovascular diseases through changes in the arterial walls [139, 141],

and skin diseases through changes in the dermis layer of skin [28, 137, 142].

The shear or Young’s elastic moduli obtained from ultrasound shear wave imaging can

also provide valuable information about the health and function of soft tissue in the

musculoskeletal system: (1) firstly, activity has been found to increase the elastic modulus,

both temporarily after exertion and in the long term. For example, the shear modulus of leg

muscles increased by around 3% immediately after running [143], and the modulus of the

ulnar collateral ligaments of baseball pitchers was found to be around eight times higher

than those of non-throwing healthy individuals [86]. (2) injury, on the other hand, can lead

to a drop in shear modulus, with reports in the literature indicating drops of 20 – 50% in

injured ulnar collateral ligaments and hamstring tendons [41, 86]. Furthermore, elastic

moduli of the ulnar collateral ligament dropped by around 40 – 50% from pre-season to

season-end in professional baseball and football players, possibly indicating injury due to

overstraining [87]. (3) lastly, ageing also decreases stiffness. In a study by Wu et al. [71],

subjects aged over 50 had around 24% lower Young’s moduli in muscles and around 28%

lower moduli in tendons and ligaments compared to subjects aged 21 – 30.

Shear or Young’s modulus can also indicate the amount of load on the soft tissue, with

higher values measured for increased loading. For example, Ahmadzadeh et al. [144]

showed that shear wave velocity increased more than threefold for an ex vivo patellar

tendon loaded to ∼900N in a tensile testing machine. Similarly, in vivo measurements of
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the Achilles tendon demonstrate that the shear modulus can increase by around 3 – 5

times from maximal plantar flexion to maximal dorsiflexion [29, 134, 158]. In the lumbar

multifidus muscle of the back, shear moduli doubled when moving from a prone position

to sitting up and tripled when sitting up with the arm lifted [154]. In the myocardium of a

porcine heart, shear moduli increased more than tenfold from the diastole to systole phase

[157]. This demonstrates that shear wave imaging can be used to estimate soft tissue

loading during different states, which can be diagnostically insightful in itself. However, if

the objective is to assess changes in ligament function due to, for example, activity, injury

or ageing, it is crucial that shear wave imaging is performed with the same soft tissue

loading conditions each time.

The tissue model used during post-processing is also important. The additional viscous

material property obtained by using a viscoelastic dispersion model can provide further

insight into the health and function of the tissue. Cortes et al. [41] demonstrated that

Voigt viscosity drops by half for an injured Achilles or hamstring tendon. However, there is

no evidence that considering viscous dispersion improves the elastic material property

measurements. For the Achilles tendon during neutral ankle position, the shear elastic

modulus of ∼70 kPa measured by Cortes et al. [41] with a Voigt viscoelastic model was

only slightly outside the range of ∼80 – 240 kPa measured by studies using an elastic

model. However, when considering the thin geometry of the tendon with a Lamb wave

model, shear elastic modulus measurements were notably higher, with values around five

times higher in tissue-mimicking phantoms [139, 141], three times higher in the dermis

[28] and up to ten times higher in the Achilles tendon [30, 41, 138, 158].

Challenges in applying shear wave imaging to tendons and ligaments

The diagnostic value of measuring shear or Young’s modulus of soft tissue using shear

wave imaging is evident. It is furthermore reassuring that the observed relationship

between modulus and tissue health is in line with previous observations based on

mechanical tensile tests, which found that remodelling due to increased activity leads to

increased stiffness [33], while ageing or injury causes tissue weakening with decreased

43



Chapter 2. Literature Review

stiffness [32, 68]. However, the Young’s modulus of tendons and ligaments measured

by shear wave imaging are often three orders of magnitude lower than those measured

during mechanical tensile testing. As was summarised in Table 2.1, the Young’s modulus

obtained from the stress-strain response of human collateral ligaments ranged between

94 – 626MPa, while Wu et al. [71] measured Young’s moduli less than 100 kPa using shear

wave imaging.

There are three factors that may contribute to this discrepancy between the material

properties obtained from tensile testing and shear wave imaging. Firstly, as noted above,

analysing shear wave propagation using an incorrect tissue model can lead to

underestimation of the shear modulus. Most shear wave imaging implementations

approximate soft tissue as a homogeneous and elastic medium. While this may be valid

for larger tissues such as the liver or breast, it appears to be unsuitable for thin,

viscoelastic structures like tendons and ligaments.

Another factor may be that the Young’s moduli reported for tensile testing are usually

calculated from the linear region of the stress-strain curve. However, Brandão et al.

[159] have shown that the modulus measured using shear wave imaging represents the

instantaneous elasticity of the tissue. For tendons and ligaments, the instantaneous elastic

modulus (i.e., the gradient of the stress-strain curve) is much lower during initial loading

and gradually increases throughout the toe-region as the fibres uncrimp. This may also

explain the increase in measured shear modulus with tissue loading observed by previous

studies [134, 144, 157, 158]. However, even after considering this variation in modulus with

loading, simultaneous ultrasound and tensile testing by Brandão et al. still demonstrated a

5- to 20-fold difference between the measured instantaneous moduli in the Achilles tendon.

The behaviour is likely to be similar in the collateral ligaments: the initial elastic modulus of

∼1MPa reported by Ristaniemi et al. [73] for bovine LCLs is still ten times higher than the

maximum Young’s modulus of ∼100 kPa measured for the human LCL with shear wave

imaging [71].

Lastly, while soft tissue can normally be assumed to be isotropic and incompressible,

tendons and ligaments display highly anisotropic behaviour due to their complex
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hierarchical structure, thus violating the approximation of E ≈ 3µ, which is used to obtain

Young’s modulus from the shear modulus. Instead, tendons and ligaments are more

accurately represented by a transversely isotropic model. Royer et al. [160] were able to

show that, for this type of model, the approximation of E ≈ 3µ still provides a good

estimate for the transverse Young’s modulus when using shear waves propagating

perpendicular to the fibre direction; however, the shear modulus obtained from waves

propagating parallel to the fibre direction is not enough to determine the longitudinal

Young’s modulus.

2.2.5 Speckle tracking

The evolution of speckle tracking

The speckle tracking technique is used to measure larger tissue deformations. In the first

implementations of this technique, tissue motion tracking relied on manual identification of

anatomical landmarks in each frame of the ultrasound cine acquisition, based on the unique

speckle pattern of the landmarks. For example, in the field of orthopaedics, Maganaris and

Paul first demonstrated this approach in the 1990s to measure muscle-tendon mechanics

[161].

Automated speckle tracking algorithms soon followed, with displacement fields calculated

from the phase or cross correlation of the ultrasound data [26, 162, 163]. In the first

algorithms, tissue tracking was constrained to the axial dimension with 1D correlation of the

ultrasound data [26, 114, 162]. In fact, even nowadays, most commercial speckle tracking

systems are a one dimensional implementation and only output the axial displacement or

strain map [164]. This is due to lack of phase information and low resolution in the lateral

direction: while axial resolution is only limited by the transducer and sampling frequency,

providing a large number of axial data points, lateral resolution is limited by the spacing of

transducer elements. Hence, accurately tracking the displacement of the speckle pattern

in the lateral direction is much more challenging [109, 164, 165].
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However, many applications benefit from motion tracking in the lateral dimension, for

example when the primary strain is in the lateral direction (e.g., collateral ligaments [49,

166]), when shear strains need to be calculated (e.g., to help distinguish between different

tumours [167]) or when motion needs to be represented in a different coordinate system

(e.g., radial and circumferential in cardiovascular imaging [168–170]). Hence, recent

research has focused on developing techniques that will allow accurate determination of

displacements in two and even three dimensions [167, 168, 171].

Core principles of speckle tracking

Ultrasound speckle tracking follows the main steps that were outlined in Figure 2.5. The

tissue is subjected to loading from an excitation source, and the resulting deformation is

tracked using a series of ultrasound acquisitions [172]. Local strains can also be computed

by taking the gradient of the measured displacement field [172–174]. In many applications,

the strain field is subsequently used to determine relative tissue stiffness in the field of

view: assuming that the entire region is subjected to equal loading, stiffer tissue will deform

less than softer tissue [172, 174].

The excitation source can fall into one of two categories: external or internal physiological

[169, 173]. External refers to loading applied to the outside of the body, for example by

pushing the transducer down on the tissue during the strain imaging procedure [173].

Alternatively, tissue deformation due to an internal physiological strain source can be

measured, such as contraction of cardiac muscle tissue [170, 173] or, as will be used in

this project, the straining of the collateral ligaments due to the natural loading during knee

movement [49, 51, 166].

At the core of speckle tracking techniques is a displacement calculation algorithm, typically

based on block-matching or non-rigid image registration. This algorithm tracks the unique

speckle patterns in ultrasound images from frame to frame, enabling the measurement

of tissue motion throughout the entire loading cycle. The speckles arise naturally in the

background of an ultrasound image due to the interference of reflections from randomly

distributed acoustic scatterers, thus allowing differentiation between different areas of the
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tissue [172, 175].

During block-matching, the ultrasound image is divided into small kernels, each

encompassing a small area of the unique speckle pattern. These reference kernels are

then searched for in a larger kernel in the next frame, and the displacement that provides

the best match based on a similarity metric, e.g. normalised cross-correlation, is found

[26, 109, 114].

Non-rigid image registration techniques are based on optical flow algorithms, which

assume that the pixel intensity remains constant during motion. These algorithms compute

the displacement of each pixel by aligning it with the pixel of most similar intensity in the

next frame. The overall displacement field is determined through an optimisation process,

where the to-be-minimised objective function consists of a cost term and a regularisation

function. The cost term represents the intensity difference between the two frames after

the first frame has been deformed by the displacement field. The regularisation function

penalises large strains or discontinuities in the displacement field, ensuring that non-rigid

deformations are captured with local variations, while maintaining an adjustable level of

smoothness [176–178].

Speckle tracking applications

Speckle tracking imaging is most commonly used to screen for stiff pathological tissue (e.g.,

tumours or fibrosis) in the breast [26, 27, 179–182], liver [23, 179, 183, 184], thyroid [185,

186] or prostate [187]. In these applications, tissue motion is induced through external

compression, such as pressing the transducer against the tissue during imaging. Typically,

a 1D speckle tracking algorithm suffices, since the tissue principally deforms in the axial

direction. Relative stiffness maps can subsequently be constructed from the tissue motion,

since stiff pathological tissue will deform less than the surrounding tissue.

Speckle tracking has also been investigated as a method for measuring the deformation

or strain of orthopaedic soft tissues in response to physiological loading (Table 2.5). While

the primary research focus has been on the Achilles tendon [50, 88–95, 177, 188–195], it
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has also been applied to muscle [26, 171], tibialis anterior tendons [196], flexor digitorum

superficialis tendons [197, 202], patellar tendons [200, 201] and the collateral ligaments

[49, 51, 166].

In most applications, the applied physiological loading resulted in tensile strains along

fibres and compressive strains across the fibres. Reported longitudinal strains varied

across different tissues, with maximum values of 0.8% in the tibialis anterior tendon during

electrical muscle stimulation [196], ∼3% in the collateral ligaments during varus-valgus

knee motion [166], ∼6% in the distal patellar tendon during knee flexion [201], and ∼10%

in the Achilles tendon during partial squats [189]. Interestingly, while distal fibres of the

patellar tendon lengthened during knee flexion, the proximal fibres shortened by −1.7%

during the same measurements [201]. Compressive transverse strains were as low as

approximately −20% in the Achilles tendon during simultaneous heel lowering and partial

squatting [177].

Healthy Achilles and patellar tendons are characterised by a non-uniform strain or

displacement behaviour. In the Achilles tendon, longitudinal strains are higher in superficial

fibres [188, 190], while longitudinal displacements and transverse strains are higher in

deep fibres [88, 89, 93, 94, 177, 190–192, 199]. During knee flexion, the distal patellar

tendon elongates with uniform displacement across its fibres. In contrast, the proximal

patellar tendon shortens, and its deep and superficial fibres displace in opposite directions

[200, 201].

Changes in the strain or displacement behaviour can indicate tissue damage or weakening.

For example, in the Achilles tendon, non-uniformity was found to decrease with age and

injury [88–95]. Speckle tracking can also detect changes in the tendon curvature during

loading, which can indicate bone impingement [194].

Challenges in applying speckle tracking to tendons and ligaments

As with shear wave imaging, applying speckle tracking to tendons and ligaments presents

several challenges compared to larger, more homogeneous soft tissues. Consequently,
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commercially available speckle tracking systems have been found to be unreliable for

these tissues [197, 203].

Firstly, commercial systems are often based on block-matching algorithms where the size

of the kernels has been optimised to the speckle pattern of larger, homogeneous tissue.

The striated pattern of tendons and ligaments requires more elongated blocks that are

sized to the shape and thickness of the fascicles of connective tissue [197].

Secondly, when measuring tendon or ligament motion during physiological loading, most

of the tissue displacement is in the lateral direction of the ultrasound images. Due to the

lower resolution and lack of phase information in this direction, speckle correlation is more

challenging for this type of motion [173, 198, 203].

Furthermore, since strain is not an inherent mechanical property but rather a functional

assessment of the tissue under specific loading scenarios, results can be highly dependent

on the measurement conditions. When using quasi-static external excitation, such as

compression applied to the soft tissue by the clinician, it is challenging to control the stress

applied to the tissue and, thus, the resulting strain map usually only provides a qualitative

assessment of tissue stiffness. For dynamic physiological motion, such as measuring

collateral ligament strain during knee movement, it is essential that the same movement is

performed for each measurement. This consistency is crucial for comparing data across

different patients and time points [51].

Dynamic movements also introduce the additional challenge of maintaining proper

alignment between the transducer and the tissue of interest. As tendons and ligaments

shift relative to the skin during joint movement, manually keeping the transducer over the

tissue is difficult. Out-of-plane movements can lead to the capture of different structures

with varying strain behaviour, resulting in measurements that represent a combination of

multiple tissues. Additionally, significant out-of-plane movement between frames can lead

to rapidly changing speckle patterns that cannot be tracked accurately [51, 203, 204].

Despite these challenges, speckle tracking has already been demonstrated for large

energy-storing tendons, such as the Achilles or patellar tendon. However, the above
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challenges are exacerbated when imaging the collateral ligaments: (1) their smaller

geometry makes them more difficult to identify on ultrasound images, (2) the way they

stretch around the bone and closeness to the skin leads to an uneven imaging surface,

(3) the complex wrapping behaviour results in non-uniform strain behaviour within the

ligament and, lastly, (4) to capture notable changes in strains, a large dynamic range

of motion, such as knee extension-flexion, is required, making the measurements more

susceptible to out-of-plane motion due to the difficulty of keeping the transducer aligned to

the ligaments throughout the motion [51, 166].
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2.3 Conclusion

In summary, this literature review gave an overview of how the hierarchical anatomy

and biochemical composition of tendons and ligaments leads to a complex mechanical

behaviour. Changes in the mechanical properties can indicate a functional change or

damage. Specifically, review of the literature revealed the following relationships:

• Elastic modulus can increase due to tissue remodelling after an increase in activity,

while injury, prolonged inactivity or ageing can cause a drop in stiffness.

• Viscosity and hysteresis decreases with injury or stretching.

• The strain behaviour changes with injury, age and, in the collateral ligaments, after

knee replacement surgery.

However, existing methods to assess in vivo ligament or tendon function are either

imprecise, e.g. palpation or joint laxity tests, or rely on ionising imaging modalities, such as

fluoroscopy-based strain measurements. Since ultrasound is one of the least expensive

and most widely available imaging modalities, quantitative ultrasound techniques, such as

shear wave imaging and speckle tracking, are an attractive alternative. These techniques

can measure the viscoelastic properties, i.e. modulus and viscosity, and strain behaviour

of soft tissue, which, as outlined above, could provide valuable insights into the function of

tendons and ligaments. However, while these techniques have already been applied to

large, homogeneous soft tissues, obtaining reliable measurements in connective tissue is

more challenging, especially in very thin ligaments with complex deformation behaviour.
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3.1 Introduction

Soft tissue material properties are an important marker of tissue health and function [205],

and ultrasound shear wave imaging has emerged as a powerful, non-invasive tool that

can quantitatively measure these properties [120]. In clinical practice, this technique is

most commonly used to detect pathological tissue changes, such as fibrosis or tumours,

in the liver [20–22], muscle and breast [24, 25].

Commercial implementations of shear wave imaging have been predominantly developed

with the assumption that tissues are large, linearly elastic, and homogeneous, relying on

simplified models that directly calculate the elastic modulus from shear wave velocities

[139]. However, this approach overlooks the complex, heterogeneous and viscoelastic

nature of most soft tissues [206], leading to potential inaccuracies.

Applying a simplified elastic model to viscoelastic tissue has two consequences. Firstly,

neglecting viscous contributions can cause bias in the elastic moduli measurements [207].

Secondly, the diagnostic value of the viscous component is lost: in the liver, viscosity has

been found to be an important differentiator of fibrosis or steatosis disease state, as well

as benign or malignant tumours [85, 208–211]. In tendons, changes in viscosity can signal

the presence of injury [41].

In addition to the intrinsic material properties of the tissue, the geometry of the tissue

itself plays a pivotal role in shear wave propagation. Many clinically relevant applications

in a wide range of fields involve thin tissue structures, such as tendons and ligaments in
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orthopaedics [30, 41], the walls of the heart and blood vessels in cardiology [140, 156],

skin in dermatology [28, 137, 142], and the cornea or crystalline lens in optometry [151,

212, 213]. The thin geometry of these tissues can lead to guided shear wave propagation,

where the wave interacts with tissue boundaries, creating complex wave patterns [139].

Conventional shear wave imaging will measure the velocity of the guided wave, which is

often much slower than the underlying shear wave velocity. Failure to account for this will

result in inaccurate measures of material properties.

Given these complexities, it is essential to accurately model shear wave propagation

by considering both viscoelasticity and the influence of tissue geometry. Viscoelastic

models have already been used for tissue-mimicking phantoms [43], the liver [85, 210,

214], the kidney [214], and the Achilles tendon [41]. Guided wave models have been

applied to tissue-mimicking phantoms [139, 141], the skin [28], the bladder wall [215], the

carotid artery [140, 216], the cornea [212], and the Achilles tendon [29]. However, the

simultaneous consideration of both effects has only been addressed in a limited number of

studies by Brum et al. (Achilles tendon) [30], and by Urban and Nenadic et al. [156, 157]

(cardiac applications).

This chapter aims to provide a comprehensive overview of the most suitable

post-processing methods for different types of tissues. As the models become more

sophisticated to account for viscosity and thin tissue geometry, they also become more

computationally demanding. Therefore, to facilitate their broader application, this chapter

emphasises practical guidance on implementing these models using common Matlab

functions, making these advanced techniques more accessible to researchers new to the

field.
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3.2 Shear wave generation and ultrasound
acquisition sequences

Throughout this project, shear waves were generated using either an acoustic radiation

force (ARF) emitted by the ultrasound probe itself or by using an external shaker. The

propagation of the shear wave through phantom samples or ligamentous soft tissue

was subsequently captured using ultrasound plane wave imaging (PWI). All ultrasound

sequences were implemented on a Verasonics Vantage 128 research ultrasound system

(Verasonics Inc., Kirkland, WA, USA).

3.2.1 Acoustic radiation force (ARF)

The ARF-based shear wave imaging procedure followed the shear wave elastography

imaging (SWEI) scheme by Sarvazyan et al. [120] and Nightingale et al. [121], i.e. shear

waves were generated using a single focused push beam of extended duration (Figure 3.1).

A broad range of transmission settings have been used in the literature for producing the

push beam, and those used for this work fell within these ranges (Table 3.1).

When designing the transmission protocol, it should be noted that stronger shear waves

with a higher signal-to-noise ratio (SNR) can be obtained when using settings that produce

high acoustic pressures with strongly focused beams. However, pressures that are too high

can cause structural damage due to cavitation within the tissue (i.e., formation and bursting
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Shear wave generation and
ultrasound acquisition sequences

𝑝𝑢𝑠ℎ 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑝𝑢𝑠ℎ 𝑐𝑦𝑐𝑙𝑒𝑠

𝑝𝑢𝑠ℎ 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦
𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔 𝑝𝑢𝑙𝑠𝑒 𝑟𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑖𝑜𝑑 =

1

𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔 𝑝𝑢𝑙𝑠𝑒 𝑟𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

focal point

Shear wave generation using 
acoustic radiation force

Shear wave tracking using 
ultrasound plane wave imaging

plane wave imagingacoustic push

ultrasound 
probe

ultrasound 
probe

𝑝𝑢𝑠ℎ 𝑝𝑢𝑙𝑠𝑒 𝑟𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑖𝑜𝑑 =
1

𝑝𝑢𝑠ℎ 𝑝𝑢𝑙𝑠𝑒 𝑟𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

lateral

axial

lateral

a
xia

l

F IGURE 3 .1 Shear wave generation and tracking sequences when using an acoustic radiation force (ARF) push.

TABLE 3 .1 Parameters for generating shear waves with a single push beam ARF. The Matlab structures through which these
parameters are defined in the Verasonics script are indicated in the second column.

Parameter Verasonics Matlab
structure Values used in literature Selected Values

Push pulse repetition period SeqControl
(timeToNextEB)

2 Hz
[150] 2 Hz

Push cycles TW.Parameters 400 – 1000 cycles
[86, 112, 144, 146, 149, 152] 1000 cycles

Transducer push frequency TW.Parameters
3.1 – 7.8MHz

[86, 112, 139, 141, 144, 146, 149, 151, 152,
217]

7.8MHz

Push duration TW.Parameters
96 – 192 µs

[86, 108, 112, 139, 141, 144, 146, 149, 151,
152, 217]

128 µs

Transducer push elements TX.pushElements 32 – 110 elements
[86, 108, 144, 146, 151, 152] 32 elements

Focal depth TX.focus 14.8 – 15.4 mm
[144, 146, 149]

Using the real-time ultrasound feed,
the focal depth was positioned in the

centre of the specimen.
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of bubbles in the tissue) as well as thermal damage. Therefore, for in vivo applications,

the right balance needs to be found, with the ARF acoustic pressures high enough to

generate visible shear waves that can be tracked, but without exceeding the recommended

safety limits [218, 219]. Measurement of the safety indices is discussed in more detail in

Chapter 5: Ultrasound Safety.

The push frequency was set to the transducer centre frequency in order to maximise the

transmission amplitude, resulting in the most efficient transfer of ARF to the tissue [108,

150].

3.2.2 External shaker

Shear waves were also generated using a mini-shaker (Type 4810, Bruel & Kjaer, Norcross,

GA) that has a vibrating element which, when in contact with the sample or the skin near

the soft tissue of interest, can generate continuous shear waves at controlled frequencies

between 0 – 18 kHz (Figure 3.2).

IQ 
frames of IQ Data

Simultaneous shear wave generation using external shaker and 
shear wave tracking using ultrasound plane wave imaging

plane wave imaging

ultrasound 
probe

external 
shaker

lateral

axial

𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔	𝑝𝑢𝑙𝑠𝑒 𝑟𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑖𝑜𝑑 =
1

𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔	𝑝𝑢𝑙𝑠𝑒	𝑟𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

F IGURE 3 . 2 Shear wave generation and tracking sequences when using an external shaker.
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3.2.3 Plane wave imaging (PWI)

An ultrafast PWI sequence was implemented to capture the rapid propagation of the shear

wave across the field of view.

Table 3.2 summarises how PWI has previously been implemented to track shear waves,

as well as the settings used in this project.

The pulse repetition frequency (PRF) was initially set to 10 kHz for the phantom samples.

However, this PRF was found to be too low for the ligamentous specimen, since the shear

wave velocities for these were higher (SWV ≈ 5.5 – 13m/s) than in the agar phantom

specimen (SWV ≈ 2.5 – 5.5m/s). Due to attenuation, the shear wave is best tracked in

the first 10mm of propagation before the SNR becomes too low. Thus, for shear wave

velocities over 10m/s, a PRF of 10 kHz results in fewer than 10 frames during which the

shear wave is visible for tracking.

Therefore, for the experiments on ligaments, the acquisition sequence was optimised to

maximise the PRF of the Verasonics system. The main limiting factor was found to be

the imaging depth [105]: ultrasound images are created by transmitting ultrasound waves

and then waiting for their reflections to return to the transducer elements. Reflections

TABLE 3 . 2 Parameters for plane wave tracking of the shear wave and the Verasonics beamforming procedure. The Matlab
structures through which these parameters are defined in the Verasonics script are indicated in the second column.

Parameter Verasonics Matlab
structure Values used in literature Selected Values

Tracking pulse repetition frequency
(PRF)

SeqControl
(timeToNextAcq)

3 – 20 kHz
[86, 112, 139, 141, 144, 146, 149, 151, 152] 10 – 15 kHz

Transducer tracking frequency TW.Parameters 5 – 7.5MHz
[43, 139, 141, 144, 146, 148, 149, 151] 7.8MHz

Transducer tracking elements TX.Apod - 128 elements (full aperture)

Temporal sampling frequency Receive.sampleMode 20 – 50MHz
[41, 112, 146, 149]

31.25MHz
Receive.sampleMode = ‘NS200BW’

Beamforming lateral sampling frequency PData.PDelta - 0.5λ (0.10 mm)

Beamforming axial sampling frequency PData.PDelta 0.25λ
[108] 0.25λ (0.05 mm)

λ: ultrasound wavelength ( speed of ultrasound
transducer frequency )
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from further away in the field will take longer to return to the transducer. Thus, since

the transducer elements can only produce the next transmission sequence once the

reflections from the furthest desired imaging depth have been acquired, increasing the

PRF will require the imaging depth to be minimised. Here, the imaging depth was set

to 30mm, which allowed the PRF to be increased to 15 kHz before the Verasonics script

produced an error message, informing the user that the time between the pulses was too

short.

The Verasonics pixel-based beamforming technique was applied to convert the raw radio

frequency (RF) data captured during the PWI acquisitions to beamformed in-phase and

quadrature (IQ) data for a pre-defined region of interest next to the ARF focus or the

tapping location of the external shaker.

When using ARF excitation, the shear wave push and PWI tracking sequences were both

implemented with a single ultrasound probe and, thus, ultrasound transmissions alternated

between these two sequences (Figure 3.1). When using the external shaker, shear waves

were continuously generated by the shaker while the ultrasound system simultaneously

operated in the PWI acquisition mode (Figure 3.2).
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3.3 Post-processing algorithms

The following sections describe how the collected in-phase and quadrature (IQ) ultrasound

data was post-processed to, firstly, visualise the shear wave propagation and, secondly,

determine the material properties based on the shear wave propagation. These steps

have been summarised in Figure 3.3.

3.3.1 Tissue motion calculation

The Doppler effect is widely used in the field of ultrasound to measure the velocity of the

contents that are being imaged: by determining how the frequency changes between the

transmitted and received pulse, the velocity of the reflector (along the direction of the

ultrasound beam) can be estimated. One widely known application is pulsed wave Doppler

imaging, which is used to measure the velocity of blood.

The Doppler effect is also relevant when tracking shear waves. Shear waves are transverse

waves; thus, even though they travel laterally through the ultrasound field of view, the local

displacement of the tissue is in the axial direction, i.e. along the direction of the ultrasound

beam. Thus, various algorithms have been developed based on the Doppler effect, which

calculate the axial tissue velocity by estimating the ratio between the transmitted and

received frequency.

The algorithm adopted in this work was the Loupas 2D-autocorrelation algorithm
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F IGURE 3 . 3 Summary of the shear wave imaging post-processing procedure. With the help of the decision tree, the most
appropriate post-processing method can be identified for a given application. All methods and variables are outlined in further
detail in Sections 3.3.1-3.3.3.
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(Equation 3.1), a phase-shift algorithm that corrects for local variations of the centre

frequency [108, 220]. This algorithm has been shown to provide accurate results at little

computational cost [108, 139, 149].

v =
c FPRF

2Fs

arctan

 ∑M−1
m=0

∑N−2
n=0 {Q(m,n)I(m,n+ 1)− I(m,n)Q(m,n+ 1)}∑M−1

m=0

∑N−2
n=0 {I(m,n)I(m,n+ 1) +Q(m,n)Q(m,n+ 1)}


2π Fc

Fs
+ arctan

 ∑M−1
m=0

∑N−2
n=0 {Q(m,n)I(m+ 1, n)− I(m,n)Q(m+ 1, n)}∑M−1

m=0

∑N−2
n=0 {I(m,n)I(m+ 1, n) +Q(m,n)Q(m+ 1, n)}


(3.1)

c = speed of sound in the medium

Fc = transducer centre frequency

FPRF = pulse repetition frequency

Fs = sampling frequency

I = in-phase signal

M = axial window size

N = temporal window size

Q = quadrature signal

v = axial tissue velocity

The algorithm is based on the IQ data obtained from the Verasonics beamforming

procedure. Here, the axial and temporal window size was set to M = 5 and N = 5,

respectively. The resulting axial velocity data is a 3D matrix (lateral position × axial

position × time).

3.3.2 Filtering

Axial velocity data is often prone to several sources of noise, such as reverberations from

the ARF or signal decorrelation [108]. When the SNR is low, it becomes difficult to discern

the shear wave from the noise and, thus, accurately track its motion through the medium.

Here, the following steps were taken to reduce this noise.
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Removal of reverberation frames due to the acoustic radiation force (ARF)

When using an ARF push beam to generate shear waves, there is a spike in axial velocities

in the field of view for the first few frames, possibly due to reverberations in the field caused

by the push pulse [108]. Therefore, when using this excitation method, the first 0.3ms were

removed from the axial velocity data.

Median filter

A 3×3×3 median filter, i.e. 0.15mm×0.30mm×0.3ms (axial × lateral × time), was applied

using the Matlab function medfilt3, which effectively removed large outliers within the

data [149].

Butterworth and directional filter

Lastly, a 3D mask combining a 4th order Butterworth and directional filter was applied

to the Fourier transform of the data (Figure 3.4). The 3D axial velocity data was Fourier

transformed using the Matlab function fftn with the zero-padding settings defined in

Table 3.3 (higher zero-padding was used in the temporal frequency dimension since higher

resolution was needed for the low cut-off frequency of 50Hz).

The first component of the filter mask applied to the Fourier domain of the signal was a

bandpass 4th order Butterworth filter, i.e. a filter consisting of both a high- and low-pass

component (Figure 3.4, top row). The low-pass component had a cut-off frequency in all

three dimensions (lateral and axial wavenumber, and temporal frequency) to eliminate any

TABLE 3 . 3 Settings for the filter applied to the Fourier domain.

Fourier domain frequency fftn zero-padding
Butterworth

low-pass cut-off
frequency

Butterworth
high-pass cut-off

frequency

Temporal frequency (ft) 6 Ct,low = 2000 Hz Ct,high = 50 Hz

Axial wavenumber (νax) 2 Cax = 1000 m−1 -

Lateral wavenumber (νlat) 2 Clat = 1000 m−1 -
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F IGURE 3 . 4 3D Fourier domain filter mask to remove high-frequency jitter, low-frequency motion from user and shear wave
reflections/reverberations travelling against the main direction of propagation. The Fourier domain of the signal is multiplied by
the filter mask, i.e. frequencies where the mask value is close to zero (dark blue) are removed, while frequencies where the
mask value is close to one (dark red) are kept. A 4th order bandpass Butterworth filter mask (top) removes high frequencies in
all dimensions, as well as very low temporal frequencies. The directional filter (middle) removes two quadrants of the νlat-ft
Fourier domain, only preserving waves moving in the main direction of propagation. The overall mask (bottom) is obtained by
multiplying together the individual masks. For clarity, the top two rows only show two slices of the 3D filter at νlat = 0 and νax = 0.
To help visualise the overall 3D effect of the filter, the bottom figure shows the full 3D map, with increased transparency for values
approaching zero (dark blue regions) [221].
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high-frequency jitter or noise [149]. The high-pass component only had a temporal cut-off

frequency of 50Hz to remove any motion caused by movement of the ultrasound probe

by the user [108]. Equations 3.2-3.3 were used to define the filter [222, 223]. The cut-off

frequencies for the Butterworth filter are summarised in Table 3.3.

Hlow-pass(νlat, νax, ft) =
1

1 +
(

νlat
Clat

2 + νax
Cax

2 + ft
Ct,low

2
)n (3.2)

Hhigh-pass(ft) = 1− 1

1 + ft
Ct,high

2n (3.3)

Cax = axial low-pass cut-off frequency

Clat = lateral low-pass cut-off frequency

Ct,high = temporal high-pass cut-off frequency

Ct,low = temporal low-pass cut-off frequency

ft = temporal frequency

Hhigh-pass = high-pass Butterworth transfer function

Hlow-pass = low-pass Butterworth transfer function

n = Butterworth order

νax = linear axial wavenumber

νlat = linear lateral wavenumber

The aim of the directional filter was to remove any interference from waves travelling in

the opposite direction from the main shear wave propagation. These waves may occur

due to reflections or refractions of the main shear wave when it encounters boundaries or

other discontinuities in the medium. Signal corresponding to waves moving in a certain

direction can be isolated by removing certain quadrants of the νlat-ft domain. For example,

for waves moving in the positive lateral direction, the lateral wavenumber and temporal

frequencies will either be both positive or both negative. Hence, the quadrants where these

have opposing signs can be set to zero to remove waves moving in the opposite direction

(Figure 3.4, middle) [108, 149, 221].
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The final mask that was ultimately applied to the Fourier transform was obtained by

multiplying together the low-pass Butterworth filter, high-pass Butterworth filter and

directional filter.

3.3.3 Evaluating material properties based on shear wave
propagation

The shear wave velocity is closely linked to the material properties of the medium, as

governed by Equations 3.4-3.7 below [132, 207, 224].

The shear modulus can be expressed as a complex number consisting of a storage and

loss component:

G∗(ω) = G
′
(ω) + iG

′′
(ω) (3.4)

G∗ = complex shear modulus

G
′
= shear elastic storage modulus

G
′′
= shear loss modulus (viscous component)

ω = angular temporal frequency

The complex shear wavenumber describes the shear wave propagation:

k∗s(ω) =
ω

cp(ω)
− iαs(ω) (3.5)

cp = phase velocity of the shear wave

k∗s = angular complex shear wavenumber

αs = attenuation of the shear wave

The complex shear modulus is related to the complex wavenumber through:

G∗(ω) =
ρω2

k∗s
2(ω)

(3.6)

ρ = material density
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For an incompressible and isotropic medium with Poisson’s ratio approximately equal to

0.5, the following equation can be used to link the extensional elastic modulus to the shear

elastic modulus (storage components) [225]:

E
′
(ω) = 2G

′
(ω)(1 + υ) = 3G

′
(ω) (3.7)

E
′
= extensional elastic storage modulus (i.e., Young’s modulus)

υ = Poisson’s ratio

Lastly, while the above theoretical equations taken from the literature are typically

expressed in angular frequencies (ω in rad/s) and angular wavenumbers (k in rad/m),

experimental data is typically displayed in linear frequencies (f in Hz) and linear

wavenumbers (ν in m−1). For consistency, this convention will be used here as well, but to

highlight this difference and avoid confusion, the angular to linear relationships are

summarised below:

k = 2πν (3.8)

ω = 2πft (3.9)

ft = temporal frequency

k = angular wavenumber

ν = linear wavenumber

Care has to be taken that the right method is used to obtain the phase velocity of the

shear wave and the correct equation is subsequently used to calculate the elastic or

viscoelastic material properties. Often, so-called time-of-flight (TOF) algorithms are applied

to determine the shear wave velocity, from which the shear modulus is then calculated

using G = ρc2. However, as will be demonstrated below, this simplified post-processing

protocol is only applicable for large, unbounded, elastic material. Due to an effect called

dispersion which causes the shear wave velocity to be frequency-dependent, more in-

depth analysis is required when the material is viscoelastic and/or thin-layered, which

is often the case for tendons and ligaments. The post-processing steps for the different
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material and geometry conditions are outlined in detail below.

Large, unbounded elastic material

Since elastic material does not have a loss modulus, the shear modulus and shear

wavenumber are both real and Equation 3.6 simplifies to G = ρc2p. With the density known

(for soft tissue ρ ≈ 1000 kg/m3 [108]), only the shear wave phase velocity is needed to

determine the shear modulus. Typically, TOF algorithms are used to find the velocity of

the shear wave. While these technically calculate the group velocity of the wave [30, 132],

i.e. the velocity of the wave packet rather than individual wave phases, phase and group

velocity can be shown to be equal in elastic material due to its non-dispersive nature, i.e.

shear wave velocity is not frequency-dependent (Equations 3.10-3.13) [132].

cg(ω) =
dω

dks
=

dft
dνs

(3.10)

cp(ω) =
ω

ks
=

ft
νs

(3.11)

cg = group velocity of the shear wave

For non-dispersive material, ω is linearly related to ks:

ω = c ks (3.12)

Therefore:

cg =
dω

dks
=

ω

ks
= cp (3.13)

Two different TOF algorithms were implemented in this project.

1. In the linear regression method, the shear wave is tracked by determining its ‘arrival

time’ for each lateral position. The shear wave propagation through each lateral position

can be visualised by looking at how the axial velocity at these positions varies sinusoidally

with time (Figure 3.5, left). The shear wave arrival time can then be defined as the time at

which the axial velocity reaches either a peak or trough. By plotting the shear wave arrival
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F IGURE 3 . 5 Time-of-flight (TOF) analysis using the linear regression algorithm.

time against lateral position, a linear trend becomes visible, the slope of which is equal to

the shear wave velocity (Figure 3.5, right).

If SNR is low, determining the peaks and troughs in the axial velocity vs time plot that

correspond to the shear wave is challenging. Thus, at each lateral position the two most

prominent peaks and troughs, i.e. four points overall, are plotted. Subsequently, a random

sample consensus (RANSAC) algorithm (Matlab function ransac) is used to find a line of

best fit for both the peak and trough points. The RANSAC algorithm uses the following

steps to find the line of best fit in the presence of outliers: 1) a random subset of the data is

selected, 2) the Matlab fit function finds the line of best fit for this subset, 3) the number

of inlier points is calculated, i.e. the number of points from the entire original data set which

lie within a pre-defined maximum distance from the line, and 4) this process is iteratively

repeated to find the line of best fit with the most inlier points [226].

After the two lines of best fit have been found (one for the peak points and one for the

trough points), the line with the most inlier points is used to calculate the shear wave

velocity.

2. The radon transform method is best understood by depicting the axial velocity vs lateral

position vs time data as a colour plot (Figure 3.6). The red and blue streaks through the plot

correspond to maximum and minimum axial velocity, respectively, thus representing the
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F IGURE 3 . 6 Time-of-flight (TOF) analysis using the radon transform algorithm.

shear wave peak and trough. Using the Matlab radon function, the sum of axial velocities

for projections at different angles and different x’ positions is calculated. This sum along the

projections reaches a maximum and minimum for the projections running exactly through

the red and blue streaks. The corresponding angle of the maximum/minimum projection is

used to determine the slope of the streaks and, thus, the shear wave velocity.

An additional algorithm, which will be referred to as the phase velocity method, was

developed for this study (Figure 3.7). Unlike the TOF methods that calculate the group

velocity, this method directly finds the phase velocity of the shear wave by taking the 2D

Fourier transform of a lateral position vs time slice of the axial velocity data. The point at

which the Fourier transform magnitude map reaches a maximum is located. By dividing

F IGURE 3 . 7 Method to obtain the shear wave phase velocity from the Fourier transform of the axial velocity data.
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the corresponding wavenumber by the frequency, the phase velocity of the most dominant

frequency component of the wave is obtained (Equation 3.11).

Large, unbounded viscoelastic material (viscoelastic dispersion analysis)

For viscoelastic material, the shear modulus and shear wavenumber are complex and

frequency dependent. This means that viscoelastic materials are dispersive, i.e. shear

waves of different frequencies will travel at different velocities. Following on from

Equations 3.4-3.7, the shear wave phase velocity can be related to the shear loss and

storage moduli using the following steps [43, 207, 224].

Rearranging Equation 3.6 and multiplying the numerator and denominator within the

square root by the conjugate G
′ − iG

′′
:

k∗s = ω

√
ρ

G′ + iG′′ = ω

√
ρ(G′ − iG′′)

G′2 +G′′2
(3.14)

The real and imaginary parts of the above equation can be separated using the following

theorem for the square root of a complex number [227]:

√
a+ bi =

√√
a2 + b2 + a

2
+ i

b

|b|

√√
a2 + b2 − a

2
(3.15)

Therefore:

k∗s = ω

√
ρ

G′2 +G′′2


√√

G′2 +G′′2 +G′

2
− i

√√
G′2 +G′′2 −G′

2

 (3.16)

Finally, since shear wave phase velocity is related to the real part of the complex

wavenumber (Equation 3.5) [43, 132]:

Re(k∗s) =
ω

cp
= ω

√
ρ

2

√
G′2 +G′′2 +G′

G′2 +G′′2
(3.17)

cp =

√
2

ρ

G′2 +G′′2√
G′2 +G′′2 +G′

(3.18)

A wide range of viscoelastic models exist, with each one defining the storage and loss

modulus differently [43]. For soft biological tissue, the Voigt model has previously been

76



Post-processing algorithms

found to provide a good fit [30, 41, 43, 156, 205]:

G
′
= µ (3.19)

G
′′
= ωη = 2πft η (3.20)

η = Voigt shear viscosity

µ = Voigt shear modulus

Therefore, for the Voigt model, the dispersion curve (cp vs ft) is defined using the following

equation:

cp =

√√√√2

ρ

µ2 + (2πftη)
2√

µ2 + (2πftη)
2 + µ

(3.21)

It can now be seen from Equation 3.21 how the frequency-dependency of the loss

modulus will result in a frequency-dependent shear wave phase velocity. By fitting this

Voigt dispersion model to experimentally obtained dispersion data, the Voigt material

properties (µ and η) can be determined.

It should be noted that, due to the dispersion effect, group velocity will no longer be equal

to phase velocity. Therefore, for viscoelastic materials, it is crucial that the experimentally

obtained dispersion data is based on the phase velocity.

The fitting process involved the following steps (Figure 3.8). First, a 2D lateral position vs

time slice was extracted from the experimental axial velocity data, which either

corresponded to the data at a specific axial depth or the average over a range of depths.

Next, a 2D fast Fourier transform was applied to this spatio-temporal axial velocity field to

convert it into its wavenumber vs frequency representation. Next, by using the cp = ft/ν

relationship, this plot was transformed into a phase velocity vs frequency map. Finally, the

theoretical Voigt dispersion curve (Equation 3.21) was fitted to this experimental

dispersion map.

This curve of best fit was found using the Matlab optimisation function fmincon, which

aimed to find the Voigt material properties for which the theoretical dispersion curve best

crossed through the region of maximum magnitude of the experimental phase velocity vs
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2. Take the 2D Fourier transform 
of the axial velocity slice.

1. Select a 2D axial-velocity slice (lateral 
position vs time) for a certain axial depth.

3. Plot the dispersion map using the 
phase velocity = wavenumber / frequency 
relationship.

4. Find the theoretical dispersion curve that 
goes through the maximum magnitudes of 
the experimental dispersion map. 

F IGURE 3 . 8 Post-processing steps for the viscoelastic dispersion analysis. Viscoelastic material properties are obtained by
fitting the theoretical dispersion model to the experimental dispersion map (bottom left).

frequency map. The goodness-of-fit was thus defined as the average magnitude of the

dispersion map along the fitted curve: at each iteration of the optimisation, the Matlab

function interp2 was used to find the magnitude at each frequency along the theoretical

dispersion curve, and the average of these values was taken as the to-be-optimised

goodness-of-fit. To allow results of different measurements to be compared more easily,

the Fourier transform magnitudes were normalised to range from 0 – 1; thus, average

magnitude values of the fitted dispersion curve closer to one indicated a better fit.

The experimental shear wave dispersion map can be obtained using both the ARF

excitation and external shaker methods. Shear waves generated using ARF excitation

naturally have a large bandwidth, with detectable frequencies in the Fourier domain

across several hundred hertz. Thus, phase velocities over a range of frequencies can be

measured with a single shear wave. On the other hand, the external shaker creates shear

waves with a low bandwidth, meaning that with each shear wave, the phase velocity is

obtained for only a specific frequency. However, specific frequencies can be targeted more
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accurately and, even though each frequency needs to be excited separately, ultimately a

wider range of frequencies can be investigated. The Fourier transforms of the acquisitions

at the different frequencies are then combined to obtain one overall dispersion map.

Thin, elastic material (Lamb wave dispersion analysis)

The geometry of the material can be another source of dispersion: when a shear wave

travels through a thin-layered structure, it will reflect at the internal boundaries and will

propagate as a so-called guided wave [30, 140]. The resulting overall wave is a combination

of these internal reflections, and its phase velocity is frequency-dependent and different to

the velocity of the underlying shear wave (Figure 3.9). Different models exist that describe

the formation and propagation of guided waves, each considering different geometries and

boundary conditions. For guided waves travelling through ligaments and tendons, the below

antisymmetric Lamb wave model has been shown to be effective, which approximates

the tissue as a thin, infinitely large and isotropic plate surrounded by a medium of similar

density [30, 139, 140, 156].

F IGURE 3 . 9 Illustration of Lambwave propagation, reproduced from Sun et al. [228], licensed under CC BY. (a) Longitudinal
(P) and shear (S) waves are reflected at the internal plate boundaries and are thus guided along the plate. (b) Antisymmetric
modes of the Lamb wave. (c) Symmetric modes of the Lamb wave. (d) Dispersion curves of the Lamb wave for an aluminium
plate.

79



Chapter 3. Shear Wave Imaging Implementation

4kL
3β cosh(

kLh

2
)sinh(

βh

2
)− (ks

2 − 2kL
2)2sinh(

kLh

2
)cosh(

βh

2
)−

ks
4cosh(

kLh

2
)cosh(

βh

2
) = 0

β =

√
kL

2 − ks
2

kL = ω/cL

(3.22)

For elastic materials, G
′′
= 0 is real and Equation 3.14 reduces to:

ks = ω
√

ρ/G (3.23)

cL = Lamb wave phase velocity

h = height of the thin-layered structure

kL = Lamb wavenumber

Similar to the viscoelastic post-processing approach described in the previous section,

the Lamb wave model can be fitted to the experimental dispersion map obtained from the

Fourier domain of the axial velocity data (Figure 3.10). In this case, the phase velocity of
A1 m

odes

A0 modes

Experimental data switched from the A0 to A1 mode 
when frequency x plate thickness ≈ 6

A1 mode was fitted to the 
experimental data

A0 mode was fitted to the 
experimental data

Example Lamb wave dispersion map for ARF shear wave 
generation for a specimen of 7.2 mm thickness 

Example Lamb wave dispersion map for shear wave 
generation with an external shaker for a specimen of 4.3 mm 

thickness (threshold frequency for transition from A0 to A1 
mode was outside the collected frequency range)

1st 
acquisition
at 200 Hz

The overall dispersion map is created from multiple acquisitions 
with varying excitation frequencies of the external shaker

2nd 
acquisition
at 300 Hz

3rd 
acquisition
at 400 Hz

4th 

acquisition
at 500 Hz

5th 

acquisition
at 600 Hz

6th 

acquisition
at 700 Hz

7th 

acquisition
at 800 Hz

F IGURE 3 .10 Example dispersion maps for thin-layered samples, obtained with acoustic radiation force (ARF) excitation
(left) and external shaker excitation (right). Lamb wave dispersion models describe the propagation of guided waves, which
result from the superposition of the internal reflections of the shear wave between the boundaries of thin, plate-like structures.
Note that the two dispersion maps were obtained for different materials (left: tissue-mimicking agar phantom, right: porcine
collateral ligament).
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the experimental dispersion map is the velocity of the Lamb wave (cL). Since the height of

the medium can be measured either using vernier callipers in ex vivo experiments or from

the ultrasound images, the only unknown is the shear modulus G.

The Matlab optimisation function fmincon was again used to find the theoretical Lamb wave

dispersion curve that best matched the maximum magnitude region of the experimental

dispersion map. However, since the Lamb wave equation (Equation 3.22) is an implicit

function (i.e., the dependent variable cL cannot be isolated), finding the Lamb wave

dispersion curve at each iteration for new trial values of shear modulus was more

challenging and computationally expensive. Here, the Matlab function fsolve was used to

find a solution of the implicit equation at a range of frequencies between 0 – 1500Hz.

An additional challenge was the multi-modal nature of Lamb wave propagation, which

results in multiple possible function solutions at every frequency, each corresponding to

a different mode of the Lamb wave (Figure 3.9). Thus, to obtain the curves of different

modes, the ‘initial point’ input variable of fsolve was varied until the different solutions

were found [229]. Here, only the first two modes (A0 and A1) were evaluated, since these

were found to be the dominant modes for the frequency range used throughout this study

(<1500Hz). Furthermore, it was found that the experimental dispersion data switched

from the A0 to the A1 mode for frequencies ≳ 6/plate thickness. Therefore, when fitting

the model to the experimental data, the A0 mode was used for frequencies below this

threshold and the A1 mode for frequencies above this threshold.

Thin, viscoelastic material (viscoelastic & Lamb wave dispersion analysis)

If the material is both thin and viscoelastic, both sources of dispersion have to be accounted

for. Viscoelasticity will result in a complex shear wavenumber k∗s (Equation 3.14) and a

complex Lamb wavenumber k∗L (Equation 3.24). Thus, the left-hand side of the Lamb wave

equation (Equation 3.22) will have a real and imaginary part and, when solving for cL, it

has to be ensured that both the real and imaginary parts of the equation equal to zero

[229]. The Matlab function fsolve is able to solve these types of complex equations, and

thus the same approach as above was implemented (Figure 3.10); however, in this case,
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two material property variables were input into the optimisation function of fmincon, i.e.

the Voigt shear modulus and viscosity (µ and η).

k∗L(ω) =
ω

cL(ω)
− iαL(ω) (3.24)

cL = phase velocity of the Lamb wave

k∗L = angular complex Lamb wavenumber

αL = attenuation of the Lamb wave
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3.4 Discussion

3.4.1 Comparison to state-of-the-art

The post-processing procedures outlined in this chapter combine established methods

from the literature (as referenced throughout) with novel advancements developed during

this project. The following summary aims to distinguish new contributions from previously

implemented methods.

1. Shear wave generation: the effectiveness of using an external shaker to investigate

phase velocity dispersion due to viscoelasticity has been demonstrated in a wide

range of soft tissue, such as the liver [210, 214], kidney [214] and tendons [41].

However, it has not seen much use for investigating guided wave dispersion in thin

structures, with the main research focus in cardiac applications [156, 157]. Since

an external shaker allows more controlled generation of shear waves at a wider

range of frequencies, there is a clear argument for its use for any form of frequency

dispersion analysis. Here, the process for obtaining the dispersion maps for both

ARF and external-shaker induced shear waves has been outlined, to which either a

viscoelastic and/or guided wave dispersion model can be fitted.

2. Filter design: in most previous implementations of shear wave imaging, a 2D (lateral

× temporal) median filter and/or directional filter was used to reduce noise in the

calculated axial velocities [146, 149, 150]. Incorporating a bandpass filter into the

design has been shown to effectively mitigate both low-frequency background noise
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and high-frequency jitter [41, 108]. Additionally, Lipman et al. [221] demonstrated

that a 3D directional filter (lateral × axial × temporal) significantly outperformed

traditional 2D filters. To leverage both these improvements, a 3D filter with combined

directional and bandpass filtering has been implemented. This approach not only

enhanced noise reduction but also reduced computational costs. Instead of applying

a 2D filter to each axial velocity slice individually, the 3D filter can be applied to the

entire 3D axial velocity matrix, streamlining the process.

3. Large, elastic model: the time-of-flight methods to calculate group velocity were

based on previous work [108, 144, 149, 151, 230]. However, some improvements

were made. Linear regression methods typically find a single "shear wave arrival

time", i.e. axial velocity peak/trough, at each lateral position [108]. When SNR was

low, distinguishing between peaks/troughs corresponding to the shear wave vs ones

that are introduced by noise was challenging, leading to poor linear regression

between arrival time and lateral position. Using a RANSAC algorithm, as suggested

by Wang et al. [230], can improve the fit. Here, multiple peaks and troughs were

extracted per lateral position, further increasing the likelihood that the true shear

wave flight is detected by the RANSAC algorithm.

In addition to the time-of-flight methods, a new technique was proposed, i.e. the

phase velocity method based on the Fourier transform. Since this method requires

less processing steps and directly finds the most dominant wave component in

the Fourier domain, it is hypothesised that it is more robust against noise and

artefacts. Furthermore, by implementing an efficient Fast Fourier Transform (FFT),

computational times are further reduced.

4. Dispersion models: the steps to obtain the experimental dispersion map from

the axial velocity data have been previously described [30, 139]. However, here a

new algorithm for fitting the theoretical dispersion curves was proposed. Previous

methods obtain an experimental dispersion curve by finding the phase velocity at

each frequency that corresponds to the maximum magnitude on the experimental

dispersion map [30, 139]. As a result, the objective during curve fitting is to minimise
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the distance between the theoretical and experimental curves. In this project, on the

other hand, optimisation was based on maximising the magnitude of the points on

the dispersion map that the theoretical curve passes through. The high magnitude

region of the experimental dispersion map can have a large spread, and not reducing

this experimental data to a single curve can be advantageous. For example, as

will be shown in Chapter 6, by assessing the sensitivity of the objective function to

variations in the material properties, the confidence in the measured properties can

be evaluated.

Furthermore, while previous implementations of the combined viscoelastic and Lamb

wave model consider that the shear wavenumber is complex, they do not account

for the complex nature of the Lamb wavenumber, which includes the attenuation

component (Equation 3.24) [30, 156, 157]. Assuming that the Lamb wavenumber

is real allows for the Lamb wave velocity to be determined by considering only

the real components of the equation (Equation 3.22). However, when the complex

contribution from attenuation is considered, there are two unknown variables: the

Lamb wave velocity and attenuation. Decomposing the Lamb wave equation shows

that both the real and imaginary parts contain both variables. Thus, real and

imaginary parts have to be solved to find the two unknowns. This illustrates that the

assumption of a real Lamb wavenumber will alter the dispersion curve [229].

3.4.2 Conclusion

The ultrasound shear wave imaging post-processing pipeline presented in this chapter can

be used to analyse shear wave propagation across a range of soft tissues, from a large

and elastic medium, to thin-layered and viscoelastic structures. It guides the selection of

an appropriate shear wave propagation model that best represents the underlying material

properties. This will enable more consistent and comparable measurements of material

properties across tissues with varying viscosities and thicknesses.
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4.1 Introduction

Many existing quantitative ultrasound (QUS) techniques are underpinned by speckle

tracking algorithms that measure tissue deformation under external or physiological loading

[114]. Strain elastography (SE), for instance, is used to detect stiff pathological tissue such

as tumours and lesions, in large homogeneous tissues such as the breast [180–182], liver

[183, 184], prostate [187], and thyroid [186]. In the field of cardiology, speckle tracking

echocardiography (STE) is used to quantitatively evaluate cardiac function by measuring

myocardial velocities, deformation, and strain [232–234].

There is much scope for further impact, as for most fields the technique is nascent and not

in routine use. For example, in orthopaedics, measuring the deformation or strain behaviour

of connective tissue such as tendons and ligaments could help diagnose abnormal tissue

changes due to ruptures, tissue pathologies or surgical procedures [89, 91, 189, 235,

236]. In optometry, monitoring strain in the sclera could provide early detection of elevated

intraocular pressure, the primary risk factor for glaucoma [237].

However, the technology has not penetrated this field clinically, since applying the speckle

tracking algorithm to new fields presents challenges. Commercial systems have often

proven unreliable for novel applications, particularly those involving thin or complex

soft tissues [203]. Instead, there is a need for advanced implementations of speckle

tracking algorithms that are specifically tailored for the unique characteristics of each

tissue type, such as their specific ultrasound speckle patterns and strain rates [51, 204].

Finding suitable settings is challenging due to the lack of guidelines and systematic
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comparisons of existing algorithms [204]. Furthermore, the equipment-specific nature of

images limits transferability of settings between different research centres and clinics with

different equipment. This is a significant barrier to adoption as creating application-specific

algorithms classically requires a known gold standard result, and these data are either

not available for many possible biomechanical applications or can only be obtained at

specialist centres who have access to expensive laboratory equipment.

Here, a novel approach for identifying optimal application-specific speckle tracking

algorithms and machine settings is presented, which does not need gold standard

reference data. The approach is centred on the signal-to-noise ratio (SNR) principle: with

suitable algorithmic settings the noise in the calculated displacement field should be low

while the signal, i.e., the true underlying tissue displacement, should be high. Since signal

is inherently repeatable while noise is inherently random, a tuned algorithm should lead to

repeatable results for repeated acquisitions, while for a suboptimal algorithm the

accumulation of random frame-to-frame displacement errors leads to non-repeatable

inaccuracies in tracking. Hence, it was hypothesised that the variance between repeated

acquisitions for otherwise identical tissue and loading conditions could be used as a

quality penalty for optimisation.

This chapter provides a detailed overview of the development of the speckle tracking

algorithm and the accompanying optimisation routine for adjusting the algorithmic settings.

The main objective was to develop an accessible speckle tracking framework which, using

the optimisation routine, can be tuned for a wide range of applications.
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4.2 Acquisition sequences

The design of an ultrasound speckle tracking procedure does not start with the post-

processing algorithm. Instead, accurate tracking of tissue motion greatly depends on the

quality of the collected images and, therefore, selecting a suitable ultrasound acquisition

method is of great importance. As a general rule, there exists a trade-off between image

resolution, frame rate and imaging depth. While high image resolutions are better able to

capture the details of the speckle pattern and, thus, facilitate accurate speckle tracking,

resolution will have to be limited when imaging deeper or fast-moving tissue structures.

Here, a conventional scanline and coherent plane-wave compounding (CPWC) imaging

mode were implemented on the Verasonics Vantage 128 research ultrasound system with

a L11-5v transducer (linear, 38mm, 5 – 11MHz bandwidth) (Verasonics Inc., Kirkland, WA,

USA). The specific settings used are summarised in Table 4.1. The optimisation routine of

this study, discussed in more detail in Section 4.3.2, was then used to find which mode

was more suitable for the tested applications.

During the final clinical pilot study of this project, a commercial wireless Clarius ultrasound

scanner was used (linear, 38.5mm, 4 – 13MHz bandwidth) (1st generation L7-38, Clarius

Mobile Health, Vancouver, BC, Canada). Images are collected via the ‘Clarius Ultrasound

App’ which is available for phones or tablets. The acquisition method on this scanner was

a conventional imaging mode, and the main settings defined in the user interface of the

Clarius application are given in Table 4.2.
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TABLE 4 .1 Transmission, acquisition and beamforming parameters for the conventional scanline imaging and coherent
plane-wave compounding (CPWC) mode implemented on the Verasonics research ultrasound system. The Matlab structures
through which these parameters are defined in the Verasonics script are indicated in the second column.

Parameter Verasonics Matlab
structure Values used in literature Selected Values

Frame rate SeqControl
(timeToNextAcq)

10 – 155 Hz
[109, 193, 197, 236, 238–240] 30 Hz

Transducer frequency TW.Parameters 3.5 – 21MHz
[49, 109, 168, 193, 197, 198, 236, 238–242] 7.8MHz

Temporal sampling frequency Receive.sampleMode 20.8 – 50MHz [109, 168, 241] 31.25MHz
Receive.sampleMode = ‘NS200BW’

Conventional scanline transducer
elements (for each focused beam) TX.Apod - 32 elements

Conventional scanline focal depth TX.focus 6 – 22 mm [109, 243, 244] 10.1 mm

CPWC transducer elements TX.Apod - 128 elements (full aperture)

CPWC beam steering angles TX.Steer 7 – 121 angles between ±14 – 45◦

[109, 168, 233, 241] 30 angles between ±36◦

Beamforming lateral sampling frequency PData.PDelta 0.025 – 0.297 mm
[197, 198, 236, 240] 0.25λ (0.05 mm)

Beamforming axial sampling frequency PData.PDelta 0.019 – 0.067 mm
[197, 198, 236, 240] 0.25λ (0.05 mm)

TABLE 4 . 2 Main settings selected in the ‘Clarius Ultrasound App’ when using the wireless Clarius ultrasound scanner during
the clinical pilot study.

Parameter Selected Values

Imaging mode B-mode

Gain 50%

Dynamic range 50%

Screen calibration level 12

Image export format DICOM JPEG Lossless, Nonheirarchical (Process 14)
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4.3 Post-processing algorithms

All algorithms in this study were developed in Matlab (MATLAB R2021b, The MathWorks,

Inc., Natick, MA, USA).

4.3.1 Speckle tracking algorithm

Flexibility and configurability were the focus when designing the 2D speckle tracking

algorithm to calculate soft tissue strain, so that the optimisation routine could then

automatically test different combinations of the large range of algorithmic settings used

in previous speckle tracking studies. Thus, the algorithm was uniquely structured so that

settings ranging from acquisition to speckle tracking to post-processing could all be varied

during the optimisation (Figure 4.1). The steps of this algorithm were:

Placement of nodes

Most speckle tracking algorithms calculate strain from a uniform nodal grid and assume

that the tissue under investigation primarily displaces in the lateral or axial direction. The

strain is then simply obtained by differentiating the lateral or axial displacements with

respect to the original nodal positions. However, this assumption does not hold true for

all types of tissue. For instance, ligaments often wrap around bone and thus tend to be

curved, with their shape changing throughout the loading cycle. This effect is amplified
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F IGURE 4 .1 Flowchart of the custom 2D speckle tracking algorithm to calculate soft tissue strain. Inbuilt Matlab functions
are dark red, custom functions olive, and parameters that can be varied in the optimisation are underlined.

93



Chapter 4. Speckle Tracking Implementation

in situ when certain regions of the ligament may slacken or even buckle under certain

loading conditions [51]. Therefore, placing a uniform rectangular nodal grid on such tissues

with complex geometries inevitably means that some nodes will be located outside the

region of interest. During smoothing, displacements at these nodes may invalidate the

displacements measured at nodes located within the bounds of the tissue, especially when

there are large displacement field discontinuities at the boundary due to, for example,

relative tissue sliding.

Instead, a nodal grid which follows the tissue geometry was used, which ensured that all

nodes were within the bounds of the ligament. This nodal grid was defined by manually

selecting the tissue region of interest in the B-mode image of the first frame, and then

automatically populating it with a grid of nodes that aligned to the selected region.

Displacement field calculation

The frame-to-frame nodal displacements were tracked using either a block-matching

[173, 197, 198] or non-rigid image registration (NRIR) [177, 190] algorithm applied to the

envelope of the ultrasound signal, which was calculated from the in-phase and quadrature

(IQ) data.

For the block-matching method, kernels were centred on the nodes and searched for

in a larger search kernel in the subsequent frame by calculating the normalised cross-

correlation map between the two kernels. Subpixel displacements were subsequently

obtained by fitting a 2D quartic spline to the cross-correlation map and finding the position

of maximum correlation [245]. If the normalised cross-correlation was below a pre-defined

threshold, the displacement for the node at that frame was linearly interpolated from the

neighbouring nodes [196].

For the NRIR method, frame-to-frame displacements were found using the Matlab function

imregdemons (Image Processing Toolbox). This function allowed the smoothness of the

calculated displacement field and level of detectable displacements to be specified using

the “Accumulated Field Smoothing” and “Pyramid Levels” input arguments. Since this
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function gives the displacements for each pixel location, cubic spline interpolation was

used to find the displacements at the predefined nodes.

For both approaches, to improve accuracy, a combination of forward and backward tracking

was used to calculate the frame-to-frame step displacements: first, the forward step

displacements were calculated from the current frame to the next frame using one of the

above methods. The nodal positions were then updated with these displacements, and the

backward step displacements of these nodes back to the current frame were calculated.

The actual nodal step displacements were then taken to be the average of the forward and

backward displacements.

Displacement field regularisation

Any noise in the displacement field is amplified when differentiating to obtain strain. The

displacement field was therefore regularised using either a median filter [188, 198], 2D

second-order polynomial fit [94, 191], 2D cubic smoothing spline [246], a fourth order

low-pass Butterworth filter, or a combination of these methods. Regularisation was either

applied to the nodal step displacements before updating the nodal position at each frame,

or to the final cumulative displacements.

Removal of stray nodes

At each frame, any nodes that moved out of the ultrasound field of view were removed.

Furthermore, after calculating the displacements for all frames, any nodes that moved

out of a manually selected region of interest in the B-mode image of the last frame were

removed. This assured that nodes that strayed away from the tissue of interest did not

invalidate the measured strain.

Strain calculation

Since the nodal grid was aligned with the gross tissue geometry in the initial position and,

assuming that this corresponded to the ligament fibre alignment, the longitudinal strains
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F IGURE 4 . 2 Depiction of how longitudinal ligament strains were calculated, which was based on the change of distance
between neighbouring nodes within a nodal grid that follows the shape of the ligament. The top row shows how the selected
region of interest strains from the first (top left) to the last (top right) frame for an example ligament measurement. The sketches
below show how the region of interest was populated with a nodal grid (bottom left) and how this grid deformed from the first to
the last frame (bottom right). The red box illustrates how a small kernel within the ligament deforms, undergoing both longitudinal
and transverse strains, as well as shear strain due to relative sliding of different layers of the ligament; as shown in Addendum 4A,
this shear component has a significant impact on the principal strains.

along the fibre direction could be calculated by dividing the change in distance between

nodes by the original nodal spacing of the first frame (Equation 4.1) (Figure 4.2). It should

be noted that this gave a relative tissue strain measurement with respect to the tissue state

in the first frame, which is only equal to the absolute strain if the tissue is initially unloaded.

Alternatively, the stretch tensor can be computed via deformation gradient decomposition,

from which the principal strains within the ligament can be determined, as demonstrated

in Addendum 4A of this chapter. Addendum 4A also describes a new deformation gradient

decomposition method which allows the longitudinal ligament strain to be calculated for

different initial ligament fibre orientations. Since the ligament fibre orientation has to be

manually defined based on the ultrasound images, this tool can help assess how errors

during ligament selection affect the calculated strain.
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= distance between node|i,j−1 and node|i,j+1 in the first frame
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= distance between node|i,j−1 and node|i,j+1 in the final frame

EL
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= longitudinal strain along the ligament at node|i,j
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4.3.2 Optimisation procedure to tune algorithmic settings

The aim of the optimisation procedure was to create application-specific implementations

of the speckle tracking algorithm outlined above by finding algorithmic settings with

which the full tissue motion is captured and repeatability is maximised. This optimisation

routine consisted of two steps: a displacement field convergence analysis and a surrogate

optimisation scheme based on repeatability of repeated measurements.

Displacement field convergence analysis

Certain settings, such as, for example, frame rates which are too slow to capture the

underlying tissue motion, can lead to underestimation of the displacement or strain levels,

as some of the motion is not captured. However, these settings may still produce repeatable

measurements as, on average, the same amount of data is lost across each of the repeated

acquisitions. This is problematic since the main optimisation scheme (described in the

next section) is based on maximising repeatability. Thus, a pre-optimisation convergence

analysis was performed to find the minimum settings for which the full underlying tissue

motion is captured.

Here, it was found that the following settings of the implemented speckle tracking algorithm

(Figure 4.1) required a pre-optimisation convergence check.

1. Frame rate: the rate at which the frames of the ultrasound video are collected. It

has previously been shown that the measured tissue strain can depend on the used

frame rate [51].

2. NRIR pyramid levels: a setting of the Matlab non-rigid image registration algorithm

(imregdemons), which defines the number of multi-resolution image pyramid levels.

Larger frame-to-frame displacements are better captured with higher pyramid levels.

3. Block-matching axial/lateral maximum displacement: this parameter defines how

much larger the search kernel is compared to the reference kernel when using the

block-matching displacement calculation method (Figure 4.1). A larger size difference
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allows for larger frame-to-frame displacements to be measured, but also increases

the risk of false matching of the kernels.

The convergence check was based on the lateral displacements since, in the applications

of this project, most of the tissue motion was in this direction. The nodal displacement

field was calculated using the block-matching and NRIR methods with varying frame rates

and NRIR pyramid levels or block-matching axial/lateral maximum displacement settings.

To allow for regular frame rate spacing during the convergence analysis, the original

ultrasound videos were downsampled from 30Hz using the Matlab function resample,

which uses interpolation between frames to produce the desired frame rates.

Next, the mean absolute lateral displacement across the entire nodal grid was calculated

for the different combinations of settings (Figure 4.3). As the settings were increased, the

measured lateral tissue motion plateaued, indicating the point at which convergence was

reached and the tissue motion was fully captured. Subsequently, relative errors in the

lateral displacement measurements were calculated, both with respect to frame rate and

F IGURE 4 . 3 Example convergence analysis to findminimum settings for the NRIRmethod. The average lateral displacement
in the imaged medium was calculated for a one-second interval with different combinations of NRIR pyramid levels and
processing frame rates. As can be seen, displacements are underestimated for settings that are too low, but converge as the
settings are increased.
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with respect to NRIR pyramid levels or block-matching axial/lateral maximum displacement.

Settings were said to be converged if the averages of both relative errors were below 5%

(Equations 4.2-4.3).

ϵi,j

∣∣∣
w.r.t i

=
ui,j − ui−1,j

ui,j
(4.2)

ϵi,j

∣∣∣
w.r.t j

=
ui,j − ui,j−1

ui,j
(4.3)

i = ultrasound processing frame rate

j = NRIR pyramid level or block-matching axial/lateral maximum displacement

u = lateral displacement

ϵ = relative error

Only converged settings for these parameters were then used in the second step of the

optimisation routine.

Surrogate optimisation scheme

Next, settings were optimised for repeatability with a surrogate optimisation scheme

(Matlab function surrogateopt), an efficient solver that is able to find function minima with

fewer function evaluations, making it particularly useful for applications with expensive

objective functions. In short, this algorithm initially solves the objective function at random

sample points, then creates a “surrogate” of the objective function by interpolating through

these points, and subsequently searches for the minimum of the objective function by

solving at new adaptive points, updating the surrogate with each new function evaluation.

These adaptive points are chosen based on a merit function, which predicts at which

location a new objective function evaluation will be most beneficial in the search for

minimum. Once the optimisation converges to a minimum value, the surrogate resets,

i.e., a new surrogate with new random sample points is constructed and the search for
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F IGURE 4 . 4 Steps of the to-be-minimised objective function of the optimisation, which calculates the normalised standard
deviation of the strain maps of repeat measurements.

minimum is repeated.

Here, the to-be-minimised objective function was set to the normalised standard deviation

of repeat strain maps, which from now on will be referred to as the “quality penalty”

(Figure 4.4). This was computed by: (i) calculating the strain maps for repeat measurements

with the current sample settings, (ii) co-registering nodes to align repeat strain maps, (iii)

calculating the standard deviation of strain for each of the co-registered nodal groups at the

end of the loading cycle (last frame), (iv) calculating the mean of this standard deviation of

all nodal groups and (v) normalising this by the absolute value of the mean strain.

The optimisation was performed on 30 AMD Rome CPUs with up to 200GB RAM. The

convergence criterion for a surrogate reset was defined to be fulfilled if a minimum of the

objective function has been found, with all the immediately neighbouring points having

been evaluated. The stopping criterion for a surrogate optimisation is typically set to a total

number of iterations; here, this was set to 1500 iterations.

The specific range of settings for each parameter of the algorithm that should be trialled

during the optimisation can be adapted based on, for example, the results of the pre-

optimisation convergence check and the capabilities of the used ultrasound acquisition

system. The range of settings tested for the applications of this project will be outlined in

Chapter 6.
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4.4 Discussion

4.4.1 Comparison to state-of-the-art

The work in this chapter demonstrates several new contributions to the field of ultrasound

speckle tracking:

1. Speckle tracking framework: a flowchart for the speckle tracking algorithm was

presented (Figure 4.1), which was structured such that settings could be easily varied

depending on the application. This framework enables the integration of various

features from existing speckle tracking algorithms, allowing them to be combined

into new versions of the algorithm. For example, a new implementation could use a

NRIR-based method together with displacement field regularisation techniques that

have previously only been tested with the block-matching method [198, 246].

2. Non-uniform 2D nodal grid: ligaments are often curved as they wrap around bone,

with the orientation changing throughout joint movement. Thus far, in situ speckle

tracking in ligaments has only been trialled with a 1D line of nodes positioned at the

centre of the ligament [51, 166]. Here, an algorithm was developed that populates the

region of interest with a 2D non-uniform grid that conforms to the tissue geometry.

3. Strain calculation: for tendons and ligaments, the longitudinal/transverse strains

along/across fibres are of greatest interest. In previous applications of the speckle

tracking algorithm to tendons, the fibres were mostly straight and parallel to the
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lateral axis of the ultrasound images. As a result, longitudinal and transverse strains

could be approximated by the lateral and axial strains, which were easily obtained

by differentiating the lateral and axial displacement field [198]. However, for curved

ligaments, calculating strains along and across the non-uniform grid provides a

more accurate measure. Here, two methods for calculating these longitudinal and

transverse strains were developed. Firstly, strains can be obtained by evaluating the

change in distance between neighbouring nodes. Alternatively, a set of equations

(Equation 4A.11-4A.14) were derived based on a novel deformation gradient

decomposition method. These equations can additionally assess how the calculated

strains vary for different fibre orientation angles (Addendum 4A).

4. Optimisation routine: optimising the settings of the speckle tracking algorithm

based on displacement field convergence and repeatability is a new concept, and

its ability to produce well-tuned, application-specific algorithms is demonstrated in

Chapter 6. Since it allows algorithmic settings to be adjusted without prior knowledge

about the speckle tracking algorithm and without ground truth data, this tool will

enable new research groups to adopt the ultrasound technique more easily, thereby

accelerating its application to a wider range of uses.

4.4.2 Conclusion

In summary, the proposed speckle tracking framework together with the novel optimisation

routine facilitates the development of new, application-specific versions of the algorithm that

leverage the most suitable features from previous implementations. This approach does

not rely on ground-truth data, which can often only be obtained with ex vivo specimens

and expensive digital image correlation (DIC) equipment. Additionally, it was designed

to be compatible with ultrasound images regardless of data type or acquisition method,

making it adaptable to various ultrasound machines. Thus, this non-invasive technology

can be trialled more easily in new fields where assessing tissue deformation or strain can

provide valuable insights into the tissue’s biomechanical functions.
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Addendum A: Strain calculation using
deformation gradient decomposition

In the speckle tracking implementation used throughout this project, the strain along the

ligament was determined by calculating the change in distance between nodes that follow

the shape of the ligament, as discussed in Section 4.3.1. Alternatively, the deformation

gradient F (Equation 4A.1) can be decomposed to separate the motion into rigid body

rotations and deformations.

The methods below will demonstrate how the principal strains in the ligament can be

extracted from the displacement field using a common decomposition method. Additionally,

a custom decomposition method will be proposed, which allows the longitudinal and

transverse strains along and across the ligament to be obtained.

The deformation gradient can be derived from the displacement field gradients using the

following equation [247].

F = I +
∂u

∂x
=

1 + ∂u
∂x

∂u
∂y

∂v
∂x 1 + ∂v

∂y

 (4A.1)

F = deformation gradient

I = identity matrix

u = displacement vector

x = position vector
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Obtaining the displacement field gradients with respect to x and y is straightforward for a

uniform grid. Equation 4A.2 can be applied when using a non-uniform grid, such as the

ones used for the ligaments in this study (Figure 4.2).

∂u
∂x

∂u
∂y

∂v
∂x

∂v
∂y

 =

∂u
∂i

∂u
∂j

∂v
∂i

∂v
∂j


∂x

∂i
∂x
∂j

∂y
∂i

∂y
∂j


−1

(4A.2)

i = rows of the non-uniform grid

j = columns of the non-uniform grid

The method presented here to obtain principal strains is based on the works of Bob

McGinty [247]. First, polar decomposition is used to split the deformation gradient F

into an orthogonal matrix multiplied by a symmetric matrix, i.e. a two-step process of

deformation with equal shear components followed by rigid body rotation:

F = R ·U (4A.3)

R = rigid body rotation matrix

U = right stretch tensor

Note, that the order can also be reversed, i.e. rotation followed by deformation, but for

brevity the workings here will focus on deformation followed by rotation.

Polar decomposition allows the rigid body rotation and right stretch tensor to be determined

in the following manner:

F T · F = (R ·U)T · (R ·U) = UT ·RT ·R ·U (4A.4)

Since rotation matrices are orthogonal matrices, RT = R−1. After substitution:

F T · F = UT ·R−1 ·R ·U = UT ·U (4A.5)

Next, since U is symmetric:

UT ·U = U ·U = U2 (4A.6)
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And thus, the final decomposed equations to obtain the rigid body rotation and right stretch

tensor are given below:

U2 = F T · F (4A.7)

R = F ·U−1 (4A.8)

The process for finding the square root of symmetric matrices has previously been

demonstrated [247]. In Matlab, the function sqrtm can be used.

The principal strains and directions can then be calculated by determining the eigenvalues

and eigenvectors of U − I.

However, principal strains may not be the most meaningful metric when looking at the

deformation of ligaments. If, for example, there is relative movement of the different layers

of the ligament, the stretch tensor will contain shear components. Since principal strains

occur along the principal axes where shear strains are zero, the principal strain directions

will point diagonally across the ligament rather than along the longitudinal and transverse

directions of the ligament. An example of this is shown in Figure 4A.1, where the principal

strains and principal strain directions have been calculated for the same measurement as

in the previous example of Figure 4.2 in Section 4.3.1.

Instead, an alternative decomposition of the deformation gradient F is proposed here,

which splits it into steps of deformation and rigid body rotations that are more meaningful

in the context of ligament motion.

Consider how the small kernel that was highlighted in Figure 4.2 deforms from the initial

to the final state. The values of interest are EL and ET , the longitudinal and transverse

strains along and across the ligament fibres. A shear component ES that allows for relative

sliding between layers of the ligament will also be included in the decomposition. The

stretch tensor consisting of these strains will be called the ligament stretch tensor, ULIG.

Unlike the right stretch tensor U of the polar decomposition, symmetry is not assumed,

but rather it is assumed that there is no relative sliding across fibres, i.e. ULIG,21 = 0.

Figure 4A.2 shows the transformations applied to the kernel. Since the normal and shear
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F IGURE 4A .1 Principal strains within the ligament calculated for an example measurement for which there was relative
sliding between the different layers of the ligament. Principal strains and directions were obtained by calculating the eigenvalues
and eigenvectors of the right stretch tensor.

F IGURE 4A .2 Deformation gradient decomposition scheme, which allows evaluation of the stretch tensor (ULIG) that
contains the longitudinal and transverse strains along and across the ligament. These strain metrics are more relevant when
analysing the ligament strain behaviour.
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components of the stretch tensor ULIG act in the x− y coordinate system, the kernel first

needs to be rotated so that the fibres are aligned with the x-axis (RF
−1). Next, the stretch

tensor is applied, after which the kernel is rotated back so that the fibres are aligned to

their original orientation (RF ). Lastly, a final rigid body rotation is applied (RR).

This results in the following decomposition of the deformation gradient:

F = RR ·RF ·ULIG ·RF
−1 (4A.9)

RR = rigid body rotation matrix

RF = fibre angle rotation matrix

ULIG = ligament stretch tensor

After rearranging:

ULIG = RF
−1 ·RR

−1 · F ·RF (4A.10)

After simplifying:

θR = arctan

(
−F11 tan(θF ) + F12 tan

2(θF )− F21 − F22 tan(θF )

F11 + F12 tan(θF ) + F21 tan(θF ) + F22 tan2(θF )

)
(4A.11)

EL = F11

{
cos2(θF ) cos(θR)− sin(θF ) cos(θF ) sin(θR)

}
+ F12

{
sin(θF ) cos(θF ) cos(θR)− sin2(θF ) sin(θR)

}
+ F21

{
sin(θF ) cos(θF ) cos(θR) + cos2(θF ) sin(θR)

}
+ F22

{
sin2(θF ) cos(θR) + sin(θF ) cos(θF ) sin(θR)

}
− 1

(4A.12)

ET = F11

{
sin2(θF ) cos(θR) + sin(θF ) cos(θF ) sin(θR)

}
+ F12

{
− sin(θF ) cos(θF ) cos(θR)− cos2(θF ) sin(θR)

}
+ F21

{
− sin(θF ) cos(θF ) cos(θR) + sin2(θF ) sin(θR)

}
+ F22

{
cos2(θF ) cos(θR)− sin(θF ) cos(θF ) sin(θR)

}
− 1

(4A.13)
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ES = F11

{
− sin(θF ) cos(θF ) cos(θR) + sin2(θF ) sin(θR)

}
+ F12

{
cos2(θF ) cos(θR)− sin(θF ) cos(θF ) sin(θR)

}
+ F21

{
− sin2(θF ) cos(θR)− sin(θF ) cos(θF ) sin(θR)

}
+ F22

{
sin(θF ) cos(θF ) cos(θR) + cos2(θF ) sin(θR)

}
(4A.14)

EL = longitudinal strain along the ligament

ET = transverse strain across the ligament

ES = shear strain

θF = ligament fibre orientation angle

θR = rigid body rotation angle

Equations 4A.11-4A.14 can be applied to the example measurement from Figure 4.2.

The fibre orientation angle is taken to be the angle between neighbouring nodes. Figure

4A.3 shows the results for the longitudinal strain EL. The results are identical to the

strains obtained using the first strain calculation method demonstrated in Figure 4.2

(RMSE = 2.6× 10−4%). Due to its simplicity, the first method was used in this study.

However, the second method facilitates analysis of how the initial fibre orientation affects

the calculated strains. Since this fibre angle is based on the shape and orientation of

the manually selected ligament region of interest, future analysis could use this second

method to investigate how human error during ligament selection affects the final results.

F IGURE 4A .3 Longitudinal ligament strains obtained using the proposed ligament stretch tensor definition. The blue lines
show the ligament fibres in the final frame, obtained by computing the streamlines of the vector field of the final fibre orientations
(initial fibre orientation angle + rigid body rotation angles).
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5.1 Introduction

All ultrasound transmission modes were implemented using custom scripts on the

Verasonics Vantage 128 ultrasound system. As a non-CE/non-UKCA marked research

system, the Verasonics machine does not have any inbuilt acoustic output limits for safe

clinical use. Excessive acoustic outputs can cause mechanical tissue damage through

inertial cavitation or thermal tissue damage through heating, which can, for example,

result in tissue lesions, necrosis, and apoptosis [102, 248].

The acoustic outputs can vary significantly between different imaging modes, even when

the same ultrasound system and transducer is used [249]. For example, acoustic pressures

and intensities can be increased through beam focusing, extending the duration of the

TABLE 5 .1 Thresholds for the ultrasound safety indices. British Medical Ultrasound Society (BMUS) values are taken from Table
2 in reference [218] (Guidelines for the safe use of diagnostic ultrasound equipment). Food and Drug Administration (FDA)
values are taken from section 5.2.4 and 5.2.8.1.4 in reference [219] (Marketing clearance of diagnostic ultrasound systems and
transducers).

Safety index British Medical Ultrasound Society (BMUS) [218] Food and Drug Administration (FDA) [219]

MI
0.7

(MI>0.7 can be used without contrast agents, but with
increased risk of cavitation)

1.9

TI
1

(For 1 < TI < 6, exposure time should be limited depending on
TI magnitude, e.g. 4 min for a TI = 3)

6
(Not an upper limit, but manufacturers have to provide a

justification for TI>6)

Isppa - 190W/cm2

Ispta - 720 mW/cm2
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transmitted pulse, increasing the frame rate or increasing the transducer voltage [102].

Therefore, it is crucial that the acoustic field is characterised for each imaging mode that is

to be used for in vivo applications. The following four safety metrics are most widely used to

quantify the risk of mechanical and thermal damage. Thresholds for these acoustic safety

indices are provided by regulatory bodies such as the US Food and Drug Administration

(FDA) and British Medical Ultrasound Society (BMUS) (Table 5.1). To date, no adverse

bio-effects have been reported when using ultrasound at diagnostic acoustic output levels

that are below these thresholds [250].

1. Mechanical index (MI): this metric quantifies the risk of mechanical bio-effects due

to inertial cavitation. The pressure variation due to ultrasound wave propagation

can cause expansion and contraction of gas bubbles within the tissue. Inertial

cavitation can occur when the pressure variation is so high that the bubbles collapse

catastrophically, leading to tissue damage [250]. Bubble formation and cavitation

is more likely to occur in liquid media (e.g., blood or cysts) or tissue containing

gas (e.g., lung or intestines), or when gas-bubble contrast agents are used [102,

103]. Furthermore, cavitation is less likely to occur with high-frequency ultrasound

transmissions, since the shorter time period of the pulse reduces the time during

which bubbles can form and grow [102].

2. Thermal index (TI): this metric is an indicator of the expected temperature increase

within the tissue due to the ultrasound transmissions. It provides the ratio between the

power emitted by the transducer to the power needed to raise the tissue temperature

by 1 ◦C. Soft-tissue will absorb acoustic energy from the ultrasound waves travelling

through it. If the rate of energy dissipation is less than the rate of energy absorption,

the tissue will heat up [102, 103].

3. Spatial-peak pulse-average intensity (Isppa): this is a secondary metric to assess

the likelihood of mechanical damage due to cavitation. The pulse-average intensity

measures the average over a single pulse and therefore detects the instantaneous

peaks in intensity that may lead to mechanical damage [102].
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4. Spatial-peak temporal-average intensity (Ispta): this is an additional metric to assess

the risk of thermal damage [102]. Intensity measures the average power over time

flowing per unit cross-sectional area and, thus, better measures the likelihood of

localised tissue temperature rise that may occur when the beam area is small and

acoustic energy is dissipated less rapidly [102]. By taking the temporal-average

of the intensity, which includes the “off” period between frames when there is a

short pause between transmissions, the balance between energy deposition and

dissipation within the tissue can be assessed.

All safety metrics can be calculated from the acoustic pressure distribution of the insonified

field. These pressures are most commonly measured using a needle hydrophone, a high

frequency underwater microphone that generates a voltage waveform when subjected

to an acoustic pressure [103]. To get the pressure map for the entire insonified field, the

hydrophone is incrementally moved through the field using a 3D mechanical translation

stage, capturing the pressure variation with time for the full ultrasound transmission

sequence at each location [150, 249]. Alternatively, for more accurate acoustic power

measurements, which are used in the calculation of the thermal index, a radiation force

balance can be used. This is a highly absorbent target which measures the acoustic

radiation force due to the incident ultrasound waves [102, 251]. However, these can

only give the spatial-average power at a certain distance from the transducer and, thus,

cannot measure how the beam varies spatially, which is required for the calculation of the

mechanical index or the spatial-peak intensities [251].

The following work shows the measurement and post-processing procedure to characterise

the acoustic fields for the imaging modes implemented in this study, both for the shear

wave imaging and speckle tracking techniques, ensuring that these are safe for in vivo

applications.
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5.2 Materials and Methods

5.2.1 Calculation of safety indices

The safety indices were calculated from the measured hydrophone voltages using

Equations 5.1-5.18, which follow the IEC 62359 standard [250] (Ultrasonics - Field

characterization - Test methods for the determination of thermal and mechanical indices

related to medical diagnostic ultrasonic fields) and IEC 62127 standard [252] (Ultrasonics

- Hydrophones).

All safety indices are related to the acoustic pressure in the insonified field, which can be

calculated from the measured hydrophone voltages using the hydrophone sensitivity:

p(x, y, z, t) =
V (x, y, z, t)

ML(fc)
(5.1)

fc = transducer transmission centre frequency

ML = hydrophone sensitivity

p = instantaneous acoustic pressure

t = time

V = measured hydrophone voltage

x = lateral position (along the transducer face)

y = elevational position (out of the imaging plane)

z = axial position (distance away from the transducer face)
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The sensitivity of the hydrophone is frequency-dependent and is defined by calibration data,

which was provided by the hydrophone supplier for frequencies between 1 and 30MHz;

interpolation was used to obtain the sensitivity at the centre frequency of the transmitted

ultrasound waves.

As the transmitted ultrasound waves travel through the soft tissue, some energy is

deposited in the tissue, resulting in a decrease in acoustic pressures with increased

distance from the transducer. This attenuation is not only depth-dependent, but also

frequency-dependent, with high-frequency ultrasound waves being subject to greater

attenuation [102, 103].

Compared to the attenuation in soft tissue, ultrasonic waves undergo almost no attenuation

in water (α = 0.5 – 1.0 vs 0.0022 dB/cm/MHz, respectively) [102, 103]. Thus, to estimate

the pressure field that would exist in soft tissue, the acoustic pressure field obtained from

the hydrophone measurements performed in water are “derated” using Equation 5.2 below.

To be conservative and ensure that pressures are not underestimated, a lower attenuation

of 0.3 dB/cm/MHz is used for deration, as defined in IEC 62359 [250].

pα(x, y, z, t) = p(x, y, z, t)× 10
−αzfc
20dB (5.2)

pα = derated instantaneous acoustic pressure

α = acoustic attenuation coefficient

Mechanical index

The risk of cavitation is related to the derated peak rarefaction pressure, i.e. the minimum

derated pressure that occurs in the medium due to the transmitted ultrasound beam, both

with respect to space and time [103] (Figure 5.1). Thus, the mechanical index is based on

this value. When using focused beams, the peak rarefaction pressure will be located in the

focal region [103].

pr,α = |min [pα(x, y, z, t)] | (5.3)
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F IGURE 5 .1 Pressure and intensity waveforms for a point in the insonified field (based on illustrations produced by Haar et al.
[103]). The peak compression and rarefaction pressure are the maximum and minimum pressures during the full scan repetition
period. Temporal-average intensity is the average intensity over the scan repetition period. Pulse-average intensity is the average
intensity over the pulse of maximum intensity.

MI =
pr,α

CMI
√
fc

(5.4)

CMI = 1MPa/
√
MHz

MI = mechanical index

pr,α = derated peak rarefaction pressure

Intensity metrics

The derated intensity of the ultrasound beam is calculated using Equation 5.5.

Iα(x, y, z, t) =
pα

2(x, y, z, t)

ρc
(5.5)

Iα = derated instantaneous intensity

c = velocity of sound in water (1500m/s)

ρ = density of water (1000 kg/m3)

To obtain the pulse-average and temporal-average intensities, the intensity is either
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averaged across a single pulse or across the entire scan repetition period, respectively

(Figure 5.1). For scanning imaging modes for which a sequence of different transmissions

that do not follow the same acoustic path is used, the scan repetition period spans from

the start of the first transmitted pulse of the sequence to the start of the first pulse of the

next sequence [250, 252]. Here, the push pulse of shear wave imaging is a non-scanning

imaging mode and, thus, the scan repetition period is simply equal to the time between the

transmission of one push beam and the next push beam, i.e. the reciprocal of the pulse

repetition rate. However, conventional and coherent plane-wave compounding (CPWC)

imaging are scanning modes and, therefore, the scan repetition period is the reciprocal of

the frame rate, encompassing all the transmissions that make up one frame as well as the

“off” period during which the frames are processed [103]. The pulse-average intensity, on

the other hand, is only calculated for the duration of the one pulse for which the intensity is

highest. The spatial-peak values are subsequently obtained by finding the maximum of

the pulse- and temporal-average intensities in the entire field.

Isppa,α = max

[∫
ppulse,α

2(x, y, z, t) dt

ρc× PD

]
(5.6)

PD = 1.25(tb − ta) (5.7)

Ispta,α = max

[∫
pα

2(x, y, z, t) dt

ρc× SRP

]
(5.8)

Isppa,α = derated spatial-peak pulse-average intensity

Ispta,α = derated spatial-peak temporal-average intensity

PD = pulse duration

ppulse,α = derated instantaneous acoustic pressure for the pulse of maximum intensity

SRP = scan repetition period

ta = the time at which the time integral is 10% of the full integral

tb = the time at which the time integral is 90% of the full integral
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Thermal index

Lastly, the thermal index is calculated, which gives the ratio of the total power over the

ultrasound transmissions to the power required to raise the temperature of the soft tissue

by 1 ◦C:

TI = P0/Pdeg (5.9)

TI = thermal index

P0 = output power of the ultrasound machine

Pdeg = power required to raise tissue temperature by 1 ◦C

Different models are used to estimate Pdeg, which take into account the type of tissue that

is within the insonified field and whether a scanning or non-scanning imaging mode is used.

When imaging tendons and ligaments, the main intended application of this project, one

has to consider that the bone to which the ligaments/tendons attach to will likely be located

within the ultrasonic beam. Thus, for non-scanning imaging modes (e.g., the acoustic

radiation force (ARF) push pulse), the thermal index bone (TIB) model should be used as

specified in IEC 62359 [250]. For scanning imaging modes (e.g., conventional imaging or

CPWC), on the other hand, the temperature rise near the transducer surface is typically

greater than or similar to the temperature rise at the bone; therefore, the soft-tissue thermal

index (TIS) model should be used instead [250]. By using an appropriate heat transfer

model for the given tissue types, which considers factors such as thermal conductivity,

acoustic absorption, perfusion-related cooling effects, and beam area, the power required

to raise the tissue temperature by 1 ◦C (Pdeg) can be estimated (refer to section C.3.3 of

IEC 62359 [250] for a detailed derivation of the heat transfer models). Thus, the specific

thermal indices for the different tissue models can be computed.

The bone thermal index is calculated using Equation 5.10:

TIB = min

[√
Pα(zb)Ispta,α(zb)

CTIB1
,
Pα(zb)

CTIB2

]
(5.10)

119



Chapter 5. Ultrasound Safety

CTIB1 = 50mW/cm

CTIB2 = 4.4mW

Pα = attenuated output power

TIB = bone thermal index

zb = depth at which the product of Pα and Ispta,α is maximum

The calculation for spatial-peak temporal-average intensity has been shown in the previous

section, but note that instead of determining one spatial-peak for the entire insonified field,

a spatial-peak is calculated for each of the axial positions scanned by the hydrophone.

Next, to estimate the attenuated output power, Equation 5.11 can be used [249, 250]:

Pα(z) = Ispta,α(z)×Aeq(z) (5.11)

The equivalent beam area at different axial positions was estimated from the theoretical

beam width and height of an ultrasonic Gaussian beam for the given focal configurations

[253]:

w(z) = wa

√√√√[
z

Flat
(1 + β2

lat)− 1
]2

+ β2
lat

1 + β2
lat

(5.12)

βlat =
λFlat

π(wa/2)2
(5.13)

h(z) = ha

√√√√[
z

Felev
(1 + β2

elev)− 1
]2

+ β2
elev

1 + β2
elev

(5.14)

βelev =
λFelev

π(ha/2)2
(5.15)

Aeq = w(z)× h(z) (5.16)

120



Materials and Methods

h = beam height

ha = sub-aperture height (height of transducer elements)

Felev = elevational focal depth

Flat = lateral focal depth

w = beam width

wa = sub-aperture width (# of transducer push elements × transducer pitch)

λ = wavelength of the ultrasound waves

Here, for the ARF push pulse, the sub-aperture width was 9.6mm (32 transducer elements

×0.3mm pitch), the sub-aperture height was 5mm, the elevational focal depth was 18mm

and the lateral focal depth was 10.1mm.

The bone thermal index is ultimately calculated for the axial position at which the product

of the attenuated spatial-peak temporal-average intensity and power is maximum.

The soft-tissue thermal index for the scanning imaging modes is calculated using

Equation 5.17 [250]:

TIS =
P1fc
CTIS1

(5.17)

P1 =

∫∫
Ita(x, y, z = 0) dx dy (5.18)

CTIS1 = 210mW MHz

Ita = temporal-average intensity

P1 = bounded output power at the transducer surface (non-attenuated)

TIS = soft-tissue thermal index

The bounded output power is the non-attenuated power transmitted from the 10mm linear

length of the transducer that transmits the most power [250]. It is calculated from 2D

lateral-elevational hydrophone data which is collected as close to the transducer face as

possible. Power is obtained by integrating the temporal-average intensities with respect to

space.
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5.2.2 Equipment & test setup

Acoustic pressure measurements were performed in a tank filled with room temperature

water, which was degassed using a handheld ultrasonic cleaner. The ultrasound

transducer was held in place with a clamp such that the radiating transducer face was just

submerged below the water and the ultrasound beams were transmitted vertically down

into the tank (Figure 5.2). Acoustic pressures were measured using a calibrated NH0200

0.2mm needle hydrophone with a submersible preamplifier and DC coupler (Precision

Acoustics, UK). A 3D motorised positioning system, controlled through a Matlab script,

located the hydrophone in the water tank below the transducer, with the needle pointing

vertically upwards. The output voltage from the hydrophone was recorded at a sampling

frequency of 100MHz using a portable USB-oscilloscope (Handyscope HS5, TiePie

Engineering, Netherlands), which was connected to the hydrophone system with an inline

50Ω terminator. The recording length was adjusted to capture all transmissions of one

sequence, e.g. all 128 scanlines of the conventional imaging mode or all 30 beam-steered

plane-waves of the CPWC mode. The voltage waveforms were filtered post-collection

using a bandpass finite impulse response filter (Matlab function designfilt; filter order:

60, low- and high-pass cut-off frequencies: 3 and 11MPa).

To start, the hydrophone was placed at a manually found position of maximum acoustic

pressure by incrementally moving it with the motorised positioning system until the output

on the oscilloscope was approximately maximised. Next, an automised 3D scanning

sequence was started, which moved the hydrophone in small spatial increments in the

axial, lateral and elevational direction, pausing briefly at each position to record the

pressure waveform. For the imaging modes with focused transmissions, the measurement

region was constrained to a small area around the focus (∼0.3× 0.5× 1mm) to allow

smaller step sizes (∼0.02× 0.05× 0.1mm) to be used; thus, the rapidly changing pressure

within the focal zone could be captured, ensuring that the point of maximum intensity

and mechanical index was measured. For the CPWC imaging mode, a larger region

(∼39× 2× 8mm) was scanned with larger step sizes (∼1× 0.1× 1mm) to capture the

wider plane-wave beams.
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Needle hydrophone and 
preamplifier

Ultrasound transducer L11-5v (held in a 
clamp attached to the wall of the water tank)

Lateral

Axial

Degassed water tank

Arm of the motorised 3D 
positioning system

Verasonics Vantage 128 
research ultrasound system

DC coupler

F IGURE 5 . 2 Test setup for the hydrophonemeasurements to characterise the acoustic wave-field of the ultrasound imaging
modes used in this project.

Additionally, for the scanning imaging modes, a 2D scan capturing the bounded output

power from a 10mm strip immediately in front of the transducer was required for the

calculation of TI [250]. An electronic mask was implemented in the Verasonics script

such that only the elements in the central 10mm region remained active and hydrophone

measurements were taken in front of this region as close to the transducer surface as

possible (∼11× 5mm 2D scan with ∼0.1× 0.1mm increments).

5.2.3 Tested ultrasound imaging modes

Imaging mode with known acoustic outputs (validation of hydrophone
measurement procedure)

The complete hydrophone wave tank setup and post-processing procedure was validated

for an imaging mode with known acoustic outputs: in the documentation provided by

Verasonics, the manufacturer of the research ultrasound system, peak compression
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pressure, peak rarefaction, and mechanical index measurements were provided for an

example wide-beam imaging mode when used with the L11-5v transducer [254]. Therefore,

the acoustic outputs measured using the described experimental setup were validated

against these values provided by Verasonics. These acoustic outputs were calculated from

14 repeat hydrophone measurements at the maximum pressure location in the ultrasound

field.

Imaging modes of this project

The acoustic outputs were measured for the three main imaging modes implemented on

the Verasonics Vantage 128 ultrasound machine (Verasonics Inc., Kirkland, WA, USA).

All imaging modes were performed using a L11-5v transducer, with a centre frequency of

7.8MHz. To summarise, the imaging modes were: (1) the ARF push pulse used for shear

wave imaging (Table 3.1, cycles = 1000, push duration = 128µs, push pulse repetition rate

= 2Hz), (2) conventional scanline imaging (Table 4.1, focal depth = 10.1mm, scanlines

= 128, frame rate = 30Hz), and (3) CPWC (Table 4.1, number of beam-steered plane

waves = 30, frame rate = 30Hz). For the ARF push beam used in the ex vivo experiments

of this project, the focal depth was varied such that the focus was centred on the specimen.

Here, for the acoustic output measurements, the focal depth was set to 10.1mm.

For the speckle-tracking imaging modes, the acoustic wave-field was first characterised

for a transducer voltage of 15V, but was then reduced to 10V for the conventional imaging

mode to lower the pulse-average intensity to below the recommended thresholds. For

the ARF push pulse, it was more important to find the transducer voltage that maximises

the acoustic outputs while remaining below the recommended thresholds and, thus, the

acoustic field was characterised for voltages between 5 – 60V in 5V increments.
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5.2.4 Shear wave measurements with varying transducer
voltages in agar phantom specimens

From the hydrophone measurements, a safe transducer voltage limit can be defined for the

ARF push pulse for which acoustic outputs remain below the recommended thresholds.

To verify whether shear waves with sufficient signal-to-noise ratio (SNR) can be generated

with this limit, the shear wave imaging procedure was tested in an agar phantom specimen

(2% w/w) at the transducer voltages tested with the hydrophone setup. For each voltage,

the shear wave velocity was calculated using the time-of-flight (TOF) methods and phase

velocity method. The transducer voltage for which the calculated shear wave velocities

converged was determined, with the convergence criteria defined as a relative error <5%.
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5.3 Results

5.3.1 Validation of hydrophone measurement procedure

The peak rarefaction pressure, peak compression pressure and mechanical index obtained

for the wide-beam imaging mode were in good agreement with the values provided in the

F IGURE 5 . 3 Acoustic outputs measured for the validation imaging mode with known peak pressure and MI values.
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Verasonics documentation for transducer voltages between 4 – 50V (Figure 5.3) (RMSE

= 0.09MPa, 0.23MPa and 0.03, respectively; R > 0.99 for all). The main deviation occurred

for the peak compression pressure at high transducer voltages (maximum error of −23%

at 50V).

5.3.2 Acoustic outputs for the imaging modes of this project

The measured MI, TI, Isppa, and Ispta for the three imaging modes are summarised in

Table 5.2. The results show that using focused beams can lead to acoustic outputs that are

close to or exceed the safety indices that are related to mechanical risk (Figure 5.4): for the

F IGURE 5 . 4 Acoustic output safety indices for different transducer voltages, calculated for three imaging modes used in
this project. The dashed pink line shows the limits defined by the FDA.

127



Chapter 5. Ultrasound Safety

ARF push pulse used in shear wave imaging, the MI exceeded the FDA safety thresholds

for transducer voltages greater than 25V, and the Isppa exceeded the thresholds for

20 and 25V. For the conventional imaging mode, the Isppa was above the safety threshold

at a transducer voltage of 15V.

For all imaging modes, the safety metrics assessing thermal risk were well within safe

thresholds, with the TI and Ispta remaining below 10% of the recommended limits at all

times.

TABLE 5 . 2 Acoustic outputs for the imaging modes of this project implemented on the Verasonics ultrasound machine with
an L11-5v transducer. Thresholds defined by the FDA are MI ≤ 1.9, TI ≤ 6, Isppa ≤ 190W/cm2, and Ispta ≤ 720mW/cm2.

Transducer
voltage Mechanical index (MI) Thermal index (TI)

Spatial-peak pulse-average
intensity

(Isppa,0.3) (W/cm2)

Spatial-peak
temporal-average intensity

(Ispta,0.3) (mW/cm2)

A
R

F
pu

sh
be

am
(s

he
ar

w
av

e
im

ag
in

g)

5 V 0.30 - 16.46 4.22

10 V 0.71 - 84.50 21.70

15 V 1.13 0.141 182.22 46.88

20 V 1.50 0.218 272.33 70.23

25 V 1.83 0.230 272.09 68.81

30 V 2.06 - 178.67 47.87

35 V 2.26 0.235 179.85 47.65

40 V 2.38 - 178.62 47.45

45 V 2.45 0.205 178.15 47.22

50 V 2.47 - 172.32 45.78

55 V 2.53 - 176.10 46.89

60 V 2.53 - 171.46 45.03

C
on

ve
nt

io
na

l
im

ag
in

g
(s

pe
ck

le
tr

ac
ki

ng
) 10 V 0.63 - 81.09 1.23

15 V 1.02 0.009 217.91 2.79

C
P

W
C

(s
pe

ck
le

tr
ac

ki
ng

)

15 V 0.37 0.020 25.74 4.91
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5.3.3 Shear wave measurements with varying transducer
voltages in agar phantom specimens

The shear wave imaging measurements in agar phantom specimens showed that the

calculated shear wave speeds converge for transducer voltages greater than 30V for all

TOF and phase velocity post-processing techniques. For lower transducer voltages, the

calculated shear wave velocities were up to twice as high as the converged shear wave

velocity when using the TOF methods (10.6m/s vs 4.8m/s). Furthermore, the standard

deviation of the measured shear wave velocity (obtained from tracking the same shear

wave at different axial depths 2mm above and below the focus) was up to 16m/s before

convergence, but remained below 1m/s for transducer voltages greater than 30V.

F IGURE 5 . 5 Convergence of the calculated shear wave velocities with increased transducer voltage. Higher acoustic
pressures generate stronger shear waves that can be tracked more easily.
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5.4 Discussion

5.4.1 Most important findings

This study confirmed that the speckle tracking technique can be safely implemented

in vivo; however, shear waves for shear wave elastography imaging (SWEI) cannot be

produced safely and reliably with the current transmission settings. While sufficiently clear

images can be obtained for speckle tracking using the conventional and CPWC imaging

modes within the found safe range of transducer voltages (<10V and <15V, respectively),

a convergence test found that a much larger transducer voltage of >30V was required

to reliably track shear waves produced by the push pulse. Below this, the calculated

shear wave velocities varied greatly, likely due to low SNR resulting in inaccurate tracking

of the shear wave front. However, at these larger transducer voltages, the possibility of

mechanical tissue damage exceeds acceptable levels of risk, as defined by the FDA.

In general, it was found that mechanical effects were a greater concern than thermal effects

for the imaging modes implemented in this study: while thermal safety indices (TI and Ispta)

remained low for all imaging modes, safety indices measuring risk of cavitation (MI and

Isppa) exceeded the safety limits for transducer voltages greater than ∼15V when using

imaging modes with focused transmissions, i.e. conventional imaging or the ARF push

pulse of shear wave imaging. Furthermore, the mechanical safety indices were remarkably

similar for both focusing imaging modes. This demonstrates that the mechanical risk

primarily depends on the focal settings, as both imaging modes used the same sub-
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aperture and focal depth. The key difference is that the ARF push pulse uses a single,

long, uninterrupted transmission, whereas conventional imaging transmits multiple short,

focused pulses that scan the field of view. This difference is evident in the thermal outputs:

the reduced downtime in the extended push pulse allows for greater heat accumulation,

which led to slightly higher temporal-average intensities; however, these were still well

below the recommended safety thresholds. The unfocused transmissions of the CPWC

imaging mode resulted in consistently low acoustic output metrics all around.

Acoustic outputs measured for the validation imaging mode using the protocol of this

study were in excellent agreement with the example data provided by Verasonics (R

> 0.99). These results give confidence that the experimental setup and post-processing

calculations correctly followed the IEC standard. Furthermore, it suggests that slight

variations in ultrasound and test equipment do not affect the acoustic outputs, since the

values reported by Verasonics were obtained with a different ultrasound machine and

transducer (i.e. same models, but not the exact same devices) and measured with a

different hydrophone.

5.4.2 Comparison to literature

The Verasonics machine has already been used for in vivo imaging on human participants

[28, 150, 216, 255]. These studies limit their acoustic exposure to adhere to the FDA

recommendations. Thus, the same was done here, despite the more conservative

recommendations by the BMUS. This is because the lower MI limit of 0.7 only applies

when contrast agents containing gas micro-spheres are being used. Without contrast

agents, cavitation due to diagnostic ultrasound is only a theoretical possibility [218]; a

study conducted by Smallcomb and Simon [111] showed that a MI above 14.7 is needed

for bubble formation and cavitation in collagenous tissue such as tendons and ligaments;

even the more lenient FDA threshold is still almost 8 times lower than this. Additionally,

while the BMUS threshold for thermal index (<1) is also much more restrictive, this was no

concern here, since all thermal index measures were below this value.
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Acoustic outputs of this study (MI = 2.38, Isppa = 179mW/cm2, Ispta = 47mW/cm2)

were comparable to those measured by Sadeghi et al. [150] for their supersonic shear

imaging (SSI) push pulse produced by the Verasonics ultrasound machine with C5-2

and L7-4 transducers operating at 40V (MI = 1.72 – 2.63, Isppa = 150 – 200W/cm2,

Ispta = 521 – 648mW/cm2). The lower spatial-peak temporal-average intensities measured

here may be attributed to a longer break between successive push pulses, since here the

shear wave propagation was calculated and visualised in real-time, which required more

time between pulses for processing (0.5 s).

Another interesting observation was that at high transducer voltages, the MI and pulse-

average intensities approached constant values. Inspection of the pressure waveform at

these voltages revealed a nonlinear distortion, with the sinusoidal response taking on a

skewed, asymmetrical shape. This indicates that the observed saturation effect is caused

by the formation of shock waves; indeed, Karzova et al. [256] report an almost identical

response, with shock waves first developing at 30V and resulting pressure saturation

at 45 – 90V. Saturation could also indicate that the maximum power-capabilities of the

ultrasound machine have been reached [150].

5.4.3 Limitations

Mechanical indices are derived from acoustic intensity, whereas thermal indices depend

on acoustic power. In this study, acoustic power was estimated by spatially integrating the

intensity distribution. However, more precise power measurements could be achieved in the

future using an acoustic radiation force balance. Given that the estimated thermal outputs

for the imaging modes in this project were well within safety limits, the added accuracy

provided by an acoustic radiation force balance was deemed unnecessary. Nonetheless, if

the downtime between transmissions is shortened in future implementations, such as by

increasing the frame rate or reducing the time between shear wave generations, thermal

indices could approach safety thresholds. In such cases, the use of an acoustic radiation

force balance would ensure more reliable power measurements.
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Here, the acoustic outputs of focused transmissions were only characterised for a single

focal depth of 10mm, as it was estimated that the collateral ligaments would lie at around

this depth. This focal depth was kept constant for all in vivo measurements of this project.

However, it would be useful to be able to adjust the focal depth to guarantee that it does, in

fact, coincide with the tissue of interest, ensuring that the tissue is captured with optimum

resolution. Future work could explore how acoustic outputs vary with focal configurations,

investigating at which focal depths the maximum outputs occur.

The time-consuming nature of this measurement procedure is an additional limitation,

with each 3D hydrophone scan taking approximately half a day. For imaging modes

where maximising the acoustic outputs is critical, such as for shear wave imaging, multiple

iterations of transmission settings may need to be tested; thus, developing the transmission

sequence could take several weeks. Simulations of the acoustic pressure field could help

with this, enabling more efficient optimisation of in vivo transmission sequences [249].

By simulating the acoustic behaviour for a given transducer and transmission settings,

researchers can predict the pressure fields and acoustic radiation forces that meet safety

limits while still generating strong shear waves. This method can help narrow down settings

such as the transducer frequency, push duration and focal depth, thus significantly reducing

the time and effort required for trial-and-error approaches, where each iteration requires

time-consuming 3D hydrophone scans in a wave tank.

5.4.4 Conclusion

The imaging modes used for speckle tracking can be used with safe acoustic output levels.

The ARF push pulse, on the other hand, needs adaptation before it can be used safely and

reliably in vivo for shear wave imaging. Overall, it was found that the risk of mechanical

tissue damage was mainly determined by the focal configurations, while the risk of thermal

damage was influenced by the length of and time between pulses. Further research is

needed to understand the relationship between mechanical safety indices and specific

focal configurations in order to find suitable settings for the ARF push pulse.
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6.1 Introduction

Orthopaedic connective tissues are crucial to the body’s biomechanics. Tendons connect

muscles to bones, transmitting forces that control joint movements, while ligaments connect

bones to each other, stabilising joints [32, 206]. The mechanical properties and strain

behaviour of these tissues are essential to their function. Elasticity reflects the tissue’s

ability to stretch and store energy, influencing range of motion and efficiency of energy

transfer during locomotion. Viscosity, on the other hand, indicates the tissue’s ability to

absorb energy, preventing damage by dampening impact loads, and its ability to stress

relax under prolonged loading, reducing risk of fatigue failure [30, 32, 257]. Lastly, the

strain behaviour of connective tissue during joint movements can indicate its level of

engagement [18, 47].

Using the quantitative ultrasound (QUS) techniques discussed in Chapters 3 and 4, these

properties could be measured non-invasively, providing valuable insights into connective

tissue health and function. This diagnostic power has already been demonstrated in

tendons: changes in the strain behaviour and viscoelastic properties measured using

speckle tracking or shear wave imaging can indicate ruptures [85, 91, 258, 259],

tendinopathies [41, 84, 89, 189, 260, 261], increased activity [262, 263], and healing after

surgical procedures [235, 264]. Additionally, tendon forces can be estimated from

activation-dependent changes of instantaneous Young’s modulus [144, 159]. These

techniques could be equally effective in evaluating ligament integrity, ensuring that they

are fulfilling their role in providing stability [14]. For example, monitoring of the collateral
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ligaments after knee replacement surgery could indicate how post-operative ligament

healing or adaptation contributes to complications such as knee instability or stiffness.

The unique anatomy and material properties of ligaments require careful consideration

when applying the techniques. For shear wave imaging, the viscous nature and thin

structure of ligaments lead to dispersion, which affects how shear waves propagate

through them. Previous shear wave imaging studies have demonstrated the capability

to generate and track shear waves in ligaments [71, 86, 87]. However, ligaments were

approximated as elastic, homogeneous and non-dispersive media, which may result in

inaccuracies in measuring their elastic moduli.

Several challenges have also been identified when applying the speckle tracking algorithm

to ligaments: ligaments exhibit a unique speckle appearance and frame-to-frame

movement, which can vary between ligaments and under different loading conditions due

to their highly evolved anatomy and wrapping behaviour. Therefore, the speckle tracking

algorithm must be adapted for each application [51, 204]. Indeed, Dandois et al. [166]

recently found that even for equivalent varus-valgus movement to generate tensile strain

in the lateral/medial collateral ligament, respectively, tracking required different algorithm

settings for each side.

Due to the clinical relevance and aforementioned challenges of measuring ligament

function using ultrasound, the quantitative ultrasound methods outlined in Chapters 3 and 4

will be applied and validated using orthopaedic tissue-mimicking phantoms, as well as

medial ligamentous structures of the knee. The shear wave imaging technique will be

evaluated with the different post-processing approaches corresponding to various tissue

approximations (i.e., thin vs unbounded, elastic vs viscoelastic) to determine whether a

more complex model yields more accurate material property estimations. Additionally, the

optimisation routine for tuning the speckle tracking algorithm will be validated, a novel

concept that could broaden the application of speckle tracking to new areas.
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6.2 Materials and Methods

6.2.1 Shear wave imaging: agar phantom specimens

Initial validation of the shear wave imaging procedure was conducted on viscoelastic

tissue-mimicking phantom specimens. The aim was to verify whether the accuracy of

measured material properties can be improved by considering dispersion of the shear

wave due to viscoelasticity or a thin-layered geometry. For this, two types of samples were

used: cube samples and thin plates of varying thicknesses. It was hypothesised that the

viscoelastic dispersion analysis would be most suitable for the larger cube samples, while

a combination of Lamb wave and viscoelastic dispersion analysis would provide better

results for the thin tissue-mimicking plate samples.

Specimens & test setup

Phantom specimens were made using agar, a gelatin-like substance obtained from

seaweed with similar density and viscoelastic properties to soft tissue. Samples were

prepared using the following procedure. Agar powder was weighed out with kitchen scales

to give the desired agar to water concentration by weight (%w/w), and was added to lightly

boiling water together with 1 – 2 teaspoons of flour. The addition of flour has been shown to

improve echogenicity of the phantoms [265], providing a clearer speckle pattern and thus

enhancing tissue motion calculation. Once the agar and flour had dissolved completely,

the mixture was poured into the phantom moulds. After cooling to room temperature, the
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specimens set into a jelly-like material and were kept refrigerated until testing. Different

agar concentrations resulted in specimens of different material properties, with higher

concentrations resulting in larger Young’s moduli.

For the agar cube specimens, a silicone mould of ∼4× 4× 4 cm was used. Four specimens

with three different agar concentrations were produced (2× 2% w/w, 1× 3% w/w, and

1× 5% w/w) (Figure 6.1). Note that two cubes had the same concentration to quantify

the repeatability of the phantom production procedure. The dimensions of the cubes

were measured using a Vernier calliper. Furthermore, the specimens were weighed using

kitchen scales to allow for calculation of the density.

Agar cube

Linear variable 
displacement 

transducers (LVDTs)

F IGURE 6 .1 Experimental setup for the agar cube mechanical compression test. Specimens were quasi-statically
compressed by 15%, and their height change was measured by two linear variable displacement transducer (LVDTs).
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Water

Pin

Agar plate

Styrofoam block

ultrasound 
probe

F IGURE 6 . 2 Experimental setup for the agar plate shear wave imaging measurements. The specimens were pinned to two
styrofoam blocks to prevent them from floating and keep them submerged in the water tank. Ultrasound measurements were
taken with the transmitting face of the transducer just below the water surface.

For the agar plate specimens, a 5% w/w agar mixture was poured into a large plastic

container (∼15× 15× 25 cm), from which six plates of varying thicknesses were cut using

a knife (3 – 8mm with ∼1mm spacing) (Figure 6.2). The thicknesses of the plates were

measured using a Vernier calliper.

Ultrasound measurements

For all agar phantom measurements, shear waves were generated using an acoustic

radiation force (ARF) produced by the ultrasound transducer itself. Ultrasound shear wave

generation and tracking was performed using the settings outlined in Tables 3.1 and 3.2 in

Section 3.2 (page 61). In short, a research ultrasound system (Vantage 128, Verasonics

Inc., Kirkland, WA, USA) with a L11-5v transducer (linear, 38mm, 5 – 11MHz bandwidth)

was used. In a window showing the real-time ultrasound images, the location of the focal

point of the ARF was selected to be at the centre of the agar cubes or plates, and a

rectangular region of interest was placed next to the focus. The ultrasound transducer

alternated between the shear wave generation sequence, i.e. an extended push pulse

of 128µs at the transducer central frequency of 7.6MHz, and the shear wave tracking

sequence, i.e. ultrafast plane wave imaging (PWI) at a pulse repetition frequency (PRF) of

10 kHz. The Verasonics pixel-based beamforming technique was used to reconstruct the

radio frequency (RF) signal of the region of interest with a grid spacing of 0.05× 0.10mm
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(axial × lateral) and the data were saved in in-phase and quadrature (IQ) format.

In the case of the agar cube measurements, ultrasound gel was applied to the surface of

the cubes and the ultrasound transducer was placed in contact with the samples by hand,

taking care not to apply any load. Six repeat measurements were collected per specimen,

with the transducer removed and placed back on the specimen for each measurement.

Since the Lamb wave dispersion model used in this study assumes that the sample of

interest is surrounded by a medium of similar density, the agar plates were submerged

in water (Figure 6.2); the agar specimens were over 95% water by weight and thus their

density was almost identical to that of water (∼1000 kg/m3). For these measurements, the

transducer was not placed in contact with the specimens, but was instead held such that

the transmitting surface was just submerged in the water. Three repeat measurements

were taken per specimen, and the transducer was again repositioned between each

repeat.

Material mechanical testing

To validate the Young’s moduli obtained from ultrasound shear wave imaging, mechanical

compression tests were performed on the larger agar cube specimens of varying agar

concentration (Figure 6.1). The specimens were placed in a material testing machine

(Model 5565, Instron, Norwood, MA) and a 3N preload ensured that the entire top

surface of the specimens was in contact with the compression platen. Two 10mm stroke

linear variable displacement transducers (LVDTs) (Model D6/05000A, RDP Electronics

Ltd, Wolverhampton, United Kingdom) were set up such that the base was attached to

the top platen and the piston head was in contact with the bottom platen; this allowed

accurate measurement of the vertical displacement between the platens. The specimens

were subsequently pre-conditioned with 10 quasi-static (1mm/min or 0.038%/s) ramp

compressive loading and unloading cycles of 0 – 15% strain (estimated from the specimen

height and crosshead displacement), followed by one more quasi-static compression cycle

for which the force-displacement data was recorded.
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Data analysis

For the ultrasound measurements, axial velocities were calculated from the IQ data and

filtered using the methods described in Section 3.3. For the larger cube specimens, the

material properties were calculated using four post-processing techniques: the radon

transform time-of-flight (TOF), linear regression TOF, phase velocity, and viscoelastic

dispersion analysis methods. For the thin plate specimens, the material properties were

additionally calculated using the Lamb wave dispersion and the combined Lamb wave

& viscoelastic dispersion analysis methods. By assuming that the agar specimen were

isotropic and incompressible, the Young’s modulus was calculated using E ≈ 3µ, thus

enabling comparison to the results from the compression tests. For the methods that

produced values for both the shear/Young’s elastic modulus and Voigt shear viscosity, the

viscoelastic Voigt time constant was additionally computed using Equation 6.1:

τ =
η

µ
=

3η

E′ (6.1)

E
′
= extensional elastic storage modulus (i.e., Young’s modulus)

η = Voigt shear viscosity

µ = Voigt shear modulus

τ = Voigt time constant

For the mechanical compression tests, stress was calculated by dividing the force data

by the sample cross-sectional area, while the strain was calculated by dividing the

displacement by the measured sample height. It has been shown that the shear/Young’s

modulus obtained from the shear wave propagation is related to the apparent modulus of

the material at its current load state [144, 159]. For a viscoelastic material which exhibits

a non-linear stress-strain curve with increasing gradient, the apparent Young’s modulus

increases with increased loading. Since the ultrasound measurements were taken with

the agar samples unloaded, the initial apparent Young’s modulus was computed from the

mechanical testing data by fitting a line to the stress-strain curve below 10% strain. The

standard error (SE) of the linear regression gradient was used to quantify the uncertainty
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of the estimated Young’s modulus.

The highest source of uncertainty in the mechanical Young’s modulus measurements was

deemed to be the measurement of the dimensions of the cubes. Due to the flexibility of

the moulds, each sample had slightly different dimensions. Furthermore, even though

Vernier caliper measurements usually have an accuracy of ±0.02mm, the non-rigidity

of the samples made it challenging to take measurements without slightly compressing

the samples. Thus, analysis will account for measurement errors of up to ±1mm. Using

these lower and upper limits of sample cross-sectional area and height, an upper and

lower bound of the stress-strain curve was obtained. The maximum and minimum Young’s

moduli were determined by fitting new lines to these curves.

For the agar cube specimens, the Young’s moduli obtained using shear wave imaging and

the quasi-static compression tests were quantitatively compared via the root mean square

error (RMSE), i.e. the error between the ultrasound and mechanical testing results was

calculated for each of the four specimens, and the root-mean-squared value of these four

errors was computed. Additionally, the Pearson’s correlation coefficient (R) between the

ultrasound and validation data was calculated. Furthermore, the repeatability for phantoms

of the same agar concentration was assessed by calculating the percentage difference

between the material properties obtained for the two 2% w/w agar cube specimens.

For the agar plate specimens, the shear wave imaging Young’s moduli were compared

to the Young’s modulus found for the agar cube specimen of equal agar concentration

(5% w/w) by, again, evaluating the RMSE. Furthermore, robustness of the measured

properties against changes in plate thickness was assessed using the coefficient of

variation (CV) and Pearson’s correlation coefficient (R). Since properties should be

independent of specimen geometry, lower values for both would indicate better reliability.

Lastly, a sensitivity analysis was performed for the shear moduli and viscosities found

using the viscoelastic and the combined viscoelastic & Lamb wave dispersion analyses.

Since these methods use models with two unknown input variables (Voigt shear modulus

and viscosity), they may be subject to a higher level of uncertainty associated with the
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fitted models. The following analysis aimed to quantify this uncertainty: dispersion curves

were computed for shear moduli and viscosities around the “optimum” material properties

that were found from the curve of best fit. This allowed a “confidence region” to be defined,

which encompassed the combinations of shear moduli and viscosities for which the

goodness-of-fit of the dispersion curves remained within 1% of the goodness-of-fit of the

curve of best fit. Larger confidence regions indicate greater uncertainty in the estimated

shear modulus and viscosity, as a wide range of material properties can result in similarly

good fits to the experimental dispersion data.

6.2.2 Shear wave imaging: porcine specimens

Given the highlighted challenges in measuring ligament mechanical properties and the

potential for clinical impact, the technique was also tested on porcine medial collateral

ligament (MCL) specimens. Several challenges were anticipated: (1) compared to the

agar plate specimen, porcine MCLs have a higher elastic modulus, leading to faster shear

waves; (2) the porcine MCLs were thinner and would likely have stronger viscous effects

than the tested agar plates, leading to more dispersion; and (3) higher viscoelasticity also

results in faster attenuation of the shear waves, reducing the time window during which

shear waves are visible for tracking.

To capture the dispersive behaviour in more detail, shear waves for this experiment

were generated using an external shaker; thus, more shear wave frequencies could be

targeted, providing a larger range of experimental shear wave phase velocity vs frequency

data for fitting the theoretical dispersion models. Furthermore, since the acoustic output

measurements in Chapter 5 revealed that the current implementation of the ARF push

pulse is not safe for in vivo use, validating a protocol using an external shaker will facilitate

the use of this technique for in vivo applications.
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Specimens & test setup

All research with animal tissue acquired from the food-chain did not require prior ethical

approval, rather was registered in the principal investigator’s annual declaration, in

accordance with the host institution’s policies.

Four fresh-frozen porcine stifle (“knee”) joints were defrosted at room temperature. The

joints were dissected to remove all soft tissue except for the MCL. The ligament was

sprayed regularly with water to prevent dehydration.

Ultrasound measurements

The same Verasonics ultrasound system and transducer was used as for the agar phantom

experiments. Since the external shaker was used for this experiment, the ARF push pulse

was excluded from the ultrasound transmission sequence. However, the plane-wave

tracking sequence remained the same, apart from the PRF being increased to 15 kHz.

To fulfil the Lamb wave conditions, the specimens were placed in a water bath to ensure

F IGURE 6 . 3 Experimental setup for the porcine MCL shear wave imaging measurements. Ultrasound measurements were
performed in a water bath with the ligaments unloaded, and shear waves were generated using an external shaker (left). A
dynamic creep test was performed in a material testing machine to validate the viscoelastic properties of the ligaments (right).
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that the ligament was surrounded by a medium of similar density (Figure 6.3). The joint

was positioned such that the MCL remained slack and unloaded to reduce variability in

shear wave velocity measurements. The ultrasound transducer was clamped in place over

the MCL with the linear array parallel to the ligament fibre direction. The transducer face

was just submerged below the water surface, but was not in contact with the ligament.

The external shaker tip was positioned as close to the edge of the transducer as possible,

either near the femoral or tibial ligament attachment.

Shear waves were continuously generated by the external shaker at frequencies of

200 – 800Hz, in 100Hz increments. For each specimen, five repeat ultrasound

measurements were taken at each shear wave frequency.

Material mechanical testing

For this experimental series, the main aim was to validate the viscoelastic material

properties measured using shear wave imaging. Viscoelastic properties are generally

obtained through mechanical relaxation or creep testing [39]. However, the Voigt model

chosen for this study cannot be described by stress relaxation. Thus, a dynamic creep

test was performed instead: when a material is sinusoidally loaded in tension, the phase

lag between the load and displacement curve will depend on the viscoelastic material

properties. Equation 6.2 describes this relationship [39]:

tan(δ) =
ηω

µ
= τω (6.2)

δ = load-displacement phase lag

τ = Voigt time constant (shown in Equation 6.1)

ω = angular loading frequency

The sinusoidal mechanical tests were performed in a material testing machine (Model

8874, Instron, Norwood, MA). The femur and tibia were cemented into cubic moulds using

polymethyl-methacrylate (PMMA), which allowed the specimens to be mounted in the

testing machine using clamping fixtures (Figure 6.3). The specimens were preloaded to
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∼6% tensile strain (estimated from the original ligament length measured using a Vernier

calliper) and allowed to stress relax for 10 minutes prior to testing. Subsequently, specimens

were sinusoidally loaded for 25 cycles in displacement control between strain amplitudes of

approximately ±1% of the preloaded state. The first 20 cycles preconditioned the ligament;

force and displacement measured by the material testing machine was recorded for the

last 5 cycles. The sinusoidal test was performed at strain rates of 1, 3, 5, 7 and 10Hz with

three repeats each. The specimens were allowed to rest for 10 minutes between each test.

Data analysis

All ultrasound measurements were again processed using all six shear wave imaging post-

processing methods, including the TOF, phase velocity and dispersion methods. For the

dispersion methods, the experimental dispersion maps were compiled by combining

measurements at the seven different excitation frequencies, resulting in five repeat

dispersion maps for each specimen. For the remaining post-processing methods, the

35 collected measurements were processed individually, since these methods do not

account for variations of shear wave velocity with frequency. Due to the anisotropy of

ligamentous structures, Young’s modulus cannot be reliably estimated from the shear

modulus [160], and instead results are reported in terms of shear modulus.

For the dynamic creep tests, the phase lag between the collected force and displacement

curves was obtained by taking the Fourier transform of the data (Matlab function fft) and

finding the phase of the transform components at the loading frequency (Matlab function

angle). The difference between the phase angles of the force and displacement response

gave the phase lag. The Voigt time constant was then found from the gradient of the

linear regression between the angular loading frequency and the tangent of the phase

lag (Matlab function fitlm). The standard error (SE) of the linear regression gradient was

used to quantify the uncertainty of the estimated time constants.

The reliability of the different shear wave imaging post-processing methods was assessed

by computing the coefficient of variation (CV) of the calculated material properties.

Furthermore, Voigt time constants obtained with shear wave imaging were validated
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against the measures from the dynamic creep tests using RMSE and the Pearson’s

correlation coefficient (R).

Lastly, as was done for the agar plate specimens, a sensitivity analysis was performed

for the multivariable dispersion models to quantify the uncertainty associated with the

viscoelastic properties obtained with shear wave imaging.

6.2.3 Speckle tracking: porcine specimens

Given the highlighted challenges in measuring ligament strain, and the potential for clinical

impact, speckle tracking validation focused on ligaments with different anatomy (porcine

and human) in different loading conditions (quasi-static and dynamic). Since the exclusion

of ground truth data when tuning the algorithm is a novel concept, the aim of this study

was to develop and validate this approach for this specific application, verifying that results

compare to established strain measurement techniques.

Specimens & test setup

The proposed speckle tracking optimisation routine was first tested on porcine MCLs

during uniaxial loading, and the calculated strains were validated against digital image

correlation (DIC) measurements. Three fresh-frozen porcine stifle (“knee”) joints were

thawed at room temperature and dissected free of soft tissue while carefully preserving

the MCL. A metal pin was inserted perpendicular to the ligament fibres approximately 1 cm

distal to the tibial plateau. This pin was visible on both the ultrasound and DIC images and

therefore allowed the region of interest of the two strain measurement techniques to be

standardised. The femur and tibia were cemented into aluminium bone pots using PMMA

which enabled them to be mounted in a material testing machine for testing (Figure 6.4). A

10N preload removed slackness from the ligament. The MCL was then preconditioned with

10 cycles of 0 – 3% strain (estimated from the length of the MCL measured using a rule

and the crosshead displacement) at 0.2Hz. The MCL was subsequently loaded between

the preloaded state and 3% strain at 0.2Hz for all ultrasound and DIC acquisitions, which
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F IGURE 6 . 4 Experimental setup for the porcine MCL strain measurements. The porcine stifle joint was mounted in a material
testing machine and loaded to 3% strain. A speckle pattern was applied to the MCL, which enabled DIC strain measurements
with the stereo cameras. The metal pin that was inserted perpendicular to the ligament fibres was visible in the ultrasound and
DIC images and was used to match the region of interests for the two imaging modalities.

is comparable to the strains that ligaments and tendons were subjected to in previous

speckle tracking studies [50, 166]. Note that all ultrasound and DIC strains subsequently

calculated from the measurements were relative strains with respect to the preloaded

ligament state. Regular water spray prevented tissues from drying out.

Ultrasound measurements

Ultrasound measurements were taken using the acquisition procedure outlined in Table 4.1

in Section 4.2 (page 91). In short, images were collected at 30Hz using a high-frequency

ultrasound machine (Vantage 128, Verasonics Inc., Kirkland, WA, USA) equipped with a

L11-5v transducer (linear, 38mm, 5 – 11MHz bandwidth) operating at a central frequency

of 7.6MHz and with an ultrasound stand-off attached to the front of the transducer. During

the measurements, the linear array was positioned over the joint space parallel to the

assumed ligament fibre direction so that the imaging plane was a coronal slice through

the ligament. RF data were collected using two imaging modes: the conventional scanline
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imaging mode with focused beams and a coherent plane-wave compounding (CPWC)

mode. For each specimen and imaging mode, at least 14 intervals that captured loading

between 0% to maximum strain were recorded. The Verasonics pixel-based beamforming

technique was used to reconstruct the RF signal with a grid spacing of 0.05× 0.05mm and

the data were saved in IQ format, from which the envelope and log compressed B-mode

data used for the speckle tracking algorithm could be calculated during post-processing.

Optical DIC measurements

DIC measurements were taken using a 3D DIC system (Aramis 5M, GOM, Braunschweig,

Germany) equipped with two cameras with 50mm lenses (Schneider Kreuznach, Bad

Kreuznach, Germany). The measuring volume was 45× 50× 25mm (height × width ×

depth) and the system was calibrated using a 30× 24mm panel (resulting calibration

deviation <0.03 pixel). A light-on-dark speckle pattern was used: the ligaments were

stained using a 1% methylene blue solution before spraying on a white acrylic paint

speckle pattern [266, 267]. Data were captured at 9Hz. Simultaneous DIC and ultrasound

measurement was not possible due to the line-of-sight requirement for the optical DIC. To

verify that this did not affect the results, optical DIC acquisitions were taken both before

and after the ultrasound acquisitions, with each capturing six loading intervals of 0% to

maximum strain.

Data analysis

For the DIC measurements, commercial software (Aramis Professional 2017, GOM,

Braunschweig, Germany) was used to create a surface component over the complete

ligament with point distance <15 pixels and facet size <30 pixels and the strain maps were

calculated for each loading interval. A Matlab script was used to isolate the portion of the

surface components aligned with the region of interest of the ultrasound measurements.

To account for the fact that the ultrasound probe is not always placed in the same position

and orientation on the ligament, strain was calculated along 1000 randomly placed lines

that passed through this region of interest at varying angles. The mean across these

150



Materials and Methods

lines was used for the calculation of the overall mean strain data for comparison with the

ultrasound results.

The ultrasound and DIC data were synchronised and split into intervals of minimum to

maximum loading by manually identifying the frames in the video sequences in which

the MCL was the most slack and taut, and a region (∼30× 4.5mm) encompassing the

ligament was selected on the first ultrasound image of each interval. A total of 120 intervals

were available for analysis (Figure 6.5). For each specimen, 10 intervals for each imaging

mode were randomly assigned to the training set. The remaining intervals were used for

testing, with at least 4 available for each imaging mode for each specimen.

The training subset (n = 60) was first used for the displacement convergence check, which

aimed to determine the minimum settings for which the full tissue motion is captured.

Convergence was checked for the following settings: frame rates (2 – 30Hz), non-rigid

image registration (NRIR) pyramid levels (1 – 6), and block-matching axial/lateral maximum

displacement settings (0.1 – 0.5mm). Settings for which the lateral displacement field had

not converged (relative errors above 5%) were excluded from the to-be-trialled optimisation

F IGURE 6 . 5 Flowchart of the ex vivo ultrasound speckle tracking measurements taken for the porcine and human
specimens, illustrating the training/test split for the optimisation routine. Human measurements for which the transducer was
not on the MCL or the anterior bundle of the posterior oblique ligament (POL) were excluded.
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inputs.

The surrogate optimisation routine on the training subset was subsequently used to

create the application-specific speckle tracking algorithm (without knowledge of the DIC

result). The speckle tracking settings that were trialled during the optimisation routine are

summarised in Table 6.1, and these were based on parameter values identified from the

literature. To reduce computational requirements, possible sample points were limited to a

range of settings with predefined step sizes. The performance of the tuned algorithm was

verified through comparison to the optical DIC data using the independent test subset.

The calculated ultrasound and DIC strains were then quantitatively compared by calculating

the average RMSE and Pearson’s correlation coefficient (R) between the mean strain

curves during the captured loading cycle. Since DIC is only able to capture the surface

strains, the mean strain curves for the ultrasound measurements were calculated using

just the row of nodes closest to the surface of the ligament.

To also enable comparison of the repeatability of the ultrasound and optical DIC techniques,

the same metric used as quality penalty during the ultrasound optimisation, i.e. normalised

standard deviation (Figure 4.4, page 100), was also calculated for the ultrasound test

subset and the optical DIC: the final strain maps at maximum loading of different repeats

of the same specimen were aligned and the normalised standard deviation of the maps

at maximum strain was found. For the DIC measurements, this procedure was repeated

for a range of median filter settings in the GOM software; results are reported for median

filter = 10 since a convergence analysis revealed that the calculated quality penalties and

strains converged at this point.
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6.2.4 Speckle tracking: cadaveric human specimens

To verify that the optimisation routine is insensitive to anatomy and loading conditions,

it was also tested for ultrasound measurements taken of the MCL and POL of a human

cadaveric knee during a dynamic extension-flexion movement. During extension-flexion,

these medial ligamentous structures strain due to the physiological motion. Previous

studies have found that ligament structures anterior and posterior to the medial epicondyle

experience opposing elongation behaviours during this movement: structures with posterior

attachments (i.e., posterior MCL and POL) will shorten during flexion, while structures

with anterior attachments (i.e., anterior MCL) will experience lengthening, with the effect

becoming more apparent the further the attachments are located from the epicondyle [18,

47]. Thus, the speckle tracking algorithm was tested for this trend.

Specimens & test setup

Following ethics approval (Imperial College Healthcare Tissue Bank) and informed consent

in line with the Declaration of Helsinki [269], an undissected fresh-frozen human cadaveric

knee (female, 49 y old) was thawed for 24 h at room temperature and placed in an

established, manually actuated extension-flexion kinematics rig [18, 270]. The knee was

extended/flexed between 0◦ and 100◦ and a metronome was used to regulate the motion

cycle to 0.25Hz. Regular water spray prevented tissues from drying out.

Ultrasound measurements

The ultrasound transducer was attached to the tibia using a clamp (Figure 6.6); this reduced

out-of-plane motion since the investigated ligament structures are close to parallel to the

longitudinal axis of the tibia throughout extension and flexion. Ultrasound measurements

were taken for 22 different anterior/posterior (AP) positions of the transducer spaced

∼1mm using the same ultrasound acquisition system as before, but this time images were

only collected using the conventional scanline imaging mode. For each AP position, three

repeats of extension to flexion were recorded (Figure 6.5).
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F IGURE 6 . 6 Experimental setup for
the human ligament strain measurements.
The cadaveric knee was mounted in
an extension-flexion kinematics rig, the
ultrasound transducer was attached to the
tibia and held over the medial ligamentous
structures, and the positions of the femur,
tibia, and ultrasound probe were measured
with a motion analysis system (arrows point
to markers).

Motion analysis measurements

During all ultrasound acquisitions, the movement of the femur, tibia, and ultrasound

transducer was tracked using an active marker motion analysis system with translational

accuracy of ±0.1mm (Optotrak Certus, Northern Digital, Waterloo, ON, Canada)

(Figure 6.6). After the ultrasound measurements were taken, the knee was dissected to

expose the medial and lateral side of the joint, with the markers used for tracking

remaining rigidly attached to the femur and tibia. The anterior and posterior edges of the

tibial and femoral attachments of the MCL, and of anatomical landmarks that enabled

adoption of a common knee joint coordinate system [271], were then digitised with respect

to the tracking markers. This allowed for post-test calculation of the knee joint kinematics

and movement of the ligament attachments using commonly applied rigid-body analysis

techniques [272].

Data analysis

At the end of each measurement, the knee was held still for a couple of seconds before

saving the ultrasound and motion analysis data; this allowed the implementation of a

156



Materials and Methods

Matlab algorithm which synchronised the two data streams by identifying the time point at

which both the ultrasound images and motion analysis data became constant values with

respect to time. Repeat ultrasound measurements were split into intervals of 0◦ − 100◦

of flexion and synchronised using the knee flexion angles, which were calculated with

a Matlab algorithm used in previous motion analysis research [272]. The unconstrained

kinematics, i.e., varus-valgus and internal-external rotation angles, were calculated as

well, and the standard deviation of these across all measurements was computed to verify

that the knee was subject to similar loading conditions throughout the experiment.

The motion analysis data was additionally used to determine the relative AP positions of

the ultrasound transducer with respect to the ligaments using the tracked positions of the

transducer and digitised MCL attachment points. This relative position was normalised to

the MCL width, with zero set to the mid-portion of the MCL, −1 the posterior edge and 1

the anterior edge.

Ultrasound measurements for which the transducer was not located on the MCL or the

anterior bundle of the POL were excluded, as determined from the calculated AP positions.

This was due to the following: the POL gradually merges into the MCL, with its anterior

fibres expected to be approximately in line with the MCL fibres and the longitudinal

orientation of the ultrasound transducer. However, fibres located further posterior become

increasingly more oblique and, thus, the collected ultrasound images do not capture the

principal plane of motion in this region. Here, the cut-off was set to −1.5 of the normalised

AP position, i.e., measurements for which the transducer extended beyond the posterior

edge of the MCL by more than 25% of its width were excluded.

For all remaining ultrasound measurements, the region of the ligament for which strains

should be calculated was manually defined on the first ultrasound frame of the 0 – 100◦ of

flexion intervals. Pilot tests indicated that processing strains in the region lying on the tibia

yielded poor results. Thus, a region that started at the tibial plateau and spanned an area

∼20mm proximally along the ligament (towards the femoral attachment) and ∼4.5mm

anteriorly across the thickness of the ligament was selected.
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The ultrasound measurements were again split into a 50 : 50 training and test subset

(Figure 6.5), where the training data was used for the convergence check and to construct

the application-specific algorithm. The Pearson’s correlation coefficient (R) between AP

position and ligament strain was computed. Furthermore, the mean strains at full flexion

along the anterior and posterior borders of the MCL were estimated by calculating the

length changes between the digitised anterior and posterior MCL attachments obtained

from the motion analysis measurements. The motion analysis and ultrasound strains at

full flexion were compared by interpolating the motion analysis strains to the AP positions

at which ultrasound strains were obtained and calculating the RMSE between the two

strain measures. Again, repeatability was analysed with the normalised standard deviation

of the 2D strain maps between repeats of the same measurement. Note that, since

the measurements were captured for knee flexion starting at 0◦, the strains calculated

using the speckle tracking algorithm as well as the reference strains from the optically

tracked attachment points were relative to the ligament state in full extension, rather than

a measure of absolute strain.
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6.3 Results

6.3.1 Shear wave imaging: agar phantom specimens

Agar cube specimens

The measured dimensions and weights of the agar cube specimens are summarised in

Table 6.2.

The quasi-static compression tests on the agar cube specimens found that the initial

apparent Young’s modulus (first 10% of loading) ranged from 37 to 64 kPa, increasing with

higher agar concentrations (Figure 6.7).

The Young’s moduli, Voigt viscosities and Voigt time constants calculated with the different

post-processing methods are presented in Table 6.3. The Young’s moduli were highly

TABLE 6 . 2 Dimensions and weights of the agar cube specimens, as measured using a Vernier calliper. Heights were used to
calculate strains, and the width and depth gave the cross-sectional area for stress calculation. The standard deviation (±SD) is
based on three repeat measurements. However, for the length measurements, an error of±1.0mm is assumedwhen computing
the upper and lower Young’s modulus, since the non-rigidity of the cubes made it difficult to take the measurements.

Specimen 1 Specimen 2 Specimen 3 Specimen 4

Height (mm) 32.6 ± 0.9 42.3 ± 0.7 45.2 ± 0.5 44.0 ± 0.5

Width (mm) 42.3 ± 0.4 43.3 ± 0.4 43.2 ± 0.2 39.0 ± 0.9

Depth (mm) 41.3 ± 0.4 41.2 ± 0.3 41.6 ± 0.4 44.8 ± 0.4

Weight (g) 59.9 75.0 83.0 79.2

Density (kg/m3) 1051.8 993.9 1021.8 1030.2
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F IGURE 6 . 7 Quasi-static stress-strain curves during the initial response to loading for the large homogeneous agar cube
samples of varying agar concentrations. The dashed lines show the upper and lower limit of the experimental stress-strain curves,
which are based on the assumed ±1mm measurement errors for the dimensions of the agar cubes.

correlated with the initial apparent Young’s moduli obtained from the mechanical

compression tests (R > 0.99 for all four post-processing techniques) (Figure 6.8). The

radon transform and linear regression time-of-flight (TOF) post-processing methods

exhibited the largest errors (RMSE = 7.72 and 5.75 kPa, respectively), with errors most

prominent for specimens with higher Young’s modulus. Young’s moduli obtained with the

phase velocity and viscoelastic dispersion analysis methods, on the other hand, agreed

well with the mechanical testing results for all specimens (RMSE = 2.44 and 1.37 kPa,

respectively).
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TABLE 6 . 3 Summary of the measured material properties for the agar cube specimens, obtained using ultrasound shear
wave imaging and quasi-static material testing. For the shear wave imaging results, the data is based on six repeated
measurements and presented as the mean ± standard deviation (SD), as the data was found to be normally distributed
according to the Shapiro-Wilk test. Additionally, the range is provided (shown in square brackets). For the material testing results,
the standard error (±SE) gives the uncertainty for the predicted gradient of the linear regression, while the range (shown in square
brackets) is based on the upper and lower limit of the stress-strain curves.

Specimen 1 Specimen 2 Specimen 3 Specimen 4

Yo
un

g’
s

m
od

ul
us

E
(k

P
a
)

Radon transform (TOF) 41.55 ± 1.78
[39.25 43.96]

41.12 ± 3.26
[38.15 46.64]

56.17 ± 1.86
[54.27 59.32]

77.58 ± 3.37
[73.66 82.18]

Linear regression (TOF) 40.98 ± 1.93
[38.32 43.91]

40.35 ± 3.25
[36.84 45.89]

54.55 ± 1.94
[51.81 57.50]

74.00 ± 3.33
[70.83 80.00]

Phase velocity method 39.60 ± 1.33
[38.25 42.08]

39.19 ± 3.32
[35.78 44.77]

52.18 ± 2.24
[48.89 54.57]

67.69 ± 3.67
[63.96 73.83]

Viscoelastic dispersion
analysis

38.43 ± 1.81
[36.83 41.76]

37.74 ± 2.96
[34.12 42.46]

50.86 ± 2.74
[47.19 54.06]

63.09 ± 3.05
[59.83 67.38]

Material testing 36.93 ± 0.55
[33.50 40.85]

39.88 ± 0.70
[36.45 43.58]

50.85 ± 0.76
[46.68 55.26]

63.90 ± 0.95
[58.57 69.53]

Vo
ig

ts
he

ar
vi

sc
os

ity
η
(P

a
·
s)

Viscoelastic dispersion
analysis

0.82 ± 0.07
[0.74 0.93]

0.83 ± 0.12
[0.70 1.05]

1.00 ± 0.09
[0.85 1.10]

1.79 ± 0.17
[1.60 2.01]

Vo
ig

tt
im

e
co

ns
ta

nt
τ
(µ

s) Viscoelastic dispersion
analysis

21.50 ± 1.92
[19.34 24.18]

21.85 ± 2.02
[19.13 24.71]

19.71 ± 2.50
[15.69 23.21]

28.48 ± 3.00
[25.43 33.62]

F IGURE 6 . 8 Bar chart of the measured material properties for the agar cube specimens, obtained using ultrasound shear
wave imaging (four post-processing techniques), and quasi-static material testing. Error bars show ±SD for the shear wave
imaging results, and the upper and lower limits for the material testing results. Shear wave imaging results were highly correlated
with the Young’s moduli obtained from the initial quasi-static stress-strain response, with the phase velocity and viscoelastic
dispersion analysis post-processing methods providing the best accuracy.
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F IGURE 6 . 9 Radon transform (TOF) post-processing example for an agar cube specimen. The radon transform algorithm
(left) calculates the sum along projections of different angles and offsets (x’) and can thus detect lines in images. By applying
the algorithm to the lateral-temporal axial velocity slice, the best projection (white dashed line) through the shear wave
peaks/troughs can be found, the slope of which is equal to the shear wave velocity (middle). This was repeated at a range
of axial depths (right).

F IGURE 6 .10 Linear regression (TOF) post-processing example for an agar cube specimen. Peaks/troughs were identified
from the axial velocity vs time plot for each lateral position (left). Thus, a line of best fit passing through the shear wave peaks or
troughs can be found (middle). This was repeated at a range of axial depths (right).

F IGURE 6 .11 Phase velocity method post-processing example for an agar cube specimen. By finding the peak spatial and
temporal frequencies in the Fourier domain of the axial velocity slice (left), the shear wave trajectory (white dashed line) of the
dominant phase component in the axial velocity slice was found (middle). This was repeated at a range of axial depths (right).
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F IGURE 6 .12 Viscoelastic dispersion analysis post-processing example for an agar cube specimen. The Voigt model was fit
to the experimental dispersion map, which was obtained from the Fourier domain of the lateral-temporal axial velocities. Due
to the increased computational cost of the fitting procedure, rather than obtaining a dispersion map at each axial position, an
average axial-velocity slice for the ±2mm region above/below the push pulse focus was used.

Material properties measured for the two specimens made with the same agar

concentration of 2% w/w were in good agreement with one another, with the measured

Young’s moduli and Voigt viscosities obtained with shear wave imaging within 0.69 kPa and

0.01Pa · s of one another (<2% difference); for the mechanical compression test, the

difference between the measured Young’s moduli was 2.95 kPa (∼8% difference).

Figures 6.9 to 6.12 demonstrate how the shear wave imaging results were obtained

for each of the four different post-processing methods for an example measurement of

specimen 4.

Agar plate specimens

The measured dimensions and weights of the agar plate specimens are summarised in

Table 6.4.

TABLE 6 . 4 Thicknesses of the agar plate specimens, as measured using a Vernier calliper. These were used for the Lamb
wave models. The standard deviation (±SD) is based on four repeat measurements.

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5 Specimen 6

Plate thickness
(mm) 2.9 ± 0.6 3.8 ± 0.4 5.0 ± 0.4 5.7 ± 0.3 6.4 ± 0.2 7.2 ± 0.5
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The shear wave imaging results for the agar plate specimens (5% w/w) are shown in

Table 6.5. The measured material properties varied greatly with plate thickness when

using post-processing methods that did not consider Lamb wave dispersion, with the

Young’s moduli and Voigt viscosities exhibiting large coefficients of variations (CV > 27%)

and strong correlations with the plate thickness (R > 0.7) (Figure 6.13). Results from the

Lamb wave and the combined Lamb wave & Voigt viscoelastic dispersion analysis were

less affected by the specimen thickness, although variation was high for the viscosities

of the combined model (Young’s modulus: R = 0.09 and 0.40, CV = 14.8% and 11.7%,

respectively; Voigt shear viscosity for Lamb wave & viscoelastic analysis: R = −0.27,

CV = 52.9%).

The combined Lamb wave & viscoelastic dispersion analysis yielded results that best

matched the Young’s modulus obtained from the compression test on the 5% w/w agar

TABLE 6 . 5 Summary of the measured material properties for the agar plate specimens, obtained using ultrasound shear
wave imaging. The results for all three repeat measurements for each specimen and post-processing method are presented.

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5 Specimen 6

Yo
un

g’
s

m
od

ul
us

E
(k

P
a
)

Radon transform
(TOF)

36.78, 37.84,
40.48

52.03, 51.92,
52.07

65.43, 54.28,
56.42

55.23, 49.21,
104.02

108.42, 69.17,
64.70

83.60, 82.78,
110.98

Linear regression
(TOF)

36.24, 35.26,
37.01

50.80, 50.00,
49.62

64.54, 57.92,
66.67

50.95, 51.22,
51.79

63.33, 73.08,
69.93

82.81, 86.31,
86.51

Phase velocity
method

19.66, 15.46,
18.01

38.15, 28.03,
32.15

47.51, 46.89,
48.07

29.24, 27.61,
31.35

31.20, 43.82,
46.65

68.03, 73.64,
73.11

Viscoelastic
dispersion analysis

17.96, 19.61,
19.51

29.67, 25.62,
27.84

27.36, 31.72,
33.78

22.70, 23.02,
23.62

28.92, 28.09,
32.00

59.68, 41.15,
43.01

Lamb wave
dispersion analysis

64.48, 64.48,
66.99

87.13, 86.38,
84.04

89.01, 81.88,
82.26

57.93, 53.53,
57.93

77.70, 76.65,
80.00

77.59, 80.23,
80.33

Viscoelastic & Lamb
wave dispersion

analysis

52.88, 55.21,
55.05

72.66, 69.59,
68.37

69.22, 69.88,
65.57

57.93, 52.10,
57.93

68.37, 72.90,
76.73

66.62, 66.21,
69.31

Vo
ig

ts
he

ar
vi

sc
os

ity
η
(P

a
·
s)

Viscoelastic
dispersion analysis

1.34, 1.30,
1.33

1.74, 1.88,
1.75

2.24, 2.12,
2.17

1.89, 1.78,
1.93

2.20, 2.42,
2.43

2.02, 2.51,
2.46

Viscoelastic & Lamb
wave dispersion

analysis

1.50, 1.35,
1.50

1.82, 2.09,
1.95

2.69, 2.71,
3.13

0.22, 0.42,
0.31

1.75, 1.00,
0.89

1.34, 1.55,
1.37

Vo
ig

tt
im

e
co

ns
ta

nt
τ
(µ

s)

Viscoelastic
dispersion analysis

74.77, 66.41,
68.33

58.73, 73.43,
62.79

81.86, 66.81,
64.28

83.45, 77.51,
81.74

76.22, 86.19,
75.91

33.82, 61.11,
57.27

Viscoelastic & Lamb
wave dispersion

analysis

28.33, 24.46,
27.17

25.08, 30.09,
28.56

38.93, 38.84,
47.67

3.75, 8.06,
5.27

25.54, 13.68,
11.54

20.17, 23.38,
19.74
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F IGURE 6 .13 Material properties for the thin-layered agar plate specimens of varying thickness, obtained using ultrasound
shear wave imaging (six post-processing techniques). All three repeats collected for each plate thickness are shown. Results
were most comparable to the Young’s modulus obtained from mechanical test on the 5% w/w agar cube when using the
combined Lamb wave & viscoelastic dispersion analysis.

165



Chapter 6. Validation: Ex Vivo Specimens

cube specimen (RMSE = 7.41 kPa). Results deviated most from the validation Young’s

modulus when using the viscoelastic dispersion analysis (RMSE = 35.55 kPa).

For plate thicknesses larger than 5mm, two modes were clearly visible on the dispersion

maps, and the models that considered Lamb wave dispersion appeared to provide a better

fit to these multiple modes (Figure 6.14).

The sensitivity analysis, which was performed on the two multi-variable viscoelastic

dispersion models, showed that the combined Lamb wave & viscoelastic dispersion

model resulted in slightly larger confidence regions (Figure 6.15). For the viscoelastic

dispersion model, the goodness-of-fit (average magnitude along the curve) remained

within 1% of the curve of best fit for a range of shear moduli and viscosities of around

8 kPa and 0.7Pa · s. For the combined Lamb wave & viscoelastic model, the shear moduli

and viscosities could vary around 9 kPa and 1.8Pa · s.

F IGURE 6 .14 Dispersion analysis post-processing example for an agar plate specimen (thickness = 7.2mm). The three
dispersion models were fit to the experimental dispersion map, with the fit aiming to find the curves that best pass through the
high-magnitude regions. For the Lamb wave models, the A0 mode was fit to the experimental dispersion map for frequencies
below 6/(plate thickness) (i.e., below 833Hz for this specimen), and the A1modewas used for frequencies above this threshold.
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F IGURE 6 .15 Sensitivity analysis for the multi-variable dispersion models applied to the agar plate measurements. The
depicted confidence regions show the combinations of shear moduli and Voigt viscosities for which the goodness-of-fit of the
dispersion curves are within 1% of the best-fit dispersion curve. The ∗markers show thematerial properties for the best fit, and the
• markers show thematerial properties for the centroid of the confidence region. The goodness-of-fit was definedas the average
magnitude of the experimental dispersionmap along the fitted curve, which was also used as the optimisation parameter during
the search for the curve of best fit.

6.3.2 Shear wave imaging: porcine specimens

The measured thicknesses of the four porcine MCL specimens used for the shear wave

imaging validation are detailed in Table 6.6.

TABLE 6 . 6 Thicknesses of the porcine MCL specimens, as measured from the ultrasound images. These were used for
the Lamb wave models. The standard deviation (±SD) is based on thicknesses measured from the 35 repeat ultrasound
measurements for each specimen.

Specimen 1 Specimen 2 Specimen 3 Specimen 4

Ligament thickness (mm) 4.30 ± 0.14 4.17 ± 0.03 6.70 ± 0.04 5.86 ± 0.78

All material properties measured from the mechanical sinusoidal loading test and

ultrasound shear wave imaging procedure are shown in Table 6.7.

The dynamic sinusoidal tensile test found that the phase shift between the force and

displacement response increased with loading frequency (Figure 6.16). The Voigt time

constants computed from the gradients of the linear regression models ranged between

1.91 – 21.35ms. While the goodness-of-fit of the fitted Voigt time constant models (tan(δ) =
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TABLE 6 . 7 Summary of the measured material properties for the porcine MCL specimens, obtained using ultrasound shear
wave imaging and dynamicmaterial tensile testing. For the shear wave imaging time-of-flight (TOF) and phase velocity methods,
the data did not follow a normal distribution due to its dependence on the shear wave excitation frequency. Therefore, results
are presented as the range of material properties measured across 35 repeat measurements from seven excitation frequencies
(shown in square brackets). For the shear wave imaging dispersion methods, results are based on 5 repeated dispersion maps,
each constructed from a set of 7 measurements at different excitation frequencies. Normality was confirmed with the Shapiro-
Wilk test, and thus, the mean± standard deviation (SD) and the range (shown in square brackets) are provided. For the material
testing results, the standard error (±SE) of the gradient from the linear regression is given.

Specimen 1 Specimen 2 Specimen 3 Specimen 4

Vo
ig

ts
he

ar
m

od
ul

us
µ

(k
P
a
)

Radon transform (TOF) [17.66 89.49] [41.51 166.49] [6.69 162.40] [15.88 118.37]

Linear regression (TOF) [30.87 95.78] [77.82 193.56] [31.63 161.48] [19.13 111.15]

Phase velocity method [10.88 87.40] [12.52 173.46] [10.00 138.67] [11.28 101.16]

Viscoelastic dispersion analysis 4.15 ± 0.06
[4.07 4.22]

7.79 ± 0.09
[7.66 7.90]

5.63 ± 0.03
[5.58 5.66]

4.44 ± 0.05
[4.36 4.48]

Lamb wave dispersion analysis 176.32 ± 0.38
[175.93 176.77]

484.26 ± 6.89
[473.39 490.40]

174.15 ± 4.96
[171.13 182.75]

145.22 ± 1.15
[143.99 146.79]

Viscoelastic & Lamb wave
dispersion analysis

5.20 ± 0.14
[5.03 5.42]

29.42 ± 1.86
[26.40 31.14]

10.16 ± 0.12
[10.01 10.31]

7.29 ± 0.09
[7.14 7.36]

Vo
ig

ts
he

ar
vi

sc
os

ity
η
(P

a
·
s) Viscoelastic dispersion analysis 8.32 ± 0.02

[8.29 8.34]
14.68 ± 0.15
[14.45 14.81]

10.64 ± 0.09
[10.57 10.79]

9.02 ± 0.04
[8.97 9.08]

Viscoelastic & Lamb wave
dispersion analysis

27.76 ± 0.07
[27.66 27.85]

86.95 ± 1.86
[84.01 88.85]

23.46 ± 0.15
[23.30 23.65]

21.66 ± 0.14
[21.53 21.87]

Vo
ig

tt
im

e
co

ns
ta

nt
τ
(m

s)

Viscoelastic dispersion analysis 2.01 ± 0.03
[1.98 2.04]

1.89 ± 0.02
[1.85 1.92]

1.89 ± 0.03
[1.87 1.93]

2.03 ± 0.01
[2.02 2.06]

Viscoelastic & Lamb wave
dispersion analysis

5.34 ± 0.13
[5.14 5.50]

2.97 ± 0.22
[2.70 3.31]

2.31 ± 0.03
[2.29 2.35]

2.97 ± 0.03
[2.94 3.02]

Material testing 4.57 ± 0.70 3.02 ± 0.40 1.91 ± 0.30 21.35 ± 6.17

τ×(2πfloading)) was low (R2 < 0.75), the standard error of the regression gradient remained

below ±0.70ms for specimens 1 – 3. For the fourth specimen, longer phase lags with large

standard deviations were observed, and the standard error of the regression gradient was

also much higher (±6.17ms). This indicated that the specimen may have been damaged

when cementing the tibia and femur, which was done between the shear wave imaging

and mechanical test measurement; thus, the following results are presented both with and

without this specimen.

Shear moduli measured using ultrasound shear wave imaging varied greatly depending on

which post-processing method was used. Lamb wave dispersion analysis resulted in the

highest measurements of 244.99± 160.14 kPa. The TOF and phase velocity methods all
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F IGURE 6 .16 Viscoelastic behaviour of the porcine MCL specimens, measured using a dynamic tensile loading test. The
force and displacement response are shown for an example measurement of specimen 1 loaded at 7Hz (left). While the phase
lag (δ) was difficult to observe from the raw data, it could be derived from the frequency domain, and the results revealed that
the tangent of the phase lag increased with loading frequency (middle). An enlarged view with a smaller y-axis scale better
shows this trend for specimens 1 – 3 (right). The Voigt time constant (τ ) was calculated from the gradient of the line of best fit.

F IGURE 6 .17 Example of how the shear modulus, obtained from shear wave imaging time-of-flight (TOF) or phase velocity
post-processing methods, varied with different shear wave excitation frequencies (porcine MCL specimen 1). Error bars show
±SD of the 5 repeat measurements at each frequency. The overall shear modulus was calculated from the average of all
measurements and, therefore, the results had large standard deviations.
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F IGURE 6 .18 Scatter plot of the measured material properties for the porcine MCL specimens obtained using ultrasound
shear wave imaging (six post-processing techniques), and dynamic sinusoidal tensile testing. Dashed black lines show a break in
the y-axis. Error bars indicate ± standard error of the linear regression gradient for the material testing results. The shear modulus
varied greatly for thedifferent post-processingmethods. Out of the twopost-processingmethods that alsomeasured viscosity, the
combined Lamb wave & viscoelastic dispersion analysis produced superior results that better matched the Voigt time constant
from the material testing validation experiment.

produced similar measurements at a mid-range of 74.75± 27.09 kPa. These methods also

resulted in the largest variability (CV ≈ 50% vs < 7% for the other methods), since they

calculate the shear modulus directly from the shear wave phase or group velocity, which

varied greatly across the measurements of different excitation frequencies (Figure 6.17).

Lastly, much lower shear moduli of 9.26± 8.39 kPa were obtained when introducing viscous

dispersion (Figure 6.18).

Comparison to the validation data showed that the viscoelasticity of the specimens was

best captured when using the combined Lamb wave & viscoelastic dispersion analysis: the
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F IGURE 6 .19 Dispersion analysis post-processing example for a porcine MCL specimen (thickness = 6.7mm). Dispersion
maps from seven different measurements, each utilising a different shear wave excitation frequency between 200 – 800Hz,
were combined to produce one dispersion map with similarly strong magnitudes across the entire frequency range. All Lamb
wave models only used the A0 mode, since the A0 to A1 switchover frequency was never reached.

F IGURE 6 . 20 Sensitivity analysis for the multi-variable dispersion models applied to the porcine MCL measurements. The
large confidence regions indicate a considerable level of uncertainty in the material properties found from the best fit, with a
large range of shear moduli and viscosities producing similarly high goodness-of-fit measures. The ∗ markers show the material
properties for the best fit, and the • markers show the material properties for the centroid of the confidence region.
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Voigt shear modulus and viscosity of the fitted models resulted in Voigt time constants that

best matched the results from the dynamic mechanical loading test (without specimen 4:

R = 0.98, RMSE = 0.50ms; with specimen 4: R = −0.10, RMSE = 9.20ms). When using

just the viscoelastic dispersion model without the Lamb wave component, the Voigt time

constants were almost identical for all four specimen (1.95± 0.08ms), which did not agree

as well with the varying time constants measured during the mechanical test (without

specimen 4: R = 0.90, RMSE = 1.62ms; with specimen 4: R = 0.76, RMSE = 9.76ms).

Only the A0 mode was utilised during the fitting of the Lamb wave model to the experimental

dispersion map for all specimens. Since the thickness of all specimens was less than

6.7mm, the A0 to A1 switchover frequency was expected to be over 900Hz, which was

above the maximum excitation frequency of 800Hz. Visual inspection of the experimental

dispersion maps confirmed that only one mode was active (Figure 6.19).

The sensitivity analysis revealed that there was a large level of uncertainty in the

multivariable dispersion model results, with the goodness-of-fit of the dispersion models

remaining high for a large range of shear moduli and viscosities (Figure 6.20). For the

viscoelastic dispersion model, the goodness-of-fit remained within 1% of the curve of best

fit for a range of shear moduli and viscosities of around 15 kPa and ±5Pa · s. For the

combined Lamb wave & viscoelastic model, the within-1-%-of-best-fit area spanned shear

moduli and viscosities of up to 225 kPa and 70Pa · s.
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6.3.3 Speckle tracking: porcine specimens

For the quasi-static porcine MCL measurements, the pre-optimisation displacement

convergence check found that frame rates had to be ≥9Hz, NRIR pyramid levels ≥1,

and block-matching axial/lateral maximum displacement ≥0.1mm (Table 6.8, Figure 6.21).

Thus, these settings were subsequently used during the surrogate optimisation routine

(Table 6.1, page 153).

After running the surrogate optimisation routine for 1500 iterations, the quality penalty for

the porcine training measurements reached a minimum of 0.19, with the strain maps visibly

improving as the optimisation progressed and the quality penalty decreased (Figure 6.22).

The strain maps were most repeatable when the displacement field was calculated using

the non-rigid image registration method, followed by regularisation of the displacement

field using a combination of a median filter and 2D cubic spline smoothing. All settings

of the final tuned speckle tracking algorithm for the quasi-static porcine application are

shown in Table 6.1, page 153).

Ultrasound and optical DIC strain measurements were strongly correlated (R > 0.99,

RMSE < 0.59%) (Figure 6.23). The average peak strains measured for the ultrasound test

set and DIC acquisitions were 2.26± 0.60% and 2.34± 0.28%, respectively (Table 6.9).

Furthermore, the ultrasound and DIC strain maps had comparable repeatability, with similar

normalised standard deviation of repeat strain maps (US: <0.22, DIC: <0.22) (Figure 6.24).

TABLE 6 . 8 Results for the pre-optimisation convergence check on the porcine and human training sets, showing the settings
for which convergence was tested, and the settings for which the lateral displacement field had converged to within relative
errors of 5%.

Optimisation parameter

Settings tested Settings for which convergence was reached

Human and porcine Human Porcine

N
R

IR

Frame rate (Hz) 2 − 30 ≥ 20 ≥ 9

Pyramid levels 1 − 6 ≥ 3 ≥ 1

B
lo

ck
-

m
at

ch
in

g Frame rate (Hz) 2 − 30 ≥ 23 ≥ 9

Axial/lateral maximum displacement (mm) 0.1 − 0.5 ≥ 0.3 ≥ 0.1
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F IGURE 6 . 21 Displacement convergence results for the porcine and human training measurements. Relative errors for the
lateral displacements were calculated both with respect to frame rate (left column) and NRIR pyramid levels or block-matching
(BM) axial/lateralmaximumdisplacement (middle column). Thewhite line shows the combination of settings atwhich the relative
errors dropped below 5%. Overall, convergencewas then said to have been reached if both relative errors were below 5% (right
column).
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F IGURE 6 . 22 Convergence of the surrogate optimisation for the porcine measurements and example strain maps of
repeats for different quality penalties. At each optimisation iteration, a different combination of parameter settings is trialled.
After finding a local minimum, the surrogate optimisation resets with new starting points. As the quality penalty (normalised
standard deviation of the strain maps) decreased, repeat strain maps became more similar.

F IGURE 6 . 23 Porcine MCL surface strains measured by the tuned ultrasound speckle tracking algorithm (test set) and
optical DIC. Example strain curves (mean ± SD) of porcine specimen 1 throughout the uniaxial tensile test show the strong
correlation between ultrasound and DIC measurements (left). Ultrasound speckle tracking and DIC measured comparable
average strains at maximum loading for all porcine specimens (right).
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TABLE 6 . 9 Strain results for the three porcine specimens, obtained from the tuned ultrasound speckle tracking algorithm and
the DIC measurements. The standard deviation is based on repeat measurements.

Specimen

Surface strains at maximum loading (%) Normalised standard deviation of strain
maps at maximum loading

RMSE between
ultrasound and DIC

strain curves (%)

R between ultrasound
and DIC strain curves

Ultrasound
training set

Ultrasound
test set DIC

Ultrasound
training

set

Ultrasound
test set DIC

Ultrasound
training

set

Ultrasound
test set

Ultrasound
training

set

Ultrasound
test set

1 2.72±0.43 2.82±0.91 2.52±0.14 0.18 0.22 0.16 0.17 0.20 0.9996 0.9997

2 1.68±0.66 1.62±0.54 2.02±0.20 0.18 0.20 0.22 0.15 0.23 0.9986 0.9995

3 1.40±0.92 2.33±0.11 2.49±0.17 0.20 0.04 0.21 0.59 0.08 0.9918 0.9990

Average 1.93±0.70 2.26±0.60 2.34±0.28
0.19 ±
0.01

0.15 ±
0.10

0.20 ±
0.03

0.30 ±
0.25

0.17 ±
0.08

0.9967 ±
0.0042

0.9994 ±
0.0003

F IGURE 6 . 24 Example porcine strain maps at maximum loading obtained using DIC (left) and ultrasound (right). The DIC
strain map shows the MCL surface strain, while the ultrasound strain map shows strain in an orthogonal plane into the ligament.
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6.3.4 Speckle tracking: cadaveric human specimens

The pre-optimisation convergence check found that higher settings were needed for the

dynamic human knee tests: frame rate ≥23Hz, NRIR pyramid levels ≥3, block-matching

axial/lateral maximum displacement ≥0.3mm (Table 6.8, Figure 6.21). The settings used

as optimisation input were adjusted accordingly (see Table 6.1, page 153).

The surrogate optimisation routine reached a minimum quality penalty of 0.26 for the

optimum speckle tracking settings shown in Table 6.1 (page 153). Similar to the quasi-static

porcine implementation, a non-rigid image registration method was found to be preferable,

followed by regularisation of the displacement field with a combined Butterworth filter and

2D cubic spline smoothing.

Out of the 22 collected AP positions, four were off the MCL and the anterior bundle of

the POL and were excluded from further processing. Furthermore, it was found that the

anterior bundle of the MCL had not been captured during the measurements, with the

furthest anterior measurement located at a normalised AP position of −0.35. For the

18 included measurements, the kinematics were found to be consistent, with standard

deviations for the varus-valgus and internal-external rotation angles of 0.68± 0.17◦ and

1.57± 0.38◦ (mean ± SD of loading range), respectively. The strains developed in the

ligaments between 0◦ and 100◦ of flexion, as measured using the application-specific

ultrasound speckle tracking algorithm, were highly correlated with the relative AP position

(R > 0.91), and matched the strain estimates from the motion capture measurements

(training set: RMSE = 6.28%, test set: RMSE = 5.76%) (Figure 6.25). Furthermore,

similar normalised standard deviations of the strain maps were achieved as for the porcine

specimens (training set: 0.26± 0.29, test set: 0.20± 0.39). From these strain maps, small

strain variations between the superficial and deep portions of the ligaments could be

detected (Figure 6.26).
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F IGURE 6 . 25 Strains in the medial ligaments of the cadaveric human knee during extension-flexion, as measured
by the tuned speckle tracking algorithm. The MCL and POL strain measured using ultrasound was highly correlated with
anterior/posterior (AP) position for both the training and test set, and matched the strain estimates from the optical motion
analysis measurements (left). Example strain curves are shown for the anterior bundle of the POL (AP position = −1.48) and the
posterior bundle of the MCL (AP position = −0.35) (right). AP position was normalised to MCL width (the dimension out of the
imaging plane). The shaded region shows the ±SD of the three repeat extension-flexion cycles.

F IGURE 6 . 26 Example strain map for the posterior bundle of the MCL at 100◦ of flexion (AP position = −0.35).
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6.4 Discussion

6.4.1 Shear wave imaging: most important findings

This study demonstrated that a combined viscoelastic and Lamb wave post-processing

model most accurately measures the material properties for thin and viscoelastic soft

tissue, finding material properties that match the properties obtained from mechanical

testing to within 6 – 11%. This is the first time that ultrasound-based viscoelastic properties

have been quantitatively linked to the mechanically tested properties of ligaments or

tendons. With this post-processing approach, the dependency of the measured properties

on the thickness of the ligament and the shear wave excitation frequency is eliminated

and additional information about the viscous nature of the tissue is obtained. This notably

improves the clinical usefulness of this ultrasound technique for assessing the function of

orthopaedic connective tissue, providing more reliable and comprehensive measures that

can be compared across patients with ligaments or tendons of different sizes and viscous

properties.

Validation against the material properties obtained from mechanical testing confirmed the

intuitive hypotheses set at the beginning of the chapter: while the viscoelastic dispersion

model most accurately measured the material properties for the large agar cube specimens,

the combined Voigt and Lamb wave model was needed for the thin agar and porcine

ligament specimens. Using the correct model reduced the RMSE of the Young’s modulus

by up to 28 kPa (i.e., 44% of the average mechanical testing result of 64 kPa) and of the
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Voigt time constant by up to 1.12ms (i.e., 15% of the average mechanical testing result of

7.71ms).

6.4.2 Shear wave imaging: comparison to literature

The shear wave velocities of ∼3.5 – 5m/s measured for the 2 – 5% w/w agar cube

specimens were slightly lower than those reported by previous studies (∼1.4 – 11m/s for

agar concentrations of 0.9 – 2.7% w/w) [41, 147, 150]. A possible reason for this

discrepancy may be their addition of MgCO3 or polymer instead of flour to create

heterogeneity for ultrasonic scattering [41, 147]. Despite this, the elastic moduli calculated

from the shear wave velocities corresponded well with the validation data from the

mechanical compression tests, with high correlation and low RMSE values (R > 0.99 and

RMSE = 1.4 kPa when using a viscoelastic dispersion model). Similar accuracy was found

by Xie et al. [145] and Khalitov et al. [148], whose shear wave results on CIRS

elastography phantoms had correlations of R > 0.99 and RMSE = 2.9 – 3.4 kPa when

validated against the material property data provided by the manufacturer. Additionally,

the variation between repeat shear wave velocity measurements on the agar cube

phantoms was low (CV ≈ 1.7 – 4.2%) and within the range observed in previous

measurements on homogeneous tissue-mimicking phantoms (CV ≈ 1.5 – 30%) [146, 147,

150], indicating similar robustness of the shear wave imaging procedure.

Material properties for in vivo human medial collateral ligaments have previously been

quantified by Wu et al. [71] using the Aixplorer commercial shear wave imaging system

and an elastic TOF model. Their shear moduli of 8 – 12 kPa were lower than the shear

moduli of 50 – 140 kPa obtained from the elastic models applied to the porcine ligaments

of this study. This could indicate that porcine MCLs have a higher shear stiffness than

human MCLs. Alternatively, shear waves propagating through in vivo human MCLs may

be subject to more dispersive effects that further slow down the wave, such as through

interactions with the surrounding soft tissue [273]. A final reason could be that shear waves

with different frequencies were used. In this study, shear moduli were the average from
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measurements with external shaker frequencies between 200 – 800Hz (Figure 6.17). Wu

et al., on the other hand, used ARF-generated shear waves, in which case TOF methods

measure the group velocity at the shear wave centre frequency [30]. Previous studies

using the Aixplorer system have reported centre frequencies of around 200 – 400Hz [30,

139, 141]. Here, when only including measurements at this lower frequency range, the

shear moduli from the elastic models had a lower range of 10 – 60 kPa (Figure 6.16).

The Voigt viscosity has not previously been defined for the collateral ligaments. However,

the viscosity of ∼40Pa s measured for the porcine MCLs using the combined Voigt & Lamb

wave model was within the range of viscosities previously reported for the Achilles and

hamstring tendons (18 – 65Pa s) [41]. Moreover, previous mechanical viscoelastic creep

measurements on human and bovine MCLs reported values of 0.08 – 0.37 for tan(δ), i.e.

the tangent of the phase lag between the force and displacement response, for loading

rates of 0.1 – 10Hz [72, 73]. This agrees well with the values of 0.05 – 0.36 found for

specimens 1 – 3 of this study, and suggests that the large values of up to 2.04 measured

for specimen 4 are likely invalid.

The results of this study demonstrated that choosing the correct material model during

post-processing is especially important for thin specimens. For the agar plates, using an

elastic model resulted in elastic moduli measurements up to one-third of those measured

with the Lamb wave model, with the thinnest phantom specimen experiencing the largest

underestimations. Similarly, for the porcine specimens, the moduli from the elastic models

were up to a factor of two or three times lower than those from the Lamb wave model.

These observations are in line with the results reported by Maksuti et al. [139], who

measured two to five times lower moduli in their PVA phantoms when using an elastic

model instead of a Lamb wave dispersion model.

While the addition of viscous effects to the Lamb wave model did not notably change the

elastic modulus measurements for the agar plate specimens, it resulted in much lower

shear moduli in the porcine specimens (<6% of the shear moduli from the Lamb wave

model and 10 – 30% of the shear moduli from the elastic model). While no single study

has directly investigated the effect of using a combined viscoelastic and Lamb wave model,
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comparison of results from different studies on the Achilles tendon suggests a different

behaviour to the one observed here: the shear modulus for the Achilles tendon found by

Brum et al. [30] using a combined Lamb wave and Voigt model (µ ≈ 920 kPa) was both

higher than the shear modulus reported by Helfenstein-Didier et al. [29] using just a Lamb

wave model (µ < 520 kPa), as well as the ones found by Aubry et al. [134] and Haen et al.

[158] using elastic TOF models (µ < 300 kPa).

6.4.3 Shear wave imaging: limitations

While the Voigt and Lamb wave models aim to better approximate the true shear wave

propagation behaviour in thin and viscoelastic structures, their increased complexity comes

with limitations. Firstly, the fitting of complex dispersion curves leads to notably longer

processing times compared to the TOF methods (>1 minute vs <10 seconds for each

axial tracking location), limiting their suitability for real-time implementations.

Additionally, the models rely on several assumptions. (1) the simplicity of the Voigt model,

consisting of a single spring and dashpot, fails to capture the full viscoelastic behaviour

of tendons and ligaments. Most importantly, it is unable to accurately represent stress

relaxation, modelling an instantaneous drop in stress after a load has been applied, rather

than a gradual decay as is common for soft tissue [42]. More complex rheological models

have previously been proposed for tendons and ligaments that aim to better represent

the complex stress and strain response during mechanical testing [31, 42]. Furthermore,

while the Voigt model predicts a linear relationship between the tangent of the time lag and

loading frequency, the mechanical loading measurements of this study did not strictly follow

this trend (Figure 6.16), indicating that additional viscoelastic mechanisms may be at play.

Thus, even though it has been shown that the Voigt dispersion model produces equally

accurate results as more complex models when studying tissue-mimicking phantoms

[43], future research should verify whether this also applies to tendons and ligaments. (2)

the Lamb wave model approximates the imaged medium as an infinite plate of constant

thickness. In reality, the thickness of specimens often varied slightly along its length. In
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tendons, thickness variations were estimated to result in errors in the measured material

properties of around 5% [30]. (3) the Lamb wave model also assumes that the plate

boundaries are parallel to the direction of propagation. However, during in situ imaging of

the porcine MCLs, the ligaments were not always perfectly aligned to the lateral ultrasound

direction, since these structures take on a slightly curved shape as they wrap around the

concave medial side of the knee. While curved boundaries have previously been found to

have a negligible effect on the formation of guided waves in the cornea [212], they may

have a greater effect in fibrous, anisotropic structures where the shear wave propagation

behaviour depends on the direction of travel [160]. For substantial curvatures, an algorithm

that tracks the shear wave around the curvature may need to be considered [139]. (4)

the final assumption of the Lamb wave model is that the structure is surrounded by a

medium of similar density. Removal of all tissue surrounding the porcine MCL, including

the meniscus, meant that the joint could be opened up slightly such that most of the

ligament was directly surrounded by water during the measurements. However, near the

attachment sites, the ligament was still resting against bone. Interactions of the guided

wave with an adjacent structure of notably higher density and stiffness could alter the

propagation behaviour and invalidate the Lamb wave model [30, 273].

The validation procedures also had some shortcomings. Ultrasound-based material

property measurements of the agar cubes were only performed in an unloaded state

and validated against the initial gradient of the stress-strain curve. Previous research

suggests that the measured shear moduli represent the instantaneous material properties

[144, 159]. Thus, it would be valuable to validate properties over a range of loads by taking

ultrasound measurements while the specimens are compressed in the materials testing

machine. Furthermore, the dynamic creep test performed on the porcine specimens only

allowed for validation of Voigt time constants, i.e. the ratio of shear viscosity to shear

modulus, rather than specific values of the two properties. While a static creep test could

have been performed instead, allowing the extensional elastic moduli and viscosities to

be obtained by fitting the Voigt static creep equation to the strain-time response [39],

these values may not be representative of the viscoelastic shear properties: Bonifasi-
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Lista et al. [72] demonstrated that, while the viscoelastic phase lag is comparable during

dynamic shear and extensional loading of human MCLs, the extensional stiffness is much

larger than the shear stiffness. This indicates that shear Voigt time constants can be

approximated by those obtained from longitudinal loading, while specific shear modulus

and viscosities need to be evaluated under shear loading.

Finally, there were also limitations associated with the found results. The material

properties found using multi-variable (viscosity and shear modulus) dispersion models

had large confidence areas, especially for the higher material properties of the porcine

MCLs (Figures 6.15 and 6.20). One factor contributing to this low specificity is the large

spread of the high-magnitude regions in the experimental dispersion maps (Figures 6.14

and 6.19). The processing procedure used here aims to account for this source of

uncertainty introduced by the experimental data: rather than extracting the phase

velocities of maximum magnitude at each frequency and fitting the theoretical dispersion

curves to these points, as is the conventional procedure [30, 139–141, 156], it finds the

curve that, on average, best crosses through the high-magnitude region. This method also

allows the uncertainty of the experimental dispersion map to be accounted for during the

sensitivity analysis, illustrating how dispersion curves with notably different trajectories

can still, on average, cross through points of similarly high magnitudes. A second source

of uncertainty may be a low sensitivity of the theoretical dispersion curve to changes in

material properties. The sensitivity analysis of this study showed that confidence areas

increased with increasing shear moduli and viscosities, indicating reduced sensitivity with

increasing material properties. For example, viscosities could be measured with a

precision of around 2Pa s for the agar plate specimens that had a shear modulus of

∼20 kPa, while the precision of the stiffer porcine ligaments increased to around 70Pa s.

Brum et al. [30] made the same observation, describing that their combined Voigt & Lamb

wave dispersion curves were insensitive to changes in Voigt viscosities when a large

shear moduli is used. Specifically, Voigt viscosities 0, 1, 2, 3 and 4Pa s each resulted in a

distinct dispersion curve when the shear modulus was set to 30 kPa, but did not

significantly change the curves for a shear modulus of 200 kPa.
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6.4.4 Speckle tracking: most important findings

The most important findings from the ex vivo speckle tracking studies was that it was

possible to tune an ultrasound speckle tracking algorithm to calculate soft tissue strain that

matches gold standard reference data without requiring a priori knowledge of the ground

truth data. This was achieved by using an optimisation routine based on displacement field

convergence and repeatability of results. In this work, the approach was validated for the

medial structures of the knee, for both porcine and human knees under quasi-static and

dynamic loading, demonstrating for the first time that ultrasound speckle tracking can be

successfully tuned without ground truth data, thus providing a new avenue for ultrasound

research where it is difficult or expensive to obtain these reference data.

The key advantage of this new approach is that it could potentially avoid the need for

gold standard reference data. Instead, repeated acquisitions are required under the same

loading/movement conditions. To measure strains due to physiological loading conditions,

such as locomotion for orthopaedic applications or cyclic cardiovascular motion, this would

require a brace to hold the transducer in a fixed location, as has been used in previous

studies [274, 275]. To measure strains due to external loading conditions (i.e., when the

clinician manually pushes the probe into the skin to create strain), as used to detect

tumours and lesions, it would be important to control the force applied to ensure consistent

repeats (which could be measured by placing a weight scale beneath the patient).

Closer inspection of the optimisation results revealed that, as the optimisation progressed

and the quality penalty decreased, the average measured strain magnitude converged

to a single strain level with relative errors dropping below 10%. It was found that the

initial displacement field convergence check was an important step to reduce the risk of

systematic bias and ensure that results converged to the correct level of strain. For the

porcine MCLs, these strains closely matched the surface strain measured using DIC. For

the cadaveric human specimen, the ultrasound strains also corresponded closely to strain

estimates calculated from the motion analysis system, indicating that the optimisation

enables strain to be calculated from dynamic movement as well.
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6.4.5 Speckle tracking: comparison to literature

The correlation coefficient (R = 0.99) and differences (∼0.1 percentage points) between

strains found from DIC and the tuned algorithm, which inherently did not rely on the

reference data, were similar to those from previous studies, even to those where the

reference data were also used to tune the algorithm [49, 50, 166, 198] (these were outlined

in detail in Table 2.5 of the literature review, page 48).

For the cadaveric human knee, there was a strong correlation between strain in the

medial ligamentous structures and the AP position of the ultrasound transducer over the

ligaments, with measured strains ranging between −30% and 0%. This corresponded well

with previously reported length-change values in the posterior bundles of the MCL and the

POL [14, 18, 19, 47, 96] (previously reported strains in the medial knee ligaments were

summarised in Figure 2.2 of the literature review, page 24). Furthermore, the maximum

strain magnitudes of 30% exceeded the previously reported maximum strains in tendons

and ligaments (10% along the fibres and 21% across the fibres) [189]. These results

support the hypothesis that an optimisation routine that is not given any ground-truth

data can still generate a reliable speckle tracking algorithm, demonstrating its capability

for a new application with larger range of motion and strain magnitudes than has been

previously tested.

The normalised standard deviations across the repeat strain maps produced by ultrasound

were equally low as those obtained using DIC, indicating that the strains within the ligament

can be measured with similar reliability as optical DIC, which is often considered to be a

gold standard. However, after averaging the strain within the region of interest, DIC strains

had significantly lower standard deviations (Figure 6.23). This is in line with what has

previously been observed by Dandois et al. [166]. This is possibly due to poor tracking

performance in ultrasound measurements with poor image quality leading to outliers in

the strain results. Excluding ultrasound measurements based on manual image quality

assessment is very subjective [51]. Therefore, all measurements were used during post-

processing, regardless of image quality, except for the measurements on the human
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specimen for which motion analysis data revealed that the ultrasound transducer had not

been over the MCL or the anterior bundle of the POL. While accurate strain measurements

could still be obtained when averaging a high number of repeats, developing an automatic

or objective method of excluding poor quality results, as suggested by Slane et al. [51],

would improve the reliability of the speckle tracking algorithm when fewer repeat ultrasound

acquisitions are available.

The settings chosen by the optimisation routine were notably different to previously used

settings in the collateral ligaments. Thus far, only block-matching algorithms have been

used for the collateral ligaments, but here a non-rigid image registration algorithm was

found to be preferable. Similar success with non-rigid image registration was observed

for other non-uniform soft tissue motion, such as in the Achilles tendon [177, 190, 194,

195, 242] or myocardium [276, 277]. Furthermore, displacement field regularisation is

usually performed using median filtering and/or second order polynomial surface fits [49,

50, 191]. Here, the performance of a 2D cubic smoothing spline was additionally tested,

which has previously been found to provide better results in discontinuous tissue such

as the carotid artery [246]. The results of this study showed similar superiority for the

inhomogeneous tissue of ligaments: 2D cubic smoothing spline regularisation significantly

outperformed any other form of regularisation, producing much lower quality penalties.

In addition, combining 2D cubic smoothing splines with either a median or fourth order

low-pass Butterworth filter further improved the repeatability, especially for the dynamic

human measurements.

6.4.6 Speckle tracking: limitations

The novel optimisation scheme had limitations. Firstly, it relies on controlled and repeatable

loading conditions. Especially during in vivo applications where the soft tissue is loaded

due to a physiological motion, it will require the test protocol to ensure that the same

movement is performed every time. This becomes even more critical when the range of

motion is small, for example when measuring MCL strain during varus-valgus loading
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instead of extension-flexion [51].

Furthermore, since the objective function of the optimisation is based on reducing variance

errors and does not contain any information on bias errors, there is a risk that results

obtained with the found settings are biased. Since RMSE is dominated by variance when

there are large outliers [278], this metric can be reduced significantly with regularisation

even if results still contain a bias. Here, it was shown that the results had low RMSE

with low bias and low variance. However, further analysis revealed that if the ultrasound

acquisitions had too low a frame rate, displacements could not be captured fully. Since all

repeat measurements were equally affected by the same error source, the optimisation

routine produced results with low variance, but large bias errors. This error source was

mitigated with the pre-optimisation displacement field convergence check. Other potential

sources of bias errors are large out-of-plane motion [204, 279], poor overall speckle pattern

quality [280], or artefacts that obscure the speckle pattern [279, 281].

Optimising based on repeatability may also lead to over-regularisation (i.e., a loss of

sensitivity) of the deformation or strain maps: standard deviation of repeat deformation

or strain maps naturally decreases the less variation there is within individual maps.

While this may not affect the average deformation or strain within the region of interest,

information about the non-uniform behaviour within the tissue may be lost, especially for

inhomogeneous tissue composed of multi-level structures that slide relative to each other

and have varying mechanical properties, such as the fascicles of ligaments and tendons

[50, 51, 204]. This over-regularisation will be less prominent when strains are not needed

and the optimisation is instead based on the deformation map, since the differentiation

step to calculate strain amplifies any noise.

Additionally, there were limitations for the validation protocols. (i) for the porcine

measurements, only the strains calculated at the top row of nodes closest to the top

boundary of the porcine MCL were used for validation against the DIC strains. This is

because notable variations between the superficial and deep portions of the ultrasound

strain maps were observed, with deeper portions experiencing higher strains

(Figure 6.24). DIC surface strains can only be used to validate the most superficial portion
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of the ultrasound strain maps. The measured strain variation is likely due to the fact that,

rather than clamping onto the ligament directly, the attachment sites were kept intact and

the full joint was loaded in the material-testing machine (Figure 6.4). Since deeper fibres

attach closer to the joint line, they are much shorter than superficial fibres (approximately

1/3 the length for human MCLs) [55]. Thus, the strains arising in these fibres for the same

crosshead displacement will be accordingly higher. It is inherently an advantage of this

new approach that it is possible to quantify this elevated strain in the deeper fibres for the

first time. Since repeated ultrasound measurements should still produce the same strain

map, the full 2D maps were used when calculating the normalised standard deviations

throughout the optimisation routine. (ii) for the human MCL and POL, DIC measurements

were not possible since the ligaments deformed and twisted in such a way during

extension and flexion that areas of the tissue surface started to overlap or rotate out of

view. Also, the ligaments moved out of the DIC field of view during extension-flexion and

the size and weight of the DIC camera system meant it was not possible to anchor it to the

tibia, as was possible for the ultrasound transducer. Length change measures were used

instead of DIC, which are widely reported in the field [18, 282]. (iii) furthermore, while the

intention was to capture the full MCL during the human cadaveric measurements, it was

found that the anterior portion of the MCL had not been captured as it was difficult to

identify the anterior border from the ultrasound images. The use of a brace to collect a

series of measures at regularly spaced AP positions could overcome this challenge. (iv)

performance of the algorithm was only tested for ultrasound envelope data, since

beamformed RF data were not readily available on the Verasonics research ultrasound

machine. Since it has previously been shown that for some applications the speckle

tracking algorithm performs better when using RF data [50, 173, 176], future studies that

have access to different data types could include this in the optimisation routine as an

additional optimisation parameter. (iv) lastly, it should also be noted that, during the

displacement field convergence check, only low settings were investigated. Care should

be taken when increasing the settings beyond an optimum mid-range [204]. For example,

very high frame rate acquisitions require more frames to be processed and are thus more

prone to error accumulations. Furthermore, small frame-to-frame displacements are more
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sensitive to subpixel tracking inaccuracies [163, 236, 283]. Likewise, if the size of

block-matching search kernels is increased to allow for larger frame-to-frame kernel

displacements to be detected, the risk of false matching within the larger search kernel

increases [163]. Thus, it would be interesting to explore whether the calculated

displacements diverge again when these settings are increased further.

6.4.7 Conclusion

This study showed that ultrasound shear wave imaging and speckle tracking algorithms

can be adapted for measuring the material properties and strain behaviour of ligaments.

By using a material model that considers the viscous and thin nature of the tissue, the

sensitivity of shear wave imaging measurements to the structure’s thickness, which was

observed with previous implementations of the technique, was removed. This allowed for

accurate quantification of the viscoelastic properties, both for tissue-mimicking phantoms

and porcine ligaments, demonstrating for the first time the link to the mechanical properties

obtained from mechanical testing.

Additionally, the novel optimisation routine was able to produce custom speckle tracking

algorithms without the need to collect ground-truth data. These algorithms were able to

measure the tissue motion reliably and accurately, with results comparable to previous

studies that relied on ground-truth data for algorithm tuning. The routine was equally

effective for both quasi-static, uniaxially loaded porcine MCLs, and the medial ligamentous

structures of the dynamic, physiologically moving human knee. Since the optimisation

makes no assumptions about the underlying tissue or equipment, future studies could

explore its applicability in different fields.
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7.1 Introduction

Knee instability or stiffness due to abnormal collateral ligament function can severely

impair daily living, leading to falls or restricted range of motion and pain [6, 8, 9]. Collateral

ligament insufficiency may arise from traumatic events, such as tears or ruptures, with

damage to the collateral ligaments accounting for 9% of athletic injuries [284]. Alternatively,

it can be a result of improper tensioning of the ligaments during a knee replacement

surgery, with 20 – 35% of total knee replacements (TKRs) failing due to instability or

stiffness linked to collateral ligament imbalance [3, 13]. Given that every year in the UK

around 125,000 knee sprains are diagnosed during A&E visits and 100,000 TKRs are

performed, there are a vast number of patients suffering with complications associated

with improper function of these ligaments [3, 285].

Despite this, there is currently no objective tool to assess and monitor the condition of

these ligaments. Current assessment of the collateral ligaments is based on palpation to

locate tender or swollen regions of the connective tissue, or through varus-valgus stress

tests to detect laxity [44, 45, 51]. Ultrasound or magnetic resonance imaging may also

be used to detect visible structural changes, including enlargement due to swelling, large

tears, or ruptures [58].

Quantitative imaging techniques that measure the biomechanical response of these tissues

to loading could provide additional, objective insights into pathological changes that are not

visible on standard medical images [51, 166]. Such changes might include minute tears or

alterations in tissue microstructure due to remodelling or overstraining. Additionally, these
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techniques could detect non-physiological straining of ligaments, which may occur due to

altered knee biomechanics following arthroscopic surgery [14].

The widespread availability of ultrasound machines in orthopaedic clinics, combined with

their low cost and safety, positions ultrasound-based quantitative techniques as valuable

tools for clinical practice [51]. One such method, speckle tracking, has already been

validated for measuring in situ collateral ligament strain during physiological movement of

cadaveric knees. For instance, Dandois et al. [166] demonstrated its reliability in assessing

strain during varus-valgus loading. Additionally, the work of this project, presented in the

previous chapters, showed that an optimisation routine can be used to tune the speckle

tracking algorithm for additional knee motions, validating its effectiveness for measuring

medial ligament strain during dynamic knee extension-flexion.

However, several challenges must be addressed before speckle tracking can be used for

in vivo measurement of collateral ligament strain. In ex vivo experiments, controlled and

repeatable movement was achieved through the use of a kinematics rig or motorised

loading, and optical motion capture systems allowed for precise tracking of the kinematics

[166, 231]. Furthermore, by optically tracking the transducer during measurements and

subsequently digitising the ligament attachments post-testing after dissecting away

surrounding tissue, strain measurements could be correlated with its anterior/posterior

position over the ligament. Lastly, rigid fixation of the transducer to the tibia ensured

consistent alignment with the ligament during motion. However, in in vivo clinical

applications, these methods are unfeasible, necessitating the development of alternative

solutions.

Here, to address these challenges, a custom knee brace was designed to hold the

ultrasound transducer in place. This brace provides a semi-rigid fixation to the tibia,

maintaining transducer alignment with the ligament during speckle tracking acquisitions.

Integrated inertial measurement unit (IMU) sensors attached to the brace track the knee

flexion angle, ensuring strain measurements can be compared across patients or over

time within the same flexion range. Additionally, a positioning system enables controlled

anterior/posterior movement of the transducer, allowing for pseudo-3D acquisitions and
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allowing for the capture of strain variations across the ligament.

The aim of this study is to validate the use of ultrasound speckle tracking for measuring in

vivo collateral ligament strain during dynamic extension-flexion. Specifically, it evaluates

the inter-rater and intra-rater reliability of the technique when using the custom knee

brace and the tuned speckle tracking algorithm developed in this project. Furthermore, a

pilot study conducted on a total knee replacement patient demonstrates the use of the

technique in a clinical setting.
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7.2 Materials and Methods

7.2.1 Knee brace design

When collecting speckle tracking measurements, it is important to minimise out-of-plane

motion. Maintaining a stable position over the medial ligaments is challenging during

knee extension and flexion due to the large range of motion. During the ex vivo cadaveric

experiment, the transducer was clamped to the tibial bone, which ensured that the imaging

plane remained approximately stable and parallel to the ligament. An alternative solution

was required for the in vivo measurements, and thus a knee brace was developed which

held the transducer in place throughout the flexion cycle by providing a semi-rigid fixation

to the tibia.

Knee brace specifications

The knee brace for holding the ultrasound transducer had to fulfil the following criteria:

1. Provide an almost-rigid fixation of the transducer to the tibia (mimicking the ex vivo

experimental setup where the transducer was directly clamped to the tibia), thus

ensuring that the transducer moves with the tibia and remains close to parallel to the

ligaments during extension-flexion.

2. Enable incremental adjustments of the anterior/posterior (AP) position of the transducer,

allowing a sweep of measurements to be taken across the full AP span of the medial
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knee ligaments.

3. Allow for easy, quick and flexible initial positioning of the transducer.

4. Must pass ethical clearance to use during an in vivo study, i.e. must be comfortable

and safe to wear.

5. Consist of readily available or simple-to-manufacture parts to enable the design to be

reproduced easily.

Design iterations

The design of the knee brace underwent four iterations (Figure 7.1), described in detail

below, with the third design used for the study with healthy volunteers and the fourth design

used for the clinical pilot study. All 3D-printed parts were designed using computer-aided

design software (SolidWorks Corp., Dassault Systèmes, Vélizy, France) and made with

Onyx filament using a FDM printer (Onyx Pro, Markforged, MA, USA).

1. Single-point fixation to lower leg: the first design consisted of a simple 3D-printed

block strapped to the lower leg, to which the ultrasound transducer attached via a ball

head mount and spring-loaded clamp. A hot shoe rail printed into the block allowed

medial/lateral movement of the transducer towards/away from the knee. While the

simplicity of this design was attractive, the single-point fixation did not provide sufficient

stability, and the tissue of interest moved out of the ultrasound field of view throughout

knee flexion. Additionally, it did not allow for AP adjustments after fixation.

2. Two-point fixation to lower leg: the next design incorporated a longer 3D-printed

part that strapped to the lower leg at two locations, with the additional fixation point

located at a more distal position. The ultrasound transducer attached via a "magic arm"

clamp, which could slide along a hot shoe rail of the 3D-printed part which wrapped

around the medial side of the knee. This allowed great flexibility in adjusting the position

and angle of the transducer such that it was over the ligaments. Compared to the

first iteration, this design was significantly more stable, with the transducer remaining
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approximately parallel to the ligament throughout knee flexion. However, the ultrasound

images showed significant proximal/distal movement, with the tibia and femur visibly

moving along the lateral direction of the images, indicating that rigid fixation with

respect to the tibia was not fully achieved.

3. Adapted orthotic knee brace for wired ultrasound transducer: for the third design,

an orthotic knee brace (Pluspoint3, Orthoservice AG, Chiasso, Switzerland) was

adapted to hold the ultrasound transducer over the medial side of the knee. For

this, the medial hinge of the brace was removed and a graduated mechanical XY

stage was attached to the medial support bar of the lower leg. This mechanical

stage was repurposed from a microscope stage used for positioning specimens

under a microscope. Next, the transducer attached to the mechanical stage via an

adjustable bracket, which allowed for movement of the transducer along and around

the proximal/distal axis. An IMU sensor held within one of the lower leg straps enabled

measurement of the knee flexion angle. This design fulfilled nearly all criteria: the

orthotic knee brace improved stability, with its more conforming fit and additional fixation

to the upper leg providing better constraint while also making it more comfortable to

wear. The adjustable bracket allowed for initial positioning of the transducer over the

ligament, after which all degrees of freedom apart from the AP position could then be

locked for testing. Subsequently, during testing, the mechanical stage enabled precise

adjustments of the AP position of the transducer in 1mm increments. Lastly, all parts

were quick to procure or 3D-print, with all parts and material costing just under £300.

4. Adapted orthotic knee brace for the wireless ultrasound transducer: finally, the

third design was modified slightly to be compatible with the larger and heavier wireless

ultrasound transducer used for the clinical study. Firstly, a more efficient positioning

system was needed. While finding a suitable initial position of the transducer was

possible with the adjustable bracket of the previous design, the process was too

time-consuming and cumbersome for a clinical setting. The added size and weight

would make manoeuvring of the probe even more challenging. Thus, a magic-arm was

reintroduced, which allowed for much more flexible positioning of the transducer. The
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magic arm attached to the brace via a "nato rail", which enabled variable proximal/distal

placement of the transducer. The transducer was securely mounted to the linear stage

using a custom 3D-printed clamp, designed to conform to the transducer’s shape based

on a 3D scan. This provided a more stable fixation compared to using cable ties. Lastly,

two IMU sensors that attached to the lateral support bars of the brace of the upper

and lower leg were implemented in this design, improving the accuracy of knee flexion

angle measurements. The additional IMU sensor, and the nato rail and magic clamp

(common camera equipment) increased the cost slightly to just under £350.

F IGURE 7.1 Iterations of the knee brace design for in vivo measurements of medial knee ligament strain during extension-
flexion using ultrasound. The design had to hold the ultrasound transducer over the medial side of the knee, maintaining a stable
position over the ligaments throughout the full flexion cycle. Furthermore, an incremental AP positioning systemwas implemented,
allowing the strain variation for different ligament bundles to be captured. The first two designs were prototypes, and the third
and fourth designs were used for in vivo measurements with healthy participants and a clinical pilot study, respectively.

200



Materials and Methods

3rd design (used for in vivo study 
with healthy participants)

4th design (used for in vivo clinical 
study with knee replacement patients)

An IMU sensor was 
strapped to the lower 

leg with one of the 
knee brace straps.

An orthotic knee brace 
provided a more secure, 
semi-rigid fixation to the 
tibia. The medial hinge 
was removed using a 

bandsaw to allow 
incorporation of the 
custom transducer 

mount

A mechanical XY stage allowed the 
transducer probe anterior/posterior 

position to be adjusted incrementally 
with ~1 mm precision.

A 3D-printed bracket allowed 
the transducer to be shifted 

along and around the 
proximal/distal axis.

The custom transducer mount, 
consisting of a mechanical-stage 

and 3D-printed bracket, was bolted 
to the knee brace. The ultrasound 
probe was attached to the bracket 

using cable ties. 

Two IMU sensors attached to 
the lateral support bars of the 
brace for the upper and lower 
leg using 3D-printed fixtures.

With the magic arm clamp, 
the initial transducer position 
and angle could be set more 

quickly.

A “nato rail” enabled 
proximal/distal shifts of the 

magic arm, mechanical stage 
& transducer assembly 

A conforming 3D-printed clamp provided 
a secure fixation despite the larger 
weight and size of the transducer.

F IGURE 7.1 (cont.)
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7.2.2 Speckle tracking: healthy volunteers

Participants

This study was approved by the Imperial College Research Ethics Committee (ICREC)

(reference number: 22IC7520, letter of favourable opinion included in Appendix A), and

informed consent was obtained from each participant. Fourteen healthy volunteers without

previous knee/leg injury or disease were recruited (7F 7M). For each participant, speckle

tracking measurements were taken of their medial ligamentous complex of the right knee

during active dynamic flexion-extension. Two participants (1F 1M) were assigned to the

“optimisation training set”: they attended a single session to collect measurements to tune

the speckle tracking algorithm for this in vivo study. The remaining twelve participants (6F

6M) made up the “reliability test set”: to allow for assessment of inter-rater and intra-rater

reliability of the tuned speckle tracking algorithm, these participants were invited to three

sessions each. The first two sessions were performed on the same day by two different

raters, and the third session was conducted by the first rater less than a month later.

Ultrasound measurements

All ultrasound measurements were obtained using the same ultrasound system, transducer,

and conventional imaging mode used for the ex vivo experiments (Verasonics Vantage

128, L11-5v transducer). The acoustic outputs produced by this equipment and imaging

mode were measured with a hydrophone wave tank setup, which was described in detail

in Chapter 5. Based on the results of these measurements, a maximum transducer

voltage of 10V was hard-coded into the Verasonics script, which ensured that the acoustic

output remained within safe thresholds set by regulatory bodies [219] (MI<0.7, TI<0.01,

Isppa<82W/cm2, Ispta<1.3mW/cm2).

Participants were asked to sit on a table with the back of their right knee aligned with the

edge of the table, such that the upper leg was fully resting on the table and the lower

leg was hanging off the edge. Next, the custom-adapted brace (Figure 7.1, 3rd design)

was placed on their knee and the ultrasound transducer was positioned over the medial
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ligament complex of the right knee. The most anterior position for which fibrous tissue

was still clearly visible on the ultrasound images was determined and, to ensure that

the anterior border of the ligament complex would be captured, the initial measurement

location was set to ∼5mm anterior from this position.

The participants were asked to actively move their knee between full extension and

∼90◦ of flexion to the beat of a metronome set to 25 bpm, resulting in an approximately

sinusoidal loading rate of ∼0.2Hz. The ligament motion was captured using 8 s ultrasound

acquisitions, which included ∼2 – 3 intervals of extension to flexion. For the two participants

whose measurements were used to tune the speckle tracking algorithm, five repeats were

collected at three AP positions spaced 4mm apart, where the transducer AP position

was adjusted using the linear stage of the knee brace. For the remaining participants, a

measurement was taken at ∼21 AP positions, where the transducer was incrementally

moved 1mm further posterior with each measurement.

IMU measurements

During all ultrasound measurements, the angle of the lower leg in the sagittal plane was

measured using a Bluetooth IMU sensor (BWT901CL, WitMotion, Shenzhen, China), held

within the lower leg strap of the knee brace; since the femur remained almost stationary,

the lower leg angle gave an approximation of the knee flexion angle. The IMU angle at

full extension was recorded at the beginning of each session and, by assuming that this

corresponded to 0◦ of flexion, this datum point was used to calibrate the IMU angles to

match the knee flexion angles. Data were subsequently captured at 100Hz for each 8 s

ultrasound acquisition.

Data analysis

To start, the average motion throughout the ultrasound acquisitions was calculated using

the non-rigid image registration (NRIR) algorithm (Matlab function imregdemons) applied

to the full field of view; this allowed the approximately sinusoidal motion of the soft tissue to
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be matched to the loading curve from knee flexion angles for automated synchronisation

of the two data streams.

Intervals for different knee flexion ranges were then extracted from the ultrasound

acquisitions (Table 7.1). Since full flexion/extension was not achieved for all

measurements, reducing the flexion range yielded more intervals available for analysis.

Ultimately, a flexion range of 20◦ – 75◦ was selected.

The training measurements were used as input to the optimisation routine to tune

the speckle tracking algorithm. First, the displacement field convergence check was

performed on all extension to flexion intervals collected at the three AP positions for the

two participants of the training set (n = 73). Next, the surrogate optimisation scheme was

executed, with results from the convergence check informing the input range for some of

the settings (e.g., frame rate). To reduce computational cost, only one extension to flexion

interval from each measurement (i.e., 5 repeats per AP position, overall n = 30) were used

in the optimisation (Figure 7.2).

Initial positioning of the transducer over the ligament can vary between sessions, potentially

TABLE 7.1 Number of measurements captured during the in vivo study with healthy participants for different knee flexion
ranges. The second column indicates the average number of anterior/posterior (AP) positions per session (out of a total of ∼21)
for which at least one interval for the given flexion range was captured. The third column shows the overall number of intervals
(n) available for the given flexion range for all participants and sessions of the test group. Since full extension/flexion was not
reached during all sessions, the investigated flexion range for which medial ligament strains were calculated was reduced to
20◦ – 75◦ of flexion.

Knee flexion range Average number of AP positions per session for which at
least one interval with the given flexion range was achieved

Total number of intervals for the test
group (n)

5◦ − 70◦ 11 864

10◦ − 70◦ 17 1322

15◦ − 70◦ 19 1520

20◦ − 70◦ 19 1647

20◦ − 75◦ 19 1637

20◦ − 80◦ 19 1585

20◦ − 85◦ 18 1457

20◦ − 90◦ 15 1194
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F IGURE 7. 2 Flowchart of the in vivo ultrasound speckle trackingmeasurements taken for the healthy participants, illustrating
the training group for tuning the speckle tracking algorithm, and the test group for the inter-rater and intra-rater reliability study.
n indicates the number of 20◦ – 75◦ flexion intervals available from all ultrasound measurements.

capturing slightly different proximal/distal and anterior/posterior regions of the ligament.

To enable comparison across the three different sessions for each participant in the test

set, the ultrasound acquisitions were spatially registered (Figure 7.3). For each session,

the first ultrasound frames from the intervals collected at each AP position (corresponding

to ∼20◦ of flexion) were arranged into a 3D matrix (lateral × axial × AP position). The

femur and tibia edges at each AP position were then manually identified in the ultrasound

images. Next, a surrogate optimisation algorithm with 10,000 function evaluations was

applied to align the 3D matrices of the three sessions. The to-be-minimised objective

function combined equally weighted contributions from the distance between the selected

bone edges and the mean squared error (MSE) of the greyscale ultrasound data. At

each function evaluation, different rigid transformations were tested, allowing for maximum

lateral, axial and AP shifts of ±20mm, ±4mm and ±15mm, respectively, and rotations in

the coronal plane of up to ±10◦. The result was co-registered images for each participant,

with the acquisitions from the three sessions aligned such that, on average, the objective

function at the matched AP positions was minimised.

The tuned speckle tracking algorithm was subsequently used to calculate the ligament

strains for the reliability test set. To assess the dependency of calculated strains on the

selected ligament region, strain calculations were repeated for a range of regions of interest

spanning different lengths of the ligament (5 – 25mm), and placed at varying positions

along the ligament. These positions were defined by a proximal offset (−5 – 15mm) of the
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F IGURE 7. 3 Spatial registration of the in vivo ultrasound acquisitions obtained at the three different sessions for each
participant. Three example anterior/posterior (AP) positions are shown, where acquisitions from the second and third session
are plotted with respect to the coordinate system of the first session, and AP= 1 is the most posterior location collected during
all sessions. The registration was based on matching the greyscale ultrasound data and minimising the distance between the
manually defined bone edges (solid lines). A mutual deep ligament boundary (dotted line) and the most distal extra-articular
point of the femur (×) were manually selected on the registered images, which were used to define the ligament region of
interests.

most distal point of the region of interest with respect to the most distal extra-articular point

of the femur, i.e. a manually selected point that corresponded to approximately the last

bit of bone before the cartilage. The region of interest extended 4mm superficially from

the deep ligament boundaries which, along with the distal femur points, were manually

selected from the registered ultrasound images, such that the points and boundaries were

identical across the three sessions (Figure 7.3).

Inter-rater and intra-rater reliabilities of the measured strains were quantified with intra-

class correlation coefficients (ICCs) using a two-way random effects model based on

absolute agreement, i.e. ICC(2,1). Inter-rater reliability was calculated with results from

the first session conducted by rater 1 and the single session conducted by rater 2, while

intra-rater reliability was based on the first and second sessions performed by rater 1.

Reliability calculations included results from all registered AP positions of all participants

for which a data point was available from both sessions, and was repeated for the different

region of interest selections. Reliability was also visualised using Bland-Altman plots.
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Repeatability for repeat measures (2 – 3 consecutive extension-flexion intervals captured

in a single ultrasound acquisition) was again reported using the normalised standard

deviation of the 2D strain maps.

7.2.3 Speckle tracking: clinical pilot study

Participant

This clinical study was approved by a Research Ethics Committee (REC) of the UK Health

Research Authority (HRA) (REC reference number: 23/WM/0162, IRAS project ID: 323566,

REC and HRA letter of favourable opinion and approval included in Appendix B and C). The

study was conducted in accordance with the Declaration of Helsinki [269], and informed

consent was obtained from all participants in the study.

The pilot study was conducted on a patient undergoing knee replacement surgery.

Ultrasound images of the medial ligament structures of the knee receiving the replacement

were collected pre- and post-operatively. Since patients often experience pain and limited

range of motion directly before and after the surgery, all measurements were taken in the

operating theatre with the patient under anaesthesia (before the start of the surgery and

after completion once the sterile dressing had been applied over the incision).

Ultrasound measurements

Ultrasound measurements were collected using a commercial wireless ultrasound scanner

using the settings shown in Table 4.2 in Section 4.2 (page 91). In short, B-mode images

were collected at a frame rate of 16Hz using a high-frequency ultrasound transducer

(Clarius 1st generation L7-38, linear, 38.5mm, 4 – 13MHz bandwidth) operating at 10MHz.

Data were saved in DICOM format with a resolution of 0.07× 0.07mm.

The custom-adapted knee brace (Figure 7.1, 4th design) was used to position the wireless

ultrasound transducer over the medial ligament structures of the knee. The patient was

positioned laying supine, and passive knee extension and flexion was achieved by moving
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the patient’s foot along the operating table. Ultrasound images captured the motion of the

medial ligaments throughout this motion. Measurements were obtained at 10 AP positions

spaced 2mm apart, with ∼4 intervals of extension to flexion captured at each position.

IMU measurements

Two Bluetooth IMU sensors were used to measure the knee flexion angle during the

ultrasound acquisitions. The sensors were mounted on the side of the knee brace, with

their x-axes aligned parallel to the knee’s mediolateral axis. This setup ensured that the

primary rotation detected by the sensors occurred around the x-axis (flexion/extension

movement), with minimal interference from other rotational axes. The knee flexion angle

was then calculated as the difference in rotation around the x-axis between the two sensors.

Before the brace was fitted to the patient, the sensors were calibrated with the knee brace

in full extension, setting the flexion angle to 0◦. The advantage of using two IMU sensors

over a single sensor, as was done in the study with healthy volunteers, is that it allows for

both limbs to move. This gives the clinician freedom to move the knee as they would in a

routine clinical examination test.

Data analysis

The tuned speckle tracking algorithm from the healthy volunteer study was used to calculate

the strains in the ligaments for flexion ranges of 20◦ – 75◦. Strains were measured in the

portion of the ligament adjacent to the femur, as this region produced the most repeatable

results during the study with healthy participants (i.e., regions starting at the most distal

extra-articular femoral point and spanning 10 – 15mm towards the femoral attachment).

Repeatability for the four repeat extension-flexion intervals collected at each AP position

was assessed with the normalised standard deviation of the strain maps. Furthermore,

the correlation of ligament strain with AP position was determined using the Pearson’s

correlation coefficient (R).
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7.3 Results

7.3.1 Speckle tracking: healthy volunteers

The pre-optimisation displacement convergence check revealed that only the NRIR method

was able to achieve convergence for frame rates ≥30Hz and NRIR pyramid levels ≥3

(Table 7.2, Figure 7.4). Therefore, the block-matching method was excluded from the

surrogate optimisation scheme, and the speckle tracking algorithm was tuned for NRIR

implementations with the found minimum settings (Table 6.1, page 153).

The surrogate optimisation routine reached a minimum quality penalty of 0.23 after 1500

function evaluations, finding similar tuned settings of the speckle tracking algorithm as

for the human ex vivo application (Table 6.1, page 153). The main differences were a

lower NRIR smoothing level (2 vs 7) and regularisation on the cumulative instead of step

displacements.

TABLE 7. 2 Results for the pre-optimisation convergence check on the in vivo optimisation training set, showing the settings
for which convergence was tested, and the settings for which the lateral displacement field had converged to within relative
errors of 5%.

Optimisation parameter Settings tested Settings for which convergence was
reached

N
R

IR

Frame rate (Hz) 2 − 30 ≥ 30

Pyramid levels 1 − 6 ≥ 3

B
lo

ck
-

m
at

ch
in

g Frame rate (Hz) 2 − 30 no convergence

Axial/lateral maximum displacement (mm) 0.1 − 0.5 no convergence
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F IGURE 7. 4 Displacement convergence results for the in vivo training measurements of the healthy participants, both with
respect to frame rate (left column)andNRIR pyramid levels or block-matching (BM) axial/lateralmaximumdisplacement (middle
column). The white line shows the combination of settings for which convergence was reached, with relative errors dropping
below 5%. Overall, convergence was then said to have been reached if both relative errors were below 5% (right column).
Results show that the block-matching method did not converge for the tested settings.

Spatial registration showed that, on average, there was a 10± 4mm difference in the range

of AP positions captured for the three sessions of each participant. Overall, inter-rater

acquisitions overlapped at 136 AP positions and intra-rater acquisitions at 156 AP positions

across all participants. However, the requirement of measuring strain within a common

region of interest further reduced the number of AP positions available for the reliability

measurements (especially for long regions of interest with a large proximal offset from the

distal femur point), since the position of the transducer along the ligament varied slightly

from session to session. Out of the regions of interest for which at least 20 AP positions

were available across at least four participants, a region of interest length of 15mm with

no offset from the distal extra-articular femur point (proximal offset = 0mm) was found

to result in the highest inter- and intra-rater reliabilities (inter-rater: ICC = 0.78, n = 21;

210



Results

F IGURE 7. 5 Inter-rater (left) and intra-rater (right) reliabilities for the in vivo ultrasound strain measurements of the medial
ligaments of healthy participants. ICC metrics were calculated for different region of interest selections of the ligament in the
first ultrasound image of the loading cycle (knee flexion angle = 20◦). n corresponds to the number of anterior/posterior (AP)
positions across all participants that were included in the ICC measure, i.e. positions for which a strain measure was available
from both sessions. The number of participants for which a data point from at least one AP position was available and used in
the ICC calculation is shown as well. Results based on <20 AP positions across <4 participants were considered unreliable; for
all other results, the colormap visually depicts the strength of the ICC.

intra-rater: ICC = 0.74, n = 33) (Figure 7.5). Reliabilities remained moderately high for

a shorter region of interest (proximal offset = 0mm, length = 10mm) and, with more

than double the data points available, this result may be considered a more dependable

outcome metric (inter-rater: ICC = 0.53, n = 79; intra-rater: ICC = 0.47, n = 81). The

agreements for both regions of interest are visualised with correlation and Bland-Altman

plots (Figure 7.6 and Figure 7.7), which show a reasonably strong correlation with mean

difference values close to zero (R > 0.54, mean difference = −5.60 – 0.57%).

The strain variation with AP position was plotted for all participants and sessions (Figure 7.8

and Figure 7.9), which revealed that the strains ligaments experienced after 20◦ to 75◦

of flexion varied up to ∼37% for the different bundles of the medial knee ligament

complex located within the captured AP range (for 10mm long ROI: minimum strain

= −11.12± 7.21%, maximum strain = 26.26± 9.89%; for 15mm long ROI: minimum

strain = −14.35± 8.76%, maximum strain = 22.64± 15.55%). Example 2D strain maps

211



Chapter 7. Validation: In Vivo

Region of interest length = 10 mm

F IGURE 7. 6 Correlation (top row) and Bland-Altman (bottom row) plots showing the agreement of the inter-rater (left
column) and intra-rater (right column) in vivo ultrasound strain measurements when a ligament region of interest of 10mm

length and 0mm proximal offset from the distal femur is selected.

and strain curves for an anterior medial ligament bundle are shown in Figure 7.10 and

Figure 7.11.

The mean normalised standard deviation of repeat strain maps (consecutive intervals

extracted from the same ultrasound acquisition) were found to be high (for 10mm long ROI:

2.78± 17.24; for 15mm long ROI: 0.75± 1.34). Closer inspection of the data revealed a non-
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Region of interest length = 15 mm

F IGURE 7. 7 Correlation (top row) and Bland-Altman (bottom row) plots showing the agreement of the inter-rater (left
column) and intra-rater (right column) in vivo ultrasound strain measurements when a ligament region of interest of 15mm

length and 0mm proximal offset from the distal femur is selected.

normal distribution. Specifically, for maps with average strains close to zero, normalising

the standard deviation produced large outliers, resulting in a highly left-skewed distribution

with a wide spread. Thus, median values were found to be much lower and more in line

with the results from the ex vivo experiments (for 10mm long ROI: 0.39; for 15mm long

ROI: 0.36).
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F IGURE 7. 8 Strains that developed in the medial knee ligaments of 12 healthy participants during 20◦ to 75◦ of flexion, as
measured by the tuned in vivo speckle tracking algorithm for a region of interest extending 10mm proximally from the distal
femur. Plots show the variation of strain with anterior/posterior (AP) position, calculated from the ultrasound images collected
by two raters over three sessions. The AP axis for each participant was defined such that 0mm was the most posterior position
collected during the three sessions (based on the spatial registration) andmore positive values indicatedmore anterior positions.

214



Results

F IGURE 7. 8 (cont.)
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F IGURE 7. 9 Strains that developed in the medial knee ligaments of 12 healthy participants during 20◦ to 75◦ of flexion, as
measured by the tuned in vivo speckle tracking algorithm for a region of interest extending 15mm proximally from the distal
femur. Plots show the variation of strain with anterior/posterior (AP) position, calculated from the ultrasound images collected
by two raters over three sessions. The AP axis for each participant was defined such that 0mm was the most posterior position
collected during the three sessions (based on the spatial registration) andmore positive values indicatedmore anterior positions.
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F IGURE 7. 9 (cont.)
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Tibia

Tibia Femur

Femur

Region of interest length = 10 mm (no proximal offset from distal femur)

F IGURE 7.10 Example in vivo strain map for the anterior bundle of the medial ligament complex after knee flexion from 20◦

to 75◦ for a ligament region of interest extending 10mm proximally from the distal femur (top and middle), and the strain curve
showing how average strains in this region of interest evolved throughout knee flexion (bottom). Note that the ligament state at
20◦ is taken as the reference point, i.e. 0% strain, and the map at 75◦ shows how the ligament strained relative to this state.
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Tibia

Tibia Femur

Femur

Region of interest length = 15 mm (no proximal offset from distal femur)

F IGURE 7.11 Example in vivo strain map for the anterior bundle of the medial ligament complex after knee flexion from 20◦

to 75◦ for a ligament region of interest extending 15mm proximally from the distal femur (top and middle), and the strain curve
showing how average strains in this region of interest evolved throughout knee flexion (bottom). Again, note that the ligament
state at 20◦ is taken as the reference point, i.e. 0% strain, and the map at 75◦ shows how the ligament strained relative to this
state.
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7.3.2 Speckle tracking: clinical pilot study

The pre-operative strain measurements of the medial ligament structures were highly

correlated with AP position (R >0.89), with positive strains up to around 30% measured

for the anterior bundles, and strains dropping to around −30% in the posterior bundles

(Figure 7.12). Again, the mean normalised standard deviation was higher than for the ex

vivo experiments (for 10mm long ROI: 1.07± 0.72; for 15mm long ROI: 4.01± 8.65) due to

low strains being measured in the mid-portion of the medial ligament complex, leading

to division with values close to zero. Median normalised standard deviations were again

lower (for 10mm long ROI: 0.77; for 15mm long ROI: 0.56).

During the post-operative measurements, the medial ligaments of the knee could not

be visualised on the ultrasound images. Usually, the femur and tibia appear as bright

boundaries in the ultrasound images, which can be used as landmarks to locate the

ligament. It was expected that the metal implant would appear as a similarly bright feature

in the image. However, neither bone, implant nor fibrous tissue could be identified in the

images. Thus, no speckle tracking measurements were collected after the surgery.

F IGURE 7.12 Pre-operative strains in the medial ligaments during extension-flexion in a knee replacement patient, as
measured by the tuned speckle tracking algorithm. Strains were calculated for two regions of interest capturing different lengths
along the ligament. AP position was defined such that values increased for more anterior positions, and 0mm was the most
posterior position at which ultrasound images were collected. Strains were highly correlated with AP position for both regions.
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7.4 Discussion

7.4.1 Most important findings

This study represents the first in vivo application of ultrasound speckle tracking to

ligaments, quantifying the technique’s inter-rater and intra-rater reliability in measuring

the ligament strain behaviour during dynamic knee extension-flexion. This leap from ex

vivo to in vivo implementation was underpinned by a range of advancements: (i) the

design of a custom-adapted knee brace that enables stable fixation of the transducer over

the ligaments across a range of incrementally varied anterior/posterior (AP) positions,

allowing full characterisation of the non-uniform strain behaviour, (ii) the development of a

registration algorithm which aligns the ultrasound images collected at different sessions

and allows comparison between strains measured at different time points, and (iii) the novel

optimisation scheme that produced application-specific settings of the ultrasound speckle

tracking algorithm. This produced a speckle tracking procedure that can non-invasively

assess collateral ligament function using low acoustic output levels that strictly adhere to

the thresholds set by the Food and Drug Administration (FDA).

During tuning of the algorithm, the objective function converged to similarly low quality

penalties as in the previous ex vivo optimisations (ex vivo: 0.26, in vivo: 0.23). Additionally,

the tuned algorithm was comparable to the one found for the ex vivo cadaveric

measurements. This indicates that the in vivo measurement procedure using the knee

brace was able to replicate the ex vivo test setup, resulting in ultrasound images with
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comparable speckle appearance and motion.

The region of interest for which strain is calculated was found to play an important role

in reliably measuring the strain in the ligaments. It was found that intra-class correlations

could be improved by avoiding the area over the joint space (proximal offset ≥0mm).

Additionally, longer regions of interest that encompassed more of the ligament resulted

in higher intra-class correlations. Here, reliabilities could only be analysed for regions of

interest up to a length of 15mm; for longer lengths too few data points were available for

comparison, since too many acquisitions for which the region extended out of the field of

view had to be excluded. Despite this, results were able to demonstrate that using the

longest length of 15mm, an inter-rater reliability of 0.78 can be obtained, indicating good

agreement between the measurements [286, 287]. Even for the slightly shorter region of

10mm, the inter-rater reliability remained moderately high at 0.53; since this result is based

on a larger number of data points across more participants, this value may represent a

more conservative measure of the intra-class correlation.

7.4.2 Comparison to literature

Bogaerts et al. [190] previously measured an inter-day reliability of 0.72 when using

a speckle tracking algorithm to measure strains in the Achilles tendon. Despite the

challenges associated with measuring strains in the collateral ligaments compared to large

energy-storing tendons [51], the measurement protocol and post-processing procedure

implemented in this study led to comparable reliability, with a best-case inter- and intra-rater

ICC of 0.78 and 0.74, respectively. Even the more conservative measures of ∼0.5 indicate

moderate reliability that is comparable to other diagnostic measurements performed with

ultrasound or MRI imaging. For example, the intra-rater reliability for measuring the stiffness

of malignant breast masses with shear wave imaging was found to lie between 0.51 – 0.71

[25], and ICCs of 0.41 were still considered acceptable in MRI scoring of abnormalities in

the brain [288].

For the healthy participants, strains measured in the medial ligaments ranged, on average,
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between −14 to 23%. A slightly larger range of around −30 to 30% was measured during

the clinical pilot study. These values agree well with the ex vivo measurements on the

cadaveric knee of the previous chapter, as well as previously reported medial collateral

ligament (MCL) and posterior oblique ligament (POL) elongation behaviours measured

using linear variable displacement transducers (LVDTs) or fluoroscopy [14, 18, 19, 47, 96]

(see Figure 2.2 of the literature review, page 24). Additionally, the pre-operative strains

measured during the clinical study were strongly correlated with the transducer AP position

(R > 0.89), which is comparable to the correlation found in the cadaveric ex vivo study (R

> 0.91). However, this observation could not be made for the results of the reliability study,

since too many data points needed to be excluded during post-processing.

7.4.3 Limitations

The main limitation of the reliability study was that a large number of data points had to

be excluded during post-processing when calculating the reliability metrics. There were

several factors that contributed to this.

Firstly, during the calculation of intra-class correlation, it is important that strains from

different sessions are compared for the same amount of ligament loading, i.e. the same

extension-flexion range of motion. However, not all participants achieved the same range

of knee flexion. This may have been due to a limitation of the measurement procedure:

strains for the reliability study were obtained for active flexion with the participant sitting at

the edge of a table. In this position, more muscle force and conscious thought was needed

during the last 20◦ of extension to move the knee into a fully straight position, while for

the last 20◦ of flexion, soft tissue around the knee appeared to interfere with the edge of

the table. Thus, it was difficult for the participants to consistently achieve the full flexion

range over the course of the 30 minute measurement session. As a result, not all recorded

extension-flexion intervals covered the full 0◦ – 90◦ flexion range. Even after reducing the

range to 20◦ – 75◦ during analysis, around 25% of the collected intervals did not achieve

this range and had to be excluded (Table 7.1). To achieve a larger range of motion, the
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measurement procedure used in the clinical pilot study could be used, which has the

patient lying in a supine position on an examination bed with their foot sliding along the

bed to achieve knee flexion; here, this was only tested for passive knee flexion, but it could

work equally for an active motion controlled by the patient.

Next, since the collateral ligaments are characterised by a non-uniform strain behaviour

during knee extension-flexion, it is crucial that strains are compared for the same regions in

the ligament. This was achieved by spatially aligning the ultrasound acquisitions obtained

at the different sessions using the registration algorithm during post-processing. This

enabled strains at the different time points to be compared for a common region of interest,

located in the same anterior/posterior bundle and at the same position along the ligament.

However, this spatial registration procedure uncovered inconsistencies across sessions

in the AP positioning of the transducer over the medial ligaments, which meant that, on

average, only half of the collected measurements captured a mutual AP range. Additionally,

while individual ultrasound images captured an approximately 40mm long section of the

ligament, variations in proximal/distal positioning of the transducer meant that the common

ligament section available across sessions was much shorter. Thus, strains could often

only be compared for a smaller ligament region of interest, which is why fewer data points

became available for an increasing region of interest length (Figure 7.5). It is evident that

a protocol is needed that allows for more consistent positioning of the transducer across

raters and at different time points. The meniscus, tibia, and femur, which are often visible in

the ultrasound images, can be used as reference points to standardise the proximal/distal

transducer position; with the results of this study showing that strains are most reliably

measured for a region adjacent to the femur, future studies could aim to position the

transducer such that the ligament section from the joint space to the femoral attachment is

captured. However, setting the AP position as well as the inclination of the transducer may

be more challenging. While subtle changes of the bone shape in the ultrasound images

can be detected by the spatial registration algorithm in post-processing, these are unique

to each patient and are difficult to identify in practice while taking the measurements. A

real-time implementation of the spatial registration algorithm could address this issue by
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providing immediate feedback on transducer positioning, ensuring that the same region of

the ligament is captured as in previous sessions.

Another factor limiting the maximum length of the regions of interest was that part of the

ligament moved out of the ultrasound field of view throughout knee flexion, meaning that a

smaller portion of the ligament could be tracked throughout the full motion. This lateral shift

out of the image was higher than in the ex vivo experiments and indicated that the brace

did not provide a fully rigid fixation to the tibia, resulting in some relative proximal/distal

movement with respect to the knee throughout flexion. While the source of this relative

movement could not be determined with certainty, one possibility is that the soft tissue that

the knee brace rests against moves during extension-flexion due to, for example, tensing

and relaxing of muscles. Thus, the knee brace could benefit from further adaptations to

improve transducer stability. To accurately quantify the amount of relative motion between

the transducer and the ligament, both proximally/distally as well as in other directions, the

knee brace and transducer assembly could be tested on a cadaveric knee, where the

position of the transducer and ligament bone attachments can be tracked with a motion

capture system. This could help guide the development of future brace adaptations.

There is also a limitation regarding the implementation of this procedure into clinical

practice. To capture the non-uniform 3D strain behaviour of the medial ligaments using

a 2D imaging modality, multiple repeat measurements at different AP positions need to

be captured. This procedure is time-consuming. By using the improved brace design

(Figure 7.1, 4th design) that facilitated initial transducer positioning and by reducing

the number of AP positions from 20 to 10, the measurement time was reduced from

approximately 30 to 10 minutes. While this is a notable improvement, 10 minutes is still a

significant length of time for a clinical diagnostic tool, and this time would be doubled if

both the medial and lateral collateral ligaments need to be imaged to fully assess knee

stability. A 3D ultrasound transducer could be an alternative since the full ligament could

be captured with one measurement. However, with current technology, 3D transducers

come with trade-offs such as a much smaller field of view, lower image resolution, or

decreased frame rates [51, 289], and thus are likely unable to capture the intricate speckle
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pattern of ligaments during dynamic knee motion.

Lastly, it should also be noted that there was a limited time window available to conduct the

clinical pilot study. Thus, results could only be obtained for one patient at the time of surgery.

This time constraint also meant that the speckle tracking algorithm could not be newly

tuned for the Clarius ultrasound transducer used in the clinical study; instead, the tuned

settings for in vivo measurements with the Verasonics ultrasound machine were used. For

further clinical measurements, machine-specific settings should be found by applying the

optimisation routine to images obtained with the Clarius ultrasound system. Additionally, it

would be interesting to investigate how the strain behaviour in the medial knee ligaments

changes post-surgery. While here the ultrasound images collected immediately post-

surgery exhibited significant artefacts that obscured the ligaments, it might be possible to

obtain clearer images at the patients’ follow-up appointments once the soft tissue around

the knee has recovered from surgery.

7.4.4 Conclusion

In conclusion, ultrasound speckle tracking can be used to non-invasively measure the in

vivo strain behaviour of the medial ligaments of the knee with moderate to good reliability.

The feasibility of using this imaging procedure in a clinical setting was demonstrated with

measurements performed on a knee replacement patient. This quantitative ultrasound

technique could, therefore, provide a safe and inexpensive tool to monitor the function of

the collateral ligaments, with changes in the strain behaviour indicating ligament injury or

imbalance.
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8.1 Discussion

8.1.1 Most important findings

The principal takeaway from the work produced throughout this PhD is that quantitative

ultrasound techniques previously used for large and homogeneous tissue can be adapted

to accurately and reliably assess the biomechanical function of thin and fibrous connective

tissue.

The success of applying the shear wave imaging technique to these structures primarily

depends on selecting a tissue model that can accurately assess the material properties

of the tissue based on the shear wave propagation behaviour (Chapter 3). For the thin

and viscoelastic medial ligaments of the knee, a combined Voigt & Lamb wave model

best captures the complex shear wave propagation behaviour in ligaments by considering

the dispersive effects arising from the tissue’s thinness and viscosity. Using this model,

accurate material properties of the ligaments can be obtained that quantitatively match

those from mechanical testing and that do not fluctuate based on the ligament’s thickness.

Additionally, unlike conventional post-processing approaches, it provides insight into the

viscous properties of the tissue, providing an additional metric to assess ligament function

(Chapter 6).

Applying the speckle tracking technique to these structures requires careful tuning of the

many algorithmic settings. An optimisation routine based on convergence and repeatability

of the calculated tissue motion can be used to find application-specific settings without
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the need for ground truth reference data (Chapter 4 and 6). With a tuned algorithm, the

strain behaviour can be measured in the medial ligaments of the knee, both ex vivo and in

vivo, capturing the non-uniform strain distribution that arises in the ligaments as the knee

is flexed, with positive strains in the anterior bundles and negative strains in the posterior

bundles (Chapter 6 and 7). Additionally, by using a custom-adapted knee brace to hold the

ultrasound transducer and spatially registering the ultrasound images obtained at different

sessions, the strain distribution can be compared across time points with moderate to

good reliability, allowing changes in ligament function over time to be detected (Chapter 7).

Ultrasound transmissions that produce an acoustic radiation force (ARF) strong enough

to generate shear waves can produce acoustic outputs that are close to or exceed the

recommendations set by regulatory bodies (Chapter 5). An external shaker is a suitable

alternative to safely generate shear waves when used for in vivo applications. It additionally

enables shear wave propagation to be investigated for a larger range of shear wave

frequencies, which can be beneficial when analysing the frequency-dependent dispersive

effect in ligaments (Chapter 6). Ultrasound imaging modes used for speckle tracking

result in much lower acoustic outputs that are within the safe thresholds, allowing for easy

adoption of the technique to in vivo applications (Chapter 5).

Lastly, all acquisition and post-processing methods have been outlined in detail, describing

how these can be used for a range of tissues with different material characteristics, not

just ligaments and tendons. All used Matlab functions are shared throughout to ensure

easy reproducibility (Chapter 3 and 4).

8.1.2 Clinical relevance

The viscoelastic properties measured with ultrasound shear wave imaging, along with

the strain behaviour obtained from ultrasound speckle tracking, can reveal damage or

abnormal loading in tendons and ligaments. Current assessment of these structures

is either unreliable, such as palpation or laxity tests [44, 45], or can only detect large

structural changes, such as conventional ultrasound or MRI imaging [58]. Thus, these
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ultrasound techniques can provide an objective diagnostic tool to uncover changes in the

composition or microstructure of these tissues, as well as abnormal loading behaviours

[94].

In the collateral ligaments, tears or ruptures commonly occur due to overstraining due

to eccentric loading, with footballers and skiers affected most frequently. The resulting

damage to the structures can manifest as a reduction in elastic modulus and viscosity [41,

84], as well as a change in the strain distribution [89, 94]. Thus, non-invasive ultrasound

shear wave imaging and speckle tracking could be used as a diagnostic tool to detect injury

to the ligament and, additionally, monitor and guide the recovery process. For instance, it

has been shown that tissue can regenerate and heal in response to regular loading, which

has been linked to an increase in elastic modulus [33]. Thus, the elastic modulus measured

with shear wave imaging could, for example, be used to monitor the effectiveness of a

physiotherapy regimen in restoring ligament function.

Additionally, these techniques can help detect non-physiological function of the collateral

ligaments following knee replacement surgery, which may be contributing to complications

such as instability or stiffness [6]. For instance, it has been shown that total knee

replacement (TKR) surgery alters the strain behaviour in ligaments [14, 19, 47]. Reduced

levels of strains could indicate that the ligaments are slack and are not engaged properly

during knee movement, limiting their ability to provide support through restraining forces

[31], which may lead to instability. Conversely, elevated levels of strains could suggest

that the ligaments are providing excessive restraining force, resulting in knee stiffness.

Non-invasive monitoring of these effects can help define the post-operative recovery plan

to either strengthen or loosen the ligaments. For example, it has been shown that stiffness

can be reduced through regular stretching [40]. Furthermore, these techniques will facilitate

research into how surgical techniques or implant designs impact post-operative collateral

ligament function, allowing for more informed decisions in future designs.
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8.1.3 Limitations

The main limitation of the shear wave imaging validation is that it was only performed on

simplified tissue models, i.e. agar phantoms and ex vivo porcine MCLs with the surrounding

tissue removed. The results might therefore not be representative of the accuracy of the

technique when applied to in vivo ligaments, where the multiple assumptions made by the

used viscoelastic and guided wave models may no longer be valid. Furthermore, the large

confidence area on the measured shear moduli and viscosities could limit the reliability

and usefulness of the technique in practice. Lastly, the shear wave imaging push pulse

used in this project cannot be safely used in vivo with ARF-generated shear waves, and

finding safe transmission settings may be challenging since acoustic outputs produced by

new settings need to be measured with time-consuming hydrophone experiments.

The main limitation of the speckle tracking technique is the difficulty in collecting ultrasound

acquisitions of sufficient quality, i.e. acquisitions that contain the same amount of loading,

with the transducer staying aligned with the ligament during the motion, and with the

images capturing the same area of the ligament at repeat sessions. An additional limitation

is that the optimisation routine may result in overly regularised strain maps; however,

whether this is actually the case is difficult to verify, since obtaining validation data for the

strain distribution in the coronal plane is challenging.

Lastly, it should also be noted that the diagnostic value of these techniques in the collateral

ligaments is not guaranteed and was only assumed based on their previous use to detect

damage in other ligaments or tendons [41, 86, 87, 89, 94]. Therefore, the ability to assess

the health and function of the collateral ligaments needs to be tested with clinical studies

with affected patients, verifying whether changes in the ligament’s shear moduli, viscosity,

or strain behaviour measured with ultrasound can be linked to injury or improper balancing

after knee replacement surgery.
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8.1.4 Final conclusions

Knee instability or stiffness are common complications arising from improper function of

the collateral ligaments due to injury or inadequate tensioning of these tissues during

knee replacement surgery. By making adaptations to non-invasive ultrasound techniques

conventionally used for large and homogeneous tissues, such as shear wave imaging and

speckle tracking, their performance in assessing collateral ligaments can be improved.

Thus, quantitative measures that could provide insight into the ligament’s health and

function can be obtained, such as its viscoelastic material properties and its strain

behaviour during knee movement.
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8.2 Recommendations for future work

8.2.1 Shear wave imaging

Determining the role of ligament and tendon anisotropy

The results from this study and previous measurements by Bonifasi-Lisa et al. [72] on

the human medial collateral ligament (MCL) showed that the viscoelastic time constant is

comparable for shear and extensional loading, despite the anisotropic nature of ligaments.

However, Bonifasi-Lisa et al. also demonstrated that the extensional stiffness was more

than three orders of magnitude greater than the shear stiffness. This highlights how

the assumption of incompressibility and isotropy, which allows the extensional Young’s

modulus to be approximated from three times the shear modulus, most certainly does not

apply to the collateral ligaments.

Since the mechanical function of ligaments and tendons is classically described in terms of

their tensile stress-strain response, future studies could attempt to derive the relationship

between the shear material properties obtained with ultrasound and the Young’s modulus

obtained from tensile testing. Previous analysis performed by Royer et al. [160] suggests

that the extensional Young’s modulus cannot be accurately determined from just the

shear moduli along the fibres in transversely isotropic materials. However, if the level of

anisotropy is known, an estimate of the Young’s modulus could be obtained if both the

shear modulus along and across the fibres is measured (Equation 13 in Royer et al. [160]).

Thus, this will require the following additional work: (1) measurement of the anisotropy
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of the collateral ligaments and verification whether this value is constant across different

people, and (2) validating whether the shear wave imaging procedure can capture the

wave propagation across the ligament. Brum et al. [30] previously demonstrated this in the

Achilles tendon. However, the collateral ligaments span a much smaller width, which limits

the distance across which the propagation behaviour in the transverse direction can be

tracked.

Despite this, calculating Young’s modulus from the shear modulus might ultimately rely on

a number of approximations that lead to uncertainty in the measurements. Additionally, it

might not even be necessary: while the extensional Young’s modulus is a more intuitive

metric that has been used for decades, the shear modulus itself has previously been

found to be sufficient to detect injury in ligaments and tendons [41, 86, 87]. Therefore,

rather than estimating Young’s modulus from the shear wave measurements, future work

could focus on improving the viscoelastic validation by performing a mechanical test under

shear loading. Furthermore, by performing both dynamic and static creep tests, specific

values for the shear modulus and viscosity could be obtained, rather than just their ratio,

i.e. viscoelastic time constant [39].

Improve the sensitivity of the viscoelastic properties obtained from the
multi-variable dispersion analyses

Shear wave dispersion does not only lead to frequency-dependent phase velocities, but

also results in frequency-dependent attenuation of shear waves, a phenomenon that

was not fully utilised during this project. Thus, the confidence of the measured material

properties could likely be improved by fitting both the phase velocity and attenuation

dispersion curves to the experimental data. The theoretical attenuation dispersion curves

can be obtained by considering the imaginary contributions of the shear and Lamb

wavenumbers (i.e. solving the imaginary parts of Equation 3.16 and 3.22) [229]. In fact,

these attenuation dispersion curves were already obtained as a by-product when fitting

the combined Voigt & Lamb wave model, since the complexity of the equation meant that

phase velocity and attenuation dispersive effects could not be separated by decomposing
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the equation into its real and imaginary parts.

Consideration of attenuation may be particularly beneficial for large shear moduli and

viscosities. While the phase velocity dispersion curves display little variance when material

properties are high, Brum et al. [30] found that the attenuation dispersion curves retain a

much higher sensitivity. This could remove one source of uncertainty, leading to smaller

confidence areas for the goodness-of-fit of the fitted dispersion curves. Thus, future studies

could look into methods for calculating the attenuation from the experimental data, i.e.

measuring the decay of axial velocity magnitude with propagation distance. However,

during such analysis, other effects that may be contributing to the magnitude of the axial

velocities must be considered, such as diffraction of the wave and filtering applied during

post-processing [30].

In situ and in vivo application

Having demonstrated the validity of this technique in ex vivo porcine specimens with

the surrounding soft tissue removed, future work should test the technique in intact

cadaveric knee specimens. The in situ conditions may lead to new challenges. As has

been demonstrated through the strain measurements of this study, the ligament is subject

to complex and non-uniform loading behaviours during knee motion, with different bundles

of the ligaments engaged to provide the required restraining forces in different knee

positions. Since it has previously been shown that the material properties measured with

shear wave imaging are highly dependent on the load applied to the tissue [144, 159], it

is anticipated that measurements may vary greatly at different knee angles. Thus, future

research with cadaveric knees could investigate how measured properties vary at different

extension-flexion, varus-valgus, and internal-external rotation angles, as well as the effect

of muscle loading. Based on these results, a recommendation can be made for the knee

position for which material properties best match those from mechanical testing, which will

allow for more accurate comparison across patients and different time points.

Additionally, it would be interesting to test the power of the technique in vivo, verifying

whether it can detect ligament damage or abnormalities based on changes in the
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viscoelastic properties. The current implementation using the external shaker can be

directly translated to in vivo use, since the plane wave imaging (PWI) ultrasound

transmissions used to track the shear waves are well within the safe acoustic output range.

However, while a significant benefit of using an external shaker is the larger range of

shear wave frequencies available for the dispersion analysis, there are still several

arguments for using shear waves ARF-generated shear waves in a clinical setting. Most

importantly, the full shear wave imaging procedure can be performed using only

ultrasound equipment and does not require the purchase, management, and maintenance

of an external vibration device. Additionally, shear waves generated using an acoustic

radiation force (ARF) push pulse have a broadband frequency spectrum. While analysis

may be limited to this range of frequencies, the dispersion behaviour in this range can be

obtained from a single shear wave, thus reducing the data collection and processing time.

Therefore, it would be valuable to test both types of excitation methods for in vivo use.

This will require adjustments of the ARF push pulse such that sufficiently strong shear

waves can be generated while remaining below the acoustic output thresholds. A study

that simulates the formation of ultrasound beams could help optimise the transmission

settings, such as focal configurations and push duration, by investigating the relationship

between the settings, the strength of the acoustic radiation force and the resulting

acoustic safety metrics [249].

Tissue model development

It is possible that generating shear waves in situ may result in different propagation

behaviours than in the tested porcine ligaments, where the surrounding soft tissue

had been removed. Thus, further adaptations to the tissue models applied during post-

processing may be needed.

While the Voigt & Lamb wave model provided a good approximation for the shear wave

measurements of this project, it still relies on several tissue approximations that may not be

valid during in situ or in vivo measurements of the collateral ligaments. For instance, it is

anticipated that the introduction of surrounding tissue will affect the propagation behaviour

238



Recommendations for future work

of the shear wave. This may be complicated by the fact that the collateral ligaments border

multiple different structures with varying levels of stiffnesses, such as the meniscus, fat,

and bone. Since it has previously been demonstrated that the formation of guided waves

greatly depends on the stiffness mismatch at the boundaries [273], a custom guided

wave model may need to be developed that considers the varying stiffness of surrounding

structures at different positions along the ligament.

Furthermore, while this study focused on the propagation of antisymmetric guided wave

modes in ligaments, previous research has not explicitly justified the absence of symmetric

modes. It remains unclear whether this is due to the excitation conditions, boundary

constraints, or the intrinsic mechanical properties of the tissue. Future studies could

investigate the propagation of both symmetric and antisymmetric modes by generating

theoretical velocity and attenuation curves for different mode types in ligamentous tissue.

This analysis could help determine whether symmetric modes are inherently suppressed

or if their detection is limited by experimental constraints. Incorporating such insights into

tissue models may further refine the interpretation of shear wave measurements in both

ex vivo and in vivo settings.

Additionally, future studies could test the effect of using different viscoelastic models, such

as a standard linear solid (SLS) or a fractional Voigt model, which may better represent both

the time-dependent creep and stress relaxation behaviour of ligaments [43]. These models

define the viscoelastic material properties with an additional parameter (an additional

elastic spring parameter for the SLS model and a fractional exponent for the fractional

Voigt model). Thus, while the theoretical dispersion curves of these models may be able to

provide a better fit to the experimental data, the confidence of the found properties may

be reduced due to the dependency on three variables. This trade-off could be investigated

using the sensitivity analysis developed in this project.
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8.2.2 Speckle tracking

Further investigate the effect of initial region of interest selection

The effect of placing the tissue region of interest for which strains are calculated at different

positions along the ligament was already investigated in the in vivo study of this project.

However, the initial region of interest also dictates the fibre direction along which strains are

calculated, with fibres assumed to follow the non-uniform nodal grid of the selected region.

Further analysis could investigate how deviations from this assumed initial fibre orientation

affects the final strain measurements. The equations derived from a ligament-specific

deformation gradient decomposition (Equations 4A.11-4A.14 in Addendum 4A of Chapter

4) should facilitate this analysis, since these allow strains to be calculated along different

directions (θF ) regardless of the shape of the region of interest and nodal grid.

Improve optimisation routine

Here, validation of the measured strains in the porcine ligaments was only based on the

average strains within the final ultrasound and digital image correlation (DIC) strain maps

at the end of the loading cycle. Thus, the ability of the speckle tracking algorithm to pick

out strain variations within the strain map (i.e., in the coronal plane) is not captured. In

general, the strain maps produced in this project were characterised by relatively smooth

and gradual strain variations within the map. Since DIC measurements can only capture

the ligament surface strains, it is challenging to validate whether this represents the true

variation in this plane (i.e., along and across the thickness of the ligament). However,

it could indicate that the optimisation routine prefers settings that over-regularise the

deformation or strain field, as uniform maps are more likely to be repeatable. It could

be tested whether a better balance between repeatability and over-regularisation can be

achieved by making modifications to the objective function of the optimisation. For example,

the quality penalty could be adjusted such that larger normalised standard deviations are

allowed for results that capture more non-uniform strain or deformation distributions.
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Improve knee brace design

Future studies could improve the design of the knee brace that holds the ultrasound

transducer during the in vivo measurements to provide additional rigidity and ensure

that the same region of the ligament is captured throughout knee movement. Testing

the adapted knee braces on cadaveric knees in a testing laboratory could guide future

modifications of the brace: by tracking the position of the transducer and ligament using

a motion capture system, the alignment of the transducer throughout different knee

movements can be quantified. Future designs should prioritise a stable alignment over the

ligament with minimal out-of-plane movement [51, 204], while still allowing flexible initial

positioning of the transducer and incremental variation in anterior/posterior (AP) position.

Allow for variable focal depths of the conventional imaging mode

The hydrophone safety measurements for the conventional imaging mode were only

performed for a single focal depth. Since the depth at which the collateral ligaments are

located in the ultrasound images can vary greatly between patients depending on the

amount of soft tissue around the knee, future in vivo studies would benefit from adjustable

focal settings such that the focal depth can be set to coincide with the ligament. Most

of the tissue motion tracking is in the lateral direction, and thus it is likely that capturing

the tissue of interest with a higher lateral resolution will improve the performance of the

speckle tracking algorithm [106]. Since changes in the focal configuration will change the

maximum acoustic pressures and intensities in the field, future studies could measure how

these acoustic outputs vary with different focal depth settings, ensuring that these remain

within safe levels for in vivo use.

Clinical study with knee replacement patient

The clinical pilot study presented in Chapter 7 aimed to demonstrate the readiness of the

technique for clinical research. Such a study could assess whether knee replacement

surgery alters the native strain behaviour, and whether post-operative ligament healing
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and adaptation can lead to changes in ligament balance and function. This would involve

taking measurements on the collateral ligaments both before surgery, as well as at different

time points after the surgery. It would, furthermore, be interesting to assess whether there

is a link between the ligament strain behaviour and patient reported outcome metrics, such

as pain, instability and stiffness.
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Appendix A: ICREC letter of favourable
opinion for the study with healthy volunteers

 
 
 
Imperial College Research Ethics Committee 
Imperial College London 
Room 221 
Medical School Building 
St Marys Campus 
London  
W2 1PG 
Tel: +44 (0)207 594 1862 

 
researchethicscommittee@imperial.ac.uk 

 

Imperial College of Science, Technology and Medicine 

28 April 2022 

 

Dear Dr Richard van Arkel 

 

Study Title: Ultrasonic Techniques for In Vivo Measurement of Collateral Ligament Function 

 

ICREC reference number: 22IC7520 

 

The above study was reviewed by the Imperial College Research Ethics Committee on 12/04/22.  

 

This study was given a favourable opinion subject to revisions reviewed by the Research 

Governance and Integrity Team (RGIT). Following the review of your revised documents submitted 

on the 27/04/2022, the RGIT would like to grant full RGIT approval to the study on the basis 

described in the revised documents: 

 

Documents 

The documents reviewed were: 

• Application (v2.2 27/04/2022) 

• Consent (v2.2 27/04/2022) 

• Participant information sheet (v2.2 27/04/2022) 

• Protocol (v2.2 27/04/2022) 

• Questionnaire (v2.2 27/04/2022) 

• Recruitment Email (v2 27/04/2022) 

• Recruitment Slide 

• Verasonics Risk Analysis (29/05/2018) 

• Verasonics Safety Guidelines for Imaging Human Subjects (v2.8 9/07/2014) 

 

 

Membership of the Committee 

 

The members of the Ethics Committee who reviewed the study were: 

Shona Blair  
Diana Varaden  
Jennifer Wallis  
Ruth Nicholson  
Simon Noyce  
Biddy Passmore  
Sungano Chigogora 
                       

Yours sincerely, 
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West Midlands - Black Country Research Ethics Committee 
2 Redman Place   

Stratford 
London 

E20 1JQ 

 
Telephone: 0207 104 8388 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
13 July 2023 
 
Mr Gareth G Jones 
Department of Surgery and Cancer  
2nd Floor, Sir Michael Uren Hub, Imperial College London 
86 Wood Lane, London 
W12 0BZ 
 
 
Dear Mr Jones  
 
Study title: In Vivo measurement of MCL strain pre and post knee 

arthroplasty using ultrasound. 
REC reference: 23/WM/0162 
Protocol number: 23CX8281 
IRAS project ID: 323566 

 

The Proportionate Review Sub-committee of the West Midlands - Black Country Research 
Ethics Committee reviewed the above application on 11 July 2023. 
 
 
 
Ethical opinion 
 

On behalf of the Research Ethics Committee (REC), the sub-committee gave a favourable 
ethical opinion of the above research on the basis described in the application form, protocol 
and supporting documentation, subject to the conditions specified below. 

Please note: This is the 
favourable opinion of the 
REC only and does not allow 
you to start your study at 
NHS sites in England until 
you receive HRA Approval  
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Good practice principles and responsibilities 
 
The UK Policy Framework for Health and Social Care Research sets out principles of good 
practice in the management and conduct of health and social care research. It also outlines the 
responsibilities of individuals and organisations, including those related to the four elements of 
research transparency:  
 

1. registering research studies 
2. reporting results 
3. informing participants 
4. sharing study data and tissue 

 

Conditions of the favourable opinion 
 

The REC favourable opinion is subject to the following conditions being met prior to the start of 
the study. 
 
 

Number Conditions 
1.  Please provide clarification on whether the post-operative (6wks and 6 

months) will be part of routine care. If it is not, please amend last section on 
page 2 of the PIS to clarify to the patients. 
 

2.  The following changes should be made to the information sheet: 
 

a) Information regarding excluding people who were involved in any other 
clinical study in the last 4 months should be clearly defined in the 
protocol and/or PIS. 
 

b) Please confirm if email facility to return the consent form is possible. If 
yes, add this information where relevant (e.g. protocol and the PIS). 

 
c) Please make it clear if the research has no effect on the patient’s 

overall care i.e., will not influence treatment decisions on the first page.  
 

d) Information regarding Governance section was confusing as it seems to 
imply that if needed will transfer patient identifiable information to other 
researchers and internationally. Please reword this section to make it 
clearer for the reader. 

 
e) Please add a telephone contact number in addition to the email address 

of the CI for any complaints.  
 

f) Include PALS in the complaints section and in the section on "what if 
something goes wrong". 
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g) Explain clearly what incidental findings there might be and include these 
in the information sheet. 

 
h) Remove “I” in the following sentence of the PIS – “Where can I you find 

out more about how your information is used”. 
 

3.  The following changes should be made to the consent form: 
 

a) Please amend or remove the term ‘gift’ in item 6 of the consent form as 
the participants data is not a gift to Imperial College as such i.e. usage 
will still be subject to research data related restrictions. 

 
 
You should notify the REC once all conditions have been met (except for site approvals 
from host organisations) and provide copies of any revised documentation with updated 
version numbers. Revised documents should be submitted to the REC electronically 
from IRAS. The REC will acknowledge receipt and provide a final list of the approved 
documentation for the study, which you can make available to host organisations to 
facilitate their permission for the study. Failure to provide the final versions to the REC 
may cause delay in obtaining permissions. 
 

Confirmation of Capacity and Capability (in England, Northern Ireland and Wales) or NHS 
management permission (in Scotland) should be sought from all NHS organisations involved in 
the study in accordance with NHS research governance arrangements. Each NHS organisation 
must confirm through the signing of agreements and/or other documents that it has given 
permission for the research to proceed (except where explicitly specified otherwise). 
 

Guidance on applying for HRA and HCRW Approval (England and Wales)/ NHS permission for 
research is available in the Integrated Research Application System. 
 

For non-NHS sites, site management permission should be obtained in accordance with the 
procedures of the relevant host organisation. 
 
Sponsors are not required to notify the Committee of management permissions from host 
organisations. 

 
Registration of Clinical Trials 

 
All research should be registered in a publicly accessible database and we expect all 
researchers, research sponsors and others to meet this fundamental best practice standard.  
 
It is a condition of the REC favourable opinion that all clinical trials are registered on a 
publicly accessible database within six weeks of recruiting the first research participant. For this 
purpose, ‘clinical trials’ are defined as: 
 

• clinical trial of an investigational medicinal product 
• clinical investigation or other study of a medical device 
• combined trial of an investigational medicinal product and an investigational medical 

device 
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• other clinical trial to study a novel intervention or randomised 
clinical trial to compare interventions in clinical practice. 

 
Failure to register a clinical trial is a breach of these approval conditions, unless a deferral has 
been agreed by the HRA (for more information on registration and requesting a deferral see: 
Research registration and research project identifiers). 
 
If you have not already included registration details in your IRAS application form you should 
notify the REC of the registration details as soon as possible. 
 
Publication of Your Research Summary 
 
We will publish your research summary for the above study on the research summaries section 
of our website, together with your contact details, no earlier than three months from the date of 
this favourable opinion letter.   
 
Should you wish to provide a substitute contact point, make a request to defer, or require further 
information, please visit: https://www.hra.nhs.uk/planning-and-improving-research/application-
summaries/research-summaries/ 
 
N.B. If your study is related to COVID-19 we will aim to publish your research summary 
within 3 days rather than three months.  
 
During this public health emergency, it is vital that everyone can promptly identify all relevant 
research related to COVID-19 that is taking place globally. If you haven’t already done so, 
please register your study on a public registry as soon as possible and provide the REC with the 
registration detail, which will be posted alongside other information relating to your project. We 
are also asking sponsors not to request deferral of publication of research summary for any 
projects relating to COVID-19. In addition, to facilitate finding and extracting studies related to 
COVID-19 from public databases, please enter the WHO official acronym for the coronavirus 
disease (COVID-19) in the full title of your study. Approved COVID-19 studies can be found at: 
https://www.hra.nhs.uk/covid-19-research/approved-covid-19-research/  
 
It is the responsibility of the sponsor to ensure that all the conditions are complied with 
before the start of the study or its initiation at a particular site (as applicable). 
 
After ethical review: Reporting requirements 
 
The attached document “After ethical review – guidance for researchers” gives detailed 
guidance on reporting requirements for studies with a favourable opinion, including: 
 
• Notifying substantial amendments 
• Adding new sites and investigators 
• Notification of serious breaches of the protocol 
• Progress and safety reports 
• Notifying the end of the study, including early termination of the study 
• Final report 
• Reporting results 
 
The latest guidance on these topics can be found at https://www.hra.nhs.uk/approvals-
amendments/managing-your-approval/.  
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Ethical review of research sites 
 
The favourable opinion applies to all NHS sites taking part in the study, subject to management 
permission being obtained from the NHS/HSC R&D office prior to the start of the study (see 
“Conditions of the favourable opinion”). 
 
Approved documents 

 

The documents reviewed and approved were: 
 

Document   Version   Date   
  

GP/consultant information sheets or letters [GP Letter]    22 May 2023    

IRAS Application Form [IRAS_Form_26062023]    26 June 2023    

Participant consent form [ICF]    22 May 2023    

Participant information sheet (PIS) [PIS]    22 May 2023    

Research protocol or project proposal [Ultrasonic MCL strain 
monitoring]  

1  22 May 2023    

Summary CV for Chief Investigator (CI) [Gareth Jones CV]    21 February 2023    

Summary CV for student [Student CV]        

Summary CV for supervisor (student research) [Richard Van Arkel 
Supervisor CV]  

      

Validated questionnaire [OKS]        

 

Membership of the Proportionate Review Sub-Committee 

 

The members of the Sub-Committee who took part in the review are listed on the attached 
sheet. 
 

Statement of compliance  
 

The Committee is constituted in accordance with the Governance Arrangements for Research 
Ethics Committees and complies fully with the Standard Operating Procedures for Research 
Ethics Committees in the UK. 
 
User Feedback 
 
The Health Research Authority is continually striving to provide a high quality service to all 
applicants and sponsors. You are invited to give your view of the service you have received and 
the application procedure. If you wish to make your views known please use the feedback form 
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available on the HRA website: http://www.hra.nhs.uk/about-the-
hra/governance/quality-assurance/    
 
 
HRA Learning 
 
We are pleased to welcome researchers and research staff to our HRA Learning Events and 
online learning opportunities– see details at: https://www.hra.nhs.uk/planning-and-improving-
research/learning/  
 
With the Committee’s best wishes for the success of this project. 
 

IRAS project ID: 
323566 

Please quote this number on all correspondence 

 
Yours sincerely 
 

 
 
On Behalf Of 
Dr Clare Eddy 
Chair 
 

Email: blackcountry.rec@hra.nhs.uk 
 

 

278



Appendix C

 

West Midlands - Black Country Research Ethics Committee 
 

Attendance at PRS Sub-Committee of the REC meeting on 11 July 2023 
 

  
Committee Members:  
 

Name   Profession   Present    Notes   

Dr Clare Eddy  Senior Research Fellow  Yes    Chair 

Mrs Lynne Gray  Retired Senior 
Biomedical Scientist  

Yes     

Dr Giridharan Rajaratnam  Deputy Regional Director  Yes     

  

Also in attendance:  
 

Name   Position (or reason for attending)   

Mr Taimoor Hassan  Approvals Administrator  
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Appendix C: HRA letter of approval for the
clinical study

 

Mr  Gareth G Jones 

Department of Surgery and Cancer  

2nd Floor, Sir Michael Uren Hub,  

Imperial College London 

86 Wood Lane, London 

W12 0BZ 

 
Email: approvals@hra.nhs.uk  

 

 

10 August 2023 

 

Dear Mr  Jones  

 

 

 

 

Study title: In Vivo measurement of MCL strain pre and post knee 

arthroplasty using ultrasound. 

IRAS project ID: 323566  

Protocol number: 23CX8281 

REC reference: 23/WM/0162   

Sponsor Imperial College London 

 

I am pleased to confirm that HRA and Health and Care Research Wales (HCRW) Approval 

has been given for the above referenced study, on the basis described in the application form, 

protocol, supporting documentation and any clarifications received. You should not expect to 

receive anything further relating to this application. 

 

Please now work with participating NHS organisations to confirm capacity and capability, in 

line with the instructions provided in the “Information to support study set up” section towards 

the end of this letter. 

 

How should I work with participating NHS/HSC organisations in Northern Ireland and 

Scotland? 

HRA and HCRW Approval does not apply to NHS/HSC organisations within Northern Ireland 

and Scotland. 

 

If you indicated in your IRAS form that you do have participating organisations in either of 

these devolved administrations, the final document set and the study wide governance report 

(including this letter) have been sent to the coordinating centre of each participating nation. 

The relevant national coordinating function/s will contact you as appropriate. 

 

HRA and Health and Care 
Research Wales (HCRW) 

Approval Letter 
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Please see IRAS Help for information on working with NHS/HSC organisations in Northern 

Ireland and Scotland.  
 

How should I work with participating non-NHS organisations? 

HRA and HCRW Approval does not apply to non-NHS organisations. You should work with 

your non-NHS organisations to obtain local agreement in accordance with their procedures. 

 

What are my notification responsibilities during the study?  

  

The standard conditions document “After Ethical Review – guidance for sponsors and 

investigators”, issued with your REC favourable opinion, gives detailed guidance on reporting 

expectations for studies, including: 

• Registration of research 

• Notifying amendments 

• Notifying the end of the study 

The HRA website also provides guidance on these topics, and is updated in the light of 

changes in reporting expectations or procedures. 

 

 

Who should I contact for further information? 

Please do not hesitate to contact me for assistance with this application. My contact details 

are below. 

 

Your IRAS project ID is 323566. Please quote this on all correspondence. 

 

Yours sincerely, 

Helen Penistone 

Approvals Manager 

 

Email: approvals@hra.nhs.uk  

 

  

Copy to: Ms Becky  Ward 
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List of Documents 

 

The final document set assessed and approved by HRA and HCRW Approval is listed below.   

 

 Document   Version   Date   

Evidence of Sponsor insurance or indemnity (non NHS Sponsors 
only)  

  01 August 2023  

GP/consultant information sheets or letters [GP Letter]    22 May 2023  

IRAS Application Form [IRAS_Form_26062023]    26 June 2023  

Organisation Information Document [OID]  1.6  16 June 2023  

Other [Protocol Clean]  2  18 July 2023  

Other [PIS Clean]  2  18 July 2023  

Participant consent form [ICF]    22 May 2023  

Summary CV for Chief Investigator (CI) [Gareth Jones CV]    21 February 2023  

Summary CV for student [Student CV]      

Summary CV for supervisor (student research) [Richard Van Arkel 
Supervisor CV]  

    

Validated questionnaire [OKS]      
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West Midlands - Black Country Research Ethics Committee 
2 Redman Place   

Stratford 
London 

E20 1JQ 
 

Telephone: 0207 104 8388 
  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
10 August 2023 
 

Miss Isabelle Kuder 
PhD student 
Student at Imperial College London 
Department of Mechanical Engineering, City and Guilds Building 
Imperial College London, Exhibition Road 
South Kensington, London 
SW7 2BX 
 
 
Dear Miss Kuder 
 
Study title: In Vivo measurement of MCL strain pre and post knee 

arthroplasty using ultrasound. 
REC reference: 23/WM/0162 

Protocol number: 23CX8281 
IRAS project ID: 323566 

 

Thank you for your letter. I can confirm the REC has received the documents listed below and 
that these comply with the approval conditions detailed in our letter dated 13 July 2023. 
 

  

Please note:  This is an 
acknowledgement letter from 
the REC only and does not 
allow you to start your study 
at NHS sites in England until 
you receive HRA Approval  
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Documents received 
 

The documents received were as follows: 
 
 

Document   Version   Date   

Other [Protocol Tracked]  2  18 July 2023  

Other [Protocol Clean]  2  18 July 2023  

Other [PIS Tracked ]  2  18 July 2023  

Other [PIS Clean]  2  18 July 2023  

 

Approved documents 

 

The final list of approved documentation for the study is therefore as follows: 
 

Document   Version   Date   

GP/consultant information sheets or letters [GP Letter]  1 22 May 2023  

IRAS Application Form [IRAS_Form_26062023]    26 June 2023  

Other [Protocol Tracked]  2  18 July 2023  

Other [Protocol Clean]  2  18 July 2023  

Other [PIS Tracked ]  2  18 July 2023  

Other [PIS Clean]  2  18 July 2023  

Participant consent form [ICF]  1 22 May 2023  

Summary CV for Chief Investigator (CI) [Gareth Jones CV]    21 February 2023  

Summary CV for student [Student CV]      

Summary CV for supervisor (student research) [Richard Van Arkel 
Supervisor CV]  

    

Validated questionnaire [OKS]  1 17 April 2023 

 
You should ensure that the sponsor has a copy of the final documentation for the study.  It is 
the sponsor's responsibility to ensure that the documentation is made available to R&D offices 
at all participating sites. 
 

IRAS Project ID: 323566 Please quote this number on all correspondence 

 

Yours sincerely 
 

 
 

Taimoor Hassan 
Approvals Administrator 
 

E-mail: blackcountry.rec@hra.nhs.uk 
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